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An enhanced automatic tuning procedure developed for process control of PI and
PID controllers addresses several potential problems present in current standard auto-
tuners. The proposed enhanced autotuner uses a novel technique based on relay feed-
back to estimate the process frequency response at two specified phase lags on the
Nyquist curve automatically. An iterative procedure then uses these two points to obtain
a transfer-function model of the process. Based on this model and a controller-selection
scheme, an appropriate controller (PI or PID) is applied to the process automatically.
The controller is tuned so that the Nyguist curve of the compensated system is appropri-
ately shaped to satisfy a combined gain and phase-margin type of specification. The
effectiveniess of this enhanced autotuner is demonstrated both in simulations and in
real-time experiments for level control of a coupled-tanks system.

Introduction

Controllers of the proportional-integral-derivative (PID)
type are still in widespread use in the process-control indus-
try despite advances and increasing sophistication in the so-
called mathematical-control systems theory. This is not sur-
prising since the reliability of these PID controllers has been
proved by the decades of success and the wide acceptance
they enjoyed among practicing engineers. Far from becoming
obsolete, research-and-development efforts for these con-
trollers are currently undergoing a resurgence, with much re-
search effort focused on the automatic tuning of PID con-
trollers (Astrom and Hagglund, 1984; Bristol, 1977; Hagglund
and Astrom, 1991; Hess et al., 1987; Ho et al., 1993; Leva,
1993; Schei, 1992). Some of them have already found direct
industrial applications (Bristol, 1977, Hagglund and Astrom,
1991; Hess et al., 1987). References to different autotuning
approaches can be found in Gawthrop and Nomikos (1990).

Among the techniques currently available, the arguably
most frequently quoted one is an ingenious and attractively
simple autotuning method due to the work of Astrom and
Hagglund (1984). They insert a relay as a feedback controller
into the process loop in the arrangement of Figure 1. Under
the relay feedback, most processes with dynamics typically
encountered in process control will oscillate with a small and
controlled amplitude. From these oscillations, the ultimate
frequency can be identified. When the critical point, that is,
the ultimate gain and frequency, is known, it is straightfor-
ward to apply the classic Ziegler—Nichols tuning rules (1943)
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to tune the controller. It is also possible to devise many other
design schemes that are based on the knowledge of the criti-
cal point. A general approach, proposed by Astrom and Hag-
glund (1984) (which we shall refer to as the standard As-
trom—Hagglund-based method) would be to move the critical
point to a desired position on the complex plane through the
parameters of the PID controller so that a combined gain
and phase margin type of specification is satisfied. This ap-
proach is known to work well in many situations in process
control, and its advantage is that the specified margin could
serve as a measure of robustness, resulting in better system
closed-loop performance over those tuned by classical
Ziegler—Nichols rules. Nevertheless, there are some potential
problems associated with this standard method. First, a rela-
tionship between the integral and derivative time constants
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Figure 1. Relay feedback system.
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of the PID controller has to be specified, which is difficult
without a-priori information of the process dynamics Second,
the design method cannot be extended to a PI controller,
which is necessary in many problems in process control, for
example, processes of the first-order dynamics and processes
with a long deadtime. Third, the method does not consider
how the neighborhood frequency response of the compen-
sated system is affected by the controller parameters. In many
cases, the frequency response is not sufficiently attenuated
above the critical frequency, and this has a direct adverse
effect on the closed-loop performance. To date, none of the
various variants (Ho et al., 1993; Leva, 1993) of PID auto-
tuners that rely on the key relay tuning feature of the stan-
dard Astrom—Hagglund-based method have satisfactorily ad-
dressed these problems.

We present here the design of an enhanced automatic-tun-
ing procedure (autotuner) that overcomes the problems pre-
viously discussed; as such, this strategy may be considered as
a further enhancement of the well-accepted standard As-
trom-Hagglund method. This proposed enhanced strategy
shapes the compensated Nyquist curve using two points at
process phase lags of ¢;=—180° and ¢, =~180°+ ¢,
where ¢, is the equivalent phase margin specification. To
estimate the latter point, a novel method incorporating
relay-based techniques is presented. The technique is able to
automatically track the frequency corresponding to any de-
sired value of ¢,, between 0° and 180°. An algorithm is pro-
vided to convert the frequency response estimated to a trans-
fer-function model; based on this model and a controller-
selection scheme, a PI or a PID controller can be automati-
cally applied to the process. The controller is tuned so that
the Nyquist curve is appropriately shaped to achieve the de-
sired specification and give improved closed-loop per-
formance over the standard method. The effectiveness of the
proposed enhanced strategy is demonstrated in both simula-
tion examples and by a real-time implementation experiment.

Next, we review the standard Astrom—Hagglund-based
method of autotuning PID controllers and discuss potential
problems associated with it. Then, the enhanced
Astrom—Hagglund-based method proposed here is described
step by step, including the novel frequency-response estima-
tion technique, the algorithm for frequency response to
transfer-function conversion, the controlier-selection scheme,
and controller tuning algorithms. Some simulation and com-
parison results are presented, as well as results of real-time
experiments on the level control problem of a coupled-tanks
apparatus.

Standard Astrom-Hagglund-based Autotuned
PID Controlier

The key idea in the standard Astrom—Haglund-based
method of autotuning the PID controller is to use the relay
feedback arrangement of Figure 1. For many classes of
process, the relay feedback gives an oscillation with a fre-
quency close to the ultimate process frequency w,. The ulti-
mate process gain k, is approximately given by Astrom and
Hagglund (1984) as k, ={(4u,,/ry,,), where u,, and y,, are
amplitudes of relay and process output, respectively. In the
presence of noise, it is advantageous to use a relay with hys-
teresis (Astrom and Hagglund, 1984) to reduce the sensitivity
of the resultant system to noise. The hysteresis level is set
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according to the noise level. Noise sensitivity is reduced fur-
ther by averaging measurements of the ultimate frequency
and ultimate gain over a few limit cycle oscillations.

When the critical point is known, it is possible to move it
to a desired position on the complex plane, (1/4,,)e "~ ¢m),
This design method is considered as a combination of gain
and phase-margin specification. When 4,, =1, ¢, is the de-
sired phase margin, and conversely, when ¢,, =0, A4,, is the
desired gain margin. For most purposes in process control
applications, the specification of A4,,=2 and ¢, =7/4 is
recommended (Hagglund and Astrom, 1991).

The PID controller is described by

1
Gc(s)=kc(1+ﬁ+TdS)’ (1)
where the parameters k., T;, and T, are chosen so that the
critical point is moved to the desired position. The following
conditions must be satisfied:

1
IG.(jo,)G,(jo)l = Rl )]

m

arg G, (jo,)G,(jw,) =~ 7 + b, 3)

where G,(s) is the process transfer function. A possible solu-
tion is

k = :fn cos ¢, 4)
4
tan ¢, +1/ — +tan? ¢,
(4
T} = aTd (6)

where « is chosen arbitrarily.

The standard Astrom-Hagglund-based method just re-
viewed is known to work well for many industrial processes,
and it also has the advantage of simplicity. However, there
are some potential problems associated with this standard
design method that may have to be considered in certain ap-
plications. First, an additional design parameter « has to be
specified. In general, this specification requires a-priori infor-
mation on all process dynamics, since the control perform-
ances are heavily influenced by the choice of a. If it is too
small, the obtained regulator has significant derivative action,
and one has to contend with the related problems; con-
versely, if it is too large, the integral time becomes much
higher than needed, which results in a slower control loop.
Second, the design is constrained to a PID design, since a PI
controller always contributes phase lag and thus would not
be able to shift the critical point to a lower phase-lag position
in the complex plane. In process control, there are classes of
problems where the derivative control action is undesirable.
For example, very simple control problems, where the pro-
cess is approximately a first-order system, can be solved ef-
fectively with a PI controller with high gain. Derivative action
is of limited use for these problems (Hagglund and Astrom,
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Figure 2. Nyquist curves passing through a common
point X on the complex plane.

1991). Furthermore, the noise will be amplified by the deriva-
tive term, It is also undesirable to use derivative action when
the process has a long deadtime (Hagglund and Astrom,
1991). In an automated environment, it is desirable to detect
these processes and switch off the derivative action appropri-
ately. This desirable feature is unfortunately not attainable
with the standard Astrom—Hagglund-based method of auto-
tuning. Third, the design does not consider the effect of con-
troller parameters on the frequency response of the compen-
sated system. The critical point may be moved to the desired
position, but that alone may not necessarily ensure that the
Nyquist curve of the compensated system is appropriately
shaped, which could result in less than satisfactory control
performance. This situation may be illustrated in the exam-
ples in Figure 2, where the Nyquist curves of various compen-
sated systems pass through a common point on the complex
plane, but the different systems have differing amounts of
attenuation at frequencies above that point. These different
systems will have significantly different performances, with
tighter control from System 1 compared to System 2 or 3.
Some additional examples are discussed in the fourth section.

Enhanced Astrom-Hagglund-Based Autotuned
Pi/PID Controller

The proposed enhanced autotuned PI/PID coniroller seeks
to address the potential problems associated with the stan-
dard Astrom-Hagglund-based method of autotuning. In this
proposed enhanced strategy, two points on the process
Nyquist curve are estimated at specified phase lags of — 7
and — 7 + ¢,, using a novel technique of frequency response
estimation. Using the points, the process frequency response
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is converted to a transfer function model. Based on this model
and a controller selection scheme, an appropriate controller
(PI or PID) is tuned to achieve the combined gain and phase
specification while ensuring that the Nyquist curve of the
compensated system is appropriately shaped. All these ele-
ments of the proposed enhanced autotuner (referred to as
the enhanced Astrom—Hagglund-based method) are method-
ically described in the following subsections.

Relay-based frequency response estimation

With the simple relay feedback approach, only one point
on the process Nyquist curve is determined. It is possible, for
example, to cascade a known linear dynamical element to the
system in Figure 1 to obtain a frequency other than the ulti-
mate frequency. However, we cannot specify the frequency of
interest; it is fixed by the choice of the linear element cas-
caded and is unknown a priori. Besides, the introduction of
the linear system affects the amplitude response of the origi-
nal process, and in the case of a gain reduction, we have a
smaller signal-to-noise ratio (SNR), which affects the estima-
tion accuracy adversely.

An interesting variation of the relay feedback system is
shown in Figure 3 that can give the frequency at a specified
process lag of interest, —m + ¢, [#,, €[0,7)], without af-
fecting the amplitude response of the original process. The
delay function f is defined such that

u() = flo()=v(t—9),

where 0 = ¢,,/w and  is the oscillating frequency of v(¢).

We illustrate this feature from a describing function analy-
sis (Atherton, 1975). Consider the modified relay in the
dashed-box of Figure 3, which consists of a relay cascaded to
the delay function, f. Corresponding to the reference input,
e(t) = y,, sin wt, the output of the modified relay can be ex-
panded using the Fourier series and shown to be

4u,, 2, sin[Ck-Dot-¢,]
u(t)=7k=1 2k —1 ) ™

Describing function of a nonlinear element is defined as the
complex ratio of the fundamental component of the nonlinear
element to the input sinusoid (Atherton, 1975). Hence, describ-
ing function of the modified relay can be computed as

4u,,

N(y,) = e~ iom, (8)
-

m

Process

Figure 3. Modified relay feedback system.
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Figure 4. Negative inverse describing a function of the
modified relay.

The negative inverse describing function, —(1/N(y,,))=
(my,,/Au,,)e’ " ™+ ) is thus a straight line segment through
the origin, as shown in Figure 4. By the feedback arrange-
ment of Figure 3, it can be shown that the resultant ampli-
tude and frequency of oscillation correspond to the intersec-
tion between —(1/N(y,,)) and the process Nyquist curve.
Hence, we can obtain at the specified phase lag of — 7 + ¢,,,,
the inverse gain (k) and the frequency of the process (w,)

from the output amplitude (y,,) and frequency (w,,,), that is,
4u,,
ky=——o, 9
¢ ©
Wy = W - (10)

With the arrangement of Figure 3, we can thus automatically
track a frequency at the specified phase lag — = + ¢,, for ¢,,
€[0,7) without affecting the amplitude response of the origi-
nal process. In this respect, it may be viewed as a generalized
form of the relay feedback technique that tracks the fre-
quency at the phase lag with ¢,, = 0. Besides, like relay feed-
back, the technique facilitates one-button tuning, a feature
that is invaluable for intelligent control applications (Astrom
and McAvoy, 1993). In the sequel, a practical implementa-
tion of the preceding development is presented to obtain two
points from the process Nyquist curve—one at the critical
frequency and the other at a specified phase lag, —m + ¢,,:

« Estimate the ultimate process gain k, and frequency w,
with the normal relay feedback.

& With these estimates, an initial guess for the frequency
(&4) at the specified phase of —7 + ¢, is @, =7 -
é,)/m) w,, and we initialize 6 = ¢,,/d,.

& Continue the relay experiment and adapt the delay func-
tion, f, to the oscillating frequency ., that is, § = ¢, /w,...
Extensive simulations performed show that the oscillating
frequency converges to the frequency at the specified phase
lag w, for most processes typically encountered in the indus-
try. Then k, can be obtained through Eq. 9.
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Conversion to a transfer-function model

Most processes in the industry can be adequately modeled
by a transfer function of the following form (Seborg et al.,
1985; Luyben, 1991):

K
G(s)=—">—e L. 11
(s) (Ts+1)ne ap

Several authors (Astrom and Hagglund, 1988; Ho et al.,
1993) have obtained first-order models with deadtime, for the
process from a relay feedback experiment. The transfer-func-
tion model, G(s) in Eq. 11 is a more general one that can
capture high-order dynamics. However, with four parameters
to be identified, two points on the process Nyquist curve are
required, obtaified in this case through the experiment in the
preceding subsection.

In what follows, an algorithm to convert the frequency re-
sponse obtained in that subsection (G,(jw,) and G,(jw,)) to
the transfer function model, Eq. 11, is developed. Equating
the gain of the process and model at w, and w,,

1 K,
IG(jw,)l = Pl (12)

1 K
IG(jwy)l = — = ——F—. (13)

ky (‘/ 1+ Tzwdz, )
Simplifying Eqs. 12 and 13, we have

n/2

(2 (-1

u

Equating the phase of the process and model at w, and a,,
we have

argG(jow,)=—mw = —narctante, — Le,, (15
arg G(jwy) = ~ 7 + ¢,, = —narctanrw, — Lw,. (16)

A simple algorithm to obtain the parameters in Eq. 11 is
outlined below. ny; is a specified upper bound of the
process, and for most problems in process control (Seborg et
al., 1985; Luyben, 1991), n,,;, = 2 is sufficient. This value of
Nymi Will be applied in our simulations and experiments.

e Iterate from n=1to n=n;,;.

Compute K,, from Eq. 14, 7 from an average of the esti-
mates from Egs. 12 and 13, and L from Egq. 15.
Compute the cost function derived from Eq. 16,

S(n)=|-m+ ¢, + narctan rw, + L,

with the earlier values of n, K p» T and L,

® At the end of the iteration, a suitable set of model pa-
rameters (n, K,, r, L) corresponds to n=n,,, where
S(n ) = min, {S(n)}.
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Controller design

At this stage, the transfer function model of the process is
available. Based on this model, it is possible to decide on an
appropriate controller (PI or PID) for the process. Following
the discussions in the second section, PI control is applied for
the following process categories.

e Processes of the first-order dynamics, n = 1.

e Processes with a long deadtime. A suitable measure of
the relative magnitude of deadtime is the normalized dead-
time defined by ©® = L/ (Astrom et al., 1992), where

n=1,
n=2,

QU
i

I

T,
1.57,

An empirical threshold to classify a long process deadtime
is ©® > 0.5. The algorithms to tune the PI or PID controllers
are given in the following subsubsections.

PID Controller. Consider the PID controller described by
Eq. 1. First, we move the second estimated Nyquist point
G,(jw,) to the desired position specified by the combined
gain and phase margins (A4,,, ¢,,). The following conditions
must be satisfied:

1
G (jwy)G,(jwg)l = 1 an
arg G (jwy) = 0. (18)
Equations 17 and 18 can be simplified to
I e (1= W2TT,) = 2 (19)
}w¢T;( wd, ! d) _kcAm,
! 2
arctan ;E(I - WjT,T;)=0. 0
A simple solution is to choose
1
TT,= —, 2n
“g
k¢
k.=—. (22)
c Am

Besides moving the Nyquist point to the desired position, we
want to ensure that the Nyquist curve of the compensated
system is appropriately shaped for o € (w,, @,], where @,
is the ultimate frequency of the compensated system, that is,
arg G(j@,)G(j®,)=~m.

The technique adopted here is to choose a value of T; so
that the frequency response of the compensated system is at-
tenuated at @ = w, with attenuation factor, r, that is,

1 k,
le(]wu)Gc(]wu)l = ;:4—;, 1<r < 7(;’ (23)
giving
AIChE Journal September 1996

T rk g, ( o, )2 )
' wu‘/kg - rzkdz> Wy .

Since r relates to the attenuation of the amplitude re-
sponse, a larger value of r typically implies a more damped
response, compared to one with a smaller value of r. Empiri-
cal studies show that an initial choice of r at the 90% mark
of its allowable range works well in most cases, that is, r =1
+0.9 (K, /k ) - 1).

With the value of 7; computed from Eq. 24, we proceed to
check whether the frequency response is adequately attenu-
ated for w €(w,,o,), that is,

24)

1
Gj@)G, (jwll < L

m

welw,,d,), (25

where |G,(jw)| can be estimated from the transfer function
model, Eq. 11, that is,

IG,(jw)l =

1
(VieGa?)"

In most cases, Eq. 25 is satisfied by the recommended value
of the attenuation factor, r. Otherwise, T; is slowly increased
until Eq. 25 is satisfied. The search for T, will converge since
in the limit 7, -, the controller approaches a P controller
and Eq. 25 is naturally guaranteed, since the amplitude re-
sponse of the model in Eq. 11 is strictly decreasing.

PI Controller. The PI controller is described by
1
G.(s)=k |1+ Tl; . (26)

Two sufficient conditions to achieve the required margin
specification are given in Eqgs. 27 and 28.

1
IG.(jw*)G,(jo*) = L @n
arg G.(jo*)G,(jo*) = —7 + ¢, (28)

Condition 25 is trivial in this case, since |G ( jm)Gp( jell is
strictly decreasing for all frequencies for the process model
of Eq. 11 and controller of Eq. 26; «* is a specified fre-
quency satisfying (w*/w,) = B <1, since a PI controller con-
tributes phase lag at all frequencies; and B relates to the
frequency of the specified point. Hence, a larger value of 8
implies a higher frequency and a faster response speed. For a
process with long deadtime, where controller detuning is typ-
ically needed, a smaller value for 8 is needed. Considering
these factors, the empirical design value recommended is 8
= (.8, except in the case of the process having a long dead-
time where B = 0.5 is suitable, that is,

B=0.8,
=05,

0 <05,
6>05.

n=1,
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Equations 27 and 28 can then be simplified to

1

Ii= Bw, tanlarg G,(j Bw,) — ¢,,1° 29)
T.

g e , (30)

* 401G B/ (BTap +1

where |G,(jBw,)| and arg G,(j Bw,) can be estimated from
Eq. 11, that is,

G, (j Bwy)] =

1
(‘/ 1+(B7’(ud,)2 )"

arg G,(j Bw,) = — narctan Braoy - Bw,L.

Simulation Examples

In this section, we present several simulation examples for
different kinds of process dynamics to illustrate the applica-
bility and effectiveness of the autotuning method in the pre-
vious section. A comparison with the control system tuned by
the standard Astrom-Hagglund-based method is also pro-
vided to highlight the improved performance achieved with
the enhanced method. White noise has been deliberately in-
troduced into the simulation to test the performance of the
experiments under more realistic conditions. A hysteresis
level of one relay amplitude is used in these examples to re-
duce the sensitivity of the measurements to noise.

Example 1: First-Order Process. Consider a process of the
first-order G,(s)=(1/(s +1))e~%%. The recommended de-
fault specification (Hagglund and Astrom, 1991) of 4,, =2
and ¢, =7/4 is used. After the relay-based frequency re-
sponse estimation, the process model is fitted as G(s)=
(0.95/(0.835 + 1))e 0215,

Since O = 0.25, the PI controller is selected with g = 0.8.
By Egs. 29 and 30, the PI parameters are computed as (k,
T;)=(1.63, 0.88) and the PI controller design is thus com-

14 T T T T

N

0.2 L ' — L L

5 10 15 20 25 30

Figure 5. Autotuning session and closed-loop perform-
ance for a first-order process.
-—— enhanced method; ——— standard method.
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Figure 6. Frequency response of compensated system.
enhanced method; —~— standard method.

pleted. This autotuning process is shown in Figure 5. The
first part from ¢ =0 to ¢ =8 exhibits the relay-based experi-
ment. The PI controlier is commissioned at ¢ = 10. A setpoint
change occurs at ¢ =12, and a load response at ¢ =20. The
response is clearly shown in Figure 5. The corresponding tun-
ing and closed-loop performance for a PID controller using
the standard Astrom-Hagglund-based method is shown in the
same figure, showing that improved performance is achieved
with the proposed enhanced method. The frequency re-
sponse of the compensated system is shown in Figure 6 for
both methods. From the figure, it may be seen that for this
example, the Nyquist curve of the compensated system tuned
with the standard Astrom~Hagglund-based method is not ad-
equately attenuated at high frequencies, resulting in signifi-
cant noise amplification, while the proposed enhanced As-
trom—Hagglund-based method corrects this deficiency.

08F v
o6l
o4l

0.2

%

02 . 1 \ L L L s
0 10 20 30 40 50 60 70 80 80
t

Figure 7. Autotuning session and closed-loop perform-
ance for a second-order process.
—— enhanced method; — -~ standard method.
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Figure 8. Frequency response of compensated system.
—— enhanced method; -~— standard method.

Example 2: Second-Order Process. Consider a process de-
scribed by G,(s) = (1/(s +1)*)e ~%*. The specification of A4,,
=1and ¢,, = /3 is chosen. After the relay-based frequency
response estimation, the process model is fitted as G(s) =
(1.05/(0.98s + 1)%)e~%5%%. The normalized deadtime is given

by @ = 0.35, and hence, the PID controller is selected. The -

autotuning and closed-loop performance is shown in Figure
7, and the frequency response of the compensated system in
Figure 8. The improved closed-loop performance obtained by
using the proposed enhanced method with lower overshoot
and faster settling time is evident from these figures.

Example 3: High-Order Process. Consider a process de-
scribed by G,(s)=(1/s+1)°)e” . The default specifica-
tion of A,, =2 and ¢,, = 7/4 is chosen. After the relay-based
frequency response estimation, the process model is fitted as
G(5)=(1.12/1.915 + 1)®)e~>'%s, The normalized deadtime is

1.2 T T T T T T T T T

1 2 L L s
20 40 60 80 100 120 140 160 180 200
t

02 n 2 ) L
[

Figure 9. Autotuning session and closed-loop perform-
ance for a high-order process.
—— enhanced method; ——— standard method.
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Figure 10. Frequency response of compensated sys-
tem.

—— enhanced method; ~~~ standard method.

given by ® = 0.73, and hence, the PI controller is chosen with
B =0.5. The autotuning and closed-loop performance are
shown in Figure 9, and the frequency response of the com-
pensated system is shown in Figure 10. Again, the improved
closed-loop performance obtained by using the proposed en-
hanced method is evident from these figures.

Real-Time Implementation Example

The proposed enhanced autotuner described earlier has
been applied to experiments on a coupled tank system. As
shown in Figure 11, the process consists of two square tanks,
Tank 1 and 2, coupled to each other through an orifice at the
bottom of the tank wall. The inflow (control input) is sup-
plied by a variable speed pump that pumps water from a
reservoir into Tank 1. The orifice between Tank 1 and 2 al-
lows the water to flow into Tank 2. In the experiments, we

conditio
signal conditioning
Vout
lluwin‘l
load water
disturbance level
i
Vin i«
%—megéuma
. tank 1 orifice tank 2 ll
flow out

Figure 11. Experiment setup of coupled-tanks system.

2561



0.39

0.38

0.37 |

0.36

T

0.35

T

T

0.34

0.33 1

process output, ref

0.32

0.31

0.3

ey e Shbe 0 bt

o poki e an ) v v

“— load (i—isturbancc

.29 v
0 (o] 1000

500

1500 2000 25b0 3000

time

Figure 12. Autotuning and closed-loop performance for the enhanced PID autotuner impiemented on a coupled-tanks

system.

are interested in controlling the process with the voltage to
drive the pump as input, and the water level in Tank 2 as
process output. This coupled tank pilot process has process
dynamics that represent the many fluid-level control prob-
lems faced in the process-control industry.

Results of the real-time experiments are in Figure 12. The
default specification of 4,, =2 and ¢,, = w/4 is chosen. From
t =0 to t =750, the relay-based frequency response estima-
tion is run, and the transfer function model is obtained as
G(s) =[0.84/A76s + 1)*]e~2"%*, The normalized deadtime is
given by @ = 0.24, and hence, the PID controller is selected.

Upon completion of the autotuning, a set-point change is
made at ¢ = 900. In addition, the experiments also included a
10% load disturbance in the process at ¢t = 1,600. It can be
seen from Figure 12 that the proposed enhanced autotuner
attained tight set-point response and also good closed-loop
regulation of load disturbances.

Conclusions

This article has presented the design of an enhanced auto-
tuner for PI and PID controllers that require minimal a-priori
process information. There are three main contributions here.
First, a novel technique of frequency response estimation is
developed that allows automatic estimation at specified phase
lags. Two points on the process Nyquist curve are extracted
using the technique and an algorithm is developed to convert
the frequency response to a rational transfer function. Sec-
ond, the autotuner is capable of self-diagnosis—from the
process model, it can automatically apply an appropriate
process control strategy (PI or PID). Third, algorithms are
developed for tuning these controllers so that the compen-
sated Nyquist curve is appropriately shaped to achieve a gain
and phase margin type of specification. Simulation results as
well as a real-time implementation example have been pre-
sented to demonstrate the practical utility of the autotuner
and the good performance achieved.
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