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Abstract

The PID relay auto-tuner of Astrom–Hagglund is one of the simplest and most robust auto-tuning techniques for process con-
trollers and has been successfully applied to industry for more than 15 years. This tuner is based on an approximate estimation of

the critical point on the process frequency response from relay oscillations. Many developments have recently been reported to extend
its applications. It turns out that more and accurate information on process dynamics can be obtained from the same relay test with
the help of new identification techniques, and used to tune PID controllers better. Extensions are also made to tune model-based
advanced controllers and multivariable controllers. The present paper reviews these developments and shows the state-of art in
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1. Introduction

The introduction of auto-tuning capabilities to PID
controllers has shortened the time to commission con-
trol system and facilitated control optimization through
regular retuning [1–3]. The relay feedback auto-tuning
method proposed by Astrom and Hugglund [4] was one
of the first to be commercialized and has remained
attractive owing to its simplicity and robustness [1,2,5].
The recent studies on PID controller are reported by
Astrom et al. [6] and Leva and Colombo [7].
Many research works on modifying the relay feed-

back auto-tuning method have been reported in recent
years. Improvements of the relay identification accuracy
and efficiency have been proposed [8–12] by reducing
high-order harmonic terns or using the Fourier analysis
instead of the describing function method. The PID
tuning formulae are refined to improve the controller
performance for diverse processes such as long dead-
time processes and oscillatory processes [12–17]. Auto-
tuning for processes with varying time delay was pro-
posed by Leva [14]. The relay auto-tuning method has
been extended to advanced controllers such as the cas-
cade controllers [18], the Smith Predictor [19–21] and
the finite spectrum assignment controller [22]. It has
also been incorporated in knowledge-based and intelli-
gent systems as integrated initialization and tuning
modules [23–27]. There have also been attempts to
extend the method to multivariable systems [12,28,29].
It is the intention of this paper to review these new
developments and extensions of the relay auto-tuning
technique.
The paper is organized as follows. In Section 2, the

original relay feedback method is reviewed. The advan-
tages and the limitations of the method are indicated. In
Section 3, new relay based identification methods are

highlighted. Refined controller tuning methods are pre-
sented in Section 4. Extensions of the relay auto-tuning
to oscillatory, dead-time and multivariable processes are
shown in Sections 5–7, respectively. Conclusions are
given in Section 8.

2. Relay auto-tuning

The majority of the controllers used in industry are of
the PID type. A large industrial process may have hun-
dreds of these controllers. They have to be tuned indivi-
dually to match the process dynamics in order to provide
good and robust control performance [30]. The tuning
procedure, if done manually, is very tedious and time
consuming; the resultant system performance mainly
depends on the experience and the process knowledge the
engineers have. It is recognized that in practice, many
industrial control loops are poorly tuned. Automatic
tuning techniques thus draw more and more attention
of the researchers and practicing engineers. By auto-
matic tuning (or auto-tuning), we mean a method which
enables the controller to be tuned automatically on
demand from an operator or an external signal [1,25].
Typically, the user will either push a button or send a
command to the controller. Industrial experience has
clearly indicated that this is a highly desirable and useful
feature. Earlier authors [31–34] proposed different auto-
tuning methods which have great practical values.
However, they all suffer from some major limitations.
The Cohen–Coon method requires an open-loop test on
the process and is thus inconvenient to apply. The dis-
advantage of the Yuwana and Seborg method and the
Bristol method is the need of large setpoint change to
trigger the tuning which may drive the process away
from the operating point. Self-tuning controllers based
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on minimum variance, pole placement or LQG design
methods may also be configured to give PID control
[35,36]. These controllers have the disadvantage that a
priori information about the time scale of the process
dynamics must be provided to determine the suitable
sampling intervals and filtering. Besides, conventional
self-tuning controllers based on the recursive estimation
of a parametric model requires a computer code of few
kilobytes [37]. Relay auto-tuning method does not have
these shortcomings.
Relay was mainly used as an amplifier in the fifties and

the relay feedback was applied to adaptive control in the
sixties [38]. Astrom and co-workers successfully applied
the relay feedback technique to the auto-tuning of PID
controllers for a class of common industrial processes [1].
The relay feedback auto-tuning technique has several
attractive features. Firstly, it facilitates simple push-but-
ton tuning since the scheme automatically extracts the
process frequency response at an important frequency
and the information is usually sufficient to tune the PID
controller for many processes. The method is time-sav-
ing and easy to use [3]. Secondly, the relay feedback
auto-tuning test is carried out under closed-loop control
so that with an appropriate choice of the relay para-
meters, the process can be kept close to the setpoint. This
keeps the process in the linear region where the frequency
response is of interest, which is precisely why the method
works well on highly nonlinear processes [1]. Thirdly,
unlike other auto-tuning methods, the technique elim-
inates the need for a careful choice of the sampling rate
from the a priori knowledge of the process. This is very
useful in initializing a more sophisticated adaptive con-
troller [39]. Fourthly, the relay feedback auto-tuning can
be modified to cope effectively with disturbances and
perturbations to the process [3,40,41].
The critical point, i.e. the process frequency response

at the phase lag of �, has been employed to set the PID
parameters for many years since the advent of the
Ziegler–Nichols (Z–N) rule [42]. The point is tradition-
ally described in terms of the ultimate gain ku and the
ultimate period Tu. The relay auto-tuning is based on
the observation that a system with a phase lag of at least
� at high frequency may oscillate with the period Tu

under relay control. To determine the critical point, the
system is connected in a feedback loop as shown in
Fig. 1.
Since the describing function of the relay is the nega-

tive real axis, the output y tð Þ is then a periodic signal
with the period Tu and the ultimate gain ku is approxi-
mately given by [4,43]

ku ¼
4d

�a
; ð1Þ

where d is the relay amplitude and a is amplitude of the
process output.

With the information of the process critical point, Z–
N tuning rule or the modified Z–N rules [1,42,44] can be
used to tune the PID controller. The relay auto-tuning
procedure is then completed and the controller can be
commissioned.
While the standard method is successful in many pro-

cess control applications [5,25], it also faces two pro-
blems. First, due to the adoption of the describing
function approximation, the estimation of the critical
point using the standard relay feedback method may not
be accurate enough. Under some circumstances such as
high order or long dead-time processes, the method
could result in a significant error which would cause the
system performance to deteriorate [12]. Second, only one
frequency response point is obtainable from this method
and it may be insufficient for describing some processes
or for designing model based controllers.

3. Refinement of relay identification

As mentioned above, the critical point estimation
from (1) is not always accurate. Some theoretical works
[45] have investigated the estimation validity and accu-
racy of the describing function method, but they have
not arrived at any results of true practical significance.
An acceptable approach is to formulate a distortion cri-
terion which checks the accuracy of the earlier assump-
tions to validate the information obtained [46]. However,
such an approach will not improve the accuracy of the
critical point. A great deal of effort has been directed at
identifying desired frequency information below the
ultimate frequency [17,47,48] by adding a time delay or
an integrator to the process. Another problem with the
standard relay feedback auto-tuning is that only one
point on the process Nyquist curve is determined. For
designing of the model-based controllers like the Smith–
Predictor [19,21] and the finite spectrum assignment
controllers [22,49], more points on the frequency
response are needed to be extracted from the relay
feedback experiment. It is possible, for example, to cas-
cade a known linear dynamics to the relay in Fig. 1 to
obtain a point other than the critical point. However,
the testing time will increase proportionally when more
frequency estimations are required, especially when high

Fig. 1. Relay feedback system.
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accuracy is required. This is particularly true when the
process has a long dead-time. To obtain more and
accurate points on process frequency response, several
modified relay feedback based methods have been pro-
posed [11,12,50–54] by using relay transients instead of
only stationery oscillations or devising new types of
relay functions with effective excitations at multiple fre-
quencies instead of a single one around the process cri-
tical frequency.

3.1. Use of relay transient

It was shown in Hang et al. [21] that multiple points
on the process frequency response could be obtained in
a step test by first removing DC components from the
input and output and then applying the fast Fourier
transform (FFT) to the remaining signals. This has been
further improved by Wang et al. [52] who propose a
method that can identify multiple points simultaneously
under one relay test. For a standard relay feedback sys-
tem in Fig. 1, the process input u tð Þ and output y tð Þ are
recorded from the initial time until the system reaches a
stationery oscillation. u tð Þ and y tð Þ are not integrable
since they do not die down in finite time. They cannot
be directly transformed to frequency response mean-
ingfully using FFT. A decay exponential e��t is then
introduced to form

u~ tð Þ ¼ u tð Þe��t; ð2Þ

and

y~ tð Þ ¼ y tð Þe��t; ð3Þ

such that u~ tð Þ and y~ tð Þ will decay to zero exponentially
as t approaches infinity. Applying the Fourier transform
to (2) and (3) yields

U~ j!ð Þ ¼

ð1
0

u~ tð Þe�j!tdt

¼

ð1
0

u tð Þe��te�j!tdt ¼ U j!þ �ð Þ;

and

Y~ j!ð Þ ¼

ð1
0

y~ tð Þe�j!tdt

¼

ð1
0

y tð Þe��te�j!tdt ¼ Y j!þ �ð Þ:

For a process G sð Þ ¼ Y sð Þ=U sð Þ, at s ¼ j!þ �, one has

G j!þ �ð Þ ¼
Y j!þ �ð Þ

U j!þ �ð Þ
¼

Y~ j!ð Þ

U~ j!ð Þ
: ð4Þ

Y~ j!ð Þ and U~ j!ð Þ can be computed at discrete fre-
quencies with the standard FFT technique [55,56].
Therefore, the shifted process frequency response
G j!þ �ð Þ can be obtained from (4). To find G j!ð Þ from
G j!þ �ð Þ, we first take the inverse FFT of G j!þ �ð Þ as

g~ kTð Þ :¼ FFT�1 G j!þ �ð Þð Þ ¼ g kTð Þe��kT:

It then follows that the process impulse response
g kTð Þ is

g kTð Þ ¼ g~ kTð Þe�kT:

Applying the FFT again to g kTð Þ leads to the process
frequency response:

G j!ð Þ ¼ FFT g kTð Þð Þ:

The method can identify accurate frequency response
points as many as desired with one relay experiment.
They may be very useful for improving the performance
of PID and model-based controllers. The required
computations are more involved than the standard relay
technique, especially if a large number of frequency
response points are needed. The method has been applied
to other non-decaying excitation test such as a step test
and ramp test [12]. Note that for the purpose of con-
troller tuning alone, the shifted frequency response may
be used without the need to computer the actual one
[57].
To illustrate the method, several different typical

processes are considered in simulation. Fig. 2 shows the
identified frequency responses for these processes using
this method.
It is interesting to note that Sung and Lee [53] also

made use of relay transients and presented a method for
transfer function estimation based on the new regres-
sion equation derived from some integral transform. It
should be pointed out that in the presence of static dis-
turbance, biased relay feedback should be used for
robustness. Otherwise, the model performance could
deteriorate severely.

3.2. Use of the biased relay

A large number of processes can be characterized by
the first order plus dead-time model [16,58]

G sð Þ ¼
Ke�Ls

Tsþ 1
: ð5Þ

For these kinds of processes, Wang et al. [11] have
used a biased relay feedback test and derived the for-
mulae that could precisely yield the critical point and
the static gain simultaneously with a single relay test.
The biased relay is shown in the Fig. 3.
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Under the biased relay feedback, the process input u
and the process output y is shown in Fig. 4. It is shown
that for the process in (5), the output y converges to the
stationary oscillation in one period Tu1 þ Tu2ð Þ, and the
oscillation is characterized by

Au ¼ �0 þ �ð ÞK 1� e�
L
T

� �
þ "e�

L
T; ð6Þ

Ad ¼ �0 � �ð ÞK 1� e�
L
T

� �
� "e�

L
T; ð7Þ

Tu1 ¼ Tln
2�Ke

L
T þ �0K� �Kþ "

�Kþ �0K� "
; ð8Þ

and

Tu2 ¼ Tln
2�Ke

L
T � �K� �0Kþ "

�K� �0K� "
: ð9Þ

The above four equations are the accurate expressions
for the period and the amplitude of the limit cycle
oscillation of the first order plus dead-time. By measur-
ing any three of Au, Ad, Tu1 and Tu2, the parameters of
the model K, T and L can be calculated from (6)–(9).
Solving these four equations is not an easy task. To sim-
plify the computation, K may be alternatively computed
as the ratio of DC components in the output and input:

Fig. 3. The biased relay.

Fig. 2. Process Nyquist plots. — Actual, +Estimated.

Fig. 4. Oscillatory waveforms.

C.C. Hang et al. / Journal of Process Control 12 (2002) 143–162 147



K ¼

Ð Tu1þTu2

0 y tð ÞdtÐ Tu1þTu2

0 u tð Þdt
:

The normalized dead time of the process 	 ¼ L
T is

obtained from (6) or (7) as

	 ¼ ln
�0 þ �ð ÞK� "

�0 þ �ð ÞK� Au
;

or

	 ¼ ln
�� �0ð ÞK� "

�� �0ð ÞKþ Ad
:

It then follows from (8) or (9) that

T ¼ Tu1 ln
2�Ke	 þ �0K� �Kþ "

�Kþ �0K� "

� ��1

;

or

T ¼ Tu1 ln
2�Ke	 � �0K� �Kþ "

�K� �0K� "

� ��1

:

The dead time is thus

L ¼ T	:

The method produces two accurate process frequency
points in just one relay test. The two points can then be
used to design the controller. The method is simple for
implementation and suitable for the processes that can
be characterized by the first order plus dead-time model.
Simulation is carried out for processes with different

normalized dead-times to illustrate the accuracy of the
proposed method. The outputs of biased relay are 1.3
and �0.7 respectively, and the hysteresis of relay is 0.1.
The resultant limit cycles and model parameters are
presented in Table 1. For comparison, this table also
shows the parameters obtained by the autotune varia-
tion (ATV) method [59], where it is assumed that the
steady-state gain is known and the dead time is read
exactly. The method has also been applied to processes
which are not in the form of (5), and frequency respon-

ses of the identified first order plus dead-time models are
close to the true ones [11].
It is noted that Chang et al. [50] gave analytical

expressions for the period and amplitude of limit cycles
and used them to derive process transfer function mod-
els. Huang et al (1996) proposed the formulae for
obtaining a FOPDT model from relay oscillations.

3.3. Use of the parasitic relay

Another modification of the standard relay for multi-
point identification of frequency response is to super-
impose a parasitic relay to the standard relay. The
parasitic relay on–off period is twice as large as that of
the standard relay. This arrangement is shown in Fig. 5.
The excitations at 0:5!c; 1:5!c; � � � are now available in
addition to the standard excitations at !c; 3!c; � � �.
Consequently, frequency response estimation at all
these frequencies can be obtained.
Let the standard relay operate as usual and its output

be u1 kð Þ with the amplitude h. The parasitic relay is
realized by

u2 0ð Þ ¼ �h;
u2 kð Þ ¼ ��h�sign u2 k�1ð Þð Þ; if u1 k�1ð Þ > 0 and u1 kð Þ < 0;
u2 kð Þ ¼ u2 k� 1ð Þ; otherwise;

8<
:

where � is a constant coefficient. � Should be large
enough to have sufficient stimulation on the process
while it should also be small enough such that the
parasitic relay will not change the period of oscillation
generated by the main relay too much.
Based on extensive simulation, � is recommended to

be 0:1�0:3. The output of the modified relay test is thus
given by u kð Þ ¼ u1 kð Þ þ u2 kð Þ, and is sent as the input to
process. The resultant process output y from the mod-
ified relay test is shown in Fig. 7 and will reach a sta-
tionary oscillation with the period being 2Tc. Due to
two excitations in u, y consists of frequency components
at 2�

Tc
, �

Tc
and their odd harmonics 6�

Tc
, 10�Tc

; � � �, and 3�
Tc
,

5�
Tc
; � � �, respectively. For a linear process, the process

frequency response can be obtained by

G j!ið Þ ¼

Ð 2Tc

0 ys tð Þe
�j!itdtÐ 2Tc

0 us tð Þe�j!itdt
; i ¼ 1; 2; � � � ; ð10Þ

Table 1

Parameter estimation from biased relay

Case Process Biased relay New method ATV method

K T L Tu1 Tu2 Au Ad K T L K T L

1 1.0 2.0 2.0 2.79 3.91 0.859 �0.480 1.000 1.999 2.002 1.0 1.658 2.0

2 1.0 1.0 3.0 3.50 4.18 1.241 �0.670 1.000 0.999 3.006 1.0 1.042 3.0

3 1.0 5.0 2.0 3.44 5.46 0.497 �0.299 0.999 4.990 2.009 1.0 4.068 2.0
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Fig. 5. Modified relay feedback system.

Fig. 6. ERR vs number (N) of stationary oscillations adopted. - - - N1 ¼ 0%, N1 ¼ 1% and — N1 ¼ 10%.

Fig. 7. Process input and output in the modified relay test. - - - - u, - - - - u1 and — u2.
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where

!i ¼
2i� 1ð Þ2�

2lTc
; l ¼ 0; 1;

are the basic and its odd harmonic frequencies in us and
ys, us and ys are a period (2Tc) of the stationary oscil-
lations of u kð Þ and y kð Þ respectively. G j!ið Þ in (10) can
be computed using the FFT algorithm [77] as

G j!ið Þ ¼
FFT ysð Þ

FFT usð Þ
:

Example 1. Consider a first order plus dead-time process

G sð Þ ¼
1

5sþ 1
e�5s:

The amplitude of the standard relay is chosen as 0.5
and that of the parasitic relay 20% � 0:5. Without
additional noise, the noise-to-signal ratio N1 of the
inherent noise in our test environment is 0:025%
(N2 ¼ 4%). The identification error ERR is 2:57%. To
see noise effects, extra noise is introduced with the noise
source in the Simulator. Time sequences of y tð Þ and u tð Þ
in a relay test under N1 ¼ 10% (N2 ¼ 31%) are shown
in Fig. 7. The first part of the test in Fig. 7 (t ¼ 0�12) is
the ‘‘listening period’’, in which the noise bands of y tð Þ

and u tð Þ at steady-state are measured. The hysteresis is
chosen as 0.3. With averaging 4 periods of stationary
oscillations, the estimated frequency response points
under this noise level are shown in Fig. 8(a). The result
is pretty good.
To ensure estimation accuracy under different noise

levels, the number of stationary oscillation periods
adopted in average calculation should be different. The
estimation error ERR vs the number of stationary
oscillation periods adopted in average is plotted in
Fig. 6, which can be used as a guide in deciding how
many periods are enough to achieve a certain estimation
accuracy under a given noise level.

4. Refinement of PID tuning

In this section, we consider the tuning of the PID
controller in the form of

u tð Þ ¼ KP eþ
1

TI

ðt
0

e �ð Þd� þ TD
de

dt

� �

¼ KPeþ KI

ðt
0

e �ð Þd� þ KD
de

dt

where e ¼ b�ySP � y, and b is set-point weighting. In the
standard relay tuning case, the Z–N-like formulas are

Fig. 8. Nyquist plots - - + - - actual.
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employed to tune PID controllers. These tuning rules
are suitable only for those processes which can be char-
acterized by the critical point. To overcome this limita-
tion, many modifications of the PID tuning rules have
been reported.

4.1. Single-point based methods

It has been shown by Astrom et al. [24] that for pro-
cesses with monotone step responses, there exist quan-
tities, such as the normalized dead-time and the
normalized process gains, that are useful for assessing
the achievable performance and choosing suitable con-
trollers. The idea of using normalized dead-time to
improve controller tuning has been around for a long
time. One of the early proposals was made by Cohen and
Coon [31]. The earlier tuning formulas are, however, not
very good. Refined formulae of the PID controller by
incorporating heuristic knowledge of normalized dead-
time to replace manual fine-tuning were developed [44].
A set of PI/PID controller tuning formulae for different
normalized dead-time was given. They eliminate the
need for manual fine-tuning and human expertise.
All of the above mentioned tuning rules depend on

only one frequency point, the critical point, which may
not be adequate to tune the PID controller to achieve an
expected response. PID tuning rules that employ two or
more points have thus been proposed.

4.2. The kappa–tau method

This method can be regarded as an extension of the
Cohen–Coon method. It was proposed in Astrom and
Hagglund [60], and is also described in Astrom and Hag-
glund [61]. The idea is the same as for the Cohen–Coon
method, namely to characterize the process by three
parameters. There are two versions of the method, a
time domain method and a frequency domain method.
The time domain method uses parameters derived

from the model

G sð Þ ¼
K

Tsþ 1
e�sL

The parameters chosen for tuning are L and

a ¼ KL
T � ¼ L

LþT

This choice makes it easy to compare with the Zieg-
ler–Nichols method which uses the parameters a and L.
The frequency domainmethod characterizes the process

by ultimate gain ku, ultimate period Tu and gain ratio


 ¼
G jwuð Þ

G 0ð Þ










 ¼ 1

kuK

This choice makes it easy to compare with the Zieg-
ler–Nichols method which uses parameters kuand Tu.
The kappa–tau method also gives the value of the set
point weighting b.
The tuning method is developed by computing con-

trollers for a wide range of systems using a method
which maximizes integral gain ki subject to a constraint
on the maximum sensitivity Ms. It has been found
empirically that the controller parameters can be well
approximated by formulas of the type

KP ¼
1

a
fk� �ð Þ

TI ¼ LfTi� �ð Þ

TD ¼ LfTd� �ð Þ

b ¼ fb� �ð Þ

for the time domain method and

KP ¼ kufkk 
ð Þ

TI ¼ TufTik 
ð Þ

TD ¼ TufTdk 
ð Þ

b ¼ fb
 
ð Þ

for the frequency domain method. The functions fi are
given in Astrom and Hagglund [61]. Since the method is
based on a technique which has a constraint on the
robustness the responses obtained aremuch better damped
than those obtained by the Cohen–Coon method.

4.3. Gain and phase margin method

The gain and phase margins are very useful as they
can serve as the measures of performance as well as
robustness. Controller designs to satisfy gain and phase
margin criteria are not new [62,63]. However, the solu-
tion is normally obtained by numerical methods or trial
and error graphically using Bode plots. Such approa-
ches are certainly not suitable for use in adaptive con-
trol and auto-tuning. The modified Ziegler–Nichols rule
[1] is a gain and phase margins tuning method. The
solution is to achieve a compromise in phase and gain
margins by moving the compensated Nyquist curve to
pass through a specified design point. The method
works well for processes with relatively small dead-time.
Otherwise, especially when the dead-time is dominant,
the phase margin may be very conservative although the
prespecified gain margin is achieved.
An analytical method to tune the PID controller to

pass through two design points on the Nyquist curve as
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specified by the gain margin Am and phase margin �m

was proposed [15,16]. The method is based on the
measurement of the ultimate gain, ultimate period and
the static gain of the process. For a process in the form
of (5), the parameters of the PI controller

K sð Þ ¼ KP 1þ
1

sTI

� �
ð11Þ

are given by

KP ¼
!pT

AmK
; ð12Þ

TI ¼ 2!p �
4!2pL

�
þ
1

T

 !�1

; ð13Þ

where

!p ¼
Am�m þ 1

2�Am Am � 1ð Þ

A2m � 1

 �

L
:

Example 2 Consider a process given by

G ¼
1

sþ 1
e�s

With the gain margin Am and phase margin �m spe-
cified as 3 and �

3 respectively, the PI controller para-
meters in (12) and (13) are computed as

KP ¼ 0:52

and

TI ¼ 1

For comparison, a PID controller tuned by the mod-
ified Z–N method [1] is also considered, and given by
KP;TI;TD½ 
 ¼ 0:80; 2:38; 0:59½ 
.
The relative dead time is � ¼ 0:5 and the step response

version of the kappa–tau method with Ms ¼ 2 gives the
following parameters for a PID controller KP;TI;½

TD; b
 ¼ 0:801; 1:198; 0:298; 0:308½ 
. We have 
 ¼

0:442, ku ¼ 2:261 and Tu ¼ 3:097, the frequency
response version of the kappa–tau method gives the
parameters KP;TI;TD; b½ 
 =[1.015, 1.108, 0.279, 0.313].
The step responses obtained are shown in Fig. 9. The

reason why the Ziegler–Nichols based methods perform
so poorly for this process is that the relative time delay
is large. It is well known that Ziegler–Nichols methods
give too small an integral action in such cases.
The gain and phase method can be extended to the PID

case using pole-zero cancellation. These simple PI/PID

tuning formulae are particularly useful in the context of
adaptive control and auto-tuning. The tuning method
works well on processes that have the form of (5).
Simulations show that the tuning rule, though simple,
produces a much better system performance than the Z–
N and modified Z–N tuning rules, especially for large
dead-time processes.

4.4. Enhanced Astrom–Hagglund controller design

To improve the modified Z–N method, an enhanced
Astrom-Hagglund-based PID/PI controller design pro-
cedure was proposed [17]. Assume that the gain and
phase margins of the closed-loop system are specified as
(Am,�m). and the critical point (ku; !u) and another
point G j!�


 �
with G j!�


 �
¼ ��þ �m are known.

Define k� ¼ 1= G j!�


 �

 

.
For a PID controller, by moving the second Nyquist

point G j!�


 �
to a desired position specified by the

combined gain and phase margin and letting the fre-
quency response of the compensated system attenuate at
! ¼ !u with an attenuation factor r, the PID settings
are given by

KP ¼
k�
Am

;

TI ¼
rk�

!u

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2u � r2k2�

q !u

!�

� �2
�1;

and

TD ¼
1

!2�TI

;

where r is recommended as

r ¼ 1þ 0:9
ku

k�
� 1

� �
:

For a process of the first-order dynamics or a process
with a long dead-time, a PI controller in (11) is sufficient.

Fig. 9. PID tuning for G ¼
1

Sþ 1
e�s.

152 C.C. Hang et al. / Journal of Process Control 12 (2002) 143–162



Suppose that the normalized dead-time is 	. The PI
controller parameters that can achieve the specified
performance are given by

TI ¼
1

r!�tan argGp jr!�


 �
� �m


 � ;
and

KP ¼
rTI!�

Am Gp jr!�


 �

 

 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rTI!�


 �2
þ1

q : ð14Þ

where r is given by

r ¼ 0:8; for n ¼ 1; 	 < 0:5;

r ¼ 0:5; for 	 > 0:5:

The enhanced auto-tuning technique incorporates the
process multiple Nyquist points identification techni-
que. It uses the information of two process frequency
points which are near the critical point and it does not
require knowledge of the process structure. It is applic-
able to a wider range of the processes.

Example 3 Consider a process described by

G sð Þ ¼
1

sþ 1ð Þ
2
e�0:5s:

The specifications of Am ¼ 1 and �m ¼ �
3 are chosen.

The two identified points are ku; !uð Þ ¼ 4:68; 1:92ð Þ and
k�; !�


 �
¼ 2:03; 1:02ð Þ. The normalized dead-time 	 is

0.33, hence the PID controller in (14) is selected and its
parameters are computed as KP;TI;TD½ 
 ¼[2.03, 2.78,
0.53]. The PID controller calculated by the modified Z–
N method is KP;TI;TD½ 
 ¼ 1:67; 2:50; 0:63½ 
. In the
kappa–tau method, we have 
 ¼ 0:213, ku ¼ 4:688 and
Tu ¼ 1:041, the frequency response version of the
kappa–tau method gives the KP;TI;TD; b½ 
=[2.543,
1.488, 0.373, 0.280]. The step responses obtained are
shown in Fig. 10, and the enhancement obtained is evi-
dent.

5. Processes with oscillatory dynamics

Because of the simple structure of the PID controller,
most of the PID auto-tuning rules utilize only one or
two points of process frequency response, which may
not describe some process dynamics well, such as very
oscillatory dynamics. For such processes, a frequency
region rather than one or two points should be con-
sidered when designing the controller. Along this line, a

number of methods have been reported [12,64–69]. Sung
et al [66] used a relay test as well as a P control to
identify a second-order plus dead time model and the
ITAE rule to tune a PID control. In the sequel, we pre-
sent frequency response fitting and model reduction
methods in details.

5.1. Tuning via frequency response fitting

A simple but efficient solution to this kind of pro-
cesses was developed [12]. It shapes the loop frequency
response to optimally match the desired dynamics over
a large range of frequencies. Thus the closed-loop per-
formance is more guaranteed than one or two points
PID or PI tuning laws.
Suppose that multiple process frequency response

points G j!ið Þ, i=1,2, � � �,m, are available. The control
specifications can be formulated as a desirable closed
loop transfer function

Hd ¼
!2n

s2 þ 2�!nsþ !2n
e�Ls ð15Þ

where L is the apparent dead-time of the process, !n

and � dominate the behavior of the desired closed-loop
response. If the control specifications are given as the
phase margin �m and gain margin Am, � and !n in Hd

are approximately determined by

� ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� cos2’m

4cos’m

s

and

!n ¼

tan�1 2�p

p2 � 1

� �
pL

;

where p is the positive root of equation

Am � 1ð Þ
2
¼ 4�2p2 þ 1� p2


 �2
:

Fig. 10. PID tuning for G ¼ 1
Sþ1ð Þ

2 e
�0:5s.
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The default settings for � and !nL values are � ¼
0:707 and !nL ¼ 2, which imply that the overshoot of
the objective set-point step response is about 5%, the
phase margin is 60� and the gain margin is 2.2 [12]. The
open-loop transfer function corresponding to Hd is

Gd ¼
Hd

1�Hd
:

The design of the controller K is such that KG is fitted
to Gd in frequency domain as well as possible. Thus, the
resultant system will have a desired performance.
For a PID controller in the form of (15), we have

G j!ið Þ 1
1

j!i
j!i

� �
x ¼ Gd j!ið Þ; i ¼ 1; 2; � � �m; ð16Þ

where x ¼ KP
KP

TI
KPTD

h iT
, m is chosen such that

!m is greater than the critical frequency of Gd. Eq. (16)
can be rearranged into a set of linear equations. The
least squares method can then be employed to obtain
the PID parameters. If the solution satisfies the criterion

max
i

G j!ið ÞK j!ið Þ � Gd j!ið Þ


 

4";

where " is the pre-specified fitting error threshold, then
the design is finished. Otherwise, a high order controller
may be considered or the control specifications may be
reduced. Then, the above procedure is repeated to find a
better fitting.
Simulations show that this is a simple and effective

way of obtaining a desired response. The algorithm
gives the optimal combination of PID settings that can
achieve the desired transients.

Example 4 Consider an oscillatory dynamics:

GðsÞ ¼
1

s2 þ 0:2sþ 1
e�0:2s;

the PID controller designed by the method is

K sð Þ ¼ 0:59 1þ
1

0:2s
þ 5:0s

� �
;

and the controller by the modified Z–N rule is

K sð Þ ¼ 0:36 1þ
1

3:42s
þ 0:86s

� �

The system responses are shown in Fig. 11. The
effectiveness of this frequency response fitting method is
clearly superior.
An alternative approach to tuning PID controllers

using the desired closed-loop transfer function was pro-

posed by Lee et al. [67]. They first design a IMC con-
troller, then get its feedback equivalent and approximate
it with a PID controller by matching Maclaurin series of
their transfer functions.

5.2. Tuning via model reduction

Model reduction was employed to tune PID con-
troller in many works [65,69]. In this method [69], a real
process G sð Þ is first approximated by a second order
plus dead time model with the following structure:

Ĝ sð Þ ¼
e�sL

as2 þ bsþ c
; ð17Þ

which can represent either a monotonic or oscillatory
process and yet is of sufficiently low order. Then the
PID controller is designed for this process.
To determine the four unknowns, four real equations

are needed and can be constructed by fitting G sð Þ at two
non-zero frequency points into (17). The two points, s ¼
j!c and s ¼ j!b, are chosen here to satisfy G j!cð Þ ¼ ��
and G j!bð Þ ¼ � �

2. L is then a smaller absolute root of

p !2c � 	 !2b

 �

L2 þ q!c � 	 r!bð ÞL� 	 ¼ 0;

where p ¼ 8
�2 1�

ffiffiffi
2

p
 �
, q ¼ 2

� 2
ffiffiffi
2

p
� 1


 �
, r ¼ 2

� 2
ffiffiffi
2

p
� 3


 �
and 	 ¼

!c G j!cð Þj j
!b G j!bð Þj j

.The coefficients a; b and c are obtained
as

a ¼
1

!2c � !2b

sin !bLð Þ

G j!bð Þ


 

 þ cos !cLð Þ

G j!cð Þ


 



" #
;

b ¼
sin !cLð Þ

!c G j!cð Þ


 

 ;

c ¼
1

!2c � !2b

!2csin !bLð Þ

G j!bð Þ


 

 þ

!2bcos !cLð Þ

G j!cð Þ


 



" #
:

Fig. 11. Control performance for an oscillatory process. — Proposed,

� � � Modified Z–N.
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The PID settings turn out to depend on the char-
acteristics of (17), measured in terms of the equivalent
time constant �o defined by

1

�o
¼

cffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 � 2ac

p ; b2 � 4ac50;

b

2a
; b2 � 4ac < 0;

8><
>:

and the damping ratio &o defined by

&o ¼

b

2
ffiffiffiffiffi
ac

p ; b2 � 4ac < 0;

1; b2 � 4ac50:

8<
:

Pole-zero cancellation is employed to tune the PID
controller:

K sð Þ ¼ k
as2 þ bsþ c

s

� �
;

where

k ¼

0:5

L
; if &0 < 0:7071; or 0:05 <

L

�0
< 0:15; or

L

�0
> 1;

min
1

�0
e
� L

�0 ;
1

eL

� �
; otherwise

0
BB@

ð18Þ

Example 5 Consider an oscillatory high order process:

G sð Þ ¼
1

s2 þ 2sþ 3ð Þ sþ 3ð Þ
e�0:3s:

The process frequency response at G(2.105j)=-0.061
and G(1.101j)=-0.110j is fitted into the second order
model:

Ĝ sð Þ ¼
1

3:825s2 þ 6:903sþ 9:573
e�0:523s:

The controller adopts the structure:

K sð Þ ¼ k
3:825s2 þ 6:903sþ 9:573

s
:

Since this model has &o=0.570 < 0.707, applying (18)
yields

K sð Þ ¼ 3:885þ
5:388

s
þ 2:153s:

Ho’s method gives

K sð Þ ¼ 5:064þ
5:920

s
þ 1:083s:

The step responses of the controllers are given in
Fig. 12. The proposed method results in an improved
response with smaller overshoot and shorter settling
time.
This new PID controller tuning method is based on

the fitting of the process frequency response to a parti-
cular second order plus dead time structure and it works
for a general class of self-regulating linear processes
with different dynamics. With the help of pole-zero
cancellations in the model and controller, closed-loop
poles are easily assigned by the conventional root locus
method.

6. Processes with long dead-time

For a process with a long dead-time, a dead-time
compensator is necessary for tight control. However, it
requires a transfer function model. For modeling, the
process is first put under relay feedback control. From
the test, the ultimate gain ku and the ultimate frequency
!u can be obtained. A primary PI controller tuned by
Ziegler–Nichols formulae is then commissioned. With
the system in closed-loop, the auto-tuner will wait for
the next set point change to occur, and after the tran-
sient, the process static gain K can be calculated. It is
well known that most of the industrial processes can be
adequately approximated by a model in form of

G ¼
K

Tsþ 1ð Þ
n e�Ls; n ¼ 1; 2: ð19Þ

The model can be recovered from ku and !u by

T ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Kkuð Þ

2
n�1

q
!u

;

Fig. 12. Step response of the process G sð Þ ¼ 1
s2þ2sþ3ð Þ sþ3ð Þ

e�0:3s. (Solid

line: Proposed, dashed line: Ho’s.).
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L ¼ �� n tan�1 T!uð Þ

!u
:

The order of the model can be specified by the user
based on the prior knowledge of the process.

6.1. Smith predictor

The Smith predictor controller can be auto-tuned [21]
by combining the above relay identification and a pri-
mary controller design to be described below.
The scheme of Smith predictor is shown in Fig. 13,

where G sð Þ ¼ Goe
�Ls is the process and G sð Þ ¼ G0e

�Ls is
the model. Theoretically, the Smith predictor eliminates
the dead-time from the closed-loop, and if the PI con-
troller in the form of (11) is used as the primary con-
troller, it can be designed based only on the delay-free
part of the model Gp. The delay-free part is given by

G0 sð Þ ¼
K

Tsþ 1ð Þ
n ; n ¼ 1; or 2:

For a first order modeling, n=1, the design objective
is such that

G0 sð ÞK sð Þ

1þ G0 sð ÞK sð Þ
¼

1

1þ Tds
;

where Td can be chosen as Td ¼ �T and a suitable range
of � is 0.2 to 1. The PI controller is given by

TI ¼ T; KP ¼
T

KTd

For the second-order modeling, n=2, we choose PI
parameters such that

G0 sð ÞK sð Þ

1þ G0K sð Þ
¼

!20
s2 þ 2�!0sþ !20

:

A simple solution is

TI ¼ T; KP ¼
1

4�2K
:

The only user-specified parameter is the damping fac-
tor �, which is chosen in the range of 0.5 to 1.

Example 6 Consider a high vacuum distillation column
which is a typical long dead-time process,

G sð Þ ¼
0:57e�18:70s

8:60sþ 1ð Þ
2
:

The model identified from relay control is

Ĝ sð Þ ¼
0:57e�18:80s

7:99sþ 1ð Þ
2
:

The Smith predictor PI controller settings according
to the method are

KP ¼ 1:75; TI ¼ 7:99:

The pure PI controller without dead-time compensa-
tion, which is tuned by the gain and phase margin
method [16], is

KP ¼ 0:50; TI ¼ 13:86:

The closed-loop responses of both methods are pre-
sented in Fig. 14. It is evident that the auto-tuned Smith
predictor performs well.
This auto-tuning technique has been found to be

effective even for high-order or non-minimum phase
processes that exhibit apparent dead-time characteristics
in their dynamics. In the presence of model uncertainty,
simple approaches for robust tuning of Smith predictor
can be found in Palmor and Blau [19] and Lee et al. [70].

6.2. FSA controller

For the less common case of unstable long dead-time
processes, Smith predictor control will yield unstable
systems. Then, finite spectrum assignment (FSA)
method may be used, if dead-time compensation is still
needed. To achieve asymptotic tracking and regulation,
a modified FSA (MFSA) scheme was proposed by
Wang et al. [22] and is shown in Fig. 15.
Theoretically, the FSA will eliminate the dead-time

from the closed-loop characteristic equation, and the
control performance is dominated by the desirable
closed-loop polynomial p sð Þ. If the process has the first-
order modeling (19) for n ¼ 1, the generalized process is

g+ sð Þ ¼
a0

s sþ b1ð Þ
e�Ls;

where a0 ¼ � K
T and b1 ¼

1
T. Since it is a second-order

system, we choose p sð Þ of degree 2 asFig. 13. Smith predictor scheme.
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p sð Þ ¼ s2 þ 2&!0sþ !20;

where !0 and & are the natural frequency and the
damping factor of the desired closed-loop response,
respectively. !0 and & are specified as 1

&!0
¼ lT where l

reflects the closed-loop response speed relatively to the
process time constant, and it usually takes its value
between 0.5 and 1.0. & is chosen according to the
required closed-loop overshoot and is usually in the
range of 0.5–1.
In order to simplify design, we choose the observer

polynomial q sð Þ same as the process denominator:

q sð Þ ¼ sþ
1

T
;

and set h sð Þas h sð Þ ¼ h1 sþ b1ð Þ. Then, the solution to the
polynomial equation

k sð Þb sð Þ þ h sð Þa sð Þ ¼ q sð ÞfL sð Þ;

is

k sð Þ ¼
1

T
� 2!0& þ !20T

� �
e�

L
T � !20T;

and

h sð Þ ¼
T!20
K

þ
!20
K

:

Example 7 Consider the non-minimum-phase system

g~ sð Þ ¼
1� �s

1þ sð Þ
3
; � ¼ 1; 1:5:

Using auto-tuning, the identified models are, respec-
tively,

g sð Þ ¼
1

1þ 1:61s
e�2:25s

for � ¼ 1 and

g sð Þ ¼
1

1þ 1:01s
e�2:89s

for � ¼ 1:5. The auto-tuning and subsequent perfor-
mances are shown in Fig. 16.

7. Multivariable processes

Auto-tuning techniques for PID controllers are very
successful when the process is essentially single-input
single-output (SISO). The extension of these techniques
to multivariable processes is non-trivial and has attrac-
ted much attention in the literature. Luyben [71] has
presented an iterative tuning procedure for multi-loop
PID controller, where the stability of the whole system
can only be guaranteed by introducing appropriate
detuning factors on the PI/PID parameters. Hang et al.
[18] and Vasani [29] proposed two relay auto-tuning
methods for multi-loop PI controllers. The first method,
which adopts the sequential relay tuning approach
[72,73], tunes the multivariable system loop by loop,
closing each loop once it is tuned, until all the loops are
done. The Z–N rule is used to tune the PI controllers after
the critical points are obtained. In the second method, all
the loops of the multivariable are placed on the relay
feedback in a multi-loop fashion, and the controllers are
tuned simultaneously. The method is time-saving. How-
ever, several modes of oscillation may occur and should
be treated individually. Like in SISO cases, only one
point information is usually used to tune the multi-loop
controllers [29,71,74,75]. In case of significant interac-
tion, a fully cross-coupled multivariable controller
rather than multi-loop PID controllers should be
employed, and its auto-tuning becomes more difficult.
In principle, the relay identification techniques

described in Section 3 can be applied for multivariable
process modeling, if independent relay or the sequential

Fig. 14. Extension to Smith predictor. — Proposed, � � � pure PI.

Fig. 15. FAS control scheme.
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relay test is adopted. In particular, it is straightforward
[12] to extend the method in Section 3.1 to the MIMO
case, with the sequential relay, The arrangement is
shown in Fig. 17. For a m�m multivariable process, its
frequency response matrix G j!ð Þ is obtained with m
relay tests. In what follows, we will briefly present two
recently developed tuning methods. One for multi-loop
controllers, the other for multivariable controllers, using
the identified frequency response matrix. They can
achieve performance improvement over other control
schemes.

7.1. Multi-loop controllers

The method to be described here is in fact a multi-
loop extension of the original Astrom and Hagglund’s
modified Ziegler–Nichols method. In order to take into
account the multivariable interactions, each loop is
viewed as an independent equivalent process with all
possible interactions lumped into it. For each loop, a
controller is designed to meet the specifications that a
given point on Nyquist curve be move to a desired
position for each equivalent process. A novel approach
has been developed to solve this nonlinear problem.
Consider a stable 2 by 2 process:

y1 sð Þ
y2 sð Þ

� �
¼

g11 sð Þ g12 sð Þ
g21 sð Þ g22 sð Þ

� �
u1 sð Þ
u2 sð Þ

� �
:

The process is to be controlled in a negative feedback
configuration by the multi-loop controller:

K sð Þ ¼
k1 sð Þ 0
0 k2 sð Þ

� �
:

The resultant control system is shown in Fig. 18. Let
k1 sð Þand k2 sð Þ be of PID type, i.e.

ki sð Þ ¼ KPi 1þ
1

TIis
þ TDis

� �
; i ¼ 1; 2;

which can be reduces to PI type when TDi ¼ 0.
The boxed portion in Fig. 18 can be viewed as an

individual SISO process with an equivalent transfer
function g1 sð Þ between input u1 and output y1. It follows
that g1 sð Þ can be obtained as

g1 ¼ g11 �
g12g21

k�12 þ g22
:

Similarly, the equivalent process between u2 and y2 is
given

g2 ¼ g22 �
g21g12

k�11 þ g11
:

Fig 16. MFSA auto-tuning for a non-minimum phase process.

Fig. 17. Sequential relay identification.
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Now, the modified Ziegler–Nichols method is applied
to the equivalent transfer function g1 sð Þ and g2 sð Þ, i.e.
the controllers ki sð Þ; i ¼ 1; 2, are designed such that
the given points on the Nyquist curve of gi sð Þ; i ¼ 1; 2,
where

Ai ¼ gi j!ið Þ ¼ raie
��þ’aið Þ; i ¼ 1; 2;

is moved respectively to the points:

Bi ¼ gi j!ið Þki j!ið Þ ¼ rbie
��þ’bið Þ; i ¼ 1; 2;

It should be pointed out here that, unlike the SISO
case, due to the dependence of g1 sð Þ (or g2 sð Þ) on k2 sð Þ
(or k1 sð Þ), !1 and thus k1 sð Þ (or !2 and k2 sð Þ) cannot be
determined until k2 sð Þ (or k1 sð Þ) has been fixed. This is
circular and causes a major design difficulty. A novel
graphical method is presented by Wang et al. [76] for
finding k1 sð Þ and k1 sð Þ.

Example 8 The 24 tray tower separating methanol and
water has the following transfer function matrix:

G sð Þ ¼

�2:2e�s

16:7sþ 1

�1:3e�0:3s

21:0sþ 1
�2:8e�1:8s

9:5sþ 1

4:3e�0:35s

9:2sþ 1

2
664

3
775:

As all its elements are of first-order in nature, we use a
simple PI controller. The above method gives

K sð Þ ¼ diag �1:46 1þ
1

4:30s

� �
; 3:40 1þ

1

5:84s

� �� �
:

The step responses of the resultant feedback system to
set-point changes followed by load disturbance changes
are shown in Fig. 19. Load disturbance changes of 0.5
and 1 are applied directly on the two process inputs, u1
and u2, at different time. The above PID controller gives
better loop and decoupling performance than the well
known BLT method [71].

7.2. Multivariable controllers

The design method in Subsection 5.1 can be extended
[12] to the multivariable case. Let G sð Þ be the process
transfer function matrix,. The multivariable controller is
chosen as PID type:

K sð Þ ¼ KP þ
1

s
KI þ sKD:

Assume that the desired closed loop transfer function
matrix H is

H sð Þ ¼ diag
!20ie

�Lis

s2 þ 2�i!0isþ !20i

� �
:

Matching GK to open-loop H I�H½ 

�1 yields

GK ¼ G I
1

s
sI

� � Kp

KI

KD

2
4

3
5 ¼ H I�H½ 


�1;

where K is the controller matrix. The parameters of the
PID controller K can be computed by solving the above
equation with the least squares method. This multi-
variable tuning method concerns a range of important
frequencies instead of an individual frequency, and no
iteration is needed. Extensive simulations have shown
that this method gives very satisfactory results for most
processes. In some special cases of large interaction,
more than one stage of compensators may be employed
to enhance the control performance.

Example 9 Consider again the Wood and Berry’s bin-
ary distillation column process:

G sð Þ ¼

12:8e�s

1þ 16:7s

�18:9e�3s

1þ 21s

6:6e�7s

1þ 10:9s

�19:4e�3s

1þ 14:4s

2
664

3
775:

The controller obtained with the method is

K sð Þ ¼
0:156þ 0:053 1s þ 0:065s � 0:029� 0:032 1s þ 0:046s

�0:021þ 0:024 1s þ 0:028s � 0:103� 0:024 1s � 0:094s

2
4

3
5;

and the controller by biggest log modulus tuning (BLT)
[71] is

K sð Þ ¼

0:375 1þ
1

8:29s

� �
0

0 �0:075 1þ
1

23:6s

� �
2
664

3
775

The closed loop responses in Fig. 20 illustrate the
decoupling effectiveness of the auto-tuned multivariable

Fig 18. Multiloop control system.
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controller. The relay tuning parts of the responses are
also shown in this figure to give a more complete
account of the entire auto-tuning process.
Recently, a method for auto-tuning fully cross-cou-

pled multivariable PID controllers from decentralized
relay feedback was proposed for multivariable processes
with significant interactions [12]. It was shown [12] that
for a stable m�m process, the oscillation frequencies
would remain almost unchanged under relatively large
relay amplitude variations. Therefore, m decentralized
relay feedback tests are performed on the process and
their oscillation frequencies would be close to each other
so that the process frequency response matrix can be
estimated at that point. A bias was further introduced
into the relay to obtain the process steady state matrix.
For multivariable controller tuning, a new set of design
equations was derived under the decoupling conditions

where the equivalent diagonal processes were indepen-
dent of off-diagonal elements of the controller and used
to design its diagonal elements first. The PID para-
meters of the controllers were determined individually
by solving these equations at two points given above.
The method has been successfully applied to various
typical processes.

8. Conclusions

The relay feedback auto-tuning technique has been
widely used to automatically tune PID controllers and
initialize adaptive controllers. The standard relay tuning
technique has been successfully modified and extended
to auto-tune advanced controllers. The relay-FFT tech-
nique that can be used to identify multi-points on the

Fig. 19. Multiloop control system step responses.

Fig. 20. System performance of multivariable control. — Proposed method, - - - - BLT method.
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frequency response is most promising as it can be used
to auto-tune dead-time compensators and multivariable
controllers. This paper takes stock of these recent devel-
opments and extensions of the relay feedback auto-tun-
ing technique. It is evident that this tuning technique has
become mature and ready for wider practical applica-
tions, in tune with the increasing demand for better
control performance and also of new opportunities for
implementation such as the drive towards field-bus and
distributed control.
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