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Abstract: This paper presents a new };ybrid intelligent control (HIC) that com-
bines the techniques of expert control and fuzzy neural network, The HIC consists of
knowledge base, information pre-processor, and intelligent coordinator in a hierarchical
structure. The basic idea is to give an effective control strategy to complex controlled
plant using a knowledge-based coordinator so as to achieve the desired performance.
The results of simulation as well as temperature control for industral rotary kiln fur-
nace were performed to demonstrate the feasibility and effectiveness of the proposed
scheme.
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1 Introduction

Industral rotary kiln burning process is a typical nonlinear and strongly intercoupled
controlled plant. The plant can not be satisfactorly controlled by conventional control
methods. Recently, a considerable number of reseraches on the intelligent control system
with a human-like inference and adaptation ability have been proposed™’. Usually, there
may be two representative approaches in designing the intelligent control. One approach is
the application of fuzzy expert control which can emulate human operators. The other ap-
proach is the use of neural network which has the distinct learning and adaptive capabili-
ties,

In the fuzzy expert control, the precise mathematical model of a plant may not be re-
quired. It makes use of the theory of fuzzy set to process the linguistic form of “if-then”
control rule. An existing problem is that it is not always possible to derive a good set of
decision rules heuristically. For example, the shape and location of membership function
for each fuzzy variable must be obtained by heuristic approach. Also an expert can not eas-
ily to construct the efficient control rule base. Use of neural networks to learn system be-
havior seems to be a good way to solve above mentioned problems associated with fuzzy
expert control design. In the neural network, knowledge acquisition can be automatically

done by learning the input-output relation. The neural network has the charateristics of
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high parallelism, fault-tolerance, adaptive and learning ability . But there exist some
problem in the neural control. Firstly it is not easy to decide the optimal number of lay-
ers and neurons. Secondly the learning algorithm of the neural network has the low con-
vergence speeds, especially, the neural network takes a numerical computation rather than
symbolic computation, the processing way makes it difficult to interpret the obtained re-
sults in the language.

In order to seek for more powerful and effective control strategy for rotary kiln plant,
this paper proposes a hybrid intelligent control scheme integrating expert, system tech-
niques and fuzzy neural network learning methods. The proposed control scheme consists
of the expert controller (EC), the fuzzy neural controller (FNG) , and the knowledge based
coordinator (KBC). The KBC, is a high-level coordinator with a hierarchical structure,
The EC and ENC are low-level real-time controllers. The detailed structure parameters of
the low-level controllers are not required by the KBC, thus allowing individual-controller
to be designed independently. This implies that. the designed controllers can be coordinated
to perform more sophisticated tasks than originally intended,

2 The Design of the Hybrid Intelligent Control Sysiem
2.1 The Structure of the Hybrid Intelligent Control .
For industrial rotary kiln plant, the hybrid intelligent control (HIC) is proposed-and

shown in Fig. 1.
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Fig. 1 The structure of the hybrid intelligent control(HIC)
The HIC consists of expert control (EC), knowledge base (KB), fuzzy neural con-
troller (FNC), information pre-processor {IPP), and real-time knowledge based coordina-
tor (KBC). The KBC is responsible for a goal-oriented search in its knowledge base and

the overall system stability. It first determines how to achieve the desired control strate-
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gy expert control algorithms and initial control task of the plant by searching for a goal in
its knowlege base according to the characteristics of system performance. Here, the error
and error increment of the plant output, and the quality of a step response are commonly
used to evaluate system performance. It then teaches fuzzy neural control how to accom-
plish the same control of the EC. Following initial training, the FNC executes the control
action. The KBC continuously evaluates the FNC performance, and the EC executes the
control action when the errors duo to changes in the plant or executing environment re-
quire retraining of the FNC. Furthermore, the EC component must ensure the tasks of
control completion while the FNC are relearning. The KBC does not monitor the FNC
when the FNC component gradually guarantees the global asymptotic stability by itself, so
that the KBC reduces many tasks of searching and reasoning, and the control performance
of the overall hybrid intelligent control system is improved.

2.2 Design of the Knowledge-Based Coordinator (KBC)

The purpose of hybrid coordination control is to combine the technique of expert con-
trol (EC) and fuzzy neural control (FNC) so as to achieve the desired real-time control.
The form of the KBC is a production system and used forward chainer for an inference en-
gine. The KBC attempts to select the best control scheme in accordance with its knowl-
edge about the process.

The main tasks of the KBC are; 1) Knowledge acquisition and learning; 2) training of
the FNC; 3) optimizatin of FNC control action; 4) perform the EC control action while
the FNC learns. At the outset of the hybrid control operation, when the HIC system
knows little about controlled process or when the system is obvious variation of working
state, the EC provides the initial control by imitating the action of the human operator
(switch in position 1). The HIC system performs training of the FNC. When working
condition is smooth and steady, i.e, when deviation e(¢) and incremental deviation Ae(z)
are rather small, the FNC control is selected (Switch in pdsition 2).

In the overall design of the KBC, we propose a generalized production system based
on production rules and real time procedure, which are used to reprsent control knowledge
and algorithms for the KBC. The basic forms of production rules are as follows ;

Rule 1: IF {[e(?)|>e, OR |Ae(®)|>=C,,}

THEN {(entering Bang-Bang control),
(F e(¢)>e, THEN u()=U,.),
(IF e(t)<<—e, THEN u()=—U,)}

Rule 2: IF {(e,<<|e(t) [<e,) OR (C.<|2e(t) |<C,)

THEN {(set the EC control action) AND (initial training weights of the
FNC) AND (u(2)=u,(2))}

Rule 3: IF {(|e() |<e,> AND (|de(r) |<C,}

THEN {(set the FNC control) AND (update weight of the FNC) AND (stop
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the KBC the search) AND (u () =u,())}

Rule 4; IF {(J<<e) AND (Je(2)|<<e)}
THEN {(stop the KBC the search) AND (set the FNC control action) AND
(stop the learning of the FNC) AND (u(¢)=u,())}

Rule 5; IF {(J=¢€) AND (|e()|<le)}
THEN {(entering the FNC control) AND (modify weight of the FNC) AND
@ =u, ()}

Rule 6; IF {(J<<e) AND (Je(t)|>e)}
THEN {(set the EC control action) AND (the real-time learning of the
FNC) AND (u(®)=u,())}

Rule 7: IF {(The learning time> N ) AND (le(®) |>e,)}
THEN {(stop the iterative operation) AND:(choose initial weights value,
w(o)=w()) AND (set the EC control) AND (w(2)=u,(£))}

where e(2) = y,(#) — y(@), Ae(t) =e(@®) —et—1), J = E (yd yi)l, e,ahd e, donote

i=1

deviation bounds, ¢, and ¢, indicate incremental deviation threshold valuse, ¢ is a small
positive constant, «(¢) is the input to the plant, u, (¢) is'the EC ¢ontrol output,

4, (2) is the FNC control output, y(¢) is the output value of the plant, ys(2) is the desired
value.

2.3 The Expert Control (EC)

The EC is such a control scheme that adopts various control strategies and modes ac-
cording to different characteristic states of controlled plant. It makes it possible to adopt
appropriate control in the different state and periods at control process. In this paper, the
EC algorithm is as follows

EC,: IF (Je()[<a) AND (|2e() |<p)

THEN (u, ¢)=u(t—1), output holding)
EC,: IF (e(2) » Ae(2)<<0) AND (|e()|=a) AND (|le() | <) -

n—1

THEN u, () = u, (¢t — 1) —|— AEe (¢), enhancing control action)
EC,: IF (e(2) » Ae(r)<<0) AND (|e(t)|<a) AND (|2e®) | =8

n—1
THEN (u, @) = w, (¢ — 1) + 2D e,@) + KLe(®) — e — 1]
i=1
EC,: IF (e(®) * Ae(2)=0) AND (Je(®) |<a;)

THEN {wu,(#) = ;(t — 1) + K,[e(®) — e — D]+ e(t) + 7;(e(t) =

2e¢(t — 1) 4+ e — 2))], PID control}
EC;: IF (e(2) « Ae(z)=0) AND (le@) | >a))
THEN {u;,(t)=u, ¢t— 1)+ Ku[e(t) —e(t—1) ]}
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In above rules, A indicates forgetting factor, K, is the proportional amplification coef-

ficient; K, is the differential coefficient, a,a, and f are threshold values.

3 Design of the FNC
3.1 Fuzzy Nepral Controller (FNC)

In the Figure 2 shows the basic structure of the fuzzy neural control. The fuzzy neural
network controller is a three-layered Gaussian base function neural with two inputs vari-
ables (x,.a) and one output control increment u(x;,x,). Let’s assumed each of the input
variables has seven membership function. The term set of each fuzzy variable is NB,NM,
NS,Z0O,PS,PM,PB, where NB,NM, -+ are abbreviations for the commonly used names
“Negative Big”, “Negative Medium”, and so on.

The Layers ( I )~ (1) in Fig. 2 correspond to the antecedent part of the fuzzy con-
trol rules, and the layers (I )~(N) correspond to the conclusion part. The input-output

relationships of the FNC units are defined as

1) output units  Of’ =z, I=1,2 : (1
I') output units §fféexp[—("‘rf—b—utf—’ﬁ)zj, k=T, X (2)
Il ) output units O =0 (,) X O (x4) YT N
=exp{= [+ CLhTy el je =1 (3)"
V) output units O = ulx,,2;,) = E ZW,-, X O (zy,x,) (4),
where z, is the input pat- ‘ngéfJ oY

terni (e (), 2e(t)) ulzys -
z;) is the output of the
network, W;; is the con-
nective weights, a; and &,
are the center and shape
fuctor of the Gaussian
function.
3.2 Leaning algorithm
After construction :
the antecedent part and
conclusion part of fuzzy
rule by the FNC, next
step is to train the con-
nection weights (W,;) of (1)——(1 )_______( I)————+(N)
the FNC and turn the

membership function pa-

Fig. 2 The structure of the fuzzy neural control (FNC).

rameters (a;,5;) to the anteceedent part. In order to obtain desired control in the FNC,
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the algorithm'™ based on Davidon’s minimization approach is used for learning to minimize
difference between the desired output and the actual output of the plant. An error function

to be minimized is defined as follows:

Jo= 13 E® = 5 2 0.0 — Y (5)
i=1 i=1

then, the weights W;; and parameters (a;»6;) in the FNC are updated as follows.
W, + 1) =W;@) — H;EQ) - VEW,) /85, (6)
et +1) = a®) — HE®) - VE@) /8@, | P
bt + 1) =b;(¢) — H;EQ@) * VE®)/B;i(®)s (8
where H@G¢+1)=A1HGE — H@VEVETH @)/B@)], €))
Bt +1) =1+ VE'HQ®) « VE, 10

E@)=y.,(t)—y@),H () is the Hessian matrix, the recursive updates of H (¢) is of
rank 1. VEW,),VE(a),VE(®)) are the first derivatives of E(2) with respect to W;,a;

and &;, respecvely. They can be drived as follows

VEW) = 2 == [n® —y®] - Gp 0P =8-0p | av
where 8 =— [yu(t) — y@®] %’ (125
T 1O N 10 B A
VE(@) = ay(t) WD) aa; 3 zaj Wij(xi a;) 'Oij /bj (13)
_3E .3y(t).9u(t)___ i N L O /B
VE(bj) 5 @) ERO) %j it 23,‘ Wij(xi aj) Oij’i /b, ad
. ay(@) . [
Note that we evaluate the Jacbian o P equation (12)as

@) ylult + D= J’[u(t)l_ (15)

wuG) w@+ 1) —u@)

4 System Simulation and Temperature Control for Rotary Kiln
4.1 Examples of Simulation

In system simulation, the FNC is constructed by the 2-14-49-1 neuron. We used the
49 fuzzy control rules™. The constant of the control rules are set as the initial connéction
weights W;(0) for the FNC. The center points of the fuzzy sets NB,NM,NS, ZO, PS,
PM,PB,a.-(O‘) (i=1,2+7) are —6,—4,—2,0,2,4,6, respectively. The width values of
the membership function, &;(0) are all unity so as to equally allocalte seven fuzzy set on
the range [—6,6], here, 5;(0)=2. 5%

Example 1 The controlled plant is a nonlinear system with a stochastic disturbance
acting on it. The plant is in the form:

yt — eV +ult — 1)
T uG o Do 1 ed

where w(2) is a white noise with 0. 15 standard variance. The parameters are selected as
KBC: e,=15, e,=1.2, €=0.02, a=4, a,=1. 5, p=0.2, A=0.45.

y@) =
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The response of the plant is illustrated in Fig. 3.
Example 2 The plant is a nonlinear system with time delay, i. e.

() = X DY Dy =Dy (= Dult—4) ~ y(t—1)yt=2)y @~ 8l 4) +u(t=5)
4 1+ U—3)F 5 (1—4)

where time delay d=4, Fig. ¢ illustrates the step response curves of the HIC control.

4.2 Temperature control of the rotary kiln furance

After system simula-

Y

tions procedure, the pro- | 10
posed the HIC control
scheme is applied to the

0
temperaturée control of in- Y
dustrial rotary kiln. The Y : “:
temperature control system 24
can be divide into five main _ o aollol s e g 2l oy Ay
components: the rotary 7% 78 158 299 319 400 g ° 12y a2 40
kiln furance, the tempera- Fig. 3 Output of the plant Fig. 4 Output of the plant

for Example 1 for Example 2
ture sensor module, the :

programmable input-output interface board, the microcomputer(80386) and the actuator.
The interface circuit board consists of an analogue-to-digital (A/D)convertor, a digital-to-
analogue (D/A) convertor and a programmable peripheral, interface device. In the experi-
ment, the sampling time is 30 seconds, and the setpoint ére 500C, 1000°C, respectively.
Fig 5 illustrates the temperature response of the kiln furnace. The HIC system can give co-
ordination control of the EC and the FNC. When the system knows little about controlled
process, the expert controller provides the initial control by imitating the actions of the
human expert operator. The weights of the fuzzy network are convergent, a good control
result can be obtained b'y the FNC.‘ v . . =
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Fig. 5 The temperature response of the kiln furnace

5 Conclusion

A new hybrid intelligent control system based on the expert control and the fuzzy neu-
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ral networks has been proposed in this paper. The simulation results and the practical ap-
plication of the industral rotary kiln _fuljngce show that the proposed HIC system has two
important characteristics of adaptation and learning. From the results of the experiments,
it can handle some nonlinear, slow time-varying, and stochastic disturbed process control
problems, and can obtain good control performance. The proposed control scheme can be

also used in complex process control.
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