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Abstract

Due to the increasing demands on system performance, production quality as well as eco-
nomic operation, modern technical systems become more complicated and the automation
degrees are significantly growing. To ensure the safety and reliability of such complicated
processes, an effective fault diagnosis system is of prime importance in process industry
nowadays. Although the model-based fault diagnosis theory has been well established,
it is still difficult to establish mathematical model by means of the first principles for
large-scale process.

On the other hand, a large amount of historical data from regular sensor measurements,
event-logs and records are often available in such industrial processes. Motivated by this
observation, it is of great interest to design fault diagnosis schemes only based on the
available process data. Hence, development of efficient data-driven fault diagnosis schemes
for different operating conditions is the primary objective of this thesis.

This thesis is firstly dedicated to the modifications on the standard multivariate statis-
tical process monitoring approaches. The modified approaches are considerably simple,
and most importantly, avoid the drawbacks of the standard techniques. As a result, the
proposed approaches are able to provide enhanced fault diagnosis performance on the
applications under stationary operating conditions.

The further study of this thesis focuses on developing reliable fault diagnosis schemes for
dynamic processes under industrial operating conditions. Instead of identifying the entire
process model, primary fault diagnosis can be efficiently realized by the identification of
key components. Advanced design schemes like multiple residuals generator and state
observer are also investigated to ensure high fault sensitivity performance.

For the large-scale processes involving changes, e.g. in operating regimes or in the
manipulated variables, the recursive and adaptive techniques are studied to cope with
such uncertainty issues. A novel data-driven adaptive scheme is proposed, whose stability
and convergence rate are analytically proven. Compared to the standard techniques,
this approach does not involve complicated on-line computation and produces consistent
estimate of the unknown parameters.

To illustrate the effectiveness of the derived data-driven approaches, three industrial

benchmark processes, i.e. the Tennessee Eastman chemical plant, the fed-batch fermen-

XI
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tation penicillin process and the continuously stirred tank heater, are finally considered

in this thesis.
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1 Introduction

Due to the increasing demands on system performance, production quality as well as
economic operation, modern technical processes become more complicated and the au-
tomation degrees of such systems are significantly growing. The safety and reliability
issues on the complicated processes receive more attention and become the most critical
factors in process design nowadays. On the other hand, the complete reliance on human
operators to deal with abnormal events has become increasingly difficult as shown by the

following facts:

e It is claimed that about 70% of the industrial accidents are caused by human errors

l10d].

e Only the petrochemical industry in the US incurs approximately 20 billion dollars
in annual losses due to process abnormalities E Similar accidents cost the British
]

27 billion dollars in economic loss every year

e The consequences of the accidents are not only performance degradation, economic
loss but also more serious catastrophes such as the Three Mile Island and Chernobyl

in nuclear industry.

Based on these observations, the integration of an automated fault diagnosis scheme is
essential to ensure a reliable abnormal event management, which not only informs about
process abnormalities in time but also makes further suitable actions to remove the unde-
sirable influence from the process. Depending on the different operational constraints and
requirements of the underlying applications, design of superior and robust fault diagnosis
scheme has been an active research field in the control community during the past several
decades. This chapter attempts to summarize some of the major developments in this

field. The motivations and objectives of the thesis are also presented.

1.1 Basic concepts on fault diagnosis

Faults in process equipments, instructions or within the process can lead to an unper-

mitted deviation from the normal behavior of the plant and thus degrade overall system
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performance. For instance, in an industrial chemical process, the faults are likely to occur
in sensors (e.g. analyzer contamination, biased measurements), actuators (e.g., valves,
pumps and pipes) and process itself (e.g. catalyst poisoning, heat exchanger fouling).
A single fault can harm not only the functional components, but also the whole plant
through the coupled control loops and feedback systems. To deal with such problems; a
fault diagnosis system is desired to monitor the operating condition of the whole plant
and achieve prompt detection and diagnosis of process malfunctions automatically. As
pointed out in , the overall concept of fault diagnosis consists of the following three

essential tasks:

Fault detection: detection of the occurrence of faults in the functional units of the pro-

cess, which lead to the undesired or intolerable behavior of the whole system
Fault isolation: localization (classification) of different faults

Fault analysis or identification: determination of the type, magnitude and cause of the
fault.

According to different performance requirements, a fault diagnosis system is called fault
detection (FD) system, fault detection and isolation (FDI) system or fault detection,
isolation, and analysis (FDIA) system.

In technical terms, the so-called redundancy plays a central role for a successful fault
diagnosis ] The so-called hardware redundancy is one of the traditional ways to
create system redundancy, in which the crucial components are reconstructed using the
identical hardware. A fault can be directly detected and localized by the deviation between
the output of actual hardware component and the one of its redundancy. Although
an extremely reliable fault detection and isolation can be achieved, the application of
hardware redundancy is only restricted to the case of a number of key components due
to their higher cost involved in reconstruction. Associated with the concept of hardware
redundancy, the so-called software redundancy or analytical redundancy is more
efficient, whose basic idea is to replace the expensive hardware components by a model
implemented in the software form in order to reconstruct the process behavior on-line.
The fault detection is achieved by checking the so-called residual, which represents the
difference between the measured process variables, e.g. output signals y, and their software
redundancy 7, i.e.

residual =y — 7.

The basic model-based fault diagnosis scheme including residual generation and

residual evaluation is represented by Fig. [Tl In general, the model can be quantita-



1.1 Basic concepts on fault diagnosis

Inputs Outputs
—>| Process

\

| |

1 > Model - v Residual | | Regidual Decision | nowedge
1 odel [—() processing logic 7 offauls
‘ |

3 Residual generation Residual evaluation i

| |

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 1.1: Basic model-based fault diagnosis scheme

tive (based on the first principles), qualitative (based on the if-then-else rules, decision
trees etc.) or process history data based ﬂmd], ﬂﬂ)j], M]

Quantitative model-based approach: Most of the works on quantitative model-based

approach are based on general input-output or state space model, which is usually
developed based on the physics and mathematics knowledge of the process. From
the 70s, observers and Kalman filtering theories have been widely used for residual
generation in dynamic systems B], @], @] @] The so-called parity relation has
been firstly introduced in ], whose basic idea is to check the parity relation of the
model with available process input and output measurements. Further developments
of this approach can be found in [17], [42], [43]. In addition, the so-called parameter

estimation approach has been proposed to detect the unmeasurable parameter drift
52,

Based on these approaches, a large number of advanced fault diagnosis methods
were developed to handle the issues of disturbances, model uncertainties, robust,
optimization designs, etc. Nowadays, the quantitative model-based fault diagnosis
techniques have been established into a well-founded theoretical framework and
successfully demonstrated by a great number 0 B}phca’mons in industrial processes

@] , @] . Reviews

and analysis of current deveﬁment of the quantltatlve model-based fault diagnosis

), I, f1od], [11d), b1, fus1).

and automatic control systems, see [§],

techniques can be found in

Qualitative model-based approach: Unlike quantitative model, in which the relation-

ships between inputs and outputs of the process are described in terms of mathe-
matical functions, the relationships in qualitative model are expressed by qualitative

functions centered around different units of the process. Based on such a qualitative
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model, any fault diagnostic strategy requires a knowledge base, which contains a
large set of if-then-else rules that mimics the cognitive behavior of a human ex-
pert. In addition, an efficient search mechanism shall also be included to make final
decision from given facts. The qualitative models are suitable to be utilized on large-
scale processes which are difficult to be modeled based on the first principals. On
the other hand, since the knowledge base does not have a fundamental understand-
ing of the physics of underlying process, it is difficult to update or accommodate in
case that new conditions are encountered. More detailed discussion on qualitative

approach can be found in M] and the references therein.

Data-driven approach: In contrast to model-based approach, which requires reliable a
priori quantitative or qualitative knowledge about the process, the data-driven ap-
roach makes use of this information from the huge amount of process history data

m] Since most of the data-driven approaches assume that the process data have
certain probability density functions, they are sometimes also called statistical pro-

cess monitoring methods. The univariate control chart may be the earliest statistical
approach based on a prior: knowledge of process measurement distributions @] and

has been widely used for quality control in earlier industrial applications.

In modern large-scale industrial applications, many important final product quality
variables are measured off-line and thus are only available on an hourly or daily basis.
To effectively monitor process operating performance, all the information contained
in the large number of process measurements shall be utilized. The so-called multi-
variate control charts based on multivariate statisticaﬁocess monitoring methods

like principal component analysis M], @], da], M],

|, [79] have been proposed to treat these situations. The major advantage of

| and partial least squares

the multivariate statistical methods lies in their ability to handle large numbers of
highly correlated variables. Most importantly, instead of checking the information
contained in all the measured variables simultaneously, process monitoring can be
achieved by using several two- or three-dimensional control charts that retain all

the variability information within the process data.

Parallel to statistical process monitoring methods, Basseville and Nikiforov M] sum-
marized a series of change detection algorithms depending on the available proba-
bility density function. In addition, a neural network is also a form of parametric
data-driven approach which is widely used in practice @], @], ], ]

Notice that it is difficult to establish quantitative model for large-scale process indus-

try by means of the first principles. On the other hand, the modern process is typical
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dynamic process with different operating regimes, which can not be directly treated by
the basic statistical approaches. Therefore, the extension and combination of the advan-
tages of model-based and data-driven techniques have nowadays gained more attention
to accommodate large-scale and complex process. A straightforward way to achieve this
purpose is to utilize the process history data for model identification and based on it,
the well-established model-based techniques can be used to design efficient fault diagnosis

system.

1.2 Motivation and objective

As discussed in the last section, an efficient way to design a fault diagnosis system for
complex industrial process begins with the large amount of process data. Moreover, it is

necessary to consider following important issues in the practical situations:

e The basic statistical data-driven approaches have the simplest forms and less re-
strictive requirements on the design and engineering efforts. However, due to some
limitations of these approaches, the necessary modifications are essential to achieve

better performance on the applications under stationary operating conditions.

e In case that the basic conditions can not be satisfactorily met in the industrial
environment, some of these methods may suffer a considerable loss in fault diagnosis
performance. The novel method, which combines the advantages of aforementioned

fault diagnosis approaches, shall be developed under industrial operating conditions.

e Due to the limited computation power and memory storage in real-time compute
systems, the fault diagnosis system must be efficiently designed with minimal com-
putation and storage requirements. In addition, the design procedure shall be sim-
plified so that no special knowledge about the process and control theory is needed

for the application engineers.

A reasonable assumption for industrial process monitoring is that the knowledge about
the quantitative or qualitative model of the process under consideration is unknown a
priori. Based on the available process data, the main objective of this thesis is to de-
sign efficient fault diagnosis schemes according to operating conditions of the underlying

process. More specifically, the goals of this thesis are stated as follows:

e Only based on the available process data, develop efficient data-driven approaches
for monitoring the process under stationary operating conditions. The proposed ap-
proaches shall be simple, and most importantly, avoid the drawbacks of the standard

techniques.
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e On the applications under industrial operating conditions, develop reliable fault
diagnosis scheme for dynamic processes. Instead of identifying the entire process
model, primary fault diagnosis shall be realized with the identification of key com-
ponents. It is also desirable to investigate the advanced design schemes in order to

ensure high fault sensitivity performance.

e In practice, since the process parameters are likely to vary around their nominal
values, the fault diagnosis system must have scope for possible adaptation. The
adaptive design scheme shall consider on-line storage and computation constraints,
and most importantly, possess desired performance on stability and convergence

rate.

e The developed data-driven fault diagnosis approaches must be demonstrated on
industrial benchmark plants, which should be good approximations of complex in-

dustrial processes under different operating conditions.

The data sets used for fault diagnosis system design can be obtained from either avail-
able process logs or experimental tests. In case that a process simulator is available, the
data generated from such simulations are also useful. In this thesis, three well-known
industrial benchmark processes are utilized to evaluate the effectiveness of the proposed

approaches for fault diagnosis purpose.

1.3 Outline of the thesis

This thesis is organized as follows. Chapter 2lincludes preliminaries of fault diagnosis tech-
niques with technical systems notations, which serve as fundamental basis in forthcoming
chapters. The basic model-based approaches like parity space and diagnostic observer are
firstly introduced in this chapter. The subspace identification method is also discussed
therein. The most popular multivariate statistical process monitoring approaches like
principal component analysis and partial least squares, are finally reviewed. Based on it,
the modifications of these basic statistical approaches are introduced in Chapter [3] and [l

In Chapter Bl the modifications on principal component analysis based fault diagnosis
technique are discussed. A new test statistic is firstly proposed, which delivers an optimal
fault detection performance and is considerably less complicated than the standard one.
The further study is dedicated to the analysis of fault sensitivity. The fault identification
issue is finally discussed in the proposed framework.

Chapter ] begins with the partial least squares based fault diagnosis technique. A new

approach is proposed to overcome the drawbacks of the standard approach. The associated
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computation cost for the proposed approach is considerably lower, and most importantly,
the novel approach provides a clear interpretation of the correlation model. Based on this
approach, a fault detection scheme is then developed, in which only two test statistics
are used for monitoring input measurement space that offers further efficiency compared
to the existing methods. An algorithm for fault identification is finally presented in this
chapter.

In Chapter [ a subspace aided data-driven approach is presented to achieve fault detec-
tion in dynamic processes under industrial operating conditions. The study is dedicated
to extending the single residual generation scheme to multiple case in order to ensure
the high sensitivity to the faults. The proposed multiple diagnostic observers can also be
utilized to construct state observer for the process monitoring and control purposes.

Chapter [0l mainly discusses the uncertainty issue in industrial applications. T'wo recur-
sive algorithms for subspace tracking are firstly proposed. Both algorithms avoid repeated
calculations of standard singular value decomposition and provide approximate result in
an efficient way. The further study is dedicated to developing a data-driven adaptive di-
agnostic observer based residual generation scheme, whose stability and convergence rate
can be analytically proven.

Chapter [0 illustrates the applications of the algorithms developed in Chapters BHGl
For this task, three well-known industrial benchmark processes, i.e. Tennessee Eastman
process, fed batch fermentation penicillin process and continuously stirred tank heater,
are considered to simulate their behaviors under different operating conditions. The
experiments are carried out under scenarios involving different types of faults existing in
the industrial processes. For simplicity in reading, the organization of chapters is also
shown in Fig. on the following page. This thesis ends with the conclusions and the

discussion on future work.
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2 Fault diagnosis techniques

As discussed in Chapter [I, the basic idea of fault diagnosis is to generate the output
redundancy through a “model” which is able to offer precise behavior of process under
consideration. Any significant deviation between the actual measurement and the redun-
dancy generated by process model should sufficiently indicate the existence of abnormal
situation. Due to the high cost to achieve hardware redundancy, the most efficient way

for a successful fault diagnosis is to create the redundancy analytically.

During the last two decades, the model-based fault diagnosis schemes are intensively
studied. Since the majority of these approaches involve rigorous development of process
models based on the first principles, later identification technique that extracts transfer
function H] or state space model becomes a necessary step prior to the design. For this

purpose, subspace identification methods that identify the complete state space matrices

have been successfully implemented @], M], M]

Parallel to the aforementioned techniques, the data-driven approaches, which extract
necessary information through large amount of process data, are currently receiving con-
siderably increasing attention both in application and in research domains. Thanks to
their simple forms and less requirements on the design and engineering efforts, the data-
driven methods become more popular in many industry sectors, especially for large-scale

industrial applications [96].

The objective of this chapter is to summarize the preliminaries of the fault diagnosis

techniques, which serve as the fundamentals of this thesis.

2.1 Description of technical systems

According to the process dynamics and modeling aims, technical processes can be de-
scribed by different system model types, among which the linear time invariant (LTT)
system is the mostly used one and assumed as a good starting point for modeling and

design phase. The standard form of the state space representation of a discrete time LTI
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system is given by

z(k+1) = Ax(k)+ Bu(k), x(0) = xo, (2.1)
y(k) = Cuz(k)+ Du(k) (2.2)

where z € R" is the state vector, x, is the initial condition of the system, v € R! is the
input vector and y € R™ is the output vector. System matrices A, B,C and D are real
constant matrices with appropriate dimensions. Considering that the subsequent study
mainly focuses on data-driven design of fault diagnosis systems based on sampled process
measurements, the state space model is defined only in the discrete time LTI framework.

In order to describe the deterministic disturbances, an additional input vector d € RF4
is integrated into Eqs.([ZI))-([22)) as follows:

x(k+1) = Ax(k)+ Bu(k) + E4d(k), (2.3)
y(k) = Cuz(k)+ Du(k)+ Fyd(k) (2.4)

where E,; and Fj are disturbance distribution matrices of compatible dimensions. If the
process is corrupted by stochastic noises, e.g. process and measurement noises, the state

space representation becomes

z(k+1) = Ax(k)+ Bu(k) +w(k), (2.5)
y(k) = Cuz(k)+ Du(k) 4+ v(k) (2.6)

where the stochastic disturbance signals w € R", v € R™ are often white noise sequences
with known mean and covariance matrix.
In order to model the faults in technical systems, the system model in Eqs.(2.1])-(2.2)

can be extended to incorporate them as:

z(k+1) = Ax(k)+ Bu(k)+ Eff(k), (2.7)
y(k) = Cux(k)+ Du(k)+ Frf(k) (2.8)

where f € R* is the fault vector to be detected and E;, Fy are fault distribution ma-
trices of appropriate dimensions. Generally, the system faults can be divided into three
categories according to their locations, i.e. sensor fault, actuator fault and process fault,
which can be modeled by choosing proper values of Fy and Fy. Depending on the way how
they affect the system dynamics, the faults are either additive or multiplicative changes
in the parameters. In case of multiplicative fault, f(k) is a function of the state and input

variables of the system and may affect the system stability.

10



2.2 Model-based fault diagnosis techniques

2.2 Model-based fault diagnosis techniques

Model-based techniques have been remarkably developed since 80’s and their efficiency
for detecting faults has been demonstrated by a great number of applications in indus-
trial processes and automatic control systems. Among the existing model-based fault
diagnosis schemes, the so-called observer-based and parity relation based methods, which
are developed in the framework of well-established modern control theory, have received
much attention during last two decades. Brief introductions of the related topics will be

included in this section.

2.2.1 Fault detection filter

Fault detection filter EFDF is the first kind of observer-based residual generator for FDI
I,

purpose proposed in |. The core of an FDF is a full order state observer described

by

#(k+1) = Ai(k) + Bu(k) + L(y(k) — §(k)), (2.9)
g(k) = Ci(k)+ Du(k) (2.10)

where the matrix L is the so-called observer gain. By introducing the estimation error of
state variable, e = x — , the observer gain matrix L is chosen such that A — LC' is stable,

i.e. the estimation error asymptotically goes to zero

e(k+1) = (A—LC)e(k), (2.11)
r(k) = Ce(k) (2.12)

where 7 is the residual signal and defined as r(k) = y(k) — 9(k). The selection of the
observer gain matrix L is crucial to improve the performance of estimation. For FDI pur-
pose, in order to increase the sensitivity to faults and the robustness against disturbances,

the residual generator can also be extended to

r(k) = V(y(k) —4(k)) (2.13)

where V' is the so-called post-filter and, by a suitable selection, is helpful to obtain signif-
icant characteristics of faults. Thus, the design of the FDF lies in the optimal selection of
the observer gain matrix and the post-filter V. Notice that FDF is a full order observer. A
reduced order observer may provide the same performance with less on-line computation
cost. For this purpose, the so-called diagnostic observer will be introduced in the next

subsection.

11
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2.2.2 Diagnostic observer

The diagnostic observer (DO) is one of the mostly used model-based residual generators.
The core of a DO is a reduced order Luenberger type (output) observer that is described
by

2(k+1) = A,z(k)+ B.u(k)+ L.y(k), (2.14)
g(k) = c.2(k) + du(k) + g.y(k) (2.15)

where z € R? s denotes the order of the observer and it can be equal or lower than
system order n. The matrices A, B., L., ¢, d. and g, together with a matrix, T € R**",

have to solve the Luenberger equations,

e A, is stable
e TA—AT=L.C, B,=TB—-L.,D
e C=¢T+3g.C, d,=—-g.D+D

under which, system described by Egs.(214) -(2.I3]) achieves an unbiased estimation
for output, i.e. klim (y (k) — y(k)) = 0. Introducing the error vector e = Tz — z, the
—00

observer error dynamics become

e(k+1) = A.e(k), (2.16)
y(k) = g(k) = celh) 2.17)

To increase the design degrees of freedom, the residual vector is defined as Eq.(ZI3).
Then, it turns out

2(k+1) = A.z(k)+ B.u(k)+ L.y(k), (2.18)

r(k) = g.y(k) —c.z(k) — du(k) (2.19)

where g, = V(I —g,),c, = V¢, and d, = Vd.. For residual generation, the third condition

in Luenberger equations shall be replaced by
VC -9, T=0,d,=VD.

According to the discussion in the last subsection, the FDF design lies in the optimal
selection of an observer gain matrix and a post-filter. The problem of DO design is to
solve the Luenberger equations. Compared with FDF scheme, DO leads to a reduced

order residual generator with less on-line computation.

12



2.2 Model-based fault diagnosis techniques

2.2.3 Parity space approach

Parallel to the observer-based residual generation roaches, the so-called parity space
17

approach has been proposed by Chow and Willsky in the early 80’s and serves as one

of the simplest ways for FDI. Based on the state space model, the parity relation, instead
of an observer, is used for residual generation. Suppose that the system described by
Eqgs.(21)-([22) is observable and rank(C) = m. The system can be recursively expressed

as follows:

ylk—s+1) = Cx(k—s+1)+ Du(k—s+1),
ylk—s+2) = Cax(k—s+2)+ Du(k—s+2)
= CAx(k—s+1)+ CBu(k—s+ 1)+ Du(k — s+ 2),

and so on. Repeating this procedure yields:
y(k) = CA ok —s+ 1)+ CA* *Bu(k —s + 1) + - - - + CBu(k — 1) + Du(k). (2.20)

Introducing the following notations for input and output data

y(k—s+1) u(k—s+1)
uo(k) = y (k —:s +2) € R uu(k) = u (k —:s + 2) e R,
y (k) u (k)

the system can be rewritten into the following compact form

ys(k) = Dsax(k — s+ 1) + Hy sus(k) (2.21)
where
C D 0 0
CA CB D 0
Ps = . € Rsmxn) Hu,s -
C A1 CA*2B ... CB D

Eq.([221)) is the so-called parity relation, which describes the input and output relationship
with the past state variable z(k — s+ 1).
Assume that (C, A) is observable, for s > n, the following rank condition holds:

rank (I's) =n (2.22)
which ensures that there exists at least a row vector v,(# 0) € R'*™ such that

v Ty = 0. (2.23)

13
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The vectors satisfying Eq.(223]) are termed as parity vectors, whose set
P, = {vs|v,T's = 0} (2.24)

is called the parity space of the s-th order.

Consequently, a parity relation based residual generator can be constructed as
r(k) = vs(ys(k) — Hy sus(k)). (2.25)

In case that the system is corrupted by faults and disturbances, it follows that

ys(k) =Tsx(k — s+ 1)+ Hysus(k) + Hy s fs(k) + Hgsds(k) (2.26)
where

[ f(k—s+1) ] [ o -0
k—s+2 E F ’ :

1K) = f( | ) H, - C.f ! ’
: : .0
fk) | CA2E; CA3E; - Fy
[ d(k—s+1) ] [y O 0
d(k—s+2 : :

ds(k) - ( . ) ) Hds - CEd Fd

: : . 0
| d (k> ] | CAS_2Ed CAS_BEd - Fy

Thus, residual signal presented in Eq.(2.25]) becomes
r(k) = vs (Hysds(k) + Hy s fs(K)) . (2.27)

The design of parity relation based residual generator can be achieved in a straightforward
manner. The only parameter to be designed is the parity vector. On the other hand, the
implementation form of Eq.(Z20), which not only includes the temporal but also the
past input and output data, is not ideal for on-line realization. Based on the research on
the characterization of parity space and Luenberger equations, Im dﬂ] revealed

interesting interconnections between DO and parity space.

2.2.4 Interconnections between DO and parity space

Although the implementation forms of DO and parity space based residual generators are
different, the one-to-one mapping between these two approaches has been proposed by

Ding et al. [22], which reveals that all design approaches based on parity space can be

14
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used to design DO-based residual generators, and vice-versa. In this subsection, a brief
explanation of these connections will be introduced.

Given a parity vector vy = [ Uso Usi “*° Uss1 } of the system described by
Eqgs.(21)-(Z2), the matrices A,, B,, L., g, ¢, and T can be obtained as

[0 0 - 00 Vs
1 0 . 0 Vs
AZ = . i 3 LZ = - .71 )
R :
L 0 0 1 0 Vs, s—2
_ - D i
Us,0 Us,1 Us,(s]—l OB
Bz _ Us,1 Vs,s—1 CAB ’
0 0 :
S,8— 0 0 .
Pred 1| ca2B
[ Us 1 Vs 2 Vs, s—2 Uss—1 1T C |
T — Us,2 Vs,3 Us,sfl 0 CA ’
| Vss1 0O .- ... 0 11 C A2 |
c, = [ 0 --- 01 y 9z = Vs s—1-

On the other hand, given system model of Eqgs.(2.1))- (2.2]) and DO-based residual generator
from Eqs.([2.I8)-(2.I9), then the vector vs with

Vs,s—1 = Gz, .7 = _Lz (228)

/Us,sf2

belongs to the parity space. The above one-to-one relationship indicates that the selection
of a parity vector is equivalent to the selection of parameters in DO. Since the parity
space approach is characterized by its simple mathematical formulation, a strategy of
parity space design, observer-based implementation has been widely applied in industry to

ensure a numerically stable and less complicated observer-based on-line implementation.

2.3 Subspace identification method

Since the majority of observer and parity space based residual generators involve rigorous

development of state space models, which are generally hard to obtain based on the first
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Process
model . . )
Process > Model .| Fault diagnosis On-line >
data identification system design implementation
System identification Fault diagnosis

Figure 2.1: Design of model-based fault diagnosis system

principles in practice, the system identification becomes a necessary step prior to the
design [77]. Especially, the subspace identification method (SIM) has recently drawn
much attention due to its numerical simplicity and stability. Based on it, the state space
model can be directly extracted for the purpose of prediction, control and fault diagnosis.
From the application point of view, the procedure from the process history data to the
final implementation of a model-based fault diagnosis system consists of three steps: (a)
model identification, (b) fault diagnosis system design, and (c) on-line implementation,
as schematically sketched in Fig. 2]

Based on the study of several subspace identification algorithms da], M], @], it
is possible to interpret them as singular value decomposition (SVD) task with different
weighting [19]. A typical subspace identification algorithm includes two steps: (a) iden-
tification of the extended observability matrix I'y and H, s, and (b) calculation of system
matrices A, B,C' and D. In order to understand subspace identification algorithm, a brief
procedure for deterministic case identification will be introduced in this section.

Considering a discrete LTI system described by Egs.(Z1I)-(2.2]), for N > s > n, the
extended state space model can be obtained according to Eq.(2.21])

Y, =0,X + H,,U, (2.29)
with block Hankel matrices
YV = | wlk+D) o opkaN=1) [ e R,
U, = :us(k:) wsk+1) - ug(k+ N —1) ] e RN,
X = |alb—s+1) a(b—s+2) - a(k—s+N) | e RV,
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2.4 Multivariate statistical process monitoring

Introducing ZpT = [ YpT UpT ], the SVD of Z, leads to

A O vk

7 [ U U ] ! 2.30
where Ay contains sm — n zero singular values under the assumption that the persistent

excitation condition is satisfied |. Straightforwardly, it follows that

U2 (FJ_)T
U, — S - s 2.31
? U2,u [ —HE}S(F?)T ( )
which indicates that

r, = (Uy,)", (2.32)
Uy Hys = Uj,. (2.33)

According to Eqgs.([232)-([2:33)), the extended observability matrix I'y and the block trian-
gular Toeplitz matrix H, s can be simply extracted and the system matrices A, B, C' and
D are then identified with the help of the least square method.

2.4 Multivariate statistical process monitoring

In contrast to model-based approaches, in which the quantitative model is known a priori,
the so-called multivariate statistical process monitoring (MSPM) methods are dependent
on large amount of historical data to describe the variability of the process. The most
attractive features of MSPM techniques are easy design and operational simplicity, which
make MSPM more popular in many industrial sectors, especially for detecting the abnor-
mality in large-scale industrial applications [13], [96].

Generally, the basic idea of MSPM techniques is to provide a concise set of statistics
that describes the desired process behavior without direct presentation of huge amount
of raw process data to process engineers. Compared to the univariate methods, which
only monitor the magnitude and variation of single variable, the reliability and robustness
against plant-wide disturbances have been significantly improved. In this section, the basic
MSPM methods, including principal component analysis and partial least squares, will be

briefly introduced in the form of off-line design and on-line implementation algorithms.

2.4.1 Principal component analysis

Principal component analysis (PCA) is a basic method in the framework of MSPM and

originally serves as a dimensionality reduction technique that preserves the significant
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variability information in the original data set. Since 80’s, PCA has been successfully ap-
plied in numerous areas including data compression, image processing, feature extraction,
pattern recognition and process monitoring [54], @] Due to its simplicity and efficiency
in handling huge amount of process data, PCA is recognized as a powerful multivariate
statistical tool and widely used in the process industry for fault detection and diagnosis
b, 53], lod), [o2), fao).

The off-line design procedure of PCA-based process monitoring scheme is based on the
training data, which can be obtained either from the process or from a simulation platform
that can replicate the desired process behavior. Given a process with N samples of m
measured variables, the training data set is firstly collected and normalized to zero mean

(often scaled to unit variance). Finally, the preprocessed training data is denoted by

T
21 211 R21 " Rlm
T
z z Z cee 2
2 21 22 2m
Z=1 " | = , o ' e RVxm, (2.34)
T
ZN ZN1 <ZN2 ' ZNm

The sample covariance matrix of Z can be written as

1
b = mZTZ. (2.35)

In order to extract the significant variability information, an SVD is performed on the

sample covariance matrix, i.e.

1
ﬁZTZ = PAPT (2.36)

where A = diag (A1, ..., \yn) with A\ > ... > \,, > 0. By the nature of singular values, it
is possible to divide P and A into

Ape 0
0 Ares

A: 7P:[Ppc Presi|7

respectively, where P,. € R™? consists of the singular vectors corresponding to the j3
largest singular values in A,. and P,.s € Rm*(m=F) ig related to the m— [ smallest singular
values in A,.s. [ is the number of principal components (PCs), which can be determined
by a certain criterion in |. As a result, the original m-dimensional measurement z is

projected onto two orthogonal subspaces

2= P,Plz €S, =Span{P,}, (2.37)
7= PPl z€ S, =Span{P,.}" (2.38)

res
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2.4 Multivariate statistical process monitoring

where Span {P,.} is defined as the set of all linear combinations of the columns in P,.
Span {P,.}" is the orthogonal complement of Span{P,.}. In order to detect the ab-
normal changes in the both subspaces, the squared prediction error (SPE) @] and T2

statistic @] are computed for on-line implementation. Based on the on-line normalized

measurement sample z, the SPE and 72 statistics are

SPE = 2'P..,PL.z (2.39)

res™

T? = Z"B,A, Bz (2.40)

The thresholds can be calculated for a given confidence level a:

1/ho
/20212 —1
0, <7CO‘ 2hy |y 4 ol (o = 1) )> , (2.41)

0, 02

Lo B
NIV =p)

JinspE =

Fo (B, N —B) (2.42)

where ¢, is the normal deviate corresponding to the upper 1 — « percentile, F' (5, N — [3)
stands for F-distribution with 5, N — 5 degrees of freedom and

26,0,
hg = 1— 2232
0 395 )
0 = > (), i=123
j=B+1

Consequently, the fault detection logic follows
SPE < Jy, spr and T2 < Jin 72 = fault free, otherwise faulty.

Notice that the basic assumption for applying PCA to process monitoring is that the
measurement variables follow multivariate Gaussian distribution. In addition, the nor-
malization procedure gives same weighting for measurement variables, in which the input
and output relationship has not been considered. However, the correlation between input
and output variables may offer additional advantages for prediction and fault diagnosis.
To this aim, another popular MSPM method, i.e. partial least squares will be introduced

in the next subsection.

2.4.2 Partial least squares

Besides PCA, partial least squares (PLS) is another popular method in MSPM framework
and widely used for model building, fault detection and diagnosis M], M], ﬂﬁ] The

original idea behind PLS is to predict output variables using the on-line observation of
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process inputs with the help of identified correlation model. For the purpose of process
monitoring, PLS approach is aiming to detect the faults in input measurements which are
mostly related to the output variables. The final outputs in process industry are always
termed as product quality variables and generally can not be measured on-line.

Similar to PCA, the off-line design procedure of PLS-based process monitoring scheme is
based on the training data with process input and output information. Given a normalized
data matrix U which records NV samples of [ process input variables, and Y consisting of

N samples of m normalized outputs

T T
Uy Y1
T
u Y
U = .2 ERNXl, Y — 2 ERNXWL,
T T
UN Yn

u € R y; € R™, for i = 1,..., N, then PLS involves projection of U and Y onto a low
dimensional space defined by the so-called latent variables (LVs),

T=1|t ty - t, | eRV
such that the correlation model between U and Y becomes

U=TP" +U=U+1U, (2.43)
Y=TQ" +E,=UM + E, (2.44)
where v is the number of LVs and P € R>*7,Q € R™" are loading matrices of U and
Y, respectively. M € R¥™™ is the coefficient matrix. U = TPT is highly correlated with
Y. U and E, are residual subspaces and assumed to be uncorrelated with Y and U,

respectively. From the correlation model presented by Egs.(2Z43)-(2.44), the matrix T’

and coeflicient matrix M can be calculated as

T = UR, (2.45)

M = RQT (2.46)
where PPR = RTP = I, and R € R"*?. The basic PLS algorithm, which is imple-
mented with the so-called nonlinear iterative partial least squares algorithm (NIPALS),
has been summarized in dﬁ], @], @]

According to the correlation with outputs, PLS projects input measurement onto the

following two subspaces

it = PR"u € S; = Span { P}, (2.47)
i = (Ijxs — PR") u € S; = Span {R}". (2.48)
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NIPALS Algorithm:
e Collect and normalize the input and output data

e Perform the following iterative computations v times:

(wf,q;) = arg max w?UiTYqi, U =U,

Hwi'l:l?”qz'll:l
UTt,
ti = Ulw:, Di = W’ Ui+1 — Uz _ t@'p;r,
7

i—1
_ * _ I * T * . 1
Tl_wla r; = nxn_wjpj wia 1>
j=1

where ¢ = 1,--- )7, v is determined by applying a known crite-
,‘@]

rion, e.g. leave-N-out cross validation

e Compute matrices P, @, R, T and M as follows:

P:[pl pw},T:[tl tvy
O=la ] B=[n - n]
M = RQT.

Hence, fault detection can be achieved using suitable test statistics based on the above
two subspaces. The T? and SPE statistics are popularly used to detect changes in 4 and

u, i.e.

7T \ '
T = uTR(N_l) RTu, (2.49)

SPE = |[al* = ||(Inxe — PRT) ul|". (2.50)

Under a given confidence level «, the threshold for fault detection can be calculated as:

v (V1)
g = o Fa (N —7), 2.51
th,T N(N ) (v ) ( )
Jinspe = gxa(h) (2.52)

where gx?(h) is the x*-distribution with scaling factors‘@: S/2u and h = 2p%/S. p and
.

The PLS-based process monitoring scheme is also based on the assumption that process

S are sample mean and variance of SPE statistic [86],

measurements follow multivariate Gaussian distribution. The geometric interpretation of

PLS approach has been recently proposed in ﬂﬂ]
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2.4.3 Recent developments on MSPM

PCA and PLS are the most widely accepted data-driven process monitoring methods in
MSPM framework. The standard PCA and PLS algorithms require that the process is
linear and static. The dynamic PCA (DPCA) and dynamic PLS (DPLS) are natural
extensions of the both methods to deal with process dynamics, which can be roughly
expressed in terms of the serial correlations of process variables [16], @] In order to
cope with the nonlinearity issue, the kernel-based approaches are also intensively studied
these days ], dﬂ]

The other MSPM techniques like fisher discriminant analysis (FDA) and independent
component analysis (ICA), are also frequently used in industrial applications. FDA is a
dimensionality reduction technique and has been well studied in the fields of multivariate
statistic and pattern classification @], @] Due to its ability to discriminate among
classes of data, FDA is recognized as an efficient tool for fault classification B], I,

|. In addition, by defining an additional class of data to represent normal operating
conditions, FDA can also be applied for fault detection purpose ] For ICA approach,
the basic idea is to find out the hidden statistically independent components (ICs) from
the observed data. ICA approach is originally proposed to solve the signal processing as

B], |. Recently, ICA has been applied
for process monitoring, especially for the process measurements with non-Gaussian dis-
tributions @], B], @] E] Compared with PCA and PLS, the calculation involved

in ICA is more complicated. However, it is worthy of further discussion whether the

well as blind source separation problems [44],

Y

independence between the latent variables could bring additional advantage for the eval-
uation stage. Although more sophisticated variants of these methods have been recently
proposed to deal with different issues in industrial processes, a simple method without
complicated computations is still of great interest from the application viewpoint in order

to reduce the design and engineering efforts.

2.5 Concluding remarks

This chapter offers a brief introduction to the major developments and basic concepts of
fault diagnosis techniques, which include model-based and data-driven MSPM approaches.
Depending on the availability of system model, the model-based techniques, such as FDF,
DO and parity space approach, as well as their interconnections are discussed in detail.
Since the process model is hard to be established in practice, the subspace model identi-
fication techniques can be applied to extract the model from process data.

In the second part of this chapter, the data-driven MSPM approaches are briefly in-
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troduced with the help of PCA and PLS. Compared with model-based techniques, the
data-driven MSPM approaches try to extract a concise set of statistics from huge amount
of process data and hence receive more attention in large-scale process industry nowadays.

Based on the experiences from industrial and research projects, it is observed that some
modifications on basic MSPM approaches are often helpful to improve the process mon-
itoring performance under ideal stationary operating conditions. Moreover, alternative
solutions, which combine the advantages of model-based and MSPM techniques, will lead
to additional improvements on their applicability, capacity and efficiency for industrial

applications. These issues will be discussed in the next four chapters.
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3 Modifications on PCA-based
approach

The efficiency of PCA-based fault diagnosis scheme lies in its ability to compress a huge
amount of process data and extract the meaningful information within. From application
point of view, the PCA-based fault diagnosis technique is suitable for the processes with
little or no a priori knowledge about their mathematical models. Several extensions of
standard PCA approach have been developed to deal with parameter variations @], @]
and industrial batch processes ﬂﬂ], B], ﬁ], M] Although more sophisticated variants
of PCA are proposed, some basic issues of PCA, such as the original idea, test statistics
and their sensitivities to the faults, have not been paid enough attention in research study.

It is well-known that the original idea behind PCA is to reduce the dimension of a data
set, while retaining significant variability information. However, for fault diagnosis, PCA
offers no reduction from the computation point of view since the data should be projected
onto the both subspaces as shown in Eqgs.([237)-(2Z38)). In this sense, the core of the PCA-
based approach consists in a numerically reliable implementation of the test statistics
for fault detection, which is mainly achieved based on the SVD. To achieve optimal
fault detection performance, the thresholds of related test statistics shall be delivered by
suitable methods.

In the present work, a new test statistic is firstly proposed. In comparison with the
SPE index, the threshold setting associate with the new statistic is considerably less
complicated than the one given in Eq.[24I). The further study is dedicated to the
analysis of fault sensitivity. The fault identification issue is finally solved in the proposed

framework [25], .

3.1 Problem formulation

The basic assumption on PCA-based fault diagnosis method is that the process variables
follow multivariate Gaussian distribution. Without loss of generality, the measurement

vector can be described as z ~ N (0, ®) due to the mean center procedure. The projections
of z onto P, and P, are shown in Egs.([237)-@238) such that z = 2 + Z with Blz ~
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3.2 On the test statistic

N(0,Ape) and PL 2 ~ N(0,Ases). In order to simplify the following study, throughout
this thesis, it is assumed that the sample number N is large enough so that the y2-
distribution can be adopted instead of F-distribution. The threshold for T2 statistic can

be calculated as
Jth,T2 = Xi(ﬁ) (3-1)

where « is confidence level and 8 is number of PCs. A natural way to monitor the

subspace spanned by P, is to use the so-called Hawkin’s statistic

Th = 2" P\ AP 2 (3.2)

resT res

which is, however, less utilized in practice due to the drawback with the possible ill-
conditioning A,.s when some of the singular values of Asq,..., A\, are very close to zero.
To solve the problem, the SPE statistic @] in the form of Eq.([239) is proposed with
the threshold given in Eq.([2.41]), which is derived from statistical approximation with
complicated computation.

For process monitoring, the offset and scaling faults are the two types of faults which
are mostly considered both in the academic study and practical application. Given a

measurement sample z, the offset and scaling faults can be formulated as follows:

zp = z+f, f#0, (3.3)
zp = Fz, F#1 (3.4)

where f € R™ and F' € R™ ™ are constant fault vector and matrix, respectively. Al-
though a successful application of the PCA-based fault diagnosis method depends on the
suitable test statistics for both subspaces, their sensitivities for detecting both types of
faults have not been analytically studied. To complete the entire fault diagnosis scheme,
the fault identification issue shall be finally taken into consideration. Based on the above

observations, this chapter mainly focuses on the following topics:

e Propose suitable test statistic and threshold to monitoring subspace spanned by
PT637

e Analyze the sensitivity of related test statistic to the fault and,

e Develop an effective fault identification algorithm.

3.2 On the test statistic

The test statistic plays an important role in PCA-based fault diagnosis technique. Under

given probability density function of the considered variable, the test statistic is utilized to
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detect the change within. The likelihood ratio methods M] are popularly used in practice

for the purpose of change detection. Some essentials are introduced in the next subsection.

3.2.1 Generalized likelihood ratio

Given the system model

0y, mno change

y=cec+806, 0=
01, change

where y,0,e € R™, ¢ ~ N(0,%) and 6 is a constant vector. The probability density

function of Gaussian vector y is defined by

1 1 Tvw—1

_ 5(y=0)" S (y—0)
P , = — e 2 .
02) = e

The log likelihood ratio for given vector y satisfies

s(y) =1In izl Ezi = % [(y —00)"S "y — ) — (y—61) Sy — 91)] .

The basic idea of likelihood ratio method can be clearly seen from the following decision
rule

<0, 6 =80, is accepted

s(y) = , :

>0, 60 =0, is accepted
In statistical framework, s(y) > 0 means pg, (y) > pa,(y), i.e. given y, the probability of
6 = 0, is higher than the one of § = 6. Under the assumption that 6, = 0 and N samples
of y,i.e., y1,...,yn, are available, the likelihood ratio is defined by
N
=1

' N
SYo= S D owE e =Y (ke —00) S (g — 91)]
Lk=1 k=

N —

1 [ Ty—1 a Ty—1 Ts—1 20/ %! al
= 3 DSy = > yis g = N (67570, - N Yk
L k=1 k=1 k=1
1 -
= S |[VITET - NG - o) (- 0) (3.5)

N

where y = % > yr. Generally, 0; is unknown in practice. In order to detect the change
k=1

in 6, the so-called generalized likelihood ratio (GLR) is developed. The basic idea of GLR

is to estimate 0; with maximum likelihood estimation. The maximum likelihood estimate
of 0, is achieved if the likelihood ratio described in Eq.(B3]) is maximized, which leads to

the solution of the following optimization problem

. N
0, = arg max SN =g — max Sy = Egz_lgT-
1 1
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It is of practical interest to notice that the maximum likelihood estimate of #; is the
estimate of the mean value of y based on the available samples. Since i ~ AN (0,X/N), it
is obvious that NyX~'y7 follows y2-distribution. Therefore, given a confidence level a,

the following algorithm can be used for GLR-based change detection.

GLR-based change detection algorithm:

e Determine y,(m) using the table of y*-distribution with m de-

grees of freedom under confidence interval «
e Set threshold Jy, = xa(m)

e Define testing statistic

J = Nygxtgh (3.6)
1 N
with § = % > wk
k=1

e Define detection logic

g < Jin, no change
] > Jin, a change is detected .

3.2.2 An alternative test statistic

The PCA approach decomposes the measurement space into the so-called principal com-
ponent subspace and residual subspace, which are spanned by P,. and P,., respectively.
Since a fault may appear in one of these subspaces, projections of z onto both P, and P,
presented by Eqs.([237)-(238)) should be applied for the fault detection purpose. Note
that T? and SPE statistics are of quadratic forms associated with 2 and Z, respectively.
For a fixed sample number N, the GLR test statistic given by Eq.(3.0]) leads to an optimal
fault detection performance. It is evident that the 7 index is exact GLR test statistic
with N = 1 and thus delivers an optimal fault detection performance for the principal
component subspace.

For the residual subspace, the Hawkin’s statistic of Eq.([32]) can not be directly utilized
due to the possible ill-conditioning of A,.;. To avoid this difficulty and also to make use
of easy y2-distribution table, an alternative statistic is introduced below.

Let

= = dlag ( )\m R )\Am 71) c R(m*ﬁ)x(m*ﬁ)
m—1
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CHAPTER 3. MODIFICATIONS ON PCA-BASED APPROACH

It turns out that

res

EV2PL 2 ~ N (0, AL (m—p)x (m—p))

and

P =P 2=\, 2" P A LPT ~

res resT res”~:
An alternative statistic and the associated threshold are proposed under given confidence
level a

72 = 2'P..EPL » (3.7)

new resT)

Jin2 )\mX?x (m —B) (3.8)

new

which deliver an optimal fault detection performance in the residual subspace.

It is necessary to point out that

e the new statistic T2, is equivalent to Hawkin’s statistic T but without the numer-

ical problem,

e unlike the conventional SPE statistic, whose threshold is derived by statistical ap-
proximation, the new statistic T2, follows y?-distribution and the associate thresh-

old can be exactly determined by using the y2-distribution table, and

e the computation given in Eq.(3.8)) is considerably less complicated than the one of
conventional SPE threshold.

Since the principal component subspace and residual subspace are mutually orthogonal,
the fault occurred in one of them can not be detected by the test statistic developed for
the other subspace. In order to ensure high fault detectability, the so-called combined
index |90], [92], which makes simultaneously use of both statistics, is generally formulated

as
T? = BT* + B T7

res

(3.9)

with known constants 3y, B2 > 0. Rewrite Eq.([39) into

T2 = " PUPT;

where
Ao, T2, =Tk
A_l O res’ res
- ﬁl pe ) Q: [7 Trges:SPE :
0 3Q
E’ T7‘2€8 = Tsew

28



3.3 Fault sensitivity analysis

Considering that PTz ~ N(0,A), 2T PA71PTz ~ x*(m), it is reasonable to introduce the

following combined statistic to avoid possible difficulty with the computation of A~1

= = Am Am
T2 ., =2z PEPTz with = = diag | ==, , ——,1 (3.10)
A1 )\m—l
which is a combined index T2 , = \,(T? + T#). For a given confidence level a, the
threshold of T? , is given by
Jth,comb = )\mXZ (m) . (311)

The combined index can also be interpreted as a weighted quadratic form of the obser-
vation projection PTz. It is interesting to notice that the direction coupled with a stronger
variance is less weighted, while the direction with a weaker variance has a stronger weight-
ing.

In the extreme case that the sample covariance matrix ® is singular, an SVD yields

PT
P

A O
0 0

1
@:72%2[ ]
—— P P

As a result, the fault detection can be achieved by using the combined index in Eq.(3.10)
with the associated threshold Eq.(BI1]) and the parity checking

Plz=o. (3.12)
The corresponding detection logic is

T? < Jihcomy and ([BI2) is true == fault free, otherwise a fault is detected.

comb

3.3 Fault sensitivity analysis

In this section, the fault sensitivity of the related test statistic will be analyzed. Recall-
ing the offset and scaling faults defined in Eqgs.([33)-(3.4), the scaling fault can also be

formulated as a special kind of offset fault in case of
f=F —IL,xm=z.

Therefore, in the sequent study of fault sensitivity analysis, the general form of fault is
considered as
Zf =z + f

Since T, T?,,, and SPE are equivalent to represent test statistic for residual subspace, in

the following analysis T2, is formulated by T3 to simplify the notation. Similarly, 772

res comb

represents the combined index T72.
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CHAPTER 3. MODIFICATIONS ON PCA-BASED APPROACH

3.3.1 Comparison between 7? and T2 statistics

According to the nature of fault, two cases are considered as follows.

o [Fault occurs in Py, or P,.s. In this case, the T? and T2, statistics are only sensitive

to the faults which can be decomposed into subspaces spanned by P,. and P,
respectively. Since the principal component subspace and residual subspace are

mutually orthogonal, if a fault occurs only in P, (or P,.s), the T (or T?) statistic

Tes

will never detect the fault regardless of its magnitude.

e Fault has the similar influences on both subspaces. Since the covariance matrices of
PpTcz and PT _z are, respectively, Ape and A5, and furthermore Apin(Aye) = Ag >

Tes

Mmaz(Mres) = Agi1, the T2, statistic may be more sensitive to the fault than 72

res

statistic. To demonstrate it, the fault sensitivity of related test statistic will be

analytically studied in this subsection.

For a confidence level «, it follows that

T -1 pT 2
P AL PT 2) < T2 = X2(m — B),
e, (TP APL) < o, = X = 5)

T -1 pT _ 2
Jex (2" Py Plz) < Jyre = X2(6).

Thus, if a fault f causes

1/2 1/2
(F"PresPL ) > 208 1 = 202 (X2(m = 9)'2, (3.13)

it becomes

(ZJ?PMS/V1 PT zf) 12

TesST res

v

(fTPresA;elsPrj;sf) 2 - (ZTPresA;elsPrj;sz) 2

_1/2 o T on1/2 1/2
Z )\BJrl (f Prespresf) - Jth,TI%

1/2
= Jth,TI%I

which means this fault can be detected with the confidence level . Note that Eq.(3.13)
is a sufficient condition under that a fault can be detected by T7. On the other hand, it

is obvious that

E(T?) = &(zf Pl Przy)

= & (zTPpcA;cleTcz) + fTPpcA;clp pTc

< E(Z" Pl Prz) + Mg [T PP f
Mot f " PpePpof - Mgy [T Pres Pl f

B B - /\ﬂfTPTeng;Sf
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3.3 Fault sensitivity analysis

According to Eq.([313), it is known that

AEJlrlfTPresPrj;sf - 4Jth,Tﬁ, + 57 (314)

T T £\1/2 1/2 41/2
(f PT’@SPresf) > 2)\6+1Jth,TEI (315)

with 6 > 0. In case that the fault has similar influence on the both subspaces, i.e.
res

fTPpch;f ~ fTPresPT f> (316)

it turns out

A Ax2 (m — )
S(Z?PpcA;clpg;zf) Sﬁ‘i‘ ﬁJrl( Xa(m ﬁ)—i_ )

As
In case - x2(8)— g
g = 4X§(am —B)+4§’ (3.17)
it follows that
E (2] Poel\, ) Plzyp) < X2(B) = o2 (3.18)

which indicates that f is expectably undetected by the 772 statistic under condition in
Eq.3I1), although it is detectable using the Hawkin’s T3 statistic. Since generally
4X%(m — B) and X2(B) — B are comparable and the singular values \g > Agy1, the
condition Eq.([3I7) is a general condition and easy to satisfy.

The previous analysis reveals that T2 | is more sensitive to the fault than the T2 statistic

when the fault has the same influence on both subspaces.

3.3.2 On the combined index

In this subsection, the sensitivity of combined index will be analyzed. It is straightforward
that, for a fault occurred in P,., it will cause same change in 7% and T?. Note that the

threshold of T can be calculated by x2 (m). In addition, since

the combined index has lower fault sensitivity than the separate use of T2. The similar
analysis can be applied on the fault occurred in the residual subspace that delivers the
same result.

On the other hand, it always holds

Xa (m) < X% (m—B)+ x5 (8).
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CHAPTER 3. MODIFICATIONS ON PCA-BASED APPROACH

Thus, there must exist a fault which leads to
T2 > xa (m)
under the following conditions

< X2 (8).
T?“Qes < Xi(m_ﬁ)

In this case, the combined index may be more sensitive to the fault than using the separate
indices.

The previous discussion reveals that

e if the fault f has significantly different influences on the both subspaces, i.e. one of

the following two conditions is satisfied

fTPpcP]z;f < fTPresPrj;sfa
JTPePLf > [TPesPr.f.

C Tes

The separate use of the two test statistics, 72 and T2 _, will improve the fault

res?

sensitivity compared with the combined index, and

e the use of a combined index is of advantage when the distribution of A=!f is nearly

uniform in the measurement subspace.

According to these observations, each index, i.e. T? T2, or T?, can be sensitive to a

certain kind of faults. Therefore, the joint use of the related test statistics is recommended

to improve the fault detection performance.

3.4 Fault identification

The fault sensitivity analysis of related test statistic has been discussed so far. In this
framework, the issues of identification of off-set and scaling faults will be respectively

considered.

3.4.1 Identification of off-set fault

As aforementioned, the off-set fault is given by

=z4f, f#0
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3.4 Fault identification

where z ~ N (0, ®), ® is a known matrix and f is an unknown constant vector. It is well

known that
N

_ 1
delivers a GLR estimate for f, where z;; (i = 1,---, N) is the i-th sample of z;. Suppose
that a fault is detected with sample k, the off-set fault identification procedure can be
briefly summarized as follows: Collect M faulty samples and compute the estimate of f,

denoted by f , as

. 1 k-+M
- . 1
T=arv Z; o (3.19)

In case that the nominal measurement vector is not zero mean, the M faulty samples
shall be firstly centered by the mean value achieved from the training data. Based on the
re-centered samples, Eq.([3.19) can be utilized to estimate the off-set fault. It is worth to

mention that the above algorithm can also be realized in a recursive manner.

3.4.2 Identification of scaling fault

Consider a scaling fault

2p=Fz F#1I,
and suppose that the fault has been detected by standard PCA method with sample k.
Let zpg, -, zrr+m be M + 1 samples collected after fault detection. Then, it follows
that
1 zg,k
= [ 2pp oc 2R } : ~ FOFT = FPAPTFT. (3.20)
Z?,;HM

An SVD on Eq.([3.20) leads to

T
1 Rk
M [ ZFk = RFEk+M i| = VHVT (321)
Z?,HM

with Il = diag (5\1, e ,Xm). Straightforwardly, it follows
VT2 = FPAY2,
In case that A,.; =~ 0, the pseudo inverse of PAY? is given by

A0
0 0

Prc
PT

res

(PA?)' ~
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CHAPTER 3. MODIFICATIONS ON PCA-BASED APPROACH

The estimate of F, denoted by F , can be calculated by
3 1/2 A —1/2 pT
F=WILPA P (3.22)
where
II,. = diag (5\1, e ,5\5) ,

II,. contains [ significant singular values in II and V) are the corresponding singular

vectors.

3.4.3 A fault identification algorithm

Assume that a fault has been detected by using T2, T2, or T2 at sample k. The major

res

results achieved in this section can be summarized into the following algorithm.

Fault identification algorithm:

e Collect M + 1 faulty samples and center them by the mean value

achieved from training data

Estimate the off-set fault using Eq.([3.19)

Re-center the samples by f

Perform the SVD on Eq.(3.21) based on the re-centered samples

Compute F according to Eq.[(322]).

3.5 Concluding remarks

This chapter mainly focuses on the modifications on standard PCA-based fault diagnosis
approach. Based on the review of GLR method, a new test statistic for residual subspace
is proposed, which is equivalent to the Hawkin’s T4 statistic but without numerical draw-
backs. In comparison with standard SPE statistic, the threshold calculation associated
with the proposed test statistic is remarkably simple and does not need statistical approx-
imation. A modified combined index is also developed based on the new test statistic.
The further study is dedicated to evaluating these test statistics according to their sensi-
tivities to the fault. As a result, the joint use of these test statistics is recommended. To
complete the fault diagnosis framework, an algorithm is finally proposed to identify the

off-set and scaling faults.
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3.5 Concluding remarks

Unlike the original idea of PCA, which is to reduce the dimension of data by retaining
significant variations, both of the principal component subspace and residual subspace
should be utilized to achieve reliable fault detection performance. The core of the PCA-
based approach consists in a numerically reliable implementation of the y? test for fault

detection, which is mainly achieved using the SVD.
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4 Modifications on PLS-based
approach

Besides PCA, PLS is another popular method in MSPM framework. In contrast to PCA,
which gives the same weighting to each process variable without considering any causal
relationship in the process, PLS extracts the correlation model between process inputs and
outputs that may provide further advantages for prediction and fault diagnosis purposes.
Although both methods perform a similar way for fault detection, the main aim of PLS is
to detect the changes in input variables that are mostly influential to the process outputs
by utilizing the correlation information. The basic concepts and algorithms of PLS can
be found in ], @] Several modifications of it, such as recursive PLS [89], multiblock
PLS @], ], local PLS da] and dynamic PLS E] are also proposed and implemented
in a variety of industrial applications.

Although PLS-based fault diagnosis technique has been widely used, less attention has
been paid to the property of the latent space for fault diagnosis purpose. As shown
by Egs.(2Z47)-([2.48), the standard PLS algorithm decomposes the input measurement
space into two oblique subspaces which may cause some problems for fault diagnosis.
Moreover, the standard PLS algorithm introduced in Subsection is computationally
complicated, and most importantly, the correlation model is difficult to interpret due to
many iterative computational steps caused by the large number of latent variables.

Motivated by aforementioned observations, in the present work, a modified approach
is firstly proposed in order to overcome these difficulties ] Based on it, the complete
process monitoring scheme is further designed. To this end, a brief comparison between
the proposed method and existing approaches is given. Notice that the similar procedure

introduced in Section [3.4] can also be utilized for fault identification.

4.1 Problem formulation

It is known that standard PLS algorithm divides input measurement space, U, into two
subspaces, i.e. U and U, depending on their correlation with output variables, Y. Based

on it, the T? and SPE statistics are typically used for monitoring both subspaces. Al-

36



4.2 A modified approach

though standard PLS algorithm works in many cases, the complexity of algorithm, es-
pecially the iterative computation procedures caused by many latent variables, lead to
the PLS model to be difficult to explain. In addition, it reveals that the standard PLS
approach may result in partial correlation between Uand Y thus, the orthogonal varia-
tions in U are useless for outputs prediction. Moreover, U may contain large variability

of U and therefore, is not suitable for monitoring as residual subspace by means of SPE

statistic. To solve these problems, |Zh£m_Qt_al.| ﬂlﬁ_ﬁ}h proposed the so-called total projection
to latent structure (TPLS) approach, which is based on the results from standard PLS
algorithm and further performs decomposition on certain subspaces.

The drawback due to orthogonal variations amongst interacting subspaces comes from
the nature of the standard PLS algorithm. Hence, a slight modification is necessary
in order to achieve better fault diagnosis performance. From the application point of
view, a desired modification approach shall be computationally less expensive than the
standard one and more importantly, avoid the drawbacks mentioned earlier. As a result,

the following two issues must be resolved:

e Perform a complete decomposition on input and output spaces, such that the cor-

relation model becomes

U=U+TU, (4.1
Y =Y + E,, (4.2
Y =UM=UM 4.3

where the subspaces Y and E, are respectively correlated and uncorrelated with
the input space. U and U denote an orthogonal decomposition on input space such
that U has no contribution for outputs prediction, while Uis fully responsible for

predicting Y thus does not contain variations orthogonal to Y, and

e Develop suitable test statistics and fault identification algorithm to complete the

fault diagnosis scheme.

To deal with the first issue, a modified approach is derived in the next section.

4.2 A modified approach

4.2.1 A complete decomposition of Y space

Based on the discussion so far, it is possible to write the desired relation as follows

Y=UM+E,=Y +E, (4.4)
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CHAPTER 4. MODIFICATIONS ON PLS-BASED APPROACH

where M is the coefficient matrix and contains correlation information between U and Y.
E, is the residual part of Y which is uncorrelated with the input measurement, i.e.
cov (ey,u) =0

where u” and 65 are row vectors in U and £, respectively. Without the loss of generality,
M is assumed to be a full column-rank matrix. According to Eq.([@4]), in case of N >

max {l,m}, it follows that

1 1 1 utu
——Y'U=—-MU'U+——E"U~M" :
N —1 N —1 TNC 1Y N —1
Thus, if matrix UTU is invertible, M can be easily calculated as:
M= (UTU)"UTY. (4.5)
Note that, if the product U”U is not a full rank matrix, it follows that
M= (UTU)'UTY. (4.6)
The pseudo inverse is calculated as:
t _
(UTU)" = Pupeh, ) Pl (4.7)
where an SVD on UTU leads to
Nupe O PT
UTU = PALPT = [ Pue Prres ] » u,pe (4.8)
7 7 O AU,T’GS qu:res

with A, ,es = 0. It is now easy to show that Y is completely decomposed into two parts

as desired in Eq.(L4) depending on their correlations with input measurement space.

4.2.2 Orthogonal decomposition of U space

So far, a desired decomposition on Y has been achieved and based on this result, it is
necessary to decompose U into two parts, i.e. Uand U , such that U does not contain
variations orthogonal to Y and thus has the full contribution in predicting Y, while U
gives no contribution.

A simple way to perform the aforementioned decomposition is achieved by projecting
U orthogonally onto the subspaces S; = span {M} and S; = span{M}™, respectively.
Consequently, it follows that

UM =0, (4.9)
Y =UM = UM, (4.10)
UeS,, UceS,. (4.11)

For orthogonal projection, the following steps are necessary:
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4.2 A modified approach

e Perform the SVD on matrix M M7T

Ay 0
0 0

Py

MMT = [ Py Py ] phi (4.12)
M

with Py, € Rlxm’ pM € Rlx(l—m)’ Ay € R,
e Construct Iy, II3;, which are the orthogonal projectors of the subspaces S; and
Sy respectively, i.e.
Iy = Py Py, (4.13)
Iy, = Py P (4.14)

e Project U onto subspaces Si = span { M} and S; = span{M}™", which are mutually

orthogonal. Hence, U is decomposed into two parts, i.e.

U=U+U (4.15)

such that
U =Ully = UPyPL € Sy = span{M} (4.16)
U = Ulli, = UPyPL € S; = span{M}". (4.17)

The major results achieved in this section can be summarized as the following algorithm.

Table 1] provides the descriptions of related subspaces.

Algorithm of the modified approach

e Calculate the coefficient matrix M according to Eq.(LH) or

Eq.(E.8)
Do an SVD on MM7 | see Eq.([d12)

Calculate the orthogonal projectors by Eqgs.((d.13)-(.14)

(optional) Decompose U according to Eqs.([d.15)-(Z17)

(optional) Decompose Y as Y =UM, E, =Y - Y.
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Table 4.1: Description of subspaces

Subspace Description
[ subspace of U that is fully responsible for

predicting Y

~ subspace of U that is orthogonal to U and

U
has no contribution for prediction of Y
¥ subspace of Y that is correlated to U and represents
the prediction of outputs
E, subspace of Y that is uncorrelated to U

It is worth to point out that

e the proposed approach calculates the coefficient matrix M in a least square manner

and based on it, the orthogonal decomposition on the input space is performed,

e compared to the standard PLS algorithm, the proposed approach provides a desired
decomposition on input and output spaces as shown in Eqs.([@1))-(3), and thus
avoids the drawbacks of standard PLS algorithm, and

e the proposed approach provides a more clear interpretation of the correlation model

and has much less computational overload than the standard PLS algorithm.

4.3 The fault defection scheme

Based on the proposed approach, in this section, the fault detection scheme will be dis-

cussed in detail.

A~

4.3.1 Monitoring subspace U

Since U and Y are mutually correlated, it is easy to prove that they are equivalent in the
sense of change detection. Thus, in this subsection, the issue of monitoring on subspace U
is mainly studied, which enables detecting the fault in the input space that has influence on

the outputs. To this end, consider the quadratic form of vector @, which is recommended
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4.3 The fault defection scheme

to design the test statistic:
a't = u' Py Pl Py Pliu = u” Py Pyu. (4.18)
Since
rank {PAEUT} =m,

Plu € R™ is a suitable candidate for T2 statistic for monitoring U/. Thus, the T statistic

follows

PLUTUPy\ ™
The threshold for T2 is given by
m(N? —1)

Tzt = (=) e (TN =) (4.20)

where F'(m, N —m) is F-distribution with m and N — m degrees of freedom and « is
user-specified confidence level. Recalling the GLR technique, in case of large enough N,

the threshold for T2 can be determined by x? test instead of F-distribution as shown in
Eq.(£20), i.e.
Jinr2 = Xa(m). (4.21)

The fault detection logic is:

T? > Jy, 2 = a fault in inputs is detected that is influential on outputs.

4.3.2 Monitoring subspace U

As mentioned in the previous section, U represents a subspace in U that is not correlated
to Y and has no contribution for output prediction. Therefore, similar to Eq.(dI8]), the

quadratic form of @ can be written as:
't = u” Py PL Py Phu = u” Py Pl (4.22)

Noting that
rank {R\EUT} =1l—m,

hence, Plu € R can be used as T? statistic for monitoring U. Thus, it follows

_ N
- (PLUTUP ~
The threshold for T2 is
(I—m)(N?—-1)

= F,(l— N — 4.24
Jth,Tg N(N—l+m) a(l m, l_'_m) ( )
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where ' (I —m, N — | +m) is F-distribution with { —m and N —[+m degrees of freedom
under confidence level . Similarly, the threshold can be determined by Jinr2 = X2(I—m).

The fault detection logic is

17 > Jy, 72 = a fault in inputs is detected without influence on outputs.

4.3.3 Monitoring subspace E,

In this subsection, monitoring and change detection based on E, is investigated. It is

known that E, is not correlated to input space and can be represented by
E,=Y -V = (U+0)M+E, - UM (4.25)

which shows that F), is not influenced by any change in input measurement. In other
words, only the faults occurred in Y, e.g. sensor failures, can be detected by monitoring
E,. Generally, e, is assumed small in magnitude and contains insignificant variability

information. Based on the available measurement y, an SPE statistic can be designed as
SPE, = [le, I = |ly — 91> = ||y — M"u|? 4.26
y=llel” =Ny =9l = ||y ul| ™. (4.26)

The related threshold is

JinspE, = GyXalhy) (4.27)

where g,x*(hy) is x*-distribution with scaling factor g, = S/2u and h, = 2u?/S under
given confidence level o. p and S are sample mean and variance of SPE, statistic in
Eq.([@24]). In case that input measurement is fault free, the fault detection logic is given

as:

SPE, < Ju,spe, = fault free, otherwise a fault in y is detected.

Note that, in Subsection B:2Z2] a new test statistic, which is similar to Hawkin’s T statis-
tic but without the numerical drawback, has been proposed instead of SPE. Moreover, if
e, is large and retains significant variability information, the new statistic can be simply
extended to a combined index to ensure high fault detectability. In this case, the test

statistic for F, becomes

T = el P;EP] e, (4.28)
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4.4 A brief comparison

Table 4.2: Subspaces and related test statistics

Subspace Test statistics Threshold
~ m(N2-1
U Tg HFQ (m, N — m)
0 72 ) b (=, N~
a N(N—-l4+m) =& ( - m, — 1+ m)
Ey T; /\mXi (m)
where
A A
==d = o1
,l/ag ( Al 7 Y Am717 ) Y

AL > 2 A3 Mg 2 2 A >0,
Ajpe = diag(Aq, - - ’)\B)’ Njres = diag()\mh e Am),s
1 A; 0

T _ T _ Y,pc
B B = BBy A= | ) Ao

Notice that Ay, and Ay,.s are calculated by the SVD of ﬁEg E, in the off-line design
phase. The corresponding threshold is
Jurz = A (m). (4.20)

The test statistics related to different subspaces are listed in Table To this end, it is

necessary to point out that

e the proposed approach employs two 72 indices to monitor input measurement space.
As against four test statistics proposed in @], the proposed monitoring scheme

works more efficiently, and

e in practice, the output vector y, e.g. the one serves as product quality variable,
is not always available on-line. In this case, monitoring subspace E, by means of

SPE, or T; will induce time delay and it is usually used in off-line analysis.

4.4 A brief comparison

Table offers a brief comparison among the proposed approach, PLS and TPLS ],
in which the computation complexity of the off-line algorithm, the number of on-line test

statistics as well as design parameters are mainly taken into consideration.
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Table 4.3: Comparison among PLS, TPLS, modified approach

Method Computation complexity Statistics Parameter
~ times SVD

PLS 2 No. of LVs
on [ x [ matrix
TPLS 7+ 1SVDonixl+ 1 No. of LVs
1 SVD on m x m matrices
Modified 2 times SVD
2 no
approach on [ X [ matrix

The computational complexities of these approaches mainly come from the SVD on
covariance matrices with different dimensions. Standard PLS needs v times SVD on [ x [
matrix. TPLS is based on the results from standard PLS algorithm and additionally
needs 2 times SVD on m x m matrix and an SVD on [ x [ matrix. The computation cost
of the proposed approach mainly comes from 2 times SVD on [ x [ matrix that shows
relative lower computation cost compared to PLS and TPLS in case of v > 2.

As aforementioned, for on-line implementation, the PLS and modified approach employ
2 test statistics to monitor the input measurement space, while TPLS has 4 test statistics
for the same purpose. Moreover, it is worth mentioning that the number of LVs, ~, is
an important design parameter in standard PLS to achieve successful process monitor-
ing. The leave-N-out cross validation is mostly referred in the literature for selecting the
number of LVs. Although it is a widely used criterion in practice, different results can
be obtained according to the choice of N, which may finally influence the performance of
the overall fault diagnosis system. Based on this observation, the approach without such

a design parameter will show much more advantages from the application point of view.

4.5 On fault identification issue

Assume that a fault of input measurement has been detected using T2 or T2. The fault
identification on the input space can be similarly achieved according to the algorithm
presented in Subsection It is known that, the fault detected by T2 will finally
influence the output measurement y. Thus, if test statistic T; indicates a fault occurred
on y, the influence of faulty input measurement shall be firstly subtracted in order to reflect
the real fault information occurred in outputs. Based on it, the similar fault identification

procedure can be applied to identify the faults in output measurement space. To this end,
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4.6 Simulation examples

a brief algorithm can be summarized as follows.

Fault identification algorithm:

e Assume that a fault on input measurement is detected by T2 or

T2 at time sample k

e Utilize the fault identification procedure presented in Subsec-

tion B.4.3] to identify the fault in input measurement space

e Suppose a fault on output measurement is also detected by T;.
Subtract the influence of the faulty input measurement from the
available output measurement. Thus, the data reflecting the real

faulty information occurred in y are obtained.

e Utilize similar fault identification procedure to identify the fault

in output space.

4.6 Simulation examples

In this section, the results obtained with an academic example are presented to illustrate

the performance of the modified approach. Consider the following numerical example
l134):
U = A2k+€k, (430)
Y = Cuk-I—vk (431)

where
T

13440
A=13 01 4 1 ,02[22110,
11300

and the noise terms vy ~ N (0,0.01), ex; ~ U([0 0.05]) and z; ~U([0 1]) fori =1,---,3

and 7 =1,---,5. U denotes the uniform distribution.

An additive fault is considered in the following form:
up=u+Zf (4.32)

where u is the fault free process vector, = € R'*! denotes fault direction vector and scalar
f is the magnitude of fault.
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100
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(a) faults in U (b) faults in U
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.
5;
:
é
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(c) SPE, for faults in U and U (d) T2, T2 and SPE, statistic for faults in output

Figure 4.1: Modified approach based process monitoring

For the experiments, following design steps are carried out:

o Off-line training phase: Collect training data consisting of 1000 samples and perform

the modified approach to calculate M, Py and Py;.

e Threshold computation: Compute thresholds for Jinr2 and Jy, 2 with N = 1000,

=5, m = 1, confidence level a = 0.99. Optionally, compute Jy, spg, -

e On-line fault detection: Simulate the example given by Egs.(€30)-(Z31]) for 200
samples with fault occurrence after the 100-th time sample. Three different faults
are considered as follows.

Fault in U: As shown in Eq.[@32), = is selected as the first column of Py, and
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4.6 Simulation examples

Table 4.4: Fault detection rate (%): faults in U

Magnitude of f  Modified (72) Modified (I2) PLS (72) PLS (SPE)
2 8 2 3 5
4 39 2 12 6
6 60 2 24 9
8 75 2 33 15
10 96 2 57 39

Table 4.5: Fault detection rate (%): faults in U

Magnitude of f Modified (T2) Modified (T2) PLS (T%) PLS (SPE)
2 1 21 1 9
4 1 89 1 44
6 1 100 1 97
8 1 100 1 100
10 1 100 1 100

f=6

Fault in U: Similar to fault in U, = is selected as the first column of Py, f=6
Fault in Y: Additive fault on output.

Compute T7? and T7. Optionally, calculate SPE,.

Fig. [4.1(a)|shows the result when fault occurs in U, which can be successfully detected
by T? without significant influence on T2. On the other hand, Fig. indicates that if
a fault occurs in U, T2 crosses the threshold without significant change in T2. Moreover,
as seen from Table .4, compared to the standard PLS, the proposed approach not only
offers correct fault location information but also provides significant improvement on
fault detection rate. T2 gives higher fault detection rate than 7% and T2 gives lower false
alarm rate than SPE statistic of standard PLS approach. Similar results are obtained for
fault occurred in U as shown by Table E5. In addition, if the fault occurred in input
measurement space, SPE, statistic gives no alarm, see Fig. [4.1(c)| Fig. 4.1(d)|illustrates
T2, T? and SPE, statistics if faults occurred in output. It can be seen that only SPE,

exceeds the threshold that delivers useful information of the location of the fault.
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4.7 Concluding remarks

In this chapter, a new approach is proposed to overcome the drawbacks of standard PLS-
based fault diagnosis technique. This approach firstly calculates the coefficient matrix
in a least square manner and then based on it, divides the input measurement into two
orthogonal subspaces according to their correlation with outputs. The proposed approach
is considerably simpler than the standard technique, and most importantly, avoids the
drawbacks and provides a clear interpretation for the correlation model. Based on the
proposed approach, the fault detection scheme is designed, in which only two T statistics
are used for monitoring the overall input space. An algorithm for fault identification is

also included in this study.
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5 Subspace aided data-driven approach

PCA- and PLS-based fault diagnosis methods are powerful tools to deal with the ap-
plications under the ideal stationary operating conditions. However, in the industrial
applications, we often meet situations that the operating conditions are significantly dif-
ferent from those conditions assumed for the application of the basic MSPM methods.
This issue can be illustrated, e.g. by the schematic description of a typical industrial
batch process presented in Fig. 5.1 It is evident that the basic MSPM methods like PCA

and PLS are not able to construct a reliable fault diagnosis scheme, since

e the process dynamics has not been taken into consideration in the basic MSPM

approaches,

e an explicit model for the internal relations between the process variables and oper-

ating conditions is always not available in practice and,

e the normalization procedure, which serves as a basic step for MSPM methods, is

not suitable for such a process due to wide operation region of process variables.

Although more sophisticated extensions of basic MSPM approaches have been proposed

to deal with such dynamic processes dﬂ], @], B], ﬂ], M], ], a simple method

the (i+1)th /

feeding cycle

———————————————————————————————

rapid
decline

Figure 5.1: Schematic description of an industrial batch process

49



CHAPTER 5. SUBSPACE AIDED DATA-DRIVEN APPROACH

without complicated algorithm is still of great interest from the application viewpoint to
reduce the design and engineering efforts.

On the other hand, it is known that the main advantages of the model-based fault
diagnosis methods lie in their abilities to deal with aforementioned problems that ensure
most efficient way for dynamic process monitoring. Unfortunately, their applications are
often unrealistic due to the sophisticated modeling procedure from the first principles,
especially for large-scale industrial process.

An alternative way, which is more simple than construction of process model from the
first principles, is identification of the process model from operation data. For this pur-
pose, SIM techniques that directly identify the complete state space matrices have gained
tremendous attention in the last two decades and have been successfully implemented in
many industrial applications @], @], M] Provided the identified process model, ob-
server and parity space based FDI schemes can be designed @], @], ] The block

diagram in Fig[5.2] describes the classic subspace identification aided design for observer-
based fault diagnosis system, in which the state space matrices are identified from the
estimated state sequence and the residual generator based on DO or parity relation is
then designed according to the model-based FDI schemes described in Section

In the present work, an alternative procedure is proposed M] As illustrated in Fig.[5.2]
the central idea behind the new method is the design of the parameters of DO based on
the primary form of residual generators, whose parameters can be directly identified from
the process data. In this way, the system identification becomes a part of the fault
diagnosis system that leads to a shorter, easier and faster design procedure. A basic
assumption in the proposed design scheme is that the mathematical model of the process
under consideration is not available. This new approach is of significant practical interest

due to the following features:

e The proposed approach is suitable for the application under industrial operating

conditions.

e The design procedure is intuitive yet simple and only based on the measured data

from the process under consideration.

e Primary fault detection can be realized with the minimal set of identified parameters
that is very important and valuable for the application engineers in early project

phase to check the realizability of an FDI scheme.

e No special knowledge of modern control theory is needed for design of observer-based

residual generators.
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Input and output data

Ups Vi

Classic approach

State sequence
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New approach

A 4

A 4

System matrices
A,B,C,D

Parity space
P

N

Subspace technique

Residual generator
Az’Bz’Lz’Cz’dz’gz

Figure 5.2: SIM and new approach

The proposed work is strongly motivated by the successful application of basic MSPM

techniques in process industry but also by the intimate relationship between the SIM and

parity vectors, which has been studied in B], ﬂﬂ], dﬂ], @], M], dﬂlh
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CHAPTER 5. SUBSPACE AIDED DATA-DRIVEN APPROACH
5.1 Preliminaries on subspace aided approach

5.1.1 Mathematical notations

Assume that the process under consideration can be modeled as an LTI system described

by

z(k+1) = Ax(k)+ Bu(k) +w(k), (5.1)
y(k) = Cux(k)+ Du(k)+ v(k). (5.2)

The model equations are introduced in Egs.([2I)-(22) in Chapter 2 with w(k) € R",

v(k) € R™, which are assumed to be zero-mean Gaussian distributed white noise satisfying

o([] Lo r1)-

where 9;; is the Kronecker delta function. It is assumed that the system matrices A, B, C

Q S

T R 0ij (5.3)

and D, model order n and matrices (), R and S are unknown a priori.

Introduce the following data structure:

y(k—s+1) u(k—s+1)
I T I Lt e
[ v Loe ]
v(k—s+1) w(k—s+1)
oty — | PETIED o | D
vk L w(k)

where the integer s is user-defined parameter that determines the number of lagged mea-
surements and, generally, s > n. The input, output and state variables can be further

congregated as the so-called block Hankel structures:

X, = _x(k—l—l) v(k+2) - x(k—i-N)}eR”XN,

Vo= [ wk) wlb+1) o plbt N 1) | e R,

Uy = | wk) wlk+1) - us(k:+N—1)}e7zslxN,

Yy = _ys(k+3) ys(k+s+1) --- ys(k+N+s_1)}€Rsme’
U = | us(k+s) ufk+s+1) - us(kJrNJrS_l)}eRssz
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5.1 Preliminaries on subspace aided approach

where NN is the length of available data samples. Similarly, the noise variables are also

gathered in Hankel structures:

Wy = [w®) wlkt1) - wlktN-1) ] eR™Y,
Vi = [ o) w(k+1) o (bt N—1) | e R,
Wy = | wk+s) wk+s+1) u.w4h+N+s—n}eRmW;
Vi = [wlb+s) wlbts+1) o wlh+ Nas—1) | e RN,

The subscripts p, f denote the past and future data, respectively. Construct inputs and

outputs block Hankel structures into:

Y,

Zp — p c Rs(l—l—m)xN, (54)
. Up -
T

Zp = T e RettmxN, (5.5)
L Ur |

Therefore, Eqgs.(5.J)-([E.2) can be brought into an extended model structure, similar as

Eq.[229):

Yy=1.X,+H, .U+ H, W;+V; (5.6)
where
i C ] [ D 0 cee 0]
CA CB D o0
Fs - . ) Hu,s - )
| CAT ] | CA*2B CA*'B --- D |
[0 0 0
C 0 0
Hw,s -
i CA=2 ... C 0

The extended model structure given by Eq.(5.6]) is the core of the SIM. Recall the defini-
tion of parity vector and parity space in Egs.(2.23)-(2.24) and denote them as

Vs = [ Uso Us1 *°° Ugs—1 ] ) (57)
ﬁs - [ ﬁs,O ﬁs,l te ﬁs,sfl ] (58)
where v, € 'Y, B, € TLH, s and vy; € RV™ B, € R fori=1,---,s— 1.
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CHAPTER 5. SUBSPACE AIDED DATA-DRIVEN APPROACH

5.1.2 Relations between SIM and PCA

Recall that the core of the PCA-based fault diagnosis technique consists in a numerical
reliable implementation of the y? test, which is mainly achieved based on the SVD of
data matrix. On the other hand, SIM aims to extract state space model by performing
the SVD on the training data matrix described in Eq.(&.5), which can be treated as a
time-lagged extension of Eq.(2.34]) in the standard PCA algorithm.

The PCA method decomposes the data matrix Z;*f into two parts, i.e.

Zf =TP" + TP (5.9)

where T € RVN*E, T e RN*s+m)=5) are score matrices and P € RsG+mx8  p ¢
Re(m)x(sl+m)=F) are loading matrices. The residual score follows T = 0 in the noise
free case. It can be shown that the number of PCs, i.e. 3, depends on the model order
n. Since the score and loading matrices are computed with the help of SVD over Z71, it

is possible to rewrite Eq.(5.9]) as

A 0 %3
Z = UZ C UZ res :| e ope 5.10
f ? 7 [ O Az,res ‘/Z,‘Z:res ( )

from which, the score and loading matrices can be directly calculated by the following

relations

P = Uz,pc>
- Uz,resa

~
Il

Vi pelzpes (5.11)
= ‘/z,resAz,res' (512)

=3
~.

Notice that all the model parameters are contained in the matrix P in the deterministic

case. For the purpose of system identification, it follows that

N
~ P,
[ rL IiH,, | =MPT=M| (5.13)
where M is a non-singular matrix. Therefore,
L HT
Fs - Mpy ) (514)
~I'tH,, = MPT. (5.15)

According to Egs.(5.14)-(E.13), the extended observability matrix I'y and the block tri-
angular Toeplitz matrix H, ¢ can be simply extracted by performing PCA on Z;. The
system matrices A, B,C and D are then identified with the help of e.g. least squares
method.
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5.1 Preliminaries on subspace aided approach

5.1.3 Identification of parity space

In deterministic case, the parity space can be extracted according to Egs.(B.14)-(E.153).
More generally, when the process is corrupted by measurement noise and process noise

simultaneously, the data matrix Zy becomes

X;

o . (5.16)

FS HUS
Zf = ’
0 I

[ Hy Wi+ V;
0

In order to remove the effect of the noise, the so-called instrumental variables can be
utilized, which should be sufficiently correlated with the informative part of data but
uncorrelated with the future noise. A possible choice for the instrumental variables is the

past data matrix Z,, which satisfies, for large NV,

.1 T
lim N (stWf + Vf) Zp = 0.

N—o0
Therefore,
rs H X;
Z;Zl~ | 7 T "z 5.17
A NI Uy | " (5.17)
In case that the process is persistently excited, i.e.
Xi
rank( [ Z5Y = n + s, (5.18)
U p
!

the following rank condition also holds:

rank (ZprT) = rank <[ 1;)8 H;’S ])

= sl+n (5.19)

which ensures successful identification of I't and I'tH, . Since rank (I't) = sm —n,
according to Eq.(5.I8), it turns out

FS Hu S
Zy [ ’ ] = 0,
0 I
rank (ZfL) = sm—n.
In addition, the model order can also be determined by performing SVD on %Z prT , Le.

1 T
N pr :UZ

A.; O

%2 (5.20)
0 Ay

z
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where U, € Rs(Hm)xstdm) 1y Rsltm)xstm) — According to the condition of Eq.(518),

A. 1 is a diagonal matrix which contains sl + n non-zero singular values, i.e.

FS Hu S
rank (A,1) = rank ’
’ 0 1

= sl+n, (5.21)
and the diagonal matrix A, 5 has exactly sm — n zero singular values. Thus, divide U, as
follows:

U, U,
U, — 11 12
Uz,21 Uz,22

where U, 1; € Rsmx(sl+n) U.12 € Rsmx(sm—n) U.2 € R (sm=n) " Finally, Fsl and FSLHU,S

can be calculated by

L = Ul (5.22)

s

I H,, = —Ul,,. (5.23)

The algorithm to identify the parity space can be summarized as the following steps.

Algorithm D2PS (from data to parity space)
e Generate Z; and Z, and construct %ZprT

e Perform SVD on %Z prT

e Calculate T'} and 't H,, , by Eqgs.([5.22)-([E23)

e (optional) Select v, € 't and 3, € T+ H, .

Notice that the above algorithm identifies the parity space only based on the training
data sets Zy and Zf. The algorithm to design reduced order parity vectors has been

presented by ]. Based on the available '} and 't H,, 4, the residual generator

design will be proposed in the next section.

5.2 Residual generator design

5.2.1 Single residual generation

It is well-known that, based on the vectors v, € Fsl and [, € FSLHW, the primary form

of parity space based residual generator is constructed as

F(k) = 0, (k) — Buus (k). (5.24)
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5.2 Residual generator design

According to the discussion in Subsection 2.2.4] the parity space based residual generator
has a one-to-one relationship with the DO-based residual generator. From the application
point of view, DO leads to an efficient recursive form for residual generation with less on-
line computation and more degrees of design freedom. The strategy of parity space design,
observer-based implementation has been widely applied in industry to ensure a numerical
stable and less complicated on-line fault diagnosis. Therefore, based on the identified

vectors vg and s, DO-based residual generator ca be constructed in the following form:

k1) = Auz(k) + Boulk) + Lay(k), (5.25)
r(k) = g.ylk)—c.z(k) — du(k) (5.26)
where
0 0 0 0 Vso
A, = L0 0 c R(s—l)x(s—l)’ L. =— ‘?’1 c R(S_l)xm,
0 :
0 0 1 0 Vs,s—2
ﬁs,O
ﬁs,l - _
B. = ' € RE—DxL, czz[o 0 1]ER1X<S n,
ﬁs,sf2

gz = Vs s—1 € Rlxm’ d, = ﬁs,sfl S R

It is evident that the residual generator given by Eqs.(.20)-(2.26) has the poles at the
origin. To achieve additional design freedom, the residual generator can be extended to

2(k+1) = A.z(k)+ Bou(k) + L.y(k), (5.27)
where
I 0 0 1y
l _
Lo - ’ ) Az - Az Locz v l2 )
ls—1 0 - 1 —=l4y

Bz - Bz - Lodza Ez - Lz + Log-

L, determines the eigenvalues of system matrix A, and should be selected so that all the
cigenvalues of A, lie in the unit circle.
With combination of Algorithm D2PS, a data-driven scheme for the design of a DO,

which delivers a single residual signal, can be summarized as the following algorithm.
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Algorithm PS2DO (from parity space to DO)
e Select vy € 't and B, € '+ H,
e Calculate A, B, L., c., g. and d,

e Construct a DO-based residual generator according to Eqs. (5.23])-

(5.26)

e (optional) Calculate A, B., L. and construct a DO-based resid-
ual generator as shown in Egs.([5.27)-(5.28).

5.2.2 Multiple residual generations

In the FDI framework, the fault sensitivity plays an important role in the system design.
In order to ensure the high sensitivity to faults, it is the state of the art in the FDI research
that a residual vector, instead of a single residual signal, is generated @] For instance,
the standard Kalman filter or the FDF scheme can be used to design an observer, which
delivers an m-dimensional residual vector. Hence, it is necessary to extend the data-driven
design approach proposed in the last subsection to the multiple residuals case to achieve
better fault diagnosis performance.

Suppose that T'} and T} H, , are identified using Algorithm D2PS given in Subsec-
tion The main objective in this section is to generate m linearly independent
residual signals using m DOs based on I't and T'tH, ;. These m DOs should span the
overall n-dimensional state space. Consider a single DO constructed using a parity vector

vg € Fj and the corresponding vector s € FslHuys. Let
e(k) =Tx(k) — z(k)
with
el(k) Zl(k’) tl
e(k) = : , 2(k) = 5 , T=1
esfl(k) Zsfl(k) t3,1

In case that the influence of the noises is not taken into account, it holds

e(k+1) = A.e(k),
r(k) = ce(k) =es_1(k).

where (c,, A,) is an observable pair. In addition, it follows from Eqs.(5.25)-(526) that

es(k) = vs5-1Cx(k) — 25_1(k)
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5.2 Residual generator design

which implies z;_; (k) is an estimate of a linear combination of the system state variables.
Recall that the primary objective is to construct m linearly independent residual signals

which span the whole state space. The above observation motivates us to select m parity

vectors, v,, € 't i =1,--- m, where
Us; = | Us;,0 Vst "0 Ugys—1
satisfying
Ushs—l
rank : = m. (5.29)
U&nﬁ—l

Based on them, construct m DOs, in which the ¢-th DO is presented by

Zk+1) = A,z2'(k)+ Bu(k)+ L,y(k), (5.30)
ri(k) = giy(k) —c..2' (k) — d,u(k). (5.31)

It is important to notice that the condition in Eq.(5.29]) ensures that the m variables,

2t (k),1=1,--- m, are linearly independent. Since
Zl(k) Tl
: =1 | z(k),
2™ (k) T
it is expected to have
T
rank (T)=n, T = | (5.32)
T,
where Ti,---,T,, are the transformation matrices solving Luenberger equations with

respect to each DO. In order to prove Eq.(.32), it is necessary to introduce the following
lemma given by [28§].

Lemma 5.1. Given the observable pair (C,A) with A € R™", C € R™*", then the
minimum order of a parity vector is equal to the minimum observability index of the

observable pair.
It follows immediately from Lemma 5] that

e for m = 1 the minimum order of a parity vector is equal to n, and
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e for a not fully observable pair (C, A) with m = 1 and the dimension of the observable

subspace being equal to # < n, the minimum order of a parity vector is equal to 6.
To this end, the proof of Eq.([532) is summarized in the following theorem.

Theorem 5.1. Given T't identified from the observable system Eqs.([51)-(&3), vs, €
L, i =1,---,m, satisfying Eq.(529) and m DOs Eqs.(530)-(531) constructed using
Algorithm PS2DO, then Eq.({5:33) holds.

Proof. Let G be
Usl,s—l a1
G = : = N (5.33)
Uspp,s—1 Jm

Due to Eq.(529), (GC, A) is observable, since

GC

GCA
rank ‘ = rank (diag(G,--- ,G)[',_1)

GCA™!
= rank (I',_1).

Let o1, , 0y, be the observability indices of observable pair (GC, A). Note that

Usl,sflc

/081787101401—1
rank : =n (5.34)

Usm,sflc

/Usm,sfchUM71

where o; < 9; with 9¥; denote the dimension of the observable subspace of pair
(vs;5-1C, A), i =1,--- ,m. Moreover, according to Lemma [5.Tl and the associated claim,
it follows that

m
o, <U; <sy, E S; = S.
i=1

Denote
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5.2 Residual generator design

It turns out for 2*(0) = T;z(0), u(k) = 0, w(k) = 0, v(k) =0

Zi,si(k) Usi,sflc
: = : (k)
Zisi—oi+1(K) | Vg5 1 CAT!
e
= LA,
| ¢, A7 ]
Vs, .5-1C [ e, ]
: = : T;.
Vg, s 1C A7 |, AT
Hence, Eq.([5.34) has the same rank as
oy Cpn T
rank | diag : A : :
o AT Cop AT T
and finally Eq.([5.32) is proved. O

Theorem . ensures that the m DOs span the whole state space and thus can be
used for detecting and isolating all faults occurring in it. The above design procedure is

summarized as the following algorithm.

Algorithm PS2MDO (from parity space to multiple DOs)
e Identify I'; and '} H, . using Algorithm D2PS

e Select m parity vectors from '}, which satisfy Eq.([529), and then

select the corresponding vectors from FSLHM,

e Construct m DOs using Algorithm PS2DO.

It follows from Egs.([5.30)- (5.31)) that each DO is a deadbeat observer. In the practice,
it is often necessary to design the observer-based FDI systems to meet special performance

demands. For this purpose, the residual signal is fed back to the estimation as follows:

Zdk4+1) = A, z(k)+ B.u(k)+ Loy(k) + Ly,ri(k), (5.35)
ri(k) = giy(k) — .,z (k) — du(k). (5.36)
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It is straightforward that

el(k + 1) = (AZZ - LTiCZi)ei(k)’
¢'(k) = Ta(k) —2'(k),

ri(k) = c,e'(k).

7

In case that the process is corrupted by noise, it follows that

e(k+1) = (A, — Lyc,)e' (k) +w'(k),
w'(k) = Tw(k)— Ly,gv(k),
ri(k) = c,e'(k)+ giv(k).

Thus, each DO can be designed by selecting L,, using the known observer design ap-

proaches like Kalman filter or pole assignment scheme.

5.2.3 A PCA-like approach

It is known that the instrument variable Z, is utilized to eliminate the influence of noise.
However, for FDI purpose, this step is not always necessary. In this subsection, a PCA-like
multiple residual generation scheme is introduced.

Without introducing instrument variable Z,, for a large N it turns out from Eq.(5.10])
that

z2f o [n B[ X [0
N N|o I vl N o |7
1o, B2,.]] X, ] 1 [ ®,87 0

~ | TS ClZT 4+ = non 5.37

N|lo I vl N 0 0] (5:37)

where ®,, = H,, Wy + V; represents the noise information. The first term in Eq.(5.37)
describes the system dynamics, which responds to the input signal. Since the noise in-
formation ®,, is generally small in magnitude and contains insignificant variability infor-
mation, it is possible to separate it by performing SVD on Eq.(537). Consequently, it
follows that

1 T

AX,U 0

ur 5.38
Ay s (5.38)

n

where A x iy includes all the singular values corresponding to the influence of input data set
Uy on the process variables and hence being significantly larger than the singular values

included in Ag,. U, can be divided according to Axy and Ag, as

Uz = |: Uz,X,U Uz,res :| :
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5.2 Residual generator design

As a result,
T
UT Ps Hu,s _ Uz,res,l Fs Hus
o 0 I Uz,res,Q 0 1
= 0, (5.39)
Z: 7T
Uzj:res (%) Uz,res - A<I>n- (540)

Similar to PCA, it is reasonable to construct the test statistic and threshold as follows:

T? = 2T (k) U.,esNg UL 2 (K), (5.41)

®, Y z,res

Jorz = X2 (sm—n) (5.42)

with =7 (k) = [ g7 (k) uT (k)

Note that the statistic presented in Eq.([541) contains considerably redundant infor-
mation and may be too conservative to perform an effective fault detection. According to
Eq.([39), UZTM&1 and Ug: res,2 Tespectively span the parity space and I'tH, . Therefore,
it is able to construct m DOs with the help of Algorithm PS2MDO, which delivers m
residual signals

r1 (k)
r(k) = : ~ N (0,Aq,)

T'm (k)

where Ag, includes m singular values in Ag,. Thus, for fault detection purpose, the

following test statistic and threshold can be used

T = r"(k)Aglr(k), (5.43)
T = Xa(m) (5.44)

which is less conservative than Egs.(5.41)-(5.42). The corresponding decision logic is
T? < J,;, = fault free, otherwise a fault is detected.

This proposed method is comparable with the standard PCA M], M], in which the
normalization step is replaced by the SVD that serves to remove the deterministic part in
the system dynamics. For a dynamic system with order n, the dimension of parity vector
vs, being equal to ms > mn, may become very high. Therefore, it is advisable to use a

recursive computation given in the form of DOs.
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5.3 State Estimator design

Recall that T is a transformation matrix connecting z(k) and the process state vector
x(k), i.e. z(k) = Tx(k). Thus, if a regular matrix 7" is constructed, the whole process
state variables can be estimated based on z(k). In this way, the DOs can be used not
only for the process monitoring but also control purpose. Based on a regular matrix 7,
the main objective of this section is to present a procedure to construct the corresponding
state estimator.

Suppose that m DOs are constructed according to Algorithm PS2MDO. As a result,
Eq.(532) holds and there exists a pseudo inverse T such that 77T = I. Given a regular

matrix 7', TT can be calculated as

T" = Ve AR UL, (5.45)
where Vi € R™™ and Ar € R™" come from an SVD on matrix 7', i.e.
A
T = Up oT Vi (5.46)
Ur = [ Uri Urp ] - (5.47)
Eq.([545) allows to estimate x(k) using
2(k) = TT2(k) (5.48)

which ensures that in the noise free case

Tim ((k) — &(k)) = lim (T'e(k)) = 0.

The Algorithm D2SE summarizes the necessary steps from the test data to the state es-
timation, it constructs m DOs using Algorithm D2MDO), which is in fact an s-dimensional
system with s being possibly significantly larger than model order n. In order to propose
an approach to design an observer of the n-th order, rewrite the m DOs into the following

compact form

z2(k+1) = A,z(k)+ B.u(k) + L.y(k), (5.49)
r(k) = Gy(k)—C,z(k) — Du(k) e R™ (5.50)
with
A, =diag(A,,, - ,A,,), C.=diag(c,, - ,c.,), (5.51)
B., L., d, g1
B, = : , L. = D= |, G=1] . (5.52)
{ B., L., dz,, gm
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5.3 State Estimator design

Algorithm D2SE (from data to state estimation)
e Identify 't and I't H, , using Algorithm D2PS
e Construct m DOs using Algorithm D2MDO

e Compute T;, 1 =1,---,m by

Us; 1 Us;2 0 Usg;s—3 Usys—2
- US:_Q el vsi,:5—2 0 r.
Vgora 0 -oe e 0
and form .
e

e Set TT according to Eq.(5.25)

e Construct state estimation z(k) using Eq.(5.48).

Note that the compact form presented by Eqs. (5:49)-(5.50) is a deadbeat observer. Denote
TTA.T = A, (5.53)

where A, only includes n eigenvalues of A, that are all located at the origin. Hence, a

full order state estimator follows
z(k+1) = A.z(k) + Byu(k) + Lyy(k) (5.54)

in which

i(k) =T'2(k), B,=T'B,, L, =T'L.. (5.55)
Moreover, an m-dimensional residual vector is constructed by
r(k) = Gy(k) — Cpz(k) — D,u(k) (5.56)

with
C,=C.T. (5.57)

The dynamics of the estimation error e, (k) = (k) — 2(k) as well as the residual vector

are governed by
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CHAPTER 5. SUBSPACE AIDED DATA-DRIVEN APPROACH

where

ak) = Gulk).

As mentioned in the previous section, in order to improve the system dynamic behaviors,

the residual vector can be fed back to the state estimation

z(k+1) = Ayz(k)+ Byu(k) + Lyy(k) + Lyr(k), (5.60)
r(k) = Gy(k)— Cyz(k) — Du(k) (5.61)

where L, is the design parameter, and can be, e.g. used for realizing a Kalman filter
scheme.

The main results derived in this section are summarized as the following algorithm.

Algorithm D2SO (from data to state observer)

e Identify I't and 't H, . using Algorithm D2PS

Compute A,, B,, C,, D,, L, and G according to Egs.([233),
(G.51)-(5.52)

Compute T and T as described in Algorithm D2SE

Compute A,, B,, C, and L, as defined in Eqgs.(5.53]), (5.53)), (B.57)

Construct the state observer according to Eq.(5.54)

(optional) Generate residual vector presented by Eq.(5.50)

(optional) Design and construct the state observer Egs.(5.60)-

(.61

5.4 Concluding remarks

In this chapter, a subspace aided data-driven approach is presented to achieve reliable
fault detection in dynamic processes under industrial operating conditions. Instead of
identifying the complete process model, primary fault detection can be realized with the
identified parity space. For the sake of efficient on-line implementation with enhanced

performance, a strategy of parity space design, observer-based implementation is achieved
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5.4 Concluding remarks

according to the one-to-one relationship between parity space and DO. The further study
is dedicated to extending the single residual generation scheme to multiple residuals case
in order to ensure high sensitivity to the faults. The multiple DOs can also be utilized to
construct state estimation observer for process monitoring and control purposes.
Extending this novel approach in the forthcoming chapter, the uncertainty issue in the

industrial environment will be discussed with the help of adaptive technique.
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6 On recursive and adaptive design
issues

In the industrial environment, the processes and plants often involve the changes, e.g. in
operating regimes or in the manipulated variables, which may lead to significant variations
in the mean and covariance of the process variables. Based on the basic idea of subspace
aided data-driven approach, the recursive and adaptive techniques can be integrated to
cope with such uncertainty issues. Among the existing techniques, the recursive subspace
tracking or recursive identification algorithms have been well developed and have served

as the standard data-driven methods with reduced on-line computation. Since the early

Vﬂﬁrk by Helland et al. ] and @], numerous recursive schemes have been reported
J E]

for signal processing applications, which can be found in [9], [20], .

, [78], [82]. The recursive subspace tracking algorithms are also popularly used

Besides recursive algorithms, the well-established adaptive control and observer theo-
_]

vies [, (5], [1od),

the convergence and stability issues. It is worth mentioning that the existing recursive

offer an alternative and powerful solution with consideration of

algorithms paid less attention on stability problem, which, however, plays a central role
when a PCA-like diagnostic observer is applied for a dynamic process. Based on this ob-
servation, it is promising that the combination of subspace aided approach and adaptive
control technique will lead to new successful solutions.

In the present work, two efficient recursive identification algorithms are firstly proposed
based on first-order perturbation (FOP) theory and data-projection method (DPM). The
design and implementation of adaptive DO-based residual generator is then discussed

with analytically provable convergence rate.

6.1 Problem formulation

The subspace aided data-driven approach is a powerful tool to deal with dynamic issue
with time invariant parameters. Since the residual generation based on this approach
implicitly depends on the model parameters, any deviations will lead to significant false

alarms even in normal operation scenarios. Therefore, it is necessary to update the process
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6.2 Subspace tracking technique

model on-line to cope with the nominal changes in the process.

From the system theoretic point of view, the process with parameter changes can be
modeled in terms of time varying representation. A shift in the operation point or tuning of
manipulated parameters may cause the change in one of the system matrices represented in
Eqgs.(2.1)-(22) due to nonlinearities. Since the primary residual signal can be constructed
from the singular vectors belonging to the smallest singular values of the product term
A fZ;;F or 4 fZJT, the main problem of subspace tracking converges to recursive @pdating

|

124

For a large-scale industrial process, it always poses a series of challenges considering the

singular values and singular vectors based on the process measurements [83],

limited memory and computational resources. Thus, an approximate subspace tracking
algorithm is recommended to achieve the trade-off between accuracy and computation
cost.

Although the main advantage of subspace tracking algorithm lies in its efficient com-
putation load compared with standard SVD, the stability and convergence properties are
difficult to be proved due to numerical approximations. To cope with such problems,
the well-established adaptive technique is desired to be integrated into DO-based resid-
ual generation scheme {2?3], |. After the nominal changes of process parameters, the

proposed adaptive data-driven scheme should
e deliver a residual signal (k) satisfying

lim r(k) =0,

k—o0

e if possible, with an exponential convergence rate independent of the changes.

6.2 Subspace tracking technique

The core of subspace tracking algorithm is to perform an approximate recursive SVD
using the available process measurements at each time step. In this section, two recursive
algorithms based on FOP and DPM are briefly introduced, which focus on subspace
tracking of Z;Z) and Z;Z , respectively.

6.2.1 FOP-based subspace tracking
Consider the product between Z; and Z, for N samples denoted by ®,

1
P, = NZprT. (6.1)
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CHAPTER 6. ON RECURSIVE AND ADAPTIVE DESIGN ISSUES

The recursive version of Eq.(61]) follows
®.(k) = a®.(k — 1)+ (1 — @) zr(k)z) (k) (6.2)
where « is a forgetting factor in the range [0, 1]. The SVD of @, (k) follows
. (k) = U(R)S(k)V' (k) (6.3)

where U(k) and V' (k) contain left and right singular vectors and (k) is a diagonal matrix

including all the singular values. Similarly, a recursive form of Eq.(6.3)) becomes
O (k) = P (k—1)+F
= Uk-1)Sk-1)+F)V(k-1)T (6.4)
where F is the first-order perturbation matrix and
F=U"k-1)EV(k-1).
The roots of the FOP-based singular values and singular vectors updating theory can be
traced back to the result presented in [99], which is stated in the following lemma .

Lemma 6.1. If all the singular values of ©,(k—1) are simple and the perturbation matrix
E is small, then the singular vectors and singular values of the updated matriz ®,(k) can

be described as

Uk) = Uk-1)(I+P), (6.5)
Vk) = Vk—-1)I+Q), (6.6)
oi(k) = ok —1)+ fu+O(|E]?) (6.7)

where fi; is the (i,1)-th element of F'. The elements of matrices P and Q) follow: p;; =
¢ij =0 fori=j and pj; = —pg;, Qi = —qg- for i1 > j, otherwise
Or-1,ifji + or_1;13 2

pii = 5 ——+O(|E]), (6.8)

Ok—1,i Ok-1;

Ok—1,ifi + k-1 fji
Zji = 2 ’ 2 = +O(”E”2) (6.9)

Ok—1,i Ok-1;

In case that 0; > 0,41, Eqs.(6.8)-(6.3) can be further reduced to

Ok—1,
Gi = i , (6.11)
Ok—1,5

As a result, at each time step, the parity space can be identified from the left singular
vectors corresponding to the smallest sm — n singular values. The DO-based residual

generator can be simply constructed by Algorithm PS2DO.
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6.2 Subspace tracking technique

6.2.2 DPM-based subspace tracking

The DPM technique M], ] for subspace tracking is based on Z;Z] and serves as an
efficient approach to only update the singular values and singular vectors of interests.
Based on this feature, DPM becomes the simplest algorithm if only a number of singular
vectors are tracked.

Consider the matrix ®, = %Z fZ;f and its recursive calculation form as

,(k) =ad,(k—1)+ (1 —a) zf(k:)zjr‘f(k:) (6.12)
The core of DPM algorithm can be explained with the help of the following lemma @]

Lemma 6.2. Let O, be a symmetric, nonnegative matriz with the singular values o; and

the corresponding singular vectors w;, where i = 1,---  s(m +1) and

op > - Osl+n = Osl4+n+1 > 2 Os(m+1) > 0.
Consider the sequence of matrices U; € REHMXL defined by the iteration
U; = orthnorm {CIDZUj_l} ,jg=1,2,---, (6.13)

where “orthnorm” denotes the orthonormalization procedure using QR decomposition or

Gram-Schmidt procedure. Then, we have
}HEOU]' = [ U - Us(m) } .

Thus, for the recursive form presented in Eq.(6.12]), the sequence of matrices U; com-
posed of singular vectors corresponding to either the dominant or the smallest eigenvalues

can be represented as:
U; = orthnorm { (I £ p®.(k)) U;_1 } (6.14)

where “47 and “-” give estimates of signal space and noise subspace, respectively. u
is chosen as a small positive number such that the matrix Iy + u®,(k) is nonnegative
definite.

For the purpose of construction of DO-based residual generator, it is not necessary to
update the overall SVD structure but only the noise subspace, which is equivalent to the
parity space. In fact, in case of construction of a single residual signal, the primary form
of residual generator can be established based on any row of the parity space. In this case,
it is only required to update the left singular vector related to smallest singular value that

again decreases the computational complexity of the algorithm.
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6.2.3 Recursive updating algorithm

The main steps of recursive subspace tracking algorithm based on FOP and DPM

techniques are briefly summarized as follows.

Recursive updating Algorithm:

e Collect the new measurements z¢(k) and in addition, z,(k) only
for FOP-based method

e Calculate the correlation structure shown in Egs.([6.2), (6.12]) for
FOP or DPM method, respectively.

e Update the complete SVD structure according to Egs.(6.5)-([611])
for FOP or update only the noise subspace presented in Eq.(6.14))

e Extract the parity space and associated matrix

e Construct DO-based residual generator with the help of Algo-
rithm PS2DO.

It is worth pointing out that the above recursive subspace tracking algorithm provides
an approximate result. The choice of such an algorithm always depends upon the trade-off
between accuracy and on-line computation cost. It can be demonstrated that the DPM
is the simplest algorithm due to its ability of identifying only a number of required parity

vectors for DOs construction.

6.3 Adaptive DO-based residual generator

Although recursive subspace tracking techniques provide efficient on-line computation
compared to standard SVD, the convergence and stability issues have not been paid
enough attention in the research study. In particular, the latter plays a central role espe-
cially when a dynamic process is under consideration and a DO-based residual generator
is applied. To overcome this difficulty, an adaptive DO-based residual generation scheme

is proposed in this section with stability analysis.

72



6.3 Adaptive DO-based residual generator

6.3.1 Mathematical notations

It follows from system model described by Egs.([2Z1)-([22) and the transformation z(k) =
Tz(k) that the system can be written as

2(k+1) = A,z(k)+ B.u(k) + Ly(k), (6.15)

sk = ex(h) (6.10

in which D = 0 for sake of simplicity. Hence, parameter changes in the original system

matrices are now represented by the changes in B,, L, and ¢.. Define new parameter

col (B.,)
col (L)

c R(s—l)(m-H)

with col () denoting a column-wise re-ordering of a matrix, i.e.

1
for P — [pl S } € RP*e col (P) = p e RP.
Pa
Thus, Eq.(6I5) can be rewritten into
2k +1) = A.z(k) + Q (u(k), y(k)) 6 (6.17)
where
Qulk),y(k)) = [ utk) Y(k) | € RE-DxC-Dem,
Uk) = :ul(k) X Ls-yx(s—1) 0 (k) X Is—1)x(s-1) ] :
Y(k) = :yl(kf) X L(s—tyx(s=1) **+ Ym(k) X L(s—1)x(s-1) } :

Note that g. is included in the output equation (6.I6]). To simplify the notations, define

0= [ 0 ] c R (s=D)(m+)+m
gT

6.3.2 The adaptive residual generator scheme

Note that Eq.(6.17) is a standard form, based on which several methods are available

for designing adaptive observers for the continuous time systems. Moreover, note that
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the unknown parameter vector g, is included in the output presented in Eq.(GI0]). From

Eqs. (616)- ([G17), it follows that
2(k+1) = Acz(k) + Q (u(k), y(k)) 0 + Lo (g=y(k) — c.z(k)) (6.18)
which can be written into
2(k+1) = Acz(k) + Q (u(k), y(k)) 0
with A, = A, — Lyc, and
Q (u(k), y(k)) = [ Q(u(k), y(k)) Loy" (k) ] € Rl lmitm),

Based on Eq.(6.1]]), an adaptive residual generation scheme is proposed which consists

of the following three subsystems:

Residual generator

2k +1) = A2(k) + Q (u(k), y(k)) (k)
%44k+n<ﬂk+m—é%», (6.19)
r(k) = g:(k)y(k) — c.2(k) (6.20)

where Lg is design parameter vector to ensure that the eigenvalues of A, lie in the unit
circle. (k) and V(k + 1) are generated by the parameter estimator and auxiliary filter
given below.

Auziliary filter

V(k+1) = AV(k)+Q(u(k),y(k)), (6.21)
o(k) = cZV(k)—[O 0 yT(k)]. (6.22)

Parameter estimator

~

0k +1) = ~(k)e"(k)r(k) + 0(k), (6.23)
y(k) = 5+¢(Z)¢T(k>, §>0,0<p<?2. (6.24)

The on-line implementation of the adaptive residual generator follows the algorithm given

below.
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6.3 Adaptive DO-based residual generator

On-line implementation of the adaptive residual generator

e Step 0: Set the initial values for k = 0, 2(0), 0(0), V(0) = 0,
©(0) =0, r(0) = y(0) — c,2(0)

e Step 1: Compute V(k + 1) according to Eq.(6.21)
e Step 2: Compute 0(k + 1) according to Eq.([6.23)
e Step 3: Compute 2(k + 1) according to Eq.(6.19)

e Step 4: Increase k by one and receive new measurements y(k)
and u(k)

e Step 5: Compute r(k), ¢(k) according to Egs.([@20), ([622)), re-
spectively, and go to Step 1.

6.3.3 Stability and exponential convergence

The stability of the proposed adaptive residual generator and the convergence issue will be

studied in this subsection. For this purﬁose, the useful results on the gradient algorithm

I

are given in the following two lemmas

Lemma 6.3. Given

y(k) = p(k)6.
let
0+1) = g (Relh) +0(b)

It then follows
) (k)
ko Vo ol (k
+ @(k)e" (k)
Lemma 6.4. The difference equation
T
; pe' (F)p(k) '\ &
Ok+1)={(1- 0(k
e+ = (1- 5 )

15 globally exponentially stable if there exist positive constants 31, B2, and integer 11 such

that, for all k

— 0. (6.25)

k+I1-1

0< Bl < > @ (i)pli) < Bl < o0,
i=k
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To begin with the stability proof, define

Z(k) = z(k) = 2(k),
0(k) = 0—0(k).

Notice that residual signal can be rewritten into
r(k) = g=y(k) —c.2(k) — (9= — 9:(k)) y (k)
= c.z(k) —y' (k)g: (k)

which leads to

Bk + 1) = Az(k) + Q (ulk), y(k)) § — A-2(k) — Q (u(k), y(k)) 6(k)

(
—A2(k) + Q (u(k), y(k)) 0(k) — V(k + 1) <é(k 1) - é(@) .

Moreover, it holds

V(k+100k+1) = V(k+1) (00k+1) = 0k + 1) +0(k))
Ok+1) = —y(k)@" (k)r(k) +0(k)

O(k) — (k)" (k) (c:2(k) — y" (k)5" (k))

= (I —~(k)" (k)p(k)) (k) + O (k)n(k)

with ©(k) = —v(k)eT (k)c..

Hence, after a straightforward calculation, it turns out

A, 0 n(k)
Ok) T~ (k)" (K)e(h ] [é(k) ] ‘ (0:26)

Based on Eq.(6.206]) and Lemmas [63H6.4] the following result can be achieved.

n(k +1)
O(k+1)

Theorem 6.1. Given adaptive residual generator presented by Eqs. (6.19)-(6-27), then

lim r(k) = 0. (6.27)

k—o0

Proof. 1t follows from Eq.([6.260]) that (k) goes to zero with exponential convergence rate.

Hence, it is only needed to consider
T(k) 5(k) yT(k)EJT(/f)

= (I —y(k)&" (k) (k)) O(k) (6.29)
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6.3 Adaptive DO-based residual generator

which, according to Lemma [G.3] leads to
k
lim rk) =
koo /6 + (k)T (k)
Considering that the auxiliary filter given by Eqs.([6.21])-([6.22]) is exponentially stable and

the inputs and outputs of the system are bounded, it turns out

(k)" (k)] < oo,
Jim{|y(k)e" (K)en(k)|| = 0

which finally results in Eq.(6.27]). O

It follows from Theorem that

e the adaptive residual generation scheme presented by Egs.([6.19)- ([6.24)) is stable and,

e the residual signal satisfies the basic requirement on residuals, i.e. klim r(k) =01in
— 00

the fault free case.
On the other hand, it is well-known that an early fault detection requires a quick conver-
gence of (k). However, Theorem does not provide the knowledge of the convergence
rate. For this purpose, additional condition is required, which is given in the following

theorem.

Theorem 6.2. Given adaptive residual generator Eqs. (6.19)-(6.2])) and assume that there
exist positive constants By, Po and integer 11 such that Vk

k+I1-1

0<BI< > P ()pli) < Bl < o0, (6.30)
i=k

then system given by Eq.(G20) is globally exponentially stable.

Proof. The proof is similar to the one of Theorem It follows from Lemma that
the residual signal presented by Eq.(6.28)]) is exponentially stable. Moreover, considering
that 7(k) exponentially converges to zero and O(k) is bounded, it can be concluded that
Eq.([@24]) is exponentially stable. O

The condition shown in Eq.(630) is known as the existence condition for persistent
excitation which is needed for a successful parameter identification. In other words, the
adaptive residual generator Eqs.([6.19)-([6.24]) is exponentially stable if the system under
consideration is persistently excited. Note that in this case

Jim, 006 =

with an exponential convergence rate.
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6.4 Simulation examples

Since the convergence and stability issues play an important role in the proposed approach,
a simulation example is considered to research the tracking performance of the proposed
adaptive DO-based scheme in parameter variation case. A mathematic model, which is

used to generate the simulation data, can be described in the following state space form.

x(k+1) = Ax(k)+ Bu(k) +w(k), (6.31)
y(k) = Cuz(k)+v(k) (6.32)
where
|0 0.3 ]’32[0.51702 1 —0.2]’
0.2 0.3+ 0.25p(k) 0.3 0.5 —0.6

and w and v are process and measurement noises, respectively. The parameter variation
is presented by pr = sin (0.8 + 0.001k). The input signal selected for the experiments is

a mixture of sinusoidal signals of different frequencies:

10
u(k) =) sin (0.3898m;k).
j=1
To demonstrate the tracking performance of proposed adaptive scheme, an experiment

including the following steps is performed:

e Identify the initial value of 6, denoted by 6y, using the process data generated in
time invariant case, i.e. p(k) = sin(0.8), with order reduction s = 2, see ] Then
it follows that

B, =056, L= {0.2521 0.2423 ] g = [ 10 ] ,
o = [ 0.56 0.2521 —0.2423 1 0 } .

e The adaptive DO runs for 9500 data samples with time varying parameter p(k).
For sake of simplicity, ¢, is kept as a constant throughout the process in order to

illustrate the tracking performance of the adaptive scheme.

Fig. shows the tracking performance of adaptive DO scheme for the first three
elements of #, denoted as #;, 65 and #5. It can be evidently seen that, if the process
data satisfy the persistent excitation condition, the proposed scheme has a good tracking

property even with time varying parameter.
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Figure 6.1: Tracking performance of adaptive DO scheme

6.5 Concluding remarks

In this chapter, two recursive algorithms for subspace tracking are firstly proposed. Both
the algorithms avoid to computing complicated SVD at each step and provide approx-
imate recursive estimate of the matrix decomposition with less computation cost. The
DO-based residual generator designed with the help of these algorithms deal efficiently
with the processes that vary around stable operating point or contain uncertain parameter
variations. Despite the recursive subspace tracking algorithms are widely used in practice,
the stability and convergence issues are difficult to prove due to their numerical approx-
imations. Based on the well-established adaptive control theory, a data-driven adaptive
residual generation scheme is further proposed, whose stability and convergence rate can
be analytically proven. In addition, the proposed scheme does not involve any compu-
tation of matrix inverse and produces consistent estimate of the parameters. Thus, it is
extremely suitable for process monitoring in large-scale process under industrial operating

conditions with uncertainty issue.
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7 Benchmark study

The data-driven design approaches proposed in this thesis will be applied on industrial
benchmark processes to illustrate their effectiveness. Three industrial benchmarks are

utilized corresponding to the previous study in each chapter.

e Tennessee Eastman (TE) chemical process @] The simulation of TE process is a
realistic representation of a chemical plant with 50 internal states, 11 manipulated
and 40 measured variables. Since the mathematical equations of the process are
extremely complex to derive, TE process serves as a preferred benchmark to test
data-driven algorithms for control, process monitoring and fault diagnosis. The
basic operation mode of TE process is utilized to evaluate the basic MSPM methods

under ideal stationary operating conditions.

e Fed-batch fermentation penicillin (FBFP) process H] The simulation of FBEFP
process is developed by using a realistic dynamic model of penicillin fermentation H]
The FBFP process is a typical dynamic, multi-stage batch process and thus utilized

to demonstrate the effectiveness of the subspace aided data-driven approach.

e Continuous stirred tank heater (CSTH) dﬂ_ﬂh The model plant of CSTH is devel-
oped by dﬂ] which is a hybrid one, derived from real data and rigorous modeling.
The data-driven design of adaptive residual generator is applied on CSTH process

under variation operating regimes.

A brief introduction of the aforementioned benchmarks will be firstly provided in the
next section. The proposed data-driven schemes are then applied and the representative

results are presented in detail.

7.1 Benchmark description

7.1.1 TE process

TE process model is a realistic simulation program of a chemical plant which is widely

accepted as a benchmark for control and monitoring studies. The process is described in
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Figure 7.1: The Tennessee Eastman process

@] and the FORTRAN code of the process is available over internet. Fig. [ ] shows the
flow diagram of the process with five major units, i.e. reactor, condenser, compressor,
separator and stripper. The process has two products from four reactants. Additionally,
an inert and a by-product are also produced making a total of 8 components denoted as
A, B, C, D, E, F, G and H. The process allows total 52 measurements out of which 41
are process variables and 11 are manipulated variables listed in Table [Z.Il and Table

initially defined 20 process faults and an additional valve fault was
further introduced in ], see Table[Z.3]l Since no prior knowledge about the mathematical
model of TE process is available, the PM-FD system shall be designed only based on
the process data. The data sets given in B] are widely accepted for PM-FD study, in
which 22 training sets (including normal operating condition) were collected to record the
process measurements for 24 operation hours. Correspondingly, 22 (on-line) test data sets
including 48 hours plant operation time were generated, where the faults were introduced
after 8 simulation hours. By considering the time constants of the process in closed
loop, the sampling time was selected as 3 minutes. These data sets can be downloaded
from http://brahms.scs.uiuc.edu. According to the original TE code, a Simulink code
provided by @] is available to simulate the plants closed-loop behavior. Based on the
simulator, the operation modes, measurement noise, sampling time and magnitudes of the

faults can be easily modified and thus its generated data sets are more helpful for PM-FD
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Table 7.1: Process variables

Block name Variable name Number
A feed (stream 1) XMEAS(1)
Input feed D feed (stream 2) XMEAS(2)
E feed (stream 3) XMEAS(3)
A and C feed XMEAS(4)
Reactor feed rate XMEAS(6)
Reactor pressure XMEAS(7)
Reactor
Reactor level XMEAS(8)
Reactor temperature XMEAS(9)
Separator temperature XMEAS(11)
Separator level XMEAS(12)
Separator
Separator pressure XMEAS(13)
Separator underflow XMEAS(14)
Stripper level XMEAS(15)
Stripper pressure XMEAS(16)
Stripper Stripper underflow XMEAS(17)
Stripper temperature XMEAS(18)
Stripper steam flow XMEAS(19)
Recycle flow XMEAS(5)
Purge rate XMEAS(10)
Miscellaneous Compressor work XMEAS(20)
Reactor water temperature XMEAS(21)
Separator water temperature ~XMEAS(22)
Component A XMEAS(23)
Component B XMEAS(24)
. Component C XMEAS(25)
Reactor feed analysis Component D XMEAS(26)
Component E XMEAS(27)
Component F XMEAS(28)
Component A XMEAS(29)
Component B XMEAS(30)
Component C XMEAS(31)
Purge gas analysis Component D XMEAS(32)
Component E XMEAS(33)
Component F XMEAS(34)
Component G XMEAS(35)
Component H XMEAS(36)
Component D XMEAS(37)
Component E XMEAS(38)
Product analysis Component F XMEAS(39)
Component G XMEAS(40)
Component H XMEAS(41)

corr@arison study. Note that the control structure utilized in B] is different from the one
in

|, which may lead to some differences in later simulation study. In the analysis, the
base operating mode of TE process is considered to be identical with the case in ] to
simulate the process behavior under stationary operating conditions. The simulator can be
downloaded from http://depts.washington.edu/control/LARRY/TE/download.html.
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7.1 Benchmark description

Table 7.2: Process manipulated variables

Variable name Number Base value(%) Units
D feed flow XMV (1) 63.053 kgh!
E feed flow XMV(2) 53.980 kgh—!
A feed flow XMV (3) 24.644 kscmh
A and C feed flow XMV (4) 61.302 kscmh
Compressor recycle valve XMV(5) 22.210 %
Purge valve XMV(6) 40.064 %
Separator pot liquid flow XMV(T) 38.100 m3h—1
Stripper liquid product flow XMV (8) 46.534 m3h~1!
Stripper steam valve XMV(9) 47.446 %
Reactor cooling water flow XMV (10) 41.106 m3h~1
Condenser cooling water flow XMV(11) 18.114 m3h~!

Table 7.3: Descriptions of process faults in TE process

Fault number Process variable Type
IDV(1) A/C feed ratio, B composition constant Step
IDV(2) B composition, A/C ration constant Step
IDV(3) D feed temperature Step
IDV(4) Reactor cooling water inlet temperature Step
IDV(5) Condenser cooling water inlet temperature Step
IDV(6) A feed loss Step
IDV(7) C header pressure loss-reduced availability Step
IDV(8) A,B,C feed composition Random variation
IDV(9) D feed temperature Random variation
IDV(10) C feed temperature Random variation
IDV(11) Reactor cooling water inlet temperature Random variation
IDV(12) Condenser cooling water inlet temperature =~ Random variation
IDV(13) Reaction kinetics Slow Drift
IDV(14) Reactor cooling water valve Sticking
IDV(15) Condenser cooling water valve Sticking
IDV(16) Unknown Unknown
IDV(17) Unknown Unknown
IDV(18) Unknown Unknown
IDV(19) Unknown Unknown
IDV(20) Unknown Unknown
IDV(21) The valve fixed at steady state position Constant position

7.1.2 FBFP process

The FBFP process is a typical dynamic, multi-stage batch process that is utilized to
demonstrate the effectiveness of the subspace aided data-driven approach. A flow dia-
gram of this benchmark is shown in Fig. The fed-batch penicillin fermentation can
be divided into two operation stages, i.e. the pre-culture stage with biomass growth and
the fed-batch stage. In the pre-culture stage, the initial substrate is consumed by mi-
croorganisms and the glucose is depleted. In case that glucose concentration reaches a

pre-defined value, the fed-batch stage begins with continuous substrate feed, which is an

83



CHAPTER 7. BENCHMARK STUDY

Acid

Base

n
Oy

Cold water

b

Hot water

Ik

Figure 7.2: Fed-batch fermentation penicillin process

open-loop operation procedure. Two PID controllers are installed to control the pH and
the temperature in fermenter through manipulating the acid/base solution and hot/cold

water flow rate.

The data sets generated from PenSim v2.0 H], including 12 process variables, are listed
in Table [[4l The entire duration of each batch is 400h and consists pre-culture phase
about 44h and fed-batch stage of 356h. The sampling interval for off-line design and
on-line implementation is chosen as 0.5h. The initial conditions and set points for normal
operations are listed in Table The simulator PenSim v2.0. is available at the web
site http://216.47.139.198/pensim/simul.html.

Table 7.4: Descriptions of process variables

Number Process variable Unit
1 Aeration rate L/h
2 Agitator power w
3 Substrate feed temperature K
4 Substrate concentration g/L
5 Dissolved oxygen concentration g/L
6 Culture volume L
7 Carbon dioxide concentration g/L
8 pH
9 Fermenter temperature K
10 Cooling water flow rate L/h
11 Biomass concentration g/L
12 Penicillin concentration g/L
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7.1 Benchmark description

Table 7.5: Initial conditions and set points

Initial conditions

Substrate concentration 14-16 g/h
Dissolved oxygen concentration  1.16 mmol/L
Biomass concentration 0.09-0.11 g/L
Penicillin concentration 0g/L
Culture volume 100-104 L

Carbon dioxide concentration
Carbon dioxide concentration
Carbon dioxide concentration
pH

Bioreactor temperature
Generated heat

Set points

Aeration rate

Agitator power

Substrate feed flow rate
Bioreactor temperature
PH

Substrate feed temperature

0.5-0.55 mmol /L
0.5-0.55 mmol /L
0.5-0.55 mmol /L
4.9-5.1

298-299 K

0 kcal

8.5-8.6 g/h
29-31 W
0.040-0.043 L/h
296-297 K
5.0-5.2

298299 K

7.1.3 CSTH process

The CSTH simulator is developed by hlhgmhlﬂ_@_aJ.J ﬂlﬂlh The nonlinear behaviors and
the physical constraints of the real plant are accurately captured by look-up table in the
simulation model. In addition, the hybrid simulator includes more realistic characteristics
of noise and disturbances derived from the real measurements. Moreover, the set point of
CSTH process can be non-steady that offers challenging task especially for the adaptive

process monitoring approaches.

The structure of CSTH process is showed in Fig.[.3l The cold and hot water are mixed,
further heated by a heating coil and then flow out through a long pipe. The temperature
in the tank is homogeneous. By integrating three PID controllers, the cold water level
and the temperature of the water in tank, which are the manipulated variables, can be
controlled according to their related set point values. The process inputs consist of hot
water, cold water, and steam valve position. The cold water flow, level and temperature
of the tank are measured output signals. The set point variation of manipulated variables
results in significant change of system parameters and makes the CSTH a time varying
system. Therefore, CSTH is used as a benchmark for illustrate the effectiveness of adaptive

DO-based residual generation scheme.

85



CHAPTER 7. BENCHMARK STUDY

=\
&)
........ hot water
cold water
steam C
LC
LV v flow sp

Figure 7.3: CSTH process

7.2 MSPM methods on TE

The first objective in this section is to implement the modified approach proposed in
chapter [ to detect 21 pre-defined faults listed in Table [[3] The data sets offered by ﬂﬂ]
are utilized, in which 22 process measurements (XMEAS(1-22)) and 11 manipulated vari-
ables (XMV(1-11)) are considered as input variables U and the analyzer for component
G (XMEAS(35)) is treated as a product quality variable, y. Both standard PLS and pro-
posed approach based process monitoring schemes are designed according to 480 samples
obtained from the normal process operation. The number of latent variables is selected
as 6 based on the cross validation tests. Since the faults in TE may occur in different
subspaces, which are generally unknown in practice, a reasonable process monitoring logic
is achieved by joint use of the related test statistics, i.e. for the modified approach by
means of T2, T2 and PLS using 7%, SPE indices.

Table summarizes the results of the experiments for all the faults in TE process, in
which the number printed in bold denotes the highest fault detection rate (FDR) related
to the certain type of fault. It can be seen that the modified approach shows significant
improvements on FDRs compared with standard PLS method, especially in the case of
IDV(5), IDV(16) and IDV(19). According to Table [[3] IDV(5) represents a step-wise
fault in condenser cooling water inlet temperature happened after the 160th time sample.
It occurs in both subspaces with significant influence on product quality variable y. The

process monitoring results of IDV(5) offered by standard PLS and modified approach are
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Table 7.6: FDR (%): PLS vs. modified approach

Fault number  PLS (72 or SPE)

modified (T2 or T2)

IDV(1) 99.88 100
IDV(2) 98.63 99.88
IDV(3) 14.25 18.75
IDV(4) 99.5 100
IDV(5) 33.63 100
IDV(6) 100 100
IDV(7) 100 100
IDV(8) 97.88 98.63
IDV(9) 14.5 12.13
IDV(10) 82.63 91.3
IDV(11) 78.63 83.25
IDV(12) 99.25 99.88
IDV(13) 95.25 95.5
IDV(14) 100 100
IDV/(15) 23 23.25
IDV(16) 68.38 94.28
IDV(17) 94.25 97.13
IDV(18) 90.75 91.25
IDV(19) 26 94.25
IDV (20) 62.75 91.5
IDV(21) 59.88 72.75
T§ T2
3000 300
2000 200
1000 100
200 400 600 800 200 400 600 800
4 T2
x 10 z SPFE
3 200
150
2
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1
50 1

200 400 600 800
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Figure 7.4: Process monitoring in case of IDV(5)
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Figure 7.5: Process monitoring in case of IDV(16)

presented in Fig.[[.4], from which it can be seen that the modified approach has persistent

response to the fault during its occurrence.

Similarly, IDV(16) denotes a fault occurred in the both subspaces as shown in Fig. [[5],
from which the modified approach also provides superior fault detection performance. In
addition, IDV(19) represents the fault which almost has no influence on product quality
variable. From Fig. it is obvious that the 77 statistic of the modified approach is
more sensitive than SPE of standard PLS under the similar FDRs given by T2 and T2
statistics.

If the nature of the fault is known in advance, the false classification rate (FCR) for
the fault unrelated to y is another critical index for evaluating the related methods. For
this purpose, T2 and T? are respectively utilized to calculate FCRs for modified approach
and standard PLS. To classify the faults, the criterion presented in [134] is used to divide
the faults into two categories, i.e. (a) fault affecting y and, (b) fault having no influence
on y. Particularly, the fault is said to affect y, if over 10% samples of y exceed certain
threshold after the fault occurs. Otherwise, the faults are assumed to have no influence

on y. The threshold for y can be determined based on the normal operation data.

Based on this criterion, the process faults IDV(3-4), IDV(9,11), IDV(14-15) and
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Figure 7.6: Process monitoring in case of IDV(19)

IDV(19) have almost no influence on y. Table [[17 gives the FCRs of both methods.
It can be shown that except IDV(3) and IDV(19), in which PLS and the modified ap-
proach give similar FCRs, the modified approach gives significantly lower FCRs than the

other methods which proves an excellent choice.

Another objective of this section is to evaluate the basic MSPM methods as well as
subspace aided approach when the process works in constant operating regime. For this
purpose, the TE simulator proposed in [95] is utilized to generate the process data for
Monte Carlo study. For each type of faults, one hundred Monte Carlo simulations are

performed to obtain FDRs of all the discussed methods. The measurement noises are

Table 7.7: FCR (%): PLS vs. modified approach

Fault number ~ PLS (72)  modified (T2)
IDV(3) 11.5 13.63
IDV (4) 63.13 11
IDV(9) 11.38 7.63
IDV(11) 64.75 10.25
IDV(14) 99.88 10
IDV(15) 20.88 10.5
IDV(19) 6.63 7
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Table 7.8: FDRs (%) based on simulator

Fault PCA PLS Modified Subspace

IDV(1)  99.64 99.77 99.63 99.3

IDV(2)  99.65 99.76 99.63 99.25
IDV(8) 100 100 100 100

IDV(9) 99.99 99.99  99.99 99.99
IDV(10) 100 100 100 100

IDV(11) 99.63 99.63  99.63 99.63
IDV(12) 99.88 99.88  99.88 99.88
IDV(13) 99.63 99.63  99.63 99.63
IDV(4) 5898  57.61 56.58 61.15
IDV(6) 781  77.28 93.9 99.02
IDV(7)  94.88  95.13 96.17 98.07
IDV(17)  75.59  76.56 78.26 92.2
IDV(18) 31.19  31.16 36.52 73.12
IDV(20)  50.63  52.93 65.8 80.41
IDV(3) 149  2.03 1.53 3.57
IDV(5) 142 181 1.41 2.95
IDV(14) 157 181 1.49 3.02
IDV(15) 153  1.77 1.4 3.19
IDV(16) 152  1.82 1.61 3.6

IDV(19) 147  1.78 1.47 3.45

added to process variables in each simulation run. Since the magnitudes of faults defined
in the simulator are very large, the modified magnitudes, which are less than 40% of
original values, are implemented in the simulation study.

Table summarizes the detailed FDRs. In the first block of Table [[.8, we can see
that all the tested methods give similar FDRs. The evident difference among FDRs can
be found in the second block of this Table, where subspace aided approach offers much
better FDRs over all the other methods. However, the faults listed in the third block are
undetectable by all the given methods.

Based on the observations obtained in this section, it is necessary to point out that
(a) the modified approach offers much better FDRs and more accurate fault diagnosis
information compared with the standard PLS approach; (b) the basic MSPM methods
like PCA and PLS, which have not considered the dynamic properties of the process,
shows relatively lower FDRs compared with the subspace aided approach even under
stationary operating conditions; and (c) in practice, the large scale industrial plants are
generally complex dynamic systems and the process measurements will not strictly follow
Gaussian distribution as shown in TE process. Although the process data can not perfectly
fulfill the basic assumptions, most of the tested methods show their abilities for process
monitoring within constant operating regime. Especially, the subspace aided approach,
which has higher FDRs and relatively lower computation cost, will receive more attentions

in practice application.
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7.3 Subspace approach on FBFP

Since FBFP process is a typical dynamic, multi-stage batch process, it is utilized in
this section to demonstrate the effectiveness of the proposed data-driven subspace aided
approach. The trajectories of 12 process variables from a normal batch operation are
depicted in Fig. [[ 7

A total of 20 batches of normal process operation data were generated by PenSim v2.0
for off-line design procedure. The biomass and penicillin concentrations are selected as
output variables and the other 9 process variables serve as input variables, see Table [.4]
There are totally 16000 data samples collected from normal operation batches and s is
chosen as 10 to build the Hankel matrix. Based on them, diagnostic observers were
constructed according to Algorithm D2MDO.

Based on the constructed DO-based residual generators, the abnormal batches, includ-
ing four typical process faults at different stages of fermentation listed in Table [.9] are
utilized to verify the effectiveness of the proposed approach.

The first fault, presenting 20% step decrease in agitation power, was introduced to the
first abnormal batch at 180 h and retaining until to the end of this batch (380 h). As
pointed by H], an abnormal decrease of agitation power can lead to a lower dissolved
oxygen concentration in the culture medium and will finally cause the undesired decrease
of penicillin concentration. The process monitoring result of the proposed approach is
shown in Fig. from which it is obvious that the test statistic significantly exceeds
the threshold from 190 A which indicates an occurrence of fault. The abnormal situations
related to substrate feed rate were also taken into consideration due to its influence on
the final penicillin production. Two types of such faults, which represent linear decrease
and step change of substrate feed rate, were introduced in the 2-nd and 3-rd batches at
different stage of fermentation. From Fig. and Fig. it can be observed that
the slow decreasing of substrate feed rate can be detected after 320 h, while the step
decrease of substrate feed rate can be immediately monitored after its occurrence. In the
4-th abnormal batch, a 20% step fault was imposed to aeration rate after 180 h. The
monitoring result is shown Fig. [7.8(d)| which indicates a fast detection of abnormality
after 190 h.

Table 7.9: Process faults in FBFP process

Batch No. Description of faults Occurrence time (h)
1 20% step decrease in agitation power 180
2 linear decrease of substrate feed rate from 0.042 to 0.032 L/h 230
3 30% step decrease in substrate feed rate 50
4 20% step decrease in aeration rate 180
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Figure 7.7: Process variables in a normal batch
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Figure 7.8: On-line process monitoring

7.4 Adaptive approach on CSTH

In this section, CSTH process is utilized to check the effectiveness of data-driven adaptive
DO-based residual generation scheme. As suggested in |[101], the set point variation in
CSTH process results in significant change of system parameters and makes the CSTH a
time varying system.

The CSTH process is simulated to collect 1800 data samples. During the first and the
last 400 data samples, the set points of cold water valve position and steam valve position
are unchanged. In the middle 1000 data samples, both set points are consistently changed
from 12mA and 10.5mA to 12.8mA and 9.7mA, respectively, in order to simulate the time
varying scenario, which is considered as normal process operation.

The first 300 data samples are used to construct the DO-based residual generator
without adaptive scheme. The residual signals of the adaptive scheme and conventional
DO-based method are illustrated in Fig. with confidence level o = 0.99. It is clear
that the conventional method is not competent to monitor the process under time varying

scenario that can be seen by the numerous false alarms.
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Figure 7.9: Conventional vs. Adaptive

In the last experiment, a sensor fault is simulated inside the CSTH process, with all
other operating conditions remaining unchanged. The fault occurs between 1300-th and
1400-th samples and is approximately 10% bias to the actual flow measurement. It can
be seen in Fig. [[ 10 that the adaptive DO-based residual generator comfortably detects
the fault after its occurrence. Hence, the proposed adaptive scheme is more suitable for

process monitoring under industrial operating conditions with uncertainty issue.

7.5 Concluding remarks

In this chapter, all the discussed data-driven methods are implemented on three well-
known industrial benchmark processes to show their effectiveness for process monitoring
purpose. The basic MSPM methods as well as data-driven subspace aided approach are
firstly applied on TE process. Most of these methods illustrate their monitoring abilities
for such a large-scale industrial plant under stationary operating conditions. Especially,
the proposed modified PLS approach and subspace aided approach offer superior results
compared to the other methods. In addition, the subspace aided approach is further

tested on FBFP plant and shows satisfactory results for monitoring such a typical dy-
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Figure 7.10: Adaptive DO-based process monitoring

namic, multi-stage process. The adaptive DO-based residual generation scheme is finally
implemented on the CSTH process. The simulation results show that the adaptive de-

sign scheme performs better than the conventional non-adaptive approach in handling
uncertainty issue, e.g. operating point variations.
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8 Conclusions and future work

The primary objective of this thesis was to design efficient data-driven fault diagnosis
systems according to operating conditions of the underlying process. An overview of major
developments and basic concepts of fault diagnosis techniques, which include model-based
and MSPM approaches, are firstly presented. Since it is difficult to obtain quantitative
model through the first principles in practice, the basic data-driven MSPM approaches
like PCA and PLS are then studied due to their easy design and simple operation. The
modifications on basic MSPM approaches are helpful to improve the process monitoring
performance under stationary operating conditions.

Based on the review of GLR method in Chapter Bl an alternative test statistic is
proposed for PCA-based fault diagnosis approach. Compared with standard SPE index,
the threshold calculation of the new test statistic is considerably simple without statistical
approximation. The fault sensitivity of the associated test statistics is then analyzed. An
algorithm is finally proposed to identify the off-set and scaling faults.

In Chapter [ a new approach is proposed to overcome the drawbacks of standard PLS
approach. The core of this approach is to calculate the coefficient matrix in a least square
sense and then perform orthogonal decomposition on the input space according to its
correlation with outputs. This approach does not only deliver a better fault diagnosis
performance but also requires less computation in comparison with the standard PLS
scheme. An algorithm for fault identification is also included.

Although the modifications on basic MSPM methods enhance fault diagnosis perfor-
mance under steady operating conditions, the process dynamic and uncertainty issues can
not be directly treated by these approaches. The subspace aided data-driven approach,
which combines the advantages of model-based and MSPM techniques, is then proposed
in Chapter [l to achieve fault diagnosis on dynamic processes under industrial operating
conditions. The novel approach identifies only key components from the process data
instead of identifying the complete process model. According to the one-to-one relation-
ship between parity space and DO, observer-based implementation can be achieved with
enhanced performance and less computation cost. To ensure high sensitivity to the faults,
the multiple residual generation scheme is further developed. The state estimator design

scheme is also included for process monitoring and control purposes.
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CONCLUSION AND FUTURE WORK

The uncertainty issues in the industrial environment are discussed in Chapter [6l The
DO-based residual generator designed with the help of subspace tracking algorithms is
firstly proposed to deal with uncertainty change, e.g. operating point or process parameter
variations. A data-driven adaptive residual generation scheme is then proposed with
desired performance on stability and convergence issues. This adaptive scheme does not
involve complicated computation and produces consistent estimate of the key parameters.
Thus, it is extremely suitable for process monitoring in large-scale process under industrial
operating conditions with uncertain change.

In Chapter [ the proposed data-driven methods are finally implemented on industrial
benchmark processes to evaluate their effectiveness for process monitoring purpose. All
of the aforementioned approaches illustrate their monitoring abilities for a large-scale in-
dustrial plant under ideal stationary operating conditions. In particular, the proposed
subspace aided approach and modified PLS approach offer superior results over the other
methods. Moreover, the subspace aided approach and adaptive DO-based residual gen-
eration scheme show their superior performance to deal with process dynamics and un-
certainty issues, respectively, and thus are suitable choices for process monitoring under
industrial operating conditions.

This work attempts to build a framework for the data-driven design of fault diagnosis
systems to deal with different operating conditions. Another issue that requires worthy
attention is design of fault-tolerant controller with embedded fault diagnosis schemes.
The major objective of future investigation is to establish a framework for the design and
construction of the fault tolerant architecture directly from the process data. Realization
of advanced FDI/FTC schemes on this fault-tolerant architecture is the overall goal in

the future works.
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