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Abstract—We propose a new process identification method that combines the two methods of the relay feedback to
activate the process and the backward integrals to estimate the model parameters. Novel deviation variables are intro-
duced to incorporate the case that the initial part of the process is unsteady-state without sacrificing the dynamic infor-
mation included in the initial part, while the previous approaches assign zero-weighting to the initial parts, resulting
in loss of the dynamic information included in the initial part. The final cyclic-steady-state part of the process input
and output data is chosen as the reference of the deviation variables. The proposed method can estimate the model par-
ameters analytically by using the backward integrals and the least squares method.
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INTRODUCTION

The process activation and the model parameter estimation tech-
niques are core parts of process identification. The aim of process
activation research is to activate important dynamic information of
the process with perturbing the process minimally. The purpose of
the parameter estimation technique is to obtain the most accurate
model parameters from the activated process data. Both process
activation and model parameter estimation should be considered
simultaneously for the best process identification.

One of the most efficient process activation methods is the relay
feedback method. It automatically determines the finishing time by
checking the number of the cycles of the relay on/off, resulting in a
minimal process activation time. Usually, the process activation can
be stopped after 3 or 4 cycles. Also, the relay feedback method can
intensively activate dynamic information around specified ranges
of the phase angle, and it shows good robustness to the process un-
certainty such as measurement noises and disturbances [1-11]. For
these reasons, the relay feedback method is chosen to activate the
process in this research and an efficient parameter estimation method
will be designed for the relay feedback signals.

The model parameter estimation methods can be divided into
two categories. One is to obtain the discrete-time model in the form
of the difference equation, and the other is to obtain the continu-
ous-time model in the form of the differential equation. In this re-
search, we will focus on the continuous-time model identification
method because it can incorporate small, large and irregular sam-
pling time in a systematic way [12,13]. Until now, many continu-
ous-time model identification methods have been proposed. One
of them is to obtain the continuous-time parametric model using
the model reduction technique after obtaining the frequency response
data [14]. The describing function analysis [ 1], Fourier analysis and
several different types of Fourier transform [15-17] have been pro-
posed to calculate the frequency responses of the process. Once the
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frequency responses are estimated by the above-mentioned meth-
ods, it is straightforward to estimate the model parameters of the
continuous-time differential equation model using the model reduc-
tion method [14].

A variety of the continuous-time model identification methods
that directly obtain the differential equation model have also been
proposed, such as Walsh functions [18], block pulse functions [19],
Legendre polynomials [20], multiple integrators [21,22] and pre-
diction error method [12]. But, they are only applicable to the cases
that the initial part of the process data is zero-steady-state. To over-
come the initial-unsteady-state problem, linear integral transforms,
macro-difference expressions, ball-shaped weighting integral trans-
forms and polynomial integral transforms have been developed [13,
14,23-25]. These methods assign zero weighting to the initial part
to solve the initial-unsteady-state problem. This means that the pre-
vious methods sacrifice important dynamic information included
in the initial part. It would be remarkable if a novel approach were
successfully developed to solve the initial-unsteady-state problem
without sacrificing the initial dynamic information.

In this paper, we choose the relay feedback method to activate
the process and the backward integrals to estimate the model par-
ameters. The proposed method defines new deviation variables of
which the references are the final part of the activated process data
to solve the initial-unsteady-state problem. Then, the model param-
eters can be estimated by the least squares method after applying
the backward integrals to the general linear differential equation
model. The proposed process identification method can incorpo-
rate the initial-unsteady-state problem in an efficient way without
sacrificing the dynamic information included in the initial part of
the process data, while the previous approaches assign zero-weight-
ing to the initial part, resulting in loss of the dynamic information
included in the initial parts.

PROPOSED PROCESS IDENTIFICATION METHOD

Many previous process identification methods are only applica-
ble to the cases that the initial part of the process input-output data
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is zero-steady-state. So, several identification methods assigning zero-
weighting to the initial part of the activated process input-output
data have been proposed to overcome the problems. These strate-
gies result in a new problem of sacrificing the important dynamic
information included in the initial part. The proposed method uses
anovel deviation variable to solve the initial-unsteady-state problem
without sacrificing the initial dynamic information and the back-
ward integrals to estimate the model parameters of the continuous-
time differential equation model using the least squares method with-
out solving any nonlinear optimization problems in a repetitive man-
ner.
1. Process Activation and New Deviation Variables

In this research, it is assumed that the process input (u(t)) and
output (y(t)) are activated by a biased-relay feedback method as
shown in Fig. 1 or 2. Here, the reference values for the relay on-
offs are changed around t=7.0 from 0.5 to —0.5. The final parts of
Figs. 1 and 2 are both cyclic-steady-state. But, the initial part of Fig. 1
is different from that of Fig. 2. The initial part of Fig. 1 is steady-
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Fig. 1. The responses of the relay feedback method for the initial-
steady-state process.
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Fig. 2. The responses of the relay feedback method for the initial-
unsteady-state process.

state while that of Fig. 2 is unsteady-state. Previous process identi-
fication methods have limitations in estimating the model parame-
ters from the input-output measurements of Fig. 2 because its initial
part is unsteady-state as mentioned in the introduction section. New
deviation variables will be defined in this research to overcome the
initial unsteady-state problem as follows:

First, obtain the input-output data (u(t), y(t)) as shown in Fig. 1
or 2 using a biased-relay. Second, generate the new signals (denoted
by y,(t), u(t)) of Fig. 3 by repeating the last cycle of the final cyclic-
steady-state part of Fig. 1 or 2. Third, obtain the deviation variables
(denoted by y,,(t), u,(t)) of Fig. 4 by subtracting the signals (y,(t),
u,(t)) of Fig. 3 from those (y(t), u(t)) of Fig. 1. That is, y,,,(t)=y(t)—
y,(t) and u,,(t)=u(t)—u,t). Finally, obtain the final deviation vari-
ables (denoted by yﬁ,,a,(f), uﬁ,,a,(f)) of Fig, 5 by reversing the time axis
of Fig. 4. That is, f=tf—t. Here, t1s the final time of the process input-
output data of Fig. 4. Note that the initial part of the deviation vari-
ables of Fig. 5 becomes zero-steady-state. Now, it is possible to ob-
tain the model parameters from the final deviation variables (yﬁm,,(f),
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Fig. 3. The signals generated by repeating the last cycle in the sig-
nals of Fig. 1.
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Fig. 4. The signals obtained by subtracting Fig. 3 from Fig. 1.
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Fig. 5. The new signals obtained by reversing the time of Fig. 4.

uﬁ,,(,,(f)) without the initial-unsteady-state problem as shown in the

next section.

2. Proposed Model Parameter Estimation Method
Consider the following general linear time-invariant process.

-+ +b;s+b,
+a;s+1
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)
Eq. (1) can be rewritten to the following differential equation [14].
71 n 1
_&) _ﬁ) _%_2 +y(t)

m m—1
bmd U(t) bm ld U(t)

i - -+beu(t)+B, 2

Where, y(t) and u(t) are the process output and input, respectively.
B, is a bias term to incorporate static components. The purpose of
the proposed parameter estimation method is to calculate the model
parameters (a,, ,_;, **+, 4, b,,, b,,_, -+, by, By) from the process data
activated by the biased-relay. Because y,(t) and u,(t) in Fig. 3 are
the signals obtained by repeating the last cycle of the final cyclic-
steady-state part of Fig. 2, the signals are the solutions of the dif-
ferential equation of Eq. (2). So, the following differential equation
is valid.

n n—1
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n P +a +yAt
dt’ bodtr! ¥
m m-1
= bmd u’(t) + bm—ld u,r](t) +eeet bﬂur'(t) +BO (3)
dt” dt”
Eq. (4) can be obtained by subtracting Eq. (3) from Eq. (2).
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Where, y,,,(H)=y(t)-y,(t) and u,,,(t)}=u(t)—u.(t). The bias term of B
is added to Eq. (4) to incorporate uncertainties such as disturbances
and errors introduced in generating the signals of Fig. 3. Eq. (4) cor-
responds to the governing differential equation of Fig. 4. By revers-
ing the time axis (that is, f:t,-—t) of Fig, 4, the new input-output data
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of Fig. 5 can be obtained. And, the following differential equation
of Eq. (5), applicable to the input-output data of Fig. 5 can be derived
straightforwardly from Eq. (4) with considering that two the time
directions are apposite (that is, t= =t,—t). Here, t and t are times of
Fig. 4 and Fig. 5, respectively, and t, is the final time of Fig. 4. Note
that the initial part of the signals of Fig. 5 is zero-steady-state. So,

the initial-unsteady-state problem is just solved.
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Let us define the backward integrals on yﬁ,,u,(f) and ufm,(f) in Fig. 5
as follows:
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Then, Eq. (7) is obtained by integrating Eq. (5) n-times.

a,(=1)"yaD +a, L@+ +a, 7 O+ 1)
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The backward integrals of Eq. (6) can be calculated with usual nu-
merical integration methods.

On the other hand, one frequency response data of the process
can be estimated from the cyclic-steady-state part of Fig. 1 or 2 by
the following Fourier analysis [14,15].

[ exp(-iomn)y(Ddt
Giow) === ®)
“exp(—im)u(t)dt

Where, a., are the frequency and the period of the final
cyclic-steady-state in Fig. 1 or 2, respectively. G(i@,,) is the fre-
quency response of the process at the cyclic-steady-state frequency.
Then, Eq. (9) and Eq. (10) are obtained from Eq. (1) by inserting the
available frequency response data of Eq. (8) into Eq. (1) as follows:

and P
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Then, the optimization problem of Eq. (11) for the proposed pro-
cess identification method can be easily derived from Eq. (7) and
Eq. (10). Now, the model parameters of a, ,, ---, a,, b,,, b,._,, -*+, by,
B can be estimated by solving the optimization problem of Eq. (11)
by the least squares method and a, is obtained by Eq. (10).
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Where, t, and n+1 are the final time of Fig. 5 and the number of
the data points for the least squares method, respectively. ||¢| denotes
2-norm.

2-1. Remarks

1. The previous approaches sacrifice the dynamics included in
the initial part of the activated process input and output data to in-
corporate the case of the initial-unsteady-state. Meanwhile, the pro-
posed method solves the initial-unsteady-state problem without sac-
rificing the initial part by introducing new deviation variables and
backward integrals.

2. The proposed method estimates the model parameters in an
analytic way without solving any nonlinear optimization problems
in a repetitive manner.

3. The effects of unmeasurable static disturbances on the param-
eter estimation are completely removed in the proposed method
since the new deviation variables completely delete the static distur-
bances and the Fourier analysis also removes the effects of the static
disturbance on estimating the frequency response data of the cyclic-
steady-state [14,15].

4. Because the proposed method uses the integrals, good robust-
ness to measurement noises can be secured for usual cases that the
variance of the noise does not change much with respect to the sam-
pling time [12].

5. The proposed method can be applied to unstable or integrat-
ing processes in the same way as done in [26]. For example, if we
choose the transfer function of the process in the form of G(s)=

S+ +b,stby)(a,s"+- - -+a,;s— 1) and modified all the equations
from Egq. (2) to Eq. (11) according to the simple sign change (from
+1 to — 1) of the transfer function, unstable processes can be easily
identified by the proposed approach.

SIMULATION STUDY

Several examples are simulated to demonstrate the performance
of the proposed method.
1. Example 1

Consider the following third-order plus time delay process. Fig. 1
shows the process input-output data activated by a biased-relay. In
this example, the initial part is zero-steady-state as shown in Fig, 1.

G,(s)= e_XPiLgS) (12)
(s+1)

Fig. 6 shows the performance of the proposed process identification
method. As expected, the proposed method shows almost perfect
modeling performances.
2. Example 2

The same process of Example 1 is activated as shown in Fig. 2.
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Fig. 6. Identification results of the proposed method for the ini-
tial-steady-state process.
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Fig. 7. Identification results of the proposed method for the ini-
tial-unsteady-state process.

The initial values of the process are as follows:

dy(® dy(®)

=== 1, =22 =—0.5, y(0)=0.3,

0 |, at |, ¥(0)

du®  _0.0, u(-0.1)=1.0 (10)
dt 1=—0.1

This means that the initial part is unsteady-state as shown in Fig, 2,
different from the initial zero-steady-state part of Fig. 1. Fig. 7 shows
the performance of the proposed process identification method. As
expected, it can effectively incorporate the case of the initial-unsteady-
state.
3. Example 3

Consider the process of Example 2 with uniformly distributed
measurement noises between —0.1 and 0.1 as shown in Fig. 8. Fig,
9 demonstrates that the proposed process identification method shows
acceptable robustness to the measurement noises.
4. Example 4

Consider the process of Example 1 with the static input distur-
bance of 0.1. Fig. 10 shows the activated process input and output.

Korean J. Chem. Eng.(Vol. 28, No. 11)
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Fig. 8. The responses of the relay feedback method for measure-
ment noises.
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Fig. 9. Identification results of the proposed method for measure-
ment noises.
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Fig. 10. The responses of the relay feedback method for the static
disturbance.

Fig. 11 demonstrates that the proposed process identification method
can completely reject the effects of the static disturbance as expected.

November, 2011
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Fig. 11. Identification results of the proposed method for the static
disturbance.
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Fig. 12. The responses of the relay feedback method for compari-
son between the proposed method and the previous method.

5. Example 5

Consider the process input-output data activated by a biased-relay
feedback method as shown in Fig. 12. In this case, roughly speak-
ing, many frequency components are included in the initial part,
while the cyclic-steady-state part includes only two frequency com-
ponents corresponding to zero and fundamental frequency. So, the
previous methods sacrificing the dynamic information included in
the initial part cannot provide acceptable model accuracy. Fig. 13
compares the performances of the proposed process identification
method and the previous method [14,25] that sacrifices the initial
dynamic information to incorporate the case of the initial-unsteady-
state. As expected, the proposed method shows much better per-
formance because it solves the initial-unsteady-state problem with-
out sacrificing the dynamic information included in the initial parts
of the process data.

CONCLUSIONS

This research proposes a new process identification method using
two the methods of the relay feedback to activate the process and
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Fig. 13. Identification results of the proposed method (a) and the
previous method (b).

the backward integrals to estimate the model parameters. It can solve
the initial-unsteady-state problem without sacrificing the dynamic
information included in the initial parts of the process data by intro-
ducing novel deviation variables, of which the references are the
final cycle of the process input and output data. The proposed method
can also estimate the model parameters in an analytic way without
solving any nonlinear optimization problem in a repetitive manner
by using the least squares method and the backward integrals. Simu-
lation results successfully demonstrate the acceptable accuracy and
robustness of the proposed approach.

ACKNOWLEDGEMENT
This work was supported by the Korean Research Foundation
Grant funded by the Korean Government (MOEHRD) (KRF-2007-
521-D0008S).
NOMENCLATURE

a, b, B, B, : model parameters

G,(s) : transfer function

i : unitary pure imaginary number
I4(t), I(t) : backward integrals

n, m : order of transfer function

n,+1 : the number of data points

P, :period of cyclic-steady-state part
t,t,t : time

u(t) : process input

u(t) :reference of deviation variables
(1), Ug,,(1) : deviation variables

y(t) :process output

y,(t) :reference of deviation variables
Vo), yﬁml(f) : deviation variables

Greek Letters
a,, :frequency of cyclic-steady-state part
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