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Abstract

From a practical and simplicity point of views, the relaydback identification is extended
to the various fields of process control industries. The psegd techniques yield significantly
improved accuracy over the conventional relay feedbackateby deriving the explicit ex-
pressions for unknown process model parameters in termseodutput limit cycle data. A
relay with hysteresis instead of an ideal relay is used ithalidentification procedures to make
the resultant system less sensitive to measurement noet, the applicability of the relay
feedback is shown by identifying nonlinear processes wdticsnonlinearities. On-line identi-
fication and tuning are major design objectives to achievedaain critical applications. The
modification is done by adding a relay in parallel to the coligr to induce a limit cycle os-
cillation without breaking the closed-loop control. Basedhalf limit cycle data, a systematic
procedure is developed to estimate a low order transfetimmodel. To obtain the optimum
control input variations, the controller tuning rules aszided from the time weighted integral
performance criteria. In addition, the necessary condifoy the existence of the limit cycle
for unstable processes are obtained for first and second praigess models. Finally, a simple
control strategy is given to induce a sustained limit cydeildation where the conventional
relay feedback fails for unstable processes with large tielay. All the above benefits are
achieved at no significant incremental costs in terms of @mgntation resources and applica-
tion complexities. Both simulation examples and laboratests are furnished to illustrate the

effectiveness of the proposed approaches.
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CHAPTER 1

INTRODUCTION

1.1 Research Background

Relay feedback techniques are very appealing to performntifdation of processes for control
purposes; being fast and easy to use, they can be frequep#sited for all the situations where
there is lack of knowledge about a process to build a matheatanodel. Various aspects of
the relay feedback are discussed in [1-3]. Some of the distadvantages of the relay feedback

are given below:

1. It identifies process information around the importaatfrency, the ultimate frequency

(the frequency where the phase angle ).

2. Itis a closed-loop test; therefore, the process will mdt dway from the nominal oper-

ating point.

3. For processes with a long time constant, it is a more tiffieient method than conven-
tional step or pulse testing. The experimental time is réughual to two to four times

the ultimate period.

This method has been subject of much interests in recens yearit has been field tested in a

wide range of applications.

TH-1031_08610210



Chapter 1 Introduction

A. Process identification

In the early eightiesa,\strbm and Hagglund [4] proposed the use of relay feedbaokbined
with a describing function approximation (DFA) as a simpleans to determine the ultimate
gain and ultimate frequency. The key idea behind this worktlat the relay experiment can be
used as a mean to automatically excite a process at itsatft@juency. When combined with
the DFA, the relay proved to be a very efficient way to obtamcpss information that could be
directly applied to proportional-integral-derivativel[J controller design. Since 1984, many
variations and refinements to the original method have beeeldped and used in a number of
applications, including auto-tuning of PID and processitdieation. Based on the frequency
domain describing function approach, many methods have ieg®rted [5—13] with improved
accuracy to estimate process transfer function models.li#nature on relay feedback appli-
cations relies almost exclusively upon the use of the DFAcwlestimates a single frequency
response point based on the assumption that the relay dasedaaninant first harmonic compo-
nent. A direct consequence of this limited information iattapplications have been restricted
to certain control strategies (eg. PID tuning using spetifiain/phase margins). Moreover,
the frequency response at the single point, the ultimatgi&ecy, is insufficient to determine
transfer function model with three or more parameters.

While many of the relay auto-tuning methods use the DFA tdayii@ their analysis, a very
few have applied the exact relay feedback expressions grdiomain analysis. Wang et al. [14]
used a time-domain approach to obtain the exact expredsiotiee limit cycle waveform for a
first order plus dead time (FOPDT) transfer function modedng/et al. [15] proposed a mech-
anism to combine a relay plus integrator to generate a madtilency excitation signal based
on which a step response model was identified. But, someiawlgittest or prior knowledge
of the system is needed to enable and complete the modeNiaghi and Atherton [16] and
Majhi [17, 18] developed relay identification algorithms the general model structure using a
state-space approach. Another improved identificatioordtgns using the Fourier or Laplace

transform for the relay response have been reported by R&ahakn and Chidambaram [9]

TH-1031_08616210



Chapter 1 Introduction

and Vivek and Chidambaram [19]. Panda and Yu [20, 21] havearga auto-tuning using
shape factor of relay feedback response to estimate unkposaess model parameters, but
requires to solve simultaneous set of equations. The eehdeatification performance using
integrals of the relay response instead of the point datdbbas achieved in [22]. However,
the method is not only iterative but also requires more dadasurements for identification.
Recently in [23, 24], based on Fourier/Laplace transfornthefrelay response, a frequency
response algorithm is developed for estimating the meltipgquency response points of the

process with the help of the iterative method and suitabl@iguesses.

B. Extension to nonlinear processes

When nonlinearities in processes are so severe that thearliapproximations are not ac-
ceptable, nonlinear models should be considered to desttrédononlinear dynamics. For this,
block-oriented nonlinear models that consist of linearadyic subsystem and memoryless non-
linear static functions such as Wiener, Hammerstein and rhi@rstein-Wiener models have
been often used because of their simple structure [25].elpagicular types of nonlinear mod-
els can describe the nonlinear dynamics of many chemiaadtredal and biological processes.
Most relay based reported methods show significant imprewesnn identification of the linear
process models but not the nonlinear process models. Saaarchers have exerted efforts in
developing relay based nonlinear process identificatiothauks to overcome the limitations of
the linear approaches.

In [26, 27], repetitive relay tests were developed witheti#t relay heights and dynamic
elements inserted in the control loop to determine the Harst®i@-type process. Huang et
al. [28] proposed an optimizing algorithm using optimalgraeter vectors to estimate the static
nonlinearity in the Wiener-type process models. Basic eatienal approach to classify and
identify nonlinear processes using two consecutive redaisthas been proposed by Huang et
al. [29]. An optimization procedure to obtain symmetricilieycle output [27] and a nonlinear

control strategy to compensate the nonlinear dynamics [86ife presented based on a relay

TH-1031_08616210



Chapter 1 Introduction

feedback test. Park et al. [31] proposed identification ainReerstein-type processes using a
triangular input signal. Lee et al. [32] identified nonlingaocess via an iterative procedure
with use of an adjustable PI controller. Sung [33] proposedstimation method for nonlinear
static gains using a random binary signal that deactivaettects of nonlinear gains. Jeng et
al.'s [34] method used a systematic approach to identifyfinear processes with an integrator
in the loop. Recently, a new relay feedback method [35], feenlproposed to guarantee
symmetric responses under static nonlinearity and statartbances. It can be successfully
applied to identify nonlinear processes. A method baseeast kquares optimization [36] was
reported to estimate the static nonlinearity in the Wiggpe process using two step inputs
with different widths and amplitudes. The enhanced adgtwainethod [37] gave the nonlinear
process model parameters in an optimal way by solving a @nstl nonlinear optimization
procedure.

For noisy environments, all previous methods [27-35, 3['s@8er from a relay chattering
since they use an ideal relay instead of a relay with hystethsreby limiting the practical
applicability of their techniques. Moreover, the methoeguire either special test signals or
iterative optimization procedures or a set of approxinmegito estimate the nonlinear process

model parameters.

C. On-line automatic tuning of controllers

One of the main features of the relay auto-tuning method¢kvprobably accounts for its
success more than any other associated features, is tha dlosed-loop method [39]. How-
ever, the problem has not been fully solved that the loop ineistpened and the process must
be disturbed to conduct the relay test [40]. The basic caiwesl relay feedback has several
important practical constraints, first, it has a sensitipitoblem in the presence of disturbance
signals, or equivalent ones arising from varying processadyics, nonlinearities and uncer-
tainties present in the process. An iterative solution 43%,has been proposed for small and

constant disturbances by adjusting the relay bias untilnsgtrical limit cycle oscillations are
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Chapter 1 Introduction

obtained. Secondly, the conventional relay feedback isfaline tuning method, i.e. some
information on the process is first extracted with the precexler relay feedback and detached
from the controller. The information is subsequently useddmmission the controller. Off-
line tuning affects the operational process regulationctvimay not be acceptable for certain
critical applications. Indeed, in certain key process mmrdareas such as vacuum control, en-
vironment control, it may be too expensive or dangerousHerdontrol loop to be broken for
tuning purposes. Therefore, the tuning under tight cootisuclosed-loop control (on-line) is
necessary.

In [42], an on-line iterative approach was reported for etbfoop automatic tuning of the
PID. But it has long experiment time, which may not be acdaptaractically. The on-line
tuning methods [40, 43] have been proposed to make them rifectiee than the basic relay
auto-tuning method. The identification procedure in [40ja$ straightforward and one needs
to have prior knowledge about the system to decide aboutlitede frequency response pro-
totypes. Ho et al. [44] have presented relay auto-tuninglbfddmpensator for desired phase
and bandwidth. The complexity of the method is apparent fcomputing the gradient of the
guadratic criterion. The exact analytical method [45] hasrbproposed in which a relay is
connected in series with a controller. Recently, on-linepating rules [46] were developed by
introducing a relay with a pure time lag to find new Pl and leathpensators based on specified
gain and phase margins.

Through the past decades, numerous tuning methods havetm®sed for standard con-
trollers and processes modelled as a first order transfetium[47]. A recent survey [48]
shows that the ratio of applications of PID control, conuamdl advanced control (feed for-
ward, override, valve position control, gain-scheduled,Ritc.) and model predictive control
is about 100: 10: 1. In addition, the vast majority of the Piihtrollers do not use deriva-
tive action. Even though the PI controller only has two atdjbke parameters, it is not simple
to find good settings and many controllers are poorly tuned[49], the approach has been
given to look the quality of the control actions to presergmiators from untimely attrition. In

a real plant the controlled variables must be limited botfisramplitude (saturation bounds)
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and in its dynamics (finite bandwidth of the actuators). lis ttontext, less attention has been
paid, although in [50, 51] the index has been introduced tasuee the variations in the con-
trol signal and the criteria are presented, to give an eswetrade-off between robustness and

performance.

D. Extension to cascade control systems

Cascade control is one of the most popular complex contnatistres that can be found in
the process industries, implemented in order to improvalisteirbance rejection properties of
the controlled system [52]. The introduction and use of aditamhal sensor that allows for a
separation of the fast and slow dynamics of the processtsasuh nested loop configuration.
Each loop has associated with its corresponding PI/PIDrotheit. The standard conventional
approach of tuning these cascade controllers is oftenecife because it ignores strong in-
teraction between the two loops. Therefore the tuning ofsaade control system in the con-
ventional way is a fairly cumbersome and time consuming.tdskview of its wide spread
application, it would be very useful to realize the autoktignprocedure which estimates both
inner and outer process dynamics simultaneously.

In order to provide users with an effective aid in the desifithe cascade control system, a
relay feedback auto-tuning technique has been propos8&8jinif basically consists of applying
the typical relay feedback based auto-tuning to the twodpspquentially as in the conventional
approach. Thus, the procedure is time consuming. In ordavaa the sequential nature of
the tuning procedure, a simultaneous on-line automatimtutechnique has been proposed
in [54]. However, the experiment requires prior informatiof the process and the ultimate
frequency used for outer loop design is based on initianate frequency without considering
changes in inner loop control parameters. Some reportedane{55, 56] for auto-tuning of
cascade control are still based on an off-line relay tesail\ghe tuning methodology in [56]
remains the sequential in nature. In [57], the tuning rulagehbeen proposed to tune the

primary and secondary controllers, but it has not been Bpddnow the procedure can be
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automated. An automatic tuning method in [58] for the casstem requires an open-loop
step test for estimation of process dynamics and commanedlgignerator for setpoint tracking.
An iterative method based on genetic algorithm [59] has h@eposed for tuning cascade
controllers, however the on-line experiment time is verygavhich may not be acceptable in
practice. Recently, two-degrees of freedom design apprima@ cascade control configuration
[60] is reported by introducing additional parameters tiesd to be tuned appropriately. Tuning
rules for parallel cascade control have been discussedLi6f§ with prior information about

the process dynamics in form of FOPDT models.

E. Relay feedback for unstable processes

The relay auto-tuning method is not applicable to certaasbf processes which are not re-
lay stabilizable, such as unstable processes and proseis@sore than one integrator [39,63].
For these processes, relay feedback does not induce a lataibleycle sometimes. Again, the
conventional relay feedback test for unstable FOPDT pmopesduces limit cycle when the
ratio of time delay to unstable time constant is less tha@3®[64]. Although the relay auto-
tuning methods have been improved by several authors [885the improvements do not
overcome the constraints of an ideal relay test. In [9], aifremlasymmetrical relay feedback
method was given to get improved estimates of the paramefténe FOPDT model. A step re-
sponse based identification method [67] has been providedh&iable processes using the PID
controller. This work has been further extended in the repaper [68] by using peak values
of the closed-loop step response. The constraint of a relegtfack for unstable processes was
relaxed up to one by providing an inner feedback proporticoatroller during the auto-tuning
test [66, 69]. This method was further extended in [13] fantification of a unstable FOPDT
model based on the describing function analysis. The imgg@nalytical method [70] under
relay feedback and fitting conditions of the limit cycle waparted for unstable processes with

the help of an iterative numerical algorithm.
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1.2 Motivation

While the relay feedback experiment yields sufficientlywaate results for many of the pro-
cesses encountered in the process control industry, treseme potential problems associated
with such techniques. These arise as a result of the appabing used in the development of
the procedures. Several modified relay feedback methods neported with the improved ac-
curacy of identification, though one needs to solve simelbaisly a set of nonlinear equations
or iterative algorithms. Furthermore, most reported mashare successful in identifying the
linear process models accurately but not the nonlineargggomodels. This motivated the re-
searchers to propose the extended method of relay feedbabktlsat the static nonlinearity
along with linear process is accurately identified. An atiehras been made on similar lines to
derive explicit expressions for identifying cascade psses using a single relay experiment. It
would be very useful to tune the cascade control system iregperiment to reduce the time
of tedious sequential approach. The relay feedback failsdiace limit cycle oscillations when
an unstable process has long time delay. This can be overopnorEng an inner PD controller
such that overall relay control is stabilized during thegass identification. On the other hand,
it may be advantageous to use a relay with hysteresis sdhegsultant system is less sensitive

to measurement noise.

1.3 Contributions of this Thesis

Although relay auto-tuning has been widely accepted, sorablgms remain open and their
solutions are sought. The thesis has investigated andilootetd to the following areas.
l. Identification of linear processes using the half limit cycle data

This thesis provides, an exact analytical method for idginty a class of stable and unsta-
ble processes using a single symmetrical relay test. Thet axalytical expressions for a half
limit cycle waveform induced from a relay with hysteresisttare derived. Since a relay with
hysteresis instead of an ideal relay is used for the ideatifin, the resultant system is less sen-

sitive to measurement noise. The method achieves impratedation accuracy by providing
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explicit expressions in terms of a half limit cycle data. Mé&xwith up to four parameters are
identified by means of a single relay experiment without isgh\any nonlinear equations. The
procedure to estimate the process model parameters iderativie and also does not present
any convergence problem.
. Identification of nonlinear processes with monotonic satic gains

The analytical method presented earlier aimed at idertiifica@f linear process models ac-
curately. The method is extended to identify nonlinear pssanodels. These nonlinear models
are composed of linear dynamics and nonlinear static fonstas blocks in series. A single
symmetrical relay test is conducted to determine the stracnd then the parameters of the
block-oriented nonlinear model. The static nonlinearitych is represented by a memoryless
and monotonic function while the linear process model byahlsttransfer function. The pro-
posed identification technique is simple and gives bettdiopeance than previous methods
for processes with static nonlinearity. A real-time expemntal study is also included to prove
the efficacy of the procedure.
l1l. On-line relay auto-tuning for stable processes

The applicability of the basic relay tuning method is extmtb an on-line method to tune
the controllers without breaking the closed-loop contfotelay is connected in parallel to the
controller to induce selfoscillation and then simple meaments are made only on the half
period of limit cycle output. The process dynamics is firgntified by a low order transfer
function, regardless of initial conditions or possibledahsturbances affecting the control loop
during identification. Aim is to achieve the optimum contsanal variations without compro-
mising the overall performance. From the well-known ing¢gguared time error (ISTE) index,
a new constraint is derived. Two real time experimentalisgidf the proposed method, one
using a process simulator and second using the DC servagrosdntrol system, are demon-
strated in this thesis.
IV. On-line identification of cascade control systems basedn half limit cycle data

An on-line identification procedure is given for the cascadetrol system in which both

inner and outer loop process dynamics are modelled simedtasty by performing a single
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relay experiment. The relay feedback induces limit cycleiladions without detaching the
main loop controllers. The closed-form formulas for the mmkn parameters of the process
model are derived in terms of the half cycle data. Departmogfthe standard conventional
approach for tuning these cascade controllers, the prdpuséhod completes the entire tuning
process in one experiment.
V. Extension of relay feedback technique for unstable procgses with large time delay

The applicability of the relay feedback test is extendeduiastable processes with large
time delay. The necessary conditions for existence of loyite oscillation are derived when a
symmetrical relay with hysteresis test is performed. Fartmalysis is carried out for choosing
a suitable PD controller such that a sustained oscillationt(cycle) is obtained for an extended
value of the normalize time delay. Based on the relay indinatlimit cycle signal the un-
known process model parameters are estimated accuratetieabove benefits are achieved

at no further significant complexities over the conventioakay method.

1.4 Thesis Organization

The thesis is organized as follows.

Chapter 2 presents an exact analytical method to estimatstaible and unstable process
models. The time-domain expressions of limit cycle waveffor different types of process
models are developed using a state space approach. Thegieemoposed in this chapter
improves the accuracy by deriving the explicit expressiminthie unknown process model pa-
rameters. Suitability of the non-iterative method in thegence of measurement noise is also
discussed and the performance is demonstrated with diffesamples.

Chapter 3 discusses the extended relay feedback methodoidelimg of nonlinear pro-
cesses which are mainly represented by Wiener or Hammetyiges. The nonlinear model
structure and its parameters are obtained from a single syrival relay test. Simulation ex-
amples and results from a real-time experiment show thetefémess and assessment accuracy

of the proposed approach.
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Chapter 4 proposes the on-line relay feedback approachttmeePl controller without
breaking the closed-loop control. The approach uses a melagrallel to the controller to pro-
vide oscillations within tolerance of process variablergyviFrom these oscillations, only half
period of limit cycle data is used to obtain the FOPDT modebmafcess dynamics. Following
the identification, the chapter also proposes the desigmeolPt controller to preserve the actu-
ator from the large variation of control signals. Simulatend real-time experiment for a DC
servo position control system are presented using the peapscheme.

Chapter 5 is focused on the development of the simple ongineedure for auto-tuning
of cascade control systems. The method estimates bothamadevuter loop process dynamics
simultaneously by performing a single relay experimente Télay test is performed with the
controllers in the loop and then process model parameterstdained from appropriate explicit
expressions. Simulation examples are included to denainstre effectiveness of the proposed
method.

In chapter 6, the limitation of relay feedback test for obitag a sustained limit cycle output
for unstable processes is addressed. The proposed candétely extends the relay feedback
for unstable processes by providing a suitable inner loog&roller.

Finally in Chapter 7, general conclusions and suggestmnfsifther work are documented.
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CHAPTER 2

IDENTIFICATION OF LINEAR PROCESSES

USING THE HALF LIMIT CYCLE DATA

2.1 Introduction

Relay based auto-tuning proposedAstrom and Hagglund [4] was one of the first to be com-
mercialized for the purpose of identification and automatieng and has remained attractive
owing to its simplicity and robustness. A number of relaydzh&lentification methods have
been proposed in the literature to obtain process modetsnmstof transfer functions. Several
authors [5-12, 71] have used the approximate describingifum(DF) method with or without
involving modified relays for estimating process transterdtion models.

While many of the auto-tuning methods use the DF of a relapair tanalysis, a very few
have applied the exact relay feedback expressions butvimgpimore complexities. Wang et
al. [14] presented the time domain approach to estimaterpeeas of a stable first order plus
dead time (FOPDT) process model by identifying multipleng®iof the Nyquist curve from
a single relay test. Majhi and Atherton [16] proposed staice based exact analytical ex-
pressions for the identification of a first and second ordes dead time (SOPDT) models by
asymmetrical relay tests. Luyben [72] proposed shaperfaethnique to identify stable and
unstable FOPDT systems using a single relay feedback teday Rased identification algo-
rithm to improve the frequency response has been explorg@]rfor an overdamped SOPDT
model. Vivek and Chidambaram [19] presented the improveBBDand SOPDT identifica-
tion algorithms using the fitting conditions establishexdhirthe Fourier or Laplace transform of
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Chapter 2 Identification of linear processes from the half limit cydita

the relay response. Auto-tuning method using shape fattetay feedback response has been
reported by Panda and Yu [20, 21] to estimate unknown praoeskel parameters by solving
simultaneous a set of equations. Their closed form solsteam easily be obtained from the
general analytical expressions proposed by Majhi and Ashdi6]. Lee et al. [22] used in-
tegrals of the relay response instead of the point data tareghidentification performances.
However, their method is not only iterative but also reguieehandle lots of data for estimating
the SOPDT model parameters. Majhi [17] has proposed sinmallytical expressions using the
amplitude, peak time and second derivative of the symnadtiiimit cycle output for process
identification. Liu and Gao [70] and Liu et al. [23] proposdédmtification methods based on bi-
ased/unbiased relay feedback test and using some itemagitheods and suitable initial guesses.
However, the improved accuracy is achieved by considergngral exact relay responses and
solving simultaneously a set of nonlinear equations fanmeging the process model parame-
ters. Problems may arise in that convergence may take plaadalse solution if poor initial
estimates are used while solving simultaneously the sebimear equations.

This chapter presents identification methods for stablesasthble processes using a single
symmetrical relay test. The accuracy of the relay expertriseadversely affected when there
IS measurement noise present in the system output and sp@uatching of the relay is expe-
rienced. Therefore, a relay with hysteresis is used andfayek of the sustained oscillatory
output data is measured for estimating process model péesneNext, explicit expressions
for the unknown parameters of the process model where theelntath be a stable/unstable
FOPDT or SOPDT or integrating SOPDT transfer function, ameved in terms of a few crit-
ical points of the half cycle data and its first and secondvdévies. Models with up to four
parameters can be identified from the half limit cycle datth@ut solving the set of nonlinear
equations. lllustrative examples are given to demonstreeeffectiveness and merits of the

proposed identification methods.
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Chapter 2 Identification of linear processes from the half limit cydita

2.2 Analytical expressions for the limit cycle waveform

A general relay feedback system, that induces limit cyclgllasion is shown in Fig. 2.1. In
the figurer is the reference or setpoint input aeadndu are the relay input and output signal,
respectively. It is assumed that the static load disturbarand the random measurement noise

N appear at the process input and output, respectively.

L

+
r e u Linear Y

+ Process

Relay + N

Figure 2.1: Relay feedback system for identification

Conventional relay experiment using an ideal relay indwtedtering in the presence of noise
which is usually considered undesirable from a practicaltpaf view [2]. In order to minimize
correlation with high frequency noise, the relay is typigamnplemented with a hysteresis of
width &, which is generally set to be about two times the estimataadstrd deviation of the
noise. Therefore, to trigger a switch, the feedback errostrmove beyond the zero crossing
by a significant amount relative to the noise level. Fig. 2@wss the relay responses to process
output for ideal relay and relay with hysteresis, wheteis the relay amplitudes ande is the
hysteresis widths.

Analytical expressions in time domain are developed toesgmt relay responses produced
by different process models. The state-space represamtaftithe system when the process

contains a time delag, is
X(t) = AX(t)+bu(t—0) (2.1)

y(t) = cx(t) (2.2)

whereA is ann x nsquare matrixp is ann x 1 column vector andis a row vector of dimension
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ideal relay relay with hysteresis

h h

A

A
y(t)

s time
time

time time

Figure 2.2: System output and input signals for ideal refayr@lay with hysteresis

1 x n. Assume that there exists a symmetrical limit cycle outpitit Walf periodT as shown in
Fig. 2.3 that is obtained with the initial conditiotitp). Although, the relay switches frofmto
—h at timet = tp, the delayed relay output signal in Fig. 2.3 has two diffepeacewise constant
input signals during a positive or negative half period efpinocess output. The solution of (2.1)

for the time rangey <t <t; becomes

x(t) = M)y (1) + A=A | )bh (2.3)
wherel is an identity matrix of the order &k. Then for the time rangg <t < (T +tp) where
u(t) = —h, the expression for the states becomes

x(t) = Aty (ty) — A1) —|)bh (2.4)
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Figure 2.3: (a) Process inpuft) and output(t) waveforms for the FOPDT model under relay
feedback, (b) plots of Ify(t)| data
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Chapter 2 Identification of linear processes from the half limit cydita

Since the limit cycle is symmetrical, it follows thatT +tg) = —X(tg). Thus, substituting= tg

in (2.3) and substituting= T +tg in (2.4), one obtains the initial value of the state
X(to) = (1 + 1) A 1(2eAT—0) _ AT _|)bh (2.5)
wheref =t; —tg. The necessary conditions for a limit cycle using a relaywisteresis are:
Y(to) = cX(to) = &; Y(to) = cX(to) >0 (2.6)

Finally, the limit cycle outpuy(t) for the time rangey <t < t; can be expressed as

y(t) = ce0)x(tg) + cA L () —|)bh (2.7)

and for the time rangg <t < (T +tp)

y(t) = ce®tWx(ty) — cA~1 (A1) —)bh (2.8)

One obtains the expression ft;) by substituting (2.5) in (2.3) and then setting t;. Using

X(t1) a simple expression for(t) for the time rangé; <t < (T +tp) can be rewritten as
y(t) = cA~tbh— 2ce* A =1(1 + AT)"1ph (2.9)

It is to be noted that sindg = 0 whene = 0, therefore the expressions (2.6), (2.7) and (2.9) can

also be used for the case of an ideal symmetrical relay.

2.3 Process identification

This section describes the procedure of finding the procextehparameters from the limit
cycle waveform obtained from a single symmetrical relay. tésis assumed that the test ob-
tains a symmetrical process output and supplies half ligatecoutput data. In order to avoid
misleading results caused by the transient oscillatingibielr, half cycle data measurements
are made after two stabilized cycles have elapsed. Typ@aster function models in process
control are often assumed to be the stable and unstable FCBRIADT or integrating SOPDT
models for the dynamics of a major class of processes with telay. Therefore, the above

types of models are considered below for the developmewleritification procedures.
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Type 1: FOPDT Process Model

Consider a stable or unstable FOPDT process model transfetidn

ke—Qs
p(S) = 115+ 1

(2.10)

wherek, 11 and 8 are the steady state gain, time constant and time delay girtdoess model,
respectively. Fig. 2.3 shows waveforms of the process iapdtoutput signals when identifi-
cation test is conducted with a symmetrical relay. When @®BT model transfer function is
expressed in the state space form, its state equation otsbeEcome

A ) —
K] I

c=1 (2.11)

Since a limit cycle conditioly(tp) = cX(tg) = &, it implies thatx(tp) = € because = 1. Then

substitutingk(tg) = € and the constants of (2.11) in (2.7), the expressioy(tgfbecomes

t—to

t—t
y(t)=ee" @ +kh(l—e" 1) (2.12)

during the time rangg <t <t;. The first derivative of/(t) in (2.12) with respect tbis
: kh o
y(t) = ( $‘s) e n (2.13)

L5

Since the derivatives of(t) are discontinuous at timee=t; = to+ 6, its first derivative shall

have a large magnitude at that time. Therefore, taking abigarithm of (2.13) one obtains

In [y ()] = |n‘kh” Sl (2.14)
T1 T1
Attimet =tg, (2.14) becomes
In|y(to)] = In ' kh (2.15)

Fig. 2.3(b) shows the plot of Ig(t)| for the time rangey <t < (T +tp). Initially, the time
constantr; of the FOPDT model is obtained from the slope of this plot. Tihee delayf =
(t1 —to) is estimated from the measurementspaindt; of y(t) and Injy(t)], respectively. Next

the steady state gaknis estimated with the help of (2.15) which can be expressed as

2] glinly(to)) 4 ¢
B h

(2.16)
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This shows how simply one can obtdik 71, 8) from the relay response data without solving

any nonlinear equations.

Type 2: SOPDT Process Model

Consider a stable or unstable SOPDT process model transfetidn

ke~ 0s
115+ 1)(125+ 1)

Gp(s) = : (2.17)

assuming that; > 1o. When it is expressed in the Jordan canonical state spate itsrstate

and output equation constants can be given as

A

0o —-= 1 CTOFD

1
T 01]; b:[l}; c— X o—q (2.18)

Substitution of the above constants in (2.9), the expradsidimit cycle output for the SOPDT

process model during time range< t <t, becomes

(t=ty) (t=t9)

y(t)=Fkh(l-c,ae” @ +cbe 2 ) (2.19)

TLy—1 L1 T it
wherec; =2(1+e"m) " c=2(1+e%2) ", a= - andb= —=%.

The first and second derivative gt ) in (2.19) with respect tb are

(t=tg) (t=tg)

¢ —
—Cciae’ 1 cobe ™
1 4 2

v(t) = kh 2.2
(1) = kh(—— —) (2.20)
N ¢(t*t1) 5 _ (=)
. ciae 1 cobe ™2
ji(t) = kh(—=, ) (2.21)
5 7

Fig. 2.4 shows a typical half limit cycle datayit), its first derivativey(t) and second derivative
y(t) plots for the SOPDT model given in (2.17). For this processlehg/(t) andy(t) plots of
the half cycle data show an appreciable change at timdp+ 6 = t;. This can easily be
detected from the second derivative of the half cycle datethuns the time delay parameter of
the process model can be obtained frg(t) &s6 = (t1 —tp). It may be noted thaf(tp) = €.

Now the expressions gft), y(t) andy(t) at timet = t; become

y(t1) = Fkh(l—cia+cyb) (2.22)
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Figure 2.4: Half cycle output and its derivatives for the $0Hnodel

kh

y(t1) = =0 (—c1+C2) (2.23)
. kh +c1 c2)
ty) = — == 2.24
yit) 1F+12 ( T1 2 ( )
(2.23) can be expressed as
: T1FT
c1=co—y(ty) [ = 2 (2.25)
kh
Substitution of (2.25) in (2.24) results in
. +c | y(ty)
t1) = Fkh| — +=——= 2.2
9) = ken (222 4 (2.26)
The above expression can be written as
nt [ y(t1)
=== —y(t —= 2.27
e = g7 (ot =0 @27)
Substituting the expressions for andc; in (2.22) one obtains
y(t1) = F(kh+y(t1) (11 £ 12) +Y(t1)(1172)) (2.28)
TH-1031_08616210
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If tp is the time instant at which the positive peak output of theepss occurs artd > t;, then

(2.20) can be used to obtain the ratio
C1 e (tp—t1)/12

& e wm (2.29)

sincey(tp) = 0. Now, multiplying both sides of (2.20) bg! %)/, it is easy to obtain

(t-ty) o b S\ e
. 4 —clae’ 1 cbe ® -4
y(t)e 2 = kh 1 + 2 en
71 T2
kh (tftl) (tftl)
{her <—cl el 1 e tg (2.30)
1F 2

Then, differentiating (2.30) with respect to time, one gets

. (t-t9) y(t) (t-tg) kh ( T (t-tg) (t=t7) 1 1 )
the2 +—*e 2 = —Cc1e 1 e (F—+— 2.31
yi(t) = = G+ 1) (2:31)

The above equation at tinte= t, becomes,

y(tp) = —%Cle:':(tptl)/rl (232)

Now, (2.19) at time =t, becomes

y(tp) = FKh(1—c; a eFe/N | ¢, p gt~/ T2) (2.33)

Substitutinga andb in (2.33) and using (2.29, 2.32), it is easy to get a lineaaéqu of the

form
kh= Fy(tp) —y(tp) 1112 (2.34)
which can be rewritten as
kh=y(tp)
11l =73 (2.35)
¥(tp)

As shown in Fig. 2.4, at time=t, the limit cycle output(t;) = 0. Thus (2.19) at timé=t;

becomes
Y(tz) = Fkh(1—crae™ @ W/h g pe2W/2) — 0 (2.36)

Further simplification of (2.36) gives

T(to—t1)/T1
¢, e-(at)/m _ o (le_;TZ) LGan er2 (2.37)
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(2.20) can be expressed using (2.37) as
y(tp) = l;—:(:l:cl eF(t2—11)/1 1) (2.38)
The above equation can be rewritten as

cpet)/in— 14 <%> y(to) (2.39)

Next, substitution of (2.39) and (2.37) in (2.21) for titne t, gives
kh= F(T1 £ 12)y(t2) — 11 12¥(t2) (2.40)

Putting the expression fan 1, of (2.35) in (2.40), one obtains a second linear equatiomef t

form

r ¥(tp) — Y(t2) y(tp)y(t2)
1t _kh< v )i (y<tz>y<tz>) (2.41)

Finally, substituting (2.35) and (2.41) in (2.28) and raeaging the equation, the expression for

the steady state gain becomes

) _ <y(t;€t{’(;p)> (2.42)
y 1

The process time dela is estimated from the second derivative of the relay respansve
that shows an abrupt change in slope at tiraet; (time is measured from the beginning of the
positive half cycley(t)) due to non-monotonic characteristics of the limit cycléad&ince the
relay switches at time= tg, the time delay is calculated /= t; —to. The steady state gain
of the process model is obtained from (2.42) and the remgipémameterst;, 1) of the stable
or unstable process model are estimated using the expneg@al1) and (2.35). Thus, all the

unknown model parameters in (2.17) are obtained using thérhé cycle data.

Type 3: Integrating SOPDT Process Model

For an integrating SOPDT transfer function

kefes
Gp(s) = S

T (2.43)
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Chapter 2 Identification of linear processes from the half limit cydita

Here the model has three parametésg;, 6) and its state equation constants can be obtained
by assumingrl—2 << 1in(2.18) of the SOPDT model. After following similar steps that for
the SOPDT model, the expressionyf) for an integrating SOPDT process model is obtained

for time rangd; <t <ty as

(tftl)

1) (2.44)

y(t)=Fkh|t—t;— 05T —y(1—c  e"

;
where,c; = 2(14+e" )~L. The first derivative of/(t) in (2.44) with respect tbis

(tftl)

y(t) = Fkh(l—ce” @ ) (2.45)

Sincey(tp) = 0 at timet = tp, the above expression gives

i(tp*tl)
cp=€e 1 (2.46)

Substitutingey in (2.44) at time = tp, one obtains a simple expression for the steady state gain

. y(tp)
k= ]Fh(tp—tl—o.ST) (2.47)

From similar analysis at time= t; for y(t) andy(t), it is easy to show the relations

y(t1) = Fkh(—11 — 0.5T 4+ 11C1) (2.48)
and
CL= <1i %) (2.49)
Substitutinge; of (2.49) in (2.48) and then simplifying gives
L= (m%tlz)yal)) (2.50)

The explicit expressions for estimating unknown paransedéprocess models (other than the
time delay) in Type-1, 2 and 3 are summarized in Table 2.1. It is to bedttat the half
cycle data of higher order processes often assumes the fothe dalf cycle relay response
curve as shown in Fig. 2.4. Therefore the third or high ordecg@sses with or without time
delay are often identified by SOPDT models with an effectieetdelay [17]. The time delay
6 is estimated from the second derivativey(f) that shows a discontinuity in output at the time

t; = to+ 6, due to non-monotonic characteristics of the limit cyclevgfarm. But, we know
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thaty(t) = € at timetg. Thus,0 =t; —tg is obtained from the measurementgpndt; of y(t)

andyi(t), respectively.

Table. 2.1: Identification procedures for unknown paransete

Model Equations/ Plot Procedures
‘T(le;ﬁ Slope of plot of Iny(t)] Estimater;
k=Tte O +f e“nwk:tmb“ Estimatek
ey (YY) \ ([ Yitpy(tp)
ke ® k= y(t1)+y(t1)<§“z)§(é> .. i Joor ) Estimatek
ot | SRR
w 5 thiytz) (ytpyt2>
= "K{Fye ) £ o) } Estimaters, T»
I1T> — _khj:y(tp
1% Y(tp)
ke 0 A y(tp) _
S(T5ET) K= Fri-t-05T) Estimatek
[ £khT—2y(t1) .
1= (725,“1) ) Estimater;

2.4 Issue of load disturbance and measurement noise

2.4.1 Presence of load disturbance

In the presence of a static load disturbance of magnitudethe process input, a symmetrical
relay feedback test obtains an asymmetrical process outpthis situation, the magnitude bf

can be obtained accurately from the measurements of the&tteaprocess input over a period

Tp
ay = /u(t)dt = (h+L)Tp+2nT, (2.51)
0
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whereT, and T, are the time period for the positive output of the relay arelghriod of the
relay output, respectively. Then, the load disturbancebeaastimated as

+2hT
LAty

L=—h
Tp

(2.52)

A bias of L may be added to the relay height to restore the symmetry indiyale output.

2.4.2 Measurement noise

In process control systems, the noises come from measuewiges, control valves, or the
process itself. In relay feedback experiments, the ang#itf the limit cycle is often corrupted
with noises which can possibly fail the test. To overcomehbssible failure, a relay with
hysteresis is considered in the proposed identificatiorhatet Generally, the width of the
hysteresis is kept atleast twice of the standard deviatidheonoise [1]. Again, the effect of
measurement noise on the identified model parameters canvéstigated in simulations by
introducing a normally distributed random additive noisthveero mean and varying variance,
(0, 03), at the output of the process during the relay test thus ngakia oscillations noisy. The
noise power is quantified by SNR (Signal to Noise Ratio) inilselddB) which is defined as
SNR = 10log gy /o), whereay is the variance of the output signal agd is the variance of
the noise. Then, the least squares polynomial based log/fittas known as the Saviztky-Golay
(SG) filter [74] can be used to measure the limit cycle paramefThis is well-adapted for data
smoothing and suitable for de-noising the noisy limit cyclEhe advantage of this filtering
technique is that it tends to preserve features of the dataasipeak height and width. The SG

filter can be represented by

=3 chyin 2.53)

n=—ng

wheren, is the number of points used to the left oitadata pointng is the number of points

used to the right ang(f) is the denoised output. The filter coefficierds, are given by:

dn=[(Q"Q) Q"] ., (2.54)
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where,
1 .. 0 .- 1
—N ... 0 ... n
Q=| ." . A (2.55)
(_nL)r+1 N O (nR>r+1

Egs. (2.53) and (2.54) help to compute a smooth de-noisedlidigr some specified degree
of the polynomialr and number of data points (spam)wherer < n. This enables one to
accurately calculate instantaneous amplitudes from th&yrautput signal. Also, instead of
numerical derivative, the required ddtaandy) can also be computed by modifying the filter
in (2.53) [75]. For example, the filtered first derivativehe tconvolution (2.53) divided by the
stepsizgAt). The derivative coefficient now in (2.54) is multiplied by, wherem = order of
derivative. The smoothed data and the smoothed diffetentiare effectively obtained from

the noisy output signal using the SG filtering technique &ed¢sults are presented in Fig. 2.5.

1 ‘ noisy y(t)
— SG smoothed y(t)

0.5
w o
-0.5
-1 | | | | | | | | |
0 50 100 150 200 250 300 350 400 450 500
Samples
0.2 T

—— SG smoothed 1st-derivative

| | | | | | | |
50 100 150 200 250 300 350 400 450 500
Samples

0.2 ‘

‘ —— SG smoothed 2nd-derivative

0.1 -

-0.1- =

-0.2 ‘
0

| | | | | | | |
50 100 150 200 250 300 350 400 450 500
Samples

Figure 2.5: Results from the SG filter
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2.5 Simulation study

Six examples studied in the recent literature are congideeee to illustrate the effectiveness
and accuracy of the proposed identification method. To @veecthe undesirable relay chatter-
ing caused by noisy signals, the width of the hysteresis®fétay is set to twice the standard
deviation of the noise. To show that the proposed scheme eapplied to the higher order

processes, a fifth order plus delay transfer function isidened in the last example. The first
and third examples show that the expected results are atiéevrespective of the presence of
measurement noise during the relay experiments.

Example 1:

Consider a first order proce&s (s) = %. A relay withh =1 ande = 0.1 in the absence of

measurement noise induces a sustained process outputasisteig. 2.6.

0.81

0.6

0.4

0.2

limit cycle oscillations
o

|
o
2]
T

0 10 20 30 40 50
time in sec

Figure 2.6: Typical limit cycle waveforms, (ajt) and (b)y(t) for Example 1

From the half limit cycle data in Fig. 2.7, the required valse obtained asty = 1.053,
t; = 3.053, In|y(tp)| = —2.4078 and slop of lfy(t)| = —0.1. The explicit expressions given in
Table 2.1 gives; = 10,k = 1.0 and@ = t; — tg = 2.0 to within 10~*. For the same process,

Li et al.'s [71] method with an ideal relay gake= 0.988, 11 = 8.02 and@ = 2.0, Srinivasan
TH-1031_08616216
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Figure 2.7: Simulation results for Example 1: y@) and (b) Iny(t)|

and Chidambaram’s [9] method with an asymmetrical relayregedk = 1.03, 7, = 10.3 and

0 = 2.3, whereas the method by Vivek and Chidambaram [19] ¢ave).9467,17; = 9.5028
and@ = 2.0 after solving linear algebraic equations. Thus, the psedadentification technique
is found to be superior in terms of accuracy in estimatiornefrnodel parameters.

To verify the usefulness of the method under realistic ciooral, the process model parameters
are estimated in the face of measurement noise. Let theggocgput be corrupted by Gaussian
distributed random noise of severgt such that the SNR varies from 10 dB to 25 dB. Noise
reduction using the SG filter gives a smooth half cycle dathaut attenuation of data features,
as shown in Fig. 2.8. The measured quantities from the dedsignal are used to estimate the
model parameters and percentage errors in these paramietets the noise are given in Table
2.2. Interestingly, the estimated values under obsenvaimse of variousfﬁ become close to

the actual values in almost all the cases.
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' SNR=20 dB

noisy output signal

-0.3F - bl
noisy

——smooth

L L L L L L L L L
5 10 15 20 25 30 35 40 45 50
time in sec

Figure 2.8: Noisy and denoised output signals

Table. 2.2: Effects of measurement noise for Example 1

SNR (dB) % Error in
In|y(to)] slope of Iny(t)] 0 k 71
10 0830 Q604 5502 -0.530 -0.578
15 —1.249 Q400 3522 -0.310 -0.376
20 0041 Q200 3012 -0.140 -0.148
25 0021 Q110 Q502 -0.050 -0.054
Example 2:
g 04s

Consider an unstable proceSs(s) = = Based on two different relay tests, Marchetti et
al. [8] have obtained the FOPDT model with= 0.928, 11 = 0.757 and@ = 0.392 and using

a biased relay test, Liu and Gao [70] have identified the FORD@el withk = 1.0001,1; =
0.9954 andd = 0.4. Now, relay experiment is conducted and only a half periddat cycle
output forGy(s) is obtained with relay settingh, €) = (1,0). From the data plotted in Fig. 2.9,
the required values are obtained&s= 0,t; = 0.4, In|y(tp)| = 0.0001 and slop of lfy(t)| = 1.0.
The parameterk = 1.0, 1, = 1.0 and8 = 0.4 are estimated again to within 10 Here, it

is observed that the same steps are applicable to an idegl (&l 0) without modifying
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the identification procedure. Moreover, the identificaiwacedure requires significantly less

information (analysis of half cycle data only) for obtaigiaccurate model parameters.

relay response data

e
I
o

| | |
47.8 48 48.2 48.4 48.6 48.8
time in sec

Figure 2.9: Simulation results for Example 2: y@)) and (b) Iny(t)|

Table. 2.3: Half limit cycle data for Examples 3-6

Process) y(t1)  y(t) y(t) y(tp) y(tp) y(t2) y(t2)
Gs | 03448 00654 -0.2065 03566 —0.1357 -0.0977 00075
Gs | 05410 07701 -16143 08570 -0.1430 —0.5000 -0.2500
Gs |8.1638 08508 - 128671 — - -
Ge | 07563 -0.0345 -0.0568 07668 —0.1861 -0.1781 00091

Example 3:
This example considers the overdamped SOPDT process vatiglied in the literature [23,71,

73] asGgz(s) = The parameters identified by Li et al. [71] wdre- 0.853,0 = 2,

efzs
(10s+1)(s+1)
11 = 7.416,7, = 1.15 by following the two relay tests. The method proposed bpn&aishnan
and Chidambaram [73] using a single asymmetric relay feddtest gavk = 1.05,6 = 1.814,
11 = 9.766,7, = 1.271. By nonlinear programming iterative algorithm, Liu 23] estimated
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0.31

0.2

0.11

relay response data

|
80 82 84 86 88 90 92
time in sec

Figure 2.10: Simulation results for Example 3: y&)), (b) y(t) and (c)y(t)

k=1.0122,0 =2.0037,1; = 10.1178,17, = 0.992 from an unbiased relay test. Employing a
relay with parameteréh, €) = (1,0.2), the half limit cycle data are measured by the proposed
method for estimating an SOPDT model parameters and t&ouilafTable 2.3. Exact process
model withk = 1.0, 1; = 10.0, 1, = 1.0 and@ = (t; —tg) = (4.2525—2.2525 = 2.0 are cal-
culated to within 102 of these values given i6s(s) using equations listed in Table 2.1. This

clearly indicates that the proposed method gives bett@mpeater estimation.

Like the previous studies, the identification is conductéith wdditive noise of various ampli-
tudes. The modelling errors after using the SG smoothinignigce are given in Table 2.4.
Nyquist plots for the original process and the identified eledre shown in Fig. 2.11 . Itis ob-
served from the Nyquist plots in Fig. 2.11 that the preseatedytical method for identification

computes more accurate models as compared to the methadtetem [23, 71, 73].
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Figure 2.11: Nyquist plots for Example 3: (a) actual procéssntified model by the (b) pro-
posed method with no noise, (c) proposed method with SNR X8Y®Ramakrishnan et al.’s

method and (e) Liu et al.'s method

Example 4:

In this example, an unstable proceSg(s) = (
The relay test is conducted with amplitudgse) = (1,0.2) and the measured values on the
half cycle waveform and its derivatives are shown in Fig.22ahd Table 2.3. Following the
identification procedure, the estimated parameter& ard.0, 6 = 0.5, 11 = 2.0 and1r> = 0.5

to within 10-3. Here, the time delay parameté?ds obtained by subtracting = 0.365 from

t1 = 0.865 due to hysteresis in the relay. Ramakrishnan and Chidemb[73]'s asymmetric
relay test method estimatéd= 1.00, 0 = 0.52, 11 = 1.9999 andr, = 0.4837. From a biased

Table. 2.4: Effects of measurement noise for Example 3

0.4
Real G(jw)

SNR (dB) % Error in
k ?] 1 T2
10 0450 —-0.015 Q530 —-0.930
15 —0.390 Q081 —0.500 Q150
20 0780 Q310 Q900 -0.130
25 —0.018 Q070 0120 —-0.060

e 0.5s

2s-1)(055+1)

studied in [70, 73] is considered.
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relay feedback test, Liu and Gao [70] estimated 1.0001, 8 = 0.5051, 1; = 1.9975 and
T2 = 0.4988 using an iterative algorithm. This shows that the pseganethod can identify an
unstable process model from relatively less amount of dé@teowt compromising accuracy and

also without any iteration.

relay response data

-1.5¢+ i:: 4

|
45 46 47 48 49 50 51
time in sec

Figure 2.12: Simulation results for Example 4: y&)), (b) y(t) and (c)y(t)

Example 5:

Consider the SOPDT integrating process studied by Liu arm[@a] and Kaya [11]Gs(s) =
s,(z%.;fl)' Liu and Gao [70] estimatel = 0.9983, 8 = 10.027 andt; = 19.9443 using the
Newton—Raphson iteration method and for the same process[K&] derived an almost exact
SOPDT model with each parameter error within 0.1%. Howekiaya’'s method requires one
to solve nonlinear equations with suitable initial guesd®g performing a symmetrical relay
test withh = 1 ande = 0.1, the limit cycle datdy = 0.1323,t; = 10.1325 andp = 22.4448 are
obtained alongwith the set of data 1Gg(s) as listed in Table 2.3. The proposed method yields
the exact process mod&k= 1.0, 8 = (t; —to) = 10.0, 11 = 20.0 to within 10-3, indicating good

identification accuracy. It also shows the proposed ideatifon method can obtain accurate

process model without solving any nonlinear equations attidli guesses.
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Example 6: Consider the higher order proceSg(s) = % studied by Kaya and Atherton
[10] and Boiko [76]. Performing a symmetrical relay tesg tjuantities as shown in Table 2.3
are measured with the relay settinghof= 1 ande = 0.3. Using the identification procedure
for the SOPDT process model, the estimated parameters pfolsess model ale= 1.0, 6 =

(tg —tg) = (5.754—0.577) = 5.177,11 = 3.082 andr, = 3.081. For the sam&g(s), Kaya and
Atherton [10] 's asymmetrical relay test estimated 1.0, 8 = 5.422 andr, = 1, = 3.723 after
solving two nonlinear equations. Boiko [76] has identifiad FOPDT model giving = 1.0,

6 = 7.675 andr; = 6.641 using a piece-wise linear approximation method. Fig3 2hows
the Nyquist plots of the actual process and the identifiedehattich again indicates a good

agreement near to the critical point.

Image G(jw)

Real G(jw)

Figure 2.13: Nyquist plots for Example 6: (a) actual procédsntified model by the (b) pro-
posed method, (c) Boiko’s method and (d) Kaya and Athertov@ghod

2.6 Summary

It is shown that how simple analysis of half limit cycle datnde used for identification of

a class of processes with time delay. Models with up to fouamp&ters can be identified by
TH-1031 08616210
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means of a single symmetrical relay experiment, thus atigwne to acquire more information
about the process dynamics from reasonably less amounnitfdycle data. The procedure
can be used to estimate parameters of low order process snwidkbut solving any nonlin-

ear equations and so it is free from any convergence probtdikeumany relay based exact
identification methods reported in the literature. To prétbe system from oscillating at high
frequency and relay switching at wrong instants, relaydrngsiis is adopted. Simulation exam-

ples illustrate the potential advantages of the proposdtade
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CHAPTER 3

IDENTIFICATION OF NONLINEAR
PROCESSES WITH MONOTONIC STATIC

GAINS

3.1 Introduction

Recently, identification method for nonlinear processasdeeived much attentions since most
physical systems are inherently nonlinear although in soases they can be represented by
linear models over a restricted operating range. A widesctdsnonlinear processes, called
block-oriented systems, can be modelled by interconnatiechoryless nonlinear gains and
linear subsystems [34]. Nonlinearities may enter the systedifferent ways: either at the
input or at the output end or in the feedback path. A model irclvthe nonlinear static block
is followed by the linear dynamic block is referred to as theinerstein model. The Wiener
model uses the reverse order in that the nonlinear statok iddlows the linear dynamic block.
A number of relay feedback based methods have been repartkd literature for the pro-
cess identification [77]. Improved relay feedback methbdsused a saturation relay, a preload
relay, an asymmetrical relay with state space approachraedral of the relay response are
givenin [7,12,16, 22]. These methods are successful irtiigarg the linear process models
accurately but not the nonlinear process models. LuybenEahkihat [26] proposed a relay
based nonlinear auto-tuning variation test to determindinear process models. Huang et
al. [28] suggested the use of relays to estimate the Wigmer-process models. Although
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their approach is simple, one needs to solve an optimiziggrahm for the optimal param-
eter vector which is used for estimating the static nonlilggaHuang et al. [29] suggested
a method to classify and identify nonlinear processes usuagconsecutive relay tests. Lee
and Huang [27] adopted an optimization procedure to obtaymametric limit cycle output for
Hammerstein-type processes. Sung and Lee [30] used a eantiontrol strategy to compen-
sate the nonlinear dynamics of the Wiener type process asietpy feedback test. However,
their method employs an approximate sinusoidal input leet@rrying out the test. Park et
al. [31] proposed identification of Hammerstein-type pssas using a relay feedback and a
triangular input signal. Lee et al. [32] identified nonlingmocess via an optimization proce-
dure using an adjustable proportional-integral (P1) aaltér. Sung [33] proposed an estimation
method for nonlinear static gains using a random binaryaigmat deactivate the effects of
nonlinear gains. Yoneya [38] presented a method to idettidylinear part of a process using
fractional harmonic components from a limit cycle test.glenal. [34] proposed a systematic
approach to identify nonlinear processes using a set of sgtings and with an integrator in
the loop. Sung and Lee [35] used the approximated sinustedakignal to manipulate the
output nonlinearity and static disturbances by settinfipceht time length of the relay output.
Park and Lee [36] have suggested a simple identificationmadthestimate the nonlinear static
function of the Wiener model using two step inputs with diiet widths and amplitudes and a
least squares optimization. The enhanced activation rdetuorted by Je et al. [37] estimates
the process model parameters in an optimal way by solvingst@ined nonlinear optimization
procedure.

Most of the above methods reported in the literature [273B538] use an ideal relay instead
of a relay with hysteresis thereby limiting the practicabigability of their techniques. More-
over, their methods require either special test signalteoative optimization procedures or a
set of approximations to estimate the nonlinear procesehpatameters. To overcome these
limitations, a non-iterative approach to identifying Weerand Hammerstein models, includ-
ing model structure and parameters, is proposed. A singherstrical relay test is conducted

to determine the structure and then the parameters of tlok&-bieented nonlinear model pos-

TH-1031_08616216
- 37



Chapter 3 Identification of nonlinear processes with monigtstatic gains

sessing a static nonlinearity and a linear process in casddd other explicit input signal is
required. A relay with hysteresis is used to prevent spgrewitching of relay in the event of
output measurement noise. The method is simple and givesuag performance than several

identification methods for processes with static nonliitgar

3.2 Modelling of nonlinear processes

Nonlinear processes are often represented in block-edeiorms as Wiener or Hammerstein

types, as shown in Fig. 3.1 (a) and (b).

u(t) | W) Lo u () F ()
—> Gp(s) f(V) — _' f(u) > GP(S) i

(@) (b)

Figure 3.1: Nonlinear process models: (a) Wiener-type ahéiammerstein-type

Let the process inpul(t) and outputy(t) are measurable while the internal variable) is
unmeasurable. Both the process models consist of a statimaar function denoted bf/(x)

and a linear subsyste@,(s). Itis assumed thdb,(s) is a stable process and the static nonlinear
function f (x) is monotonic and crossing at the origin. The aim of this rede#s to estimate
parameters of the linear subsystem and the static noniiydsr reconstructing the internal
variable from the available input-output data. A block dayg of relay feedback identification

of nonlinear processes is shown in Fig. 3.2.

r=0 e u Nonlinear y

Vd
+ Process

Relay

Figure 3.2: Structure for identification of the nonlineanqgess
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Huang et al. [29] presented a strategy for selecting a fersibdel structure via features of ob-
served output from an ideal symmetrical relay test. Theyd#etthe model configuration based
on the positive duratiori,; and the negative duratiom, of a period of limit cycle output. When
T, = T_, the nonlinear process is the Wiener-type otherwise it ithefHammerstein-type.
But, an ideal relay without hysteresis may cause a relayatiag problem due to measurement
noise and lead to difficulties in determining the period otabke limit cycle accurately. To
overcome this problem, a relay with hysteresis is used swmioirk. In the following, a criterion
for deciding the structure of a nonlinear process modeltisduced.

Let the relay amplitudes beh during a relay feedback test. Then, the area of the procpss in

signalay over the last stable periol, can be expressed as
t0+Tp
ay = / t)dt= |h|(T, - T_) (3.1)

to

The ideal relay yields a signal with, = T_ at the output of a nonlinear process that can be
represented by Wiener-type models. However, when the pEagesses hysteresis with widths
+¢, a, becomes nonzero due to the relay switchings at As shown in Fig. 3.3, lef\, and

A_ are time elapsed for the output to range from Qe and T{ and T/ are time duration

of positive and negative waveforms when the output goes #dmO, respectively. Also the

positive and negative peak amplitudes of the outpuarandA,, respectively.

A

A;

Figure 3.3: Typical relay feedback responses under a synualatelay with hysteresis test
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Nu(t) e(tf
h
“ 8 ---------
. e e g A+; l t 8
v_h ‘A+
(a) (b) (c)

Figure 3.4: A symmetrical relay with hysteresis and its dboted area

Obviously due to the characteristics of a symmetrical relag output showg | = T’ and
therefore (3.1) can be written as,
ay=h(TL+AL T —A)
= |hj(a; -A)
<|hlAy , VAL >0A_>0 and (AL —A_) <Ay (3.2)
Fig. 3.4 shows a symmetrical relay with hysteresis and it#rdauted area. Solving right

triangles using trigonometry, it is found that an anglejof 45° yields an optimum area of the

triangle. Considering the optimum condition, (3.2) is eeg®ed in terms of the relay parameters

as
ay < |hlle] (3.3)
which gives
ay
— < |& (3.4)
o €]

When the above condition is not satisfied then the nonlineacgss is of Hammerstein-type.
Thus, a relay with hysteresis test is conducted and (3.43esl to determine the structure of
a block-oriented nonlinear model. Table 3.1 summarizesrtiportant features of the limit

cycle data from a symmetrical relay with hysteresis tesstarcture identification under ideal

operating condition.
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Table. 3.1: Rules for selecting a feasible model structure

Linear model Wiener model Hammerstein model

Peak Amplitudes A=A A1 #£ A AL #£ A

Input area a,=0 % < |e| f‘“ﬂ > g

The linear subsystei@y(s) in both types of nonlinear models is assumed to have theféerans

function
e—es

Co(S) = s 12

(3.5)

where8 and 1, denote the time delay and time constant, respectively. IAstiated by Panda
and Yu [21] by quantitative classification of different médeuctures, the model (3.5) covers
largest parameters space for the systems studied by thesnigépcompared to a first order
model structure that is widely practiced. Further, it is iomg that the high order processes
having multi-repetitive poles can be represented by therskorder model (3.5) with less
estimation error and efforts. Here the hypothesis of upitain of G, is not restrictive at all,
since the static gain of a nonlinear process model is deteinby the static nonlinearity, the

gain of the linear subsystem is redundant and can be nomdeaiizl [78, 79].

3.3 Estimation of Wiener model parameters

Let the process dynamics for Wiener-type model expressedeinime domain controllable

canonical form has the state and output equations

X(t) = Ax(t) +bu(t—0) (3.6)
v(t) = cx(t) (3.7)

y(t) = f(v(t)) (3.8)
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whereA is an 2x 2 square matriX) is an 2x 1 column vector andis a row vector of dimension

1 x 2. Also, let the static nonlinear function is approximatgdldinite polynomial of the form
m .
f(v(t)) = z ajvi(t) (3.9)
=1

wherea; are constants anu is the order of the polynomial.
In Wiener-type model, the linear subsystem outgtif becomes symmetrical for a symmetri-
cal relay inputu(t). The typical activated process input and output signalesponding to a

symmetrical relay with hysteresis test is shown in Fig. 3.5.

Figure 3.5: Input and output signals of the Wiener model unelay control

When the model transfer function (3.5) is expressed in tae Space form, its state equation

constants become

-+ 1 0 1
(;l—i ; b:{l}; C:[_r_f 0} (3.10)
Then it is easy to obtain the analytical expressionvoy waveform by substituting the above

state equation constants in the expression of (2.9) in@e&i2. It gives the explicit relay
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response waveform oft) for time range; <t <tp; as

_(t=ty) C1 _(t=ty)
v(t)=—h (1—01 e 1o— - (t—t))e © ) (3.11)
1

T T

_ —y-1 _ aT. o7
wherec; =2(1+e 7o) andcz_l—z—rle 1,

The first derivative of/(t) in (3.11) with respect tbis

(t-t9) — (t-tg)
v(t) = —h (ﬂ e n 4 (ﬁ - 1) S ) (3.12)

1 1

3.3.1 Identification of the linear subsystem

First the time delay is obtained from the second derivativeydf) that shows a discontinuity
in output at the timé; = to+ 68, from its zero crossing due to non-monotonic charactessif
the limit cycle data [17]. But, we know thgtt) = € at timetp. Thus,0 = t; —tg is estimated
from the measurements tfandt; of y(t) andy(t), respectively.

Again for Wiener-type processes of which the static nomirgain is monotonic, the zero cross-
ing points of the activated process outg(tt and linear block output(t) are always symmetric
in terms of time. Therefore, the time taken to reach from zerpeak amplitude will be the
same for botly(t) andv(t) as shown in Fig. 3.5. Sino&tp1) = Y(tp1) = 0 at timet = tpy, then

from (3.12) it is easy to obtain

tog —t
cZ+('°l 1—1):o (3.13)
K]
T to1 —t
1- 8T o :1—(M) (3.14)
211 1

Substitution ofc; in the above equation gives the expression

L
.
In (tplitl B 1>

Thus the time constarty can be estimated using (3.15) and the measurenients andty;

= (3.15)

made on the limit cycle output signg(t).
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3.3.2 Identification of the static nonlinear gain

As shown in Fig. 3.5, the outputs &, ty, to andtyy areAq, Ay, € and—¢, respectively. It is
now straightforward to estimate four corresponding in@ltigs using (3.11) at the above times.
These input-output pairs are fitted to estimate the ordeolyiwmialm as well as the constants
aj,(j =1,..,m) of the nonlinear function described in (3.9). To decide trdeoof polynomial,
one needs to know the shape characteristid (@. Here, the shape approximation is done
through the simplified graphical method in which the secaeisl between each estimated point
(pP1(vV1,Y1), ..., Pa(Va,ya)) estimate minimum orders of polynomial. The detailed justifion

of this method is given in Appendix A.2. The steps are:

1. Mark the estimated input-output pairs nameily, p,, p3 and p4 for the time instantsy,

tp2, to andtp respectively.
2. Draw the secant line connecting each point as shown in3g.

3. If aline crosses from Side-1 to Side-2 (or vice-vers&e @ minimum order of polyno-

mial m= 4 otherwisem = 2.

Finally, the steps for determining parameters of the Widyjee process model are summarized

below.

Step 1. Obtain the limit cycle dataT., T_, to, t1, ty;] as shown in Fig. 3.5. Find its second

derivative and estimate the time del@y
Step 2. Estimate the time constantof a linear subsystem using (3.15).

Step 3. Calculate magnitudes of the internal sigtigl at the time instants g, tp,to, to1) Using

(3.11).

Step 4. Obtain the static nonlinear functibfv(t)) by fitting the calculated values @ft) and the

process limit cycle output(t) at the above time instances.
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Measured outputs

Measured outputs

151

0.5F

Side-1 g

4 Side-2

-0.7 -0.4 -0.1 0.2 0.5 0.8 1
Estimated inputs

@

0.5

Side-1 .7 ’

’ Side-2

-0.7 -0.4 -0.1 0.2 0.5 0.8 1
Estimated inputs

(b)

Figure 3.6: A graphical method to estimate valuern{a) Order of polynomiain > 2 and (b)
Order of polynomiam > 4

TH-1031_08616210

45



Chapter 3 Identification of nonlinear processes with monigtstatic gains

3.4 Estimation of Hammerstein model parameters

Similar to the Wiener-type, the Hammerstein-type procegxpressed in the Jordan canonical

state space form as

v(t) = f(u(t)) = ilajuj(t) (3.16)
X(t) = Ax(t) +bv(t—0) (3.17)
y(t) = cx(t) (3.18)

The constant matrix / vectors are of the form given in (3.F9rforming a symmetrical relay
test, the output of the Hammerstein-type process becomasyammetrical wherd; # A, and
T, # T_ as shown in Fig. 3.7. Although the process input is symnedirihe linear subsystem
is essentially activated by an asymmetric relay signal vsand—v, due to combine effect of
the relay and the static nonlinear gain. One has to estirhatetinternal variabless(andv,)
for ease in obtaining the model parameters. Typical wawedaof the internal signal(t) and
the process outpytt) obtained from the Hammerstein-type processes under tefestdback

are shown in Fig. 3.7.
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Figure 3.7: Input and output signals of the Hammerstein rhaadger relay control
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The expression for an asymmetrical limit cycle output dgitn< t < tg; when input is—v»

becomes
_(tty) di(t—t d
yt)=(vi+w)e 1 <d1+ dift—t) + —2) — Vo (3.19)
K] 1
Ty T 7%) L ,Tp;lﬂ T ,Tp;lﬂ
whered; = -6, d, = p € (jLep ) _ (o= *)fm andT, =T, +T_.
l-en (1-e )2 (1-e 1)

The proof of the above expression is given in the Appendix AHe first and second derivative
of y(t) in (3.19) with respect tbare

Vl + V2 o (titl)

YO =—25% e (it —t)+do) (3.20)
1
r Vi+vp () dl(t —’[1) do
t)=— 1 (d—————= 3.21
Y( ) sz- € 1 ( 1 I Tl) ( )

Sincey(tp1) = 0 wheny(t) is maximum, (3.20) gives
dp (tpl—tl) =—d (3.22)

By using (3.22) in (3.21) dt= tpy, it is easy to obtain

Y(tp1) = —Vl:;vz dhe (i t)/m (3.23)

1

Combining (3.19) and (3.23) at=t,; and using (3.22),

t
2 V2t (3.24)

Y(tpa)

A similar relation can be obtained for the negative valuethefprocess output (when input is

Vi) as
5 V1—Y(tp2)
f=—"—" 3.25
1 y(th) ( )
Taking the ratio of (3.24) and (3.25) and further simplificatgives
Y(tp2) ) (V(tpz) )
Vi+Vo [ S =Y(tpz) — y(t . 3.26
1+ V2 (y(tpl) Y(tp2) — Y(tp1) Y(tp1) ( )

Likewise, the process output at tineis zero as shown in Fig. 3.7. The expression (3.19) at

timet =t gives
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_(t-ty) di(to—t d
(Vi+v2)e 1 (%—FM—F—Z
41 41

) =Vo (3.27)
Att =ty, (3.20) can be expressed using (3.27) as

- 1 - (ta—t2)/ 11

y(t2) = T_l((Vl +Vp) dr e —V2) (3.28)

The above equation can be rewritten as

—(t2—t1)/T1 _ :
dp e ViV (V2 +11¥(t2)) (3.29)

Next, substitution of (3.27) and (3.29) in (3.21) fot to gives
V2 = =211 y(t2) — 17 Yi(t2) (3.30)

Putting the expression fcnf of (3.24) in (3.30), a linear equation of the following form

o (Y(ter) — () y(tp1)¥(t2)
zu=—w(5 )+ (i) &30

is obtained. Following the same procedure for the negatreut values during input i, one

obtains

o (V(tp2) —V(ta) Y(tp2)Y(ta)
2 “‘Vl( Yty (W) )* (y(tpz>y<t4>) (3:32)

Taking the ratio of (3.31) and (3.32), one gets another fiegaation in terms of the measurable

limit cycle data as:

o (k310

st ) T (w) _ <y(tp1)y(tz>) 4 (y(tpz)y(t4)> 033)

Y(tp1)y(t2) Y(tp1)y(t2) Y(tp)y(ta)

Fig. 3.8 shows a typical limit cycle waveform and its first asetond derivative at the end of a
relay test. From one period of the limit cycle data, the tw&nownsv; andv, are estimated
using the expressions (3.26) and (3.33). Based on estimatedts and corresponding inputs
values, the constants of the nonlinear function (3.16) ateutated. The time constami in
Gp(s) is obtained by substituting any one of the estimated valug ahdv, in (3.24) or (3.25).

The second derivative plog(t) gives the time delay as shown in Fig. 3.8.
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Figure 3.8: Output response and its first and second demgfor the Hammerstein model

Finally, the steps for determining parameters of the Harstear-type process model are sum-

marized below.

Step 1. Obtain the limit cycle datal]., T_, to, t1 ] and the output datay]y,y] at (tp1,t2, tp2, t4).
Step 2. Calculate the values of the internal sigugl\) using (3.26) and (3.33).

Step 3. Obtain the static nonlinear functié(u(t)) using calculated values oft). It is to be
noted that one can obtain a higher order polynomial modehfostatic nonlinear function

by repeating the same procedure from Step 1 with re-setfitigeaelay height.

Step 4. Estimate the time constantusing (3.24) or (3.25) and find the time delay from measur-

ing tp andt; sincef = (t1 —tp).

3.5 Simulation study

In this section, a simulation study is conducted to verify ¢ffectiveness of the proposed iden-
tification method. Two examples having a high order linedsggtem with two different static
nonlinear gains are considered to illustrate the identibobamethods and compared with the

reported methods. The effect of high frequency measurenwseé is considered in Example
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1 to demonstrate robustness of the approach. The width aktag hysteresis is set to twice
of the standard deviation of the noise to protect from theesivdd relay chattering. Again the
noisy limit cycle data is effectively denoised using the Sfing technique as discussed in
subsection 2.4.2.

To achieve better control performance, the overall estonarror should be small after com-
bining both linear and nonlinear models and it is computedabyindex using the integral

squares error (ISE) criterion in time domain as
ts
ISE= [ (y(t) ~ 9(t))? at (3.34)
0

wherets is the settling time of the transient response under a stepgehy(t) andy{t) are the
actual and estimated process outputs.

Example 1:

Consider the Wiener-type process with the higher ordertisebsysten® (s) = %
and the static nonlinear functioriy(v) = 2(1 — e 959) studied by Huang et al. [28]. An
autotuning test with the relay heights= +1 and hysteresis = +0.2 results in a sustained

process output as shown in Fig. 3.9.

Data from Relay feedback test

---a

—b

25 30 35 40 45 50 55 60 65 70
time in sec

Figure 3.9: Simulation results for Example 1: (&)) and (b)y(t)

TH-1031_08616216
- 50



Chapter 3 Identification of nonlinear processes with monigtstatic gains

The measurements made on the limit cycle output yield= 8.8462, T_ = 8.7790,A; =
0.7050,A; = —1.0747,tp = 0.6810,t; = 3.9823 andtp; = 3.7933. Since the criterion (3.4)
gives 00842< 0.2 andA; # Ay, the Wiener model is estimated for the nonlinear process.
Following the identification procedure described in SetB®, we obtain a linear subsystem
% and the static nonlinear function (3.9) ¥g) = 1.4556/(t) —
0.4946(t)? using estimated intermediate valugs, v») = (0.6114 —0.6114) at timetp; and

model asGp(s) =

tp2. The method reported by Huang et al. [28] uses two relay feeklbests with optimization

searching problem to identify the linear modek———-

4850% 0520511 and the static nonlinearity as

y(t) = 1.410v(t) — 0.464v(t)>. Now, the ISE by the proposed method i§ 752 whereas that
by the later method is.8546 for a step input change. The comparison of static neatity
functions and step response outputs from activated prosedsls are shown in Figs. 3.10 and
3.11, respectively. It indicates the proposed identiftcatnethod gives better results using a

single relay feedback test without solving any optimizagwoblem.

oy
0.5} 1
0, -
=
< 050 1
_17 .
& —a
-15- ) ===b|
% REKEREE c
o
L7 i d
¥
_2 L L L
-1 -0.5 0.5 1

Figure 3.10: Static nonlinearity for Example 1: (a) Actudd) by the proposed method (no
noise), (c) by the proposed method with SNR 10% and (d) by geamal.'s method
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|
0 5 10 15 20 25 30 35 40
time in sec

Figure 3.11: Responses under step change from -1 to 1: (d)ebgdtual process, (b) by the
proposed method and (c) by Huang et al.'s method

Noisy y(t)

50 60 70 80 90 100 110

De-noised y(t)

| |
50 60 70 80 90 100 110
time in sec

Figure 3.12: Noisy and smooth output signals
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To verify usefulness of the identification method underistial conditions, the process model
parameters are estimated in the face of measurement noestethd. process output is cor-
rupted by Gaussian distributed random noise with 10 % SNR. fidise reduction using SG
filter gives smooth output signal without attenuation ofadBgatures as shown in Fig. 3.12.
The measured quantities from the de-noised output signakghe static nonlinear model,
y(t) = 1.414v(t) — 0.477(t)? which is compared in Fig. 3.10. It is evident that the propose

identification scheme is robust against measurement noise.

Example 2:

Let us consider the Hammerstein-type process studied byetak [32] where the input non-
linearity fa(u) = 1.5(1 — e %%)|u| and the linear subsyste@p(s) = % First, from

a relay settings oh = +1 ande = +0.1, a sustained process output as shown in Fig. 3.13
is obtained. The output measurements give= 7.6690, T_ = 9.9560, A; = 0.3753 and

A, = —0.5805. The criterion for structure identification (3.4) @el22870>> 0.1 and since

A1 # Ay, therefore the Hammerstein model is identified.

Data from relay feedback test

_1.57 |

60 65 70 75 80 85 20 95 100
time in sec

Figure 3.13: Simulation results for Example 2: @), (b) y(t), (c) y(t) and (d)y(t)
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Using the procedure outlined in Sectior3the limit cycle output data are measured at dif-
ferent time instances. The estimated nonlinear statictioimén the operation range-1, 1]
is v(t) = 0.239@u(t) — 0.0484u(t)% + 0.5425u(t)2 — 0.14244(t)*, while the linear subsystem

—3.898 . . . .
1.0 > With an estimation error of .2189. For the same nonlinear

model is Gp(S) = 3386517

process, Lee et al.'s [32] optimization procedure usingistdjple Pl controller yields(t) =

0.266u(t) — 0.038u(t)2 + 0.511i(t)® — 0.163u(t)* and Gp(S) = 5722 oz With estima-
tion error 02335.

It is also evident from Figs. 3.14 and 3.15 that the proposedtification scheme obtains
comparable results with less efforts and time unlike thedthmad [32] that requires one to solve

an optimization problem in two different stages.

0 0.5 1
u(t)

Figure 3.14: Static nonlinearity for Example 2: (a) Actuyal) by the proposed method and (c)
by Lee et al.'s method
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! ! !

0 5 10 15 20 25 30 35 40
time in sec

Figure 3.15: Responses under step change from -1 to 1: (d)ebgctual process, (b) by the
proposed method, and (c) by Lee et al.'s method

3.6 Real-time experimental study

An experimental setup using the Feedback [80] processamitnulator PCS-327 and a Field
Programmable Analog Arrays (FPAA) was developed to vetiiy éfficacy of the proposed

method. The setup is shown in Fig. 3.16.

Figure 3.16: The experimental setup
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The configuration was set with a transfer funct{®s(s) = @ in the PCS, while a cascaded
nonlinear gain offz(v) = 2v(t) — v(t)? in the FPAA. The sampling time was 10 msec. Fig.
3.17 shows the input and output signals obtained duringagy telst with relay amplitudes1

V and hysteresis 30 mV. The limit cycle data were measuref,as 1.720 sec,T_ = 1.731
sec,A;1 = 0.304 Vand A, = —0.358 V. As per the criteria in Table 3.1, the Wiener-type pssce

is identified.

o ApagLsm gy wuagmam ng nanm mp

0.91

0.6

[AVAVAVAY

Limit cycle data in volts

|
9 13 17 20
time in sec

Figure 3.17: Experimental results after relay test

671.38505 d
(Lao9m+1)2z 2nd a

nonlinear static function in the operation rangel, 1] V as f(v) = 1.947/(t) — 1.005/(t)?

Following the identification procedure, a linear subsystaodel Gy(s) =

were estimated from a single relay test. The estimated psoe®dels and the actual process
outputs are compared in Fig. 3.18. The identification pracegields an estimation error of

0.9827. The good identification performance is evident from Bi18.
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0.8

< 0.6

0.4

0.2

| |
0 5 10 15 20 25 30 35
time in sec

Figure 3.18: Responses under a step change: (a) by the pobgaks and (b) by the identified
models

3.7 Summary

The basic relay autotuning method is extended for gatheniage information for modelling a

class of nonlinear processes. The extended method is npnontiterative but also helps in

estimating all the parameters of nonlinear process mod®is & single symmetrical relay test.
The identification procedure having a relay with hysteresiziore acceptable in engineering
practices to overcome the relay chattering problem. Thegahare does not require any addi-
tional test signal, unlike some methods proposed in theatiiee, and is free from convergence
problems. Furthermore, the simulation results show thaptioposed identification method is

superior to some existing methods.
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CHAPTER4

ON-LINE RELAY AUTO-TUNING FOR

STABLE PROCESSES

4.1 Introduction

On-line identification for automatic tuning of controllenas received much attention during
the last few years. This is mainly due to the fact that ofélinning has associated implications
like affecting operational process regulation which may e acceptable for certain critical
applications. Also, it has been reported that off-line mgnmnay be too expensive or dangerous
when the control loop is broken for tuning purposes, and singuunder tight continuous
closed-loop control is necessary. One of the simplest anst nebust auto-tuning techniques
for process controllers is a relay feedback method. Thisoeas subject of much interests in
recent years and it has been field tested in a wide range atapehs [3, 77]. However, the
problem has not been fully solved that the loop is often ogeaml the process is disturbed to
conduct the relay test [40].

Schei [42] proposed an on-line iterative method for clokegh automatic tuning of the PID
controller. The on-line experiment time by his method isntleng which may not be acceptable
in practice. Tan et al. [40] have proposed an on-line tunirghmd which is effective against
many constraints of the basic relay auto-tuning method. id@stification procedure by their
direct method is not straightforward and one needs to hawe kmowledge about the system to
decide about the suitable frequency response prototypethedf, their indirect controller tuning
method uses the approximate describing function analysistiin a first order transfer function
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Chapter 4 On-line relay auto-tuning for stable processes

model of the system. Some new results on auto-tuning havegresented by Tan et al. [43] for
identifying an equivalent PID controller using the recuesieast squares algorithm. Ho et al.
[44] and Arruda et al. [81] have considered iterative methioalsed on specified phase margin.
But, when a static load is present during the tuning expertibeir describing function based
analysis may yield erroneous results. An on-line tuningroéin which a relay is connected in
series with a controller has been proposed by Majhi [45].eRtg, Tsay [46] has proposed on-
line computing rules by introducing a relay with a pure tirag In the loop to find parameters
of proportional-integral (PI) and lead compensators basespecified gain and phase margins.
The method requires to initiate repetitive identificatiests till an acceptable gain margin is
found.

The applicability of the basic relay tuning method is exisheh this chapter by an on-line
method to tune PI controllers without breaking the clossaplcontrol. The proposed method
is effective against many of the above mentioned constgaimdl also it retains the simplicity of
the original relay based method. By placing a relay in pakalith a Pl controller, to use the
limit cycle oscillations induced in the steady state ovanatéd time span, the current process
dynamics has been modelled by a low-order transfer functibmning formulae have been
derived for the PI controller based on the parametric modeth $hat it preserve the actuator
from the large variation of control signals. Results frora simulation examples and real-time
experiments are presented to show the simplicity and @fesetss of the proposed identification

and control methods.

4.2 Analytical expressions for the limit cycle waveform

Departing from the conventional relay auto-tuning methdubke the controller is replaced by
the relay, the proposed approach is to carry out on-lineamitbreaking the closed-loop control
by placing the relay in parallel with the controller. Figléa) shows the tuning scheme in which
the relay height is increased from zero to some acceptakle vehen re-tuning is necessatry.

Based on the induced limit cycle oscillations at the procegput, the process dynamics is first

TH-1031_08616216
- 59



Chapter 4 On-line relay auto-tuning for stable processes
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Figure 4.1: (a) Block diagram of on-line tuning scheme arjdtéequivalent form
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identified by a simple transfer function model and then fimertg of the existing Pl controller
is accomplished. Let us consider a first order rational fearfanction model with dead time to

approximate the process by

ke—Qs
- 1s+1

Gp(s)

This model is simple in structure, with only three model paeters. Yet, it is one of the most

(4.1)

common and adequate ones used, especially in the procdssldodustries [39]. The initial
PI controller at the time of relay feedback test is

Co(s) = Keo+ % (4.2)
whereK¢, andKjq are its initial gains. This settings of the controller areeimded primarily for
the purpose of stabilizing the process and may be based @hesinpriori information about the
process. Practical applications of auto-tuning methods haen mainly to derive more efficient
updates of current or default control settings, which areaaly available in many cases.
If the relay of amplitudeth and hysteresis widtt:€ is connected in parallel witf,(s) during
the on-line tuning test, then the structure can be redrawivalgntly as shown in Fig. 4.1(b).

The fictitious transfer function model (which the relay 9dBscomes

ys) _ ke %
ui(s) 15+ 1+kKeoe 5+ k—foefes

4.3)

It is to be noted that disturbance induhas no impact on the limit cycle output in steady state
due to the integral action of the PI controller. Cross miittagion of (4.3) and inverse Laplace

transform yields
t
P04 5 |t —0)  Keoy(t— 8) —Kio [ y(t— ) (4.4)
0

Assume that the autotuning test produces a symmetricdl diyole with half periodT which

is obtained with the initial conditiog(to). Fig. 4.2 shows waveforms of the relay output and
process output signals when the half periods greater than the time dela§, For the time
rangetp <t < t; where the relay output;(t — 8) = h, the analytical expression for the limit

cycle output waveform is
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time

Figure 4.2: Half period of limit cycle output and relay outgignals

t—t t-to

t
y(t) = y(to)e  © +k(l—e ) (h — KeoY(t —to) — Kio /Y(t —1p) dt) (4.5)
to

For the time rangé, <t <tp, whereu;(t — 8) = —h the expression becomes

t—t ~t

t
y(t) =y(t)e ™ — k(eftTl —1) (h — Keay(t —t1) — Kio / y(t—t1) dt) (4.6)

Since the limit cycle is symmetrical, it follows thgtty) = —y(t2 +tp). With the help of the
general method discussed in Section 2.2 for deriving thiyacal expressions of the limit cycle
output for the FOPDT model, one can simplify the above exgoes (4.5) and (4.6). For time

rangedp <t <t; andt; <t <ty, the output expressions are obtained as

t—t,

yt)=ge T + kh(l_e—ﬁ)[1_cho+kmoT(l+ee/r)]

— K2h(t—to) {(—% Kig)e T+ Kio} (4.7)

-t t—t

T e _rl-e )

t-t4 t-t Keo

VO =y(te T —kh(1—e )+ Kh(—2+Ko) [(t—t)(2e

t—t

+ KKioh [(t—tl) - r(1—e*71)(2—e*9/f)} (4.8)
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4.3 On-line estimation of process model parameters

In this section, the procedure to estimate the process npaatameters with the controller in
action is discussed. This provides a high degree of robsstitethe identification procedure
against external disturbances and process perturbakonther, the approach seeks a few mea-
surement data from the half limit cycle output. Fig. 4.2 shawhalf cycle waveform of the
process output under a symmetrical relay feedback test.

From the tuning test, critical instartigsandt, are measured at which the outputs beceanaad
zero, respectively. The time instantan also be estimated using measured half cycle data [17].
The derivative of outpuy(t) shall have a discontinuity in the output at the tithe- to+ 08, from

its zero crossing due to the non-monotonic characterisfitise limit cycle data. But, we know
thaty(t) = € at timetp and this fact gives the time deld#y= (t; —to).

Now, the remaining parameters of the process model arengatddy using the limit cycle
expressions (4.7) and (4.8). These expressions can furth&mplified by taking values fdg
andt; wherey(t) becomes and zero, respectively. If we take a first order time deneatf

y(t) for the time ranget) <t <t; andt; <t <tp, then

| . kh «
y(t) = —% e*g + 7e$ [1—kKCO+ KKioT(1+ ee/r)]
(- e (0 1) kKo (4.9)
y(t) = —@e% - ?he% + kzh(—% +Kio) {—?(%4 e (e T —et/T)

+ KKioh [1- (e )2 e /") (4.10)

Settingt = tp in (4.9), a simple expression is obtained as

kh—e Kk?Keoh
4 K Reo

0/t
- (e -1) (4.11)

y(to) =

Sincey(tz) = 0, another simplified expression is obtained using (4.10)radt, as

| kh K _
j(t)) = —— —kzh(—$+|<io)(1—2et2rt1 e ?) (4.12)

With the help of (4.11) and (4.12) the two unknown parameteanad 1 of the process model

are estimated. A non-linear algebraic equation solverMESOLVE routine in MATLAB can
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be used to solve these equations with suitable initial guespractice typical ranges for the
values of the parameters are often known and it can also laénebit using simple describing

function method in which case the convergence is fast.

4.4 Optimal PI controller design

When the process transfer function is known, the paramefdise Pl controller may be op-
timised by minimising an integral performance criterior2][8 In particular, time moment
weighted integral performance criteria gives a good stsparse with a small overshoot and
short settling time [82]. But the optimal controller by thsethod may not be sufficient to
obtain the optimum control input variations. In most Pl(@ntrol loops valves are the only
components with moving parts and more variation in contigrial has high costs in terms of
valve wear and maintenance programs. A quantitative aisalysow tuning affects valve costs
is described in [49]. In this context, less attention hasljesad, although recently a different
kind of criterion in [51] has been defined to minimize the gtidns inu(t). Their method is
based on the integral time absolute error (ITAE) index an@gimuch smoother control by
some link between the controller aggressiveness and thienomm of the ITAE performance
index. However, it is shown for processes with small timeagednd the relation is derived
based on ITAE index, which may not be very accurate for thigaininavoidable errors during
setpoint changes [82]. This is not the case with the time teyISE criterion. Therefore, the
work of [51] is extended here using the integral squared Bmer (ISTE) index to achieve the
overall smooth responses, which preserve actuators fraimely attrition.

The dynamics of a first order model (4.1) may be describedamtirmalized form by scaling

the Laplace variableto s/1 as

ke 6ns
= 4.1
Gp(s> (S+ 1) ( 3)
wheref, = 6/1. Hence, if subsequently tun€{s) has the normalized transfer function
Ki
C(s) =Kc+ < (4.14)
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whereK; andK; are control gains to be determined from the tuning experintae velocity

form of (4.14) is given by [39]
u(t) = Keé(t) + Kie(t) (4.15)

whereu(t) ande(t) are assumed to be the controller output and input, respdgctiAiiming

to achieve superior control performance by optimizing lesignal in such a way that it gives
minimum control output variations. An index has been defittecheasure the total variation
(TV) in u(t) analytically for the controller performance [50]. If we distize the input signal

as a sequencéy, Uy, ..., Ui, ...], then
V=Y |ti1— U (4.16)
i=1

which should be as small as possible to minimize variatiowsti). Ideallyu(t) should be equal
to u(eo) for all t > 0, henceu(t) = 0,V t > 0. This concept provides the following constraint

using the control law (4.15) as
KE(&(t))? = K (e(t))? (4.17)

If we represent the above constraint in time weighted iratiegf error signal, it gives a tight
criterion for the initial unavoidable errors during setptathanges. Thus, (4.17) is replaced by

the following integral constraint as

[oe]

(‘;—)2 O/ (te(t))? dt = | (te(t)) (4.18)

0

First, it turns out that the right-hand side of (4.18) is thallvknown ISTE performance index
[82]

ISTE= / (te(t))? dt (4.19)
0

which can be characterized with the integral control actibthe PI controller. Similarly, the
left-hand side of (4.18) introduces another performandexninvolving the derivative of the
error signal to characterize the proportional controlacas

ISTD = (%)2 /(t‘e(t))2 dt (4.20)

i
0
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The index in (4.20) is defined as weighted Integral of Squaf@idme Derivative of error signal
(ISTD). Now, the closed-loop errors after a unit step inputhe FOPDT process model (4.13)
are
e(t) =k, for 0<t< 6,
(4.21)
= ke =) for t > @,
The two performance indices (4.19) and (4.20) are simplifs@dg (4.21) and an explicit design

formula forK; is obtained as

 _ ko [1+260+263+(4/363\ "
FA 1+ 26,+ 262

(4.22)

To obtain another explicit relation for the controller gdime concept of sluggishness index is
used which reflects how much the closed-loop reduces theureea$ response time relative
to that of the open loop process [83]. If we take the averageleace time of the open-loop
process as-G'(0)/G(0) = (T + 0) [39], then for the closed-loop transfer function

_ C(9Gp(s) ke (Kes+Ki)
T 1+C(5)Gp(s)  S(5+1) +ke Bs(KesTK)

T(s) (4.23)

the average residence time is calculated fremi(0)/T(0) askiKi. Thus, by equating the aver-
age residence time for open-loop and close-loop transfeatifon, another explicit design rule

for setting the integral gail; in terms of the parametric model values becomes

1
Ki= ey (4.24)

Using (4.22) and (4.24), the new PI controller gains areuwtated based on the estimated pro-

cess model parameters during the on-line relay test.

4.5 Evaluation of the tuning rules

The primary control design goal is to achieve good rejectibioad disturbance effects and
robustness with respect to model uncertainties. Firsg tbibe noted that a larger integral
gain usually implies less robustness in the presence ofdsdrbances and it can be defined
by an expression to measure the system performance [84F arfalysis is extended below

for the case with input disturbance. The general closeg-temsfer function from input load
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disturbancd. to outputy is,
Tyd(S) = Gp(8) (1 +Gp(s)C(s)) * (4.25)

In industrial processes, the disturbance usually occuoserequency. Then the above expres-
sion can be written in the magnitude of the frequency respargerew is small as
M(Tya(jw)) = M[Gp(jw)(1+Gp(jw)C(jw)) ]
= M[Gp(jw)(1+Gp(jw)Ke +Gp(jw)Ki/(jw)) ] (4.26)
M(Gp(jw)(Gp(jw)Ki/(jw)) ]
For any transfer function& andB, it is well-known thatM (AB) < M(A)M(B) andM(A)~! =

M(A) where,M(x) andM(x) are the maximum and minimum magnitude of transfer functions

M(x), respectively . So, we have

M(Gp(jw))
(Gp(jw))M(Ki)

M(Ta(ieo)) < liol (@.27)

It shows that the minimum value of integral gain can play aponant role in the presence
of load disturbance. The relation of normalized internahge time delay from the proposed
tuning method and optimum tuning methods like ITAE and ISSEdetpoint based methods
are plotted in Fig. 4.3(a). It is observed that the integeahg given by the proposed method
are almost constant, thus the closed-loop systems are afeugtrwhile others show oscillatory
responses in the presence of load disturbance since ihtgres are too large specially for
small time delay processes. Also, for large time delay msee the proposed method gives
slightly largerK; resulting in the best compromise between robustness awddisturbance
rejection performance.

Next, the robustness is evaluated from the maximum valudefsensitivity functionMg =
1(1+Gp(jw)C(jw))~1||. Reasonable values Ms are in the range from.2 to 20 [39]. The
proposed tuning method has been applied to the differerdege®s of the test batch given
in [39] as representative of typical industrial proces$ég. 4.3 (b) gives the Nyquist curves of
the test processes which indicates the maximum sensigjgitybetween 2 to 20. This shows
that the on-line tuning method provides robust stabilitgiagt modelling error and variations

in process dynamics.
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Figure 4.3: Evaluation of the tuning method
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4.6 Simulation study

The design method has been tested on three typical prodesselin the literature. The effects

of static load disturbance during on-line relay test is d@ssed in this section. Measurement
noises are also introduced in Example 1 to illustrate idieation robustness of the proposed
method. It is important to keep the output oscillation amoplé in the prescribed limit as per

the tolerable process variable swing. The process opatatides values for the relay heights
that will produce a limit cycle with acceptable amplitudede To overcome the undesirable
relay chattering caused by noisy signals, the width of thetdngsis of the relay is set to twice
the standard deviation of the noise. For ease in simulatigdysthe relay witth = +0.25 and

€ = £0.05 are taken although fairly low values of relay height cooddused. The required

measurements undertaken for each process after on-linggterperiments are tabulated in

Table 4.1.
Table. 4.1: Results from a single relay test and new comeirsktting
Process| Initial controller, tg t1 to y(to)  y(t2) | Process New
Co(9) model C(s)
Gi(s) | 0.51+ 228 0262 1.720 2.786 0.181 -0.193%% % 0.632+ 2318
Ga(s) | 0.2+ %22 0.923 11.751 17.386 0.051 -0.055-20%E 7% | 0446+ 005
Gs(s) | 0155+ 088 | 1021 17.359 21.777 0.047 -0.049290L %% | 0473, 004

Example 1:

e—s
(s+1)
during the relay test. Due to the presence of the PI contrdlleng on-line test, it is noted that

For a second order proceGg(s) = , a static load disturbante= 0.3 att = 20 sec enters
a stable symmetrical limit cycle is recovered after follogithe occurrence of the disturbance
signal. Whereas the basic relay methods are sensitivetio ktad disturbances and need to
reset the relay heights to obtain a symmetrical limit cy@lee identified transfer function model
and new PI settings obtained by the proposed autotuningeguve are given in Table 4.1.
For this process, Majhi [45] has proposed the Pl contrdles) = 0.8640+ 0.3652/s, using

minimization of ISTE criterion and least-squares fittingjile Tan et al. [40] have proposed
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process output

| |
0 10 20 30 40 50 60 70 80 90
time in sec

(4.4.1) Step responses

T
Il

35

2.5

T

controller ouput

0 10 20 30 40 50 60 70 80 90
time in sec

(4.4.2) Control signals

Figure 4.4: (a) Load disturbance and setpoint changes, \(lihé proposed method, (c) by
Majhi’s method and (d) by Tan et al.'s method
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the PID controllelC(s) = 0.621(1+1.111/s+ 0.23s) using their direct, multiple point on-line
tuning method. Additionally, the proposed method resultthe desired performance in less
control signal variations with TV=B70 while in case with Majhi and Tan et al., the values
are 2071 and 4152, respectively. Fig. 4.4 shows the enhanced performahte proposed
on-line method with good subsequent control performance.

To show the robust performance of the control design, peations of+20% in all the param-
etersk, T and 0 of the nominal process are assumed. The robust responsesmapared with
those of the method by Zhuang et al. [82] and robust on-lirragrh by Tan et al. [40] in
Figs. 4.5and 4.6 . Itis observed that the closed-loop perdoces are very robust by the given

method mainly due to the appropriate integral gain.

4
3.5¢ i
3r / - b
525 1 ]
=% TAN H
5 af W\ H
o 5 1 1\ o~ - -
[} r B <= -
2 [ SN N
s 1
Q 15t : - i
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-_—14a
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““““ c
0 | | | | | |
0 10 20 30 40 50 60 70

time in sec

Figure 4.5: Robust responses for +20 % perturbatidg mandé (a) by the proposed method,
(b) by the ISTE and (c) by Tan et al.’'s method

To verify the usefulness of the on-line identification methumder realistic conditions, the pro-
cess model parameters are estimated in the face of measureoige. Let the process output
be corrupted by Gaussian distributed random noise of slevﬁra;uch that the SNR varies
from 10 dB to 20 dB. Noise reduction using the SG filter disedds subsection 2.4.2 gives a

smooth half cycle data without attenuation of data feat@eshown in Fig. 4.7. The measured
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Figure 4.6: Robust responses for -20 % perturbatid mand 6 (a) by the proposed method,
(b) by the ISTE and (c) by Tan et al.’'s method

guantities from the denoised signal give the model parameted percentage errors in these

parameters due to the noise are given in Table 4.2. Integhgtihe estimated values under ob-

servation noise of various varianog become close to the actual values in almost all the cases.

The identification, however, suffers to some extent acqupasblem when SNR is less than 10

dB. Process measurements usually contain a strong omxeilkatd therefore the SNR is usually

high enough to warrant the use of the proposed method to &stitime model parameters in the

face of output measurement noise.

Table. 4.2: Impact of measurement noise for Example 1

SNR % Errorin

(dB) to 11 o y(to) y(tg) k C] T
10 | -0.862 —-1.212 —-1502 -0.931 -1.340 -0.391 1282 —-8.232
15 | -0541 -0965 —-1021 -0.321 -0.789 0652 1028 -6.898
20 0020 Q056 —0.053 -0.212 -0.312 Q255 -0.065 —-4.342
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"SNR = 10 dB

0.2

Noisy process output

-0.4 I I I I
35 38 41 44 47 50

time in sec

(4.7.1)

0.25

0.2

0.151

0.051

Denoised process output

-0.051 — Noisy half cycle H
—— best fit after denoised

43 43.5 44 445 45 45.5 46
time in sec

(4.7.2)

Figure 4.7: Noisy and denoised output signals
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Example 2:

For the large dead time proceSs(s) = % Zhuang et al.’s [82] basic relay autotuning
method gives optimum PI parametdfs = 0.730 andK; = 0.047 by the ISE criterion and
Kc = 0.535 andK; = 0.046 by the ISTE criterion.

Assuming no measurement noise during identification, anlIFODRModel was obtained with
the use of an on-line relay test and subsequently new Pl mdeasnestimated by the proposed
method are given in the second row of Table 4.1. The new meihes®nted gives better closed-
loop responses with reasonable overshoots and shorhgeithies for both setpoint and control
signal variations as shown in Figs. 4.8 and 4.9. Due to notcanson Zhuang et al.’s ISTE and

ISE criteria, the control signal variations are measuretl 87 and 2474, respectively while it

is less, 1316, with the proposed method.

process output

| |
0 50 100 150 200
time in sec

Figure 4.8: (a) Setpoint input, Step responses (b) by thpge®ed method, (c) by the ISTE
method and (d) by the ISE method
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2.5F

controller output

| |
0 50 100 150 200
time in sec

Figure 4.9: (a) Setpoint input, Control signals (b) by thegmsed method, (c) by the ISTE
method and (d) by the ISE method

Example 3:

Consider the very high order proce&(s) = (S+—11)20 In Tsay method [46], the Pl+lead con-

troller (0.4292+ 0.0492/s)(34335-1) Were taken for the setpoint response and for the same

process, Zhuang et al.’s [82] method suggest@d73+ 0.058/s). The estimated FOPDT
model and the new PI gains are given in the third row of Table &he good identification

obtained by the proposed method is reflected by the supentdratler performances, for both
the setpoint tracking and load disturbance, are given in&t0. It is noted that the method
gives promising results with minimum experiment time of rgée relay test while in the case
with [46], repetitive identification tests were requiredyet final P1 controller till an acceptable
gain margin is found. The measure of control signal vanmetis also less,.B72 whereas using

Tsay and Zhuang et al., TVs are281 and 4387, respectively.
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Figure 4.10: (a) Setpoint and load disturbance inputs,\lhé proposed method, (c) by Tsay’s
method and (d) by Zhuang et al.'s method

TH-1031_08616216
- 76



Chapter 4 On-line relay auto-tuning for stable processes

4.7 Real-time experiments

4.7.1 Experiment setup with Analog programmable kit

The proposed on-line tuning method is tested with the hegmaxperimental setup made up of
a Process Control Simulator PCS-327 from Feedback institg80], Anadigm AN221E04
Field Programmable Analog Array (FPAA) [85] and a persomahputer. The block diagram

representation of the experiment setup is given in Fig..4.11

Computer - RS-232 FPAA
Tuning j E ................................................ .
Algorithm Reconfigurable :
Analog PI Controller
Setpoint Process Output
(PCS-327) >

Figure 4.11: Block diagram of experimental setup

The tuning algorithm runs on a computer that also configure$PAA dynamically using RS-
232. The variety of analogue functions like amplificatiaimsning, differentiation, integration,
filtering, etc. were implemented in FPAA. The AnadigmDegig8 software provides a set of
C functions to be used for reading current Pl setting andmiggaring the chip on-line if design

parameters require to be dynamically changed. PCS-327amfigiared with a transfer function

G(s) = ﬁ The sampling time, relay amplitudes and hysteresis ggttirere 50 mseci:0.2

V and 20 mV, respectively. Following the on-line tuning madhthe process dynamics was

1.001670.7823

modelled bym

using half cycle output data and then the new controllerrpatars
were computed ak. = 0.792 andK; = 0.345. The closed-loop responses using the initial
controller, limit cycle oscillations during the on-linesteand then improved responses for the

new step change, are shown in Fig. 4.12.
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Figure 4.12: Experimental results
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4.7.2 DC servo position control system

In this subsection a DC servo position control system is ugdtlustrate the proposed method.
Setup is made up of a brush DC servo motor and Anadigm AN22HE@A kit. The photo-

graph of experimental setup is shown in Fig.4.13 .

Figure 4.13: Photograph of an experimental setup

The programmable controller is designed with the help of AR& and can also be dynami-
cally configured through RS-232. The desired input refezsraf position in degree have been
calibrated with equivalent dc voltages. To perform relast the sampling time, relay ampli-
tudes and hysteresis settings were 16 ms€cl7 V and+20 mV, respectively. Following the
on-line tuning method, the process dynamics was modell@%ﬁ using initial settings

K¢ = 6.3662,K; = 0.550. The new controller parameters were computed.as 0.9445 and

Ki = 0.4391 using the proposed tuning formulas (4.22) and (4.2h% osed-loop responses
using the initial PI settings for position 9@nd using the updated PI settings for the new posi-
tion of 15@, are shown in Fig. 4.14. The tracking performance is cleamlyanced with almost

no overshoot and also reduced the control efforts to obltemesired position.
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(4.14.1) Setpoint responses
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Figure 4.14: Experimental results
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4.8 Summary

A simple and effective on-line technique to re-tune the Ritagler has been developed. Dif-
ferently from the standard relay autotuning approach laved the tuning of the controller in

the presence of a static load disturbance without resethiagelay. Further, the identifica-
tion method requires only half period of limit cycle data,i@hsignificantly reduces the time
required for the autotuning test. Simulation examples apeemental study illustrate the prac-

tical applicability of the scheme to get desirable transieaponses with smooth input usage.
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CHAPTERDS

ON-LINE IDENTIFICATION OF CASCADE
CONTROL SYSTEMS BASED ON HALF LIMIT

CYCLE DATA

5.1 Introduction

Cascade control helps in eliminating the effect of loadutlsince and improving the dynamic
performance of a closed-loop system over a single-looprabs2]. Generally a cascade con-
trol structure is to nest one feedback loop inside anothedlldack loop involving the use of
primary (or master) and secondary (or slave) controllerse tandard conventional approach
of tuning these cascade controllers is often ineffectiveahbee it ignores strong interaction be-
tween the two loops. Also the widely used two-step approachfairly time consuming task
due to the approach being sequential in nature and problglated to master and slave signal
tracking. Thus it would be very useful to realize the autamatning procedure for cascade
control system in which the entire tuning process is carin one experiment.

Today, the use of the relay feedback technique for estimatidhe process dynamics has
been widely adopted in the process control [3]. This is agaieyet simple experiment design
for process estimation and a large number of research woektend its application domain
and to enhance various aspects of the conventional appt@escheen reported. Relay based

methods for cascade control strategies have been publighideng et al. [53], Song et al. [55]
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Chapter 5 On-line identification of cascade control systeased on half limit cycle data

and Kaya et al. [56], however their procedures are based @nftHine relay test. Off-line
tuning has associated implications in the tuning-contamdfer, affecting operational process
regulation which may not be acceptable for certain critaqgdlications [54]. Although individ-
ual controller tuning has been automated in [53] and [56,9&quential nature of the tuning
procedure remains unchanged. Tan et al. [54] has suggestaatiine relay tuning approach
in one experiment, but the experiment requires a priorirmftion of the process. Also, the
ultimate frequency used by them for the outer-loop desi¢pag®ed on initial ultimate frequency
without considering changes to the inner-loop control pesters. Lee et al. [57] have proposed
IMC based tuning rules for the primary and secondary coet®lbut it has not been specified
how the procedure can be automated. Visioli and Piazzi [88¢proposed an automatic tun-
ing method for the cascade control system but the methodstems an open-loop step test for
estimation of process dynamics and command signal gemdaateetpoint tracking. Sadasi-
varao and Chidambaram [59] have presented an iterativeathdéaised on a genetic algorithm
for tuning cascade controllers. The on-line experimenetby the method is very long which
may not be acceptable in practice. Alfaro et al. [60] madeaisetwo-degrees of freedom de-
sign approach for a cascade control configuration for smoaitrol by introducing additional
parameters that need to be tuned appropriately. Tuningadstfor parallel cascade control
are discussed in [61, 62] with the process information assiim be known in the form of the
FOPDT model.

This chapter discusses a new method for on-line autoturfitigeocascade control system
with the help of a single relay feedback test. By employinglay in parallel to the master
controller, both inner and outer process dynamics are samebusly identified from the re-
spective half limit cycle outputs. A set of exact and simplalgitical expressions are derived
which can be used for estimating process models. Then bo#r #snd outer controllers can
be tuned simultaneously based on the low order rationasfieafunction models. This method
does not require time consuming iterative calculationsasad overcomes the requirements of

the sequential conventional approach for tuning the cascadtrol system.
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5.2 On-line identification

The configuration of the cascade control system is showngn%:iL where(C; andC; are the
master and slave controllers whiBg; andGp, are the outer and inner loop processes, respec-
tively. Fig. 5.1 shows the on-line tuning scheme for the adsacontrol system by employing a
relay in parallel with the master controller without didiung the closed-loop control. The relay
height is increased from zero to some acceptable value wdriaming is necessary. Based on
the induced limit cycle oscillationg andys», the process dynamics are first identified and then

fine tuning of the existing controllers are accomplished.

Relay

)

-> C 1 C2 sz NS Gpl

Figure 5.1: Structure for on-line tuning of the cascade @bslystem

To make the cascade control effective, the following gurae are to be incorporated.

e The inner loop should be faster than the outer loop at leafivéyimes and it should be

possible to have a high gain in order to regulate disturbmnmeme effectively [39].

¢ In the absence of default control settings,andC, are proportional-integral (PI) and
proportional (P) type controllers, respectively. Thestirsgs are intended primarily for
the purpose of stabilizing the process during the tuningguiare. Practical applications
of autotuning methods have been mainly to derive more eficipdates of current or

default control settings, which are already available imynzases.

Let the process dynamics be represented by the first ordenaatransfer function model with
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dead time

ke 9
- Tis+1

Gpi(s)

where,i = 1 for the outer and= 2 for the inner process model. Although, the transfer fumcti

(5.1)

model is simple with only three model parameters, yet it isheommonly used, especially in

the process control industries [39].

5.2.1 Estimation of inner process model

0.6

0.4

== = - == /— = = = = =9 ===

Relay and process outputs
o
T

0 10 20 30 40 50
time in sec

Figure 5.2: Responses from the relay testelay output— — y»(t) and- - -y;(t)

A relay autotuning test yields interesting results as shbgn 5.2 due to faster dynamics and
higher gain of the inner loop compared to the outer loop. Tutputy, is constant at least over
a half period and acts as a constant input for the outer psab@sng that period. Therefore, it
is possible to obtain the analytical expressions for halftlcyclesy; andy, (Fig. 5.3) from a

single relay test.
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EA 1: y,(0),2: y,(0)
o) . .
) . 3: vy, (), 4: y,(0)

time

Figure 5.3: Half cycle of the limit cycle outputs

Let the relay amplitudes and hysteresis widthstbeand +¢, respectively. The method to
obtain the analytical expression of a limit cycle waveforsrgaven in Section 4.2 is used here.
The state and output expressions@p(s) in (5.1) are written in the time domain controllable

canonical form as

Xa(t) = AXa(t) — koA Up(t — 62)
(5.2)
y2(t) = Xa(t)

where A = —1/1,. The relay switches frorhto —h at timet = ty due to hysteresis and provides
two different piecewise constant input signals during d patiod of the inner process output.

The solution of (5.2) fot > t; where the input signal,(t —t;) = —h can simply be
ya(t) = ya(tg)eM ) —koh(1 — e} (1) (5.3)

Similarly, the solution for the inner loop transfer functio

_ Ya(s)
Ul(S)

is obtained for the inner process output. During an on-kat@yrtestCy(s) = K and substitution

T2(s)

= GpaCa(S)[1 4 GpaCa(9)] (5.4)
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of Gpo(s) in (5.4) gives

B szcze‘QZS
158+ 1+ koKpe 828

Ta(s) (5.5)

The static load disturbance is neglected during the arslyaith the help of (5.3) and using
the limit cycle analysis given in Section 4.2, the outputresgion fromT,(s) is derived. The

expression of, fort >ty is obtained as

Yo (t) = ya(t)et 1) — koK oh(1— e 1)) 4 (oK) 2hA [(t —ty) (26 1) — A t00)) 4y ~1(1 — M(t-1))
(5.6)

The first order time derivative gh(t) becomes

Vo(t) = yo(tg )& WA koK ohe! T8N 4 (koK ep)?hA [e" (1) _ grlt=to) 4 (t — ) (262t} — A1) )]
(5.7)
It is straightforward to calculate the steady state dajrsinceT2(0) = koKep/ (14 koKez) from

(5.5). This can be simplified fde, as

T2(0)

= Ih0)Ke

(5.8)

If the constant amplitude ok is denoted by, then the inner loop gaif(0) = hy,/h. Then,

(5.8) becomes

1/ hyp

It is evident from Fig. 5.3 that the time derivativeyafshows an abrupt change in slope att;
(time is measured from the beginning of the positive halleyutput) due to non-monotonic
characteristics of the limit cycle waveform [17]. But, theday switches at tim&) due to the
hysteresis and this fact is used to find the time délay: (t; —to).

Next, substitution of =t; and6, = (t; —tp) in (5.7) results in

Ya(tr) = Aya(tr) + koKeah + (koK) 2 (1— €1 2) (5.10)
Using the Pade approximation &f%2 = (2+16,)/(2—6,), (5.10) can be written in a poly-
nomial equation form as

aA’+bA +c=0 (5.11)
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where,
a=Ya(t1) 6> + koKe2h6 + 2(koKe2) 262
b= —2y(t1) — 2koKcoh — yo(t1) 65 (5.12)
c=2y,(th)

Because o0& > 0 andc < 0 for the positive half period, there exists only one solufar 7, > 0

and that is

2a

T =
bt / (b?2—4ac)

Thus, all the parameters of the inner process m@ge(s) can be estimated using the explicit

(5.13)

expressions (5.9) and (5.13) and the measuremengstefhy,, y-(t1) andya(t1).

5.2.2 Estimation of outer process model

If the peak amplitude of; occurs at time¢ = tp,, the expression for the limit cycle output for

Gp1(s) with a constant input dfiy, can be written fot > t, as

ya(t) = ya(tp) €M) —kihyp(1 — M) (5.14)
where,A\; = —1/11. First derivative of the above expression gives

Ya(t) = Arya(tp)€1) 4 A kg hypela(tte) (5.15)

Sinceys (t2) =0, (5.14) becomes

Kihyo — Mlta—tp) (5.16)
y1(tp) +kihy2
which upon simplification yields
L= _In( ahy2 ) (5.17)
y1(tp)+kihyo
Next, substitution of =t, in (5.15) and the use of (5.16) gives
kl _ lel(tZ) (518)

In principle, (5.17) and (5.18) explicit expressions carubed for estimation of the unknowns

11 andk; from the measurements tf; t, y1(tp) andyi(t).

TH-1031_08616210

88



Chapter 5 On-line identification of cascade control systeased on half limit cycle data

The time delayb; is estimated using the half cycle output farand its first derivative data as
was done for the inner process model. It should be notedhkaneasurement of peak tire
for y1 gives an effective total delay with respect to the titghas shown in Fig. 5.3. Thu$; is
calculated a®; =tp—t; =tp—to— 6.

In practice, the estimation gb(t1) andyi (t2) by taking numerical derivatives will be sensitive
to measuring noise. Therefore, the data to compute) andyi(tz), are denoised first by
using the Savitzky-Golay smoothing filter discussed in sgben 2.4.2. Thely, att =t; is
estimated by taking three or more values/gttarting from the time instant, separated by a
small sampling interval, from the half limit cycle databakeing a relay test. These data are
then fitted to a straight line. The slope of this line is theétetaas the estimate g att = t;.

Similarly, y1(t2) is estimated using the database/pf

5.3 Tuning of controllers

After estimating the parametric models of inner and outecesses from a single relay test, the
tuning rules are employed to update the current settinGs ahdC, without any additional test.
Unlike the traditional sequential approach, the proposethod is to tune the primary and sec-
ondary controllers simultaneously. It is also necessapptesider the effect of new secondary
controller while designing the primary controller. Let thebsequently tuned controlleZs and

C; have the transfer function form
Ca(s) = Kea(1+1/Tizs) (5.19)
Ci(s) = Kea(1+1/Tias+Taas) (5.20)
The objective of simultaneous parameter tuning¥pandC; is to achieve widespread industrial
acceptance for good disturbance rejections. As per thmaié transfer function models of

inner and outer processes, the tuning rules are tabulaféabie 5.1. Detailed procedures for

development of the tuning rules are available in [50]. Witl turrent setting of the secondary
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Table. 5.1: Tuning rules for cascade controllers

C Cy

Ke T2 Ke1 Ti1 Tar

0.511
Tl 2 | Knere) Mt 62

controllerCy(s), the inner closed-loop transfer functidg(s) becomes

0.5e s

Ta(s) = 0,5+ 0.5e 628 (5.21)

Ti» = T» due to fast dynamics of the inner loop. When the defa$s is approximated with

1 — B>swithout loss of generality, then

T E 5.22
Z(S) B 6s+1 ( ' )
An apparent controlled process seen by the primary (mastetjollerC; is
kie—(B1+62)s
Gi1(8) = —— (5.23)

(1184 1)(628+1)
Now, Cq(s) is tuned using this apparent second order process n@dés) instead ofGp(s)
while taking into account the updated inner loop controbpagters. Thus, simultaneous tuning
of the primary and secondary controllers are done with tiledekting ofC; given in Table 5.1.

The tuning rules are designed to effect damped responséelmascade controllers.

5.4 Simulation study

The proposed method has been tested on typical processkbkvan the relevant literature.

The effects of noise and disturbance are also discussed irttportant to keep the output
oscillation amplitude in the prescribed limit as per thestable process variable swing and to
decide values for the relay heights that produce a limiteyath acceptable amplitude level.

The choice oh is dictated by the physical constraints on the manipulatethile, as well as
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Table. 5.2: Identified models and controller settings frati imit cycle data

Example| Loop Initial Identified Index New
controllers models d controllers
, | mner a1 0997 07 2.8x 1073 | 0.487(1+ goh)

Outer 002(1+4) O9='° 2051072 | 0.516(1+ ;g +0.105)

Inner Q01 3o " 35x10°4| 0.703(1+ 3

Outer 0L(1+;ky) 200 2™ 30x10°3 | 0.046(1+ i +3.057)

the allowed deviation in the measured output. The choice @épends on the measurement
noise level. With a large, the adverse effect of noise for a relay feedback is avoigiederally

€ is set to twice the standard deviation of the noise. For easémulation study, a relay of
amplitudeh = +£0.5 ande = £0.05 is used although fairly low values of relay height could be
used. The estimated models and controller settings forthetexamples are tabulated in Table
5.2.

Again, the performance is evaluated by measuring an estimatror index using the integral
of absolute error (IAE) criterion for each of the process elsdby

o]

0

Gp(jw) —G(jw)
Gp(jw)

dw (5.24)

whereG(jw) is the actual process aii@}( jw) is the identified model. Onlw € [0, ax|, where
«x is the phase crossover frequency of the process, are coegisi@ce that is most important

for controller design.

Example 1:

Consider the cascade system discussed in [53] and [55Gyits) = & andGy(s) = %gfl

A step load disturbande, = 0.1 att = 20 sec enters during the relay test. Due to the presence of
the PI controller during the on-line test, a stable symmatidimit cycle appears automatically

after an initial transient following the occurrence of thstdrbance signal. But the basic relay
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methods [53, 55] are sensitive to static load disturbancereed to reset the relay height to
obtain a symmetrical limit cycle output.

From the on-line relay test, the half cycle output signagsabtained as shown Fig. 5.4 and the
required measuremerts, t1,tp,t2)=(1.418 1.519,3.001,4.206) and(hy, = y»(t1), ya(tp), yY2(t1),
y1(t2)) = (0.0790.069 —1.876,—0.049) are performed from a single relay experiment.

0.1

0.05F B
AN
>
>:H
%)
3 o .
5
o
)]
7]
(0]
(8]
o
S

-0.051 B
_Ol I I I I
31 32 33 34 35 36

time in sec

Figure 5.4: Half cycle outputs

The identified transfer function models, estimation eraord new PI/PID settings for the sys-
tem are given in Table 5.2. A new setpoint change follows-=at60 sec and an inverse load
disturbance of ® occurs in the intermediate process output-at0 sec. For this system, the
setpoint performances are compared with that obtainedédynsthod proposed by Hang [53]
and Song [55]. Fig. 5.5 shows the enhanced performance girtip®sed on-line method even

in the presence of the static load disturbance.
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2.5

=
o1
T

process output
=
T

0.5F

0 20 40 60 80 100
time in sec

Figure 5.5: (a) Load disturbance and setpoint changeseBsawutput by (b) proposed method,
(c) Song et al’s method and (d) Hang et al.'s method

To verify the usefulness of the on-line identification methumder realistic conditions, the pro-
cess model parameters are estimated in the face of measureoise. Let the process output
be corrupted by Gaussian distributed random noise of vegi@02 which give approximately
absolute SNR value of 20 dB. Then, the noise reduction uba&aviztky-Golay filtering gives

a smooth half cycle data without attenuation of data featuas shown in Fig. 5.6. The mea-
sured quantities from the denoised signal give the estiunatedelsGp; (s) = % and
Gpa(s) = % with estimation errors of 8 x 1072 and 70 x 1073, respectively. The
small values indicates the proposed on-line identificagideme is robust against the measure-

ment noise.
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0.1 T T T T T

Noisy process output

-0.05

_0.1 Il Il Il Il Il
15 20 25 30 35 40 45
time in sec
(5.6.1)
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Figure 5.6: Noisy and denoised output signals

TH-1031_08616216
- 94



Chapter 5 On-line identification of cascade control systeased on half limit cycle data

Example 2:

Let us consider the cascade system [58,59] that exhibiggisant high-order and nonminimum-
%e‘“ andG;(s) = W:;le—%. The measurements
of (to,t1,tp,t2) = (25.078 28.135 100578 149734) and (hyz = ya(t1),ya(tp), Y(t1), Ya(t2)) =

phase dynamics witB; (s) =

(0.01480.0963 —0.0023 —0.0022) are obtained from a single relay experiment. The esti-
mated process models, estimation errors and new PI/Plihgettor the system are given
in Table 5.2. Using Visioli et al.’s method [58], both thempary and secondary controllers
Ci(s)=0.12(1+ ﬁzss) andCy(s)=1.52(1+ ﬁs +2.18s), respectively are obtained from the
open-loop step test and command signal generator for se¢tpacking. Sadasivarao and Chi-
dambaram’s method [59] sugge§is(s)=0.126(1 + ﬁs + 31.811s) and Cy(s)=1.516(1 +
ﬁs + 0.055s) for the cascade control system. The good identification etk computational
efforts obtained by the proposed method is reflected by thergur controller performances, as

shown in Fig. 5.7.

24

process output

\\\\\\\ d -

| | | | | |
0 300 600 900 1200 1500 1800 2000
time in sec

Figure 5.7: (a) Setpoint input, Process output by (b) predasethod, (c) Visioli et al.'s method
and (d) Sadasivarao et al.'s method

To illustrate the robustness to parameter variations,rasghat the time delay of the inner

process is actually 20% larger and its time constant 20%lsmaé. Gy(s) = 1%%2?1- Visioli
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Chapter 5
et al.’s method cannot yield a bounded output and similadgaSivarao and Chidambaram’s

method is highly sensitive to the modelling errors which smathe system unstable. However,

the responses by the proposed method as given in Fig. 5.8 stmst performances for the
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Figure 5.8: Perturbed system responses by (a) proposeddaitial (b) Visioli et al.'s method

5.5 Summary
A simple on-line technique for the automatic tuning of theazale control systems has been
developed to tune both the controllers simultaneouslycExaalytical expressions are derived
for estimating process model parameters in terms of a fewsurements made on half limit
cycle outputs. This significantly reduces the time requicedhe relay test. The method gives
the robustness against static load disturbances duringethg experiment, unlike the basic
relay methods that requires to reset the relay height tarohtaymmetrical limit cycle output.

Low estimation errors and the satisfactory performancewshn simulation study indicate the

usefulness of the proposed technique.
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CHAPTER G

EXTENSION OF RELAY FEEDBACK
TECHNIQUE FOR UNSTABLE PROCESSES

WITH LARGE TIME DELAY

6.1 Introduction

The conventional relay feedback has become a widely aatemproach to system identifi-
cation in process control. However, it has been shown thiteistable processes, unstable
FOPDT process under relay feedback produces limit cyclg whien the ratio of time delay
(0) to unstable time constants( is less than 93 [63, 86]. Many relay based techniques for
stable processes have been presented in the literatura fewtmethods have been discussed
for an unstable FOPDT process. Kavdia and Chidambaram @& proposed an identifica-
tion method for an unstable FOPDT process, but they did rggest a satisfactory method for
choosing the gain of the forward proportional (P) contmitemake the system stable. Park et
al. [66] have suggested an improved relay feedback metholtton the ultimate data set using
the describing function approach, but this yields errosaesults as the normalized dead time
6n(= 6/11) approaches.693. Ananth and Chidambaram [67] presented a step respased b
identification method for unstable processes using the Btiraller. Majhi and Atherton [69]
proposed an exact analytical method based on a single egdpck test and the constraint was
relaxed up td, < 1.2 by adding an internal proportional-derivative (PD) feack Marchetti et

al. [8] have proposed a modified autotune variation methodristable processes by using two
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Chapter 6 Extension of relay feedback technique for unstatidcesses with large time delay

different unbiased relay tests. By using a single biasdilased relay feedback test, Liu and
Gao [87] have presented an iterative algorithm for idemigythe FOPDT model parameters.
However, the constraint of their method is still the saméas 0.693.

It is often desirable to extend the applicability of the yefaedback test for unstable pro-
cesses with large time delay. This chapter presents: (j)¢bhessary conditions for the existence
of limit cycles when a relay with hysteresis test is perfot(@) a strategy to induce a sustained
oscillation of the process output féx < 2, and (iii) a non-iterative method to estimate process
dynamics information. The proposed stabilization contepimple and also it retains the sim-
plicity of the original relay feedback method. Again, a yeleith hysteresis instead of an ideal
relay is used to give the robust solution from a practicahpof view so that the resultant

system is less sensitive to measurement noise.

6.2 Necessary condition for existence of limit cycles

u Unstable y
Process

\4

Relay

Figure 6.1: Conventional relay feedback structure

In this section, the conditions under which relay contrail stabilize an open-loop unstable
process are obtained using the exact analytical stateespathod discussed in Chapter 2. We
consider the process to be relay-stabilized if the outpthefeedback process is bounded for
allt > 0. Let the relay amplitudes keh and hysteresis widths bee during a relay feedback

test. Consider an unstable first order model as

ke~ Os
- 1s—1

Gp(s) (6.1)

wheret; > 0. Using the analytical expression derived in Section & gixplicit state equation

at timet =ty is written as

2] 2]
y(t1) = A; = et —kh(1—e™) (6.2)
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whereA; is the positive peak amplitude. It can be expressed as

o (kh+A
&= ( Kht e ) (6-3)
This gives a boundary condition as
?] - kh+ Aq
o= In ( KhTe ) (6.4)

Similarly, the expression of(t) can also be written for time range<t <T as
t—tq
y(t)=kh(l—cie ) (6.5)
using the analysis given in Section 2.2.tAt t; we obtain the peak amplitude

A1 = kh(1=cy) = kh— 2kh/(1+ €71) (6.6)

After simplification we obtain

B kh+A\
11=Tln (kh_Al) (6.7)

which gives one of the necessary condition for the limit eycl

kh> A (6.8)

Using the relations (6.8) and (6.4), the condition for this&nce of a limit cycle can be written

as

2kh
6, <In (m) (6.9)

This result is consistent with the findings for first ordergesses in [88] using the graphical

and bifurcation analysis. When we substitate O for an ideal relay case, the condition is

6, <In(2) or 6,<0.693 (6.10)

which is the similar condition given in [16]. The relation9$depends on the parametarand
€ and plotted in Fig. 6.2 assumikg= 1, giving 6, < 0.693. It is the maximum value @, for
a limit cycle exist ag decreases to zero. The rangedpis enlarged maximum up ta®93 for

any value oh, as indicated by Fig. 6.2.
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constant and, a negative one and then (6.13) is solved by taking the valtie (8.13) becomes
Ap = geMf :\\—l(kh+ £)eM? + (&9 —1)kh (6.14)
Further simplification of (6.14) gives
kh+A; = (kh+¢) (1— j\\—;) eh1f (6.15)

But we know the conditiotkh > A; and by adding inequalities one gets the constraint for the

existence of a limit cycle for the SOPDT model as

2kh
16
e <a<kh+g> (6.16)
wherea = 11/(11 + 12). Simplification of (6.16) gives
2kh
6h<In (akm_ s) (6.17)

(6.17) is the necessary condition for existence of limitlegdor second order unstable pro-

cesses.

6.3 Relay feedback system with PD controller

We have seen that under relay control the unstable processmibd always experience a limit
cycle, only exists foB, < 0.693. This constraint can be relaxed by incorporating antihdil
PD controller [69] as illustrated in Fig. 6.3. Also it has heshown that a PI-PD controller
design can provide excellent control performances forabistprocesses. Let us derive the
limit cycle equation when the PD controller is connectednnirasner feedback loop during a
relay feedback experiment. The dynamics of an unstableeppomay be described by the

normalised form transfer function model

ke 6hs
pu— .1
Gp(s) s 1 (6.18)
Hence, if the PD controller in Fig. 6.3 has the normalisedgfer function
C(s) = Kc+Kgs (6.19)
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Relay

r U | Unstable | Y
51+ S Process

PD

Figure 6.3: Relay feedback system with inner PD controller

whereK. andKy denote the proportional and derivative gains of the coletrahe closed-loop

transfer function of the feedback control system (whichrtiay sees) is given by

s _ k e~ %s
ui(s)  s—1+Kk(Kc+Kgs)e tns

(6.20)

Assume that the relay test induces a limit cycle output wittak periodT by use of suitable
choice of PD gains and the relay amplitude and hysteresighwit+h and +¢, respectively.
With hysteresis, relay switches at tihe- to wheny(tg) = €. The state and output expressions

for (6.20) in the time domain controllable canonical fornm e written as

-
—~
—~+
~—
I

X(t) — k(u(t — 6h) — Key(t — 6n) — Kay(t — 6n))
(6.21)

The method explained in Section 4.2 is used to derive thdisalof the state equation (6.21).

At timet = 6, +tp the peak amplitude of the outputAg and the solution is obtained as

A = g€ — kh+ kheé + K2hKeeP — k?hK6, — k*hKq6, (6.22)

Now, (6.22) can be expressed as
2 2
6, = log <A1+ kh+ k“hK.6, + k then)

kh+ € +k?hK; (6.23)
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(6.23) shows tha#, is a function of(K¢,Ky) and vice versa. However, the process model
parameterg; and 8 may not be known a priori for setting initial PD gains. Guidek for
initial settings of PD gains is discussed in the followingtgan which considers guaranteed

stability of the closed-loop relay control system.

6.4 Existence of sustained oscillations

The closed-loop characteristic equation from (6.20) bezom
F(s) = (5—1) + (k. +kgs)e =0 (6.24)

wherek. = kK; andky = kK4 are assumed to be nonnegative. Aim is to obtain a (aiky)
such that it gives a sustain oscillation during relay fee#liast. If the process is delay-free i.e.
6, = 0; the characteristic functidfi(s) is an algebraic polynomial which has a finite number of
zeros. ForB, > 0; the characteristic functioR(s) is a quasi polynomial which has an infinite
number of zeros. In [89], it has been shown thés) can be represented by independenfof

using the D-patrtition technique which gives
F'(s) = (k§—1)s*+(1-kZ) =0 (6.25)

Detailed procedure for D-partition boundary techniqueviilable in [89]. By solving (6.25),

a pair of complex conjugate pure-imaginary zeros can beemras

1—k2
—El_::%; (6.26)

and the D-partition boundariesat= 0 ande givek; = 1 andky = 1, respectively. Now, (6.24)

Ss=1w, w=

must satisfy following two equations simultaneously:

—1+kecog 6hw) + wkysin(Bhw) =0

(6.27)

W — KeSin(Bhw) + wkygcog Bhw) =0

The simple empirical relationship fé, obtained using (6.27) is
Oh = w tan? (M) 6.28
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1.8

1.6F b

Figure 6.4: Maximum stability boundaries by: 1. Proposedhoé, 2. Majhi’'s method and 3.
Park’s method

Analysis of (6.23) and (6.28) for the existence of a susthweillation results in the stability
boundaries as shown in Fig. 6.4 which are obtained with tigdfeextensive simulation study
and [89]. It is observed that the initial PD setting(&E, ky) = (1,0.95) can stabilize the relay
control system up t@, < 1.95. Fig. 6.4 also shows the limitation of other reported rodth

The stability condition ok; > 1 and6, — 1 < kq < 1 for given arbitraryd, < 2 is in agreement

with [90].

6.5 Improved identification

In this section, to show the usefulness of the proposediigtaiion technique, simple describing
function (DF) analysis is used for identifying the processdel parameters. We place the relay
in tandem with the unstable process with inner PD controdigenerate limit cycle output. The
relay induces a permanent oscillation of the process oatpaithe frequency and amplitude of

the oscillation are used to identify an equivalent trangfaction model of the processes using
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the DF analysis [86]. The describing function specifies tenge in the amplitude and phase
of the fundamental component of the relay output with retspexits input assumed to be a
pure sine wave. In DF analysis, the self-oscillation of thierall feedback system is of interest
for estimation of the critical point (ultimate gain and aiate frequency). Further, the relay is
replaced with its equivalent DF and a self-sustained @mih of amplitudeA; and frequency,
w. are measured from the output. It is assumed khiatknown a priori and initial setting of
PD controller is(Kc,Kq) = (1/k,0.95/k). For Fig. 6.3, a relay with hysteresis induces the limit

cycle output at frequencsp. when

Gp(jax)[Dr +C(jax)] = -1 (6.29)

where

4h .
Dr:n—,A%(MA%_SZ_JE) (6.30)
is the DF of the relay with hysteresis. The proof of the aboy@ession is given in the Appendix

A.3.

Now, substitution of5p(jw) andC(jax) in (6.29) gives

Ll i) =-1 (6.31)
. a+jB)=— :
i 1( iB)
where
4h o
4he
B=wkKy—— (6.32)
A
=TT

By equating the real and imaginary parts of both side of (6.@&de obtains explicit expressions

for 11 and@ as

V(@21 p2) -1
=

2
_tam}(B/a) +tan(wxm) (6.33)

0

0
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6.6 Simulation study

Five processes, as tabulated in Table 6.1, are consideredAssuming is known or obtained
by the method in [16]. Initially, setting an inner PD contenl(K¢, Kq)= (1/k,0.95/k) the relay
experiment is performed to obtain the limit cycle paransetie half periodT and positive
peak amplitude of the outp#t;. Then, the unknown process model parameterand 6 are
estimated using the explicit expressions in (6.33). As shmwFigs. 6.5 and 6.6, the Nyquist
plots for the second order unstable processes in Exampled 2 and the corresponding iden-
tified models illustrate the accuracy of the method near ¢octlitical point. From the third
example the conventional relay feedback method does nlotgikemit cycle oscillation. It can
be observed from Table 6.1 that the method not only yieldm Gycle for 6, > 1.2 but also

helps to estimate accurate model parameters.

Table. 6.1: Results with the relay settifty ) = (0.1,0.01)

Example Process Measured values Estimated
(T,Aq) (11,0)

—0.1s

1 iSoes | (05720017 | (1.281,0.281)
—0.5s

2 osene | (20890044 | (24991.005)

3 e °x (1.065,0.345) | (0.999,0.799)

4 S (1.914,1.017) | (0.999,1.199)

5 - (11.208,33.338) | (1.000, 1.900)
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Figure 6.5: Nyquist plots for the process in Example 1 : (&agrocess, (b) proposed method
and (c) Marchetti et al.'s method [8]
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Figure 6.6: Nyquist plots for the process in Example 2 : (&yalgrocess, (b) proposed method
and (c) Majhi’s method [86]
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6.7 Summary

General conditions are given for the existence of limit eyfdr the unstable time delay pro-
cesses under relay control. The proposed control stratelpg Istabilise relay control system
for unstable processes havifigup to 195. In addition, a relay with hysteresis is used to re-
duce chattering problem in the event of measurement noileeuthe reported methods that
are based on an ideal relay and where applicability is msttito6, < 1.2. The non-iterative
algorithm estimates exact model parameigrs0) using only half cycle data of limit cycle

output.
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CHAPTER 7/

CONCLUSIONS ANDFUTURE WORK

7.1 Conclusions

Many research work on modifying the relay feedback autortyimethod have been reported in
recent years. Still there is much room for further improvataand extensions of such methods.
In this thesis, several new results are obtained that ingpttoe accuracy of identification, relay
analysis, auto-tuning and cascade control. Briefly, thelteare summarized as follows:
A. Identification of linear processes from the half limit cyde data

A class of processes with time delay is analyzed under re&agidack. The time-domain
based explicit expressions for output limit cycle wavef@ra derived to identify the unknown
process model parameters accurately. The method acquaresimfiormation about the process
dynamics from only half limit cycle data. The procedure i¢ aoly simple but also obtains
the process model parameters without solving any nonliegaation or optimization problem
unlike many relay based methods reported in the literature.
B. Identification of nonlinear processes with monotonic stic gains

Apart from linear processes, the relay feedback approaclalsa be used for identifying
nonlinear processes having static nonlinear gain. Thendetéapproach can be used success-
fully to estimate the structure of nonlinear model and itsap@eters from a single symmetrical
relay test. The analysis of a limit cycle waveform is showrncbysidering a hysteresis in the
relay test, which may prevent the relay control from ostilig at high frequency and relay
switching at wrong instants. The real-time laboratory expent shows the practical applica-

bility of the proposed method.
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C. On-line relay auto-tuning for stable processes

The on-line relay method is presented to remove the effdctatic load disturbances by
the continuous action of the integral controller in the lo®pe procedure allows the relay auto-
tuning under tight continuous closed-loop control andneates the process dynamics from the
measured half cycle output. The PI controller can then bedirased on the parametric model
such that it preserves the actuator from the large variatfiocontrol signals and gives robustness
with respect to process parameter variations. The apjalicaf a DC servo position control is
experimentally tested by the proposed method. The expatitimee for the auto-tuning test and
performance of the transient response with less controbsigariation prove its effectiveness.
D. On-line identification of cascade control systems baseddalf limit cycle data

The on-line relay method is extended for the auto-tuningpefdascade control system. The
time-domain analysis for half cycle outputs is given torastie the process model parameters.
The approach reduces the time required for the relay testiylteineously identifying both the
inner and outer process dynamics. The improved resultseoptbcedure is also proved with
respect to measurement noise and process perturbation.
E. Extension of relay feedback technigue for unstable proases with large time delay

The necessary condition for the existence of a limit cyclleemwa relay with hysteresis test
is performed, is developed. A simple control strategy usingnner PD loop is given with a
suitable choice of PD gains such that the relay test produsestained oscillation for unstable
processes with large time delay. The method not only stasilielay control systems for the

normalize time delay up t0.95 but also estimates the model parameters accurately.

7.2 Suggestions for Further Work

Following the design methods described in this thesis, albmuraf possible directions for ex-

tensions to this work are discussed below:
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Chapter 7 Conclusions and Future Work

It is natural and interesting at this point to see if the psgzbrelay analysis can be ex-
tended to other class of processes like underdamped andmiarum phase. In addition,
the limit cycle analysis with residual motion is importaathie addressed in the design

aspect.

In the presented work, a relay with hysteresis is considesealvercome the problem
due to measurement noise in a relay control system. Agaimiesured noisy limit

cycle is successfully denoised using the described filjet@chnique. The results may
be improved by inserting a low-pass filter in the feedback p@he analysis of the relay

feedback together with the filter dynamics needs furthezstigation.

The relay method is used to identify nonlinear processes stdtic nonlinearity. Study
of nonlinear processes with other kind of nonlinearitieshsas discontinuous, dead zone

and memory type, will be an interesting and useful area @aeh.

It will be interesting if a general method for the on-line @ufatic tuning of stable, inte-

grating and unstable processes can be proposed.

Using the proposed on-line approach for the series castaddse, the analysis for the

parallel cascade structure may be carried out.

There has been some work in the thesis about the existencaantity of limit cycles
for unstable processes in relay feedback systems. Similasiigations may be carried

out for processes with more than one integrator.

Exact analytical methods for identification may be carriagtifor a multivariable system.
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APPENDIX A

SUPPLEMENTARY MATERIALS

A.1 Detailed derivation of the expression (3.19)

A set of exact expressions of limit cycle output is derivedvaluate the process model parame-
ters from measurements performed on a stable cycle undesyamaetrical relay test [16]. Let
the Hammerstein-type process be subjected to an asymaietiay feedback when the input
amplitudes arey, and—v,. Fig. A.1 shows waveforms of the input and output signalS g(fs)

under the relay control.

< T > T >
Vik = - e
| /
£ 1 1
0 /! 1 \ | : /. time
e fh 'ty IZ\t()] 173 ﬁl4 |
- I i i
I 1
N
Sh) : :
| 1 1
| 1 1
1 | 1
I 1 : 1
-VZ - | I I I e — -—— = =
< T, >

y(?)
- ===

Figure A.1: Hammerstein model: Input and output signal§g(fs) under relay control
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Appendix A

For the time rangg <t <ti, where input is/;, the state equation becomes
x(t) = eMtx(tg) + A7) — )by, (A.1)
For the time rangé, <t <tp;, where input is—Vvp, the state equation is
x(t) = Ay (ty) — AL — )by, (A.2)
For the time rang&; < t <tz, where input is-v,, the state equation is
x(t) = ety (tg,) — A~ (A0 _ )by, (A.3)
For the time rangg < t <t4, where input is/;, the state equation is
x(t) = AT Wy (tg) + A= 1T 71) _ )by (A.4)

Sincex(Tp +to) = X(tp) for a selfoscillation condition, use of Egs. (A.1 to A.4) lgie an

expression for the initial state

X(to) = (I —e\P) LAt g vy — A To=TH) gy — AT T~ gy 1 guvy ) (A.5)

where
g =AYt _)p (A.6)
g =A1A _p (A.7)
gz =AYl _)p (A.8)
ga =AM T _)p (A.9)

The conditions for limit cycle requirg(ty) = —Yy(to1) = €; which can be written as

cX(tp) = —cX(to1) = € (A.10)

The state equatioxy(ty) is obtained by putting=t; in (A.1) and then using (A.5). Finally, the
output expression for an asymmetrical limit cycle wavefalumingt; <t <tp; using (3.18) and

(A.2) becomes

_ () di(t—t d
Lt &

—V A.11
o Tl) 2 ( )
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CTp-Ty ,;5 ,% ,Tp;lh
whered; = 1= andd; = Toe (1’Te ) (Tl eﬂg . Likewise, the output
len <1eTE <1e T )
expression for the time rangg< t < t4 when the input is; becomes
_(t-ty) e (t—ty &
yt)=vi—(vi+w)e n (el-i—g-i——) (A.12)
K] K]
5 T ’% 1 ’Tﬁ -
wheree; = 1=¢ L ande, = 2¢ * 11 1) T.e -
l-e 1 (1eTE> <1erl)

A.2 Shape characteristics of functionf (v)

It is assumed that the static nonlinear functigm) is continuous and monotone and therefore it
can be illustrated by two possible shapes: concave up armheerdown as shown in Fig. A.2.
By definition, f(v) is concave up if all of the tangents to the curve are below thplgoff (v)
and similarly, f (v) is concave down if all of the tangents to the curve are abosegthph of
f(v). The function can be approximated by second order polynidhitas either concave up
or concave down and so all the tangent lines appear on one sfdh off (v) curve. In case of
function having both type of shapes like concave up and déwn @A.2.3), the approximation

is carried out with minimum fourth order of polynomial sine@gents appear on both sides of

f(v).

Concave Up Concave Down Concave Up and Down

Sv) ; S | Sv)

(A.2.1) (A.2.2) (A.2.3)

Figure A.2: Shape characteristics of functibfv)
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A.3 Detailed derivation of the expression (6.30)

Let e(t) = Agsin(wt) = Assin(¢), whereA; is the peak amplitude ang is the fundamental
frequency of the relay input signal. Due to hysteresis inlayrehe output of a relawy(t)
takes the value-h or —h according to whethez was greater thaa or less than-¢ on the last

occasion wherie| > €. The output of the relay is then

4

—h 0<¢ <o

Uud)=49 h o< <m+do (A.13)

—h m+¢o< ¢ <2m

wherego = sin~1(g/A;). The describing function is obtained by considering onbyhincipal

harmonic of the relay output signal. Therefore, the relapigroximated by a gain of

21

+ [u9)(sing + jcoss)dg = niAl<b1+ jay) (A1)

r— —n_
A,
0

2mn 2n
wherea; = [u(¢)cos¢d¢ andb; = [u(¢)singd¢. The solution of these constants are
0 0

obtained using (A.13).

do T+¢o 2m
a = /—hcos¢d¢+ / hcos¢ d¢ + / —hcos¢ d¢
0 o 14 ¢o (A.15)
= —4hsin¢g
Similarly,
$o +¢o 2m
by = /—hsin¢d¢+ / hsind dé + / _hsing dé
0 oo T+¢o (A16)
= 4hcos¢g

Substitutinga; andbz in (A.14) one gets

D, = il [cosgo — j singo]

AL
= %[cos(sin‘le/Al) — jsin(sin"te/Ay)]
= ly/1-(e/A)z-je/Ad (A17)

The simplification gives the DF of a relay with hysteresis@8(Q).
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