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Abstract

The previous project has investigated the performance assessment of single-loop control systems.
Such assessment is based on the low-order models of the processes. Therefore, this project
mainly deals with the identification of the process, especially for the apparent deadtime. The
identification method uses the relay feedback test and artificial neural network (ANN) to estimate
the apparent deadtime first. Then, the processes are classified to be represented as FOPDT or
SOPDT models, and the model parameters are estimated accordingly. The identified models can
be used not only for performance assessment but also for controller tuning. It becomes an
auto-tuning system and can improve control performance effectively.

Keywords. control performance assessment, relay feedback test, apparent deadtime, artificial
neura network, auto-tuning

Introduction

The control performance which a PI/PID control system can achieve depends on the
dynamics of the process being controlled (Huang and Jeng, 2002). Thus, a reliable process model
is essential to the success of control performance assessment. This project focuses on the
identification of such low-order models (FOPDT and SOPDT) for performance assessment.

In 1984, Astrom and Hagglund (1984) presented a relay feedback system to generate
sustained oscillation for controller tuning. As shown in Fig. 1(a) is the block diagram of the relay
feedback loop. Fig. 1(b) illustrates the typical response curves from the relay feedback system.
Because this test is operated under closed-loop and no a prior knowledge of the system is need, it
has been often adopted for the identification of low-order model of process in the literature.
Nevertheless, according to those reports in the literature, the apparent deadtime is usualy read
from the initial output response or computed using the ultimate information (e.g. Li et al., 1991).
The results thus obtained are very rough, and estimation errors may be very large for high-order
processes. In addition, due to only frequency-domain information being extracted from the test,
more than one relay feedback test is usually required to provide sufficient information for



identification (e.g. Scali et al., 1999).

In this project, a new identification method for performance assessment using the relay
feedback test is proposed. The steady-state gain and ultimate controller gain are estimated along
with the experiment until constant cycling occurs. The constant cycles at the output and a
prepared neural network are then used to estimate the apparent deadtime. Once the apparent is
obtained, the process is classified to be represented as FOPDT or SOPDT model using the
normalized amplitude and period of constant output cycles. After classifying, the model
parameters are estimated accordingly. With the identified model, the performance assessment and
controller tuning can proceed.

Process | dentification using Relay Feedback Test

The models considered for performance assessment are FOPDT and SOPDT of the
following:
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These two models can be used to represent most open-loop stable processes. In generd,
overdamped or dlightly underdamped processes can be modeled as FOPDT, whereas significantly
underdamped processes have to be modeled as SOPDT.

A relay feedback response is used to develop such parametric models. As shown in Fig. 1(a)
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is a relay feedback system which consists of process, G_, and a relay controller. The relay
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controller provides output a& +h or —h only as on-off control. The controlled process output

consists of transient oscillations after a pure deadtime, &°, and develops constant cycling with
magnitude, A, and period, P,. Notice that A and P, are used in the auto-tuning system of

Astrom and Hagglund (1984) to apply Z-N method to compute the PI/PID controller

parameters. In the meantime, T,, 6 and an associated height, A,, within one of the constant

cycles are dso indicated in Fig. 1(b). Here, @ is used to designate an apparent deadtime in the
FOPDT or SOPDT model, which is used to represent the dynamics of higher order processes. All
these quantities measured from a relay feedback response are governed by the dynamic model
and the relay. In other words, they can be expressed as:
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where T represents 7 /6 . The equations given above describe the dynamic features of the relay



feedback response in time domain. Two equations which correspond to Eqgs.(3) and (4) derived
from frequency domain are:
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where «, is taken as 277/R, . Theoreticaly, provided that k, and Kk, are given, the

identification problem to find an reduced order SOPDT model can be solved by finding 7, ¢,
and @ that fit Egs.(3)-(6) or Egs.(5)-(8) in the sense of least-squares. The explicit functional
forms for Egs.(3)-(6) are not available, and numerical method to solve the above equations will
not be convenient. In the following, a smplified algorithm will be presented to estimate these
required data from relay feedback test.

e Estimationof k, and k,

To estimate Kk, the experimental relay feedback test is started with a temporal disturbance

to either the set-point or the process input (i.e. u) for a short period of time and restored back to
its origin. The disturbance introduced has two main purposes. One is to initialize the relay
feedback control, and the other one isto generate data for computing the steady-state process gain.
The estimation is made along the relay feedback test in one run asthe following. Let y' and u'
designate the integrations of y and u from the very beginning of the experiment in one run.
That is:

YO =[yodr; =] ur)d (©)

For some t>T when y in relay feedback test starts to oscillate with constant period and
amplitude, y' and u' will have similar cycling responses. Typical curves of y' and u' are

shown in Fig. 2. Let y. and ul, designate the average heights of constant cycles of y' and
u', respectively. The value of k, can beestimated as:
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On the other hand, due to the use of describing function for estimation, the ultimate gain
computed from k,, =4h/77A is subjected to error, which may, sometimes, be as high as 20%. In
order to give more accurate k,,, the following estimation step is considered. Since u(t) and
y(t) areperiodic with period P,, they can be expanded into Fourier series. If the first harmonics
are extracted, their coefficients give one point of process frequency response at ultimate
frequency «), viathe following equation:
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where t, is taken as any time instant in a constant cycle. Then, the ultimate gain can be
computed exactly as:

Ky = | ! (12)

G,(jw)

e Estimation of apparent deadtime &

The apparent deadtime is the deadtime appearing in an FOPDT or SOPDT model that
approximates best the higher order process. As a result, this apparent deadtime differs, in general,
from its true deadtime which is designated as £° and can be detected at the very beginning of
the test. Features in the cycling response can be used to distinguish the FOPDT from SOPDT

dynamics. For example, in case of FOPDT process, T, equas 6° or 6. The same equality
does not apply to the SOPDT case. In arelay feedback test, two measured quantities, A,/A and

H/Tp, are used to characterize the effect of the apparent deadtime. These two quantities, as

mentioned earlier, are functionsof 7 and { . To explore their functional relations, simulations
of relay feedback tests on the standard SOPDT processes covering wide range of 7 (in

dimensionless form) and ¢ are carried out. Results of A,/A and 6?/Tp for underdamped

SOPDT processes are plotted as a graph as shown in Fig. 3(a), using 7 and ¢ as parameters.
Each pair of the two measured quantities corresponds to a point in the graph, where a specific
pair of valuesfor 7 and ¢ can befound. Asshown in thefigure, it isdifficulttoread 7 and
¢ from the figure. In order to make each curve in Fig. 3(a) more readable, the coordinate is
rotated through the following transformation.
o A
X =—-cos|(77/3)——=sin( 773
- oos{3) =Y sin(73)
g . A
Y =—sin(77/3) +—>cos|( 773
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The results are plotted in Fig. 3(b). Moreover, for applying these data efficiently, two artificial

neural networks (ANN) are constructed. The network architecture is as shown in Fig. 4. These
two neural networks are fed with X and Y, and compute 7 and { , respectively. Each network

(13)

consists of feedforward net with one input layer, one hidden layer, and one output layer. The
sigmoid function f, is used in an error backpropagation technique to minimize the error
between prediction and target values.

With these two networks, estimation of the apparent deadtime can be proceeded. The
estimation makes uses of the phase criterion in Eq.(7). Notice that three unknowns are required to
satisfy at least four functional relations (i.e. Egs.(3)-(6) or Egs.(5)-(8)), and iterative check is thus
necessary to find the solution in a least-squares sense. By solving Egs.(5)-(7), a unique solution
for T, ¢ and & can be found. But, the resulting solution may not necessarily satisfy Eq.(8).



The fina solution needs further iterative procedures. To satisfy the extra Eq.(8), it is found that
manifoldinthespaceof 7 and ¢ resultsfrom the relation of the following:
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With «), and 8 being fixed, there are many pairsof 7 and ¢ that satisfy Eq.(7), and one of
these pairs would make Eq.(8) satisfied.

With the theory presented above, the algorithm for the estimation of apparent deadtime can
be made in asimpler way as the following:

1. Starting from aguessed value of @, whichisinitialy takenas 6°.
2. Thevauesof X and Y are calculated and fed into two networks. Then, parameters 7 and ¢

are computed, and check if EQ.(7) holds. The procedure proceeds iteratively by increasing the

guessvalueof & until 6 equas T,.

3. When, at certain value of guessed &, EQ.(7) holds true, the resulting guess value & istaken
as the estimated value of apparent deadtime.

4. If, until the guessed vaue of & exceeds T, and no candidate solution is found, the

underdamped SOPDT model is not good for describing the dynamics of the process. As a
result, model of FOPDT or overdamped SOPDT should be used.

e Process Classification for modeling

In general, processes with SOPDT dynamics, which are overdamped or dlightly
underdamped, are sometimes identified with FOPDT models for controller design without
significant difference in performance. It is thus curious to know under what condition can an
SOPDT process has controller parameters in terms of an FOPDT parameterization. The FOPDT
parametersin terms of ultimate gain and ultimate frequency can be written as:

(15

where K, =k k. Theresult in Eq.(15) indicates that it is necessary with K, >1. As shown in
Fig. 5, K, of SOPDT processes is plotted against &/r using ¢ as aparameter. It is found

that K, >1 happens when ¢ =20.7 (accurately, ¢ 2],/\/5). Thus, the uses of FOPDT or

SOPDT for modeling are discriminated using { =]/ J2 asa boundary. As mentioned earlier,

from the ATV test, it provides A’k h and PR,/@ which are functionsof 7 and ¢ . Asshown

in Fig. 6, there are two curves that correspond to SOPDT processes with ¢ =0.7 (curve A) and
true FOPDT processes (curve B). Curve A and curve B are found to be represented, respectively,



by the following equations:
e CurveA Q = 0.465A\° —2.002A? +0.958A\ —0.007 (16)
e CurveB Q =30.93/\° -56.78/A2 +29.03/A -4.51 (17)

where Q =Iog(A/kph) and A= Iog(R/H). These two curves divide the graph of Fig. 6 into

two zones. One is between the curve A and curve B (i.e. Zone I) that represents the feasible
region for using parameterization of FOPDT dueto ¢ =0.7, and the other region above curve A

(i.e. Zone 1) that represents the feasible region to use parameterization of underdamped SOPDT.

Thus, once k, and the apparent deadtime & are obtained, the normalized value of A/ k,h and

P, /@ can be caculated. Then, compare the resulting value of Iog(A/kph) with the one

calculated from EqQ.(16). If the former is smaller, then this process is classified into the group
(Group 1) where Eq.(15) applies compute FOPDT parameters. Otherwise, the processis classified
into the other group (Group I1) where the SOPDT parameters are computed from the ultimate
information as the following:
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e Case Sudy
In order to illustrate the above identification procedures, a few examples are used for
simulation. The results are summarized in Table 1.

Table 1. Results of identification using relay feedback test

No. Process A P K, Ky, 6 Classification

e—l.SS

1 5 0.72 1214 101 181 2.91 FOPDT
(s+1)

0.5s+1)e™®
2 ( 2 ) 0.35 6.56 1.0 374 132 FOPDT
(s+1)"(2s+1)

e—ZS

3 (982 N 2.4S+1) (S +1) 1.17 15.90 1.0 111 2.72 SOPDT

Conclusions

In this project, for the purpose of performance assessment, a new identification method
using the relay feedback test is proposed. The identification considered the effective damping
factor for classifying the process into one of two groups, FOPDT and SOPDT. In either case,



besides parameters k, and &, the model parameters are given in terms of ultimate gain and
ultimate frequency obtained from a constant cycle. These parameters can be estimated within one
relay feedback experiment. Two ANNSs are constructed to enhance the estimation of apparent
deadtime. The identified models can be used not only for performance assessment but also for
controller tuning. It becomes an auto-tuning system and can improve control performance
effectively. In the next project, the method will be extended to multivariable processes to deal
with the performance assessment of multi-loop control systems.
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