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Abstract: In this paper, an approach for the tuning of a model-based non-linear predictive control
(NMPCQ) is presented. The proposed control uses the pattern search optimization algorithm (PSM),
which is applied to the pH non-linear control in the alkalinization process of sugar juice. First, the
model identification is made using the Takagi Sugeno T-S fuzzy inference systems with multidimen-
sional fuzzy sets; the next step is the controller parameters tuning. The PSM algorithm is used in
both cases. The proposed approach allows the minimization of model uncertainty and decreases,
in the response, the error in a steady state when compared with other authors who perform the
same procedure but apply other optimization algorithms. The results show an improvement in the
steady-state error in the plant response.

Keywords: optimization; alkalization; non-linear control

1. Introduction

The existence of productive processes with strong non-linearity forces different control
strategies, One of them is adaptive control. NMPC is a non-linear control strategy used to
control different systems such as wastewater treatment, chemical, biotechnological, wind
turbine systems, wave oscillations, and motion control, among others [1-5].

The pH becomes a crucial magnitude in biotechnological and food sector applica-
tions. In these processes, the control of pH goes from linear to non-linear applications,
highlighting the importance of the control strategy and its tuning. For example, it is the
case of the clarification sugarcane juice process, where the pH is affected by whitewash
flow and both by temperature as the flow of the juice.

The NMPC tuning, due to its complexity, is made using optimization methods, and in
some cases, the tuning is online. There are several optimization methods to solve different
kinds of problems.

In many cases, optimization strategies, such as genetic algorithm (GA), evolution
strategic (ES), and particle swarm optimization (PSO) are made up of a population of
particles, which are the starting point of an optimal value, which in some cases shows
stagnation in local minimums [6-9]. In this range of optimization methods for the tuning of
fuzzy control systems with PID structures, classical techniques such as gradient algorithms
and Rosenbrok’s algorithms are also used [10]. In these cases, the former uses the gradient
of the objective function, looking for possible directions that sometimes must be corrected
utilizing offsets. The latter is characterized by not employing derivatives; other alternative
methods appear, such as the (ACO) and (GSO) algorithms, which present interesting results
in particular applications [11].
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They use historical information to find new points that allow an adequate solution.
These algorithms differ from other techniques in that they use aptitude functions instead
of derivatives. Additionally, they work with a set of design points instead of a single
point [12]. However, although this optimization structure is widely used, it presents
adjustment difficulties in the parameters of the operators, and a significant dependence
between the type of problem and the adjustment of said parameters [13-15]. It is presented
as a variant of GA, in which crossover operators are not used and have a high capacity for
mutations. These mutations are determined exclusively by the mutation operator, where
the same parameters are required as the GA, and in turn, have the same disadvantages [16].

Moreover, alternatives, such as ant colony optimization (ACO), are applied in various
works, in which the behavior of ant or bee colonies is emulated [17-21] are presented. These
colonies are made up of individuals who carry out various tasks. Although an individual
may not be able to perform his task, the colony as a whole does. These algorithms are
initially inspired by how ants surround obstacles while transporting their food, transmitting
information through marker pheromones. However, it has as a disadvantage the tendency
to stagnate in local minimums [22,23].

Another recognized alternative is particle swarm optimization (PSO), which is based
on the social behavior of animals. The pursuit of a point is carried out starting from these
particles that develop a systemic search throughout the operating range. Then, according
to mathematical rules that consider their position, the particles know the best point reached
by any other particles in the swarm. This optimization strategy is more straightforward
than other similar strategies because it does not require excessive adjustments. However,
just as the ACO method tends to stay at a local minimum [22,23], or requires too high a
population [24].

In recent years, some research has demonstrated the excellent performance of appli-
cations using methods, such as DE and PSO algorithms. Some of these strategies also
show a solid path in the handling of Membership Functions and parameter tuning for
applications in the world of robotic systems [11]. On the other hand, other relationships are
presented in the field of control and robotics, where fuzzy optimization strategies based
on animal nature, such as grey wolf GWO optimizers, stand out for their behavioral [25].
There is also the appearance of other research-oriented to work on pattern recognition
through Sugeno strategies and fuzzy systems [26,27], as well as in the comparison between
different optimization algorithms and the adjustment of their parameters [28]. However, a
lack of work focused on advanced control applications with multidimensional fuzzy sets
combined with methods that can perform non-random searches.

The appearance of an optimization algorithm, such as PSM, is advantageous because
it has global convergence as its main characteristic, which means that it does not generate
stagnation in local minimum since it presents an exhaustive search throughout the search
range. PSM is another great advantage because it can be implemented under simple
mathematical operations, allowing relatively easy implementation. As an example, it can
be seen how PSM has been implemented in mathematics, and optimization theory [29,30].
The PSM pattern search method is part of the optimization techniques of the family of
metaheuristic algorithms. This method consists of an array where a restricted search is
performed. Said matrix is defined as a mesh, which is related to a sequence of survey
conditions. The conditions generated by the surveys give the guidelines for reducing
the current mesh, thus ensuring algorithm convergence. In such a way that it presents a
satisfactory operation for applications with multiple local minimum [31] and is flawlessly
applied to NMPC techniques such as those presented in this article. The improvements
identified after the application of the method are as follows:

e The PSM improves the search for local minima to make the tuning more accurate
values;

*  When tuning the models obtained from the SIB T-S with CBMD with PSM, the obtained
results improve compared with other authors;
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* By optimizing the tuning process of control strategies applied to non-linear systems,
such as NMPC reflects results with lower steady-state error than most other authors.

The generalized pattern search method is presented in Section 2. Section 3 discusses
the problem formulation. Section 4 provides an analysis of results. Finally, our main
conclusions are given in Section 5.

2. Generalized Pattern Search Method (GPSM)

The pattern search algorithm is mainly made up of two parts, the first one, constraint
conditions and the second, an equidistant particle mesh formed between the constraints
already given. The evaluation of the particles in the function gives the guidelines to
determine the directions the particles must define towards which direction they should
start by giving previously determined jumps to search for the entire work area. The Figure 1
presented below is taken from [32].

Particles Number = np
Range = [Pi, Pf]
Step = St

'

Mesh(Fc)=[1(Pf-Pi)/Np, 2(PE-Pi)/Np, ..., Np(Pf-Pi)/Np |

!

for (i=1, .., Np)

> Evaluate(M)=Objetive Function
note: nested

Ploc=MaxiM)

Pglob=Ploc

M[i]=Mi+St

M[i]=Mi-5t

Output=Pglob |«

Figure 1. Generalized pattern search algorithm.

3. Problem Formulation

Two main problems are presented in the control diagram, the first one is to identify
the parameters of the Takagi Sugeno Fuzzy Inference System model defined as hereafter as
SIB T-5. These algebraic models use as numerical consequent in each of their rules a linear
function for each model input. The second problem is focused on finding the parameters
of the control tuner as shown in Figure 2.
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—» Problem (1)

R(t) Y(t)

Process plant

NMPC

—»Problem (2)

Figure 2. General representation of a NMPC.

3.1. Problem 1: SIB T-S and CBMD Model

The CBMD defined as Multidimensional Fuzzy Sets are used for work development,
which for an SIB T-S use the operation of an implicit partition as stated by [33], developing
an approach when using a SIB as a model T-S . The tasks related to the structural and
parametric definition of the model can be made more flexible using SIB T-S, which allow
information to be grouped in a blurred way to obtain a CBMD .

The dynamic system treated in this work is described employing the rules of a SIB T-S
that are shown in the Equation (1) as follows:

y (k) = po+ Praxa(k —ng) + .
P, X1 (k= (ng1 + ny1 — 1)) + phyxa(k — ng)+
ot Phy (k= (ngp + mp — 1)) + .t 1)
Phixm(k = nay) + .+ P?vmquM(k — (nap +nym — 1))
+biy(k —np) 4 ... + by (k — (ny + ny —1))

Being R;: for the Equation (2) to A(), r(k) being the input space represented by the
following vector:

r(k) = [x1(k —ng1), ..., x1(k = (ngg + n,p — 1)), ...,
xp(k = nan), - xmk = (ayg +num — 1)), y(k — na), )
w Yk —=np), ., y(k — (ny +ny —1))]

AU is the fuzzy set for spaces X x...x X1 x...x X3y X Y x..x Y. In Table 1 description
of the variables of Equations (1) and (2) are presented.

We find that, r(k) is formed by the elements associated to current and lagged values
of the input variable at any instant, with dimensions in space defined by #.

Identification using SIB T-S requires initially determining the structure of the model
to subsequently perform the process of tuning the regressors, antecedents, and consequent
p, 4, 1, s, v of the model SIB T-S and CBMD of the Equation (3). These elements represent
the tuning of predicted state regressors, determining the maximum number of regressions
that each variable can take to obtain a suitable model.

X =[ulk—-p),.,uk—-1),dk—gq),..,dk-1),
ylk—r),.,y(k—1),22(k —s),..22(k - 1), ©)]
£1(k—0), ..., 21(k—1)]
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Table 1. Description of the variables of Equations (1) and (2) NMPC.

Parameter Definition
ph It is the initial value of the rule output.
x;(k) Is the value, at the time k,
J of the input variable .
K Is the value, at time k, of the system
y(k) output variable
Is the value, n instants before k,
xj(k —mn)

of the input variable j
Is the value, » moments before k,
of the system output variable
Is the value of the parameter associated
with variable j in rule i.
Is the value of the parameter associated
j=1,..,M; bj(i) with the delayed system output
variable j times.
Is the time it takes for a previous value of
ndj € {0U Z+} an input j to take effect in the output
value of the system.
Is the time it takes for the value of a
nv € Z+ previous system output to take effect
in the value of the system output.
Is the number of previous
values of the input variable j, to be
ni(> ndj)j considered in the regressor; (> nv) is the
number of previous values of the system
output, to be considered in the regressor.

ne{0Uz+}; (k—n)

ne Z+; pj(i)

The variables used in the sugarcane alkalinization process model are defined in Table 2.

Table 2. Process input and output variables.

Process Variable Model Variable

Jacket flow Fj Manipulated variable (u)
Reagent input flow F Measured disturbance (d)
reagent concentration CA Controlled variable y
Reactor temperature T First state (x1)

Jacket temperature T; Second state (X3)

For each variable defined in Table 2, the preliminary regressor of the algorithm in-
cludes the input flows that are progressively increased until the n regressions are reached.
Initially, the model is £ = (u, d), to additionally include the output of the process pHj in
the regressor defined as £ = f(u,d, y), to conclude, including the states estimated by the
same model £ = f(u,d,y, J?) For each regressor, a SIB T-S is identified with m being the
number of CBMD validated against actual data to evaluate its performance. To model the
SIB in state space, the algorithm simultaneously identifies and validates states x; and xp
to include in the regressor the predicted states £ as presented in Equation (3). Therefore,
p,q,t,s,v, are defined as the maximum number of regressions that each variable can take
in the algorithm used to optimize the regressor.

3.1.1. Objective Function of the Model

In Equation (4), which is the objective function of the model, the actual model is
compared with the model identified by tuning SIB T-S with CBMD . Then, the evaluation
of the system is executed utilizing performance indices that serve as a tool to determine
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relevant characteristics to conclude on the results obtained. The main performance criterion
used to determine the behavior of SIB T-S with CBMD is the integral of the quadratic error
ICE that is described by the Equation (4), where the error is calculated with the values
of difference of process variables. This performance index is adequate for evaluating the
tuning of the SIB T-S since the identified model is required to reproduce the actual plant
most exactly, looking for a minimum error, leaving the time of processing as the ICE does
with the broadest errors.

FICE (pH) = /0 (pHyeqs — pHsp)? dt @)

3.1.2. Control Algorithm Proposed Using GPSM to Obtain the Parameters of the SIB T-S
and CBMD Model

The GPSM is implemented using the so-called multi-model applied by [34], where it
can work non-linear systems with multiple variables. For example, in problem 1, where
the model variables of the SIB T-S and CBMD must be found, the GPSM is implemented

in Figure 3.

Particles Number = np
Fc=[0, 5001, Fj= [0, 50], Ph= [0, 50],
Ph1 = [0, 50] Ph2 =[0, 50]
Step = St

¥

Mesh(Fc)=[(500)/Np, 2(5001/Np, ..., Np(500/Np |
Mesh(jc)=[(50/Np, 2(50¥/Np, ..., Np(50)/Np |
Mesh(Ph)=[(50/Np, 2(50/Np, ..., Np(50)/Np ]
Mesh(Ph1)=[(50)/Np, 2(50//Np, ..., Np(50)/Np ]
Mesh(Ph2)=[(50)/Np, 2(50)/Np, ..., Np(50)/Np ]

v

for {c=1, .., Np}
forij=1, .., Np)
for (h=1, ..., Npl
> for (h1=1, .., Np)
for th=2, ... Np)
note: nested
Evaluate=Objetive function Mesh [ Fc, jo, Ph, Ph1, Ph2|
Ploc=Max(M)

Pglob=Floc

If Mli]<Pglob MIil=Mi+5t

M[i]=Mi-5t

Output=Pglob |«

Figure 3. Proposed method based on pattern search to problem 1.

3.2. Problem 2, the Optimizer

The objective function FC represented in the Equation (5), is part of the Optimization
Algorithm. This function describes the system’s performance through its minimization,
becoming a performance index that determines the usefulness of the control policy. Gener-
ally, this mathematical expression must be minimized to represent the finding of a specific
reasonable control action that is applied in each sampling period. One of the FC most used
in predictive control strategies is the quadratic representation that has expressions that
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describe the constraints [35]. Furthermore, the FC structure of one input and one output
system extends to multiple inputs and multiple output systems as determined by [36].

M1 i
FCly(k), u(k)] = }_ ai(yrep(k+1) = gk + 1))+
i=P
", ®)
Y Bildu(k+i—1)]?
i=P,
The definition of variables used in Equation (5) are presented in Table 3.

Table 3. Identification of values to tune in the NMPC.

Parameter Definition

Represents the future steps in which

Py, P, P3 the prediction is made.
Terms associated with the initial horizon
My, M», M3 Terms associated with the control horizon.
o Weighting weight associated with the error
Weight of weight associated with change of action
p control
7 Estimated output
Yref Reference value of the output
Au(k+i—1) Term associated with change of control action
Aj(k+ i) Term associated with the change of the predicted output

The parameters P1, P2, P3, M1, M2 and M3 depend on the application, which perform
scaling. They must always satisfy that 1 < P; < M; < P with P the prediction horizon
e; =1, 2, 3. Usually P1, P2 and P3 are taken equal to 1.0 while M; and M3 are taken equal
to p and M, becomes equal to the control horizon M.

The structure of the most used FC in the NMPC is the quadratic that may or may not
have restrictions that must be taken into account when executing the optimization [35].
The form represented in the Equation (5) is the essential formulation for non-linear plants
that have been applied discretely in case studies addressed by other authors [37].

The main performance criterion used to determine the behavior of NMPC is the
integral of the squared error for time FICET described by the following equation, where it
is a function of error and time. The variable ¢ is the time with which the response speed
parameters in the function are penalized. The parameter allows punishing the present
errors time after the beginning of the entrance to the system.

This performance index is adequate for evaluating the behavior of the NMPC tuned
because errors are heavily penalized and, additionally, the time factor is taken into account,
which will allow the relationship with the controller’s transient and processing response.

o
t

FICET (pH) = / (pH — pHsetpoint)2dt ©)
0

Control Algorithm Proposed Using GPSM to Obtain Tuner Parameters

The GPSM is implemented, as in problem 1, using the multi-model applied by [34],
but in this time, it is applied to the tuner, as seen in Figure 4.
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Particles Number = np
Hp = [0, 50], Alfa= [0, 1x1075],
Beta = [0, 1x10A5],
Step = St

v

Mesh(Hp)=[(50)/Np, 2(50¥Np, ..., Np(50}/Np ]

Mesh(Alfal=[(1x10/5)/Np, 2(1x10A5)/Np, ...,
Np(1x1045)/Np |

Mesh(Beta)=[(1x10/5)Np, 2(1x10A5)/Np, ...,
Np(1x1075)/Np |

for (h=1, ..., Np)
for aj=1, ..., Np)
for (b=1, ..., Np)

— note: nested
Evaluate=Objetive function Mesh [Fc, jc, Ph,
Ph1, Ph2]

Ploc=Max(M)

If Ploc=Pglob

Pglob=Ploc

MIi]=Mi+5t

M[i]=Mi-5t

Output=Pglob |

Figure 4. Proposed method based on pattern search to problem 2.

3.3. Case Study, Alkalinization of Sugar Cane Juice

NMPC implementation is required in various chemical processes, such as the alkalin-
ization process of the sugar cane juice. An advanced control strategy is required in this
process due to the difficulty in adjusting the pH to normal operational conditions, which is
reflected in its non-linear behavior. PH is the quantity that describes the acidity/alkalinity
of a substance at specific temperature conditions. Its measurement scale is expressed with
range values between 0 and 14, which allows determining the hydronium concentration
measurement activity in a solution. The measurement of pH can be represented by a
function of concentration, which is expressed mathematically with logarithmic elements in
base ten and has the following characteristics of its behavior:

¢ The final control element associated with pH control must guarantee exact base or
acid values; this means small or large dosages that become process constraints;

e The pH response to an input that is the addition of reagents shows a non-linear behavior;

* In this type of process, the pH is presented as a controlled variable, and the manipu-
lated variable is the addition of reagents;

e The process dead time changes depending on: the variation in the volume stored in
the tank, the reagent inlet flow and the mixing speed;

¢  When the system gain is small (indicates a high acid content or low base content),
generating a response with low speed.

The pH modelling process in an alkalinization process is not the object of study
of this work, which is why any reference will be based on the development elaborated
by [37]. In Figure 5, a general scheme of cane juice treatment for sugar production is
presented. Sulfidation is the stage where adding SO, to the raw cane juice in countercurrent,
through the sulfidation tower, to reduce coloring compounds. Figure 6 shows the general
alkalinization diagram of cane juice for pH control.
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Mill juice
;@«\I p Flocculant
SR Whitewash
N P
(G m— | l
[0 so2 —
N S
Sulfitation L
ok ) ﬁ Decanting

Alkalinization

Cachaza
-

Clear juice

Figure 5. Sugar cane juice treatment scheme.

FOS
NaHCO3

FOj Neutral
juice

FOA
HNO3 F2 Whitewash

|

F1 Sulphited juice \(

F3 Alkalized juice
Volume V

Figure 6. Cane juice alkalinization stage for pH control.

Taking into account that the sugarcane juice contains a strong acid HNO3 and a weak
acid NaHOj;. The two dissociation constants K;; and K, will be taken equal to those of
the acid carbonic. The chemical reaction is modelled based on the approximation of two
reaction invariants, such as the electronic charge of the solution W, and the final anion
concentration Wy. The reaction invariants are balanced in the current i so they will be
represented by W,; and Wy,;.

Starting with the variables u = F, and the state variables X; = W3 and X, = W3 the
model in state variables is represented as follows:

{Xl |- g W = W) | R %
X2 7 (Wp1 — Wy3) s
It is required to know each one of the values of the process variables to normal-

ize, according to [37] expressed in Table 4 that represents the engineering units for the
normalization of the variables.
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Table 4. Interval of engineering units for the normalization of the variables of the alkalinization

process of the sugar cane juice.

Magnitude Unity Range Initial Condition
Lime milk flow (F;) GPM 10, 70] 23.63

Sulfited juice flow (F;) GPM  [500, 2100] 1657.3

pH of lime milk (pHa) pH [11.7,12.2] 12.33

pH of sulphited juice (pH;) pH [4.1,5] 4.4965

Electric charge (W,3) C [—9.8090 x 107°, —0.0026] —2.6 x 10~*
Ultimate anion ’g”—[‘l’ll [1.5776, 6.5704] 4.06 x 1074

pH of the alkalized juice pH [5.7,8.7] 7.3481

Figure 7 shows the graph of the evolution of the parameters for the second case study,
where the optimization algorithm performs an exhaustive search for the minor error to find
the tuning parameters of the SIB T-S and CBMD that allows obtaining the most suitable
system model. Graphically it is observed how the algorithm PSM is in charge of preserving
the value of the minimum obtained and the parameters with which it is obtained until
a global minimum is found. As a result of the previous simulations, suitable values are
obtained for tuning the SIB T-S and CBMD , which allows the most suitable model to be
identified, starting from a comparison between the actual model and the model identified
with the tuning parameters. It is defined which identified model presents minor differences
or errors concerning the real one. With several fuzzy sets equal to 7, the PSM searches for
the ideal values for tuning the SIB T-S and CBMD for the regressors associated with the

second case study as shown in Table 5.

50
s —
Z, 1
0
50
0 I 1 |
50
ay
=%
=z,
0
50
2
=%
=

NpH2

I e T

50|
0
| | |

Error

— )

(4] o
| |

0 500 1000 1500 2000 2500 3000

Model iterations pH

Figure 7. Evolution of regressor parameters pH, Fc, Fj, pHy, pHy with the algorithm PSM.
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Table 5. Tuning values for the SIB T-S and CBMD .

Regression Variables Optimal Regressor Values

Lime milk flow F. 1
Sulfited juice flow F; 1
pH of alkalized juice pH 1
pH of lime milk pH1 1
pH of sulphited juice pH2 1

It is required to determine the conditions that are required for a given process for
tuning the controller. Among the most relevant conditions to consider are response speed,
reduction in disturbances, reduction in error, reduction in excessive controller action and
compliance with operating conditions or restrictions. For the case study, the tuning of
the prediction horizon P, the control horizon M, and the weights of the cost function
alpha, beta, and Gamma are presented in Figure 8. First, this tuning is developed with
the values previously obtained for each parameter; then, the comparison is made with the
behavior of the tuned controller with proposals from other authors to validate it.

oy T
= 40l \ .
I
-2
B 201 ‘ -
=
L
=
&0 | | | | | "
0 20 40 60 80 100 120
5
1.00001 212
S
= 1
<
0.99999 | : ! : ! !
0 20 40 60 80 100 120
4
10 x10
3
5L i
2
0
3000 E
§ 20001 =
M 1000} -
0 | | | | | |
0 20 40 60 80 100 120

Optimizar iterations for the plant pH

Figure 8. Evolution of tuning parameters P, alpha and beta with algorithm PSM case Alkalinization
of sugar cane juice.

4. Analysis of Results

The simulations performed in this work are run on an Intel® Core(TM) i3 CPU 2.53 Ghz.
Simulations start with disturbances common in natural sugar cane juice clarification pro-
cesses, such as the reduction in the flow of sulfite cane and the reduction in the pH of
sulfite cane juice. These perturbations generate direct alterations in the pH of the process
and can be detailed in Figure 9 at 1 min and 12 min, to obtain the behavior of the time
response that we will analyze below. Initially, behavior analysis of the NMPC for pH
control is carried out, in line with the proposals that various authors have put forward in
comparison with the proposal developed in this article. Due to the requirements of the
process, it is necessary to define an upper and lower value or range of permissible error,
which is represented graphically with the black strip with the desired pH value in the



Processes 2021, 9, 2283

12 0of 16

9.5

N e
) © 3}

Hydrogen potential (pH)

~

6.5

central part of Figure 9. This range presents a set point of 7.34, which is the ideal value for
maintaining the process’s pH.

Proposed methodology
(Dougherty, 2003)

(Hinde & Cooper, 1994)
(Srinivasarao & Subbaiah, 2014a)
(

(

Shridhar & Cooper, 1998)
Georgiou, 1997)
Set point

= == Upper bound

- == Lower bound

5.5
0

4 6 8 10 12 14 16 18 20
Time (min)

Figure 9. Comparison of the response of NMPC with SIB T-S with CBMD tuned with various proposals case study
alkalinization of sugar cane juice.

The main performance criterion used to determine the behavior of NMPC is the
integral of the squared error for time ICET that is described by Equation (8) for pH as
a function of error and time. The variable f is the time with which the response speed
parameters in the function are penalized. Ph is the current value of the quantities to
be controlled.

FICET(pH) = /0 t(pH — pHsetpoint)?dt ®)

This performance index is suitable for evaluating the tuned NMPC behavior because
errors are strongly penalized, and the time factor that will allow the relationship with the
controller’s transient response and processing is taken into account. For example, Figure 9
shows the behavior of NMPC with SIB T-S and CBMD tuned with various methods to
validate the results obtained with the proposed PSM algorithm.

The optimization algorithm performs an exhaustive search reducing the number of
trials to 230 iterations. When the optimizer does not find a different minimum error, it is
responsible for storing the data of the minimum previously obtained and the variables that
generate it. As a result of previous experiments, the ideal tuning values for SIB T-S and
CBMD are obtained, with minimum errors presented. Optimal tuning values are several
sets equal to 3, regressor associated with concentration CA equal to 9, regressor associated
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with reactor temperature T equal to 9, regressor associated with jacket temperature T; equal
to 1, regressor associated with reactor inflow F equal to 9, regressor associated with jacket
input flow F; equal to 1.

The proposals of [38,39] present considerable perturbation of 31.07% and 30.68%,
respectively. Both proposals present a relatively acceptable final control element effort.

However, errors with ICET performance index with values in the order of 2.4831 x 103
are still too high, without reaching an optimal value at steady state, being far away from
the setpoint and falling outside the desired pH range, as detailed in Table 6. The tuning
developed with parameters proposed by [40] presents a minor impulse overshoot when
receiving a second perturbation. However, this response does not reach an acceptable pH
value for the process. The NMPC behavior of the SIB T-S and CBMD tunes the parameters
found with the proposed approach, presenting an adequate process behavior. The error of
the ICET performance index presented with the controller, as shown in Tables 3 and 5, is
the minimum value presented with the other tunings and is within the acceptable margin
of error. Analyzing in the time response other aspects that can be valuable, it is found that
the overshoot generated for the first perturbation for all the tunings are very similar, being
between 29.8% and 31.07%. The aspect against the response generated by the proposal
presented is the ripple in the time response. This aspect can be improved and opens
the possibility for future works. The derivative parameter can be used to combine the
proposal developed with traditional PID control strategies. In this case, the derivative
parameter can allow its characteristics to generate the necessary speed to correct the
oscillations. Additionally, it opens the possibility of working with hybrid control strategies
and sliding modes.

Table 6. Performance indices, CT: Computer time.

Tuning Proposal ICET pH ICET Average M, [%] CT [s] Effort EFC
Proposed methodology 553.2816 0.0690 30.3170 4.2783 x 1074 79.1858
[39] 2.4831 x 103 0.3096 31.0739 4.2388 x 1074 28.9337
[41] 2.5321 x 103 0.3157 29.8152 4.2881 x 1074 50.5342
[38] 2.4112 x 10° 0.3006 31.0739 44185 x 10~ 28.0000
[42] 2.5011 x 103 0.3119 30.6831 4.6854 x 1074 31.3067
[40] 3.9504 x 10° 0.4926 29.8718 44517 x 10~ 83.4359

5. Conclusions

In this article, the practical application for the optimization of the control of a strongly
non-linear system with a controlled variable such as pH, using the PSM optimization
algorithm is presented.

e Itisidentified that the models obtained using fuzzy inference systems SIB T-S and
CBMD present a favorability for control-oriented applications, demonstrated to be
more flexible in chemical processes with application in the industry. Thus improving
their efficiency because they avoid the contribution of the uncertainties inherent to
the model;

¢ The emergence of a novel optimization method such as the PSM pattern search method
is established, which presents essential advantages that allow the construction of a
clear methodology for tuning an NMPC with SIB T-S in combination with a CBMD
applied to chemical processes;

e The tuning process of an NMPC is optimized utilizing the PSM, which, unlike other
optimization methods, does not present randomness, helping the results to be con-
sistently reliable, avoiding at the same time the stagnation in local minimums, per-
forming an exhaustive search for a minimum value, reducing the number of tests in a
significant way. Furthermore, control is obtained over the entire spectrum of values
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with the algorithm application without approximating the defined operating points,
as most proposals for tuning these control strategies;

®  The proposed optimization approach for the NMPC tuning with SIB T-S and CBMD
can be a first step for the industry to adopt such techniques, which will allow at a
given time to reach the implementation in the processes, as today happens with PID
controllers that present acceptable behaviors, however, they can be supported by the
alternatives of advanced control when it comes to optimizing the processes.

Based on the results obtained, it can be assured that the PSM is a suitable option for
implementation in pH control applications in the alkalinization of sugar cane juice. PSM is
used to identify the model and subsequent controller tuning that obtains better results for
these processes than other authors.
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