Novel Methodologies in State Estimation
for Constrained Nonlinear Systems under
Non-Gaussian Measurement Noise &

Process Uncertainty

by
Mahshad Valipour

A thesis
presented to the University of Waterloo
in fulfillment of the
thesis requirement for the degree of
Doctor of Philosophy
in

Chemical Engineering

Waterloo, Ontario, Canada, 2021

© Mahshad Valipour 2021



Examining Committee Membership

The following served on the Examining Committee for this thesis. The decision of the Examining

Committee is by majority vote.

External Examiner Jinfeng Liu
Professor
Department of Chemical and Materials Engineering,

University of Alberta

Supervisor Luis A. Ricardez-Sandoval
Associate Professor

Chemical Engineering, University of Waterloo

Internal Examiner Peter L. Douglas
Professor

Chemical Engineering, University of Waterloo

Hector Budman
Professor

Chemical Engineering, University of Waterloo

Internal-external Examiner Ehsan Hashemi
Adjunct assistant Professor
Mechanical and Mechatronics Engineering,

University of Waterloo



Author's Declaration

This thesis consists of material all of which | authored or co-authored: see Statement of Contributions

included in the thesis. This is a true copy of the thesis, including any required final revisions, as accepted
by my examiners.

I understand that my thesis may be made electronically available to the public.



Statement of Contributions

Chapters 1, 2 and 9 were entirely written by me. My supervisor, Luis A. Ricardez-Sandoval, provided

suggestions and recommendations regarding their contents.

The results in chapter 3 of this thesis have been published in Control Engineering Practice on
December 18, 2020. Valipour, M., Toffolo, K. M., & Ricardez-Sandoval, L. A. (2021). “State
estimation and sensor location for Entrained-Flow Gasification Systems using Kalman Filter.” Control
Engineering Practice, 108, 104702. https://doi.org/10.1016/j.conengprac.2020.104702 My Colleague

MSc student Kathryn Toffolo collaborated to perform analytical evaluation of the sensitivity matrices

(included in the state-space model) of the gasifier in python. My PhD advisor and | provided solutions
to the challenges in the evaluation the sensitivity matrices. The validation of the linearized version of
ROM, implementation of the state estimation and sensor location for the gasifier was performed by me
under my PhD advisor’s supervision. Kathryn Toffolo provided the gasifier model equations (which is
shown in Table 3-2 of this thesis) and the nomenclature of the corresponding paper. The rest of that
paper was written entirely by myself and edited by my supervisor.

The results in chapter 4 of this thesis have been published in Computers & Chemical Engineering on
September 12, 2021. Valipour, M., & Ricardez-Sandoval, L. A. (2021). “Abridged Gaussian Sum
Extended Kalman Filter for nonlinear state estimation under Non-Gaussian process uncertainties.”
Computers & Chemical Engineering, 107534. https://doi.org/10.1016/j.compchemeng.2021.107534

That paper was written entirely by myself and edited by my supervisor.

The results in chapter 5 of this thesis have been published in Industrial & Engineering Chemistry
Research on November 17, 2021. Valipour, M., & Ricardez-Sandoval, L. A. (2021). “Constrained
Abridged Gaussian Sum Extended Kalman Filter: Constrained nonlinear Systems with non-Gaussian
noises and uncertainties.” Industrial & Engineering Chemistry Research.

https://pubs.acs.org/doi/pdf/10.1021/acs.iecr.1c02804 That paper was written entirely by myself and

edited by my supervisor.

The results in chapter 6 of this thesis have been published in Industrial & Engineering Chemistry
Research on February 15, 2021. Valipour, M., & Ricardez-Sandoval, L. A. (2021). “Assessing the
Impact of EKF as the Arrival Cost in the Moving Horizon Estimation under Nonlinear Model Predictive
Control.” Industrial &  Engineering  Chemistry  Research, 60(7), 2994-3012.


https://doi.org/10.1016/j.conengprac.2020.104702
https://doi.org/10.1016/j.compchemeng.2021.107534
https://pubs.acs.org/doi/pdf/10.1021/acs.iecr.1c02804

https://dx.doi.org/10.1021/acs.iecr.0c06095?ref=pdf That paper was written entirely by myself and

edited by my supervisor.

The results in chapter 7 of this thesis have been published in AIChE Journal on December 8, 2021.
Valipour, M., & Ricardez-Sandoval, L. A. (2021). “Extended Moving Horizon Estimation for Chemical
Processes under Non-Gaussian Noises.” AIChE Journal. https://doi.org/10.1002/aic.17545 That paper

was written entirely by myself and edited by my supervisor.

The results in chapter 8 of this thesis have been published in Computers & Chemical Engineering on
Dec 3, 2021. Valipour, M., & Ricardez-Sandoval, L. A. (2021). “A Robust Moving Horizon Estimation
under Unknown Distributions of Process or Measurement Noises.” Computers & Chemical
Engineering, 107620. https://doi.org/10.1016/j.compchemeng.2021.107620 That paper was written

entirely by myself and edited by my supervisor.


https://dx.doi.org/10.1021/acs.iecr.0c06095?ref=pdf
https://doi.org/10.1002/aic.17545
https://doi.org/10.1016/j.compchemeng.2021.107620

Abstract

Chemical processes often involve scheduled/unscheduled changes in the operating conditions that may
lead to non-zero mean non-Gaussian (e.g., uniform, multimodal) process uncertainties and
measurement noises. Moreover, the distribution of the variables of a system subjected to process
constraints may not often follow Gaussian distributions. It is essential that the state estimation schemes
can properly capture the non-Gaussianity in the system to successfully monitor and control chemical
plants. Kalman Filter (KF) and its extension, i.e., Extended Kalman Filter (EKF), are well-known
model-driven state estimation schemes for unconstrained applications. The present thesis initially
performed state estimation using this approach for an unconstrained large-scale gasifier that supports
the efficiency and accuracy offered by KF. However, the underlying assumption considered in KF/EKF
is that all state variables, input variables, process uncertainties, and measurement noises follow
Gaussian distributions. The existing EKF-based approaches that consider constraints on the states
and/or non-Gaussian uncertainties and noises requires significantly larger computational costs than
those observed in EKF applications. The current research aims to introduce an efficient EKF-based
scheme, referred to as constrained Abridged Gaussian Sum Extended Kalman Filter (constrained AGS-
EKF), that can generalize EKF to perform state estimation for constrained nonlinear applications
featuring non-zero mean non-Gaussian distributions. Constrained AGS-EFK uses Gaussian mixture
models to approximate the non-Gaussian distributions of the constrained states, process uncertainties,
and measurement noises. In the present abridged Gaussian sum framework, the main characteristics of
the overall Gaussian mixture models are used to represent the distributions of the corresponding non-
Gaussian variable. Constrained AGS-EKF includes new maodifications in both prior and posterior
estimation steps of the standard EKF to capture the non-zero mean distribution of the process
uncertainties and measurement noises, respectively. These modified prior and posterior steps require
the same computational costs as in EKF. Moreover, an intermediate step is considered in the
constrained AGS-EKF framework that explicitly applies the constraints on the priori estimation of the
distributions of the states. The additional computational costs to perform this intermediate step is
relatively small when compared to the conventional approaches such as Gaussian Sum Filter (GSF).
Note that the constrained AGS-EKF performs the modified EKF (consists of modified prior,
intermediate, and posterior estimation steps) only once and thus, avoids additional computational costs

and biased estimations often observed in GSFs.
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Moving Horizon Estimation (MHE) is an optimization-based state estimation approach that provides
the optimal estimations of the states. Although MHE increases the required computation costs when
compared to EKF, MHE is best known for the constrained applications as it can take into account all
the process constraints. This PhD thesis initially provided an error analysis that shows that EKF can
provide accurate estimates if it is constantly initialized by a constrained estimation scheme such as
MHE (even though EKF is unconstrained state estimator). Despite the benefits provided by MHE for
constrained applications, this framework assumes that the distributions the process uncertainties and
measurement noises are zero-mean Gaussian, known a priori, and remain unchanged throughout the
operation, i.e., known time-independent distributions, which may not be accurate set of assumptions
for the real-world applications. Performing a set of MHEs (one MHE per each Gaussian component in
the mixture model) more likely become computationally taxing and hence, is discouraged. Instead, the
abridged Gaussian sum approach introduced in this thesis for AGS-EKF framework can be used to
improve the MHE performance for the applications involving non-Gaussian random noises and
uncertainties. Thus, a new extended version of MHE, i.e., referred to as Extended Moving Horizon
Estimation (EMHE), is presented that makes use of the Gaussian mixture models to capture the known
time-dependent non-Gaussian distributions of the process uncertainties and measurement noises use of
the abridged Gaussian sum approach. This framework updates the Gaussian mixture models to
represent the new characteristics of the known time-dependent distribution of noises/uncertainties upon
scheduled changes in the process operation. These updates require a relatively small additional CPU
time; thus making it an attractive estimation scheme for online applications in chemical engineering.
Similar to the standard MHE and despite the accuracy and efficiency offered by the EMHE scheme,
the application of EMHE is limited to the scenarios where the changes in the distribution of noises and
uncertainties are known a priori. However, the knowledge of the distributions of measurement noises
or process uncertainties may not be available a priori if any unscheduled operating changes occur
during the plant operation. Motivated by this aspect, a novel robust version of MHE, referred to as
Robust Moving Horizon Estimation (RMHE), is introduced that improves the robustness and accuracy
of the estimation by modelling online the unknown distributions of the measurement noises or process
uncertainties. The RMHE problem involves additional constraints and decision variables than the
standard MHE and EMHE problems to provide optimal Gaussian mixture models that represent the
unknown distributions of the random noises or uncertainties along with the optimal estimated states.
The additional constraints in the RMHE problem does not considerably increase the required

computational costs that that needed in the standard MHE and consequently, both the present RMHE
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and the standard MHE require somewhat similar CPU time on average to provide the point estimates.
The methodologies developed through this PhD thesis offers efficient MHE-based and EKF-based
frameworks that significantly improve the performance of these state estimation schemes for practical

chemical engineering applications.
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Chapter 1

Introduction

Online measurement technologies are not often available for key state variables that are critical for
online monitoring and control of major industrial applications. Thus, it is essential to develop state
estimation methods to provide online estimation of the unmeasured state variables for the purpose of
online monitoring and control. Hence, developing techniques that can improve the performance (i.e.,
accuracy and computational efficiency) of the state estimation schemes for both model-driven and data-
driven approaches is a topic of interest that is receiving increasing attention in the field of process
control and estimation. Kalman filters and moving horizon estimation (MHE) are the cornerstones of
model-driven estimation schemes due to their efficiency and accuracy. High performance of MHE
requires an accurate and efficient approximation of the arrival cost (AC) parameters as well as an
appropriate assumption of the specifications of the process uncertainties and measurement noises.
Similarly, proper initialization of the prior distribution of the process variables (states, process
uncertainties, measurement noises) and the evaluation of the sensitivity (Jacobian) matrix of the process
are the key steps in the Kalman filter and the extended Kalman filter (EKF) methods. Thus, the focus
of this thesis is to develop novel methodologies to improve the EKF and MHE performances. The
details on these methodologies are presented below.

Kalman Filters are standard state estimation methods for linear and nonlinear dynamic systems.
Extended Kalman filter'?, unscented Kalman filter (UKF)3**%, the sampling-based group of filters
referred to as particle filters (PFs)®’® have been widely used to deal with the nonlinearity of the systems.
Both UKF and PFs require additional computational costs when compared to EKF, which makes EKF
a superior estimation scheme for large-scale applications. However, EKF requires online estimation of
the sensitivity (Jacobian) matrix of the process, which may be a complex and computationally taxing
task for such applications. This mathematical complexity along with the observability challenges and
plant-model mismatch commonly associated with large-scale systems limits the application of KF/EKF
for such processes. To the author’s knowledge, studiefs exploring the performance of KF/EKF for
industrial processes featuring more than 200 states is quite limited in the open literature. Moreover,
Kalman filter assumes that all the state variables, input variables, process uncertainties and the
measurement noises are normally distributed and can be described using a Gaussian probability density

function (PDF). However, most real-world state estimation problems involve nonlinear systems with
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inequality constraints on the states, and process uncertainties (and measurement noises) that often
follow non-zero mean non-Gaussian distributions, i.e., multi-modal, uniform, Gamma, etc®%%. Current
approaches to improve Kalman filter performance for applications considering constrained states or
zero-mean non-Gaussian noises and uncertainties often require online solution of optimization
problems, implementation of sampling-based approaches or implementation of multiple EKFs
(Gaussian sum filters (GSF)), which come at the cost of a significant increase in the computational
effort!012131415.16.17 Noreover, to the author’s knowledge, a study that considers EKF applications
featuring non-zero mean non-Gaussian noises and uncertainties is not available in the literature.
Therefore, an efficient EKF-based estimation scheme is required to fill-in this gap and improve the
estimation of EKF for general chemical engineering applications, which are often subject to constraints
and a general class of non-Gaussian uncertainties/noises!819202122,

For the constrained applications, MHE is a well-known state estimation scheme that solves an
optimization problem involving all the process constraints?*242%26, The MHE problem aims to seek for
the optimal estimated states by minimizing the historical errors present in the process. These errors
consist of process uncertainties and measurement noises over a finite horizon previous sampling
intervals (N) in addition to arrival cost. Arrival cost is a term presents in the objective function of the
MHE problem that summarizes the past information of the process (from the initial time until (N-1)"
sampling interval) that are discarded from the estimation horizon. A standard state estimation method
is required to approximate the AC parameters online in order to achieve high performance in MHE. In
addition to the popularity of EKF as a state estimation scheme, it is also a standard approach to
approximate the AC parameters in the MHE framework. The accuracy and efficiency of the AC
estimator is a key to achieve high MHE performance. Initially, the main motivation of using EKF as
the AC estimator in the MHE framework was the estimation accuracy and efficiency offered by EKF.
However, the Gaussian assumption in EKF cannot hold under the scenarios involving constraints in the
process model, which raises the question on the use of EKF as the AC estimator for constrained
applications. Previous studies showed through small-scale examples that EKF coupled with MHE
results in an inappropriate estimation, instability, or even failure in the estimation scheme. On the other
hand, studies have shown that the main reason of the divergence in EKF is the lack of a proper
initialization?’; in fact, EKF is expected to fail under a poor initialization in the distribution of the
states?’28, Given that EKF as the AC estimator is initialized by the state estimates provided by MHE,
the poor initialization would no longer be a concern. To the extent of the author’s knowledge, no

mathematical analysis has been presented that disqualify EKF as the AC estimator for the constrained
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nonlinear applications. Motivated by this, investigating the performance of EKF coupled with MHE
and the impact of this estimation approach on the closed-loop system is a gap in knowledge that is
worth exploring as EKF efficiency makes this approach favorable for the purpose of online control.

Moreover, the MHE problem has been designed to accommodate different distributions for the process
uncertainties, measurement noises, and state variables. For instance, previous studies have illustrated
the ability of MHE in handling bounded Gaussian noises 2°3°3l, However, the standard MHE
formulation assumes that process uncertainties and measurement noises follow zero-mean Gaussian
distributions®?22, In the standard MHE scheme, these distributions are known a priori and remain
unchanged throughout the process, while chemical processes often involve distributions of the process
uncertainties and measurement noises that may change throughout the operation due to changes in the
operating conditions, i.e., sessional changes or switching to different product grades. Note that the non-
Gaussianity and changes in the noises/uncertainties distributions can be known a priori under the
scheduled events, i.e., a scheduled replacement of the measurement devices. To date, the performance
of MHE under those conditions has not been investigated. Therefore, it is critical to improve MHE
scheme to capture both non-Gaussianity and expected (scheduled) changes in the plant that may lead
to changes in the distributions of the process uncertainty and measurement noises. On the other hand,
these changes in the distribution of noises/uncertainties may happen due to the unscheduled events such
as an unexpected measurement device failure. A more realistic scenario that is likely to happen in
practice is that the distribution of the noises/uncertainties cannot be known a priori in the estimation
scheme. Hence, it is also essential to develop an MHE-based framework that is robust against
unexpected noises or uncertainties (with unknown non-Gaussian distributions) that may occur due to

unexpected changes such as sensor failures or sudden changes in the operation of the plant.

1.1 Research objectives:

To address the issues mentioned above, the purpose of this thesis is to provide new insights on the

capabilities of EKF and MHE and present novel techniques and developments that can improve the

performance of these widely used estimation techniques in Chemical Engineering. To pursue this goal,

the current PhD study focuses on the following research objectives:

o Investigate the benefits and limitations of KF/EKF for large-scale systems involving a large number
of states.

e Develop an efficient scheme to improve EKF performance for general processes featuring non-

Gaussian states (i.e., constrained states) and non-zero mean non-Gaussian noises/ uncertainties.

3



Assess the impact of EKF as the AC estimator in the MHE framework under open-loop and closed-
loop operation.

Develop a new MHE formulation that takes into account known non-Gaussian distributions of the
uncertainties and noises, which can be updated online based on scheduled changes in the
distribution of these random variables.

Develop a new robust framework to improve the MHE performance under scenarios considering
unexpected noises (e.g., due to sudden measurement device failure) or process uncertainties (e.g.,
due to unscheduled changes in the operating conditions) that follow unknown non-Gaussian

probability density functions.

1.2 Expected contributions

The work conducted in this PhD thesis is expected to result in the following contributions:

Provide insights on the KF/EKF abilities, limitations, and challenges in the state estimation and
sensor location for an actual entrained-flow gasification system consisting of a large number of
states (i.e., >200 states) under practical scenarios, i.e., plant-model mismatch, load-following,

additive uncertainties.

Present a new modification to the standard EKF formulation that makes EKF capable of capturing
non-zero mean Gaussian process uncertainty and measurement noise. The key contribution is that
the new EKF developed in this thesis would require the same computational costs as the standard
EKF while improving the accuracy in the estimation under the conditions mentioned above.

Present a novel state estimation framework, referred to as constrained Abridged Gaussian Sum
Extended Kalman Filter (constrained AGS-EKF) to generalize EKF for constrained nonlinear
systems under general non-Gaussian noises and uncertainties. AGSF-EKF not only reduces the
computational costs incurred when using conventional estimation methods such as GSF and PF,
but it also avoids biased estimations that may occur in the traditional approaches.

Provide new insights on the capabilities of EKF as the AC estimator (when coupled with MHE and
NMPC) through conducting an error analysis as well as performing comprehensive
implementations.

Present a novel extended version of MHE, referred to as Extended Moving Horizon Estimation
(EMHE), that relaxes the zero-mean Gaussian assumption considered for the process uncertainties

and measurement noises in the standard MHE. The key novelty in the proposed EMHE formulation



is that it requires the same computational costs as the standard MHE while improving the estimation
under the operating scenarios describe before.

e An EMHE-based estimation scheme is introduced to update online the characteristics of the non-
Gaussian distributions of the noises/uncertainties that may change due to scheduled changes in the
operating conditions. Gaussian mixture models are introduced to the proposed estimation scheme
to represent an accurate approximation of the known non-Gaussian densities of these random
variables online, which requires a relatively small additional CPU time and hence the efficiency of
the scheme. Note that EMHE focuses on applications where the distributions of the process
uncertainties and measurement noises are known a priori over the entire operating horizon.

e Present a novel robust estimation scheme, referred to as Robust Moving Horizon Estimation
(RMHE) that uses EMHE and the Gaussian mixture model to improve the robustness of the MHE
estimation in the presence of unexpected measurement noises or process uncertainties with
unknown densities. The RMHE problem involves additional constraints and decision variables to
find the optimal Gaussian mixture model to describe the unknown densities of the unexpected
noises/uncertainties. The additional computational costs in the RMHE framework (compared to
MHE) is not significant, hence is efficient.

In summary, the research conducted in this thesis presents new estimation technologies that can be

implemented to consider more realistic scenarios that occur during operation in chemical plants.

1.3 Structure of the Thesis

This PhD thesis is organized as follows:

Chapter 2 presents a literature review on the application of EKF for the large-scale system, current
constrained EKFs, GSFs, MHE and the common AC estimators used in the MHE framework, MHE
for applications featuring time-dependent non-Gaussian measurement noises/ process uncertainties,
and robust MHE methods. The gaps in knowledge that motivate this research are explicitly discussed
in this chapter.

Chapter 3 presents the application of KF/EKF for an actual entrained-flow gasification system. The
challenges, features, and limitations of this estimation scheme for large-scale systems are highlighted
and discussed in detail. The work presented in this chapter has been published in Control Engineering
Practice®.

Chapter 4 introduces abridged Gaussian sum extended Kalman filter (AGS-EKF) for applications

involving non-Gaussian process uncertainties. A new maodification in the prior estimation step of EKF
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has been presented in this chapter that is critical to capture non-zero mean non-Gaussian process
uncertainties. The work has been published in Computers & Chemical Engineering®.

Chapter 5 presents a novel constrained AGS-EKF that improves estimation for a general constrained
nonlinear application featuring non-Gaussian process uncertainties and measurement noises. This
chapter provides the new modifications considered in the posterior estimation step (to capture non-
zero mean non-Gaussian measurement noises) and the intermediate estimation step that explicitly
takes into account the constraints on the state variables. This work has been published in Industrial &
Engineering Chemistry Research®,

Chapter 6 provides a new insight on EKF capabilities as an AC estimator when coupled with MHE in
both open-loop and closed-loop. This chapter compares the performance of open-loop and closed-loop
in the case of using different AC estimators through extensive simulations and various practical
scenarios. An error analysis is presented to make this study more comprehensive. This work has been
published in the Industrial & Engineering Chemistry Research?®.

Chapter 7 presents the proposed Extended MHE (EMHE) that accommodates the known non-zero
mean non-Gaussian distributions of the process uncertainties and measurement noises to the
estimation scheme. The derivation of EMHE as well as the recursive estimation scheme to capture the
scheduled changes in the distribution of the measurement noises/ process uncertainties online are
discussed in detail. The underlying assumption in EMHE is that the non-Gaussian distribution of the
noises/uncertainties are known a priori to the estimation scheme during the plant operation, which is
a common assumption made when implementing MHE. This work has been published in AIChE
Journal®.

Chapter 8 introduces the Robust MHE (RMHE) formulation along with the underlying assumptions
in this framework. The RMHE problem focuses on the scenarios that the non-Gaussian distributions
of the process uncertainties or measurement noises are unknown a priori due to the unscheduled
operational changes. The additional constraints in the MHE framework to model the unknown
distributions of noises (or uncertainties), the performance, challenges, and limitations of the proposed
RMHE are discussed in this chapter. This work has been published in Computers & Chemical
Engineering®.

Chapter 9 presents the concluding remarks and contributions achieved by the studies conducted in this

research. This chapter also provides recommendations for potential future work in this area.



Chapter 2

Literature Review

Over the past decades, several new developments have been performed to the field of state estimation
to improve the accuracy and efficiency of these approaches for real-world applications under practical
but challenging scenarios that occur during plant operation. Although these modifications have been
conducted for both model-driven and data-driven estimation schemes, the main focus of this thesis is
on the core model-driven estimation schemes, i.e., KF/EKF and MHE, and their extensions. Numerous
efforts involving accurate mathematical developments have been presented in the literature with the
aim of improving the efficiency, accuracy, and robustness of both EKF and MHE frameworks. Each of
these modifications have offered different levels of improvement in the conventional estimation
schemes for the application at hand. Nevertheless, there are still gaps that limits the online monitoring
and control of chemical plants under certain operating conditions. This chapter presents a literature
review and the knowledge gaps that serve the motivation for the studies performed in this thesis. This
chapter is organized as follows: section 2.1 provides a literature review on KF and EKF. Section 2.2
provides an overview on Gaussian Sum Filter (GSF) that is an EKF-based approach to deal with non-
Gaussianity present in the process. An overview on MHE is presented in section 2.3. A summary of

this chapter is presented in the end.

2.1 An Overview on Kalman Filters

Kalman filter (KF) is a standard approach to perform state estimation for unconstrained linear
applications (linear process and measurement models) with zero-mean Gaussian process uncertainties
and measurement noises**#142, The optimal estimated states provided by KF for such processes also
follow Gaussian distributions. KF uses the linearized version of the true process models, i.e., the state-
space model, to provide a priori estimation of the distribution of the states. The sensitivity matrices
present in the state-space model describe the relation between states and states, states and inputs, states
and process uncertainties, states and measurements, and measurements and measurement noises. These
sensitivity matrices remain unchanged throughout the process. Extended Kalman filter (EKF) is widely
used as an efficient extended version of KF to perform state estimation for cases where the process
and/or measurement models are described by unconstrained nonlinear functions while the process
uncertainties and measurement noises follow zero-mean Gaussian distributions. To capture the

nonlinearity of the dynamic systems, EKF updates the sensitivity matrices of the state-space model
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based on the posterior estimations of the states at the last time interval*#4, The formal formulation of
the KF/EKF is presented in chapter 3 (Equations (3-4) and (3-5)). Note that these updates in EKF
increase the required computational costs to perform the point estimates when compared to KF.
Nevertheless, the efficiency and accuracy offered by KF and EKF approaches has motivated the
application of these scheme to perform state estimation for the unconstrained large-scale applications.
An overview on this topic is presented in section 2.1.1. Moreover, section 2.1.2 provides an overview
on the benefits and limitations offered by the existing developments in EKF aimed at improving this
estimator for applications involving constrained states and/or non-Gaussian process uncertainties and

measurement noises.

2.1.1 KF/EKF and large-scale applications:

In principle, unmeasured states can be inferred from historical data and causal relations between the
states, which can be predicted from a dynamic process model and the available process measurements.
Thus, an accurate dynamic process model that can predict the behaviour of the actual plant, combined
with an adequate number of hardware sensors, are essential to achieve an accurate estimation of the
unmeasured states. Efficient frameworks that investigate the minimum number of sensors required and
their potential locations to assess the observability of the system are available*>*®. As mentioned earlier,
KF as well as its extensions, such as EKF have become standard tools in the industry and academia to
estimate key process states that cannot be measured online*’. For instance, literature presents studies
performing KF/EKF based state estimations for large scale systems, e.g., a version of Tennessee
Eastman process*®“°, a reactive distillation process®, a real large-scale agriculture field®, heavy oil

hydro processing reactors®?, etc.

In the case of large and intensive systems, state estimation turns out to be quite challenging due to high
process nonlinearities and the limited number of sensors available for process measurement. The energy
sector is a fairly good example for such a case because processes in this sector operate at harsh
conditions and with a very limited number of sensors. Thus, assessing the observability of intensive
systems such as a gasifier become challenging since they often involve a significantly large variety of
states that cannot be measured online. In addition, the application of certain estimation methods such
as EKF require online estimation of the sensitivity (Jacobian) matrix of the process, which may be
computationally taxing, particularly for large-scale and complex applications. Consequently, the

application of state estimation techniques in the energy sector is quite limited, e.g.,>*%2%%. The main



interest of this research is to perform state estimation for a large-scale gasifier as a part of integrated

gasification combined cycle (IGCC) plant. Thus, an overview on this topic is presented next.

The interest in using coal-fired power generation systems, which provide almost 40% of worldwide
power generation, has increased significantly over the last decade®. Nowadays, due to environmental
concerns, process intensification, computer aided materials design and optimization of energy systems
have become topics of interest to further improve the efficiency of these systems®”%8:59606162  Ayajlable
technologies for integrated gasification combined cycle (IGCC) are classified based on the available
gasifier configurations since this is the main unit in IGCC. Further details on IGCC can be found
elsewhere®®. Gasification is a thermochemical process that converts heavy liquid and solid fuels into
gaseous fuels that contain useful heating value®*. The operating temperature (ranging from 400 °C to
above 2000 °C)®¢6 and pressure (from atmospheric pressure up to 70 bar)®78%° as well as the flow
geometry and oxidation agent, can vary in different gasification units. Entrained-flow gasifiers are the
most common commercial gasifiers due to their short residence time (up to 5 s) and high throughput
and conversion when compared to other available technologies™. Finely pulverized coal is injected into
the entrained flow gasifier to ensure a high carbon conversion. An undesirable side product in the
gasification process is ash that forms a slag layer throughout the inner wall of the gasifier. Therefore,
it is critical to keep the operating temperature and pressure higher than they would be in ash slagging
conditions to allow for molten ash removal from the gasifier’*. The operating temperature and pressure
are up to and over 2000 °C and 15 bar, respectively, which may vary based on the feedstock

composition, the flow regime within the gasifier, and the extent of mixing®"°,

Based on the above, to avoid a loss of plant efficiency due to the formation of this slag, the slag
thickness within the gasifier can be properly controlled by introducing limestone to the gasifier and by
accurately monitoring and controlling the peak temperature within the gasifier. Therefore, online
monitoring of the temperature and the slag thickness inside of the gasifier is essential to keep the
efficiency of this unit at acceptable levels, particularly under operating conditions that often occur in
gasification, such as load-following and co-firing®. However, measuring the slag thickness in real time
is not feasible as the slag is porous and thin and reacts with refractory’?. Moreover, very few types of
thermocouples can provide online measurements for the extreme temperatures reached during
operation™ ", Neither the usual thermocouples nor advanced temperature measurement devices, i.e.,
laser-based temperature sensors, can provide reliable online measurements of the corresponding wall

temperatures at the critical locations within the gasifier for extended periods of operation. Moreover,



most of these thermocouples are still expensive thus imposing a high tax on the budget’ . In addition,
several techniques such as gas chromatography are commonly used to quantify different gas
concentrations, i.e., CO, CO2, Hz, and CHy, in industrial plants; however, none of these techniques are
able to provide measurements of the species concentration in real-time. Thus, online estimation of the
gasifier’s temperatures, slag thicknesses and species concentrations become critical for the safe and

successful operation of this essential process in IGCC.

Based on above, performing state estimation plays an important role in online monitoring and control
of IGCC process. However, the application of state estimation techniques on IGCC plants (or some
sections of IGCC) is still an open issue. Bhattacharyya and et al.”” employed an adaptive KF method
for state estimation of an acid gas removal unit, which is a part of an IGCC plant with CO; capture. The
results showed that their proposed adaptive KF method improves the accuracy of the estimation.
Carrasco and et al.”® applied EKF-based neural network training for the char reduction zone of a solid
fuel gasification process. EKF was used to estimate the six weights in the neural network while using
the output of the neural network model as the measurements in EKF framework. Their study considered
6 states variables and did not include the wall temperature or the slag thickness in the estimation
algorithm. In addition, that study assumed that the online measurements were available for all the states.
Huang and et al. ® used KF to estimate the distribution of the wall temperature for an entrained-flow
gasifier at steady state and for different extents of slag penetration. In addition, a dynamic estimation
of the slag thickness while considering a fixed inlet gas temperature was provided in that study. The
highest temperature reported in that work is 1400°C. In that study, a mechanistic thermal model and a
slag penetration model were proposed and validated using experimental data. States related to the
reaction Kkinetics of the gasification process were not considered in that study. To this date, the
application of a practical conventional method such as KF and EKF for an actual pilot-scale coal-fire

gasification unit is lacking from the literature, which is worth exploring.

2.1.2 EKF under Non-Gaussian densities

State estimators aim to provide adequate estimates that can be used to properly initialize a control
system such as model predictive controller (MPC); a poor initialization of any model-based controller
may lead to a loss performance or unstable operation® #8182 Although Kalman filters are well-known
for unconstrained applications, these methods do not take into account the process constraints. This is
because one of the key underlying assumptions in Kalman filters is that all variables in the system (i.e.,

states, inputs, process uncertainties, measurement noises) are assumed to follow Gaussian distributions.
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However, this assumption may not hold in the presence of constraints on the states, process
uncertainties and measurement noise signals. Rao et al. showed that the lack of knowledge of the
process constraints in Kalman filter leads to biased/infeasible estimates®. Motivated by the crucial role
of process constraints and given this shortcoming in conventional state estimation frameworks, the
optimization-based state estimation schemes such as MHE, as well as the constrained versions of
Kalman filters and sampling-based approaches (e.g., constrained PF) have been developed to improve
the estimation performance and consequently, the control performance®*84, MHE as an optimization-
based estimation method takes into account all the constraints in the dynamic system, which is the main
reason of its popularity in the field of estimation®. However, this method requires a relatively high
computational costs and CPU time when compared to EKF. In addition, MHE considers that process
uncertainties and measurement noises follow zero-mean Gaussian distributions. A detailed discussion
on MHE is presented in section 2.3. A large number of studies have been conducted to develop Kalman
filter-based approaches to improve the performance of this filter for real-world applications featuring
constrained states and non-Gaussian noises/uncertainties. These modifications include a constrained
version of well-known Kalman filters, i.e., constrained EKF**#5, constrained UKF®87and constrained
PF133788 that have been proposed in the literature to overcome the nonlinearity caused by the bounded
states and other process feasibility constraints in the system. In general, EKFs are the most
computational efficient methods among the aforementioned filters. However, most of the existing
constrained-EKF approaches often require to solve an additional/internal optimization problem to meet
the constraints and bounds on the state variables!. This increases both the complexity and
computational costs of the filters, which may limit the application of these approaches for large-scale
constrained nonlinear chemical systems. Prakash et al. proposed an optimization-free constrained EKF
framework that considers a truncated distribution of the state to explicitly take into account the
constraints on the prior and posterior distributions of the estimated states®®. The existing constrained-
EKFs and constrained-UKFs assume that the process uncertainty and measurement noise follow zero-
mean Gaussian distributions!#°; whereas, PFs have shown better performance for the case of non-
Gaussian distributed noises and uncertainties, with the main drawback of large computational

demands®%2,

In most of the engineering and science applications, dynamic processes are nonlinear, while the process

uncertainties and measurement noise signals are represented by bounded Gaussian distributions or

assumed to follow a non-Gaussian distribution, e.g., multi-modal, Gamma, etc. Several studies have

proposed recursive algorithms to overcome the challenges of estimation for such systems!®121° Those
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studies provided an appropriate estimation of the states when tested for engineering applications
involving a very limited number of states, inputs and measurements. However, those algorithms involve
second-order gradient information (second-order Taylor series expansion)!®2 and solving convex
optimization problems®®. Thus, the required computational costs to deal with the convex optimization
problem as well as difficulties to evaluate the second-order information for large-scale systems may

make these algorithms computationally intractable for practical processes.

Previous studies have considered non-Gaussian distributions for the process uncertainties and
measurement noises'®’. However, the Gaussian mixture models in their approach consist of zero-mean
Gaussian distributions, which may not always be an adequate assumption, e.g., when the non-
Gaussianity is described by multi-modal, non-symmetric bounded Gaussian, uniform distributions. If
the process uncertainty/measurement noise present in a process follows a non-zero mean distribution,
the estimation scheme would require a modification to adopt non-zero mean process
uncertainties/measurement noises to keep consistency with the process model and be able to provide
accurate estimations. To the author’s knowledge, such modifications are absent from the literature.
In addition to the existing developments on EKF discussed above, Gaussian sum filter (GSF) is an
EKF-based framework introduced in the literature that aims to capture the non-Gaussianity in the
process variables. As this approach shares some features that are relevant to the novel methodologies
presented in this thesis, an overview on the features and limitations of this estimation scheme is

presented next.

2.2 An Overview on Gaussian Sum Filter (GSF) and Non-Gaussian Applications

Gaussian sum filters (GSF) have been introduced by Sorenson et al.*® as a state estimation approach
that withdraws the Gaussian assumption for the distributions of states, measurement noises, and process
uncertainties. The main idea in GSF is that any non-Gaussian distribution can be approximated to a
Gaussian mixture model, which consists of a proper finite number of Gaussian distributions, also
referred to as Gaussian components®®. Therefore, GSF performs a set of EKFs to provide the point
estimates, i.e., one EKF to project ahead (in time) each of the Gaussian components in the Gaussian
mixture model of the original non-Gaussian distribution®. In principle, GSF can be applied for a wide
range of practical applications, regardless of the level of nonlinearity/non-Gaussianity of the probability
density functions that describe the states, measurements, process uncertainties and measurement
noises®. In practice, GSF and its extensions (i.e., Gaussian sum unscented Kalman filter (GS-UKF)
and Gaussian sum particle filter (GS-PF)) have been proposed only for constrained linear/nonlinear
12



systems involving a relatively small number of state variables where the constraints on the states were
not active” %997 Moreover, the application of GSF in the field of chemical engineering is quite
limited. To the author’s knowledge, only two studies have considered performing state estimation using
the Gaussian sum-based filters for chemical processes®” %, In those studies, the process uncertainties
and the measurement noise signals are assumed to follow a Gaussian distribution. In general, the
performance of GSFs for applications featuring non-zero mean non-Gaussian process uncertainties and
measurement noises has not been reported by the literature. This limitation is more likely due to a few

drawbacks associated with this method; for instance,

I.  The number of required EKFs in the set of GSF increases exponentially as the number of variables
with non-Gaussian distributions increases®, which impacts the computational costs associated with
this method.

Il. Performing individual EKFs based on solely one Gaussian component may result in biased
estimations and/or divergence of EKF®. For instance, it can drive the system to its feasibility limits
and eventually lead to instability or failure in the estimation scheme®.

I11. Previous studies have shown that the Gaussian components in the Gaussian mixture models may
exhibit large covariance matrices, which lead to an inaccurate estimation in EKFs (UKFs/PFs) in
the set of GSF (GS-UKF/GS-PF)100.101.102,

To circumvent the limitation highlighted in item (111) above, Psiaki® considered an upper limit for the
covariance of the Gaussian components. This upper limit is user-defined, which can make its
application challenging in practice. Their proposed approach also considers a re-approximation of the
Gaussian mixture model in the case that the covariance of the Gaussian components violate their
corresponding upper bounds!®. As a result, that approach improves the GSF performance by
eliminating the limitation outlined in item I1l. However, the limitations described in items (I) and (I1)
above remained unsolved. Moreover, in that framework, the constraints on the states were not involved

in the re-approximation of the Gaussian mixture models®,

Regarding the limitations indicated in items (I) and (1) above, no practical solution has been presented
in the literature to address these issues for a general application involving constraints on the states of
non-zero mean non-Gaussian measurement noises. Bhushan et al.®” presented a GSF-based approach
(Unscented Gaussian sum filter (UGSF)) for constrained systems that requires the same computational
costs as that needed by UKF, which is yet significantly higher than that required in EKF. Although

UGSF was presented as a general method to deal with the constrained state estimation, their case studies
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were tested under scenarios where the process was operating far from the feasibility limits, i.e., states
were not close to their bounds. Moreover, one of the underlying assumptions in UFSG is that the noises
and uncertainties follow a Gaussian distribution®. Therefore, there is a great incentive to develop tools

that can address these aspects in EKF/KF estimation.

2.3 An Overview on Moving Horizon Estimation

Online optimization is becoming a standard tool for solving control and estimation problems due to the
computational power that is becoming available for industrial applications. Contrary to standard EKF,
optimization-based state estimation techniques are capable of solving complex constrained problems
online. The full information estimator is an optimization-based state estimation framework that can
takes into account the process constraints'®#1%, The full information estimator solves an optimization
problem subject to equality and inequality process constraints and considering all past measurements
from the initial time up to the current time step at each time interval. The goal of this optimization
problem is to find the optimal estimated states so that it minimizes the errors in the process and
measurement models. The successful solution to a full information estimator optimization problem is
able to satisfy all the constraints and bounds on the estimated states and disturbances, which
distinguishes full information estimators from conventional Kalman filters. However, since this method
solves the problem over a growing time horizon, it is in general a computationally intractable approach
to consider'®. To overcome this obstacle, moving horizon estimation (MHE) has been proposed as an
alternative algorithm to the full information problem for online applications?’.

MHE can be formulated as a constrained nonlinear optimization problem that contrary to the full
information, takes into account a fixed-length horizon of N past measurements and dynamic system
updates. All the discarded previous measurements which are not included in the current horizon are
summarized in a term referred to as the arrival cost (AC), which appears as a penalty term in the
objective function. The moving horizon slides with time while partially accounting for the AC term?#,
Figure 2-1 shows the difference between the full information problem and MHE. Note that the formal
optimization formulation of the MHE is presented in chapter 6 (Equation (6-1)). MHE aims to address
the main limitation of the full information estimator, i.e. computational costs; hence, this method has

received attention in recent years!08:109.110,111,112, 113,114,115
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Figure 2-1: Full information (red windows) problem vs MHE (blue windows)

There are many factors that need to be considered when choosing the length of horizon (N), e.g.,
computational budget, system observability and model accuracy. Higher estimation accuracy may be
obtained by either long horizon lengths or determining accurate AC approximations!®1¢  An MHE
with a long horizon length approximates to the full information estimation problem, and therefore can
easily become computationally intractable, particularly for large-scale online applications. Therefore,
one of the open issues in applying MHE method is how to estimate the AC to summarize
comprehensively and accurately all the past information of the system.

In addition to the importance of AC in the MHE performance, it is essential to provide proper models
to the MHE formulation to accurately describe the distribution of the measurement noises and process
uncertainties. Similar to EKF, both full information estimator and MHE consider that process
uncertainties and measurement noises follow zero-mean Gaussian distributions, which may not be
always a valid assumption. This thesis is focused on the techniques that can improve the MHE

performance under cases involving non-Gaussian noises and uncertainties.

Based on above, an inappropriate initialization of the three terms in the objective function of the MHE
problem, i.e., AC, summation of the measurement noises, and summation of the process uncertainties,
may result in biased state estimation. Thus, an overview on the impact of AC in the MHE performance
is presented next. The gaps that motivated the research performed in this thesis (presented in chapter
6) is outlined in section 2.3.1. Later, a literature review concerning the performance of MHE-based
schemes while taking into account the non-Gaussianity in the distribution of noises and uncertainties is

presented in section 2.3.2.
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2.3.1 Arrival Cost Estimator in the Moving Horizon Estimation coupled with Nonlinear

Model Predictive Control

MHE is a well-known optimization-based estimation for the constrained application, as discussed
above. The stability of MHE, the required CPU time, and the accuracy of its solution is highly
dependent on the AC since it is needed to identify the initial states of the plant in the moving horizon
framework. Explicit AC expressions can only be specified for unconstrained linear systems; thus, for
most of the constrained nonlinear dynamic systems, it is essential to find ways to approximate the
AC!. A poor approximation of the AC leads to the necessity of choosing a long estimation horizon to
reduce the impact of AC on the MHE framework at the expense of additional computational costs%.
However, the computational cost of full-information optimization problems becomes significant due to
the increase in the estimation horizon and can limit the application of MHE as an online estimator for
highly nonlinear large-scale systems®. This is particularly critical for MHE applications in closed-
loop control systems. Hence, the AC approximation has a critical role to reduce the computational costs
in the MHE estimation and thus improve the performance of advanced process control systems such as
nonlinear model predictive control (NMPC) t°. Note that NMPC as an optimization problem relies on
the initialization provided by MHE. A proper initialization of the NMPC optimization problem is key
to maintain closed-loop operation on target!?°. In addition to the requirement of the approximation of
AC for the purpose of initializing the MHE, and consequently the NMPC problem, an AC estimator
requires to receive a prior estimation of the states as well as the current control actions computed by
the NMPC, respectively. That is, there exists an interaction between MHE and AC as well as NMPC
and AC. Thus, the effect of AC approximation on the MHE performance, and therefore on the NMPC
performance, becomes a topic of interest that has not been widely investigated in the literature.

Efforts to improve AC approximations can be found in the literature. The most common approaches
for approximating the AC are KF and EKF®. For instance, Rao et al. employed KF and Kalman
Smoother methods to update the covariance matrix in the AC for a linear system that follows a Gaussian
distribution!?!, As for unconstrained nonlinear systems, MHE may provide stable state estimates that
are closer to the true states when EKF is used as the AC estimation method'®. According to the
literature, the stability conditions can be derived when an unconstrained nonlinear MHE framework is
considered!®122, Since the errors in the AC approximation are propagated throughout the estimation
horizon, EKF may exhibit instability. Moreover, the main assumption of EKF is that the conditional

probability density of the states is normally distributed. Although process uncertainties and states of
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the system may follow a normal distribution, the prior and posterior distributions may not be Gaussian
in the presence of bounds on the states or other process variables (e.g., saturation limits in the
manipulated variables). Furthermore, if a normally distributed random variable propagates through a
nonlinear model, its distribution may not necessarily remain Gaussian®. On the other hand, according
to the previous studies, EKF divergence is mainly due to the poor initialization in the distribution of
the states?”-?8, Moreover, previous studies have shown that Kalman filter framework is an adequate
estimation scheme for large-scale applications if proper initial guesses of states and a reliable
mechanistic model are available®*'3.Qu and Hahn!*" employed the UKF method to update only the
covariance matrix in the AC estimation. Although the performance of MHE improves slightly, the issue
of inconsistency between the unconstrained UKF to provide the AC estimation for constrained MHE
still remains an open issue. To circumvent this problem, the use of a constrained version of UKF, PF
and cell filtering (CF) estimators has been proposed?*. However, constrained UKF often results in
suboptimal solutions at best. On the other hand, PF has been identified as a standard nonlinear state
estimation method that can explicitly handle constrained state estimation problems (non-Gaussian state-
space models) and makes PF more attractive and practical than EKF for industrial applications?. Lang
et al.1?® developed a constrained PF (C-PF) that truncates or adjusts the suitable constrained distribution
(prior or likelihood) to satisfy the process constraints, thus ensuring that the posterior distribution also
satisfies constraints. However, that study did not solve the challenges of choosing the importance
function in C-PF'?’. On the other hand, reports involving small-scale case studies revealed that among
all the methods used in that study, CF is the most adequate choice for estimating the AC. However, the
high computational cost associated with CF limits its application for industrial and/or complex
systems'?*, Despite the limitations mentioned above, C-PF, and in particular EKF, remain as the most
widely used filters to deal with nonlinear constrained state estimation problems.

In the literature, only very few studies have assessed the impact of AC in the MHE framework®-124, For
instance, Lopez-Negrete et al.®® analyzed the benefits of using different sampling-based methods to
estimate the AC parameters. Since particles are being propagated through the nonlinear system, the
normally distributed assumption of the state estimation error in the EKF estimator can be dropped, as
well as the difficulty associated with the calculation of the Jacobian matrix at each time interval. Those
studies have only considered relatively simple case studies, e.g., an isothermal batch reactor (i.e.,
includes two states and one measurement), a non-isothermal Continuously Stirred Tank Reactor

(CSTR) (i.e., involves three states and one measurement)® and a synthetic univariate time-varying
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nonlinear system (i.e., involves one state with a single measurement)*?*. In addition, studies addressing
the effect of using different AC estimation methods for chemical systems under conditions that may
rise during operation has not been reported, e.g., bounds on the process uncertainty. Moreover, studies
assessing the impact of AC on the quality of the performance in closed-loop using advanced controllers

such as NMPC are not available.
2.3.2 Moving Horizon Estimation under Non-Gaussian Noises and Uncertainties

As mentioned above, chemical plants often involve process uncertainties and measurement noises that
follow non-zero mean non-Gaussian distributions. The studies on the MHE performance under the non-
Gaussian noises/uncertainties can be categorized into two major types, i.e.,, non-Gaussian
noises/uncertainties with Type I-known priori distributions and with Type I1- unknown distributions. A

literature review for each type is presented next.
2.3.2.1 Type |: MHE under noise/uncertainty with known non-Gaussian distribution

Contrary to the underlying assumption in the standard MHE formulation®223, random measurement
noises and process uncertainties associated with the chemical processes often follow non-zero mean
non-Gaussian distributions®1%t, This inconsistency between the MHE framework and the actual
process operating conditions may lead to an inaccurate estimation. Note that if the non-Gaussianity in
the distribution of the noises is only due to bounds on the noises, i.e., noises follow truncated zero-
mean Gaussian distribution, standard MHE can accurately estimate the states because the Gaussian
distribution assumption holds with meaningful statistics and therefore, the MHE formulation would
take into account the bounds on the noises as constraints!?329.303L37.129 - However, if the process
uncertainties and measurement noises belong to a non-Gaussian density, i.e., uniform, multi-modal,
etc., the Gaussian distribution assumption in the standard MHE framework is no longer valid.
Therefore, a modification in the MHE framework is needed to overcome the challenges caused by
presence of such random variables in the system. Studies investigating the effect of non-Gaussian
process uncertainties and measurement noises (i.e., multi-modal, uniform, Gama, etc. distribution) on
the MHE performance are scarce®*'*!, Bae and et al. showed that for humanoid state estimation
involving non-Gaussian noises, standard MHE provides more accurate estimates than KF**. Yin and
et al. presented a I-2 regularized MHE that involves an additional weighted 12-norm term to improve

the estimation accuracy against outlier measurement noises®*!. That study showed a reduction in the
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estimation error using their proposed MHE when compared to KF for an application involving non-
Gaussian noises, because of the robustness offered by the additional term. Nevertheless, their approach

did not take into account the non-Gaussianity of the noises®.

Moreover, the distribution of the process uncertainties and measurement noises may change over time
from a known arbitrary distribution to another distribution, i.e., from a zero-mean Gaussian distribution
to a non-zero mean non-Gaussian distribution. This may happen due to the scheduled changes in the
operational conditions and set-points. Therefore, it is essential to make the MHE framework flexible to
adjust the state estimation accordingly to the current distribution (i.e., the shape and the modelling
characteristics of the distribution) of the random variables present in the process. Although the state-
space model used in the standard MHE and other state estimation algorithms considers process
uncertainties and measurement noises that randomly changes at each sampling time, these random
variables are assumed to belong to known distributions that remain unchanged throughout the process.
For the remainder of this work, the distribution that remains unchanged during operation is referred to
as time-independent distribution; likewise, the distribution that changes due to changes in the operation
is referred to as time-dependent distribution. Studies in state estimation that consider scenarios with
time-dependent distribution for the process uncertainty and measurement noise are limited?. Xu and et
al. proposed a Fixed-point Iteration Gaussian Sum Filter to improve the estimation for the case of time-
dependent non-zero mean non-Gaussian distribution of measurement noise?X. The performance of their
approach has not been investigated for cases involving process uncertainties with time-dependent non-
Gaussian distributions. Moreover, similar to conventional Gaussian sum filter-based approaches, the
approach proposed by Xu requires to perform several parallel filters?, i.e., one for each of the Gaussian
component in the Gaussian mixture, which increase the computational load exponentially depending
on the level of non-Gaussianity of the system. To the author’s knowledge, no study has considered
online adaptation on the distribution of the process uncertainty (and measurement noise) within the
context of the MHE framework. Also, MHE-based estimation schemes that explicitly take into account

the non-Gaussian process uncertainties and measurement noises have not been reported in the literature.

In general, non-Gaussian probability density functions can be approximated to a Gaussian mixture
model, i.e., a summation of multiple Gaussian distributions. Thus, in theory, a similar procedure as in
GSF may help to improve the MHE performance under non-Gaussian noises and uncertainties. While
performing Gaussian sum to the MHE framework can improve the estimation accuracy for the

applications involving the non-Gaussian distributed variables, this combination can become
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computationally demanding. That is, performing a set of MHES to evaluate the point estimates means
solving a set of optimization problems thus making this approach computationally taxing for the
purpose of online estimation and control. To the author’s knowledge, no study has considered the

application of Gaussian sum (or Gaussian mixture models) in the context of the MHE framework.

2.3.2.2 Type II: Robust MHE under unexpected noise/uncertainty with unknown distribution

One of the underlying assumptions in the standard Moving Horizon Estimation (MHE) framework is
that the process uncertainties and measurement noises can be described by zero-mean Gaussian
distributions where the covariance matrix of their corresponding distributions are known a priori 32,
However, the process uncertainties’ densities may not follow their ordinary distribution during
operation 819 for instance, a sudden extreme weather condition may impose unexpected random
process uncertainties and start to follow a non-Gaussian distribution (e.g., bimodal distribution).
Likewise, the unexpected measurement noises caused by occasional failures of the measurement
devices may lead to gross measurement noises, i.e., data outliers, drifting data, etc. 2222, The
distribution of the corresponding process uncertainty (or measurement noise) may become non-
Gaussian upon these expected random variables interfere the operation, up until the effect of these
operational changes vanishes. These aspects often arising in chemical plant operations motivate the
need to develop robust MHE schemes.

The conventional robust MHE schemes presented in literature have focused on replacing the £2-norm
function by either the Fair, Lorentzian, Logistic, Huber, and Welsch functions!32133134135136 tq jncrease
the robustness of the state estimation against gross measurement noises™*”*%, Despite these changes in
the MHE framework, the performance of those schemes for applications involving unexpected process
uncertainties have not been investigated. Another MHE-based robust scheme has been presented in'®®
that can handle outliers in the measurement noise for linear applications. That robust MHE framework
performs a set of optimization problems based on a set of least-squares cost functions''®. Each cost
function considers that one of the measurements present in the horizon is contaminated by an outlier
and needs to be left out from the state estimation®*. The lowest cost function is retained to provide the
point estimate and to propagate to the next time interval®®, That approach requires a significant amount
of computational effort to determine the point estimates when compared to the standard MHE, which
may limit its application for nonlinear industrial-scale applications. Ji and et al.1!3 developed an MHE-
based framework that involves an additional max term to the standard MHE objective function to

improve the robustness in the estimation. That work assumed that the process uncertainties and

20



measurement noises are bounded!*®. Moreover, robust MHE frameworks have been presented in®01%
that involve an auxiliary nonlinear observer combined with the standard MHE framework (under the
assumption of bounded process uncertainty). The deterministic observer is used to provide a confidence
region and the reference estimates that limit the robust MHE to find optimal estimations within these
confidence regions for nonlinear applications involving bounded uncertainties and noises***°4°, Each
of these robust MHE approaches have shown different level of success in improving the MHE
performance. Nevertheless, the bounded distribution assumption on the random variables may not
necessarily hold for real-world applications. In addition, the current robust MHE schemes share the
same assumption that the distribution of the process uncertainties and measurement noises are known
a priori, i.e., Gaussian zero-mean distribution with a known covariance matrix3%:137.138.115113139 Hence,
frameworks involving non-Gaussian noises or uncertainties with unknown densities are of practical
interest in the context of state estimation. Gaussian mixture models are well-known for their ability to
approximate arbitrary non-Gaussian distributions. Despite this attractive feature, the application of
Gaussian mixture models to improve the accuracy and robustness in MHE estimation has not been

investigated to the author’s knowledge.

2.4 Summary

In summary, this chapter presented a review on KF, EKF, and MHE, which are the core state estimation
schemes for the research performed in this PhD thesis. Moreover, an overview on GSF was presented
to provide an insight on this method. As discussed in this chapter, KF/EKF are efficient approaches to
perform state estimation for unconstrained large-scale systems. Due to the observability and stability
challenges associated with the energy sector, the performance of these state estimation schemes for
unconstrained large-scale applications such as entrained-flow gasifier has not been evaluated to date.
As for the applications featuring constrained states, non-Gaussian process uncertainties, and non-
Gaussian noises, an efficient (optimization-free and sampling-free) EKF-based framework that can

provide appropriate estimations of the states is still an open issue in the field of state estimation.

Based on the review conducted on MHE, the key to success when performing state estimation using
this method is to provide accurate approximations of the arrival cost (AC), process uncertainties, and
measurement noises. Based on the multiple contradicting studies presented in the literature on the
reason as to why EKF tend to fail under certain scenarios (e.g., process constraints). An error analysis
on the EKF performance under different estimation frameworks can provide new insights on the

capabilities of EKF as a single state estimator or when it is combined with a constrained estimation
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scheme such as MHE. With regards to the role of process uncertainties and measurement noises in the
MHE problem, the literature review revealed that this is a fairly new area in the context of MHE that is
worth exploring. To the best of author’s knowledge, a development on MHE that makes this scheme
suitable for the applications featuring non-Gaussian or/and unknown or/and time-dependent

distributions of the process uncertainties or measurement noises are absent in the literature.
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Chapter 3
State estimation and sensor location for Entrained-Flow

Gasification Systems using Kalman Filter

Performing KF/EKF for large-scale systems poses challenges such as observability and computational
complexities in the evaluation of the Jacobian matrix. Consequently, exploring the performance of this
estimation scheme under practical scenarios occurring in large-scale power plants such as IGCC
systems is a knowledge gap in the literature. This chapter presents the application of a practical method
such as KF and EKF for an actual pilot-scale coal-fire gasification unit. The gasifier model employed
in this study is a dynamic reduced-order model (ROM) of an actual pilot-scale entrained-flow gasifier
unit, which includes 479 states describing the reaction kinetics and the mass, heat and momentum
transport phenomena taking place inside this unit. To the author’s knowledge, the estimation of such a
large-scale intensive system in the energy sector that involves that many states across a gasifier has not
been attempted before, hence the novelty of this research. The estimation has been performed under
different scenarios involving a different arrangement of the sensors available for online estimation of
the states. In addition, the estimation for the pilot-scale gasification unit was also tested in the presence
of additive uncertainty in the prior estimation, plant-model mismatch, and load-following, the latter
being a typical operation often performed in IGCC gasification units.

This chapter is organized as follows: the next section elaborates on the gasifier unit and the model used
in this study to simulate the transient operation of this unit. Section 3.2 provides an overview of the
Kalman filter estimation. Section 3.3 presents the results, detailed discussions, and underlying
assumptions for each of the scenarios considered in this study. A summary of this chapter is presented

in section 3.4.

3.1 Entrained-flow Slagging Gasifier

The gasification unit is responsible for the transformation of the solid fuels into the so-called syngas
gaseous fuel. As shown in Figure 3-1(a), solid fuel, oxygen, and steam enter into the gasifier. At the
top of the gasifier, the fuel, steam and oxygen mix with each other, which leads to vaporization of the
moisture content (H,O) and devolatilization of the volatile components within the solid fuel (e.g.,
hydrogen H,, tar, methane CH., ethane C;Hs, etc.). This process is called drying and pyrolysis (see
Figure 3-1(b)). The solid residue remaining after this process is known as char, which contains carbon

and ash. The major part of the ash content of the fuel melts and makes a liquid slag layer on the gasifier’s
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refractory, which needs to be removed from the gasifier to avoid losing efficiency in the unit. The char
and the combustible species within the volatile product react with oxygen. Figure 3-1(b) presents the
homogeneous reactions within the unit (see Volatile and Combustion reaction section in Figure 3-1(b)).
This set of reactions aim to provide the required energy for the four heterogeneous char gasification
reactions to produce the syngas as well as the heat needed for the drying and pyrolysis. Moreover, two
sulfur (homogeneous) reactions convert the sulfur content of the fuel into hydrogen sulfide (H2S). The
product species of all the reactions are listed in Figure 3-1(b), including syngas (i.e., combination of
CO and Hy), which represents the main product used for power production. As shown in Figure 3-1(a),
the syngas together with the remaining ash and molten slag represent the main outlet products obtained
from this unit'*!. Table 3-1 presents the fuel composition and the nominal flowrate of these inlet streams

as well as some of the main design parameters of the pilot-scale gasifier considered in this study.
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Figure 3-1: (a) Entrained-flow gasifier'#?; (b) reaction system of gasification process'#!

Table 3-1: Operating conditions and design
specifications for the pilot-scale gasifier’142

Parameter Value
Inner diameter 0.21m
Length 2.20m
Operating pressure 15 bar
Inlet H> mole fraction 0.1883
Inlet O> mole fraction 0.4156
Inlet CH4 mole fraction 0.0040
Inlet CO mole fraction 0.0085
Inlet H.O mole fraction 0.2166
Inlet CoHs mole fraction 0.0024
Inlet CO2 mole fraction 0.0002
Inlet Tar mole fraction 0.0029
Inlet SO2 mole fraction 0

Inlet COS mole fraction 0

Inlet H2S mole fraction 0.0061
Inlet N2 mole fraction 0.1545
Inlet temperature of entering gas 461.904 K
Inlet char flowrate 0.7839 mol/s
Inlet particle temperature 390 K
Inlet slag thickness 1e-05m
Nominal fuel flowrate into gasifier | 41.2 kg/h
Nominal oxygen flowrate 37.2 kg/h
Nominal steam flowrate 10.7 kg/h
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The models currently available to represent the dynamic behaviour of compact entrained-flow
gasification units are limited due to their complexity®. Although computational fluid dynamics (CFD)
can be used to simulate the steady-state behaviour of the multi-phase transport phenomena of the
gasification process as well as its reactions, this modelling approach would not be computationally
efficient for the purpose of modelling the transient operation of the process'*®. Recently, multiple
studies have revealed that a suitable and computationally attractive dynamic model for the gasification
process can be obtained using one-dimensional reduced-order models (ROMs)44145:146.147.148 |y
previous studies, Sahraei et al.”>!42 developed a dynamic ROM for the pilot-scale unit considered in the
present study in this chapter. That model was validated using both CFD simulation data and transient
experimental data. Hence, the present study used that dynamic ROM as an adequate representation of

the operation of the pilot-scale gasification unit.

The dynamic ROM used in this work was designed based on the streamlines obtained from CFD
simulations of the pilot-scale unit (Figure 3-2(a)) around a nominal operation condition specified in
Table 3-1. The CFD data was used to design a reactor network model, which aims to capture the
different flow zones taking place inside the gasification unit. As shown in Figure 3-2(b), the reactor
network consists of three plug-flow reactors (PFRs) that model the laminar jet-flow configuration as
well as two continuous stirred-tank reactors (CSTR) to capture the mixing flow regime of the pilot-
scale’s gasifier. As shown in Figure 3-2(b), the downstream zone (DSZ) is represented using a PFR,
however, two PFRs and two CSTRs are required to express the jet expansion zones (JEZS) and external

recirculation zones (ERZs), respectively 2.
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Figure 3-2: (a): Reactor network model for the gasifier; (b). Streamlines of CFD
simulation; JEZ: jet expansion zone; ERZ: external recirculation zone; DSZ:
downstream zone "

The dynamic ROM consists of over 80 algebraic equations that represent operability constraints and
empirical correlations that are needed to estimate some of the model parameters, e.g., heats of reaction,
reaction rates, recirculation ratio, slag thickness, slag viscosity, etc. The partial differential equations
(PDEs) representing the momentum, mass, and energy balances for the gasifier are listed in Table 3-2
2142 The momentum balance consists of 3 PDES representing conservation equations for gas velocity,
particle velocity, and particle number density. The particle number density is calculated throughout the
reactor and over time as it changes due to particle deposition on the walls. The particle number density
PDE is a critical equation in the calculation of the particle velocity and solving the momentum balance.
The outcome of the momentum balance is used in the mass and heat balances where the particles
devolatize and the solid residue is modeled as char. The mass and heat balances consist of 16 PDEs and
involve mole fractions of all the species, mass, temperature, and slag thickness across the gasifier.
Moreover, the CSTR model describing the behaviour in the ERZ zones (see Figure 3-2(b)) contains 15
PDEs that describe the mass and heat balance conservation equations. As shown in Figure 3-2(b), the
gasifier can be split into two sections, i.e., the top section and the DSZ section. In each zone, 14 nodes
(each describing the behaviour of the process at a particular height in the gasifier) are considered.
Accordingly, a set of 284 PDEs and more than 80 algebraic equations are solved simultaneously for the
top section of the gasifier to evaluate the velocity, pressure, composition, slag thickness, and
temperature profiles of the system at any time interval. Note that the notation for the model equations
and the parameters of the model are presented in the nomenclature. Moreover, sub-model descriptions,
i.e., slag modeling and the modified correlations such as the recirculation ratio of the reactor network
correlation, can be found elsewhere’?%2, Please note that A, represents the cross-sectional area within
each reactor in the network. As described in Sahraei et al.}*?, the JEZ sections of the gasifier consider
changes in A, at different heights (z) within the top section of the reactor, i.e., the cross-sectional area

is determined as a function of the location in the gasifier.
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Table 3-2: Partial different equations, dynamic ROM 72142
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As shown in Figure 3-3, the dynamic ROM considers 14 uniformly distributed nodes across the axial

domain for each section of the gasifier, i.e., the top section and DSZ section. Previous studies on this

model have shown that 14 nodes are sufficient to accurately predict the operation of the gasification

unit2. The distance between adjacent nodes is approximately 0.040 m. Note that these nodes are located

in the JEZ1 and JEZ2 sections for the top section of the gasifier; the DSZ section of the gasifier is also
divided into 14 nodes. Note that the JEZ1, JEZ2 and DSZ are modelled using PFRs as shown in Figure

3-2(a). Each of these nodes represents a potential sensor location to monitor the state variables of this

process in real-time. As mentioned above, the dynamic ROM discretizes all of the PDEs based on the

node specification to predict the temporal evolution of each state variable at a particular height in the

gasifier. Although the discretization of the PDEs using the nodes significantly increases the number of
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differential equations to be solved by the model, and therefore the corresponding computational costs,
this significantly improves the accuracy of the dynamic ROM to capture the dynamic and nonlinear
behaviour of the gasification process within the gasifier. Figure 3-3 shows a schematic of the potential
sensor locations of the state variables within the top section of the gasifier (denoted as JEZ1 and JEZ2
in Figure 3-2). At each node, all of the mole fractions (e.g., Hz, O,, CHs etc.), char flow rate, slag
thickness, and gas and solid temperatures are identified as states of the system and calculated from the
dynamic ROM. That is, at every location in the axial domain of the gasifier, there are 16 state variables
that describe the temporal evolution of the system. Moreover, the same state variables (except for the
slag thickness) represent the behaviour of the ERZ sections of the gasifier. As the ERZ sections in the
top section of the gasifier have been modeled using two CSTRs (see Figure 3-2(b)), the predictions of
all 15 states are assumed to be constant within these zones. In addition, the DSZ of the gasifier also
contains similar state variables and potential sensor locations to those considered for the top section.

However, this section does not include any CSTR unit, as shown in Figure 3-2(b).
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Figure 3-3: A schematic of the potential location of sensors for the top section of the gasifier
Based on the above, the total number of states is 239 and 240 for the top and bottom sections of the

gasifier, respectively. Due to the size and complexity of the problem, the current study focuses on the
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top section of the gasifier because the most critical states relevant to the operation of this unit, namely

the peak temperature and slag thickness, are located in this section.

3.2 State Estimation (Kalman Filter)

Given the complexity of the system considered in this study, it is critical to use an estimation tool that
can predict the states accurately and in short simulation times so that it can be adequately used for
online monitoring. However, in the case of large-scale applications such as the gasifier unit, high
simulations costs are expected due to the complexity and high nonlinearity of the system. This study
considers the use of KF (and EKF) as a practical tool that can provide online estimation of the key

states in reasonable computational times.

Consider a nonlinear model with states x, inputs u, and measurements y can be described as follows:

Xiev1 = f (X, Up) + Wy (3-1)

Vi = h(x, uy) + vy, (3-2)
, - =k

Elwwf] = { gi v i Epad] ={{ S (3-3)

weER™,veRY,x € R,y € R, u € R™, Q € R™*"x,R € R"™»*™,
f: Rnxxnu N Rnx , h: Rnxxnu - Rny

where k denotes the time constant. Moreover, w and v are mutually uncorrelated, zero-mean Gaussian
random process uncertainties and measurement noise signals, respectively. @ and R are diagonal
covariance matrices for the process uncertainties and the measurement noise signals, respectively. Note
that ]E[wcxg] = 0 for all k where x, denotes the vector of initial states. Moreover, the function f
describes the process model, whereas the function h represents the measurement model. For the
nonlinear dynamic system presented in Equations (3-1)-(3-3), the formulation of the KF/EKF is as

follows™®:

Prior estimation

Rir1ke = f Frpo Uk) = AppaRige + Braa
Pyi1k = AxPi AL + Q
f(xu)

where A;= (3-4)

| = Ry u = Uy
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Posterior estimation

Ky = Pk+1|kH£+1/(Hk+1pk+1|kH£+1 + R)

52k+1|k+1 =

Xe+1je + Kira ()’k+1 - h(ik+1|k’uk)) (3-5)
Piiijisr = U — Ky Hy 1) Py ic
where szah(g:u) lx = X U = Uy

P € Rnxxnx)A € Rnxxnx’B € Rnxxnu’K € Rnxxny’H e Rnyxnx

where the Jacobian matrix A denotes the correlation between the system states; the sensitivity matrix
B describes the correlation between the states and the inputs. This estimation scheme performs two
major steps of estimation, namely the prior and the posterior estimation. The former is also known as
the time update step as it projects the probability density function (PDF) of the states at the current time
interval k ahead to estimate the prior distribution of the states in the next time interval k + 1, i.e.,
Xi+1)k and Py q)x. The last step evaluates the Kalman gain K at the time interval k + 1 and updates
both the expected value X1 x+1 and the covariance Py 4,41 Of the posterior distribution. Note that

in the current study, R and Q are assumed to be constant over time.

KF uses a linear dynamic model with constant 4 and B; these are evaluated only at the nominal value
of the states (Xpominal) @nd the inputs (Uneminar)- ON the other hand, EKF updates both matrices 4 and
B at each time interval k based on the latest inputs and posterior estimates. Thus, EKF requires
additional computational effort to perform these updates, particularly for large-scale applications such
as the pilot-scale gasifier unit. The main challenges in the estimation, as well as the outcome of

performing KF and EKF for the pilot-scale gasification unit considered in this study, are discussed next.

3.3 Results

The current study performs state estimation using Kalman Filters for a pilot-scale gasifier under
different scenarios, which aim to investigate the capability of this technique in the presence of additive
uncertainty in the prior estimation, common changes in the input streams of the gasifier, and in the case
of plant-model mismatch. In all of these scenarios, one of the main challenges of performing KF and
EKF for the gasification unit is to adequately estimate matrices A and B in order to capture the dynamic
behaviour of the process accurately. As the current case study includes 239 states, the Jacobian matrix
A is a 239x239 square matrix whereas B is a 239x81 matrix. The 81 inputs to the Kalman filter
framework represent the characteristics of inlet streams (e.g., molar fractions for the species,
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temperatures, slag thickness, and char flowrate), inlet flowrates (e.g., fuel, steam, and oxygen), and the
velocity and pressure profiles. The numerical evaluation of the Jacobian matrix for such a large-scale
system is computationally expensive. The required CPU time for the analytical evaluation of these
matrices at the nominal operating condition is approximately 19.30 minutes. Once the analytical
solution of the sensitivity matrices is available, the evaluation of the sensitivity matrices is relatively
fast (~0.6 s). The analytical calculation of the A and B matrices has been conducted using the Python
function lambdify. The dynamic ROM presented in the previous section was implemented in Python
3.7. Similarly, all the computational experiments performed in this study were conducted using Python
3.7 on a computer equipped with 32 GB RAM and Intel(R) Core(TM) i7-4770 CPU @ 3.40 GHz. Note
that the linear state space model used in this study has been validated using the dynamic ROM for the
gasifier. In this work, the dynamic ROM was considered as the true plant model of the gasification unit.
Figures 3-4 (a)-(d) compare the predictions of the linear model to the states estimated by the dynamic
ROM (denoted as “True State”) for temperature, slag thickness, H> mole fraction, and the CO mole
fraction at the 14" node (end of the top section). As shown in this figure, the linear state space model
captures the transient operation of the gasification unit. Note that this validation was performed under
the load-following condition (see section 3.3.2).
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Figure 3-4: Accuracy of the linear state space model with respect to the true value of the states at the 14"
node for (a) solid temperature; (b) slag thickness; (c) H2 model fraction; (d) CO mole fraction

A key feature in the current work is associated with the specification of an adequate time interval in the
state estimation framework such that the proposed dynamic model can be solved with sufficient
accuracy and avoid numerical instabilities. That is, the time interval to extrapolate the linear model and
estimate the prior distribution of states N(ﬁk+1|k, Pk+1|k) is key to KF accuracy. In addition, the

gasifier unit considered in this study involves states that evolve at different scales, e.g., the mole fraction
of Hz across the gasifier is on average six orders of magnitude smaller than the gasifier’s average
temperature in the top section. To circumvent this issue, relatively small time steps, i.e., 1e-5 s, are
needed to maintain numerical stability in the prediction of the prior distribution of the estimated states.
Note that the sampling time interval of the actual system is one minute. That is, the prior estimation is
updated at very small time steps (i.e., every le-5s) while the posterior estimation is updated once new
measurements become available (i.e., every minute). Although the proposed approach to deal with the
complexity of the current system increases the CPU costs, it allows the KF to maintain stable

estimations of the prior states and covariance matrix.

A few alternatives were considered to increase the time interval (1e-5s). The maximum absolute
eigenvalue of the Jacobian matrix evaluated at the nominal point is 1.18582e+5. Note that the required
time step in the prior KF estimation to maintain numerical stability is proportional to the inverse of the
maximum absolute eigenvalue of the Jacobian matrix 0. Thus, the time-step considered in this study
(1e-5s) is the largest time-step that can be considered to achieve numerical stability of the linear state
space model. The Jacobian conditioning (currently at 4.4081e+11 at the nominal operating point) was
also considered to improve the computational efficiency in estimation. One potential alternative to deal
with the time scale problem was to normalize the system. However, even in the case of normalization,
there is no guarantee that the normalized state-space linear model may not contain large eigenvalues or
improve conditioning of the Jacobian matrix. Also, normalization may add additional numerical errors
to the system that may result in numerical intractability. An alternative considered was to assume that
states with fast dynamics would only be considered using their steady-state information, i.e., the
dynamic behavior of those states would be neglected. To perform this task, all the states associated with
large eigenvalues (>1,000) were removed from the linear state space model and only their steady-state
information would be considered to update those states in the KF estimation. A total of 56 states were
removed from the linear state space model and were only considered as steady-state inputs to the model.

Most of the states with fast dynamics involved the mole fractions of H,, O,, CHa4, CO along the axial
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domain of the gasifier, which are important states that need to be estimated accurately for the purpose
of monitoring and control of the gasification process. The resulting reduced linear state space model
was used for prior estimation in the KF framework using larger time steps, i.e., 1le-3s and 1e-4s. Results
from this implementation showed that the KF estimation diverged, mostly because the maximum
absolute eigenvalue of the corresponding Jacobian matrix in the reduced linear state space model was
still in the order of 1e+5. In addition, this study also considered other reduced linear state space models
that involved different combinations between states with fast dynamics, e.g., two linear reduced state
space models with total number of states 225 and 28. The 225 states-ROM involved all the states except
the model fractions of H, whereas the 28 states-ROM only involved the wall temperature and the slag
thickness along the gasifier. The maximum eigenvalue in the 225 states-ROM and 28 states-ROM was
1.18582e+5 and 1.0251e+4, respectively, which limit the use of time steps larger than 1e-5s. As a
result, the KF estimation also diverged when larger time-steps were used, mostly due to inaccurate prior
estimations. These tests indicate that small time intervals are needed to maintain numerical stability of

the linear state space model.

Moreover, the number of states that can be measured online may be limited in an actual setting. The
type of states that can be measured online as well as the location of the sensors inside the gasifier can
affect the quality of the estimation, particularly in the case that the linear model does not capture the
process behaviour due to the presence of process uncertainties, additive uncertainty in the prior
estimation, or plant-model mismatch. To gain insight on the impact of sensor availability and their
location within the gasifier, the present study analyzed the performance of the estimation under
different numbers, types and locations of the sensors around the gasifier. Furthermore, this study
assumed that the standard deviation of the process uncertainty associated with each of the plant states
is 2% of the nominal steady-state values of the states, X,ominal (€€ Table 3-1), whereas the standard
deviation of the measurement noise is negligible and set to 1e-6Xp,omina1- TNis study assumed that the
dynamic ROM is the true plant and provides the true states of the gasification unit. Thus, the actual
states of the system (i.e., Plant Outputs) are the outputs of the dynamic ROM (i.e., True States)
complemented with the added process uncertainties. The additional underlying assumptions of each of

the scenarios and the detailed discussion of the results are presented next.

3.3.1 Scenario I: Additive uncertainty in the prior estimation

In order to analyze the impact of sensor location in the KF performance, this scenario aims to validate

the estimation of KF under three different sets of the partial states considered as Case A, Case B, and
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Case C. Table 3-3 shows the detailed information of the partial states known for each case, i.e., the

types and locations of the measurable states. Note that T, and T,, represent the temperature of the gas

and the gasifier’s wall, respectively; C; is the mole fraction of the species i shown in Figure 3-1(b), and
ST denotes the slag thickness. As mentioned above, having access to the measurements of the states
within the gasifier is difficult due to the extreme operating conditions, particularly around the zone
where the wall temperature is at its highest. As the peak temperature often takes place in the second-
highest node in the gasifier (see Figure 3-3), it is more likely that sensor hardware can only be employed
far away from the peak temperature zone in the gasifier due to the extremely high temperatures
(>2000°C). Thus, all of the states within the first 5 nodes are assumed to be unknown in all of the three
cases. Moreover, Case A assumes that online measurements are available every minute for all of the
states within the last 9 nodes (within the last 0.406 m of the top section) along the axial domain of the
gasifier, i.e., the gas temperature, wall temperature (using thermocouples), concentration of all of the
components (using gas chromatography), and the slag thickness (using viscosity-based correlations).
Note that the viscosity is assumed to be measurable through the dynamic ROM model. The following
equations describe the viscosity as a function of the silica ratio of slag and temperature of the slag layer

(notations are provided in the nomenclature section)’?:

5= Wso, (3-6)
Wsio, + Wre,0, ¥ Weao + Wugo
5 10* (3-7)
log(ksiag) = 446852 + 1.2659 —— ) — 844
27"-'rgasifieré‘sglag.oszlagg (3'8)
Mslag = 3
.uslag

In addition, Case A assumes that all the states are measurable in the ERZ sections (CSTR). In other
words, out of the 239 state variables of the system, only 80 of the states are assumed to be unknown in
Case A.

Based on above, Case A corresponds to an idealistic condition because access to online measurement
of concentrations of species is not often performed in an actual setting. Case B assumes that only 9
thermocouples can be placed in the last 9 nodes of the top section of the gasifier, reporting the
temperature of the wall every minute. Note that Case B assumes that all of the concentrations are
unknown; thus, 230 out of the 239 states are not measured in real time. According to the profile of the
temperature and the molar fractions for the species, the variability of the states becomes larger in the
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adjacent nodes to the hot spot of the gasifier. However, the changes in the true states in the last 8 nodes
of the gasifier, which are far from the gasifier’s hot spot, are relatively small. Moreover, as mentioned
in the chapter 2, the expenses associated with sensors impose a restriction on the number of sensors
that can be located in the unit. Hence, Case C has been defined as a more realistic case that considers
only three thermocouples that are located four nodes apart. Note that these three thermocouples provide
the wall temperature and are located at nodes 6, 10 and 14 (i.e., 0.366 m, 0.203 m, and 0.040 m) away
from the end of top section of the gasifier, respectively.

Observability tests for Cases A-C have been performed using the linear state space model. A linear state

space system is observable if and only if 1>

rank(H,A — A1) = ny; i=123,..,n, (3-9)
where n, is the number of states variables of the system and A; denotes the i eigenvalue in the
eigenvector. Moreover, the sensitivity matrix H describes the correlation between the measurements
and the system states. This observability test was satisfied for Cases A-C considered in this study. Note
the time-dependent linear state-space model of the gasifier is not an explicit function of time, i.e., the
system is time-invariant'®2. An observability analysis using the actual nonlinear model is part of the

future work.

Table 3-3: Sensors type and location in (a) Case A; (b) Case B; (c) Case C

PFR Distance from top of Case A Case B Case C
Node the gasifier (m)
Tg Tw | Ci | ST Tg Tw | Ci | ST Tg Tw | Ci | ST
6 0.244 Vi ivi v v |x| v | «x x x | v | x x
7 0.284 VI iIviIiv|iVv |x| Vv |x| x x | x | % x
8 0.325 VI iIviIiv|iVv |x| Vv |x| x x | x | % x
9 0.366 VI iIviIiv|iVv |x| Vv |x| x x | x | % x
10 0.406 Vivi iv]ivis|v || x|x|v]|x]| x
11 0.447 Vivi v v | |ix| v |x| x x | x | x| x
12 0.488 Vi ivi v v |x| v | «x x x x | x x
13 0.528 VI iV v | v | x| v | |x]| x| x| x| x| x
14 0.569 VI iV v | v | x| v | |x]| x|x|v |x]| x
CSTR 0-0.61 v | v |V x x | x x | x | %

At each time point (i.e., every 1 min), a time-varying variable has been randomly chosen around
+0.01X,0mina1 USING @ binomial distribution as shown in Figure 3-5. These time-varying random
variables have been added to the prior estimation of states at time k + 1 as a way to consider additive

uncertainty in the linear model predictions. This was done to consider cases when there exist errors
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(mismatch) in the numerical identification of linear state space models used for prior estimation
purposes. Therefore, in the presence of both additive uncertainties to the prior estimation
(1% of Xpomina1) @nd process uncertainties (2% of Xpominal), the available measurements considered

in the posterior estimation of the states may improve the accuracy of the state estimation.

—0.1% Xnominal 0] 0.1= Xnominal

Figure 3-5: Distribution of additive uncertainty considered in the prior estimation in Scenario I
Figure 3-6(a) and 3-6(b) present the results of the KF for two of the most critical states in the
gasification process, i.e., the peak temperature (wall temperature at the 2" node) and the slag thickness
at the 14" node of the top section of the gasifier, respectively. Note that the peak temperature cannot
be measured for none of the Cases A-C. On the other hand, the slag thickness at the 14™ node can only
be measured online in Case A (see Figure 3-6(b)).The results presented in Figure 6 for the current
scenario include the outcome of KF for Cases A-C, the output from the dynamic ROM with the added
process uncertainties (denoted as ‘“Plant Output”), and the true values of the states provided by the
dynamic ROM without considering process uncertainties (denoted as “True State”). Note that in all
three cases (Cases A-C), an initial condition that is different from the nominal steady-state condition
has been considered to initialize the prior states in KF framework, i.e., 0.9*(the true steady-state value).
Consequently, the system is expected to respond to this initialization and move the states from their
initial values to their true (steady-state) values. Note that the system involves states with fast and slow
dynamics, i.e., different time-scales. For instance, the wall temperature presents fast dynamics (see
Figures 3-4(a) and 3-6(a)), whereas the slag thickness presents slow responses (see Figures 3-4(b) and
3-6(b)). Thus, as shown in Figure 3-6(b), the estimation of the slag thickness at the last node of the top
section is slowly approaching the true state in both Case B and Case C since the KF estimation mainly
relies on the linear state space model. Moreover, note that Case A assumes that the online measurements
are available for this particular state. This assumption for Case A aids KF to recover from the inaccurate
initial condition in shorter times when compared to Cases B and C. Moreover, the small variations in

the estimations for Case A is due to the small but random measurement noise and process uncertainty
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associated with the measurements considered in Case A. On the other hand, the limited number of
measurements considered in Cases B-C forces the estimation for this state to rely on the prior KF
estimations, which do not capture the variation in the “Plant Output”. Nevertheless, based on Figure 3-
6, the results of Scenario I show that KF provides estimations of the unknown states with similar
accuracy for the three cases. This result is expected because the gasifier was assumed to be operating
at the steady-state point around which the linear state space model was developed. Thus, KF can still
rely on the linear state space model even though there are small process uncertainties and added noises
considered in the prior estimation. The same conclusion can be drawn by calculating the mean square
error (MSE) between the estimated states and the plant output. The MSE for all Cases A-C and for both
slag thickness and peak temperature is approximately the same (3-4% different), which suggest that the
quality of estimation using KF is adequate, even in Case C where three thermocouples are the only

sensors available for monitoring the operation of the gasifier.
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Figure 3-6: KF performance in the presence of additive uncertainty in the prior estimation: (a) peak
temperature inside the gasifier; (b) slag thickness located in the 14" node of the top section of the gasifier

A comparison between KF and EKF was performed next. To maintain a successful EKF
implementation for the pilot-scale gasifier, the Jacobian matrix A needs to be updated more frequently
than the actual sampling time of the plant so that it remains numerically stable. Therefore, the
implementation of EKF under the assumptions mentioned for Case C has been considered. However,
for this comparison, the new measurements from the process are assumed to become available every
second instead of every minute. This was done with the sole purpose of reducing the computational
costs in the EKF estimation. This assumption holds for both the EKF and the KF implementation.
Figure 3-7(a) and 3-7(b) shows the performance of both estimation methods for the peak temperature
and the slag thickness at the 4™ node of the gasifier, respectively. Note that online measurements are

not available for these two states in any of the Cases A-C. The estimation provided by both the EKF
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and KF for the slag thickness is not accurate over the period of simulation considered for this
comparison. This was expected as the slag thickness has slow dynamics, i.e., it takes several minutes
to adjust to the dynamic changes in the model and reach to its steady-state condition, as shown in Figure
3-6(b). Moreover, as shown in Figure 3-7(b), both EKF and KF present similar predictions for the slag
thickness at the 4™ node for the first few seconds. Note that this test has been performed considering
that the time interval is 1 s, whereas the results presented in Figure 3-6 have been obtained using a 1
min time interval. Thus, the combination of the small time scales and the slow slag thickness dynamics
produces an overall slow dynamic response in this variable. The results presented in Figure 3-7 show
that there is no improvement in the accuracy of the estimation provided by EKF when compared to the
estimation from KF. However, due to the complexity and different time scales associated with the
gasification unit, the computational time required by EKF to update matrices A and B at every time
interval is approximately three orders of magnitude larger than that required by KF; this is mostly due
to the large number of function evaluations that need to be performed (approximately 1e+5 function
evaluations per 1 s of simulation). Hence, the state estimation using EKF is computationally intractable
while using the present gasification model. Methods that can circumvent the scaling of matrices 4 and
B may help in reducing the computational costs but this is beyond the scope of this work. Therefore,
only KF estimation is considered for Scenario Il and Scenario III. Note that this test has been performed
only for 15 seconds of the simulation. Results may differ when larger simulation times using other

means to perform the estimation can be employed.
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Figure 3-7: A Comparison of the EKF performance and the KF performance for (a) peak temperature inside
the gasifier; (b) slag thickness located in the 4™ node of the top section of the gasifier; right-scale for the KF
and EKF; left-scale for the Plant Output and True States

3.3.2 Scenario I: Load-following scenario

This scenario aims to assess the capability of KF to deal with the dynamic behaviour of the system
caused by significant changes to the inlet stream of the gasifier. One of the most common changes in
the operating conditions of the gasifier occurs under load-following conditions. In an IGCC power
plant, a load-following scenario is often applied to tune the operating conditions of the gasification
process so that the power generation capacity of the IGCC power plant can be adjusted according to
daily changes in the energy demands®®. A load-following scenario consists of one or more ramp or step
changes in the fuel flowrate to adjust the amount of syngas fed to the IGCC plant. To perform this test,
several step changes have been considered to reduce the fuel flowrate from its nominal value (see Table
3-1) up until it reached 60% of its nominal value. Step changes of a 10% change in magnitude with
respect to the nominal fuel flowrate were applied every 5 minutes. Once the load was at 60% of the
nominal flowrate reported in Table 3-1, the flowrate was increased with a rate of 10% every 5 minutes
to return it to the nominal capacity of the power generation. Note that a single load-following cycle
takes approximately 40 minutes. Moreover, it is important to mention that during the load-following
scenario, both the steam and oxygen flowrates entering the gasifier are adjusted accordingly so that the
ratio of fuel to steam and the ratio of fuel to oxygen remain constant to satisfy the thermal constraint of
the gasifier refractory wall*>,

The results of the implementation of KF for Scenario IT are presented in Figure 3-8. As in Scenario I,
three cases have been considered for the present scenario to explore the impact of the number and the
location of the sensors inside the gasifier. The results show that KF is capable of providing adequately
accurate estimation of the unknown states in for Cases A-C. Figure 3-8(a) and Figure 3-8(b) represent
the estimation of peak temperature and slag thickness at the 4™ node, respectively. Note that these are
the critical states for the purpose of monitoring the gasification unit in an IGCC power plant; these
states are not measurable in any of the Cases A-C. Figure 3-8(a) shows that the accuracy of the state
estimations provided by KF for the peak temperature in all three cases remains the same, despite the
fact that Case A assumes a larger number of sensors in the plant than those considered by Case B and
Case C. The MSE of the estimations for all Cases A-C are approximately the same (less than 5%
different). These results show that the linear state space model properly represents the dynamics of the

process so that the prior KF estimation of the peak temperature can be performed successfully, even
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though there is a very limited number of sensors in the unit in Case C. In addition, according to Figure
3-8(b), estimation of the slag thickness (at the 4" node) in Case B and Case C is smoother compared to
Case A. That is, the MSE for the estimation of the slag thickness in Case A is 25% larger than the
evaluated MSE in Case B as well as in Case C. As expected, in Case B and Case C, KF relies more on
the prior estimation rather than on the posterior estimation due to the limited number of measurements,
whereas KF has access to more sensors and consequently can rely on the posterior estimation for Case
A. As prior estimation uses the linear model that excludes any process uncertainties or noises, the
estimations obtained in Case A seem noisier when compared to Case B and Case C. That is the
estimation provided by KF for the measurable states follow their plant outputs for this scenario. For
instance, Figure 3-8(c) shows the KF performance for the slag thickness in the 14" node (the last node
in the top section of the gasifier). As shown in this figure, the estimation provided by KF in Case A
follows the measurements while there is a small error in the estimation of this state for Case B and Case
C where the measurements of the slag thickness are not available. As a result, the estimation in Cases
B and C mainly relies on the linear state space model and thus follows the “True States” rather than the

“Plant Output”.
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Figure 3-8: Estimations of unmeasurable states in the load-following condition for (a) peak temperature; (b)
slag thickness at 4™ node; (c) slag thickness at 14" node

3.3.3 Scenario III: KF performance under model structural error and load-following

The current scenario aims to investigate the performance of KF in the presence of plant-model
mismatch for the pilot-scale gasifier. Therefore, this scenario considers a mismatch between the
linearized version of the gasifier model and the dynamic ROM under load-following conditions. One
challenge on the implementation of the KF algorithm on the gasifier under load-following conditions
is to evaluate the sensitivity B matrix such that the linear state space model shown in Equation (3-4) is
able to simulate the dynamic behaviour of the system caused by changes in the inputs of the plant.
Given the complexity of the current pilot-scale gasifier and the nonlinear correlation between the
momentum, mass, and energy balances of the system, a reasonable evaluation of the sensitivity matrices
of the system is needed to adequately capture the transient operation of the gasifier, as presented in
scenario II. However, in the presence of model mismatch, i.e., inaccurate A and B matrices, KF is

expected to heavily rely on the sensors available for the posterior estimation.

Based on the above, a similar load-following condition as described in Scernario IT has been considered
with the exception that the momentum balance equations were not included in the evaluation of the
sensitivity B matrix. As a result, the linear state space model was not able to adequately capture the
dynamic behaviour of the gasification process. As shown in Figures 3-9(a)-(c), the quality of the
estimation for some of the unknown states in the vicinity of the peak temperature (located at the 4™
node), i.e., hydrogen (H), carbon monoxide (CO), and carbon dioxide (CO;) mole fractions, improved
for Case A compared to Case C (see Table 3-3). This is due to the correction step in the KF algorithm
where the online measurements coming from the sensors improve the posterior estimation of the states.
Therefore, the quality of the estimation of unknown states improves as more measurements become
available (Case A). However, according to Figure 3-9(d)-(f), in the case of some of the other unknown
states, i.e., the peak temperature of the gasifier’s inner wall, the slag thickness at the high temperature
zone (at the 4" node), and the oxygen (O2) mole fraction at the 4™ node, KF was not able to adequately
track the true states. As it shown in Figures 3-9(d)-(f), KF was not able to estimate these states properly
in either Case A or Case C, which highlights the significance of plant-model mismatch in the estimation
framework considered for Scenario /. Note that the KF estimation for Case C was able to track the
changes in the actual peak temperature more closely than Case A, as shown in Figure 3-9(d). Note that

Scenario Il was performed under a model structural error (i.e., some element in the B matrix are
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missing). This creates a plant-model mismatch in the linear state space model used in the KF
framework. Due to this error, the prior estimation of the states provided by the linear state space model
is not accurate and generates error at each time interval. Note that this error may vary for different states

of the system, i.e., the missing elements in B affect in a different way the prior estimation of the
different states. As shown in Equation (3-5), the term “Kj,4 (yk+1 — h(Rps1pi0 k + 1)) depends on

the prior estimation and therefore propagates an error between the measurements and the inaccurate
prior estimation (Xy41|x). Although more measurements improve the KF estimation, as it is the case
for the states shown in Figure 3-9(a), the propagation of this error in the posterior calculation does not
improve the posterior estimation for some of the state variables such as the peak temperature, as shown
in Figure 3-9(d). That is, the more states available in the function h, the more errors that may be

propagated through the posterior estimation due to the model structural error included in X ;..
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Figure 3-9: Estimations of unmeasurable states in the presence of model mismatch for (a) H2 model fraction
at 4th node; (b) CO mole fraction at 4th node; (c) CO2 mole fraction at 4th node; (d) peak temperature; (e)
slag thickness at 4th node; (f) O2 mole fraction at 4th node

Nevertheless, KF is expected to provide an accurate posterior estimation of the states for which online
measurements are available. Figures 3-10(a)-(c), show the estimation results for wall temperature, slag
thickness, and O, mole fraction at the 8" node. Note that these three states are assumed to be measured
online for Case A, while Case C does not consider online sensors for these states. As a result, there is
a high-quality estimation provided in Case A, whereas the estimation in Case C was not able to recover
from the poor prior estimation caused by the plant-model mismatch. Moreover, three thermocouples
are responsible for reporting the online measurement of the wall temperature at the 6", 10", and 14"
nodes in both Case A and Case C (see Table 3-3). Therefore, according to the results shown in Figures
3-10(d)-(f), KF exhibited a reasonable recovery from the negative impact of model mismatch on the
prior estimation of measurable states and provided an adequate estimation of the temperatures at these
locations of the gasifier. Figures 3-10(d)-(f) shows that the estimation provided by KF in Case Aand C
are acceptable since they both follow the plant outputs. Note that the plant outputs shown in these plots
correspond to those obtained for Case A. The plant outputs obtained for Case C are not shown for
brevity but they exactly follow the estimations obtained for this case. In addition to the model structural
error, both Case C and Case A include random process uncertainty and measurement noise thus making
the plant outputs for each case slightly different. Note that measurements and the “Plant Outputs” are

almost the same as this study assumed the measurement noise is very small.
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Figure 3-10: Estimations of measurable states in Case A in the presence of model mismatch for (a) wall
temperature at 8" node; (b) slag thickness at 81" node; (c) O2 mole fraction at 8" node; Estimations of
measurable states in both Case A and Case C in the presence of model mismatch for (d) wall temperature at
6™ node; (e) wall temperature at 10" node; (f) wall temperature at 14" node

3.4 Summary

In this chapter, the performance of KF for a pilot-scale gasifier system was performed. The transient
behaviour of a pilot-scale gasification unit is represented using a dynamic reduced order model (see
section 3-1). This model consists of 479 state variables including molar fractions for the species,

temperature, and slag thickness across the gasifier. The quality of the state estimation provided by KF
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has been evaluated under multiple arrangements of the number and the location of the sensors available
for the top section of the gasifier. Also, the performance of KF for such a complex and highly nonlinear
system has been explored under different scenarios. The outcome of Scenarios | and Il showed that, if
KF has access to an accurate linear state-space model, it is capable of providing acceptable state
estimations for the gasification unit even in the presence of a realistic range of additive uncertainty in
the prior estimation of the states. However, under Scenario 111, KF was not able to provide acceptable
state estimation for several states of the gasification system including the peak temperature. This was
mostly due to the propagation of the error between the measurements and the inaccurate prior
estimation provided by the linear state-space model corrupted with a model structural error. The poor
performance of the KF under the plant-model mismatch scenario indicate the critical role of the
mechanistic linear model in the KF framework. In addition, the current study assessed the impact of
sensor location on KF performance, which is a critical factor when there is a significant plant-model
mismatch. In general, the quality of the KF estimation can be improved as the number of sensors located
within the process plant increases and an acceptable linear state space model is available.

The results show that as long as KF is provided with an accurate mechanistic model, it is capable of
estimating the unknown states for a large variety of changes in the gasifier’s inputs, even though online
temperature sensors are only available in limited locations across the gasifier. Nevertheless, the
estimation performed in this chapter was under the Gaussianity assumption typically considered in
Kalman filters. The high performance of Kalman filter observed in the current study along with the
proven track record in the literature for this approach is the main motivation to develop new KF-based
schemes that can perform state estimation for general processes featuring constraints on the states, and

non-Gaussian process uncertainties and measurement noises.
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Chapter 4
Abridged Gaussian Sum Extended Kalman Filter (AGS-EKF)

Despite the outstanding capabilities of KF/EKF highlighted in the literature review (Chapter 2) and
Chapter 3, the Gaussian assumption considered in this framework restricts the use of this approach for
the non-Gaussian applications. The non-Gaussianity often appears in different variables in the industrial
process plants and unit operations. This may happen due to the presence of bounds on the system’s
variables (states, inputs, measurements, process uncertainties, measurement noises) to ensure feasibility
of the process model, or/and due to the scheduled/unscheduled changes during the plant operation.

Following these events, KF/EKF may lose performance.

GSF is an EKF-based estimation scheme that is best known for the non-Gaussian applications. As
shown in section 2.2, the development of GSFs for applications in which non-zero mean and non-
Gaussian process uncertainty is involved poses challenges that have not been widely explored in the
open literature. In addition, GSF requires to perform a series of EKFs at every time interval in the online
estimation scheme, i.e., one EKF for each of ng Gaussian components included in the Gaussian mixture
where ng denotes the number of Gaussian components needed to form the Gaussian mixture model.
Therefore, the required number of evaluations in GSF is at least ng times larger than in EKF. This may
make GSF intensive for complex nonlinear dynamic chemical engineering systems that may include a

large number of states to estimate.

Based on the above, the non-Gaussian uncertainty scenario is lacking for online estimation by GSF and
other constrained-EKF methods presented in the literature. Motivated by this fact, the focus of this
chapter is on improving the estimation of EKF when the plant model is subject to process uncertainties

with non-zero mean, non-Gaussian distributions. This chapter pursues the following objectives:

o A modification to the standard EKF framework is developed to improve the accuracy in the
estimation for systems that involve non-zero mean Gaussian process uncertainty. The modified
EKF requires the same computational costs as the standard EKF. The modified EKF formulation
will be used as a basis to design the estimation schemes used in this work to deal with non-zero

mean non-Gaussian process uncertainties.

e A new state estimation framework, referred to as Abridged Gaussian Sum Extended Kalman Filter
(AGS-EKEF) is presented. Contrary to the conventional estimation methods such as GSF, the

proposed AGS-EKF does not consider different scenarios that limits the estimation scheme to draw
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the process uncertainty variables only from one of the Gaussian components in the mixture. Instead,
the proposed approach draws the process uncertainties from the overall Gaussian mixture involving
all the Gaussian components. Thus, AGS-EKF does not required to perform a set of EKFs thus
avoiding the additional computational costs incurred when using GSF. That is, AGS-EKF performs

the modified EKF (mentioned above) only once to compute the estimation.

e In addition, this study presents an adaptation of the conventional GSF, referred to as adaptive GSF
(AGSF). This approach makes use of the overall point estimates as a priori information to improve
the estimations provided by each of the EKFs in the set of GSF. Note that both GSF and AGSF use
the modified EKF introduced in this work to handle systems with non-zero mean process

uncertainties.

e The performance of the Abridged GS-EKF, GSF, and Adaptive GSF have been assessed and
compared using case studies emerging in the chemical engineering literature that have been widely
used in the field of state estimation, i.e., an synthetic illustrative example 1%, a gas-phase reactor

3849798155 the Williams-Otto reactor %657 and a wastewater treatment plantt%81%9:37,

The next section presents the proposed framework for the adaptive GSF (AGSF) and AGS-EKF.
Section 4.2 presents the results and detailed discussions on the performance of AGS-EKF, GSF, AGSF,
and standard EKF for each of the case studies considered in this research. A chapter summary is

presented in the end.

4.1 Filters for non-Gaussian process uncertainty

This section presents the proposed AGS-EKF approach and other estimations schemes used in this
study to evaluate the performance of AGS-EKF. As mentioned in the introduction of this chapter, AGS-
EKF uses both a modified version of EKF and the Gaussian sum technique to improve the performance
of EKF. Thus, this study first presents the modified EKF and the main features of Gaussian sum. To
pursue this goal, section 4.1.1 presents a modification in the priori estimation step of EKF algorithm
for the case of nonlinear applications with non-zero mean Gaussian process uncertainty. A brief review
on Gaussian Sum is presented in section 4.1.2. Using the information provided in sections 4.1.1 and
4.1.2, the GSF adopted to non-Gaussian process uncertainty scenarios and an adaptive version of GSF
are presented in sections 4.1.3 and 4.1.4, respectively. Section 4.1.5 introduces the proposed estimation
scheme, i.e., AGS-EKF.

48



4.1.1 Modified EKF for the application with non-zero mean Gaussian process

uncertainty

Considering the nonlinear model described by Equations (3-1)-(3-3), Equations (3-4) and (3-5)
represent the standard EKF for a nonlinear system with zero-mean Gaussian process uncertainties as
shown in Equation (3-3). A modification in the prior estimation step in EKF is needed for the case when
the nonlinear system is subjected to non-zero mean, Gaussian random process uncertainties, i.e.,
&~N(u, @). A nonlinear process model involving non-zero mean process uncertainties & can be

described as follows:

X1 = [ (g, U, §x, k) = Apxy + Bruy + Gy

_f(xud) (4-1)

where G = 5 lx = xp,u =uy, &= &

Q, c=k

0 c#k ; (4-2)

B[ - (& - w7 = |

§ eR™,x € R, u € R™,Q € R™w*™w, G, € R™*™w, f: RMW*MuXMw — RMx

where n,, represents the number of process uncertainty variables considered in the system. Matrix G,
is the sensitivity matrix at time interval k that relates the process uncertainties to the states of the system.

The prior estimation of the states and their corresponding covariance matrix is as follows:

sk = ArXp + Brug + G
(4-3)
Pisajk = AxPyAf + G QG
The measurement model in this system is same as the model presented in Equation (3-2). Likewise, the
posterior estimation step in the modified EKF is given by Equation (3-5). Similar to the standard EKF,
E[&.x5] = 0 forall k.

The current work presented in this chapter considers that each state variable of the system is associated
with one process uncertainty variable. That is, n,, = n,, and matrix G, can be expressed by an identity
matrix of proper dimensions, i.e., Gy = I xn, . Given this assumption, Equation (4-3) can be

simplified to Equation (4-4), as follows:

sk = ArXppe + Brwy + 1 (4-4)
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Pii1jk = AxPriAk + Q

Note that Equation (4-4) is a more general representation of Equation (3-4), i.e., Equation (4-4) reduces
to Equation (3-4) when u = 0. The derivation of prior estimation presented in Equation (4-3) is

presented next.
Derivation of the prior estimation: The prior estimation of the states, i.e., the expected value of the
prior PDF, can be expressed as follows:

X1k = EIf R Wi §1) 1Y i ] (4-5)

where: Yy = [¥0, Y1, ) Vi)

Equation (4-5) can be re-written as follows:

Xir1k = E[AxXyp + Bruyg + G & |V ]

= AgE[Xpx|Yi] + BrE[ug|Yi] + GRE[§|Yi] (4-6)

Sensitivity matrices A and B and G are independent from the previous measurements. Moreover, input

variables and process uncertainties are uncorrelated with the measurements. Hence X 41 is obtained
as shown in Equation (4-3). To derive the prior covariance matrix Py.qx, the expected value of the

error in the estimation needs to be evaluated. Let e, represent the prior estimation error:

€1k = Xk+1 — Xks1|k (4-7)

By substituting Equations (4-1) and (4-6) in Equation (4-7), the prior estimation error is as follows:

exi1jk = ApXp + By + G & — (A Ry + Bruy + Gp)

(4-8)
= Ay (x — Rpeppe) + G (& — 1)
Therefore, the prior estimation of the states covariance is as follows:
Piiije = Elexsa e k1]
(4-9)

= E[(Ax (%% — Riepre) + Gr(§rc — 0) (Ai(Xie — Riee) + Gie (& — )71
Note that ey, = x) — Xyx is the posterior estimation error at time interval k. Therefore, the prior

covariance at time interval k + 1 is as follows:
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Pk+1|k =
E[(Axer + G (& — m) (€T kA i + (& — w6, ]

= ]E[Akek|keTk|kATk + G (& — ﬂ)equkATk + Arer (§x — o
+G(& — W& — W76,

Since E[§, — p] = E[§,] — E[u] = u— u = 0,and E[(§, — w)(§x — w"] = Q, Equation (4-10) can
be simplified as a function of Jacobian matrix, posterior estimation of the covariance matrix at time

(4-10)

interval k, and the covariance of the process uncertainty distribution, as given
by Equation (4-3).

4.1.2 Gaussian Mixture Model

Based on the developments presented in the section 4.1.1, an efficient estimation scheme can be
developed for nonlinear dynamic systems involving non-Gaussian process uncertainty. A key idea in
this work is to assume that the non-Gaussian distribution can be approximated by a set of Gaussian
distributions. To pursue this goal, this work considers a Gaussian mixture as an approximation of the
non-Gaussian process uncertainty PDF.

Gaussian mixture model is an attractive method that provides an accurate approximation for any
arbitrary non-Gaussian PDF. The Gaussian mixture model framework has been widely used in the
context of Bayesian estimation and monitoring for applications involving non-Gaussianity!60161:162.163,
This model approximates the non-Gaussian density to a summation over ng Gaussian densities. In
general, the number of required Gaussian components in the mixture (ng) increases as the level of non-
Gaussianity of the original distribution increases. For a vector-valued non-Gaussian variables @, the

Gaussian mixture density can be evaluated as follows:

p(@) = 57, (a W[em; ', M)

. , . (4-11)
a',w € R% ' € RG M e RO
Yla =1, a =0; (4-12)

where n‘, M are the mean vector and covariance matrix for the i™ Gaussian component in the mixture.
Moreover, symbol ©® expresses the element-wise multiplication. The symbol d denotes the dimension
of the Gaussian component distributions. Any random variable @ drawn from the original non-
Gaussian distribution has a chance (weight) of a' to belong to the i Gaussian component in the

Gaussian mixture model. Hence, e is used in the Gaussian mixture model as the corresponding weights
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for each Gaussian component in the model. These weights are normalized; thus, for each of the d
variables, the summation of the weights over all the Gaussian components present in the mixture adds
to the unity, as shown in constraint (4-12). In this study, the mean vector n¢ € R? and the covariance
matrix M € R%*? of the Gaussian mixture models that approximate each of the non-Gaussian
distributions of process uncertainties are considered in the proposed AGS-EKF framework. Note that
the superscript GM stands for Gaussian mixture. Equation (4-13) presents the analytical evaluation of
the mean vector and the covariance matrix of the Gaussian mixture model.

n®M =% a'on'

(4-13)

MM = Y9 aiOM! + T, al®(n — nM)(ni — nGM)T
For a known non-Gaussian distribution, ¢, M‘, and a' are parameters that should be specified
accurately to ensure the accuracy of the Gaussian mixture model. This work considers the Expectation-
Maximization (EM) algorithm®* to estimate those parameters'64165166.167° A hrief description of the EM

algorithm is presented in appendix A.

4.1.3 An Adopted Gaussian Sum Filter (GSF) for Non-Gaussian Process Uncertainties

All the components in the Gaussian mixture (i.e., Equations (4-11) and (4-12)) are non-zero mean
Gaussian. Therefore, the modified EKF shown in Equation (4-4) can be used to estimate the prior states
PDF with respect to each of the ng components in the Gaussian mixture model of the process
uncertainties. As these components are independent, GSF runs a set of parallel EKFs considering the
i component of the Gaussian mixture at every time interval, as shown in Equation (4-14). The posterior
estimation for each component follows the standard EKF scheme, as in Equation (3-5). Based on the

conventional formulation of GSF®, the adopted GSF approach is as follows:
Prior estimation for the i"" component

~i _ sl i i
Xis1k = AiX + Brug +p

; <k : 4-14
Pk = A?cP;qkAE + Q' (4-14)

Posterior estimation for the i"" component

. . ;T i i i T
K_;<+1 = P;c+1|kH;<+1 /(H;c+1p;c+1|kH;c+1 +R)
Q;c+1|k+1 = (4-15)
Xier1je + Kiesa ()’k+1 - h(ﬁﬁuk'u;c))
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P§<+1|k+1 = (1 - K;.c+1H;<+1)P§c+1|k

Point estimate for the system states:

~GSF _ gt pisi

x =Y Bix
k+1|k+1 Zl—l ﬁ k+1lk+1 (4'16)
GSF _ vnat pi [ pi i ~GSF i ~GSF T

Piiiiker = Li=1 B [P;c+1|k+1 + (Rrapers — Zitaier) Fherajers — Xetajes1) ] (4-17)

tpi 4. i x (). ip(D) pi i —
YOBt =1 =117 o B = 0; vip=1,..,ng(]) (4-18)

Note that GSF performs a set of EKFs for all possible combinations of the Gaussian components in the
Gaussian mixture models representing the process uncertainties. That is, for a system with n, process
uncertainty variables, GSF requires a total number of EKFs given by ngt = ?jl ng(l). Note that
ng(l) denotes the number of Gaussian components in the Gaussian mixture model corresponding to
process uncertainty . This means that GSF needs to consider all the possible combinations between the
Gaussian components of each process uncertainty . That is, GSF increases the required computational
time by 1'[;1;‘1 ng(l) when compared to the standard EKF. Moreover, B¢ is the weight assigned to the
i"" EKF in the set of GSF to represent the posterior estimation of the states at each time interval. In
addition, af”(l) represents the weight corresponding to the ip™ component in the Gaussian mixture
model of the I'™" process uncertainty variable. ip(l) denotes that the index of the Gaussian component
for each process uncertainty can be different at each instance i. Note that for the applications where all
the process uncertainties involved in the process follow the same PDF, the number of instances required
to run EKFs would reduce to the number of Gaussian components in the representative Gaussian

mixture model of this PDF, i.e., ng.

4.1.4 An Adaptive Gaussian Sum Filter (AGSF)

One limitation in GSF is that it runs individual EKFs based on a single Gaussian component in the
Gaussian mixture. That is, the i EKF in the set evaluates the prior estimation i,i{+1|k and P§c+1|k based
on the posterior PDF that resulted from performing i"" EKF from the previous time interval k, i.e., Ef;lk
and P§<|k- This may lead to an accumulative error and eventually to an inaccurate state estimation in

GSF. In particular, when the process uncertainty distribution is highly nonlinear or multi-modal,
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performing independent EKFs and assuming that the process uncertainties are obtained from one
Gaussian density in the mixture might be a biased assumption and lead to inaccurate estimations. This
issue can be prevented by updating the prior estimation for each i"" EKF, based on the available
information of the overall posterior density of the states at time k, i.e., X and Pgyf, given in
Equations (4-16) and (4-17). This method is referred to as Adaptive Gaussian Sum Filter (AGSF). The

prior estimation in AGSF is estimated as follows:

Prior estimation for the i"" component

R = ARG + Bt + 4 o)
] — pi pGSF AT j -

Pioi1k = AkPiji Ak + Q°

The “Posterior estimation” and the “Point estimate for states” are similar to the GSF algorithm

presented in Equations (4-15)-(4-18).

4.1.5 Abridged Gaussian Sum Extended Kalman Filter (AGS-EKF)

Using the characteristics of the Gaussian mixture model presented in Equation (4-13), the proposed
Abridged Gaussian Sum Extended Kalman Filter (i.e., AGS-EKF), avoids performing ng individual
EKFs. To pursue this goal, AGS-EKF assumes that the random process uncertainty variable @, that
follows an arbitrary non-Gaussian distribution can be approximated by a probability density that has
the mean value and the covariance matrix as in a representative Gaussian mixture with model
parameters defined as in Equation (4-13). That is, w,~N (u™, QM) for all k. Thus, given the
modified EKF for non-zero mean Gaussian distributed process uncertainty (see section 4.1.1), the

proposed AGS-EKF framework can be formulated as follows:

Prior estimation

X1k = ApXppe + By + 1

4-20
Pii1jk = APy Ak + QM (4-20)

Posterior estimation

Kis1 = PiyqHiy1/(Hip1PrsacHis + R)
Xi+1jk+1 = (4-21)

vk + Kk (J’k+1 - h(k\k+1|kruk))
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Piiijisr = U — K1 Hy o 1) Prgic

where Xy, € R™ is the posterior estimation of states at time interval k. The proposed approach offers
the same number of calculations (i.e., required computational cost) as in standard EKF. As a result,
AGS-EKF can be an efficient scheme to improve the EKF performance, in particular for practical
applications in chemical engineering. The performance of the proposed approach is compared with
GSF, AGSF and standard EKF performances in section 4.2.

4.2 Computational Experiments

The current study performs state estimation using the proposed AGS-EKF scheme introduced in section
4.1.5. In this section, the performance of the proposed method is compared with the estimations
provided by standard EKF, GSF, and AGSF presented in sections 3.2, 4.1.3, and 4.1.4, respectively.
The mean squared error (MSE) has been used as the main metric to perform such comparisons. The

MSE for the m" state using the n state estimation method is defined as follows:
M _1gtr (o 2
MSES) =250, (2 = xim) (4-22)

where k is the time index; ¢ is the final time interval considered in the experiments; the subscript m
is the index of state in the vector of states x, i.e., m € {1, 2, ..., n, }; superscript n denotes the estimation
method, i.e., n € {EKF, GSF, AGSF, AGS — EKF}; 3?,((””)1 and x;, ,, are scalars that provide the estimated
and true values for the m™ state at each time interval k using the estimation method n, respectively.
The computational experiments were implemented in Python 3.7 on a computer running Microsoft
Windows Server 2016 standard. The computer was equipped with 16 GB RAM and Intel(R) Core(TM)
i7-9700K CPU @ 3.60GHz. The discretization of the nonlinear dynamic process models was performed
using the backward method. The performance of the proposed AGS-EKF was tested for a motivating
example, a gas-phase reactor, the Williams-Otto reactor, and a wastewater treatment plant (WTP). The

results obtained for each of these case studies are presented next.

4.2.1 A Second-order Mathematical Example

The first case study considered in this work is a case study adopted from 1% that is subjected to a
constraint on the process uncertainty. This case study was selected from the literature as it has been

shown that the standard EKF could not provide an accurate estimation for the constrained linear
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model'®. Given that this case study is a linear model, the sensitivity matrices A, and B, remain
constant throughout time. Consequently, the standard EKF formulation becomes equivalent to the
standard KF. Likewise, GSF and AGS-EKF are performed assuming a KF. However, to keep
consistency in this study, the discussion presented in this section uses the term EKF when making a
reference to those estimator schemes. The case study is a dimensionless constrained linear system

defined as follows:

O L P
17101 0317k T LT (4-23)
Vi =[1 =3]x + v
Kk~ PQ)! Q - 11 kaN(OIR)! R - 0011 xO - x20 - 0 IPO - I
@ =0 (4-24)

where @ and v are the process uncertainty and the measurement noise signal, respectively. Both states
in the states vector x, i.e., x; and x,, need to be estimated. Moreover, y denotes the only measurement
of this system. The covariance matrix for the initial states, i.e., Py, is an identity matrix. The time
interval considered for this study is set to 1. As shown in Equation (4-24), the process uncertainties are
non-negative, which makes the distribution of the process uncertainties Non-Gaussian with non-zero
mean. The EM method presented in ¥** was used to approximate the corresponding PDF of the process

uncertainty. The Gaussian mixture provided by EM is as follows:

p(@;) = 0.21 N'[wy; 0.18,0.01] + 0.44 N'[w,; 0.66,0.08]

+0.35 N[wy; 1.37,0.36] (4-25)

Note that the number of Gaussian components in the Gaussian mixture model is arbitrary and should
be chosen based on the non-Gaussianity of the density. Figure 4-1 shows that the PDF obtained by the
Gaussian mixture presented in Equation (4-25) is an acceptable representation of the actual bounded
distribution of the process uncertainty. Adding more Gaussian functions does not seem to improve the
representation of the non-Gaussian function. The preliminary tests have been performed to attain an
adequate number of Gaussian components such that the Gaussian model mixture used in the state

estimation schemes can represent the non-Gaussian process uncertainties, accurately.
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Figure 4-1: Histogram for the true non-Gaussian process uncertainty and the Gaussian mixture approximation
Figure 4-2 shows the state estimates provided by the estimation schemes presented in section 4.1 (and
the standard EKF presented in section 3.2). As it shown in this figure, standard EKF was not be able to
estimate the states accurately. On the other hand, the modified EKF formulation used in the GSF
frameworks, i.e., GSF and AGSF, as well as the proposed AGS-EKF approach made a significant
improvement in the accuracy of the estimation. In addition, the variability in the estimation of x;
provided by AGS-EKF is smaller than that observed in AGSF. Table 4-1 presents the MSE in the
estimation of x; and x, (i.e., MSE,ET) and MSE,E’;)) using the different estimation methods. As expected,
standard EKF presents the largest errors in the estimation whereas the proposed approach (AGS-EKF)
has the smallest MSE for x;, i.e., both GSF and AGSF resulted in an MSE for x; that are 2% and 82%
larger than that obtained for AGS-EKF, respectively. As for x,, AGS-EKF exhibits a similar
performance to that obtained by GSF; however, the most accurate estimation is provided by AGSF, as
shown in Table 4-1. These results show that the proposed AGS-EKF schemes leads to a significant
improvement in the performance of the EKF for an illustrative example involving bounded process

uncertainty.
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Figure 4-2: Estimation results based on the state estimation approach

Table 4-1: MSE for x, and x, using different estimation schemes

(m m
Estimation method (n) MSE,, MSE,
Standard EKF 21.81 2.43
GSF 0.97 0.89
AGSF 1.78 0.56
AGS-EKF 0.95 0.89

4.2.2 Gas-phase Reactor

As the second case study, a gas-phase reactor was considered that is a typical case study in the field of

state estimation to show the performance of Kalman filters in the presence of nonlinear

o . . : . ky=16 )
distributions®#497%_ |n this process, an irreversible reaction, i.e., A —— B, occurs in the Gas-phase

reactor. The process is as follows:

dp

ar = 2k’

dp ,
&t =k (-29)

ve=1[1 1] [PA,k»PB,k]T + Vg,

v~V (0,R); R = 0.01; py, = 0.1; pg, = 4.5; Py =1

where states of the system, i.e., p4 and pg, are the partial pressures of species A and B, respectively.
Accordingly, both states can only take non-negative values. The time interval considered in this study
is 0.1s. In this work, the initial conditions of the states, process uncertainties and the measurement noise
signal are defined a priori based on the expected operating region for this process. The process
uncertainty associated with the partial pressure of reactant A is assumed to follow a multi-modal
distribution, as presented in Figure 4-3(a). Hence, a Gaussian mixture model that consists of three

Gaussian components is used to approximate this multi-modal distribution. Moreover, the process
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uncertainty variable associated with pp is described with a Gamma distribution as shown in Figure 4-
3(b). In order to approximate this non-Gaussian distribution with a proper Gaussian mixture model, the
EM algorithm has been used to find the characteristics of each of the two Gaussian components
considered for this mixture. Similar to the illustrative example, preliminary tests were performed to
obtain an adequate number of Gaussian components that are required in the Gaussian mixture models

of each of the process uncertainties.

(a) = (Gaussian Mixture (b) 1200 = Gaussian Mixture
200 E True Density HE True Density
1000
300 800
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Figure 4-3: Histogram for the true non-Gaussian distribution and the Gaussian mixture approximation of the
process uncertainty associated with (a) p,; (b) pg

For the process uncertainties shown in Figure 4-3, the characteristics of the Gaussian mixture model

used in AGS-EKF algorithm are as follows:

ugM = N ahuy = —1.12e - 3
M=%2  abus =2.03e—2 (4-27)
VarfM = %3 aiVarf + 33 1‘1A(HA) - (3 1“A#A) =565¢ —5
N2
Var§M = ¥2  akVarg + 32, ocB(uB) — (X4, abub)” = 9.44e — 4
pM = [uGM,ugM] QM = diag([Varf™, var§M])

Note that ng is 3 and 2, for the uncertainty in the states p, and pg, respectively. On the other hand,
GSF (and AGSF) algorithm runs six individual EKFs, i.e., there exists 6 different combinations of the

Gaussian components in the Gaussian mixture models.

Figure 4-4 highlights the results for the gas-phase reactor. The inner graphs in Figures 4-4(a) and 4-
4(b) show the actual scale of the states whereas the actual graphs present the same results for a limited

scale of the states to highlight the differences in performance between the estimation schemes
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considered in this work. As shown in this figure, the estimation provided by standard EKF deviates
from the plant output. This inaccurate estimation was expected as standard EKF assumes that the
process uncertainties follow Gaussian distribution, which cannot hold for the process uncertainties
considered in this case study. Figure 4-4 also shows that the estimation provided by GSF is unstable.
This is mostly because each EKF in the set of GSF only considers a small region of the actual non-
Gaussian distribution of the process uncertainties. As a result, there are some EKFs in the set of GSF
that evolve in the infeasible region of this process, i.e., provide negative valued estimates for the partial
pressures for the state p,. The AGSF presented in section 4.1.4 improves the estimation of the GSF
significantly, as it corrects the initialization of each of the EKFs in the set of AGSF at every time
interval, based on the point estimation of the states at the previous time interval. However, AGSF still
needs to perform the EKF six times, which is computationally expensive when compared to standard
EKF. On the other hand, the proposed AGS-EKF scheme reduces the estimation error for p, and pg by
two and four orders of magnitude, respectively, when compared to the standard EKF (see Table 4-2),
while offers the same required number of calculations as needed in standard EKF. Table 4-2
summarizes the estimation error for the various estimation schemes conducted to this study and further

confirms that the proposed AGS-EKF provides acceptable estimates in short computational times.

b
(0)18 | ~==Plant Output 0.0E+0 ( )4.9
. —Standard EKF SS.0E+S
—=-GSF £

- SLOE+6 [ . -
£013 | e AGSF ] Ea — Standard EKF
< — AGS-EKF -13E6 @
=} — ——GSF
© 0.08 239
Z ‘; ——AGSF
E é — AGS-EKF
,?:’ 0.03 % 34 1.8E+6 | -==Plant Output
g E §1,2E+6 F [

-0.02 29 6.0E+5 |

24E+0
0.07 24 0 T img?i] 1o
0 20 40 . 60 80 100 0 20 40 60 80 100
ime (s} Time (s)

Figure 4-4: Estimation provided by various estimation schemes (a) p,; (b) pg

Table 4-2: MSE for p, and pg using different estimation schemes

Estimation method (n) MSEZ(,Z) MSEI(,’;)
Standard EKF 1.09e-3 1.35

GSF 4.48e+11 8.48e+11
AGSF 3.14e-5 3.47e-4
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AGS-EKF 2.74e-5 4.3e-4

The results presented above are based on the assumption that the initial guess in the estimation schemes
is the same as the true value of the initial states. Note that the same observations obtained from Figure
4-4 and Table 4-2 (considering X, = x,) hold if the state estimation schemes are initialized at a value
different than the true states (X, # x,). To confirm this observation, Figure 4-5 shows the state
estimates provided using standard EKF, GSF, and AGS-EKF for the case that the initial estimate for
each state is set to 95% of the true value of the corresponding initial state. As shown in this figure, the
proposed AGS-EKF improves the estimation significantly when compared to standard EKF and GSF.
Moreover, AGSF provides the same accurate estimates as given by AGS-EKF but at the expense of

additional computational costs.
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Figure 4-5: Estimation provided by various estimation schemes when initial estimates are at 95% of the true
initial states (a) p,; (b) pg

4.2.3 Williams-Otto Reactor

A case study featuring the Williams-Otto reactor'>®% is considered next. The Williams-Otto reactor is
a highly nonlinear dynamic system that is widely used in control and state/parameter estimation
studies®8169.170.171 Therefore, this model is a suitable candidate to test the performance of the proposed

AGS-EKF framework. The following reactions take place inside the reactor:

k _ _ . _
A+B3cC ki = 1.6599 X 100 ~6666.7/TR ¢=1

k — 8,-8333.3/TR -1
B+C3p4+E k, = 7.2117 x 108¢ /TR g
c+r%¢ ks = 2.6745 x 1012 111/TR -1

The dynamic model for the Williams-Otto reactor is as follows:
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dx,
—=F—(Fy+Fp)Xy— 1y

at
ax
Wa—tB =Fp—(F4+Fg)Xg —11 — 1,

X,

? = _(FA + FB)XC + 27"1 - ZTZ — T3

ax 4-28

L _(Fy+F)Xg +1y (4-28)
at

ax

—& = —(Fy + Fg)X; + 1.5713
at

ax

a—tP == _(FA + FB)XP + TZ - 0.51‘3

= k1XAXBW; rn, = kZXBXCW; r3 = k3XCXpW

where W = 2104.7kg is the mass hold up of the reactor, T = 366.05 K is the temperature inside the
reactor, and F, and Fg are the mass flowrates of the reactants A and B, respectively. Fp = 6.1 kg/s,
and F, is the main source of disturbances in the system and has a nominal value of 1.8 kg/s. Hence, a
random disturbance with unit standard deviation is imposed to F,. The state variables for the system
are X,, Xg, Xc, Xg, X, and Xp, which are the mass fractions of the corresponding chemical
components. Moreover, online measurements are assumed to be available for X4, X5, and Xp, whereas
Xc, Xg, and X are the states that need to be estimated. Note that the linear observability for the states
X4, Xg, and Xp was confirmed. That is, the Jacobian matrix for this system around the initial operating
point considered in this study has been evaluated and correspondingly, the observability matrix at that
initial condition was calculated. The resulting linear observability matrix is a full rank matrix (not
shown for brevity). In addition, the measurement noise signals are zero-mean random variables; their
corresponding standard deviations are set to 10% of the nominal steady-state values of the states. The
nominal values of the states are reported in Table B-1 in the Appendix B. The Williams-Otto reactor
considered in this study involves random independent process uncertainties that follow a uniform
distribution. Since the states of the system are mass fractions bounded in the interval [0,1], this case
study assumes that the process uncertainties associated with each of states follow a single uniform
distribution. Moreover, the time interval used to discretize the nonlinear problem is set to 1 s. Although
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the Williams-Otto reactor model is subjected to bounds on the states, i.e., non-negative mass fractions,
these feasibility constraints are not strictly enforced in the present estimation since the main interest of
this research is to focus on the non-Gaussian process uncertainties. Nevertheless, the initial conditions
of the states, the additive uncertainties, disturbances, and measurement noise signals are selected to
ensure feasible operation of the Williams-Otto reactor.

Figure 4-6 shows both the true and the approximated the process uncertainties associated with the state
variables of the system. Part (a), (b), and (c) of this figure represent the Gaussian mixture model
obtained by the EM when three, five, and ten Gaussian components were considered in the mixture,
respectively. Preliminary tests have shown that a Gaussian mixture model featuring three Gaussian
components is an adequate representation of the uniformed process uncertainties. Therefore, the
Gaussian mixture model involving three components (i.e., Figure 4-6(a)) is used to accomplish this
study. However, to make this study comprehensive, a brief discussion on the sensitivity of AGS-EKF

to the other Gaussian mixture models shown in Figure 4-6 is presented at end of this section.
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Figure 4-6: Uniform probability density of the process uncertainties in the Williams-Otto reactor compared to
the approximated density by Gaussian mixture model involving (a) three Gaussian components; (b) five
Gaussian components; (c) ten Gaussian components

Figures 4-7(a), (c), (e) compares the performance of AGS-EKF with standard EKF, GSF, AGSF, for
estimating the states X, Xz, and X, respectively. Likewise, Figures 4-7(b), (d), (f) shows the estimates
provided by each of the EKFs in the set of GSF and AGSF for X, X, and X, respectively. Note that
GSF-G1, GSF-G2, and GSF-G3 represents the estimations provided by first, second, and third EKFs
in the set of GSF, respectively. Likewise, AGSF-G1, AGSF-G2, and AGSF-G3 are the estimations
resulting from performing the first, second, and third EKFs in the AGSF set, respectively. Moreover,
Table 4-3 provides the corresponding MSE obtained for each estimation method.

According to the results shown in Figure 4-7(a) and Table 4-3, AGS-EKF accomplished the estimation
of X at the smallest error compared to the rest of the estimation schemes. However, the error in the

estimation of X, provided by standard EKF is relatively small. The acceptable performance of the
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standard EKF for X is mostly due to the nature of the system since this state is highly related to the
measurable states of the system. This can be verified by analyzing the value of the Kalman gain for this
state X, which is in the order of 1e-4 and is relatively a large number when compared to the
corresponding Kalman gain for the other state variables of the system (in the order of 1e-10). In general,
the larger the Kalman gain, the more the estimation relies on the measurements and the less weight the
method places on the process model (i.e., prior estimation). Thus, the standard EKF for X, is not
expected to lose performance due to the lack of a priori knowledge of the proper distribution of the
uncertainties since the estimation of X highly depends on the available measurements in the system

and not on the prior estimation.

The Kalman gain is in the order of 1le-8 to 1le-10 for the other unknown states, i.e., X; and X,
respectively; this implies that the estimation framework is very sensitive to the accuracy of the process
model (i.e., prior estimation) and the provided Gaussian mixture for the process uncertainty variables.
Therefore, the expectation is that under the uniform distribution of the process uncertainties (Figure 4-
6(a)), the state estimation using the standard EKF may fail to provide adequate estimates to the
unknown states in the Williams-Otto reactor. Thus, the modified EKF estimation schemes introduced
in section 4.1 can be used to improve the state estimation (i.e., GSF, AGSF, AGS-EKF). As expected,
Figures 4-7(c) and 4-7(e) indicate that the estimations provided by standard EKF significantly deviates
from the true states. This outcome can be quantified in terms of the corresponding MSE evaluated for

each estimation scheme, as shown in Table 4-3. For instance, the error in the estimation of Xy for the

case of using the standard EKF as the estimator, i.e., MSES. ", is 8.2%, 8.3% and 8.4%higher than

MSESST, MSEL® and MSE{A* " "), respectively. The calculated MSE for GSF, AGSF, and

AGS-EKF are similar with a tolerance of 0.1%. This outcome suggests that these three approaches have
the same performance in the estimation of X; and X, while the required computational costs by the
proposed approach (AGS-EKEF) is three times smaller than that needed by GSF and AGSF. This is due
to the fact that the proposed AGS-EKF needs to perform EKF only once whereas GSF and AGSF
requires to perform EKF three times. As outlined above, the humber of Gaussian components in the
Gaussian mixture representing the process uncertainty density in this case study is set to 3; hence the

corresponding reduction in the number of calculations performed by AGS-EKF.

Note that for the mass fractions of components C, E and G, i.e., Figures 4-7(a), 4-7(c) and 4-7(e), AGSF
improved the estimations of each of the EKFs in its set (when compared to GSF). The reason of this

improvement can be explained by looking into the estimations provided by each of the EKFs in the set
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of GSF and AGSF. As shown in Figures 4-7(b), 4-7(d), and 4-7(f), the third EKF in the GSF’s set
(denoted as GSF-G3) provides negative valued estimations for the mass fractions for the chemical
compositions, which is an infeasible estimation. Moreover, GSF-G1 resulted in estimations that are
greater than 1 in the estimation of the states X5 and X, which is an infeasible value for mass fraction.
That is, the random uncertainties that are explicitly represented by the first and the third Gaussian
component in the Gaussian mixture deviate the process to an infeasible region, hence the infeasible
estimation resulted by GSF-G1 and GSF-G3. On the other hand, AGSF is able to reduce the effect of
these infeasible estimates on the overall point estimates through a modification in the a priori
information of the individual EKFs in the AGSF set. That is, in the AGSF framework, the infeasible
estimations resulted by performing independent EKFs is corrected based on the available point
estimation of the states at each time interval. Note that AGSF initializes the prior estimation step of all
the EKFs in the set using the point estimates evaluated at the end of each time interval. This implies
that AGSF offers useful features for the case where system operates far from the process constraints.

Moreover, the proposed AGS-EKF approach avoids performing the state estimation under only the first
or the last Gaussian component in the Gaussian mixture model of the process uncertainties. The first
Gaussian component suggests that the process uncertainties in the system are only negative, similarly,
the last Gaussian component in the mixture represents only the positive valued process uncertainties
presented in the actual non-Gaussian distribution (see Figure 4-6). However, AGS-EKF eliminate these
biased estimations by considering that the process uncertainties can be drawn randomly from the overall

Gaussian mixture model.
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Figure 4-7: Estimation provided by various estimation schemes for mass fraction of the component (a),
(b), X¢; (c), (d) Xg; (e), (f) X¢

Table 4-3: MSE for X, Xg, and X;using different estimation schemes

Estimation method (n) MSE(Y | MSE{Y MSE(Y MSEY
Standard EKF 2.3e-4 1.5e-4 9.8e-2 1.6e-1
GSF 1.3e-3 4.6e-5 3.3e4 9.0e-3
AGSF 1.5e-4 1.7e-5 8.2e-5 3.8e-4
AGS-EKF 1.1le-4 1.7e-5 6.7e-5 3.7e-4

67




This observation suggests that for an unbounded state estimation similar to that considered in the
current case study, GSF may not be a proper approach to estimate states that operate closely to their
feasibility constraints. This issue can be addressed by considering a constrained estimation scheme for
GSF, which is beyond the scope of the current work. Nevertheless, the proposed AGS-EKF approach
provides accurate estimations to all states of the system. Therefore, this estimation scheme can perform
closely to the actual process as they both are subjected to similar process uncertainties. In the current
study, the required computational costs in GSF and AGSF are more than three times higher than that
in AGS-EKF and standard EKF. Therefore, the proposed AGS-EKF scheme not only improves the
accuracy of estimations of EKF, but also requires relatively lower computational costs (the same as

needed in standard EKF) because it only performs EKF once.

4.2.3.1 Sensitivity Analysis

As mentioned earlier in this section, a sensitivity analysis has been conducted to investigate the required
number of Gaussian components to obtain an adequate Gaussian mixture model as the approximation
of the true non-Gaussian PDF of the process uncertainties. To perform this analysis, three Gaussian
mixture models involving three, five and ten Gaussian components have been considered, as presented
in Figures 4-6(a), 4-6(b), and 4-6(c), respectively. Figure 4-8 shows the performance of AGS-EKF
under each of these assumptions. Here “ng = 37, “ng = 57, and “ng = 10” denotes the estimated
states using AGS-EKF subjected to Gaussian mixture model contains three, five and ten Gaussian
components, respectively. Based on the results shown in Figure 4-8, the estimation error remains the
same by a tolerance of 0.001%. Therefore, three Gaussian components provide an accurate enough
approximation of the non-Gaussian process uncertainties in this study. Hence, this selection to perform
the current case study using “ng = 3” since additional Gaussian components increases computational

costs without a significant improvement in the accuracy of the state estimation.
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4.2.4 Wastewater Treatment Plant (WTP)

To further investigate the performance of the proposed AGS-EKF scheme, an industrial-scale
wastewater treatment plant located in Manresa, Spain, is considered next. Current WTPs involve
Nitrification/Denitrification processes!’21"®, however, these processes have not been included in this
case study for simplicity. Previous studies on WTP have shown that the standard EKF becomes unstable
in the presence of the non-Gaussian process uncertainties®’. Therefore, this system has been chosen to
investigate the performance of AGS-EKF with respect to other estimation schemes presented in section
4.1 and the standard EKF (see section 3.2) under these conditions. To pursue this goal, the WTP

considered in this study is subject to random process uncertainties with asymmetric bimodal densities.

Figure 4-9 illustrates a simplified flowsheet for the WTP considered in this study. In general, WTP
aims to remove biodegradable pollutants (substrate) from the wastewater. This process is carried on in
a bioreactor where substrate is converted to sludge and biomass. This process requires oxygen and
biomass. Thus, an aeration turbine in the bioreactor is responsible for providing the required oxygen
for this process, whereas a fresh biomass stream is entering the bioreactor to accomplish the reaction.
The outlet stream of the bioreactor involving the activated sludge and biomass is sent to a decanter to
settle down and remove the sludge from the treated watere.

qi Xis S;
- q, X, § j X4 ; VST

$Xpis St Je - X, g
q. XD
) q:
i

Figure 4-9: Wastewater treatment plant flowsheet
This process involves six states that are the biomass concentration (x,, ), the organic substrate (s,,) and
the dissolved oxygen concentration (c,,) inside the bioreactor, as well as the biomass concentration as
the different layers in the decanter (i.e., x4, x3, x;-). Equation (4-29) represent the nonlinear model of
WTP8,
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dxw XwSw Xw q
_— = _ - — = —(x:.. — 4-2
dt HwYw ks + Sw kd Sw kcxw + V} (xlr xw) ( 9)
dSW xW w q

+fdkd_+fdk Xy + = (Sir — Sy)

dt “Wk + s, v,

dxd 1 1
dt ~ Ayld ( qp)(xb —Xq) — Hvsd

dx

dtb Aq lb T (i 02— ap)(xy — ) + 7 (vsd — vsb)
dx, 1 1

dt  Aglr q2(xp — 2,)(xp — xg) + l_rVSb

dc XwS q

d:v fikia(cs = cw) — ko1bhw A M_}}_ZW - VTCW

Model parameters for this process can be found elsewhere!®, Online measurements are assumed to be
available for s, c,,, and x;. Note that the linear observability of system was confirmed, i.e., the
observability matrix is full-rank (not shown for brevity). The Jacobian and sensitivity matrices required
to form the observability matrix for WTP are presented in Appendix E. The random measurement noise
signals follow zero-mean Gaussian distributions where the standard deviations are set to 10% of the
nominal steady-state values of the states presented in Table B-2 in Appendix B. Moreover, a 1h
sampling interval is considered for this process. Similar to the Williams-Otto reactor, WTP is subjected
to feasibility constraints, i.e., non-negative concentrations, which has not been explicitly enforced

during the present estimation.

The histograms for the asymmetric bimodal PDF of the process uncertainties in WTP are presented in
Figure 4-10. Moreover, the red lines in Figure 4-10 illustrate the Gaussian mixture provided by the EM
algorithm, which approximate the true non-Gaussian densities. Preliminary tests have been conducted
to find the proper number of required Gaussian components in the mixture model to achieve both
efficiency and accuracy. The current Gaussian mixture model for each of the process uncertainty

variables involves two Gaussian components.
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Figure 4-10: Asymmetric bimodal probability density of the process uncertainties in WTP compared to the
approximated density by Gaussian mixture model

Based on the process uncertainties presented in Figure 4-10, GSF and AGSF needs to perform 64 EKFs
(i.e., 2°) at each time interval to provide the point estimates. Figure 4-11 highlights the estimation
results for the unknown states in the WTP, i.e., x,,, xp, and x,.. According to Figures 4-11(a), 4-11(b),
and 4-11(c), standard EKF failed after at iteration 11 since this method considers zero-mean Gaussian
PDFs for the process uncertainties while the actual process uncertainties in the system follow non-
Gaussian densities, as shown in Figure 4-10. That is, poor estimates were used to update the Jacobian
matrix, which eventually made the Jacobian matrix unstable, i.e., positive eigenvalues. Consequently,
the EKF framework became unstable and was unable to compute the estimates. Both AGSF and AGS-
EKF estimated the states accurately. As shown in Table 4-4, AGS-EKF improved the accuracy in the
estimation of x,,, x;, x,-, by several orders of magnitude when compared to standard EKF. Another
feature that can be drawn from the results presented in Figure 4-11 and Table 4-4 is that GSF resulted
into instability after 26 iterations. For instance, the evaluate of MSE in the case of GSF is in the order
of 1e+9 and 1le+6 for x;, and x,., respectively. Similar to the discussion presented in section 3.3, the
divergence of GSF occurs because this method performs individual EKFs, i.e., each EKF only uses one
of combination of the Gaussian components in the process uncertainties mixture models. As a result,
there are several EKFs in the set of GSF who perform state estimation using the process uncertainties
drawn from the edge of the PDFs. These EKFs drive the system to the estimates into infeasibility region,
which eventually leads to an infeasible point estimates and consequently a divergence in GSF. As in
the case of the Williams-Otto reactor, AGSF uses the overall point estimate as a priori information to

correct the biased estimations in GSF. Hence, AGSF results in acceptable estimates. Nevertheless, the
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proposed AGS-EKF is not performing individual EKFs who operates under the extreme partition of the
process uncertainty distribution, e.g., combination of the Gaussian components that only draws large
negative random values from the non-Gaussian process uncertainties’ PDF. That is, AGS-EKF uses the
characteristics of the overall non-Gaussian distribution of the process uncertainties and run the modified
EKF in which random process uncertainties are drawn from the general Gaussian mixture model. Thus,
AGS-EKEF is able to provide an accurate estimation. For instance, according to Table 4-4, the error in
the estimation of states x; and x,. provided by AGS-EKF is reduced by 4 and 2 orders of magnitudes
when compared to the GSF estimation scheme, respectively.
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Figure 4-11: Estimation provided by various estimation schemes (a), (b), biomass concentration in the
bioreactor x,,; (), (d) biomass concentration in the second layer of the decantor x,,; (e), (f) biomass
concentration in the bottom layer of the decantor x,.

Table 4-4: MSE for x,,, x;,, and x,. using different estimation schemes

Estimation method (n) MSE,(C’;) MSE,(CZ) MSE,E’:)
Standard EKF 2.8e+5 5.7e+11 2.3e+12
GSF 2.1let4 2.0e+9 4.0e+6
AGSF 1.4e+4 0.1e+4 6.4e+4
AGS-EKF 3.4e+4 1.5e+5 6.2e+4

The results presented above for the WTP are based on the assumption that the estimation schemes start
from the true initial conditions. To further confirm the performance of the proposed estimation scheme,
Figure 4-12 presents the state estimates provided by the estimation schemes when the initial guess
provided to the estimators is 5% smaller than the true value of states at the initial time interval. As
expected, the performance and outcomes observed for each state estimation scheme is similar to that
obtained for the previous scenario shown in Figure 4-11, i.e., both the proposed AGS-EKF and AGSF
improved significantly the estimation accuracy when compared to standard EKF and GSF. Note that
AGSF is a computationally expensive scheme while AGS-EKF does not increase the computational

costs thus making it a more attractive estimation method.
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Figure 4-12: Estimation provided by various estimation schemes that are initilized by 95% of the true initial
states (a), (b), biomass concentration in the bioreactor x,,; (c), (d) biomass concentration in the second layer
of the decantor x,; (), (f) biomass concentration in the bottom layer of the decantor x,.

The main advantage of the proposed AGS-EKF approach when compared to AGSF is that it only
performs one EKF, regardless of how many Gaussian components are present in the Gaussian mixture
models of the process uncertainties. On the other hand, the number of EKFs in the set of AGSF (and
GSF) increases by both the number of Gaussian components in the mixture and the size of the process
(number of states and consequently number of process uncertainties associated with the states). Table
4-5 presents the averaged CPU time reported for one iteration of the state estimation using AGS-EKF,
AGSF (and GSF), and standard EKF. The values reported represents the actual and normalized CPU
times for each approach considering a parallelization in the GSF (and AGSF) simulation, i.e., EKFs in
the set are performed in parallel for each time interval. The normalization is performed based on the
average CPU time reported for the case of performing standard EKF. This table shows that the CPU
time for the standard EKF and AGS-EKF are the same. The largest CPU time is for the case of AGSF
(and GSF), which is 5 times larger than that reported for AGS-EKF (and standard EKF).

Table 4-5: Averaged CPU time reported for different estimation schemes

Estimation method Averaged (Normalized) CPU time
Standard EKF 0.0011s (1)
GSF and AGSF 0.0055 s (5)
AGS-EKF 0.0011 s (1)

To generate the results presented in Table 4-5, the 8 cores of the computer used for this case study to
parallelize the AGSF (and GSF) schemes. WTP involves six process uncertainty variables where each
of these variables belong to a Gaussian mixture model that only requires two Gaussian components.
Therefore, AGSF (and GSF) requires running 64 EKFs to estimate the states at each time interval.
However, a larger set of EKFs would be required to perform AGSF (and GSF) for larger applications.
For instance, if the Gaussian mixture models consists of two Gaussian components that describe the
process uncertainties associated with the state of a large-scale model featuring n, states variables, then
GSF would need to perform a set of 2* EKFs to provide the online estimation of the states. This may
make the problem highly intensive, particularly when this approach is implemented online for closed-

loop applications. On the other hand, AGS-EKF may provide the similar accuracy as in AGSF at the
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same required CUP time as in standard EKF thus making it quite attractive for online estimation and

control.

4.3 Summary

This chapter presented a novel EKF-based state estimation scheme (AGS-EKF) for nonlinear
applications where process uncertainties are hon-zero mean and do not follow a Gaussian distribution.
The proposed framework is a modified version of EKF to deal with non-zero mean process
uncertainties. The modified EKF does not add any computational burden to the standard EKF. In the
AGS-EKF framework, the non-Gaussian density of the process uncertainty is approximated by a
Gaussian mixture model similar to GSF. However, AGS-EKF uses the main characteristics of the
Gaussian mixture of the process uncertainties to perform only one EKF calculation and consequently
is computationally attractive. In addition to the efficiency offered by AGS-EKF, this estimation scheme
does not suffer from operating at the edge of feasibility region as it avoids running individual EKFs
featuring only an extreme range of the process uncertainties. As a result, AGS-EKF manages to stay
far away from the edge of the process and avoids biased estimations. This feature makes the AGS-EKF
an attractive method for large applications subject to non-Gaussian process uncertainties. In addition to
AGS-EKF, an adaptation in the GSF framework was introduced that can help to correct the biased
estimations provided by some of the EKFs in the set of AGSF. Hence, AGSF improved the performance
of GSFs. The performance of AGS-EKF compared to standard EKF, GSF, and AGSF is assessed by
performing state estimation on four case studies involving non-Gaussian process uncertainties. The
results showed that AGS-EKF is able to provide accurate estimations for the unknown states in
nonlinear chemical engineering systems without increasing the computational demands thus making it
attractive for online estimation and control applications. The AGS-EKF introduced in this chapter only
focuses on the problem of state estimation under non-Gaussian uncertainties. An AGS-EKF state

estimation framework featuring constraints on the state variables is presented in the next chapter.
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Chapter 5

Constrained Abridged Gaussian Sum Extended Kalman Filter

As described in sections 2.2 and 2.3, an efficient development of EKF to deal with constraints on the
states is absent from the literature. Moreover, the performance of the GSF, i.e., that is known as the
EKF-based framework to capture the non-Gaussianity in process, have not been investigated for a
general constrained nonlinear application with non-zero mean non-Gaussian process uncertainties/
measurement noises. As discussed above, the available EKF methods, and particularly GSFs, face the
following limitations: (I) high computational costs, (I1) biased and infeasible estimations, (I11) large
covariance matrices and consequently, inappropriate estimations. The AGS-EKF presented in the
previous chapter avoids limitations (I)-(l11), improves the estimation accuracy, and requires no
additional costs than that needed in the standard EKF. However, the AGS-EKF method presents two
major limitations: it cannot deal with non-Gaussian measurement noises or/and feasibility bounds on
the states.

This work fills a gap in the literature by presenting a generalized and efficient AGS-EKF-based state
estimation scheme for nonlinear applications involving bounds on the states (i.e., states with non-
Gaussian probability density functions) and non-Gaussian measurement noises and process
uncertainties. The proposed approach is referred from heretofore as constrained abridged Gaussian
sum extended Kalman filter (constrained AGS-EKF). To deal with non-Gaussian measurement noises,
new modifications in the posterior estimation step of the standard EKF formulation is considered to
adopt non-zero mean measurement noises in the estimation scheme. The modified posterior estimation
step requires the same computational costs as needed in the standard EKF framework. The proposed
constrained AGS-EKF includes an additional step in between the prior estimation step and the posterior
estimation step in the EKF scheme to satisfy the constraints on the states. In this intermediate step, the
constrained AGS-EKF uses the prior distribution of the states (resulted by the prior estimation step in
EKF) as well as the knowledge of the present constraints/bounds to approximate the non-Gaussian
distribution of the states by a Gaussian mixture model. Then, the main characteristics of the Gaussian
mixture model, i.e., mean-vector of the states and covariance matrix, are used as the estimation of the
constrained prior distributions of the states to continue performing the posterior estimation step in EKF.
The multivariate expectation-maximization (EM) method is used to approximate the Gaussian mixture
models of the non-Gaussian densities of the states. Note that the constrained AGS-EKF assumes that
the distribution of the process uncertainties and measurement noises are known a priori from historical
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data or process heuristics, which is also the common assumption made in standard EKF. The
performance of these estimation schemes for the case of unknown distributions of noise/uncertainty is
beyond the scope of this work.

The outline of this chapter is as follows: the proposed state estimation scheme for constrained AGS-
EKF is introduced in section 5.1. Later, the results obtained from the proposed approach on three typical
chemical processes (i.e., a gas-phase reactor presented in Equation (4-26), the Williams-Otto reactor
presented in Equation (4-28), and the styrene polymerization process featuring six states) is presented.
Section 5.3 summarizes this chapter.

5.1 Filters for constrained states and non-Gaussian uncertainties/ noises

This section presents the proposed constrained Abridged Gaussian sum extended Kalman filter (AGS-
EKF). A modified version of EKF for the case that process uncertainty and measurement noise follow
non-zero mean Gaussian distribution is presented first. The constrained AGS-EKF formulation is
presented next. Both the EKF and GSF schemes are used in this work as benchmarks to investigate and
compare the performance of the proposed constrained AGS-EKF method. Hence, section 5.1.3 provides

a brief discussion on GSF adopted for applications with non-Gaussian states, noises, and uncertainties.

5.1.1 Modified EKF for non-zero mean Gaussian process uncertainty and measurement

noise

General nonlinear systems with bounded states are the focus of this work. These systems can be

modelled as follows:

X1 = (X, ug, wi, k) (5-1)
Yi = h(xy, ug, vg, k) (5-2)
xl < x, < x® (5-3)

we R, veRY,xlx% x € R,y € R, u € R™,

f: RMXMuXMw — RMx | p: RMUXMuXy 5 Ry

where x! and x* denote the lower and upper bound on the state variables, respectively. Moreover,
E[w.x§] = 0 for all k where x, is the vector of initial states. A common assumption is that the random

process uncertainties (w) and measurement noises (v) are mutually uncorrelated, respectively. In this

thesis, it is assumed that each measurement is corrupted with one unigue random measurement noise
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signal and each state of the system is associated with one random variable as its process uncertainty,
which is a common assumption considered for chemical processes. Hence, xj.1 = f(xg, uy) + wy,
Yk = h(xy, wy) + vy, n, =n,, and n,, = n,.. As a reminder, Equations (3-4)-(3-5) describe the prior
and posterior estimation steps in the standard formulation of EKF for an unconstrained nonlinear system
such as that described by Equations (5-1)-(5-2) with zero-mean Gaussian random variables, i.e.,
w,~N(0,Q) and v, ~N (0, R).

In order to take into account the non-Gaussian process uncertainties and measurement noises, first, the
standard EKF formulation needs to be modified accordingly for the case that these random variables
follow non-zero mean Gaussian distributions. In chapter 4, a modification in the prior step of the
standard EKF has been introduced to adopt non-zero mean Gaussian process uncertainties (section
4.1.1). Likewise, the current work considers a new modification in the posterior step of the standard
EKF to capture non-zero mean Gaussian distribution of the measurement noises. That is, consider the
unconstrained nonlinear system presented in Equations (5-1)-(5-2) in which w,~N(u, Q) and
v,~N(t,R). The modified EKF for applications involving non-zero mean Gaussian

noises/uncertainties as follows:

stk = ArXype + Brwy + 1

(5-4)
Pyiq = AxPyk AL + Q
Kis1 = PiyqHiy1/(His1 PrsacHie + R)
2k+1|k+1 =
- - (5-5)
Xk+1)k T Kiv1(Vis1 — h(xk+1|k'uk) - 1)
Piiijiesr = U — Ky 1 Hy 1) Py ic
Q =k
[we-wowe-wTl={g" 3% meRmQeRM
R _ (5-6)
(v, —D@, D] = {0 ' gg; ;o TERW RERWYY

Note that the modified EKF presented in Equations (5-4)-(5-6) is a general case of standard EKF. That
is, for the special case where T = 0 and u = 0, the modified EKF represents the same formulation as

the standard EKF (Equations (3-4)-(3-5)). Moreover, the derivation of the prior estimation step, i.e.,
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Equation (5-4), can be found in section 4.1.1. The derivation of the posterior estimation, i.e., Equation
(5-5), is presented next.

Derivation of the posterior estimation: this derivation is a mathematical proof that the posterior
estimation step in the constrained AGS-EKF framework (i.e., Equation (5-5)) should be used for
applications where the measurement noises follow non-zero mean distributions.

Consider a nonlinear dynamic model presented in Equations (5-1)-(5-2) associated with non-zero mean
Gaussian measurement noises as described by Equation (5-6). For this system, the estimation of the

measurements y,, is determined as follows:

Vir1 = E[h(fkﬂuo ukrvk+1)|yk+1]

= Hy 1 E[Xpp1k|Y k1] + Crr1 E[we|Yier1] + D1 E[Vis1|Yi4]

(5-7)

where Yy 11 = [V, Y1, --» Yi+1] IS the set of measurements from the initial sampling time to the current

. . _ Oh(xuv) ~ _
time interval k4 1. Moreover, C,= o lx = X U = Uy, V = Uy, and Dy =
dh(xu,v) R e .

= lx = Rpejier U = Up, V = V. The sensitivity matrices H, € and D, as well as the measurement

noises and inputs of the system, are independent from the historical measurements. The estimation of

the measurements can be expressed as below:

VYir1 = Hip1 X1k + CrprUy + Dyq T (5-8)

The innovation, i.e., the difference between actual measurements (y;) and the estimated measurements

(¥x), can be evaluated based on Equations (5-2) and (5-8), that is:

Yir1 — Vw1 = Hgp1Xpp1 + Crpq i + Dy Vpeyq
— (Hys1Rpes1k + Cresrttye + Dyir T) (5-9)
= Hyr1 (%41 — Rirajie) + Dierr Wiy — )

Given eyqjk = Xk+1 — Xi4+1)x 1S Known as the prior state estimation error, Equation (5-9) can be re-

written as follows:

Yie+1 — Vi1 = Hipr€p41k + Dy (Vyq — T) (5-10)
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The estimation of the measurement’s covariance (§) can be determined based on the innovation
obtained by Equation (5-9). That is:

Sk+1 = E[(Vks1 = Vierr) Ds1 — ?k+1)T]

T
=E [(Hk+1ek+1|k + Dyy1(Wpqq — T)) (Hk+lek+1|k + Dyy1(Wpyr — T)) ]

(5-11)
=E [(Hk+1ek+1|k + Dy (Vg1 — T)) (exsak Hisr" + Wpess — T)TDk+1T)]

= E[Hs1€xr1jk€hsapk Hir1' | + E[Hir1€ks1)eWrer — D Disa” | +
E[Dys1 (V1 — T)ek+1|kTHk+1T] + E[Djy1Wis1 — DWpp1 — D ' Dyess |

where Py, q; = IE[ek+1|kek+1|kT] is the prior covariance matrix of the estimated states. According to
Equation (5-6), R = E[(Vj4+1 — T) (V41 — T)T] is the covariance matrix of the measurement noises.
Moreover, the estimation errors are uncorrelated with the measurement noises, i.e., the second and third
terms in the left-hand side of Equation (5-11) are equal to zero. Equation (5-11) can be simplified to
Equation (5-12).

Sk+1 = Dys1PrracHis1” + DiraRDyyq” (5-12)

To determine the Kalman gain matrix, the cross-covariance matrix (Covs ™) between the state
estimation error and the innovation needs to be evaluated first. Equation (5-13) express this cross-

covariance matrix, as below:

Covy ™ = E[(exs1k) Wi+1 — Vi)

T
=E [(ek+1|k) (Hk+1ek+1|k + Dy (Vg1 — T)) ]

(5-13)
= Elexs1jk(€rsaxc" Hir1' + Wiar — D Dyess )]

= Elexs1kersije Hirr' + €rraxWisr — T Diyq” |

Covi ™ = PrpypHysr” (5-14)

In the end, Kalman gain of the modified EKF is determined based in Equations (5-12) and (5-14), that

is:
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Kii1 = PrvaHis1 /Dis1PrsrcHir1” + Dgy1RDyyy” (5-15)

Note that the sensitivity matrix D is assumed to be an identity matrix with the proper dimension, i.e.,
D € R™*™ Therefore, Equation (5-15) is equivalent to the Kalman gain of standard EKF presented
in Equation (3-5); the posterior estimation of the states can be evaluated based on this Kalman gain and

the innovation presented in Equation (5-10), as shown in Equation (5-5).

Note that derivations presented above and in section 4.1.1 represent the mathematical expressions that
proves the need of Equations (5-5) and (5-4) for cases involving non-zero mean random

noises/uncertainties.

5.1.2 Constrained Abridged Gaussian Sum Extended Kalman Filter (Constrained AGS-
EKF)

The proposed constrained abridged Gaussian sum extended Kalman filter (constrained AGS-EKF) is
developed based on the modified EKF scheme presented in Equations (5-4)-(5-6) plus an additional
intermediate step. Constrained AGS-EKF uses the mean-value and the covariance matrix of the overall
Gaussian mixture models to approximate the non-Gaussian states (constrained/bounded states) as well
as non-Gaussian measurement noises and process uncertainties. That is, the mean value and the

covariance matrix of the states (Rysq~N (Rfitip Pita)). the process uncertainties

(W~ (zM, REM)), and the measurement noises (w,~N (uM, Q¢M)) obtained from the Gaussian
mixture models are used to represent the non-Gaussian densities of the states, process uncertainties and
measurement noises in the constrained AGS-EKF framework. For clarity, Equations (5-16)-(5-18) are
provided to describe the multivariate Gaussian mixture model of the states, as well as the univariate
Gaussian mixture models of the process uncertainties and the measurement noises, respectively. Note

that a system involving n, states (and process uncertainty variables) and n, measurements (and

measurement noise variables) is considered in this study.

P(Ricsri) = Doy (5™ N[Ries1j; Ry Pirae]); VK (5-16)
p(w,k) = Z?pgfl(l)(aplip N[Wlk; ufp, Qlip]); Vk; VI=1,..n, (5-17)
p(vck) = Z?Tflzll(c)(amém N[vck; im, Rém]); Vk; Vc=1,..n, (5-18)
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Yol as® =1; as’ =0 Vk;

SOl <1 @ 20 vivi= 1.,

YO gpim = 1; gmi™ >0 VkVc=1, My

im=1

UwEeEWT. €10, €Q,R. ER; Vk; Ve =1,..ny; Vc=1,..1n,

where is, ip, and im denote the indexes for the Gaussian component in the Gaussian mixture model of

states, process uncertainties, and measurement noises, respectively. Moreover, the scalar Wy, refers to

the process uncertainty associated with the " state variable at time interval k. The number of Gaussian

components for the process uncertainties associated with [™ state is ngp(l). Likewise, scalar v,

denotes to the ¢ element of vector v, which represents the measurement noise associated with ¢
measurement at time interval k; ngm(c) denotes the corresponding number of Gaussian components
in the mixture. In Equation (5-16), X1« is the vector of states obtained from the prior estimation step
in constrained AGS-EKF, and ngs represents the number of Gaussian components that form the
multivariate Gaussian mixture model of the states. Moreover, as®, ami™, and aplip are the weights
assigned to the is™ component in the Gaussian mixture model of states, im™ component in the Gaussian
mixture model of ¢ measurement noise, ip™ Gaussian component in the Gaussian mixture model of
the [" process uncertainty variable, respectively. Typically, the distribution of the process uncertainties
and measurement noises are assumed to remain unchanged throughout the process. In this case, the EM
algorithm can be performed offline to evaluate the corresponding parameters of the Gaussian mixture
models of these random variables. This means that Equations (5-17)-(5-18) are used only once (and
prior to the state estimation) to approximate the Gaussian mixture model parameters for these random
variables. That is, Equation (5-17) provides the process uncertainties’ specifications required in the
priori estimation step, i.e., u and QM (Equation (5-19)); likewise, Equation (5-18) provides 76
and RM to the posterior estimation step (Equation (5-21)). Note that u&, Q™ 7™ and RM are
assumed to remain constant during operation. However, the density of the constrained/ bounded states
changes at every time interval throughout the operation. With this in mind, it is essential to update the
parameters of the Gaussian mixture model (Equation (5-16)) that approximates the
constrained/bounded distribution of the states once the prior estimation of the states is available. As a
reminder, the prior estimation step assumes that the states follow unconstrained/unbounded Gaussian
distributions, as shown in Equation (5-19). Thereby, Equation (5-20) applies the constraints on the prior

distributions of states and consequently, the distributions are no longer Gaussian. That is, p(Xy41x) in
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Equation (5-20) represents the non-Gaussian probability density function of states. Hence, the

multivariate EM algorithm is implemented to approximate the constrained/bounded prior distribution

of the states at each time interval, as shown in Equation (5-20). This intermediate step does not

propagate the prior distribution of states (obtained by the prior estimation step) through time. The effect

of bounds and constraints on the state variables of the system is taken into account by Equation (5-20),

which provides the mean value and covariance of the constrained prior estimation of the states’

distribution, i.e., xk+1|k and Pk+1|k Then, the constrained prior estimation of the states (xk+1|k and

Pk+1| ) 1S used in the posterior step (Equation (5-21)) to estimate the posterior estimation of the states.

Prior estimation step

Xis1jk = ArXp + By + puM
Pyiax = APy AL + QM

Intermediate step

l = u
x < xk+1|k <x

@ivapio Pira) = EM(0Riesapie), k)

~GM ngs is=is
Xtk = Dism1 XS Xy

GM _ yngs is pis
Pyiie = Xigo1 @S Pilyq +
ngs is ~GM =is
Yjs=q @S (xk+1|k - xk+1|k)(xk+1|k

Posterior estimation step

Ky = Pg{‘l-/lllkH£+1/(Hk+1pg-|n:ll|kH’£+1 + RGM)

5C\k+1|k+1 =
~GM ~GM GM
X1k T Kiv1(Vis1 — h(xk+1|k'uk) — 76M)

Piiisr = U = Ko Hi )PEY

(5-19)
(5-20)
N T
xﬁ’l‘nk
(5-21)

where the EM function in Equation (5-20) is the multivariate EM algorithm; the specification of noises

and uncertainties used in that EM algorithm are as follows:
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_ yGM _ ,GMN\T] _ QeM, c=k . em R™ QM g RMcxnx
[(WC [ )(Wc ] ) ]_ y U € IQ €

0, c*k
RGM " (5-22)
[(vc _ tGM)(vC _ TGM)T] = {0 ) 'Z: ; p - 76M ¢ R, RGM ¢ Rw*ny

As shown in Equation (5-20), the proposed constrained AGS-EKF scheme involves performing the EM
algorithm to complete the point estimation at each time interval k, which adds computational costs
when compared to the standard EKF. Further details on the effect of this intermediate step on the CPU
time of the constrained AGS-EKF scheme is presented at the end of section 5.2. Moreover, the proposed
estimation scheme may not perform well for constrained multivariate systems in which the covariance
matrix is very small. In those cases, the estimation of the multivariate Gaussian mixture models
(intermediate step in Equation (5-20)) may become challenging as such a small covariance may cause

numerical issues while evaluating the likelihood in the EM algorithm.

5.1.3 Gaussian Sum Filter for (GSF) for general non-zero mean non-Gaussian

applications

In current chapter, the conventional GSF is used as a benchmark to compare the performance of the
proposed constrained AGS-EKF method. Hence, this section provides a brief description on the
Gaussian sum filter (GSF). In GSFs, Equations (5-16)-(5-18) are evaluated only once and at the
beginning of the process, i.e., at k = 0. That is, the mean value and covariance of Gaussian components
in the Gaussian mixture models of the constrained initial states as well as non-Gaussian process
uncertainties and measurement noises are evaluated offline and only at k = 0. Equations (5-23)-(4-27)
represents the formulation of GSF adopted to this study, i.e., nonlinear systems involving bounded

states with non-Gaussian distributed process uncertainties and measurement noises.

Prior estimation for the i"" component

~i _ pisi i i
Xk = ApXp + Brug +p

. ; : (5-23)
Plsip = A?cP;qkA?; + Q'
Posterior estimation for the i"" component
i _ pi i T, mi pi i T i
Kk+1 - Pk+1|ka+1 /(Hk+1Pk+1|ka+1 +R ) (5_24)

=i _
Xi+1lk+1 =
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Ricr1ik + Kierr(Vierr — MRy po ul) — 1)

P;.c+1|k+1 = (I - K;.c+1H;'c+1)P;'(+1|k

Point estimate for the system states:

~GSF _ hgt piai

X1+ = Bim1 B Xr1jksr (5-25)
GSF _ vngt pi[pi i ~GSF i ~GSF T

Priiiksr = Yo, B [P;<+1|k+1 + (x;c+1|k+1 - xk+1|k+1)(x;<+1|k+1 - xk+1|k+1) ] (5-26)

Bt = as® 1%, :21 am™© aplip(l) A (5-27)

C
where:

- - _1 — =i iy _ T . —1 3
A_(Z’T)"y”(det(m))1/2xexlg[ 2 a1 = A(Rhrpo i) = ) BT (Fieas

h(’x\;.c+1|k'u§c) - Ti)]

?fltﬁi =1; Vis=1,..,ngs;Vim=1,..,ngm(c); Vip =1, .., ngp(l);

is im(c) ip() pi .
as®,am, 7, ap,” 7, Bt = 0;

where im(c) in Equation (5-27) represents the im™ Gaussian component in the Gaussian mixture model
of the ¢ measurement noise variable; likewise, ip(l) denotes the ip™ Gaussian component in the
corresponding Gaussian mixture model of the I'™" process uncertainty variable. That is, the i"" EKF in
the set of GSF was performed based on the mentioned components of each process uncertainty and
measurement noise. Moreover, the term A in Equation (5-27) aims to correct the weights assigned to
each EKFs based on the current available measurements. GSF performs individual EKFs for each
possible combination of the Gaussian components that are present in the Gaussian mixture models of
states, process uncertainties, and measurement noises. As a reminder, a multivariate Gaussian mixture
model and two univariate Gaussian mixture models are required to approximate the
constrained/bounded states, as well as non-Gaussian process uncertainties and measurement noises,
respectively. The total number of unique combinations of the Gaussian components in these three
mixtures is ngt = ngs [11%; [1.2, ngm(c) ngp(l). That is, GSF requires to run ngt parallel EKFs to

provide the point estimate of the state variables of the system. In addition, ¢ is a scalar number that
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represents the weight assigned to the i EKF in the set of GSF. This weight is determined based on

i im(c ip(l
aSlS, am, ( )’ aplp( ).

5.2 Computational Experiments

The performance of the proposed constrained AGS-EKF scheme has been tested on three chemical
engineering applications, which are presented in this section. In this work, the mean squared error
(MSE) defined in Equation (4-22) is used to compare the proposed approach with the conventional GSF
and standard EKF, where n € {EKF, GSF, constrained AGS — EKF}. Similar to the previous chapters,
in the computational experiments presented in this section, the output of the mechanistic process model
complemented with additive process uncertainties represent the true value of the states (denoted as
“Plant Output”). Note that the “Plant output” does not include the measurement noises. Pyomo 5.6
(Python 3.7) has been used to implement the computational experiments. All the simulations have been
performed on a computer running Microsoft Windows Server 2016 standard. The computer was
equipped with 16 GB RAM and Intel(R) Core(TM) i7-9700K CPU @ 3.60GHz. In current work, the

backward method has been used to discretize the nonlinear dynamic process models.

The proposed AGS-EKF framework is a deterministic-based estimation strategy; hence, comparing the
performance of this method with stochastic (sampling)-based methods such as PF may not result in a
direct and fair comparison since these methods rely on different mathematical principles. Instead, the
present approach was compared with other deterministic-based estimation methods that can handle
non-Gaussian distributions in the estimation such as GSF. To test the performance of the proposed
constrained AGS-EKF three case studies have been considered, i.e., a gas-phase reactor, the Williams-
Otto reactor, and a styrene polymerization process (SPP). To show the impact of active constraints on
the performance of the estimation schemes considered in this work, the gas-phase reactor has been used
as an illustrative small-scale case study considering active/inactive constraints on the states combined
with relatively small process uncertainties where both process uncertainties and measurement noises
follow zero-mean Gaussian distributions. Note that larger process uncertainties may negatively impact
the performance in the estimation. Also, two chemical engineering case studies featuring Williams-
Otto reactor and a styrene polymerization process are used in this work to show the benefits offered by
the proposed estimation scheme. For the Williams-Otto reactor, constraints are imposed on the state
variables and subject to Gaussian process uncertainties and non-Gaussian measurement noises.
Likewise, the polymerization process is a highly nonlinear system that was simulated under the
assumptions of constrained states, non-Gaussian process uncertainties and measurement noises.
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Therefore, each case study provides insights regarding the performance of the proposed estimation
framework under different operating conditions often found in chemical plants. Note that the
distributions of the process uncertainties and measurement noises considered in the present case studies
were defined based on the expected values of the plant states around their nominal operating conditions.
The distributions selected for each of the case studies are expected to capture the real operation in an

industrial application. Each of these case studies and their results are presented next.

5.2.1 Gas-phase Reactor

The gas-phase reactor introduced in Equation (4-26) consisting of two states (the partial pressures of
species A and B) and one measurement (the total partial pressure) is considered to show the
performance of the constrained AGS-EKF. This system is a widely used example in the context of state
estimation®84174_|n addition to the process model described in Equation (4-26), a set of constraints are

imposed on the states of the gas-phase reactor, as follows:
p' < (Pa,vp) <P (5-28)

where p! and p* are the lower and upper bounds on the state variables (p, and pg), respectively. The
additive process uncertainties (w;) and the single measurement noise signal (v;) in this system are
assumed to follow zero-mean Gaussian distributions, i.e.,

v,~N'(0,R); R = 0.01;

(5-29)

wi~N'(0,Q); Q = diag([1 x 107¢,1 x 107¢]);
The time interval considered on this case study is 0.1 s. After conducting preliminary tests, three
Gaussian components are considered to form the Gaussian mixture model that approximates the
original constrained distribution of the states with an appropriate accuracy. Two scenarios have been
considered for this case study. The first scenario (Scenario 1) aims to assess the performance of all three
estimation schemes (standard EKF, GSF, and constrained AGS-EKF) for the case that the constraints
on the states are inactive. That is, this scenario considers that the process operates far from the
infeasibility region, i.e., near the bounds on the states shown in Equation (5-28). Moreover, Scenario
Il is considered to evaluate the performance of the proposed constrained AGS-EKF compared to
standard EKF and GSF for the case in which the constraints on the states are active. In both scenarios
the true values of the states have been used to initialize the estimation schemes. The results obtained

for each scenario are discussed next.
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Scenario |: inactive constraints

This scenario considers that p' = 0 and p* = 10. Figure 5-1 shows the estimations obtained with the
standard EKF, conventional GSF, and the constrained AGS-EKF methods. As expected, the three
estimation schemes performed well since all the constraints present in the system are inactive and
consequently, an unconstrained approach such as the standard EKF can estimate the states accurately.
Ideally, both GSF and constrained AGS-EKF are expected to have high performance in the presence of
active/inactive constraints on the states. As shown in Figure 5-1, three of the approaches provide similar
and accurate estimates after almost 60 s (600 iterations). Note that GSF begins with individual Gaussian
components in the Gaussian mixture model of the initial states, which drive the system away in the first
iteration. Then, due to the weight correction step in GSF, the estimator can recover from the initial
deviation within the first 60 s of the operation. Nevertheless, the GSF performance improved over the

time and converged.
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Figure 5-1: Estimation provided by EKF, GSF, and constrained AGS-EKF for (a) p,; (b) pg given Scenario |

Scenario |l: active constraints

In the present scenario, as an illustrate proof-of-concept of the present estimation framework, a tight
bound on the state variables was considered, i.e., p' = 0.05 and p* = 10. These constraints were added
to evaluate the performance of the proposed constrained AGS-EKF, GSF, and standard EKF when the
process operates near the feasibility limits. Note that the low partial pressure constraint on reactant A
could represent the hypothetical case that an input in the system operates at a saturation limit thus
producing this hard constraint on p4. Note that the mechanistic model for this process shown in
Equations (4-28) and (5-28) does not include inputs to the system.
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Figure 5-2 compares the estimations provided by the estimation schemes considered in this study. As
expected, standard EKF was not able to take into account the constraints on the states and the estimates
provided by EKF for p, violates the lower bound (Figure 5-2(a)). Consequently, the estimation
provided for p, by standard EKF is not accurate either, as shown in Figure 5-2(b). Likewise, the
estimations provided by GSF were inaccurate and violated from the lower bound on p4. This is because
GSF performs individual EKFs based in each Gaussian component in the Gaussian mixture model of
the initial states. The Gaussian mixture approximates the distribution of the constrained states at the
initial time. In this way, GSF guarantees that the distribution of the initial states is bounded properly.
Then, GSF propagates each of the Gaussian components in the Gaussian mixture model of the initial
states by performing individual EKFs. However, GSF cannot ensure that the states remain within their
feasible limits because it does not explicitly take into account these constraints in their framework
during the operation of the process. As shown in Figure 5-2(a), GSF is not able to maintain p, within
their operational limits. Moreover, running individual EKFs may lead to biased/infeasible estimates; in
particular for those EKFs that perform the estimation based on the Gaussian components describing the
edges of the overall non-Gaussian distribution of the states, i.e., Gaussian components located at the
extreme left or right side of the distribution. Note that Equation (5-27) in the GSF scheme is used to re-
evaluate the weights on each Gaussian component (each EKF in the set) to lower the effect of the biased
estimations in the overall point estimates. For this case study though, this re-evaluation step set all the
weights on the EKFs to zero, except for the one EKF with the weight equal to 1. As a result, GSF
provides the point estimates based on the estimations provided by only one the EKFs, which makes the
estimation biased as it does not consider other partitions of the distribution of the states.

The proposed constrained AGS-EKF takes into account the constraints on the states since it
approximates the constrained distribution of the states not only at the initial time, but also at each
sampling interval k. As shown in Figure 5-2(a) the estimates resulting from the constrained AGS-EKF
complies with the bounds on the states thus providing an accurate estimation for p,. Moreover, the
constrained AGS-EKF considers the overall distribution of states at any time interval and avoids both
losing partial information and biased estimations observed in the case of using GSF. According to
Figure 5-2(b), the constrained AGS-EKEF can accurately estimate pg. The estimation errors evaluated
using different estimation schemes confirmed that the estimation accuracy improved significantly when

the constrained AGS-EKF was used as the estimator. For instance, MSE; X (5.1e-4) and MSESSF

(4.69e-4) are two orders of magnitude larger than MSE/SS=EKF (3.19e-6).
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Figure 5-2: Estimation provided by EKF, GSF, and constrained AGS-EKF for (a) p,; (b) pg given Scenario
1

5.2.2 Williams-Otto Reactor

To further investigate the performance of the proposed approach, the Williams-Otto reactor presented
in Equation (4-28) has been considered. Note that the Williams-Otto reactor is regarded as a highly
nonlinear dynamic system that is widely used in studies involving online control and state
estimation'’1701¢° - According to section 4.2.3, the implementation of AGS-EKF for this process
showed that this estimation scheme offers a promising performance for the unconstrained systems, with
zero-mean Gaussian measurement noises, and in the presence of non-Gaussian process uncertainties.
The current work aims to examine the performance of the constrained AGS-EKF for the constrained
Williams-Otto reactor in the presence of non-zero mean non-Gaussian measurement noises while the
process uncertainties are assumed to follow zero-mean Gaussian distributions. For this goal, Equation
(5-30) represents the bounds on the state variables, i.e., all the mass fractions have a lower bound of

0.1 and an upper bound of 1.

0.1 < Xa, Xp, X, X, Xo, Xp < 1 (5-30)

These bounds are considered to investigate the performance of the proposed constrained AGS-EKF,
GSF, and standard EKF for the cases in which the process operates near the feasibility region. The
random variables present in the system, i.e., process uncertainties and measurement noises, are
represented by mutually independent probability distributions. The random process uncertainty
associated with each state follow a zero-mean Gaussian distribution with 1% of the steady-state value
of the corresponding state as its standard deviation. The nominal values for the initial states are provided
in Table 5-1.
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Table 5-1: Base case values of states for the Williams-Otto reactor

Process Variables Base case value
X, 0.100
Xg 0.399
Xc 0.150
Xg 0.141
X; 0.110
Xp 0.105

As mentioned in section 4.2.3, online measurements are assumed to be available for the mass fractions
of the reactants A and B as well as the product P, i.e., X,, X5 and X,. The unknown states of this system
are X¢, Xg, and X;. To make this study more realistic, the available measurements are assumed to be
corrupted with non-zero mean non-Gaussian measurement noises, as shown in Figure 5-3. The
procedure to identify the required number of Gaussian components in the Gaussian mixture model
consists of a one-to-one increase in the number Gaussian components until a Gaussian mixture model
that captures the main features of the actual non-Gaussian density is detected. Note that this test is
performed offline (i.e., prior to the implementation of the proposed framework). The key metrics used
to determine the suitability of the number of Gaussian components are quality in the representation of
the non-Gaussian distribution, quality in the state estimation and the overall computational effort. In
general, adding Gaussian components improves the representation of the Gaussian mixture model
thereby improving the overall state estimation at the expense of additional computational costs needed
to evaluate the point estimates in the estimation scheme. Note that performing these tests are problem
specific. However, this test is not intensive since the non-Gaussian density of the noises/uncertainties
is assumed to be known a priori. For instance, if the distribution is multi-modal, an appropriate choice
is to set the Gaussian components to the number of modes in the non-Gaussian density. According to
the author’s own experience, three Gaussian components may be an appropriate choice to describe

bounded Gaussian distributions. A detailed analysis on this topic was presented in section 4.2.3.1.

Based on above, five, two, and three Gaussian components are needed to form Gaussian mixture models
representing the distributions of measurement noises associated with X,, X5, Xp, respectively. The

results of the tests performed to make this set of assumption has not been presented here for simplicity.
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Figure 5-3: Histogram of the non-Gaussian measurement noises present in the Williams-Otto reactor and the
approximated density by Gaussian mixture model for (a) X4; (b) Xg; (c) Xp

The initial condition used to perform state estimations was assumed to be 5% larger than the true values
of corresponding initial state. The performance of each estimation scheme is presented in Figure 5-4.
This figure highlights the results for the unknown states, i.e., X;, Xz, X;, as well as the measurable
state Xp. Moreover, Table 5-2 reports the MSE in the state estimates provided by the estimation
schemes considered in this work. As shown in Figure 5-4(a), the standard EKF failed to estimate X,
accurately because standard EKF does not consider the non-Gaussianity assumption for the
measurement noises and the lower bound on this state. For the same reasons, the estimation error for
the other two unknown states is relatively large in the case of using standard EKF, as shown in Figure
5-4(b)-(c). The estimations provided by GSF for the three unknown states are not accurate either.
Similar to the discussion presented for the first case study (see section 5.2.1-Scenario 1l), GSF is not
able to comply with the constraints on the states for the Williams-Otto reactor because it does not
explicitly take into account the bounds on the states at each time interval k. In addition, biased
estimations are expected in GSF as it performs individual EKFs that led to constraint violations in some
of the EKFs. Although the re-evaluation of the weights assigned to each EKF in the GSF framework
helps to overcome the latter issue, GSF scheme discarded all the EKFs in the set from the estimation
scheme except for one, which makes the estimation biased. Figures 5-4(a)-(c) illustrates that the
proposed constrained AGS-EKF estimation scheme exhibits an acceptable performance. This is
because the constrained AGS-EKF takes into account the constraints on the states, explicitly, to modify
the prior estimation of the states’ distribution based on Equation (5-20). By approximating the
constrained priori distribution of the states to a multi-variate Gaussian mixture model at each time
interval, the constrained AGS-EKF is able to satisfy the bounds on the states thereby improving the
estimation of the states significantly. The MSE reported in Table 5-2 supports these observations. For
instance, the error in the estimation for X offered by the proposed constrained AGS-EKF is three

orders of magnitude smaller than that obtained by performing standard EKF and GSF, as shown in
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Table 5-2. Moreover, both Figure 5-4(d) and Table 5-2 show that GSF and standard EKF provided
smaller errors in the estimation of the measurable state Xp, when compared to the constrained AGS-
EKF. This is due to the non-Gaussian measurement noises considered in the system. As the noises are
small, the estimation scheme often tends to follow the online measurements rather than the plant
outputs. As shown in Figure 5-4(d), the estimation provided by the constrained AGS-EKF closely
follows the measurements whereas the standard EKF and GSF rely on the process model and tend to
follow the plant outputs. This is because the constrained AGS-EKF uses the overall univariate Gaussian
mixture models that approximate the corresponding non-Gaussian distributions of the measurement
noises. Hence, the proposed approach avoids the Gaussian assumption as in EKF, and it does not
eliminate any partition of the Gaussian mixture models of the noises as it is performed in the GSF
scheme. Thus, constrained AGS-EKF has access to the reliable measurements with accurate
information on the noises’ distributions, and as a result, relies on the available measurements for Xp,
and use that information to estimate the unknown states. Furthermore, Table 5-2 also shows that the
estimations obtained by the different estimation schemes for the other two measurable states (X4, and
Xg) are similar, i.e., there is an approximately ~0.009% and ~0.4% difference in between the

estimation errors obtained using various estimation schemes for X, and X, respectively.
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Figure 5-4: Estimation provided by EKF, GSF, and constrained AGS-EKF for (a) X; (b) Xg; (c) Xg; (d) Xp

Table 5-2: MSE for X4, X5, X¢, Xg, X¢, and Xpusing different estimation schemes

Estimation method (n) MSE{" MSE{Y | MSEY MSE{Y MSESY | MSEY
Standard EKF 8.62e-5 4.04e-2 4.73e-3 1.97e-2 8.11e-2 3.58e-5
GSF 1.26e-5 3.48e-2 5.15e-3 2.87e-2 6.42e-2 2.26e-5
Constrained AGS-EKF 9.65€-5 3.86e-2 1.41e-6 4.05e-4 1.59-3 1.13e-4

5.2.3 Styrene Polymerization Process

Styrene polymerization process is a constrained complex nonlinear dynamic process featuring a

continuous manufacturing of styrene. Due to its inherent complexity and nonlinearity, this

polymerization reactor makes an attractive case study for the current work. Note that the styrene

polymerization system has been used to show the performance of state estimation approaches presented

in the literature including GSF-based estimation schemes®:8:175176 The dynamic model for this process
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Note that the description and the nominal value for all model parameters are presented elsewhere®175,
The styrene polymerization process presented in Equation (5-31) has six state variables, namely the
initiator C;, solvent C; and monomer C,, concentrations inside the polymerization reactor, the first
moment of dead polymer molecular weight 4, the number average molecular weight M,,, and the
weight average molecular weight M,,. The online measurements assumed to be available for process
are C;, M,,, and M,,. The remaining three states need to be estimated. The linear observability matrix
for this setting is full-rank; thus, the system is observable around the initial operating condition
considered for this case study. The sampling interval for this process is set to 1 s. The process
uncertainties and measurement noises are randomly chosen from their corresponding non-Gaussian
distributions. The process uncertainties (and the measurement noises) are mutually independent. The
non-Gaussian distribution of the process uncertainty/measurement noise associated with each state is
presented in Figure 5-5. Each non-Gaussian distribution has been approximated to a Gaussian mixture
model (red solid line in Figure 5-5) using an adequate number of Gaussian components. Moreover, the
feasibility bounds on the states of the system as well as the nominal values of the initial states are
presented in Table 5-3. Note that the state bounds listed in Table 5-3 are considered in the current work
with the sole purpose to assess and illustrate the performance and benefits of the proposed constrained
AGS-EKF on a highly complex and nonlinear system. These bounds are not expected to represent the
actual operation of this process. Similar to the previous case studies, GSF has considered three Gaussian
components in multivariate Gaussian mixture model to represent an adequate approximation of the
bounded distribution of the initial state variables. All of the estimation schemes have been initialized
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by considering 95% of the true initial states (95% of the values reported in “base-case value” column

heading in Table 5-3).

—— Gaussian Mixture
EEE True Density

o
—0.000078.000050.000026000000.000025.000058.000075.000100.00012

Process Uncertainty for C,

300 { = Gaussian Mixture
W True Density

00 25 50 75
Process Uncertainty for A

o
0.00000 000005
Measurement Noise for C;

—— Gaussian Mixture
m True Density

000010 000015 000020 000025

250
150
z =
g ]
& 100 a
50
= Gaussian Mixture
BN True Density
o N o
=3 -100 20 00 -200 100 0 100 200 300 400
Process Uncertainty for M, Process Uncertainty for Ma
160 (|) 160 —— Gaussian Mixture

(h)

Density

140

100

—— Gaussian Migture
R True Density

-0.1

Process Uncertainty for C,

—— Gaussian Mixture
EEE True Density

-0.05 000
Process Uncertainty for Cr,

-0.10

—— Gaussian Mixture
= True Density

™

=400

=300

=200

n

20 —— Gaussian Mixture
W True Density

-100

0 200

Measurement Noise for M,

Density

m True Density

1]
250 300 350 400 450 500 550
Meas urement Noise for M,

Figure 5-5: Histogram for the original non-Gaussian distribution and the corresponding Gaussian mixture
model of the process uncertainties and the measurement noises in styrene polymerization process

Table 5-3: Initial condition and bounds on the states
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Figure 5-6(a)-(c) shows the results obtained for C; and C,,,, and A, respectively, which are the states
with active constraints during operation. Figure 5-6(d) presents the estimation obtained for an unknown
state (Cs) that is far from its upper bound limit. Moreover, Table 5-4 compares the estimation errors
obtained from each estimation scheme. According to Figure 5-6(a), the estimation provided by GSF
violated from the lower bound on C;; this is because GSF does not consider the bounds on the states at
every time interval k. The standard EKF satisfies this constraint as the online measurement is available
for this state and the estimator relies on this measurement. However, the error in the estimation obtained
for C; using standard EKF is larger than that resulted by performing the constrained AGS-EKF, as
shown in Table 5-4. Both Figure 5-6(a) and Table 5-4 confirm that the constrained AGS-EKF offers
the highest estimation accuracy for C; among the estimation schemes considered in this study. That is,
MSEéfGS_EKF)/MSEéfKF) and MSEé‘?GS_EKF)/MSEéiGSF) are approximately 0.09 and 0.49,
respectively, which shows the improvement achieved by the proposed estimation scheme. The
estimates for the state C; satisfied the lower bound on this state as the constrained AGS-EKF explicitly
takes into account the constraints on the states at each sampling interval by re-approximating the
constrained prior estimation of the states’ distribution. As for the states C, and 4, the online
measurements were not available; hence, the estimates provided by standard EKF for C,, and A, were
not able to follow the plant outputs, as shown in Figures 5-6(b) and 5-6(c). Moreover, the first
estimation provided by GSF is associated with a large error for C,, and A;. Similar to the discussion
presented for Scenario | in section 5.2.1, this is because GSF starts from a Gaussian mixture model of
the bounded states at the initial time interval. The first point estimates are determined by propagating
these Gaussian components of the initial states for one time interval, which does not check for the active
constraints on the states. The weight correction step in the GSF framework was not able to resolve this
issue and made all the weights equals to zero expect for only one of the EKFs in the set. Following this
event, the initial estimation error coupled with the fact that GSF does not consider constraints in the
formulation led to inaccurate estimations for C,, and 4, which are biased and do not comply with the
bounds on these states. Note that the similar observations have been made in the estimations provided
by GSF in section 5.2.1 (Scenario I1) and section 5.2.2 for applications featuring active constraints on
the states. Nevertheless, the constrained AGS-EKF scheme satisfied the bounds on C,, and 1, and
provided appropriate estimations for these states, as shown in Figures 5-6(b) and 5-6(c), respectively.
According to Table 5-4, the constrained AGS-EKF decreased the estimation error of C,, by two orders

of magnitude when compared to the error resulted by standard EKF and GSF. Likewise, performing
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the constrained AGS-EKF reduced the estimation error by two and one orders of magnitude than that
resulted by performing GSF and the standard EKF, respectively. As for the unmeasurable state Ci,
Figure 5-6(d) shows that the standard EKF was not able to provide proper estimates for this state due
to the absence of information about the non-Gaussian process uncertainties in the standard EKF
framework, whereas both GSF and the constrained AGS-EKF provided appropriate estimations for C;.
As shown in Figure 5-6(d), GSF can provide proper estimations for states that are far from the
constraints, which is similar to the performance of GSF observed in Scenario I in section 5.2.1. Table
5-4 also shows that the constrained AGS-EKF reduced the estimation error for all the other states by at
least one order of magnitude in comparison to the MSE evaluated for standard EKF and GSF. Note that
the estimates provided by the estimation schemes for the unmeasurable states are smooth (Figures 5-
6(b)-(d)). In all the estimation schemes, the prior estimation is performed based on the plant model that
considers no noise/uncertainties (in both EKF and the modified EKF formulation). That is, the estimates
to the unknown states often seem to be smooth and free of noise. The stronger correlation between the
states and the measurements makes the state estimates noisier. For instance, the estimates provided by
the schemes for the measurable state C; (see Figure 5-6(a)) are associated with noises as the estimation

is strongly affected by the noisy measurements present in the posterior estimation step.
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Figure 5-6: Estimation provided by EKF, GSF, and constrained AGS-EKF for (a) C;; (b) C,,; (¢) A4; (b) C;

Table 5-4: MSE for C,, Cs, Cy,, 44, M,,, and M, using different estimation schemes

Estimation method (n) MSE” MSE | MSELY MSE{" MSES) | MSEY
Standard EKF 1.98e-8 1.3%+1 111 5.56e+3 9.530e+4 2.52e+5
GSF 3.93e-9 3.33 1.95 1.14e+4 4.45e+6 7.82e+4
Constrained AGS-EKF 1.94e-9 3.54 4.16e-2 7.2%e+2 1.97e+4 1.37e+3

Note that the results presented in this section are based on the bounds considered in the current work,
which are not the bounds reported on the actual styrene polymerization process. In fact, the bounds on
the process are significantly wider than those considered in this scenario and consequently, the actual
process may operate differently. Initially, this study performed the estimation using the original setting
of the process and observed that all three estimation schemes perform adequately when the constraints
on the states are not active (which is the case in the actual setting of this process). Hence, the outcomes
of this study can be used as proof-of-concept of the present estimation framework when active
constraints are present in complex nonlinear systems subject to non-Gaussian distributions. Note that
the number of Gaussian components in the multivariate Gaussian mixture of the states is three. Each
univariate Gaussian mixture model for the corresponding process uncertainty consists of two Gaussian
components. Three Gaussian components are present in the Gaussian mixture model of each
measurement noise signal. Given this set of assumptions and based on the discussion presented in
section 5.1.3, the number of EKFs in the set of GSF is 5,184 (i.e., 3 x (2° x 33)). Thus, it is expected
to observe a significant increase in the CPU time for the case of performing GSF in comparison to
standard EKF. On the other hand, the proposed AGS-EKF performs EKF only once at each time interval
and does not update the Gaussian mixture model of the process uncertainties and measurement noises.
However, the intermediate step in the constrained AGS-EKF framework involves running the EM
algorithm at each time interval k (Equation (5-20)), which leads to an increase in the required CPU
time when compared to standard EKF. Nevertheless, the additional CPU time required in the
constrained AGS-EKF is not expected to be significant as the EM algorithm is a computationally
efficient approach, i.e., 1.74 s on average per sampling interval. The modifications conducted to the
prior and posterior estimation steps in the constrained AGS-EKF does not add any computational costs
than that required in the standard EKF. This means that the difference between the CPU time reported

by performing the standard EKF and the constrained AGS-EKF schemes represents the CPU time
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required to perform the EM algorithm in the intermediate estimation step. Table 5-5 reports the
averaged CPU time for point estimate using various estimation schemes. As expected, performing
5,184 parallel EKFs in the set of GSF leads to a significantly larger CPU time than that required for
the proposed constrained AGS-EKF and standard EKF. According to Table 5-5, the constrained AGS-
EKF increases the average CPU time by one order of magnitude in comparison with standard EKF.
Nevertheless, the proposed estimation scheme decreased the required CPU time by one order of

magnitude than that required by GSF for this polymerization process.

Table 5-5: Computational costs reported for different estimation schemes

Estimation method Averaged CPU time per sampling interval
Standard EKF 0.14s
GSF 12.52s
AGS-EKF 2.72s
5.3 Summary

This chapter introduced a novel EKF-based estimation scheme referred to as Constrained Abridged
Gaussian sum extended Kalman filter (constrained AGS-EKF). This framework aims to improve the
state estimation for general applications involving bounds on the states, non-zero non-Gaussian process
uncertainties and measurement noises. Note that the distribution of a constrained state is more likely
non-Gaussian and may follow arbitrary probability distribution functions. In the constrained AGS-EKF
framework, Gaussian mixture models are used to represent an adequate approximation of the original
non-Gaussian distributions of states/uncertainties/noises. The proposed framework performs a
modified version of EKF based on the main characteristics of the overall Gaussian mixture models to
capture the non-Gaussianity present in the process. These adaptations involve changes in the prior and
posterior estimation steps to capture the non-Gaussianity of the uncertainties and noises, as well as
considering an additional intermediate step in the EKF framework to take into account the constrains
on the states. The latter requires additional computational costs than that in the standard EKF as this
intermediate step perform the EM algorithm to approximate the Gaussian mixture model of the
constrained estimates states online. Note that the additional averaged CPU time required to perform the
point estimates using the constrained AGS-EKF is not significant when compared to the case of using

conventional GSFs. Moreover, the proposed approach avoids biased estimations as observed in the
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GSFs. The results obtained from the constrained AGS-EKF, GSF and the standard EKF show that the
constrained AGS-EKF method improved the estimation accuracy significantly. This improvement
holds under different scenarios, i.e., active/inactive constraints on the states, for the chemical
engineering case studies considered in this work. Another standard state estimation scheme that can
successfully take into account the process constraints is moving horizon estimation (MHE). The next
chapters of the thesis focus on addressing the knowledge gaps mentioned in chapter 2 in the context of
the MHE framework.
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Chapter 6
Assessing the Impact of EKF as the Arrival Cost estimator in
Moving Horizon Estimation under Nonlinear Model Predictive

Control

The aim of this chapter is to assess the impact of arrival cost (AC) on an NMPC-MHE closed-loop
framework for industrial and complex applications under scenarios that may occur during operation. In
particular, this study assesses the capability of EKF (when compared to Constrained Particle Filter (C-
PF)) as the AC estimator engaged with MHE under the cases that EKF may fail as an individual state
estimator. Previous studies have shown that EKF may fail to provide an accurate estimation of the states
for the constrained nonlinear systems. Considering this fact, this study aims to point out the potential
of EKF as AC estimator coupled with MHE and NMPC to perform online estimation and control of
large and challenging processes. To address this point, an error analysis on the performance of EKF as
AC estimator is presented to gain insight on the convergence of this method as AC estimator in the
MHE-NMPC closed-loop scheme. In addition, this work investigates the effect of key operational
factors such as plant sizes and non-symmetric bounded probability distributions on the process
uncertainty. Multiple aspects such as computational costs, accuracy in the estimation and closed-loop
performance under a wide variety of scenarios have been used to gain new insights on the effect of
EKF as an AC estimator. To pursue these objectives, an industrial Wastewater Treatment Plant (WTP)
and a High Impact Polystyrene (HIPS) process, which has been identified as a challenging (open-loop
unstable) industrial process, have been considered. Although multiple studies have individually
assessed the controllability and estimation of WTP77178179180 sty dies focusing on the operation of
WTP using an MHE-NMPC closed-loop framework are lacking. Moreover, multiple studies have
proposed optimal open-loop control schemes for HIPS#1182183: {4 the author’s knowledge, this is the
first study that presents an MHE-NMPC closed-loop framework for this challenging process.

Note that this research was performed prior to the AGS-EKF and constrained AGS-EKF. Hence, the
standard EKF has been considered as the AC-estimator in the MHE framework. The structure of this
chapter is organized as follows: section 6.1 presents the closed-loop framework to assess the impact of
AC approximation. Section 6.2 presents the computational experiments preformed in this research for

two case studies, i.e., WTP and HIPS, under different scenarios. Moreover, an error analysis section
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that provides insights on the performance of EKF as AC estimator is presented at the end of this section.

Chapter summary is presented at the end.
6.1 Closed-loop framework

An adequate state estimation technique can provide a good approximation to the arrival cost (AC) and
therefore improve the estimation in the MHE framework. This can also lead to a reduction in the length
of the horizon N, and therefore a reduction in CPU costs, which are attractive features for online control
of large-scale applications when engaged with an NMPC framework. Providing an accurate initial
condition is key to attain good closed-loop performance. Thus, an acceptable AC approximation can
help MHE to provide fast and accurate estimations to NMPC. Figure 6-1 illustrates the feedback control
system considered in this study. At every time step k, the plant updates the state output vector x;
(subject to process uncertainties w;) using the past optimal control actions obtained from the NMPC.
The sensors in the plant update the measurement output vector y;, which may include measurement
noise v,. Then, MHE is engaged and used to provide the estimations of unmeasurable states X, which
are then used as the initial condition in NMPC to compute the control actions for the next time interval.
An estimator such as EKF or C-PF needs to be coupled with the MHE framework to provide the
approximation of the AC parameters, i.e., expected value (x;_y) and covariance matrix(Pj_y) of the
approximated AC distribution for the states. k — N is the initial time interval in the finite estimation
horizon window (N) considered in the MHE framework. As shown in Figure 6-1, the AC estimator
uses the outcome of MHE at (k — N — 1)‘"*time interval (denoted by %, _y_) as the prior estimation
of AC to estimate x;_,. The AC approximation method estimates the covariance of the AC distribution
Pj._y in arecursive form, i.e., Pj_y is estimated from the AC calculations performed in the previous
time interval (i.e., k — N — 1). For instance, the posterior covariance computed by EKF is used in MHE
as the approximation of AC parameter P;_y. As the time updates to k + 1, approximation of the AC
covariance Pj_y1Will be performed using Pj_p obtained by the AC estimator at the K — N time
interval. Note that X, _,_, represents the MHE estimation, which includes the measured and unknown
states. Once the NMPC receives the initial condition X, it uses this information to find the next optimal
control actions that minimizes the offset between the controlled variables and their reference set points
Yres OVer aprediction horizon (L). The new control actions u; are implemented in the plant to complete
the feedback control loop sequence. This algorithm is implemented in the same fashion at subsequent

time intervals. In addition to the closed-loop framework shown in Figure 6-1, NMPC coupled with EKF
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as the state estimation method (i.e., with no MHE involved) is often used in the literature®***. Hence,
this approach will also be considered in this work for comparison purposes (see sections 6.2.1.2 and
6.2.2.1).

Process Measurement
uncertainties w; Noises v,

i i

Process Outputs y,

Process Plant Sensor >

Control Actions
Uy

X State
NMPC Esti
(MHE)

f

Setpoints Xie-n
Yref

Arrival Cost
Estimator

1

Figure 6-1: Block diagram of closed-loop feedback control

In the current study, both EKF and C-PF are considered first to evaluate an approximation of AC
distribution. EKF is known as the most common AC approximation method due to its simplicity and
reliability. However, for large-scale or complex nonlinear applications featuring bounded disturbances
and constraints on the control and manipulate variables, a standard estimator such as EKF may not be
expected to provide good approximations since the assumption of a normal distribution for the system’s
states may no longer hold. In the latter cases, C-PF may be expected to provide a better approximation
of the AC parameters than the EKF, and therefore improve NMPC performance. In general, C-PF is
the most popular approach in the literature to deal with non-Gaussian distributions that appears in the
presence of bounds on the states and process uncertainties in the system. In particular, the literature
often recommends to use C-PF for the case of non-symmetric bounded distribution
uncertainties®8+126.174 Based on the above, both EKF and C-PF are initially considered to assess the
impact of AC estimation in the closed-loop framework of a large-scale system. The detailed reviews
on C-PF algorithms can be found elsewhere?"1841818 The MHE and NMPC formulations considered

in this work are presented next.
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6.1.1 Moving Horizon Estimation (MHE)

MHE aims to find estimates for the unknown states at the current time interval k by minimizing the
summation of the £2-norm of process uncertainty and measurement noises over a finite time horizon N
in the presence of process constraints, e.g., bounds on the states, inputs and disturbances entering the

plant. The general formulation of the MHE is as follows?®187:

k-1 k
min z lwill’, + Z ;1% + @
-1 -1 -
{xj’wj}ﬁ'(:_%—Nj:k_N g Q j=k—N+1 g R
s.t.
.X'j+1 =f(x],u])+w], V]=k—N, k=1 (6'1)
g(xj,uj,wj,y])SO, V]=k—N,k
xl<x;<a*; Vi=k—N,..k
where:

weR™,veRY,xLx*, x € R,y € R, u € R™,Q € R™ ™ R € R%»*™,

f: Rnxxnu N Rnx , h: Rnxxnu N ]Rny L gt Rnxxnuxnxxny N ]Rng

As shown in problem (6-1), k denotes the current time interval, N is the length of horizon, @ and R are
the covariance matrices of process uncertainties and measurement noises, respectively; w, v, x, y, and
u represent vectors that describe the process uncertainty, measurement noise, states, outputs, and inputs
in the system, respectively. The index j is the time interval within the time horizon N. Note that k is
the current time interval of the plant and is different from the time interval j, which denote past time
intervals in the MHE framework. The function f is the process model whereas h is a model that
describes the dependency of the online measurements with respect to the state variables. Moreover, g
represents the inequality constraints in the system, excluding the bounds on the states and the inputs.
The lower and upper bounds on the states and inputs are denoted by the vectors x!, u!, x*, and u¥,
respectively. The penalty term ¢, _, in problem (6-1) provides the AC estimated at time k — N. This
term considers the past information of the system that was not considered in the current horizon of the

MHE problem. This term is defined as follows:
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Pr-n = Xk — fk—N“i;gN (6-2)

where X, _y and P_, denote the expected value and covariance matrix of the approximated posterior
distribution of the states at the time interval k — N. Both x;,_y and P_, are approximated using only
the measurements available at k — N, i.e., y,_py, and the past information of the system available at
timek — N —1 (i.e., X,_y_q, and Py_n_1). X _n—1 IS the filtered state estimate obtained from MHE
whereas Py _y_1is the outcome of the AC approximation method estimated at the time interval k — 1.
Note that k — N is the starting time point in the finite horizon window. The estimated states obtained

from the MHE problem at the current time X}, represent the initial condition in the NMPC formulation.

6.1.2 Nonlinear Model Predictive Control (NMPC)

NMPC aims to find the optimal control actions at the current time interval u;. As shown in problem
(6-3), the optimal control actions are obtained from the minimization of the least squares errors between
the predicted output variables and their corresponding set points, together with the magnitude of the
changes made in the manipulated variables!®. The general MPC framework is as follows8:

, k+L , T , k+C-1, T
min Z k+1(y z yref) Qout(y z yref) + Zz:k Auz QinAuz
z

1 k+L
'}

z=k+1 =
Au )5t
S.t.
X, =fx',u,) Vz=k ..k+L—-1
y',=h(x',u,) Vz=k, ..k+L (6-3)
gix',,u,,y',) <0, Vz=k,..k+1L
xt<x', <a Vz=k, .k+1L
ul <u, <u?, Vz=k, ..k+L
u, =u,_q, Vz=k+C,..k+1L
AMu,=u,—u,_;, Vz=k .k+L
x,Z = ’x\k, Vz=k
where:

x' € R™,y" € R, u € R™, Q;,, € R™*™ ,Q,,; € R ™, x!, x* € R™,ul,u? € R™,

£ RMXMu o R |z R - R | g: Ry - RMg
As shown in problem (6-2), x" and y' denote the vectors of predicted states and outputs of the system
at the z" time interval; Q¢ and Q,,, are the matrices of the weights on the controlled and manipulated
variables, respectively. The scalars L and C are the prediction and control horizon, respectively; x’', =
X, provides the initial condition of the NMPC problem, which describes the connection between the

MHE (x) and NMPC (x',). Note that index z in Equation (6-3) is the time interval in the prediction
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horizon, i.e., starting from current time interval k to the future time k + L; on the other hand, the index
j in Equation (6-1) denotes the time interval within the estimation horizon, i.e., starting from historical
time interval k — N to the current time interval k. Moreover, for the case when the prediction horizon
L is longer than the control horizon C, the constraint u, = u,_; in Equation (6-3) ensures that the
manipulated variables (MV) remain constant and equal to the last value in the control horizon until the
end of the prediction horizon. In addition, u;_, is the known control action evaluated by NMPC at the

previous time interval, i.e., k — 1.

6.2 Computational Experiments

This section presents the results obtained for implementing the closed-loop framework shown in Figure
6-1 for each of the case studies considered in this chapter. The computational experiments were
conducted using Pyomo 5.2 (and Python 3.6) on a computer running Microsoft Windows Server 2016
standard. The computer was equipped with 96 GB RAM and Intel(R) Xeon(R) CPU E5-2620 v4 @
2.10 GHz 2.10 GHz (2 processors). The direct transcription approach was used to solve both the NMPC
and MHE formulations at each time step k. This method discretizes the nonlinear differential equations
into a set of nonlinear algebraic equations thus transforming the dynamic optimization problem into a
large-scale nonlinear optimization problem (NLP)*. Both the NMPC and MHE formulations were
solved using the interior-point method, which is an efficient method used to solve large-scale NLP*:,
The backward method was used to discretize the nonlinear dynamic process model. A normalized sum
of squared error (SSE) of MHE has been used in this work to compare the performance of the different
AC estimation methods considered in this work. The SSE for the m™ state using the n®" AC estimation

method is as follows:

tr
2
SSESY = Z (2 = xiem ) (6-4)
k=0

As areminder, k is the current time index and tr is the final time horizon considered in the experiments;

m denotes the index of state in the vector of states x, i.e., m € {1, 2, ..., n,}, where n,, is the number of
state variables; f,gflrzland Xy,m are scalars that provide the estimated and true values for the m™ state at
each instant k, respectively; 3?,(("131 is obtained from MHE using the n™ AC approximation method. The

normalized SSE for state m is defined as follows:
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SSESY
SSE ’

Mmax

SSE

SSE(Y = gy = MaX SSES) (6-5)

where SSE, . ... represents the largest SSE for m™ state, which is obtained from the different AC
estimation methods considered in this work. The results of this study for WTP and HIPS are presented
in sections 6.2.1 and 6.2.2, respectively. Section 6.2.3 presents an error analysis conducted in this work

to analyze the results obtained from the case studies.

6.2.1 Wastewater Treatment Plant (WTP)

The WTP model presented in section 4.2.4. (see Equation (4-29)) is considered as the first case study
to test the closed-loop framework presented in section 6.1. As a reminder, this plant considers four
input variables (q;, qp, f, and q,) and six state variables (x,,, s,,, x4, Xp, X, and c,,). Table B-2 in
Appendix B lists the nominal steady-state value of the states and model parameters for this process.
The key states to control in this process are the biomass concentration inside the bioreactor (x,,), the
organic substrate (s,,) and the dissolved oxygen concentration in the bioreactor (c,,). In the current
study, the WTP presented in Equation (4-29) is subjected to the following process constraints:

s,y (£) <100 (6-6)
%® :
0.01 < 0) <0.2 (6-7)

Constraint (6-6) ensures that the water disposed to the river is not beyond the maximum allowed limit
set by the municipality whereas constraint (6-7) ensures that the recycle/purge ratio is maintained within
acceptable limits to maintain a profitable operation.

In general, WTP require considerable amounts of energy to maintain appropriate recycle ratios and
supply sufficient oxygen to the bioreactor. Also, WTP are often subject to external perturbations (e.g.,
changes in the influent) that will impact the operability of the plant (e.g., the amount of pollutants
disposed to natural effluents) and therefore the process economics!’2%2, Moreover, it has been widely
recognized that key operating variables in WTP cannot be accurately measured online'® for various
reasons (e.g., significant measurement error) thereby adding an additional layer of complexity to the
operational tasks required for this process. In addition, WTPs are difficult to obtain!®? and more likely
may not completely capture the dynamic operation of this process; hence, WTPs are subject to process
uncertainties (i.e., plant-model mismatch) that will eventually diminish the performance of these plants

in closed-loop. To the author’s knowledge, optimal model-based control and state estimation strategies
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that consider bounded process uncertainty like that presented in this work has not been reported for this
process, even though they can be effective to maintain the feasible operation of this plant within
acceptable economic targets.

The goal of this case study is to investigate the impact of some of the most widely known AC
approximation methods, i.e., EKF and C-PF, during closed-loop operation of an industrial-scale system
such as the WTP. As mentioned in chapter 4, this case study considers that the online measurements
available are the concentration of biomass at upper layer of decanter (x;), substrate (s,,) and oxygen
(cw). The controlled variables (CV) considered in the NMPC are x,, and s,, and c,, whereas the
manipulated variables (MV) are qy, fi, and q,. The rest of the assumption are presented in Appendix
C.

All state estimators rely on both plant measurements and the plant model; out of these two sets of
information, the focus of the estimator will be to follow more reliable sources of information. The larger
the covariance of a distribution with respect to other distributions, the lower the reliability of that
particular distribution. Hence, this study considers that the process measurements are assumed to follow
a normal distribution with a standard deviation (g,,.4s) Set to 10% of the nominal steady-state values
of the states (see Table B.2). Moreover, a,,,,. denotes the standard deviation of the process uncertainty
associated with each of the plant states, which has been set to 5% of the nominal steady-state values of
the states (see Table B-2 in Appendix B). Under this set of assumptions, MHE and AC estimators tend
to rely more on the plant model rather than the measurements; hence, the effect of bounded process
uncertainties are expected to have a more significant impact on the state estimation. Note that estimates

for o045 and a,,, Can be obtained from a real setting using process heuristics or historical plant data.

Multiple scenarios under different conditions have been considered to perform this analysis. Table 6-1
summarizes the scenarios considered in this work. Scenario I and Scenario II explore the effects of
different bounded distribution on the process uncertainties. As shown in Figure 6-2, both symmetric
and non-symmetric bounded distributions are considered in the plant model for the individual process
uncertainties associated with each of the WTP’s state variables. Scenario I assumes a symmetric
bounded distribution in the range of (—20y,,,¢, 2 0ync) Whereas Scenario II considers a non-symmetric
bounded distribution in the range of (—20y,,¢, 0.60y,c). Scenario III investigates the role of AC
estimation using different plant designs. The response time of the system is highly related to the plant’s
design. For instance, larger vessel sizes may lead to higher settling times. Hence, the response time is

a key parameter to adjust both the estimation (N) and prediction (L) horizons in a closed-loop
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framework. As the time constant of the process increases, longer estimation and prediction horizons in
the MHE and NMPC frameworks may be required to perform a better estimation and control for this
type of processes, which would also affect the online computational costs. For instance, if MHE does
not consider a long enough estimation horizon for this processes with large time constants, the true state
dynamics may be interpreted as measurement noise and process uncertainties due to the slow changes
in the system, e.g., a process that is slowly drifting away from a nominal operating point. Hence, this
condition may eventually lead to an inaccurate estimation of the states due the inability of the MHE to
differentiate between process/measurement noise and actual process dynamics. A longer estimation
horizon provides MHE with a larger set of measurements and process constraints that helps MHE to
accurately capture the evolution of the system and therefore provide accurate state estimations at the
expense of higher computational costs. Alternatively, the AC approximation becomes more important
for those cases since it directly affects the MHE performance in the closed-loop framework.
Consequently, an accurate initialization of NMPC problem becomes more crucial as the response time
of the process plant increases. To analyze this effect, Scenario IIT considers four instances featuring
two different plant designs, each under bounded symmetric and non-symmetric distributions in the
process uncertainty, respectively. As shown in Table 6-1, Scenario IIl.A and Scenario 111.B assume a -
20% and +20% change in the capacity of the WTP’s decanter under a symmetric process uncertainty,
respectively, whereas Scenarios I11.C and Scenario 111.D perform the same test under non-symmetric
distributions for process uncertainties. The process uncertainty considered for Scenario I11’s instances
are the same used for Scenarios I-1l (see Figure 6-2). Note that a test involving open-loop estimation

under these scenarios was performed and is presented in Appendix C.

For each scenario, the closed-loop scheme was performed using six different approximations of the
mean and covariance of the AC distribution V' (x,_y, Py _y) featuring true states (TS), EKF and C-PF,
i.e., n € {TS, 0.5TS, EKF, C — PF, EKFexpc, C — PFexpc}. Table 6-2 shows the detailed information of
each of these instances. In the case that n = {EKF} or n = {C — PF}, the posterior distribution
provided by their corresponding estimator at time k — N has been used explicitly as the approximation
of both AC parameters (x,_y and Pj_p). Note that P, _y is estimated using P _,_; obtained from
the corresponding AC estimation method at the time interval k — 1 of the closed-loop framework. For
the rest of the cases, i.e., n € {TS, 0.5TS, EKFexpc, C — PFexpc}, a matrix 1 x 10~1°I, where 1 is an
identity matrix of proper dimensions, has been considered as the covariance matrix of AC distribution

(Py_y). Statistically, a small covariance matrix is an indication of a narrow normal distribution; hence,
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the expected values obtained from this distribution have a high probability to be the true states. Thus,

based on Equations (6-1)-(6-2), a smaller P, _, leads to a higher weight on AC in the objective function

of the MHE framework, which is expected to drive the estimated states at time step k — N (X,_p) to

be closer to the expected state of the AC (x,_y). In the case of EKFexpc (C — PFexpc), the expected

value estimated by EKF (C-PF) has been assigned to x,_y. When n = {TS}, the true states have been

explicitly used as the mean value of AC distribution x;,_,; whereas in the case of n = {0.5TS}, a -50%

of true state values is used as the expected states x,,_,. Both TS and 0.5TS have been used in this work

as benchmark AC estimation methods, i.e., TS represents the ideal case (full access to the true states)

whereas 0.5TS presents a case of a poor AC estimation of the states x,_,. Each of the scenarios I-111

was repeated six times based on the n AC approximation methods considered in this work. The results

reported in this study are focused on the estimation of biomass concentration (x,,) for WTP since this

is the most critical state for monitoring and controlling this process.

Table 6-1: Characteristics of Scenarios considered in this study

Plant Design Bounded distribution of process uncertainties
. -20% +20% Symmetric Non-symmetric
Scenario 1 x x v x
Scenario 11 x x x v
Scenario I1I.4 4 x x
Scenario Ill.B x 4 v x
Scenario 1II.C 4 x x
Scenario IlI.D x v x v
()
=300 =20, Ounc 30,0 —20unc  —Ounc 20, 30,nc
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Figure 6-2: (a) Bounded symmetric distribution for process uncertainty: (—206y,,,¢, 2 0ync); (b) Bounded non-
symmetric distribution for process uncertainty: (—26,,,¢, 0.6 Gync)

Table 6-2: Characteristic of AC estimation methods considered in this study

AC estimation method (1) Approximation of AC distribution
EKF N (REE, PEET)
C-PF NRERFPEE
EKFexpc N (zEXE, 1 x 107101)
C-PFexpc N (zEZRF, 1 x 107101)
TS N (x5, 1 x 107100)
0.5TS N (2355, 1 x 1071°1)

6.2.1.1 WTP: Closed-loop operation: Scenarios I-111

Figure 6-3 presents the performance of the NMPC, MHE and AC estimators during closed-loop
operation for Scenarios I and II (see Table 6-1). As shown in this Figure, both scenarios showed poor
performance in the absence of an acceptable AC estimation method in the MHE formulation (i.e., 0.5TS

in Figure 6-3). For instance, in the case of 0.5TS as the AC approximation method, a 96% difference

(0.5TS) (TS)

between S?Exw and S’S\Exw was observed for Scenario II. On the other hand, the biomass
concentration is close to its target values when a suitable EKF or C-PF is used to approximate the AC
parameters. However, as shown in Figures 6-3(a) and 6-3(d), changing the AC approximation method

did not seem to have a significant effect in closed-loop for Scenarios I-11, i.e., the difference between

(EKF)

SSEy,, and S?ExW(C_PF)

is less than 0.3% in Scenario II. This insensitivity of the control system
to the AC approximation method can be explained by inspecting Figures 6-3(b) and 6-3(e), which
illustrate the estimation of the biomass (obtained from MHE) in closed-loop for Scenario I and II,
respectively. These figures show that, regardless of the type of bounded distributions, the MHE
performance remains almost the same when C-PF or EKF is used as the AC estimation method.
According to Figures 6-3(c) and 6-3(f), the AC estimation provided by EKF is slightly better than that
obtained from C-PF (~0.2%); however, this can be attributed to either noises in the system (e.g.,

measurement noise) or round-off errors. Based on the above, both EKF and C-PF are able to provide
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an accurate enough AC approximation. As the result, both MHE and NMPC show a similar

performance using either EKF or C-PF as the AC approximation method.
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Figure 6-3: Impact of using different AC estimators on the control and estimation (MHE) of biomass in the
closed-loop system (a), (b), (¢) Scenario I; (d), (), (f) Scenario Il

Figure 6-4 shows the control actions implemented on the recycle flowrate g, under the different AC
estimation methods. As shown in this figure, the control actions for q, are very similar when EKF, C-
PF and TS are used as the AC estimation methods; hence, similar control actions are expected from
these methods. Note that the control actions reported for 0.5TS are far from the benchmark, i.e., the
true state estimation method (TS), which highlights the importance of using a good AC approximation

method in the MHE-NMPC closed-loop framework. Moreover, the results shown in Figure 6-4 indicate
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that the MVs are moving aggressively, particularly under Scenario I. In practice, a low-order filter can

be used to filter out the noisy signal before passing the control actions to the process plant.
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Figure 6-4: Original plant design: Recycle flow that leaves the decanter g, (m3/L) (a) scenario I; (b)
scenario 1l

Figure 6-5 highlights the results of closed-loop operation in the presence of symmetric bounded
uncertainties for different plant designs (Scenarios I11.A and I11.B). Similar to the results obtained for
Scenario I and 1l (closed-loop operation), the results obtained for Scenarios I11.A and I11.B confirm the
importance of using an adequate AC estimation method in the closed-loop framework. As shown in

Figures 6-5(a) and 6-5(d), NMPC failed to take a proper action when 0.5TS was used as the AC

estimation method. Note that SfS‘\ExW(O'STS) is higher than SSE, ) by 44% and 83% for Scenario III.4

and Scenario III.B, respectively. Similar to the open-loop scenarios, the closed-loop results suggest that
a more reliable AC approximation method becomes critical when the size of the plant (and the response

(E (C—PF)

time) increases. Nevertheless, a somewhat similar SSE,, “) and SSE,,

(0.17) was recorded
for Scenario III.4 and Scenario III.B, hence, a similar closed-loop performance was observed from both
AC approximation methods, as shown in Figures 6-5(a) and 6-5(d). This result was expected since the
MHE performance for both instances remained the same, as shown in Figures 6-5(b) and 6-5(¢). As

depicted in Figures 6-5(c) and 6-5(f), C-PF did not improve the accuracy to the approximated
distribution of AC.
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Figure 6-5: Impact of using different AC estimators on the control and estimation (MHE) of biomass in the
closed-loop system (a), (b), (¢) Scenario III.4; (d), (e), () Scenario III.B

Figure 6-6 shows the results for Scenarios III.C and III.D (see Table 6-1). As in Scenarios I11.A and

(0.5TS)

I11.B. The S?ExW obtained for Scenario I11.C is 57% smaller than that reported for Scenario II1.D;

these suggests that larger equipment sizes may require more accurate AC estimation methods during

closed-loop operation. Nevertheless, the results presented in Figure 6-6 show a slight improvement

(c-

when C-PF is used as the AC estimation method. For instance, S’S\E,cW PE) is 1% and 19% smaller

than the S?ExW(EKF) obtained for Scenario III.C and I71.D, respectively. This suggests that, as the size

of the plant increases, the closed-loop becomes more sensitive to the AC method and C-PF can handle
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non-symmetric bounded uncertainties better compared to EKF. Although using C-PF in the AC
estimation improves the overall performance of the control-loop system, this estimation method
required an additional 12% and 17% in the averaged CPU costs for Scenarios III.C and III.D,
respectively. On the other hand, EKF is able to provide reasonable estimates for the AC estimation in
shorter CPU times, which is essential to ensure an economically feasible and safe operation of the WTP
in closed-loop.
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Figure 6-6: Impact of using different AC estimators on the control and estimation (MHE) of biomass in the
closed-loop system (a), (b), (c¢) scenario II1.C; (d), (e), (f) scenario II1.D

The scenarios discussed above assume that the NMPC does not have access to the actual measurements.

This is essential for the correct initialization of the NMPC framework. Thus, the control system relies
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on the state estimator (i.e., MHE). As the result, there is no a direct connection between the plant and
the NMPC, whereas there is an explicit connection between the MHE and plant (see Figure 6-1). Hence,
the offset between the set point and the biomass estimation provided by MHE is smaller than the offset
between the set point and the plant output for biomass. This issue can be seen in the scenarios presented
above for the closed-loop operation. This problem can be resolved by designing a robust NMPC that
takes process uncertainty into account in the NMPC formulation. In addition, adding integrating states
to WTP may reduce this offset by inducing integral action in the NMPC. This may be achieved by
considering nonstationary disturbances as augmented states to the WTP®5%, However, this is beyond
the scope of this work. Note that the offset between estimation and set points is smaller compared to
the offset between CVs and the set points.

6.2.1.2 WTP: EKF for state estimation vs EKF for AC estimation

The results presented above have shown that EKF can approximate the AC parameters even in the
presence of bounded constraints, as shown in Scenario I and Scenario II above. Although EKF is
expected to face difficulties when the Gaussian assumption approximation cannot hold, this is still an
acceptable AC estimator as it can provide an accurate approximation of AC in short computational
times. The closed-loop considered in section 6.2.1.1 follows the standard framework shown in Figure
6-1. This section considers two additional closed-loop strategies (CL) that are used here to provide
insights regarding the efficiency of EKF as an AC estimator in the MHE-NMPC closed-loop framework
involving nonlinear constrains such as bounds on the process uncertainties. To pursue this goal, two
closed-loop strategies (CL) involving different features have been considered; these strategies are as
follows:

CL1) As shown in Figure 6-7(a), this closed-loop strategy considers EKF as the only state estimation

technique (i.e., without the MHE framework).

CL2) EKF is used as the AC estimator while EKF is working independent of MHE, i.e., the prior
estimation of AC is provided by EKF itself and not by MHE framework, as shown in Figure 6-7(b).
These two tests, i.e., CL1 and CL2, have been compared to the base case control strategy (BC) used in
this work described in section 6.1 and depicted in Figure 6-1. In the base case (BC) framework, EKF is
used to estimate AC presented in MHE within a standard framework, where the prior estimation of the
states in EKF is provided by MHE.
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Figure 6-7: Block diagrams: (a) CL1, (b) CL2

The closed-loop frameworks described for CL1 and CL2 have been tested using Scenario Iand Scenario
II described above. As shown in Figures 6-8(a)-(b), CL1 test does not lead to instability in the control
or estimation in the presence of symmetric bounded process uncertainties (Scenario I). This result was
expected as the constraint imposed on the probability distribution of the process uncertainties is
symmetric and fairly wide, i.e., it closely approximates to a Gaussian distribution. Although the
distributions of process uncertainties are not precisely Gaussian (see Figure 6-2(a)), EKF will not
severely suffer from the absence of this bounds as the distributions of the process uncertainties are not
far from a Gaussian distribution. Nevertheless, using MHE improves the accuracy of the state
estimation and closed-loop performance as MHE considers the bounds and operational constraints for
the WTP. As shown in Figure 6-8(b), the relative error in the AC approximation is reduced by
approximately 30% in the base case (BC) closed-loop strategy compared to the case when EKF is used
as an independent AC estimator (CL2). Figures 6-8(c)-(d) present a more realistic scenario in which
process uncertainties may follow a non-symmetric probability distribution function. As shown in these
figures, CL1 (which explicitly relies on EKF estimations) may lead to instability in the presence of non-
symmetric process uncertainties (Scenario II). As shown in Figure 6-8(d), the estimation provided by
EKF in CL1 becomes unstable as the estimation error is propagated over time, i.e., at time 24 hr (24"
iteration) EKF failed to provide an estimation since the numerical solver diverged due to the large
estimation error. An error analysis is presented in section 6.2.3 to further investigate the cause of this
divergence. As shown in Figure 6-8(c), these unstable estimations caused by EKF in CL1 eventually

resulted in an unstable closed-loop operation. Moreover, the approximation of AC using only EKF
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estimations (CL2) also becomes unstable (see Figure 6-8(d)) and eventually leads to closed-loop
instability due to an inadequate initialization of NMPC, i.e., poor estimation of the states, as shown in
Figure 6-8(c). On the other hand, the base case (BC) control strategy offers a stable and accurate
estimation of both AC and states in closed-loop, which is consistent with the results presented in section
6.2.1.1 (Scenarios I-11l). Based on the above, the estimation error caused by the absence of operational
constraints and bounds in the EKF algorithm may propagate over time and may lead to inaccurate
unstable estimations depending on the nonlinearity of the distributions considered for process
uncertainty and measurements. However, the current results show that this estimation error for the EKF
under nonlinear distributions may not propagate significantly if engaged with MHE since this

framework is able to provide the EKF with a proper initialization at every time interval.
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Figure 6-8: Control and estimation of biomass in the closed-loop system based on the role of EKF in the
framework under (a), (b) Scenario I; (c), (d) Scenario Il

6.2.2 High Impact Polystyrene Process (HIPS)

Based on the outcomes obtained from the previous case study, EKF provided an acceptable

approximation of AC for an industrial-scale system even in the presence of non-symmetric bounded
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process uncertainties. Hence, this section further investigates the potential of EKF as the AC estimator
on a challenging control and estimation problem such as an industrial HIPS system.
In this system, the non-isothermal polymerization process takes place in a CSTR with highly sensitive
nonlinear reaction kinetics. The key states to control are the monomer concentration and the reactor
temperature to maintain stability and obtain different grades of polystyrene conversion based on the
product demands. Equation (6-8) represents the dynamic model of the HIPS, including the rate of
initiator, monomer, butadiene, radicals, branched radicals concentrations (i.e., C;, Cp,, Cp, Cr, and Cp,.),
reactor temperature (T'), jacket temperature (7;), Zeroth moment dead polymer (u7), zeroth moment of
the chain-length distribution for growing polymer chains with a terminal butadiene unit (uJ). Equations
(6-9)-(6-10) show the constraints considered for this process, i.e., bounds on the monomer
concentration and reactor temperature, respectively.

gg_Qﬂf—QQ_kC' (6-8)

dt v at

dCn _ QG Cm)
dt |4

~ KpCon (12 + 1)

dc ¢/ -c
dcy, QG —Gy) _ Co(KizCr + Kpsul + Kpppp)

dt |4
dc,
a 2e;K4C; — Cr(Ki1 o + Ki2Cp)
dCyr _ 0 0 0 0
dt - Cb [KiZCr + be (.ur + #b)] - Cbr [KiSCm + Kt(.ur +up + Cbr)]

dT _ Q(T' =T)  AHKpCp(u? + ) UA4(T =T)
- = + —
dt 14 Ps Cps Ps Cps 14

ATy Qew(T/ =T))  UAT -T)

dt Ve ppsWCpchc

duf
E = Ki3CprCn — [KPCm + Kt(.u(r) + ﬂg + Cbr) + KfsCm + beCb]ﬂg + KPCmﬂg
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duy

= 2KioCm® + Kis CrC + Con K5 (1 + 119)

dt
- [KPCm + Kt(ﬂg + Mg + Cbr) + KfsCm + beCb]/.t,Q + KPCm.ug
5.0 < Cp(t) < 7.5 (mol/L) (6-9)
330 < T(t) < 240 (K) (6-10)

Tables D-1 in Appendix D lists the nominal state values and model parameter values adopted for this
case study. The kinetic parameters can be found elsewhere!®! #, Note that the scaled mechanistic
model is used in this study as the state variables differ by orders of magnitude. HIPS includes 3 input
variables: the initiator, outlet and the cooling water flow rates (i.e., Q;, @, and Q.,) and 9 states
variables (i.e., C;, Cp, Cp, Cpy Cpp, T, Tj, u?, and pg). The goal of this case study is to show the

competence of EKF as the AC estimator for challenging cases such as the HIPS process.

Previous studies have shown that this process is challenging to control since it exhibits a complex
dynamic behaviour8118219 For instance, HIPS is an open-loop unstable system that involves multiple
state variables that evolve at different time scales thus making this process quite challenging. In addition
to the well-known challenges in terms of controlling an unstable system, developing a control strategy
that considers an online state estimation scheme makes the closed-loop framework more challenging,
e.g., in the case of unstable systems, a reliable estimation of the states becomes critical to achieve
stability and good NMPC performance. That is, small deviations in the initial state estimation provided
to the NMPC can lead to inadequate control actions that can eventually lead to errors in the state
estimation and in due course to a loss in closed-loop performance. Thus, both MHE and NMPC schemes
rely on the accuracy of the AC estimation. As indicated above, a closed-loop framework involving
NMPC and MHE for this challenging process has not been reported.

As in the case of the WTP, process uncertainties have been explicitly considered in the plant model and
MHE to account for plant-model mismatch thus making the present closed-loop HIPS implementation
more realistic. The performance of closed-loop operation of the HIPS was investigated under Scenario
11, i.e., fixed plant design and non-symmetric bounded distribution for the process uncertainties. This
study assumes that the online measurements are available for the concentration of butadiene (Cp),
radicals (C,), branched radicals (C,,), reactor temperature (T), and zeroth moment of the chain-length
distribution for growing polymer chains with a terminal butadiene unit (1). Although online access to

some of the key states such as C, and u) may not be available in practice, these assumptions have been
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made to simplify the analysis. Future works involve the development of new approaches that can
remove this requirement. Moreover, the process measurements in this study follow a normal
distribution with a standard deviation (0,,.4s) Set to 5% of the nominal scaled steady-state values of
the states (see Table D-1). Moreover, a,,,,. is set to 0.01% of the nominal scaled values of the states
and is assumed to follow non-symmetric bounded distribution, i.e., Scenario II. Note that NMPC
considers two CVs (i.e., C,,, and T) and two MVs (i.e., Q, and Q). Moreover, similar to the WTP,
EKF as the AC estimator evaluates the posterior estimation of the states at time k — N, i.e., XEXE based
on the estimated states calculated from MHE at the time step k-N-1 (X,_y—1). Then, the posterior
estimation ZEXF is assigned as the approximation of the mean value in AC distribution (X;_y). The
covariance matrix for AC has been set to 1% of the nominal values of the scaled steady-state values of
the states presented in Table D-1 of the appendix. The remaining underlying assumptions to perform
this study are presented in Appendix D.

Three different approximations of AC have been considered featuring true states (TS) and EKF, i.e.,
n € {TS, 0.5TS, EKF}. Table 6-3 provides the AC distribution for each of these instances. As shown in
Table 6-3, in the case of n = {EKF}, the posterior estimation of the states provided by EKF was used
as the approximation of the mean value (x,_y) in the AC distribution at time k — N. Moreover, the AC
covariance matrix, i.e., Py_y, is obtained from the scaled values of the states (denoted as SCV € R"™x
in Table 6-3) at the nominal operating point. Similar to WTP, n = {TS} and n = {0.5TS} represent the
benchmark AC estimation methods, i.e., these two instances use explicitly the true value of the state
and a -50% of the true value of the states as the approximation of the mean value of AC distribution

X _n, respectively.

Table 6-3: Characteristic of AC estimation methods, HIPS

AC estimation method (n) Approximation of AC distribution
EKF W (ZEEE, sCV x 10721)
TS N (xfSy, SCV x 10721)
0.5TS N (xQ5TS, sCV x 10721)

The results shown in this section are for both C,,, and T as they are the most critical states for the purpose
of monitoring and controlling the HIPS process!®. In addition, the plant output and the estimation
results for the jacket temperature (7;) are shown to represent the performance of closed-loop for an

unknown state that is not part of the set of controlled variables (CV). Figure 6-9 depicts the outcomes
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for this case study. Similar to the results drawn from the WTP case study, the poor control and

estimation provided by closed-loop in the case of 0.5TS highlights the need to provide a proper

approximation of AC to MHE. On average, the S’S\Egns), 51973;”), S?Egs ddecreased by 99% compared

to S/S\Eégl'sm), S?E%O'STS), S?E%STS ) for C,,, and T and T;, respectively. Moreover, Figures 6-9(a) and
6-9(d) depict an adequate control in the case of using EKF as the AC estimator for both C,,, and T. As
shown in Figures 6-9(b), 6-9(e), and 6-9(h), MHE provided adequate estimations of C,,, T and T; where
EKF was employed as the AC approximation method. Note that C,,, and T; are unknown states, whereas
online measurements are assumed to be available for T. According to these results, the MHE state
estimation can provide acceptable estimations during transitions between the product grades and at each

of the corresponding product grades. The results show that S’S\E%KF ) and S?E}EKF dare only 2% higher
than those observed for S/S\Egs) and S/S\E;TS), respectively. Note that in the case of monomer

concentration, S?Eéi” dis only 0.2% larger than S’S\ng). Moreover, the good performance of EKF as

the AC estimator can be observed from Figure 6-9(c), 6-9(f), and 6-9(i) when compared to the case of
using TS as the AC estimator. A similar quality of the closed-loop performance was observed for the
remaining unknown state variables and are not shown for brevity. For instance, Figure 6-9(g) shows an

acceptable tracking performance of the jacketed temperature (T;) when n = {EKF}.
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6.2.2.1 HIPS: EKF for state estimation vs EKF for AC estimation

The results presented above have shown the reliability of EKF as the AC approximation method even
though the EKF algorithm cannot explicitly take into account process constraints (i.e., Equations (6-9)-
(6-10)) and non-symmetric bounded distribution on the process uncertainties, as considered in Scenario
1I. The aim of this section is to further investigate the performance of EKF as an AC estimator for this
case study under different closed-loop configurations while using Scenario Il. Similar to the WTP,
three control strategies involving EKF were considered, i.e., CL1, CL2 and BC (see descriptions in
section 6.2.1.2). As shown in Figures 6-10(a) and 6-10(c), control scheme CL1 (which uses EKF as the
state estimator) failed to provide an acceptable initial condition to NMPC, which led to poor control
for both C,, and T. Moreover, Figures 6-10(b) and 6-10(d) show that NMPC failed to compute
acceptable control actions for the manipulated variables for control scheme CL2. Similar to the
discussion presented in section 6.2.1.2, this is due to the error propagation in EKF framework, which
is also observed in the estimation provided by MHE for CL2 (see Figures 6-10(b) and 6-10(d)).
Nevertheless, Figures 6-10(a)-6-10(d) present good control and estimation for the BC scheme. Since
EKF in BC receives an acceptable initial condition that takes into account the process constraints (i.e.,
X_n—1 provided by MHE), EKF is able to provide an acceptable posterior estimation of the AC

distribution.
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Figure 6-10: Control and estimation results in the closed-loop system based on the role of EKF in the
framework for (a), (b) of monomer concentration; (c), (d) reactor temperature;

Note that errors in the EKF estimation will only be propagated for just one time interval. That is, given
that the prior distribution at every time interval k is the output of MHE, which considers the constraints
and bounds in the process, the estimation error caused by the lack of knowledge about the constraints
in the EKF formulation only propagates one iteration, which based on the above, will more likely
represent an adequate estimation of the states as AC in MHE. Thus, even though the EKF algorithm by
itself may lead to instability in the presence of bounded nonlinear constraints by propagating the
estimation error over time, this algorithm is an adequate AC estimator in the MHE framework. This
observation agrees with the results presented in sections 6.2.1.2. An error analysis of the EKF

framework is presented next to further clarify this insight.

6.2.3 Error Analysis

This section presents an analysis on the error in the estimation of the states in the EKF framework.
Considering a general nonlinear model Equations (3-1)-(3-3), the priori and posterior estimation step
in the standard EKF are indicated in Equations (3-4) and (3-5), respectively. Note that u is assumed to
remain piecewise constant in between time intervals. The error in the estimation (i.e., ey ;) can be

defined as follows:
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ek|k =Xi — /x\ifip (6-11)

Introducing ®f/5", into Equation (6-11) gives:

ek|k = (xk - lelgil) - (?ﬁfip - ?gfﬁil (6-12)

By substituting Equations (3-1) and (3-4) for x; and ®; k" ,, respectively, the term (x; — ®Efi-;) can
be evaluated as follows:

X — ngﬁ; = fp-p U, k=1 +wyy — f(yk—uk—l'uk—li k — 1) (6-13)

Thus, by substituting Equation (3-5) for (%" — ZE(k", ), the estimation error is as follows:

€kl = (f(xk—lwuk—lrk -1 - f(ik—1|k—1;uk—1:k - 1) + Wk—l)

- (6-14)
~ Ky (yic = h (B5D i, k)

where y,. is defined by Equation (3-2). Thus, Equation (6-14) can be simplified as follows:

exe = (f ko, umr, k — 1) = F(Rpcqpp—1, Uo1, k — 1) + Wi)

- K, (h(xk,uk, k)—h (i,((El,f_Fiuk k) + vk) (6-15)
According to the first order Euler Taylor series expansions:
f e e, k) = f(Rpe— -1, -1,k — 1) = A1 (Xe—1 — R 5 1-1) (6-16)
R i k) — h (R, we k) ~ Hy (2 — EKE,) (6-17)
Thus, the estimation of error is as follows:
e = A1 (X1 — K 1) + Wior — KicHy (x5 — R 1) —K v (6-18)

where x;_; — R ] |;_; is the estimation error at time interval k — 1, i.e., x_y)x—1. Thus, given (6-13)
and (6-18), the error is as follows:

ek = A1 — KiHy)ey_q -1 + (I — K Hi w1 —K vy, (6-19)

This equation can be re-written as follows:

ek = Mgep_qjk—1 + YrWwi_1— Ky vy (6-20)
where IT and , i.e., error factor and process uncertainty factor, are defined as follows:
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M, = A_,(I - K Hy)
Yy = (1 - Kka)

(6-21)

The error function shown in Equation (6-20) can be used to analyze the results of this study for both
WTP and HIPS. As mentioned in sections 6.2.1.2 and 6.2.2.1, EKF in BC can be an acceptable AC
estimator while it fails to provide an accurate estimation of states in CL2. This can be explained through
the term ej,_qx—1 in Equation (6-20), that is a poor initialization provided by EKF in CL2 framework
suggests a relatively large e,_q -, that may increase and propagate the error significantly at each

iteration step. On the other hand, ej,_qx—, in BC remains small and bounded (as shown in Figures (6-

8) and (6-10) and reported by their corresponding STS\E,(,?)). The sources of these errors can be identified
by inspecting the evolution of IT and ¥ for each case study presented in sections 6.2.1.2 and 6.2.2.1.
Figures 6-11(a)-(b) compares the average eigenvalue of II for CL2 and BC in WTP. The same
comparison is made in Figures 6-11(c)-(d) for the HIPS process. According to Figures 6-11(a) and 6-
11(c), the average eigenvalue of the error factor II, remains bounded throughout the closed-loop

simulation; whereas Figures 6-11(b) and 6-11(d) show that the average eigenvalue of IT becomes
unbounded after a few iterations.
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Figure 6-11: Average eigenvalue of IT factor in the case of CL2 and BC framework for (a), (b) WTP; (c), (d)
HIPS;

The same tests have been performed for . The results showed that the average eigenvalue for this
factor remain bounded (not shown for brevity), which is an indication that this factor does not have a
major role in the failure of EKF in CL2. Therefore, the behaviour of the eigenvalues in the error factor
IT can be identified by evaluating the eigenvalues of the Jacobian matrix for control schemes BC and
CL2 at each time interval. In the control scheme CL2, the Jacobian matrix is updated at every time

interval k based on the posterior estimation of the states at the past time interval, i.e., Qﬁ’_‘ﬂk_l.

Therefore, as the estimation error e,_y,—, propagates over time, the effect of inaccurate estimations

of 25X%,,—, provided to the Jacobian matrix becomes more significant. After several time intervals, the

effect of the error may become large and produce unbounded eigenvalues in the sensitivity matrices,
which eventually results in an unstable operation for the control scheme CL2. This behaviour agrees

with the results presented for WTP and HIPS in sections 6.2.1.2 and 6.2.2.1, respectively.
6.3 Summary

This study showed that an AC approximation method is an essential component in the MHE framework
to attain an acceptable closed-loop performance. Nevertheless, as long as a standard state estimation
method is used to approximate the AC distribution and is engaged with MHE, open-loop and closed-
loop operation (even in the presence of nonlinear process constraints) are expected to operate
adequately, i.e., the states estimates are expected to follow the plant states and therefore become good
educated initial guesses for the NMPC framework. This research showed that while EKF is an
unconstrained state estimation scheme, this estimation method is an efficient AC estimator and
expected to provide an adequate optimization-based estimation and control of industrial and/or complex
systems that operate in closed-loop using MHE and NMPC. This is because EKF is provided with a
proper initialization when coupled with a constrained state estimation scheme such as MHE. Moreover,
the error analysis on the EKF performance was conducted to this work that provided insights on the
performance of EKF as AC estimator for constrained applications. Base on this analysis, the estimation
error for EKF as the AC estimator when couples with MHE remains bounded. This insight supports the
capability of EKF as the AC estimator. This suggests that more computationally expensive filters such
as C-PF may not be required as AC estimators since they may not seem to improve the quality of the

MHE estimation when compared to a more computationally efficient estimation method such as EKF.
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The outcomes of this research was validated for industrial scale systems that exhibit complex dynamics
and unstable open-loop operation, and under a variety of restrictions on the process uncertainties,
measurement noises, feasibility constraints and different plant designs.

In addition to the arrival cost, the MHE performance highly relies on accurate identification of the
measurement noises and process uncertainties present in the system. Thus, it is essential to provide
accurate models to the MHE scheme that describe the density of these random variables properly. This
motivates the studies presented in the next two chapters of this thesis.
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Chapter 7
Extended Moving Horizon Estimation (EMHE)

In order to achieve a high performance estimation while using the MHE framework, it is essential to
identify models that can adequately capture the behaviour of the three major components of the
objective function in the MHE problem, i.e., arrival cost (AC), process uncertainties, and measurement
noises. While the previous chapter focused on assessing the importance of the AC in the MHE
framework, this chapter aims to improve the MHE performance by improving the models representing
the process uncertainties and measurement noises. A common assumption when using MHE is to
consider that the distribution of the process uncertainties and measurement noises can be described by
zero-mean Gaussian distributions with known covariance matrices. However, most of the real-world
applications featuring noises/uncertainties that follow non-Gaussian distributions. A review of the
literature presented in section 2.3.2 reveals that no study has considered an efficient modification on
the standard MHE formulation to capture the non-Gaussianity of noises/uncertainties. Moreover, there
might be scheduled changes occurring in the plant that may lead to a change in the density of the process
uncertainties and measurement noises. As a reminder, in this work, the distribution that changes due to
changes in the operational conditions is referred to as time-dependent distribution. Likewise, the
distribution that remains unchanged during operation is referred to as time-independent distribution.
As these changes in the plant operation are scheduled, the new distribution of the noises/uncertainties
are known a priori to the MHE framework. However, a development on the MHE-based estimation
schemes that can capture the changes in the distribution of the noises/uncertainties online is lacking
from the literature.

Chapters 4 and 5 have presented a novel efficient scheme to use Gaussian mixture models to the state
estimation framework (i.e., referred to as AGS-EKF) to capture the non-Gaussianity of the process
uncertainties and measurement noises. Motivated by the previous works on AGS-EKF, the present
work aims to make use of the Gaussian mixture models to improve the performance of MHE for the
applications involving non-Gaussian process uncertainties/ measurement noises. Note that similar to
the common assumption made when performing model-based state estimation schemes (e.g., MHE,
EKF, etc.) the current work focuses on applications where the distributions of the process uncertainties
and measurement noises are known a priori over the operating time. Such probability distributions can
be obtained from historical data or process heuristics. The main contributions of this work are as
follows:
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A novel extended version of MHE is developed. The scheme, referred to as Extended Moving
Horizon Estimation (EMHE), relaxes the zero-mean Gaussian assumption considered for the
process uncertainties and measurement noises in the standard MHE. In the proposed Extended
MHE, the objective function is modified to consider non-zero mean Gaussian distributions for the
noisy variables. Later in this chapter, it is shown that the standard MHE is a special case of EMHE.
Also, the proposed EMHE is not expected to increase the computational load compared to the
standard MHE, thus making the proposed approach computationally attractive.

The non-Gaussian distributions for the process uncertainties and measurement noises are
approximated using Gaussian mixture models. Given that the distributions of these random
variables are assumed to be known a priori, the corresponding Gaussian mixture models can be
estimated offline. Thus, this step does not increase the CPU time in the online estimation scheme.
The proposed EMHE uses the mean value and covariance matrix of the overall Gaussian mixture
model to approximate the non-Gaussian distribution of the process uncertainty/ measurement
noises. These main characteristics of the corresponding Gaussian mixture models are introduced to
the EMHE objective function, which helps to reduce the estimation error for such applications in
comparison to the standard MHE. Note that the use of Gaussian mixture model in MHE framework
has not been reported in the literature.

The estimation scheme based on the proposed EMHE offers the opportunity to perform an online
adaptation on the time-dependent known distributions (Gaussian/Non-Gaussian) of the process
uncertainties and measurement noises. This is a practical feature for those processes that are subject
to significant changes in the distribution of noises and uncertainties due to changes in their
operating conditions, e.g., seasonal changes during operation. For this purpose, EMHE allows the
estimation scheme to re-approximate the corresponding Gaussian mixture models of the process
uncertainties and measurement noises upon any changes in their corresponding distributions. Note
that expectation-maximization (EM) algorithm is an efficient method used to re-approximate these
Gaussian mixture models. The additional computational costs needed to re-approximate the
Gaussian mixture models highly depends on the frequency at which the scheduled change in
operation happens in the plant, i.e., how often the density function of the noise/uncertainty changes.
The higher the frequency at which these events take place in a system, the more often the Gaussian
mixture models need to be recalculated thus increasing the CPU costs. Nevertheless, it is expected

that such changes would not occur within short time intervals in an actual industrial setting. Note
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that computer parallelization techniques can be adopted to simultaneously update the Gaussian

mixture models of the noises/uncertainties, thus reducing the CPU costs.

Note that the mean value of the overall Gaussian mixture models of the corresponding non-zero mean
non-Gaussian noises/uncertainties may also have a non-zero mean. Thus, the aforementioned
modification in the MHE framework is required such that the non-zero mean and the covariance matrix
of the Gaussian mixture models can be adopted within the MHE formulation. That is, the main interest
of the modification considered in EMHE (i.e., relaxing the zero-mean assumption) is only to describe
systems with non-zero mean Gaussian mixture models.

This chapter is organized as follows: section 7.1 presents the proposed Extended MHE (EMHE).
Section 7.2 describes the scheme required to perform recursive state estimation for applications
featuring process uncertainties and measurement noises that follow time-dependent distributions, i.e.,
the density of these random variables changes throughout the process. The computational experiments
conducted to this work are presented in section 7.3, which includes three chemical engineering
processes to investigate benefits offered by the proposed method in both open-loop and closed-loop

when compared to standard MHE. Section 7.4 presents the chapter summary.

7.1 Extended Moving Horizon Estimation (EMHE)

The proposed Extended MHE aims to improve the MHE performance for the applications in which
process uncertainties or/and measurement noises follow known non-zero mean Gaussian distributions.
This chapter considers a nonlinear dynamic system given by Equations (3-1)-(3-2). MHE is a special
case of the full information problem where the length of estimation horizon (N) is fixed and finite. In
general, the standard full information problem (and correspondingly, standard MHE) assumes that the
process uncertainties (w) and measurement noises (v) are mutually uncorrelated and follow the zero-

mean Gaussian distributions with diagonal covariance matrices Q and R, respectively, i.e.
r _ (@ ¢=k r _ (R ¢=k
Elwewi] = {0, ¢k Elevid = {0, ¢#k (7-1)

w € R™,v € R, Q € R"™*", R € R™*™

Moreover, E[w x}] = 0 for all k where x, represents the vector of initial states. The full information

problem provides the optimal estimations of the state variables. That is, the optimal estimation is

determined by maximizing the posterior PDF of the states over the estimation horizon. The full
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information problem for the nonlinear model presented in Equations (3-1), (3-2), and (7-1) is

formulated as follows®*:

{foua ---»fkuc} =arg {ma}(x P(X’5|Y’5) (7-2)

Xjsij=0

=~

where p denotes the probability density function, X represents the optimal estimates, Y§ =
Vo, V1, - Y} and X& = {x,, x4, ..., x;} represents the set of the measurements and the states of the
systems, respectively. Given the underlying assumptions in the full information problem, i.e., the states
follow a first order Markov process, the process uncertainties and the measurement noises are
independent, and the available measurements are mutually independent, Equation (7-2) can be rewritten

as follows:
{k\ouo ...,Qk“(} = arg{ rrv}]a)i logp (xg) + Zﬁ-‘zologp (vj) + Zf;g logp (w]-) (7-3)
JWjsj=o0
The details of the derivation of the Equation (7-3) from Equations (3-1),(3-2),(7-2) can be found
elsewhere. Given xo~N(Xo)0, Po), Wx~N(0,Q), and v,~N(0,R), Equation (7-3) can be

expressed as follows:

k-1 k
(o T} =g min o =l o+ il + Yol 00
71 j=0 j=0 j=0

From Equation (7-4), i.e., the objective function of the general full information formulation, the
standard MHE formulation can be derived. That is, MHE considers only the last N measurements to
perform the estimation. In the standard MHE formulation, as shown in Equations (6-1)-(6-2), a penalty
term ¢, _y, referred to as the arrival cost, is introduced to represent a metric of the past information

that is discarded from the finite estimation horizon in the MHE scheme.

The proposed EMHE relaxes the zero-mean assumption for the uncertainties and noises in the nonlinear
system and complies with the assumptions mentioned above. That is, the PDF of the non-zero mean
Gaussian process uncertainties and measurement noises can be described by wy,~N(u, Q) and
v, ~N(t, R), respectively. Thus, the full information objective function in Equation (7-3) for the

nonlinear system (i.e., Equations (3-1)-(3-2)) can be rewritten as follows:
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k-1
A W Zooll, 4 + Z,:o Iw; = wll} +

XjWjsj=0
k 2
DI

Consequently, the proposed EMHE formulation can be derived from Equation (7-5) as follows:

(7-5)

min Z |l +Zk v = 2||’os + Pren (7-6)
wwph g Lj=k-n e jel-n+1 )R
s.t.
xj+1=f(xj,uj)+wj; VJ=k—N,k—1
g(x],u],w],y])SO, V]=k—N,k
xl<x;<ax*; Vi=k—N,..k
where:

ueER™, TeRY

Note that the standard MHE is a special case of the proposed EMHE. That is, if process uncertainties
and measurement noises belong to zero-mean Gaussian distributions, then, u = 0 and T = 0; hence,

Equation (7-6) is equivalent to the standard MHE formulation presented in Equation (6-1).

This modification in the MHE formulation presented in Equation (7-6) allows EMHE to adopt
uncertainties and noises that follow non-zero mean Gaussian distributions to the state estimation
framework at no additional computational costs. Moreover, EMHE combined with the Gaussian
mixture models can outperform standard MHE for applications involving non-zero mean non-Gaussian
process uncertainties and measurement noises. To pursue this goal, the proposed EMHE uses the mean
value and covariance of the Gaussian mixture models, as a suitable approximation of the non-zero mean
non-Gaussian process uncertainties and measurement noises present in the process. This EMHE-based

state estimation scheme is presented next.

7.2 State estimation scheme: time-dependent non-Gaussian distributions

This section presents the state estimation scheme proposed in this study to deal with systems involving
non-Gaussianity and time-dependency of the densities of the random noises and uncertainties. The non-

Gaussian random variables present in the process can be described by the main characteristics of their
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corresponding Gaussian mixture models, as shown in Equation (4-13). Substituting the mean vector
and covariance of the Gaussian mixture models, i.e., wy~N (u™, QM) and v, ~N (zM, RM), in
the proposed EMHE formulation shown in Equation (7-6) can introduce an adequate approximation of
the non-Gaussian process uncertainties and measurement noises to the state estimation. The Gaussian
mixture models can be updated online once the system moves to operating conditions where the noises’
densities change, i.e., on cases when the distribution of the noises are time-dependent.

Table 7-1 presents the step-by-step procedure required to provide the point estimates using the proposed
estimation scheme. As shown in this table, Equations (7-7)-(7-12) are used to evaluate the state
estimation at each time interval. The notation used in these equations is provided below. Steps | and 11
in Table 7-1 (i.e., Equations (7-7)-(7-10)) use a priori knowledge of the process uncertainties and
measurement noises at the current time interval k to approximate time-dependent distributions with
adequate Gaussian mixture models. Note that this work considers that the random variables present in
the system are independent from each other. Thus, in Step I, Equations (7-7),(7-8) perform the
univariate EM algorithm based on a priori knowledge of the process uncertainties and measurement
noises at the current time interval k to approximate the parameters of Gaussian components in the
Gaussian mixture model of each process uncertainty/measurement noise. The main entries to the EM
algorithm (denoted as the EM function in Equations (7-7) and (7-8)) are the densities of the non-
Gaussian process uncertainties and measurement noises at the current time interval k, which are
described with a large number of samples. This information is used at each time interval to update the
parameters of the corresponding Gaussian mixture model. In Step I, the overall mean value and
covariance of each Gaussian mixture model are obtained from Equations (7-9) and (7-10). Step IlI
provides the mean vector and covariance matrix of the process uncertainties and measurement noises
based on the characteristics of the process uncertainties and noises obtained from Step I1. Note that the
notation used to represent the mean vector and covariance of the corresponding Gaussian mixture
models of these time-dependent distributions of the process uncertainties at the current time interval
(k) are uSM and Q&M respectively. Likewise, T¢™ and REM denote the mean vector and covariance
matrix to approximate the time-dependent distributions of the measurement noises at the current time
interval k. As shown in Step 1V, this information (i.e., ué™, QM M "and REM) represents the main
inputs to perform the state estimation at each time interval k using the EMHE framework, as per
Equation (7-12).
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Table 7-1: EMHE-based state estimation algorithm under time-dependent non-Gaussian distribution of
noises/uncertainties

At each time interval k:

Step I: Update Gaussian components based on the current PDFs, i.e., p(w;, ) and p(vc, )

(#fpk' Qlipk'a’plipk) = EM(p(Wlk)'k); Wy, € Wi Vk; VI=1,..ny (7-7)
(Témk’ Rci‘mk' am(i;mk) = EM(p(UCk),k), ka € Vy; Vk, Ve =1, ...ny (7-8)

Step I1: Update the characteristics of Gaussian mixture models

6M _ yngp() _ip | ip
My k_zip:1 ap; My

) ) . ) ) T
GM _ yngp) _ip Aip ngp(l) . ip ip GM ip GM -

Q; k= Zip=1 ap,; le Kk + Eip=1 ap; (.ul M k) (.ul M k) (7-9)
Z?,ffl(l) aplip =1; a'plip >0 Vk;Vl=1,..n,
M = Z?rflzll@ amd™ te™,

ngm(c) ngm(c)

. . , . . T
REM, = 2 am{™, R{™, + Z ami™, (k™ — <&M (i, — M) (7-10)
im=1 im=1

SO amin = 1; ami® 20 Vk;Ve=1,..n,

Step 111: Update the mean-vectors and covariance matrices

l=nx . . l=TLx
pit =M} QM = diag ([Qf’”k]l_1 ); vk o
- 7-11
c=n A : c=n
M = {Tka}czoy; RM = diag ([R};mk]czly); vk
Step IV: Perform the estimation using the proposed EMHE
k=1 2 k 2 (7-12)
min Z w; — uSM||” - +Z v; — M -1+ @
oy Ly s 2 = g+ 0
s.t.
xj+1=f(xj,u]-)+wj; V]=k—N,k—1
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g(xj,u;,w;,y;) < 0; Vi=k—N,..k

xl<x;<ax*; Vi=k—N,..k

MgM € R™ ’th c Rny; QgM )= Rnxxnx’RgM )= Rnyxny

As shown in Table 7-1, n, and n,, are the number of state variables and measurements in the system,
respectively. As presented in section 5.1.2, scalar v, refers to the ¢ element of vector v, which
represents the measurement noise associated with c" measurement at time interval k; scalar w, K refers
to the I element of vector wy. ip, and im denote the indexes for the Gaussian component in the
Gaussian mixture model of process uncertainties and measurement noises, respectively. For
instance, am™ is the weight assigned to the im™ component in the Gaussian mixture model of ¢
measurement noise, whereas aplip is the corresponding weight for the ip™ Gaussian component in the
Gaussian mixture model of the I process uncertainty variable, respectively; likewise, ngp(l) and
ngm(c) are scalars that denote the number of Gaussian components in the corresponding mixture
model of the [™ process uncertainty and ¢ measurement noise, respectively. The function EM in
Equations (7-7)-(7-8) represents the univariate expectation-maximization method. Note that similar to
the standard MHE, the EMHE problem is expected to present the optimal estimations of the unknown
states that satisfy all the process constraints. That is, from a mathematical point of view, the estimations
provided by both the standard MHE and EMHE are expected to remain within the feasibility region of
the process. In practice, however, the estimates resulting from EMHE and the standard MHE may

become infeasible for the actual process if there is significant plan-model mismatch.

Remark 1: To simplify the analysis, the distribution of the noises within the estimation horizon are
assumed to be the same as the distribution of the noises at the current time interval k, i.e.,
{wi}f=k_N~N (uéM, QM) and {vi}fzk_N~N (M, QM) Nevertheless, the proposed approach can
be extended to cases when this assumption is relaxed. In that case, Equation (7-11) in Step Il needs to
be modified to keep track of all the historical distributions of the noises/uncertainties within the

estimation horizon. This can be done by considering an additional dimension in the matrix of the mean
l=n,

M \=Nx .
s s e {1 k}l=1 ] Note that the subscripts for

: G
values and covariance, e.g., H{i~ . = [{,uf“k_N}
these terms in objective function in Equation (7-12) would need to change from k to j, i.e.,
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- K (7-12A)
min z |lw; — HJGM||ZGM—1 + z |v; — =M ||2](_;M—1 + Qr-n
f=k-N

k-1
xjwikjzk-n j
j=k—-N+1

Remark 2: For the scenarios where the distributions of the process uncertainties and measurement
noises are assumed to remain constant during operation (i.e., time-independent distributions), the inputs
to the EMHE framework would not change. That is, the estimation scheme does not require to perform
Steps I-111 at each time interval. For instance, the scenario featuring time-independent non-zero mean
Gaussian distributed random noises, i.e., w~N(u, Q) and v, ~N(t, R), is a special case of the
estimation scheme presented in Table 7-1 in which ué™ = u, Q%M = Q,7%M =1, and RE™ = R.
Likewise, the scenario involving time-independent zero-mean Gaussian distributions, i.e.,
w,~N(0,Q) and v, ~N(0,R), is a special case of estimation scheme presented above in which
pM =0,QM =@, 7™, = 0,and R°M, =R.

Remark 3: The current study assumes that changes in the operation are scheduled in advance and
therefore, the corresponding probability densities of the measurement noises and process uncertainties
are known a priori. The proposed EMHE scheme is expected to converge in the estimation as long as
an adequate representation of the non-Gaussian distributions is provided using Gaussian mixture
models. However, when unexpected events happen in the plant, e.g., drastic changes in the operating
conditions or equipment malfunction, the process uncertainties and the measurement noises may
drastically drift from their original distributions. Under that scenario, the a priori knowledge of the
non-Gaussian distributions may no longer be valid and thus, the corresponding Gaussian mixture
models may no longer provide an accurate approximation of the noises/ uncertainties in the system.
Consequently, the present EMHE-scheme may lose performance or diverge as this framework heavily
relies on the accuracy of these Gaussian mixture models. Future research studies (presented in chapter
8) would focus on this limitation and provide robust moving horizon schemes that can accommodate
unknown densities in the measurement noises or process uncertainties.

Remark 4: In the present work, the process uncertainties (and measurement noises) associated with
each state variable are mutually independent and consequently, each process uncertainty variable
(measurement noise variable) is approximated to a univariate Gaussian mixture model, as shown in
Table 7-1 (Equations (7-7)-(7-11)). Nevertheless, the present EMHE estimation scheme can be readily
extended to consider applications featuring multivariate distributions of the process uncertainties/

measurement noises, i.e., correlated process uncertainties or measurement noises. Under those
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scenarios, the EMHE scheme makes use of multivariate Gaussian mixture models, i.e., Equations (7-

13A)-( 7-13D), as a substitute to univariate Gaussian mixture models shown in Equations (7-7)-(7-11).

(u;'{p, chp, ap,i{p) = EM(p(wy), k); Vk (7-13A)
(zi™, RI™, ami™) = EM(p(vy), k); Vk (7-13B)
M = 2?13931 “pzicp u;'cp (7-13C)

. . 5 5 i T
OF" = X127, @ + Tyt (- ) — )

YMP ap? =1; ap =0 vk

ip=1
M = 39T amiTim (7-13D)
ngm ngm
§ . . § . T
REM = " amR"+ ) amim (o — 1)z - o)
ngm im=1 ~im=1
Yimeiam™ =1, am'™ >0 Vk
Note that Step Ill in the EMHE-based estimation algorithm is not required when random

noises/uncertainties follow multivariate distributions. Moreover, Step IV (Equation (7-12)) remains

unchanged under both correlated and uncorrelated noises scenarios.

Remark 5: Preliminary tests showed that the arrival cost exhibits similar effects in the performance of
the EMHE scheme to those observed for the standard MHE (tests not shown for brevity). Longer
estimation horizons improve the estimation but also increase the CPU time. Conversely, short
estimation horizons reduce the CPU time to perform the point estimates, but it may impact the
convergence of the state estimation scheme because the performance of both EMHE and standard MHE
heavily relies on the accuracy offered by the arrival cost estimator (see chapter 6). As the present work
is focused on the effect of noises/uncertainties in the state estimation schemes, a sufficiently long
estimation horizon has been considered for each case study, which tends to minimize the impact of the
arrival cost term in the standard MHE and EMHE schemes. Nevertheless, the proposed EMHE

approach is expected to offer a similar performance if an appropriate arrival cost estimator is available.

7.3 Computational Experiments

This section presents the results of performing the proposed EMHE for three chemical engineering case

studies, i.e., a Gas-phase reactor, an industrial-scale wastewater treatment plant (WTP), and a network

of continuous-stirred tank reactors (CSTRs). This study used the mean squared error (MSE) defined in

Equation (4-22) as the main metric to analyze the performance of the proposed EMHE scheme in open-
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loop. Note that in the current chapter n € {MHE, EMHE}. As mentioned in the previous chapters, this
study considered the output of the mechanistic plant model (associated with the additive process
uncertainties), i.e., “Plant Output”, as the true value of states. Moreover, Equation (7-14) represents

MSE used to evaluate the performance of the system in closed-loop using the n'" estimation scheme.
M _ 1ty 2
MSEz,, =% Z=o (%iem = Yref ) (7-14)

where Yref km represents the set-points for the m™ state (controlled variable) at k™ time interval. The

computational experiments were performed in Pyomo 5.2 (and Python 3.6) on a computer running
Microsoft Windows Server 2016 standard. The computer specification is 96 GB RAM and Intel(R)
Xeon(R) CPU E5-2620 v4 @ 2.10 GHz 2.10 GHz (2 processors). The backward method was used to
discretize the nonlinear dynamic process models. Interior-point method was used to solve the
optimization problems, i.e., MHE, EMHE, and NMPC. Note that the true distributions of the
uncertainties/ noises for each case study were defined as a function (i.e., percentage) of the nominal
steady-state value of their corresponding state variables. This was done to test the performance of the
proposed estimation framework under operating conditions that are likely to occur in an actual
industrial setting. Hence, multiple scenarios involving Gaussian and non-Gaussian densities for simple
systems, and those involving complex highly nonlinear processes often found in industrial settings, are
presented in this section. The results obtained for each of the case studies are presented next.

7.3.1 Gas-phase Reactor

The proposed EMHE was used to perform state estimation in a gas-phase reactor presented in Equation
(4-26), except that the assumptions for the process uncertainties and the measurement noise is different
than that shown in Equation (4-26). That is, the current study considers that the process uncertainties
and the measurement noise present in this process follow the non-Gaussian distributions shown in
Figure 7-1. As shown in this figure, the process uncertainties considered in this study follow uniform
distributions while the random measurement noise is assumed to follow a multi-modal distribution
(with three modes). The red plot in this figure represents the Gaussian mixture model provided by the
EM algorithm that approximates each of the non-Gaussian distributions. Each of the Gaussian mixture
models involves three Gaussian components, which have been chosen offline after performing multiple
tests to achieve an acceptable level of accuracy of the mixture model without an unnecessary increase

in the Gaussian components.
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Figure 7-1: Histogram for the true non-Gaussian distribution and the Gaussian mixture approximation of (a)
the process uncertainty associated with p4; (b) process uncertainty associated with pg; (b) measurement noise

For comparison purposes, the performance of the standard MHE, i.e., Equation (6-1), was also
considered for this case study. In this case, zero-mean Gaussian process uncertainties and measurement

noise with the following specifications are considered:

vi~N'(0,R); R = 0.0169; w,,~N'(0,Q); Q = diag{9.0 X 107%,2.5 x 1073} (7-15)

To make a fair comparison, preliminary tests were performed to adjust the covariance matrices for these
random variables in the interest of obtaining the highest estimation accuracy using the standard MHE.
The initial guess used to perform the estimation is assumed to be 10% larger than the true initial states,

i.e,, 1.1 X py, and 1.1 X pg . Both of these states are unknown and need to be estimated online, i.e.,

the total pressure (yy) is the only available measurement. The sampling interval considered for the gas-
phase reactor is 0.1s. The length of estimation horizon is chosen to be 10, which is long enough to
minimize the effect of the arrival cost and help to focus only on the effect of the noises in the estimation
accuracy.

Figure 7-2 presents the estimates provided by both MHE and EMHE in open-loop. As shown in this
figure, the proposed EMHE was able to reduce the estimation error significantly when compared to the
standard MHE. The MSE for each state is reported in Table 7-2. According to this table, the estimation
error in the case of using the EMHE scheme is reduced by two orders of magnitude than that reported
for the case of using standard MHE. This improvement in the state estimation offered by EMHE is
because the Gaussian mixture models of the non-zero mean non-Gaussian noises (and uncertainties)
have been considered in the EMHE objective function; therefore, the mismatch between the process
and the estimation scheme is smaller than that observed in the standard MHE. The current case study
assumed that the distribution of the process uncertainties and measurement noises were time-

independent, i.e., the corresponding Gaussian mixture models remain unchanged throughout the
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operation. As a result, the EMHE scheme only requires performing the EM algorithm once (i.e., at the
beginning of the estimation), which can be performed offline to avoid any additional CPU time in the
estimation scheme. The improvement in the estimation accuracy achieved by performing the proposed

EMHE is attractive as it comes at no additional computational costs.
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Figure 7-2: Estimation provided by standard MHE and EMHE under open-loop operation: (2) p4; (b) pg

Table 7-2: MSE for p, and py using different estimation schemes under open-loop

operation
Estimation method (n) MSEI(,’;) MSE,(,’;)
MHE 1.26 1.68
EMHE 0.04 0.05

7.3.2 Wastewater Treatment Plant (WTP)

The second case study considers an industrial-scale wastewater treatment plant (WTP) presented in
Equations (4-29),(6-6),(6-7). Ass mentioned in section 4.2.4, WTPs are often exposed to the external
perturbations that may affect the operability of this process®2. Moreover, it is difficult to develop a
mechanistic model that can completely capture the dynamics!®2. Thus, WTPs are often associated with
process uncertainties and is essential to approximate these uncertainties properly and introduce to the
estimation scheme. Moreover, due to the complexities mentioned above, the distribution of the process
uncertainties and consequently the distribution of the states are more likely to follow a non-Gaussian
behaviour. Hence, WTP is a good candidate for the goal of assessing the performance of the proposed
estimation scheme. Similar to the assumptions mentioned in sections 4.2.4 and 6.2.1, online
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measurements are available for x4, s,,, and c,, whereas x,,, x;, and x, represent the unknown states
for this plant. The sampling time of this process is 1 hr. Figure 7-3 presents the distributions of the
process uncertainty and measurement noises considered for this process. As shown in this figure, the
process uncertainties associated with states x,,, x,, and c,,, as well as the corresponding measurement
noises to states s,,, and x, are assumed to follow uniform distributions; whereas bimodal densities were
considered to represent the remaining process uncertainty and measurement noise variables present in
the system. As mentioned above, these assumptions were made to test the performance of the proposed
estimation scheme under practical scenarios involving noises and uncertainties with arbitrary non-
Gaussian densities, which are expected to be observed in practice. These distributions were assumed to
remain constant during operation, i.e., time-independent non-zero mean non-Gaussian noises. The
histogram represents the non-Gaussian random variables whereas the red solid lines are the Gaussian
mixture model for each distribution. Note that the number of Gaussian components varies for each
distribution based on the level of non-Gaussianity. Also note that all the process uncertainties and
measurement noises are mutually independent. Thus, each process uncertainty (and each measurement
noise) follows a unique non-Gaussian distribution that is different from the distribution of the other
uncertainties and noises. Univariate EM has been performed to approximate the parameters of the

corresponding Gaussian mixture models of these process uncertainties and measurement noises.
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Figure 7-3: Histogram for the true non-Gaussian distribution and the Gaussian mixture approximation of the
process uncertainties and the measurement noises in WTP

As in the previous case study, preliminary tests were performed to select the specifications of the noises
and uncertainties in the favour of the standard MHE. The standard deviation of the process uncertainty
associated with each state is set to 5% of the nominal steady-state value of the corresponding state.
Similarly, the standard deviation for the measurement noises associated with each of the states is set to
5% of their nominal steady-state values. The steady-state information used as the initial condition for
WTP is presented in Table B-2 in Appendix B. The Gaussian mixture models presented in Figure 7-3
represent the distribution of measurement noises and process uncertainties in EMHE framework. One
of the main interests in state estimation is to provide accurate estimates of the states in closed-loop for
the purpose of online control. Motivated by this, both open-loop and closed-loop scenarios have been
considered for WTP.

7.3.2.1 Scenario I: WTP in open-loop

The preliminary tests on the standard MHE for WTP featuring zero-mean Gaussian measurement noises
and process uncertainties have shown that 10hr (i.e., 10 time intervals) is an appropriate choice for the
length of estimation horizon to obtain an appropriate estimation for WTP without considering the
arrival cost term. Both state estimation schemes consider that the initial guesses for the estimated states
are 90% of the actual initial conditions of the state variables of WTP. Figure 7-4 shows the estimations
provided by EMHE and MHE for the unknown states x,,,, x5, and x,- under the non-Gaussian random
variables presented in Figure 7-3. As shown in Figure 7-4, the estimation improves significantly when

EMHE is used as the estimation scheme in open-loop. According to Table 7-3, the relative estimation

error, i.e., MSE,EEMHE)/MSE,EIV‘;’HE), is reduced by 20% for x,, in the case of using EMHE. Similarly,

the relative estimation error for x,., i.e., MSE,SEMHE)/MSE,ETHE), is decreased by 32% when EMHE is
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used as the estimation scheme. Note that the estimation error for online measured states, i.e., s,,, x4,

and c,,, are almost the same using both estimation schemes.
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Figure 7-4: Estimation provided by standard MHE and EMHE for (a) x,,; (b) xp; (b) x,.

Table 7-3: MSE for x,,, x;, ,and x,. using different estimation schemes

Estimation method (n) MSE MSE(” MSE{Y
MHE 4.66e4 3.3%4 2.61e5
EMHE 1.50e4 1.78¢4 5.22e4

7.3.2.2 Scenario Il: WTP in closed-loop using NMPC

NMPC has been engaged to this work to show the performance of the WTP in closed-loop using both

EMHE and MHE. That is, the closed-loop framework shown in Figure 6-1 is used in the current

scenario. As shown in this figure, an estimation scheme is necessary to provide the initial conditions to

the NMPC problem at each time interval. Moreover, NMPC provides the optimal control actions to

both process plant and the state estimator at each time interval. A detailed description on this closed-
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loop framework can be found in section 6.1. The general formulation of NMPC is presented in Equation
(6-3). In addition to the assumptions mentioned above for this case study, the prediction and control
horizons in the NMPC framework are set to 10 hr and 5 hr, respectively. These assumptions have been
previously tested to ensure acceptable NMPC performance for the WTP. As mentioned in the previous
chapters, the key states for the purpose of controlling the system are the concentration of biomass,
substrate and oxygen inside the bioreactor, i.e., x,, s,,, and c,,, respectively; the weight of these
controlled variables are set to 1, 200, 1, in the NMPC framework, respectively. The manipulated

variables are the turbine speed (f), the flowrate of the decanter outlet (g,) and the purge flowrate (g,,).

These flowrates are mainly responsible to control the biomass and substrate concentrations, whereas f;,
is used to keep the oxygen concentration on target. Bounds on the manipulated variables are presented
in Table B-2 in appendix B. Figure 7-5 highlights the results obtained by performing estimation and
control using both frameworks. Moreover, Table 7-4 represents the estimation error, i.e., the error
between the plant output and the estimated states evaluated based on Equation (4-22), as well as the
control error, i.e., the error between the plant output and the set-point calculated based on Equation (7-
14), for the controlled variables x,, and s,,. According to Figure 7-5(a), the closed-loop performance
for the controlled variable s,, is the same from both schemes, i.e., using MHE and EMHE as the
estimation scheme in the closed-loop framework. That is, the error between the plant output and the
set-point for s, i.e., Equation (7-14), is the same with a tolerance of 0.4% as reported in Table 7-4.
Figure 7-5(b) presents the results for biomass concentration inside the bioreactor (x,,), which is one of
the most critical states for this system for which online measurements are not available. The estimation
error, i.e., the error between the estimation and the plant output for x,,, , resulted in the case of using
EMHE is approximately 70% of the estimation error when using the standard MHE (see Table 7-4).
According to Table 7-4, the relative error in the closed-loop control, i.e., the error between the plant
output and the set-point for x,,, is approximately 59% smaller when EMHE was used in the feedback
control framework. The results for remaining states have not been presented for brevity. As shown in
Figure 7-5(c)-(d), the manipulated variables g, and g, reach their saturation limits (i.e., bounds) at
specific time intervals, regardless of the estimation scheme. During these time intervals, NMPC is
computing the exact same control actions to the plant, regardless of the estimation method (i.e., standard
MHE or EMHE); this leads to observe similar plant outputs from both methods. Nevertheless, the plant
output is closer to its set-point in the case of using EMHE when the constraints on the manipulated
variables are not active. This observation holds even though the estimates provided by standard MHE

are closer to the set-point than the estimates provided by EMHE. This is because the main connection
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in closed-loop is between the state estimation scheme and NMPC, as shown in Figure 6-1 (see section
6.1). Therefore, NMPC focuses on finding the optimal control actions that keep the estimation of the
controlled variables at their target. These control actions are sent to the plant. With this in mind, the
smaller error between the estimations and the set-points does not necessary lead to better control of the
plant as the estimations may not be accurate representatives of the plant outputs. Thus, the errors
between the estimations and both the plant output and the set-points need to be reduced to improve the
closed-loop operation. As shown in both Scenario | and Scenario 11, the proposed EMHE framework
provides more accurate estimations of the plant outputs than those provided by standard MHE, which
consequently leads to better set-point tracking performance.
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Figure 7-5: Impact of using MHE and EMHE in closed-loop: (a) estimation and plant output for s,,; (b)
estimation and plant output for x,,; (c) control actions for q,; (d) control actions for g,

Table 7-4: MSE in the estimation and control for x,, and s,, using different estimation schemes under

closed-loop

Estimation method (n)

Estimation error (Equation (4-22))

Control error (Equation (7-14))

MSE(" MSEY

MSE("

MSE{"
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MHE 4.31e+4 9.87 1.43e+5 53.50

EMHE 3.02e+4 5.38 8.47e+4 53.76

7.3.3 A series of Continuous-stirred Tank Reactors (CSTR)

The EMHE scheme proposed in section 7.2 is applied on a chemical process involving two connected
continuous-stirred tank reactors (CSRT) in series. This series of CSTRs has been used in the literature
for robust MHE and control applications'4®1%1%, Figure 7-6 shows a flowsheet of this process. The

symbols F,T, and C denotes the flowrate, temperature, and concentration of the corresponding stream
k k
in Figure 7-6, respectively. Three parallel reactions take place at each CSTR, i.e., A =B, ,A3Cand

A k—39 D. The goal is to produce C while B and D are by-products. The unreacted A at the outlet stream
of the second CSTR is partially recycled to the first CSTR at a flowrate F,., temperature of T, and with
the concentration of C4,. Each CSTR is equipped with a jacket to control the temperature of the reactor
by adding (removing) heat to (from) the reactor.

F,, T, Cy;

F;, Ty
Claps

' FD TI
—_— > >
Fy, Ty, Cay — Cur = F,;, T, Ca,
_ 1 1
0, Q;

Figure 7-6: Series of CSTRs flowsheet

The states of the system are the temperature and concentration of species A inside each CSTR, i.e.,

Ty, C4,, T2, and C4,. The process for this system can be modelled as follows 4191

E

an _ Fop _ Frop Ty _y3 Mg mr &
a v, (To —Ty) + 7 (T, —Ty) — Xiy iy kigeRT1Cy, + eV

(7-16)
dCa, “Ej

F, Fr ZEi
i = v (Cag = Ca) +57(Cay = Cay) = Xy kioe™T2Cy,
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al, _ Fi F3 3 AH; TN Q2
B B, —T) + 2 (T = Ty) — N3, Ak, 7T
T Vz( 1—T2) + Vz( 03 — T2) — Xizq Py kioeRT2Cy, + Vs
_E.
dCay _ Fi L&) 3 RTr
a V_Z(CAl —Ca,) + V_Z(CAos = Ca,) = Zio1 kigeRT2Cy,

xo = [Tf, €5, T3,C3 1" = [457.943 K, 1.770 kmol/m?,415.459 K, 1.752 kmol/m?]”

The model parameters for this system have been previously reported4®1%1%_Note that the superscript
s in Equation (7-16) denotes the steady-state value of the corresponding state. The process has three
steady-states and only one of these steady-states is unstable. That is, using the unstable steady-state as
the initial condition in open-loop also leads to instability in the state estimation, which is the interest of
this work (x, in Equation (7-16)). The current study performed the state estimation using both EMHE
and standard MHE in closed-loop using the framework presented in Figure 6-1 (section 6.1). Online
measurements are assumed to be available for temperatures T; and T,. The time interval considered for
this case study is 0.1 hr. All four state variables are considered controlled variables in the NMPC
framework. To simplify the analysis, an equal weight set to the unity was used in the NMPC framework
for all the controlled variables. The manipulated variables are the inlet concentration of A entering the
CSTRs, i.e., Cy, and Cy ., and the heat inputs, i.e., Q; and Q,. A ramp change has been considered in
the set-points of each of the controlled variables C,, and C,,, which are expected to move the operation
of this process from 1.75 kmol/m?® to 1.0 kmol/m? for both Ca, and Cy,. Inthis present case study, the
process uncertainties are assumed to follow time-dependent non-Gaussian distributions. That is, the
distributions of the process noises are initially assumed to follow a uniform distribution as shown in
Figure 7-7 (a)-(d). The characteristics of these distributions are assumed to change during the transition
time (i.e., the ramp change in the set-point of C,, and Cy,). The bimodal distributions shown in Figure
7-7(e)-(h) represent the distribution of the process uncertainties associated with the states of the system
during the transition time. Once the system reaches a new steady-state operating condition, the process
uncertainties are assumed to follow a new uniform distribution that is different from their initial
densities, as shown in Figure 7-7(i)-(I). Note that the red solid lines in Figure 7-7 denote the
corresponding Gaussian mixture model to each non-Gaussian distribution, which have been identified
using the EM method. Note that the Gaussian mixture models for the initial distributions of the random
noises/uncertainties (shown in Figures 7-7(a)-(d)) were evaluated offline; whereas the re-
approximations of the Gaussian mixture models presented in Figures 7-7(e)-(h) and Figures 7-7(i)-(l)

were performed online upon the set-point changes during the process operation. That is, the proposed
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estimation scheme performed the EM-algorithm twice to update the characteristics of the noises and
uncertainties distributions online. The averaged CPU time required to execute the EM algorithm for the
non-Gaussian distributions shown in Figures 7-7(e)-(h) and Figures 7-7(i)-(I) is 0.14 s and 0.71 s,
respectively. Thus, the additional CPU time required in the proposed estimation scheme to provide the
point estimates is relatively low, i.e., the CPU time for this scenario increased by 0.0043s on average
per sampling interval when compared to the standard MHE. This result justifies the selection of the EM
algorithm in the proposed framework since the additional CPU time needed to update the Gaussian
mixture models was not significant. Note however that the CPU time required to perform EM algorithm
increases by increasing the number of Gaussian components in the mixture. As indicated above,
computer parallelization techniques can be implemented to reduce the computational costs associated

with this calculation.

To simplify the analysis, the measurement noises are assumed to be randomly chosen from time-
independent zero-mean Gaussian distributions. The standard deviation of the measurement noise

associated with each measurement is set to 0.5% of the true steady-state value of the corresponding
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Figure 7-7: Histogram for the true non-Gaussian distribution and the Gaussian mixture approximation of the
process uncertainties in CSTRs for (a)-(d) before the ramp; (e)-(h) during the ramp; (i)-(l) after the ramp

Note that in the standard MHE scheme, the standard deviation for the process uncertainty associated
with each state is set to 1% of the nominal steady-state value of the corresponding states. The closed-
loop framework shown in Figure 6-1 is implemented for the series of CSTRs. Figure 7-8 compares the
estimations and plant outputs obtained by performing both standard MHE and the proposed EMHE
scheme whereas Figure 7-9 illustrates the control actions obtained from the closed-loop operation. As
shown in Figure 7-8, the estimation provided by standard MHE fluctuates around its set-point. A similar
behaviour can be observed in the control actions shown in Figure 7-9 for the case of using standard
MHE in the closed-loop framework. The fluctuations in the estimations resulted in an inappropriate
initialization of NMPC problem at each time interval. Moreover, noisy control actions are sent to the
process, which deviates the process plant from their set-points. Hence, NMPC was not capable of
keeping the controlled variables at their targets under the standard MHE framework. On the other hand,
the proposed EMHE scheme is capable of adopting the non-Gaussian distributions of the process
uncertainties throughout the operation of the process, which resulted in a significant improvement in
the state estimation. The proposed EMHE scheme was not only able to capture the non-Gaussianity of
the process uncertainties adequately, but it was also able to capture the changes in these distributions
during the closed-loop operation. Obviously, the acceptable estimates provided by EMHE led to a
proper initialization of NMPC and therefore an acceptable operation of this process in closed-loop.

Note that large peaks observed in the estimates provided by MHE between the time interval 15 and 20
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are due to the random noises observed in the plant. Several tests were conducted to confirm the latter
and are not shown here for brevity.
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Figure 7-8: Estimation and plant output obtained using MHE and EMHE in the closed-loop for (a) T;; (b)
Ca,:(C) Ty; (d) Cy,
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7.4 Summary

This study presents a novel modification to the conventional MHE framework, namely the extended
MHE (EMHE) scheme, for applications where the process uncertainties and measurement noises follow
non-zero mean non-Gaussian distributions that may change online due to issues with measurement
devices or changes in the operating conditions, e.g., seasonal changes or switching to another grade of
the product. In the proposed EMHE framework, the non-Gaussian densities are approximated by
Gaussian mixture models, which are used to specify the EMHE objective function. As a result, EMHE
can take into account a proper approximation of the process uncertainties and measurement noises
thereby improving the accuracy in the estimation when compared to standard MHE. Moreover, the
proposed EMHE scheme provides the opportunity to adopt online possible changes in the distribution
of the process uncertainties and measurement noises, i.e., time-dependent distributions. EMHE was
developed neglecting the zero-mean Gaussian distribution assumption for the noises/uncertainties
considered in standard MHE formulation derivation. Thus, EMHE is a more comprehensive version of
the standard MHE. EMHE improves the state estimation by considering multiple Gaussian mixture
models aimed at providing an accurate representation of nonlinear probability distribution functions for
process uncertainty and measurement noises. Moreover, the approximation of the non-Gaussian
distributions to Gaussian mixture models are performed offline and therefore, the optimization problem
in EMHE does not increase significantly the computational costs than those required by the standard
MHE formulation.

The current chapter assumed that the changes in the distribution of the measurement noises and process

uncertainties are scheduled a priori and thereby, the distribution of the noises/uncertainties are known
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a priori when performing the state estimation. The next chapter presents a novel development on the
MHE framework that relaxes this assumption, i.e., the distribution of these random variables is

unknown due to the unscheduled changes in the plant operation.
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Chapter 8
Robust Moving Horizon Estimation (RMHE)

The MHE-based estimation schemes often assume that the distribution of the process uncertainties and
measurement noises are known a priori and can be described by zero-mean Gaussian densities, which
may not be a valid assumption for real-world applications. In scenarios featuring scheduled operation
changes, the EMHE scheme introduced in Chapter 7 can be used to capture the known non-zero mean
non-Gaussian distribution of the random variables present in the process. That is, EMHE performs an
external method such as Expectation-Maximization (EM) algorithm outside of the EMHE formulation
to evaluate the Gaussian mixture models of the known distributions of the process uncertainties and
measurement noises. Thus, EMHE does not consider additional constraints or decision variables than
those used in the standard MHE formulation. However, in the case that these changes happen suddenly
in the plant (e.g., drastic disturbances entering the plant, equipment malfunction or failures in plant
devices), the distributions of the non-Gaussian measurement noises or process uncertainties are
unknown to the estimation scheme thus losing the ability to have access to accurate estimations of the
plant states during this critical point in the operation. Hence, a robust estimation scheme is required to
approximate these unknown non-Gaussian distributions appropriately in favor of a higher estimation
accuracy. Moreover, to the author’s knowledge, studies considering a robust MHE-based estimation
scheme for applications involving process uncertainties or measurement noises that their distributions
are non-Gaussian and unknown to the state estimation framework are absent from the literature (see
section 2.3.2).

In the present chapter, a novel robust MHE framework, i.e., referred to as Robust Moving Horizon
Estimation (RMHE), is introduced to improve the state estimation when the process uncertainties or
measurement noises follow unknown non-Gaussian distributions, e.g., when the changes in the plant
operation are not schedule in advance. The proposed RMHE uses the EMHE developed in chapter 7 as
basis to capture possible non-zero mean measurement noises or process uncertainties, which requires
the same computational costs as in the standard MHE. The RMHE framework includes the Gaussian
mixture models explicitly to the optimization problem to find the optimal estimated states as well as
optimal approximation of the unknown distributions of the measurement noises (or process
uncertainties). In the RMHE scheme, the unexpected (i.e., unknown) random process uncertainties or
the measurement noises are modelled using Gaussian mixture models, which would consist of two
types of Gaussian components. During normal operation, all the expected random noises and process
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uncertainties are considered to follow a Gaussian component in the mixture, which is the same as the
known Gaussian distributions considered in the standard MHE. For the remainder of this study, this
Gaussian component is referred to as the core-Gaussian component. Alternatively, the unexpected
(unknown) random noises or process uncertainties that would most likely not follow the core-Gaussian
component during sudden changes in the operation are assumed to follow one of the remaining
Gaussian components in the mixture; these are referred to as perimeter-Gaussian components. The
mean value and the covariance matrix of each perimeter-Gaussian component are considered as the
tuning parameters in the RMHE framework. In addition, the weights assigned to each Gaussian
component are also unknown variables estimated online by the proposed RMHE scheme based on the

unexpected random noises or uncertainties taking place in the process at the current estimation horizon.

As discussed above, RMHE deals with applications where the Gaussian mixture models of the process
uncertainties (or measurement noises) are unknown to the estimation scheme a priori. To overcome
this challenge, the proposed RMHE considers additional constraints and decision variables than those
considered in the EMHE and standard MHE formulations. These additional constraints and decision
variables are considered to model these unknown Gaussian mixture models explicitly in the RMHE
formulation. Hence, the RMHE framework does not use any external method such as EM algorithm as
in EMHE to evaluate the Gaussian mixture models, i.e., the evaluation of the optimal Gaussian mixture
models is performed online and within the RMHE framework. The proposed RMHE requires somewhat
the same computational costs as in the standard MHE thus making this estimation scheme attractive for

large-scale applications.

This chapter is organized as follows: Section 8.1 introduces the proposed RMHE framework. Section
8.2 presents the computational experiments conducted to this work considering two chemical
engineering processes featuring unexpected measurement noises or process uncertainties. A summary

of this chapter is presented at the end.

8.1 Robust Moving Horizon Estimation (RMHE) Framework

This section describes the proposed robust moving horizon estimation (RMHE) formulation using the
expressions and concepts presented in the previous section. The proposed RHME aims to improve the
state estimation for those applications affected by unexpected/unplanned process uncertainties or
measurement noises. As mentioned earlier, RMHE aims to model the unknown distribution of each

process uncertainty or measurement noise variable with a general Gaussian mixture model consisting
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of a finite number of Gaussian components (ngr) involving core and perimeter components. A core-
Gaussian component represents the distributions that measurement noises (or process uncertainties) are
expected to follow under the normal plant operation, i.e., the core-Gaussian component has the same
mean-value and covariance matrix as the known Gaussian distribution considered in the standard MHE.
The remaining Gaussian components present in the Gaussian mixture model are referred to as
perimeter-Gaussian components and are used to describe the unknown uncertainty or noise distributions
during sudden changes in the operation. The main objective of the RMHE formulation is to find the
optimal state estimates and Gaussian mixture models that minimize the errors in the estimation due to
process uncertainties and measurement noises over a user-defined estimation horizon (N). The
proposed RMHE formulation is developed based on the EMHE (see Equation (7-1)) and the main
characteristics of the Gaussian mixture model of the noises or uncertainties described in Equations (4-
11)-(4-13). The RMHE formulation is as follows:

-1 k
min w; — -1+ vVi—7T -1+ @ _
WY, Z}'=k—N” 7 ”ng j=k—N+1” ! “ ”RgM Plen
{amrvapr}?gz
s.t. (8-2)
xj+1=f(xj,uj)+wj; V]:k—N,k—l
g(x],u],w],y])SO, VJ=k—N,k
xl<x; < xt; Vj=k—-N,..k
”GM _ {Z;}g; ap};@l'l?];: Ypu =1 (8'3)
=
ﬂi' Ypu =0
T
QoM — 321 apiOQ + 3,71 api.O (s — mi™) (i — ™) Yo = 1
“ et Y,, =0
Qk' pu —
ap, =1, Y, =0;
Z?ﬁ; ap; =1; VYpu;
0<ap, <1, VY,,;Vr=12,..,ngr
M _ {zfﬁg ami,Ot,, Yp,=1 (8-4)
Tk =1 —
T, Ymn -
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ngr ngr

T
g _ | @mORL+ Y ami (e — ) (e ) Yo =1
r=1

r=1

R}, Yy =0
am. =1, Y,,=0;
Yrlaml =1; Y,

0<amj <1; VY,;Vr=12,..,ngr

where:
™, i, apy, € R™ , tfM, 1}, amj, € R™; Q¢M, Q}, € R™>"x, R{M R}, € R™* ™

where r denotes the index of the Gaussian component in the Gaussian mixture model. As shown in
Equations (8-1)-(8-4), in addition to the known core-Gaussian distribution that the process uncertainties
and noises are expected to follow during the normal plant operation, i.e., i (u!, Q1) and N (71, RY),
the proposed formulation consider additional perimeter-Gaussian distributions that can properly
capture the unexpected random uncertainties or noises, i.e., N'(u",Q") or N(t",R") where r €
{2,3, ...ngr}. Moreover, the chances that the random process uncertainties (or measurement noises)
present in the system follow the core-Gaussian distribution is given by ap?® (or am?), respectively. If
the system works under normal plant operation, i.e., with random noises and uncertainties that follow
the core-Gaussian component, then the RMHE optimization formulation shown in Equation (8-1)
would set the weights on the core-Gaussian component to values closer to one while the weights for
the perimeter-Gaussian components in the mixture are expected to be close to zero. Note that in the
MHE and RMHE schemes, the only explicit connection between plant and the estimation scheme is
through the measurement algebraic equation shown in Equation (8-2) (i.e., y; = h(xj,u]-) + v;). That
Is, v; is the main resource that both schemes rely on to recognize the presence of unexpected noises or
uncertainties affecting the operation. Accordingly, this limits the application of the proposed RMHE to
cases involving either unexpected measurement noises or unexpected process uncertainties. With this
in mind, the present approach assumes that the condition that causes a significant deviation from a
normal plant operation is detected before activation of the proposed framework. In the case that this
condition is not detected, the RMHE is expected to perform similar to a standard MHE. While the
present approach cannot handle both conditions simultaneously, the proposed RMHE framework is
flexible and can switch from one unexpected condition to another, e.g., switch from unexpected process

uncertainties to unexpected measurement noises and vice versa. To account for this condition, a binary
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parameter (Y, ) in Equation (8-5) is considered and used as an input parameter to the RMHE
formulation. This parameter restricts the robustness framework to perform estimation under unexpected
behaviour in process uncertainties (Y,,, = 1 and Y;,,, = 0) or measurement noises (Y,,,, = 1and Y, =

0),i.e.,
Y, €{0,1},Vo € {mn,pu};  Yoctmnpuy Yo = 1; (8-5)

Note that Y,,, and Yy,,,, are user-defined parameters that are inputs to the RMHE framework as shown
in Equations (8-1)-(8-4). Similarly, the number of Gaussian components present in the Gaussian
mixture model (ngr) is a tuning parameter in the RMHE scheme that must be specified a priori.

Note that improving the approximation of the unknown non-Gaussian distributions using an adequate
ngr as well as the perimeter-Gaussian components’ specifications, i.e., u",Q",t", R” where r €
{2,3,..ngr}, are expected to improve the estimation accuracy. Nevertheless, a reasonable set of
assumptions for these parameters may lead to accurate estimations in the proposed RMHE; those
assumptions can be obtained from historical plant data or from process heuristics. Moreover, the present
study assumes that u* = ¢! = 0, (i.e., zero-mean core-Gaussian components). Nevertheless, the
proposed RMHE is expected to perform well for cases involving non-zero mean core-Gaussian
components. Moreover, the current study assumes that the process uncertainties or measurement noises
associated with each state are uncorrelated. Nonetheless, the present RMHE approach can be easily
extended to cases involving multivariate distributions of the noises or uncertainties, i.e., correlated
process uncertainties (or measurement noises). For those cases, the RMHE scheme needs to make use
of multivariate Gaussian mixture models as a substitute to the univariate Gaussian mixture models
shown in Equations (4-11)-(4-13). That is, the vector-valued of weights shown in the univariate of
Gaussian mixture model of uncorrelated process uncertainties, i.e., apj, in Equation (8-3), have to be
replaced by a scalar ap}, to represent the weight of the ™" Gaussian component in the corresponding
multivariate Gaussian mixture model. Consequently, the vectors 1 and 0 shown in Equation (8-3) also
have to be replaced by the scalars 1 and 0, respectively. Similar modifications must be made in Equation
(8-4) when correlated measurement noises are considered, i.e., am}, and vectors 1 and 0 need to be
replaced by am;, (i.e., a scalar) and 1and 0, respectively, to consider a multi-variate Gaussian mixture
model.

Remark 1: Note that the RMHE problem would not reduce to the EMHE problem even when the
distributions of both process uncertainties and measurement noises are non-Gaussian and known a
priori. Both EMHE and RMHE use Gaussian mixture models to capture non-Gaussianity in the
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distributions of the process uncertainties and measurement noises. However, performing EMHE under
the known non-Gaussian distributions assumption is likely to offer slightly more accurate estimates
than those obtained by the RMHE under the unknown non-Gaussian distributions assumption. This
expectation is because EMHE uses the EM algorithm that uses a large number of samples drawn from
the non-Gaussian distributions to provide the corresponding Gaussian mixture models; in contrast,
RMHE only has access to N (length of estimation horizon) number of samples, i.e., the random process
uncertainties (or measurement noises) in the current estimation horizon, to find the optimal Gaussian
mixture models of the non-Gaussian process uncertainties (or measurement noises).

Remark 2: In general, under the closed-loop operation, the state estimation schemes are responsible to
provide initial conditions to advanced control schemes (e.g., model predictive controller (MPC)).
Robust and accurate estimates imply a better initialization of the control scheme thus improving the
online monitoring and control of the system. As the standard MPC problem is not able to capture the
process uncertainties and measurement noises, the proposed RMHE can be combined with the
developments of MPC presented in 1°71% to provide a feed-back control system that is robust against
noises and uncertainties. Note that RMHE is expected to improve the overall closed-loop performance

and will be explored in future studies.

8.2 Computational experiments

Two case studies arising in the chemical engineering that are often used in the context of state
estimation have been considered in this study to investigate the performance of the proposed RMHE
when compared to the standard MHE. This work uses the mean squared error (MSE) shown in Equation
(4-22) as the metric to quantify the performance of the estimation schemes, i.e., n € {MHE, RMHE}.
The simulations were conducted using Pyomo 5.2 in Python 3.6 on a computer running Microsoft
Windows Server 2016 standard. The computer was equipped with 96 GB RAM and Intel(R) Xeon(R)
CPU Eb5-2620 v4 @ 2.10 GHz 2.10 GHz (2 processors). The backward method has been used to
discretize the nonlinear dynamic models of the systems. Two case studies considered in this process
involve an actual wastewater treatment plant (WTP) and a network of continuous-stirred tank reactors
(CSTRs) and separator. Each of these processes, the assumptions made in the estimation analysis and

the results are presented next.
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8.2.1 Wastewater Treatment Plant (WTP)

The WTP described by Equation (4-29) have been widely used in the field of state estimation and
control*”2173, As mentioned earlier, WTP processes are often subjected to external perturbations and
therefore are difficult to model properly!®2. Developing a mechanistic model that can completely
represents the dynamic of the process is challenging®®2. When these highly nonlinear processes are
subjected to external perturbations, the process uncertainties and measurement noises present in the
system are less likely to follow their expected probability density functions. Consequently, it is quiet
challenging to properly model these random variables for WTP. In addition, as shown in section 6.2.1,
an inappropriate modelling of the uncertainties and noises may lead to a poor MHE performance for
WTP. As RMHE aims to improve the estimation robustness by modelling these unexpected random
variables, WTP may benefit from this state estimation approach. Motivated by this, an industrial-scale
WTP is considered in this work to implement RMHE for practical scenarios concerning unexpected
measurement noises during operation. Similar to the previous chapters, online measurements are
available for the biomass concentration in the upper layer of the decanter (x;), as well as the substrate
(sy) and the dissolved oxygen (c,,) concentrations inside the bioreactor; also, x,,, x;, and x, are
assumed to be unknown states for this plant. The observability of the system was confirmed by checking
the observability matrix to be full rank. The sampling time for this system is set to 1 hr. As the main
goal in this work is to show the effect of unexpected noises/uncertainties on the state estimation, the
length of estimation horizon (N) is set to a relatively large number (N = 10) so that reduces the effect
of arrival cost and focus on the effect of the noises and uncertainties on the estimation scheme. The
mechanistic model of WTP is initialized using the nominal steady-state condition presented in Table
B-2 (Appendix B). All the state estimation schemes are initialized assuming that the states are 5% away
from their true value. During normal operation, the process uncertainty associated with each state is
assumed to follow a zero-mean Gaussian distribution with a 5% of the nominal steady-state value of
the corresponding state as its standard deviation. Similarly, the measurement noise associated with each
state is expected to follow a zero-mean Gaussian distribution with a standard deviation that is set to
10% of the nominal steady-state value of the corresponding state. These assumptions hold in all the
scenarios performed for WTP that describe the characteristics of the distribution of the process
uncertainties and measurement noises in both the standard MHE and the core-Gaussian component in
RMHE (i.e., assuming normal plant operation). The different scenarios considered to test the

performance of the proposed RMHE formulation are presented next.
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8.2.1.1 Scenario I: Measurement device failure

To illustrate the benefits of this approach, this scenario considers a failure in the measurement devices
at the 50" sampling time that lasts for 50" sampling intervals. This failure in the hardware sensors leads
to unexpectedly random measurement noises during this time. The random noises associated with each

of the measurable states over the simulation time are depicted in Figure 8-1.
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Figure 8-1: True random measurement noises associated with each measurement
Given these outliers in the measurement noises, let’s set Y,,, = 1in the RMHE formulation. As
discussed in section 8.1, the number of perimeter-Gaussian components as well as the mean value and
covariance matrix for each of these perimeter-Gaussian components are tuning parameters in the
present RMHE framework. These parameters need to be chosen based on historical information
available for the process plant. The simplest assumption is to consider that there is only one perimeter-
Gaussian component in the mixture of the RMHE framework (i.e., ngr = 2) that exhibits the same

covariance matrix as the core-Gaussian component, i.e., R = R?2. Note that the noises are assumed to

be uncorrelated, ie., R' =R? = diag([stdl,stdz, .. Std stdny]); std =

[stdl, std,, ...std,,, stdny]. As for the mean value, two instances are considered, i.e., T+ and T~. These

two instances are used to explore the RMHE performance when compared to the standard MHE
performance. That is, Tt=+6 * std and T~ = —6 = std. Figure 8-2 depicts a schematic of the core-
Gaussian component together with the perimeter-Gaussian component considered for each of these

instances.
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Figure 8-2: Gaussian components considered in RMHE (ngr = 2). The weights on the core-Gaussian and
the perimeter-Gaussian are set to 0.5 for instances (a) =+ and (b) T~

Figure 8-3 presents the estimations of the unknown states provided by different estimation schemes,
i.e., the standard MHE and RMHE using 7~ and T+. Moreover, Table 8-1 represents the MSE obtained
for the state variables using the estimation methods mentioned above. As shown in Table 8-1, the
estimation error has been evaluated for four time periods, i.e., during normal operation (0-50hr), during
measurement equipment failure (50hr-100hr), during the transition time (100hr-150hr), and after
equipment failure (150hr-200hr). As shown in Figure 8-3 and Table 8-1, these three periods of
operation are denoted as Part I, Part II, Part III, and Part IV, respectively. During Part 111, it is assumed
that the equipment was fixed but the effect of unexpected noises still lasts in the process and unexpected
noises are still involved within the estimation horizon. According to Figure 8-3, the proposed RMHE
and the standard MHE provided similar estimations for the first 50 sampling intervals (Part I) on which
all the measurement devices are assumed to be working properly; hence, the a priori knowledge of the
distribution of the measurement noises is valid. Likewise, the RMHE and standard MHE seem to have
as good of a performance in the last 50hr of the operation (Part IV) in which the measurement devices
were fixed and random noises are assumed to be back to normal (i.e., 150-200" sampling time).

According to Table 8-1, the estimation error reported for RMHE and standard MHE are relatively the
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(MHE)
same, i.e., W ~ 0.95. During the device failure time, i.e., 50"-100" sampling time (Part II), the

estimates provided by the standard MHE significantly deviate from the actual plant states, as shown in
Figure 8-3. This is because the device failure led to large measurement noises that no longer follow the
known zero-mean Gaussian distribution. On the other hand, the proposed RMHE was able to increase
the robustness in the estimation and consequently, improved the estimation accuracy during the

devices’ failure period (Part II) when compared to the standard MHE. This improvement in the

estimation accuracy is quantified in Table 8-1 (Part II). For instance, the MSE,E’:MHE)was reduced by

an order of magnitude when compared to MSE,E’TVIHE ) Note that during the transition time (Part IIT) and

for the first 10 time intervals, RMHE improves the estimations when compared to the standard EKF,
as shown in Figure 8-3 and Table 8-1. This is because the unexpected noises that are present in the
process before repairing the equipment are still involved in the estimation horizon of both RMHE and
standard RMHE. Evidently, both state estimation schemes provide similar performance after the effect

of unexpected noises in the estimation horizon vanish, which is similar to Part I and Part IV.
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Figure 8-3: Estimation provided by the standard MHE, RMHE with ngr = 2 under the unexpected
measurement noise scenario for unknown state (a) x,,; (b) x;; (¢) x,.
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Table 8-1: MSE for unknown states x,,, x;, x,- using different estimation schemes at various simulation time

Sampling Part I: Before device failure | Part II: During device failure Part III: During transition Part IV: After device failure
time (hr) (0-50) (50-100) (100-150) (150-200)
Estimation
method | MSE(™ | MSESY | MSESD | MSE | MSESY | MSESY | MSE(Y | MSESY | MSED | MSESY | MSESY | MSE(”
(n
St&“Hd%rd 2.29e+4 | 4.90e+3 | 6.70e+04 | 6.36e+5 | 2.91e+5 | 2.18e+6 | 2.44e+4 | 2.65e+4 | 2.11e+5 | 5.72e+4 | 8.90e+4 | 1.56e+5
RMHE
() 2.06e+4 | 6.14e+3 | 8.04e+04 | 1.86e+5 | 1.02e+5 | 8.61e+5 | 1.84e+4 | 1.32e+4 | 1.89e+5 | 5.71e+4 | 9.49e+4 | 1.79e+5
RPT"_H)E 2400+4 | 1.28e+4 | 1.14e+05 | 1.42e+5 | 1.40e+5 | 6.61e+5 | 3.60e+4 | 4.38e+4 | 3.85e+5 | 7.62e+4 | 1.38e+4 | 2.31e+5

These observations can be further explained through the weights (em™) presented in Figure 8-4 for
each of the instances (i.e., T~ and t*). In the case of normal plant operation (i.e., Part I and IV), the
RMHE should approximate the Gaussian mixture to model to be similar to the known zero-mean
Gaussian distribution of the noises (i.e., core-Gaussian component in the mixture). As shown in Figure
8-4, the value of weight for the core-Gaussian component is close to 1 at the beginning and at the end
of these operations (i.e., Part I and Part [V) where the measurement devices are assumed to be working
properly, as shown in Figure 8-1. Hence, measurement noises are expected to follow the known

Gaussian distribution (the core-Gaussian component) during these periods.

Since the number of Gaussian components in the mixture is set to 2 (i.e., zero mean core-Gaussian and
non-zero mean perimeter-Gaussian), the weight associated with the core-Gaussian must be close to 1
such that the mean value of the overall Gaussian mixture model is close to zero (see Equations (8-1)-
(8-4)). Note that a weight close to the unity on the core-Gaussian component suggests that the
specifications of the measurement noises’ distributions are similar in both RMHE and the standard
MHE, which results in RMHE estimations similar to that obtained by the standard MHE. Note that
during normal operation, the weights for the core-Gaussian component are not expected to be exactly
1 since the perimeter-Gaussian component slightly overlaps with the core component. Moreover, Figure
8-4 shows that the weight on the perimeter-Gaussian component increased during the devices’
malfunction at the 50" sampling interval (Part II), i.e., the RMHE scheme reduced the weight of the
core-Gaussian component to capture the unexpected random noises present in the process. The weight

corresponding to the core-Gaussian component was increased to about 1 once the measurement devices
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were fixed (Parts III and IV). These changes in the weights assigned to each Gaussian component in
the mixture is a good indication that the unexpected noises have been properly identified by the RMHE
scheme. This result also shows that the Gaussian mixture model considered in this framework is able
to provide an appropriate approximation of the distribution of the unexpected noises to the state

estimation scheme.
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Figure 8-4: Optimal weights (am™) provided by the RMHE framework with ngr = 2 corresponded to the
core-Gaussian component for the measurement noise associated with (a) s,,; (b) x4; (€) ¢,

8.2.1.2 Scenario Il: Effect of the length of the estimation horizon

This scenario provides insight on the effect of the length of estimation horizon (N) on the RMHE
performance. This scenario performed the state estimation using both RMHE and standard MHE
considering different length of estimation horizons (N € {10,50}). Figure 8-5 presents the results of
performing this scenario. Figures 8-5(a)-(c) presents the estimates provided by the standard MHE and
RMHE instances for N = 50 whereas Figures 8-5(d)-(f) directly compares the effect of increasing the
length of estimation horizon on the RMHE performance using two different time horizons. As is the
case when N = 10 (i.e., Scenario I in section 8.2.1.1), the results presented in Figures 8-5(a)-(c) shows

that the proposed RMHE improves the estimation significantly when compared to the standard MHE.
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For instance, the estimation error for x,, in the case of using RMHE has been reduced by one order of
magnitude than that obtained from the standard MHE. Nevertheless, the accuracy in the estimation
improved as the length of the estimation horizon was increased. This was expected as RMHE is a robust
version of the standard MHE; hence, increasing the length of the horizon is expected to lead to an
improvement in the estimation accuracy at the cost of increasing the computational costs. Moreover, a
longer horizon in the RMHE framework results in a larger number of measurement noise samples
considered in the formulation, thus leading to a more accurate Gaussian mixture model approximation.
Nevertheless, this is a trade-off between the accuracy in the estimation and computational costs, as in
the standard MHE scheme.
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Figure 8-5: Estimations for the unknown states (a)-(c) provided by different estimation schemes considering
N = 50; (d)-(f) provided by RMHE (z*) for both N = 50 and N=10

8.2.1.3 Scenario lllI; effect of number of perimeter-Gaussian components

This scenario investigates the RMHE performance using a different number of Gaussian components
(ngr). In this scenario, ngr is set to 3 whereas the assumptions made for Scenario I (section 8.2.1.1)
were also considered here. Since it is unknown a priori that measurement noises during the equipment
failure are positive or negative, setting ngr = 3 is a reasonable assumption. That is, one perimeter-
Gaussian component on each side of the core-Gaussian component is considered in the Gaussian
mixture model of the measurement noise. The mean value for the perimeter-Gaussian components is
set to positive and negative values that are six times larger than the standard deviation, i.e., both
perimeter-Gaussian components shown in Figure 8-2(a) and Figure 8-2(b) are considered in the mixture
model of the noises considered in this scenario. For simplicity, the same standard deviation is
considered for all the Gaussian components in the mixture as in the core-Gaussian component, i.e.,

R} = R = R3. Given these assumptions, the RMHE framework adapted for Scenario 111 is as follows:

k=1 2 k 2 (8-6)
min wil -1+ Z v; — oM -1+ Qp—
Wiy, Zj=k—1v|| ’ ||Q'1< j=k—1v+1” ;oK ”RﬁM Ple=n
{amap, ¥,
s.t. (8-7)
WTP mechanistic model Equation (4 — 29)
yj=[swj,xdj,cwj]T+vj; Vi=k—-N+1,..k
where: w;~N'(0, Q") and v;~N (zf", RfM);  vj=k-N+1,..k
M = amit; + aml(0) + amit;; where: T} = -1}, (8-8)

REM = R + (am? + am})E?;
where: E2 = (zf — 7§)(zf — t8)" = (i — 7€) (ri — ")’
Yl amj =1;

0<amj <1 ;Vvr=123
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where Equation (8-7) represents the corresponding models for process model (WTP model),
measurements, the process uncertainties and measurement noises. Note that all the WTP equations
included in Equation (8-7) consider additive process uncertainties w;. The estimations provided by the
different estimation schemes considering N = 10 as well as the weights on the Gaussian components
provided by RMHE are depicted in Figure 8-6. Similar to Scenario I, the proposed RMHE improved
the estimation when compared to the standard MHE, as shown in Figures 8-6(a)-(c). For instance, the
estimation error for x; was reduced by one order of magnitude in the case of RMHE when compared
to that obtained by the standard MHE. However, the weights assigned on the core-Gaussian component
remained unchanged (and set to zero) throughout the process, as shown in Figures 8-6(d)-(f); the
weights on the perimeter-Gaussian components remain at about 0.5 throughout the process. The weight
on the core-Gaussian component was expected to be close the unity under the normal plant operation,
as observed in Scenario | (i.e., Parts I and IV). This condition occurred because the RMHE aims to find
the optimal Gaussian mixture model that has zero mean, i.e., 7™ = 0. To pursue this goal, the RMHE
framework must set amj. > 0 and ami = am; = (1 — am}.)/2, as shown in Equation (8-8). On the
other hand, the RMHE formulation aims to minimize the sum of weighted noises and uncertainties over
the estimation horizon, as shown in Equation (8-6). Considering ¢ = 0, the larger R%M the smaller
the objective function. This means that the RMHE formulation should find the optimum value of the
weight of each component that maximizes REM. Since (amj + am; )E? in Equation (8-8) is a positive
term, the weights on the perimeter-Gaussian components should be non-zero to maximize RM.
Therefore, given Equation (8-8) and am?2 = am; = (1 — am},)/2, RMHE returns am? ~ am; ~
0.5 and am}. ~ 0, just as depicted in Figure 8-6 when performing Scenario I11. Note that a similar
behavior is expected for ngr > 3, regardless of the choice for the mean value and covariance of the
perimeter-Gaussian components. As an MHE-based estimation scheme, the proposed RMHE
framework also aims to minimize the errors in the process by maximizing the weights on these errors
that are in fact the covariance matrices. Note that unnecessary large standard deviations in the noises
may lead to inaccurate estimates during normal plant operation. This can be point out as the limitation
of the proposed approach, i.e., even though it is possible to set ngr to any positive integer number, the
best choice to avoid biased estimation (because of the large covariance matrices) is to consider only

one additional perimeter-Gaussian component.
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Figure 8-6: (a)-(c) Estimations for the unknown states provided by different estimation schemes considering
N = 10 and ngr = 3; (d)-(f) optimal weights provided by RMHE considering ngr = 3
Nevertheless, the RMHE scheme performs well and avoid unnecessary large covariance matrices in the
case of ngr = 2, because the RMHE problem requires to satisfy 76 = 0 for the normal operating
condition, and thus, the only choice is to consider ami ~ 1. Based on the results presented in this

section, it is recommended to choose ngr = 2 as the proposed RMHE framework can successfully

improve the estimation and avoid biased estimations under this assumption.

Moreover, as mentioned in section 8.1, the additional constraints considered in the RMHE problem

(Equations. (8-3) and (8-4)), does not increase considerably the computational costs when compared to
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the standard MHE. For instance, given N = 10 considered in Scenario | and Scenario Ill, the averaged
CPU time required to provide the point estimates is: 0.22 s for the MHE, 0.24 s for the RMHE (ngr =
2) and 0.25 s for the RMHE (ngr = 3). While increasing ngr also increases the number of additional
constraints and decision variables in the RMHE problem, the value of ngr does not considerably affect

the required CPU time to perform the online state estimation while using this method.

Note that the current case study considered unknown distributions for the noises due to unscheduled
equipment malfunction. Thus, EMHE would not have any a priori knowledge of non-Gaussianity or
possible changes in the distributions. That leaves the EMHE problem with the only choice of
considering the same assumption considered in the standard MHE for these distributions, i.e., known
zero-mean Gaussian distribution. As mentioned in Chapter 7, the EMHE problem is equivalent to the
standard MHE problem if the both process uncertainties and measurement noises are assumed to follow
zero-mean Gaussian distributions. Thus, the standard MHE and EMHE are expected to provide the

same performance for the scenarios considered for the WTP.

8.2.2 Network of continuous-stirred tank reactors (CSTRs) and separator

To further confirm the RMHE performance for the scenarios involving unexpected random variables,
a second case study involving a larger number of states than that considered in the WTP has been used
to test the RMHE performance. This case study considers a network of two CSTRs in series with a

separator. This process has been used in to test previous state estimation and robust MHE schemes!2%:19,

Figure 8-7 shows a flowsheet of the process. A second order reaction, i.e., A ’ﬁ) B, takes place on each
CSTR; k, denotes the reaction rate constant. The network includes nine states, which are the
temperature and the concentration of the species A and B on each CSTR and the separator. The
subscript 1,2,3 refers to the corresponding state inside the first CSTR, second CSTR, and the separator,
respectively. A recycle stream is used to send back unreacted species collected in the separator to the
first CSTR.
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Figure 8-7: Network of CSTRs and separator flowsheet

The mechanistic model that represents this process is as follows2%19;
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where

Cey = (p = CagMy — Cp Mp) /M

C _ al.pcl,3
tr aACA3MA + aBCBsMB + a(:CCsMC ’

1=A4,B,C
Fm =F(Ca, +Cp, + Cc,)

The nominal values for all the model parameters can be found elsewhere?1%°, The current study
assumes that online measurements are only available for the temperature in the vessels, i.e., Ty, T,, and
T5; the remaining six states representing the concentrations, i.e., C4,, Ca,, Ca3, Cpys Cp,, and Cp,, are
the unknown states considered for this process. The linear observability matrix for this system was
evaluated using the Jacobian matrix of this system (see appendix E) identified around the nominal
steady-state condition for the states. The linear observability matrix was full rank; hence, the
observability of the system around the nominal steady-state condition considered in this work was
confirmed. The sampling time for this process is 0.01 hr. Similar to the WTP case study, to further
focus on the effect of unexpected operating condition on the state estimation, the length of the time
horizon was set to a relatively large value to reduce the effect of the arrival cost in the estimation.
According to the preliminary tests performed for this case study, setting the horizon length to N = 30
is sufficient to reduce the effect of the arrival cost in the estimation. The steady-state values of the states
reported in Table B-3 in Appendix B have been used as the true plant states at the beginning of the
operation. The states in the standard MHE and RMHE schemes have been initialized assuming that
they are 5% away from the true plant states. Under the normal plant operation, the process uncertainties
follow zero-mean Gaussian distributions where the standard deviation for the process uncertainty
associated with each state is assumed to be 1% of the nominal steady-state value of the corresponding
state. Likewise, measurement noise is expected to follow zero-mean Gaussian distribution with a
standard deviation set to 0.001% of the nominal steady-state value of the corresponding measured state
(i.e., Ty, T», and T3). Note that these specifications describe the distribution of the noises/uncertainties

in the standard MHE as well as the core-Gaussian component in RMHE framework.

For this case study, a scenario involving unexpected process uncertainties has been considered to show
the performance of the proposed RMHE in comparison with the standard MHE. That is, due to the

external disturbances (zero mean with 0.001 standard deviation) imposed on the concentration species
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A in the feed stream at the initial time of the operation, the process uncertainties present in the system
are assumed to follow a bimodal distribution, as shown in Figure 8-8. The distribution of the unexpected
process uncertainties present in the system is denoted as “True Density”, whereas the zero-mean
Gaussian distribution considered in the standard MHE is depicted as the “MHE Density” in Figure 8-
8. Note that in practice, the true distributions are not available since they are unexpected and unknown
to both users and estimation schemes; hence, the Gaussian mixture model cannot be evaluated prior to
the state estimation. Since a priori knowledge of the non-Gaussianity present in the process
uncertainties’ densities is not available, the reasonable assumption when performing EMHE is to
consider the same zero-mean Gaussian distributions to describe the process uncertainties as that
considered in the standard MHE. Similar to the discussion presented for the first case study, under this
assumption, the EMHE problem would reduce to the standard MHE problem and therefore, both MHE

and EMHE are expected to provide the same estimations.
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Figure 8-8: Histogram for the true distribution of the unexpected process uncertainties and the corresponding
zero-mean Gaussian distribution considered in the standard MHE
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Moreover, the EMHE scheme was tested assuming an ideal scenario where the non-Gaussian
distributions of the process uncertainties are known a priori. This was done with the sole purpose of
comparing the performance of EMHE (under known non-Gaussian uncertainties) with RMHE (under
unknown non-Gaussian uncertainties). In this ideal scenario, the Gaussian mixture models consisting
of two Gaussian components were approximated to the non-Gaussian distributions presented in Figure
8-8. Given the ideal assumption considered in this instance, i.e., known non-Gaussian process
uncertainties, the EM algorithm was performed offline (prior to the state estimation) to provide the

mean-value and the covariance matrix of the overall Gaussian mixture models to perform EMHE.

As the unexpected random variables affecting the plant operation is the process uncertainty, Y;,,, = 1in
the RMHE formulation, as shown in Equation (8-5). Two instances considering ngr = 2 and ngr = 3
are considered to further investigate effect of this tuning parameter while using a different case study.
The covariance matrix for the perimeter-Gaussian components is the same as the core-Gaussian
component covariance matrix. As for the mean value of the perimeter-Gaussian component in the
ngr = 2 instance, the current study considered that u™ = +6 * stdp. Note that stdp =
[stdp,, stdp,, ..., stdp, ] and Q" = diag([stdpl,stdpz, stdpm,stdpnx]). Moreover, the mean
value for the perimeter-Gaussian components in ngr = 3 is setto u* = +6 * stdp and u= = —6 *

stdp.

Figure 8-9 illustrates the estimations obtained for the unknown states by performing the standard MHE
(EMHE under zero-mean Gaussian process uncertainties), ideal EMHE under known non-Gaussian
distributions, and the two RMHE instances (i.e., ngr € {2,3}). Table 8-2 compares the estimation
errors obtained from each estimation scheme. As shown in Figure 8-9 and Table 8-2, the RMHE with
two Gaussian components (ngr = 2) was able to improve the estimation accuracy significantly; for
example, the estimation error for the state C,, was reduced by 94% in the case of using RMHE (ngr =
2) when compared to the standard MHE. The weights on the core-Gaussian and the perimeter-Gaussian
components are around 0.5 over this unexpected operating condition. This result is expected as the true
non-Gaussian uncertainties presented in Figure 8-8 suggest that these random variables follow bimodal
distributions. According to Figure 8-9, the RMHE (ngr = 3) was not able to improve the robustness
of the estimation scheme significantly. The estimation error reported in Table 8-2 for this instance is as
large as the error in the estimates provided by the standard MHE. This happens because the RMHE

formulation focuses on maximizing the standard deviation of the process uncertainties when ngr > 3,
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which lead to unnecessary large covariance matrices and consequently, biased estimates, as discussed
in Scenario 11l for the WTP (see section 8.2.1.3). Thus, it is recommended to perform the proposed

RMHE considering ngr = 2 to improve the estimation accuracy and avoid biased estimates.

Moreover, according to Figure 8-9 and Table 8-2, the estimations provided by the RMHE (ngr = 2)
considering unknown process uncertainties are only slightly different from the estimates provided by
the ideal EMHE (EMHE under known non-Gaussian process uncertainties). For instance, the estimation
error for Cp in the case of performing RMHE and the ideal EMHE are quite similar (i.e., with a small
difference of ~0.004), as shown in Table 8-2. As mentioned in Remark 1 (see section 8.1), the
difference in the performance of these schemes is due to the difference in the Gaussian mixture models
evaluated in the ideal EMHE instance and RMHE (ngr = 2) to describe the process uncertainties. The
similar responses observed by these two instances supports the high performance of the proposed
RMHE scheme and the fact that this approach is capable of modelling online the unknown non-
Gaussian process uncertainties. Moreover, the true densities presented in Figure 8-8 are considered to
remain unchanged throughout the operation. Thus, EMHE does not require to update the Gaussian
mixture models online. On the other hand, RMHE provides the optimal Gaussian mixture models online
and at each time interval to describe the densities of the last recent N process uncertainties. That is, the
Gaussian mixture models of the process uncertainties changes at every time interval when performing
RMHE.
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Figure 8-9: Estimation provided by the standard MHE, ideal EMHE (with known distributions), RMHE with
ngr = 2 and ngr = 3 for (a) Cy,; (b) Ca,; (€) Ca,; (d) Cp,; (€) Cp,; (f) Cp,

Table 8-2: MSE for estimated states using different estimation schemes

Estimation (n) (n) () ) (n) ()
method (n) MSE(, MSE¢, MSE(, MSE,, MSE¢,) MSE,)
Standard

MHE (same 1.44 0.283 1.36 7.34 1.34 14.02
as EMHE)

EMHE 0.06 0.005 0.05 0.59 0.13 0.93
(under

known

distributions)

RMHE 0.07 0.001 0.02 0.44 0.05 0.39
(ngr = 2)

RMHE 0.87 0.204 1.05 5.66 1.13 11.75
(ngr = 3)

As mentioned earlier in section 8.1, the proposed RMHE is an efficient estimation framework since it

does not increase the computational costs considerably. For instance, the averaged CPU time required
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by the standard MHE to provide the point estimate for the present case study was 0.66 s whereas the

proposed RMHE only required 0.87 s on average to perform estimation for one time interval.

8.3 Summary

This chapter presented a novel MHE-based robust estimation scheme, referred to as Robust Moving
Horizon Estimation (RMHE) to improve the accuracy in the estimation for practical scenarios when
the distribution of the process uncertainties or measurement noises are not known a priori and follow
a non-Gaussian behaviour. The proposed RMHE considers additional constraints and decision variables
than in the standard MHE framework, which are needed to approximate the distributions of the
uncertainties/noises to Gaussian mixture models online. Although the additional constraints and
decision variables considered in the RMHE problem increases the computational effort than that
required by the standard MHE scheme, the required CPU time in RMHE is not significantly larger than
that in MHE. Therefore, RMHE offers an efficient scheme that increases the robustness of the
estimation with respect to the unexpected noises/uncertainties occurring in the process. The
computational experiments conducted in this work showed that the proposed RMHE offers a similar
performance as that obtained in the standard MHE in the case of nominal plant operation in which both

process uncertainties and measurement noises follow zero-mean Gaussian distributions.
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Chapter 9

Conclusions and Recommendations

In this PhD thesis, novel methodologies for conventional and advanced state estimation schemes were
developed and tested under operating scenarios that are expected to occur in practice. The key idea is
to use the abridged Gaussian sum approach introduced in this thesis to represent the general class of
non-Gaussian distribution of constrained states, process uncertainties, measurement noises. Hence,
innovations have been introduced in the standard mathematical formulations of extended Kalman filter
(EKF) and moving horizon estimation (MHE) to provide efficient state estimation schemes to capture
non-Gaussianity involved in real-world processes. The key knowledge gaps are explained next
followed by the novelties and contributions proposed to address the challenges identified in this area.
Both EKF and MHE schemes assume that the process uncertainties and measurement noises follow
zero-mean Gaussian distributions; however, constrained nonlinear dynamic models involving non-zero
mean non-Gaussian process uncertainties and measurement noises are better suited to capture the actual
behavior of key chemical engineering systems. Studies considering such random uncertainties/ random
noises in the EKF framework are lacking from the literature. Moreover, current constrained-EKF
approaches for applications featuring constrained states are not computationally efficient because they
often require online solution of optimization problems, implementation of sampling-based approaches
or implementation of multiple EKFs (Gaussian sum filters).
Similarly, studies on MHE considering non-zero mean non-Gaussian distributions for process
uncertainties and measurement noises are scarce in the literature. Moreover, the distribution of the
random noises/uncertainties may change during the plant operation due to the scheduled or/and
unscheduled changes occurring in the process plant. The current MHE-based schemes are not able to
capture time-dependent known distributions for process uncertainties and measurement noises, while
this is crucial for the scenarios involving the scheduled operating condition changes. Under the
unscheduled operating condition changes, assuming that the distributions of the noises/uncertainties
are known a priori may no longer hold. However, a robust MHE scheme that performs state estimation
considering unknown non-Gaussian distributions for the process uncertainties or measurement noises
is not available.
This PhD thesis sought to contribute addressing the knowledge gaps described above and improving
widely used model-driven state estimation methods such as KF/EKF and MHE. The major outcomes
and insights gained from this work are outlined next.
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This study investigated the challenges of state estimation for a large-scale gasification system using
KF. An actual pilot-scale entrained-flow gasifier involving more than 200 states was considered.
A plant-model mismatch, additive uncertainty in the prior estimation, and load-following scenarios
have been considered. The results from this study showed that KF is capable of estimating the
unknown states for a large variety of changes in the gasifier’s inputs, even though online
temperature sensors are only available in limited locations across the gasifier. However, the success
of KF directly depends on the accuracy of the linear dynamic model that is used for the prior
estimation of the states. The outcome of this study revealed that, as long as an accurate linear state
space model of the process is available, KF can be employed as a practical tool for the purpose of

online state estimation for large-scale applications.

A novel approach referred to as Abridged Gaussian Sum-Extended Kalman Filter (AGS-EKF), and
its extension referred to as constrained AGS-EKF, were developed to improve EKF performance
for constrained nonlinear systems with non-Gaussian process uncertainties and measurement
noises. The methods employ Gaussian mixture models to approximate non-Gaussian distributions
present in the process, i.e., constrained states, non-Gaussian uncertainties and noises. The prior and
posterior estimation steps in EKF are modified to capture non-Gaussian process uncertainties and
measurement noises, respectively. An intermediate step is considered where the constraints are
explicitly applied on the states, i.e., the non-Gaussian distribution of the prior states are
approximated using Gaussian mixture models. While the modifications in the prior and posterior
estimation step do not require any additional computational costs than those needed in the standard
EKF, the intermediate estimation step requires additional CPU time to approximate the
corresponding Gaussian mixture model of the states. Despite this additional cost, the constrained
AGS-EKEF is an efficient approach as the additional costs are not significant when compared to
conventional GSFs. The proposed approach avoids projecting the Gaussian components in the
mixture individually; accordingly, this estimation scheme resolves the issue of extensive
computational burdens and biased estimates often observed in the GSF scheme. Supported by the
computational experiments conducted to this work, the proposed constrained AGS-EKF scheme is
computationally efficient and provides appropriate estimates for applications involving constraints
on states, non-Gaussian process uncertainties and measurement noises.

The performance of EKF as an arrival cost (AC) estimator for industrial and/or complex
applications under both open-loop and closed-loop conditions was also investigated in this PhD

thesis. The results showed that EKF provides adequate performance as AC estimator in the presence
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of process constraints if it is properly initialized using a model-based estimation framework such
as MHE, which can explicitly account for process constraints. Hence, EKF is an efficient and
suitable AC estimator (even under non-symmetric bounded distributions in the process uncertainty)
to maintain the operation of large and challenging systems in closed-loop using an MHE-NMPC
framework. An error analysis on the convergence of the EKF-based AC estimator was performed.
According to this error analysis, even though the estimation error in EKF scheme becomes
unbounded in the presence of nonlinear process constraints in the system, the estimation error for
EKF as the AC estimator remains bounded. The bounded estimation error for EKF in the closed-
loop NMPC-MHE framework confirms the reliability of EKF to approximate the AC distribution.
An extended version of MHE (EMHE) was developed to improve the estimation in the presence of
general non-Gaussian process uncertainties and measurement noises. The EMHE problem requires
the same computational costs as the standard MHE problem. To capture the non-Gaussian densities
of noises/uncertainties, Gaussian mixture models are used in the EMHE scheme. The proposed
EMHE-based estimation scheme can be updated online when the distributions of the
noises/uncertainties change due to sudden or seasonal changes in the process operating conditions.
Although the re-approximation of the Gaussian mixture models to adapt corresponding changes in
the noises/uncertainties requires additional computation costs, the averaged CPU time of the
proposed estimation scheme does not increase considerably. Thus, EMHE is an efficient state
estimation scheme for the purpose of online monitoring and control of practical applications.
Numerical studies showed that EMHE was able to capture both non-Gaussianity and scheduled
changes in the distributions of the noises/uncertainties, which resulted in significant improvements
in the estimation and online control.

A novel robust MHE (RMHE) scheme that approximates the unknown non-Gaussian distributions
of the random uncertainties/noises using an optimal Gaussian mixture model that is updated online
was also developed in this thesis. The proposed RMHE includes a Gaussian mixture model
explicitly into the MHE formulation to model the unknown non-Gaussian distribution of these
random variables affecting the process. Therefore, the RMHE not only provides the optimal
estimation of the states, but also returns an optimal Gaussian mixture model for each measurement
noise (or process uncertainty) in the nonlinear dynamical system. The RMHE formulation involves
additional constraints that represent the mean value and covariance matrix of the Gaussian mixture
model of the noise/uncertainty. The computational experiments used to test the performance of
these estimation framework revealed that the additional constraints and decision variables included
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in RMHE do not significantly increase the required computational effort when compared to the
standard MHE problem. Thus, the proposed RMHE is an efficient version of the MHE that offers

robustness in the state estimation without a significant increase in the computational costs.

9.1 Recommendations for Future Research

The insights gained through this thesis have opened new research avenues that can be potentially

considered for future work. The major recommendations derived from this research are as follows:

e The results presented in chapter 3 showed that using a full dynamic ROM in the EKF estimation
for a complex system such as the gasifier is computationally demanding due to the high
computational cost. Thus, model reduction techniques can be explored in the future to enable the
implementation of advanced state estimation strategies in the gasification system, and their
potential integration with optimization-based control strategies. For instance, an optimization-
based closed-loop scheme, i.e., NMPC coupled with MHE, for a gasification system can be an
interesting area of future research. To the author’s knowledge, this aspect has not been explored in
the open literature.

e The performance of the constrained AGS-EKF for a large-scale application (i.e., the gasifier
involving ~500 states) was not assessed in this research. In such cases, the effect of non-Gaussian
measurement noises and more importantly, non-Gaussian additive process uncertainties may
intensify through the highly nonlinear complex process model, which makes the constrained AGS-
EKF scheme more sensitive to the accuracy of the corresponding Gaussian mixture models. In
addition, the multivariate Gaussian mixture model of constrained states for large-scale applications
may become complex and consequently, approximating one unique multivariate Gaussian mixture
model that can satisfy the constraints on all the states becomes a sophisticated and challenging task.
The numerical complexity increases if the large-scale system is badly scaled. For those cases, one
potential solution is to normalize the process model so that the covariance matrix of the constrained
multivariate distribution of the states represent a smaller range of numerical values, which may
help the EM algorithm to find the proper Gaussian mixture model while satisfying all the process
constraints. Future research studies may consider the application of the constrained AGS-EKF
framework for large-scale constrained nonlinear processes involving non-Gaussian measurement
noises and process uncertainties.

e The constrained AGS-EKF introduced in this PhD thesis holds the underlying assumption that the

distribution of the non-Gaussian measurement noises and process uncertainties can be known a
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priori, which may not always be a valid assumption. As discussed in chapter 8, developing the state
estimation schemes to increase the robustness is essential for applications involving unknown
distributions of the noises or uncertainties. To further improve the features offered by the
constrained AGS-EKF, a potential future work can focus on extending the AGS-EKF formulation
and consider a robust AGS-EKF scheme to improve accuracy of the estimation when the process
uncertainties and measurement noises follow unknown non-Gaussian distributions. Robust control
tools successfully used for applications involving optimal process design and control?®2%! can be
borrowed to consider the development of such robust estimation techniques.

The outcome of the proposed EMHE framework have focused only on the non-Gaussian process
uncertainties and measurement noises. The effect of the arrival cost was disregarded by considering
a large estimation horizon. Future works can consider the state estimation for applications involving
known non-Gaussian noises and uncertainties using EMHE coupled with the constrained AGS-
EKF to evaluate the arrival cost parameters in the EMHE framework. The expecting outcome is to
improve the accuracy of the estimation using short estimation horizon for general constrained
applications with non-Gaussian process uncertainties and measurement noises.

The RMHE framework introduced in this research is capable of providing an optimal Gaussian
mixture model to describe the unknown distributions of either the process uncertainties or
measurement noises. Future work may consider the development of a RMHE framework where
both process uncertainty and measurement noise that follow unknown non-Gaussian distributions
can be explicitly identified and handled by the estimation scheme. While this approach may imply
the solution of mixed-integer nonlinear optimization problems, recent studies have shown that such
problems could be transformed into nonlinear optimization problems using switching time
techniques®?. Hence, that approach could be potentially explored to develop computationally
efficient formulations that may not require the need to solve online mixed-integer problems.

One key step in the MHE framework is to have access to accurate models describing measurement
noises, process uncertainties and arrival cost information. While multiple approaches have been
suggested, including those presented in this PhD thesis, the application of machine learning
algorithms using active learning can be a potential area of future development that can further
improve the online estimation for large-scale applications, particularly those that emerge in the
energy sectors!®+203.204205206 - Hence, future research can be focused on exploring the

implementation of active learning methods for MHE applications.
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Integration of design and control is an area that has been widely explored over the last decades.
While several simultaneous design and control methods are available in the literaturg?°7208:209.210.211
there is not a single study that has considered the impact of state estimation in the context of optimal
design and control. Thus, it is recommended to perform such a study as a future work, which can

provide new insights on the impact of state estimation for the optimal design of chemical systems.
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Appendix A

Expectation-maximization algorithm

This appendix provides a brief discussion on the Expectation-Maximization (EM) algorithm. Consider
a d-dimension Gaussian mixture model that approximates the vector-valued non-Gaussian variable
(@), as presented in Equations (4-11)-(4-12). Let z = (z4, ..., zng4) represent a vector of ng binary
indicator variables to identity of the Gaussian components of the Gaussian mixture model. The first
step in EM algorithm is to draw NS number of samples from the original non-Gaussian multivariate
distribution of the vector-variable w. The possibility that a sample @ follow the i Gaussian
component in the mixture is mw;g; where mw is referred to as the membership weight. An adequate
initial guess for the Gaussian components’ parameters (i.e., n°, M‘, and a' for each i Gaussian
component) should be provided to the EM algorithm to begin the parameter estimation. Then, E-step
and M-step are performed in a recursive fashion to estimate the mean value, covariance, and weight
corresponded to each Gaussian component. EM algorithm converges once the log-likelihood does not
change significantly from one iteration to the next one. The required computations in E-step and M-
step are presented next.

Expectation step (E-step): Equation (A-1) aims to evaluate mw;, associated with the sample @ in
cluster i. the membership weight is required to be determined for all the samples and all the Gaussian
components in the mixture, as follows64212;

(|2 ', M) o .
;o vVi=1,.., ; Vs=1,..,NS
Er e o (@l O M) 7T S (A1)

mwig =

i mwi = 1; vi=1,.,ng; ¥Vs=1,..,NS
where the probability density function of @ given the i"" Gaussian component is'®42%2:

1

¥ ~3(@sn) M (wson')
pi(@s|zi;: {n', M'}) =Mzt ! o (A-2)

Maximization step (M-step): The membership weights provided by Equation (A-1) are used to re-
approximate the corresponding weight, mean value, and covariance of each Gaussian component in the
Gaussian mixture model. To pursue this goal, Equations (A-3), (A-4), and (A-5) are required to be

evaluated as ordered?64212,
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Appendix B

Nominal steady-state value for different case studies

This appendix provides important information of the Williams-Otto reactor, WTP, and the CSTRs-
Separator network. Table B-1 presents the nominal steady-state value of the states in the Williams-Otto

reactor.

Table B-1: Nominal values of states for the Williams-Otto reactor

Process Variables Base case value
X, 0.090
Xg 0.399
X: 0.015
X 0.141
Xg 0.110
Xp 0.105

Likewise, Table B-2 presents the nominal steady-state value of the states, the capacity of bioreactor ;.
and the area of the decanter A,. Note that when performing the closed-loop for WTP, the lower bounds

for g, and q;, are set to zero, whereas their upper bound is set to 600.

Table B-2: Nominal values of states for WTP

Process Variables Base case value
X, 280.18 (mg/L)
Sw 100.02 (mg/L)
Xgq 102.03 (mg/L)
Xp 951.73 (mg/L)
Xy 5975.82 (mg/L)
Cw 0.08 (mg/L)
Cw 0.08 (mg/L)
|74 2500.00 (m®)
Ay 1100.00 (m?)

Likewise, Table B-3 presents the nominal steady-state value of the states in the CSTRs-Separator

network.

Table B-3: Nominal values of states for the CSTRs-Separator
network

Process Variables

Base case value

T

380 (K)
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Ca, 2.67 (kmol/md)
Cp, 2.15 (kmol/m3)
T, 380 (K)

Ca, 2.42 (kmol/md)
Cg, 2.06 (kmol/md)
T, 390 (K)

Ca, 1.85 (kmol/m?)
Cp 2.15 (kmol/mq)
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Appendix C

Supplementary material for WTP study in section 6.2.1

In addition to the information presented in Table B-2, WTP case study considers the following

assumptions:

i)

i)

i)

The observability for the states s,,, x4, and c,, was confirmed by checking that the observability
matrix is full rank (not shown for brevity).

The length of estimation (N), prediction (L) and control (C) horizon were set to 3, 10, 5,
respectively, and the time interval is 1 hour. N has to be small enough such that the effect of the
AC method in the MHE estimation can be considered. Preliminary tests involving multiple
combinations between L and C were performed to obtain the appropriate prediction and control
horizons in the NMPC framework. The corresponding horizons considered in this work presented
acceptable closed-loop performance at the nominal conditions reported in Table B-2.

There are two standard choices of importance function in C-PF (or in overall PF), namely the
posterior and the prior?'3. In the current study, the prior importance function has been considered,
which is the most frequently used importance function due to its simplicity. This probability density

function has a zero mean bounded distribution that is assigned to the process uncertainties (w;).
Thatis, wp; € RNP>1x are the samples that are drawn randomly from the probability distribution
assigned to the process uncertainties at j™ time interval (w;). The samples are selected using Monte

Carlo sampling techniques. These samples are imposed on the estimated states calculated from
MHE at the time step k — N — 1 (X),_y—1) t0 generate the NP particles used as the prior estimation
of the states in the C-PF estimation. Moreover, it is critical to select a large enough number of
particles to represent an acceptable approximation of the actual distribution of the states of the
system while keeping reasonable computational costs. Preliminary simulations showed that 100
particles provided an acceptable representation of the states in the C-PF method at reasonable
computational costs.

Both the MHE and NMPC are subject to bounds on the MVs (see Table B-2).

Step changes in the set-point for the biomass concentration x,, were considered. Note that for the
case of symmetric bounded process uncertainties, set points of CVs have not been considered the
same as those used for non-symmetric bounded process uncertainties. This is because process

uncertainties are identified as model structural errors. Due to the non-symmetric process
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uncertainty tested in this work, the plant may not operate around the nominal operating point
depicted in Table B-2. Thus, in order to make the WTP dynamically operable in closed-loop, the
set points of CVs were modified for the case of non-symmetric bounded uncertainty.

vi) The weight matrix for the CVs is as follows: Q7.,, = diag([1,200,1]). The diagonal elements are
the weights for x,, and s, and c,, respectively. These weights have been tuned based on
preliminary tests. Note that x,,, and is at least two orders of magnitude higher than s,,; hence, the
larger weight on s,,,.

vii) Weights on the MVs were not considered in the NMPC framework to simplify the analysis.
WTP: Scenarios I-1ll: Open-loop estimation

For the open-loop operation, all the input variables remained constant and equal to their nominal values
reported in Table B-2 in section B. Table C-1 summarizes the results obtained from Scenarios I and
Scenario II during open-loop operation. As shown in Table C-1, the highest SSE(™ corresponds to
MHE results using 0.5TS whereas the lowest SSE™ is that obtained from using TS as the AC method.
In Scenario I, using C-PF as the AC estimator slightly reduces the estimation error in MHE when
compared to an MHE estimation associated with EKF as the AC estimator (~1% reduction). Scenario
1I considers non-symmetric bounded distribution; hence, it was expected that EKF may not perform
well since the process uncertainty significantly deviates from a Gaussian distribution. Nevertheless, the
results obtained for this scenario using the different approximation methods showed no significant
differences in performance. This is mostly because the process uncertainty has zero mean value with

narrower bounds; hence, process uncertainties may not significantly impact open-loop operation.

Table C-1: SSE™ Open-loop operation of the WTP, Scenarios I-I

AC estimation method (n) Scenario 1 Scenario 1l
TS 0.0165 0.0208
0.5TS 1.0000 1.0000
EKFexpc 0.0409 0.0216
C-PFexpc 0.0306 0.0228
EKF 0.0382 0.0217
C-PF 0.0305 0.0238

Table C-2 presents the averaged CPU time needed to execute Scenario I and Scenario II at
each time interval, respectively. As shown in this table, the required CPU time for Scenario 1

in the case of using EKF is almost 24% smaller than that using C-PF. Similarly, for Scenario
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11, using EKF as the AC estimator reduces the required CPU time by almost 20% in comparison
to the case of using C-PF. Since minimizing computational expenses is a critical element in an
online estimation and control framework, the performance improvement achieved by using C-
PF (measured in this work as a function of SSE™) is not significant enough to make the
computational efforts worthwhile. Note that the averaged CPU times reported for the cases of
TS and 0.5TS can be used as benchmarks to determine the additional computational expenses
required to apply an AC estimation method, i.e., no additional calculations are needed for those
two AC estimation methods. For instance, compared to the benchmark, an additional 1.71s and
1.78s are required on average to estimate the AC parameters using EKFexpc for Scenario |

and Scenario I, respectively.

Table C-2: Averaged CPU time (), Scenarios I and II

AC approximation approach | Scenario I Scenario Il
TS 1.85 1.86
0.5TS 1.88 1.87
EKFexpc 3.56 3.63
C-PFexpc 441 4.36
EKF 3.78 3.77
C-PF 4.37 4.42

Table C-3 compares the MHE performance obtained from the different instances considered
in Scenario III. As presented in Table 6-1 in section 6.2.1, this scenario aims to perform open-
loop MHE estimation using smaller and larger plant designs while considering both symmetric
and non-symmetric bounded process uncertainties. A comparison between SSE™ for Scenario
1I1.4 and Scenario /1. B shows the effect of different plant designs under symmetric bounded
distributions. As shown in Table C-3, the SSE ™ reported for TS, EKFexpc, C-PF-excpc, EKF,
and C-PF in Scenario IlI.B are larger than those obtained for Scenario 1ll.4. For a fixed
estimation horizon, a higher plant capacity (Scenario 1II.B) is expected to be more dependent
to the AC since the response time of the process is larger in comparison with a smaller plant
design (Scenario III.A). Therefore, a more significant loss in open-loop performance is
expected in the absence of an acceptable AC approximation method (e.g., 0.5TS) for the case
of a larger plant design, as shown in Figure C-1. Note however that the normalized SSE

(SSE™) reported in Table C-3 are smaller for larger plant sizes (Scenario 111.B) than those
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obtained for a smaller plant size (Scenario I11.A). This is because of the normalization
performed using the SSE reported for 0.5TS, which resulted in the worst estimation method
for both scenarios. As a result, the need of using an adequate AC approximation method
becomes more important as the plant capacity increases (i.e., Scenario III.B). Moreover, the
effect of plant design in the case of non-symmetric bounded uncertainties, i.e., Scenarios 77I.C
and /11.D, is depicted in Table C-3. This table shows that, regardless of the plant capacity, the
estimation during open-loop operation remains fairly the same for all the AC approximation
methods.

Table C- 3: SSE™ Open-loop MHE estimation for the WTP, Scenario Il

AC approximation approach | Scenarios
LA 111.B I1.C 11.D
TS 0.0301 0.0109 0.0248 0.0217
0.5TS 1.0000 1.0000 1.0000 1.0000
EKFexpc 0.0715 0.0210 0.0261 0.0256
C-PFexpc 0.0558 0.0223 0.0260 0.0249
EKF 0.0693 0.0213 0.0295 0.0258
C-PF 0.0559 0.0222 0.0262 0.0256
3500
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Figure C-1: Open-loop MHE estimation, Scenario 1ll.A and Ill.B
Based on the above, both EKF and C-PF returned similar performances in terms of SSE.
However, EKF is capable of providing an accurate AC approximation during open-loop

operation at lower computational costs.
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Appendix D

Supplementary material for HIPS study in section 6.2.2

This section presents the information and assumptions that have been considered in the HIPS case
study. Table D-1 shows the main parameters of HIPS process that has been adopted in the present work
for this case study. The manipulated variables (MVs) considered in NMPC framework for this process

are the outlet flowrate (Q) and the cooling water flowrate (Q.,,). The lower and upper bounds for these

two MVs are presented in Table D-1.

Table D-1: Nominal values of states at steady-state, and model parameters for HIPS

Process Variable

Scaled case value (SCV)

Base case value

C; 0.61 6.14e-05 (mol/L)

Crm, 1.00 6.07 (mol/L)

Cp 1.00 1.05 (mol/L)

C, 2.51e-11 2.51e-11 (mol/L)

Cpr 2.24e-12 2.24e-12 (mol/L)

T 0.78 389.31 (K)

T; 0.64 320.52 (K)

ul 4.55 4.55e-08 (mol/L)

us 1.97e-09 1.97e-09 (mol/L)

QL Q" 0-1 0-1.14 (L/s)

Qéw: Qcw 0-1 0-1 (L/S)

Process Value Process Parameters Value

Parameters

Cif 0.9815 (mol/L) Q7 0.0015 (L/s)

c’ 8.63 (mol/L) Qs 1 (L/s)

C,f 1.0548 (mol/L) Qs 1.1412 (L/s)

Tf 333 (K) U 80 (J/(s.K.m?))
7}f 350 (K) Ay 19.5 (m?)

Q; 0.0015 (L/s) % 94.50 (L)

c? 0.0001 (mol/L) Os 0.9150 (Kg/L)
(05 6.0723 (mol/L) Cps 1647.265 (J/kg.K)
Cp 1.0545 (mol/L) ey 0.57

C; 1 (mol/L) Pew 1 (Kg/L)

Cy, 1 (mol/L) Cps,, 4045.7048 (J/kg.K)
TS 500 (K) V. 2.000 (L)

g 1 (mol/L) AH, 69919.56 (J/mol)
u 1 (mol/L) R 1.9858 cal/(mol.K)

The underlying assumptions considered for the HIPS case study are as follows:

i) The observability matrix for the states C, Cy., Cp,, T and u is a full rank matrix that confirms the

observability of the system (not shown for brevity).
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ii) The length of estimation (N), prediction (L) and control (C) horizon are set to 10. These tuning
parameters were obtained from preliminary simulations. The time interval is set to 1 s.

iii) The HIPS process requires to produce a variety of grades of polystyrene based on consumer
demands®2, Hence, three step changes in the set-point of the monomer concentration C,, were
considered to develop the closed-loop framework for three different grades of the product where
the conversion of monomer is 20%, 25%, and 309% 182183,

The weight matrix for CVs is as follows: Q. = I.«2, i.€., the weights are the same for both CVs (i.e.,

Cmand T). No weights on the MVs are considered in the NMPC framework.
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Appendix E

Jacobian and Sensitivity Matrices

The analytical evaluation of the Jacobian matrix for each of the case studies considered in this thesis
has been performed using the symbolic toolbox in SymPy library of Python?'4. Note that the analytical
evaluation of the Jacobian matrix allows to update this matrix based on the current numerical value of
the state variables of the system; this provides the possibility to check the linear observability of the
system operating around a nominal operating point. As a reminder, the linear observability matrix for
each process can be evaluated based on the corresponding Jacobian matrix A and the sensitivity matrix
H of the system, as shown in Equation (3-9). The matrices for most of the case studies presented in this

thesis are presented next.
Gas-phase Reactor

The Jacobian and sensitivity matrices for the gas-phase reactor are as follows:

[_64 * pAl 32 * pA]::l
[0, 0]

H=[1 1]
where the first and second row in A represent the derivatives of the first and second equations with

A=

respect to the states, respectively. Note that the first and second column represent the derivatives with

respect to p, and pg, respectively.
Wastewater Treatment plant (WTP)

The Jacobian matrix for WTP is a 6x6 matrix. The first to sixth element at each row represents the
partial derivatives of the one of the differential equations in WTP (see Equation (4-29)) with respect to
Xw» Sw» X4, Xp, X, and ¢, respectively. The analytical Jacobian matrix determined for WTP based on
its state variables is as follows:
A =[[0.10849152 * 5,,/(5,, + 300.0) — 0.12550833 — 0.0001 * x,,/s,,, 32.547456
* x,,/ (s, + 300.0)% + 5.0e — 5 * x,,%/5s,,2,0,0,0.0503750000000000, 0],

X
—0.1824 = + 2.6666e —5 + 2.0e — 5 * ﬁ, —54.72 — 0.075

_ Sw _w
s, + 300.0 (s, + 300.0)2

X2
- 1.Oe—5*L2,0,0,0,0 ,
SW
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[0,0,0.0012399051105 * x4 * exp(—0.00078567 * x;) — 0.0725 — 1.57815
* exp(—0.00078567 * x4),0.0725000000000000, 0, 0],
[0.250750000000000, 0, —0.002479810221 * x4 * exp(—0.00078567 * x4) + 3.1563
* exp(—0.00078567 * x;),0.002479810221 * x}, * exp(—0.00078567 * x,)
— 0.25075 — 3.1563 * exp(—0.00078567 * x;,) , 0, 0],
[0,0,0,—0.002479810221 * x;, * exp(—0.00078567 * x;,) + 0.10575 + 3.1563
* exp(—0.00078567 * x;,),—0.105750000000000, 0],
[-1.824e — 5 * s, /(sy, + 300.0),—0.005472 * x,, / (s, + 300.0) *
x2,0,0,0,—0.265375000000000]]

The sensitivity matrix H for this system is:

Network of continuous-stirred tank reactors (CSTRs) and separator

The Jacobian matrix for this process is a 9x9 matrix. The first to ninth element at each row is the first

derivative of the one of the differential equations (see Equation (8-9)) with respect to Ty, Cy,, Cg,, T2,
Ca,» Cp,s T3, Cy,, and Cp,, respectively. With this in mind, the Jacobian matrix and the sensitivity matrix
for this system are as follows:
A = [[547878871188951.0 = C,,* * exp(—8539.81236468607/T;) /T2
— 1.4,128311688311.688 * Cy,
* exp(—8539.81236468607/T;), 0,0, 0,0,0.400000000000000, 0, 0],
[—16225643492903.5 x Cy, % * exp(— 8539.81236468607/T,) /TZ, —3800000000.0 * C,,
* exp(—8539.81236468607/T;) — 1.4,0,0,0,0,0,—43200.0
«Ca, /(36.0 * Gy, — 3.6 x CB3 + 1000.0)°
+1200.0/(36.0 % C4, — 3.6 * Cp, + 1000.0),4320.0

* Ca,/(36.0  Cay — 3.6 Cy, + 1000.0)°]
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[16225643492903.5 * Cy, 2 * exp(—8539.81236468607/T;)/TZ,3800000000.0 * C,,

* exp(—8539.81236468607/T;), —1.40000000000000, 0, 0,0, 0, —11520.0
% Cp,/(36.0 x Cy, — 3.6 % Cp, + 1000.0),1152.0

% Cp,/(36.0 x Co, — 3.6+ Cy, + 1000.0)”
+320.0/(36.0 x Cy, — 3.6 % Cp, + 1000.0)],

[1.40000000000000, 0, 0, 547878871188951.0 * C,, 2 * exp(—8539.81236468607/T,) /T3
— 2.4,128311688311.688 * C,, * exp(—8539.81236468607/T,),0,0,0,0],
[0,1.40000000000000, 0, —16225643492903.5 * C,, 2
+ (exp(—8539.81236468607/T,)) /TZ,—3800000000.0 * C,,
+ exp(—8539.81236468607/T,) — 2.4,0,0,0,0],
[0,0,1.40000000000000, 16225643492903.5  C,,
+ exp(—8539.81236468607/T,) /T#,3800000000.0 * C,.
+ exp(—8539.81236468607/T5), —2.40000000000000, 0, 0, 0],

|0,0,0,4.00000000000000, 0,0, —4.00000000000000, 12529870.1298701
#Ca,/(36.0 % Cy, — 3.6 % Cy, + 1000.0)" + 3341298.7012987
* Cp,/(36.0 % Cy, — 3.6 % Cp, + 1000.0)" + 4176.62337662338

« (=450.0 % C;, — 450.0 % Cp, + 25000.0)/(36.0 * C4, — 3.6 * C, + 1000.0)°
— 295844.155844156/(36.0 * Cy, — 3.6 * Cp, + 1000.0),—1252987.01298701

% Cy,/(36.0 x Cy, — 3.6 % Cp, + 1000.0)” — 334129.87012987
* Cp,/(36.0 % Cs, — 3.6+ Cp, + 1000.0)" — 417.662337662338
« (=450.0 % C4, — 450.0 % Cp, + 25000.0)/(36.0 * Cy, — 3.6 * Cy, + 1000.0)°
— 40606.0606060606/(36.0 * C4, — 3.6 * Cp, + 1000.0)],
[o, 0,0,0,4.00000000000000, 0,0, 72000.0 * s, /(36.0 * C4, — 3.6  Cg, + 1000.0)°
— 3.33333333333333 —2000.0/(36.0 * C4, — 3.6 * CB3 + 1000.0),—7200.0

% Ca,/(36.0% Cyy — 3.6+ C, + 1000.0)2],
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[0,0,0,0,0,4.00000000000000, 0, 19200.0 * CB3/(36.0 * Cy, — 3.6 * Cg, + 1000.0)%,—1920.0
% Cp,/(36.0 % Cy, — 3.6 * Cp, + 1000.0)%> — 3.33333333333333

— 533.333333333333/(36.0 * C4, — 3.6 * Cg, + 1000.0)]]

And the H is:
[T 00O OO O O 0 0],
H=|[0 0 01 0 0 0 0 0],
[0 O OO O O 1 0 0]
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