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RINGKASAN: Penyesuaian online untuk sistem kawalan secara PIO diperlukan
untuk memampas segala perubahan di dalam parameter proses dan keadaan. Satu
cara yang boleh digunakan ialah dengan menjalankan regresis offline di antara
parameter yang berubah dan dengan parameter penalaan PIO. Bagaimanapun
kaedah ini tidak robust. Satu cara lain ialah dengan menjalankan pengoptimuman
online untuk mendapat parameter-parameter PIO yang sesuai tetapi kaedah ini
memerlukan masa yang lama. Untuk menghasilkan kebaikan dari kedua-dua kaedah
ini, kaedah yang dicadangkan menggabung kedua-dua strategi ini di dalam kaedah
hybrid yang dinamakan kaedah REOP (regression and optimization). Kaedah ini
telah diuji untuk mengawal reaktor isotermal dan sistem aras-tangki dan hasil yang
didapati sungguh menggalakkan.
ABSTRACT: Online adaptation of a PID control system is required in most chemical
process systems to compensate for changes in process parameters and conditions.
One approach is to perform offline regression of the changing parameter with the
PID tuning parameters which is however not robust. Another approach is to perform
online optimisation to obtain the necessary PID parameters which, on the other
hand is time consuming. To obtain the advantages of both approaches, we have
combined them in a hybrid strategy called REOP (Regression and Optimisation)
method. This method has been tested to control an isothermal reactor and a levelin-tank system and the results obtained for the controlled system is very promising.
KEYWORDS: regression, optimization, PID, online, adaptive.
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INTRODUCTION
In recent years, adaptive controllers have been extensively used in feedback control systems.
An adaptive control is one in which the controller parameters are adjusted automatically to
compensate for unanticipated changes in the process or environment. If process condition
change significantly, then the controller must be retuned in order to obtain satisfactory
control. There are two reasons adaptive controllers are needed in chemical processes.
Most chemical processes are nonlinear. Therefore, the linearized models that are used to
design linear controllers depend on the particular steady state (around which the process
is linearized). It is clear then that as the desired steady-state operation of a process change,
the "best'' values of the controller's parameter change. Most of the chemical processes are
nonstationary. (i.e. their characteristics change with time). This change leads to the deterioration
in the performance of the linear controller, which was designed using some nominal values
of the process parameters, thus requiring adaptation of the controller parameters.
There are two general categories of adaptive control problems:
(a) Process changes can be anticipated or inferred from process measurements. If the
process is reasonably well understood it is feasible to adjust the controller settings in
a predetermined manner as process conditions change, e.g. gain scheduling method.
Gain scheduling has been very effective in a variety of industrial applications, especially
in pH control (Shinskey, 1973). In recent years digital controllers with gain-scheduling
options have become commercially available (Hang et al., 1993; Kraus et al., 1984).
However, this approach is limited by the need to relate process changes to variables
that can be measured on-line.
(b) The process changes cannot be directly measured or anticipated. Most of the control
literature has emphasized this type of problem. The techniques can be divided into the
self-tuning based techniques and the optimisation based techniques. In self-tuning
control systems the controller is typically designed to minimise a quadratic cost function
or to place the poles (and perhaps zeros) of the closed-loop system at desired locations.
In general, self-tuning control systems do not have the classical PIO structure; however,
several self-tuning PIO controllers, with modifications to the above approaches, have
recently been proposed (Astrom and Hagglund, 1988; Astrom et al., 1997). The details
of the optimisation-based approach will be given in later sections of this paper. Figure 1
shows a general strategy for applying such self-tuning approach.
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Figure 1. General self-tuning control system

In this work, we propose a combined approach where we have utilised the offline regression
method in combination with the optimisation approach to achieve self-tuning of the PID
settings online. The combined method called REOP was applied to two cases and the results
obtained were relatively good.

OPTIMISATION METHOD
Optimisation is concerned with selecting the best solution for a given set of circumstances
by using efficient methods. An optimisation problem begins with a set of independent
variables or parameters, and often includes conditions or restrictions that define acceptable
values of the variables. Such restrictions are termed the constraints of a problem. The other
essential component of an optimisation problem is a single measure of "goodness", termed
the objective function, which depends in some way on the variables. In other words, every
optimisation problem contains three essential categories:
(i)

At least one objective function to be optimised

(ii)

Equality constraints

(iii)

Inequality constraints

The equality constraints here are usually the model equations whereas the inequality constraints
are the lower and upper boundary of operating variables.
The solution of an optimisation problem is a set of allowed values of the variables for which
the objective function assumes an "optimal" value. An optimal solution is a set of values of
the variables that satisfy the components of equality and inequality constraints and also
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provides an optimal value for the objective function. In mathematical terms, optimisation
usually involves maximising or minimising.
In order to devise solution techniques of an optimisation problem, it is helpful to assume
that optimisation problems can be posed in a standard form. It is clearly desirable to select
a standard form that arises naturally from the nature of most optimisation problems, in order
to reduce the need for reformulation. The general form of optimisation problem to be
considered may be expressed as (Gill et al., 1981 ).
Minimize F(x)
x e R"
Subject to:

= 0, i = I, 2, ..., m';
G;(x) ~ 0, i = m' + I, ... , m.

(1)

G;(x)

The objective function F and constraint functions { Gi} (when taken together, are termed the
problem functions) are real-valued functions.
Two types of optimisation problems are often encountered; they are the linear optimisation where
either or both of the objective function and constraints are linear, and the nonlinear optimisation
where the objective function and constraints are nonlinear. There are three types of optimality
conditions; they are unconstrained optimisation, linear and nonlinear constrained optimisation.
Optimisation is a powerful tool for the design of controllers. The method is conceptually
simple. A controller structure with a few parameters is specified. Specifications are expressed
as inequalities of functions of the parameters. The specification that is most important is
chosen as the function to optimise. Optimisation method is well suited for PIO controllers
where the controller structure and the parameterisation are given. The procedure of applying
optimisation on PIO consists of (Nishikawa et al., 1984):
(a)

Sampling a process response to a test input signal

(b}

Processing the sampled data for estimating characteristic values of the process, and

(c)

Calculating the optimal values of the PIO control parameters

However, there are several pitfalls when using optimisation. The problems are:
(a) Care must be exercised when formulating criteria and constraints, otherwise a criterion
will indeed be optimal, but the controller may still be unsuitable because of the neglected
constraints.
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(b) Solution may have many locals minimal.
(c) Computations required may be excessive.
{d) Numerical problems such as truncation and round-off error in the calculations of finite
gradients may also arise.
A system is considered an optimum control system when the system parameters are
adjusted so that the optimisation criteria (objective function) or performance index reaches
an extreme value, commonly a minimum value. For a performance index to be useful, it must
be a number that is always positive or zero. Then the best system is defined as the system
that minimises this index. The popular optimisation criteria or objective functions are integral
absolute error (IAE), the integral time absolute error (ITAE), the integrated squares error
(ISE) and least squares. The methods or algorithm used to solve the optimisation problems
are the Gauss-Newton method, the Levenberg-Marquardt method, Sequential Quadratic
Programming (SOP), Quasi-Newton method etc. Details of these methods can be found in
Gill et al. {1981).

Minimax formulation
In some well-known instances, the problem functions themselves are not smooth, but rather
are composites of smooth functions. In this case one method is to transform the unconstrained
composite non-differentiable problem into a smooth, but nonlinearly constrained problem.
This problem, although more complex than the original, can be solved using a method for
nonlinear constraints that takes special advantage of the structure of the problem. This is
referred to as minimax problem. It should be emphasized that the transformation would
normally be performed implicitly by software designed to solve the original non-smooth
problem.
Minimax problem is defined as:
min max

x

{f; (x)}

such that G (x)

.$.

0

(2)

(F;)

where x is a vector and F(x) and G(x) are functions that return vector values. Fi (x) is the
value of the ith element of the vector returned by F(x). G(x) can be used to define equality
or inequality constraints. Fi (x) may consist of {Fi (x), F2{x), ..... Fm(x)}, where {Fi (x)} are
smooth functions. Minimax minimises the worst-case value of a set of multivariable functions,
starting at an initial estimate. These values may be subjected to constraints. Minimax uses
Sequential Quadratic Programming (SOP) method to solve the optimisation problem. In our
optimisation approach, the minimax formulation is utilised for the PID tuning method.
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APPLICATION OF ADAPTIVE METHOD ON ISOTHERMAL REACTOR SYSTEM
Offline Regression Method
The offline regression method basically utilises the common polynomial fitting approach and
therefore not elaborated in this paper. A system of an isothermal CSTR is used to demonstrate
the offline regression method, as shown in Figure 2.

Figure 2. Schematic diagram of an isothermal CSTR

For this system, the manipulated variable is the inlet liquid flow, F and the controlled variable
is the concentration of A in CSTR, CA. The details of the isothermal reaction is as below:

Reaction Stoichiometry:

A

~

B

Chemical reaction rate:

Assuming constant V, the process model for this system is derived through mass balance
as below:

dCA
V -dt

= F(CAo - CJ -

VkC

dCA

--=
dt

2

A

(3)
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where the nominal values of these variables are as follows:

V

Volume of mixture in reactor

=

5 m3

CA

= Concentration of A in reactor

CA0

= Initial concentration of A in reactor

F

Volumetric teed

=

=

0.925 mole/m 3

0.085 m3/min

In this system, the changes of the reaction constant, k is one of the main parameters that
will vary with changes in process condition or environment which create the requirement for
self-tuning of the controller. Thus the PIO controller should be adapted for the changes in
the reaction constant, k. The values of PIO settings (kc, 't1 and 'to) were determined for the
reaction constant, k changing from 0.1 to 4 (mol/m 3]min- 1 by using the three tuning methods
below.
(i)

Ziegler-Nichols (Z-N) controller tuning method (Seborg, 1989)

(ii)

Cohen-Coon (C-C) controller tuning method (Seborg, 1989)

(iii) Design relations based on integral of the time-weighted absolute error (ITAE)'. Design
relations that minimize the ITAE performance index are shown in Table 1. These
relations are based on the first - order plus time - delay model. The optimal controller
settings are different depending on whether step response to load or set point is
considered. (Seborg, 1989)
Table 1. Controller design relations based on the ITAE
performance index and a first order plus time-delay model
Type of Input
Set point

Mode

A

B

p

0.965
0.796
0.308

-0.85
-0.1465
0.929

1.357
0.842
0.381

-0.947
-0.738
0.995

I
D
Load

p

I
D
(i)

Design relation : Y=A(tdl't)" where Y=Kk, for the proportional mode,

-r/'t, for the integral mode, and Ti'to for the derivative mode.
(ii)

For the set point changes, the design relation for the integral mode
is -r/'t, = A+B (td/'t) where td is the dead time of system.
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Then, the correlation between k, k0 , k11 and k0 are observed through polynomial regression
and incorporated into the MATLAB/SIMULINK software program (MATLAB, 1998; Simulink,
1997). The arrangement for the system with adaptation is shown in Figure 3.
l(u)

KD & k

~
KI & k
l(u)

-

------i

Kc & k
p

--+ 1
dq

~ - --

-

+ID

~Q---Cas

Model

PID Controller

ltaesp

Transport
Step

To File

Delay

Figure 3. Block diagram of system in simulink for online implementation

The Tables 2, 3, 4 and 5 show the PIO controller settings tor different k values, by using
Z-N tuning, Cohen-Coon tuning, and ITAE Performance Criteria respectively. The correlation
between k, kc, k1, and k0 , which are observed through polynomial regression are also shown.
The comparison between these different tuning approaches were made, and among the tour
adaptive mechanisms using the regression method, the ITAE Performance Criteria using
load change design relation performs the best corrective action toward the changes as seen
in Figure 4. It provides the smallest offset and setting times throughout the simulation time.
For this reason this approach is used in the hybrid method with the optimisation technique
to be described later. For this case study these methods were also found to be better than
the conventional non-adaptive Z-N method.
Table 2. PIO settings obtained using Z-N tuning method
for different k values
k

k.

't1

'to

ki

ko

0.5
1.0
1.5
2.0
2.5
3.0
3.5

2.064
2.244
2.517
3.660
3.900
5.100
5.580

3.695
3.450
3.500
2.600
3.900
2.500
2.250

0.9238
0.8625
0.8750
0.6500
0.9750
0.6250
0.5625

0.5586
0.6504
0.7191
1.4077
1.000
2.040
2.480

1.907
1.936
2.202
2.379
3.803
3.188
3.139

ke
k,
ko

= 0.2061k' + 0.4356k + 1.6787
= 0.209Bk' • 0.2087k + 0.6338
= ·0.1097k2 + 0.996k + 1.2068
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Table 3. PIO settings obtained using C-C tuning method
for different k values
k

k.

t1

to

k,

ko

0.1
0.5
1.0
1.5
2.0
2.5
3.0
4.0

3.866
7.219
4.218
7.079
1.862
9.362
2.037
4.364

4.065
4.192
3.558
3.883
2.293
3.936
2.193
2.969

0.6619
0.6732
0.6081
0.6442
0.3673
0.6495
0.3361
0.5220

0.9510
1.722
1.186
1.823
0.8118
2.378
0.9288
1.470

2.556
4.860
2.565
4.560
0.6838
6.081
0.6847
2.278

"'
k,
ko

= ·0.2225k' + 0.6012k + 4.9819
= ·0.0618k' + 0.2916k + 1.1761
= ·0.1361k' + 0.1749k + 3.3743

Table 4. PIO settings obtained using ITAE set
point change design relation tor different k values
k

k.

t1

to

k1

ko

0.100
0.500
1.000
1.500
2.000
2.500
4.000

2.318
4.269
2.568
4.295
0.863
6.082
2.523

5.139
6.191
2.907
4.072
57.487
4.671
1.930

0.643
0.653
0.613
0.631
0.547
0.638
0.583

0.451
0.690
0.883
1.055
0.015
1.302
1.307

1.491
2.786
1.573
2.711
0.472
3.882
1.471

"'
k,
ko

= -0.2385k' + 1.009k + 2.6157
= 0.0302k' + 0.0595k + 0.5878
= ·0.1542k' + 0.6147k + 1.6923

Table 5. PIO settings obtained using load change
design relation tor different k values
k

k.

t1

to

k1

ko

0.100
0.500
1.000
1.500
2.000
2.500
4.000

3.458
6.498
3.585
6.244
1.030
8.979
3.292

2.787
2.942
2.329
2.599
1.528
2.709
1.941

0.764
0.765
0.762
0.763
0.756
0.764
0.759

1.241
2.208
1.539
2.403
0.674
3.314
1.696

2.643
4.971
2.731
4.766
0.779
6.860
2.499

"'
k,
ko

= -0.35Bk2 +1.3967k + 3.9339
+o.6133k + 1.3819
2 + 1.0642k + 3.0075

= ·0.1248k'
= ·0.2738k
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Figure 4. Comparison between adaptive and conventional
PIO control using ITAE load change design relation

However, it's offline behaviour, where the controller settings are adjusted in a predetermined
manner as process conditions change is not suitable for some practical applications, in which
case we have to adopt the online optimisation method as described next.
Optimisation Method
Optimisation is used to find the optimum PID values online to adapt to a changing situation
in the concentration control system (Branch and Grace, 1996).
An initial PID value is needed as the starting guess to find the optimum PID value. A good
starting guess of PID value is important in optimisation. This is because good initial values
will improve the execution efficiency and help locate the global minimum instead of the local
minimum. Thus, in order to find the most suitable or robust PID value, a few PID values
obtained through various tuning methods were applied into the system under different
process conditions by varying the set points, introducing disturbances and changing the
operating temperatures (which will change the rate constant of the reaction). The initial PID
values used were P=3.0, 1=0.6, D=1.0.
However, under certain circumstances, the PID controller still managed to control the system
using the initial PID value, although the system environment has been changed. At this stage,
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optimisation is not required to find the optimum PID value. Thus, it is necessary to put a
criterion to indicate when to simulate the optimisation techniques. For example, the criterion
that can be used to indicate when to simulate optimisation is ICA (at 7s) - CAsl > 0.0001 (CAs
is the set point value of concentration). Actually, the criterion that you decided to put will
depend on how precise and good you want the response to be. The response of the system
will change by either changing the comparing time between the measured value with the
concentration set point or the sensitivity of the difference between the measured concentration
and the set point concentration.
The objective function that is applied into this optimisation routine is the minimax function.
In this approach, rather than minimising the error between the output and the input signal,
the maximum value of output at any time is minimised. Minimax minimises the output to
satisfy the maximum constraint. The error is included into the constraint and not the objective
function and minimax transfers the offset into the constraint. In order words, the range of
error has been reduced. A constraint is needed because minimising the output at all time
steps may force the output far below the set point for some time steps. To keep the output
above the set point after the first 20 seconds, the constraint g = -Yout I CA (20 to 100s) + CAs
is added.
In minimax, the lower and upper boundary of PID is defined where we have set the upper
boundary of the PIO as 10 whereas the lower boundary of PID is zero. (O 5 PID 5 10). This
means that the solutions will be at an optimum positive PIO value for every process condition.
Different set points, disturbances and process conditions are introduced into the system. The
simulation time with different operating conditions which have been introduced into the
system are as follows:
(i) 0<t<100,
k = 0.5, CAs = 0.5, FAo = 0.085
(ii) 100<t<200,
k = 0.1, CAs = 0.5, FAo = 0.085
(iii) 200<t<300,
k = 3.0, CAs = 0.5, FAo = 0.085
(iv) 300<1<400,
k = 4.5, CAs = 0.5, FAo = 0.085
(v) 400<t<500,
k = 0.5, CAs = 0.3, FAo = 0.085
(vi) 500<1<600,
k = 0.5, CAs = 0.7, FAo = 0.085
(vii) 600<t<700,
k = 0.5, CAs = 0.5, FAo = 0.1
(viii) 700<t<800,
k = 0.5, CAs = 0.5, FAo = 0.3
Table 6 shows the optimum PID values obtained through minimax optimisation. Figure 5
shows the response of the system with optimum PID values found using minimax. It is a
fairly good response although it shows offset in certain situations. Furthermore in cases
where 100<t<200, although the optimisation is not converged and infeasible solution is
found, the response of the system is under control, (Figure 4), which is not practical for actual
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implementation. Actually, the occurrence of infeasible solutions is due to the existence of
constraints in minimax. The presence of constraints has limited the range for minimax to
find the optimum values. Infeasible solutions are found when minimax fails to find the
optimum values within the limited range.
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Figure 5. Response of reactor system with optimum PIO obtained through minimax

Table 6. Optimum PIO values obtained through minimax
Simulation time

p

PID
I

D

O<t<100
100<1<200
200<k300
300<1<400
400<1<500
500<k600
600<1<700
700<t<800

3.0000
3.1689
2.1959
1.7564
2.8987
2.9213
2.9684
3.0000

0.6000
0.6358
0.8029
2.7133
0.8412
2.9818
1.2747
0.6000

1.0000
1.0322
1.7258
1.4734
1.0525
1.1952
1.1052
1.0000

Regression and Optimization (REOP) hybrid method
From the previous simulations, it is found that regression is a simple and rapid method to
determine the PID values; however it does not give satisfactory response for certain dynamic
changes (since it is determined offline). On the other hand, in the optimisation results using
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minimax, we have found out that optimisation requires long computation time to converge
and may give infeasible and non-practical solutions. Thus in order to solve these limitations,
we decided to combine both these regression and optimisation methods, where we called
it as REOP. Thus with the combination of optimisation which is an online adaptive method,
we developed a method which has the advantages of both techniques.
REOP technique is applied on the same concentration control system. First of all, the
concentration control system is at steady state and PIO value calculated from correlations
shown in Table 5 is used as the initial PIO value. Criteria is required to indicate when to
determine the new PIO settings. With the initial PIO value at steady state (determined from
correlation), the system is simulated and the concentration of reactant A is measured. If
IICA(at 7s) - CAsll>0.0001 , new PIO value is calculated using the correlation. After
implementation of the new PIO value, if IICA(at 25s) - CAsll>0.001, then the optimisation
program will be simulated in order to find the optimum PIO value. If the optimisation cannot
find a feasible solution, then the PIO value from correlation equation will be applied.
From the simulation results as shown in Figure 6, it is clear that there are no offsets as shown
using the REOP method. All the ultimate values of the response reach the set points in the
simulated time. All the offsets that existed when using minimax alone are eliminated with
the implementation of regression technique into this adaptive control method. It is clear that
regression technique is able to cater for certain changes in the system although it is done
offline. Besides, putting more criteria into the control system will also help to eliminate offsets
and it can perform set pint tracking with faster settling time.
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Figure 6. Response of reactor system with optimum PIO obtained through REOP method
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APPLICATION OF ONLINE ADAPTIVE CONTROL ALGORITHM (REOP) ON LEVEL
CONTROL SYSTEM
Another system related to level control is seen in Figure 7, which is utilised next to test the
online optimisation and regression control algorithm in order to examine the performance
of this control strategy further.

q(t)

1
h(t)

1

qo(t)
~

~

Figure 7. Systematic diagram of level control system

The system involved using a tank of uniform cross-sectional area, A, to which is attached
a valve as a flow resisting device. This resistance follows the square-root relationship:
(4)
In this system, the manipulated variable is the inlet liquid flow, q.
For a liquid of constant density and a tank of uniform cross-sectional area, a material balance
around the tank gives

q(t) - q0 (t)

=A

dh

dt

(5)

Combining (4) and (5) gives the nonlinear differential equation

dh
1
q - Ch 12 = A -

(6)

dt

The nonlinearity in this system due to the flow resistance requires the use of adaptation
method in the control actions when there is a wide range of variation in the tank level.
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Besides, the change of valve constant, C will change the characteristic of the system.
The initial parameters of the system is assumed to be as follows:

A
q
C

=

=
=

2 m2
6 m3/s
2

At steady state, Eq. (6) becomes

q. - Ch/12 = O

(7)

where h. = 9 m
Different set points, disturbances and process conditions are introduced into the system,
which are as follows:
(i)
(ii)

0<t<100,

100<t<200,
(iii) 200<1<300,

C = 2, q = 6, h = 10
C = 5, q = 6, h = 10
C = 1, q = 6, h = 10

(iv) 300<1<400,
(v) 400<1<500,

C = 6, q = 6, h = 10
C = 2, q = 6, h = 5

(vi) 500<1<600,
(vii) 600<1<700,

C = 2, q = 6, h = 20
C = 2, q = 15, h = 20
C= 3, q= 10, h= 10

(viii) 700<t<800,

From a quantitative point of view, the Pl controller is also selected to be the controller
because it gives less overshoot than PIO controller. Regression correlation between the
valve constant, C, ranging from 0.5 to 10 and Pl settings (P = kc, I = k1) is developed through
Ziegler-Nichols tuning method in this case and are found as follows:

k1

=

-0.0315C 3 + 0.5683C2

-

1.4078C + 3.8262

=

-0.0379C3 + 0.7783C2

-

2.1777C + 1.9662

(8)

Similar control algorithm involving online optimisation and regression (REOP) is implemented
on this level system as for the previous case study.
Figure 8 shows that the REOP adaptive control algorithm incorporated has been successfully
accommodated for changes in the process and operating conditions. The output returned
to the set point quickly and there is only a small overshoot when there are disturbance
changes from t=600 to t=800s. It gives good response with short settling time and short rise
time.
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Figure 8. Response of level control system using
optimum PIO through REOP method

CONCLUSION
A new idea for automatic tuning of the PIO control parameters, which is based on the
optimisation and regression technique, has been proposed. It gives a relatively simple but
practically effective algorithm. This algorithm is easily implemented using MATLAB on small
size digital processor.
The PIO control parameters are determined so as to minimise and maximise the objective
function used. As shown in the results of applying the proposed method to simulation
processes, we obtain sufficiently good settings of the PIO parameters without knowing the
exact form of the process transfer function. At least, the settings obtained can be recommended
to the engineers as the initial (or reference) values for the tuning operation.
Other advantages of this method are:
1)
2)
3)
4)

Computation time has been reduced
Offset has been eliminated
Optimum PIO values and PIO values from correlation can be obtained to control the
system
Control implementation is faster

As a further note, this method differs slightly from the gain scheduling method since that method
utilises various heuristics to tune the controller while in this method we utilise a combination of
both optimisation and regression to tune the controller. Hence this approach is expected to be
more robust as it can handle various systems without much modification to the approach.
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NOMENCLATURE
A

C;
C
D, k0

F
h
I, k 1
k
P, k0

q
t
V

cross-sectional area, m2
concentration of component i in reactor, mole/m3
valve constant
controller derivative time
objective function; volumetric feed, m3/min
height of tank, m
controller integral time
reactor constant, (mole/m 3)/min
controller proportional gain
flow rate, m3/s
time, s
volume of mixture, m3

Subscripts

o

s

ith component
initial value
steady state value
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