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This work presents a general framework for the advanced control of a common class of activated sludge plants
(ASPs). Based on a dynamic model of the process and plant sensors and actuators, we design and configure
a highly customisable Output Model-Predictive Controller (Output MPC) for the flexible operation of ASPs as
water resource recovery facilities. The controller consists of a i) Moving-Horizon Estimator for determining the
state of the process, from plant measurements, and ii) a Model-Predictive Controller for determining the optimal

actions to attain high-level operational goals. The Output MPC can be configured to satisfy the technological
limits of the plant equipment, as well as operational desiderata defined by plant personnel. We consider
exemplary problems and show that the framework is able to control ASPs for tasks of practical relevance,
ranging from wastewater treatment subject to normative limits, to the production of an effluent with varying
nitrogen content, and energy recovery.

1. Introduction

The conventional purpose of a municipal wastewater treatment
plant (WWTP) is to depurate an influent sewage or wastewater stream,
before it can be safely discharged into the environment. Central to
conventional WWTPs is the biological treatment of wastewater through
an activated sludge process and activated sludge plants (ASPs) have
become a widely diffused technology, with clear societal importance. At
the same time, the interest in recovering valuable resources existing in
wastewater has become pervasive. To refer to the wealth technologies
aiming at capturing such resources from otherwise unused wastewater
streams, the notion of a WWTP as a water resource recovery facility
(WRRF) has emerged.

Chemicals containing nitrogen and phosphorus, abundant in wastew-
ater, are main contributors to crop growth [1,2]. Disposed sludge can
be harvested for materials and used to generate electricity, potentially
allowing treatment plants to be self-sufficient, if not producers of
energy [3]. Water reuse, the use of raw, or partially treated, wastewater
for beneficial purposes, is a related practice which alleviates the need
for freshwater [4]. Current efforts have focused on the design of new,
or the adaptation of existing, treatment processes to include resource
recovery functionalities [5-11]. Despite the remarkable results, these
solutions are undeniably costly, because of the capital and maintenance
investments needed to revamp and operate these modernised facilities.
Conversely, too feeble is the effort to understand how the operation
of the existing wastewater treatment infrastructure can be rendered
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flexible enough to sustain both changing quality standards and resource
recovery objectives.

The complexity of these bioprocesses is overwhelming. How to
determine and adapt in real-time the operational policies for activated
sludge plants is a daunting task to be handled manually by plant
operators and engineers. From this perspective, the arising paradigm
of perceiving wastewater as a sustainable source of water of different
grades, of nutrients, and energy, together with stricter regulations [12,
13], demands for soft and automatic technology aiming at an optimised
operation of existing treatment facilities.

Automatic control provides the mathematical framework for the de-
sign of control policies capable of steering in real-time activated sludge
plants towards desired objectives. Model predictive control (MPC),
specifically, has been the technology of choice in many industrial
applications [14]. In this model-based approach, optimal actions to the
plant actuators are recursively computed based on measurements and
a dynamical model representation of the plant [15]. Aligned with the
emerging Measurement-Analysis-Decision concept for wastewater treat-
ment (M-A-D, [16]), this control methodology is a promising frame-
work for the automation of wastewater treatment facilities of the
future.

The availability of support tools [17] that provide protocols for
simulating activated sludge plants has initiated the computer-assisted
design of automatic control solutions for efficiently operating real-
world facilities. The most advanced strategies use dynamic process
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Fig. 1. Model-based control of activated sludge plants.

models as their core technology, starting from [18,19] who both in-
vestigated model-based approaches for controlling high peaks in ef-
fluent ammonia. The classic technique of dynamic-matrix control was
used by [20] to maintain effluent’s quality within regulation-specified
limits. For nitrogen removal, nonlinear MPC was shown to outper-
form traditional model-free controllers during peaks in the influent
load [21]. For the same task, [22,23] augmented the actuation layout
and designed MPCs that improve effluent quality at the expense of
increased energy costs. In [24], a predictive controller is designed for
a neural-network model of an activated sludge process with plant-wide
actuation. Similarly, various approaches to predictive control were
investigated in different types of activated sludge processes [25-28].
A self-optimising procedure to select the best controlled variables to be
used in optimal control strategies was proposed by [29]. The problem
has also been tackled using economic model-predictive controllers:
Several works report cost-effective control of ASPs under different
technological assumptions [30-34]. Recently, the technological scope
has been extended to the design of several centralised and distributed
strategies in which predictive models are used not only for control,
but also for estimation [35-37]. Importantly, while these contributions
show the potential of model-based strategies, they are ad hoc designs
centred on a specific goal: Removal of effluent nitrogen to comply with
normative limits. As such, they do not provide a unified control frame-
work which is valid at system-level and general enough to incorporate
resource recovery operations.

In this study, we present a general framework for operating an
important class of activated sludge plants with model predictive con-
trollers (Fig. 1). Specifically, we

i. formulate an Output MPC for conventional ASPs and show how
to configure it to operate a full-scale plant according to high-
level and yet practical objectives;

ii. consider the objective of operating ASPs as WRRFs that produce
an effluent water whose quality varies in time, in response to a
downstream demand;

iii. demonstrate how the controller is able to dynamically operate
an ASP to achieve these objectives, while satisfying legislative
and technological limits, rejecting influent disturbances, and
maximising energetic autonomy by modulating the production
of sludge.

Due to its generality, our framework accommodates any control ob-
jective of operational, environmental, and/or economic nature. They
are assumed to be planned by plant management and given to the
controller as reference trajectories for the plant to follow. Their attain-
ment is based on the recursive solution of an optimal control problem
to compute the control actions which best track the reference over
a future horizon. Importantly, the control actions are determined to
satisfy any constraints that managers and engineers have requested
to be enforced. The optimal control element (MPC) of the controller
operates in conjunction with a moving-horizon state estimator (MHE),
their functioning depends on a dynamic model of the process and their
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operation relies on the exchange of data with plants’ actuators (the
control actions) and measurements (the process sensors and laboratory
analysis).

Our study is presented as follows. Section 2 overviews a con-
ventional activated sludge plant and the reference benchmark model
commonly used to describe its main dynamics. The complete reference
benchmark will be used as an experimental ASP. In Section 3, the
general framework of model-based predictive control is presented in
detail. In Section 4, the controller is customised with linearised models
of the activated sludge process and configured to operate the ASP to-
wards the attainment of pre-assigned objectives. Section 5 discusses the
aforementioned applications designed to show how the controller can
autonomously operate an activated sludge plant to produce water of
varying quality. We discuss two high-level tasks of practical relevance:
(i) production of effluent water whose quality satisfies conventional
treatment limits and (ii) production of reuse effluent water with varying
nitrogen content. For completeness, models, additional experiments,
and discussions are reported in the Supplementary Material.

2. The activated sludge plant

We consider the activated sludge process in a conventional bi-
ological wastewater treatment plant [38]. Based on denitrification-
nitrification processes, microorganisms are used to reduce the nitrogen
present in the form of ammonia in the influent wastewater into nitrate,
which is then further reduced into nitrogen gas and released into the
atmosphere. A typical process (Fig. 2) comprises two reacting sections
and a settler. Each reacting section may consist of several tanks for the
oxidation of organic matter. In the settler, the water is clarified from
suspended solids and flocculated particles before it is further processed

or disposed.
1 @’:
i 1o° o |i

@»
Influent
—’ O

o
[0} oO

Effluent

Internal recirculation

External recirculation Excess sludge

Fig. 2. Activated sludge plant: Conventional process layout equipped with a basic setup
for measurement and control.

The treatment begins in the first, anoxic, reacting section where
influent wastewater from primary sedimentation, return sludge from
secondary sedimentation, and internal recycle sludge are fed to the
bioreactors where denitrification is performed. The outflow from the
anoxic section is then fed to the second, aerated, reactors and, even-
tually, to the secondary settler. In the aerated section, ammonium
nitrogen (NH,-N) in the wastewater is oxidised into nitrate nitrogen
(NO;-N), which is in turn reduced into molecular nitrogen (N,) in the
anoxic section. This is achieved by recirculating mixed-liquor from the
aerated section and recycle sludge from secondary sedimentation into
the anoxic section. The oxygen used for oxidation is added by insufflat-
ing air to the bioreactors and a large part of the biodegradable organic
matter is removed in the denitrification process. While supplementary
carbon sources can be added to the reactors, no other major chemicals
are used in the wastewater treatment process. Excess sludge from the
settler is either removed from the plant or directed towards dedicated
processes for sludge treatment.

The quality of the water from the top of the settler is routinely
evaluated in terms of suspended solids (SS), nitrogen (N, in the form of
ammonia/ammonium, and nitrates), and organic matter as quantified



O.B.L. Neto et al.

\4

IR RRrere

O O
oo O o

Chemical Engineering Journal 488 (2024) 150750

O

i

KL(I’U)%D KL(]'(Q)%D

KL(J,(S) -y
PiD I«

53

=QA

i Set-point

Qr Qw

Set-point

Fig. 3. Benchmark simulation model No. 1: Process layout equipped with a selection of measurement and actionable variables.

by oxygen demand (OD). Other characterisations, for instance in terms
of phosphorous (P, mainly phosphates) and alkalinity (pH), are also
common. Importantly, when no further processes exist downstream,
water from the settler must satisfy the disposal permits in force.

To produce an effluent water of consistent grade in spite of the
variability of the influent, activated sludge plants use a combination
of solutions from automatic control [39]. Simple and yet effective
strategies built upon two controllers for two key and readily measurable
quantities:

~ Nitrate nitrogen (NO;-N) in the anoxic section is controlled by
manipulating the internal recirculation;

~ Dissolved oxygen (O,) in the aerated section is controlled by
manipulating the air flow-rate.

Nitrates in the anoxic zone and dissolved oxygen in the aerated zone are
regulated using low-level controllers (Fig. 2). Proportional-integral—
derivative (PID) controllers, with set-points configured in such a way
that the plant produces a water of desired quality, are the technology
of choice. We refer to this scheme (Fig. 2) as the default control strategy.

More advanced, though less common, strategies can and have been
developed. In Sections 3 and 4, we present a general framework for
model-based control of activated sludge plants. We use the Benchmark
Simulation Model no. 1 (BSM1, [40]) as a reference process represen-
tative of a wide class of ASPs. The BSM1 is a well-established platform
for simulation and control design [31,33,37,39]. The model and its
parameters can be calibrated to represent specific real-world processes.
The main elements of the BSM1 are reviewed in this section.

2.1. Benchmark simulation model no. 1

The Benchmark Simulation Model no. 1 describes a conventional
activated sludge plant in which the anoxic and aerated sections consist
of two and three bioreactors, respectively, and one settler with ten
non-reacting layers. The dynamics of the bioreactors are described by
the Activated Sludge Model no. 1 [41], while the model by Takécs
et al. [42] is used for the settler. These are widely accepted models that
were empirically validated in several studies [43-47]. Their dynamics
and control properties are thoroughly studied by [48].

This section briefly overviews the main components of the BSM1.
We present the set of BSM1’s variables which are endowed with dy-
namics, the state variables, and highlight the set-up of measurement
and control variables chosen for this study. The process layout is shown
in Fig. 3 and the variables are overviewed in Table 1. In this section,
we also overview the stormy-weather scenario chosen for the influent
wastewater used for the experiments. For completeness, the detailed
model is reproduced in the Supplementary Material.

2.1.1. Model dynamics, measurements, and control
The dynamics of each reactor A(r), with r = 1, ...,
by the evolution of the concentration of 13 species

5, are described

A0) AR Y AD Y AD YA A A0
SH0 30 x40 x40 x 20 x40 x 70,

A(r) A(r) A(r) A(r) A(r) A(r)
S Sy Snm S Xnoe Sark: @

The oxygen transfer coefficient K; a"”, a proxy quantity for character-
ising the degree of aeration of the reactor, and the flow-rate Q(’) of
external carbon are used as actionable quantities that can be manipu-
lated to control the operating conditions of the rth reactor. For each
reactor, we assume that the concentration of dissolved oxygen (SA('))
and nitrate- and nitrite-nitrogen (SA(r)) can be measured with onhne
Sensors.

As for the settler, the dynamics of each layer S(/), with / =1, ..., 10,

is described by concentration of eight species

S(l) SS(/) SS(I) SS(I) Sfl(lo)’ S;(2>S1§(1[))’S5(LI}< )
We assume that the quality of clarified water is measured with online
analysers in terms of concentrations X S(lo) Sf](;lo), nd Nfgﬁ), whereas
oxygen demand (BOD_;mO) and CODS(“’)) is only available from offline
laboratory analysis.

The internal and external recycle flow-rates (Q4 and Qp, respec-
tively) and the wastage flow-rate (Qy, ) are the other actionable quan-
tities that can be used to manipulate the operating conditions of the
treatment plant. As for the quality of these streams, we assume that
concentrations in the internal recycle are equal to the concentrations
in the fifth reactor A(5), whereas the external recycle and wastage have
properties equal to those at the bottom layer S(1) of the settler.

2.1.2. Characterisation of the influent wastewater

The BSM1 is accompanied by influent wastewater data correspond-
ing to (i) dry-, (ii) rainy-, and (iii) stormy-weather scenarios. For
each scenario, the wastewater from the primary settler entering the
activated sludge plant is characterised in terms of flow-rate (Q;») and
concentration of 13 compounds,
SIN SIN XIN XIN X{;IZI,X{gIAJ’XIN

IN IN IN IN IN IN
S SNO’SNH’SND’XND’SALK (3)

The influent is always of the municipal kind and non-actionable: Its
properties are treated as process disturbances.

We focus on the problem of controlling ASPs subjected to a stormy
weather. In the BSM1, this scenario lasts T = 14 days and it generates
an incoming wastewater according to a model of urban activity which
follows daily and weekly patterns of wastewater production, plus two
high-intensity stormy events in week two [40]. Due to the extreme



O.B.L. Neto et al.

Table 1

Activated sludge plant: Process variables by location (‘A(r)’, r =1, ...
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,5, in the rth bioreactor, or ‘I N’ in the influent wastewater;

Sy, 1=1,...,10, in the I/th settler layer) and type (‘D’, disturbance; ‘S’, state variable; ‘M’ measurement; and ‘C’, control).
Variable Description Units Type
SIN, $70, SS(” Soluble inert organic matter g COD m™ D, S, S
S’ N SA(') S S Readily biodegradable substrate g COD m™3 D, S, S
X] I, , X f") Particulate inert organic matter g COD m™ D, S
Xk / ’V x50 Slowly biodegradable substrate g COD m™3 D, S
Xl’;’;’[, XA(') Active heterotrophic biomass g COD m™ D, S
XN, x4 A") Active autotrophic biomass g COD m™3 D, S
XN, X, At Particulate products from biomass decay g COD m™— D, S
S’N SA(') S50 Dissolved oxygen g 0, m™3 D, S/M, S
S,%, SA((’)) Sf,(” Nitrate and nitrite nitrogen g Nm3 D, S/M, S
SIN s, s30 Ammonium plus ammonia nitrogen g Nm3 D, S, S/M(I = 10)
SIN S0, SS(“ Soluble biodegradable organic nitrogen g Nm3 DS, S
XN, X2 Particulate biodegradable organic nitrogen gNm3 D, S
A(r) S() - o
S’QZK’ Siixs Sark Alkalinity mol HCO; m—3 D, S
X ‘ Total suspended solids g COD m™3 S/M(l = 10)
Q N Influent flow-rate m? d! D
0, Internal recirculation flow-rate m3 d-! C
[ External recirculation flow-rate m3 d-! C
Oy Wastage flow-rate m? d! C
Q‘;)C External carbon source flow-rate m3 d-! C
Ky a®” Oxygen transfer coefficient d! C
BODSS“O) Biochemical oxygen demand g COD m™ M
copstv Chemical oxygen demand g COD m™3 M
N,fg;?) Total nitrogen g Nm3 M
Table 2 x10*
Influent wastewater: A selection of averaged conditions. 6r
Variable Week 1 Week 2 Units T@
4l
Ox 18446 21039 m3 d-! X
S,’N 30 26.30 g COD m3 =
S 69.5 60.93 g COD m3 =2
X 51.2 52.54 g COD m™3 <&
XN 202.32 185.45 g COD m—3 0
X 28.17 26.44 g COD m~3
_ 960 -
SIN 31.56 27.66 gNm3 —
N 6.95 6.09 N m T
57 D . . gNm \ g
XN 10.59 9.94 g N m" 2, 640 -
a 320 +
- . . . o
events, this is the most challenging scenario from a control perspective. (ST
The data is based on observations from real plants and adapted to
represent a 100 000 population-equivalent influent load, as described 90
in [49]. The main characteristics of the influent wastewater, in the 1
stormy-weather scenario, are in Table 2 in terms of average flow-rates o 60
and flow-weighted average compositions. Moreover, we have X {;IX = s 30
XIN = §IN = §IN =0 gm™ and S1V =7 mol HCO; m™3 :ZE
In Flg. 4, we v1sualise the influent wastewater during the second 0 ‘ ‘ ‘ ‘ ‘ ‘ ‘
week. To highlight the diurnal and weekly periodicities, we show flow- 7 8 9 10 11 12 13 14

rate (Q;y), chemical oxygen demand (COD'"), and total nitrogen
(N;gT) The stormy events occur around the 9-th and 11-th day, when
the flow-rate peaks significantly and the concentrations of nitrogen and

organic matter either increase or decrease noticeably due to dilution.
3. Output model predictive control

Output model predictive control (Output MPC, [15]) is a systematic
approach to design and execute controllers to operate physical systems,
like an activated sludge plant, according to practical objectives. The
control actions deployed to the plant are computed as solution to an
optimisation problem based on a predictive model of the system and
the plant’s actuators and measurements, in our case the BSM1. As the
objectives can be set by the plant’s management, they explicitly reflect
certain technological, environmental, or economical targets.

An Output MPC (Fig. 5) consists of two main components: (i) a
model predictive controller (MPC) and (ii) a state estimator. The MPC
computes the control actions that drive the plant to satisfy as well as
possible a reference trajectory. The MPC actions optimise the plant’s

Time - days [d]

Fig. 4. Influent wastewater: Week 2, evolution of influent flow-rate Q,,, oxygen

demand COD'V, and nitrogen N/J, .

evolution, as predicted by a dynamic model, from the knowledge of
its current state. Because the state is not known and, possibly, not
even measurable, the MPC relies on an estimator to reconstruct it
from measurement data: In our framework, we use the moving-horizon
estimator (MHE). MPC actions and MHE estimates are computed re-
cursively as solutions to independent optimisation problems, subjected
to the technological constraints and operational desiderata explicitly
set by the plant’s personnel. Once computed, the control actions are
deployed to the plant’s actuators as set-points to their low-level PIDs.
In the following, the Output MPC is overviewed for a general system
for which a dynamic model is available: The configuration for activated
sludge plants, like the BSM1, is presented in Section 4. Firstly, we
review the predictive model (Section 3.1) used by the Output MPC,
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Fig. 5. Output MPC: Main components. To follow a reference, the controller uses a
state-space model and measurement data (red) to determine the controls (blue) given
to the plant.

then overview the functioning of the controller (Section 3.2) and state
estimator (Section 3.3).

3.1. The predictive model

The Output MPC is based on a, possibly time-varying, representation
in state-space form of the system to be controlled,

x(t +dt) = x(t) + f,(x(@), u(t), w) | 6,)dt (4a)
y() = g(x(1) | 8,) + v(). (4b)

The state Eq. (4a) models the evolution of the N, state variables,
given (i) their value x(r) € RN, (ii) the value u(r) € RN« of N,
actionable input or control variables, and (iii) N, disturbances w(t) €
RNw, at time 7. The output Eq. (4b) models how the state x(¢) is emitted
as N, noisy output variables y(r) € RNy, Vectors 6, and 6, collect the
parameters in the dynamics f, and in the output function g,.

The controller is understood as a device which computes, at each
t, all the actions u that evolve the state x in such a way that the
model output y(x) follows, or tracks, a sequence of future reference
values yf provided by the plant’s personnel. The assumption is that
the physical plant evolves as the model predicts, thus model output y
and plant’s measurements y32@ match to some degree. The calculation
of the control actions must be amenable to a computer implementation:
This can be achieved by adopting a discretise-then-optimise strategy [50]1,
according to which the continuous-time model (Eq. (4)) and the MPC
and MHE optimisations (Sections 3.2 and 3.3), are discretised in time
and then solved numerically.

In discrete-time, to evolve the model’s state (Eq. (4a)), we partition
the time axis in intervals of duration 4t (Fig. 6). For state, controls,
and disturbances at time 7, = k4t, we thus have x(t;) = x(kdr) = x,
u(t,) = u(kAr) = uy, and w(t,) = w(kAt) = w,. By keeping the inputs
constant between ¢, and f,,; (the common zero-order-hold setting in
which u(r) = u; and w(r) = wy, for t € [t;,1,,,)), we have that the next
state x;,; = x((k + 1)Ar) = x(t,,) is given by

Tkt1
Xp+1 = X +/ Fi(x(@), uy, wy | 0, )dt . (5)

Tk

S anjy Kieottgewie|0x)

The integral in Eq. (5) cannot always be evaluated in closed-form
and the transition function f,, need be approximated using numerics
for integrating ordinary differential equations.
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Fig. 6. Discrete-time model: Partitioning of the time axis.

Similarly, in discrete-time, the output y, = y(k4r) at time ¢,, when
in state x;, with noise v, = v(}), can be written as

Vi = 8, (x¢ | 0)) + v (6)
3.2. The model predictive controller (MPC)

A model predictive controller plans the control actions which opti-
mally evolve a system from its initial state x(z), at time 7., for a period
of time of duration H,, the control-horizon. The notion of optimality
is general and problem-specific: In this work, it is defined in terms of
closeness to a reference trajectory and of magnitude of the control effort.
The planning is done under the assumption that i) the actual system
evolves as the model predicts and that ii) future disturbances entering
the system are known beforehand. To account for disturbance and
model uncertainties, only the first planned action is actually deployed
to the system, then the planning is repeated, at time #, +dt, for the next
horizon. After the first action is deployed, a new cycle is executed at
time 7, + 2dt.

For a cycle starting at 7,, the sequence of optimal actions is the
function (of time) u* : [t,,t, + H,] —» RN« which solves

t+H,
min / LS (x(0), u(t)d1 + L] (x(ty + H,)) (7a)
u(-) Ju
x(+)
v;e[zf,}tk'mc] x(t + dt) = x(0) + f,(x(@0), u(?), 0(1))dt, (7b)
x(1) € X°(1), u(r) € U'(1), (70)
x(ty) = X(ty). 7d)

L : RNx x RN« - R and erk : RNx - R in Eq. (7a) denote stage
and terminal cost functions, respectively: In our case, they quantify how
well the state evolution would follow a reference trajectory. By solving
(7), we find the best sequence of control actions to keep the state as
close as possible to the reference: Should this sequence u* be applied,
the state evolution would be x* : [1;,t, + H,] » RVx.

At each time ¢ € [t;,1, + H,], the solution is constrained to satisfy
the dynamics (Eq. (7b)) and to be inside the constraint sets X¢ and
U (Eq. (7c)). X¢ and U are used to express technical conditions that
states x* and controls u* must satisfy at each . Often, constraint sets
are stated as inequalities: X°(¢) = {x(¢) : hip(x(’)) < 0} and V(1) =
{u@®) : hy, (@) < 0}. To account for arbitrary relations that state and
control variables must satisfy, jointly across the control-horizon, the
formulation can be generalised to take the form (x(-),u(-)) € Z, such
that Z, = {((-), x()) | Ay )y, (xC),u()) < 0}

Notice how, in problem (7), the initial and future disturbances and
the initial state, unknown quantities at 7, are replaced by estimates
() and X(1;). Before each cycle, initial state and disturbance are
reconstructed from data using the state estimator (Section 3.3), whereas
future disturbances can be assumed to remain constant and equal to
their initial value.

For computation, the continuous-time MPC (7) is transcribed into
discrete-time. This is done by firstly setting the interval Ar, at which
the controller is operated (Fig. 7). It is natural to cycle a MPC at
k., € {1,2,...} times the model discretisation interval Ar (Eq. (5)):
That is, the controller is executed at times 47, = « At. The control-
horizon H, = N, x 4t, is then partitioned accordingly in N, stages,
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Fig. 7. MPC: Partitioning of the time axis according to the interval Az, at which the
controller is operated, in blue.

4

%

M Process state

Reference (') o

A

A Controls

/\'u\\ action

A
\J

4 Disturbances

tk—12 tk—9 tk—6 tk—3 tk Ttz lkye lkto lryi2
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Fig. 8. MPC: One control cycle, with known initial state x, and disturbance w, and
constant future disturbances {w,}, .

corresponding to the number N, of N, actions to be computed in the
cycle. In the continuous-time MPC (7), the integration bounds are then
re-written to get 1, = kAr and t, + H, = kAt+ N (k. 4f) = (k+ N k,)At, the
integral is approximated by a finite number of sums, and the constraints
are adapted, accordingly. The resulting discrete-time controller takes
the form of a constrained optimisation problem,

Ne—1

: 2 : c S
mlnN 1 Lk+nc,(c (xk+nclcc ’ uk+n(,K(,) + Lk (xk+NL,KC) (8a)
(Uhetno ke 3,,C —0 ne=0

N
Urkbnexe )nC:O

VnCG(OS,;F..Nc*I) xk+(”c+|)’(c = fmclk"'"c’(c (xk"'"c’(c ’ uk+”c’(c ’ wk"'"c’“c )’ (Sb)
c
xk+nclcc € Xk.'.y,c,%’ uk+n(,K(, € U‘k+n(,x(,’ (8c)
~
X =Xy 8d)

The sequence of optimal actions to be computed consists of the
N.-1 _ sk

collection (uk i an_O = U, s of N, controls to

be applied at times {1t ., }N‘_1

u*

> k(N 1)k,
and held constant between them. If
N,

c

applied, the resulting evolutlon of the state would be (x} e, oo
c C

However, only the first action u} is deployed at #, and held constant
for a period 4., after which all actions are re-computed in a new MPC
cycle. The approach is shown in Fig. 8 for x, = 3 (for 4t, = 341), as-
suming that the disturbances remain constant over the control-horizon:
That is, for (D, = k)n _0
3.2.1. Cost functions for reference tracking

The notion of being close to a reference trajectory is encoded by the
stage and terminal cost functions. For a H_-long reference trajectory
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(x Lifn . )N , optimal tracking is achieved by minimising the (squared)
mismatch between the state of the system (x;, . , according to model)

and x™ : That is,

k+n, k.
Lz-{-nckc (xk+nexﬂ’“k+ncr(c) = ||xk+nC;<C - Ze:nc,(c “QCIHHMC (9a)
e, = it . IIZLMM :
L enen,) = 1kenen, = e 10, (9b)

At each stage, we include an additional cost term quantifying the
magnitude of the controls (uy,, . ) with respect to a reference value
fjrfn . . This is a customary practice aiming at limiting the selection of
large control actions. In Egs. (9), the square matrices Oy Qs = 0
and R;jxy,, > O are user-defined tuning parameters: At “each stage,
they quantify the relative relevance of individual state and control
variables.

Reference trajectories of practical relevance are rarely formulated
in terms of state-variables, but rather in terms of easy-to-measure or to
compute quantities. From the model’s perspective, this can be a selec-
tion j C y of output variables for which an actual plant’s measurement
(or estimate) exists or, more generally, for some transformation y = h(y)
that models an existing instrument. To allow the MPC to track such
references and thus effectively be an Output MPC, the j¢f-trajectory
must be converted into an equivalent (x"f, u®)-trajectory to be used in
the cost functions in Eq. (7) and (9).

~ Because the outputs are function of the state variables, Eq. (6),
the conversion can be done with a steady-state optimiser which
determines the pair (x™f,u'ef) of state and control variables that
stabilises the system at jf,

Steady-state optimiser

Because y, is the collection of the N, outputs returned by the
model (Egs. (6) and (4b)) at time t,, we let 5, = h(g(x;)) be the
N; key performance indicators for which a trajectory to be tracked is
given. At time ¢,, the state and control values that keep the model in
equilibrium around the reference value 5/75{" . correspond to the pair

(x ffjf,, ol ffn .) which solves
et 0 (LICIC AR Lt/ (10a)
Xien, ke k+nckc
”uzif"f’“c B ﬁi{f"c’fc %Vu\kwm
St 0= S OGS, W i, 100 (10b)
xie-fn Ke /i-ei—fnckc’ ”ﬁncz«c kr-?-fnc;cc' (10c)

The matrices Wy i «.» Wijkan,x, = 0 are used to quantify the trade-
off between matching the reference yref nek and limiting the control
effort u‘ef .
matchlng yrEf

: Setting W, i1, = 0 leads to solutions that only aim at

, whereas W, ., > 0 and et

k+nk,

tions of minimum control. Xref .. and Z/ref . are sets of constraints,
L‘ (4

they can, but need not, be equaf to sets z’\,’c P and Vy,, ., in Eq. (8).

Steady-state conditions are enforced by an equality constraint that sets

the model dynamics to be equal to zero, Eq. (10b).

= 0 leads to solu-

3.2.2. A constrained linear-quadratic MPC

Solutions of the MPC in Eq. (8) are computationally demanding.
While considering quadratic costs as in Eq. (9) sets the right path
towards improvements, a substantial reduction of the load can be
obtained when the static constraints (Eq. (8c)) are given as linear
inequalities (for example, when they define minimum and maximum
values that control and state variables can take) and the dynamic con-
straints (Eq. (8b)) are linear equalities, corresponding to linear-affine
dynamics,

X+ r, = S, Frnen > Wtno x> Whotn i, )
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~ AAIC|k+nCKC xk+nckc + BAtC |k+n K, uk+nc’(c +

GA)‘C |k+n.K, wk+nc Ke + ZATC|k+n[KC . (11a)

An MPC with quadratic costs, linear inequality constraints, and
linear-affine dynamics, though still nonlinear, becomes a convex pro-
gram and can be solved efficiently [51].

Convenient linearisations of the plant’s dynamics can be obtained
by evaluating the model f and its Jacobian matrices (df/dx, df /ou

and df/ow) at the reference points py,, . = (xfffn . ,uﬁfn o f:jrfn i
yffnckc), with n, = 0,...,N,. As a result, we get the offset vectors

z4, € RNx and the matrices A, € RM>Nx, B, € R¥Ne, and G,,_€
RN<-*Nw for the linear-affine dynamics in Eq. (11). Importantly, note
that the Jacobian dg/dx resulting from linearising the measurement
equation at p,, . yields the output matrices Cy,, ,, € RV*Nx| Such
output matrices C can be used to ensure the closed-loop stability of the
resulting constrained linear-quadratic MPC [52].

~ Because of its computational efficiency, while retaining accurate
dynamics, a constrained linear-quadratic MPC is the method of
choice in our application (Section 4).

3.3. The moving-horizon state estimator (MHE)

The estimates X(z,) and &(7;) used in the continuous-time MPC (7)
can be obtained as terminal values of the state trajectory X : [f, —
H,,t,] —» RN~ and the disturbance trajectory & : [t, — H,,t,] - RNw
that solve an optimal state estimation problem, over a past period of
duration H,, the estimation-horizon. Optimality is defined in terms of
closeness between the past model outputs and plant’s measurements, and
of the magnitude of the disturbances, under the controls deployed to the
plant over the estimation-horizon.

For a controller’s cycle starting at #,, the associated moving-horizon
estimator determines the trajectories X and i from

t
m(n)1 L;'k(x(tk - He))+/k L7 (x(1), w(t))dt (12a)
0 fe=He
Vre[tf;tile,xk] x(t +dt) = x(t) + f,(x(0),u* (1), w(t))dt, (12b)
x(1) € X°(t), w(t) € W(). (12¢)

L;'k : R¥ - R and L? RNx x RV« — R denote initial and
stage cost functions, Eq. (12a): They are used to quantify how well the
estimated states and disturbances determine model outputs from their
match to plant’s data. Similarly to (7), at each time ¢, the solution is
constrained to satisfy the dynamics (Eq. (12b)) and the constraint sets
Xer) = {x@) : hfd,(x(f)) < 0} and W) = {w@®) : hy(w@) < 0},
which now encode restrictions on state and disturbances, Eq. (12c).
Should the optimal estimates (@(z));kz (-1, of the disturbances and the

past optimal controls (u*(t));’; " be used to evolve model (4), the

-H,

resulting state estimates (?c(t));’; ot

that best match the actual plant’s data

would emit the sequence of output
e

H
(yda‘a(t)):“_ (o—H, measured over the estimation-horizon.
- e

variables (J(t) = g,(f(l)))i’;,k_

At
<t . . . . . . ) . . . . L
li—6 ti—a tp—2 t lot2 ta lito
- - i i - >

Current

time

Fig. 9. MHE: Partitioning of the time axis according to the interval 4r, at which data

are collected, in red. X
To account for plant’s measurements that may be collected at differ-

ent points in time, as well as for permitting practical computations, also
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the MHE (12) is transcribed into a constrained optimisation problem.
Following a discretise-then-optimise strategy, firstly the interval 4z, =
Kk, At at which data are collected is set and the estimation-horizon H, =
N, X At, is partitioned in N, intervals (Fig. 9). Secondly, the integration
limits in Eq. (12) are re-written to get t, — H, = kAt — N, (k,At) = (k —
N,k,)At and ¢, = kAt and the constraint sets are adapted, accordingly.
After approximating the integral, the discrete-time MHE is

NC
: i e
I‘Illl’lN Lk(xk—Ne;((,) + Z Lk_,,e,(e(xk—nexg’ wk—nexe)

(13a)
(Wk—ngico )n:=0 ne=0
N,
Xke=neic )n::()
_ *
VneE{Sd,t....,Ne) xk—(na—l)l(e - fAtE|k—neKe (xk_ne’(e’uk*nel(e’ wk—neke)’ (13b)
e
xk—nek‘e eX k=n,K,> wk—n(,xe € wk—nexe' (13(:)
~ N, ~ A~ A~
The sequence (wk_nc,%)n:=0 = Wy, Wy_y,s s Wy_n,ic, Of Not1 es-

timated disturbances, together with the sequence of past controls

« N, . N, .
(“k—nm o deployed to the plant at times {tk—nm}nfo’ result in a
sequence (Sc‘k,ne,(g):,v;o of state variables and associated output estimates
(j?(fk_nekﬂ))y; o Only the estimates (i, %) at time #,, at the end of the
estimation—ﬁorizon, are used by the MPC (8). The computation (13) is
repeated anew at the next controller’s cycle. The approach is illustrated
in Fig. 10, where we set x, = 2 and 47, = 24t.

A

% -

Estimate (%)

* _ Measurements (y'***) Reference (%)
< >
Controls
- L.
- A >
Disturbances
Estimate ()

tk—12 tk—9o Tk—6 Th-3 Tk Te43 Thye  Trtro  thy12

Current
time

Fig. 10. MHE: Illustration for a single estimation horizon.

3.3.1. A constrained linear-quadratic MHE

To define meaningful criteria and computationally viable solutions
also for estimation, we resort again to quadratic cost functions that aim
at encoding a notion of closeness between model output estimates and
measurement data. Thus, we set

— data 2
L, Ckongry> Wimngie,) = 18k ) =350 I ol +
|k—neke
— ) .
”wk—neke - wk—neke ” R-! B (143)
T
i vl 2
L:((xk*Nel(e) = lek*NeK(, - xk*Nex'e ”Q;r;lk . (14b)

When adopted in (13), this choice of stage and initial costs corre-
sponds to assuming that initial state, disturbances and measurements
are Gaussian variables, estimated as

(15a)
(15b)

XNy, ~ N Fon, e, O i)

Wi_n,x, ~ N(wk—n,x > Rwlk—n )3
e Ke eKe eKe
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Uk—ne’(e ~ N(O’ Qu|k—nexe)'

The estimates can be interpreted as maximum a posteriori solutions
to an equivalent inference problem [53]. Mean vectors X;_y . and

(15¢)

Wk, :’f_ o can be set recursively: X;_y ., = X_n,., and Wy i, =
0y _ nm)r],v—o The covariance matrices Q1> Qulk=n,,» Ruvlk—n,x,
be set based on process knowledge and/or historic data.

If the static constraints (Eq. (13c)) are linear inequalities and the
dynamic constraints (Eq. (13b)) are linear equalities, for example from
an affine (approximation of the) dynamics,

> 0 can

Xemtng=x, = L1, Xkmnic,s U x> Wh=ner,)

#
~ AAreIk—nEKL, Xk—n,x, + BAte\k—né,xeuk_nng"'

G at, k=nyx, Wi—nyic, + 27|41, lk=n,x, - (16a)

then also the MHE can be specialised into a convex program. Simi-
larly, the output function in cost Eq. (14a) can be approximated as
g(xk—nelq,) ~ Zg|At,|k—n,K, + CAte|k—neKl,xk—nexe’

Convenient linearisations of the dynamics and output equations
can be obtained by evaluating the functions (f, g) and their Jacobians
(0f /ox, df /ou, of [ow, and dg/dx) at previous optimal points Prenyx, =
(?ck_,,e,(e,u;_neke, Dye—pyx Ve—nyi,)- As a result, we get the offset vectors
z/\u, € Rx and z,,, € Ry, and the system matrices A, € RN>Nx,
By, € RVNu, G, € RNNu, and C,, € RN Nx

A constramed 11near-quadrat1c MHE with afﬁne dynamics is the
method of choice used in the application (Section 4).

4. Model-based control of ASPs

This section shows how the Output MPC can be configured to
autonomously operate conventional activated sludge plants:

» We consider an ASP corresponding to the BSM1 and assume that
all of its handles for measurement and control exist as actual
instruments and actuators.

» We assume the availability of a predictive model of the plant’s
dynamics and of its measuring equipment. We consider the case in
which only an approximation of the BSM1 dynamics is available:
This simplified model is used by both the controller and state
estimator.

We focus on a scenario in which the ASP must adapt its operations
to produce an effluent whose quality varies according to a high-level
demand. The task is reminiscent of the contemporary objective of actu-
ating the ASP as a resource-recovery facility. The controller is asked to
autonomously drive the plant to produce a water whose specifications
change in time, while satisfying technical constraints, and in spite of
the quantity and quality of the influent wastewater. We emphasise the
task of tracking references that are of practical relevance:

~ We consider an exemplary reference trajectory for the effluent in
terms of total nitrogen, ammonium and ammonia nitrogen, and
suspended solids: These quantities can be readily measured and
correspond to model outputs N}?(Olﬁ), S;(;Im’ and X ::;10), at the
settler’s top.

From an illustrative standpoint, this objective is rich enough and it
is also challenging from a control perspective. Yet, our framework is
general and other control objectives expressed in terms of measurable
quantities could be defined, instead.

The architecture of the control framework is shown in Fig. 11. The
control actions computed by the Output MPC are given as the model
inputs Q 4, Qg, and Qy,, K;aV, ..., K; a®, and Q(E” .. Q(S) They are
deployed as recycle flow-rates, aeration intensities, and dosages of extra
carbon. As in reality it is impossible to set process quantities directly,
we assume that, for each of them, there exists an ideal PID controller
whose set-point is changed in time to be equal to the control values
computed by the Output MPC.
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~ Thus, the Output MPC defines a supervisory control layer that
operates above low-level regulatory PID controllers. By the same
token, the reference trajectories are seen as generated by a plan-
ning layer that operates above the Output MPC and produces its
‘set-points’.

The Output MPC receives the sequence of reference values (5 =
N3UO gSUD) ¥ 5(10>) to be tracked over the next control-horizon (H, =

TOT *°NH *
1/2 [days]) and it computes the control actions (u* = Q,,0¢, Oy,
Kpab,...,K a®, Qgé . Q(S)C) that produce the sequence of selected

5(10) 510 XS(IO)) that best matches j'©

model outputs (y = NiorSxm s

» To compute the controls u* with the MPC (Egs. (8) and (9)),
the output references j*f are firstly converted into an equivalent
sequence of state and control pairs (x™f, u"¢f) by the steady-state
optimiser (Eq. (10)).

+ The current state and disturbances used by the MPC are estimated
by the MHE (Egs. (13) and (15)), from the sequence of plant’s

measurements (y%2 = gAD SA(S) SAD " sAS) XS('O)
0 s O SNO > R
S;(II{O), N}qg}))) from the past estimation- horlzon (H,=1/8 [days]).

The control actions u* are computed to satisfy various constraints.
As an essential requirement, here we always include constraints on
the controls that guarantee compatibility with plant’s equipment and
satisfy its technological limits. Specifically, we require each control
variable to be between a minimum and maximum value, at all times.
Again, the understanding is that the framework is general and we show
that it can accommodate sophisticated formulations of the constraints.

In the following, the setup of the individual components of the Out-
put MPC is discussed, starting from the predictive model (Section 4.1)
in the MPC (Section 4.2) and the MHE (Section 4.3). We present the
discretisation interval used for the dynamics (4r), the operating periods
for the controller (47, = k.4t), and for the estimator (4t, = k,4t). The
control- and estimation-horizon (H, = N_.4t, and H, = N,At,) are
then written, accordingly, in terms of number N, and N, of control
actions and estimates at each cycle. The constraint sets for state (X*
and X¢), control (V), disturbance (W), and joint variables (Z) are
also presented. Details about the tuning parameters of the controller,
steady-state optimiser, and estimator are given in the Supplementary
Material.

4.1. The model

We configure the Output MPC to use two linear-affine approxima-
tions of the plant, one for the MPC and one for the MHE. Though
formally equal, both approximations are derived from the BSM1, they
are different because obtained at different points in time and about
distinct process conditions

(17a)
(17b)

Xigor R AsrXi + Byt + Goge Wi + Zp15011
Vi ® CorpXie + Zg sk

where 6t either equals 4r, (controller) or Ar, (state estimator). Ma-

trices Ag > Bsks Gsnqus Conir and affine terms zp5, and z,5 in

Eq. (17) are re-evaluated before each controller’s cycle, by linearising
the discrete-time form of the BSM1:

Xperst = Lo (g e, Wi 0,); (18a)
Vi = 8(x10,), (18b)
where x(1) = (A0, .. xA®) xS S0y o R’fg are the N, =

(13 X 5) + (8 x 10) = 145 state variables with
xAD — (SA(r) SA(r) XA<r) XA(r) XA(r) XA(r) X}/:(r)’

A(r) qA() A GA(r) yA(r) GA(r)
So +Sno-Svu- SND’XND’SALK)
(r=1,...,5);

S — S(l) S oS oS oS oSO oSU) oS
X _( Sy Sg S, SNO’SNH’SND’SALK)
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Output model predictive controller

Steady-state optimiser

~ref

B of ~ref 2 of 2
Jmin - A(g(@R ) = T v, 10 s, = T i,

-~

— ) _ p(oxef ref ref
8. 0= f(@hnore Wbnones Whitnen, 02) (L), @ (2)

_ref c xref ref Y y), u

Thinere ktnores Yktneke ktnote

T

a(t+dt) = fi(x(t), u(t), w(t)]|0,)dt

References

y(t) = ge(x(1)[0y) + v(t)
& (t)
) State-space model
v v
lata (1)
i . 1 3 ([’ : t
min 3 L @hsnns tinn) + L @csnn,) min L (e nan) + 30 L, ko ko) )
, uz p w <
(1) g e w(t) ne
-~
St Tpp(noti)re = Fat (Thpnerer Ukineres Whiner,) T A St Th(ne-1)we = Fat(Thonones Wo—no, s Wh—nor,)
<
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Model predictive controller Moving-horizon estimator

Activated sludge plant

Controls -% pm PID
Disturbances ‘ |

-» PID - =3
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Fig. 11. Model-based predictive control of an activated sludge plant: The controller receives (i) an external reference trajectory (black) and (ii) measurement data (red) from
sensors/laboratory in the plant. These quantities, together with a state-space model of the plant dynamics and instruments, are used by a MPC and associated MHE to compute
the control actions that best track the reference. The optimal actions (blue) are deployed to the plant actuators as set-points to their low-level (PID) controllers.

(=1,..,10). 4.2. The MPC

u(r) = (QA,QR,QW,KLa(”,...,KLa(S),Q(” Q(S)) e R are the )
= 3+ (2x5) = 13 control variables, ch)rrespondlng to Zlole control The MPC is operated once every hour (47, = 1/24 [days]) to plan
handles of the BSM1, and w(r) = (Q,y.xAUM) € Ri\]g’ are the N, = over a half-day long control-horizon (H, = 1/2 [days])

1+13 = 14 disturbances including the properties of influent wastewater - At each cycle, a sequence of N, = 12 control actions is computed,

*xAAN) — (S;*(IN),S’S““N),X;*(IN),XQ(IN),X/;%N), for each of the N, = 13 control variables

AUN) yAUN) GAUN) GAUN) GAUN _
XB( ) Xy N 8o (N SN(O ),SN(H ), - 12x13 = 156 optimal actions (uk+n .. ):/” 01 are calculated, of
SAUN) XA(I N) SA“ N )) which only the first ones (13 values u*) are sent as set-points
ND ALK )
to the low-level PIDs;

All disturbances, except for the flow-rate O, are not measured: That — The set-points are held constant during the cycle;
¢l

is, no actual instrument or laboratory analysis is available in the plant

to measure them. As for the N, = (2 x 5) + 3 = 13 output variables + The rest (143 values) of the control actions is discarded;
W) e RV , in which + After one hour, the control cycle is repeated anew.
>0
A, AG) A(l) AG) (10)
D=(Sy 85 SN0 Sno  Xss o . . .
o= NO Tracking reference trajectories
SS(IO) Xsu(» Ssuo) NSUO) ) .
NH *Yror ) At each cycle, the MPC control actions track the reference (xf;rn o
. . N, . . oe
we assume the existence of plant’s sensors, corresponding to the mea- ref ¢ ., in which each pair (x*f ,u'f ) solves a steady-state

k+n k. n.=1’
surement handles of the BSM1: That is, it assumed that dissolved optlmlsatlon problem (10): That is,

oxygen and nitrate- and nitrite-nitrogen in the reactors, and total
suspended solids and nitrogen at the top of the settler, the effluent,

k+nek. Tktn k.

w each pair of the sequence corresponds to the stationary values

are available as measurements y3a® of state and control variables that associate to the corresponding
. ) o
The vectors 6, and 6, in the model Egs. (18) collect all the stoichio- term in the reference output sequence (5%, )n _» the quality as

U0 gSU0) S0y

metric and kinetic parameters in the BSM1. Xss Sym - Nror
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Table 3

Activated sludge plant: Actuator limits.
Variable Lower limit Upper limit Unit
0, u, 0 92230 m? d!
o) Uy 0 36892 m3 d-1

W uy 0 1844.6 m? d-!

Kpa'~® Uyog 0 360 d!
fojined Uy 0 5 m? d-!

The optimality of reference tracking is determined in terms of the
quadratic functions L¢(-) and L/(-) defined in Eq. (9).

Dynamic and static constraints and desiderata

The MPC actions are computed to satisfy the dynamic constraints,
the plant’s dynamics approximated over the control-horizon by
(G f a1 ktne i At lkbng e Baroktngre s Gt [kt » Cat kbnre,) },1,\16:0 and
evaluated in time at reference points py,, ,, = (xgjfnckc, Zifnm’ Dy x>
yffnckc). No other constraints are imposed to the state variables, thus

Xx¢ =RMNx,

On the other hand, the actions are also constrained to take values
within the limits of the BSM1 actuators (Table 3),

U ={ueR :u; €[0,92230], u, € [0,36892],

uy € [0, 1844.6], u, 13 €10,5]}. (19)

To demonstrate the flexibility in the definition of the constraints,
we formulate the requirement that a portion # € [0, 1] of the energy
demand of the process must be recovered from the energy produced by
the digestion of wastage sludge:

~ Such operational desiderata can be explicitly stated as a constraint
that regards both state and control variables

By letting the Operational Cost Index (OCIyy,) express the energy
demand and RE denote the amount of energy generated from wastage
sludge, we define the energy constraint

Z = {Cepnu)Ng! : nOChyn(u,) < RE(x,.u,)}

Under the assumption that wastage sludge is anaerobically digested
into methane gas which is in turn used to generate electricity, we
quantify energy generation from sludge

(20)

1 sa s s
RE=#np Oy (ﬁ XS§)+S,()+SS()>. 21
~— VT o e

u3 X66 X76 x77

J

copst

The generation efficiency 7, = 0.35 x (4.865/3600) kWh/g corresponds
to 35% of excess sludge being converted to methane gas, from which
4.865 kJ/g can be generated [8]. Note that the RE only considers
wastage sludge as the sole source of energy and it ignores sludge fluxes
from the primary settler. For compactness, the quantification of the
OCLy, is fully detailed in the Supplementary Material.

4.3. The MHE

At each cycle, the MPC requires the current state x, = X, and plans
its actions assuming that the disturbances @, will remain constant
and equal to their current value. These quantities are unknown and
are estimated by an MHE operating at 15-minute (4¢, = 1/96 [days])
intervals, over a 3-hour estimation-horizon (H, = 1/8 [days]) during
which N, = 12 plant measurements were acquired. Thus, at each MHE
cycle

e 13 x (145 + 14) = 2067 Rast values of state and disturbance vari-
ables (X, _, v, D, —n,x, )n:= , are calculated. The last (most recent)
estimates are used by the MPC;

» The rest (1749) of the estimates is discarded.
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Table 4
Case-study I: Quality limits and corresponding reference values.
Variable Reference Limits Units
x50 12.5 30 g COD m™3
(o) -3
i}\"‘ﬁ“’ 1;170 ‘1‘8 . E s
TOT - gNm
Fitting plant data

Over the estimation-horizon, the MHE estimates the state and dis-
turbance variables that would correspond to model outputs that best
fit plant data (y‘za_t;’( ;Vf: o- Estimation accuracy is quantified by the
quadratic costs LE(~§ and Li(-), in Eq. (15).

Dynamic and static constraints

The MHE estimates of the state satisfy the dynamic constraints, the
linear-affine  approximations  {(zga1, k=n,x,> Aar, lk=n,x, Bar,lk=n,x,*
Gt lk-ner, CAte|k—neKe)}nN:=0 of the dynamics at p_, x, = Ckonoi, Uy, o »
@Dy_p,x,» Ve—n,x,)- The estimates of the disturbances are constrained to
take on non-negative values (W = Rg(';’), as they refer to positive
quantities: influent’s flow-rate and composition. Moreover,

. ; IN _ yIN _ @IN _ oIN _ -3
the concentrations X\ = X," = b.’o = Syvo = 0 g m and
SN =7 mol HCO; m~3 are constrained to remain constant over
the chosen influent scenario;

+ the influent flow-rate Q;, is measured at each 4z,.
5. Case-studies

We demonstrate the potential of the control framework for activated
sludge plants on two different operational tasks:

1. Conventional treatment of wastewater (Section 5.1) - The ASP
is requested to produce effluent water whose quality satisfies
normative constraints;

2. Nitrogen on-demand (Section 5.2) - The ASP is requested to
produce a water whose nitrogen content varies according to an
external demand.

We discuss the results obtained by the Output MPC (Fig. 11) under
the two-week scenario of stormy weather (Section 2.1.2). For reference,
the performances are compared to the default control strategy (Fig. 3)
consisting of two PIDs:

~ Nitrate and nitrite nitrogen in the second reactor, S;‘lg), is con-
trolled by manipulating the internal recycle Q;

~ Dissolved oxygen in the fifth reactor, Sg(s), is controlled by

manipulating the oxygen mass transfer coefficient K; a®, a proxy

variable to the air flow-rate.

The performance of the Output MPC is also compared to open-loop
operations in which the ASP is run with no regulation. This is inter-
esting, as this mode highlights the treatment potential of the ASP as
such, without automatic control.

5.1. Case-study 1: Wastewater treatment

To operate the activated sludge plant to meet standard disposal
regulations, the output MPC must track a constant-in-time trajectory
corresponding to the effluent restrictions (Table 4, for the BSM1 [40]).
This is achieved by continuously determining the best actions and using
them dynamically as set-point values for the 13 PIDs (Fig. 11).

We show the treatment performance with two configurations:

la. With technological constraints only, Eq. (19);
1b. With extra constraints on recovered energy, Eq. (20).

When the controller is not asked to recover energy to sustain operations
(n =0, in Eq. (20)), the configurations are equal.
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Wastewater treatment

Firstly, we analyse the treatment performance when the Output
MPC operates the ASP only with actions that respect its equipment’s
limits. We present results (Fig. 12) in terms of quality of effluent
water and violations of the specifications. Then, we look at the actions
commanded by the controller and at the overall plant’s behaviour
(Fig. 13 and Table 5).

x10*

S
WE 5t Open-loop Measurement
< Reference
0 \ \ \ \ \ \ )
0 2 4 6 8 10 12 14
Time - days [d]

Fig. 12. Case-study 1: Influent flow-rate, Q,, (top panel) and concentration of .S ,10)

and N;3” in the effluent (bottom panels). The grey shade denotes regions above

treatment limits.

When treating the stormy-weather wastewater (its flow-rate Q; is
shown in Fig. 12, top panel), the Output MPC autonomously operates
the plant to produce an effluent whose concentrations SS U9 and Nggﬁ)
(middle and bottom panels in Fig. 12: the black lines, as state variables,
and green dots, as plant measurements) closely follow the reference
values (Table 5 and red lines in Fig. 12). By rejecting the variations in
typical municipal influents, as well as the upsets induced by the two
storm events, the controller almost completely eliminates i) violations
of the specifications (Table 5 and the grey-shaded area in Fig. 12) and
ii) the time in off-specification operations. In the figure, this can be
appreciated when comparing the performance of the Output MPC to
the open-loop setup (grey lines). Note that Fig. 12 does not show the
evolution of X ;(;0)’ as its limits are never violated.

To understand how the tracking is achieved, in Fig. 13 we look
closely at a selection of control actions deployed by the Output MPC.
For clarity, we zoom into a shorter period of time (¢ € [8.4,12] days)
which includes the storm events, and we analyse how the controller
operates the denitrification-nitrification process across reactors A(1+5),
and the settler. Complete results are given in the Supplementary Mate-
rial.

The tracking of the treatment reference is achieved by automatically
adjusting the aeration intensities (via K;a!>) and the sludge flow-
rates (Q4, O and Qy,, Figure 1 of the Supplementary Material). To
vary the aerated volume by changing the number of aerated zones in
a systematic way is a consolidated strategy based on modifying the
usual two-anoxic and three-aerated configuration of the bioreactors (as in
Fig. 3). The Output MPC, on the other hand, utilises aeration of reactor
A(5) (K a®) as its primary control lever by switching between aerated
and non-aerated modes, in response to the variations in influent load.
Moreover, we have
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A1) —AQ) —AB) AM)  A()
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Fig. 13. Case-study 1, t € [8.4,12]: Air flow-rate K; a9 and dissolved oxygen S

A(]wS)

(top panels) and nitrogen form Sy and effluent suspended solids X, S"D’ (bottom

panels).

« Aeration to the second most downstream reactors (A(4) and A(3))
is kept strong and it is further increased whenever influent flow-
rates increase, to favour nitrification, whereas less intense aer-
ation is enforced whenever the flow-rates decrease, to favour
denitrification;

« In the same fashion, the most upstream reactors (A(1) and A(2))
are kept in virtually anoxic conditions and aeration slightly ad-
justed, to meet the incoming loads.

In addition to aeration control, the other actions applied to the biore-
actors are associated with the addition of carbon, via Q(MS) (Figure 1,
in the Supplementary Material). As overall effect, the concentrations
of S;‘,%”s) (and SA““S) Figure 1 in the Supplementary Material) are
smoothed out and follow the periodicities in the influent nitrogen
load (Nfgr in Figure 4 and SA” M) in Figure 6 of the Supplementary
Material).

In the secondary settler, the changes in feed characteristics are
reflected by the changes in the effluent concentrations S;(;IO) and Si,((l)o),
and N?gTO), as well as in the spatial distribution of suspended solids

X g; 19 and the high of the sludge blanket.

~ It is natural to associate the changes in these variables mainly to
the adjustment actions computed by the Output MPC for external
recycle O, and wastage Oy, fluxes and to a lesser extent, to the
internal recycle Q.

The controller reacts to the storm-events (at day ¢t ~ 8.8 and ¢ ~ 11)
by increasing aeration in all reactors, thus raising the oxygen levels
S(()l % and favouring nitrification throughout.

The performance of the control framework on this case-study is in
Table 5 with respect to the conventional evaluation criteria used to
assess the effluent quality [40].

» In comparison with the open-loop operation (respectively, the
default PID control strategy), our control strategy resulted in
roughly 18% (roughly 11%) improvement in the effluent quality
index (EQI).

» Moreover, the controller was able to significantly decrease the
percentage of time in which effluent ammonium (SS (10)) and total
(Ngg;))) nitrogen are in violation of their respective quality limits.

As expected, this improvement follows an increase in the average
operational cost index (OClyyy,) associated with the control actions.
However, the process operation based on our framework still results in
an effluent quality with almost no violations of regulatory constraints,

11
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Table 5

Case-study 1: Performance of each control strategies in terms of effluent quality
index (EQI, kg PU d7!), average operational cost index (OClyyy,, kWh d1),
number of quality limit crossings, and percentage of time in violation of the
effluent restrictions (#Crossings and %Violation, respectively).

Open-loop PID Out-MPC
EQI 7246.1 6636.0 5915.2
(avg.) OCLyy 3969.6 4202.1 4558.3
#Crossings (Syp) 14 12 10
#Crossings (Nyo7) 8 13 0
%Violation (Syy) 62% 22% 6%

%Violation (Nyo7) 7% 16% 0%

as opposed to the results obtained by the control strategy proposed in
the benchmark.

In conclusion, this case-study demonstrates that the controller is
able to operate the process to comply with quality restrictions by
tracking a constant reference profile for the effluent.

Wastewater treatment, with energy recovery

We expand upon the treatment results by studying the case in which
the Output MPC is asked not only to satisfy the effluent regulations,
but also to operate the ASP in a such way that partial or total energy
recovery from sludge disposal is enforced (that is, for cases in which
n € (0,1] in Eq. (20)).

For the task, we analysed the treatment performance of the con-
troller under different levels of energy recovery, individually: n €
{0.05,0.1,0.15,...,0.90,0.95,1}. As expected, the treatment quality,
shown in Fig. 14, worsens as larger portions of energetic demand are
asked to be recovered:

« Specifically, tracking effluent ammonium nitrogen Sff(;,o) becomes
unfeasible when operations are also constrained to recover, from
wastage sludge, 60% or more of the energetic demand;

» Conversely, the performance when tracking the effluent Nggﬁ)
reference is not significantly affected as the recovery constraints
are enforced.

Efficiency - n
0 0.2 0.4 0.6 0.8 1
[ ! ! B

0 2 4 6 8
Time - days [d]

Fig. 14. Case-study 1: Treatment of effluent nitrogen Si(}l,o) and NTSL‘)]TO’ for different
values of energy efficiency 7.

In Fig. 15, we show a comparison between the effluent quality
index (EQI), under different energy-recovery levels, and against open-
loop and PID operations. As mentioned, the Output MPC is capable to
operate the ASP to produce a consistently excellent effluent profile,
while recovering up to 60% of its energetic demand. The effluent
quality degrades as higher recovery levels are requested (n > 65%).
Moreover,

12
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+ the Output MPC is able to recover 80% of the energy costs, while
still producing effluents whose quality matches those obtained by
the default PID strategy.

« effluents whose quality is to those obtained from the open-loop
operation can still be produced, while operating the ASP with
90% energy recovery efficiency.

T 8000
; Open-loop
C:D 7000 PID
% 6000 ‘
g™ LT
0% 20% 40% 60% 80% 100%

Efficiency - (100n)%

Fig. 15. Case-study 1: Effluent quality index (EQI) for different energy-recovery levels
n € [0,1]. The grey lines refer to the EQI from the open-loop and default PID control
operations.

The cumulative operational cost index (OCI,;; ;) and external car-
bon (ECA) required for implementing zero-recovery (n = 0) and full-
recovery (5 1) treatment operations are illustrated in Fig. 16, for
the two-week period under study. The daily-average of the resulting

. . . U MIN S0\ /A7 IN 3 5
nitrogen removal efficiency (that is, nyo = (Npor = Npor )/ Nyor) is
also reported.

» The Output MPC can operate the plant without energy-related
constraints (# = 0) and achieve a cumulative potential production
of electricity (RE) equivalent to roughly 45% of its operational
Costs.

» The Output MPC can operate the plant with full energy-related
constraints (n = 1) and achieve a cumulative potential energy pro-
duction of electricity capable to satisfy its total energy demands.

The results also show an increased need for external carbon to im-
plement the optimal actions from this controller. Interestingly, both
controllers obtain similar nitrogen removal performance. This reflects
the already mentioned fact that the Output MPC operating under
full-recovery constraints still provides good tracking accuracy for ef-

S(10) . .1s . S(10)
fluent N ,.’, despite failing to generate the desired effluent S}/,
concentrations.
6
= 6.4 210
B Cumulative OCly,
2248 ¢ Cumulative RE

Energy costs
— o
> i
: :

o

©
o

Cumulative ECA

=
©
T

Carbon addition [kg]
'S
[=2]

2.3
0
_, 8%
§ Daily-average nyo
g 7%+
g
= 65%
[
0
E 55% -
Z 45% 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14
Time - days [d]

Fig. 16. Case-study 1, n = 1: Control performance in terms of operational energy cost
index, OCl,yy, external carbon addition, ECA, and daily-averaged nitrogen removal
efficiency, #yo. Dashed lines refer to the results with efficiency n = 0.
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We conclude that our model-based control framework can operate
the activated sludge plant to comply with quality restrictions while
ensuring that at least 60% of its operational costs can be recovered
from treating the wastage sludge. While the controller is able to enforce
an operation which fully recovers the energy costs from actuators,
the resulting control strategy leads to undesirable effluent qualities.
Nevertheless, we remind that the results assume an anaerobic digester
which is fed only by the sludge from the secondary settler: In full-
scale treatment facilities, excess sludge from a primary clarifier is an
additional raw material available for biogas production.

5.2. Case-study 2: Nitrogen on-demand

In this section, we present the results when the Output MPC is
configured to operate the activated sludge plant to perform tasks of a
water resource recovery facility. As an exemplary problem, we consider

. . - S(10)
tracking a reference trajectory for the total nitrogen N’ in the
effluent. Specifically, we have

(5/3) Np5,., 1€[28,56)d
N0 ={@/3) NS, 1eB4,112)d (22)
NSS ., otherwise,
with NTSgT 14 g m~3 being the benchmark’s steady-state concentra-
tion. Tracking the reference in Eq. (22) equals to

operate the ASP to produce a water rich in nitrogen (for example,
reusable for fertigation), r € [2.8,5.6);

operate the ASP to produce a water with low nitrogen (for exam-
ple, due to stricter limits), ¢ € [8.4, 11.2);

operate the ASP to keep N3U? constant at NS5

TOT TOT
intervals (z € [0,2.8) U[5.6,8.4) U [11.2, 14]).

in the other

During the period, the Output MPC is also asked to maintain (Xg¢ SU0),

fj(;;») at the reference treatment values in Table 4.

We firstly analyse the results when tracking the effluent trajectory
without energy constraints (4 = 0), then we extend the analysis
when we enforce increasingly larger levels of energy recovery (5 €
{0.05,0.1,0.15, ...,0.90,0.95, 1}). Note that the usual technological con-
straints (Eq. (19)) must always be satisfied in both scenarios. We
present two critical reference changes and refer the reader to Section
B.4 of the Supplementary Material for a complete analysis of this
case-study.

Nitrogen on-demand

The results (Fig. 17) show how the Output MPC can operate the
plant to track the reference trajectory in effluent nitrogen Nggﬁ) (bot-
tom panel), while rejecting the disturbances of the influent scenario
(top panel). The tracking performance is consistently very good and it
is only slightly degraded about the last change (+ = 11.2 days), high-
lighting the challenges associated with requesting a reconfiguration of
a large-scale facility whenever an extreme storm is occurring.

We analyse a selection of actions/responses that the Output MPC
computes to perform the tracking (Figs. 18 and 19).

At the first reference change (+ = 2.8 days), the ASP serves the
requested effluent total nitrogen, Nfgﬁ), by mainly producing SS(IO)
nitrogen (Fig. 18). This is done by increasing aeration in all reactors via
K a9, favouring nitrification. As a result, the concentrations SA(M5 )
quickly increase, too.

w The reference is then maintained by instating a standard
nitrification—denitrification layout, where reactors A(1, 2) are kept
anoxic by reducing aeration (K, a(?)), whereas reactors A(3~5)
are kept aerated (K;a®).
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Fig. 17. Case-study 2: Influent flow-rate Q,y, top, and reference tracking of effluent

total nitrogen N‘TSSTO’, bottom. The shaded periods are analysed in detail (Figs. 18 and

19).
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Fig. 18. Case-study 2, 1 € [2.5,4]: Oxygen transfer coefficients K, a'~> and dissolved
oxygen SA““’) (top panels) and nitrogen SA“M) and effluent suspended solids Xv(m)
(bottom panels) The vertical dashed line mdlcates a reference change.

In the settler, changes in S;\‘,(S) in the stream from the bioreactors are
reflected in the effluent Sf]((l) ) and thus N}vgﬁ). Moreover, the OQutput
MPC closely tracks the reference for suspended solids (Figure 3 of the
Supplementary Material).

At the third reference change (¢ = 8.4 days), the aeration to the reac-
tors A(1w5) is maintained in standard nitrification-denitrification lay-
out via K; a'!> (Fig. 19). The addition of external carbon is increased

in all reactors via Q('”S).

A(l

~ The concentrations Sy are kept at desirable levels while

decreasing the concentratlon of SA%“S ). As a result, the total

nitrogen across the process is decreased.

The changes in the feed are reflected in the settler by effluent SS“O)

and S;%O) , and NTS ((;T()) We point out that, while the Output MPC cannot
closely track suspended solids, the limits are never violated (Figure 3
of the Supplementary Material).

The performance of the Output MPC is summarised in Fig. 20 in
terms of the cumulative operational cost index (OCIyy;,) and external
carbon addition (ECA). The resulting nitrogen removal efficiency (7,0,
a daily-average) is reported, as well.
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Fig. 19. Case-study 2, ¢ € [8,9.5]: Extra carbon flow-rates Q(L',Z.'5) and dissolved oxygen
S;““ﬁ (top panels) and nitrogen S;;(;‘”S) and effluent suspended solids X ;s‘;m) (bottom

panels). The vertical dashed line indicates the time of a reference change.

The metrics indicate that the operational cost OClyyy;, is not
affected significantly during the period, except for the first (r =
2.8) and last (+ = 11.2) reference change.

The potential production of electricity RE indicates that approxi-

mately 44% of the operational costs could be recycled even when
the controller is not explicitly restricted to recover its energy
demands from the waste.

%106
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Fig. 20. Case-study 2: Control performance in terms of operational cost index, OCIjyp,

external carbon addition, ECA, and daily-averaged nitrogen removal efficiency, ny,-
The results also show that a large quantity of external carbon is

required to implement the actions obtained by the optimal controller.

This is mainly due to the control strategy taken during the stricter
(r)

nitrogen removal task, when the external carbon source flow-rate, O EC

is increased in all reactors.

~ The efficiency in nitrogen removal reflects the expected perfor-
mance for each task: Around 70% of influent total nitrogen is
removed during the conventional treatment, whereas 53% and
77% efficiencies are achieved for the reuse and nitrogen removal
tasks, respectively.
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In conclusion, the Output MPC can operate the activated sludge
plant to produce distinct nitrogen profiles, while satisfying the tech-
nological constraints of the equipment and keeping the other effluent
concentrations at reference values.

Nitrogen on-demand, with energy recovery

We expand upon the previous results by considering an Output MPC
which, in addition to tracking the reference trajectory, must operate
the ASP to recover energy from disposed sludge (that is, for cases with
n € (0,1] in Eq. (20)). We analyse the performance for increasing levels
of energetic self-sufficiency for n € {0.05,0.1,0.15,...,0.90,0.95,1},
individually.

The results, in Fig. 21, show that the tracking accuracy slowly
degrades as the Output MPC is requested to recover increasingly larger
portions of its energetic demand from the wastage sludge. The tracking
performance degrades when operating the ASP to perform extreme
nitrogen removal (¢ € [8.4,11.2)) while still attempting to recover 60%,
or more, of the total energy needs.

~ Remarkably, excellent tracking is achieved before the occurrence
of the extreme events (¢ < 6), almost regardless of the degree of
energetic self-sustenance.

~ This is an important result, as it highlights the flexibility potential
of ASPs when efficiently controlled.

Efficiency - n
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[ ‘ i T T
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Fig. 21. Case-study 2: Reference tracking of effluent total nitrogen Nﬁg.;)) for different
values of energy efficiency #.

The controller performance in reference tracking is presented in
Fig. 22 in terms of the root-mean-squared-error (RMSE),

1 14 f S(10) 2
re,
RMSE = ﬁ/0 (NTOT(t)—NTOT (z)) dr.

The results indicate that the controller is able to recover up to 60% of
the plant’s energy demand, while still providing satisfactory tracking
accuracy. The prevailing control strategy computed by the Output MPC
leads to lower the aeration levels (to reduce operational costs) and to
increase the wastage flow-rate (to biogas production and thus energy
generation). When the controller is requested to operate the plant under
full energy recovery (n = 1), the tracking accuracy worsens:

~ These results can be understood from an undesired effect of the
aforementioned control strategy when the constraints lead to low
levels of oxygen in all reactors.

The cumulative operational cost index (OCI,;;,) and external car-
bon (ECA) needed to enforce a full energy recovery control strategy
(n = 1) and the nitrogen conversion efficiency #, (as daily averages)
are shown in Fig. 23. As the electricity production (RE) matches
the operating costs, we fully exploited the margins for achieving en-
ergetic self-sustenance. When compared to the performance for the
controller without energy-recovery constraints (n = 0), the results also
show an increased need for external carbon and a decrease in the
nitrogen conversion efficiency during the nitrogen removal task (1 €
(8.4,11.2] days). This reflects how the Output MPC preferred to improve
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Fig. 22. Case-study 2: Accuracy of reference tracking (RMSE), under different
energy-recovery levels » € [0, 1].
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Fig. 23. Case-study 2: Control performance in terms of operational cost index, OCIjyp,
external carbon addition, ECA, and daily-averaged nitrogen removal efficiency, nyo,
under full energy recovery (n = 1). The dashed lines refer to the performance obtained
when o energy recovery # =0 is enforced.

the denitrification-nitrification process by adding carbon rather than
increasing aeration in the reactors.

In conclusion, the Output MPC can operate the activated sludge
plant to produce distinct nitrogen profiles while ensuring that 60% of
its operational costs can be recovered from converting wastage sludge
into electricity. While the controller is also capable to enforce an oper-
ation which fully recovers the energy costs, the desired effluent quality
profiles may be compromised. Again, we remind that only sludge from
the secondary settler is used as a source for biogas production.

6. Concluding remarks

This work presents a general framework for the advanced control of
a common class of activated sludge plants. The framework is based on a
dynamic model of the plant and its sensors and actuators. We designed
and configured a highly customisable Output Model-Predictive Con-
troller for the operation of ASPs as facilities for conventional treatment
of wastewater, as well as the recovery of materials and energy.

The controller consists of a Moving-Horizon Estimator used to deter-
mine the state of the process, from plant data, and of a Model-Predictive
Controller used for computing the optimal actions that drive the plant
to attain high-level operational goals. By design, the Output MPC is
configurable to satisfy all the technological constraints relative to the
plant equipment. After overviewing the foundations of the control
framework, we discuss the performance of the controller in tasks of
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practical relevance, ranging from depuration, to production of nitrogen
on-demand and energy recovery.
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