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Abstract

This research develops the concept of a Trajectory-Scheduling Network (TSN). A TSN
system comprises nodes of linear subsystems placed along the operating trajectory of a
nonlinear plant to be controlled. The TSN is to enable linear time-invariant system analysis
and design methods to be extended to nonlinear systems for their entire operating envelope
or setpoint trajectory without needing linearisation. The thesis encompasses the analysis of

TSN systems and their multi-objective design methods.

TSN nodes are networked through interpolation and activation, similar to a gain-
scheduling or local model/controller network. However, to achieve accuracy and ease of
commissioning without requiring a large number of nodes, an algorithm has been
developed first to identify optimum transition nodes within the entire operating envelope.
Then the TSN approaches a nonlinear plant globally, not just locally, without requiring
linearisation. If desired or necessary, global optimisation provides an enhancement in the
design process for TSNs. Since optimising only one aspect (a single objective) of
performance while compromising others is undesirable, muiti-objective designs have been

developed concurrently to deliver or improve multiple aspects of performance.

Following the development of a TSN, it is applied to nonlinear system modelling, and
this TSN is termed a Trajectory-Scheduling Model (TSM). A TSM possesses the same
properties and design features as the TSN generic framework. A nonlinear system, a
coupled liquid-tank, is used to examine this modelling technique. Results verify the

feasibility and effectiveness of the methods developed and validates the TSM.



Further, the TSN technique is applied to nonlinear controller design, by way of a
Trajectory-Scheduling Controller (TSC) network. It is illustrated through the design of a
networked, easy-to-understand and easy-to-use PID control system for the coupled liquid-
tank. Results show that the methods developed offer a high-performance linear control
system with nonlinear capabilities to handle practical systems operating in a broad range
and to cope with conflict between setpoinf following at Hanrsient and disturbance rejection
at steady state. This method is then aﬁplied to the PID network deéign probléihs for two

nonlinear chemical processes.

As a TSN can be interpreted as a linear system, with respect to individual nodes, the
controllers can thus be analysed using existing classical or conventional methods. For
example, frequency-domain based stability margin and robustness analysis methods can be
applied to determine the stability of each node and to assess thexrobﬁustness of the overall
network. Such examples are shown in this thesis. It is believed that the methodologies
developed here provide a novel tool for nonlinear plant modelling and control system
design, which is effective for a wide setpoint range and the entire operating envelope,

hence ease nonlinear control system analysis and design problems by linear means.
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Chapter 1 Introduction 2

1.1 Motivation

Most real-world systems encountered in control engineering are nonlinear (Shorten and
Narendra 1998), but control methods prqaised on these systems are mostly linear (Levine
1996). This fact and hence the need for linear control techniques that are applicable to
nonlinear control problems have motivated this research.

There are many ways to tackle a nonlinear process. The use of multiple models to
control nonlinear systems has a log history beginning with gain scheduling (Shamma and
Athans 1990). The more recent ideas are Neural Networks (Jacobs and Jordan 1993; Li and
Haeussler 1996, Murray-Smith ef al. 1992), Local Model Networks (Johansen and Foss
1992a), adaptive gain scheduling (Narendra and George 2002) and Fuzzy Logic (Takagi
and Sugeno 1985). Other approaches like linear and nonlinear Auto Regressive Moving
Average with eXogenous inputs (ARMAX) type models are also widely used to model
dynamic systems (Astrom and Bohlin 1965; Johansen and Foss 1992b).

The capability of the methods mention can be readily exploited in this context.
However, the representation achieved by these methods is obscure (black-box). There are
no simple ways to analyse the properties of the model achieved by them. In other words,
there is no way to analyse the performance except by trial and error. While the knowledge-
driven (clear-box) method are derived from physicochemical laws, but its case-by-case
characteristics can make its application difficult and time consuming for industrially
relevant control systems.

Recently, grey-box approaches have been developed, which combine the clear-box and
black-box (Gawthrop ef al. 1993; Tan et al. 1997). Using the knowledge-driven method
(Wang et al. 1997), the model can have a relatively simple structure; using the data-driven

method, 1ts parameters can be estimated and its learning ability can be improved. Although
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this kind of approach appears suitable for the control of complex industrial processes, it
still requires a systematic effort to select, organize, and coordinate many different methods
into one efficient, practical framework for process control.

Therefore, there is an urgent need to develop a widely applicable modelling technique
that can provide advantages of both knowledge-driven and data-driven methods. There is
also an urgent need to develop a corresponding control system design method for such a
nonlinear process, so that a control system can be designed for the entire operating

envelope of the process. Finally, it is essential that the system developed can be analysed.

1.2 Apﬁroach

Assisting modelling and design of control systems, intelligent methods such as rule-based
expert systems (Skeirik 1990), multivariate statisticalt paﬁigl least squares (Chen et al.
1998), and genetic algorithms (Goldberg 1989) have been used and found very powerful in
control engineering applications. The aim of the work reported in this thesis is hence to
explore the most recent development in these techniques for solving problems discussed in
Section 1.1.

In particular, neural network and fuzzy system techniques (Woosoon Yim and Singh
1995) have shown their arbitrary functional approximation capability in a wide range of
nonlinear dynamic system modelling and control system design applications. However, the
networks are in the form of a “black-box™ representation, in which a model developed can
be difficult to interpret in terms of physical meaning to practising engineers. Such a model
can also be complex due to the excessive number of network weights and other parameters.
This erects barriers to the application of conventional analysis and control theories.
Therefore, to overcome the complexity of the existing networks, a much simpler network

based on the ‘Linear Approximation Model’ (LAM) (Li and Tan 2000) is developed.
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Extended in this thesis as a primary step in developing nonlinear control systems using
existing linear techniques, hence, the LAM system identification and modelling technique
is extended to a formal ‘Trajectory-Scheduling Model’ (TSM).

Based on LAM, a much more comprehensive network is developed (Chong and Li
2000a). This is termed ‘Trajectory-Scheduling Network’ (TSN) (Chong and Li 2002a;
Chong and Li 2000b). TSN is a network that could be used in modelling and control,
capable of tackling the nonlinear control problems. TSN is relatively simple aﬁd 1s formed
with a set of conventionai linear elements. It 1s a strategy of utilising linear synthesis
technique for solving nonlinear probléms. Each elements of TSN can be of a simple form,
such as state-space models, proportional pius integral plus aeﬁvafive (PIb), transfer
function or transfer function matrix based. TSN fmay then satisfy design speéiﬁcations in
the full operating range of a nonlinear system, unlike a linear oné, which can only satisfy
part of it. Such a nonlinear controller network applied the TSN technique is term
‘Trajectory-Scheduling Controller’ (TSC).

Finally, the combined TSM-TSC network can be interpreted in a classical way.
Therefore, it can be analysed easily using conventional methods locally and globally. It is
clear that such a network can overcome many control problems and satisfies modern-day

requirements. This thesis will detail the development of this technique.

1.3 Contributions

The main contributions of the thesis are:
e Critical review and thus extension of performance metrics for both single and
multiple objective optimisation and search algonthms. The current visualisation
technique for assessing non-dominant solution sets is limited to two objectives.

This has been extended to higher dimensional data, with a novel visualisation
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e

technique developed for identifying and presenting the best Evolutionary

Algorithms (EA) solutions.

Critical review and thus solution to complexity and analysis problems in existing

multiple model networking techniques.

Extension of the seminal LAM technique to a complete TSM technique, and
*ap;ilication of evolutionary computation to derive TSMs autoniatiéally. A TSM

eliminates the need of linearising and prior derivation of a ﬁrst-principhlew;s model.

Development of a novel operating-point-scheduling technique for the entire
operating envelope of a given process. This is coupled with a node acquiring
technique based on the process nonlinearity, reducing the number of networking

parameters and increasing application speed for TSM and TSC.

Development of a flexible and straightforwardly applicable TSC, and also methods
of obtaining TSC from existing control designs or CAD software, as well as
through multi-objective evolutionary search techniques. These methods allow a
priori knowledge to be incorporated in the design if desired. The results are
presented with multi-objective visualisation, which enables the user to supervise (if

desired) the final design for performance that meets his/her requirements.

Development of a linear parameter-variant technique and tool to enable analysis of

a combined TSM and TSC network using classical stability analysis methods.

Development of a MATLAB based GUI software tool automatically to build a
TSM for a nonlinear process, to evolve the corresponding TSC; and to analyse the
close-loop system. This also makes it easy to implemént in real-time with

LabVIEW and to test against real physical systems.
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1.4 Outline of the Thesis

This thesis consists of eight chapters.

Chapter 1 presents the motivation and approach to carry out this research and the thesis
contributions. This chapter also presenting the background aspects of the modelling and
control problems.

Chapter 2 begins with background on networking techniques used in control systems
and their distinctions. An overview of networking techniques, which are based on
operating region decomposition, is given. Aspects of the structure selection are discussed
and problems in control systems design are presented.

Chapter 3 presents the TSN structure and the algorithm to search the optimum
transition nodes. The significant of finding appropriate transition nodes are discussed. A
step-by step construction of the TSN network is illustrated, and finally a novel hybrid
activation technique is proposed.

Chapter 4 analyses the proposed evolutionary technique and the tools developed to
construct the proposed design. The main advantages on multi-objective over single
objective evolutionary algorithm are discussed, and the tools developed for carry out the
search are shown.

Chapter 5 presents detailed modelling techniques used for nonlinear systems. This
chapter contain the full illustration on using TSM in modelling a plant from various
aspects, including the modelling without using any mathematical model but solely on plant
data only.

Chapter 6 presents network controller design methods for nonlinear systems using the
proposed networking technique and its validation. The benefits of using multi-objective

design for TSC are discussed. A unique visualisation technique is proposed in multi-
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objective designed of the TSC. Finally, the implementation of TSC on LABVIEW real-
time hardware for online experiments.

Chapter 7 discusses stability analysis of controller networks using classical methods. In
this chapter, a method of deriving TSM-TSC network into linear model and the verification
for the entire operating trajectory are démonstrated.

Chapter 8 draws conclusions and highlights future work.



Chapter 2
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2.1  Multiple Linear Networks for Nonlinear Control

Control theory 1s well developed and understo;)d for linear systems. Since one knows how
to design a controller from a linear model, the multiple linear modelling and control can be
easily applied to nonlinear systems. More importantly, the analysis of the properties of the
representation achieved by these networks cal; be easily carried out since the linear control
theory can be used to analyse locally the properties of each local model or controller. The
main advantage of multiple linear model network approach is that they are capable of
generalisation, the computation can be performed in paralleld and a priori knowledge can be
incorporated in their architecture. These significant advantages reveal the powerful
potential of these multiple linear model approaches for the control of nonlinear systems.
The complexity of a plant arises from ﬁt least three different sources. First, the plant
dynamics involving disturbances, transport delays and non-minimum phase zeroes in the
process. Secondly, the number of inputs and outputs — this i1s generally described in Multi-
Input Multi-Output (MIMO) systems. Finally, the nonlinearity of the pla.nt‘~ and actuator
saturation.

In this thesis, the emphasis 1s on the develoﬁment of a TSC capable of Handling
problems arising from plant nonlinearity using intelligent multi-objective search technique.
Therefore, only Single-Input Single-Output (SISO) nonlinear plants having simple

dynamics or complex plants to a certain extent will be considered.

2.2  Gain-Scheduling Network

The basic idea of the gain scheduling (Levine 1996) approach is to design different (linear)
controllers for different operating conditions of the plant. When in operation, the

parameters of these controllers are interpolated by a scheduler, resulting in a time-varying
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These advantages highlight potential of the TSC-TSM as a nonlinear control design

approach.
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7.1  Linear representation of the TSN Systems

The TSN is made of a linear network. The interpolated linear systems can be extracted
from the TSN instantly at any given operating point. Adapting the equations (2.2 to 2.5) in

section 2.6.2, at any given operating point (i), the parameters P, that extracted from the

TSN canﬁbe derived as:

P, =S PW)n @ @

i=1

thus, the linear model G, extracted from the TSM is

G, = iGi w)p,(9)> (7.2)

i=]

and the controller C,, extracted from the TSC is

C, =3 Cw)r.@). (7.3)

i=1

Therefore, the extracted close loop system of the network at y is illustrated as Figure

7.1.

Controller Model

Figure 7.1 Static system during transition

Hence, the close loop transfer function can be derive as

CF'GV
1+C.G_ (7.4)

R 4

CG,(s)=

Since the extracted system is linear, any classical LTI analysis methods can be applied,

such as the Bode plots in an open loop and a root locus in a closed loop. By analysing (7.4)
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for the full operating trajectory of the TSC-TSM networks, any nonlinear systems

represented by it can be studied. Hence, the stability of the nonlinear systems for the whole

operating trajectory can be ensured.

7.1.1 Analysis TSM-TSC with Classical Methods

Using the twin-tank couple process as an example, the system was set to operate at the
level from 0.04m to 0.14m. Using the data collected from these operating ranges, the TSM
and TSC controllers are evolved. The obtained TSC-TSM systems are analysed using the
method suggested above. The system was broken down into 0.01m steps and plotted in the

figure below:

%.
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002 ! . : PR s il midnaici et NS — "
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Figure 7.2 Step response of the TSM network
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Refer to the step, Bode and root locus plot. The results show that each of these linear

in the stability margins,
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paths, covering the complete operati
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therefore giving a simple and direct way to design and analyse nonlinear control systems,
which was once impossible directly from sets of plant response data.

Any type of classical analysis method can be applied to the TSC-TSM network, not
only on the desired operating point but also on the full range of the operating region
Therefore, the stability of the non-linear system can be easily assessed. Figure 7.5 shows
that the TSC-TSM network can be explored using linear interpolation with Step, Bode,

Nyquist, Pole-Zero and Nichols Chart.

@ Bode Diagram
o <200 — —
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-
(7]
o
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Figure 7.5 Classical analysis methods applied to TSC-TSM system (linear interpolation)

This analysis is not restricted to linear interpolation of the TSC-TSM network only,
investigations were also made on two other types of interpolation, namely the Piecewise

Cubic Hermite Interpolation (Figure 7.6) and the Spline Interpolation (Figure 7.7).
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Step Response
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Figure 7.6 Classical analysis methods applied to TSC-TSM system (Piecewise Cubic Hermite
interpolation)
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Figure 7.7 Classical analysis methods applied to TSC-TSM system (Spline interpolation)
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7.1.2 TSC Activation and System Stability

Although the TSC-TSM can be analysed with uncertainty boundaries, the transition
analysis of each linear controller node in the TSC would also be of interest. This will
enable us to detect and predict possible problems occurring in the system.

For example, the overall system performance looks like this:

Twin-tank model close loop response

02 ' ' ' . : " I
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Figure 7.8 Overall performance of the TSC-TSM system

A further investigation has been carried out to assess each of the controllers and how

the interpolation activates the TSC.
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Figure 7.9 Individual controller signals and their activation according to step change.

The figure above shows that each controller exhibits a synchronising signal waveform
at different operating level. This evidence supports the fact that the TSC co-ordinate well
within the operating range under the crossover activation of the network.

Although one can argue that linear analysis techniques are generally inappropriate for
interpreting the TSN system and the results of such an analysis do not reflect all the

properties of the underlying parameter-variant system, it must be remembered that it can

still provide extremely valuable insight in terms of local and global stability.
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8.1

Conclusion

The solution developed in this thesis builds on from the existing work and endeavours to

solve the intractable problem of addressing both setpoint following and disturbancé

rejection (Ang et al. 2005; Astrom and Hagglund 1995; Levine 1996). Another objective

has been to utilise existing plant I/O data at operating levels of interest, without needing to

inject artificial perturbation to the plant at operating point under consideration. Achieving

these goals, the following have been developed.

Extension of gain-scheduling, LMN/LCN and LAM techniques to a complete TSM
technique, and application of evolutionary computation to derive TSMs
automatically. A TSM eliminates the need of linearising and prior derivation of a
first-principle’s model or the need for artificial perturbation to the plant under

operation.

Extension of performance metrics for both single and multiple objective
optimisation and search algorithms. The current visualisation technique for
assessing non-dominant solution sets is limited to two objectives. This has been
extended to higher dimensional data, with a novel visualisation technique

developed for identifying and presenting the best EAs solutions.

Development of a flexible and straightforwardly applicable TSC, and also methods
of obtaining TSC from existing control designs or CAD software, as well as
through multi-objective evolutionary search techniques. These methods allow a
priori knowledge to be incorporated in the design if desired. The results are
presented with multi-objective visualisation, which enables the user to supervise (if

desired) the final design for performance that meets his/her requirements.
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e Development of a linear parameter-variant technique and tool to enable analysis of

a combined TSM and TSC network using classical stability analysis methods.

o Development of a novel operating-point-scheduling technique for the entire
operating envelope of a given process. This is coupled with a node acquiring
technique based on the process nonlinearity, reducing the number of networking

parameters and increasing application speed for TSM and TSC.

e Development of a MATLAB based GUI software tool automatically to build a
TSM for a nonlinear process, to evolve the corresponding TSC, and to analyse the
close-loop system. This also makes it easy to implement in real-time with

LabVIEW and to test against real physical systems.

8.2  Future Perspective

With reference to the methodology and techniques developed, the development of
multiple model networks has been relatively mature. However, a nonlinear network
analysis is still lacking at present. Hence, this part of research should deserve more
attention. The future work includes a theoretical development of a full suite of nonlinear
network analysis.

A fully ‘plug-and-play’ automated nonlinear system modelling and design tool in the
form of a professional software package would be valuable to industrial users. Some
simple additional steps can be added to the current design to achieve automated ‘plug-and-
play’. Finally, one valuable enhancement would be to make the software-based system

Ethernet enabled, where users can ‘plug-and-play’ remotely through the Internet.
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