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Abstract—Many industrial chemical process control systems consist of conventional PID and nonlinear controllers,
even though many advanced control strategies have been proposed. In addition, nonlinear control methods are widely
used even for linear processes to achieve better control perfrormance compared with linear PID controllers. However,
there are few tuning methods for these nonlinear controllers. In this work, we suggest new controller tuning methods
for the error square type of nonlinear PI controller. These control methods can be applied to a large number of linear
and nonlinear processes without changing control structures. We also propose new tuning rules for integrating pro-
cesses. In addition, we suggest application guidelines for performing the proposed tuning rules at the pilot scale multi-
stage level control system. Finally, in this work we confirmed good control performances of the proposed tuning methods
through both simulation studies and experimental studies.
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INTRODUCTION THEORETICAL APPROACH

Many industrial chemical process control systems generally cond. PID Controller and Nonlinear PI Controller
sist of conventional PID controllers [Cohen and Coon, 1953] even The ideal PID controller algorithm is described as the following
though many advanced control strategies have been proposed. gguation.
number of the processes, in which nonlinear PID controllers are

introduced, have been rapidly increasing industrially in order to ob- m(t) =K [e+— il edtﬂ%ﬂ 1)
tain good control performance, even though these processes are just
linear processes. In a practical implementation, it is difficult to realize the derivative

However, the tuning and analysis of nonlinear PID controllers isterm in the PID controller. Also the inherent noise in the process
much more difficult than that of conventional linear PID control- measurement is amplified by the derivative term. One popular meth-
lers [Sung and Lee, 1996, 1999; Lee, 1989], because the optimald of dealing with this drawback is to remove the derivative term
tuning parameters depend on the magnitude of the set point or dignd increase its proportional action to compensate the removed de-
turbances as well as the controller type [Jutan, 1989]. Also, venyivative action.
few guidelines for the application of the controller are available. In  Here, we consider two kinds of error square type of nonlinear
addition, to apply the nonlinear controller to integrating processesPI controllers as shown in following equations.
it is necessary to find a new control structure or more efficient tun- -
ing methods [Auinn Jr. and Sanathanan, 1989]. K=K (1+Ble) @)

In this work, we suggest application guidelines and tuning rulesStructure 1
for the error square type of nonlinear PI controllers that are most
frequently used in the process industry. We also propose tuning rules m(t) = KC(1+|3|d)[e+— J’edt} (3)
for integrating processes. The proposed tuning rules for integrating
processes can be directly applied to an open-loop stable proceSsructure 2
without a change of its own strategy. In addition, we perform a real ~
experimentation of the pilot scale level control system with the servo  m(t) =K (1+Bld)e +Ke J’edt (4)
problem situation [Park et al., 1997]. We also obtain good control
performance through this experimental application. It demonstratedn the case of structure 1, this type of controller would permit us to
that the new controller tuning methods can be applied to real chemise a low value of gain so that the system is stable near the set point

ical processes. over a broad range of operating levels with changing process gains.
Another advantage of this nonlinear controller is that error square

To whom correspondence should be addressed. at the set point reduces the effects of noises. These error square con-
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viation never comes at zero. However, it might not be reasonabl
that the integral time constant of error-square controller change — ITAE-PI
with deviation. Therefore, the controller can be modified as struc- - g:xgzﬁz;
ture 2. The controller of structure 2 can be intended to maintain
constant damping factor.
2. Error Square Type of Controller Tuning

In order to develop tuning formulae for these two algorithms,
we use a similar approach of Lopez et al.'s [1967] using the first
order plus time delay model. The disturbance D(s) enters directly int
the process G(S). In this research, we seek correlation dfong
T,/t, andBys, for various values d/t to develop an optimal tuning
method. Lopez et al. [1967]'s recommendation of using ITAE op-
timal tuning criteria was followed by Eq. (5)

y 14

min(ITAE) =J’t|d tdt (5)

Unit step changes for the input load and the set point were intro
duced and corresponding ITAE values were calculated. The simu
lation was combined with a simplex search optimization algorithm
with random initial guesses. Also, we can overcome the local min-

imum problem by using a wide range of random initial guesses.

3.Load and Set Point Change Fig. 1. Comparison of control performance between nonlinear Pl
controller and ITAE-PI controller for the servo problem
(6/t=1.0).
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The optimal tuning formulae were obtained by using linear re-
gression of the dimensionless grofs. /1, D, andBy,, The
nonlinear Pl tuning parameters for the load changes are well de-
scribed by the following equations. The range ofBtievalue is
described as the following equation. 4. Integrating Processes

0.1<6/t<1.5 ®) In this section, we propose an optimal tuning method that is ob-
) o tained by the same method for the open loop stable process. We
A large disturbance could make a deviation large enough to causggy|d find a new controller tuning method for the set point change
the loop gain to exceed 1. And these tuning methods have corgnd |oad change. However, in the step change we have the same
trolled values such that it is feasible that these types of controllerg ool performance with the conventional ITAE-PI tuning method.

0.1<0i1<1.5 )

have several near optimal points. _ Also in the ISE criteria, it is better controller tuning to eliminate the
A similar approach was used for the step set point change. Thgonlinear characteristic term. In the load change, we could obtain a
range of thé/t value is shown as the following equation. good tuning rule for the nonlinear Pl controller.
Table 1. Parameters for load changes SIMULATION RESULTS
Str~ucture ! — SEructure 2 — Several different sets of responses were simulated for both distur-
KK. 20-152(9”)70;833 KK. 20-168391;)8 ' bance and set point changes. As shown in Fig. 1, the proposed meth-
T/1=1.0966/7) ~ T/1=1490/1)" od shows better control performance compared with the ITAE-PI
_ —0.4013 — . . .
BXDpa=5.3356/T) BXDpa=10.61-6.1646/1) tuning method. Nonlinear Pl controllers use larger proportional ac-
tion and relatively less integral action than ITAE-PI. Also, we can
Table 2. Parameters for set point changes obtain better control performance by using the nonlinear Pl than

that of the ITAE-PI controller and the IMC-PID controller [Rivera

Str~ucture 1 _ S:cructure 2 _ et al., 1986]. In addition, we confirmed through extensive simula-
KK.=0.02586+0.09828/1) M KK =0.12456/1) tion studies that the nonlinear PI controller also gives good control
1,/1=0.997+0.086/1) ** 1/1=0.09+1.57(8/1) performance for the long time delay processes.
BxAy,,=4.259+0.53646/1)*° BxAy,,=4.12+1.056/1)°"* Consider the following process transfer function:
e’Ss
- i i G,(s) =———— 8
Table 3. Parameters for integrating processes in the case of load o(S) (s+1)(2s+1) 8)
changes

ITAE Criteria IAE Criteria Chen [1989] obtained the process model as the following equation

KK .= 0.6656/T) *** KK,=2.8186/1) “*-2.104 with the on-line identification method.

1/1=3.6826/1)"™ 1,/1=3.8596/1)"*"+0.044 T

BD.,,=0.15888/1) *™  BD,,=0.16§6/T) °* Gl =5 95571 ©)
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Fig. 2. Auto-tuning results of nonlinear PI controller.
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Fig. 3. Comparison of control performance between nonlinear Pl
controller and ITAE-PI controller for the regulatory prob-

lem (AL=0.8D,y).
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Fig. 4. Schematic diagram of level control system.

Table 4. Experimental conditions for level control system

Process identification

Control experiment

Sampling time; 3 sec
Time; 0-6,000 sec
Sampled data; 2000
Step change; £0.1, £0.15

Sampling time; 3 sec
Time; 0-6,000 sec
Sampled data; 2000

Set point change; +3.0 cm

EXPERIMENTAL STUDY

1. Introduction and Control Structure

The experimental system consists of two non-interactive sequen-
tial liquid-level tanks, and the schematic diagram is well described
in Fig. 4. The control objective is to keep the level of the last tank
at the desired value by adjusting the opening time of the solenoid
valve attached below the store tank. Therefore, the manipulated and
controlled variables are the opening time of the actuator and the
average flow rate of the valve. We used the PWM (Pulse Wide Mod-
ulation) logic to operate the solenoid valve and determine the sam-
pling time of the control system as 3 seconds, and also used the Mi-
crosoft Visual Basic language to hold the value of opening time ob-
tained by the delay function and to calculate the controller output
determined by the new controller tuning method. Experimental con-
ditions are described in Table 4.
2. Process Identification

To identify the unknown process, there are many identification
methods. To obtain the information of the process, we used the open
loop step change of the controller output or manipulated variable

In Fig. 2, we compare the response of the IMC-PID controller andas the test signal; that is the simplest and the accurate method for
the nonlinear PI controller tuned by the proposed tuning rule [Riv-the first order plus time delay model. We also performed a set point

era et al., 1986].

change of the manipulated variable several times at a wide range

In comparing the output responses to step disturbance of the ITAEsf manipulated variables to obtain accurate process information and
PI controller and the nonlinear PI controller, the maximum peak ofnon-linearity. As a result, the process information had similar param-
the nonlinear PI controller is higher than that of the ITAE-PI con- eters at each process identification test. In particular, the values of
troller. This means that the closed loop system with the nonlineaB/t are obtained around 0.24 and the deviation of gain is not over
PI controller is less stable than the closed loop system with the cort0% of average of the process gain. So we can obtain suitable pro-
ventional ITAE-PI controller at that point. However, the nonlinear cess information and decide our reference process is a linear process.

PI controller has smaller settling time than the conventional ITAE-

PI controller.

The identification step starts with a step change of controller out-
put or manipulated variable from 1.4 to 1.5 sec under the open loop

Korean J. Chem. Eng.(Vol. 18, No. 4)
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Table 5. Results of the process identification

Process gain 31.54
Process time constant 358.85
Process time delay 86.81

Process Output (cm)

Manipulated Variables (sec)

16

1500 2000 2500 3000 3500 4000 4500
Time (sec)

Fig. 5. Process identification using upper and lower direction ma-
nipulated variable step change.

Table 6. The estimated controller parameters from the linear ITAE-
PI tuning rule and the proposed tuning rule of nonlinear

Pl controller

ITAE-PI Nonlinear PI
K. 0.0682 0.01462
T, 362.44 358.7943
B - 0.8934

ters of the conventional PI controllers as well as the nonlinear PI
controllers. The optimum parameters for the linear ITAE-PI tuning
methods and non-linear PI controller tuning methods are described
in Table 6.

3. Real Application and Experiment

In this article, the experiment included process identification, pa-
rameter tuning of nonlinear controller, and set point tracking. Also,
we determined the time interval as 3 sec. At the first steady state,
the differential pressure transmitter indicates the process output value
as about 20.0 cm.

We performed the set point tracking several times. From the above
process information, we can use the proposed tuning methods for
the nonlinear controller structure 1. In this experimental study, we
obtained reasonable results that show the proposed tuning method
of the nonlinear PI controller has good performance.

The results of the nonlinear PI controller tuning method are shown
in Fig. 6. Using the proposed controller tuning method, we can ob-
tain good control performance compared with ITAE PI controller.

It shows that the nonlinear PI controller has the same rise time, less
oscillation response and less controller output deviation compared
with the conventional ITAE-PI controller. The nonlinear controller

is more robust at the error deviation after rise time. Fig. 6 shows

that the nonlinear PI controller is more suitable than any other linear

controller at the highly noisy level control system. So we guess that
this new controller tuning method can be applied to conventional

and industrial processes effectively.

CONCLUSIONS

process system. After reaching another steady state, we performed
another step change of the manipulated variable from 1.4 to 1.55 We propose the application guideline and tuning formulae based
and 1.4 to 1.3 to obtain information on the non-linearity. From theon ITAE criterion for an error square type nonlinear Pl controller.
sampled data during the intervals from 0 to 5,000 sec, we can iderFhe nonlinear PI controller with tuning rule provides superior con-
tify the process and we can obtain the process information. Usingrol performance for set point change in several processes. How-
numerical analysis, we can get the process information, as showewver, ITAE tuning criteria for the nonlinear PI controller seem to
in the following Table 5 and Fig. 5. We can obtain these parameterbave the same control performance in disturbance rejection. In ad-
by averaging the obtained parameters from each identification testition, from an experimental study of our new tuning method for
We used these model parameters to calculate the tuning paramievel control system, it can be noted that the proposed method pro-

—— Process Output
— — Set Point

Process Output (cm)
ITAE PI Controller

234 ~, — Process Output
— — Set Point

Process Output (cm)
Nonlinear Pl Controller
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Time (sec)
Fig. 6. Control performance of the nonlinear PI controllers com-

pared with linear ITAE-PI controller for the set point
change.
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vides reliability and efficiency of the application to industrial pro-
cesses. Moreover, we can obtain good control performance. Our
pilot scale control system has a great deal of non-linearity, a long
time delay and a large time constant. It also means that the pro-
posed controller tuning method is suitable for highly nonlinear, noisy
and industrial systems. Furthermore, in the case of commercial dis-
tillation columns, it is hard to get the process model exactly and we
can calculate only the process gain. In these cases, the nonlinear Pl
controller is more suitable than linear controller because the non-
linear PI controller would permit us to use a low value of gain so
that the system is stable near the set point over a broad range of op-
erating levels with changing process gains. Another advantage of
this kind of nonlinear controller is that error square at a set point
reduces the effects of noise and the nonlinear PI controllers use larger
proportional action and relatively less integral action than ITAE-PI.
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