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Abstract: This paper presents a novel approach to incorporate economic optimization into
industrial control by integrating Zone Dynamic Matrix Control (DMC) with Extremum Seeking
(ES) techniques. Zone DMC is employed to manage multivariable constrained processes,
particularly for scenarios where maintaining variables within specified ranges is prioritized
over precise setpoint tracking. In contrast, ES is utilized to optimize economic objectives
without relying on an explicit process model, making it particularly valuable in complex or
uncertain systems. The proposed integration leverages the strengths of both controllers, allowing
ES to actuate only when all controlled variables are within predefined zones and ensuring
seamless transitions between control modes. The effectiveness of the approach is demonstrated
through numerical simulations, which illustrate improvements in economic performance even
in the presence of measurement noise. Additionally, avenues for further research, including
the development of stopping criteria for the ES controller and its integration with a Real-
Time Optimization (RTO) layer, are discussed. Overall, this study showcases the potential
of combining advanced control strategies to achieve superior economic outcomes in industrial

processes.
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1. INTRODUCTION

Model Predictive Control (MPC) has been widely adopted
in industry to effectively control multivariable constrained
processes. The variety of possible formulations that this
family of control algorithms allows is evident in its range of
applications, from the petrochemical industry to robotics.
These controllers all share similar traits, such as the
explicit use of a prediction model of the process to estimate
its behavior in a future horizon, computation of control
actions through the minimization of a cost function, and
the receding horizons, which advance after the solution is
obtained at each sampling time (Camacho and Bordons,
2007).

When handling complex multivariable processes, as seen in
refining plants, sometimes the goal of the MPC is not to
maintain its controlled variables on a specific desired value
but to keep them on a specific range, which simplifies the
optimization problem of the MPC (Normey-Rico et al.,
2024). This can be beneficial in cases where there is strong
coupling of variables, for example, which can make it
challenging to maintain specific reference values for the
controlled variables (i.e. requiring constant actuation).
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and 2023TR000942, CNPq, through projects 403949/2021-1,
406477/2022-1, 304032/2019-0, and CAPES, through projects
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This type of control approach is called Zone Control and
it is widely used in the process industry.

Some recent works related to Zone MPC are focused
on stability guarantee for variations of MPC, such as
Sarapka et al. (2021), which proposes a distributed Zone
MPC with tracking of manipulated variables, with targets
defined by a Real-Time Optimization (RTO) layer. The
work of Santana and Martins (2021) also uses an RTO
and Zone MPC structure but aims to guarantee stability
in the presence of disturbances through the introduction
of terminal constraints on non-stable states and making
the state constraints soft, to compensate for unmeasured
disturbances. Such proposals are necessary as there is a
mismatch between the targets provided by the RTO, the
tracking capabilities of the MPC, and the model error
present in both structures.

One way to reduce the model error of the MPC model
when working with zones was proposed by Sotomayor
et al. (2009), which applied a re-identification technique
on the MPC prediction model while the controlled vari-
ables were in the target zones. This approach allows for
the improvement of the MPC models by disturbing the
process when the control is not actively actuating. This
concept of disturbing the process while in the zone inspired
the idea for the present work, which proposes a way of
incorporating economic goals (like the ones present on
the RTO) on the dynamic control layer by applying the
Extremum Seeking (ES) control, which does not depend on
an accurate process model. The main idea of the proposed
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strategy is that the ES control will drive the controlled
and manipulated variables to the best point in terms of the
economic goal inside the band, using only process data and
without a model. Note that the traditional model-based
RTO strategy drives the process to the model optimum
and not to the process one when modeling errors are
considered. The ES is incorporated on the MPC layer but
does not override it and only actuates when all controlled
variables are within the defined zones. The MPC controller
is always tracking the constraints and will stop ES actua-
tion when necessary.

The following sections present the specific zone MPC
structure that is considered, then detail the ES control
and present the proposed control structure, combining
both controllers. Later, simulation results are presented
considering two different economic goals and then some
concluding remarks are presented.

2. ZONE DYNAMIC MATRIX CONTROL

A general formulation for a linear MPC (in SISO form,
for simplicity) problem is presented in (1), where (1a)
represents the goal to minimize the error between the
controlled variable y and its reference y,. over a prediction
horizon N and the control action, represented by Awu, over
a control horizon N.. These terms of the objective function
are weighted by R and @, representing tuning factors of the
controller. Constraints (1b-1d) represent operational and
safety limits on the controlled and manipulated variables.

r&in J (1a)
Subject to
Ymin <Yk + ) < Ymaz> JeLN]  (1b)
Umin Su(k +]) S Umaz, j € [07 NC - 1] (10)
Aumin SAU(]C +J) < A'Unnaa: j € [Oa N, — 1] (1d)
with
N N.—1
J =" Qylk+i) —ur(k+3)*+ Y R(Au(k+7))? (2)
j=1 J=0

The predictions for a linear MPC are computed by (3),
with the dynamic matrix G and the free response F
dependent on the type of linear model that is used.

Y=GAU+F (3)

with:
Y=[yk+1),yk+2),.,.yk+N)]T (4
AU = [Au(k), Au(k + 1), ..., Au(k + N. — DT (5)

At each sampling time, problem (1) is solved and an opti-
mal array of control actions (AU* = [Au*(k), ..., Au*(k +
N.—1)]7) is obtained, but only the first (Au*(k)) is applied
to the process, as expressed by u(k) = Au*(k) + u(k — 1).

This work utilizes the Dynamic Matrix Control variant
of MPC, as it has found success in the process industry.
This is one of the first proposals of MPC (Cutler and
Ramaker, 1980) and it uses step response models to
compose the G matrix of the prediction model and a
constant prediction error compensation applied to the
free response F. DMC is a multivariable technique since
its origin, natively handling complex dynamics with an
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easily obtainable process model, but could not manage
unstable processes. This limitation can be overcome with
the approach by Santos and Normey-Rico (2023).

There are some possible implementations of Zone DMC,
which are described in Normey-Rico et al. (2024), and
this article utilizes the simplest variant, which consists of
removing the reference tracking terms of the cost function
(Q = 0) and adding new constraints, similar to (1b), but
with the limits of the zone (V. min and Y, maz). As this
constraint can be eventually violated during operation, it
is relaxed by adding new decision variables d,,,;, and 6,qz
that are positive, resulting in (6):

— Omin(k +j) < yk+j) <
Yz, max +5maac(k+j)a VS [LN} (6)

Yz,min

These new decision variables should be minimized to in-
centivize the controlled variables to be within the zone
limits, thus the objective function for this MPC formula-
tion becomes (7). The weighting factor Q)5 should have a
high value, to make the optimization problem prioritize
staying inside the zone.

N N.—1
J = Q5600 (kt5)+000, (k+1)+ Y R.(Au(k+j))?
j=1 =0

(7)

With the zone MPC defined, the next section presents the
Extremum Seeking control basic structure, which is later
incorporated with the DMC controller.

3. EXTREMUM SEEKING CONTROL

Many control problems aim to improve the performance
of time-varying and uncertain dynamic systems based on
output functions that can be estimated, but not truly
known. An example of this is a control structure that
intends to extract the maximal power for solar panels
through solar tracking, being exposed to changing weather
conditions in the short term and changing panel dynamics
on long-term time scales. The problem of optimizing the
performance of a system by looking for the maximal value
of its output function is known as extremum seeking
(Ariyur and Krsti¢, 2003), and is an old technique, that
is now more than 100 years old. A good review of the
historical developments of ES is presented by Scheinker
(2024).

The basic setup of ES is illustrated in Figure 1. It consists
of a process, with inputs u and outputs y. These measured
values (y) are used to compute some output function f,
which can be, for example, some economic criteria or
reference tracking.

The process is exposed to a sinusoidal excitation on the
input, with frequency w and amplitude «. This signal
should produce an oscillatory behavior on the outputs y
and also on the output of the f function. This signal is
passed through a high-pass filter to make the oscillations
centered around zero and to filter undesired lower frequen-
cies. In order to understand the next step of the technique,
consider also the illustration presented in Figure 2, where
some generic mapping for f is presented.
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Figure 1. Diagram of a basic perturbation-based extremum
seeking control structure.
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Figure 2. Visualization of the extremum seeking behavior
for a nonlinear static plant. Adapted from Malek et al.
(2016).

The multiplication of the original excitation signal by the
output of the filter yields two possibilities (when the struc-
ture is correctly tuned): When the imposed oscillations are
on a region of f with a positive slope (represented in the
figure by a green signal), the result will be some positive
numbers (shown constant in the figure for simplicity),
while the oscillations on the negative slope produce a
negative result (as represented by the light blue lines). The
result of this product is then accumulated in an integrator,
generating an offset for the sinusoidal excitation signal as
they are added. This loop results in a change of u that
converges to the maximum of f without explicitly solving
an optimization problem and without using a model of the
process.

The tuning of the ES structure can be done by usual linear
control approaches, but there are some general guidelines
regarding the dynamics of the different elements: The pro-
cess should have the fastest dynamics when compared to
the sinusoidal excitation (also referred to as dither signal)
and the filter. The filter should be tuned to have slower
dynamics (i.e. lower cutoff frequency) when compared to
the dither signal and the process. As for the dither signal,
it should have a higher frequency when compared to the
cutoff frequency of the filter, but not so large as to be in
the range of the process dynamics. The amplitude of the
dither should be chosen to be compatible with the process
and a gain can also be included with the integrator to
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Figure 3. Overview of the proposed control structure with
the MPC and extremum seeking controllers at the
same hierarchical level.

adjust the convergence speed of the technique (Ariyur and
Krsti¢, 2003).

The ES approach does not require a model of the pro-
cess, thus it is interesting to be used when there is too
much complexity in the process that explicit modeling is
unviable or when the current process model is considered
to be outdated. One interesting aspect of the technique
is that the cost function can have many forms, including
nonlinearities, which if present on MPC would make the
optimization problem much harder to solve. The next
section describes the adaptations to integrate the Zone
DMC with a simple ES approach, considering only one
manipulated variable.

4. THE PROPOSED STRUCTURE

This work proposes a way to make the zone DMC structure
make the process converge to some optimal goal defined
by an objective function J without leaving the DMC
zones. This is achieved by applying the extremum seeking
technique when all controlled variables are in the zone, a
region where the zone MPC is designed not to move the
manipulated variables.

In order to integrate the Zone DMC with the ES controller,
a structure where the MPC provides a binary variable
o that indicates if all controlled variables are within the
respective zones. This ¢ is used to enable the ES actuation
and make the necessary resets every time the ES is re-
started (i.e. when some controlled variable goes outside of
the zone and then returns). This structure is illustrated in
Figure 3. Notice that in this proposal, the ES would use the
same economic cost function as the RT'O that provides the
reference values for the MPC. In this work, for simplicity,
the zones are considered pre-defined and the economic cost
functions are evaluated only in the ES controller.

The usual computation of the control action in a zone
DMC is done by adding the value of the manipulated
variable at the previous sampling time (upre,) and the
incremets proposed by the DMC controller at the current
sampling time (Atumy.). The proposed structure adds an
additional manipulated variable increment (Awu.s) given
by the ES structure, resulting in:

U = Uprev + Aumpc + Aues (8)
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As the typical ES approach yields an absolute value for the
manipulated variable (ues), and not an increment (Aues),
the following expression is proposed to allow a smooth
transition between ES and DMC actions:

Ales = Ues — Uzone (9)

At the moment that the last controlled variable enters
the zone, the value of the manipulated variable used
by the extremum seeking controller is captured in the
variable u,one and this is used as the basis from which
the ES incremets (Awu,s) are proposed. A more detailed
diagram of the proposed ES structure is presented in
Figure 4. Notice that when all variables enter the zones,
the integrator is reset (represented by the new input and
change in the block symbol) and the multiplication with
the sine wave starts to give nonzero values, thus the
integrator starts accumulating. A gain  is introduced
in the excitation signal and a gain K is introduced in
the integrator. This structure works because when the
controlled variables are in the zone, Aty is zero, as the
controller is incentivized not to move while in the zone.
The e, is the value of the manipulated variable in the
previous sampling time, and to it are added the control
increments proposed by the MPC and the ES controllers.

Uprev

s
s + wp

asin(wt)

Figure 4. Detailed diagram of the proposed extremum
seeking controller and how it interacts with the MPC.

With this structure, even if the controlled variables even-
tually leave the zone, the MPC is always aware of this
violation, stops the ES, and starts to act moving the
variables back into the zone. As the integrator is zeroed
every time the ES controller starts again, there is no
noticeable aggressive behavior due to this switching, gener-
ating a smooth transition between modes. It is important
to notice that if the ES structure conducts the controlled
variables near the edges or even outside of the zone, this
is an indication that the zones should be re-defined as
the real optimum is outside the bands defined based on
the original solution of the RTO. As ES does not depend
on a process model, but on the process response itself,
the point to which it converges should have an elevated
economic relevance, although it is possible to converge to
local minima.

The following section presents a numerical example to
evaluate the proposed structure. A linear model with two
inputs and two outputs is considered, with a mismatch
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between the plant and the MPC model. Two objective
functions are evaluated for the ES controller to illustrate
typical objectives that can be incorporated.

5. NUMERICAL EXAMPLE

The models considered for the process (G,) and MPC
prediction (G,,) are presented in (10) and (11) and were
obtained from Sotomayor et al. (2009). They represent a
C3/C4 separation process, with y; being the C3 percentage
on the bottom stream and ys being the temperature of the
top stream. The manipulated variables are reflux flowrate
(u1) and hot fluid flow rate (us).

—2.218e %5 +5.656e4 . 0.7413e7* — 1.1452¢73 .
(& e
52 4 3.4948s + 0.5902, 52 + 2.26987s + 0.4023 (10)

Gy = | “113505 — 1.1235(756_15 —0.3¢ %5+ 0.2¢~ om1s
52 + 1.6380s + 0.09852 $2 +2.4298s + 0.0651
0.4227e~%s + 0.1094e 4 o1 —1.2055¢~* — 0.03824(36,15
— | s2+0.1090s + 0.024 52 +0.1342s + 0.011
G, o (11)

—0.0873¢7% — 0.1116e~3 _,,

. 1.3¢7 35 +0.7e~ s
s2 +0.1317s + 0.0073

52+ 2.26055 1 0.1366

These models present a complex coupling with different
static gain signs for any of the two inputs with the outputs.
The tuning parameters that were used for the Zone DMC
are the following: Ts = 1min, N =60, N, =2,Q =0, R =
0.15, Qs = 1e3, Aupin = [—10, —10]T, Atpqe. = [10,10]T,
Umin = [45,40]7, Umae = [1€3,1€2]T, ymin = [0.7,40]T,
Ymaz = [L 52]1—

The tuning of the ES structure was done first by estab-
lishing a frequency w that is lower than the typical process
dynamics, and then the gains «, £, and K were adjusted to
obtain convergence to some maxima without excessive am-
plitude of oscillation. The presented results were obtained
with the parameters a = 0.5, § = 2, w = 0.0314 rad/min,
and K = 32.

As there are two controlled variables (y; and yo), the
upper and lower limits of the zones (Y, mae a0d Yz min)
are expressed as arrays, being given by:

(12)

Yz,min = [08a48]T
Yzmaz = [1,50]7 (13)

Two objective functions were considered, representing typ-
ical economic goals for the process industry. The first
objective function J; represents a typical economic goal,
with maximization of the profit brought by the controlled
variables while minimizing the cost of increasing the ma-
nipulated variables:

J1 =10y +60ys —u; — 3us (14)

The second proposed cost function J; tries to maximize the
product of y; with u; input, which could represent profit
from some energy output of the process while maximizing.
This objective is defined just to illustrate the capability of
ES to find maxima on complex functions.

(15)

Jo =10 /y1u1 +40ys —uy — 3ue

Both functions were used on simulations with the proposed
control structure and a third simulation was made using
J1 and adding some measurement noise on y;. The results
of these simulations are presented in the following section.

The first scenario evaluated uses the J; function on the ES
controller and is presented in Figure 5.
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Figure 5. Results for simulation with Jq, showing y1, y2,
u1, ug and the value of the objective function.

It is possible to notice the oscillations imposed on wu; by
the ES controller, with amplitude given by the « and S
constants of the ES structure. This oscillatory excitation
makes the process slowly converge to the maxima of Jj.
The rate of convergence is directly determined by the gain
K of the ES structure.

The cost function value rises with each iteration of the
simulation but eventually leads y; to the lower limit of
the zone. When passing the zone, the ES is deactivated
and the MPC actuates to bring it back to the zone. When
re-entering the zone, the ES again moves y; outside of
the zone, creating a slightly oscillator pattern on the lower
limit of the zone. This behavior indicates that, considering
the objective Ji, the economic optimum is outside of the
zone. This can be an indication that the zones should be
re-calculated and that the process model used in the RTO
should be updated. It is also noticeable that the value
of the objective function consistently increases through
the simulation, indicating that the proposed control move-
ments increase the economic profit inside the zone. If this
switching between ES and MPC is considered excessive,
hysteresis can be implemented, so that the ES only reacti-
vates if the process variables are inside a smaller internal
zone.

The second simulated scenario is presented in Figure
6, which consists of the previous scenario with added
measurement noise on y;. This was done to evaluate how
the ES structure would behave in the presence of high-
frequency external factors.

The results show that the ES structure produces similar
behavior to the previous case but with some clear distor-
tions in the shape of the response. This type of disturbance
can be managed in the ES structure by adding a low-pass
filter before the integrator and carefully choosing the cutoff
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Figure 6. Results for simulation with J; and measurement
noise on yp, showing y1, yo, u1, us and the value of
the objective function.

frequency to be in the slow range, maintaining the tuning
guidelines provided in the literature.

The third simulated scenario, considering Js, is presented
in Figure 7.
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Figure 7. Results for simulation with Js, showing 1, ys,
u1, uz and the value of the objective function.

For this simulation, it is noticeable that the controlled
variables move slower when compared to the previous
simulations. This exemplifies the effect of the new cost
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function on the ES structure, as Jy has a shallower curve
on the region being considered when compared to J;. The
value of J does not change much during the simulation,
indicating that there is not much economic gain obtained
in this case. Stopping criteria can be implemented for the
ES, based on the change in the value of the ES objective
over time, to avoid continuing to disturb the process if
there is no significant economic gain.

Another noticeable behavior is that us remains static for
most of the simulated time, only moving when y5 leaves the
zone, which is the expected behavior for the zone control.

6. CONCLUDING REMARKS

This paper presented a novel structure, coupling Zone
DMC with extremum seeking control to pursue economic
goals on the advanced control layer. The Zone DMC con-
troller is presented, as well as the proposed ES structure,
which is capable of handling the switching between differ-
ent control modes with a smooth transition. Results show
that the ES increases the return over the evaluated eco-
nomic criteria with small implementation complexity and
no reliance on a detailed process model. More research is
needed to establish stopping criteria for the ES controller,
as well as to evaluate the setup in a complex simulation
scenario, with an acting RTO layer and nonlinear process
model. Future works could also consider ES with multiple
inputs, to obtain a closest point to the economic optimum
by moving all manipulated variables. One other relevant
research path is establishing tuning guidelines for the ES
strategy as it is not a trivial procedure.
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