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Abstract

The paper deals with robust model-following control of a process
with varying time-delay. The proposed MFC/IMC structure
offers more robustness to plant parameter perturbations and
less sensitivity to disturbances, as compared with classic single-
feedback loop with PID controller.

On the basis of presented results of oxide content control in a
4 MW steam boiler one can compare properties of the proposed
structure with properties of the classic single-loop system with
PID controller.

Also, the use of PD/PI fuzzy-logic controller as a part of MEC/IMC
system confirms its flexibility.

Streszczenie

Artykul prezentuje wyniki badan nad odporng struktura regulacji
MFEFC/IMC dla obiektow ze zmiennym opdznieniem. Propono-
wana struktura charakteryzuje sie¢ mala wrazliwoscia na per-
turbacje nominalnego modelu sterowanego obiektu, oraz znacznym
tlumieniem zaklécen wejsciowych oraz tych sprowadzonych do
wyjscia obiektu. Wyniki badan symulacyjnych dla obicktow ape-
riodycznych z opdznieniem z uzyciem struktury MFC/IMC
sprawdzone zostaly na przykladzie procesu doregulowywania
zawartoSci tlenu w kotlach parowych mocy 4MW, i pordwnane
z klasyczna struktury jednopetlowa z regulatorem PID.
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Dodatkowo, wykorzystanie logiki rozmytej w realizacji czedcei
algorytmu MFC/IMC potwierdza elastyczno$¢ ukladu regula-
¢ji typu model-following.
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1. Introduction

PID controllers are encountered in almost 95% of industrial
control applications [1-3]. The amount of publications devoted
to this algorithm still arises [4, 5] because of simplicity and
virtues of lasting value the PID algorithm offers.

Since the first rules for tuning the PID controllers were given
[6], development of digital-control and microprocessor enabled
great impact to research work on structures that could not be
used in practice before [7-13].

Over the past few years the methods of artificial intelligence
in general and fuzzy-logic in particular, are strongly applicable
in industrial controllers.

By the use of fuzzy-logic one can find a simple way to take
account on experience gathered during the plant operation [8-15].

The system to control the oxide content in steam boilers
provides optimal fuel-air mixture for burning process. This
kind of system gives great savings of fuel. The oxide content is
measured in fumes blown from the boiler. Air dampers are the
actuators in a compared control structures.

The paper proposes MEC/IMC system described in [12, 18, 19]
as a solution of control the oxide content in the steam boilers.

Presented results show many virtues, yielding increased
robustness and control performance at the same time.

The proposed structure can be used instead of Siemens
gain-scheduled PID control system actually employed in the
adjusting of oxide content.
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2. MFC/IMC structure

The MFC/IMC structure is shown in Fig. 1. It considers all
constraints in control signals.
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Fig. 1. MFC/IMC structure
Rys. 1. Struktura MFC/IMC

Ina classic single-loop system the controller has been designed
using the process model as the base in full consciousness that
the model M(s) may differ from the process P(s) by the unknown,
but limited multiplicative perturbation A(s), as shown in eq. (1)

P(s)= M(s)[1+A(s)]

1
|A(s)|£ A,,mx<1,s=jm,we[0,oo) M

The presence of perturbations A(s) makes that the process
P(s) is to be treated as unknown.

The control system of Fig. 1 is described by the eq.(the s argu-
ment is omitted)

1+R,M(1+A)
X=X,|1- -
(I+R M)(1+R,M(1+A))+R MA
+d L o 2)
(1+R M)(I+R M(1+A))}+R, MA
M(1+A)

i (1+R,M)(1+R M(1+A))+R, MA

where:

Xq - reference signal

d - disturbances at the plant output (e.g. measurement noise)
z - disturbances at the plant input (e.g. load disturbances)

3. Output sensitivity

Proposed MFC/IMC system provides lower sensitivity to
disturbances at the input and output of the controlled plant
than in the case of a classic single-loop structure [9, 12, 18,
19]. It is shown in the following numerical example.

The process is described by the eq. (3)

~10-s
€

" (1+510.0)(1+s333)(1+s111.11) ®)

P(s)
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while its nominal model (4)

1
M(s)= (1+510.0)(1+520.0)(1+540.0)

(4)

Model and corrective controllers in compared structures
are tuned by the phase margin method given in [12, 18, 19]

R ) (1+520.0)(1+550.0) 5)
$50.0
B, )= 25.0(1+S30.())(] +5200.0) ©)
$200.0

Figure 2 shows the sensitivity functions |Sy(w@)|, |S,(o)|
in the frequency domain.
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Fig. 2. Output sensitivities
Rys. 2. Wrazliwosci zakldceniowe

The main conclusion from results presented in Fig. 2 is that
the proposed MFC/IMC structure suppresses the disturbances
much better (it means a lower sensitivity) than the classic sin-
gle-loop system with PID controller tuned for the nominal model
of the controlled process.

4. Parallel PD/PI Fuzzy Inference System

Examples of parallel PD/PI Fuzzy Inference System shown
in Fig. 3 can be found in [8-11, 14-17].

fuzzy-
-logic

fuzzy-
-logic

Fig. 3. FL-PD/PI controller structure
Rys. 3. Struktura rozmytego regulatora PD/PI

A three-term PID algorithm realized by means of fuzzy-logic
has been used as a corrective controller in the MFC/IMC struc-
ture of Fig. 1. Rules for choosing the scaling factors K0-K3,
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membership functions MF1-MF6, and control surfaces of PD/P1
parts in the way used here are described thoroughly in [8-11].

5. Controlled process — steam boiler 4MW

The research work on robust MFC/IMC system has been
carried out in the boiler house of about 36 MW power.

Figure 4 shows two 4 MW power steam boilers with air dam-
pers pointed out. The proposed MFC/IMC structure has been
used to adjust the oxide content in one of the steam boilers.

Fig. 4. Steam boilers — 4 MW power
Rys. 4. Kotly parowe mocy 4 MW

The presented boiler house is a full HMI system. It contains
3 water boilers 8 MW power each, and 3 steam boilers 4 MW
power each.

The control of oxide content is subjected to many different
disturbances (e.g. varying climatic conditions) and perturbations
(e.g. varying time-delay as a consequence of varying steam demand).

Nowadays the gain-scheduled PID system realized by Siemens
controls the oxide content in the described steam boilers.

The proposed MFC/IMC system has been used to solve
the problem of tuning PID controllers for 16 values of steam
demand. Replacing the gain-scheduled PID system by the presented
model-following control structure also much more suppresses
the disturbances.

6. Results of the oxide content adjustment

The proposed MFC/IMC system has been tested in practical
examination. In experiments described below robustness and
control performance for the perturbed plant time-delay and
time constant, in the presence of load disturbances, assuming
constant parameters of both controllers have been compared
with the classic control system with PID controllers tuned for
each steam demand point.

The set-point of oxide content has been varied from 4% to 2.5%.
Plant load has been treated as a perturbation.

The model controller Rm of Fig. 1 has been tuned in ex-
perimental conditions with 75% of steam demand. The plant
output and control signals have been recorded. Then the no-
minal model and model controller was derived.

The corrective controller RDis a nonlinear PID realized by
means of fuzzy-logic in the way shown in Fig. 3 [8-11, 14-17].

Figure 5 shows the plant output and the control input for
the classic and the MFC/IMC system in the nominal case (i.e.
for 75% of steam demand).
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Fig. 5. Oxide content (a) and control signals (b) in compared
structures in nominal case (i.e. for 75% of steam demand;
identified time-delay about 15 seconds)

Rys. 5. Zawarto$¢ tlenu (a) oraz sygnaly sterujace (b) w bada-
nych strukturach przy zalozonych nominalnych warunkach pracy
(75% obciazenia - poboru pary z kotla; zidentyfikowane op6z-
nienie okolo 15 sekund)

In Fig. 6 it is shown how compared systems manage with
perturbed plant time-delay caused by the change in load signal.
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Fig. 6. Oxide content (a) and control signals (b) in compared
structures for full load (i.e. 100% of steam demand; identified
time-delay about 10 seconds)
Rys. 6. Zawartos¢ tlenu (a) oraz sygnaly sterujace (b) w bada-
nych strukturach przy catkowitym obcigZeniu (zidentyfikowane
opéznienie okofo 10 sekund)
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Fig. 7. Oxide content (a) and control signals (b) in compared
structures for 43% of steam demand (biggest time-delay; identified
time-delay about 30 seconds)

Rys. 7. Zawarto§¢ tlenu (a) oraz sygnaly sterujace (b) w bada-
nych strukturach przy 43% obciazenia (przypadek, gdy opdznienie
jest najwicksze; zidentyfikowane opdZnienie okoto 30 sekund)

As shown in Figs. 6 and 7 varying time-delay as a conse-
quence of change in steam demand makes no difference for
the proposed MFC/IMC structure, as compared with the classic
single-feedback loop, tuned for each case of steam demand.

7. Conclusions

Results obtained from experiments carried out on the adjust-
ment of oxide content in steam boiler using the PLC with the
implemented MFC/IMC system with nonlinear corrective con-
troller realized by the means of fuzzy-logic lend great support
to the validity of theoretical considerations.

The proposed structure exhibits a substantial robustness to
plant parameter changes, e.g. varying time-delay.

The presented MFC/IMC system can be implemented on PLCs
and PACs available on the market. So the proposed control
system presents an effective alternative to control algorithms
employed so far.

The use of MFC/IMC system with constant parameters and
scaling factors of controllers and internal model of the con-
trolled plant instead of gain-scheduled PID control proposed
by Siemens proved it perfectly.
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