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RESUMO

O tratamento de dguas residuais estd enfrentando desafios sem precedentes devido a requisitos
de efluentes mais rigidos, minimizacao de custos, reutilizacdo sustentdvel de dgua, nutrientes
e outros recursos, bem como expectativas crescentes do publico em atingir altos padroes de
servico. Devido a sua ampla difusdo, os processos de lodo ativado desempenham um papel
fundamental no tratamento bioldgico de dguas residuais e sua operacdo 6tima tem um grande
impacto tecnoldgico e social. A disciplina de teoria do controle oferece a estrutura matematica
para direcionar os sistemas de tratamento de dguas residuais a um estado desejado. Controle
de modelo preditivo (MPC) e estimagdo de horizonte mével (MHE) tém sido as tecnologias
escolhidas para muitas aplicacdes industriais, incluindo estagdes de tratamento. Neste trabalho,
as propriedades dinadmicas e a operagdo 6tima de plantas de lodo ativado sdo investigadas. Para a
primeira tarefa, o sistema dindmico que consiste em 145 variaveis de estado, 13 controles, 14
distirbios e 15 saidas, ¢ mapeado em redes complexas nas quais as propriedades de controla-
bilidade e observabilidade de estado sdo estudadas, tanto do ponto estrutural quanto do ponto
de vista classico. Para a segunda tarefa, estratégias de controle 6timo e estimativa 6tima sao
projetadas para operar uma planta de lodo ativado tanto para operagdes de tratamento de dguas
residuais quanto para redso. No retso de dguas residuais, um controlador preditivo de zero-offset
é projetado para operar a planta quando ela for requisitada a produzir 4gua de qualidade sob
medida para ser usada na fertirrigagdo de safra agricola. Os problemas 6timos de controle e
estimativa sao resolvidos através do método de transcri¢@o direta, que consiste em converter os
problemas em programas nao-lineares e, em seguida, resolvé-los numericamente. De acordo
com nossos resultados, as plantas de lodo ativado s@o controlaveis apenas no sentido estrutu-
ral, sendo incontroldveis no sentido convencional e inobservaveis tanto no sentido estrutural
quanto convencional. Sendo estdveis sob a operacdo convencional, esses processos ainda sao
estabilizaveis e detectdveis, apesar de seu controle e observagao serem qualificados como tarefas
de alta exigéncia. Apresentamos e discutimos os resultados da simula¢do de um controlador
preditivo capaz de melhorar o desempenho da planta de tratamento sob diferentes regimes de
afluentes. Em seguida, mostramos e discutimos os resultados para um controlador de zero-offset
que € capaz de seguir uma trajetdria de referéncia sob condicdes de afluentes constante, embora
seja apenas parcialmente capaz de seguir esses pontos de referéncia sob afluentes dindmicos.
Finalmente, resultados sdo apresentados para os controladores de modelo preditivos de saida

baseados em medicdes parciais, ruidosas, do estado interno da planta.

Palavras-chave: Processo de lodo ativado. Propriedades dindmicas. Redes complexas. Controle
de modelo preditivo. Controle 6timo. Estimagédo de horizonte mével. Estimagdo 6tima. Retiso

de agua.






ABSTRACT

Wastewater treatment is facing unprecedented challenges due to stricter effluent requirements,
costs minimisation, sustainable reuse of water, nutrients, and other resources, as well as increasing
expectations in the public to attain high service standards. Due to their wide diffusion, activated
sludge processes play a key role in the biological treatment of wastewater and their efficient
operation has a large technological and societal impact. The discipline of control theory offers
the mathematical framework for steering wastewater treatment systems toward a desired state.
Model predictive control (MPC) and moving horizon estimation (MHE) have been the chosen
technologies for many industrial applications, including treatment plants. In this work, the
dynamical properties and optimal operation of activated sludge plants are investigated. For the
first task, the dynamical system consisting of 145 state variables, 13 controls, 14 disturbances, and
15 outputs, is mapped onto complex networks in which full-state controllability and observability
properties are studied, from both a structural and a classical point of view. For the second
task, optimal control and estimation strategies are designed for operating an activated sludge
plant for both wastewater treatment and reuse operations. In wastewater reuse, a zero-offset
predictive controller is designed to operate the plant when it is required to produce water of
tailored quality to be used for agricultural crop fertigation. The optimal control and estimation
problems are solved through the direct transcription method consisting of converting the problems
into nonlinear programs, then solving them numerically. According to our results, activated
sludge plants are only controllable in a structural sense, being uncontrollable in the conventional
sense and unobservable both in the structural and conventional sense. Being stable under the
conventional operation, these processes are still stabilizable and detectable, despite their control
and observation being qualified as high-demanding tasks. We present and discuss the simulation
results for a predictive controller that is capable to improve the performance of the plant for
wastewater treatment under different influent regimes. Then, we show and discuss the results
for a zero-offset controller that is capable to track a reference trajectory under constant influent
conditions, albeit being only partially capable to track these set-points under dynamic influent.
Finally, results are presented for the output model predictive controllers based on partial, noisy,

measurements of the plant’s internal state.

Keywords: Activated sludge process. Dynamical properties. Complex networks. Model
predictive control. Optimal control. Moving horizon estimation. Optimal estimation. Water

reuse.
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1 INTRODUCTION

Wastewater treatment is facing unprecedented challenges due to stricter effluent requirements,
costs minimisation, as well as the need for sustainable management addressing the implications
of climate change, rising populations, and the increasing public expectations for high service
standards. Besides conventional treatment, wastewater reuse is one of the practices which has
proven itself inherently circular and useful in satisfying the supply of water of varying quality
for industrial, urban and agricultural activities. Because of their wide diffusion, activated sludge
processes play a key role in the biological treatment of wastewater and their efficient operation

and control has a large technological and societal impact.

Many control strategies for activated sludge plants have been proposed in the industrial and
academic literature. More than forty years ago the first specialised conference on Instrumentation,
Control and Automation of Water and Wastewater systems was founded with the firm goal of
encouraging the application of automation techniques to wastewater treatment plants. Pioneering
works, as Olsson, Eklund, et al. (1973) and Olsson and Andrews (1978), inspired numerous
researchers and practitioners to approach this specific field. Extensive reviews of the various
control systems can be found in Olsson, Nielsen, et al. (2005), Olsson, Carlsson, et al. (2014)
and, specifically for aeration systems, in Amand et al. (2013). While many control strategies for
operating wastewater treatment plants have been proposed, their use for water reclamation is an
active research area with important challenges for the health of the public and the environment
(AIT MOUHESB et al., 2018; THWAITES et al., 2018; RICART; RICO, 2019). Important
research efforts have been possible thank to a number of support tools providing simulation
protocols for real-world activated sludge processes. The Benchmark Simulation Model no. 1
(BSM1, Gernaey et al. (2014)), specifically, offers a simulation protocol and a general platform
for analysing common activated sludge processes subjected to typical municipal wastewater

influent.

Control theory offers the mathematical framework for steering the wastewater treatment
systems toward a desired state. Model predictive control (MPC) has been the chosen technology
for many industrial applications (FORBES et al., 2015). A number of wastewater treatment
applications were presented and different MPC configurations and algorithms were tested using as
platform the BSM1 in its original configuration or with ad-hoc modifications. Rosen et al. (2002)
investigated different model-based alternatives on a reduced BSM1 system for high ammonia
peaks control. On the same attempt, Alex et al. (2002) developed a MPC using a parsimonious
deterministic model for the prediction of the effluent ammonia concentration. A linear quadratic
dynamic matrix control is applied to maintain the effluent quality within regulation-specified
limits by Corriou and Pons (2004). Stare et al. (2007), Holenda et al. (2008), Shen et al. (2008)
and Ostace et al. (2011) compared and tested different MPC configurations. The BSM1 has
been used for testing a nonlinear multi-objective model-predictive control scheme (HAN et al.,
2014). Sotomayor and Garcia (2002) and Ekman (2008) investigated different predictive control



approaches on distinct activated sludge process. Francisco et al. (2015) selected the controlled
variables for a non-linear MPC structure through a self-optimising procedure. Zeng and Liu
(2015), Zhang and Liu (2019) and Moliner-Heredia et al. (2019) tackled the problem by using

economic MPC.

The availability of BSMs has stimulated the design of several modelling and control solutions,
yet too little has been done to study this model and its measurements from a system analytical
perspective. To the best of our knowledge, still too few works discuss, for example, state
estimation and observability of BSMs. Arnold and Dietze (2001) explores the use of moving
horizon estimation (MHE) based on real data from a BSM-like treatment plant. Busch et al.
(2013) considers the BSM with an ideal splitter and investigates both extended Kalman filters
(EKF) and MHE based on an optimal set of measurement variables. Similarly, Zeng, Liu, et al.
(2016) proposes a distributed EKF strategy for the plant considering an ideal splitter, and also
provides a brief discussion about each subsystem observability properties. Further studies on
centralized and distributed estimation are done by Yin and Liu (2018), Yin, Decardi-Nelson, et al.

(2018) and Yin and Liu (2019), considering an unrealistic large set of measurement variables.

In this work, we analyse the dynamical properties of activated sludge plants and study their
optimal operation for both wastewater treatment and water reuse applications. For the latter, we
investigate the feasibility of operating the treatment plant to produce reusable water of tailored
quality for crop irrigation. In both cases, we focus on the predictive control and estimation of
activated sludge plants as described by the Benchmark Simulation Model no. 1 (BSM1). We

consider the default proposed model, without simplifications or changes to the original layout.

To study the dynamical properties of the plants, we mapped the dynamical system consisting
of 145 state variables, 13 controls, 14 disturbances and 15 outputs onto complex networks in
which we studied full-state controllability and observability properties of the model from a
structural and a classical point of view. As we are primarily interested in determining whether
the plant is controllable and observable under all feasible linearisations, we studied the structural
controllability and observability of the model (LIN, 1974; REINSCHKE, 1988; LIU et al., 2011,
2013). Assuming a linearisation commonly used in the literature, the classical controllability and
observability properties of the plant are verified using Popov-Belevitch-Hautus tests (HAUTUS,
1970). Finally, we complement the analysis by evaluating energy-based metrics that quantify
the control and observation efforts needed to operate this class of wastewater treatment plants
(MULLER; WEBER, 1972; PASQUALETTI et al., 2014; SUMMERS et al., 2016).

Once the properties of the dynamical models are understood, we approach the control and
estimation problems using, respectively, model predictive control (MPC, Borrelli et al. (2017)
and Rawlings, Mayne, et al. (2020)) and moving horizon estimation (MHE, Rao et al. (2003) and
Rawlings and Bakshi (2006)). We consider a zero-offset control strategy based on successive

linear approximations of the process dynamics along the reference trajectories (KEVICZKY;



BALAS, 2006; FALCONE et al., 2007; GROS et al., 2020). By coupling MHE with MPC,
we also consider the output model predictive control (Output MPC) in which knowledge about
the process state is not assumed. All discussed optimal control and estimation problems are
tackled by the direct method consisting on their transcriptions to standard nonlinear programs
(NLP, Boyd and Vandenberghe (2004)) to be solved using efficient numerical methods (BETTS,
2010). For the activated sludge plant, a simple regulation control objective is proposed for the
conventional wastewater treatment task, whereas zero-offset reference tracking is considered for
the water reuse application. The latter is formulated as the task of operating the treatment plant
to produce effluent nitrogen according to an optimal fertigation plan for crop growth. The plant
is simulated under typical influent conditions and the controller performances are evaluated in

terms of pre-defined effluent quality metrics, tracking accuracy and operational costs.
1.1 Related publications

During the development of this work, the following scientific contributions have been
published:

e NETO, O. B. L.; MULAS, M.; CORONA, F. On the controllability of activated sludge
plants. In: 2020 EUROPEAN CONTROL CONFERENCE (ECC). Proceedings of the
2020 European Control Conference. IEEE, 2020. p. 581-586. DOI: 10 . 23919/
ECC51009.2020.9143863

e NETO, O. B. L.; MULAS, M.; CORONA, F. On the observability of activated sludge
plants. IFAC-PapersOnLine, v. 53, n. 2, p. 16802—-16807, 2020. 21th IFAC World
Congress. DOI: 10.1016/j.ifacol1.2020.12.1151

e NETO, O. B. L.; HADDON, A.; AICHOUCHE, F; HARMAND, J.; MULAS, M.;
CORONA, F. Predictive control of activated sludge plants to supply nitrogen for optimal
crop growth. In: 11TH IFAC SYMPOSIUM ON ADVANCED CONTROL OF CHEMI-
CAL PROCESSES. Proceedings of the 11th IFAC Symposium on Advanced Control
of Chemical Processes. IFAC, 2021. (to appear)

1.2 Thesis organization

This document is organized into four parts, each comprised of a number of sections.

I. The remainder of Chapter 1, Section 1.3, presents the activated sludge plant used as
a representation of biological wastewater treatment plants, then overviews its control

objectives.

II. Chapter 2 presents the theoretical background of this work. Section 2.1 reviews the notions

of stability, controllability and observability of dynamical systems and presents weaker



properties based on canonical decompositions. Section 2.2 overviews the model predictive
control strategy and its realisation for zero-offset control problems. Section 2.3 introduces
the moving horizon estimation strategy for reconstructing the internal state of a system
based on a set of noisy measurements. Finally, Section 2.4 proposes an output predictive

control strategy by combining model predictive control and moving horizon estimation.

III. Chapter 3 presents the experimental results of this work. Section 3.1 discusses our results on
the full-state stability, controllability and observability of activated sludge plants. Section
3.2 presents the simulation results obtained by the predictive control of the activated sludge
plant for conventional treatment. Finally, Section 3.3 presents the simulation results for
the zero-offset predictive controllers operating the treatment plant when the process is

requested to produce effluent nitrogen according to a trajectory reference.
IV. Chapter 4 presents the concluding remarks and bibliography used for this work.

Furthermore, Appendix 4 presents the explicit differential equations and constant parameters
defining the dynamical models discussed in this work. A selection of omitted definitions and

proofs are provided in Appendix 4, for the sake of completeness.
1.3 Activated sludge plants

We consider the activated sludge process in a conventional biological wastewater treatment
plant. Based on the simultaneous denitrification-nitrification process, bacteria reduce nitrogen
present in the influent wastewater in the form of ammonia into nitrate, which is subsequently
reduced into nitrogen gas to be released into the atmosphere (GRADY JR et al., 2011). The

prototypical process, in Figure 1, consists of five biological reactors and a secondary clarifier.

The treatment begins with a first reactor where influent wastewater from primary sedimenta-
tion, return sludge from secondary sedimentation and internal recycle sludge are fed. The outflow
from the first reactor is then sequentially fed to the downstream reactors and, eventually, from the
fifth reactor to the secondary settler. Mixed liquor from the fifth reactor is recirculated into the
first reactor together with the recycle sludge from secondary sedimentation, as mentioned. Excess
sludge from the settler can also be removed towards another process in the facility. Oxygen is
potentially added by insufflating air into each reactor. In the aerated reactors, the ammonium

nitrogen (NH4-N) contained in the wastewater is oxidised into nitrate nitrogen (NO3-N),

Autotrophic bacteria

NHJ +20, » NO; +2H" — H,0,

which is in turn reduced into nitrogen gas (N,) by denitrifying bacteria in the anoxic reactors.
An additional carbon source can be added to each reactor independently. No other chemicals are

assumed to be added to the process.



Figure 1 — Biological wastewater treatment: process layout, highlighting the activated sludge plant. The
first two bio-reactors comprise the anoxic section, while the last three comprise the aerobic section.
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Source: Prepared by the authors.

EXCESS SLUDGE

Each reactor is described by the Activated Sludge Model no. 1 (HENZE et al., 2000), while
the settler is described using the 10-layer non-reactive model proposed by Takdcs et al. (1991).
Under this configuration, the bio-process corresponds to the Benchmark Simulation Model no. 1
(GERNAEY et al., 2014) and hereafter will be referred to as the activated sludge plant (ASP).

In this section, we present the state-space model proposed by the Benchmark Simulation
Model no. 1 (BSM1) to represent the dynamics in the activated sludge plant. Moreover, we
present a collection of influent wastewater time-series suggested by the benchmark as inputs
to simulate the plant, together with the data generation process that was assumed. Finally,
we discuss the control objectives and performance evaluation criteria for two applications of

activated sludge plants: conventional wastewater treatment and water reuse for crop irrigation.

1.3.1 Benchmark state-space model description
A layout of the activated sludge plant detailing the process variables is shown in Figure 2.

From the system perspective, the dynamics of each reactor AU) (r = 1,....5) in the plant are

described by 13 state variables, the vector of concentrations

r r r) vA(r r) vA(r) vA(r r r r r) vA(r r)1T
A0 — 510 5400 0 x40 A0 380 A0 540 300 540 )0 AT,
(D

and controllable inputs url) = [KLa(’) Qgé] , the oxygen transfer coefficient Kia") and the

external carbon source flow-rate Qg% The dynamics of each settler layer s (I=1,...,10) are



Figure 2 — Activated sludge plant: process variables and their relative locations in the plant layout.

Source: Prepared by the authors.

described by 8 state variables, the vector of concentrations

S() oSU) oSWU) S() S oSU) oS() ST
xS(l)_[XS.S(') I() S()SO()SN(O) SN(H) SN(D) SA&)(} : 2)

Moreover, the plant is subjected to three additional controllable inputs, the internal and
external sludge recycle flow-rates (Q4 and Qg, respectively) and the wastage flow-rate Qy, and
to 14 uncontrollable inputs or disturbances, the influent flow-rate Q;y and its concentrations
XAUN) al) directly entering the first reactor. Wastewater concentrations in the internal recycle are
S(1)

given by x40), whereas x5(!) are the concentrations in the external recycle and wastage stream.

As for the measurements, we consider a typical sensor-arrangement in which we assume the

existence of a set of analysers determining, in real-time, the vector of concentrations
510 S(10
y=[A0 A0 x50 §U0) popiio) copstio) NSUOT, 3)

with yA() = [S‘g(r) Sg(or)] . The effluent concentrations of biochemical oxygen demand (BODs),
chemical oxygen demand (COD) and total nitrogen (Nyo7) are defined as

BODI!M) = 0.25((1 — fp) (Xs0® 4+ X510)) 4+ 5500 4 x 50100y,

S(10) | ¢S(10) 5(10) 5(10)

+ x50 4 x50 4 xS
S(‘°)+XB§1°))+1'XP(X (10) | xS00)y

cop$10) = 5310 4 g3 X500 x!
S(10)

Nror =Sy (10) +SN(10)

+SN(D X300 +ixp(X
with stoichiometric parameters (fp, ixp, and ixp) given by Gernaey et al. (2014). Effluent
concentrations XS(IO) = (X S(lo /Xr)X. ?(5), for X, € {X;,Xs,Xpm,Xpa,Xp,Xnp}, depend on the
feed concentration X = 0. 75( x40 +X§‘(5) +X§£IS) +X ( )+X G ))



The state-space model for this class of ASPs is

(1) = f (x(2), u(r), w(r)|6x) 5 (4a)
y(t) = g (x(1)|6y), (4b)

where, at time 7 € R, x(f) = A1) ... x40 xSU - SUOIT ¢ RY s the vector of state-
variables in Equations (1, 2), y(t) € RI;]"O is the vector of outputs or rr;easurement variables in
Equation (3), u(t) = [Q4 Or Qw u*) N PRSI LS RIZL(‘) is the vector of controllable inputs, and
w(t) =[O XAUNT ¢ RZ% is the vector of uncontrollable inputs or disturbances.

The time-invariant dynamics f(-|6) and g(-|6,) depend on a set of stoichiometric and kinetic
parameters collectively denoted by the vectors 6, and 6. The state-space model in Equation (4)
thus consists of N, = 13 x 5+ 8 x 10 = 145 state variables, N, = 3+ 5+ 5 = 13 controllable
inputs, N,, = 1+ 13 = 14 disturbances and N, = 15 outputs. Being N, > N, and N, > N, the
system is both strongly underactuated and strongly underobserved. The explicit notation is

provided in Table 1, while the model equations and parameters are detailed in Appendix 4.

Importantly, our state-space configuration includes all the control handles suggested in the
benchmark that do not require changes to the plant layout depicted in Figure 2. Moreover, we
consider the possibility of having the default low-level controllers (GERNAEY et al., 2014)
applied on each of the five reactors. As such, our configuration necessarily includes a sensor-

arrangement that considers the measurement of S‘:,((;) and Sg(r) in all reactors (r = 1,---,5).

1.3.2 Influent wastewater data description

The influent wastewater constitutes one of the most important streams in the process. From a
control perspective, these inputs correspond to exogenous disturbances that a controller should
reject in order to attain its objective. In the following, the influent modelling approach and

resulting time-series suggested by the benchmark are presented.

The disturbance scenarios are based on a model of urban activity such that households,
industry and rain activity are assumed to be the main sources of wastewater. Specifically, diurnal
and weekly patterns of waste production are designed to account for the households and industry
contributions. Rainfall contributes only to the influent flow-rate, following seasonal and episodic
patterns. The flow-rate and pollutants from these sources are processed by a simple sewer system

from which the primary influent flow-rate, Qjx and its concentrations, KAUN ), are composed.

The provided data collection is comprised by three 14-days scenarios (dry weather, storm
event, and rain event) and a long-term weather scenario. The time-series correspond to simula-

tions of the aforementioned influent model sampled every 15 minutes. In detail:

o Dry weather scenario: Depicts expected diurnal variations under normal weather condi-



Table 1 — Activated sludge plant: Process variables by location (‘A(r)’, in the r-th biological reactor with

r=1,...,5, or ‘IN’ in the influent wastewater; ‘S(/)” in the /-th layer of the settler with / = 1,...,10) and
type (‘D’, disturbance; ‘S’, state variable; ‘M’ measurement; and ‘C’, control).
Variable ‘ Description ‘ Type Units
SIV, S‘;\ ™), wa Soluble inert organic matter D,S,S gCODm™3
SV, SA ) SU) Readily biodegradable substrate D,S,S gCOD m™3
XN, XA(F) Particulate inert organic matter D, S gCOD m™3
XIN XA(r) Slowly biodegradable substrate D, S g COD m3
Xg.% XBf(I) Active heterotrophic biomass D, S gCODm™?
xIN xA0) Active autotrophic biomass D, S gCODm™?
XN, X, Alr) Particulate products from biomass decay D, S gCOD m™3
SIN SA (r ‘;(l) Dissolved oxygen D, S/M, S g0, m™3
Sf\],vo, Sgo s S() Nitrate and nitrite nitrogen D, S/M, S gN m~3
sy il SN(,} NH; + NHj nitrogen D, S, SM(l =10) | gNm™3
SII\I,VD, Sg(l;), S]S\,(ll)) Soluble biodegradable organic nitrogen D,S,S gNm™3
X]{,%, Xj\%p Particulate biodegradable organic nitrogen D, S gNm™3
siv . sat g8 | Alkalinity D.S mol HCO; m™3
x5 Total suspended solids SM(=10) |gCODm3
O Influent flow-rate D m3 d-!
Ox Internal recirculation flow-rate C m3 d~!
Or External recirculation flow-rate C m? d~!
Ow Wastage flow-rate C m3d!
Qgé External carbon source flow-rate C m3 d~!
Kia Oxygen transfer coefficient C d-!
BOD‘;(IO) Biochemical oxygen demand M g COD m~3
cops(10) Chemical oxygen demand M g COD m™3
Ni(Ol;)) Total nitrogen M gNm™
Source: Prepared by the authors.
tions.

e Storm event scenario: Based on the dry weather scenario, with the addition of two high-

intensity storm events occurring in the second week. Consequently, the scenario depicts a

significant increase in suspended solids after such events, especially for the first storm.

e Rain event scenario: Based on the dry weather scenario, with the addition of a long-

duration rain event in the second week. Being of low intensity, the rain only increases the

flow-rate over that period without significantly affecting the suspended solids afterwards.

o Long-term weather scenario: Depicts expected diurnal variations over a total period of

18 months. Due to its long duration, this time-series includes seasonal patterns into the

influent model (weekends, holidays, rainy and dry seasons, etc.).



Table 2 provides the average flow-rate and the flow-weighted average concentrations,

L. Flow-rate(t) - Concentration(t
Average concentration = Z (1) ( ), (&)
= Average flow-rate
for each disturbance scenario. As the influent model assumes constant X2} (1) = XAV () =

SV (t) = SIV, () = 0 and S&Y . (t) = 7, for all t € Rx, these variables are omitted.

Table 2 — Influent time-series: Flow-weighted average influent conditions for each disturbance scenario.

Variable ‘ Dry weather ‘ Storm event ‘ Rain event ‘ Long-term ‘ Units

Period 14 14 14 609 days

OIn 18446.33 | 19744.72 | 21319.75 | 20850.54 | m*d~!

SIN 30 28.03 25.96 2705 | gCODm3
SIN 69.5 64.93 60.13 5745 |gCODm™?
XN 51.2 51.92 443 48.15 | gCODm3
XN 202.32 193.32 175.05 189.55 | gCODm3
X 28.17 27.25 24.37 2639 | gCODm™?
S 31.56 29.48 27.3 2355 | gNm™?
S 6.95 6.49 6.01 558 | gNm3
X 10.59 10.24 9.16 8.4 gNm3

Source: Prepared by the authors.

A visualization of the first 7 days from the dry weather time-series is provided in Figure 3, in
terms of the effluent measurements defined in Equation (3). The disturbance over this period is
identical for the remaining short-term scenarios, as they are based on the dry weather influent.
The influent total suspended solids (XI¥), chemical oxygen demand (COD™), biochemical

oxygen demand (BODgN ) and total nitrogen (N%%T), are defined by

Xgy = 0.75(X[N + XN + X[ + X5+ XFY);
BODYN = 0.25((1 — fp) (X +XI) + SIV 4 XN,
COD'™ = S + 51N + XN+ X[V + Xgy + X5 + XY
SN0+SIH+SID+XND+ZXB( é%"‘ )+lXP(

(6)

IN
Nipr = N x).

This visualization highlights the diurnal and weekly patterns used in the influent model design.
Every day, the wastewater flow-rate and its concentrations peak at mid-day, remaining at high
levels until significantly decreasing at midnight. A decrease in the waste being produced can be

perceived during the weekends (after 5 days), when industrial activity is expected to be smaller.
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Figure 3 — Dry weather scenario, ¢ € [0,7]: Time-series for influent flow-rate (Qy), and influent nitrogen
and organic concentrations (Xslgv R S%, BODgN ,COD'N and N;%T), over a 1-week period.
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Source: Prepared by the authors.

1.3.3 Process operation and control objectives

Conventionally, an activated sludge plant is operated to produce treated water by means
of efficient carbon and nitrogen removal. Recently, the growing interest in wastewater reuse
has encouraged different modes of operation that aim at obtaining tailored quantities of these
chemicals. In this section, we detail the control objectives and performance evaluation criteria

for both the conventional treatment application and a water reuse application for crop irrigation.

Conventional wastewater treatment

In conventional wastewater treatment, the general objective consists of producing effluent
water satisfying, during the entire operation period, the quality upper limits shown at Table 3.
These effluent limits are realistic suggestions for benchmarking, despite not corresponding to the
actual requirements of a specific location. The control performance is evaluated by the number

of limit violations and by the percentage of time that the effluent fails to meet the requirements.

Table 3 & Figure 4 — Treatment control: Quality limits and steady-state references for the effluent-based
outputs (left), and diagram of the regulation control task (right).

Wastewater Treatment Plant

Variable | Limit | Reference | Units

x50 30 | 1250 | gcODm3 Control Output
ss0) 4 173 | gNm™3 .

Bop$"” | 10 265 | gCODm3

cop®9) | 100 4755 |gCODm™3

N ;(012) 13 14.05 g N m_3 Controller Reference

Source: Prepared by the authors.
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In this work, we tackle the treatment control task by designing a feedback controller to
regulate the process towards a reference steady-state satisfying the effluent requirements, as
illustrated in Figure 4. For this purpose, we consider the default steady-state point SS =
(55,155, w5, y55) suggested by the benchmark (GERNAEY et al., 2014). This point is obtained
as the result of a 100-days open-loop simulation of the model equations (Eq. 4) with constant
default values for the controllable inputs and constant influent conditions. This is a valid reference
steady-state for the regulation control, as the output variables satisfy the upper quality limits

(Table 3). The explicit values for all variables in the steady-state point are given in Appendix 4.

In addition to quality limits, a popular metric consists on the Effluent Quality Index (EQI),

1 1f

EQI= ——
= 10007 J,

5(10
(1) — 0w (1)) (2X53"") (1) + CODS 10 1)
+2B0DI" (1) + 30N 00 (1) + 105540 (t)) dr (7)
over total operation period T = (t; — o) and given Kjeldahl nitrogen N;(KII?,) = N;STO) - Sf,%o).
We consider this quantity to compare the overall effluent quality of the closed-loop control
against the open-loop operation. This metric (in units of kg pollution unit d~') is proportional to

the total effluent concentration of the pollutants considered relevant in most regional regulations.

Water reuse for crop irrigation

We consider the operation of activated sludge plants to produce reusable water of tailored
quality for crop irrigation. We focus on soluble nitrogen as the relevant chemical for irrigation,
as this nutrient is known to directly affect the growth rate for several classes of crops (PELAK

et al., 2017). The control task thus consists of tracking an effluent of varying nitrogen content.

Figure 5 — Reuse control: Control hierarchy of the crop-treatment system. A fertigation plan for optimal
crop growth is generated by the crop system, then imported as reference for the treatment plant.

Wastewater treatment plant Agricultural crops
Control Output Control %>77\\ Output
Py []
LY Vi LY
l Model
Controller n Controller |[=— Objective
Reference Control

Source: Prepared by the authors.

The reference nitrogen trajectories considered in this work are resulting from a higher-level
control problem that aims at maximizing plant biomass using a simple crop growth system
(NETO; HADDON, et al., 2021). The reuse control problem is then approached through a
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Figure 6 — Reuse control: Nitrogen reference trajectories generated by the crop system for one growing
season (140 days). Each scenario differs with respect to the initial soil nitrogen content being assumed.
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Source: Prepared by the authors.

zero-offset controller that operates the treatment plant to supply total nitrogen (N7or) according
to this optimal planning for crop growth. The coupling between both controllers is depicted in
Figure 5. We consider three reference trajectories corresponding to different irrigation scenarios,
shown in Figure. 6. These scenarios assume a normal growing season of 140 days. A detailed

discussion about the computation of these references is given in Appendix 4.

The control performance is evaluated by the normalized mean-square error (NMSE),

L[S0, "

Inmvse(7, 7)) = =
I =7 ), T IOR

T
measuring, for interval T = 7y — 1y, the tracking accuracy of the output variables of interest,

jERM (N3 < Ny), with respect to the desired reference, *7 € RMs. Additionally, we introduce
energy cost indices for the pumping energy (PE, in kWh d™!), aeration energy (AE, in kWh d 1),
and carbon addition energy (CAE, in kg COD d~ 1),

.
PE — % [ (0.00404(1)+0.0080x(1) +0.050w (1)) (92)
fo
AE — s / ZVA(r)KLa(r)(t>dt. (9b)
8(10007) Ji, = ’
CAE = L / ! Z SECOU) (1)dt (9¢)
10007 J, =75 =ECY/T

for oxygen saturation concentration SSO”’ , volumes VA(’), and carbon source concentration S’SZC

(Appendix 4). Collectively, these metrics define the operational cost index (OCI, in kWh d~1),
OCI = PE + AE + fgc - CAE, (10)

summarising the energy costs of a control strategy. The weighting factor is frc = 3 kWh kg~ !.
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2 THEORETICAL PRELIMINARIES

2.1 Dynamical models properties

We discuss general state-space representations of non-autonomous dynamical systems

x(t) = fi (x(t),u(t),w(r)|6x); (11a)
(1) = g (x(t),u(t), w()[6y). (11b)

The state equation, Eq. (11a), describes how the state vector x(z) € RM evolves in time,
given its current value and the controllable and uncontrollable but measurable input vectors
u(t) € RN« and w(t) € R, respectively. The measurement equation, Eq. (11b), describes how
the state is emitted to form the measurement vector y(¢) € R™. The nonlinear, time-varying
and parametric vector functions f;(-|6x) and g;(-|6,) define the dynamics and the measurement
process, respectively. Vectors 6, and 6, are fixed model’s parameters. We limit ourselves to
autonomous functions f (-) and g (-) and no feedthrough of the inputs, y(z) = g(x(¢)|6y). As

time-invariance allows us to assume 7y = 0, often we intentionally omit mentioning it.

The structural form of the state-space representation can be written using the linear model

x(t) = Ax(t) + Bu(t) + Gw(t) (12a)
y(t) = Cx(1) (12b)

The structure of matrices A, B, G and C can be defined using inference diagrams in such a way
that element A, ,, (respectively, By, n,» Gn, n, and Cp, ) is non-zero, and potentially unknown,
whenever component x;, (#y,, Wn,, and again x,,) appears in the vector field fy (-) and algebraic
function g,,(-); that is, whenever the (r},n,)-th element 9 f,; /dx,, (respectively, d f,; /duy,,
2] fu /dwy,, and d 8ny /dxy,) in the Jacobian matrix(es) is not identically null. When the elements
of A, B, G and C are either zeros or unknown, the resulting family of systems is referred to as
structured dynamical system (REINSCHKE, 1988).

Under such representations, the dynamical properties of the system being studied can be
characterised and discussed. By coupling controls to state variables and state variables to
measurements, the notions of controllability and observability emerge as prerequisites for
control and state estimation, respectively. These conditions can be relaxed in the absence of
unstable modes, to derive the weaker notions of stabilisability and detectability. For linear
systems, classical sufficient and necessary controllability and observability tests have been
derived (KALMAN, R., 1960; CHEN, 1998). When the system is only known structurally, we
have to resort to stronger notions of structural controllability and observability (LIN, 1974) and
their associated sufficient and necessary conditions (LIU et al., 2011, 2013). For the sake of

completeness and for notational necessity, this chapter overviews these concepts.
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2.1.1 Stability

We review stability in terms of the conditions under which system Eq. (12) subjected to a
bounded input produces bounded state- and bounded output-response trajectories. These two
notions are often referred to as external and internal stability, the latter one being more general.
For simplicity and without any loss of generality, we neglect the distinction between controls

and disturbances and momentarily redefine the control matrix to be B := [B|G].

A linear system with impulse response matrix H(-,-) : R x Rso — RM*Ne; (1, 7) v H(¢, T)
is said to be stable if its output y(r) = ftz H (t,7)u(t)dt is bounded when the input u(¢) is bounded.
This notion of external stability is defined as the existence of a finite gain kK < oo such that for all

bounded inputs u the following relation holds

(@)oo < tellue(t) o (13)

External stability Eq. (13) can be verified at the system level by showing that, under some mild
conditions on the smoothness of # and H, the upper bound « for the induced matrix norm of the

input-output map exists and can be used as gain in Eq. (13); that is,

t
supicr.,{ [ 1H(0,0)def —x < on 19
0

For a LTI system (12), H(t,7) = H(t — T) = Ce*(~")B. Condition Eq. (14) specialises and,
equivalently, it suffices to show that i) the impulse response is absolutely integrable and ii)
the transfer function H(s) = .Z[H(t)] = C(sI —A)~'B is Hurwitz (all the poles A of all of its

elements lie on the open left half of the complex plane):

i) /too|]H(t)Hdt < oo; (152)
i) {A[H(s) €C:Re(2) <0}, (15b)

More generally, a linear system (A, B,C) with state transition matrix ®(-,-) : R>g x R>¢ —
RN+*Ne: (1 7) s ®(¢, ) is stable if both its state x(¢) = P(z,t0)x(to) + j;gCID(t, T)Bu(t)dt and
output y(t) = C®(t,19)x(t9) + C fz; ®(z, 7)Bu(t)dT responses are bounded for every bounded
input u(t). This notion of joint internal and external stability is defined for representations with
bounded functions B and C (that is, when ||B||e, < oo and ||C||., < ) as the existence of positive

constants 3 and y such that, for every bounded input u and every initial condition x,

(@) lleo < Bllxoll + ((B/V)IBlleo) l[ue(2)]eo (16a)
1Y(@)llee < (BIIClleo) [lxoll + ((B/Y)IClleo|[Blleo) [|22(2)|eo (16b)
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Importantly, the definition is valid only for systems whose homogeneous part is exponentially
stable with the same constants 8 and ¥ (that is, when ||®(z, 7)|| < Be~"~%)). At the system
level, internal and external stability Eq. (16) can be verified by showing that the state matrix A is

Hurwitz (all the eigenvalues A lie on the open left half of the complex plane); Formally,

Lemma 2.1. (CALLIER; DESOER, 1991). A system with a LTI representation Eq. (12) is said
to be exponentially stable at the system level, or just stable, if and only if

{AJA] € C: Re(A) < 0} (17)

For the LTI system Eq. (12) where ®(r, ) is the matrix exponential ¢*(~7), the entries of the
state transition matrix are linear combinations of the system modes. Letting A[A] = {A,, }22‘:1 be
the eigenvalues of matrix A, with {A1,..., Ay} CRand {(An+1,Ay,1),---» (Anss, Ay g)} €C

being the eigenvalues with respective algebraic multiplicities t(A,, ), and given coefficients

(w)
nk ' Pk ’

) €R, each (i, j)-th entry in transition matrix ®(z,7) = A~ is of the form
A)—1

[ } . i Z ( (w t_f)k) An(t—17)

=1 k=0
N+S .u(ln)fl

+ Y Y (B0 cos(m(h)(r — )+ 9l ) B0 1)

n=N-+1 k=0

>~

The condition Eq. (17) implies that lim;—,. [®(t, 7)]; ; = 0, for all (i, j). Therefore, it is possible
to verify exponential stability at the system level since that, for any fixed 7 < ¢, the homogeneous
part is strictly decreasing with max; ||®(z,7)|| = [|®(7,7)|| < B and lim;_,. [|D(7,7)|| =0

2.1.2 Controllability and observability

A system is said to be full-state controllable if it is possible to steer its state vector from any
initial value to any final value in finite time, whereas it is said to be full-state observable if it is
possible to uniquely determine its initial state from a sequence of measurements over a finite
time interval. These notions are overviewed and classical necessary and sufficient conditions are
given for LTI systems. For uncertain systems, the stronger sufficient and necessary structural
conditions are reviewed. Due to the duality between both properties, this section focus on the
definitions concerning only controllability, thus avoiding repetitive statements. For the sake of

completeness, the observability counterparts are presented in Appendix 4.

Classical controllability

Let the controllability Gramian of the pair (A, B) be the Ny x N, symmetric matrix

t
W, (t) = /O ATBBT A dr, (19)
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a sufficient and necessary controllability condition is det(W,(¢)) # 0, V¢ > 0. The computation
of Gramian-based criteria in Eq. (19) is straightforward but unpractical. Equivalent criteria can
be defined in terms of the system’s controllability matrix (KALMAN, R., 1960).

Let 4 = [BABA?B --- AN~ B] be the N, x (N; x N,) controllability matrix of the system.

A sufficient and necessary condition for controllability is
rank(%’) = Ny. (20)

The criterion in Eq. (20) is more direct and, for low-dimensional systems, its evaluation only
requires a small number of matrix multiplications. However, the computation of matrix 4 can
still be troublesome when the dimensionality of the state vector is large. This limitation is due to

numerical over- and under-flow that may result from computing large powers of A and A™.

A scalable alternative that overcomes the limitations of both Gramian-based and Kalman’s
rank criteria is provided by the Popov-Belevitch-Hautus (PBH) test. Necessary and sufficient

conditions are given by the following lemma:

Lemma 2.2. (HAUTUS, 1970). The following statements are all equivalent:

L. The pair (A,B) is controllable (21a)
1L rank( [M _A B} ) =Ny, VA € C; 21b)
ML rank( [liI—A B}) =Ny, VAie o(A) C C. (21¢)

Based on Lemma 2.2, the pair (A,B) is said to be controllable if and only if, for each
eigenvalue A; € 6(A) (that is, when rank(A;,/ —A) < N,), the columns of B have at least one
component in the direction v; € R+, v; being the eigenvector of A associated to A;; The eigenvec-
tors v; for which rank([A;/ — A B]) < N, indicate state-space directions that are uncontrollable

with the controls determined by B.

Since controllability is invariant with respect to similarity transformations represented by

nonsingular matrices P € RN+*Nx_ the following holds:

e Pair (A, B) is controllable if and only if pair (A’,B’) = (P~'AP,P~!B) is controllable;

Controllability metrics

Full-state controllability is a binary property. Starting from the seminal work by Miiller and
Weber (1972), various scalar metrics have been proposed to quantify the difficulty of the control
task. We overview energy-related metrics recently proposed by Pasqualetti et al. (2014) and

Summers et al. (2016) for the controllability of LTI systems.
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Define the quadratic control and measurement energies

E. (u(r),1|R) = /0 ()T Ru(v)dt = (o) 3 (222)
E,((0).110) = [ 3T O(E)T = b0} 20)

In optimal quadratic regulation, we search for a controller that minimises the sum of these
energies, for some user-defined positive definite weighting matrices R € RM*M and Q € RM*M,
When minimised individually with identity matrix R = I,,, the unweighted control energy deter-

mines

o i(t)= BTeAT(’f*’)WC*1 (tf) (x(tr) — €47x(0)), the control from x(0) to x(77) of minimum
Ly-effort E (r|ii(1)) = (x(17) — e“"fx(O))TW;1 (1) (x(t5) — €M x(0));

Finite- and infinite-horizon controllability metrics can thus be derived from Eq. (19). The

X

. Y . : . \
eigenvectors {V, (A< )} *_, associated with the eigenvalues A; € & (We(t)) correspond to state-

space directions that require increasingly larger control energy the smaller A . The control effort
associated with pair (A, B) can thus be quantified by single scalars defined from the spectrum
o (We(r)) = {A, }Zj:l' Because the infinite-time Gramian, W, (), always exists for Hurwitz
systems, Eq. (17), and its computation can be performed efficiently by solving a Lyapunov
equation (BENNER et al., 2008), we overview only a number of infinite-time metrics. Their

finite-time counterparts are evaluated by integrating Eq. (19).

Definition 2.1. (Energy-related controllability metrics, (SUMMERS et al., 2016)) Let W, (o)
be the solution of AW, (e0) +W,(c0)AT 4+ BBT = 0. The control effort for the pair (A, B) can be

quantified according to the following scalar metrics:

I. trace (Wc(oo)): Inversely related to the control effort averaged over all state-space direc-
tions;
1. trace(W](c)): Related to the control effort averaged over all directions in the state-space;

II. log (det(Wc(°))): Related to the volume of a Ny-dimensional hyper-ellipsoid whose points

are reachable with one unit or less of control energy;

IV. A€

min (Wc(oo)): Inversely related to the control energy along the least controllable eigen-

direction.

The control effort associated to attempting to control the full-state by only controlling one

individual state variable x,, at a time is quantified by
Cc(ny) = trace (W, ()). (23)

This non-negative quantity, the average controllability centrality (SUMMERS et al., 2016), is
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computed by assuming a single control that actuates only on the n,-th state variable: That is,
when B = ¢,_, a unit vector in the standard basis of RNx, The infinite-horizon controllability
Gramians W, ,, (o) € RN+*Mx are computed independently for each n, € {1,...,N,} by solving

the Lyapunov equations AW, , (o) + W, (s0)AT = —e,,xe;';x.

Structural controllability

Structural analysis aims at assessing a family of systems with the same structure. As it
encodes the relationships between state-, control- and output-variables, analysing a structured
system assess the controllability and observability properties of each possible realisation from
the family of systems it represents. The dynamics and measurement process of a structured
dynamical system (A, B,C) can be studied by mapping its state and output equations onto the

digraph
G =(7,6), (24)

where the vertex set ¥ = ¥4 U ¥ U ¥ consists of the union of vertex sets %4 = {x1,...,xn, }
of state, ¥ = {u1 yee ,uNM} of control, and ¥ = {y1 yee ,yNy} of output components. The edge
set & = &y U Ep U & is the union of set &y = { (xu,, Xy ) | Ay n, 7# 0} of directed edges between
state component vertices, set & = { (i, ,Xn,) | Ban, 7 0} of directed edges between state and
control component vertices, and set ¢ = {(xnx, yny) | Coyn, # O} of directed edges between state

and output component vertices.

Specifically, the structural controllability of the family of systems with dynamics represented
by pair (A, B) can be studied through its associated directed subgraph ¥, = (¥, &;), defined
by the vertex set Y. = ¥4 U ¥ and the edge set &. = &4 U&p. The pair (A,B) is said to be
structurally controllable if the nonzero elements of A and B can be set in such a way that the

system is controllable in the classical sense. Formally, we have the definition

Definition 2.2. (Structural Controllability, (LIN, 1974)). The pair (A, B) is said to be structurally
controllable if and only if there exists a controllable pair (A, B) of same dimension and structure
of pair (A,B) such that ||A —A| < € and ||B — B|| < &, for an arbitrarily small € > 0.

Two pairs (A, B) and (A, B) have the same structure if they have the same dimensions and
each element A, ,, # O (respectively, B, _,, 7 0) whenever Anhnz # 0 (respectively, By,_,, # 0).

The necessary and sufficient conditions for structural controllability are the following:

Lemma 2.3. (LIN, 1974). Let G, = (7;, &;) be the directed network associated to the pair (A, B).
The pair (A, B) is said to be structurally controllable if and only if the following conditions hold:

o (Accessibility) For every state-node x,, € ¥V there exists at least one directed path starting

from any control-node u,, € Vg to xp,.
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e (Dilation-free) For every . C ¥4, |T ()| > ||, where T(/) ={v; € ¥ | xn, € L N\
(vj,Xn,) € &} denotes a neighbourhood set for 7.

The first condition can be verified by identifying the state vertices that are accessible from
each possible origin vertex (a control): Any graph search algorithm can be used for the task
(CORMEN et al., 2009). The second condition can be verified by forming a maximum matching
A CT of an equivalent bipartite graph %" = (#,",%,”,T) and then checking that all unmatched
state vertices x; € ¥, are directly connected to distinct control vertices in &, = (7¢,&;) (LIU
et al., 2011). The maximum matching problem consists of identifying a (possibly not unique)
subset of edges without common vertices that has maximum cardinality. The bipartite graph
A = (¥,",7,7,T) is defined by the disjoint and independent vertex sets ¥, = {x",...,xy, } and
¥y ={x7,...,xy,}, and by the undirected edge set I" = {(x;),, x;,) | (xn,,%n,) € &}. Distinct
control nodes linked to unmatched state vertices form a #, —perfect matching. A guarantee of
the dilation-free condition thus follows from the Hall’s theorem (HALL, 1935).

2.1.3 Reduced-order models and stabilisability

A system which is not controllable can be decomposed into controllable and not controllable
parts by a similarity transformation P. € RN~*¥x_ In this section, we overview the Kalman decom-
position theorem for obtaining minimal realisations of LTI systems from such transformation.

For uncontrollable systems, the weaker property of stabilisability is also overviewed.

Kalman decomposition theorem

Let S € RV and T € RV+*N: be a pair of transformation matrices satisfying ST = I. The

linear transformation ¥ = Sx resulting in the state-space representation

=
~—~
~
SN—
Il
>
=1
~—~
~
S—
+
o
<
—~
~
S—r

with A € RNV+*Ne — SAT, B € RNo*Ne = SB, and C € RM>*Ns = CT, is considered a Ny-order
reduced model of the full-order model (A, B,C) whenever Ny < Ny. The quality of the reduced-

order model (g ,B,C ) can be assessed in terms of the approximation error
IG~Gllzllullz  (vueRY),

for the input-output maps G(s) = C(sI —A) !B and G(s) = C(sI —A)~'B.

A perfect reduced-order model can be obtained by means of computing the minimal realisa-

tion of (A, B,C) using the Kalman decomposition theorem:

Lemma 2.4. (Minimal Realisation, (KALMAN, R. E., 1963)). Let € and O be, respectively,
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the controllability and observability matrix of a full-order model (A,B,C), with rank(%€) = N,
rank(0) = Ng and rank(|€¢ ﬁT]) = Ngg. Now, let X = [xco Xco Xco X50-]T = P~ !x be a linear

transformation converting (A, B,C) into Kalman’s canonical form

xco(t) Aco 0 A13 0 Xco (t) Bco
Xeo(t) Axp A Ay Angl| |Xeo(t) Bes
- 5 )
XEO(I) 0 0 Az; O Xéo (t) 0
XE(;(I) 0 0 Az Ags Xg-([) 0
¥ =[Coo 0 Car 0] (1)

The minimal realisation (Aco,Beo,Ceo) is a reduced model of order Ny,, = N¢ + Ng — Ny g.

co

The minimal realisation is a reduced model of (A, B,C) which is both controllable and ob-
servable. This model can be efficiently obtained even for high-dimensional state-spaces, as the
actual computation of matrices 4" and & can be avoided (VAN DOOREN, 1981). Moreover,
G(s) = Cro(SI —Aco) 'Beo = C(sI —A)~'B = G(s), such that this realisation is a perfect approx-
imation with error ||G — G|| . ||ul| =0, for all u € RM. However, the minimal realisation has
full-order Ny, = N, whenever (A, B,C) is both controllable and observable.

Stabilizability

A system is said stabilizable if it possible to steer its state vector from any initial state to the
zero-state (a steady-state, for linearised systems). This condition is often perceived as a weaker

alternative to full-state controllability. Formally,

Definition 2.3. (Stabilizability). The pair (A,B) is said to be stabilizable if, given any initial
state x(0), it is possible to design an input u(¢) such that x(¢) — 0 as t — oo.

Sufficient and necessary conditions for stabilizability can be derived from the Kalman
canonical decomposition of the system. Let ¢’ = [B AB A%B --- AN~~1B] be the RN+>*N+Nu con-
trollability matrix of a system (A,B), with rank(%’) = Ny, < N,. There exists a nonsingular
matrix P. € RNV+*Nx whose first N, columns are the linearly independent columns of %, such

that the transformation ¥ = P 'x has a state equation in the form

+ If)] u(t),

[@(r)

e (1)

Ac A12
0 Ag

fc(t)]
¥e(t)

with %.(r) € RV and %x(r) € RM—M)_ A sufficient and necessary condition for stabilizability
is that Re(A;) < 0 for all A; € o(Az) C o(A) (CHEN, 1998). Although straightforward, this
criterion is unpractical for high-dimensional systems as the design of P, requires the computation
of the full controllability matrix ¢ = [B AB A?B --- AM—1B].
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A scalable alternative is given by the Popov-Belevitch-Hautus (PBH) stabilizability test,

based on the Hautus lemma:

Lemma 2.5. (HAUTUS, 1970). Let 6(A) = {A;})*, be the spectrum of A and &(A) = {A; €
6(A) | Re(A;) > 0} be the set of eigenvalues with positive real part. The statement ‘the pair

(A, B) is stabilizable’ is equivalent to the following statements:

L rank( [u—A B} ) = Ny, VA € C; (25a)

IL rank(|41 ~A B|) =Ny, VA € 5(4) C C. (25b)

Thus, the pair (A, B) is stabilizable if and only if, for each unstable eigenvalue A; of A (that
is, when Re(4;) > 0 and rank(A;/ — A) < Ny), the columns of B have at least one component in
the direction v; € RMx, v; being the eigenvector of A associated to A;. Importantly, every system

(A, B) with a Hurwitz matrix A is consequently stabilizable, since 6(A) = 0.
2.2 Model predictive control

We discuss the design of optimal controls u(t) = 7(x(¢)|6,) that transfers a system from initial
state x(fo) to a desired state x(z) by means of predictive control. Specifically, we aim at obtaining
the optimal control u*(-) : R>o — R, and resulting optimal state trajectory x*(-) : R>o — RN,

that solves finite-horizon optimal control problems (OCP) in the form

lf

x(.r?,iu?.) J(x(-),u(-)) = . L(x(1),u(t))dt + Ly(x(tr)) (26a)
s.t. x(r) = f(x(2),u(t),w(t)|6), (26b)
x(t)ye &', ult) e, (26¢)
D(x(to),x(t)) = 0. (26d)

The functions L(,-) : R¥ x RN — R>g and Ls(-) : RM — R define, respectively, the stage
and terminal cost functions. The sets 2" and % characterise the constraints to the state and
control trajectories, respectively. The vector-valued function ®(-,-) : RM x RM — RV defines

No equality constraints on the initial state x(#o) and terminal x(¢7), and their combinations.

In this section, we review the discretise-then-optimise approach of solving OCPs, and then
we overview the Model Predictive Control (MPC) strategy as a closed-loop controller. We also
discuss the constrained affine quadratic regulator (c-AQR) class of OCPs arising from a specific
choice of cost and constraints functions. Finally, a zero-offset MPC formulation is proposed
to deal with regulation and reference tracking control tasks using linearisations of nonlinear
models.



22

2.2.1 Discretise-then-optimise and the direct method

In general, solving optimisation Eq. (26) requires solving a two-value boundary-value
problem for the Hamiltonian system defined by state-equation x(¢) = (dH /dA) and adjoint-state
equation A (1) = —(90H /dx), with H = J(-) + AT f(-) + " h(-) being the augmented Hamiltonian
(KIRK, 2004). The vector-valued function A(-) : RM x RM« — RNt refers to the inequality
constraints used to represent 2~ and 7% . Although this approach (known as the indirect approach)
leads to the optimal control function, u*(-), its solutions are often only computationally feasible

under reasonably strict conditions (e.g., small-scale linear unconstrained systems).

In the direction of a more practical approach to solve general OCPs, we focus on the
discretise-then-optimise approach. For each time interval ¢ € [f,#;11), we consider piecewise
constant inputs u(7) = u(t;) and w(r) = w(t;), with 7 = kAt the k-th time instant given period

At > 0. The state dynamics can thus be represented in discrete-time by the transition function
Ti+1
X1 = fr (X, e, wie| Ox) ka+/t (), ur, we| 61)d, (27)
k

with x; = x(kAr), ux = u(kAt), and wy = w(kAr). The discrete-time output equation is given
by yr = y(kAt) = g(x¢|6,). Under this discrete-time representation, the control horizon can be
partitioned into N = [ (t7 —19) /At | intervals as T = {[tu, t4+1]}\_, such that the integral term in

the objective functional J(x,u), Eq. (26), can be approximated by the left Rienmann sum

tf N-—1 N-—1 N-1
L(x(1),u(t))dt ~ At Z L(x(t,),u(ty)) = At Z L(xp,uy) o< Z L(xp, ).
0] n=0 n=0 n=0

Similarly, the terminal cost is directly Ly(x(¢7)) = L¢(xy). Considering such approximations,
the general problem in Eq. (26) reduces to a finite-dimensional optimisation over the sequence

of control actions (u,...,uy—1) and states (x,...,xy). We formally define this class of OCPs:

Definition 2.4. (Discrete-time optimal control problem). Consider a system with dynamics
represented by X, 1 = fa;(Xu, Un, wn|6x). For cost functions L(-,-) : RN x RN — R+ and
Le(): RM — R, constraint sets .2~ and %, and equality conditions ®(-,-) : RNy x RN — RNe

a discrete-time optimal control problem is defined as an optimisation problem in the form

N—1
min  Ja(x,u) = Z L(xp,un) +Lg(xn) (28a)
X055 XN, n=0
ug, - UN-1
S.L. Xn4+1 = fAt (xnuunawn‘ex)u (28b)
Vne[0,N—1]
X €X, u, €U, (28¢)

@ (xg,xy) = 0. (28d)
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The optimisation in Definition. 2.4 is solved by transcribing the problem into a standard
nonlinear program (NLP) from which candidate solutions satisfying optimality conditions can
be obtained using numerical methods. This is known as the direct approach to optimal control

(BETTS, 2010). Specifically, consider the constrained nonlinear program,

min  Ja,(x,u) (29a)
s.t. G(x,u)=0, H(x,u) <0, (29b)
where x = (xq,...,xy) € R™MNe and u = (ug,...,uy_1) € RV=DNe are the decision vectors,

function G (x, u) : RVNe x RIN=DNu _y RN+Na i5 obtained by collecting all dynamical constraints
in Eq. (28b) and conditions Eq. (28d), and H (x,u) : RN x RW=1Ne _y RNu represents both
constraint sets 2~ and % in Eq. (28c). A candidate solution for Eq. (29) can be obtained by
solving the first-order Karush-Kuhn-Tucker (KKT) optimality conditions,

V(M).Z(x,u,l,u) =0 (30a)
Gx,u) =0, H(x,u) <0, (30b)
w>0, WHixu) =0 (j=1,....,Ny), (30c)

with Lagrangian function £ (x,u, A, 1) = Ja,(x,u) + ATG(x,u) + u" H(x,u) defined given the
Lagrange multipliers A = [Ag -+ Ay_1n,]" € RN ™o and p = [ug -+ py,]T € R¥ T In
general, the KKT conditions are solved using Newton-type methods, including active-set methods
to deal with Egs. (30b, 30c), the inequality constraints (BETTS, 2010).

For unconstrained terminal states, ®(xq,xy) = Po(xp), and inequalities Hy (x,u) = Hy, (xp, uy),
n=1,...,N—1, the KKT conditions for the NLP from Definition 2.4 have a specific structure:

Lemma 2.6. (KKT Conditions for the OCP). Considering the NLP in Eq (29) constructed by
the OCP in Definition 2.4, the KKT conditions (with indices n =0,...,N—1) are given by

A.N = VxNLf(xN)a (318.)
afAt T JH\T
n — Vx nyUn n 5 ny
A ”L(x “ )+ ( 8xn ) (st s Wn A 1t <8xn) (xn,un)'u (31b)
:Vu ny4n n ny
0 "L<x “ )+ ( 8un ) (st s Wn A 1 (8un (xn,un)'u (31C)
Do(x0) =0,  Xpp1— far(Xn, n, wn|6:) =0,  H(x,u) <0, (31d)
u =0, .uan(xmun) =0. (31e)

We denote Eqs. (31a, 31b) and Eq. (31c) respectively as the adjoint and control equa-
tions. These conditions show that the Lagrangian .Z(-) is a partially separable function
(GRIEWANK; TOINT, 1982). Thus, this function admits a decomposition .2 (x,u,A, 1) =
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Zﬁ:’zo L (X, un, A, 1), with each partial function %, (x,,u,, A, 1) depending only on the n-th
state and input vectors. This important property leads to the realisation that the OCP in Definition
2.4 characterise sparse optimisation problems. Specifically, it is possible to verify that the
Hessian V2.7 has a block-diagonal structure. As a consequence, the direct approach can benefit
from sparsity-exploiting algorithms to efficiently solve for optimal controls (i, ..., uy_,;) and

states (X3, ..., X% ).

Despite the sparsity pattern, the optimisation problems described are still problematic for
large-scale state-spaces as the total number of decision variables, (N)N, + (N — 1)N,, is consid-
erably large. Alternatively, it is possible to simplify the problem by considering the recursive

formula

fA,(f"*I(xo,uo,...,u ~1),Up,wy) n>0
Xnt1 = fa (X0, U0, - Up) = Ar " won , (32)
X0 n=0

the forward simulation of fa,(-) starting at initial state xo. Thus, dependence on intermediate

states (xp,...,xy) can be removed from the objective functional in Eq. (28a) by rewriting it as
N—1 | |
Tar(xo,u) = Y L(far (X0, 0, - 1) tn) +L(fay ' (X0, 0, -, un—1))-
n=0

For this reduced optimisation, now defined for only Ny + (N — 1)N,, decision variables, each
Newton’s method iteration consists on first computing (xi,...,xy) by forward simulation (and
computing (Ay,...,Ap) by backwards simulation) then updating (xo, uo, ...,un—1). This method
is thus named the sequential approach, whereas directly solving Lemma 2.6 is denoted the
simultaneous approach. The sequential approach is preferable over the simultaneous approach
specially for strongly underactuated systems, i.e., when N, > N,,. Additionally, the optimisation

can be further simplified when initial state is fixed by ®(xo,xn) = xo — %o, for a given £o.

In this work, all optimal control problems are solved using the sequential approach. For
notation simplicity, we keep the dynamical constraints in the OCP definitions (Eq (28b)) to

denote the model that is implicitly being used for forward simulation.

2.2.2 Receding-horizon control

A controller based on the optimal controls (ug, ..., uy_,) solving the aforementioned OCPs
is inherently open-loop: The actions are applied without monitoring the actual evolution of
the system. In reality, such controllers are prone to fail reaching the desired state due to plant-
model-mismatch (BORRELLI et al., 2017). Moreover, the optimisation problem in Definition
2.4 makes the unrealistic assumption that future disturbances, w, (n =0, ..., N), are known. In

this work, we consider the closed-loop strategy known as Receding-Horizon Control (RHC), or
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Model Predictive Control (MPC), which provides a framework to deal with these issues.

The MPC strategy consists of, at every instant k € N, solving the OCP in Eq. (28) for the
control horizon indexed by n € [k, k+ N/, then applying only the first control action to the process.
The initial state at each control horizon is fixed by ®(xy, x¢n) = x; — £, with £ assumed to be
directly measured from the process. Thus, the strategy allows for re-optimising control actions
whenever the actual state deviates from the predicted trajectory. Moreover, disturbances are held
constant over each horizon, w, = wy, (n =k, ..., k+ N), with w; known. This accounts for the
future disturbances being unknown. To satisfy a realistic setup, disturbances are assumed to be

measured given sampling period Af,, > 0 such that v, = w( L%‘;JAtW). Formally:

Definition 2.5. (Model predictive control, MPC). Consider the conditions presented in Definition
2.4. Given (X, Wy), the model predictive control (MPC) strategy consists in solving, for each

time instant k € N, optimal control problems in the form

k+N—1
min Impc (x,u) = Z L(xp,un) + Lg(xk1n) (33a)
Xky oot s Xk4N n=k
Uy - Uk+N—1
S.t. Xn4+1 = fAt (xnuunvwkwx)a (33b)
Vnelk,k+N]
XE€ZL, u, €U, (33¢)
X = )?k, (33d)

then applying only the first optimal action, uy, to the actual process.

This strategy corresponds to an implicit state-feedback control law 7 (£, Wwx|6,) = uj, with
(uf, ... up n ~_1) an optimal solution for Eq. (33) given initial state £, disturbance 1y, and the

set of parameters 6, related to the constraint sets and cost functions.

Constrained affine quadratic regulator (c-AQR)

We discuss a class of optimal control problems arising from a specific choice of dynamical
models and cost functions. Specifically, we consider state-space models with affine dynamics
x(t) = z+Ax(t) + Bu(t) + Gw(t). In this case, an analytical solution of the transition function
far(+6x), Eq. (27), leads directly to the discrete-time affine state-space

X1 = Zar T AaXk + Basuy + Garwy, (34)

with matrices Ay, = e, Bp; = SaB, Gar = Sa:G, and vector za, = Sa,z, given auxiliary matrix
Sn = A1 (A% —1). A derivation of such representation is presented in the Appendix 4. The
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recursive formula in Eq. (32) also admits an analytical solution in case of affine models,

n n

n
+1 k k k
et = [ (Y0, U0, - ttn) = AR X0+ Y A Bastty—ir1 + Y Ay Gawnie1 + ) A'zar.

We select the quadratic costs L(-,-) = ||x, —x‘ff’Hé + llun — ! ||% and L¢(-) = [[xen —

xi‘i NHZQf, given state (x;/) and input (1) references, and symmetric weighting matrices Q,Q >
0 and R > 0. Moreover, we assume that the constraint sets 2~ and % are convex, so that they can

be represented by linear inequalities 2" = {x € R™ | Hyx < h,} and % = {u € RN« | Hyu < hy,}.

Definition 2.6. (Constrained affine quadratic regulator, c-AQR). Consider a system represented
by Eq. (34). For quadratic cost functions L(xy, ) = [|x4 —x,"|[3) =+ [[un — ;|| and Ly (i) =
[Bym, —xiiNHZQf, convex constraint sets 2" and %/, and initial condition ®(-) = x; — £, the

constrained affine quadratic regulator (c-AQR) defines optimal control problems in the form

k+N—1

min Jaor(r) = 3 (50— 51D+ — P I3) + Ixeen — <y ll3, (350

Xy 3 Xk+N» n=k

Uy Uk+N—1
S.t. Xn+1 = ZAr +AAtxn +BA,un + GA;VT/’]{, (35b)
Vnekk+N]

Hyxy, < hy, Hyu, < hy, (35¢)
X = %y (35d)

The weighting matrices Q,Qr = 0 and R - 0 are used to control the importance of specific

state and control variables in the minimization. A common choice is Q = Qy = C'C, such that
TAT T
e =22 Mg = (xn =) CTClta = 237) = (0n =) = 907) = llyn =3 7,

with y;/ = Cx;. This choice is motivated by expressing the minimisation in terms of quadratic
measurement and control energies (see Section 2.1.2), and for ensuring closed-loop stability
when (A, B) is stabilizable and (A, C) is detectable (MAYNE et al., 2000). Thus, the closed-loop
Xnt1 = far(Xn, T(x,0]6,),0|0x) = Apxy + B7(x,,0(6,) is able to stabilise the system around
each desired set-point (x;,u,). In the case of uncertain systems, this stability property holds
when disturbances are sufficiently small, while additional conditions are needed otherwise.
Without loss of generality, we will consider Q = Qf = CTQyC , for symmetric O, = 0 weighting
specific output variables, such that L(x,,un) = |[yn — i I, + llun — ||z and Ly (xiin) =
L(xg1n,0).

The transcription of a c-AQR to a standard nonlinear program specialises:

Theorem 2.7. (¢c-AQR Transcription). Consider the optimal control problem in Definition. 2.6.
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The described optimization can be converted into a quadratic program

min UTHU +¢"U +r (36a)
s.t. E,U<e, (36b)
with decision vector U = (Xp, ..., XgiN,Uky - -y UpsN—1) € RMNeA(N=DNu gpnq symmetric matrix

H=H" > 0. Assuming the sequential approach, the problem reduces to decision vector

U= (ug,...,ug1n—1) € RWV=DN and positive definite matrix H=H'" > 0.

A proof of this Theorem is provided in Appendix 4. Quadratic programs comprise a well-
studied class of nonlinear optimisation problems that are common in optimal control problems.
Moreover, the QP described in Theorem 2.7 is a convex optimisation problem: Optimal solutions
can be efficiently obtained even for very large-scale systems (BOYD; VANDENBERGHE,
2004).

2.2.3 Zero-offset affine quadratic regulator

The main goal in most control applications is to drive a system to desired states, known as
set-points, while rejecting disturbances that might cause offset from these objectives. In the class
of applications known as regulation control, the goal is to stabilize the system around a single

fixed set-point SP = (x°7,u*?), at all times. Conversely, control problems known as reference

tracking control are concerned with reaching set-points SP = {(x,7, ut ) }_,, sampled from

reference trajectories x,; = x’7((m+ 1)Ats,) and u,y, = u*P((m+ 1)Aty),) with period Az, > 0.

In both cases, the control objectives are translated into optimal control problems that min-

sp 9p|

imise the offsets L(x,,u,) = ||x, — x5 ||2Q +||tn — w; ||%, described in Section 2.2.2. For systems

described by nonlinear dynamics fa,(xy,u,, w,|6y), this approach requires affine approxima-
tions of the state equations to be used in the dynamical constraints (GROS et al., 2020). In
regulation control, the intuitive solution is to consider the linearisation around the fixed-point
P = (x*P u’P WP y'P),

x(t) = 2y + AAx(t) + BAu(t) + GAw(t), 37

with the Jacobian matrices A = (9 f/dx)|p € RN>*Ne B= (9 f/du)|p € RN>*Nu G= (9 f/Iw)|p €
RNe*Mo " and constant vector zp = f(x7,u’?,w*P|6;) € R+, evaluated at such point. The vari-
able Ax(1) = x(t) — x*P (respectively, Au(t) = u(t) — u’? and Aw(t) = w(t) —w'P) is the state
(control and disturbance) deviation from the linearisation point. Moreover, all constant terms are

accumulated in Z; = zy — (Ax*” 4+ Bu’P + Gw*?), leading to the affine form

x(t) =Zy +Ax(t) + Bu(t) + Gw(z), (38)
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which can then be discretised as x, 1 = Z,, +AaXn + Basun + Garwy, according to Eq. (34).

Similarly, the usual solution for reference tracking is to consider the collection of linear

approximations around each fixed-point P, : (xf,f’, ! o wil vk ) discretised as

St = 200 + AT, 4+ B, + G, (39)
from Jacobian matrices A" = (3f/dx)|p,, B™ = (9 f/du)|p,, and G™ = (9 f/dw)|p,, and
constant vector Z} " f (xf,f,um Wil 16,) — (Alm )xif + Byl 4+ Gk ) We collect all ap-

proximations Eq. (39) into a single piecewise affine state equation,

Xnpl = Z L v +A( )xn + By + Gy (40)

Aisp
where I is the indicator function with I = 1 if statement S is true, and Iy = O otherwise. This
equation “selects” only the m-th state-space (A Bm) Gm)y for which m = L”A’ |. Note that

0

the regulation control task is a special case of reference tracking with SP = {x;7, 1, _oand

Aty, =ty —to. We use this representation to define the general zero-offset AQR formulatlon.

Definition 2.7. (Zero-offset AQR). Consider a system represented by Eq. (40), given the set-

points P, i= (X1, tnt , Wt » ¥ ). For cost functions L(xp, un) = [|xn — 2[5 + [lun — @/ ||% and
A 1A N v 1A

L f(xk+N) = Pk — 52y [13,, with &7 = 27 (| “L0% |Ary,) and @) = uw? (| 0% | Ary,), the

Zero-offset AQR defines optimal control problems in the form

k+N—1
min T aqr(@u) = Y (ln— 213+ un — a2 13) + e — £ 5113, (41a)

Xy 3 Xk4N s n=k

Ujey ™~ Uk N—1
—yM 5(m) (m) (m) (m) 3,

WE[S/{.}/{.ﬂ Xnil _Zmzoﬂm:L%J (zf + A x, + By, + Gy ), (41b)
Hxxn S hX7 Huun S hua (41C)
X = Xy. (41d)

As only a single affine model is active during each n-th time instant, this controller shares the
same properties as the c-AQR in Section 2.2.2. In general, the set-points (X, , 4, ) from lineari-
sation points P, = (X1, thns , Wi , Vo ) are selected to be steady-states, i.e., £(xo , unh , Wiy |0x) =
for a fixed disturbance w;}. During operation, it is also possible to update all linearisations at
each n-th time instant by having wiy) = w,, = w( | 22 At’ |At,,), the last available measurement. This

ensures that the linear approximations take into account the true disturbance values.

In practice, references are not provided for each state-variable, but rather only for a subset of
output variables, 7,/ = Hg(x,}|6,) € R¥. Matrix H € {0, 1} selects the Ny < Ny outputs

of interest. Note that fact is specially true for large-scale systems, in which tailoring references
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for each individual variable is a daunting task. In case the references are provided in the form

of continuous-time trajectories, the collection os set-points { (Y1 , Uy ) H M _o are sampled from

yiw = YP((m+1)Atp) and u,) = w*P((m+ 1)At;,). In such cases, state and input set-points
satisfying the desired output references are computed according to the nonlinear optimisation:

Definition 2.8. (Reference steady-state optimisation). For a reference output 7,/ € R™ and input

fy? € RN, and given symmetric weighting matrices Wy, W, = 0 and disturbances w'? € RM | the

linearisation point B, = (X1, upy , Wyt , Yo ) is the pair (x57, upy ) that solves

min - Jsp(67u7) = | Hg(xm|6) — 57 [y, + |y — a7 [, (422)

Xm ’“m
st 0= F(eP,u 7|6y, (42b)
xPe P wbe . (42¢)

In this optimisation, matrices W, and W, control the trade-off between satisfying the desired
reference and allowing deviations from a specific control configuration, respectively. The
optimisation with W,, = 0 obtains any steady-state satisfying the reference. Conversely, selecting

W, = 0 and u,) = 0 leads to a pair (x,}, uy, ) of minimum L, control effort that is close enough to

set-point 7. Moreover, it is possible to relax the constraint Eq. (42b) as || f(x*7, u*?,w'?|6,)||* <

g, for any € > 0, when feasible steady-states satisfying the output requirements are non-existent.
2.3 Moving horizon estimation

In reality, dynamical models are always uncertain and the internal state of a system is
unknown but partially observed through the measurements, i.e., it is a latent variable. We thus

concern ourselves with the state estimation task for systems described the stochastic state-space

>
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~
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~
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<
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(43a)
y(#) = g(x(t),v(r)|6y), (43b)

with process noise w(r) i Pw(w(t)|6,,) and measurement noise v(r) Hd pv(v(t)]6,). The first
random variable summarises the uncertainty on the state dynamics due to exogenous disturbances
and plant-model mismatch, while the latter models the uncertainty in the measurements due
to noisy sensors. This model leads to x(r) ~ py(x(¢)|u(t),w(t), 6), the latent variable to be
estimated, and y() ~ py(y(¢)|x(t),v(t), 6,), for which sensor data is available. We limit ourselves

to measurement processes with additive noise, i.e., y(t) = g(x(z),v(¢)|0y) = g(x(¢)|6,) +v(z).

In this section, we formulate the state estimation task of reconstructing the internal state
of system through partial noisy measurements as a maximum a posteriori (MAP) estimation

task. We adopt a discretise-then-optimise approach of solving optimal state estimation (OEP)
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problems, and then we overview the Moving Horizon Estimation (MHE) strategy as a closed-loop
estimator. Additionally, we discuss the constrained affine Gauss-Markov (c-AGM) estimator

arising from specific assumptions over the stochastic model and probabilistic distributions.

2.3.1 Inference problem and MAP estimation

We assume a discrete measurement process in which observations are available given a
period At > 0, such that y; = y(kAt). Thus, for each time interval ¢ € [t;,f;, 1), we consider
piecewise constant inputs w(z) = w(t;) and u(r) = u(ty), with t; = kAt the k-th time instant at
which a measurement y(#;) is received. As in Section 2.2.1, the discrete-time state dynamics are

Ti+1

X1 = Sar (ks g, wie| Ox) = X+ t Fx(T), uk, we|6x)d, (44)

k

with x; = x(kAt), uy = u(kAt) and wy, = w(kAt). The discrete-time stochastic state-space is

X1 = Jar (Xk, g, wie| Ox); (45a)

Vi = &(xk|6y) + . (45b)

with process noise wy, Hd Pw,(Wk|6y,) and measurement noise vy id Py, (vk|6y), and given initial
state xo ~ px,(x0|6x,). The model Eq. (45) can be interpreted as a Hidden Markov Model
(HMM), in which X = {x¢,x1,...} is a Markov chain of latent variables and ¥ = {yg,y1,...} are
the corresponding observations (BISHOP, 2006). Specifically, the Markov property determines

® D(Xkr1|X0y- -y Xk UQ,s - - s Uy, WO, - - -y WE) = P(Xgt1|Xks Uk, Wi ), the transition distribution
modelling the probability of reaching x; | from (xy, ug, wy).

o p(yklxo,-..,x) = p(yk|xx), the emission distribution modelling the probability of the

measurement y; being emitted from the state x;.

The state estimation problem translates to the inference problem of determining the distri-
bution P(x,w|y) = p(x0,- -, Xk+1,W0,- - - s Wk|y0, - - -, V&), the probability of a trajectory given the

measurements. Considering a Bayesian treatment, this distribution is computed as the posterior

p(y07"'7yk’x07'"axk-i-]?WOa'"7wk)p(x07"'7xkaWOa"'7wk)

P(x,wly) = 0o 0)

; (46)

where p(yo,- .-, Yk|X0, - -, Xkt 1, W0, - -, wi) and p(xo, ..., Xk11,Wo,- .., W) are known as the like-
lihood and prior distributions, respectively, and we omit the known (uy,...,u;) for notation
simplicity. In general, the distribution P(x,w|y) is numerically approximated (e.g., using Markov
Chain Monte Carlo methods), as analytical solutions only exist under specific conditions (MAY-

BECK, 1979). Instead of determining P(x,w|y), we focus on obtaining an optimal estimate
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(%o, -+ -y Xgr1, W0, .., W) by solving the maximum a posteriori (MAP) estimation problem

max ﬁ(X,Wb)) :p(y(),...,yk|.x0,...,Xk+1,W0,...,Wk)p(xo,...,Xk,W(),...7Wk), (47)
X057 5 Xk+-15
WO, W

with P(x,wly) e P(x,w|y) as p(yo,...,yx) is constant. The estimate (o, ..., &1, Wo,..., W)
corresponds to one of the modes from the posterior distribution P(x,w|y). This maximisation

can also be written in terms of the known distributions py,(xo|6x,), pv, (vk|6y) and p,, (wi|6y,):

Lemma 2.8. (Maximum a posteriori estimate). Consider the HMM described in Eq. (45), with
X0 ~ Pxy(%0]6x, ) Vi Hd Py, (Vi|8y) and wy id Pw,(Wk|6y,). The maximum a posteriori (MAP)

estimate from the posterior probability P(x,w|y) is the solution of

k
max P(x,w|y) = Pxp (Xo) Hpv(vn|9v)pw(wn|9w) (48a)
X055 Xt 1y n=0
WO, e, Wk
Vn%[%,k} Xn+1 = fAl(xrhul’l;Wn’ex)a (48b)
X EZL, w,eW. (48¢)

A detailed derivation is provided in Appendix 4. Furthermore, we note that the maximisation

in Lemma 2.8 is equivalent to minimising the negative of the log-posterior distribution,

k
min _logp(anb’) = —IngxO(xo) - Z (Ingv(v,,) +10gpw(wn))a

X055 Xk n=0
wo,- -, Wk

under the same constraints. Motivated by this new cost functional, we limit ourselves to the case
of distributions from the exponential family, py, (xo|6x,) = ¢~ Lo(x0(8x) Py, (V| 6y) = e~ Lv(nl6y) —

e L0=gWI8) and p,,, (wi|6,) = e Lv(Wl0w) Under such assumptions, the cost functional is

k

Jar(x, wly) = —logﬁ(x,w\y) = Lo(x0|0x,) + ;)(LV(yn —8(xn)[6y) + Ly (wy[6y)) -

Moreover, let L(x,,wy,) = L,(y, — g(x,)|6y) + Lyy(wy|6,,) denote the stage cost function. The
resulting optimisation is denoted as an optimal estimation problem (OEP). Formally:

Definition 2.9. (Discrete-time optimal estimation problem). Consider a system represented by
Eq. (45). For xg ~ e Lotxo[Ox) Vi A oL k=8(%)18) and Wi i e~ Lv(wil6v) " and support sets

Z and #, a optimal estimation problem is defined as an optimisation problem in the form

k
min  Ja(x,wly) = Lo(x0) + Y, L(xa, wn) (492)

X055 Xkt 1y n=0
WO, W
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s.t. X1 = Sar(Xn, Uny wn| 6y), (49b)
Vnel0,k]
xn€ZX, w,eW. (49¢)

The optimisation in Definition. 2.9 has similar form to the optimal control problems presented
in Chapter 2.2. Thus, the same solution approaches can be applied. The OEP is solved by the
direct approach of transcribing the problem into a standard nonlinear program (NLP), then

solving it numerically. Specifically, consider the constrained nonlinear program,

min  Ja,(x,w) (50a)

X, W

s.t. G(x,w)=0, H(x,w) <0, (50b)

where x = (xp,...,X11) € RE+HDNs and w = (wo,...,wy) € R¥ are the decision vectors, func-
tion G(x,w) : REFDN: 5 RENw _y R s obtained by collecting all dynamical constraints in Eq.
(49b), and H (x,w) : R&+DNe 5 RNy RN represents both constraint sets 2~ and # in Eq.
(49¢). A candidate solution is obtained from the Karush-Kuhn-Tucker (KKT) conditions,

VL (x,w,A,u) =0 (51a)
G(x,w)=0, H(x,w)<0, (51b)
u>0, piHj(x,w)=0 (j=1,...,Ny), (51¢)

with Lagrangian function .2 (x,w, A, i) = Ja; (x,w) + ATG(x,w) + u" H(x,w) defined given the
Lagrange multipliers A = [Ag --- 4]T € R¥ ! and u = [ug --- HN#]T € RNet1 Considering
inequalities H,(x,u) = Hy,(x,,wy), n =0,...,k, the KKT conditions for the NLP transcribed

from Definition 2.9 have a specific structure:

Lemma 2.9. (KKT Conditions for the OEP). Considering the NLP in Eq (50) constructed by the
OEP in Definition 2.9, the KKT conditions (with indices n =0,... k) are given by

AO = VXOL() (X()), (523)
/,Ln - VXnL(xn’W”) + (8_xn> ()cn.,l,t,,,wn)ln—H + (é’xn) (xn,wn)‘um (52b)
0= VW"L(xn’W”) + ((9_Wn> (xn.,un,w,,)ln—i_l + <8wn> (x,,,w,,)‘um (52¢)
02xn+1 _fAz(xmun;Wn’ex)y H(wi) SO, (Szd)
u > 07 .un (xnawn) =0. (52e)

We denote Egs. (52a, 52b) and Eq. (52c¢) as the adjoint and noise equations, respectively.
As in Section 2.2.1, the Lagrangian is a partially separable function admitting a decomposition
L(x,w A1) = Zﬁ:o L (xn,wn, A, ). Thus, also the OEP in Definition 2.9 characterise sparse
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optimisation problems. Specifically, it is possible to verify that the Hessian V2.Z has a block-
diagonal structure. As a consequence, the direct approach can benefit from sparsity-exploiting

algorithms to efficiently solve for optimal estimates (W7, ..., Wy) and state (£, ..., %, ;).

Despite the sparsity pattern, the optimisation problems described are still problematic for
large-scale state-spaces as the total number of decision variables, (k+ 1)Ny+kN,,, is considerably

large. Alternatively, it is possible to simplify the problem by considering the recursive formula

fAt(fn_l('x07W07"'7W _]),M W ) n>0
Xnt1 = fa (X0, W0, ..., Wn) = Ar 8 o , (53)
X0 n=20

the forward simulation of fa,(-) starting at initial state xo. Thus, dependence on intermediate

states (xp,...,xx1) can be removed from the objective functional Eq. (49a) by rewriting it as

Iar (0, w[y) = Lo(x0) + XX _o LOF (X0, W05+ -+, Wie1), Wn)

For this reduced optimisation, now defined for only N, + kN,, decision variables, each New-
ton’s method iteration consists on the sequential approach of first computing (xi,...,x¢11) and
(Ao, ..., Ax) by forward simulation, then updating (xo,wy,...,w). This is preferable over the

simultaneous approach when the number of disturbance variables is small, i.e., when N, > N,,,.

2.3.2 Moving horizon estimation strategy

Unlike the open-loop OCP of Chapter 2.2, obtaining the current disturbance w; and state £,
estimates from the OEP is already performed in a closed-loop fashion, as the optimisation is
solved at each k-th time instant. This approach, known as the full information problem, suffers
from the fact that the size of the estimation horizon, and thus the number of decision variables
(k+ 1)Ny + kN,,, is not fixed. As a result, the complexity of solving the OEP scales at least
linearly with time. This raises obvious technical problems (e.g., increasing computer burden)

and also introduces issues for the initial state sensitivity when the sequential approach is used.

We approach this issue by relying on a Moving Horizon Estimation (MHE) strategy. Consider
the separation of the cost functional in Definition 2.9 into time intervals [0,k — N| and [k — N +
1,k],

k—N k
Jar(x,wly) = (Lo(xo)—i— Z L(xn,wn)> + Z L(xp,wy),

n=k—N+1

from which we define ®(xp,wy,...,wr_n) = Lo(xo) + Zﬁ;[(\)[ L(x,,wy). The estimation horizon
can thus be truncated by considering an approximation for ®(-) depending only on a fixed number

of variables. We consider a MHE strategy of approximating ®(-) ~ Lo(x¢_n-1), assuming that
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all information about (xg,...,x;_y) and (wp,...,w;_y) is summarised in the state x;_y.1.

Implicitly, the uncertainty about each initial state is given by xg_y-1 ~ Py, (Xk—n+1/6x,)-

Definition 2.10. (Moving horizon estimation, MHE). Consider the conditions presented in
Definition 2.9. The moving horizon estimation (MHE) strategy consists in solving, for each time

instant k € N, optimal estimation problems in the form

k
min IvuE (X, wly) = Lo(xk—n+1)+ Y, L(xa,wa) (54a)
Xk—N+15""" s Xk+1 n=k—N+1
WE-N41, Wk
S.L. Xn4+1 = fAt (xnuunawn‘ex)u (54b)
Vnelk—N+14]
X, €X, w,eW. (54¢)

In the sequential method, intermediate estimates (£;_y.2,...,£11) are obtained by forward
simulating fa,(-) using (£x_n-+1, Wk—N-+1,---,Wx). The moving-horizon strategy thus corresponds
to an implicit state-estimation function 7 (yx_n1,- .., Vk|Ow) = Xk, With (Xe_y11, Wk—nNt1,-- -, Wk)
an optimal solution for Eq. (54) given measurements (yx_n.1,---,Y%), and the set of parameters

6,, related to the probabilistic distributions and support sets.

Constrained affine Gauss-Markov estimator (c-AGM)

We discuss a class of optimal estimation problems arising from a specific choice of models
and probabilistic distributions. As in Section 2.2.2, we consider affine state-space models with
dynamics x(t) = z+Ax(t) + Bu(t) + Gw(t) and outputs y(z) = Cx(t) +v(¢). A transition function
far(+]6x), Eq. (44) is again obtained analytically, leading to the discrete-time state-space

X1 = Zar T Ay + Basug + Garwy, (55a)
Yk = Caxg + vy, (55b)

with matrices Ay, = e, By, = Sa/B, Ga; = Sa,G and Cy, = C, and vector zx, = Saz, given

auxiliary matrix Sy, = A~ (eA% —I). Again, the recursive formula in Eq. (32) is

n n n
_ _antl k k k
Xng1 = far(x0,u0,- - un) = AR x0+ Y AR Barttn—is1 + Y, AN Garwn—ip1 + Y, Azar.
=0 =0 =0

. .. . _ i.i.d _ i.i.d
We assume Gaussian distributions xx_n41 ~ A (Xk—n+1, Oxy ) Wn N (W, Ry, and v, "N

A (0,0y), given means X;_y and w,, (n =k—N+1,... k), and covariance matrices (Qy,, Qy,Ry).
As a consequence, the states are distributed as x, ~ A (X,,Qy, ), for all n = k—N+1,... k+1,
and Eq. (55) characterise a Gauss-Markov process X = {xn}i_ N1+ Moreover, we assume that
the constraint sets 2~ and % are convex, so that they can be represented by linear inequalities
2 ={xeR¥ |Hx <h}and # = {wec R™ | H,w < h,,}. We define the MHE problem:
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Definition 2.11. (Constrained affine Gauss-Markov estimator, c-AGM). Consider a system
represented by Eq. (45). For x;_n41 ~ A (Fp—n+1,0x)> Wn ~ A (Wn,Ry), va ~ A(0,0,),
and convex support sets 2" and %/, the constrained affine Gauss-Markov estimator (c-AGM)

defines optimal estimation problems in the form

k
min JAGM('):kafNJrl_fkaJAHzQx—Ol"‘ Y (Hyn_canz;l+||Wn_wn’|123v—vl)

Xk—N+15"" 5 Xk+1 n=k—N+1
WE—N-+1,"" s Wk
(56a)
s.t. Xnt+1 = Zar T Aparxn + Basun + Garwh, (56b)
Vnek—N+1,k]
Hyx, < hm Hy,wy, < hy,. (56C)

From the optimisation perspective, weighting matrices O, land R, ! penalise the mismatches
between outputs Cx,, and measurements y,, and the deviations of estimated disturbances w, from
means Wy, respectively. Due to the recursive nature of the moving-horizon strategy, the intuitive
choice for the initial state and disturbance means are the estimates from the previous estimation
horizon, i.e., Xx_ny+1 = Xx_ny+1 and w, =W, (n = k—N-+1,...,k—1), and repeated w; = Wy_|

for the new disturbance vector. This choice recursively satisfy

kN
Lo(xt—ny1) < min - Lo(qovi1)+ Y, L, wa).
X—2N+15" " 3 Xk—N+15 n=k—2N+1

WE—2N+15""" s Wk=N

For detectable systems, this condition ensures stability for the MHE (RAO et al., 2003). This is
analogous to the stabilizability condition for closed-loop stable MPC controllers (Section 2.2.2).

The transcription of a c-AGM to a standard nonlinear program specialises:

Theorem 2.10. (c-AGM Transcription) Consider the optimal estimation problem in Definition.

2.11. The described optimization can be converted into a quadratic program

min WTHW +¢"W +r (57a)
s.t. E\W <e,, (57b)

Net(N=DNw and symmetric

with decision vector W = (Xg—N4-1s- - s Xkt 1, Wk—N+15- - -, Wk) € R™)
matrix H=H' > 0. Assuming the sequential approach, the problem reduces to decision vector

W = (X N+1, Wk-Nt1y--- W) € RNt =DNe gnd positive semi-definite matrix H=H' = 0.

A proof of this theorem is provided in Appendix 4. As already discussed, quadratic programs
comprise a well-studied class of nonlinear optimisation problems that are common in control
problems. The QP described in Theorem 2.10 is a convex optimisation problem: Optimal

estimates can be efficiently obtained even for very large-scale systems.
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For systems described by nonlinear dynamics x,+1 = fa; (Xn, Un, wn|6y), the c-AGM requires
affine approximations of the state-equations to be used as dynamical constraints, as in Section
2.2.3. In this case, the approximations are to be taken over the most likely trajectory, rather
than for specific set-points satisfying some requirements. An intuitive choice is to consider the

linearisations around fixed-points P, := {(%£,, un, Wy, ﬁn)}fl: kN1

i(t) = 2+ AP Ax(r) + B™ Au(r) + G Aw(r), (58a)
y(t) = C"x(t) +v(r), (58b)

for {(%,,Wn) ﬁ;}{f  the estimates from the previous horizon, with the Jacobian matrices A =
(0f/0x) | py € RN, B = (9f/u)|pwy € RNNe, G = (9f/OW)|py € RY Mo, and C =
(0g/0x)| pwy € RM*Ns and constant vector zy = f(x*P,u’?,w'|6,) € RN+, The last fixed-point
pair is fixed as (£, Wy) = (£x_1,Wr_1). We simplify the model by collecting all constant terms
inZy=z5— (A("))?n +BMy, + G(”)W,,), then discretising it as

xnit =20+ A x4 By + G wa, (592)
Yn=CV x4, (59b)

As the linearisation changes every time-step, this representation consists on a time-varying affine

state-space model. We thus consider Eq. (59) for the dynamical constraints in Eq. (56b).
2.4 Output model predictive control

The model predictive controllers described in Chapter 2.2 assumes that the state- and
disturbance-vectors are directly accessible. This unrealistic assumption motivates the discussions
on moving horizon estimators in Chapter 2.3. In this section, we discuss the Output Model
Predictive Control (Output-MPC) strategy that combines both optimal control and estimation
methods to perform predictive control when only noisy measurements of the process state are

available.

Considering the system described by an stochastic state-space model

X(t) = f(x(2),u(t),w(t)]6y); (60a)
g(x(t)|6y) +v(1), (60b)

<

~
~

SN—
I

with process noise w(t) ~ p,,(w(f)|6,,) and measurement noise v(t) ~ p,(v(¢)|6,), optimal
controllers and estimators are obtained using the discretise-then-optimise strategies described in
Sections 2.2 and 2.3, respectively. The controller considers a discretisation of Eq. (60) based on
piecewise constant inputs u(r) = u(t;) and w(t) = w(ty), fort € [tx,t;41), where t; = At is the k-th

time instant given the period Ar > 0. Similarly, the estimator considers the same discretisation
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for a different Az, > 0, corresponding to the measurement process sampling period. At each time
instant #;, = kAt, the output MPC strategy consists on first estimating (£, W) by solving an OEP
(Definition 2.9) for the estimation horizon ¢ € [(k—N,+1)At,,kAt,] of size N,, then solving an
OCP (Definition 2.4) for the control horizon ¢ € [kAt, (k+N)At] of size N using (£, W) as initial

conditions. Formally, this controller is defined by:

Definition 2.12. (Output model predictive control, Output MPC). Consider the conditions
presented in Definitions 2.4 and 2.9. For each time instant £ € N, the output model predictive

control (Output-MPC) strategy consists on first solving the optimal estimation problem

k
min  AeCowl) =LoC ni)+ Y Lt wn) (61a)
Xk—Ne+15""" s Xk+1 n=k—N,+1
Whk—Np+15""" s Wk
S.L. Xn+1 = fAte (xnuunawn‘ex); (61b)
Ve k—N,+1.k]
XnE€ZL, w, W, (61c)

to obtain estimates (£, Wy ), then solving the optimal control problem

k+N—1
min Ivpc(x,u) = Y L(xn,un) + Lp(xpsn) (62a)
Xy 5 Xkt N 5 n=k
Uiy = 5 U N1
S.t. Xn+1 = fAt (xl’la Up, Wk| 9)6)7 (62b)
Vnelk,k+N]
X €X', u, €U, (62¢)
X = XAk, (62d)

and applying only the first optimal action, u};, to the actual process.

In this optimal control strategy, all the conditions and properties stated in Sections 2.2.2 and
2.3.2 still follow. Namely, the optimisations are solved using the direct approach of transcribing
each problem as a nonlinear program, then solving it numerically. Moreover, both the controller
and the estimator have desirable stability properties for stabilizable and detectable systems (or,
equivalently, stable systems). In the following, we discuss the output affine quadratic regulator
resulting from the combination of a c-AQR (Section 2.2.2) and a c-AGM (Section 2.3.2).

2.4.1 Output affine quadratic regulator (Output-AQR)

A specific class of output predictive controllers arise from the usual choice of cost functions

and constraints. Specifically, we are concerned with stochastic affine state-space models

x(t) = z+Ax(t) +Bu(t) + Gw(t),
(1) = Cx(t) +v(1),
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from which a discrete-time realisations with dynamics xi41 = zar +AarXk + Barug + Gaswi and

outputs y; = Caxy + vy are obtained as in Eqgs. (34) and (55).

We assume a controller based on quadratic costs functions L(-,-) = ||x, — x,”||2 o+ [ln — 1y 12
and L¢(-) = [|xppn — X, +N||Q given state (x;”) and input (i) references, and symmetric
weighting matrices Q, Q¢ = 0 and R > 0. Moreover, we assume Gaussian distributions x;_y, 41 ~
N (Xk—N,+1,0Qx;)> Vn i A4(0,0,), and wy, i N (Wn,Ry), given means %;_y, and w, (n =
k—N,+1,...,k) and covariance matrices (Qy,,0y,R,). Finally, the constraint sets 2", %,
and # are assumed convex, so that they can be represented by linear inequalities 2" = {x €
RM | Hx < h}, % = {u € RN | Hu < h,} and # = {w € R™ | H,w < h,,}. Under such

conditions, we formally define the constrained output affine quadratic regulator:

Definition 2.13. (Output affine quadratic regulator, Output c-AQR). Consider the system de-
scribed by Eq. (63). Let xg_n,+1 ~ A (%k—N,+1,0x;)> Wn ~ AN (Wn,Ry) and v, ~ A47(0,0,),
assume cost functions L(-,-) = ||x, — pHQ + ||ty — u ||% and Lg(+) = |Jxen —xSPHZQf, and
convex sets 2, % and # . For each time instant k € N, the output affine quadratic regulator

(Output-AQR) strategy consists on first solving the optimal estimation problem

k
min Jagm(+) = [Xk—n,+1 —fkae+1||2Q— Z <||yn—anH2V—1 +\|Wn—Wn||§;1>
Xk—No+15" " s Xkt 15 —N.+
Wk N1 s Wk
(64a)
s.L. Xnt1 = Zat, +AntXn + Ba utn + Gar, Wi, (64b)
Vnek—Ne+1,k]
Hoxy < hy,  Hywy < hy, (64¢)
to obtain estimates (£;,Wy ), then solving the optimal control problem
k+N—1 ) ) )
1 R S S
min  Jagr() = Y, (=5l + llun — w6l |7) + [ben =5yl (652)
Xis* 3 Xk N n=k
Uy = s Uk+N—1
s.t. Xn+1 = Zar T AprXn + Bagtin + GarWig, (65b)
Vnekk+N]
Hxxn S th Huun S hl/{) (65C)
X = Xg, (65d)

and applying only the first optimal action, uy, to the actual process.

As in the previous sections, both problems in Definition 2.13 are transcribed into con-
vex quadratic optimisation problems (see Lemmas 2.7 and 2.10). For nonlinear systems, the
dynamic constraint of the OCP, Eq. (65b), is represented by a collection of linearisations
{(A(Akt) : B(AI? , G(Al?)},’fzo according to the choice of set-points described in Section 2.2.3. Moreover,
the dynamic constraint of the OEP, Eq. (64b), is represented by the time-varying state-space

from linearisations (A(AQ,B(A';Z , G(A';Z , Cge)) based on the previous MHE estimates (Section 2.3.2).
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3 RESULTS AND DISCUSSIONS

3.1 Analysis of activated sludge plant models

In this section, we analyse the full-state controllability and full-state observability properties
for the class of activated sludge plants represented by Eq. (4) defined in Chapter 1.3. The
discussion starts with the structural controllability and observability analysis for matrices (A, B,C)
describing the structure of the system. Then, a classical analysis of stability, controllability, and
observability, is performed for a suggested linearisation described by matrices (455, BSS, C55).
Finally, a minimal realisation based on this linearisation is used to discuss the controllability and

observability of the system in qualitative terms.

3.1.1 Structural controllability and observability analysis

For the activated sludge plant X(¢) = f(x(t), u(t), w(t)|6) with measurements y(¢) = g(x(¢)|6,)
the structural matrices A € RV<*Nx B ¢ RNe*Nu and C € RM*Mr are obtained from the Jacobians
A=0df/dx,B=09f/du,C=dg/dx, with N, = 145, N, = 13 and N, = 15. The associated
digraph 4 = (7, &), Figure 7, is defined by the vertex set

YV =VaUPpU Ve = {x1,.. ., xn, fU{ur, . un, UYL, - N, )

and the directed edge set

& =EUERUEC = {(xj,x) | Aij # 0} U{(ux,xi) | Bix # 0y U{(xj,yx) | Crj # O}

Figure 7 — Network &4 = (¥, &) (left panel) associated to structured system (A, B,C) (right panels). State
vertices x; € ¥4 are in black, input vertices u; € ¥ are in blue, and output vertices y, € ¥¢ are in red.
State-state edges (x;,x;) € &4, input-state edges (ux,x;) € &p, and state-output edges (x;,yx) € &c are
dyed to match the corresponding entries in (A, B,C). To reduce clutter, state self-loops are omitted.

.
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Source: Prepared by the authors.
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In the following we discuss the structural controllability and observability of the plant through
pairs (A, B) and (A, C), and associated digraphs ¢, = (¥;,&;) and ¥, = (7,,&,), respectively.

The structural pair (A, B) associates with the subgraph ¢, = (7;, &;), with %, = %4 U ¥ and
& = &4 U Ep. The topology of 4, = (7., &) indicates that pair (A, B) is structurally controllable
(Lemma 2.3). The accessibility condition is satisfied since all state vertices are reachable from a
control vertex. Specifically, it is easy to see how they all are reachable through one-edge paths
starting from control vertex Qg or Qw. The dilation-free condition is satisfied through a perfect
matching .# of size |.#| = N, formed by choosing every state vertex’s self-loop, thus leaving
no vertex unmatched. A perfect matching such as .# ensures the dilation-free condition and
suggests that controls are only needed to ensure accessibility. Being structurally controllable, the

system is also full-state controllable in a classical sense for almost all realisations of A and B.

The structural pair (A,C) associates with the subgraph ¥, = (%,,4,), with ¥, = ¥4 U ¥¢
and &, = & Uéc. The topology of ¥, = (7,,&,) indicates that pair (A,C) is structurally
unobservable (Lemma .2). As there are no paths from state vertices {Sﬁg)(}f:l, {Si(Ll;(}}gl and
{S‘Z(l) }27 to any of the output vertices, the accessibility condition is not satisfied. Conversely,
the dilation-free condition is satisfied by the same perfect matching .# of size |.#| = N, as
before, obtained by choosing every state vertex’s self-loop. The lack of structural observability

implies that the system is also not full-state observable in a classical sense.

We conclude that, for the activated sludge plant in Eq. (4), it is possible to design a control
u(r) that transfers the plant to a desired state, in finite time, for almost any realisation of (A, B). It
is not possible, however, to determine initial state x(0), and thus neither intermediate states x(z),
starting from a measurement y(s). Thus, it is also not possible to design a full-state-observer
based on existing measurements, no matter what realisation of (A,C) is used. Being of structural

nature, these conclusions are valid also in a classical sense, whatever the model linearisation.

3.1.2  Stability, controllability and observability analysis

We now consider the linearisation (A55, BSS, C55), corresponding to the benchmark fixed point
SS := (x35,u55, w5, y55) presented in Section 1.3.3. This linearisation is commonly utilised in
the literature and constitutes the default configuration of the BSM1. The matrices ASS € RNxxNx|
B3S € RN-*Nu_and C55 € RM*Mr are obtained from the Jacobians evaluated at such equilibrium
point ASS = (9 f/dx)|sg, B = (9 f/du)|gs, C55 = (dg/dx)|s- The, now weighted, associated
digraph %ss = (755, &ss), in Figure 8, is defined by the vertex set

Vo= Vyss UV gss UV ess = {x1,. ., xn, f U{ur, . un, F UYL - 0N
and the directed edge set

& = Epss U bgss Ubpss = {(x, ;1) | AYS # 03 U{ (e, i) | BY # 0 U{(xj, %) | G # O}
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Figure 8 — Network %ss = (55, &ss) (left) associated to linearisation (ASS, BSS, C55) (right). State vertices
x; € ¥)ss and state-state edges (x;,x;) € &ss are in black, input vertices uy € ¥jss and input-state edges

(ug,xj) € Epss are in blue, and output vertices y; € ¥ss and state-output edges (x;,yx) € &¢ss are in red.
State self-loops have been omitted.
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Source: Prepared by the authors.

In the following, we discuss the stability of this system and then we discuss its controllability

and observability on both structural and conventional sense.

The spectrum of ASS, in Figure 9, consists of 69 distinct eigenvalues and associated eigenvec-
tors, 0/(ASS) = {4;(ASS),vi(A)}92,, with {41, -+, A31 } CRand {(A32,45,), - » (Aeo, Ady) } C C.
Five complex conjugate pairs of eigenvalues have algebraic multiplicity equal to two and two
distinct real eigenvalues have algebraic multiplicities equal to two and twenty-eight, respectively.
The distribution of the eigenvalues in the complex plane shows that most of the system modes

have relatively slow time constants. Moreover, the majority of eigenvalues are still close to the

Figure 9 — Spectrum ¢/(A5%): Eigenvalues A; € 6(A%S), left, and associated eigenvectors v;(A;), right. The
grid in the complex plane displays lines corresponding to constant damping factors (diagonal lines) and
natural frequencies (vertical lines, in rad/days) for the associated system modes.
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tkehit

Figure 10 — Time evolution of the normalised system modes ——<— (k =0, ,(A;) — 1) for the real
eigenvalues (top plots) and complex conjugated pairs of eigenvalues (bottom plots) from the spectrum

o (A%) = {A;, vi(A:)}¥,. The curves are grouped based on each mode’s time constant 7; = 1/Re[].
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Source: Prepared by the authors.

real axis, indicating that pseudo-oscillatory behaviour in the system modes is not expressive.

Being Re(A;) < 0 for all A; € 6(A5S), then A%S is a stable matrix and the linear system
(ASS BSS C5S) is asymptotically stable (Lemma 2.1). This result can also be visualized through
the simulation of individual system modes, shown in Figure 10. As the unforced evolution of the
system, for any initial state x(0), is a linear combination of system modes, the fact that all curves

converge to zero directly implies that the system is asymptotically stable.

Controllability analysis

The controllability of this system is assessed through pair (AS%, BS) and associated digraph
G ss = (V.ss,Euss), With Vss = Vyss U Vpss and &.ss = Eyss U Epss. As expected, the topology of
4 ss = (V,ss,E,ss) indicates that (ASS, BSS) is full-state controllable in a structural sense (Lemma
2.3). Thus, for the activated sludge plant with dynamics described by (A5, BSS), it is possible to

design a control u(t) that transfers the plant to a desired state, in finite time.

As the pair (A%5,B55) corresponds to the linear time-invariant approximation of Eq. (4a)

x55, u5S WSS ySS ), it is possible to analyse

in the neighbourhood of steady-state point SS = (
its full-state controllability in a conventional sense. We have just shown that pair (A%, B5) is
full-state controllable in the structural sense. The classical counterpart of this result can only
be verified using the PBH controllability test (Lemma 2.2), as an accurate computation of the

controllability matrix ¢ = [B5S ASSB5S ... (AS5)N—1B5S] is unfeasible.

Surprisingly, the PBH test shows that the pair is not full-state controllable in the classical
sense, as a real eigenvalue with algebraic multiplicity equal to twenty-eight leads to a rank-
deficient matrix [A;] — ASS BSS |. The twenty-eight associated eigenvectors are shown in Figure
11. Interestingly, note that the non-zero entries of these eigenvectors correspond to state variables

relative to soluble matter in the settler’s last layer. This indicates that it is not possible to design
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Figure 11 — Pair (A%, BSS): Eigenvectors v;(;) for A; € 6(ASS) with rank([A,] — ASS BSS]) < N,.
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a control u(r) capable of enforcing a desired profile of soluble concentrations in the settler.
Moreover, since ASS is a stable matrix, the eigenvalue failing the PBH test satisfies Re(A;) < 0
such that the pair (A55, BSS) is thus characterised as stabilizable (Lemma 2.5).

Observability analysis

Furthermore, the observability of this system is assessed through pair (A4%5,C5%) and asso-
ciated digraph & ss = (¥ ss, &,ss), with ¥ ss = P55 U Vs and &,ss = Eyss U &gss. As expected,
the observability digraph &, ss = (¥, ss,&,ss) indicates that also the pair (A5, C5%) is not full-state
observable in a structural sense, as there is still no directed path from the state vertices {Sﬁg)( le,
{Sf‘(LIL 19, and {Sﬂ”}}& to any of the output vertices.

For completeness, we also analyse the full-state observability of (A55,CSS ) in a conventional
sense, as it also corresponds to the linear time-invariant approximation of Eq. (4) in the neighbour-
hood of steady-state point SS := (x35, 455, w35, y55). We have just shown that (A5S, C55) is unob-
servable in a structural sense. We verify this result using the PBH observability test (Lemma .1),
as an accurate computation of the observability matrix & = [CSST ASSTCSS" ... (ASSTYNe—1CSSTIT

1s also unfeasible in this case.

Figure 12 — Pair (ASS,C55): Bigenvectors v;(A;) for A; € 6(ASS) with rank([A,] —ASS" CSS']T) < N,.
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Source: Prepared by the authors.

The test confirms that the pair (A5, C5S) is not full-state observable, as ten distinct eigenval-
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ues, including two real values with multiplicities equal to two and twenty-eight, respectively, and
five complex conjugated pairs with multiplicities equal to two, all lead to rank-deficient matrices
Al —ASST CSST]T. The forty-three eigenvectors associated to such eigenvalues are shown in
Figure 12. As before, the non-zero entries of the twenty-eight eigenvectors associated to one of
the real eigenvalues refer to state variables relative to effluent soluble matter. From the remain-
ing fifteen eigenvectors, three have non-zero entries only at state variables {Xf(r),Xﬁ(r) 5:1,
while the remaining twelve have non-zero entries only at state variables {S? ") , Sﬁglz le and
{Sf(l) ) Si(Ll;( }2]. Interestingly, these correspond to concentrations of non-reacting matter within
the process. Moreover, since ASS is a stable matrix, all eigenvalues failing the PBH test satisfy

Re(A;) < 0 such that pair (A5, C55) is thus characterised as detectable (Lemma .3).

We conclude that, for the activated sludge plant described by the linearisation (455, BSS,C5%),
it is not possible to design a control u(t) that transfers the plant to a desired state x(¢7) in a given
finite time. Moreover, it is also not possible to determine the initial state x(0), and thus neither

intermediate states x(¢), starting from measurement y(zs).

Minimal realisation and energy-related metrics

In this section, we provide a qualitative analysis of controllability and observability. We start
by analysing the effort associated with controlling or observing each state variable individually,
and then proceed to analyse the entire system using a minimal realisation of the linearisation
(ASS BSS C5S) corresponding to the default fixed point SS := (x55, u55, w55 y55).

Considering the linearisation (A%S, BSS,C55), the average energy required to respectively
control or reconstruct the full-state by directly controlling or measuring only one individual
state variable is quantified by its average controllability and average observability centralities
(Section 2.1.2). The results (Figure 13) show that the energy required to control the entire
state-space is among the lowest if we were to actuate on some control only affecting biomass
concentrations (ng ), Xg/ir), and Xﬁ(r)) or particulate inert organic matter (X;\(r)) on the reactors.
This reflects the fact that such variables are central to the process, but will evolve slowly if not
directly controlled. Conversely, the energy required by the system would be the highest if we
were to actuate on some control only affecting dissolved oxygen (Sg(r)). However, it is worth
mentioning that it is still possible to control Sg(r) (through K;a("), while individually controlling
any of the concentrations ng), Xg(r), Xﬁ(r), or XlA(r), is practically unfeasible. The analysis
also shows that acting directly on most state variables on the reactors lead to less demanding

full-state controls than directly acting on any state variables within the settler.

Moreover, the results show that the effort required to reconstruct the entire state-space is the
lowest if we were to directly measure the concentration of suspended solids in the bottom of the
settler (X SSS(I)). Additionally, the effort required is also among the lowest if we were to directly

measure the biomass concentrations (Xgl({r ), ngr), and X;‘(r)) and particulate inert organic matter
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Figure 13 — System (A55, BSS, C55): Average controllability centrality C¢(n,), top, and average observabil-
ity centrality C,(n,), bottom, associated to each state variable.
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(X;‘(r)) in the reactors. Again, this reflects how these variables are central to the process such
that reconstructing the state-vector is more demanding if they are not measured. In practice,
only the concentrations of dissolved oxygen (Sg(r)) and nitrate and nitrite nitrogen (Sg((;)) in
each reactor, along with NHI +NH3 nitrogen in the top layer of the settler (S]S\,(;IO)), are directly
measured. Conversely, these variables are associated with the highest measurement effort if used

individually to reconstruct the entire state of the process.

Now, we analyse the compound energy-related metrics for the control and measurement
configuration of the activated sludge plant. Being the linearisation both uncontrollable and
unobservable, the metrics computed for the Gramians of (A5S, BSS, C5S ) will obviously conclude
that its control or state reconstruction are high-demanding. Thus, we turn to analyse the minimal
realisation of (ASS, BSS,C55) as it preserves the input-output behaviour of the process. The

minimal realisation of (ASS ,BSS , CcSS ), Lemma 2.4, is represented as

Xco (t) = Acoxco(t> + Bcou(t)
)’(t) = CeoXco (t)a

with A, € RNwo*Neeo | B, € RNeo*Nu and C,., € RN Nwo, for N, = 117. As 6(Aq,) C 0(A55)

co

it follows that Re(A;) < 0 for all A; € 6(Ac), and thus (Ao, Beo, Ceo) is a stable system.

Considering this model, we analysed the energy-related metrics defined for the infinite-
horizon controllability (W, (e)) and observability (W,(e0)) Gramians (Section 2.1.2). As the
system is Hurwitz, these Gramians are computed by solving Lyapunov equations A, W, (o) 4
W, (0)Al, = —BoBl, and W, (0)Al 4+ A ,W, (o) = —C] C,,. The metrics, Table 4, reveal that
controlling and observing this system are energy demanding tasks even for the minimal realisation.

Specifically, the fact that A, (W (o)) and A, (W, (e0)) are approximately zero implies that
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there exists state-space directions which are practically uncontrollable and unobservable.
Table 4 — System (Ao, Beo,Ceo): Energy-related metrics.
\ tr(W) tr(WT)  log(det(W))  Amin(W)

We(e) | 1.23-10° 1.36-10° —oo 1.01-107 "
Wy(e0) | 052 6.76-10' —oo 5.69-101
Source: Prepared by the authors.

We can conclude that, although controllable and observable, the realisation (Ao, Bco,Ceo)
requires a very large control and measurement effort in order to access the full state-space. The
cumulative coverage of state-space is shown in Fig. 14 in terms of normalised cumulative sum
AWN)=XN_ A/ y o Ay,) for the (sorted) eigenvalues of W,.(co) and W, (o). The results imply

ny=1
that most control and output energy are comprised within a small number of directions.

Figure 14 — System (A¢y, Beo,Ceo): Cumulative sum A(N) for the eigenvalues of the infinite-horizon
controllability Gramian W, (), top, and observability Gramian W, (c0), bottom.
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Contradiction between structural and conventional results

When analysing the controllability of the complete system we have shown that (455, B5S, C55)
is controllable in a structural sense but not in the classical sense. This apparent contradiction can
be explained from the analysis of the dilation-free condition applied to network & ss = (#.ss, &.ss).
Specifically, as the existence of a self-loop for each state vertex is sufficient to satisfy this
condition, the input vertices are needed only to satisfy the accessibility condition. Whenever
some of the self-loop weights are equal, the dilation-free condition will underestimate the controls
needed for full-state controllability (ZHAO et al., 2015). This is the case for (A55, B5S), where
all reactors’ non-reacting components (respectively, all settler’s soluble components) from the

same unit (layer) always have identical self-dynamics.

Consider the non-reacting components Sh ) (Sq € {S1,SaLk}) and X;‘ ) Xp € {X1,Xp}) in
the r-th reactor. Their dynamics are each represented in Eq. (4a) by first-order differential
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equations of the forms SA 7= Al (SA — 50 ) — (QEC/V )SA +RY and ng(r) =
oAl) (X?(r_l) —X:(r)) ( /V(’ )XA(r ( Vforr=1,...,5. 0*") denotes the influent flow-
rate to the r-th reactor and both Rc(,r) and Rz(; ) 1ndlcates the contribution from process reactions.
The model assumes the same influent flow-rate, {Q*(") = (Q4 + Qr + Q1 +Z; xY EC) / VA , 1>
with constant volumes V/fr)
BRl()r) / 8X,;4(r) = 0. For the relevant entries in the Jacobian d f/dx of the dynamics,

. As these components represent non-reacting matter, 8R§ / 85‘2

92" x| 0a+Or+ Qv+ Y, O
| oyA| T (r) ’
9S4 sS X, ss Va ss
which is equal for all reactors (r = 1,...,5), whatever the fixed-point.

Similarly, the dynamics of soluble components S (S € {81,55,50,Snv0, SNH,SND» SaLK })
in the /-th layer of the settler are each represented in Eq. (4a) by first-order differential equations
of the form S = 50)(s: SU=1) _ S(Z)), forl=1,...,10. 05%) denotes the influent flow-rate
to the /-th layer. The model assumes a same influent flow-rate for all upper layers, {QSU) =
(O — QW)/VS(I) 1O, for all lower layers, {Q5") = (Qg + QW)/VS(I)}ZS:I, and for the feed layer
we have Q5) = (Qy + Or)/ VS(6). The model also assumes constant volumes VS(I) =600 m>.

For the relevant entries in the Jacobian d f/dx of the dynamics,

5650 (QW—QlN)/VSU)‘SS [=7,---,10
5550 =4 —(Qmw+ QR)/VS(Z) ‘ss =6 ’
> —(QR+QW)/VS(’)’SS [=1,---.5

which is equal for all components, independently of the fixed-point adopted for linearisation.
3.2 Wastewater treatment: regulation

In this section, we present the simulation results obtained for the predictive control of
the activated sludge plant for the conventional wastewater treatment task. For the sake of
comparison, the open-loop simulation of the process is presented first. We then consider a model
predictive controller that regulates the process towards a steady-state satisfying effluent quality
requirements (see Section 1.3.3). We first consider a predictive control in which the process
state is assumed to be known, then we design an output predictive control strategy in which the
state is estimated. Finally, control performances are evaluated under the short-term disturbance
regimes (dry weather, storm event, and rain event) in terms of the effluent quality index (EQI)
and compliance with the quality limits. For brevity, the discussion focuses on the storm event

influent scenario, as it is considered to be the most challenging disturbance scenario.
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3.2.1 Open-loop: simulation and state-estimation

We assume the open-loop input configuration considered in the conventional benchmark
suggested steady-state SS = (xSS LSS WSS, y3%), shown in Table 5. This setup refers to the
common layout of an activated sludge plant: reactors A(1) and A(2) are always anoxic, whereas
reactors A(3) to A(5) are aerated. External recirculation is set Qg = Q3x., the influent flow-rate

assumed in the operating point, and Q4 = 3Qg. No external carbon is added to the reactors.

Table 5 — Activated sludge plant: controllable inputs for the default open-loop operation.

04 Or  Ow KkpaV Kkpa® Kkpa® Kpa®  Kpa® QSC” )

55338 18446 385 0 0 240 240 84 0
Source: Prepared by the author.

The simulation results for the effluent-based output variables are shown in Figure 15. Under
s
and N;(Olg), frequently violates their respective quality limits. Specifically, the concentrations of
ammonia nitrogen, S]S\,(IO), remain over the allowed limit for the majority of the simulation period.
Conversely, the concentrations of organic-related matter, X gs(lo)’ BODg(IO) and COD’S (10), satisfy

open-loop conditions, we note that the output variables related to nitrogen concentrations,

the quality constraints even without closed-loop control. This demonstrates the efficiency of the
settler in clarifying the effluent water of particulate matter, while soluble nitrogen still requires
a controller that rejects the influent disturbances. Moreover, we note that the concentration
XSSSO) does reach the constraint (30 g m*3) during the storm events, in ¢ € [8, 12], but remains

on violation for a negligible period of time.

Figure 15 — Open-loop simulation: Effluent-based output variables corresponding to nitrogen components,
top panels, and organic matter, bottom panels. Shaded areas denote the values above the quality limits.
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Source: Prepared by the author.
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State estimation via Moving Horizon Estimation

We now consider the moving horizon estimation over the open-loop operation of the process.
We assume constraints Xl[g = X{,N = SIN — S]]VNO =0g m—3 and SXXK =7 mol HCOy m3, as
these disturbance variables are constant whatever the influent scenario (Section 1.3.2). For the ac-
tivated sludge plant and measurement process in Eq. (4), the linear models (A(”),B(”) , G(”),C(”))
are computed around each horizon estimates P, := (£, tty, Wy, J») The dynamics fa,, (-|6y) in Eq.
(45) are evaluated from (A", B" G (")) with sampling period of Az, = (1/96)d. The estima-
tor assumes a stochastic representation of the plant with process disturbances wni'rl;df/t/ (Wn,Ry)

. iid . . .
and measurement noise v, ~ .4'(0,0,), given covariance matrices

R, =diag[9-10" 5 50 10° 75 10° 10 2 9];
0, = diag[0.001/5 0.006/5 0.01 0.009 0.001 0.03 0.01].

The estimation horizon, Eq. (54), is set to 3 hours, or N, = 12. We define the initial state uncer-
tainty by assuming x_pn,+1 ~ A (Xx—n,+1, Ox,) With covariance matrix Q,, = diag[0.001 (x35)?]
and mean X;_y,+1 € RN+ fixed at the state estimate from the previous iteration, Xk—N,+1 =

Xk—N,+1, OF Xo = X35 for the first estimation horizon.

The results are shown in Figure 16 with respect to the usual effluent measurements of interest.
We focus on the second week period, 7 € [7,14], when the storm events occur. This visualization
shows that the MHE estimator is capable to reconstruct approximately the true output of the
plant from the noisy measurements. We note a decrease in the estimation performance only for
coD310) atr € [11,12.5], corresponding to the storm events. Conversely, the remaining output

variables estimates show high accuracy even during such period.

Figure 16 — Open-loop simulation, ¢ € [7, 14]: Estimation of the effluent-based output variables.
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Source: Prepared by the author.
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Figure 17 — Open-loop, 7 € [7,14]: Estimates (black) and true values (grey) for influent flow-rate Q;y and
concentrations x*'N). Concentrations X =X}N =5V = §i = 0 and SY = 7 are omitted.
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Source: Prepared by the author.

Figure 18 — Open-loop, 7 € 7, 14]: Estimates (black) and true values (grey) for the chemical concentrations
in the first reactor, A, As S/;(l) ~ 0, this variable is omitted.
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Source: Prepared by the author.

Furthermore, the disturbance and state estimates obtained from the MHE are shown in
Figures 17 and 18, respectively. Again, the visualizations show an overall good performance of

the estimator in reconstructing the true values of the disturbance and state variables. We note
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Table 6 — MHE: Output, disturbance and state estimation accuracies (JNmsg(,7), Jnmsg(w, W), and
Jnmse(x, £), respectively), under the different disturbance regimes.

Dry Weather Storm event Rain event

9 ww &2 | &) wmw &E | I mw) %)

Inmse(v) | 1.15e-05  0.0046  0.0001 | 4.45e-05 0.0050 0.0006 | 7.83e-05 0.0049 0.0030
Source: Prepared by the author.

that only the estimation of disturbance variables X}V and X/ are of poor quality. Interestingly,
the estimates for concentrations Xf(r) (r=1,...,5) are less accurate than the estimates for the
remaining state variables. These variables, corresponding to non-reactive matter in the reactors,
are decoupled from remaining state variables in the reactors, and the estimator is unable to
reconstruct their true value due to the poor performance in reconstructing the influent XI’N .
(r)

. A . . .
Moreover, the concentrations X; '’ are amongst the variables which are nonzero entries for the

eigenvectors for which the associated eigenvalues fails a PBH Observability test (Section 3.1.2).

Finally, we summarise the estimation accuracy using the normalized mean square error
(NMSE), Jxmse (0, 9) = # 1o (vk — 5xl1?/|1vx]|?), measuring, over the T = (14/At,) simulated
measurements, the average deviation of the output estimates, y;, against the true outputs, yy.
The metrics Jamsg(w, W) and Jamsi (x, £) summarise the accuracy of the disturbance and state
estimates (W and £j) against the respective true values (w; and x;). The results, in Table 6,
reflect a good performance in estimating the 145 state variables and the 14 disturbance variables
using only the 15 available measurement variables, for all influent scenarios. The disturbance

variables are those estimated with less precision, but still reflecting an overall good performance.

3.2.2 Model predictive control for conventional treatment

In this section, we present the configuration and results for the predictive control for wastew-
ater treatment. For the activated sludge plant in Eq. (4), the linear models (A(k),B(k) ) G(k),C(k))
are obtained from the benchmark’s suggested operating point P, = (x35,u55 Vi, y5) with dis-

turbance vector Wy = w( Lkg“f |At,,). This correspond to a zero-offset regulator control with

Atg, = Aty,, updating the linearised models once influent measurements are available. The
discrete-time dynamics fa,(-|6;) in Eq. (34) are evaluated from (A®), BX G®) c®)) with a
sampling period of Ar = (1/12)d. The control horizon, Eq. (33), is set to one day, or N = 12.
We assume weighting matrices Q = C(k)TQyC(k), with Q, = diag[0.01 --- 0.01 2302 1 10],
and R = 10~*Iy,,.. For the moment, the influent conditions are assumed to be measured once

every At,, = (1/2) days. Finally, all simulations consider initial state x(0) = x55.

The simulation results are shown in Figure 19 for the stormy influent conditions. The results
show improved performance with respect to the open-loop operation (see Figure 15), despite the

controller being unable to completely avoid violations of the quality constraints. Specifically,
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Figure 19 — Treatment, MPC: Regulation of the effluent-based output variables.
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Source: Prepared by the author.

the total number of crossings and time in violation was considerably decreased concerning the

effluent nitrogen forms Si](éo) and Si,%o). The control also results in the undesirable effect of

5(10)

having two constraint violations for X¢¢ . However, as this variable remains in violation for

only 0.4% of the total period, this is not a concerning disadvantage of the controller.

The control actions and a selection of responses are shown in Figure 20. During the first
week (¢ € [0,7]), the controller mostly manipulates aeration in the last three reactors, KLa(1W3),
in order to reject the disturbances. Over the second week (¢ € [7,14]), more air is insufflated
to the anoxic reactors A(1,2), by increasing Kral?). Despite dissolved oxygen in the second
reactor, S?)(z), remaining mostly at low levels, this action leads to an increase in oxygen content
in the first reactor, Sg(l). Moreover, the control reacts to the storm event occurring in ¢ € [10, 12]
by decreasing the wastage flow-rate, Qw. This results in an accumulation of suspended solids in
the bottom layer of the settler, Xgél), such that more sludge can be provided to the first reactor by
external recirculation. This action compensates the sudden decrease in nitrogen concentrations

Sg(or) (r=1,...,5) by favouring the nitrification process in all reactors.

Finally, the overall performance of the treatment control is evaluated in terms of the effluent
quality index (EQI, in kg Pollution Units), Figure 21. We compute this metric as a function of

time by considering the term inside the integral in Eq. (7),

EQI(r) = Qx (1) (2X5" (1) + coD¥ 19 (1) +2BODI (1) + 30N, (o) (1) + 108507 (1)),

given effluent flow-rate Qr = Qv — Ow and Kjeldahl nitrogen N%(l](\),) = N;(Ol;)) — Sil(cl)o). More-

over, the quality improvement is computed by the ratio (EQIyp — EQIL;pc) /EQILpp, with EQIp
and EQI,;pc the effluent quality under the open-loop and MPC operation, respectively. The
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Figure 20 — Treatment control, MPC: Influent flow-rate Q,y, flow-rates (Qa, Or, Qw ), 0xygen transfer
coefficients KLa(IWS), and extra carbon flow-rates QSCW 5), left panels, together with nitrogen forms

S]’?,(I;WS) and S’:,((;WS), soluble oxygen Sg(lws), and total suspended solids XSS(MIO), right panels.
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Figure 21 — Treatment, MPC: Effluent quality index (EQI) under open-loop and closed-loop operation.
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results demonstrate that the predictive controller was able to improve the quality of the water
when compared to the open-loop operation. Specifically, the average EQI value decreases from
7233 kg PU d~!, under open-loop operation, to 6355 kg PU d~!, under closed-loop operation.
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The results also show an average increase of 11.89% in the treated water quality.

Output model predictive control

We now present the simulation results obtained by the output predictive control of the
activated sludge plant, when the process state is not assumed to be known. For the task, we
design an output model predictive control based on a moving horizon estimator that estimates
the state and disturbance variables under the model predictive control operation (Section 2.4).

We consider the same estimator configuration setup from the MHE described in Section 3.2.1.

Figure 22 — Treatment, Output-MPC: Estimation and regulation of the effluent-based output variables.
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Source: Prepared by the author.

The results are shown in Figure 22 with respect to the usual effluent measurements of interest.
As expected, the moving horizon estimator is able to provide accurate estimates for the model
predictive controller. In this case, the overall performance of the control shows an improvement
over the previous predictive controller. This reflects the advantageous feature of output model
predictive controllers of having an estimate of the disturbance-vector available at each control
horizon. As the high accuracy of the state estimates makes this setup comparable to assuming

knowledge of the states, the estimation of disturbances allows for a better control strategy.

Moreover, we compare the performances of the Output-MPC controller and the MPC con-
troller in terms of the effluent quality index (EQI), Figure 23. The results show a slight improve-
ment over the previous controller, as expected. This increase in effluent quality is more noticeable
in the second week period (¢ € [7,14]), especially during the storm events. In summary, the
average EQI value decreases from 6355 kg PU d~!, under the MPC operation, to 6028.4 kg PU
d~', under the Output-MPC operation, with an average 5.14% increase in the effluent water

quality.
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Figure 23 — Treatment, Output-MPC: Effluent quality index (EQI) under closed-loop operations.
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Summary and results comparison

The control performances are summarised in Table 7 under the different short-term distur-
bance regimes. The results show an overall improvement in the wastewater treatment performance
under closed-loop, for all scenarios. This improvement is reflected in the reduction of EQI and a
significant decrease of the percentage time in violation of quality limits, especially for Si,%o).
The output model predictive controllers display the best performance. Specifically, the treated
water quality is increased more than 13% under its operation, for all disturbance scenarios.

Table 7 — Results: Control performances in terms of effluent quality index (EQI, kg PU d~'), number of

quality limit crossings and percentage of time in violation (#Crossings and % Violation, respectively, for

SIS\,(I;O) and N‘Tg(ol(T))), operation cost index (OCI), and energy costs (PE, AE and CAE).

Dry weather Storm event Rain event
OL MPC O-MPC OL MPC O-MPC OL MPC O-MPC
EQI 6576.6 5833.8 5625.0 | 7233.0 6355.0 60284 | 7694.2 6929.9 6582.5
#Crossings | 4 14 17 14 15 17 14 15 2
(Snm)
%Violation | ¢, 17 15 62 19 18 62 19 26
(Snu)
#Crossings
1 4 2 2
(Nror) 9 5 8 7 3
% Violation
7 2 7 2 1 1 1
(Nror) 0 >
OCI 3729.6 7958.0 89944 | 3729.6 8154.4 10749.5 | 3729.6 7844.1 122369
PE 388.2 388.2 392.7 388.2 387.6 394.6 388.2 386.8 397.5
AE 3341.4 3622.3 40534 | 3341.4 36954 4363.3 | 33414 3673.8 4769.5
CAE 0.0 1315.8 1516.1 0.0 1357.1 1997.2 0.0 1261.1 2356.7

Source: Prepared by the author.

Moreover, we summarise the operational cost index (OCI, Section 1.3.3) associated with the

control actions obtained for each controller, over each scenario. The results (also in Table 7) show
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that the increase in performance is met with an increase in the energetic cost indices, highlighting
the efficacy-efficiency trade-off. Despite the largest costs being associated with aeration energy,
the carbon addition energy costs are mainly responsible for the significant increases in OCI.

Conversely, the pumping energy costs remain low even in closed-loop conditions.
3.3 Wastewater reuse: set-point tracking

In this section, we present the simulation results obtained by the predictive control of the
activated sludge plant when the process is requested to produce reclaimed water according to a
specific reference trajectory. We first demonstrate the zero-offset control over a toy reference
trajectory, and then we show the results when the plant is requested to produce effluent nitrogen
for optimal crop growth. In all cases, we consider first a predictive control in which the process
state is assumed to be known, then we consider the output predictive control strategy in which the
state is estimated. We present the configuration settings that are common to both controllers, then
we discuss the specific parameters and results. The performances are evaluated under constant

and dynamic disturbance regimes in terms of tracking accuracy and operational costs.

3.3.1 Case study: toy effluent reference trajectory

In this section, we present the simulation results obtained by the predictive control of the
activated sludge plant when the process is requested to produce water of specific quality. We

consider a toy reference trajectory for effluent total nitrogen, N;S;)), defined by the function

FP(1) = 22X00,a1,,) + 18X[Ary 200,) + 28X (20r,, 300,) T 20X 3, dr,) 30X (aAry, 501,,)

in which ¥ a;,,) is the indicator function . (¢) = 1,ift € &/, and (1) =0, if t ¢ 7.

Model predictive control for set-point tracking

This set-point tracking corresponds to considering H = [0 --- 0 1] in Eq. (42). The sampling
period of the reference is assumed Aty;, = 2.8 days. For the activated sludge plant in Eq. (4), the
linear models (A(m),B(m),G(’"),C (’")) around By, := (X0, Uy , Wi, Yr ) are computed by solving
the optimisation in Eq. (42) once every 2.8 days, when set-points ,; = 57 ((m+ 1)At),) are
available. We select weighting matrices W, = 10 and W,, = 0. The dynamics f(-|6,) in Eq. (34)
are evaluated from (A(m),B(’"), G c (’")) with a sampling period Ar = (1/12)d. The control
horizon, Eq. (28), is set to be 1 day, or N = 12. We assume weighting matrices Q = C (m) o,C (m)
and R = 1074, with Q, = diag[0.01 --- 0.01 20]. For the moment, the influent conditions are
assumed to be measured once every At,, = (1/2) days. The initial state is set x(0) = x5, the
usual benchmark steady-state. This configuration is common under both dynamic and constant

disturbances. For the latter, the influent conditions are set w(t) = w5,
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The simulation results are shown in Figure 24 for constant and stormy influent conditions.
In both cases, the controller was capable to drive the process towards the desired set-points.
Under constant influent conditions, the predictive control perfectly stabilizes the plant around
each reference value, with a settling time of 0.75d in the slowest transition. Under dynamic
disturbances, the controller keeps the process close to the desired states despite complete
disturbance rejection being not achieved. Interestingly, the zero-offset control is able to produce

the desired output even when a set-point change occurs during a storm event (r = 11.2d).

. . . S(10
Figure 24 — Reuse, MPC: Reference tracking of effluent total nitrogen, NT(OT).
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Source: Prepared by the author.

The control actions and a selection of responses are shown in Figure 25. The controller
serves the required effluent total nitrogen, N;(OI;)), mainly by producing Sf,%o) nitrogen through
favouring nitrification in the aerobic section. This is achieved by manipulating K;a>">> to

increase (or decrease) the oxygen used in the production of S}t,(gws) in reactors A(3,4,5). In

the settler, the changes in the feed concentration SQ(OS) are reflected in the effluent Si,%o); and

(10) 1,2)

S(10 . . . .
consequently on Ny r is manipulated in anoxic reactors

A(1,2) to increase the available oxygen whenever the production of S,SV%O) is insufficient due

. Moreover, we note how KLaA(

to the dynamic disturbances. This effect is especially observed during the last storm event, at
t €[10,12].

Output model predictive control

We now present the simulation results obtained by the zero-offset output predictive control
of the activated sludge plant, when the process state is not assumed to be known. We consider
the same estimator configuration setup from the MHE described in Section 3.2.2. Namely, we
assume the measurement process with period of Az, = (1/96)d = 15min between observations.
The estimation horizon, Eq. (54), is set to 3 hours, or N, = 12. The estimator assumes a
stochastic representation of the plant, Eq. (45), with process disturbances wn%dJV (Wn,Ry) and

. iid . ) )
measurement noise v, ~ .4(0,Q,), given covariance matrices

R, =diag[9-107 5 50 10° 75 10® 10 2 9];
0, = diag[0.001/5 0.006/5 0.01 0.009 0.001 0.03 0.01].
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Figure 25 — Reuse, MPC: Influent flow-rate Q,y, flow-rates (Qa, Qr, Qw ), 0xygen transfer coefficients
KLa(IWS), and extra carbon flow-rates QSCW 3) , left panels, together with nitrogen forms ngws) and

Sg((;ws)’ soluble oxygen S’g(lws), and total suspended solids ng(lwm), right panels.
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We define the initial state uncertainty by assuming xz_n,+1 ~ A4 (¥—n,+1,Qx,) With covariance
matrix Q,, = diag(0.01x%5)2, while the mean %y, 1 € R is fixed at the state estimate from
the previous iteration, or ¥y = x> for the first estimation horizon. In the Output MPC strategy,
each k-th control horizon, Eq. 62, considers initial state, x; = X, and fixed disturbance w,, = w;,

(n=k,...,k+N), with (£, W) the estimates from the moving horizon estimation.

The results are shown in Figure 26 with respect to effluent total nitrogen, Nggg), in compar-

ison with the previous MPC result. The moving horizon estimator is able to provide accurate
estimates for the model predictive controller, and the controller is able to reach the desired
set-points. During most of the simulation, the tracking accuracy of the Output-MPC shows an
improvement over the MPC as the effluent nitrogen produced is noticeably closer to the reference.
Again, we attribute this to the benefit of having an estimate of the disturbance-vector available
at each control horizon. During the storm events within 7 € [8, 12], however, the estimator

performance deteriorates and the controller reacts poorly to the disturbances.
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Figure 26 — Comparison, Output-MPC: Estimation and tracking of effluent total nitrogen, Ni(olg).
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Summary and results comparison

The control performances are summarised in Table 8 under the different short-term distur-
bance regimes (dry weather, storm event, and rain event). The results show that the tracking
accuracy is satisfactory, for all scenarios. Conversely from the results in Chapter 3.2, the
Output-MPC strategy has the best overall performance only for the rain event scenario, despite
having similar performance as the MPC in the remaining cases. Moreover, we summarise
the operational cost index (OCI, Section 1.3.3) associated with the control actions obtained
for each controller, over each scenario. The results (also in Table 8) show that this reference
tracking task has operational costs similar to those obtained for the optimal wastewater treatment
control. Again, despite the largest costs being associated with aeration energy, carbon addition
energy costs dominate the OCI values. The pumping energy costs are generally low also for this

application.

Table 8 — Results: Tracking accuracy in terms of normalised mean squared errors (NMSE), together with
operation cost index (OCI) and energy costs (PE, AE and CAE).

Dry weather Storm event Rain event
MPC O-MPC | MPC O-MPC | MPC O-MPC
Jamse (7, 3°7) | 0.00885 0.01012 | 0.01480 0.02356 | 0.01098 0.01094
OClI 7159.5 10499.7 | 72909 10868.6 | 7189.5 105394
PE 389.0 390.3 388.2 390.8 387.5 390.4
AE 51002  5882.6 | 5208.1 6053.9 | 5193.7 6430.7
CAE 556.8 14089 | 564.8 1474.6 | 536.1 1239.4

Source: Prepared by the author.

3.3.2 Case study: supply nitrogen for optimal crop growth

In this section, we present the simulation results obtained by the predictive control of the
activated sludge plant when the process is requested to produce nitrogen for optimal crop growth
(Section 1.3.3). We illustrate the results with two tuning configurations of the controller, one

favouring the manipulation of NO, +NOj3  nitrogen (Syo) and another one favouring NHI +NH;3
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nitrogen (Syg). We present the configuration settings that are common to both controllers, then

we discuss the specific parameters and results separately.

Model predictive control for set-point tracking

We consider reference trajectories for effluent total nitrogen, N}?(Olg)

, the nitrogen concen-
tration of the irrigation water. This corresponds to considering H = [0 --- 1] in Eq. (42). The
sampling period of the reference is Az, = 7d. For the activated sludge plant in Eq. (4), the
linear models (A, B G C™) around Py, := (xy , s, Wiy .yt ) are computed by solving
the optimisation in Eq. (42) once a week, when set-points §,” = 57 ((m+ 1)At,,) are available.
The dynamics fa,(-|6x) in Eq. (34) are evaluated from (A(m),B(”’), G(’”),C(’")) with sampling
period Ar = (1/3)d. The control horizon, Eq. (28), is set to be 7 days, or N = 21. We select
weighting matrices Q = C(™"C(") and R = diag[107%0.01 0.01 107315 10*5). The influent
conditions are assumed to be measured once every At,, = 1d. We treat set-points 77 (1) = 0 as
corresponding to interrupted irrigation and control the plant for conventional treatment with
o =H g(xSS ) whenever #,) = 0. This setup is common to all cases, under both dynamic and

constant influent. For the latter, we choose w(t) = w35, All simulations consider x(0) = x55.
Case I: Nror control favouring NO, +NO; nitrogen

To design a controller that favours the production of NO, +NOj nitrogen when asked to
track 37 () = Ny (t), we set the steady-state optimisation parameters Wy, = 100 and W, = 0.
The results (Figure 27) show that the controller is capable to drive the plant towards the reference

values under constant influent conditions. However, performances deteriorate when the plant

. . . S(10
Figure 27 — Case I, MPC: Reference tracking of effluent total nitrogen, NTE)T).
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Figure 28 — Case I, 7 € [49,112]: Influent flow-rate Qyy, flow-rates (Qa,QOr,Qw), Oxygen transfer
coefficients KLa(IWS), and extra carbon flow-rates Qgg 3) , left panels, together with nitrogen forms

15 15 15 . S(1~10) .
Sﬁ,sq ) and SQ(OW ), soluble oxygen S’é( ), and total suspended solids XSS( - ), right panels.
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is subject to dynamic influent conditions, specially when asked to track y,, > 40 ¢ N m~
Specifically, the control is neither able to reject disturbances causing sudden peaks in the effluent

concentrations, nor produce enough nitrogen when the influent content is insufficient.

The control actions and a selection of responses are depicted in Figure 28 when the controller
serves the set-point changes at # = {56,91}d in Scenario I: The requested concentration changes
are from 50 g N m~—3 to 14.05 g N m—3 and back to 50 g N m—>

o In the first set-point change (¢ = 56d), the controller decreases N;g;)) mainly by producing

Si,%o) nitrogen by explicitly acting on the denitrification-nitrification process: This solution
is achieved by first reducing aeration in the first reactors AL2) through Kra?), then,
as the concentrations Sg((;z) decrease noticeably, these concentrations are increased in

the last reactors A~ by increasing aeration, through KraB9. As 52(05) is the feed

10); and thus on N;gg).

concentration to the settler, these changes are reflected at Sz((;w
Moreover, wastage flow-rate Qw is increased to reduce the accumulation of suspended

solids X¢¢ S(1~10) throughout the settler layers.
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e In the second set-point change (¢ = 91d), dissolved oxygen is added to all reactors A13)

by increasing Kra'"3) . As a result, nitrification is implemented throughout the entire
process. Again, this effect is reflected at concentrations S]S\,%WIO). As oxygen saturates,

however, not enough nitrogen can be converted to reach the set-point. The controller thus
attempts to complement the effluent total nitrogen using nitrogen entrapped in particulate

matter. Wastage flow-rate Qw is decreased in such way that suspended solids Xﬁélwm)

5(10) -

accumulates in all settler layers SU~19), Thus, Ny OT increases due to mtrogen taken from

effluent concentrations of biomass (XBH ),X g A ) and organic matter (XI ),X g(lo)).

Case II: Nyor control favouring NHj{+NH3 nitrogen

To favour NH; +NHj3 nitrogen when asked to track 37 (¢) = NTOT< ) we consider a controller
that is based on linearisations (A(m),B(m) , G(’”),C(’")) around points Py, := (X}t , whiy .yt ) that

solve problem Eq. (42) with weighting matrices configured to be Wy = 100 and W, = 0.011y,.

The results, Fig. 29, show that also this controller can drive the plant towards the set-points
when operated against constant influent conditions. More importantly, the overall performance
with dynamic influent conditions is improved. However, this control is not able to drive the plant

back to the wastewater treatment operation corresponding to set-points ,; = 14.05 g N m™>

Figure 29 — Case II, MPC: Reference tracking of effluent total nitrogen, N‘qug).
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The control actions and a selection of responses are depicted in Figure 30 when the controller
serves the set-point changes at # = {56,91}d in Scenario I. The requested concentration changes
are from 50 g N m~> to 14.05 g N m~> and back to 50 g N m >

e In the first change (r = 56d), the controller attempts to decrease the effluent N;(Olg) mostly
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Figure 30 — Case II, ¢ € [49,112]: Influent flow-rate Qy, flow-rates (Q4,Qr,Ow), OXxygen transfer

. — L . .
coefficients Kza'~*), and extra carbon flow-rates Q%C %) , left panels, together with nitrogen forms
GAI-5) GA(-5) GA1~3) 1y S(110)

vu  and Sy, 7, soluble oxygen S, , and total suspended solids X¢¢ , right panels.
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by converting nitrogen from Syg back to Sy through nitrification: Air is added to all
reactors, specially for the conventional aerobic section ABS) by directly increasing
. 15 . . L

Kra3). As the concentrations of S}A\‘,(O ) are virtually reduced to zero during the initial

interval, not enough nitrogen can be converted in time to reach the set-point. Moreover,

wastage flow-rate, Qw, is still increased over same interval to reduce the total suspended
. N{ .

solids, XSS( ) (I =1,...,10), accumulated in the settler.

. 5(10)
e In the second change (1 = 91d), the controller attempts to increase the effluent Ny

by producing S]S\,(;IO) mostly by interrupting the nitrification—denitrification process: The

controls are immediately shut down, including recirculation flow-rates. All reactors are
set under anoxic conditions by reducing aeration with Kza'”) (r = 1,...,5). Thus, influent

NHI+NH3 nitrogen, SII\,N , 1s not consumed by autotrophic bacteria throughout the reactors,
being then emitted in the effluent S;E,(];O). As in Case I, the controller complements the
remaining Ng(()l;)) using nitrogen entrapped in particulate matter whenever influent ammonia
is insufficient. Flow-rate Oy is thus decreased to allow Xgél) to accumulate.
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This control strategy has one undesirable effect: When recirculation is not applied, chemical
concentrations which are absent in the influent wastewater (namely, Xéﬁ , XlﬁN , S’ON , and S][\,NO),
are removed from the process through the effluent water. As a consequence, the denitrification-
nitrification process can never be re-implemented without “restarting” the plant by explicitly
adding NO, +NOj  nitrogen (Syo) and active autotrophic biomass (X4 ) to the reactors. This is
due to the fact that the dynamics of both variables are interdependent (see Appendix 4).

Case I and Case II: Comparison
We first discuss the effects of disturbances on the control with respect to Scenario I, Figure
31. We condense the disturbances as influent total nitrogen, N%%T, defined as

IN IN | IN | oIN | vIN |+ (vIN | wvIN\ | - (vIN | vIN
Nror = Syo +Snu +Syp +Xyp +ixs(Xp +Xpa) +ixp(Xp' +X17).

We then summarise these effects in terms of average nitrogen removal efficiency,

0)

L Ok (1)N7o7 D),

tr—1to O ()N (1)

NiNror (t07tf) =
fo

for a specific time interval T =t — 19, with effluent flow-rate Qg = Qv — Ow.

Figure 31 — Comparison, ¢ € [49, 112]: Nitrogen removal shown by the difference between influent N%T
and effluent N%%T total nitrogen for the predictive control in Case I (left) and Case II (right).
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e Case I: The average TNy, (56,91) = 0.60 indicates that 60% of influent nitrogen is re-
moved in ¢ € [56,91]. Conversely, Ny;,, (49,56) = 0.06 shows that roughly 94% of the
influent total nitrogen is still preserved in the effluent during ¢ € [49,56]. Ny, (91,112) =
0.18 for z € [91, 112] indicates that 82% of influent total nitrogen is still preserved in the

effluent.

e Case II: The average Ny, (56,91) = 0.10 for 7 € [56,91] indicates that only 10% of the in-
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fluent nitrogen is removed during this time interval. Conversely, averages Nn;,, (49,56) =
0.04 for ¢ € [49,56] and N, (91,112) = 0.03 for ¢ € [91, 112] indicates respectively
that 96% and 97% of influent total nitrogen is still preserved in the effluent during these

interval.

We evaluate the controllers overall performance by the usual normalised mean squared
error (NMSE) metric (Section 1.3.3). The results (Table 9) show generally good performance
for the control simulations under constant influent conditions. We note that Scenario I as an
exception, as accuracy lowers during set-point changes in both cases. Moreover, the results show
that performance worsens with dynamic disturbances, being Case II controllers generally less
affected.

Table 9 — Results: Tracking accuracy, Jamsg (¥, 7°7), with respect to each reference trajectories.

Case ]

Case II

w(t) constant

w(t) dynamic

w(t) constant

w(t) dynamic

Scenario I
Scenario 11
Scenario II1

0.0418 0.1619
0.0903 0.1806
0.0147 0.1911

1.1360 0.5408
0.0521 0.1085
0.0057 0.1469

Source: Prepared by the author.

Finally, we evaluate the overall cost index, (OCI, Section 1.3.3), considering the predictive
control operating under dynamic influent conditions. As expected, the results (Table 10) show
that a solution favouring nitrogen in the form of Syg costs significantly less than favouring Syo.
Despite the pumping costs being generally low in all cases, aeration and carbon addition costs

are significantly smaller in Case II.

Table 10 — Results: Energy costs (PE, AE, and CAE) and operational cost indices (OCI, in kWh d1).

Case I Case II
PE AE CAE OCI PE AE CAE OCI
Scenario 1 409.3 7858.8 793.2 | 10647.9 || 101.2 1459.1 1525.8 | 6137.7
Scenario II | 426.7 8389.5 513.7 | 10357.4 | 48.2 5355 2031.7 | 6678.7
Scenario III | 404.7 7330.7 499.7 | 9234.5 158.0 15252 842.0 | 4209.1

Source: Prepared by the author.

Output model predictive control

We now present the simulation results obtained by the zero-offset output predictive control of
the activated sludge plant, when the process state is not assumed to be known. For the task, we

design an output model predictive control based on a moving horizon estimator that estimates the
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state and disturbance variables under the model predictive control operation (Chapter 2.4). In this
case, we assume that the influent flow-rate, Qjy, is known. A measurement process with period
of Az, = (1/96)d = 15min between observations is considered. The estimation horizon, Eq. (54),
is set to 3 hours, or N, = 12. The estimator assumes a stochastic representation of the plant, Eq.
(45), with process disturbances wni'ri\'fdz/i/ (Wn, R,y) and measurement noise vn%dJV (0,0y), given

covariance matrices

R,, =diag[0.2 3 0.1 0.5 0.1 0.6 0.075 0.125];
0, = diag[0.001/s 0.006Is 0.01 0.009 0.001 0.03 0.01].

We define the initial state uncertainty by assuming xz_n,+1 ~ 4 (¥x—n,+1,Qx,) With covariance
matrix is set Oy, = diag(0.01x%)2, while the mean %;_y, € R™ is fixed at the state estimate
from the previous iteration, or Xy = x> for the first estimation horizon. In the Output MPC
strategy, each k-th control horizon, Eq. 33, consider initial state, x; = X, and fixed disturbance

wp =W (n =k, ..., k+N), with (£, W) the estimates from the moving horizon estimation.

. . . . . . S(10
Figure 32 — Comparison, Output-MPC: Estimation and tracking of effluent total nitrogen, NTE)T).
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10)

The results are shown in Figure 32 with respect to effluent total nitrogen, N;(OT , in com-
parison with the previous MPC result. Again, the moving horizon estimator is able to provide
accurate estimates and the output predictive controller is also able to partially reach the desired
set-points. Moreover, the effluent total nitrogen produced by the Output MPC is seemingly closer
to the reference for the time periods in which the MPC controller was unable to produce enough

nitrogen. Again, this is due to the availability of disturbance estimates.

The control performances are summarised in Table 11 under the different reference scenarios.
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The results show that the output predictive controller has similar tracking accuracy and opera-
tional cost index when compared to the predictive controller when the state and disturbances were
measured. Specifically, the pumping and aeration energies (PE and AE) are lower for the Output
MPC operation, while the carbon addition energy (CAE) are higher for this controller. Again,
despite the largest costs being associated with aeration energy, carbon addition energy costs

dominate the OCI values. The pumping energy costs are generally low also for this application.

Table 11 — Results: Tracking accuracy in terms of normalised mean squared errors (NMSE), together with
operation cost index (OCI) and energy costs (PE, AE and CAE).

Scenario 1 Scenario 11 Scenario 11T
MPC O-MPC MPC O-MPC | MPC O-MPC
Inmse(7,77) | 01619 0.1691 0.1806 0.1876 | 0.1911 0.1241
OCI 10647.9 10936.4 | 10357.4 10509.8 | 9234.5 8994.9
PE 409.3 405.2 426.7 424.5 404.7 403.9
AE 7858.8  7338.5 8389.5 7578.7 | 7330.7 6557.1
CAE 793.2 1064.2 513.7 835.5 499.7 6779

Source: Prepared by the author.
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4 CONCLUSION

This work has presented an analysis of the dynamical properties of activated sludge plants and
the simulation results for the predictive control operating these plants for wastewater treatment

and water reuse tasks. Regarding the dynamical analysis (Chapter 3.1), the results show that:
e BSMI-like plants are controllable but not observable in the structural sense.

e With respect to the default linearisation, BSM1-plants are stable but uncontrollable and
unobservable in the conventional sense. However, a large portion of the state-space is still

controllable and observable. Due to stability, the plant is both stabilizable and detectable.

e Controlling and observing BSM1-plants are energy demanding tasks even for minimal

realisations of the conventional linearisation suggested by the benchmark.

e The controllability and observability energies are comprised in a small number of state-
space directions. Moreover, the efforts required to control or reconstruct the entire state-
space is the lowest if we were to observe and actuate directly on organic matter in the

reactors.

According to the simulation results for the wastewater treatment control (Chapter 3.2), the
predictive controller is able to improve the effluent wastewater quality, mainly by reducing the
time in violation of the quality requirements of nitrogen concentrations. However, the closed-loop
operation leads to a significantly higher operational cost index. A moving horizon estimation
under the open-loop operation of the plant is also discussed. The results show that it is possible
to estimate the trajectories of the 145 state and 14 disturbance variables through only 15 noisy
measurement variables. Finally, the results also show that the output model predictive control

strategy performs better than the strategy of assuming knowledge about the states.

The simulation results in Chapter 3.3 concerns the zero-offset predictive control that operates
the plant to produce nitrogen according to specific reference trajectories. The results show that
the controller is capable to drive the plant to the desired set-points from the piecewise linear
toy reference trajectory of Section 3.3.1, under both constant and dynamic influent conditions.
Regarding the control task of supplying nitrogen for optimal crop growth (3.3.2), the results
show that, also for this difficult reference, the zero-offset controller is able to drive the plant to
the desired set-points when influent conditions are constant. However, performance deteriorates
when the plant is subject to dynamic influent conditions, as the controller is not capable to
perfectly reject disturbances in general. Moreover, the experiments show that two distinct control

strategies exist according to two tuning configurations of the controller:

e When the steady-inputs used for linearisations are let free, the resulting control strategy
favours the manipulation of NO, +NOj nitrogen. Control actions are applied in order
to favour the nitrification process within the reactors, and also to allow accumulation of

suspended solids in the settler to supplement the effluent nitrogen using organic matter.
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e When the steady-inputs used for linearisations are minimized, the resulting control strategy
favours the manipulation of NHZr +NHj3 nitrogen. Control actions are shut down in order
to allow the influent ammonia to be emitted in the effluent, and also to allow accumulation
of suspended solids in the settler to supplement the effluent nitrogen using organic matter.
The results also show that this strategy has the undesirable effect of removing all nitrates
and autotrophic bacteria from the process, such that the controller is unable to return to

conventional wastewater treatment operation.
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Appendix A — Model equations and parameters

In this appendix, the state-space model equations, alongside model parameters and comple-
mentary information, are provided for the systems discussed in this work. The explicit state
equations of the Benchmark Simulation Model No. 1 are presented, then the default model
parameters and steady-state operating point are given. Finally, the description of the crop growth
model used to generate optimal nitrogen trajectories is discussed, together with the optimal

control problem from which these trajectories are computed.

Benchmark Model No. 1 (BSM1)

We start by describing the dynamics of concentrations within each r-th reactor, represented
by the set of state variables xA() given in Section 1.3.1. For any component ZA0) ¢ xAD)

0" A(r—1) _ 7A(r) gé ZA(r)
7A0) =  VAD) [Z - }_ v M4 o e 75), (66)
1 0"+0
VA(I) [QINZA(IN) + QAZA(S) + QRZS(I)] — W)EC‘ZA(I) +RzA(l) (r = 1)

where Q1) = (Qiv + Q4 + Or + Z;;{ Q‘(E’g), forall r =1,---,5, and R4 is the contribution
from process reactions associated to component 7A0) as presented in Henze et al. (2000). When-
ever ZA() = Sg(r) we add the term Kza(")[S% — S?)(r)] for both cases in (66). When ZA(") = S/; )
we add (Qg% JVACN)SEC for both cases in (66).

Specifically, the dynamics the concentrations in reactors r = 2,--- |5 are given as
(r)
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The dynamics for suspended solids in each [-th settler’s layer, X¢ ', are described by

Qe 1osa-1) sw] 1 W) o Si-1)
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Moreover, the time evolution of any soluble matter S\’ within each /-th layer is
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with X7 = 0.75 ( X 4 x4 xpt 4 xp ) +X;‘(5)>, Qr = (Qv+ Qr), Qu=(Qr+Qw),
and Q, = (Q;ny — Qw). The downward and upward flux of solids are respectively given by

Js (ng(l),XSS(l_l)> = min [vS(XgS(l_l))ng(l_l),v (Xsél)) SS( )} ; (81)
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in which
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To compute Jacobian linearisations, the vector-valued functions f(-) and g(-) must be differ-
entiable. Due to the discontinuous functions in the model of the settler, this is not true for the
formulation above. A smooth approximation of the original model was obtained by replacing
the many terms corresponding to minimum and maximum functions between two terms with a
log-sum-exp or softmax function, whereas an hyperbolic tangent function was used for approxi-
mating conditional statements. Specifically, we rewrite the condition for the downward flux of
solids, J.;4(+) from Eq. (82), as

o) = X8 i [ (R (B 1~ (20

with (p(Xgél_l)) = 1 when Xgél_l) —X; >0and (p(Xgél_l)) = 0 otherwise. We approximate the

step function ¢(X§§1—1)) with an hyperbolic tangent function

o(X5y )~ 0.5+05tnh (50055 - x,)).

The differential equations depend on the set of stoichiometric, kinetic and general parameters
described at Table 12. Finally, the conventional operation of the plant corresponding to the
steady-state point SS := (x55,u55, w5, y55) is presented at Table 13.

The control variables of this process are constrained by operational limits. Specifically, the
recirculation flow-rates are constrained as Q4 < 5Q§]§, =92230m> d~! and Qf < 3Q§1§, = 36892
m? d~!, and the wastage flow-rate is limited by Qw < O.IQ;glf, = 1844.6 m® d~'. Moreover, the
oxygen transfer coefficient and external carbon flow-rate are constrained by Kza(") <360 d~!

and Qg% <5m3d!, respectively, in all reactors (r = 1,...,5).
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Table 12 — Benchmark Model No. 1: Model constant parameters.

‘ Stoichiometric parameter ‘ Value ‘ Units
Y4 Autotrophic yield 0.24 g Xpa COD formed - (g N oxidised) ™!
Yy Heterotrophic yield 0.67 g Xy COD formed - (g COD utilised) ™!
fr Fraction of biomass to particulate products 0.08 g Xp COD formed - (g Xpy decayed)™!
ixp Fraction nitrogen in biomass 0.08 g N (g COD)~! in biomass
ixp Fraction nitrogen in particulate products 0.06 gN (g COD)"!in Xp
| Kinetic parameter | Value | Units
7% Maximum heterotrophic growth rate 4.00 d-!
Ks Half-saturation (heterotrophic growth) 10.0 g COD m™3
Kon Half-saturation (heterotrophic oxygen) 0.20 g0, m™3
Kno Half-saturation (nitrate) 0.50 g NO3-N m3
by Heterotrophic decay rate 0.30 d-!
Ve Anoxic growth rate correction factor 0.80 dimensionless
Vi Anoxic hydrolysis rate correction factor 0.80 dimensionless
ky, Maximum specific hydrolysis rate 3.00 g Xs (g Xgy COD d)~!
Kx Half-saturation (hydrolysis) 0.10 g Xs (g Xpr CcoDp)!
Ua Maximum autotrophic growth rate 0.50 d-!
Knu Half-saturation (autotrophic growth) 1.00 g NH4-N m3
by Autotrophic decay rate 0.05 d-!
Koa Half-saturation (autotrophic oxygen) 0.40 g0, m>3
ka Ammonification rate 0.05 m3 (g COD d)!
| Secondary settler parameter | Value | Units
Ve Maximum settling velocity 250.0 md~!
Vo Maximum Vesilind settling velocity 474.0 md~!
n Hindered zone settling parameter 0.000576 | m? (g SS)™!
p Flocculant zone settling parameter 0.00286 | m? (g SS)~!
Jas Non-settleable fraction 0.00228 | dimensionless
| General parameter | Value | Units
yA(~2) | Reactor volume (anoxic section) 1000 m3
yABG~3) | Reactor volume (aerobic section) 1333 m3
VS Settler layer volume 600 m3
B0 Settler layer height 0.4 m
SEC External carbon source concentration 4.10° g COD m™3
S Oxygen saturation concentration 8.0 g0, m™3
X; Settling threshold concentration 3000 gm3

Source: Prepared by the author.
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Influent Reactor
IN A [ A® [ AQ) [ A@ [ AG) | Units
S 30 30 30 30 30 30 [ gCODm3
Ss 69.5 2.81 1.46 1.15 | 0.995 | 0.889 | gCOD m~3
X; 51.2 1149 1149 | 1149 | 1149 | 1149 | gCOD m™3
Xg | 20232 | 82.1 76.4 649 | 557 | 493 | gCODm3
Xpy | 2817 | 2552 2553 | 2557 | 2559 | 2559 | gCOD m3
Xpa 0 148 148 149 | 150 | 150 | gCODm™3
Xp 0 449 450 450 | 451 | 452 | gCODm™3
So 0 0.0043 | 6.31E-5 | 1.72 | 243 | 0491 | gO, m™3
Sno 0 5.37 3.66 6.54 | 930 | 104 | gNm™3
Svu | 31.56 7.92 8.34 555 | 297 | 173 | gNm™3
Svp | 6.95 1.22 0.882 | 0.829 | 0.767 | 0.688 | gNm™>
Xyp | 1059 | 528 5.03 439 | 388 | 353 | gNm™3
SaLK 4.93 5.08 4.67 | 429 | 413 | mol HCO; m—3
Settler Layer
SO [ S [ SB [ S@ [ SG& [ S6 [ S™ [ S® [ SO [ S10) | Units
Xss | 6394 | 356.07 | 356.07 | 356.07 | 356.07 | 356.07 | 68.98 | 29.54 | 18.11 | 12.5 | gCODm3
Sy 30 30 30 30 30 30 30 30 30 30 [ gCODm3
Ss | 0.89 | 0.89 0.89 0.89 0.89 089 | 089 | 0.89 | 089 | 0.89 | gCODm3
So | 049 | 049 0.49 0.49 0.49 049 | 049 | 049 | 049 | 049 | g0, m™3
Syo | 1042 | 1042 | 1042 | 1042 | 1042 | 1042 | 1042 | 1042 | 10.42 | 1042 | gNm3
Sva | 173 | 1.73 1.73 1.73 1.73 173 | 173 | 173 | 1.73 | 1.73 | gNm™3
Syp | 0.69 | 0.69 0.69 0.69 0.69 069 | 069 | 069 | 069 | 0.69 | gNm™3
Sak | 413 | 4.13 4.13 4.13 4.13 413 | 413 | 413 | 413 | 413 | mol HCO; m~3
‘Input ‘Units
Q[N 18846 m3 (171
04 | 55338 | m3d!
Or 18446 | m3d!
Ow 385 | m?
Kra 0 d-!
Kra® 0 d-!
Kpa® | 240 | d7!
Kpa® | 240 | d7!
Kia® | 84 | d7!
o | 0 |mid!
o | 0 |mid!
ol | 0o |mdd!
o | 0 |mid!
ob) | 0 |mid!

Source: Prepared by the author.
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Agricultural Crop System

We consider the model of a crop grown in monoculture that is irrigated continuously with
treated wastewater over the course of a growing season on a uniform area of land at field-scale. As
a first approach, we assume the idealized model of (PELAK et al., 2017) describing a simplified

crop development process focused on the water and nitrogen dynamics of the crop and soil.

From a system perspective, the crop dynamics are described using its canopy cover (C) and
plant biomass per unit area (B). The soil dynamics are described by the vertically averaged
relative soil moisture (S) and nitrogen content per unit area of soil (N). The crop is controlled by
manipulating the continuous irrigation described by its flow-rate per unit area (/) and its nitrogen

concentration (Fy). Table 14 provides a description of each variable.

Table 14 — Crop system: State and input variables.

Description Units
C | Canopy cover m> m~2
B | Crop biomass per unit area kg m—2
S | Relative Soil moisture m> m~3
N | Nitrogen content per unit area of soil gm—2
I | Irrigation flow-rate per unit area mm d~!
Fy | Nitrogen concentration of irrigation water | g m—>

Source: Prepared by the author.
The state-space model for the crop system is given by
X(1) = f (x(2),u(1)[6c), (84)

with state x = [C BS N]T

f(-|6¢) depend on a set of parameters denoted by 6. We consider the parameters referring to

€ ]Rio and input u = [I FN] € ]R2>0. The time-invariant dynamics

the dynamics of a modern corn cultivar grown on a silty loam type soil. The state equations are

C = (rofn(N)K(S)KpETy)C — (ryg + Y(t — tsen) Ot —tsen) )% (85)

B= Nc (KS(S>chfTI (N))C; (86)
1 _ _ oy N,

S= o7 <R+1 (Ks(S)KpETy)C — (K- (S)KoETy) (1 —C) S ¢ka,s ) : (87)

N=D+F— ;TNstde — (fa(N)K(S)KpETy)C, (88)

where O(x) is the Heaviside function which is ®(x) = 1 if x > 0 and ®(x) = 0 otherwise. The
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water stress coefficient K(S) and evaporation reduction coefficient f;, (N) are defined as

0 S<S
‘s " 0 it <8,
K($)=1s5=g Sw<S<8:  K®)=7, ¢ orvice” (89)
— otherwise
1 5> 5 =S

The nitrogen uptake is saturated to a given critical concentration 7). according to the function

aN e aN
fT] (N) _ ) S¢oZ SoZ n ' (90)

Ne otherwise

We adapt the model by defining the fertilization term F(¢) = I(t)Fy(t). As a simplification,

we consider the absence of any rainfall (R(7) = 0) and assume constant reference evapotranspira-

Table 15 — Crop system: Model constant parameters.

‘ General parameter Value Units
rg | Canopy growth per unit N uptake 560 m? kg ' N
ry | Canopy decline due to metabolic limitation 0.2 d-!
Y | Slope of increase of senescence after zs, 0.005 d—2
K.y | Maximum T /ET 1.03 dimensionless
K. | Maximum E/ET 1.1 dimensionless
tsen | Days until onset of senescence 110 d
W* | Normalized daily water productivity 3.37-1072 | kg Bm~2d~!
h | Maximum harvest index 0.5 kgY kg~!' B
Nc | Maximum nitrogen concentration taken up 0.054 kg N m—> water
D | Nitrogen deposition rate 55-107% | kgm2d~!
F; | Maximum nitrogen uptake 0.0286 kg N m~2
Climate and soil parameter Value Units
ETy | Reference evapotranspiration 5-1003 | md™!
Sy | Hygroscopic point 0.14 dimensionless
Sy | Wilting point 0.17 dimensionless
S* | Point of incipient stomatal closure 0.35 dimensionless
Stc | Field capacity 0.59 dimensionless
kgqr | Saturated hydraulic conductivity 0.33 md!
d | Leakage parameter 13 dimensionless
a | Fraction of nitrogen dissolved 1 dimensionless
¢ | Soil porosity 0.43 dimensionless
Z | Soil depth 1 m

Source: Prepared by the author.
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tion ETy(z), the water loss due to the impact of climate on evaporation and plant transpiration.

Finally, the equations are dependent on the set of constant parameters presented at Table 15

Optimal control formulation

We consider the problem of maximizing crop biomass at the end of a growing season (NETO;
HADDON, et al., 2021). This task is formalised by the finite-horizon optimal control problem of

me(l))( B(T) (91a)
wg-{&ﬂ Xc(t) = fe(xe(t), uc(t)|6c), (91b)
uc(t) € [0,1™] x [0, Fx], 91c)

xc(0) = xo, (91d)

for fixed final time T, initial state xo, and input upper bounds /™** and Fy*®*. We restrict
ourselves to growing seasons lasting 7 = 140 days. In the following, we present the optimal
control solutions over several simulated scenarios. Each non-linear optimisation Eq. (91) is
solved using a dynamic programming approach. (BONNANS et al., 2017). As the state-space is

low-dimensional, values functions for Eq. (91) can be efficiently computed.

The optimal control actions are obtained over three different scenarios corresponding to
different initial soil nitrogen content. Specifically, we consider N(0) = 1 g m~3 for Scenario
I, N(0) = 8.2 g m~3 for Scenario II, and N(0) = 15 g m~3 for Scenario III. The same initial
conditions are considered for the remaining state-variables in all scenarios. The resulting optimal
irrigation nitrogen Fy for each scenario are shown in Figure 33. In general, the controller must
supply more nitrogen to the crop in Scenario I than in Scenarios II and III. We note, for our
experiments, that this does not translates into more biomass as the crop is initially under stress
and the controls are unable to drive the soil nitrogen concentrations to the critical level fast

enough.

Figure 33 — Crop model: Nitrogen concentrations of irrigation water, Fy, for optimal crop growth.

50 Scenario I Scenario 1T Scenario IIT
5740 T~
g 30
2090
& 10
0

0 20 40 60 80 100 120 140 O 20 40 60 80 100 120 140 0O 20 40 60 80 100 120 140
Time - days [d] Time - days [d] Time - days [d]

Source: Prepared by the authors.
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Appendix B — Omitted proofs and definitions

In the following we present additional definitions and detailed proofs for the the theorems

presented in Chapter 2. The theorems are restated in this section.

Observability of LTI systems

This section presents the observability counterpart of all definitions and theorems in Section

2.1.2. Let the observability Gramian of the pair (A,C) be the N, X N, symmetric matrix
t
W, (1) = / ATTCTCATdr, (92)
0

a sufficient and necessary observability condition is det (W, (7)) # 0, V¢ > 0. The computation
of Gramian-based criteria in Eq. (92) is straightforward but unpractical. Equivalent criteria can
be defined in terms of the system’s observability matricx (KALMAN, R., 1960).

-
Let 0 = [CT ATCT (AT)’CcT ... (AT)NX_ICT] be the (N, x Ny) x Ny observability

matrix of the system. A sufficient and necessary condition for observability is
rank(0) = Ny. (93)

By verifying that &' is full-rank, the criteria in Eq. (93) is more direct and, for low-dimensional
systems, its evaluation only requires a small number of matrix multiplications. However, the
computation of matrix & can still be troublesome when the dimensionality of the state vector is
large. This limitation is due to numerical over- and under-flow that may result from computing

large powers of A and AT

A scalable alternative that overcomes the limitations of both Gramian-based and Kalman’s
rank criteria is provided by the Popov-Belevitch-Hautus (PBH) test for observability. Necessary

and sufficient conditions are given by the following lemma:

Lemma .1. (HAUTUS, 1970). The following statements are all equivalent:

L The pair (A,C) is observable (94a)
T

L rank( [AI—AT CT] ) = Ny, VA € C; (94b)
T

L rank( |20 ~AT CT|') =Ny, ¥ € 6(4) € C. (94c)

Based on Lemma .1, the pair (A,C) is said to be observable if and only if, for each 4; € 6(A)
(that is, when rank(A;/ —AT) < N,), the columns of C have at least one component in the

direction v; € R+, v; being the associated eigenvector of A associated to A;; The eigenvectors
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v; for which rank([A;/ — AT CT]") < N, indicate directions that are unobservable with the
measurements determined by C. Since observability is invariant with respect to similarity

transformations represented by nonsingular matrices P € RN~*Nx | the following holds:
e Pair (A,C) is observable if and only if pair (A’,C’) = (P~'AP,CP) is observable.
Controllability and observability metrics

Full-state controllability and observability are binary properties. Starting from the seminal
work by Miiller and Weber (1972), various scalar metrics have been proposed to quantify the
difficulty of the control and observation task. We overview energy-related metrics recently
proposed by Pasqualetti et al. (2014), and Summers et al. (2016) for the observability of LTI

systems.

Define the quadratic control and measurement energies

A (952)

E. (u(1),1|R) = /0 AT (D) Ru(T)dT = [Ju(t)|
E,00.10) = [ YT (®0x(ae = b0l (95b)

In optimal quadratic regulation, we search for a controller that minimises the sum of these
energies, for some user-defined positive definite weighting matrices R and Q (size Ny X Ny
and Ny x Ny, respectively). When minimised individually with the identity matrix Q = Iy, the

unweighted measurement energy determine

o x(0) =W, ' (t) [ eATTCTy(T)d’L', the initial state from measurement j(f) of minimum
Ly-effort E; (¢|5(t)) = x(0) "W, (¢)x(0).

Finite- and infinite-horizon observability metrics can be derived from Eq. (92). The eigenvec-
tors {an(l;fx)}%zl associated with the eigenvalues A%, € o (W, (¢)) correspond to directions of

increasingly larger output energy the smaller A%,. The measurement effort associated with pair

. . Ny
(A,C) can thus be quantified by single scalars defined from the spectrum & (W, (¢)) = {4 }i_o-

Because infinite-time Gramian, W, (), always exist for Hurwitz systems, Eq. (17), and
their computation can be performed efficiently by solving Lyapunov equations (BENNER et al.,
2008), we only overview a number of infinite-time metrics. Their finite-time counterparts are

evaluated by integrating Eq. (19) and (92).

Definition .1. (Energy-related observability metrics, (SUMMERS et al., 2016)) Let W, (o) be
the solution of W, (c0)AT + AW, (o) + CTC = 0. The output effort for the pair (A,C) can be

quantified according to the following scalar metrics:

I. trace(W,(e0)): Inversely related to the output effort averaged over all state-space direc-

tions;
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II. trace (W(j(oo)) Related to the output effort averaged over all directions in the state-space;

II. log(det(W,(c))): Related to the volume of a Ny-dimensional hyper-ellipsoid whose points

are observable with one unit or less of output energy;

IV. A°

'min

direction.

(Wp(e0)): Inversely related to the output energy along the least observable eigen-

By duality, the measurement effort associated to attempting to reconstruct the full-state by

only measuring one individual state variable x;nx at a time is quantified by
Co(nx) = trace (W, nx(e0)). (96)

This non-negative quantity, the average observability centrality (SUMMERS et al., 2016), is
computed by assuming a single sensor that measures only the nx-th state variable: That is,
when C = e/, a unit vector in the standard basis of RV, The infinite-horizon observability
Gramians W, (o) € RN+*Nx are computed independently for all nx € {1,...,N,} by solving
Wi x(0)AT + AW, (o) = —epee],

nx:

Structural controllability and observability

The structural pair (A,C) can be studied by mapping the state and output equations onto a
digraph 9, = (¥,,4,). The vertex set ¥, = ¥4 U ¥¢ consists of the union of vertex set ¥4 =
{x1,...,xn,} of state components and of vertex set ¥c = {y1,...,yn,} of outputs, while the edge
set &, = &y U & is the union of set &4 = {(Xux,,Xnx,) | Anx; nx, 7 0} of directed edges between
state component vertices and set & = {(xnx, Yny) | Cuynx # 0} of directed edges between state

and output components vertices.

The pair (A,C) is said to be structurally observable if the nonzero elements of A and C can

be set in such a way that the system is observable in the classical sense. Formally,

Definition .2. (Structural Observability). The pair (A,C) is said to be structurally observable if
and only if there exists an observable pair (A, C) of the same dimension and structure of the pair
(A,C) such that ||[A — A|| < € and ||C — C|| < &, for an arbitrarily small € > 0.

Two pairs (A, C) and (A, C) have the same structure if they have the same dimensions and each
element Ay, nv, # 0 (respectively, Cyy »x # 0) whenever Anxl,rm = 0 (respectively, C_‘ny’nx #£0).
Because of the duality between controllability and observability, also the necessary and sufficient

conditions for structural observability can be derived from (LIN, 1974):

Lemma .2. Let 9, = (¥,,6,) be the directed network associated to the pair (A,C). The pair
(A,C) is said to be structurally observable if and only if the following conditions hold:
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e (Accessibility) For every x,, € V4 there exists at least one directed path from x,, to any

Yny € 7.

e (Dilation-free) For every &/ C ¥V, |T(S)| > ||, where T (%) ={v; € ¥, | xux € L N
(Xnx,vj) € &} denotes a neighbourhood set for .7 .

The first condition can be verified by identifying the output vertices that are accessible
from each possible origin vertex (a state component) using any graph search algorithm. The
second condition can be verified by forming a maximum matching .# C I" of an equivalent
bipartite graph % = (¥," U#,",T) and then checking that all unmatched state vertices x,, € ¥,
are directly connected to distinct output vertices in ¥, = (¥,,8,) (LIU et al., 2013). The
bipartite graph % = (¥," U¥, ,T') is defined by the disjoint and independent vertex sets #," =
{x1,...,xy }and ¥, = {x7,...,xy }, and by the undirected edge set I' = {(xf,x;) | (xi,xj) €

8¢ }. Unmatched state vertices linked to distinct output vertices form a ”//AJ“—perfect matching.

Stabilizability and detectability

A system is said detectable if it is possible to asymptotically approximate its state-vector
from a sequence of measurements. This condition is often perceived as a weaker alternative to

full-state observability. Formally,

Definition .3. (Detectability). The pair (A,C) is said to be detectable if, giving any initial state
x(0), it is possible to compute a state estimate x(¢) from the force-free evolution of y(¢), so that
(x(t) —x(t)) — 0 ast — oo,

By duality, sufficient and necessary conditions for detectability can be also derived from the
Kalman canonical decomposition of the system. Let & = [CT ATCT (AT)2CT ... (AT)M—IcT|T
be the RMN+>*Nx observability matrix of a system (A, C), with rank(&) = N; < N,. There exists
a nonsingular matrix P, € RM>*Nx whose first Nj rows are the linearly independent rows of &,

such that the transformation ¥ = P, ' x results in a model in the form

[xo(t)
)?,'5 (l)

with %,(1) € RV and %,(r) € R™ M) A sufficient and necessary condition for detectability
is that Re(A;) < 0 for all 4; € 6(A5) C 6(A) (CHEN, 1998). Although straightforward, this
criterion is unpractical for high-dimensional systems as the design of P, requires the computation

of the observability matrix & = [CT ATCT (AT)2CT ... (ATYN—ICT]T,

A scalable alternative is given by the Popov-Belevitch-Hautus (PBH) detectability test, based
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on the Hautus lemma:

Lemma .3. (HAUTUS, 1970). Let 6(A) = {A,-}f.vle be the spectrum of A. Now, let 6(A) =
{Ai | Ai € 6(A) AN Re(A;) > 0} be the set of eigenvalues with positive real part. The statement
‘the pair (A,C) is detectable’ is equivalent to the following statements:

-
I rank( [M—AT CT] ) = Ny, VA € Cso; (97a)

T
IL rank([20 — AT CT|') =Ny, ¥A; € 6(4) € Cso. (97b)
Thus, the pair (A,C) is detectable if and only if, for each unstable eigenvalue A; of A (that is,
when Re(A;) > 0 and rank(A;/ —AT) < Ny), the rows of C have at least one component in the

state-space direction associated to the eigenvector of A corresponding to A;, v; € RVx. Notice

that every system (A,C) with a stable matrix A is consequently detectable, since 6(A) = 0.

Optimal control and estimation

In the following, the detailed proof of theorem and prepositions of Chapters 2.2 and 2.3 are

presented.
Lemma .4. (Affine state-space discretisation) Consider a continuous-time daffine state-space,

x(t) = 2+ Ax(t) + Bu(t) + Gw(t); (98a)
y(t) = Cx(1). (98b)

Considering piecewise constant inputs u(t) = u(ty) and w(t) = w(ty) for every t = [ty tx 1 1), with
ty € kAt given sampling period At > 0, the discrete-time realisation of Eq. (98) is

Xi+1 = Zar +AnXk + Basug + Garwis (99a)
Yk = Cxg, (99b)

with matrices Ay, = €™, By, = SaB, Gar = SaG, and vector za, = Spz, given auxiliary
Sa = A~ (eAN —I). The discrete variables are x; = x(kAt), uy = u(kAt) and wy, = w(kAt).

Proof. Consider the state equation in Eq. (98a). Multiplying both sides by e~ leads to

e Mx(t) = e (z+ Ax(t) + Bu(t) + Gw(t));
e Ai(t) — e MAx(t) = e (z+ Bu(t) + Gw(t));
d(e Yx(t))/dt = e (z+ Bu(t) + Gw(t)),

in which the last step we use the property d(e 4'x(t))/dt = e 4'x(t) — e A"Ax(t). Integrating
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both sides from initial instant 7 = kAt to instant #; | = (k+ 1)Ar yields

(e 4x(1)) |t"“ = /:H e A% (z+ Bu(t) + Gw(t))dT;

Tk

1,
e At x (1 1) — e Mx(ty) = / At (z+Bu(t) + Gw(7))d;

Ik

Tk+1
e Aktix(ny 1) = e Mx(t) + / e 4" (z+ Bu(t) + Gw(1))d.
Tk
Finally, multiplying both sides by the matrix exponential ¢*+! results in the state transition
T A (=)
Xk+1 :Amxk—{—/ e ket (Z+BM(T)+GW(T))dT,
Ik
with Ay, = eAl17%) = AN Letting u(t) = uy and w(t) = wy for the interval T € [rg, fx4 1),

Tiev1 Tit1 Tit1
X1 = AAt-xk + eA(tk+l_T)dTZ+/ eA(tk+l_T)dTBuk + eA(tk+l_T)dTGWk,
Tk

Tk Tk

from which we define Sy, = f,i"“ Al =Ygt Defining A = #;1 — 7 and using the property
Ae** = d(eM) /dA., the matrix Sy, can be written as

0 A Ar -1 AL —1 0 A —1/ AL\ (A —1/ AAt
sz—/}ﬁdz:/ (A~'A)eMdr = A AeMdL =AT (M) =AM 1)
At 0 At

The corresponding discrete-time affine state-space is thus given by

X1 = Zar +AneXk + Basug + Garwis

Yk = ka7

with matrices Ba; = Sa:B, Ga; = Sa;G, and constant vector za; = Sa,2. [l

Theorem .5. (c-AQR Transcription) Consider the optimal control problem in Definition. 2.6.

The described optimization can be converted into a quadratic program

min UTHU +g"U +r (100a)
s.t. E,U<e, (100b)

Net-(N=DNu gnd symmetric matrix

with decision vector U = (Xg, ..., Xkan, s - - - ugsn—1) € RY)
H=H" > 0. Assuming the sequential approach, the problem reduces to decision vector

U= (ug,...,ugsn—1) € RWV-DN and positive definite matrix H = H™ - 0.

Proof. In the first part of this proof, we assume the simultaneous approach. Considering the
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terms in Eq. (35a) regarding the controls u, (n =k,...,k+N —1),

k+N—1 ) k+N—1 .
s _ K s
Z Hun_uanR_ Z (un_unp) R(uﬂ_unp)
T T
Uy, R --- 0 Uy, uip R --- 0 Uy,
=1 ] 2
sp
ugen—1] [0 - R||ugsn—1 weyn—1) [0 - R][UkiN—1
T
sp sp
uj, R --- 0 uj,
+ : R :
sp sp
Uy N—1 0 - R| [ N,

— UTRU —20°7' RU + U*"" RU*".

Assuming Qr = Q, without loss of generality, the terms regarding x,, (n =k,...,k+ N) are

k+N k+N
Y b =xPllp =Y (—x") 0 —x7)
n n Q - n n n n
T - T
Xp o - 0 Xpe xip o - 0 X
= -2
Xk+N 0 - O] [Xk+n xiiN 0 - Of [xN
T -
xip o --- 0 xip
+
sp sp
Xk+N. 0 - Of [%in

— XTOX —2X*P' OX + X*P" OX*P.

Letting U = (Xg, -+« « s Xpa Ny Uky - - s Ugan—1) = [X L7]T, the cost function is transcribed as

T r~ ~ T T~
X 0| [x 0| [xs» x| |x 0| [xs»
In(x,u) = | ~ O (212 YK ,v . e o ;
Ul |0 R||U 0 R||U* Ul || |0 R||U
=UTHU+g"U+r,

which is in the form of Eq. (100a). The dynamic constraints are converted into the inequality

7 0 - 0 0 [0 0 -~ 0 £
Ay =1 -+ 0 0 By O -+ 0 zar + Garwo
o<|: X+ DU+ : =0,
O 0 -~ —I 0 0O 0 --- 0 2ar + GaWiN—2
0 0 - An I | 0 0 -+ By | 2ar + GArWiN—1
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which is in the form 0 < EXX + EulN] + ¢, <0. This expression can also be written as

[H, 0 0 0] (1, |
: 0 :
0 H, 0 0 U< hy |
0 0 H, 0 hy
: 0 :
0 0 0 H, | |

which is in the form diag[Hy H;]U < [hx h]". Finally, all constraints are compiled as

Ex Eu gu

_Ex _Eu U S _gu :
Hy 0 hx
0 Hj h

which is in the form of Eq. (100b), E,U + E,X < e,, with Ex = 0.

In the second part of this proof, we assume the sequential approach with U = (ug, ..., ug1n—_1)-
Considering the formula, x| = A}’ Txo+ Yioo A]ZzBAt Un—k+1+ Li—o Agt (GArWn—k+1+2ar), the
vector X = (X, ..., X1 1) is expanded as

4] [ o 0 - 0]
Al By 0 e 0 o

X = . Xy + ) ) ) ) U+Z:Axk+BU—|—Z,
_AIXI‘_ _AIXtilBAI AIXtizBAZ cc BAZ_

with constant term Z = ZZZOAZI(GAIW,,,H 1 + zar). Using this representation, the terms of the
cost function regarding x, (n =k, ..., k+ N) yield

k+N . . .
Z ||-xn _X;PHZQ — XTQX _ Z(XSP)TQX + (XSP)TQXSP;
n=k

= U"B"QBU +2(Ax; + 2+ X*?)"QBU + const.

Using the previous result of Y™V~ ||u, — u;”||3 = UTRU — 2(U*P)TRU + (U*P)TRU*?, the cost
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function can thus be transcribed as
I (xe,u) =UT(BTOB+ R)U +2(B" QAx; + B" Qz+ BT OX*P + RU*P)TU +r
with all constant terms accumulated in r = (Ax; + Z)T Q(Axy 4+ Z) 4+ 2(X*?)T Q(Ax; + Z) +

(X*P)\TQX*P 4 (U*P)TRU*P. This equation is in form Eq. (100a), with H = (B' QB+ R) > 0.

Similarly to the previous part, the inequality constraints are represented as

[HAS, ] [0 e 0] [ 1, |
N—1
HAY, ot HA\ " 'Ba H. By, U< hy 7
O Hu O hu
0
L 0 .0 H, | P |

which is the form A, + E,U < é,. Finally, this inequality can be represented in the form of Eq.
(100b) by defining the vector e, = &, — hy,. ]

Lemma .6. (Maximum a posteriori estimate, MAP) Let xo ~ px,(x0|0x,), vk ~ pv(vk|6y) and
Wi ~ Pw(wk|By), and consider the HMM described in Eq. (45). The maximum a posteriori
(MAP) estimate from the posterior probability P(x,w|y) is the solution of

k
max  P(x,wly) = px,(x0) [T pv(val6s) pw(wa|64) (101a)
X0, 5 Xkt 1 n=0
Wo, e, Wi
St Xpr1 = far (X, Un, Wa| 6y), (101b)
Vne(0,k]
X €Z, w,eW, (101c)

Proof. Consider the maximum a posteriori estimate of the probability P(x,w]|y),

max PO, w[y) = p(Yo, ..., VklX0s - - o s Xkt 15 W05 - o o s WE) (X0, -+ s Xt 1, WO -+« Wi ).
X0y 5 Xk+1,
wo, e, W

Using the Markov property and the fact that the measurements are independent, the likelihood

probability P(y|x,w) = p(yo, ..., Yk|x0,- -, Xk11,W0,-- ., W) can be factorized as

k k

P(y|X,W) = HP()’nb’Oa--~7)’n—17X07---axk+1,W0;---7Wk) = HP()’n|Xn)
n=0 n=0
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Considering the change of variable y, = g(x,,uy) + vp,
k k
P(ylx,w) = H P(8(Xn, un) + vnlxa) = H P, (va|6y)
n=0 n=0

Using the Markov property and the fact that the process noise is independent, the prior probability

P(x,w) = p(x0,-..,Xk+1,W0,---,W) can also be factorized as
k
P(x,w) = px,(x0|wo, ..., wx) Hp(xn+1|xo,...,xn,wo,...,wk)p(wn|wo,...,wn_1)
=0
k n
= Py (¥06x) Hp(an 1%, W) Dw, (W)
n=0

Restricting the support of x,, 1 to the set Q = {x;11 = far (Xn, tn, Wn|Ox) : VX, € 27 YW, € #'},

k
P(x,w) = Py (x0[Ox,) prn (Wn|Ow).
n=0

Therefore, the MAP estimate can be expressed through the optimisation

k
max  P(x,wly) = px,(x0) Hpv(vn\ev)pw(wnww) (102a)
X050y X1 n=0
wo, s Wik
s.t. anrl = fAt(xn7u}’l7Wn|9X)7 (102b)
Vnel0,k]
xn€X, w,eW. (102¢)
O

Theorem .7. (c-AGM Transcription) Consider the optimal estimation problem in Definition.

2.11. The described optimization can be converted into a quadratic program

min WIHW +¢"W +r (103a)
s.t. E,W<e, (103b)
with decision vector W = (Xg_Ni1y-- -y Xkt 1y Wk—N-1s--«sWk) € RWNeA(N=DNw g symmetric

matrix H=H' > 0. Assuming the sequential approach, the problem reduces to decision vector

W = (Xk—N+1,Wk—N+1,---, Wk) € RNtV =DNv gnd positive definite matrix H = H' > 0.

Proof. Identical to the proof of Theorem .5. O



