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Abstract: This paper reviews what the first Author and his Group have been investigating for the past fifteen years in the on-line
steady-state hierarchical intelligent control and optimization of large-scale industrial processes (LSIP), or large-scale systems (LSS),
viz., the use of neural networks for identification and optimization, the use of expert system to solve some kind of hierarchical
multi-objective optimization problems, the use of the fuzzy logic control, and the use of the iterative learning control. Several
implementation examples and the product quality control for LSS are introduced too. Finally the paper suggests the new stage of
development.
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1. Introduction

In the 7-th IFAC/IFORS/IMACS Symposium on Large Scale Systems Theory and Application, Beijing,
China, Roberts, the first Author of this paper and Lin (1992) gave a plenary report entitled “Steady-state
Hierarchical Control of Large-scale Industrial Processes: A Survey”. It considered the development of
hierarchical control of LSIP in three stages: static multilevel optimization stage, steady-state hierarchical
optimization stage and integrated system optimization and parameter estimation (ISOPE) stage . Fifteen
years and more have passed by since then. What has been emerging in this field? And what is the fourth
stage if existed?
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For the past decade, the intelligent control has been a very important research direction and pushing the
control science and technology forward. So do the large-scale systems theory and applications. The
steady-state intelligent control of industrial processes means the application of ideas and methodologies
of artificial intelligence to steady-state hierarchical control of LSIP and LSS based on human experience
and knowledge in control and decision. In other words the neural networks, the expert systems (the
intelligent decision unit), the fuzzy logic control, the iterative learning control, the genetic algorithms etc.
and their combinations are integrated with traditional analytical approach for solving the identification,
control, optimization, coordination and fault diagnosis of LSIP and LSS (Wan, 1994). Since the
beginning of 1990’s the first Author and his Large-scale Systems Research Group have devoted
themselves to the study of steady-state hierarchical intelligent optimizing control of LSIP and LSS for
fifteen years. A brief summary of the main research results including the implementation examples in
process industry and the conclusions is as follows.

2. Use of Neural Networks

2.1 Neural network modelling

The first Author’s Group has successfully applied a multi-layer BP neural network for identifying a
steady-state model of a hot-cold water mixer pilot plant that includes two subprocesses, heating and
levelling, and conducted hierarchical optimizing control based on the neural network steady-state model
by three microcomputers in hierarchy, and hierarchical steady-state stochastic optimizing control with
variance analysis even if the data are corrupted by noise (Wang, Wan and Song, 1994).

For steady-state modelling of process possessing stochastic or chaotic steady-state behaviours, Luo, Liu
and Wan (1998) have proposed an adaptive fuzzy neural inferring network (AFNI network) based on
Takagi-Sugeno fuzzy model. And the Group have used the neural networks for product quality model and
yield model for control of LSS.

2.2 Neural network optimization

Leung, Li and Wan (1993) have used the Hopfield neural network to fit the static optimization with the
interaction prediction and the interaction balance coordination methods. The Lagrange multiplier,
Kuhn-Tucker multiplier and relax variable are applied to treat constraints, and an energy function E is
defined. Then by differentiating E with respect to output Yy, set-points C and the Lagrange multiplier,
Kuhn-tucker multiplier and the relax variable, a set of differential equations are obtained. This set of
differential equations is solved by Runge-Kutta method without iteration. It is because the differential
equation represented by upper coordinative network and those represented by lower decision networks are
solved step by step and simultaneously, and they interchange the integration information step by step
within integration.

The first Author’s Group have proved the stability and optimality of Hopfield network (Leung, Li and
Wan, 1993; Li, Wan and Leung 1994; 1995; Wan and Huang, 1998). In addition, the Hopfield network
has been extended to solve the steady-state optimizing control of LSIP with global feedback or local
feedback. It requires 6 on-line iterations to obtain an improved suboptimal solution or 9 on-line iterations
to obtain an optimal solution for a LSIP with three subprocesses, respectively. The former result is
obtained by using the output shift method, while the latter by output shift and its partial derivative
compensation.

3. Use of Expert System

Based on the expert system (rule-based system) an intelligent decision (ID) unit has been suggested to
solve some kinds of optimization problems of LSIP and LSS. The ID unit is composed of a knowledge
base, a database, an inference engine and a learning machine (Fig.1).
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By means of the ID unit an intelligent interaction prediction method has been used to flexibly choose
global coordinative variables for solving the hierarchical multi-objective optimization problem (Li, Qin
and Wan, 1991). In the lower level the precise traditional optimization method is used for making a
decision. The ID unit ensures the convergence of the algorithm and finds a satisfactory solution for
the problem
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Figure 1. Large-scale system using ID unit

By the ID unit an intelligent coordination method with objective-modified has been used to steady-state
optimizing control of LSIP and LSS. The idea is to use the objective or job of subprocesses or subsystem
as the coordinative variable, then to combine it with traditional large-scale system theory in order to better
adapt the change of the environment or the job (Li, Qin and Wan, 1992).

By means of the ID unit a hierarchical intelligent optimizing control method for steady-state
multi-objective LSIP with fuzzy parameters has been suggested (Li, Qin and Wan, 1992). Generally there
are several fuzzy parameters in the upper level, such as the cost parameter and the parameters in the upper
global constraints, etc. A confidence level « is selected by which the problem is transformed into a crisp
multi-objective optimization problem depending on « .

4. Use of Fuzzy Logic Control

The use of the fuzzy logic control benefits much by treating the model as that with fuzzy parameters
characterized by triangle membership functions when the model-reality difference exists. Meanwhile the
controller set-point C, the interaction output y and interaction input U are treated as the crisp variables.
Then the programming problem formed by the steady-state optimization becomes one with fuzzy
parameters. The problem is transformed into a solvable crisp programming problem after some fuzzy
addition and multiplication operations. This approach requires less number of iterations and provides a
better objective function to compare with those of the normal approach either in the open-loop
hierarchical control case or in the closed-loop case using global feedback, and either by the interaction
balance coordination, the interaction prediction coordination methods or by the mixed coordination
method (Gu and Wan, 2000; 2001a; 2001b). It is necessary to point out that the double iterative algorithm
for fuzzy models based on interaction balance method with global feedback requires the fewest number,
about four, of on-line iteration so far.

5. Use of Iterative Learning Control

In hierarchical steady-state optimization closed-loop control or global feedback utilizes the real steady
state output information to modify the model-based optimum. Thus the methodology needs usually
several iterations to capture the applicable optimum. This means, for each iteration, every real subsystem
must be stimulated simultaneously by the step-type set-point changes computed from the optimization
layer without severe disturbance to LSIP. In order to improve the transient performance for the
optimization programming to be applicable, an iterative learning control (ILC) strategy for LSIP in a
decentralized mode has been proposed in article (Wan and Huang, 1998; Ruan, Li and Wan, 2003), i.e.,
there is an individual ILC unit and control action in each subsystem and further investigations have been
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addressed in literatures (Ruan, Wan and Gao, 2000; Ruan et al., 2005). The control structure is shown as in
Figure 2 where SSI denotes the steady state information of the large-scale system. Optimization layer
contains the coordinator and the local decision units .Subsystem denotes subprocess including its
controller. D denotes the interaction between subprocesses. ¢ denotes the set-point change. yq denotes the
desired trajectory. ry denotes the control output of the ILC unit. Yy is the subsystem output.

Optimization layer |
I VN

Figure 2. Iterative learning control structure for a large-scale system

In the studied iterative learning control strategies, the distinct magnitudes of the step-type set-point
change sequence have been introduced to the proposed conventional PD-type open-loop ILC algorithm,
higher-order ILC law as well as an optimal ILC rule. Instead of in the sense of A norm the convergence
analysis in the sense of Lebesgue-p norm is derived which evaluates the output error in the Lebesgue
integral over the whole operation time interval and some remarks are discussed (Ruan et al., 2005, 2008a,
2008b). The studies have concluded that the proposed ILC may efficiently improve the transient
performance, such as speeding up the transient rising, decreasing the overshooting and shortening the
settling time, etc, while the step-type set-point change sequence drives the system consecutively for
reaching the steady-state output without any steady-state error. The studies have also discussed the
influence of the inherent characteristics of the system such as the interaction, multi-dimensionality as well
as the distinct magnitudes of the set-point change sequence on the convergence despite that the studies
may cover the existing result for robot to track a unique desired trajectory. For one of subsystems of a
linear time-invariant large-scale system, the tracking behavior is shown in Fig. 3.
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Figure 3. Output information at 8-th implementation

In Fig. 3, the dashed curve denotes the predetermined desired trajectory, the dashed-dotted curve
represents the output driven by the step-type decision and the solid one is that of stimulated by the ILC
generated signal, respectively.

Ruan et al. (2003) suggested a local-symmetrical-double-integral type iterative learning control for
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dynamics of industrial processes with time delay in the course of steady-state optimization when
measurement noise is present.

This approach is a combination of study on the steady-state hierarchical optimization with that on the
transient. It is evident that after seven ILC iterations the dynamic characteristics are greatly improved
with two periods of set-points being provided by the coordinator in the Optimization layer of Fig.2.
Furthermore, the first ILC iteration in the second optimization period is equivalent to the k+1-th iteration
in the first optimization period if its number of iterations is k. Therefore the dynamic characteristics are
further improved in the second period. Thus the whole set-point changes can once be fully imposed on the
LSIP or LSS with little disturbance.

6. Applications in Industry

The first example is the steady-state optimizing control of a nickel flash furnace based on neural network
models in a smelting plant (Wan, Wan and Yuan, 1999) which is located in Jinchang City, Gansu
Province, China (Fig. 4). The quality model of the matte is based on three 5x5x1 BP neural networks.
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Figure 4. Nickel flash furnace system

The inputs of the quality model are the 4 manipulating variables and 1 disturbing variable, while 3-quality
indexes (properties of matte) are the outputs. The matte yield model is based on a 5x5x1 BP neural
network with yield as the output. Then the objective function is minimization of the total energy
consumption of the furnace subject to the inequality constraints formed by quality submodels and quality
index tolerances, and product yield model with yield not less than normal. The study and the industrial
site experiment for the optimization of the furnace have obtained a satisfactory result.

Liu and the first Author (Liu and Wan, 1999) have given the second example in which a multi-layer BP
neural network is used to identify the steady-state model of air preheater of a big power-station boiler

under different load condition (Fig. 5).
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Figure 5. Boiler preheater system
The primary wind pressure and temperature, and the secondary wind pressure and temperature of the
preheater are used as four inputs and the boiler-load is used as output of neural network. Both data can be

measured for training neural network.

The sum of primary wind pressure and secondary wind pressure approximately represents the sum of the
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two wind motor currents is selected to be the objective function. The optimization is to minimize the sum
of currents under a definite load condition and is carried out by an enumerative method within feasible
region latticed by small intervals. Based on this model an on-line steady-state optimizing control is
successfully applied. The intelligent optimization gives considerable profit by saving electricity, is really
implemented in big power-station boilers in China as well as those exported to abroad.

7. Steady-State Identification

Chen and Wan (1995; 1999) have suggested an approach to identifying a steady-state model by the
dynamic data acquired from the normal set-point changes during tuning or optimization. The input is of
the step-function form. They have proved, however, that under mild conditions the steady-state model
obtained from the approximate dynamic model is with the strongly consistent estimates.

To a class of nonlinear slow time-varying large-scale processes, which have many subprocesses
interconnected with one another, a parallel two-stage identification algorithm has been studied. The
consistency of the estimates and convergence of the parallel iteration are also proved.

In addition, the Research Group has given a new steady-state identification method that provides a
steady-state model of a nonlinear process only using steady-state data from several set-point changes and
the estimates are strongly consistent (Huang and Wan, 1997; see Chapter 2, Wan and Huang, 1998).
Besides, Huang, Wan and Han (1994) have given a method different from the above by Chen and Wan to
calculate the process derivative with respect to set-point only using steady-state data acquired from
several times set-point changes and its strong consistency has also been proved.

8. Robustness of Optimization Algorithm

It needs to study robustness of an optimization algorithm with respect to model parameter and noise to avoid
divergence. Xu and Wan (1994) have investigated the robust stability of the algorithms for steady-state
optimizing control of industrial processes, discussed the dependence of the optimal solution obtained from the
algorithms on the parameters A that represent the characteristic numbers of noises or process structure
parameters. The Pompeiu-Hausdorff hemidistance H of two optimal solution sets is used as a measure for the
robustness of the algorithm with respect to A. One is the optimal solution set, while the another is the optimal
solution set perturbed by the parameter A. Actually to calculate the hemidistance is rather difficult, if not
impossible. Hence 0H/ O\ is used as a sensitivity index to compare different optimization algorithms. The
concept can be used to some simple cases (Xu, Wan and Han, 1997).

9. Generalized Steady-State of Industrial Process

Actually from the point of view of steady-state optimisation the influence of stochastic noise in process
variables is often ignored due to its low level and little influence to the objective function. The problem is
called stochastic optimising control of steady-state systems, or the systems are under stochastic
steady-state (Lin, Han, Roberts and Wan, 1989) if the noise can not be ignored.

Luo and Wan (1999a) have extended the concept of steady-state to a generalized form, i.e., from the point
of view of steady-state optimisation, a system may be under several kinds of steady-state that are
constant, periodic, quasi-periodic, stochastic, chaotic steady- states in an industrial process or system.
Actually some random process happens in a LSIP is often a mixture of the chaotic steady-state with a
stochastic steady-state of low level. They have proposed a stringent definition about the generalized
steady-state and proved that it exists when the nonlinear process satisfies some conditions. It is proved
that the nominal central value of the generalized steady-state uniquely exists when the nonlinear process
satisfies some conditions. The time averages of process variables uniformly converge to their respective
nominal central values.

According to the definitions of generalized steady-state and the nominal central value of steady-state sets,
Luo and Wan (1999a) stringently have described the problem of generalized steady-state optimizing
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control of industrial processes in a finite measure space. Under certain conditions above problem is
transformed into a model based equivalent deterministic problem, and an algorithm for solving the
problem has been suggested. A chemical process composed of a liquid level control system (LLCS) and a
continuously stirred reactor (CSTR) (Fig. 6) has been used for simulation study of generalized
steady-state optimizing control.
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Figure 6. LLCS and CSTR

Luo, Han and Wan (1999) have stringently given a definition for the chaotic steady-state, and proved the
existence theorem under some conditions. The chaotic steady-state of a chemical process is simulated.
The steady-state modelling is based on an AFNI network (Luo, Liu and Wan, 1998). The global
convergence of the steady-state generalized optimizing control algorithm has been proved based on
Zangwill’s Theorem of global convergence. Optimality of the optimizing control solution has been
studied also (Luo and Wan, 1999b).

10. Global Convexification, Multi-Objective and Non-Separable
Optimization Problems

Qian and Wan (2000) have proposed an approach through the p-th power transformation to obtain a
global optimal solution by multi-objective optimization technique. The original optimization problem is
embedded in a multi-objective optimization problem, then its non-inferior frontier is convexified. The
original global optimal solution is picked up from the set of non-inferior solutions. Of course, this
approach can be used to solve a multi-objective optimization problem for LSIP. Qian, Liu and Wan,
(1999) has proposed a double iterative algorithm for non-separable multi-objective optimization problem
which can satisfy the decision maker’s preference.

For non-separable steady-state systems the Group has given an approaches for solving them. It is based
on transversal transmission of information among local decision units to decouple the objective function,.
Meanwhile the traditional longitudinal transmission of information is used to decouple the
interconnection between subsystems (Qian and Wan, 1998a).

Another approach is for non-additive objective functions of general non-separable systems, Qian and
Wan (1998b) have suggested a double-loop iterative algorithm. All these algorithms can be used for
on-line optimizing control of LSIP.

11. Product Quality Control for Large—Scale Industrial Systems

A continuous casting and hot rolling production line in a Steel Complex in Shanghai is considered as a
typical example (Fig.7). Knowledge Discovery in Database (KDD) is used to acquire data from
computers of 3rd-generations for controlling the line, and from the computers in chemical analysis lab
and material testing lab. To improve the product quality of the continuous casting and hot rolling, it is
very necessary and important for a steel complex to find the relationship between the input variables and
the product quality, i.e., to establish the steel plate static quality model. The steel plate quality model of a
continuous casting furnace and hot rolling mill is a complex nonlinear function which after analysing and
discussing with plant engineers Xing decides to include at least 32-input variables: 23 chemical elements
variables for casting, 2 heating furnace variables, 7 rolling mill variables and 4-output variables (material
testing indexes): rupture elongation rate, tensile strength, yield ratio and impact energy etc (Xing, 2000;
Wan, 2002).
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Figure 7. Continuous casting and hot rolling

All data used for modelling are preprocessed. 15, 000 useful sample data are obtained from 30, 000 and
more observations in the data warchouse. Among them 9, 026 sample data are complete and can be used
for modeling, however, they are corrupted by noise. And a high dimension input BP neural network is
firstly chosen for the architecture of the steel plate quality model. To easily train and improve the
accuracy the 32-input and 4-output BP neural network is decomposed as four 32-input and 1-output
sub-neural network models. It is called the decomposition of the product quality modelling problem based
on large-scale neural network.

The precision of modeling is expressed in the percentage of hits, i.e., the total number of hits in all 9,
026 data divided by 9, 026. A hit is defined as that pair of data which makes the model output within an
error 5% of the real output.

Jia, Wan and Feng (2000) give a learning algorithm that each weight of BP neural network is trained
separately with large inertia. The percentage of hits for suggested algorithm based on high- dimension
-input BP neural network is 81.5%.

11.1 Modelling Based on Wavelet Neural Network

It is important to notice that the sequence of real output is in a saw tooth-like form . For this reason the
wavelet neural network (WNN) is a better choice for the modelling problem.

Li and Wan (2002) choose the similar structure of the WNN as that of multi-layer perceptron (MLP),
except that here the activation function of hidden nodes is replaced by a B-spline wavelet function of one
dimension. Employing the MLP-like architecture, the proposed three layer WNN (1-input, 1-hidden layer
and l-output) is a powerful tool to handle high dimensional problem. The percentage of hits for this
quality model is 81.5%, while that for an ordinary BP three layer neural network with the same number of
nodes provides a precision 62.7%.

11.2 High-Dimension-Input Wavelet Neural Network Based on Work Procedure of
the Technology and Key Inputs

The production line is a serially connected system and 32 input variables start act at different stages
according to the work procedure. Therefore Li and Wan (2004a) suggest a WNN with several input layer
depending on the work procedure (Fig.8). For instance, in first input layer there are 22 input variables
(chemical-element variables ) simulating the casting, in second input layer there are 2 variables
simulating the heat furnace, and in the third layer there are 7 variables simulating the rolling. And for this
special kind of steel plate there are three most important chemical elements, viz., carbon, manganese and
titanium. Their corresponding input variables are connected to the input as well as the output nodes
directly. A suitable learning algorithm is given also. The percentage of hits for quality model of this
architecture is 93.4%.
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Figure 8. The architecture of three-input-layer wavelet neural
network based on work procedure and key inputs
B - Input node; O - Neuron

The further improvement of the precision can be made by clustering all the data and dividing them into 12
groups, and using the modular WNN approach (Li 2003). Then each submodel gives a precision about
from 93.4~95% depending on the group of data used in modeling. And using a filled function algorithm
to get a global optimum makes the above WNN result further improve 1% of precision (Li and Wan,
2004b; 2004c).

11.3 Application of Product Quality Model to New Product and New
Technology Design

More occasionally it is not allowed to change all the manipulating variables in a quality model. Therefore,
a new kind model, product quality control model, is suggested in which the input variables are quality
index and those variables that are not allowed to change or that are assigned preliminary, and the output
variables are some manipulating variables that are allowed to change. By the latter one can find the
manipulating variables required from the quality index value (Xing, 2000). For instance, for a certain kind
of titanium-manganese alloy steel plate the manipulating variables required or engineers hope to get from
the quality control model are the amount of titanium, manganese and carbon. Sometimes the quality
control model is more convenient in practice.

manipulating variables from these four submodels is a serious problem for the continuous casting and hot
rolling. It is called the coordination or synthesis of the product quality modelling problem based on
large-scale neural network. For simple cases the solution is the intersection set of the output manipulating
variable sets from the quality control submodels. But in more complicated cases, perhaps, some kind of
data fusion is necessary. How to overcome this drawback needs further study. And evidently it needs
different kinds of such quality models for different design purposes.

12. Conclusions

The paper concludes that the second stage steady-state hierarchical optimization has extended to generalized
steady-state hierarchical optimization and that the third stage ISOPE has extended to ISOPE and DISOPE
(dynamic integrated system optimization and parameter estimation) stage, and that the fourth stage is the
hierarchical intelligent control and optimization stage. Obviously, the latter is a very important one.

In the Group’s experience the neural network modelling using the data from normal set-point changes, updated
by newly coming data, the optimization algorithm selected from different intelligent methods depending upon
the nature of the problem, application of iterative learning control technique, and integrated with fault diagnosis
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is a good choice, it gives great potential for increasing profit. And all these functions can be integrated in
intelligent agents for on-line steady-state intelligent hierarchical control of LSIP.
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