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1 Introduction

1.1 Background and motivation of the work

The process industry has always played an important role in the European economy.
Based on the statistics provided by the Germany Trade € Invest agency in 2011 [51],
EU is the world’s largest chemical exporter accounting for about 50 percent share of
the global export market. Increasing global competition is setting even higher demands
for the production safety, the product quality and the overall equipment effectiveness
(OEE). To this end, the complexity and automation degree of industrial processes are
significantly increasing with the technological developments. Today’s production lines
generally contain a great number of control loops with numerous embedded components
like sensors, actuators [28]. However, a very important and complex task in process
management, which is the response to the abnormal events, still remains largely a manual
activity and is performed by the human operators. For difficult abnormal conditions, it
should come as no surprise that human operators tend to make erroneous decisions and

take actions which make matters even worse. Industrial statistics show that
e about 70% of the industrial accidents are caused by human errors [I12].

Apart from the industrial accidents/disasters, those less serious abnormal events that
decrease the OEE and lower the product quality can cause great economic losses, as an

example,

e the petro-chemical industry loses 20 billion dollars per year due to process abnor-

malities [83].

From the available case studies provided by the U.S. Chemical Safety Board®, a typical
evolution of industrial accidents can be observed. As depicted in Figure [, with the
development of the abnormal events, the product quality, OEE and safety can be subse-
quently influenced. In practical processes, the performance of the low-level components

degrades continuously along with the process running, e.g. fouling of the pipelines which

Thttp://www.csb.gov.
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Figure 1.1: A typical evolution of the industrial accidents

reduces the flow rates, accumulation of solids in the chambers that decreases the heat
transfer efficiency. If the decreasing performance is not monitored at an early stage and
no maintenance action is performed, they can probably become component failure, e.g.
cracks in the pipelines or chambers due to different factors of expansion and increased
pressure. Finally, accidents can happen with the development of the failure, e.g. accu-
mulated leaked flammable vapor can be ignited by the external activities.

Motivated by these observations, the concept of key performance indicator (KPI) has
been introduced and the KPI-based process monitoring and fault diagnosis cover a wide
range of requirements from industrial applications [28, A1, BG, (01, 113, 120, £37]. KPI
aims at establishing a quantitative relationship between the performance of the low-level
technical loops/components and the high-level product quality, OEE and process safety.
To keep high enterprise profit, the KPI-based process monitoring and fault diagnosis
tools play a very important role. During the past few decades, process monitoring and
fault diagnosis techniques have received tremendous developments both in the research
and practice, and are becoming an ingredient of modern automatic control system and
often prescribed by authorities [24]. By amending the scope of process monitoring, huge
losses can be averted [85]. In the next section, we attempt to review some of the major

developments and progresses in the control community.

1.2 State of the art of techniques

1.2.1 Basic concept of process monitoring and fault diagnosis

The goal of process monitoring and fault diagnosis is not only to keep the plant operator

and maintenance personnel better informed of the state of the process, but also to assist
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Figure 1.2: Representation of the industrial processes

them to make appropriate remedial actions to remove the abnormal behavior from the
process [I8]. In the control community, the abnormal behavior is generally defined as a
fault, which is an unpermitted deviation of at least one characteristic property (feature)
of the system from the acceptable, usual, standard condition [63]. In the chemical and
related process industry, process monitoring is widely accepted as a standard term for
observing if any fault happens. In order to incorporate those performance degradation
caused by non-faulty events, we introduce a more general term for the results achieved in
this work, i.e. performance monitoring, which represents the detection of any unexpected
behavior in the process. Once the performance monitoring system raises an alarm, it is
very important to find out the root causes to prevent further losses. For this purpose,
we adopt the traditional term fault diagnosis. In the data-driven framework, the main
objective of a fault diagnosis system is to assist the plant operator and maintenance
personnel to narrow down the investigation scope and thus shorten the downtime. For
the consistency of this work, we use the term process monitoring when reviewing the

existing techniques in the following.

1.2.2 Classification of process monitoring techniques

Figure [2 illustrates a typical configuration of the automatic control systems [67]. The
control signal, typically 4-20 mA, needs to be converted to operate the actuators, which
transform the control signal into the actions. Although not always necessary, the final
control elements transmit the actuators’ actions into a proper form to have the expected
influence on the process. The outputs of actuators or final control elements are defined
as the manipulated variables. The process is operated by these manipulated variables
to make the raw materials into the final products. Sensors play a very important role
in the modern automation industry, which not only provide the essential information

for the process controllers but also are indispensable to the process monitoring systems.
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Figure 1.3: Classification of the process monitoring techniques

In the reality, all these elements are subject to various disturbances and noise that are
always random. The primary task of process monitoring is to detect possible faults, e.g.
actuator faults, process faults and sensor faults, that occur in the automation processes
under such noisy environment based on the control signals and/or sensor measurements.
Note that using the manipulated variables instead of the (converted) control signals may
be an advantage for some fault detection schemes when the actuators are highly nonlinear,

because then the required system equations do not contain the actuator nonlinearities [33].

A rough classification of the process monitoring techniques is given in Figure I=3. The
signal processing techniques have been well-established in the mechanical engineering
community and remain very active. They use certain process signals carrying fault infor-

mation of specific components, e.g. rotating machines, and have received great attention
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in the practical applications [[d, 63, 98, 123]. Differently, the redundancy-based techniques
have been developed mainly in the control community. Based on some redundant knowl-
edge of the process, the input and output signals are fed to the fault detection system
to generate the residual signal that carries the fault information. To reveal the technical
background for process monitoring, some traditional techniques are reviewed in the fol-

lowing.
Signal processing based techniques:

Traditional signal processing techniques include time- and frequency-domain analysis
that are generally valid for linear stationary processes [[/2]. Those methods aim at extract-
ing fault symptoms from the selected individual signals that carry rich information about
the concerned components. The challenge lies in denoising the signals to recover useful
fault features. Celebrated methods include the synchronous average and Fourier analysis
[66]. Current research activities focus on time-frequency analysis that can be applied to
nonlinear and non-stationary processes. Popular approaches include the wavelet analysis

[@9], stochastic resonance [[71] and their enhancements [249, [06].

Hardware redundancy based techniques:

Redundancy is the key concept for the systematic process monitoring and has received
great attention in the control community. Hardware redundancy is constructed by using
identical hardware for the important components, especially in the nuclear, aviation and
aerospace area where the safety issue is of the most importance [24, 82]. During the
normal process operation, the system components and the redundant ones are fed with
the same inputs, their outputs are continuously compared. Fault detection and isolation
can be achieved by e.g. the “two out of three” principle. Hardware redundancy is of high
reliability but with the price of the increased economical cost. Along with the developing
technology and increasing automation degree in the processes, hardware redundancy may
attract further interest for the process monitoring and especially for the fault tolerant

control.

Qualitative model based techniques:

The qualitative model based techniques, which are also called knowledge-based meth-
ods, make use of the qualitative knowledge of the considered process (without the first
principles) [B5]. Different from the previously discussed approaches, they aim at finding
the most possible root cause(s) by establishing the relationships of the fault symptoms,
process states and measurements. Among them the causal analysis techniques, includ-
ing the signed directed graphs [[2, 62, /6, [19] and the fault/symptom tree analysis

[0, @4, 105, 110], have been well established. These methods indicate the root causes
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by the logical analysis of all possible fault propagation paths. With the increasing scale
and complexity of the processes, application of the causal analysis could be difficult and
the performance may become unsatisfactory. Another kind of practically effective tech-
nique is the expert system [[/5, 11} that emulates the decision-making ability of a human
expert. The knowledge base, which is the core of an expert system, is established by
collecting adequate knowledge from the process experts. Expert systems are effective
in the practical applications, especially for those mass-produced processes. In addition,
pattern recognition [B1, U6, [0Y] is receiving increasing research attention in the academic
domain. When applied for the fault diagnosis, pattern recognition first establishes a set
which consists of the features of the popular faults. Once a fault is reported, the fault

feature is extracted online. By matching it with the feature set, the fault can be isolated.

Quantitative model based techniques:

Stimulated by the work of Beard [6] and Jones [69] in the early 70s, the quantitative
model based process monitoring techniques have received tremendous developments in
the control community. Figure 4 illustrates the basic idea behind this scheme. Differ-
ent from the hardware redundancy based approaches, the redundancy (i.e. quantitative
model) is generated in a much cheaper way, either based on the first principle dynamical
modelling or data-driven identification/parameter estimation, and thus is defined as the
analytical /software redundancy [24]. By comparing the outputs of the process and the
model, the residual signals are generated. As described in Figure [, real processes are
contaminated by the disturbances, noise and faults. Nevertheless, the quantitative mod-
els only represent the uncontaminated dynamical part. As a result, it is clear that the

residual signals contain all information about the faults. Due to the influence of the dis-
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turbances/noise and the complexity of the generated residual signals, no easy decision can
be made about the process status. In general, a residual evaluation function is designed
to deliver a (non-zero) scalar signal. Moreover, a threshold needs to be determined based
on the characteristic of the evaluation function as well as the property of the residual
signals. Finally, if the evaluated residual crosses the threshold, then a fault is monitored;
otherwise, the process is normal. In the academic domain, heavy research effort has been
put on the design of the residual generators for the lumped-parameter processes (LPP)

whose dynamics is governed by the ordinary differential equations (ODEs). These results

are based on the first principle models [B, 00, [4, 24, B8, A0, b3, 8Y, 127, 133] Well-known
residual generation methods include the fault detection filter (FDF) [6, 15, 16, 25, B3, bY],
diagnostic observer (DO) [24, B34, T8, 126], parity space (PS) approach [29, 7‘ ‘,7 8?5]

and parameter identification based approaches [62].

In the practical applications, developing first principle models could be costly, time-
consuming or even impossible. Thus data-driven techniques have attracted great atten-
tion both in the academy and industry. As the most popular approach, the subspace
identification method has enjoyed tremendous development in the last 20 years [92] and
been gradually applied in the process monitoring area [28, 74, 83, 124, [29]. Instead of de-
riving a state space model using the first principles, the system order as well as parameter
matrices are directly identified from the noisy process input/output data. The identified
system model is generally different from the real one subject to a regular state transfor-
mation. With this identified redundancy, traditional process monitoring techniques can
be readily applied |67, [08, [34].

In the past 10 years, monitoring of the distributed parameter processes (DPPs), whose
dynamics is described by partial differential equations (PDEs), started attracting some
researchers’ attention [22]. In those processes, the states, manipulated variables and pro-
cess outputs are generally functions of spaces and of infinite dimension. DPPs widely
exist in the industry, however, very little work can be found for the monitoring purpose
and thus it is a quite new research direction. Due to the dimension of the states, tech-
niques developed for the LPPs cannot be applied. To establish analytical redundancy,
the states are decomposed into two subspaces corresponding to the slow and fast modes
using the modal analysis technique. By neglecting the fast modes, a finite dimensional
model is obtained. After lumping the distributed inputs/outputs into the slow subspace
and feeding them to the finite dimensional model, the output error can be considered as
residual signal for the monitoring purpose. The existing deterministic DPP monitoring

approaches can be found in [3, @, B2].



1 Introduction

Statistical model based techniques:

For the large-scale processes, especially the chemistry-related ones, developing the pre-
viously mentioned qualitative- or quantitative model based monitoring techniques is not
feasible mainly due to the complexity and high engineering effort. For these processes,
the statistical monitoring techniques have been established and successfully applied in the
practice [A1]. Modern industrial processes are widely equipped with the SCADA (super-
visory control and data acquisition) systems where all possible signals are measured and
stored. The dimension of these measurements is huge and they follow certain statistical
distributions. This observation has motivated the researchers to extract the statistical
models from the huge amount of offline data. To monitor the actual process status, on-
line data are fed into the statistical model to generate the residual signals. The most
crucial challenge for such applications is how to effectively reduce the dimension of the
data. Principal component analysis (PCA), originally developed in [4], is the most suc-
cessful algorithm in the research domains like image processing and statistical process
monitoring [[3, 27, B7, 65, I16]. Projection to the latent structures, also known as par-
tial least squares (PLS) in the sense of regression, is another popular statistical model
based monitoring technique. Different from PCA which monitors the whole process vari-
able space, PLS is able to monitor the quality-related and -unrelated process variable
subspaces [64, [73, /8, 122, [36] and serves as an important tool for the online quality pre-
diction [IT7]. For the residual evaluation, the multivariate control charts, e.g. Hotelling’s
T? and SPE, are widely applied. These test statistics are based on the assumption that
the process disturbances/noise is multivariate normal distributed. In addition to PCA
and PLS, the independent component analysis (ICA) is another statistical tool for statis-
tical modelling [60]. ICA algorithm is able to extract the non-Gaussian sources driving
a random process, based on which the test statistics are designed. It has been proven
that ICA has better monitoring performance than PCA when the faults happened in
the sources [&3]. Further application of ICA for the process monitoring can be found in
[0, B8, 69, 104, 125].

In addition, the combined data-driven quantitative and statistical redundancy is re-
ceiving growing interest for process monitoring. These approaches integrate both the
information of the quantitative model and the statistical distribution of data thus outper-
form the individual approaches. Well-known approaches, e.g. the canonical correlation
analysis and the dynamical version of the statistical redundancy based methods, can be
sorted into this group [60, BB, 90, [00]. In practice, fault diagnosis of periodic systems is
of great important since an early detection will prevent further damage to the process.
The theory has been well established [I30, I37] and special research interest has been

focused on the influence of sampling period [I28, I31]. Moreover, the artificial neural
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network based fault diagnosis is another effective data-driven approach of great practical

interest and has received comprehensive research interest [b3, B1).

1.3 Objective of the work

The objective of this thesis is, based on the basic idea of the redundancy-based tech-
niques, to design an efficient KPI monitoring and diagnosis system in a unified statistical
framework. As described in the previous section, process monitoring techniques have been
developed independently under different model descriptions, i.e. static model, lumped-
parameter model and distributed-parameter model. However, their performance is quite
restricted in the sense of algorithm efficiency, engineering effort and application scope.
Thus the first task of this thesis is to

e develop improved residual generation schemes for KPI monitoring in static processes

and LPPs with increased performance and lower engineering effort,

e propose novel (model-based and data-driven) residual generation schemes for KPI

monitoring in DPPs with wide application scope and low engineering effort, and
e establish a statistical residual evaluation and decision making scheme.

In practice, since performance degradation is generally caused by multiplicative faults
and its diagnosis is performed by the human experts, the work load is high and the
efficiency is low. As a result, another task of this thesis is to develop an effective data-
driven multiplicative fault diagnosis approach. This approach aims at identifying the root
cause(s) of the performance degradation automatically, only using the process data. The
purpose is to provide valuable information for the human experts to narrow down the
investigation scope and thus to increase the OEE by reducing the downtime.

In addition to the theoretical contributions, the industrial application is another impor-
tant objective of this thesis. The effectiveness of the proposed methods is demonstrated

on three realistic industrial benchmark processes.

1.4 OQutline of the thesis

The organization of this thesis is described in Figure 3. Following a general introduc-
tion to the process monitoring techniques given in Chapter 0, Chapter 2 first provides
the technical descriptions of different industrial automation processes, i.e. static process,
LPP and DPP. Then, the basic statistical process monitoring techniques like the general-
ized likelihood ratio (GLR) test, PCA and the standard PLS, are briefly summarized. In
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addition, lumped parameter model based monitoring techniques are reviewed and their
interconnections are addressed. Finally, a brief summary of the process monitoring tech-

niques for the DPPs is given.

In Chapter B, an alternative KPI monitoring scheme is proposed. Different from the
standard approaches which provide low monitoring performance and involve complex
computations, the KPI-related test statistic of the alternative scheme only monitors the
process variable subspace that is related to the KPI. Two test statistics are designed
and both the computation cost and the engineering effort are low. The performance

improvement of the alternative scheme is demonstrated using numerical examples.

Chapter @ presents a data-driven dynamic process monitoring approach using the sub-
space identification method. Based on the process and KPI data, an extended kernel
representation of the process is identified with enhanced denoising performance. Different
from the standard approaches, the covariance matrix of the residual vector is directly
obtained in the identification step. Numerical examples are used to show the monitor-
ing performance. In addition, this chapter plays an essential role for the data-driven

realization of the monitoring techniques developed for the DPPs in the next chapter.

Chapter B mainly discusses the monitoring issues related to the DPPs. The concept
of projection in the infinite dimensional space builds the basis of this chapter. Different
from the existing work done in the deterministic framework, we propose a new efficient
monitoring algorithm in the statistical framework. The achieved monitoring system is a
kernel representation of the DPP. To deal with the projection error, a residual evaluation
scheme is established for the stochastic processes with deterministic errors. To realize the
proposed scheme in the data-driven framework, an efficient feature extraction method is
used to identify the optimal basis functions. The effectiveness of the proposed methods

is demonstrated using numerical examples.

In Chapter B, a novel data-driven multiplicative fault diagnosis method is proposed.
Different from the existing additive fault diagnosis approaches, the proposed method aims
at diagnosing the more common multiplicative faults. Numerical examples are finally used

to show its performance.

In Chapter [@, the algorithms developed in Chapters B-B are tested on three realistic
industrial benchmark processes. Typical fault episodes are considered in different case
studies. The test results show that the proposed methods are very suitable for practical

applications.

Chapter B concludes the thesis and discusses the future scope.

10



1.4 Outline of the thesis

Chapter 1:
Introduction and
Objectives
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Figure 1.5: Organization of the chapters
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2 Basics of process monitoring
techniques

As discussed in the introduction, residual is the key concept of modern process moni-
toring systems. By comparing the properly evaluated residual signals with a predefined
threshold, the performance/status of the automation processes can be timely reported.
In order to generate the residual signals, redundancy is essential and serves as the core
of a residual generator. The way how the redundancy is achieved greatly determines
the performance of an established residual generator. Depending on the representation
of automation processes, redundancy can be generated using the analytical quantitative
models or the statistical distributions of the process data. Based on the mathematical
descriptions of the automation processes, the objective of the chapter is to provide the ba-
sics of these two types of redundancy generation schemes which serve as the fundamental
of this thesis.

2.1 Mathematical description of automation processes

2.1.1 Representation of static processes

For those (slow) processes which are in steady state, the low-level process variables and
the high-level KPIs are expected to be stationary under normal production condition. As
shown in Figure 1, their variations are only subject to the random factors, which can

be represented by an algebraic equation as
eobs(k> = \IlobSYObs(k) + bobs + e90bs<k) (21)

where yos € R™, 005 € R! and €p,,. € R! denote the multivariate normally distributed
vectors of the low-level process variables, the high-level KPIs and the zero-mean noise
which is uncorrelated with yu (i.e. E(eq.,. (Yobs — E(yobs))T) = 0), respectively. The
system parameters W, € R>™ and by, € R! are time-invariant.

During the fault-free operations, denote yuus(k) ~ N(uy, ,3y,.) and Ogs(k) ~
N(ug,,.,Ze,,,), ¥V k= 1,2,--- ,00. The potential faults could influence both y,, and

12
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|
| I 0
| bobs l e
0,
[ | obs o
[ |
+
yobs I v : + v 0obs
| ‘I’obs ) \,) | > f,/\ >
o | |
| Static Process Model !
B \ 4

Figure 2.1: lllustration of static processes

O.ps. Before introducing the fault models, the potential faults are divided into two cate-

gories in this study as

e additive faults: the faults that only influence the first order statistics, i.e. n,  —and

ueobs ’ and

e multiplicative faults: the faults that change the second order statistics. i.e. X
and Xg

Yobs

obs *

In the reality, both kinds of faults could occur simultaneously. In the data-driven frame-

work, the additive faults can be modelled as

YObS,f(k) = YObs(k> + fy,obs(k)y eobs,f<k) = eobs(k) + fe,obs(k)

where f, ,s(k) and fg s denote those faults that influence the low-level process variables
and the high-level KPIs, respectively. It is obvious that the former type of faults can
propagate into the KPIs and thus change both y.,, and 0 ;.

In practice, malfunctions in the process often cause changes in the model parameters
W s and b, which could influence the second order statistics. These multiplicative
faults can be modelled as

Yobsms (k) = Fy (Yobs (k) = ty,,,.) + ty,,.o Oobsmy(k) = Fo(Bons(k) = Ho,,.) + Mo,

where Fy and Fg are full-rank matrices describing the influences of multiplicative fault.

2.1.2 Representation of lumped-parameter processes

For processes exhibiting strong (temporal) dynamics with lumped states (i.e. LPP), ODE

serves as a powerful tool for modelling and design of the monitoring systems. Among

13
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n(k) ' [ (k)
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Figure 2.2: Block diagram of lumped-parameter systems

various ODEs; the linear time-invariant (LTT) one is widely used both in the theoretical
study and the industrial applications. As shown in Figure 22, the standard form of the

state space representation of a discrete-time LTT system is given by

z(k +1) = Az(k) + By(k) + n(k), z(0) = 2, (2.2)
(k) = Cz(k) + Dy (k) + &(k) (2:3)

where z € R" is called the state vector, zg is the initial condition of the system, in this
thesis, we assume that y,,s € R™ represents the low-level process vector and 0, € R'
represents the high-level KPI vector, 1 and & are uncorrelated white noise sequences that
are uncorrelated with zo. A,B,C and D are appropriately dimensioned real constant
matrices.

The faults in the LTI systems could be modelled in several ways. One widely adopted
model is achieved by extending the model (ZZ2-23) to

z(k+1) = Az(k) + By(k) + n(k) + Ef(k), z(0) = 2o, (2.4)
0(k) = Cz(k) + Dy(k) + &(k) + Ff(k) (2.5)

where f € R" is an unknown vector that represents all possible additive faults. Matrices
E and F are of appropriate dimensions and describe how the faults influence the system.

The model (Z24-23) is a general representation of

e the faults in the KPI space by choosing E =0 & F =1, that is

z(k +1) = Az(k) + By(k) + n(k), 6(k) = Cz(k) + Dy(k) + &(k) + £(k)

14



2.1 Mathematical description of automation processes
e or the faults in the process variable space by choosing E=B & F =D, i.e.

z(k+1) = Az(k) + B(y(k) + f(k)) +n(k), (k) = Cz(k) + D(y(k) + f(k)) + &(k)

Although some process faults might be represented by (24-275) with appropriate E and F,
it is often the case that process faults in practice change the system parameters A, B, C

and D. Systematic description of these process faults is given as

z(k+1)=(A+ AA)z(k) + (B+ AB)y(k) + n(k), z(0) = zo,
O(k) = (C+ AC)z(k) + (D + AD)y(k) + &(k)

where AA, AB, AC and AD represent the influences of faults on the system parameters.
Based on our early work in [44], these process faults could influence the second order
statistics of the output data thus belong to multiplicative faults (the faults described by
(222-23) only changes the first order statistics of the output data [44]).

2.1.3 Representation of distributed-parameter processes

In the large-scale industrial production industry, DPPs widely exist [19, 95]. The dynamics
of the DPPs is related to both the time and the space, which is generally described by
PDEs. Motivated by the description in [T35], the general model of an n-th order DPP is

given as

0z(x,t) O0z(z,t) 0%*z(z,t) 0*z(x,t) 0%z(x,t)
or > ot 0z 7 Ootox T o2 7
0"z(x,t) 0"z(x,t) B
Tt +n(z,t)) =0,

0(,1) = (a0, ) P ) ko)

F(y(z,t),x,t,z(x,t),

where x € [o, ] denotes the spatial variable, ¢ denotes the time, y(x,t) represents the
spatially distributed low-level process variables, z(z, t) represents the spatially distributed
states, 1(z, t) is the distributed process noise, 0(z, t) is the KPI measurements and &(x, t)
denotes the measurement noise. To provide a rigid description of the DPPs, suitable initial
and boundary conditions need to be supplemented.

The above description is much too complex for the real applications since the non-
linearity, time-varying and high order properties are involved. Considering the fact that

the majority of processes arising in science and engineering can be well described by first

15



2 Basics of process monitoring techniques

or second order PDEs [39], the following representation of DPPs is addressed in this thesis

A 242D Za(; D gy 22t azt(g;;t) eI pada Gt} Za(; J D(x)—az(;t’ )

oz(z,t) + F(x)z(z,t) + G(a)y(z,t) + n(z,t) =0

ox
B B /
0(z,t) = / H(z,2')z(z, t)da + / 1<x,x')azgt’t)dx’+a(x,t)

+E(2)

where A(z),B(z),C(x),D(x), E(z),F(x),G(z), H(z,2') and I(z,2’) are model parame-
ter matrices whose elements are space functions. More detailed description and analysis
of the above model can be found in Chapter B.

Similar to the lumped-parameter cases, two kinds of faults can be modelled. The first
one is additive and changes the mean value of the process and KPI data, which can be

formulated as

where fy (z,t) and fo(z,t) denote the fault magnitudes. The second one happens in the

distributed parameter matrices and can be modelled as

Qr(x) = Q(x) + AQ(x)

where Q(z) represents a parameter matrix of the second order PDE and AQ(z) denotes
the fault.

2.2 Basic monitoring techniques for static processes

In this section, basic statistical techniques for the monitoring of large-scale static processes

are reviewed. From the statistical viewpoint, the model (2) is equivalent to

where y and O are the normalized process variables and the KPIs, respectively

y = diag(std(y ) (Yobs — E(Yobs)), (2.7)
0 = diag(std(07,,)) (Ooss — E(Oops)) (2.8)

16



2.2 Basic monitoring techniques for static processes

with E(-) denoting a column vector of the mean values and std(-) a column vector of the
standard deviation of “-”. The parameters of the model (210) are connected to the one
from (Z8) as

lIlobs = diag(Std(eobs»lI’ diag(Std(YObs))y

bobs = E(eobs> - qlobsE(yobs)-
Although everywhere utilized while much less emphasized, the normalization procedure
actually plays a central role for monitoring of those static processes. For applying these

techniques where the process variables and the KPIs are not distinguished, the following

organization of data is adopted

z— lg] € R™, n,=m+l.

In the following subsections, the static model (Z8) instead of (EI) is used as a starting

point for introducing the monitoring techniques.

2.2.1 Generalized likelihood ratio test

Given the following model
z=1z +f

where z* ~ N(0, X) represents the statistic feature of the normal process and f denotes a
possible fault. The task is to test the following hypotheses based on the observation data
z [5)

Hy, null hypothesis: f = 0, fault-free,
H;, alternative hypothesis: f # 0, faulty.

The probability density functions of z* and z are given as

Py(z) = e 2% B ln 2.9

b(2) ()= det(D) (2.9

Pi(z) = ! e~ 3 B@)ET(-E@) (2.10)
(2m)7= det ()

The log likelihood ratio is defined to be

s(z) =2In—— =2"%"'2 — (z — E(2))"S Y (z — E(2)). (2.11)

17



2 Basics of process monitoring techniques

Algorithm 2.1. Model-based GLR test

Based on X and the online data zy, k=1,---, N,

S1:

52:
S53:
S4:
S5:

Determine x3_,,(ng) using the x*-distribution with n, degrees of freedom
for a significance level «.

Set the threshold: Jarrin = X3_o(Na)-

Build z based on zy,, k=1,--- N, as z = %ij:lzk.

Construct the test statistic: JoLp = NzT X'z,

Check the decision logic:
Jarr > Jarrw =  Hi : faulty

Jarr < Jarrm =  Ho : fault-free.

To increase the confidence of the decision-making procedure, generally more samples

are required. Assume that N samples of data, i.e. z,, k= 1,---, N, are available, the

above definition is extended as

N
P1<Zk)
SN = 21n
' kz:; Py (z)
N N
=> 7S 'm— ) (7 — E(2)"S 7 (2 — E(2))
k=1 k=1
1 N
_ sTsv—1 Ts—1 = .__
—2Nz"S'E(z) — NE(2)"S7'E(z), 7 := N;zk

= N@EZ'S 12— (z— E(2)"S7'(z — E(z)))

It is obvious that the maximum of SV is Nz” X'z, which is achieved when z = E(z).
Since FE(z) = f is generally unknown, it is always replaced by the maximum likelihood
estimate chvzl zr/N, which is known as the GLR test. The maximum likelihood ratio is

used as a test statistic as

Jorr = Nz'¥7 1z,

In the case that X is known a priori, since

1
2~ N(0, - Z) = Nz"S7'2 ~ x*(ny),

the threshold of Jarp is set as

JGLR,th = X%fa (nz>

where « denotes the significance level.
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2.2 Basic monitoring techniques for static processes

The complete procedures of GLR test is summarized in Algorithm PI. Since X is
known, it is called the model-based GLR test in this study (or LR test in statistics).

In practical applications, the covariance matrix 3 is generally unknown, which needs
to be identified from the data. This brings about the data-driven GLR test. It is straight-
forward that

lim Sy_; = lim 1_ . Z<Zk —z)(zx —2)" = E((z— E(2))(z — E(z))") =%

li
N—o0 N—ooo N !

which delivers an unbiased estimate of the covariance matrix. Thus if there are suffi-
cient training data available (a large enough N), the unknown parameter ¥ could be
approximated using the above equation. The next steps for carrying out the GLR test
are the same as the model-based version. However, for non-sufficient test data (N is not
large enough), the test statistic Jgpg will deviate from the chi-squared distribution. The
consequence is that the resulting threshold will not match the specified significance level,
which will finally decrease the monitoring performance.

The Hotelling’s T* statistic [68, 80| provides one solution to the aforementioned prob-
lem. Its derivation will be addressed in the following.

Suppose two data sets z;,i = 1,--- , Np, and z;,i = 1,--- , N7, with the same covariance

matrix X are available, then

JRL 1
S, — § _ 7 g\ 7z = 2.12
0 Ny —1 k:1(Zk ZO)(Zk; Zo) y 4o Np 2 Zi, ( )
1 & 1 &
S, = E — 7 —z)' z, = — E 2.13
1 N, — 1 kzl(Zk Z1)(Zk Z1) y 2y N, - Zj ( )

provide unbiased estimates of X, respectively. It is easy to prove that

S = m (Z(Zk — 7o) (zi — Z0)" + Z(Zk —71)(zy, — Zl)T>

k=1 k=1

is an unbiased estimate of X as well, i.e. E(S) = X.
Since (N + Ny — 2)S follows the Wishart distribution b8, ]

(ND + Ny — Q)S ~ Wm(NQ + Ny — 2, 2)

NoN1 B
o) ~ >
Not N (z1 — 79) ~ N(0,%),

and
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2 Basics of process monitoring techniques

Algorithm 2.2. Hotelling’s T? test
Based on the offline data zy, k=1,---, Ny,
S1:  Compute the estimates zg and S as (Z123).
S2:  Determine Fi_o(ng, No — ng) using the F-distribution with (ng,, No — ny)
degrees of freedom for a significance level .
S3:  Set the threshold: Jthh = %Fka(nz, No —1ny).
Based on the online sample zy,
S4:  Construct the test statistic: T* = (zx — 70)"Sy ' (21, — Zo)-
S5: Check the decision logic:
T2 > Jrz = Hy: faulty

T? < Jrz = Hp . fault-free.

we have
NoNi = \T's—1/5 = 2
= = — 2 — ~/ z )y 2].4
Y Ny + N, (Zl Zo) (Zl Zo) X (n ) ( )
NN (7, — 70)TS (2, — 20)
B = ot ———— ~ XA(No+ Ny —2) —ny + 1).
Aj,\gﬂ\]f\}l (z1 — 20)T((No + N1 — 2)S)"1 (21 — 20)
(2.15)
It follows that
7/ ~ F(ng, No+ Ny —n, — 1). (2.16)

ﬁ/(N0+Nl_nz_1)
By substituting (214) and (EI3) into (218), it gives

NoNl(NO + N1 — Ng — 1)
nz<N0 + N1 - 2)(N0 + Nl)
ny(No + N1 — 2)(No + Ny)

NoNi(Ng + Ny —n, — 1)

(21 — Zo)Tsil(Zl — Zo) ~ f(nz, NO + N1 — Ny — 1)

< (21 —Zo)TS_1<Zl —20) ~ f(nz,No—i‘Nl —nz—l).

The Hotelling’s T2 statistic is defined as
Terr = (21— 20)"S™ (21 — 20)

where S is an unbiased estimate of the covariance matrix.
The corresponding threshold can be determined by the F-distribution as

J ~ ng(No + N1 = 2)(No + M)
TGLR’th - NgNl(NO —+ N1 — Ng — 1)

-Flfa(nmNO + Nl —Ng — 1)

where « is a user defined significance level.
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2.2 Basic monitoring techniques for static processes

Note that in the case of Ny =1,

No

1 = — \T
S=Nrio2 (Zm -2z~ ) +0) =S,

k=1

i.e. only the offline data is utilized. The test statistic for a single online sample and the
threshold are

T? = (21, — 70)" Sy (21 — o),
na(Ng — 1)
J R CZY Y — Z N - z)-
T3, No(Np — nz)fl (n 0 —Ny)
The Hotelling’s T2 test procedures (for single online sample) are summarized in Algorithm
2.

2.2.2 Principal component analysis based technique

In modern automation processes, a great amount of data are available which contain
strongly redundant information. This fact makes the direct application of the GLR-based
algorithms impractical due to numerical reasons, e.g. the reversibility of covariance matrix
or its estimate. As a result, the principal component analysis (PCA) tool [01], which
is originally developed for dimension reduction, is applied to the process monitoring.
Application of PCA to the process monitoring consists of two phases, i.e. the offline
training phase and the online monitoring phase.

Denote the offline training data as
Zoys = |2(1) - 2(N)] € R (2.17)

where z(i) € R"™,i = 1,---, N, denotes a sample vector. By applying the procedure
given in (220) and (Z8), the normalized data matrix Z is obtained, i.e.

Z = diag(std(Z,,).7")(Zops — mean(Z%,,)"1%])

obs obs

where 15 € RY is a column vector with all elements equal one.

PCA aims at solving the following optimization problem recursively for i =1,--- 7,
«T Zizgw *
P = arg max L ———D,;
P g Pl v 1P

[lpel|=1, pI'p;=0 (i#j)
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2 Basics of process monitoring techniques

Algorithm 2.3. PCA-based process monitoring

Based on the normalized offline data Z € R™*V,
S1: Compute Ppye, Ape and A,cs according to (ZI8).
S2:  Determine x3_,(7y) using the x*-distribution with v degrees of freedom

for a significance level o and c, using the normal distribution

with probability 1 — c.
S3:  Set the thresholds Jr2 4, and Jspp, according to (ZZZ1) and (Z223).
Based on the normalized online sample zy,,
S4: Construct the test statistics: T* = 2} Py, 'PLzl and SPE =z (I — PPl )z,
S5: Check the decision logic:

T2 > Jrz or SPE > Jsppaw = Hi : faulty

T2 < Jrz and SPE < Jsppg = Ho : fault-free.

where Z;y = (I — p;p!)Z;,i = 1,--- ,v — 1,Z; = Z, denotes the deflected data matrix
and 7 is the number of principal components. PCA extracts those v orthogonal direc-
tions which contain the most significant variability /useful information. The recursive

optimization problem can be solved by doing an eigenvalue decomposition (EVD) or SVD

as
A, O ][PT]  zz7
| = 2.18
L N (2.18)
where P,. = [p1, - ,py] € R™*7 and P,es = [Py41, s Pna] € R=x("==7) contain the

loading vectors for the principal components and the residual components, respectively;
Ay = diag(Ag, -+, A\,) and A,y = diag(Ay41,- -+, An,) are the scores of them with \; >
D VD W R W

For detecting process abnormalities, the Hotelling’s T2 and the squared prediction error
(SPE) test statistics are defined as

T° =2"P,.A, Pz, (2.19)
SPE =z"(1-P,P])z. (2.20)

The corresponding thresholds are given as

Jr2 i = AN 1)
7 NN =9)

1/ho
o/ 20502 Osho(hg — 1
Jspgin = 01 (ﬁ +1+ M) ’ (2.22)

-/T'-l—oc(’% N — ’7)’ (2'21)

0, 02

20,05
362

0= > N, i=123 hg=1- (2.23)

Jj=n+1
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2.2 Basic monitoring techniques for static processes

where « is the significance level and ¢, the normal deviate corresponding to the upper
1 — « percentile. The statistical properties of the SPE statistic and its threshold are
given in [b4]. The test procedures of PCA-based process monitoring is summarized in
Algorithm P73.

2.2.3 Partial least squares regression based technique

Partial least squares (PLS) regression is another multivariate statistical tool applied for
processing redundant information in huge amount of process data. It was originally
developed by H. Wold [I15] for solving the co-linearity problem of least squares regression.
The pioneer work on the application of PLS for process monitoring includes the one
reported in [78], which aims at monitoring the quality-related low-level process variable
subspace.

Denote the normalized data matrices for the low-level process variables and the high-
level KPIs as

Y =[y(1), - ,y(N)] e RN and © = [0(1),--- ,0(N)] € RV,

the objective of PLS is achieved by solving the following optimization problem recursively

fore=1,---,v

(Wi,vi) = argmax w!Y,0'v; (2.2
[|wil|=1,]|v:]|=1
Y,t; Ot.
ti:YT : i:#, i:_z 295
i Wi, P e q e ( )
“n (2.26)
knl(l —wipp)w;, i>1

where Y11 = Y;(I— %), Y; =Y, and v is the pre-determined latent variable number.

Note that for each ¢, w} and v are selected in such a way that the covariance between
wiTY; and viT© is maximized. By iteratively solving the above problem, the following

parameter matrices can be obtained:
t]
R:|:I‘1 .. r,y:|7P:|:p1 DT p’y:|’Q:|:q1 ... q’Y:|7T: S :RTY
T
t,
where T denotes data matrix of the latent variables. In addition, the estimation of process

variables and KPIs based on the latent variables can be established as

Y, =PR"Y, ©,=QR"Y.
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Algorithm 2.4. PLS-based process monitoring

Based on the normalized data matrices Y and O,
S1: Set Y=Y and, fori=1,--- v, recursively compute
(W, Omaz, Vi) = svd(Y,;07),
ti =YW}, pi = ﬁ, q; = @Tfm Yii1 =Y, —pit]
where Gy 15 the mazimal singular value of Y,©, w and v} are the

corresponding singular vectors, v 1s the pre-determined latent variable number.
S2:  Form the matrices P,R and A:

P=[p, P, € R™T, R= W(PTW) I € R™, A, = diag (J1f - L),

N-1>" " N-1
S3:  Determine Fi_o(y, N — ) and x%(h) using the F- and x*-distributions.
S4:  Set the thresholds Jr2 4, and Jsppw according to (Z231) and (2-33).

Based on the normalized online sample yy.,
S5: Construct the test statistics: T* = yf RAS'RTy, and SPE =yl (I - PRY)y;.
S6:  Check the decision logic:

(72 > Jthh and SPE < Jsppws =  fault influences KPI

T2 < Jthh and SPE > Jsppw, =  fault does not influence KPI
T2 > Jrz. and SPE > Jsppw =  both kinds of faults happen
\TQ < Jthh and SPE < Jspgsn, =  fault-free.

For monitoring the latent variable space whose dimension is significantly lower than m,

Theorem 1 plays a key role.
Theorem 2.1. Based on the standard PLS regression method, the following relation holds:
tI't; =0, forij. (2.27)

The proof is given in Appendix AL Theorem 271 concludes that the latent variables are
mutually uncorrelated. It is a very nice property for the process monitoring.

In order to monitor KPI-related low-level process variables, the following test statistics
are established:

T° =y"RAJ'R"y (2.28)
SPE =y (I-PR")y (2.29)
where
- It]? [t
A, = L ) 2.
Y dlag(N_17 >N_1 ( 30)
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2.3 Monitoring techniques for lumped-parameter processes

The corresponding thresholds are given as

YN 1)
Jr2gpy = ————F1 o(7, N —7), 2.31
T2 th NN —7) 1—a(Y 7) ( )
Jspeih = 9Xi_a(h) (2.32)
where « is the significance level, g = 2#5131; is a scaling factor and h = 2“%% is the

degrees of freedom of the y2-distribution with pgpr and S denoting the sample mean
and covariance of SPFE. The complete procedures for PLS-based process monitoring is

summarized in Algorithm 24,

2.3 Monitoring techniques for lumped-parameter

processes

Monitoring techniques for the lumped-parameter processes, whose dynamics is governed
by the following ODEs, i.e.

z(k+1) = Az(k) + By(k) + n(k) + Ef(k), z(0) = 2o, (2.33)
0(k) = Cz(k) + Dy(k) + &(k) + Ff(k) (2.34)
as given in (E4-23), have received rapid development during the past 50 years and are

well established. The representational techniques include the FDF, the DO scheme and
the PS approach.

2.3.1 Fault detection filter based residual generation

Considering the process described by (2233-2234), in order to monitor its operation con-

dition, a full order state observer [24] could be applied, i.e.

2(k+1)
r(k)

Az(k) + By (k) + L(0(k) — Cz(k) — Dy(k))
V(8(k) — Cz(k) — Dy(k))

Denote e(k) = z(k) — z(k), we have the dynamics of the FDF [24]

e(k+1) = (A — LC)e(k) + n(k) — LE(k) + (E — LF)f (k)
r(k) = VCe(k) + VE(k) + VFf(k)

where L and V are the free design parameters. L should be selected in such a way that

A —LC is stable, i.e. the eigenvalues are inside the unit circle. Note that in the fault- and
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2 Basics of process monitoring techniques

disturbance-free case, klggo elk)=0= kh_)rgo r(k) = 0, which indicates the healthy/normal
condition of the process. If a fault happens, kh_}r& r(k) # 0 indicates the occurrence of the
fault. In industrial automation processes, however, disturbances are inevitable, r(k) # 0
cannot be used to make any decision. Thus the residual signal r(k) should be evaluated

and compared with some threshold, by using its statistical information.

2.3.2 Diagnostic observer based residual generation

Different from the FDF, DO is an output observer based approach [24] described by

zq4(k+ 1) = Gzy(k) + Hy (k) + LO(k)
r(k) = vO(k) — wzq(k) — qy(k)

where z4(k) = Tz(k) € R® denotes the state variables. The order of the observer s could
be different from the system order n. The parameters as well as T have to satisfy the

following conditions:
e G is stable,
e TA—-GT=LC,H=TB - LD, and
e vC—-wT =0, q=vD.
Denote e(k) = Tz(k) — z4(k), the dynamics of the DO is governed by

e(k + 1) = Ge(k) + Tn(k) — LE(K) + (TE — LE)f(k)
we(k) + vE(k) + vFE(k)

<

—~
2y

~
I

Under the aforementioned three conditions, it is obvious that in the disturbance- and
fault-free case, the residual signal r(k) equals zero in the steady state. Any disturbance
or fault could make r(k) diverge from zero. Thus in practice a threshold should be set

based on the statistical property of the disturbances.

2.3.3 Parity space based residual generation

PS-based residual generation [24] belongs to the most straightforward fault detection
methods which has a very clear geometrical meaning. It is assumed that there is no
redundancy in the KPIs, i.e. rank(C) = [. Given the PS order s, the process (E-33-2-34)

could be extended as

0.(k) = Laz(k — s) + Hyoys(F) + Hy (k) + He o &0 (F) + Hy £ (F)
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2.3 Monitoring techniques for lumped-parameter processes

where 04(k),ys(k),n,(k), & (k) and fs(k) are constructed as 7t5(k) with the following data
structure

m(k — s)
k—s+1
k) = |[TETs T (2.35)
7e(k)
and
C [ D 0 0] [ F 0 0]
CA B D . E F
Fs: . 7Hy,s: © 7Hf8: C )
: : .0 : .0
CA? CA*"'B --- CB D CA*"'E --- CE F|
(2.36)
0 o0 0]
H, . — C o . JH, = e REFDIXEHL (2.37)
; L0
CA*™! ... C 0]

The PS-based residual generator can be constructed as

Ts(k) = Vs (es(k) - Hy,sys(k) - Fsz(k - 5) - Hn,sns(k> - HE,S‘ES(k) - Hf,sfs(k)> :
(2.38)

Note that in the disturbance- and fault-free case, if vy, € R+ is selected from the
orthogonal subspace of the subspace spanned by the columns of Iy, then we have r4(k) =
0. The parity vector v, is expected to be determined in such a way that the disturbances
are completely decoupled while the fault is completely reflected by r4(k). In practice, if a
perfect decoupling of the disturbances is infeasible, then the influence of the disturbances

on 75(k) should be minimized.

2.3.4 PS-based design and DO-based implementation

From the previous subsections, it is clear that the requirements of the PS-based method
on computation cost and memory storage are higher than the DO-based approach while
the design effort is much lower. It has been proven in [24] that the two approaches are
equivalent, which makes the popular “PS-based design and DO-based implementation

scheme” feasible. Algorithm 3 provides the basic procedures of this scheme.
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2 Basics of process monitoring techniques

Algorithm 2.5. PS-based design and DO-based implementation scheme

Given the process model (Z3-2),

S1: Build Ty and select a parity vector Vs == Va0, Va1, ", Ves 1, Vss € REFV from
the orthogonal subspace of the column subspace of T's.

S2: Construct T as

Vsi ottt Vesol Vi C
Vs2 0 Vss 0
T — ;
D CAs—2
vss O e 0 CAs!
S3:  Set
0 ]
1 0 0 a1
G =[Go,g,Go= |} . . | eR¥EN g=]1| R
0O --- 1 0 Js
0 0 1
which should be stable. )
S4:  Construct
[ Vs0 1+ G1Vss  Vs1 e Vs,s- D Vo
Vsi+ 92Vss Ve2 o0 Vss 0 CB Vs
H= ; ; o : , L=— . — 8Vs.s;
Vewo1 +9Ves Voo o o 0| [CAT'B Vi1

V =Vss, W= [07 aoa 1]7 q:Vs,sD'

2.4 Monitoring techniques for distributed-parameter

processes

There are quite a few approaches for monitoring the DPPs. Consider a class of system

represented in an abstract space
2(t) = Az(t) + By(t)

where A is the system operator and B is the input operator [Z1]. To reduce the dimension,

the infinite dimensional state is decomposed as
2(t) = z5(t) + 2£(t)

where z, represents the state of the finite dimensional slow subsystem and z; denotes the

state of the infinite dimensional fast and stable system. Using it, the original description
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2.5 Concluding remarks

can be written as
Z5(t) = Aszs(t) + Bsy(t), 25(t) = Aypzs(t) + Byy(t).

By neglecting the fast subsystem, a detection observer is designed for the slow subsys-
tem. The state prediction error is considered as the residual signal. The random dis-
turbances/noise are/is not considered and the monitoring system is established in the
deterministic framework. Moreover, the threshold is determined analytically using the
knowledge of the deterministic disturbances.

Remarks: A very strong assumption for this approach is the existence of the eigen-
decomposition of the operator A, which is only well-known for some systems [19]. In
the general case, derivation of the eigen-decomposition of an operator is a manual task
and requires great design effort (needs advanced mathematical knowledge). Similar pro-

cess monitoring results based on the slow subsystem include [4, B2].

2.5 Concluding remarks

This chapter summarizes the basics for modern process monitoring system design. De-
pending on the significance of the process dynamics and the application scope, industrial
automation processes can be modelled as static processes, LPPs and DPPs. The multi-
variate statistical techniques are powerful tools for monitoring the large-scale processes.
They are generally applicable for static processes and do not require any first-principle
model. The existing methods are originally developed in the mathematical domain. They
are very complex and not optimal for the process monitoring. Thus the forthcoming
chapter discusses an alternative monitoring approach which provides optimal monitoring
performance.

Another drawback of the traditional multivariate statistical approaches lies in dealing
with process dynamics. Although some dynamical modifications have been made in the
research area, their performance is quite limited. On the other hand, the model-based
process monitoring techniques are efficient in handling dynamic issues. The techniques
have been well established, but they put very high requirements on accurate first-principle
models. Thus it is appealing to have data-driven design schemes for model-based tech-
niques. This issue is further addressed in Chapter @.

Performance monitoring of DPPs is now basically a blank field in the research. Avail-
able techniques have too strong assumptions on the types of DPPs (e.g. the eigen-
decomposition is known and fulfills certain condition) and they do not consider stochastic
factors. Chapter B aims at establishing a stochastic monitoring framework for DPPs

without those restrictions. In addition, its data-driven realization is another import goal.
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3 An alternative data-driven KPI
monitoring scheme for static

processes

For many automation processes, the operating conditions are kept unchanged due to mass
production and the processes are in steady state for most of the time. Thus static key
performance monitoring schemes are widely implemented due to their excellent applicabil-
ity. Among various static monitoring schemes, PLS-based technique is the most popular.
PLS, originally called NIPALS (nonlinear iterative partial least squares), was first devel-
oped by H. Wold [IT5] in the 1960s in the economic area. It is an effective modelling
approach of general scope for cause-effect inference and prediction where the concept of
latent variable plays a key role in handling collinearity among independent variables [IT5].
With rapid application of SCADA systems and digital computers, PLS has been applied
in many automation processes [63]. The algorithm given in Chapter B is a standard one
and widely used in practice. However, the monitoring performance is not optimal since
the T? statistic contains useless information that is unrelated to the KPIs and the SPE
statistic may exhibit large variations where a more accurate statistical distribution can be
obtained. In addition, cross validation, which is a widely-used effective approach to select
the latent variable number, is computationally expensive and requires great engineering
effort. Motivated by these observations, a revised PLS-based scheme is first proposed
for improving the monitoring performance. By analysing the PLS modelling for process
monitoring purpose, an alternative scheme is then proposed to reduce the design effort

while preserving high monitoring performance.

3.1 Preliminaries and problem formulation

Although not always mentioned, the data-driven methods implicitly follow some (statisti-
cal) models. For monitoring static processes, the model given in (271) is generally utilized.
As discussed in Chapter [, statistical redundancy is the core of a residual generator. Here

the redundancy consists of two parts:
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3.2 A revised PLS-based monitoring scheme

e Mean vectors E(Yobs), E(00ps) and standard deviation vector Ay 54, Ag sta Of the pro-
cess variables and the KPI data

N
1 . Yos_E os]- YOS_E 051 T
E(Yops) = NZYobs(:ak)a Aysta ~ diag (( b (Yobs ) 1IN ) (Yop (Yobs)1n) )
k=1

N -1

N
1 , Ous — E(0,55)18)(Opps — E(05)18)7
E(eobs)%ﬁz@obs(:,k), Ae,std%dlag(( b (O0bs)1n)(Oop (B0bs) 1) )
=1

N -1
e Parameter matrix W of the following normalized process description

0 =Ty +ep, E(yes)=0. (3.1)

In modern automation processes, a great number of process variables and KPIs are
recorded in the SCADA system. In many cases, KPIs are not online measurable and
the dimension of the process variables y € R™ is much higher than the dimension of the
KPIs @ € R!, i.e. m >> [. In addition, lots of redundant information exits in the process
variable data which causes strong collinearity. It is practically impossible to apply the
univariate-based techniques to monitor the process especially to identify if the faults are
KPI-related or not. The objective of this chapter is to propose practical KPI monitoring

schemes with the following requirements:

e The monitoring performance is optimized, i.e. the KPI-related test statistic contains
no useless information for the KPIs and more accurate threshold is obtained for the
KPI-unrelated test statistic.

e The design effort is low.

e The amount of test statistics is small.

In the following, we will first revise the standard PLS-based monitoring scheme to partially

fulfil the requirements.

3.2 A revised PLS-based monitoring scheme

By running the standard PLS algorithm in Chapter B, the latent variables are generated

as
t=RTy.
Based on it, the estimate of the KPIs is achieved as

éy _ QRTy _ (QA;/Q)(A;U?RT},)
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3 An alternative data-driven KPI monitoring scheme for static processes

Algorithm 3.1. A revised PLS-based process monitoring scheme

S1:  Run the standard PLS algorithm to get R.
S2: Compute T=R"Y,A, =TT"/(N -1),Q =0T A" /(N - 1).
S3: Do an SVD on QA§1/2) as (@3), compute R* and do another SVD as (83).
S4:  Determine the thresholds as:

Ttz n = Xi-all), JinsPEpLsn = dymoXi_a(m —1).
Based on the normalized online process data y(k),
S5:  Build the test statistics Tppg p and SPEpps g according to (E3) and (E).
S6:  Check the decision logic:

(
Tirsr > Tz, ,andSPEprsr < Jinspepys, =  faultinfluencesK PI
TErsr < Jingz, , andSPEprs g > Jisprprs, =  faultdoesnotin fluence K PI

TI%LS,R > Jth,T,%L&R and SPEprsr > JinspEp,sn =  both kinds of faults happen

2
| TPrsp = Jintg, g p and SPEprsr < Jinspeppsr = Jault-free.

where A, denotes the covariance matrix of the latent variables and is obtained from (2230).
Do an SVD on QA}/z as

ST
QA}/Q = Qprs [RPLS 0} [Sgiij : (3.2)

In order to monitor the KPI-related part in the process variable space, it is reasonable

to establish the following test statistic:
Tirsr = yTRAgl/QSPLS,lSgLS,lijl/zRTy' (3.3)

Since we have SITDLSJA;I/QRTy ~ N(0,1), thus the threshold can be determined by the
x2-distribution with [ degrees of freedom.
For monitoring the KPI-unrelated part, it is necessary to obtain R*, which has or-

thonormal rows and is orthogonal to R. Then do the following SVD

L T
ls,TaLs;xyWRT] N7 [T RAS S p0.] = U,D, U (34)
where D, = diag(d%l, e ,d;mfl). It is remarkable that the last singular values may be
quite small. In order to improve the numerical conditions, let us define
oy A5 i
Q, = dlag(zl’%T, e ﬁ, 1).
It is meaningful to establish the KPI-unrelated test statistic as
T T R*
SPEprLsr =Y [(RL)T RA;1/2SPLS,2] U,0,U) S£LS,2A;1/2RT] y- (3.5)
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3.3 An alternative KPI monitoring scheme
The corresponding threshold can be determined using the y2-distribution as

_ 72 2
JthvsPEPLS,R = dy,m—lX (m - l)

In Algorithm BT, procedures of the revised PLS-based monitoring scheme are summarized.

Remark: The revised monitoring scheme is based on the standard PLS algorithm. From
the obtained latent variable data, two test statistics are established. The T3 » statistic
contains no useless information for the KPIs and thus is essential for the KPI-based root
cause analysis. In addition, a more accurate statistical distribution for the SPEprgr
test statistic is established as well. As a result, the first and third requirements from
problem formulation have been totally fulfilled. Since the standard PLS algorithm is
utilized, the engineering effort is still high mainly due to the determination of the latent
variable number. A numerical example is given at the end of this chapter to show these
improvements. In the following section, by analysing the PLS algorithm, we will propose

an alternative KPI monitoring scheme satisfying all the requirements.

3.3 An alternative KPl monitoring scheme

For static processes, the first part of the redundancy, .e. the mean vectors and the stan-
dard deviation matrices, can be easily identified from the raw data easily. The challenge
is how to construct the regression matrix in the normalized process description (B). One

standard criteria for it is to minimize the total variance of prediction error eg, i.e.
find ¥ = arg min tr(E(egel)).
By substituting eg = 0 — Wy, we have

tr(E(egel)) = tr(E(007)) — 2tr(E(0y))®¥T) + tr(TE(yy")®T).

otr(E(egel))

50T = 0, which further gives

Thus the minimum is achieved when
E(ey") - ¥E(yy") = 0.

Using the normalized process and KPI data Y € R™Y and ©® € R the above solution
can be approximated as

oY’ YYT

~

~ W .
N -1 N -1
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Figure 3.1: lllustration of the alternative algorithm

Since generally a huge number of process variables are available in reality and YY7
is rank deficient, ¥ cannot directly be identified. PLS algorithm provides one practical

solution for it:

Ups = QR =OY'RRTYY'R)'R”. (3.6)

In order to handle the collinearity problem, PLS first transforms the process variables

argmax w!Y,®Tv; t;, =
[lwill=1,|lvil[=1
Y7w}, the covariance (not correlation) between each latent variable and the transformed

KPIs (along vi,i=1,---
(LS) solution from latent variables to KPIs. It is remarkable that RTYYTR is a diagonal

matrix, which means that the inversion is computed quite efficiently.

to the low-dimensional latent variables. Due to (w},v}) =

,7) is maximized. In the next step, PLS finds the least squares

Alternatively, in order to eliminate the problem caused by collinearity, the following

34



3.3 An alternative KPI monitoring scheme

SVD is carried out®

YY? A, 0| (PT
N—-1 0 Al |PT
Ay = diag(A],--- A%), Ag = diag(Mhyy, -, A0),

[Pl PQ] , (3.7)

which is equivalent to PCA for dimension reduction. To better explain the basic idea, a
3-dimensional numerical example is given. The normalized data are plotted in Figure B
a. There are three process variables, y; and gy, are multivariate normal distributed, y3 is
a linear combination of them and is contaminated by noise. 0 is a linear combination of
these three variables. By performing the SVD (BZ), the directions of data variability,
P1, P2, p3 (define P = [p1,p2, p3]), can be extracted in the descending order. Their
bilateral relationships are shown in Figure BI-b (‘0’). We can see that the most significant
variability occurs in the ‘p; — ps’ plane, the variability along ps is relatively much smaller
and is caused by the process and measurement noise. Thus it is reasonable to represent
the original data with a lower dimension. The red ‘x’s in Figure B-I-b denote the denoised
data (Note that different from this illustrative example, the variability along ps, which
causes rank deficiency of YY7, is quite close to zero). It can be seen that the two data
sets (original and projected) contain quite similar information.

Similar to the PLS solution (B8), the coefficient matrix ¥ can be alternatively estimated
as
oY’

U = WA PT, \ilzN T

Y = A;PPTY. (3.8)

The estimation performance is equivalent to the principal component regression, nev-
ertheless, it provides superior monitoring performance to either PCA- or PLS-based ap-
proaches. The process variable space has been divided into two orthogonal subspaces
Sy = span{P1} C R™ and Sy = span{P3} C R™ ™ where the former contains informa-
tive part while the latter is the residual part which contains no useful information for the
process variables themselves, thus not useful for the KPIs either. From the monitoring
point of view, the denoised process variable data Y (represented in a reduced order coor-
dinate system) contain both KPI-related and -unrelated information. In order to identify

the KPI-related and -unrelated subspaces in the new coordinate system, the following

!The determination of  plays an important role for an optimal fault detection system design. It
should be selected in such a way that Ao contains those “zero” components that are numerically quite

sensitive to the inversion computation.
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3 An alternative data-driven KPI monitoring scheme for static processes

. v T
SVD is done on ¥

T T
-l o

As aresult, Sp = span{S;} represents the KPI-related subspace while Sq1 = span{S,}
represents the KPI-unrelated subspace in the new coordinate system. As illustrated in
Figure BI-c and Figure B0-d, S; denotes the direction of Y that is mostly correlated
with the KPIs (corr(STy,0) = 0.9997) while S, denotes the orthogonal direction that is
not useful for the KPIs (corr(SIy,0) = —0.0247). Based on these decompositions, the
complete process variable space can be monitored.

As in the revised PLS-based monitoring scheme, to monitor the KPI-related process

variable subspace, it is reasonable to establish the following test statistic

T2 = yTP A S, STA/*PTy. (3.9)

Since SlTAfl/ 2PlTy ~ N(0,1), thus with sufficient training data, the threshold can be set

as

Jth,Tg = X%—a(l)

For monitoring the KPI-unrelated part, we do the following transformation

A, STATV?PT
eJ_ — [ 2 1 1 y

=1/2pT

where 2 = diag( /\;\3” R /\;\3" , 1) is utilized to increase the numerical robustness regard-
m—+1 m—1
ing to the very small \,,.
Since E(0(01)7) = A2 I(;n_1)x(m—0), the following test statistic can be established to

monitor the part of process variables that is useless for the KPIs
T2, = y" (A;PlA;I/ 2S,STAV?PT 4 P,EPT ) y ~ A2 2(m — ). (3.10)

The corresponding threshold Jth,le can be determined using the y2-distribution for a
given significance level .

Design procedures of the alternative KPI monitoring scheme is given in Algorithm B=2.

In addition to the process variables, any change in the matrix ¥ can influence the
KPIs as well. However, this kind of malfunctions cannot be detected either by (89) or
(B10). In order to detect this kind of fault, the online KPI measurement is required.
Since £(007) = E((0 + eo)(8 + e0)”) = E(00") + E(eoel), we have eg = 0 — 0 ~
N(0,2¢ — QeR?*QJ) where 3¢ & (?V—G_)f. Thus the following test statistic is established

Ts, = (6 —8)"UQU"(8 — 8) ~ di () (3.11)
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3.4 Numerical examples

Algorithm 3.2. An alternative static KPI monitoring scheme

Based on the normalized data Y € R™N and © € R>N,
S1: Do an SVD on YT — Py, A; Py, B, N2,

_ —1/2
S2: Do another SVD on W = %1N—}D11TY)T = Qo, R, ST; ST.

S3: Compute the thresholds Jy, 72 and Jinr2 -
¢} 0

Using the normalized online data y(k),
S4: Build the statistics Ty and T3, according to (39) and (EID).
S5: Check the decision logic:

(
T2 > Jypo and T2, < Jyr2 = fault influences KPI
8 th,T? 0 th,T2,

< Jth,Tg and TgL > Jth,le = fault does not influence KPI

T?
g

T2 > Jyp, o and T2, > Jy 2 = both kinds of faults happen
0 *a 0 ol
2

\Te

2 < Jth,Tg and T3, < Jth7T§L = fault-free.

where ) )
¢
3 di

Q = diag(
with
Yo — QeR’Q§ = UDU”, D = diag(d7, -+ ,\}), di > --- > d}.
Remark: Among these test statistics, in the case that the KPIs are not online measurable,
o T @2 can detect the KPI-related faults in the process variables and contains no useless
information for the KPIs.

° T92 | is able to detect the KPI-unrelated faults in the process variables.

Compared to the PLS-based schemes, the design effort of this alternative method is quite
low. No complicated computations like the cross validation is required. Moreover, two
test statistics are involved and their monitoring and diagnosis performance is improved
over the standard algorithm. In addition, in the case that KPIs are online measurable,
the faults happened in ¥, which cannot be detected by (83) or (BI0), can be detected by
the Tge test statistic. A simulation example is given in the next section to demonstrate

this scheme.

3.4 Numerical examples

In this section, an open-loop synthetic numerical example is considered:

yobs(k) = WZ(]’C) + n(k)
eobs(k) = ‘I,ObSYObS(k) + bobs + E,(k’)
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Figure 3.2: Comparison of monitoring results from static schemes

where

W = rand(m,n), ¥, = 1 4+ rand(l,m), by, = [1055, 1825]7

are model parameters with n = 3,m = 15 and [ = 2 denoting the dimensions of z, y s
and 0, respectively. To model the steady state of a process, z is simulated by random
number sequences, i.e. z; ~ N(0,4),z2 ~ N(0,1.96) and z3 ~ N(0,1.44). In addition,
model uncertainties and measurement noises are simulated by n; ~ N(0,1le — 6),i =
L,---,m, and & ~ N(0,1e — 8),i = 1,--- I, respectively. One hundred samples are
generated to train the model. In addition, a deterministic fault is injected into the process
variable space at the 21st sample.

As depicted in Figure B2-a, the fault is selected in such a way that it changes the
latent variables but does not influence any KPI. Monitoring results of the standard PLS-
based scheme is given in Figure B2-b. We can see that the T2 statistic detects the
fault while SPE cannot, which is not as expected (with significance level o = 1%). In

comparison, the monitoring results of the revised PLS-based scheme and the alternative
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3.5 Concluding remarks

Table 3.1: Comparison of offline computation time (‘seconds’)

Standard PLS-based scheme Revised PLS-based scheme The alternative scheme
0.8818 0.8665 0.0056

static scheme are given in Figure B2-c and Figure B2-d, respectively. As expected, the
TI%L& r and Tg statistics, which are responsible for KPI-related part, have not detected
the fault. The SPEprsr and Tg | statistics, which are responsible for KPI-unrelated
part, have successfully detected the fault. These examples demonstrate the performance
improvements of proposed schemes over the standard one. Regarding the engineering
effort, the offline computation time is measured in MATLAB. Due to various hardware and
software configurations, the absolute time makes no sense. But the time consumed under
the same condition is reasonable for comparing different monitoring schemes. Table B4
lists the values, from which we can see that the standard and revised PLS-based schemes
(leave-one-out for cross validation) consume comparable computation resources while the
alternative scheme is significantly faster. Moreover, the standard PLS-based scheme uses
a bit more time than the revised PLS-based scheme. The reason it the calculation of the
threshold for the SPE statistic.

3.5 Concluding remarks

This chapter focuses on the data-driven monitoring schemes for static processes. Moti-
vated by the drawbacks of the standard PLS-based process monitoring scheme, a revised
approach based on the PLS algorithm is firstly proposed. It can correctly detect the KPI-
related and -unrelated faults. Although similar modified approaches have been recently
reported by other researchers [93, 36|, this approach uses much less test statistics and
thus is more appealing for practical applications. In order to reduce the engineering effort,
an alternative static KPI monitoring scheme is proposed subsequently. This scheme pro-
vides improved monitoring performance (over the standard PLS-based scheme) and fulfils
all the requirements listed in the problem formulation. Nevertheless, the application scope
of these static schemes is limited to static processes. Dynamic monitoring approaches will

be addressed in the next chapter.
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4 Data-driven KPIl monitoring
techniques for lumped-parameter
processes

Although KPI monitoring schemes designed for static processes have received great success
in industry, their application scope is restricted. Those methods are simple and suitable
for the periods when the processes are steady, i.e. the mean vectors of the process
variables and the KPIs are quasi-constant. In practice, however, the mean vector of
the process variables could be time-varying e.g. due to continuous supervisory control
actions, especially in large-scale systems. In order to monitor such processes, the inherent
dynamics must be effectively taken into account. As discussed in Chapters 0 and B,
the PS-based techniques, the FDF, and the DO are powerful dynamic monitoring tools.
A requirement of all these approaches is that a reliable mathematical description of the
process dynamics be available. Derivation of mathematical models based on first principles

can be costly or time-consuming, particularly in the process industry.

Motivated by these observations, data-driven design of model-based process monitoring
systems has attracted much research interest. Strongly stimulated by the development
of system identification techniques, the two-step scheme “system identification + model-
based monitoring system design” has become a standard one and been applied on various
benchmark processes. Nevertheless, according to our recent research activities [28], the
design effort can be largely reduced by the direct identification of the process monitor-
ing system. In this chapter, we will present some new results. The starting point is a
residual generator that we wish to identify. Based on the assumption that the residual,
which is a combination of the process and measurement noise, is uncorrelated with the
process variables and the past KPIs, its covariance matrix, which is essential for residual
evaluation, can be readily extracted from the process I/O data. Then by eliminating the
influences of noise from the process I/O data, residual generators for measurable KPIs

and unmeasurable KPIS can be directly identified.
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4.1 Preliminaries and objective

4.1 Preliminaries and objective

Assuming that the dynamics from the low-level process variables to the high-level KPIs

can be modelled by (EZ2-23), we want to design the following residual generator
z(k+1) = Az(k) + By(k) + Lr(k),z(0) = 0, (4.1)
r(k) = 0(k) — Cz(k) — Dy(k). (4.2)
Here r(k) denotes a primary residual signal and can be alternatively written as
r=0-0=0-C(pI—A+LC) (L6 + (B—-LD)y)— Dy
= (-C(pI-A+LC)'L+I)6
—(C(pI-A+LC)'(B-LD)+D)y

y] (4.3)

where p denotes the z-transformation operator, M(p) =—-C(pI = A+ LC) 'L +1, and
N(p) = C(pI — A +LC) (B — LD) + D. The above residual generator is defined as the

kernel representation [23] and builds the basis for KPI monitoring. In the model-based

framework, the core of designing the kernel representation is to select an appropriate
observer gain matrix L because the other parameters are given by first principle models.
Differently, in the data-driven framework, the major objective is to design the whole
dynamic residual generator based on the normal process I/O data. In addition, data-

driven design of a residual evaluation system is another objective.

4.2 Construction of the 1/0 data model

Before constructing the data-based process model, assume

E(r(k)y'(k—1i) =0, Vi=—s,---,—1,0,1,--- 5, (4.4)
E(I‘(k)eT(k’ _j)) = 07 \V/j = 172a"' y Sp-

The first assumption means that the residual vector is uncorrelated with the low-level
process variables, which is quite reasonable in the open-loop configuration. The second
assumption indicates that the residual signals are uncorrelated with the past KPI mea-
surements, which can be generally guaranteed by the feature of residual generators (e.g.
Kalman filter generates white residuals that are uncorrelated with past data).

Based on the residual generator (B1-62), an I/O data model can be constructed as

Gk,kJrs = FsZk: + Hy,sYk,k+s + Hr,st,k+s (46)
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4 Data-driven KPI monitoring techniques for lumped-parameter processes

where Oy, j45 is built from O(k),k=1,--- ;k+s+ N, — 1 as
o(k) -+ O(k+N.—1)
O jits = : : € REFIINe,
0(k+s) -+ O(k+s+N.—1)

Yiprs € REFV™Ne and Ry s € RETVXNe are built in the same way as Oy jys, 7 is

built as
7 = [Z(k) o a(k+ N, — 1)] e R Ne, (4.7)

I, is represented by C and A as

C
CA
T, = . c R(S+1)l><n7 (48)
CAs
H, , is represented by (A,B,C,D) as
[ D 0 e e 07
CB D 0 - 0
H,,=| CAB CB D . :|¢eRExEm (4.9)
: : : .0
|CAs'B .- CAB CB D]

H, , € REFVXEHDL g represented by (A, L, C,T) in the same style as H, .

Similarly to (B), the I/O data model can be written as

Y its I O | Yrits 0
S N I . (4.10)
@k,k’—i-s Hy,s Fs Zk Hr,st,k—i-s
I 0 1 l 1 : . . L
Let ¥, := H T € REFDmH)x((s+1)m+n) *if there exists a matrix ¥ €
s L

R+DI=n)x(s+D)(m+D) guch that W W, = 0, then similar to the kernel representation (E-3),

Y’“’“S] = ! [ 0 ] (4.11)

R, = ¥;
k.k+s Hr,st,k+s

is a kernel representation of the I/O model (E10) as well, which maps the process and

KPI data onto multiple residual signals.
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4.3 Identification of the kernel representation

4.3 ldentification of the kernel representation

Compared to (E23) where the dynamic information is embedded in the kernel parameter
functions N(p) and M(p), in the data-based kernel representation (BT, the I/O data
are stacked columnwise such that the dynamic information can be numerically extracted.
The data-based kernel ¥ is a constant matrix to be identified.

Note that in the fault-free case, the primary residual Ry, ;1 consists of the process and

measurement noise. To reveal the basic idea behind identification, let us first consider the

Y its _ I O
Gk,k+s Hy,s Fs

Y kts Y kts
Assume that [ %H ] has full row rank, then we know that the left null space of [ okt ]
k k,k+s

noise-free case, i.e.

(4.12)

Yk,k+s
Zi |

. Thus the kernel representation of the data-

is identical to the left null space of [

ys Ls
based form can be identified from the process and KPI data using e.g. an SVD. However,
in practice noise is inevitable since the process and KPI data sets are contaminated by
noise. Neglecting the noise component will decrease the identification quality and further
the performance of the monitoring system. To lower the influence of noise on identification,

let us build another extended state equation as

Zi= (A —LC)"Zy_y, + @, Y g i1 + Po, Op sy i (4.13)
where
Py, = [(A ~LC)* (B-LD) --- (A-LC)(B-LD) (B-LD)| € R"™,
(4.14)
P, = [(A-LC)»'L - (A-LOL L|eRr™, (4.15)

Yi—s, k-1 and Oy, 1 are built from y(i),i = k — s,,--- ,k + N, — 2, and 0(i),i =
k— sy, k+ N.— 2, in the same way as Oy, j.

Since the basic requirement for observer design is stability, i.e. all eigenvalues of (A —
LC) are inside the unit circle. As a result for a sufficiently large integer s,, we have
(A — LC)*» ~ 0, which makes

N Yo ko
Zk ~ |:¢y,5p ¢9,sp:| hospkl = @SPQkfspykfl (416)

@kfsp,kfl
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4 Data-driven KPI monitoring techniques for lumped-parameter processes

Substituting (E18) into (M) gives

@k,k-i—s ~ qu)spﬂk—sp,k—l + Hy,sYk,k—‘rS + Hr,st,k+s (417)
Qkfsp,k:fl
- r.e, H,| FH, Ry pie. (4.18)
k.k+s
Qp—sp k1

In the above representation, ©y 4, and

] are known from the process 1/0
k.k+s

data. H, ;Ry ;+s represents the noise component and is unknown. We expect to iden-

tify [I‘S@Sp Hy7s] using a regular left transformation. By projecting ©y ;+s onto the

Qo ke
orthogonal subspace of the row subspace of [ Fospk 1] , we have
k.k+s
proj L @k,k+s
k—sp,k—1
Yk,k—i—s
T T
. Qk—sp,k—l Qk:—sp,k—l Qk—sp,k—l Qk—sp,k—l
= Oppys | I -
Y kts Yo kts Y kts Y kts
Q 1" (2 Q N\ e
_ Hr,stJH-S I— k—sp,k—1 k—sp,k—1 k—sp,k—1 k—sp,k—1
Yihts | Y its Y kits Y its
=H, Ry s (4.19)
where the last step is due to the assumptions made in (E2-273).
Now do the following LQ-decomposition
Qs k-1 L, 0 O QT
Yk,k-l—s - Lgl L22 0 Qg . (420)
Ok hts Ls; Ly Lss| |Qf

L Qo ko
Since [ M ] is full rank, the null subspace of [ bk 1] is identical to the null
Q7
subspace of T
2

k.k+s
Q ] (note Q%’

Qs ko L 0 T
S I Q , which is spanned by the
Loo
rows of Q1. As a result, the projection of @, 4, onto the orthogonal subspace of the row

Y kts Loy

Qs k1
subspace of o

] is identical to the projection of @y ;45 onto the row subspace of
k,k+s
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I e
proj 1 Ok ks = Op s (Q3<Q§Q3)71Q3T) = L33Q3T
k—sp,k—1
{ Y kts ]
- Hr,st,k—l—s - L33Q§7;' (421)

Thus based on the LQ-decomposition (E=20), we have

Y kts Ly, L T 0
ks | _ (L2 Lo Q; n (4.22)
Gk,k+s L31 L23 Q3 Hr,st,kJrs
L L T T
where | 20 7% Q; is the denoised process and KPI data. Further since Q; is of
L3 Los| | Q3 3
I o], . i
full row rank, the left null subspace of is identical to the left null subspace of
Y,S s
L,y L
S By an SVD
L3 Lo
L,y L A 0] | VT
S [Ul UQ} ' iy (4.23)
L3; Los 0 Ay| |V;
we have
Ay~ 0 = ¥l =PUT ¢ RUEHDI=mx(s+1)(m+D) (4.24)

where P € R((s+Di=n)x((s+1)l=n) denotes the regular transformation matrix. Subsequently,
for simplicity of notation, we assume that P = I. At this stage, the data-based kernel
representation (E-I1) has been realized based only on the normal process and KPI data,

i.e.

Yihts Y kts

Res = Wl | M| — | _gl @l PR = L L QY (4.25)

s @k L s,0 G)k ) 5,0 3
’ +S B +S

where ‘Iliy = Wl (;,1:(s+1)m) and Uy = U (s+1)m+1:(s+1)(m+1). It is
important to mention that except for the parameters of the kernel representation (E—I1),
the covariance matrix of the extended form of the primary residual is simultaneously
identified, which is LasL1, /(N, — 1).
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4 Data-driven KPI monitoring techniques for lumped-parameter processes

Algorithm 4.1. Data-driven design of kernel representation based residual generator

S1:  Select design parameters s, s, and construct process 1/O data matrices Qp_, j—1,
Yk,k+s and @k,k+s-

S2: Perform an LQ-decomposition (F-20) and then an SVD (723).

S3:  FEaxtract the kernel representation matrices \Iliy and ‘I’ie'

S4:  Determine the thresholds from (-28), (4-30), (¢-31).

Based on the stacked online data ys(k) and 04(k),

S5: Build the test statistic T* or SPE or T?.

S6:  Check the decision logic:

test statistic > threshold = faulty

otherwise = fault-free.

4.4 Kernel representation based KPI monitoring

4.4.1 Parity space based residual generation
Denote 0,(k) = [87(k),--- ,07 (k4 s)]” and y,(k) = [y (k), -,y (k + s)]7. A residual
generator can be constructed as follows

rsryin(k) = W 00,(k) — O,y (k) ~ N(0,%,) (4.26)
W LasLdL (P o)7

Ne—1
For residual evaluation, the 7T test statistic is

where X, ~

T? =1y e Tt t)imns (4.27)
and the corresponding threshold is determined by the y2-distribution as
Jinrz = Xi_o((s + 1)l = n) (4.28)

where (s + 1)l — n is the degree of freedom and « is the significance level.
However, in practice ¥, could be rank deficient and cause the standard 77 to fail. To

avoid this problem, we can apply the SPFE statistic for residual evaluation:
SPE =11y nT(s+1)i—n- (4.29)
Its threshold is determined as

Jinspe = 9Xi_a(h) (4.30)
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S
2usPE N
of freedom of the y2-distribution with jgpr and S being the sample mean and covariance
of the SPE statistic.

Alternatively, we can do the following SVD

WLy Ll (W) _
N.—1

2
where « is the significance level, g = is a scaling factor and h = 2“5% is the degree

A= dZCLg()\%, T 7)‘%s+1)lfn>7 A% E )\?SJFUZ*”'

Then with
-2 -
(s—O—Al%)l—n 0 . 0
0 . :
0=
. .. A%s«i»l)lf'n 0 ’
. A2
(s+1)l—n—1 5
A
0 . 0 ZtDlen q
L A%s+1)l7'n ( >_
a revised T? statistic can be established as
T = r€s+1)l—n9r(s+1)l—n- (4.31)

The threshold can be determined by Jy, r2 = )‘%s+1)lan%—a((S + 1)l —n).
Algorithm -1 summarizes the proposed kernel representation based residual generation

scheme.

Remark: From the previous section we know that s is selected much larger than the actual
system order n. Based on (E=27) or the other two test statistics, a decision can only be
made with s+ 1 available online samples of the process and KPI data. This might result
in some obstacles for online monitoring since detection delay is an important criterion for
monitoring systems. On the other hand, online computation costs and memory require-
ments are high. As a result, it is desirable to design alternative monitoring schemes to

overcome these difficulties.

4.4.2 Diagnostic observer based residual generation

From Chapter B, we know that (E=28) is actually a PS-based multiple residual genera-
tor. Based on each single residual generator, an equivalent diagnostic observer can be

constructed. Let

X5 = [0‘5,07 Ks 1,70, o‘s,s]a Bs = [ﬁs,(b Bs,la T ﬁs,s] (432)
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4 Data-driven KPI monitoring techniques for lumped-parameter processes

where o, € R +D! denotes one parity vector that can for instance be set to any row of
Uy, B, € R¥>EHUM or their linear combination. Correspondingly, 3, is obtained from
\Iliy. As described in Chapter B, we can build an equivalent diagnostic observer from o

and B, as

zq4(k + 1) = Gzy(k) + Hy(k) + LO(k) (4.33)
(k) = vO(k) — wra(k) — ay () (434)

where z4(k) = Tz(k) € R*, and
e G is stable,
e TA—GT =LC,H=TB - LD, and

e vC-—wT =0,q=vD.

Now define
_0 _
Ks1 o g1 Kgs C
1 0 --- 00 ’ ’ ’
K2 o‘s,s 0
G=|: . . ¢ eR™ T= :
0 1 00 T cAT
0 x;s 0 e 0 CAs!

It is obvious that the first condition is satisfied since all the eigenvalues of G are zero.
According to TA — GT = LC we can get

Xp
L=— : ) (4.35)
o‘s,s—l
Define w = [0,---,0,1] € R, from vC — wT = 0 we know v = a,, € R\, Based

on T,L,v, H=TB — LD,q = vD and the fact that \I'sl,y = lIlieHyﬁs, H and q can be

constructed from 3, as
BS,O
H = y 4= Bs,s‘ (436)
Bs,s—l

It has been proven in [24] that the parity space based residual generator and the diagnostic

T T
observer are equivalent. Based on this result we have r(k) ~ N(O0, %)
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Algorithm 4.2. Kernel representation based diagnostic observer

S1: Based on the kernel matrices \Iliy and ‘I’ie, construct the vectors &s and f3,.

]T

S2:  Select a proper g = [g1,- -+ ,gs]" and construct the following matrices:

_ . (
0 0 -0 g q=B,(sm+1:(s+1)m),
1 0 ... 0 g
G=1{0 1 " i | P
: 0 Gs—1
0 01 g ) U LB
2%)
v = o (sl +1: (s+ 1)),
= _ — gV.
w=1[0,---,0,1] € R"**,
X5 51

S3: Determine the threshold as Jy,r2 = xi_,(1).
Based on the online data y(k) and 0(k),
S4: Run the residual generator (G-3344-34) and evaluation the residual using
T? = r(k)*/o?.
S5:  Check the decision logic:
T? > Jyr2 = faulty,

otherwise — = fault-free.

Similarly to the previous subsection, a T-type test statistic can be designed for residual
evaluation and the corresponding threshold can be determined using its statistical distri-
bution. In addition, as discussed in Chapter B, more design freedom can be introduced
by adding the last column of G with the design parameter vector g € R®. Algorithm B2

gives the total design procedure for a data-driven DO.

4.4.3 Recursive predictor based residual generation

Both the PS-based residual generator and the DO make use of online KPI measurements.
In industrial applications, there are situations where some KPIs are not online/real-time
measurable. This section will be devoted to the issue of KPI motoring when they are not
measured. We assume the order of the process under consideration is known, and s = n.
In the single KPI case, we know that T is invertible (z4(k) = Tz(k) € R™) and v € R.

Based on the process description, we can rewrite the DO as

za(k +1) = (G + 1T Vzy(k) + (H + D)y (k) + 1r(k) (4.37)

~

0(k) = %Wzd(k) + %qy(k). (4.38)
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4 Data-driven KPI monitoring techniques for lumped-parameter processes

Suppose that the parameters of the kernel representation are given as
0ty = [omo, o+ Aoty 1] € ROV B = (B o, By, o By ) € RIXCFD™,
then we have v =1 and
TA-GT=1c = TAT '=G+1cT'=G +1w
Based on the defined G and w, it is straightforward to derive that

zq(k +1) = A.z4(k) + B.y(k) (4.39)
0(k) = c.zq(k) + d.y (k). (4.40)

is in the observability canonical form where A, := G +1w,B, := (H+1B,,),c. =W
and d, = ,,,,- It is clear that 6 can be considered as a “soft” sensor for the KPI.

For monitoring, assume that the process variables are dynamically changing but the
KPI is quasi-steady and denote its reference value as 6(k), which can be e.g. obtained
from the SCADA system. During the steady KPI periods we have E(A(k) — 6(k)) = 0
and the variance of the estimated KPI is 62 = E(((k) — 0(k))?). For offline training,
variance of the estimated KPI can be obtained as

N

2= (O(k) -
k=1

ey

(k)*/(N = 1).

For online monitoring, the T2 test statistic can be applied as

(B(k) — 8(k))?

62

T =

The corresponding threshold can be determined from the y?-distribution as Jy, 72 =
2
Xl—a(1>‘

4.5 Numerical examples

In this section, the following dynamic system is considered:

z(k+1) = Az(k) + By(k) + n(k),
0(k) = cz(k) + &(k)

where
0 1 0 10 0
A=l0 o 1 ,B:01,z(0):0,c:[111}.
0 —0.04 —04 11 0
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4.5 Numerical examples
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(a) Measurements of KPIs and process variables. At the 501st sample, a fault happens in the process.
It is not caused by low-level process variable changes and influences the KPI
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(b) Monitoring result with parity space based (c) Monitoring result with diagnostic observer

approach

Figure 4.1: lllustration of the kernel representation based process monitoring

1 is multivariate normally distributed with a zero-mean vector and covariance matrix
diag(0.1,0.1,0.1), ¢ is normally distributed with zero mean and variance 0.01, and 1 and
¢ are mutually uncorrelated. Four hundred samples of fault-free data are generated for
the offline training. A fault affecting the KPI has been introduced at the 501st sample.

As shown in Figure BEI-a, both process variables are not affected.

To identify the kernel matrices, we select s = 3 and s, = 10. By checking the magni-

A
tudes of [ 01 ] which is given in (E223), n is determined to be 4. All parity vectors

2
are used to build the PS-based residual generator. For constructing the DO, one of those
parity vectors is utilized. Figures EI-b and B—I-¢ show the monitoring results with the
PS-based approach and the DO, respectively. It can be observed that both charts have

successfully detected the fault. Since the recursive predictor uses only online process
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4 Data-driven KPI monitoring techniques for lumped-parameter processes

variables (without online KPI data), this type of faults cannot be detected.

4.6 Concluding remarks

This chapter discusses some new results for data-driven design of model-based monitoring
techniques for dynamic processes. Different from the standard two-step approach which
relies on the system identification, the new methods are able to directly identify the process
monitoring systems. Among them, PS-based method is the simplest and is directly built
from the kernel matrices. However, it relies on the past data during online phase, which
not only consumes valuable computation resources, but also can cause long detection
delays. A DO can be easily constructed from any parity vector. It does not need the past
data for residual generation and is computationally more efficient. In addition, for the
case that the KPI is not online measurable, the recursive predictor can be used. Since it
uses only the low-level process measurements, the monitoring performance is restricted.
For instance, those faults which do not impact the KPI cannot be detected. Except for
the cases discussed in Chapters B and 8, many real processes cannot be described by either
static equations or ODEs. To describe increasingly complex systems, PDEs are frequently

used. The next chapter will focus on the monitoring system design for such processes.
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Except for static processes and LPPs, DPPs are frequently encountered in the industry
as well, especially in continuous manufacturing processes like paper machine or hot strip
mill [19, 20, PR, 45, O5]. For these processes, the KPIs, e.g. moisture or thickness of the
paper, thickness or temperature of the steel strip, are closely related to the enterprise
profit and should be automatically monitored. However, the KPI monitoring techniques
developed for static processes or LPPs cannot be applied. Since the manipulated vari-
ables and the state variables are functions of both the time and the space, their dynamics
is generally described by PDEs that are often derived from the fundamental balance of
mass, momentum and energy. Traditional approaches for handling DPPs are based on
the simplifying assumption that the distributed functions are spatially uniform. How-
ever, with ever increasing global competence, it is difficult to meet strict economic and

environmental requirements with those traditional techniques.

Motivated by these observations, in the present work, a statistical KPI monitoring
framework is proposed for multiple-input and multiple-output (MIMO) DPPs. For the
reason of simplicity and considering the fact that most differential equations arising in
science and engineering are first or second order [39], we will develop KPI monitoring
techniques based on a general description of second order PDEs. The major objective of
this chapter is to obtain a kernel representation of the MIMO DPPs for residual gener-
ation. For this purpose, the concept of projection in infinite dimensional space plays an
essential role. Aiming at reducing the application effort, data-driven realization of the

obtained kernel representation is another objective of this chapter.

5.1 Problem formulation

We consider the DPPs described by the following equations
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5 KPI monitoring techniques for distributed-parameter processes

A AT Za(; D | gy 22 gfg;) + o 28t Zaf; b D(m)az(;t’ )
—i—E(x)% + F(x)z(z,t) + G(a)y(z,t) + n(z,t) =0, (5.1)
p p z(x'
O(x,t) = / H(z, 2")z(2', t)dx" + / I(x, x')%dx’ + &(x, 1), (5.2)

a<z<pg t>=0

which are subject to either the Dirichlet boundary conditions

z(a,t) = z4(t), z(5,t) = zs(t) (5.3)
or the Neumann boundary conditions
Dz(x,t) _ Dz(x,t) B .
WL@:O@ - Zaj (t), WLU:ﬂj - Z,Bj (t)a] - 1a 2 (54)

(or their combinations) and the initial condition

z(z,t) = zo(2) (5.5)
where z(x,t) = [z1(z,t) - 2,(z,t)]7 € H"™ denotes a vector of the state vari-
ables in the Hilbert space, y(x,t) = [yi(z,t) - yn(z,t)]T € H™ and O(z,t) =

[01(x,t) - 0i(x,t)]T € H! denote the manipulated low-level process variables and the
measured KPIs", receptively (they are called “snapshots” of the corresponding variables),
N(z,t) € H" and &(x,t) € H™ represent random process and measurement noises,
A(z),B(z),C(z),D(z),E(x),F(z), G(z), H(z,2) and I(x,z’) are matrices of functions
with approximate dimensions, x € [«, 5] denotes the spatial coordinate and ¢ denotes the
time.

The objective of this chapter is to establish a statistical KPI monitoring framework for

practical DPPs. To achieve it, the following tasks are formulated:

e cstablishing a kernel representation of (B) in the discrete-time form as

B x
r(z) = / (L (p, 2, 7)) [gixil da (5.6)

where the effects of the manipulated variables are eliminated. Here y(x) and 6(x)

are the z-transformations of y(x,t) and 0(z,t) with respect to ¢, p denotes the

z-transformation operator.

1(62) is a general form of sensor measurement functions. Currently, most KPIs are measured
at several fixed locations. However, with the rapid developing sensing technologies, they can
also be measured over the whole spatial range, e.g. using high temperature infrared cameras

(http://www.directindustry.com), the temperature profile of the hot strip can be measured.
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5.2 The concept of projection in infinite dimensional case

e designing a residual evaluator by
— utilizing a proper GLR test function and

— determining the threshold J;;, in the statistical framework with deterministic

projection error

e realizing the kernel representation (A8) based on the process 1/O data and the

equivalent observer-based implementation form.

5.2 The concept of projection in infinite dimensional case

The concept of projection (of functions) in infinite dimensional case plays an essential role
for designing a kernel representation based residual generator for (B). To understand
it, let us first review the orthogonal projection of vectors on a known finite dimensional
subspace.
Given an arbitrary vector q € R"™ and a full column-rank matrix P = [pl e pv] €
R™7, we want to find an optimal q € R"™ that lies in the column space of P satisfying
(a-@)"(a—4a) =min(q —r)"(q —1). (5.7)
Let us denote q = Y7, zip; = Pz, where z = [z1,--- ,2,]",2; € R,i = 1,--- ,7. The
task for projection is actually to find the unknown coefficients z;,4 = 1,--- ,v. According

to Theorem B, we know that the optimal q can be found by solving
(@—q)"pi=0, fori=1,---,7. (5.8)
Substitute q = Pz into (5R) we can obtain
z = (P'P)"'P'q= q=Pz=PP'P)"'P'q := projpq
where q is the orthogonal projection of q on the subspace P.

Example 5.1. As illustrated in Figure B, let q = [2,1]T (“raw data”) be an arbitrary
vector in R? and p; = [3,1]7 be a given subspace/direction in R*. Based on the above
formula we can get q = [2.1,0.7)]T (“projected data”). It can easily be verified that q — q

15 perpendicular to py thus the best estimate of q using py is q.

Differently, in the infinite dimensional case the basis of subspace P as well as
the arbitrary function q are in the Hilbert space [39]. Let us denote p(x) =
p1(z),- -+ oy ()], ps € H,i = 1,---,7,¢ € H. Note that here ¢ is no longer some
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Figure 5.1: Orthogonal projection of a vector in finite dimensional space

constant (vector), but a function of x. The task is to approximate ¢(z) in the subspace

with p(z) as basis functions. The optimal approximation ¢(z) should satisfy

/B (q(z) — 4(z))* da = min /ﬁ (q(x) = r(x))* dz (5.9)
a @} Jao ' '

r(xz)€span{p

According to Theorem B2, the optimal ¢(x) can be found by solving

8
/ (q(x) = () pi(x)dz = 0 for i = 1,--- . (5.10)
By substituting §(z) = >/, zip;(z) into (510) we have
) [Kn@p@de o [nn @ I @)
= : - : : eR, (5.11)
o) e fﬁpy @p()de| | [P o (@)a(e)da

-1

B
[ s (5.12)

N ( /a Bp(x)pT(x)dx)

Thus the projection of g(z) onto p(z) is given as G(z) = p’(x)z := proj,, q(z) where
z =z, ,2]" €R.

Example 5.2. As depicted in Figure B3, q(x) = sin(nx) is an arbitrary function in H
(“raw snapshot”) and p;(z),i = 1,2, 3, is the given basis function. Using the above formula
we can get z = [0.1148,1.1584,0.1148]T. Based on it, ¢ = >0, 2(i)p;(x) is calculated and
is plotted in Figure B3-b (“projected snapshot”). ¢(x) is the best approximation of q(x)
in span{p(x)} with the error term fol(q( ) — ¢(z))*dz minimized.
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S S 15
- 1\\ —— raw snapshot
Z 05— S~ T T e projected snapshot
Sy ~
S S e — ~
0 01 02 03 04 05 06 07 08 09 1
15— — e F —F —F — —
5& 0.5 ;/ ””””” — ’\(””' ~
= 04 ,,,,,,,,,,,,,,,,,,,, S A T~ % / )
0 01 02 03 04 05 06 07 08 09 1 05F .:.,.,'”,,,,,,,,,,,,,,,,,,,,,,,,,,;.H..‘ ffffffff
1 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
><m [0 1RS]S //
0 e S E 0
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
X X
(a) Three defined basis functions (b) Projection of raw snapshot

Figure 5.2: Projection of a function in infinite dimensional space

5.3 Design of KPI monitoring systems for DPPs

5.3.1 Projection-based process lumping

From (B) we know that A(x),--- ,F(z) are model parameter matrices, y(z,t) is a given
manipulated vector and z;(z,t), fori = 1,--- ,n, is the i-th infinite dimensional state
variable. In order to design an implementable monitoring system, the order of state
variables must be reduced to a finite one. For this purpose, the concept of projection
discussed in the previous section plays a central role and forms the basis for an optimal

solution. To simplify notations, let us define the following operations [39]:

(m /m 2)dz, |Jm(@)|[2 = /m (5.13)

where m(x),n(x) € H.

In addition, a linear operator® on z(z,t) is defined as

Ll 1) = A TR | gy TR | () T2D)
+D(x)8z(;7;’ 2 E(I)(?zg;, t) + F(2)z(z,t),z € [, 5]. (5.14)

Based on a given subspace, we want to represent z(x,t) in such a way that the total

approximation error is minimized, i.e.

r(||1£(z(z,t)) — L£(2(z,t))]]*) = min. (5.15)

2An operator is a function with functions as inputs. It is equivalent to the first “function”.
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where

|L(2(x,t) — L(&(x,1))]|* =
L1 (z(z, 1)) — L1(z2(x, )]]2 - (La(z(z,1) — L1(2(2,1)), Lo(z(z, 1)) — Lo(2(2,1)))

(La(z(2,1)) = Ln(2(2,1)), La(2(2, 1) = La(2(2,1))) - [|Lala(z,t) = La(2(2,1))|

with
Ly()
LO):=1] 1+ | e
En()
In the following, we will apply the concept of projection to solve this optimization problem.
Let V(x) := span{vi(x),- - ,v,(x), vy41(x), - - - } denotes the infinite dimensional function
space that z;(x,t),i = 1,--- ,n, belongs to. Equivalently, we can write
o0
g, t) =z (t(x),i=1,-- n (5.16)
j=1
where z7,(t), for i =1,--- ,n, j=1,---,00, is the weighting coefficient.

Note that the dimension of V(z) is infinite. In order to reduce the order of the problem,
a subspace V() := span{v,(z),--- ,v,(x)} C V(z) is defined a priori. We want to find
the best representation of z(z,t) from V(z) in the form of

iz, t) = Zfﬂ(t)vj(x),i =1,--.,n (5.17)

such that (ATH) holds. Here Z;,;, fori =1,--- ,n, j=1,--- 7, is the weighting coefficient
that needs to be determined. By applying the concept of projection in infinite dimensional

case, we have the Theorem BZ3. Based on it, the solution of (5TH) can be formulated as
(L(z(x,t) — z(x,t)),vi(z)) =0,Vi=1,---,7. (5.18)
z(z,t) satistying (A18) is defined as the projection:
z(x,t) = projy . z(z,t). (5.19)
which gives the best estimate of z(z,t) from V(z) for the £-norm defined as

1112 = tr (£GP -
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5.3 Design of KPI monitoring systems for DPPs

Different from the standard projection discussed in the previous section, the coefficient
Ziiy 1=1,---,4, j=1,--- 7, from (BT7) cannot be obtained directly. To this end, the
original PDE system (BT) needs to be reformulated into its weak form or variational form

as

(C(z(as,t)) + G(2)y(x,t) + ﬂ(fﬁ,t),v(x)> .
8
/ (L(Z(:v,t)) +G@)y(z,t) + n(x,t))v(x)dx — 0. v(z) € V(2) (5.20)

Note that the above equation needs to be held for any function in V(x) and it results in
infinite equations. Using the given subspace fi(a:), we can approximate the weak form by

solving

((C(i(x,t)) + G(z)y(x,t) + n(a:,t)) : vz(x)> =0,Vi=1---,7, (5.21)

which is an ODE system with a minimal number of nvy equations.
Subtracting (B221) from (520), we see that

(L(z(x,t)) — L(z2(z,t)),vi(z)) =0,V i=1,--- 7.

Based on Theorem B33, we know that the z(z,t) given by (B2Z0) provides the best ap-

proximation of z(z,t) in the sense of £-norm, i.e. (AIH) is satisfied.

Remark: The solution given by (B221) is known in mathematics as the Galerkin approxi-
mation of the true solution z(z,t). It serves as the core of finite element method. Basics

about numerical approaches for PDE can be found e.g. in [39] and references therein.

Before giving the final approximation solution, let us define the following notations
(on(x) - ()

®(z) = : : e H" (5.22)
(01(2), gi()or(x)) -+ (01(2), @i (x)vy (7))

b, = : . : e R, (5.23)
| (03(2), Gy (x)vi(2)) -+ (03(2), dij(x)v4(2))
_(i)ll e (i)ln
d=1|: .. = |erwm (5.24)
®, - ®,,

where V = span{v,(z),--- ,v,(x)} is the given subspace. The lumped model (6=ZT) can

be reformulated as
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Az+Bz+Cz+Dz+Ez+Fz+Gy+n=0 (5.25)

where A, D, E,F € R™*™ are constructed from A(z),D(z), E(x), F(z) € H™™ respec-
tively in the same way as ® from ®(z), B € R™*™ is constructed from B(x) € H"™*"
similar to (b2Z2-624) except that (523) is replaced by

(v1(2), bij(@) 42 (2)) -+ (v1(2), bis(2) (@)
Bi; = : : e R, (5.26)
(0y(2), bij (@) 42 (2)) -+ (vy(2), by () G2 ()
C € R™*™ is from C(z) € H™" with (523) replaced by
cij(@)oy(2) 28818 () (o) 28
Cij = : :
cij(@)vy ()22 (v, () B

Jv
(i (@i (@), ) (G ey (@)u(), #52)

(L (cij(@)vy (@), 222 oo (L (e (@)vy (2)), 222)

G € R"™ is from G(z) € H™™ with (523) constructed as

(vi(2), gij(@)vr(x)) -+ (v1(®), gij(@)vy(2))
Gy = : : e R, (5.28)

(0y(2), gig(@)vi (@) - (03(2), gij (), (7))

the lumped state vector z is defined as

Z = vec e e R (5.29)

2’}/71 e 27777’

and the lumped process variable y is

(Ul(l‘)7y1(l‘,t)) T (’Ul(l‘),ym(l‘, t))
y = (v(z),y(x,t)) = vec : : e R™™ (5.30)

(vy (@), 90 (2, 1)) - (0y(@), ym(2, 1))
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and
(Ul(x)7771(x7t)) (vl(x)ann(xﬂt))
n:= (v(z),n(x,t)) = vec e Rt (5.31)
(vy (@), m(z, 1)) - (vy(@), mnl; 1))
with

T
W) = (@) o v)] e
Finally, the second order system (5-Z3) can be arranged as a first order one as
z=A.z+B.y+En" (5.32)

where

Ac — 3 B 0 B B B I_ 3 c R2n7><2n'y
~AY(C+E+F) —-AY(B+D) ’
0

NI

A—l

NI-

_AG _

B. = [ : ] € R, B =

] c R2n7xn7 7 — [ ] c RQn'y.
Remark: Note that z(t) or z(k) is used to denote the lumped state vector for both
continuous- or discrete-time descriptions. For the simplicity of notations, we drop ¢ or k
in the equations if it is not critical. It is different from z(z,¢) which is dependent on the
space.

Similarly, the output equation (5=2) can be represented as

0(z,t) = C.(x)z(t) + &(z, 1) (5.33)
where
Cc1,1,1(33') Ccl,l,n(l’)
Ce(w) = |Cu(z) Cualz)|, Culr) = : - : € HX™,
Ccl,l,l(x> e Ccl,l,n (JI)
Cc2,1,1($) Cc2,1,n(x)
Col=| = - 1 | eH™,
CcQ,l,l(x) e CcQ,l,n(x)
Carsgl@) = (.o s (@) -+ (b, v (a)] € HP,
Coni (@) = (i, @), vr () -+ (i(,'), 0, (o)) € HP,
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with hy;(x,2’) and i;;(x, 2") denoting the elements of H(x,2’) and I(z, "), respectively.
Since our process monitoring algorithms will be implemented in digital computers, it is

convenient to rewrite (5=32) and (b=33) into time-discrete form as

2k + 1) = Aga(k) + Bu(¥(a), y(x, K)) + Eaf¥(x), n(z, k) (534
O(z, k) = Cy(z)z(k) + &E(z, k), (5.35)

where A4, B, and E; are obtained through temporal discretization and Cg4(x) represents

the measurement equation.

5.3.2 Kernel representation based residual generation

Based on the lumped description (B=33-6-33), we propose the following observer

2(k + 1) = Aga(k) + Ba(v(z), y(z, k) + (L(:c), 0(z, k) — O(z, k)) (5.36)
0(z, k) = Cy(x)2(k), r(z, k) = 0(x, k) — 0(z, k) (5.37)
where
La(x) - ()
L(z) = : : € H¥! (5.38)
l2m,1($) ce lzm,l(x)

is an appropriately chosen observer gain matrix in H-space. The error r(z, k) will serve
as the residual signal used for monitoring. By defining e(k) = z(k) — z(k), the observer

dynamics is given as

e(k+1) = (Aq — (L(z), Ca(x)) e(k) + Eq(v(2), (2, k) — (L(z), &2, k) (5.39)
r(z, k) = Cy(x)e(k) + &(x, k) (5.40)

where L(z) should be selected in such a way that (A; — (L(z), C4(x)) is stable. Since
L(z) is a matrix with elements as functions of x, the standard observer design theory
discussed in Chapter B cannot be applied. In the following, we will propose a new design
scheme for L(z).

For convenience, let us assume L(z) can be designed based on v(x) which is defined in

the previous section. Denote

Y
lfL’](I) = ZO[Z‘J"]C Uk(l'), 7 = ]_’ Cee 72n7’ ] = ]_’ Cee 717 (541)
k=1
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then we can derive

(L(z), Ca(x)) = L.Cy (5.42)
where
Cra Q11 Oy
LL = LLJ e LLJ S Ranxlw’ CL - € RhX%W,LLJ ==
CL,Z Qon~y,1 "0 (opy gy
(vi(2), caja(@)) -+ (01(2), Cajony(2))
CL,j: 7]:17al
(vy(2), caga(x)) - (vy(2), Cajany(T))
with
Caji(T) o Cajony(T)
Ca(r) =
Caji(T) o Cajony(T)

Thus under the assumption that (A4, Cp) is observable, the matrix L can be designed
using the standard observer theory, e.g. Matlab functions or simply L = (A4 — AL)C}
where A is a desired observer dynamic matrix. Note that L contains the weighting

coefficients for (64T). Based on it, the observer matrix L(x) can be established as
L(Zlf) = LL71\A/($) o LL,Z\A/'(ZL') . (543)

As a result, the implementation form of (B=36-637) is

2(k + 1) = Aga(k) + Bu(¥(2), y (2, k) + (L(z), 0(x, ) (5.44)
r(z, k) =0(z, k) — Cy(x)z(k) (5.45)
where Ay = (A4 — C4(x))). The equivalent kernel representation is written as

( N(p, z,z") M(p,x,x’)} [gig]) (5.46)

= (=N(p, z,2),y(z)) + (M(p, z,2"), 0(z))
where

N(p, z,2') = Cq(z')(pI — Ayg) "By (z),
M(p,z,2') =1 — Cy(z')(pI — Ay)'L(x).
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Figure 5.3: Kernel representation based residual generator for DPP

As shown in Figure b33, the kernel [—N(p, z, ') M(p, x,xl)} represents redundancy
of the DPP. But different from the scheme developed for LPP, the I/O “snapshot” data

are manipulated by integration over space instead of multiplication.

Kernel representation for a common industrial configuration:

Nowadays, in production processes like the paper machine and the hot strip mill, the
process variables are manipulated by lots of low-level components/subsystems while the
state variables are measured at several fixed locations and are considered as technical
KPIs. Under the assumption that KPIs are measured by In,, sensors located at x,, =

[Tty s Ty, |t € R™™, the lumped description of these processes can be simplified as

z(k+1) = Agz(k) + Ba(vV(2),y (2, k)) + Ea(V(2), (2, k),
0(k) = Camz(k) + &(k),

where
[V, 0 0 0 0]
. . : . V(Zm1)"
0 IR Do e
Cim=| € RIPm g, = ; € Rmx7
Vi 0 0 0 V(fEm nm)T
| 0 0 v, O 0]
and &(k) € R'™ represents the measurement noise.
Consequently, the observer (b=38-b37) can be reduced to
a(k+1) = (Aa = LCum)2(k) + Bu(v(z), y (2, k)) + LO(k) (5.47)

O(k) = Camz(k), r(k) = 0(k) — 0(k) (5.48)
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Figure 5.4: Statistical distribution of residual signal

where L € R?"*Inm ig a standard observer gain matrix. In this case, the kernel represen-

tation becomes
(5.49)

where

N(p) = Cd,m(pI — Ad + LCd7m)_1Bd,
M(p) =T = Cym(pl — Ay +LCyn) 'L,

5.3.3 Residual evaluation and threshold setting

The residual generated by either (AZ36-6231) or (B471-548) provides a measure of discrep-
ancy between the evolution of the actual DPP and the approximated finite dimensional
description. Due to the projection-based lumping, the residual signal contains not only
the impacts of random factors i.e. process and measurement noise, but also a deter-
ministic part that is representing the projection error. In order to achieve satisfactory
monitoring performance, a residual evaluation scheme will be established for the stochas-

tic system with deterministic error. To this end, the dynamic equations of (b=36-5-37) and
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(BZ1-5747) are reformulated as

e(k +1) = Age(k) + Em(k) — &(k) — AO(k)
r(z, k) = Cy(x)e(k) + &(x, k) + AO(z, k),
E(k) = (L(z), &z, k), A® = (L(), AB(z, k),
r(k) = [[r(z, k)]

and

e(k+1)=(Ay—LCyn)e(k) + Eqn(k) — LE(K) — LAO(k)
r(k) = Cyme(k) + (k) + AO(k)

where AB(x, k) and AO(k) represent the deterministic estimation error which is not con-
tained in the reduced process description.

Assume that process and measurement noise is random distributed with zero mean
values, then as shown in Figure B4, in the fault-free case, ry(k) is non-zero. It is caused

by projection error. In faulty case we have
E(r(k)) = ra(k) +rs(k), (k) € R™

where ry(k) represents the impacts of faults. In the following, we will apply the GLR

technique introduced in Chapter B to establish a residual evaluation scheme. For this

purpose, based on given steady state residual r(k),i =1, -, N, the GLR is computed as
N
Pr(r(k))
26N =23 " log
S =22 18 5 )
k=1

= 3 (k) — ) "= (k) — ra) = S (2(k) — ra — 1) =N (k) — ra — 1)

k=1 k=1

N
1
= 2NT{ XTI = 2N B g = Ne Sy, = 2 ) r(k),
k=1

=Nr'ST = N ((t )" S (r — 1) + 2075 'ry (5.50)
where
Py(r;) = ! )55 (0 )
v/ (27)m det(X)
Py(r) = ! AR —ra—r S ) e )
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Algorithm 5.1. Model-based KPI monitoring scheme for DPP
S1:  Determine the mesh size and the basis functions which span V().

S2: Based on the original DPP model (i3-52), derive the finite dimensional
model (D-33-E°31).

S3: Design the residual generator (B44H-Z3) or (B4 1H-Z8) with properly selected
observer gain matriz L(z) or L.

S4:  Based on the residual evaluation function ([B=21), determine a threshold
according to the noncentral x*-distribution as (Ea3).

Based on the online data and the obtained parameters,
S5: Generate residual with (644H-43) or (041H48), and evaluate it with (EZ21).
S6:  Check the decision logic (0-57).

From the above equation, we can see that the maximal likelihood estimate of fault

is ry = r —ry (by calculating the partial derivative of the second term of (550) with
respect to ry and setting it to zero). If a fault happens and a corresponding residual
r(k) is generated, then as shown in Figure 54, the likelihood ratio Ps(r(k))/Pa(r(k)) will
generally be greater than one. However, S1¥ is not suitable to be a test statistic since ry
is unknown a prior. For residual evaluation, we adopt the quadratic T2 test statistic:
2 1 o ' (1 -
T =N (N ;mm) Y (ﬁ ;r(k;)> (5.51)
where ¥ represents the covariance matrix of the steady-state residual vector and N is
the length of evaluation window. If we have SI¥ > 0, or equivalently Nt'X ™'+ > (2r —
ry)"E 'ry, then a decision saying that the process is faulty is likely to be made. In
practice however, noise will make this decision making scheme fail to work due to too
many false alarms.

In the following, we will use a robust decision marking scheme based on the statistical
distribution of T2. If the covariance matrix of noise is available, then ¥ can be obtained
by solving some static Lyapunov equations [44]. Otherwise, sufficient residual data R =
[r(l), e ,r(NT)] should be generated offline for estimating X:

(R — I‘d]_]j\}r)(R — I'dljj\}r)T 1 N
IR N =1 T4 5 ;r(k). (5.52)

Under normal operating condition, we have r(k) ~ N (ry, ). As a result, the T? test
statistic is noncentrally y2-distributed with n, degrees of freedom and the noncentrality

parameter is N2 ¥ 'ry. The distribution of test statistic is

T? ~ *(n,, Nri ¥ 'r,)
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For a given significance level «a, the threshold is determined as
Jin = X3_a (0, 1357 ry) (5.53)
and the decision logic is as follows:
If T? > Jy,, then faulty; otherwise, fault-free. (5.54)

The design steps based on given DPP model is summarized in Algorithm b

5.4 Data-driven realization of KPIl monitoring systems

In this section, we will realize the model-based KPI monitoring scheme in a data-driven

manner. Available are following “snapshots” of the manipulated variables and the KPIs:

Our first objective is to realize (548) in the time domain, which will serve as an initial
residual generator.
Rewrite (B368-b31) as
z(k+1) = Ayz(k) + Ba(v(x),y(x, k) + (L(x),r(z, k), (5.55)
O(z, k) = Cy(z)z(k) + r(z, k). (5.56)

The dimension of 0(z, k) can be reduced by projecting it onto the subspace ]}(x), i.e.

0i(x, k) = projy, 0i(z, k) = T (2)6;
0; = (v (x),vT(;z;)) Y3 (x), 0;(, k))eRV, i=1,--,1
In the given subspace V(z), the weighting vector 8,4 = 1,-- I, can be used to represent

the KPI data ©(x, k). Motivated by it, by (row-wise) multiplying both sides of (h258)

with v(z) € H" and then integrating over space, we have
(v(2),01(, ) (V(@),r1(z, k) (V(2), a1 (2)) Ca1(2)
: = : + : z(k), Ca(z) = |
(v(2), O(z, k) (v(x),m(z, k)) (V(2), as(2)) Ca(x)

By introducing 0;(k) = (V(x),0;(x, k), t;(k) = (V(2),7:(x, k)) and Cy; = (V(2), cqi(7)),
for i =1,--- 1, (630) can be alternatively formulated as
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where

G(k) = R f’(kﬁ) = , Cd — c Rl’yXZn*y‘
0:(k) r,(k) Ca

In addition, according to (623), (L(z),r(z, k)) can be written as

(v(z),ri(z, k))
(L(x),r(x, k) = [LL,l LL,Z] : . (5.57)
(v(z), ri(z, k))

Based on it, an alternative residual generator in lumped form can be formulated as

2(k +1) = Aga(k) + Ba(v(z), y(z, k) + Lyt(k) (5.58)
£(k) = (v(x), 0(z, k)) — Caz(k), (5.59)

where (V(z), 0(z, k)) = 0(k).

It can be observed from the previous sections that the determination of the subspace
fi(q:) plays an essential role for establishing residual generators. Although the basis of
the subspace can be easily selected by using the piece-wise polynomials with less process
knowledge, the number of basis functions is generally unnecessarily high. In the following
subsection, we will briefly introduce the basic idea of Karhumen-Loeve (KL)-expansion,
which is a popular dimension reduction method in the infinite dimensional domain and
delivers a minimal number of basis functions for the subspace V(z) based on the 1/O
“snapshot” data. The data-driven realization of (5558-559) will be continued afterwards.

5.4.1 KL-expansion for optimal subspace selection

To determine a set of basis functions that span the available data, let us rearrange the
I/O “snapshot” data as

d(x,k):[yl(x,k) gl R), B k) - (k)]
B(2) = [d(x,1) - d(a, N)| € HY Ny = (m+ DN
and denote
B(x) = [dr(2) - on,(w)] € HY, (5.60)
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Figure 5.5: lllustration of “snapshot” data

~

Suppose the basis function v;(x) € V,i =1,--- ,, can be represented by the “snapshot”
data as

Ny

vi(r) = Pridn(z) (5.61)

k=1

then the task is to determine the coefficient ¢4 ;, k = 1,--- , Ny. Following the description

of [[77], the basis function v;(z) that most closely match the “snapshot” data maximizes

Ng
1
= 2 (@), vl (5.62)
? k=1
with ||v;(z)|| = 1. The above optimization problem is not numerically direct solvable,

thus the following function is defined

Ny
1
K(z,2') = , > dulx)du(a). (5.63)
k=1
Based on it, we have
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(a2 oa) o) = ( / (oo ) o)

//K:pw (2/)da'vi (2)dz

Nd)k 1/ / O () Pr (2 )vi (¢ )vi () da’da

:Ni¢;<<¢k< 2),0i(2)) (dn('), ("))
1 bl 2
_ m;umm,vmn .

Then the problem of maximizing (562) is equivalent to the following eigenvalue problem

(K (z,2"),v;(2")) = N\w(2) (5.64)
subject to ||v;(x)|| = 1, where J; is the i-th eigenvalue. By submitting (561) and (EBG3)
into the above equation, we get

N N¢

S o) ( /m oo dx)wn Zm ANt (5.65)

k=1

The largest eigenvalue \; can be found by solving the following matrix eigenvalue problem

= [ o@)n@)da’ e = [T (e m( )da’ | [ g Y
: : =AM 0| (5.66)
N%; faﬁ ¢N¢ (@)1 (2)dz’ - - Ng fﬁ ¢N¢ ¢N¢( z')da’ ¢N¢,i ¢N¢,z’
_ T
Denote P, = [%,i RN VN w} as the eigenvector corresponding to the eigenvalue \;,

then the optimal subspace can be determined by the first v eigenvectors which contain the
most information of the “snapshot” data (e.g. Y. ; A\i/ Zﬁ”l Ai > 1 — «). The identified

basis functions for the finite dimensional subspace is given as

¥(@) = | vt @) D bioti(@) | =) @) (5.67)

Example 5.3. In this example, as shown in Figure BZd, the “snapshot” data for the
T

process variable are given as y(x) = [sin(mc) 22 e””] and the KPI “snapshot” are
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Figure 5.6: KL expansion based subspace identification

T
given as ©(x) = rand(3,3) x [sm(ﬂx) x? e*"’”] . The data are first rearranged using

(B280) and based on it, the data matriz from the left side of (B268) is constructed. By doing
an SVD of it, all eigenvalues and eigenvectors can be identified. As plotted in Figure 8-
a, the first three eigenvalues are dominant and contain all the information. Thus we
set v = 3 and the corresponding basis functions are plotted in Figure BZ@-b. To briefly
demonstrate its performance, we have projected both “snapshot” data onto the identified
subspace. Figure b1 shows the projection error for all “snapshot” data. We can see that

the identified subspace can well describe the “snapshot” data.

Remark: Similar to the data-driven design scheme addressed in the previous chapter, the
quality of “snapshot” data plays an important role for optimal subspace selection and
further for performance of the realized monitoring system. In general, these “snapshot”
data should be sufficiently excited and cover the whole normal operation region. Other-
wise, the mesh size and basis functions should be manually determined according to basic

process knowledge.

5.4.2 Data-driven realization of the kernel representation

In this subsection we will continue to discuss the lumped residual generator (A-h8-5719).

In order to realize it in a data-driven way, we will use the following lumped data matrices

Yijrs = : ; : (5.68)
(v(z),y(z,k+s)) - (v(z),y(r,k+s+ N.—1))
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(V(z),0(x,k)) -+ (V(2),0(z,k+ N, —1))
O jots = : : : (5.69)
(v(z),0(x,k+s)) -+ (v(z),0(x,k+s+ N.—1))

By following the procedures given in Chapter B, the residual generator (6558-559) can
be extended to

i N o S R
Oprs = [rs% Hy,s} skl Ry (5.70)

Yk,kJrs

where T, i)sp, I:Iyys, I:Im have the same structure as in (E-I8). Moreover, based on the

following LQ-decomposition

Qs k1 L; 0 O Q7
Yk,k+s = |Lai Lo 0 Qg > (5-71)
O ts Ls; Loy Las| |QF
_ _ _ QT o
O s = [L:n L23] Q; +L33an (5.72)
2
we have
proj . - L@k7k+3:pr0jQ’CI; (Y. (5.73)
Qs k1
[ Y ks ]
= I:IT,st,k-l—s(Qi%Qg) = E33Q§- (5.74)
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Since (Q3QY)* = (Q3QY), we have the following approximation
H, Ry s ~ L33Q5 (QsQ7F) = L3 Qs (5.75)

Thus useful information about the lumped residual generator is mainly included in
Ly Ly

] . By doing the following SVD,

Ls; Log
Ly Lo A 0 N
_ _ =|U; U _ v vTi, 5.76
[le L23] [ ' 2} 0 Ay=0 [ ! 2] (5.76)
we have
- R —
e PR R vi (5.77)

As a result, the data-driven version of the kernel representation (A8) is realized in the
subspace V(z) as

(v(z),y(z,k))

ry(k) = [—xiﬁ xi:jﬁ} (5.78)

s7y

=<[—@;mw @;mw}[gﬁjiﬂ> (5.79)

where
- T T

YS(xa k) = yT(xak)a"' ,yT(fﬂ,k—i-S)] ) es(xa k) = |:9T(x7 k)a 79T($’k+8)] )

= 1 [ L = 1 =1 = =

B, @) = [B00@) o B, @] Biple) = [Ee(e) o B )], (5.80)

=1 (&L A = 1 :

By 0) = [BL, 1)) e B = Dy L my)¥(a)]

_L — N — N .

Blyulo) = [Tl 1 )¥@) o W= Dy 41 )¥(a)] L i =0 s
with

liljyl = \iliy(:,imfy +1:(i+ 1)my), \ilie,i = \ilie(:,il’y +1:(i+1)ly), i=0,---,s.

The above kernel representation serves as a primary residual generator for the original

DPP. For residual evaluation, the following T2 test statistic is used:

T? =rl% r, (5.81)
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Algorithm 5.2. Data-driven realization of kernel representation of DPPs

Based on the offline “snapshot” data Y (x) and ©(x),

S1:  Determine the basis functions vi(x),-- - ,vy(x) using KL-expansion or manually.
S2: Constructed the lumped data matrices according to (EG8-E6Q).

S3:  Identify \ilj according to (077).

S4:  Build \ilsly(x) and \i!ig(x) using (B=80) and determine the threshold using (E=83).
Based on the online “snapshot” data ys(x, k) and ©4(z, k),

S5: Construct the residual generator (0-79) and build the test statistic (E281).

S6:  Check the decision logic (0-57).

where X, ; ~ ﬁliaiggigg(\ilie)T /(N. — 1) or can be alternatively estimated using fault-
free residual data. In case that 3, ; is rank deficient, the same technique given in (B=3T)

should be used. The threshold can be determined using the noncentral y2-distribution as
Jin = Xi-a(ns, E(r) 2, E(r)) (5.82)

where n, = size(U1,1).
The procedures for data-driven design of the kernel representation (58) are given in
Algorithm b2

For the common industrial configuration:

As discussed in the previous section, distributed manipulation and lumped KPI mea-
suring is a common industrial configuration. A model-based residual generator has been
designed for it in (B47-64R), i.e.

z2(k+1) = (Ay—LCy)z(k) + By(Vv(x),y(z, k)) + Lr(k),
r(k) = 0(k) — Cymz(k).

To realize it in the data-driven framework, we need to construct the same lumped process
data as (E68) and build the KPI data Oy, as

ok) - O(k+N.—1)
O pors = e RsHDIXNe, (5.83)
0(k+s) -+ O(k+s+N.—1)
where the original KPI data is denoted as @ = [0y, -+ ,0(k+ N — 1)], N >> s+ N.,.
Based on them, we could identify lilj according to S3 from Algorithm B2 Finally the

following residual generator is achieved:

(k) = W1, 0,(k) — (@1, (), yi(w. b)) (5.84)
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Algorithm 5.3. Data-driven realization of kernel representation of DPPs for a

common industrial configuration

Based on the offline “snapshot” data Y (x) and the KPI data ©,

S1:  Determine the basis functions vi(x),--- ,v,(x) using KL-expansion or manually.
S2:  Constructed the lumped process data matriz according to (6=68) and the KPI

data matriz as (B-83).
S3: Identify \ilj according to (B-77).

S4: Build \iljy(as) according to (B=80) and determine the threshold using (B-83).

Based on the online process “snapshot” data ys(z, k) and the KPI measurement ©(k),

S5: Construct the residual generator (0:-84) and build the test statistic (-X1).

S6:  Check the decision logic (5-04).

where \iljy(x) is built according to (580) and 0,(k) = [0 (k),--- , 07 (k + 5)]”.

The whole design procedures for this common configuration is summarized in Algorithm

b33

5.4.3 Observer-based implementation scheme

The design procedure of observer-based implementation scheme follows the same proce-

dures as in Chapter A. Let [, B,] be any vector belonging to the row space of \iJSL and

denote

X = [“3,07 o‘s,lu ) o‘s,s]a Bs - [Bs,Oa Bs,la Tty Bs,s]

Where “571' € RIX(S—FI)m’Y) Bs,i € RIX(S-FI)ZFYaZ- - 07 T, S,

By running 52 of algorithm E=, we can obtain the following observer

z(k+1)=Gz((k) + HV(x),y(z, k) + L(v(x), 0(z, k))
r(k) = v(v(z),0(z, k) — wz(k) — q(v(z),y(z,k))

For residual evaluation, the T? statistic is established as

T° =r*/o?

r

N N
where 02 = 15 Y0 (r(k) — % Yo (k)%
The threshold is determined using noncentral y2-distribution as

Jth = X%—a(]-? E(T)Q/Uf)

(5.85)

(5.89)

In Algorithm B4, the design of observer-based implementation scheme is summarized.
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Figure 5.8: A long thin rod being heated in a multizone furnace [95]

Algorithm 5.4. Data-driven realization of diagnostic observer for DPPs

S1:  Run algorithm (B2) to get Ui,

S2: Construct &g, B, and run S2 of Algorithm 3 to get the parameters of (E80-H.87).
S3: Determine the threshold using (B-52).

Based on the online “snapshot” data y(z,k) and 0(z, k),

S4: Compute (v(z),y(x,k)) and (v(x),0(z, k))

S5: Generate the residual as (B800-87) and build the T? statistic as (G53).

S6:  Check the decision logic (P-04).

For the common industrial configuration:

For the common industrial configuration the observer (5=88-b=817) is simplified as

a(k + 1) = Ga(k) + H(¥(z), y(z, k) + LO(k) (5.90)
r(k) =vO(k) — wz(k) — q(v(z),y(z, k)) (5.91)

The design procedures are the same as Algorithm b4 except for S4 — S5, which are:

Based on the online “snapshot” data y(z, k) and the KPI data ©(k),
S4: Compute (v(z),y(z,k)),
S5: Generate residual as (I0-ETD) - - -

5.5 Numerical examples

In this section, we consider the example given in [U5, p. 149]. As shown in Figure BR,
a long, thin rod is heated in a multizone furnace. Its temperature distribution z(z,t) is
controlled by manipulating the heating rate y(x,t). It is assumed that both the manipu-

lated variable and the temperature (considered as the KPI) can be measurable along the
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whole . The (dimensionless) mathematical model of this process is

Oz(x,t)  0%z(z,t)
at - 61'2 +y(l‘7t> +77(I7t)a

O(x,t) = z(x,t) + &(x,t), 0<x<1,t>0

subject to

In this example, the manipulated variable is set to be

3sin(mz)(1 — e ™*) +e(z, k), k=1,---,200;

yle, k) = o0
3sin(mx)e "0 ¢ e(x, k),  k=201,---,2000

where €(x, k) ~ N (0, le —4). For simulating the DPP, the projection-based model reduc-
tion technique is used where 101 polynomial basis functions are defined. Figure b9-a to
Figure b9-¢ show the temperature evolution of the rod. The initial temperature distribu-
tion can be seen from Figure b9-a and Figure b9-b at sample number 1, where the middle
of the rod is warmer than both sides. With heat flowing into the rod, the temperature
continuously increases. Constrained by the Neumann boundary conditions, both sides
of the rod are perfectly insulated and no heat flows outside them. As can be observed
from both figures, at about the 300th sample, the process arrives at the steady state. To
demonstrate the proposed monitoring algorithms, a fault is introduced during the 1401st-
1700th samples. This fault simulates the malfunctions that make heat flow out of the rod
from the left side. As given in Figure b3-a and Figure b9-c, the temperature decreases
significantly during that period. Since no further heat flows into the rod afterwards, the
temperature arrives at a new steady state which is lower than the previous one.

In order to test the proposed methods for the common industrial configuration, we
assume four temperature sensors are located at x,, = [0.1,0.4,0.6,0.9]". Then the mea-

surement equation becomes

0(t) = /o Az — 2, (z, t)dx + E(K)

where
d(z —0.1)
_ |(z—0.4)
A =am)= |5 o)
d(z —0.9)

78



Temperature

Temperature

Temperature (x = 0.1)

Temperature (x = 0.6)

0.8
0.6
0.4
0.2
200 400 600 800 1000 1200 1400 1600 1800 2000
Sample
(a) Temperature evolution of the thin rod
15 . . : : . : . :
------- k=100
————— k=150
1+ —— k=300 H o 0.9
e e Py SNSRI S P P =] . PR .
§ " : »
______ e qé 0.8
- . _'I"A.’—\'I‘
055 e 1 e e PN
0.7 J«""‘i ,-\‘/\i""_.l 4 ’
[ ,_r‘\lv’vr
................................................................ . /_,‘\_,l
Y 0.6 i
0 0.2 04 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
X X
(b) Snapshots of KPI during the start-up phase (c) Snapshots of KPI after fault happens
1 . . . 1 . . .
< o o
0.8 <I'-|> 0.8 4
R.3
o 0.6 1
2
© 04 1
[0}
£
S 0.2 J
'_
0 r r r 0 r r r
0 500 1000 1500 2000 0 500 1000 1500 2000
Sample Sample
(d) KPI measurement at x = 0.1 (e) KPI measurement at x = 0.4
1 : : : 1 : . r
>
B o
\_... g
X
0.6F g o
2
0.4 1 ®
[0}
[oR
0.2 b g
'_
0 r r r O r r r
0 500 1000 1500 2000 0 500 1000 1500 2000
Sample Sample

0.6

0.4

0.2

5.5 Numerical examples

(f) KPI measurement at x = 0.6
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Figure 5.9: Temperature evolution of the long thin rod in a simulation
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Figure 5.10: Model-based KPI monitoring result with measurable KPI snapshot
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Figure 5.11: Model-based KPI monitoring result with 4 KPI sensors
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Figure 5.12: Data-driven KPI monitoring result with measurable KPI snapshot
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Figure b9-d to Figure b9-g show the KPI measurements given by these four sensors. We
can see that the closer the sensor is to the left side, the more sensitive they are to the
fault.

We first test Algorithm B with measurable KPI snapshot. Eleven polynomial basis
functions (detailed description can be found in our early publication [45]) are used to
construct the residual generator. By integrating the Neumann boundary conditions, the
order of residual generator becomes 9. We have designed 1(x) in such a way that eigenval-
ues of (Ay — (I(x), cy(x))) are all 0.01. Figure b0 shows the monitoring result from the
601st sample. The 201st-600th samples are used to construct the test statistic and to de-
termine the threshold during the offline phase. We can see that the heat leakage has been
successfully monitored. Similarly, instead of using KPI snapshot, Figure b1 gives KPI
monitoring result based on the four KPI sensors described above. The fault magnitude is
enlarged by 5 times and the heat leakage has been detected as well. By comparing these
results, we can see that the KPI monitoring system based on the snapshot data is more
sensitive. The reason is that the snapshot data contain much more information about the
fault than the four sensors.

Based on I/O snapshot data, we have determined five basis functions based on the
KL-expansion method, which captures more than 99% variability of the data. The online
I/O snapshot data are then lumped on these identified basis functions. For identifying
the kernel representation, we choose s = 3 and s, = 5. Figure gives the monitoring
result. We can see that the fault has been detected. For demonstrating the data-driven
KPI monitoring algorithm for the common industrial configuration, we choose s = 4 and
sp = 5. The monitoring result is given in Figure bI3. It can be observed that the fault can
be successfully detected as well. Nevertheless, the sensitivity based on the KPI snapshot
data is higher.

5.6 Concluding remarks

In this chapter, some novel solutions for performance monitoring in DPPs have been pro-
posed. Based on the concept of projection in infinite dimensional space, a distributed
kernel representation of the original DPP is achieved. It represents the analytical redun-
dancy and serves as an initial residual generator. Then, a GLR-based residual revaluation
scheme is established for alarm generation. Considering the common industrial configu-
ration that the process variables are manipulated by lots of low-level components while
the KPIs are measured at several given locations, an alternative monitoring scheme has
been proposed. Since KPI “snapshot” data contain much richer information than the

distributed KPI sensor data, the monitoring performance is better as well. However, this
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scheme requires the online KPI “snapshots”. Aiming at reducing the design effort for
industrial application, the aforementioned schemes have been realized in a data-driven
way. Based on available I/O “snapshots” data, a set of basis functions with lower dimen-
sion is identified. Then by using the basic idea of the identification technique discussed
in Chapter B, data-driven design of residual generators from the lumped data has been
realized. All developed schemes have been summarized in the form of algorithms and their
effectiveness is illustrated through numerical examples. In the next chapter, we will study
data-driven diagnosis issue of performance degradation. For those readers who are inter-
ested in process monitoring with varying system parameters and strong nonlinearities,

the early work [A2, 84, 121] from our group are recommended.
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6 Data-driven diagnosis of
multiplicative fault

After key performance degradation is detected, it is desirable to diagnose and identify the
source(s) of the fault and apply necessary corrective actions. Diagnosis of multiplicative
fault plays an essential role in automation processes, especially for OEE improvement. The
well-known fault diagnosis methods include fisher discriminant analysis [I'7], structural
residual based approach [38] and contribution plots [&1, I14]. The first two approaches
demand sufficient a priori knowledge about the fault, which is generally difficult to obtain
in large-scale processes. The third approach is very efficient and has been widely applied
in practice, however, misdiagnosis might be caused by the so-called fault “smearing”
effect [91, IT4]. Recently, the reconstruction-based contribution (RBC) plots [2] scheme
is proposed as a revised approach for the traditional contribution plots. This scheme
diagnoses the fault by reconstructing the test statistic along each fault direction. It
assists process engineers by identifying the variables that are closely related to the faulty

component thus greatly narrows down the investigation scope.

Fault diagnosis based on RBC plots relies on an additive fault model. As discussed in
Chapter B, this type of fault does not influence the variance/covariance of process data.
In practice, however, many technical components/loops in large-scale processes may fre-
quently be subject to multiplicative faults. One example is the increased variability of
process variables that are probably caused by wearing and aging of components or de-
creasing (loop) control performance. These faults could either cause direct economical
losses by producing low quality products or shorten components’ service life through very
active movements. Motivated by these observations, a new data-driven multiplicative
fault diagnosis scheme is developed [46]. Using the offline trained parameters and the
online data, the fault features are firstly extracted. Then, the risky component(s) can be
identified by evaluating the impacts of the fault on the test statistic along the correspond-
ing variable direction or subspace. The proposed scheme is suitable for complex processes
where manual investigations are either too costly or time-consuming. The objective is to

increase the OEE by narrowing down the investigation scope.
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6.1 Preliminaries and problem formulation

6.1 Preliminaries and problem formulation

In this section, we will first introduce the basic idea of an alternative scheme to the
RBC-based additive fault diagnosis method. The notations are consistent with Chapter
B. Similar to the RBC-based method, the alternative approach is based on the following
additive fault model

Yaf =y + & f (6.1)

wherey ~ N (0, X,) denotes the normalized fault-free process vector, &; = I,,,(:, ), for i =
1,---,m, denotes the direction of fault, and f € R denotes the fault magnitude. It is
clear that the mean vector of faulty variables is influenced, i.e. y,r ~ N (& f,%,). Once
performance degradation is detected, we want to identify the contribution of each variable
(group) to it. By ranking them, the risky component(s) can be identified.

Available are the normalized process data y(k), for k = 1,--- , N. For fault estimation,
we establish the following GLR test

SY =3 In W =32 6T YR~ () 85 ) - £9)

(6.2)

where

o302,y ()

9

PUY() = o

1 1 Ty —1
Pap(y(k)) = e N—ENTE (v (R)-E:f)
(2m)™| Sy

The &, f which maximizes the GLR defined in (62) is the &;f which solves the following

linear equation system

asy &
a(g.lf) - ZYT<]€)E;1 - N, =0. (6.3)
' k=1

As a result, the maximum likelihood estimate (MLE) of &; f is given as

a-f:%Z( )= frEl~ Zy (6.4)

k=1
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6 Data-driven diagnosis of multiplicative fault

For simplicity, here we only consider the T2 test statistic (89) for KPI monitoring.
Define 2, = P1A;"/?S;STA;/*PT | by substituting (63) into (BH), we have

Téz,af =(y - aif)TQé(y - &f) + 2yTQg£z‘f - (aif)TQéaif

where the first term on the right side represents the reconstructed fault-free test statistic

under the assumption that the fault happens along &;,
Thi=(y — &))"y — &F)
while the remaining two represent fault contribution and are denoted as
ATS .= 2y Q8 f — (&))" Q8]

As a result, in the faulty case, the test statistic contains information about the normal
process variation and the fault. Based on the estimation of f , the contribution of the
fault to the test statistic can be constructed using the above equation. And it satisfies

2 g2 2
ATé,af,i = Té,af —Tkg.

By plotting the average of ATézafi7 fori=1,---,m, i.e.

N
B L 1
BAT;,, ) =" (20 - £&D)QEL]y, ¥ = Y _y(k).
k=1

the variable(s) that is(are) related to the (additive) KPI degradation can be identified.
As discussed previously, multiplicative faults frequently happen in the industrial prac-

tice. Different from the additive faults which change the mean vectors, they generally

influence covariance matrices and thus are much harder to diagnose. The focus of this

chapter is to study the diagnosis issue of the multiplicative fault

ymr=Fy, F#£1, (6.5)

which increases the variability of the low-level process variables. According to their im-
pacts, multiplicative faults occurred in the process can be classified into two groups, i.e.
KPI-related faults and KPI-unrelated faults. Those KPI-related faults could cause direct
economic losses due to decreased product quality, production efficiency, etc. Although
the KPI-unrelated faults may not cause direct economic losses, they should be taken into
consideration as well since service life of components might be shortened thus cause losses
indirectly. From the monitoring and especially diagnosis point of view, the KPI-related

faults are further divided into

86



6.2 KPI-related multiplicative fault diagnosis

e KPI-related faults in the low-level “process variable space” and
e KPI-related faults in the normalized “coefficient space”.

Based on the reformulated process model

where y is obtained with the whitening procedure y = Al_l/zP?y ~ N(0,I;) and ¥ is
given in (BR), a KPI-related multiplicative fault is defined to be in the “process variable

space” if

and in the “coefficient space” if

‘i’f#‘il &ymfNN(Oalm)

where y,.5 = Al_l/ 2Pfymf with y,,r denoting the normalized faulty process measure-

ments. W is the faulty coefficient matrix defined as

o Oup(MKy) (P + AP ) Yy)"

U, — 6.6
f N, -1 (6.6)
with
[P + AP, P,+ AP } MBpo 0
1 fl 2 f2 0 AQKfZ
T
P+ APY | _ YusY,,
PI+APT | Ny -1
Kf1 = diag("{ﬁv T 7’%fm)7 Kf2 = diag(ﬂfm-‘-n T "%fm)

Yo YT .
be an SVD of ﬁ O, € R>Nr and Y. € R™Ns denote the normalized data

matrices in the multiplicative faulty situation.
The objective of this chapter is to identify the most critical KPI-related/-unrelated

process variable(s) that is(are) influenced by the multiplicative faults.

6.2 KPlIl-related multiplicative fault diagnosis

The aim of this section is to diagnose those KPI-related multiplicative faults in the “pro-

cess variable space”. Suppose that the multiplicative fault has influenced the correlation
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6 Data-driven diagnosis of multiplicative fault

matrices 3, and Xy. Based on (BH), the impact of multiplicative fault on the process

variables is characterized as

Sy = E(ymfyﬁf) =Fx,F" (6.7)

where
5o XY g YnrYy (6.8)
N -1 ! Ny—1

denote the covariance matrices of the normal and faulty data, respectively. In this study,
we only consider these changes that increase the variabilities of the process variables
as faults and we assume rank(F) = m. Those changes which decrease variabilities are
supposed to have no negative impacts on the system performance. From (E21) we know
that the covariance matrices of the fault-free and faulty process variables are of the same
rank.

Considering possible redundancies and collinearities, the multiplicative fault F' can then
be estimated as

F =V ,M/?A[/?PT

M, o] [vr
V, V -
[ L 2] [0 MJ [VzT] o

Ml = dlag(m% e 7m727z)7 M2 = dia’g(mgﬁ—&-h U 7m2)7

where

is an SVD of ¥ P, and A; are given in (B77).

Although the estimated value F plays an important role for fault analysis, in practice

Ymf)

it is more convenient to directly find out the root cause of the undesired variations. For
this purpose, it is necessary to identify G (instead of F) satisfying G = F as

gl

G =P APM YAV = | 1 | e R (6.9)

gh

From (67), it is clear that

Y = GYms
denotes the fault-free process variables which are reconstructed from all the multiplicative
faults. Nevertheless, our purpose is to calculate the contributions of multiplicative fault

from each component to the test statistic. Denote

T
G, = [gl g1 & 81 o 8m| ER™ (6.10)

88



6.2 KPI-related multiplicative fault diagnosis
where §; is the ¢-th column of the identity matrix, then

contains the abnormal/undesired variation only in the i-th component. The unexpected
covariances among the remaining variables as well as their variances have been recon-
structed from the fault scenario. If there are multiple measurable variables corresponding
to the same component, then &; should be extended to a proper matrix as well. The

contribution of the i-th component fault to the T (;2 statistic is

2 _ 2 g2
ATé,i_Té,mf Té,R

where

TS = yEPIAL?8,STAPPTy

is the calculated statistic in faulty scenario and

T; = ¥5.((P1+ AP)(AK) 28,
X S{(A1K1>_1/2<P1 +AP1)T)S’fl

is the test statistic reconstructed from the i-th component fault with

G.x%,,, GT = [Pl L AP, Py + APZ}

A Ky 0
0 AK,

Pl + APY

: 6.11
Pl + AP? (6.11)

K, = diag(ky, -, km), Ko = diag(kmi1, 5 Km)-

As a result, the contribution of the i-th component fault to the T 92 statistic is calculated
as

AT}, = ¥ Gl ®4,Giymg (6.12)
where

P, = — AP (A K,) V28, 8T (A K, ) V(P 4+ AP))T
+P 11,8, ST (A K,) V2P, + AP))T
+PA;'?S,STIL, (P + AP)T
—P,A;?S,STA[ 2 APT
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6 Data-driven diagnosis of multiplicative fault

with

\/fi_l—l \/fim—].
)\1\/1’4_17 " Aa/Em )

Repeat (610), (610) and (612) for ¢ = 1,--- ,y where v < m is number of involved

components, contributions of each component fault to the Té2 test statistic are obtained.

Hy,l = dlag (

By plotting ATgi, fori=1,---,, or its sample average on one chart over a certain time
window, the most critical components causing KPI degradation can be intuitively isolated

by comparing the magnitudes.

6.3 KPIl-unrelated multiplicative fault diagnosis

As mentioned in the previous sections, those KPI-unrelated multiplicative faults have a
great influence on the performance of the whole process in the long run, especially for the
components’ service life. In order to find out the fault at an early stage, it is urgent to
establish an automatic diagnosis tool in the residual subspace. The diagnosis procedure
in the residual subspaces is quite similar to the one in the “process variable space” for
KPI-related faults. Based on (B2I), compute the contribution of the i-th component fault

to the T}, statistic as

AT; =y Gl ®p1 ;Giyomy (6.13)
where
Py1 ;= — A2, AP (A K;) 28,87 (A K,) Y2
x (P + AP)T + X2 P11,,S,ST (A K, V2(Py + AP))T
+ A2 P1A;?S,SITL, (P + AP)T
— A2 P1A;2S,STA 2 APT
— APy (B, — I1,5)(Py + APy)T
+ Py I, 5(Py + APy)" — P,EAPT
with
A2 (Kmy1 — 1) Km — 1 A2 A2
II,, = diag | Zmomtl — 7/ = — di m_olm ),
" e < )‘%—@H’fﬁwl 7 " K 7 lag(/\?hﬂ, A )
By plotting ATeﬂi for ¢ = 1,---,7v, on one chart, we can identify the most critical

components suffering KPI-unrelated fault.
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6.4 Thresholds for multiplicative fault diagnosis

6.4 Thresholds for multiplicative fault diagnosis

Sometimes comparing the magnitudes of AT;,Z,, fori = 1,---,7, or ATGQLJ, for i =
1,--+,7, might give misleading results since even in the fault-free case, the contribu-
tions of all the components to the performance indices are uneven. Thus, similar to the
well-established process monitoring techniques, it is necessary to set some threshold to
increase fault diagnosis performance. Many statistical tools exist for this purpose. In the
field of process monitoring and fault diagnosis, Box’s theorems on quadratic forms for
variance analysis [[1] and the kernel density estimation [I02] (KDE) based technique are
two preferred tools.

Box’s theorems based approach. Under the assumption that y is multivariate normal

distributed, using Box’s theorems given in [[I1], the threshold for (E12) can be determined

as
Jth,ATgﬂ_ = gé,¢X%fa(hé,i)7 Vi=1,---,7 (6.14)
where
96 = i7 h = 2:“_5”
’ 2Hg, 7 9.
with

, —lZN:ATQ k), 2. = 1 XN:<AT2 (k) 15;)
Hgi = N i 0,i\)s Tp i = N —1 e 0,i Hgi) -

Note that the above thresholds are for an individual sample. In our approach, the features
of multiplicative fault are identified from a piece of online data which are sufficient for
covariance matrix estimation. Thus under the assumption that ATgi(k), k=1,---, Ny,
is identically independent distributed with N; denoting the size of the online data, the
following thresholds are obtained

N géz 2 .

J — 2t Nh%,Z:l,"', 6.15
thATZ, N, Xi—a(Ny 0,7,) 8l ( )
: N .
for testing N%Zk:fl AT;@,,Z =1,--,7.
In the same way, the thresholds for (613) are given as

N goLri o .
J,! === Nihge),i=1,--- 6.16
thiATS) Ny Xi-a(Nyligr), i g 7Y ( )

where
UgL,z' 2M§L,i
Jo+i = Z,UQL’@" 0L, — O_gL,i )
1 & 1 al 2
Poti = N Z AT(,QH(k;), UgL,z’ “N_1 (ATea,z’(k?) - Mei,i) :
k=1 k=1
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6 Data-driven diagnosis of multiplicative fault

Algorithm 6.1. KPI-based multiplicative fault diagnosis
S1:  Run Algorithm Z2.

S2  Determine diagnosis thresholds from (614), (EId) or using the KDE method.
Once a multiplicative fault is detected, based on the faulty data Y,y € R™ N7,

S3:  Estimate 3, . from (68) and build G; as (€3) and (EID) fori=1,--- 7.
S4  For each i, do an SVD on G;X, G = AP, K;; APy, K.

S5 Build AT;i or AT, fori=1,--- 7.

S6  Check the decision logic:

Angi > JtJZfAT? = the i-th variable is responsable for KPI-related
’ T performance degradation

ATZ > T

AT = the i-th variable is responsable for KPI-unrealted
el

performance degradation.

KDE-based approach. KDE is a non-parametric approach to estimate the probabil-
ity density function of a random variable. It is a fundamental data smoothing prob-
lem where inferences about the population are made from finite data samples. Different
from the previous approach, from application viewpoint, KDE does not require that the
process variables y should be normal distributed. Based on the normal process data,
the AT;i(k), fors = 1,---,7, and ATHQLJ(/{), fori = 1,--- ,v,are firstly computed for
k=1,---,N. Then the empirical density estimates of them are obtained by means of
kernel extraction, whose principle is quite similar to the histogram. At last, the thresh-
olds are determined for given significance level a. In Matlab, for instance, the “ksdensity”
command can be used for it.

It is important to note that the methods for determining the thresholds for fault di-
agnosis in this subsection are different from the one discussed in Chapter B for process
monitoring. Box’s theorems based approach is a parametric one, it utilizes the a prior:
distribution information, i.e x2. Since the test statistics AT;i(k), fort =1,---,7, and
ATQQLJ.(k), for i = 1,--- 7, are not normalized, the impacts of their mean and variance
must be considered. When setting the thresholds, the mean and variance are estimated
from the offline training data of limited size. Thus the quality of training data plays
an important role (should be sufficiently excited). The KDE-based approach however,
requires no a priori distribution knowledge. The distribution structure as well the associ-
ated parameters are estimated from the training data. Thus the quality of training data
plays an even influential role. In this chapter, it is assumed that sufficient informative
data is available thus modelling error is neglected. Nevertheless, to deal with this issue,

adaptive implementation of the proposed method is of great interest.

Remarks on application scope and performance of the proposed scheme: The method
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Figure 6.1: Diagnosis result when fault happens in the “process variable space” with the KPls

influenced

presented in this chapter is developed for linear (Gaussian) steady processes. It is a
data-driven approach applicable for general automation industrial processes. In practical
applications, process nonlinearity, time-varying parameters and strong dynamics could
decrease the diagnosis performance. Thus multi-mode, adaptive and dynamic diagnosis
approaches of multiplicative fault are of practical interest and demand more research
activities.

The design procedures for the KPI-based multiplicative fault detection and diagnosis

are summarized in Algorithm B

6.5 Numerical examples

In this section, the same numerical model given in Chapter B is considered. In the follow-
ing, we will show two examples for the faults that occur in the “process variable space”
with and without KPIs being influenced, respectively. The first fault is injected into the
3rd variable with F(3,6) = 5. It influences the variances of both KPIs and has been
detected by the T; test statistic. Figure G gives the diagnosis result. We can see that
the contribution of the 3rd variable is the largest and crosses the threshold. It indicates
that the real root cause is identified.

For the next example, we set F'(11,6) = 5, it is injected into the 11th variable. This
fault does not influence any KPI. However, the monitoring results indicate that it is a
KPI-unrelated fault since the T92L statistic has detected the fault. Figure 622 shows the
diagnosis result, from which we can see the 11th variable is correctly identified as the root

cause.
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6 Data-driven diagnosis of multiplicative fault

14

12345678 9101112131415
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Figure 6.2: Diagnosis result when fault happens in the “process variable space” with the KPIs
not influenced

In addition, monte-carlo-simulation can be found in our recently work [47].

6.6 Concluding remarks

In this chapter, a new approach for the diagnosis of multiplicative performance degrada-
tion is discussed. It is a data-driven method and requires less engineering effort. Different
from the RBC-based approach which aims at diagnosing mean value change, the pro-
posed approach focuses on diagnosing covariance matrix change, which is quite common
in industry but not yet well addressed. The advantage of this approach is that no a
prior information about the fault is required. It makes use of the parameters extracted
from the fault-free data during the offline training phase and the online faulty data. The
major objective is to increase the OEE by narrowing down the investigation scope for the
operators. In addition, the diagnosis results can provide valuable guidelines for selecting

proper corrective actions.
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{ Application to benchmark processes

In this chapter, we will demonstrate the applications of the proposed methods to realistic
benchmark processes. Depending on the application scope of different methods, three
benchmark processes are used. The methods developed in Chapters B and B, which are
suitable for large-scale, static automation processes, are applied to the Tennessee Eastman
(TE) benchmark process [30]. The continuous stirred tank heater (CSTH) benchmark
[[07], which is a common subsystem widely existing in the chemical industry, is used
to test the dynamic methods proposed in Chapter B. Finally, the methods proposed in
Chapter B are applied to the paper drying (PD) benchmark process [, 9], which consists
of many spatially distributed heating cylinders and is the most important section in a

paper machine.

7.1 Case studies on the TE benchmark process

7.1.1 Process description

The TE benchmark is developed based on an actual industrial process by the corpo-
rate process control group of the Eastman Chemical Company. It is part of a complex
chemical plant where the reactants are provided by other upstream production facilities
and the products are further separated in a downstream refining section. Although some
components like kinetics, process and operating conditions are modified to protect the
proprietary nature of the process, the benchmark is highly realistic and widely used to
test various process control and monitoring schemes. Figure [l shows the diagram of the
process. Four gaseous reactants A, D, ' and C are fed to the reactor and the following

reactions take place

A(g) + C(g) + D(g9) — G(lig),
A(g) + C(g) + E(g) — H(lig),
Alg) + E(g) — F(lig),

3D(g) — 2F (liq)
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Figure 7.1: The Tennessee Eastman test problem [30]

where G and H are liquid products and F' is a byproduct. Since all reactions are exother-
mic, a water-cooling system is used to transfer additional heat in the reactor. The gen-
erated product stream passes through a condenser where liquid products are produced.
Then, the product stream is further fed to a “Vap/liq” separator where the noncondensed
components are recycled back to the reactor and the condensed components move to a
stripper which removes the remaining reactants. Finally, the liquid products exit the
stripper base and are separated in the downstream refining section. The automation de-
gree is very high. As listed in Table [, twenty-two process variables are continuously
measured. There are 12 manipulated variables, which are more than necessary for con-
trolling the process. In addition, three analyzers are available for measuring the amount
of each component for stream 6, 9 and 11. The analyzers for stream 6 and 9 need 6
minutes to complete the analysis and the analyzer for stream 11 takes 15 minutes. As a
result, the minimal sampling time for streams 6 and 9 are 6 minutes and for stream 11
is 15 minutes. In this section, the MATLAB/Simulink programs provided by Ricker is
used, which is available at the website
hitp://depts.washington.edu/control/LARRY /TE/download.html

and can be downloaded. For our study, the process is running under the mode number 1,
i.e. G/H mass ratio is 50/50 and the production rate for G and H are both 7308 kg h~!
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7.1 Case studies on the TE benchmark process

Table 7.1: TE: Process measurements and manipulated variables

Block Description XMEAS No. XMV No.
A feed (stream 1) XMEAS(1) XMV(3)
D feed (stream 2) XMEAS(2) XMV(1)
E feed (stream 3) XMEAS(3) XMV (2)
A and C feed (stream 4) XMEAS(4) XMV (4)
Compressor work XMEAS(20)
Compressor recycle valve XMV (5)
Feeds & Reactor Recycle flow (stream 8) XMEAS(5)
Reactor feed rate (stream 6) XMEAS(6)
Reactor pressure XMEAS(7)
Reactor level XMEAS(8)
Reactor temperature XMEAS(9)
Reactor cooling water outlet temperature XMEAS(21)
Reactor cooling water flow XMV (10)
Agitator speed XMV(12)
Separator temperature XMEAS(11)
Separator level XMEAS(12)
Separator pressure XMEAS(13)
Separator underflow (stream 10) XMEAS(14) XMV(7)
Condenser & Separator .
Condenser cooling water outlet temperature ~XMEAS(22)
Condenser cooling water flow XMV (11)
Purge rate (stream 9) XMEAS(10)
Purge valve (stream 9) XMV(6)
Stripper level XMEAS(15)
Stripper pressure XMEAS(16)
Stripper Stripper underflow (stream 11) XMEAS(17) XMV (8)
Stripper temperature XMEAS(18)
Stripper steam flow XMEAS(19) XMV(9)

[30], with the decentralized control strategy described in [97]. The control method is
able to reject all the 20 disturbance defined in [30] except for the 6th, the 8th and the
13th?, which makes it quite challenging to design a monitoring system. To this end,
we take the 22 process variables and 9 manipulated variables (XMV(5), XMV(9) and
XMV (12) are removed since they are constant under the control strategy and contain no
useful information for monitoring and diagnosis) as the low-level process variables and

the sampling time is set to be 36 seconds. The KPI is defined to be the operation cost as
KPI (operation cost) = purge cost 4+ product stream cost + compressor cost.

Since the price for the components are different and the analysis results for purge flow
(stream 9) and product flow (stream 11) are delayed by 6 and 15 minutes, respectively,
the total operation cost is not always online available. In the following, we will apply the
approaches proposed in Chapters B and B in such a realistic environment for two fault

episodes.

IThe 6th disturbance is “A feed loss”, the process is shut down due to low stripper level; for the 8th

and 13th disturbance, the process is stabilized but the output variation is quite large.
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Figure 7.2: TE: Monitoring results for the additive fault episode

7.1.2 Detection of an additive fault

For the TE process, very little holdup is available for the stream 4, components A and C.
As a result, flow variability of this feed stream is of particular concern. Motivated by it,
we define an additive fault episode by reducing the setpoint for stream 4 by 23.5%. The
Algorithm B2 is applied. Figure [ shows the monitoring results for this fault episode.
The total simulation time is 72 hours. The fault is injected from the 50th hour. For offline
training purpose, the data collected for the first 48 hours are used. The significance level
is defined to be 1%. From the plots we can see that both test statistics have detected the
fault. The upper plot indicates that this fault is related to the KPI, 7.e. KPI degradation
occurs after the 50th hour. The lower plot shows that this fault causes KPI-unrelated
performance degradation after the 50th hour as well. To validate the monitoring results,
we plot the KPI and some selected process variables in Figure [Z3. We can see that
the operation cost has increased by around 100 dollars in the steady state. The fault
firstly causes a reduction in A/C feed. Under the decentralised control strategy, the
compressor work is then reduced, which brings less recycle flow back to the reactor. To
enhance the reactions, the D and E feeds are increased (A feed is almost unchanged).
The purge rate is creased during the 55-65 hours. Since the D feed is the most expensive
one, the total operation costs have increased. In addition, we can observe from Figure
73 that the amount of product H is reduced (H in product is not included in the KPI
definition). It means that this fault causes KPI-unrelated performance degradation, which

is in accordance with the monitoring result.
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Figure 7.5: TE: Monitoring and diagnosis results unrelated to the KPI



7 Application to benchmark processes
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7.2 Case studies on the CSTH benchmark process

7.1.3 Detection and diagnosis of a multiplicative fault

The objective of this case study is to show the effectiveness of Algorithm Bl proposed in
Chapter B. We define a multiplicative fault episode by increasing the noise level of the
reactor’s pressure sensor from the 60th hour (the mean value is unchanged). The other
simulation conditions are kept unchanged. Figure [4 shows the KPI-related monitoring
and diagnosis results. We can see from Figure [[d-a that the test statistic starts to raise
alarms from the 61st hour. These intermittent alarms are much more frequent than
false alarms and reflects the occurrence of a multiplicative fault. Figure [4-b gives the
diagnosis result. It shows that “Purge rate” and “Purge value” are responsible for the
KPI degradation. Simultaneously, Figure [3-a shows that KPI-unrelated performance
degradation occurs. Its diagnosis result is given in Figure [[3-b, from which we can see
that “reactor pressure”, “purge rate” and “purge valve” are responsible for it. To validate
the achieved results, we plot the KPI and infected process variables in Figure [(3. From it
we can see that the variability of the operation cost is increased after the 60th hour. The
noise level of the pressure sensor is significantly increased and its effect cannot be reduced
by the controllers. Since the pressure measurements are used to generate the reference
signal for the “purge rate” control loop, the variabilities of both “purge rate” and “purge
valve” are increased. As “purge flow” is contributing to the total operation cost, it is
directly related to the KPI. On the other hand, the reactor pressure is not included in
the definition of KPI. However, tank pressure is very important for safe operation, which

is a kind of KPI-unrelated performance for this case study.

7.2 Case studies on the CSTH benchmark process

7.2.1 Process description

The CSTH process is a common subsystem widely used in the chemical industry. It can
be used to keep optimal temperature for reactants, water, reactions, etc.. In this section,
we will use the simulation model provided by Thornhill, which is available at the website
http://personal-pages.ps.ic.ac.uk/~nina/CSTHSimulation/index.htm
and can be downloaded. It is developed based on a pilot plant at the University of Al-
berta using first principles. As shown in Figure [[C4, hot and cold water are mixed first,
where the hot water (HW) boiler is heated by the university campus steam supply. The
mixture is then heated using the steam from the same central campus source through
a heating coil. Finally, the heated water is drained from the tank through a long pipe.
The simulation model is highly realistic. On the one hand, instrument, actuator and

process nonlinearities have been carefully measured and taken into account in the model,
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7 Application to benchmark processes
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Figure 7.7: The continuous stirred tank heater [I07]

Table 7.2: CSTH: Manipulated variables and process measurements

Block Description Unit
Mixed water temperature °C
Process measurements ~ Water level cm
CW flow rate liter /min
Steam valve kJ/sec

Manipulated variabl
amipiated varabies  ow valve liter /min

on the other hand, measured noise and disturbances are used. The CSTH is an auto-
matic process. As listed in Table [, there are three measurable process variables and
two manipulated variables. The steam and cold water (CW) valves are controlled by
proportional-integral (PI) controllers. Since cold water flow, (tank) water level and tem-
perature are of main concern for a CSTH plant and measured for this configuration, we
consider the three process measurements as KPIs. The utilities of the CSTH are shared
service and subject to disturbances from other users, the mean values of process variables
are therefore continuously changing. As a result, it is not preferable to use the static
methods discussed previously to monitor its performance. In the following, we will apply
the Algorithm B2 from Chapter B to detect four typical fault episodes.
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7.2 Case studies on the CSTH benchmark process
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7 Application to benchmark processes

7.2.2 Detection of four typical fault episodes

For our case studies, we set the following operating conditions

Temperature set point: 42.52 °C,
Level set point: 20.48 cm,

HW wvalve: 3.129 liter/min,

HW temperature: 50 °C,

CW temperature: 24 °C,

Manual outflow valve: 50%.

Four typical fault episodes originally defined in [43] are used:

106

CW walve stiction: Valves are the most widely used actuators in the chemical indus-
try. They have direct contact with various reactant and product streams and are
frequently subject to malfunctions. Among them, stiction is a very common one.
Figure [[8-a shows the actual CW valve position subject to stiction, it is sticked at
7.609 liter /min from the 400th sample. Since the controller’s command is not ex-
ecuted and the sticked position is lower than the average, the water level decreases
from the 400th sample, which can be seen from [L8-b. Detection of this fault is
urgent, as the water holdup is reduced and the tank will be empty.

Heat exchanger fouling: In practice, there is chalk in the water and it deposits
gradually on the surface of the heating coil. As a result, the heat transfer efficiency
from the coil to the water is reduced. Here we use a ramp function starting from the
400th sample to simulate this fault episode. As shown in Figure [[8-c-d, in order
to keep the desired temperature, the controller increases the openness of the steam
valve. Although this fault is not as critical as the previous one, its detection is very

important since the operation cost is increased.

Leakage in the tank: This kind of fault happens more in old plants. It cannot
only increase the operation cost, but also causes environmental pollution or even
disasters. To show the effectiveness of the proposed methods for it, we simulate a
hole at the bottom of the tank from the 400th sample. It is an abrupt fault. As can
be seen from Figure [[R-e-f, it first decreases the water level. In order to keep the

desired level, the controller decides to increase openness of the CW valve.
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: KPI monitoring results

o Temperature sensor bias: Badly calibrated sensors exist in the practice. We simulate

a bias of —5 °C' for the temperature sensor from the 400th sample. Figure [[8-g

shows the actual and measured temperature of the water.

Due to the feedback

control action, the “measured signal” can be kept at the set point. However, the

actual one is 5 °C higher. It could be quite dangerous in practice, since the actual

temperature may exceed the upper limit without letting the operator know it. In

addition, to arrive at this unexpected higher temperature, the consumption of steam

is increased, which can be seen from Figure [Z8-h.

To identify the parameters involved in the diagnostic observer, we have run the simula-

tion program in the fault free case and collected 1600 samples of data. The sampling time

is 1 second. The design parameters are chosen as: s = 8 and s, = 10. The significance

level o for determine the threshold is set to be 1%. Figure 9 shows the monitoring

results for these four fault episodes. From it we can see that all fault episodes have been

successfully detected.
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7.3 Case studies on the PD benchmark process

7.3.1 Process description

Paper and paper-based products play an important role in our daily life. Industrial
paper-making is known to have been traced back to China to the year 105 and today
it is a highly competitive and capital-intensive market that is under increasing price
pressure. The principle of paper-making is simple. As shown in Figure 10, pulps are
firstly produced from trees or recycled materials. When they enter the forming section,
the water content is around 99% [I03]. In the forming section, the pulps are dispensed
through a long slice onto the wire, where the width of wet paper can reach 7 meters.
When the paper leaves the forming section, around 19% water can be removed. The wet
paper sheet then passes through the press section, where around 30% water is squeezed
out by large rolls loaded under high pressure. To further remove the water content, the
paper sheet is fed to a drying section. Among different drying techniques, steam-heated
cylinders are widely used. In modern automatic processes, the number of cylinders can

reach 70. From technical viewpoint, the drying section is the most important section for
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Figure 7.12: The control volume of the paper sheet [8]

the paper quality in a paper machine. By manipulating the temperature of the wet paper
sheet, most of the remaining water is removed through evaporation. When the paper
sheet leaves the drying section, it contains only about 5% water. Afterwards, the paper
sheet passes through the calender section, where the surfaces of the dry paper sheet is
smoothed and thus its brightness is improved. It is important to mention that many
important quality indicators like moisture and basis weight are measured in the calender
section. Finally, the dry paper sheet is rolled by the winders. After trimming both sides,
the paper rolls are shipped to customers.

For the case studies in this section, we will focus on the drying section. The moisture
is defined as a KPI, which is [§]

g="e=" 4 [kg water/kg fibers]
mp My
where m, denotes the mass of water in a paper section, m, denotes the mass of fibers and m
is the total mass of the paper section. The manipulated variable is the paper temperature
(or the surface pressure of the wet paper sheet), which is continuously distributed along
the machine direction. Thus to model the drying process, the ODE fails. In practice,
multiple steam-heated cylinders are used as actuators for the drying process. As shown
in Figure [T, there are 25 steam-heated cylinders divided into three groups. The first
cylinder group is used to warm up the paper sheet where less water is removed. The
other two groups remove most of the water. To model the dynamic relationship between
the manipulated variable and the moisture, we adopt the first principles PDE model for
the paper sheet given in [8, 9], which is also used in our early study [45]. Figure
shows the mass balance for a paper section of length dz, where x denotes the machine
direction. Due to the movement of the paper sheet to the right, water (in the paper)
flows into the control volume with a mass flow of 1. (z,t) from the left side and flows out

from the right side with a mass flow of 7. (x 4 dz, t). We assume the mass of fibers is not
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7 Application to benchmark processes

changed. Heated by the hot cylinders, the paper temperature increases and therefore the
water is removed through evaporation. The mass flow is denoted as 1. (x,t). Meanwhile,
the vapor flows back to the paper through deposition, whose mass flow is denoted as m,,,
which can be considered as constant. By applying the mass conservation law for the

control volume, we have

d(m dz)

1e(x,t) — e(z 4 0, 1) — Mhee(, 1)0x + 1hydz = 5

(7.1)

In addition, a description of the relationship between the evaporation rate and water

vapor pressure is required, which is given as
Mee(x,t) = B(2)(P(x,t) — P,) (7.2)

where P, denotes the partial pressure of water in the atmosphere and is given by the
temperature and humidity of the air, 5(z) is the mass transfer coefficient, and P(x,t)
denotes the surface pressure of the wet paper sheet and depends on paper temperature.
It is further assumed that m.(z,t) = m.(z,t)v where v represents the constant machine
speed. By submitting (L2), m.(z,t) = m,H(x,t) and m(z,t) = m,(H (z,t)+1) into ()

we can get

OH(w,t) _ OH(wt) v, Blx)

P — P)).
ot ox my mp( (z,1) )

To determine (z), let us divide the paper sheet in the drying section into three types of

zones as

e Zone 1: Unfelted zones which are the contact areas of the paper sheet with the

upper cylinders in Figure [T,

e Zone 2: Contact with air on both sides zones where the paper sheet is not contacting

any cylinder, and

e Zone 3: Felted zones which are the contact areas of the paper sheet with the lower

cylinders in Figure [Z11.

Based on it, we have

Be,  zone 1;
B(z) =< 2B,, zone 2;

Bn,  zone 3
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7.3 Case studies on the PD benchmark process

Steam

Dryer shell Paper

Figure 7.13: A piece of the cross-section of a drying cylinder [I03]

where (3, denotes the approximate mass-transfer coefficient between and paper sheet and
air, and (3;, denotes the approximate mass-transfer coefficient between felt and paper sheet.

In addition, we compute P(z,t) from T'(x,t) as
P(z,t) = 50.104 x 100e18925/T (1)

which is a static equation and T'(x,t) denotes the paper temperature. For simulating
the process in this section, we assume the static relationship holds for the whole dryer
section. Thus P(x,t) or T'(z,t) can be considered as the manipulated variable. To achieve
an actuator model (heat transfer from steam to the paper sheet), we refer to the first
principles ODE model given in [[03]. The heating principle is shown in Figure [T3. Hot
steam is fed into the cylinder. When it condenses on the inner surface of the cylinder, heat
transfers from the steam to the condensate and further to the metal, which is denoted as
@m- The water which contains less energy is removed by siphons. Meanwhile, the heat
transfers further from the metal to the paper, which is denoted as (). The temperature
of the condensate, the metal shell and the paper is denoted as T}, T}, and T', respectively.

By applying mass and energy balance laws, the following equations can be derived

dps d
hs(p)V dﬁ; d_lt) = QShs(p) - Qw(p)hw(p) - ascAcyl<T8<p) —Tin)
dT,,
me,mW = a5 Acy(T5(p) — Ti) — acpAcyn(Tn — T)

where p denotes the steam pressure, V' is the cylinder volume, hg and h,, are the steam
and water enthalpy, p, is the steam density, ¢ and ¢, denote mass flow rate of the steam
into the cylinder and the siphon flow rate, o, and o, are the heat transfer coefficients
from the steam-condensate to the centre of the cylinder shell and from the centre of the
cylinder shell to the centre of the paper, respectively, A, is the inner cylinder area, m

and C,, ,,, are the mass and specific heat capacity of the shell, and 7 is the fraction of dryer
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7 Application to benchmark processes

Table 7.3: PD: Numerical values of the parameters used in the case studies [8, T03]

Notation Value Units Notation Value Units

v 8.33 m/s l 25 m

H(0,t) 50% — Dryer roll 25 —

p° 90 kPa Ts(p?) 369.84 K

hs 2670.3 kJ/kg hw 405.2 kJ/kg

ase 1.80 EW/(m2K) | acp 1.20 EW/(m2K)
n 0.5 — Acyl 37.2 m?

mp 0.192 kg/m? T 0.0005  kg/(ms)

Ba 0.00209 — Bh 0.0011 —

surface covered by the paper web. The equilibrium gives the relation

1 1 1
T = T.(p° —( + ) qhs(p”) — quhu(P°
)~ (o + o) A (€0) — a0
where ¢¥ is the input and the other parameters can be obtained from process knowledge.
Since our focus is on the performance monitoring, the above equation is considered as the
actuator model for simplicity. As a result, the mathematical model of the drying paper

can be written as

aHéfyt) - _”% +y(z, ) +n(z, 1), € [0,1] (7.3)

where 7(x,t) represents the process noise, [ is the paper length in the drying section, and

iy Blz)

mp mp

y(z,t) = (P(z,t) — Fa)
with the Dirichlet boundary condition H(0,t) = 50% on the wet end.

By putting the spatial variable in dimensionless form, 2’ = z/I, we obtain

OH(z',t)  wvOH(2',t)

o 1 o +y(2',t) +n(a',t), 2" €[0,1]. (7.4)

For notational simplicity, we will neglect the prime symbol in the following.

7.3.2 Detection of two typical fault episodes

Based on the process and actuator models described above, we will apply Algorithm b4
(for the common industrial configuration) proposed in Chapter B to detect two typical

fault episodes of the drying process. To simulate the drying process, we use the parameters
given in Table 3

2The property of saturated steam is obtained from http : //www.e funda.com/Materials/water /steam—
table_sat.cfm.
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Figure 7.14: lllustration of the drying process

and 101 polynomial basis functions. The sampling time is chosen to be 0.01 . The moisture
is measured at the dry end. Figures [[Id-a-b show the simulation results in the fault-free
case. From the left plot we can see the evolution of the moisture profile of the paper in
the drying section. Initially no heat is transferred from the steam to the paper sheet,
thus the moisture profile is constant. Then the water evaporates from the paper and at
the 320th sample, the moisture profile is in the steady state. Figure [I4-b shows the
moisture measurement. After about 300 samples, the dry paper with an average moisture
value of 1.17% is produced (Gaussian process and measurement noise is included).

To show the monitoring performance of the data-driven method proposed in Chapter

H, we simulated two typical fault episodes that happen during the drying process, i.e.

e Inner cylinder wall fouling: Similar to the heat exchanger fouling episode discussed
previously, the deposited solid on the inner wall will decrease the heat transfer
efficiency. To this end, the heat transfer coefficient from the condensate to the
cylinder shell is reduced by 0.75 for the 7th cylinder from the 1500th sample. As
shown in Figure [T3-a, this fault influences the moisture measurement after about
200 samples (around 2 s). This kind of fault is quite common for the drying section.
In industrial applications, the steam consumption will be significantly increased. As
a result, detection of this kind of fault is very important to keep a low operation

cost.

e Increase of the basis weight: Due to reduction of the machine speed and low perfor-
mance of the thickness control, the basis weight of the paper sheet could increase.
To simulate this kind of fault, we increase the basis weight by 0.002 kg/m? from the
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Figure 7.15: PD: Description of the fault episodes

1500th sample. As shown in Figure [ IT3-b, the moisture measurement is impacted
as well. This kind of fault not only lowers the paper quality, but also consumes

more raw material.

To apply the proposed method, we first run the process without any fault to collect the
“snapshot” data for the manipulated variable and the KPI measurement. Then a subspace
with 25 basis functions is identified which contains almost 100% of the variability of the
“snapshot” data. For identifying the kernel representation, we choose s = 5 and s, = 7.
Figures [I6-a-b show the monitoring results where the significance level for the threshold
is 0.01. We can see that both faults have been detected. The detection delay of the first
fault is 210 samples (2.1 s). This is because the fault happens for the 7th cylinder which
is far away from the KPI sensor.

7.4 Concluding remarks

In this chapter, we have used three benchmark processes to demonstrate the performance
of the proposed KPI monitoring approaches. The multivariate statistics based methods
proposed in Chapters B and B are applied to the TE process for both fault detection and
diagnosis. The signals generated by the TE process are steady and therefore suitable for
the static methods which are based on the assumption that the mean values of process
variables and KPIs are constant. In addition, the CSTH process, which is dynamic and

has varying mean values (depending on the users’ consumption), is used to show the
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Figure 7.16: PD: KPI monitoring results

effectiveness of the dynamic method given in Chapter B. Finally, the PD process, whose
dynamical description requires a PDE, is used to test the data-driven method proposed
in B. The case study results show that all tested data-driven methods can be used in

industrial automation processes.
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8 Conclusions and further work

In this thesis, new data-driven KPI monitoring and diagnosis techniques are developed
for complex automation processes. In Chapter O, the background, motivation and the
state of the art of the techniques are given. With the increasing global competition, there
appears an urgent industrial requirement for KPI monitoring and diagnosis in automation
processes. Due to the scale and complexity of automation processes, application of model-
or knowledge-based techniques is becoming too expensive or even impossible. As a result,
the main objective of this thesis is to develop data-driven KPI monitoring and diagnosis
techniques.

The basis of this thesis is given in Chapter B. Following the mathematical descriptions of
the static, lumped-parameter and distributed-parameter processes, basic fault detection
techniques are discussed. Among them are statistical approaches including the GLR-,
PCA- and PLS-based methods for the static processes, model-based FDF, DO and PS for
LPPs, and the eigen-decomposition based method for DPPs. The results achieved in the
following chapters are based on them but have improved performance.

Chapter B focuses on the KPI monitoring techniques for the static processes. Based
on the analysis of the traditional PLS-based method which is not optimal for the KPI
monitoring, we first propose a modified approach. This approach is still based on the
PLS algorithm, but the monitoring performance is improved. It is important to mention
that only two test statistics are involved for monitoring the KPI-related and -unrelated
subspaces, respectively. To further reduce the computation cost and engineering effort, an
alternative decomposition-based algorithm is given. This algorithm achieves the benefit
of the modified approach with much less computation costs. As a result, the alternative
algorithm is quite suitable for large-scale automation processes.

Aiming at monitoring dynamic processes where the number of involved variables is
small, Chapter B presents a data-driven dynamic monitoring approach using the subspace
identification method. Compared with the standard approaches, this method requires
much less engineering effort. The monitoring system is directly identified from the process
I/0O data without identifying a system model.

In Chapter B, novel model-based and data-driven KPI monitoring techniques are de-

veloped for DPPs. These methods are suitable for processes where the spatial dynamics
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is dominant, e.g. the paper drying process and the hot strip mill. Different from the
existing techniques, the proposed monitoring approaches are developed for random pro-
cesses. They are more realistic and can directly be used in the real processes. Moreover,
the new methods are not based on the eigen-decomposition of the system operators and
thus are easier to understand. If an actual process model is easy to derive, it is advised
to use the model-based version which can achieve better performance. Otherwise, the
data-driven version can be used, which only requires the historical process and KPI data.
It is important to mention that the performance of the data-driven method is depending
on the quality of the data. The more informative the data are, the better the monitor
system performs.

After performance degradation is detected, it is urgent to find out its root cause and
do the corrective actions. Chapter B proposes a novel data-driven performance diagnosis
method. Different from the existing approaches, this method is able to diagnose the
multiplicative fault which is more complex and costly (for diagnosis). It is based on
process data and requires no process knowledge. It aims at assisting the process engineers
by narrowing down the investigation scope.

Finally, the algorithms developed in Chapters B-B are tested on three realistic industrial
benchmark processes in Chapter [. The test results show that the proposed methods are
quite suitable for practical applications.

The results achieved in this thesis are based on the linear system descriptions. They
are efficient if the real process is working around the operating point. However, there are
nonlinear systems which are working in a large operation range. Extension of the pro-
posed methods to these processes are of practical importance and requires more research
attention. In addition, integration of the monitoring and diagnosis results into the control

system is a great challenge and can be addressed in future work.
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A Proof of Theorem 2.1

Proof. For ¢ =1, it holds for

T tiitl o\
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Based on it, we can derive

tT it
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’ [t —x—1|? [t l[? [t 2|2 tll? )
Since from 7 = k£ we have assumed

th b1k =0, tjrfztj—Q—(k—n =0, -+, tglngrltjkarlfQ =0
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and from ¢ = 1 we have obtained t]_,t; 4 = 0, thus

bjk-1t] s
Yit; b1 =Y (I - F———5 | tj—k
[t k—1]]

b _g_1tj—k—1
Itk

T T T, T
=t gty =t Y jw; =0=1t;t; 4.

=Y, patj k1 — Yjp1tjp =0

which indicates that the assumptions for i = & also holds for i = k + 1,i.e.

tit o1 =0, tit;p =0, t1t; 1) =0, , b t;o=0,j>k+1

Thus for any i =1,2,--- ,k,k+1,---, 00, we have t;—.”tj_i:(),
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B Theorems for Chapter 5

Theorem B.1. Given a full column-rank matric P € R™7 and an arbitrary vector
q € R", finding a q satisfying (1) is equivalent to find a q € P = span{p1,--- , P~}
such that

(@—@)"pi=0, fori=1,--- 5

Proof. Suppose that r = q + tAq where ¢t € R and Aq € P. The meaning of (B) is
that q € P is closest to q if and only if

(a—a)"(a—aq) < (qa— (q+tAq) (q— (q+tAq))
=(q-a)"(q—q) —2t(q—q)"Aq+1*Aq"Aq, VAqQEP & VtER

which is equivalent to —2t(q — )T Aq + t2AqTAq > 0, VAq e P & Vi € R.
The above equation has two variables. If we consider Aq as any fixed vector, then the

inequality only holds when
(q—&4)"Aq=0,YAq € P. (B.1)
The equivalence of (521) and (Bl) can be easily revealed as:
e sufficiency: If (B0 holds, then (527) holds as well since p;,i =1,--- ,y € P

e necessity: If (A7) holds, then, since {p, - - ,pv} is a basis for P, any Aq € P can

be represented as Aq =Y, 2'p;,2f € R,i=1,---,v. (Bl can be written as
g
(a—&@)"Aq=(a—a)" ) =pi
i=1

MQ
=

Il

o
<
g
Noj

m
ek
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Theorem B.2. Given an arbitrary function q(z) € H and a subspace P(x) spanned by
p(z) = [pi(x), - ,py ()], find a §(z) in P(x) satisfying

g 2 7 2
/ (¢(x) = q(x))"dr =~ min / (q(x) —r(x))” dv (B.2)

r(z)€span{p(z)}

is equivalent to find a §(x) in P(x) such that

B
[ (ala) = d@) plo)dz =0 fori =1 . (B:3)

Proof. The basic idea of proof is similar to the proof for Theorem BZl. Suppose that
r(z) = ¢(z) + tAq(z) where t € R and Ag(z) € P(x). From (B2) we have

8 8
/(Q(w)—é(w))QdafS/ (a(z) = (q(z) + tAq(x)))*dz

«

B
= / ((q(x) —q(z))* = 2t(q(z) — 4(z))Aq(z) + tQAq(x)z) dx, YVAq(z) € P(z) &Vt € R

which is equivalent to
B B
—2t/ (q(z) — ¢(x))Aqdx + t2/ Ag(x)*dr > 0, VAq(z) € P(z) & Vt € R.

If we consider Ag(z) as any fixed function, then the above equation is in the quadratic

form and the inequality only holds when

(¢(z) — ¢(z)Aq(x) = 0,VAqg(x) € P(x). (B.4)
The equivalence of (B33) and (BH) can be easily revealed as:
e sufficiency: If (B4) holds, then (B33) holds as well since p;(x),i =1,--- ,v € P(z)

e necessity: If (B3) holds, then, since {pi(x),--- ,pﬁ,( )} is a basis for P(z), any
Ag(z) € P(z) can be represented as Aq(z) = > zfp;i(z),2f € Ryi=1,---,7.
(B4) can be written as

~

154 B8
/(ﬂ@—@@ﬁﬁﬂ@@Fi/(ﬂ)—@(»E:ﬁﬁ@mx

=1

_Z / ))pi(z)da

=0, VAq(z) € P(x).
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B Theorems for Chapter 5

Theorem B.3. Given are an arbitrary vector z(z,t) € H" (z;(z,t) € V(x),i=1,---,n)
and a known finite dimensional subspace V(zx) € span{vi(z),--- ,vy(z)} C V(z). The
best estimate of z(x,t) from V(x) in the sense that

tr(||£(z(z, 1)) — L(z(,1))|[) = min tr (|| £(z(z, 1)) — L(x(z,1))]])

ri(z,t)eV,i=1,n

18 equivalent to the solution of
(L(z(x,t) —z(x,1)),vi(x)) , Vi=1--- 7. (B.5)

Proof. The proof is similar to the proof for Theorem B=2. O]
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