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A new nonparametric process identification method is proposed to obtain the fre-
quency response model from given process input and output data. The proposed algo-
rithm can estimate exact models for all desired frequencies. It is applicable to various
process conditions (initial/final steady-state, initial steady-state/final cyclic-steady-
state, and initial/final cyclic-steady-state) and requires a smaller amount of memory
than previous methods. Also, it provides the exact models even in the presence of a
static disturbance and shows an acceptable robustness to measurement noises. © 2011
American Institute of Chemical Engineers AIChE J, 57: 3429-3435, 2011
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Identification Method for Processes with Initial

Introduction

The describing function analysis has been widely used to
identify the ultimate information of the process from the
relay feedback signal since Astrom and Hiégglund proposed
the original relay feedback identification method for the
automatic tuning of proportional-integral-derivative (PID)
controllers.' Tt is derived from the Fourier series of the relay
feedback signal, where the fundamental term of the series is
considered. In general, the ultimate frequency and gain esti-
mated by the describing function analysis show acceptable
accuracy for usual processes. However, since the square sig-
nal is approximated by one sinusoidal signal, the harmonic

Correspondence concerning this article should be addressed to S. W. Sung at

suwhansung@knu.ac.kr (or) I.-B. Lee at iblee@postech.ac.kr.

© 2011 American Institute of Chemical Engineers

AIChE Journal

terms could be dominant. Several methods have been pro-
posed to obtain a more accurate ultimate data set by reduc-
ing the harmonics.>™ Nevertheless, the estimation errors still
remain because of the describing function approximation.

To overcome the problems of the describing function analy-
sis method, Sung and Lee’ proposed the Fourier analysis
method. It has the ability to estimate the exact frequency
response data of the process without any approximation. But,
all the aforementioned methods can identify only one or two
frequency response data because it uses only the cyclic-steady-
state part of the process data, not sufficient to tune controller
with high performance specifications. So, many researchers
have exerted their efforts on developing a new algorithm to
identify multiple points of frequency responses of the process.

Luyben6 proposed an identification method for the case of
initial/final  steady-state using the Fourier transform.
Although it can provide exact frequency models for a wide
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Table 1. Summary of Previous Approaches

Algorithms
Specifications DFA' FA® FTS® MFT# MFTIC"
Applicability to initial steady-state X X (0] X (0]
and final steady-state
Applicability to initial steady-state (6] (6] X O (6]
and final cyclic-steady-state
Applicability to initial cyclic-steady-state O O X X O

and final cyclic-steady-state
The number of estimated frequency
responses
Accuracy Approximated Exact
Remarks - -

Only one or two

Only one or two

Theoretically all

Exact

Theoretically all

Exact

Theoretically all

Exact
Needs data
preprocessing step

DFA, describing function analysis; FA, Fourier analysis; FTS, Fourier transform for initial and final steady-state; MFT, modified Fourier transform for initial
steady-state and final cyclic-steady-state; MTFIC, modified Fourier transform for initial cyclic-steady-state.

range of frequencies, it is valid only for the case that both
the initial and the final part of the excited process data are
steady-state. Sung and Lee’ and Ma and Zhu® proposed an
improved nonparametric identification algorithm using a
modified Fourier transform. The algorithm uses all of the
process data from the initial transient region to the final
cyclic-steady-state part. So, it is possible for the algorithm to
estimate the frequency responses of the process for all
desired frequencies.” However, these methods can be applied
only to the cases where the initial part and the final part of
the excited process data are steady-state and cyclic-steady-
state, respectively. They cannot incorporate the case in
which both the initial part and the final part are cyclic-
steady-state. So, Cheon et al.'” proposed a new method
which can be applied to a greater variety of situations (ini-
tial/final steady-state, initial steady-state/final cyclic-steady-
state, and initial/final cyclic-steady-state). It also provides
exact frequency responses for all desired frequencies. But, it
requires a significant amount of memory because it needs a
data preprocessing step of repeating the data of one period
in the initial cyclic-steady-state part. Table 1 summarizes the
characteristics of all the previous approaches.

Therefore, in this article, an improved frequency response
model identification method is proposed to overcome the
problems of the previous approaches. It has the ability to
provide exact frequency responses for all desired frequencies
as well as it is applicable to various conditions of processes
(both initial/final steady-state, initial steady-state/final cyclic-
steady-state and both initial/final cyclic-steady-state). Also, it
requires a smaller amount of memory than the previous
method'’ because it does not require any data preprocessing
step. Furthermore, it provides the exact models even in the
presence of a static disturbance and shows an acceptable
robustness to measurement noises.

Process excitation

In this article, the following three types of process excita-
tion are considered for the development of the proposed
method as shown in Figure 1. In Figure la, both the initial
and final parts are steady-state. In this case, a proportional
controller is used. In Figure 1b, the initial part of the signal is
steady-state and the final part is cyclic-steady-state. A biased-
relay feedback method is used for this case. In Figure lc, the
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Figure 1. Three cases of process excitation.
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initial unsteady-state response is stabilized to the initial
cyclic-steady-state. The final part is cyclic-steady-state. In this
case, a biased-relay feedback method” is used.

Development of Proposed ldentification Method

In this section, the improved frequency response model
identification method is first developed for the process input
and output data of Figure lc, followed by the extension to
the other cases of Figures la,b.

The following assumptions and definition are considered
to develop the proposed method.

Assumption 1

The initial part from #; to #; + P; and the final part from #,
to 7 + Py of the excited process input and output are cyclic-
steady-state as shown in Figure Ic.

Assumption 2

The dynamics of the process is described by the following
linear time-invariant transfer function:

DS A+ b1 8" 4+ -+ bys + by

This is equivalent to the following differential equation:

d"y(1) "y (1) dy(1)
. e R 7 t
a ar +a,—1 P +-t+a p + (1)
d"u(t) d"u(t) du(t)
— b, L el S0 G
b a + b1 P + + by at + bou(l‘) ( )

where, u and y denote the process input and the process output,
respectively.

Definition 1
Let y; (p,q,s) be defined as a transform of y(7) as following:

q
Yt(P7 q, S) = / e*STy(,L_)d,“ (3)

P

where s is a complex variable.

Now, let us propose new algorithms to estimate the fre-
quency responses of the process from the process input and
output data and prove them.

Proposed algorithm 1

All the frequency responses of the process for any desired

G(s) = - — D frequency can be estimated by the following proposed method.
ans" +ap18" A+ tars + 1 For the nonzero desired frequency of @ # 0:
G(] ) e[w(P;+Pf) [tfj—:/ e*jwry(r)dr — pl®Pi j:rJrP ef/'wry(.c)d,[ — @l®Pf f:} +Py e—j(u‘ty(l.)dr + f[& e*f””y(r)dr (4)
) = i+Pi i+Pi i i
e/o(Pi+Py) f[f/::/- e*-f”Tu(‘c)dT — el®Pi f”}erP» eiiwru(r)di— — eloPf f:r +Py e*/‘mu(r)d‘c + f[t/ ef/'vnu(r)df
For the zero desired frequency: lr+py
/ (d*u(r)/d")dr = d*u(r) /di! |,f+pf
i i
[ty . [t

_pily y@dr—pr f (@) ) —d (/Y =0, k=12,.. (9

( ) pi t;fﬂ?ﬁ M(‘L')d‘f —pr f:ﬂ% M(‘L’)d‘r

Proof. First, several characteristics of periodic functions

are needed to be considered. @ ! y(t)/dtkfll,’ + P; and 4!

y(t)/dtk_ll,, are the same becausey(?) from ¢; to t; + P; is a peri-

odic function of which the period is P;. It is also valid for u(?)

and the final cyclic-steady-state part. Then, the following
equations are obtained.

/r’ﬂ)i (dky(‘z:)/drk)df:dhIY(t)/d’JFl ’t,-+p,-
’ —dk_ly(t)/dlk_w[’:ov k=1,2,... (6)

i
/ (du(e)/det)de = & u(e)fab

—d"u@n)/att] =0, k=1,2,... (7)

lr+pf

/ n (d*y(r)/d7")dt = d* "y (1) jai* !

I

—d7y(@/dt | =0, k=12, (8
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Equations 10 and 11 are obtained by integrating Eq. 2 from ¢;
to t; + P; or tyto t; + Py and using Eqs. 6-9.

ti+pi ti+pi
/ y(t)dt = by / u(t)dt (10)
1, 1,

i i

Ir+py lr+py
/ y(t)dt = bo/ u(t)de (11)

Iy I

Now, consider the following property of the transform, derived
easily by integration by parts.

W (p,q.5) = e (g) — ey (p) + se 0y (q)
—s5e7 Py (p) o4 82D (q) — 512y (p)

q
L5 ey (g) — e Py(p) + / y@de (12)
V4

where y? = d' y(t)/df andy\" (p, q, 5) = f;’ e H{d"y(t)/dr" }dx.
By applying the transformation of Eq. 3 to Eq. 2 and
using Eq. 12, the following is obtained.
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q
an{eww“(q) eI () ey () 5 e”y(r)dr} o
p

+ a {e“’y(1> (q) - W(p) + sey(q) — se Py (p) + 5 / ' e"y(f)df} +a {e’“’y(CI) —e Py(p) +s / qe’”y(f)df}

P
q q
+/ eiﬂy(f)dl’ =b, e—squ(m—l)(q) o e—.vpu(m—l)(P) ot Sm—le—squ(q) . sm—le—xpu(p) + Sm/ e‘inlft(‘t)d‘t N
P )4
q
+ bz{esqu(l)(q) — e UV (p) + se™u(q) — se"Pu(p) + s2/ e”u(r)dr}
p

+b, {e”"u(q) —e Pu(p)+s 1‘1 ef”u(r)df} + b /q e u(t)dt (13)

P

Applying the following steps to both sides of Eq. 13, Eq. 14 is
obtained.

Step 1: multiply .

Step 2: integrate with respect to g between #; and #; + Py
and simplify the equation using Eqs. 6-9.

Step 3: multiply €.

Step 4: integrate with respect to p between f; and t; + P;
and simplify the equation using Eqs. 6-9.

ty+Py d -1
den(s / o / o1 / (2)dedqdp + [ﬂ]
s
ti+P; If+Pf ty+Py ti+P;
X / e’dp / q)dq / S"dq y(p)dp
i ty
ti+P; tr+Py q
=num(s / e’ / e’ / e
den(s) — b. 1i+P; tr+Py
+ [M] (/ eS”dp/ u(q)dq
$ li i
ti+P; tr+Py
—/ u(p)dp/ edg) (14)
t; 143

i

(t)dtdgdp

where den(s) = a, s" + a" ' "' + -+ + a; s + 1 and num(s)

= b, S+ B 4 £ by s + by
Considering Egs. 10 and 11, Eq. 14 can be simplified to Eq. 15.

num(s) B+ s fHP P ftf+Pf o fq —Sty(t)drdgdp
G(S): den(s) A 2 [litPi Sp 17 +Py esd q ,—st dtdad
s [ e |, J5 e=su(v)dedgdp
(15)

where

A= / u(q)dq {emﬁrp’) — eﬂ’}

i
ti+P;
_/ I/t(p)dp[ (tr+Pr) est,}
ti

and

Py e
B — / y(q)dq |:es(t,-+ ) est,»i|

If
ti+-P;
_/ y(p)dp[ (t7+Py) _extfi|
1,

i

Equation 16 is obtained by integration by parts as follows:

G(S) B es(P,-+Pf) fr?:ff,)} eisry(‘[)d’f _ €SP’ vop efsry(f)d.c _ est ffiﬁ—Pﬁ eisry(f)d'f + j:/ e*STy(,L.)dT (16)
S(Pi+Py) fl{r:ﬁf e=5Tu(t)dt — esP ﬁ[‘;P. e=stu(t)dt — eFr ffl‘ﬁ—Pr e=stu(t)dt + ft’f e=s*u(t)dr

Substituting jo for s gives the proposed algorithm 1 of Eq. 4.
Equation 5 for the zero frequency is obtained by applying
L’Hospital’s rule to Eq. 4. |

Now, all the frequency response data of the process for any
desired frequency points can be estimated by the proposed
method 1 of Eqgs. 4 and 5 repetitively for each frequency pro-
vided that the excited process signal contains the correspond-
ing frequency component. The proposed algorithm 1 provides
exact frequency data sets for all desired frequencies because it
is developed without any approximation. Also, it need not
have to store the process input and output data. Meanwhile,
the most advanced previous method requires a significant
amount of memory for the data preprocessing step.'°

3432 DOI 10.1002/aic

Published on behalf of the AIChE

Extensions to the Other Cases

The proposed algorithm 1 for processes with both initial
and final cyclic-steady-state can be extended to the other
cases of Figures la,b. Figures la,b represent the cases of ini-
tial/final steady-state and initial steady-state/final cyclic-
steady-state, respectively.

Proposed Algorithm 2 for initial and final steady-state

The frequency responses of the process for all desired fre-
quencies can be estimated by Eq. 17 for the case that both
the initial part and the final part are steady-state.

December 2011 Vol. 57, No. 12 AIChE Journal



—o [ e y(T)dT + je Ty (1) — je Ty (1)
—o [} e oru(t)de + je I ulty) — je i u(n)

G(jo) = a7

ti+P e

o25P tp+P ﬂTy(r)d‘E _ P ft?+P e’”y(‘f)df _

Proof. Note that Figure la is the case of Figure lc with
P; = Py = P — 0. Then, Eq. 4 with P; = Py = P — 0 can
be applied to Figure la as follows:

et f:+P e y(t)dt + f:f ey (t)dr

G(s) = lim

By L’Hospital’s rule, Eq. 18 can be simplified to Eq. 19.

2 ,ﬁ T dT +S67vt/ _ se*.?l,’ t:
6(s) = S €0 o PR
e (T + se Tuly) — se ()

Then, it is straightforward to obtain Eq. 17 from Eq. 19 by
substituting jo for s. |

P—0 g2sP f;f:: eu(t)dt — e f;"ﬁ, eu(t)dt — et ftfﬁp e~tu(t)dt + ftff e~"u(t)dt

(el Pr — 1

)(jw f: e*jmy(’c)d‘f _ e’-"””’y(t,-)) +jwe/'wPf f.t.f+Pr efjmy(‘f)dr

(18)

Proposed Algorithm 3 for initial steady-state and final
cyclic steady-state

The frequency responses of the process for all desired fre-
quencies can be estimated by (20)-(21) for the case that the
initial part is steady-state and the final part is cyclic-steady-
state.

For the nonzero desired frequency of w # 0:

G(jw) =

For the zero frequency:

(ej(qu _ 1)(]60 J;ff e*jmu(‘c)dr P jwt,u( )) —|—jwef‘“”f fU+P/ e jwru( )d‘C

(1 1)s Jre Sy (@)dn—e y(a ) se 1 ey ()

(20)

Proof. Note that Figure 1b is the case of Figure lc with
P; — 0. Then, Eq. 4 with P, — 0 can be applied to Figure
1b. By applying L’Hospital’s rule to Eq. 4, Eq. 22 can be
obtained.

7Pfy + jthrPf ’L'
G(0) = i Q21
—Pru(t;) + f u(t)de
G(s)=

Then, it is straightforward to obtain Eq. 20 from Eq. 22 by
substituting jo for s. Equation 21 can be derived by applying
L’ Hospital’s rule to Eq. 20. |

Now, it is clear that the proposed methods of Egs. 4, 5,
17, 20, and 21 can provide exact frequency responses of the
process for various situations of Figure 1 (initial and final
steady-state, initial steady-state/final cyclic-steady-state, ini-
tial and final cyclic-steady-state). Also, it can estimate all
the frequency response models for any desired frequency
without any modeling errors.

Discussions on Effects of Static Disturbances

Assume that a static disturbance d;, is added to the pro-
cess input. The proposed algorithm is not affected by the
disturbance and provides the same estimates as those of the
case with no static disturbance.

Proof. If the static input disturbance d;, is added to the process
input, then the denominator of the algorithm of Eq. 4 becomes

AIChE Journal December 2011 Vol. 57, No. 12
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, y+Pr wr [T
e,w(P,+Pf)/ eﬁwr(u(r)+dl»,,)dr—e1‘“”/ e (u(t) +diy)dr
1,

i+Pi ti+P;

) P (-
761(013/./ efjm(u(r)+dm)df+/ e (u(t)+d;,)dr
t; K

oy [T wp [ .
= (/oPitFy) e7"u(t)dr — & e u(t)dr
1 ti+P

i+Pi

. t/'+P/' . tr .
— e"”P”/ e_J“"u('c)d‘ch/ e fu(t)dr
1; 1,

i i

. P A Iy
+ din elm<Pi+Pf>/ ei'/wrd‘[ - elei/
ti+P; ti+P;
X f/r+Pf . 13 )
_ e/(uP, / e 1 dr + / e 4t
ti ti
1

wpary [ wp. [
= (Jo(PitPy) e u(t)dr — &P
ti+P; ti+P;
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Figure 2. (a) Process excitation (initial cyclic-steady-
state and final cyclic-steady-state) and (b)
identified frequency responses.

Equation 23 is easily derived by replacing f:}z e /*dt by
(e*J'Ufz _ ei/wn)/(_jw). |

Equation 23 means that the proposed algorithm is not
affected by the static disturbances at all. That is, the pro-
posed algorithm provides the same estimates as those of the
case with no disturbance. Note that wrong deviation varia-
bles are equivalent to the case of static disturbance. It
means that the proposed method provides the exact esti-
mates even in the presence of wrong deviation variables.

In summary, the proposed frequency response model iden-
tification method has several remarkable advantages as fol-
lows: First, the proposed algorithm provides the exact fre-
quency response data for all the desired frequencies. Second,
it can be applied to the various conditions of process (initial
and final steady-state, initial steady-state/final cyclic-steady-
state, and initial and final cyclic-steady-state). Third, it does
not require a data memory to store the process input and
output data. Fourth, it estimates exact frequency responses
data even under the environment of static disturbances. Fifth,
the proposed algorithm provides the exact estimates even in
the presence of wrong deviation variables.

Simulation Study

The performances of the proposed algorithm are validated
with several simulation studies. First, the accuracy of the
estimated frequency responses and applicability to various
process conditions are confirmed. Next, the effect of disturb-
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ance and measurement noise on the performance of the pro-
posed algorithm is validated.

Consider the following third-order plus time delay pro-
cess:

G(s) = ; (24)

Figure 2 shows the excitation of the process (Eq. 24) by the
relay feedback method and the estimation accuracy of the
proposed algorithms of Eqgs. 4 and 5 for the case of both initial
and final cyclic-steady-state. As expected, the proposed
method provides exact frequency responses for all the desired
frequencies. The other cases (both initial and final steady-state
and initial steady-state/final cyclic-steady-state) were also
simulated and the ability of the proposed algorithms of Eq. 17
and Egs. 20 and 21 to estimate the exact frequency response
data of the process is confirmed.

Figure 3a shows the input/output data of the process (Eq.
24) in the presence of an input static disturbance of 0.1. Fig-
ure 3b compares the Nyquist plots of the process and the
model. As expected, the proposed algorithm completely
removes the effect of the static input disturbance and pro-
vides the exact frequency responses of the process.

Figure 4a shows the input/output data of the process (Eq.
24) of which the output is corrupted by random measure-
ment noises distributed uniformly between —0.02 and 0.02.
Figure 4b shows that the proposed algorithm provides ac-
ceptable accuracy and robustness to measurement noises.

o

. T~

r i

a time

process

imaginary

1 L

O
@

0 0.5 1
b real

Figure 3. (a) Process excitation in the case of a static
input disturbance and (b) identified frequency
responses.
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Figure 4. (a) Process excitation in the case of mea-
surement noises and (b) identified frequency
responses.

Conclusions

In this study, a new frequency response model identifica-
tion method is proposed to overcome the problems of the
previous approaches. The proposed algorithm provides accu-
rate frequency responses data sets for all desired frequencies

and can be applied to various process conditions. It need not
have to store the process input and output data, while the
most advanced previous method'® requires a significant
amount of memory for a data preprocessing step. Further-
more, the proposed method completely removes the effects
of static disturbances and shows good robustness to measure-
ment noises.

Acknowledgments

This work is the outcome of a Manpower Development Program for
Energy and Resources supported by the Ministry of Knowledge and
Economy (MKE).

Literature Cited

1. Astrém KJ, Higglund TH. Automatic tuning of simple regulators
with specifications on phase and amplitude margins. Automatica.
1984;20:645-651.

2. Sung SW, Park J, Lee 1. Modified relay feedback method. Ind Eng
Chem Res. 1995;34:4133-4135.

3. Shen S, Yu H, Yu C. Use of saturation-relay feedback for autotune
identification. Chem Eng Sci. 1996;51:1187-1198.

4. Lee J, Sung SW, Edgar TF. Integrals of relay feedback responses
for extracting process information. AIChE J. 2007;53:2329-2338.

5. Sung SW, Lee 1. Enhanced relay feedback method. Ind Eng Chem
Res. 1997;36:5526-5530.

6. Luyben WL. Process Modeling Simulation and Control for Chemi-
cal Engineering. New York: Mc Graw Hill, 1990.

7. Sung SW, Lee I. An improved algorithm for automatic tuning of
PID controllers. Chem Eng Sci. 2000;55:1883—-1891.

8. Ma M, Zhu X. A simple auto-tuner in frequency domain. Comp
Chem Eng. 2006;30:581-586.

9. Sung SW, Lee J, Lee 1. Process Identification and PID Control. Sin-
gapore: Wiley, 2009.

10. Cheon YJ, Jeon CH, Lee J, Lee DH, Sung SW. Improved Fourier
transform for processes with initial cyclic-steady-state. AIChE J.
2010;56:1536-1544.

Manuscript received Sep. 9, 2010, and revision received Dec. 28, 2010.

AIChE Journal December 2011 Vol. 57, No. 12

Published on behalf of the AIChE

DOI 10.1002/aic 3435



