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ABSTRACT This document describes the implementation of a neuro-fuzzy adaptive system MIMO
(Multiple Input Multiple Output), using two neuro-fuzzy MIMO systems: one for control and the other
for identifying the plant. Under this approach, the controller is optimized, employing the model obtained
during the identification of the plant that utilizes data generated from the controller’s operation. In this way,
the plant identification and the controller optimization is performed iteratively. The application case consists
of controlling a MIMO non-linear hydraulic system fed by a pump and a three-way valve. In order to observe

the controller performance various experimental configurations are considered.

INDEX TERMS Adaptive, control, hydraulic, MIMO, neuro-fuzzy.

I. INTRODUCTION

When having uncertainty, inaccuracy, and ambiguity in the
phenomenon to model and control, the fuzzy logic systems
seem a suitable option given the flexibility when describing
this type of behavior [1], [2]. A systematic manipulation of
vague and inaccurate concepts is visible when using fuzzy
sets, at the same time, such sets can be employed to represent
variables in linguistic terms [3]. Thus, the sets become a
suitable option for solutions in control systems given the
flexibility and capacity of fuzzy logic systems when having
uncertainty, vagueness, and ambiguity in the phenomenon to
model [1], [2].

Automation applications have developed tools based on
Boole’s algebra allowing the definition of control rules [4],
[5]. Nevertheless, these systems display limited performance
due to abrupt transitions in the actions of control. One way
to improve the performance of the systems is replacing the
Boolean sets for fuzzy sets [6]. A methodology for the design
of fuzzy sets under this approach is displayed in [7], [8].

Neuro-fuzzy systems are an option of control when having
a plant of high complexity given by non-linearities, parameter
variations, among others [2]; thus, the implementation of
neuro-fuzzy control strategies require a previous plant iden-
tification and the controller’s optimization with this model.
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Essentially, adaptability consists of the capacity of an
organism to survive in an environment [9]. Reference [10]
indicates that this principle can be applied to optimization
and in adaptive intelligent control systems. Thus, intelligent
control is the study to achieve the automation by emulating
of intelligent biological systems. There are examples of opti-
mization processes when considering biological or behav-
ioral processes. This focus is useful in numerous practical
problem controls where a mathematical model is difficult or
non-viable; in such cases, heuristics can be employed for the
design of control systems.

According to [11] and [12], the Adaptive Control (AC)
includes a set of techniques that provide a systematic
approach for the controller’s adjustment in real-time, aiming
at keeping the desired performance level of the control system
when plant’s parameters of the dynamic model are known
and variable through time. Adaptive control techniques may
provide an automatic adjustment procedure in closed-loop for
controller’s parameters; in such cases, the effect of the adapta-
tion disappears as time passes. Besides, it must be considered
that changes in the operating conditions may require a reboot
of the adaptation procedure.

For control of uncertain non-linear systems, adaptive con-
trol is a suitable technique to handle system uncertainties
using a parameter estimator. In this way, adaptive control
provides controller’s automatic adjustment for maintaining
the desired system operation when the plant parameters are
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not precisely known. For the operation of adaptive control,
the system output is measured and compared with the desired
values; then, based on the comparison error, the adjustable
controller adapts its parameters using adaptation mechanisms
[13]. Besides, adaptive control has shown to be applicable in
different Multiple Input Multiple Output (MIMO) systems,
developing techniques such as Multivariable Model Refer-
ence Adaptive Control (MRAC), being this an important area
in a theoretical and practical way [14]. Another important
aspect is concerning to the sensor and actuator failures, which
can cause intermittent fault, system performance deterio-
ration, and even damages. To solve the uncertain actuator
failure issues, different control techniques were proposed,
where adaptive control based failure compensation designs
are a suitable option [15].

According to [16], [17], most of the techniques employed
to design control systems are based on the plant’s exceptional
knowledge and environment. Nevertheless, the plant may
be remarkably complex, and the basic physical procedures
are not entirely understood. Thus, the control techniques are
improved with an identification technique to understand the
plant better. If the identification of the system is recursive,
that is, if the model of the plant is periodically updated
based on previous estimations and new data, the control
and identification can be made simultaneously. The adaptive
control can be taken as a direct aggregation of a method
with a system’s form of identification that may determine if
the plant is a linear or non-linear, finite, or infinite dimen-
sion and if it displays a discreet or continuous dynamic of
events. Thus, adaptive control is all about applying a system’s
identification technique to reach a model of the process and
its surroundings from input-output experiments, and then
using this model for control design. Controller parameters are
adjusted during plant’s operation as the data amount for iden-
tification increases. In practice, these controllers are applied
to unknown plants that slowly vary in time. The application
of such systems arises in contexts like advanced systems for
flight control for aircraft and spacecraft, robot manipulators,
power-system controls, among others.

A fuzzy system allows establishing an initial configuration
and structure for identifying the plant and the controller’s
optimization. At the same time, this addresses the difficulty
present in neural networks to establish this structure, and its
parameters initialization [2]. In that sense, when employing
neural networks, the initial configuration is usually random,
while a fuzzy system permits a previous configuration based
on the preliminary knowledge of the system.

Plant identification for the design of control systems is
an important aspect that has been approached in different
ways. Some of these solutions have used fuzzy logic and
neural networks. However, there are drawbacks, such as the
black box nature of the neural network and the problem of
determining suitable membership functions for fuzzy sys-
tems. These weaknesses can be avoided by implementing
neuro-fuzzy systems since these include hybrid structure that
combines both approaches [18]. The rules of a neuro-fuzzy
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system allow to incorporate previous knowledge of the sys-
tem, therefore, this can be a useful instrument to deal with
the identification of uncertain non-linear systems. Also, fuzzy
logic and neural network controllers are generally considered
applicable to plants that are mathematically less understood
and where the experience of human operators are available
for providing qualitative rules. Based on the universal approx-
imation theorem, fuzzy logic controllers are general enough
to perform any non-linear control actions. An adaptive fuzzy
system is equipped with a training algorithm in which an
adaptive controller is synthesized from a collection of fuzzy
rules and the parameters of the membership functions change
according to some adaptive law in order to control a plant to
track a reference trajectory [19].

Regarding training techniques associated with optimiza-
tion methods, evolutionary algorithms have demonstrated to
be useful to approach an optimum global value; however,
those require a high number of evaluations of the objective
function and various executions. On the other hand, methods
based on gradient calculations present rapid convergence
but are also susceptible to the initial search point showing
convergence toward local minima [20]. As reported by [10],
techniques based on gradient calculations offer practical and
effective methods to optimize online and, thus, adjust all
control system parameters. The basic approach deals with the
iterative adjustment of parameters that minimize the approxi-
mation error; however, local minima are usually present since
the approximation error’s objective function is not convex.

As stated in [21], gradient calculations are widely used in
algorithms for adjusting neural systems; mainly, the descend-
ing gradient method is consistently employed in the Back
Propagation (BP) algorithm for training neural networks.
Thus, an alternative to improve the adaptive control perfor-
mance employing gradient-based algorithms consists of a
suitable preliminary configuration of the systems used for
both plant identification and the controller.

A. APPLICATIONS OF ADAPTIVE NEURO-FUZZY CONTROL
Adaptive control is a robust and suitable alternative to face
uncertainties related to parameter prediction in a dynamic
system. Applicable structures for the controller and the plant
model are necessary to employ these types of systems with
training methods to adjust the parameters effectively.

According to [22], neuro-fuzzy systems are a suitable alter-
native for identification and control implementing adaptive
systems where the Takagi-Sugeno (TS) model is mainly used
for identification and adaptive control of non-linear systems.
Generically, TS is employed to approximately parameter-
ize the characterizable uncertainties existing in the plants.
In adaptive control, plant identification can be carried out
offline and online. The design of controllers can be carried out
considering designs stable parameter-adaptation algorithms
for both linearly and non-linearly parameterized TS fuzzy
systems. Also, these systems can be used to address adaptive
fault compensation problems subject to actuator faults and
fault-tolerant control [22].
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Regarding the structure, neuro-fuzzy systems allow mod-
eling non-linear processes and obtain information about a set
of data using learning algorithms. Also, neural-fuzzy logic
systems ease the direct use of experts’ knowledge as a start
point for optimization [23]. Despite all the advantages of
neural networks and fuzzy inference systems, neuro-fuzzy
control structures present limitations when increasing the
number of fuzzy rules associated with the system’s order or
the number of fuzzy sets employed in each input [24].

On some developments of neuro-fuzzy adaptive con-
trol, in [25] is presented an adaptive backstepping control
approach for Single Input Single Output (SISO) non-linear
networked control systems with network-induced delay
and data loss. The paper [26] proposed a fractional-order
integral fuzzy sliding mode control scheme for uncertain
fractional-order non-linear systems subjected to external
disturbances and uncertainties. Meanwhile, in [27] is pre-
sented the design of an adaptive-fuzzy control compensa-
tion strategy for direct adaptive control. Finally, in [28] is
presented an Online Neuro-Fuzzy Controller (ONFC) that
uses a simple structure displaying low computational cost and
can control non-linear, time-varying, and uncertain systems.
A brief review of different adaptive control applications using
neuro-fuzzy systems is presented below, where Fig. 1 shows
the main aspects identified.

" Adaptive neuro-fuzzy control "

[

| Applications |

I
| ]

| SISO | | MIMO

] |

Cable-stayed bridges

Control approaches

| Sliding mode

Backstepping

Predictive

Musculoskeletal system Tractional control

Hydrogen production Ammonia and urea reactors Lyapunov analysis

Robotic manipulator

Medication administration
Greenhouse control Coupled tanks

Motor control Energy microgrids

Electric vehicles
Robotics

Energy microgrids

FIGURE 1. Main aspects identified of adaptive neuro-fuzzy control
applications.

1) SPECIFIC APPLICATIONS

On applications related to the development of adaptive
neuro-fuzzy control systems, reference [29] proposes a
scheme to attenuate the seismic responses for cable-stayed
bridges considering different parametric scenarios, condi-
tions of the place, and seismic characteristics. The study
compares the performance of adaptive methods with passive
schemes before and after considering parametric variations.
The simple adaptive control scheme offers a general and
successful reduction for the bridge parameters variation.
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Another industrial application is observed in [30] that
studied a pilot-scale reformer to produce hydrogen (H2) by
reforming methane (CH4) with CO2. An Adaptive Neuro
Fuzzy Inference System (ANFIS) approach employs fuzzy
type 2 systems, which allowed parts of linearization of the
non-linear model. The membership functions (generalized
bell) are optimized using empirical training data. The model
is employed in a Model-Based Predictive Control (MPC) for
designing optimal control strategies with no restrictions using
a quasi-linear model adopting suitable weights in the control
inputs.

A medical application is displayed in [31], developing
control strategies in a closed-loop for infusion and medication
administration being especially useful in anesthetic during
numerous surgeries to provide stability for the necessary
state of consciousness. The authors propose a neuro-fuzzy
adaptive controller to overcome the current challenges in con-
trol closed loops of the anesthetic, like inter and intrapatient
variability, complex and non-linear dynamics, measurement
noises and surgical alterations, and sub-impulse and overflow
in the induction stage.

2) MOTOR CONTROL, ELECTRIC VEHICLES, AND ROBOTICS
Control of electric motors is another application of
neuro-fuzzy control; in this sense, reference [32] proposes
an operation scheme for an induction motor controlled by
a neuro-fuzzy system; such scheme uses the amplitude of
the stator flux and the electromagnetic torque errors through
an adaptive neuro-fuzzy inference system to act on both the
amplitude and the angle of the desired reference voltage.

In regards to electric vehicles is considered the work [33],
where the objective is to determine the minimization of the
total energy consumption (electric battery and fuel) in hybrid
vehicles (hydraulic and electric) with a combination of energy
management that includes elements of fuzzy logic, neural
networks, and rule-based algorithms. In this work, vehicle’s
global efficiency is calculated considering the electric motor,
hydraulic pump, hydraulic motor, and transmission. An adap-
tive neuro-fuzzy algorithm is integrated into the vehicle to
real-time control.

Another related work is [34] that presents an Adaptive
Neuro-Fuzzy Sliding Mode Control (ANFSMC) architecture
for diving motion control of an Autonomous Underwater
Vehicle (AUV) in the presence of parameter perturbations and
wave disturbances. The problem of non-linear uncertain div-
ing behavior is addressed using a neural network designed to
approximate a part that presents non-linear unknown dynam-
ics and external disturbances. A corrective control based on
an adaptive fuzzy proportional-integral control is applied to
eliminate the chattering phenomenon.

A work on robotics is seen in [35], proposing hybrid adap-
tive algorithms of neuro-fuzzy control of a manipulator with
uncertainties. The controller’s outputs are used to generate the
final actuation signal (action) based on the current position
and speed errors. Thus, the industrial robot control includes
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non-linearities, uncertainties, and external disturbances in
control laws design.

In [36], the control of a spherical rolling robot is presented
via adaptive neuro-fuzzy control using a learning algorithm
based on the theory of Sliding Mode Control (SMC). The
proposed control architecture is composed of a neuro-fuzzy
network and a conventional controller that is employed to
guarantee the asymptotic system stability.

3) GREENHOUSE CONTROL

The regulation of climate in greenhouses is commonplace
since this is a complex non-linear system that provides suit-
able environmental conditions for plant growth. The climatic
control issue is creating a favorable crop environment to
achieve high performance, quality, and low-cost predeter-
mined results. In this regard, document [37] displays a system
control for a greenhouse that utilizes geothermal energy as
energy source for a heating system. It contemplates four
techniques: Proportional Integral (PI) control, fuzzy con-
trol, control with an artificial neural network, and adaptive
neuro-fuzzy control employed to adjust the indoor temper-
ature to the value required. Equally, reference [38] presents
the application of an ANFIS system to face numerous uncer-
tainties in such systems; also, to improve the performance,
a Genetic Algorithm (GA) is employed for adapting control
parameters like the number and the form of the membership
functions and scale factors.

4) SLIDING MODE CONTROL

The development of adaptive neuro-fuzzy sliding mode
controls has been relevant. In this regard, reference [39]
researched the issue of adaptive neuro-fuzzy sliding mode
control of fractional order (Fractional Order - FO) for a
type of fuzzy system perturbed subjected to uncertainties
and external disturbances. This work presents a fuzzy slid-
ing mode surface FO employing a Lyapunov function for
analyzing the robust stability of the sliding mode; besides,
it proposes a Hybrid Neuro-Fuzzy Network System (HNFNS)
for estimating uncertainty. The FO adaptive fuzzy sliding
mode control is designed to propel the state trajectories of
singular disturbed fuzzy systems to the predetermined FO
sliding mode’s surface in a finite time system.

A sliding mode control called Adaptive Fuzzy Slid-
ing Mode Control (AFSMC) is seen in [40] for issues
like chaos synchronization between two different uncertain
fractional-order chaotic systems. For the synthesis approach
using the definitions of fractional derivatives and integrals,
a fuzzy Lyapunov design process is presented to tune
online the parameters of the AFSMC considering the output
feedback.

Another application is displayed in [41] using an adap-
tive control method to regulate induction motors’ speed.
The scheme employed is online learning based on a train-
ing algorithm in sliding mode and fuzzy systems type
2. By control parameters adjustment, it is possible to
address the issue associated with parametric uncertainties and
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disturbances. The adaptive mechanism of sliding mode
adjusts the parameters of the type 2 membership functions
according to inputs of speed error and its derivative. Since
the induction motor parameters may vary and the information
to build the membership functions and systems’ fuzzy logic
rules are uncertain, it is then selected the neuro-fuzzy type 2
structure as a controller.

5) NON-LINEAR SYSTEM CONTROL

In general, neuro-fuzzy control systems are used in non-linear
plants. In this regard, document [42] suggests a neuro-fuzzy
adaptive control for dynamic systems’ follow-up with
non-linearities unknown. A Takagi-Sugeno is used to
describe local sub-models obtained using non-linear input
and output dynamic mapping. This scheme is based on
approximating specific terms involving the Lyapunov func-
tion’s derivative with non-linearities of the unknown system.
Besides, it is proposed a restart scheme to ensure the control
input validation. The stability analysis provides the control
law and adaptation rules for the network weights.

Another work is observed in [43] that presents an adaptive
predictive control method for non-linear systems through
an adaptive neuro-fuzzy inference system. The model pro-
posed employs a non-linear Generalized Predictive Con-
troller (GPC), while the plant’s model is achieved using
an adaptive system. The dynamic is classified as linear
and non-linear. The linear part is approximated using the
least-squares estimation technique, while the non-linear
employs an ANFIS-based identifier. The controller is updated
using the prediction obtained in an adaptive form. The method
can be used in real-time with no stage of network’s pre
training required. A liquid level control system is consid-
ered an application case with a Continuous Stirred Tank
Reactor (CSTR).

Meanwhile, reference [24] proposes a neuro-fuzzy
adaptive controller based on quaternionics to reduce the issue
associated with the number of extensive rules using quater-
nionic Back Propagation. Moreover, they are employed for
reinforcement, which is achieved by evaluating the response
with a system evaluation. As an application case, it is used to
control a chaotic spinning disk.

In addition, paper [44] develops a dynamic Fractional
Order Backstepping Dynamic Surface Control (DSC) for
facing the problem of stabilization of non-linear systems of
fractional order with uncertainties and external disturbances.
Each adaptive step employs a neuro-fuzzy network sys-
tem to approximate the unknown non-linear function exist-
ing in the fractional-order sub-system. A modified filter of
fractional-order is also designed to avoid the complexity
explosion issue caused by the recursive procedure. Based on
Lyapunov’s theory of fractional order, it is proposed a DSC
controller of adaptive backstepping to ensure closed-loop
systems stability.

Finally, in [45], a hybrid non-linear controller is dis-
played for the follow-up of speed and height based on the
increase of dynamics and kinematics of spacecraft. It is
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derived from pseudo-linear formulation to develop the con-
troller, which follows a Modified State-Dependent Riccati
Equation (MSDRE) scheme. Here, a neuro-fuzzy controller
is designed using ANFIS that also employs out of line of
MSDRE solutions. The combined control scheme is applied
according to long time intervals of MSDRE solutions to
acquire optimal control torques. In contrast, along with each
time interval, the controller ANFIS provides the input sig-
nal needed. Global asymptotic stability is investigated uti-
lizing Lyapunov’s theorem and is verified by Monte Carlo
simulations.

6) ENERGY MICROGRIDS

Considering the uncertain nature of Renewable Energy
Resources (RERs) and its integration into Micro Grids
(MGs), adaptive control is a suitable option for power
management. In this regard, in [46], using a neuro-fuzzy
controller is proposed a Home Energy Management Sys-
tem (HEMS) to carry out day ahead management and
real-time regulation; according to the inputs and outputs,
this approach is considered a MIMO application. Another
work can be seen in [47], where it is developed an
adaptive neuro-fuzzy system based on Power Oscillation
Damping (POD) controller to damp Low-Frequency Oscilla-
tions (LFOs) in hybrid AC/DC microgrids. Finally, in [48] an
adaptive neuro-fuzzy control power is proposed to regulate
the voltage in a distribution network when there is a variation
in the load. A SISO case is considered for the connection
of one generator while a MIMO case is regarded for three
generators.

7) MIMO CONTROL SYSTEMS

About MIMO systems, document [49] displays a research
made of multiple inputs and multiple outputs musculoskele-
tal model of the human arm with six muscles. It proposes
an optimal adaptive neuro-fuzzy controller to control the
endpoint of the arm. The adaptability and optimization of
the muscular force are essential features of the neuro-fuzzy
controller proposed.

Another MIMO application is found in [50] presenting
three control strategies to regulate ammonia and urea reac-
tors. The first is the Adaptive Model Predictive Controller
(AMPC); the second is an Adaptive Neural Network Model
Predictive Control (ANNMPC). The third is the Adaptive
Neuro-Fuzzy Sliding Mode Controller (ANFSMC). The pri-
mary purpose of the controllers is to stabilize the output con-
centration of ammonia and urea, obtaining a stable speed of
carbon monoxide (CO) conversion into carbon dioxide (CO2)
to reduce the contamination effect, and a rise in ammonia and
urea, keeping the relation NH3/CO2 equal to 3 to reduce both
CO2 and NH3 unreacted. Lastly, the controller is also used
to keep a suitable temperature in both reactors in the correct
ranges of operation when an external disturbance occurs or
the reactor parameters change.

Meanwhile, reference [51] presents a Terminal Sliding
Mode Control (TSMC) using fuzzy logic for a rigid robotic
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manipulator of two links. The TSMC is developed for faster
convergence and higher accuracy than the linear sliding
control based on the hyperplane. The proposed controller
combines a continuous TSMC with an adaptive learning
algorithm and one fuzzy logic system to measure the plant’s
dynamic. In this way, the purpose is to ensure the stability
in closed-loop and the convergence in finite time of tracking
errors.

Finally, in [52] is presented an adaptive state-space neuro-
fuzzy control scheme that combined a quadratic state feed-
back controller and eight-layer neuro-fuzzy model used to
approximate the dynamics of non-linear plants. Both the
neuro-fuzzy model and the controller are updated online. The
control scheme is tested in a MIMO plant composed of three
coupled tanks.

B. PROPOSAL APPROACH AND DOCUMENT
DISTRIBUTION

This document describes the proposal for a MIMO adaptive
neuro-fuzzy control system based on Boolean relations used
for filling control of a MIMO non-linear hydraulic system.
The adaptation process is carried out using the data taken
during the control system’s operation with which the plant
is identified; later, the model is employed to optimize the
controller. The plant corresponds to the MIMO hydraulic
system presented in [53], consisting of two tanks fed by a
pump and a three paths valve.

A compact fuzzy inference system based on Boolean rela-
tions is employed for the structures of the neuro-fuzzy sys-
tems facilitating the inference process calculations [6]—[8].
Moreover, the compact systems allow analogies with linear
and non-linear systems in such a way that it is possible to
establish their initial structure and configuration.

The main contributions of this work are described as
follows.

o For the non-linear MIMO plant, the structure and ini-
tial configuration of the neuro-fuzzy systems used for
identification and control are determined. For this, com-
pact fuzzy systems based on Boolean relations are used,
which allow the analogy with linear systems as a starting
point for the design of neuro-fuzzy systems.

o Different MIMO structures are presented that use
neuro-fuzzy subsystems based on Boolean relations.
Considering the functional parts of the MIMO plant,
the configuration used for identification is chosen.
In this way, the structure of the neuro-fuzzy MIMO
system is selected based on preliminary knowledge of
the plant.

o Considering the structure of a zero, pole, and gain con-
troller, the structure of SISO neuro-fuzzy subsystems
based on Boolean relations is determined, which are
used to implement the MIMO controller architecture.

« Since the employed neuro-fuzzy MIMO systems have
feedbacks, it is shown the deduction of the recurrent
equations used for the parameters adaptation. Consid-
ering these equations, the steps of the algorithms used
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for plant identification and controller optimization are
described.

Regarding the challenges addressed for the control of the
non-linear MIMO plant, it is worth mentioning that in this
application there is no prior offline training of the neuro-fuzzy
systems, this is why it was of importance to determine an
adequate structure of the MIMO neuro-fuzzy systems for the
plant and controller. In this way, using the data taken during
the plant operation, the adjustment of the plant model and
the controller is carried out in a way that the adaptive control
system achieves the references tracking as observed in the
results.

The document is distributed as follows: Section II shows
the structure of the hydraulic MIMO plant to know the parts of
this system; Section III describes the general architecture of
the adaptive neuro-fuzzy control system employed, present-
ing the adaptive strategy used to control the plant (some key
aspects are described); then, a detailed design of a compact
neuro-fuzzy system based on Boolean relations is shown
in Section IV, where first the configuration of the compact
system used is described, and how it can be configured to
achieve the analogy with dynamic systems in discrete time
obtaining neuro-fuzzy subsystems. Using these subsystems
as a basis, different neuro-fuzzy MIMO configurations are
presented in Section V. With the MIMO structures defined
for the controller and the plant identification, the equations
for controller training are deduced in Section VI, and for
plant identification in Section VII, where, the algorithms used
for parameters adaptation of the MIMO neuro-fuzzy sys-
tems are also described. Later, the application for the MIMO
non-linear hydraulic system considering different controller
configurations is presented in Section VIII, where the opera-
tion of the adaptive process can be appreciated considering
different references, in a way that after several identifica-
tion and optimization processes of the controller, the system
outputs reach the desired values. Finally, the conclusions are
displayed in Section IX.

Il. MIMO HYDRAULIC SYSTEM
This section focuses on showing the characteristics of the
plant to be controlled, where the model of the system is
presented in a block diagram used as a reference to build the
MIMO neuro-fuzzy system employed for plant identification.
The MIMO system consists of two tanks fed by a three-way
valve connected to a hydraulic pump for distributing the
flow in both tanks [53]. The design is aimed at the sim-
ulation of liquids’ transport and storage and handled by a
Programmable Logic Controller (PLC) connected to an OPC
server (OLE for processes control). The plant is located at
the Department of Systems Engineering of the Universidad
de Oviedo. The MIMO system includes two lower tanks
(D1 and D2) and two upper tanks (D3 and D4) that operate
using a cascade drainage system. The lower tanks release the
flow into a collector tank that works as a source for pumping
the flow to each tank employing pumps (P1 and P2), and two
three-way valves (V1 and V2) [53].
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This work employs the operation method called 2 x 2 where
pump P1 proportionally supplies flow to tanks D1 and D4
through the three-way valve V1. In this configuration, if the
set point of V1 is equal to 0% all the liquid is sent to tank
D4, but if the set point is equal to 100%), it implies that all the
liquid is sent to tank D4. Both pumps present maximum and
minimum flows. The tank capacity goes between lower and
upper levels, continuously oscillating given the uninterrupted
liquid supply and the three liquid outlets in each tank: lower
outlet, upper outlet (defined as a relief), and controllable
outlet [53].

The three-way valve’s opening percentage up = s(¢) and
the power of the pump u; = p(¢) are considered as the inputs
of the system, while the liquid levels in both tanks y; () = D1
and y>(t) = D4 are outputs; all the variables oscillate between
0% and 100%. As observed, the plant constitutes a MIMO
system. Fig. 2 shows the parts of the system’s physical dispo-
sition, while Fig. 3 displays the schematic representation.

g2(t)

2
=
—
~
=
—0C
—

B, hi(t) | ya(t) ha(t) | y2(t) By

ok

| ae) D1 D4

f2(t) j
FIGURE 3. Representation of the MIMO hydraulic system.
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The differential equations associated with the plant model
are obtained performing mass balances [54], [55]. In a sim-
plified way, the equations that represent the hydraulic MIMO
system are:

dh
d—tl = —BiVh + Ciq1(1) (1)
dh
d—f = —B)\/hy + Crgp (1) ®)
g1(t) = ur (100 — ) = p(t)(100 — 5(t)) 3)
@ (t) = uruy = p(1)s(t) )

Considering the reported in [54] and [55], the plant param-
eters are: By = aj/2g/A1, By = ax/2g/A>, C1 = ki /A1,
Cy, = kp/As, where, A; and q; are cross-section areas of
the i-th tank and its outlet pipeline, respectively; g is the
gravitational acceleration. Also A and hp are water levels
of tanks Dp and Dy, finally, g1 and ¢, represent the input
ratios of mass flows; where k1 and k are the respective gains
associated to the input flows.

Fig. 4 shows the block diagram of the MIMO hydraulic
system composed of two tanks.

100 l Biviy

@_’Qﬁbi@ : f T (?)
—[ ha()
0] _@%@ S

Bayvha

FIGURE 4. MIMO hydraulic system schematic.

Fig. 5 and 6 show examples of the behavior of the plant in
open loop using different values of the pump and the position
of the three-way valve. Fig. 6 shows that the settling time of
the plant is 100 seconds.

— Valve s(t)
— Level y,(t)
Level y(t)

——Pump p(t)#

Time (seconds)

FIGURE 5. Plant response in open loop.

Using the data of Fig. 5 and the MATLAB® optimization
function “fminunc” [56], taking X = [Cy, C3, By, B3] as
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FIGURE 6. Behavior of the plant in open loop.

|
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20
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FIGURE 7. Plant simulation in open loop.

the variables of the fitness function (5) where N7 is the total
amount of data, y, 1, y, 2 real data, and y; 1, Y52 as simulated
data, then it is established that C; = 2.95 x 1074, B; =0.2,
Cy = 2.95 x 10~* and B, = 0.2. The simulation results can
be observed in Fig. 7.

Nt

500 = -3 [Ons =3P+ Gra=v2P] )

n=1

Ill. ADAPTIVE NEURO-FUZZY CONTROL SYSTEM
ARCHITECTURE

This section describes the general architecture of the
neuro-fuzzy adaptive control system utilized, presenting the
adaptive strategy employed to control the non-linear MIMO
plant.

Adaptive control consists of techniques that provides a sys-
tematic approach for automatic adjustment of control settings
in real-time to achieve or maintain the required performance
when the system parameters change. In this way, the adaptive
control technique through the adaptation law can cope with
disturbances, uncertainties in the system dynamics, as well as
variations in operating conditions [57].

According to [57], regarding the techniques for adaptive
control: direct methods for adaptive control combine the
control objective and the parameter estimation in one step,
whereas the indirect methods used here separate the param-
eter estimation and control into two steps. Direct methods
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generally rely on developing techniques for the parameter
estimation, such that the estimation error and the trajec-
tory error are driven to zero simultaneously. In this way,
the parameter estimation and control method are separated,
and the control is based on the Certainty Equivalence Princi-
ple (CEP).

Besides, for the strategy used to control the MIMO plant,
Model Reference Adaptive Control (MRAC) is one of the
most important adaptive control design methods that provides
feedback controller structures and adaptive laws for plant
controlled to guarantee output tracking for a given reference
model system and closed-loop signal boundedness, in the
presence of system uncertainties [58].

The architecture uses two neuro-fuzzy systems, one as a
controller and another for the plant model. The first aspect
is the identification of the plant, then the training of the
controller is performed. Fig. 8 shows the systems employed.

The identification of the plant can be done in two ways:
one offline by collecting the data in an open loop, including
various input signals to characterize the plant’s behavior.
The second option is online and is represented by Fig. 8§,
where the training data are collected, during the control sys-
tem’s operation in closed loop. The block of the reference
model corresponds to the expected system’s behavior.

e1[n], e2(n] ul[ 1], ua(n|

- y1[n], y2[n
rl[ﬂ],"_z[_» Nowro Fuzzy - vi[nl, ya[n]
Controller ant

)

1

1

: Neuro-Fuzzy
1 Model

1

1

1

1

1

7
Model Yry (1], Yry 0]

FIGURE 8. Neuro-fuzzy adaptive control system.

In Fig. 8, after identifying the plant, the control loop
is incorporated to train the controller using the Real-Time
Recurrent Learning (RTRL) algorithm [59]. In an adaptive
scheme, the identification and training processes are executed
iteratively, aiming at the control system’s adaptability.

A. DESCRIPTION OF THE ADAPTIVE CONTROL

Identifying the plant and later the training of the neuro-fuzzy
controller are performed to carry out the adaptive control
system. This approach integrates the loop control to train the
controller. The adaptive neuro-fuzzy system control process
is seen in Fig. 9.

The first step defines initial configurations for the con-
troller and the neuro-fuzzy model (plant); these can be
obtained from previous knowledge or by offline training.
In the second step plant’s input-output data are acquired
during the operation in a close loop; then, new plant identi-
fication is made with the data collected. Next, the training of
the controller is made employing plant’s updated model. The
next step is to operate the optimized controller to correct the
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FIGURE 9. Adaptive control process algorithm.

variation in the system. This process is repeated from step 2
for the next time interval until it meets a stopping criterion.
Considering the limited amount of data produced during
controller operation, the plant identification and controller
training process occurs iteratively. The relevance of estab-
lishing an initial search point to identify the plant and opti-
mize the controller is noticeable, which is achieved with the
neuro-fuzzy systems designated in the first process.

IV. FUZZY INFERENCE SYSTEMS BASED ON BOOLEAN
RELATIONS

This section shows the design of a SISO compact neuro-fuzzy
system based on Boolean relations, first providing a general
description of the fuzzy inference process, followed by the
design of the compact fuzzy system. Finally, it is shown how
this compact system can be configured to achieve the analogy
with discrete time dynamic systems.

In automation applications, tools based on Boolean algebra
can be used since it is easy to represent a set of rules in a
true table [4], [5]. However, this type of system presents lim-
ited performance due to abrupt transitions of control actions.
Therefore, a way to improve the performance of these systems
is to replace the Boolean sets with fuzzy ones [6], [7]. In [7],
a methodology for the design of fuzzy systems based on
Boolean relations is proposed using Kleene algebra to achieve
a transition between a system that uses Boolean sets into
another with fuzzy sets. The essential aspects are described
below.

A. DESIGN OF FUZZY INFERENCE SYSTEMS BASED ON
BOOLEAN RELATIONS

The structure of the inference process in a fuzzy inference
system based on Boolean relations is given by the truth table
associated with the Boolean encoding of the rules. In order
to implement the FIS-BBR (Fuzzy Inference System Based
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on Boolean Relations) the two-element Boolean encoding
is extended to a three-element Kleene encoding. Table 1
presents the coding of the sets for each input A; and the acti-
vation outputs Y, € [0, 1]. In this table, each row represents
an inference rule; on the right side (output section), each
column represents an activation function. By multiplying
(weighting) the virtual actuators v,, € R using the activation
functions Y;, are obtained the virtual outputs y,, = v, Yn;
the inference system output is obtained by adding all these
products [7], [8].

B. COMPACT FUZZY SYSTEM BASED ON BOOLEAN
RELATIONS

For the compact fuzzy system design used for identification
and control, it is considered that a set of the input allows
the action of an output activation function, an example of
the respective Boolean encoding of this case can be seen
in Table 2.

TABLE 2. Boolean encoding for the compact system.

(A TA [ [An [ [Aw [V [Ya[ - [V [~ [ V|
TABLE h table with activati 1 d functi Lol 1019 N N N B B )
1. Truth table with activation rules and functions. 0 1 0 0 0 1 0 0
Input sets Activation functions .
A A [ Ay [ [ Ap [ Y [ Vo [ | Y [ | Yu 0 10 ! o o010 ! 0
a1 | a2 | oo aij | v ai,p fia fiz | | fim | oo fim :
a1 | a2 | v | az; | o | agp foa | fo2 | o | foom | 0 | fom 0 0 0 1 0 0 0 1
azy | az2 | -+ | azj | -+ | as.p f3n fa2 | o | fam | o | fam
In this way, Table 3 shows the extent of the table from
apa | oz | oo | ang | o | awp || fea | fre | o0 | fom | | frm Boole to Kleene where X can be {1, u, 0}.
aga | ags | - | agy | - | agr | fou | fan | - | fom | - | fom TABLE 3. Kleene extension of Boolean encoding.

In Table 1, the variables ay ; and fi ,, allow representing
relationships between A; and Y,,. For the Boolean case, this
variable has values {0, 1}, while Kleene case has values
{0, u, 1}. In addition, A; can be a Boolean or fuzzy set associ-
ated with the input, and Y, is an activation function associated
with the output.

For the system implementation the m-th activation output
Yy, in Disjunctive Normal Form (DNF) can be expressed as:

0 P _
Yo =\/ /\ A . fem) (6)

k=1 j=1
Considering the activation outputs of Table 1, the total
system output can be calculated as:

M
y= Z Yinvm 7)
m=1

where v, corresponds to the m-th virtual actuator, obtaining
the m-th virtual output:

Ym = Ymvm (8)

Function A depends on ay ; and fi , [60], Equation (9)
shows the values of A(ax j, fk,m)-

A(0,0) =0

A, 0) =0

A(1,0) =0

A, u) = A;

A, u) = Aj A A, 9)
Al u) = A;

A, 1) = 4A;

Au, 1) =1

AL 1) = 4A;
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(A [A2 [ [Am [ - [ An [[ Vi |
X | X -] 1] ] X I
X | X | | uw | | X u
X | X |- [0 | | X 0

According to [7], to have a regular table and maintain a
monotonous transition, Yy, is 1 for any case that A,, = 1, also
is u where A,,, = u and O for A,, = 0. As observed, the cases
where there is a transition to Y,, between 0 and 1 is assigned u.

Using the rules to establish the disjunctive normal form,
it can be seen that A,, is common for the terms when Y, is 1
or u, therefore, Equation (10) describes Y3, [8].

Yin=Au ANFp)V (Au ANFE)V Ay = Apy (10

where:

o Fp: Itis the disjunction of all the conjunctions obtained
from the truth table for which Y,, is 1 eliminating from
these A,,.

o Fg: Itis the disjunction of all the conjunctions obtained
from the truth table for which Y, is u eliminating from
these A,,.

As observed for all conjunctions, when Y, is 1 always
appear A,, and when Y, is u always appear the conjunction
A AA,,. In this way, when the variable A, is presented in all
terms, an absorption process occurs [8].

Considering an input variable x; an activation output can
be encoded using Table 4, in this way, Y11 = A1,1(x1). In gen-
eral, by incrementing the columns, the activation outputs can
be written as:

Y1 =A10(x1) (11)

Having for each set A; ; a membership function w1 4, also,
using virtual actuators vy g, it has an output f; as presented
in Fig. 10.
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TABLE 4. Coding for one input and one activation function.
[Aa(@) [ Are(@) [ - [ Aa(e) [ Yaa |

1 X X 1
X X 0
M11 m

e e
O

FIGURE 10. Configuration example for one output.

Extending Table 4 for more input variables x1, x2,..., x; is
obtained the coding shown in Table 5.

TABLE 5. Coding for the compact system for an input x;.

[Aja(ey) [ Ajoley) [ [ A) [ Yia [ Yie [ [ Y]
1 X X 1 0 1.1 0
X 1 X 0 1 0
X X T 0 0 1

In this way, each activation function Y;; directly depends
on a set A;; obtaining:

Yii = Aj1(x)) (12)

Using the respective membership functions w;; associ-
ated with sets A;; it is obtained the general scheme shown
in Fig. 11.

|

M1 m
L L—

A —’é) fi

—s| s

—>] 45,2
]
1

=
B S .

FIGURE 11. General diagram of the compact system.

The output of the inference process can be calculated as:
M N
F=Y i) (13)
j=1I=1
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Fig. 12 presents the Boolean sets considered (base) and the
respective membership functions used to implement compact
systems. In this way, the sigmoidal fuzzy sets 1 1 and u; > are
used to represent negative and positive values of the universe
of discourse x;.

i) g 2(x;)

T Tj
FIGURE 12. Boolean sets and used membership functions.

Employing the fuzzy sets of Fig. 12 is found the diagram
of Fig. 13, which shows the proposed fuzzy system. This is
considered as a basic block to build the respective MIMO
models for the plant model and the controller.

M1

fi

' ]
V1,2

__f,@L

NP

.1

<
—_—————

15,2

!

FIGURE 13. Neuro-fuzzy control system scheme.

The membership functions of Fig. 12 are given by the
Equation (14).

-1
wj1(xj) = (1 + e*ff./,z(xj*){/,z)) (14)

The set of parameters in Fig. 13 are h € {v;;, o}, ¥j1}.
Finally, the inference process for this type of system can be
calculated as:

M M 2
F=D 00 =" viumx) (15)
j=1

j=11=1

V. MIMO CONFIGURATIONS USING SYSTEMS BASED ON
BOOLEAN RELATIONS

In order to implement the MIMO adaptive control system,
for the plant model and controller different configurations
of first-order BBR subsystems are considered. Seeing the
described in [53], first-order BBR subsystems are used for
the identification of the MIMO hydraulic system. Meanwhile,
considering the structure of a zero, pole, and gain controller,
the structure of a neuro-fuzzy subsystem based on Boolean
relations is determined, which are used to implement the
architecture of the MIMO controller.
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For plant identification the subsystems are established con-
sidering the analogy with a first-order linear system (discrete
time) with a transfer function as:

_X@ _ bo

G(z) = = 16
@ W@ 1 —apz ! (16)

The respective discrete time equation is:
x[n] = bow[n] + aox[n — 1] a7

In the case of the BBR subsystem, the previous equation can
be represented as:

x[n] = fiwln]) + foa(x[n — 1) (18)

Thus, the scheme of a BBR subsystem used for the plant
identification can be seen in Fig. 14.

M1
—> i —> V11
.2
—> —] V1.2
H2.1
—> —> V21
zln —1]
12,2
L —] V22

FIGURE 14. Equivalent first-order BBR-SISO system.

Meanwhile, for the controller is used the BBR configura-
tion shown in Fig. 15 to have an analogy with a zero pole and
gain compensator that has a transfer function:

19)

OO

FIGURE 15. BBR-SISO system used for the controller.
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This controller in discrete time can be described as:
wln] = bie[n] + boe[n — 1] + agw[n — 1] (20)
For the BBR subsystem, it can be seen as:
win] = fi(eln]) + faleln — 1D + fa(wln — 1))~ (21)

For the MIMO system, two possible configurations are
mainly considered depending on the relationship that can
be had between the outputs of the BBR subsystems. These
configurations correspond to:

o Sum of outputs.

o Product of the outputs.

Fig. 16 shows the configuration that adds the outputs of
the BBR subsystems. On the other hand, the diagram where
is used the product of the outputs of the BBR subsystems is
presented in Fig. 17.

1 wy

BBRy |— l—
+
+
BBR»
BBR3
+
T2 + w2
BBRy |— |——>

FIGURE 16. BBR-MIMO system using sum of outputs.

&y w1
BBR, |—— l——>
BBR,»
BBR3

To wo
BBR; |—> l—

FIGURE 17. BBR-MIMO system using output product.

A. MIMO CONFIGURATIONS USED FOR THE ADAPTIVE
CONTROL SYSTEM

The configuration shown in Fig. 18 (sum of the outputs)
is employed for implementing the controller. Meanwhile,
for plant identification it is employed the scheme presented
in Fig. 19, which consists of a cascade connection of the
configurations in Figs. 16 and 17. Using this structure,
an adequate plant identification is achieved since the structure
allows representing the connections of the block diagram of
Fig. 4 that describes the real plant.

VI. EQUATIONS AND ALGORITHM FOR CONTROLLER
TRAINING

This section displays the process to establish the equations for
the controller training and the steps involved in the training
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el
BBR,

BBR,

BBR;

€2

BBRy

FIGURE 18. BBR-MIMO system used for the controller.

Uy wy 21 91 Y1
—_— BBRy 1 BBR>,
+

wa

w3

Uz 22 + Y2
BBRy 4 BBRy4
Wy 94

FIGURE 19. BBR-MIMO system used for plant identification.

algorithm implementation using these equations. To carry out
the controller training, the plant model is included in the
feedback loop, therefore, a set of recurrence equations are
used, which are described in this section.

In order to determine the training equations, both the
architecture of the MIMO controller and the neuro-fuzzy
plant model are employed. Integrating the diagrams of
Figs. 18 and 19 the diagram of the Fig. 20 is obtained. In this
way, the following equations associated with the controller
training are presented:

Y1 =g81+83 Uy =x1+x3
Y2 =8 +8+ u2=x2+x4
AL =WL-w3 el =1r —Yl
Q=Wr-wq er=r2—y (22)

Taking into account the configuration shown in Fig. 14,
the output of each BBR subsystem is:

81 = fo,1,1(z1) + fe,1,2(81)

83 = fg.3,1(22) + f4,3,2(¢3)

84 = fg.4,1(22) + fg,4,2(g4) (23)
wi = fi,1,1(1) + fi,1,2(w1)

w2 = fu,2,1U1) + fiv,2,2(w2)

w3 = fip,3,1(u2) + fi,3,2(w3)

wa = fiv.a,1(u2) + fiv.42(wa) (24)

xi[n+ 11 = fi 11(e1[n + 11 + fx 1,2(e1 [7]D) + fr 1,301 [1])
xoln+ 1] = fy o 1(e1ln + 11) + fy 2.2(e1[n]) + fx 2,3(x2[n])
x3[n+ 11 = feza(ez2ln + 11 + fi 3.2(e2[n]) + fr.3.3(x3(n])
x4[n + 1] = fy a1(ea[n + 11) + fx a.2(ea[n]) + fr 4,3(x4[n])

(25)

Taking the subscripts for each block s € {g, w, x}, for the
subsystem i = 1, 2, 3, 4, for the inner connectionj = 1, 2 and
for partial output / = 1, 2, then, a function f; ; ; corresponds
to:

2
[0 = Y friga (o
I=1
- -1
= Z Vsijl (1 + e—ffsijl(x—ysm)> (26)
I=1

where:

-1
fs,i,j,l(X) = Vsiji (] + e*”ﬂi/’l()(*)/xg/l)> 27)
namely:
—1
Js.ij(X) = vsiji (1 + g—"sijl(X—%wyl)>
-1
+ Vsij2 (1 =+ e_Usi/Z(X_Vsij2)> (28)
The adaptation of the parameters is done using the
equation:
dJ (k)
dhe(k)

where 7 is the learning rate and J. is the fitness function
defined as:

he(k + 1) = he(k) —n

(29)

1 2 2
82 = fe.2,1(z1) + f4,2,2(82) Je = B} [(y,, =07+ On —y2) ] 30)

— \\Z/ BBR BBRy, ) BBRy,

BBR, BBR; 2 BBR» 2

BBR;3 BBRy 3 BBRy 3

D) () ,

= @ BBRy BBR, 4 o U BBR3 4

-1

FIGURE 20. Integration of BBR-MIMO systems.
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where y,, and y,, are the desired outputs (obtained from the
reference model) and y;, y> the outputs obtained from the
controller using the neuro-fuzzy plant model.

Considering an adjustment parameter h., for controller
training, the derivative of J. depending on the adjustment
parameters is:

3D

A. DERIVATIVES FOR THE PLANT MODULE
In this section, the respective derivatives of the plant compo-
nents are established with respect to the controller parame-
ters. For the first part (output) of the plant is obtained:
dn _dgi |, dss
dhe — dhe  dhe
dvy _dgy | das
dhe — dhe  dh,

Considering that plant parameters are different from those
used in the controller, the function fg;; does not depend
directly on A.; however, the variables z; and g; depend implic-
itly on hC, then, the respective derivatives are:

(32

d d. d d
1= fg,1,1ﬂ[n]Jr Ife1,2 dg1 nl
dh dzy dhe dgy dhe
dfg2.1 dzy dfg.2.2 dgs
252 11 = 28257 =
dh[ nt = Mt e an ™
d d d d
1= fg,3,1£[n]+ Ife 3,2 dg3 nl
dh dzo dh, dgs dh,
dfg.41 dzo dfg.4.2 dga
1] = Jedl 2 4 33
dh V= ™ age an M Y

where is stated that:

dfg.ij

2 —0giit (X —Veiil) -2 —0giit (X —Veiil)
dX — ngijl (] + e gijl (X —Vgijl ) e gijl (X —Vgijl Ggijl

=1
(34

For the second part (input) of the plant model, the equations
are:

dzi dw1 dws
dne ~ dn, dh,
dz dwz dwy
@2 _ 35
a " an T an (33)

It is noteworthy that function f,, ;  does not depend directly
on h.; however, the variables u; and w; depend implicitly
on A, then:

dwy _dfwa,1 du ] + dfy,1,2 dwi
dh, duy dh, dwy dh,
dw> _dfw2,1du dfy,2,2 dwa
dh, duy dh, dwy dh,
dws dfy3,1 duy dfy,3,2 dws
dh " duy dhe dws  dh,
_ dfwan @[ 14+ dfy,4,2 dwy (36)
dh duy dh, dwa dh,
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In a general way, the respective derivatives used in the
above equations can be represented as:

d -2 oy
le]—Z lejl (1 +e UMt]l(X szjl)) e_UwUl(X th]l)o—wijl
=1
(37)

As seen, a set of recurrence equations is presented which
are associated with the neuro-fuzzy architecture employed
for plant identification. In this regard, Fig. 20 displays the
integration of the neuro-fuzzy controller and the plant model.

B. DERIVATIVES FOR THE CONTROLLER MODULE
In this section, the derivatives of the controller components
are calculated with respect to their parameters obtaining:

du1 dx 1 T d)C3
dh. dh, dh.
du2 de dX4

= —=4 — 38
dh.  dh. * dh, (38)

In this case, the function f ; ; directly depends on A and
implicitly of e; and x;; therefore, the respective derivatives
are:

B 1)

dhe

_dfra(er) df:1,2(e1) dfi1,3(x1)
=, g
@[ +1]

dhe

_dfx2.(e1) dfx2.2(e1) dfx2,3(x2)

= an [n+ 1]+ dhe [n] + dh [n]
%[ + 1]

e

_dfy31(e2) dfx 3,2(€2) dfy3,3(x3)

= an [+ 1]+ dhe [n] + dh. [n]
%[ +1]

dhe"

_dfra(e2) dfx.4,2(€2) dfx43(X4)
= [n+ 1]+ dhe (n] + I [n] (39)

In order to establish the respective derivatives, it is note-
worthy that the set of controller parameters is he = hyuyp €
{Vamnp > Oxmnp» Yamnp}- There are different cases depending on
the variable with respect to which the derivative calculation
is made; therefore, firstly if m # i and n # j then:

dhy  dhy dx
dx dhxmnp

(40)
dhxmnp

where:

dfxzj Z Vxijl (

-2
e~ il (X —injl)) el (X —injz)gxiﬂ

(41)
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Second, when m = i and n = j, for parameter hy;j, = Vyjjp
is obtained:
dfvj  dfiji n dfyij2

= (42)
dvxijp dvxijp

dvyijp

In the case when [ = p, the respective derivative corre-
sponds to:

df;a]p — <1 +e_axijp(x_yxijp))_1

dvxijp
)
_ vxi/'p (1 + e_Uxijp(X_)/xijp)>
—0xiip (X —Vaijp) dy
e~ Oxijp xijp (_Uxijp)_ (43)
dvx,-jp
dfxﬂ — |:(1 + eJXiJ'P(XVXUp))_li|
dvx,-jp
-2
+ injp (1 + e_Uxijp(X_injp))
d
e_a'xljp (x— injp) lejp X ( 4. 4)
dvxijp
dfii d
Yhiv _ gy 4 Ky -2 45)
dvxijp dviijp
where:
-1
Finjp — (1 + e—Uxijp(X—in/p)> (46)
Kvxijp — injp (1 + e*”xt/p(X*th/p))
e*”xijp(x 77xijp)o—xijp (47)
Meanwhile, when [ # p then:
df:fl]l — injl (1 + e—axljl(x_yxijl)>_2
dvx,'jp
d
e*Uxijl(X*)’xi/'l)o-xijl X (48)
Vxijp
dfi d
it _ oy 21 49)
dvx,-jp dvxijp

where:
vaijl = Vyiji (1 + e*”xt/l(X*VXt/l)) e*”xt/l(X*thﬂ)O—xijl (50)
In general, considering ! # p is obtained:

dfij dx
= Fvyijp + (Rvgit + Kvagp) —2— 51
iy vaijp + (Rvxijt + Kvijp) Dy b

In the same way, for the parameter hy;j, = oy;jp is stated
that:

dfyij _ dfyij1 . dfsij 52)
doyjp  doxjp ~ doxjp

For the case when / = p then:
dfxijp

-2
= —Vyjp (1 + e*”xzm(X*Mp))
doxijp

o (e dx
e Oxijp(X —Vxijp) <)/xijp - X — O'xijpd—> (53)
Oxijp

60000

.. -2
df;cl]p — injp (1 + e—%:y;;(x—h:yp))
dO‘xijp
e_o_xijp(X_)’xijp) (X _ injp)
-2
+ injp (1 + e_axsz(X_yxijp))
) ) d
e_o')a]p(X _)’xl]p)o—xijp X (54)
Oxijp
df i dy
— = Foyjp + Koyjp—— (55)
dCTx,'jp daxijp
where:
FUxijP = Vxijp (1 + e—ze/p(X—sz/p))
e_o-xijp()(_yxijp) (X _ injp) (56)
-2
Koxijp = Vaijp (1 + e in (X _V‘ifp)>
e_o'xijp(xi_yxtjp) Ouijp (57)
In the case when [ # p, then is obtained:
.. -2
dfx’ﬂ = Vi (1 + e—%w(x—hm))
ddxijp
) N d
e—o’,\'lﬂ (x _Vxljl)o-xl.jl X (58)
doijp
dfii d
it _ R dy (59)
dovijp donijp

where:

-2
Roiji = v (1 + e_Uxijl(X_injI)) e_UxijI(X_injl)o-xiﬂ

(60)
In general, considering [ # p is stated that:
dfiij dx
= Foyp + (Rowij + Kovjp) —— 61
oy Oxijp + ( Oxijl + Gxup) oy (61
Finally, for the parameter A, = yijp is obtained:
dfvj  dfij n dfyij 62)

dviip — dvujp  dVaijp

Considering the case [ = p, then:

. )
dfxi — _injp (1 + e_gxijp(X_injp)>
dyxipp
y ) d
e—O’xl]p(X_yxljp) (O'xijp _ Uxup#) (63)
Xyp
Ny )
dfxle — _injp (1 _I_e—tf,wp()(—)’xsz))
dyxijp
e_a.njp(x_yxijp) lejp
-2
+ injp (1 + e_Uxijp(X_yxijp)>
; d
e*”xijp(X *}’xt/p)o—xijp X (64)
Vxijp
P = Fyxijp + nyijp_ (65)
deijp dyxjj[’
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where:
) N2
Fyip = —vap (1 -+ 7o)
e_o'xijp()( _injp)o—xijp (66)
-2
Kyxijp = Vxijp (1 + e_""ifp(x_”*if”))
Oxijp (67)

e_o'xijp()( _injp)

Meanwhile if [ # p then:

df;Cl]l — injl <1 + e_axijl(x _}/Xijl)) -2
dyxijp
N N d
e_oxtjl(x_yxljl)o—xijl X (68)
Vxijp

dfyii d

Bl Ry~ (69)
d Vxijp d Vxijp

where:
e e _2 e s
R)/xijl — injl (1 + e*”xt/l(X*)’xu/)) e*”xt_//(X*th_//)o-xijl (70)

In general, for the case / # p is obtained:

dfij
dVxijp

dy
= Fyuijp + (Ryaijt + K vaijp) v (71)
xijp

In this way, the equations used for the training controller
are:
dx|

— 1
dh. [n+1]
de

1 1 dx1
=Th 1 Th Thyiz—
x11 dh. [n+ 1]+ ledhC [n] + Thyy3 dh, [n]
+ Fhyr1(etln + 11) 4+ Fhero(er[n]) + Fhyz(xi[n]) (72)

d
2 1]

dh.

deq deq dx>
= Thy| — 1 Thyrr — Thyyzs —

x21 hc[n+ 1+ xzzdhc[n]+ x23dhc[n]
+ Fhyot(er[n + 1]) + Fhyoo(er[n]) + Fhyos(xz[n]) (73)

D3 1)
—I\n
dh,

de

2 d62 dX3
= Thy1— 1 Thyzn — Thy3z3——
ﬁldhc [n+ 1]+ X32dhc [n] + Thyss dhe [n]
+ Fhyzi(ez[n + 11) + Fheso(ea[n]) + Fhz(a(n]) (74)
dxy

— 1
dhc[n+ ]

= Thya

de

dey dey dxy
— 1 Thyar — Thyas—
dhe [n+ 1]+ Thyar dh [n] + Thyas dh, [n]

+ Fhyar(e2[n + 11) + Fheao(e2[n]) + Fhyaz(x4[n]) (75)

where:

2
-2
Thxij(X)ZZ Vil (1 + e—%m(x—ymz)) e—axijl(X—injl)o-xijl
=1
(76)

In addition, Fhy;j € {F yyijp, Foxijp, Fvxijp}.
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C. TRAINING ALGORITHM
In order to show the training process, the following are the
algorithm steps to adjust the neuro-fuzzy controller:

1) Establish the plant model (neuro-fuzzy) and choose the
initial configuration for the controller parameters.

2) Calculate the reference models response obtaining
(v ri> Y rz)-

3) In the respective training iteration k, for the cur-
rent simulation step n, the close-loop control sys-
tem response (yi,y2) is calculated using the plant
neuro-fuzzy model and the reference values (7, 7).

4) Adjust the neuro-fuzzy controller parameters using the
equations (29), (31), and subsequent. It is relevant to
point out that the adjusted parameters are stored into
temporary variables since the neuro-fuzzy system does
not employ such values in this step.

5) Return to step 3 for the next simulation stepn =n + 1
(where the control system output is calculated) until n
is equal to a defined value (simulation time).

6) When the simulation time is completed, the optimized
parameters are updated, then return to step 3 to a new
iteration k = k + 1 until error J.(k) is less than a
defined &, or until k is equal to a defined number.

VII. EQUATIONS AND ALGORITHM FOR PLANT
IDENTIFICATION

Considering the structure defined for the plant identification,
this section shows the deduction of the equations to carry
out the parameters adaptation. As the MIMO structure has
internal feedback in the neuro-fuzzy subsystems, a set of
recurrent equations is presented which are used in the training
algorithm. The steps of this algorithm are shown in the last
part of this section.

According to [61], [62], an approach to the system model
consists of estimating a neuronal structure that can perform
the same function of the plant. For the identification of the
plant with the neuro-fuzzy system, samples of the input and
output are taken in a way that the response of the neuro-fuzzy
system can be seen as a non-linear function of these signals.
The adaptation or training of the parameters is carried out as
follows:

) dJp(k)
hp(k + 1) = hy(k) — nm (77
where 7 is the learning rate and J,, corresponds to the adjust-
ment function defined as:

1 1
Jp=50a = i)+ 50 = 2)? (78)

In this equation y4, and y4, are the measured data of the plant
and yp, y» the data obtained from the neuro-fuzzy system.
Considering an adjustment parameter 4, in order to imple-
ment the Equation (77), the derivative of J, depending on the
adjustment parameters is:

dJy

dy dy>
dh, Oay —y1) dh, O, — ¥y2) i, (79)
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A. TRAINING EQUATIONS FOR THE OUTPUT MODULE

For the first part of the plant (output) where the parameters

of this module are £ is stated that:
dyi dgi  dgs
dhg — dhg " dhy
dyr _ dg2 | dsa

dhy — dhg  dhyg (80)
Z%[n+1] - dfg’t‘i’—h‘f‘)[nH%%;;‘”)[n]
Z;Z[n—ir 1] = d]ig’dz'Tlg(Zl)[n] + dj}+};(&)[n]
Pt 1) = ety De22y,
j%[n—i— 1] = d]}’;'—}:g(m)[n] + ‘%%;;w[n] (81)

For the function fg;; considering the case where i # m and
J # n, this function does not depend on /gy, therefore:

d ..
ﬂ =0 (82)
dhgmnp
Meanwhile, in the case i = m and j = n is obtained:
fgt] — fgl]l + fgz]2 (83)
dhgijp dhgijp dhgijp

For the respective calculation it must be borne in mind that
the inputs z; and z> do not depend on £, that is f,;1, depends
only on A1, therefore, for each parameter is obtained:

dfgilp — (1 +e—dgi1p(X—Vgi1p))71 (84)
dvgilp
@ = Vgilp (1 + e_UgiIP(X_VgiIP)>72
dogitp

e—Ggilp(X—Vgilp)(X — )/gilp) (85)
dfgi]p — Vgilp <1 + e—Ugilp(X_)/gilp)>_2
dygilp

e_o'gilp(X_ygilp)o-gilp (86)

For the case p # k, is stated that:
dfgitk
dhgi1p

Considering the internal signals gi, ..., g4, the function

feiop depends directly and implicitly on Ag;pp, therefore:

=0 (87)

dfglzp — (1 + e_o-gin(X_ygizp))71
dvgizp
-2
— Veidp (1 + efﬂgizp()(*ygizp))
, , d
e*O‘gzZp(X 7Vg12p)(_o-gi2p) X (88)
dvginp
dfgin — _Vgin (1 + e*O‘gin(Xfygin)) -2
ngin

e O'gzzp()( ngZp) <ygi2p — X — O'gizpd—> (89)
Ogi2p

60002

dfgiop

1 ogizp(X —Vgizp) -2
= —Vui ( + e %8 —gzp)
dvysiop e

. . d
e*O‘ngp(XfygLZp) (Ugin _ O_gizpd X ) (90)
Vgi2p

In addition, if p # k, the function fg;>r depends implicitly
on hgppp then:

dfgink :(1 + e—ag,-zk(xfygizk)>—2 e,ogizk(xwgfzk)agm dyx
dhony dhgiop
oD
In this way, in general terms, is stated that:
IS, / ARG/ AT (VI A
dhy dhy dgy dhg dhg
9821,y 1y = o2t | He22082, | dpon
dhy dhy dgs dhg dhg
983 gy = Yedn | Hes2dss ) desa
dhy dhy dgs dhyg dhg
i gy Yot | Deazdsa, | dear o,
dhg dhy dgs dhy dhyg
where the derivatives df, ; j/dh, corresponds to:
dfgiip _ (1 + e*ﬁg::/p(X*Vgi/n)yl 93)
dvgijp
dfgijl’ = Vgijp (1 + eﬂ’xﬁp(X*l’giip)) -
dogijp
e i i) (. — i) ©4)
.o _2
dfsijp = Vgijp (1 + e_"gifl’(X_Vgijp))
d¥yijp
e*Og@/p(X*Vgtjp)ggijp (95)

In the same way, for the derivatives df ; »/dg; is obtained:

dfg,i,Z

2
-2
dy ZZVgiZI (1 +e—0g121(x—ygi21)) e_UgiZI(X_VngI)UgiZZ

=1
(96)

B. TRAINING EQUATIONS FOR THE INPUT MODULE
For the second plant part (input), having the parameters of
this module #,, is obtained:

D _ dgi | dgs
dh,,  dh, dhy,

d d d
% = % + % ©7)
%[n 1= dfg%W(m)[n] N dfg,c;lzvigl)[n]
;l%[n 1= dfg;:m)[n] N dfgj,hz:gz)[n]
ZTgi 1] = dfg;iv(zz) ] + dfgz,hzvigs)[n]
;l%[n 1= dfg,;,:m)[n] N dfg,;t,hz:g@ ml ©8)
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dz dw, dws

% - W3dhw +W1%

e =" 99)
i 1= %Lz]’—/f,,(m[n]
%[H-F 1] = dfw#lw(ul)[n] + ‘%V’;’—hz:m[n]
j}%[wr 1] = ‘%;’le(m[nu f%v;iz,_;;’@)[n]
%[H 0 %;Tfm[”] - %2’—;,,()64)[:1] (100)

For this module, given the connection of the blocks,
the function fg; depends implicitly on parameters /iy,
therefore:

2
df:: —2
e _ E Vwij (1 + efaw’-'”(xfyw’:”))

dhwmnp =1
d
e_Uwzjl(X_Vwijl)o-wijl X (101)
wmnp
In this way is obtained:
d d d d d
By = Lot | Berads,
dh,, dzy  dhy, dgy dhy
d d d d d
9 oy = Le2t By Be22de
dhy, dz1 dhy, dgr dhy,
d d d d d
des gy = Fesrdea ) | desodss
dhy, dzo  dhy, dgz dhy,
dgs dfg.a,1 dzp dfg 42 dga
— == s 102
an, = i T ey an, M 102
where:
2
dfgij eI\ "2 e
d_ill — vaijl (1 +e owiji (X szjl)) e owiji (X thjl)o—wiﬂ

=1
(103)

Meanwhile, for the function f,,;; must be taken into account
the dependency of the parameters £,,,,,p. Considering the case
where i # m and j # n is obtained:

dfwij
=0 (104)
dhwnml
When i = m and j = n is stated that:
dfwij _ dfwijl + dfwijZ (105)
dhyijp  dhyijp — dhyijp

For the respective calculation it must be considered that
the inputs u; and u, do not depend on h,,, that is f,;1, only
depends on h,,;1,, therefore, respectively for each parameter
is obtained:

dfwilp — (1 _i_efﬂwilp(xfywilp))_l (106)
deilp

deilp — Vwilp (1 + e*"”wilp()(7Vwi1p))_2

dowilp
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e—Uwilp(X—Vwilp)(X _ )/wilp)

dfi . N2
lelp — Vwilp (1 + e_o-wzlp(X_lep))

dywilp

— O Y
e wzlp()( thlp)o-wilp

For the case when p # k then:

dfwitk
dhwilp

Considering the internal signals g1, ...

=0

(107)

(108)

(109)

, 84, the function

Jwizp depends directly and implicitly on Ay, therefore:

. -1
dfwﬂp — (l + e_Uwin(X_ywin))
dein
-2
— Viwidp (1 + e—Uwizp(X—}'wizp))
e_o'wz'Zp (x— Vwi2p) ( _O—Wizp)
dein
, -2
dfy wi2p = —Vyi2p (1 + e—Gwizp(X-Vwizp))
d Owi2p
G (Y — dyx
e (7w12p(X Vwr2p) (Vwin — X — Gwizp da
, -2
dfszp — _Vwizp (1 + e_Uwi2p(X_Vwi2p))
dywi2p

G (X — Yo dyx
e O'wlZp(X thZp) <Uwi2p _ Uwi2p A,
d Ywi2p

(110)

wi2p )

(111)

(112)

In addition, if p # k, then, f,,;2x depends implicitly on A2,

therefore:
dfwizk _ (1 +e—0wi2k(X—Vwi2k)>72
dhwin
e Owizk (X —Vwizk) Owidk
wi2p
In this way, in general terms, is obtained:
d, d d d dj
AR lfw. 1,1 fw,l,2ﬁ[n]+ lfw.1,2
dhw dhw dgl dhw dhw
d, d d d dj
82 1] = ifw21  dfwan2 ﬁ[n]+ Ifi,2,2
dhy, dhy, dg> dhy, dhy,
d, d d d d
a8y = w31 dfw32 dgs o If,3,2
dh,, dh,, dgs dh,, dhy,
d d d d d
a8 = ifwa1  dfwan dga o Ifiv,4,2
dhw dhw dg4 dhw th

The respective derivatives df, ; j/dh,, correspond to:

deijp — <1 + e_awijp(X_Vwijp))_l
dvyijp

.. -2
M = VWijP (1 + e_o'wijp()(_ywijp)>
doyijp

e_o'wijp(X_Vwijp)(X _ ywijp)

” -2
d‘le]p — vWij[? (1 + e_o'wijp(X_Vwijp)>
dYwijp

—Ouiin (X —Viois
e m/p()( szjp)awijp

(113)

(114)

(115)

(116)

(117)

60003



IEEE Access

H. Espitia et al.: Control of MIMO Coupled Plant Using a Neuro-Fuzzy Adaptive System

In the same way, for derivatives df,, ; 2/dg; is obtained:

-2
Z Viwi2l (1 + e_UWi21(X_Vwi21))

[\

dfsz

o~ Owial (X —Vwial) owini (118)

C. TRAINING ALGORITHM

As observed, there are internal feedbacks present in the struc-
ture of the plant model; therefore, a set of recurrence equa-
tions is utilized for parameters adjustment. The algorithm
steps used to identify the plant are the following:

1) Define an initial configuration of the parameters for the
plant’s model (neuro-fuzzy system).

2) In the respective training iteration k, for the current
simulation step n and employing the input data (u, u»),
the output of the neuro-fuzzy system is calculated
01, y2)-

3) Using input-output data pairs (u1, yq,) and (42, ya,),
and the data obtained from the model (yi,y2),
the neuro-fuzzy system parameters adjustment is made
using equations (77), (79), and subsequent. Here, it is
important to point out that the adjusted parameters
are stored in auxiliary variables since the neuro-fuzzy
system does not employ such values in this step.

4) Return to step 2 for the next simulation step n = n +
1 (where the neuro-fuzzy system output is calculated)
until n is equal to a defined value (simulation time).

5) When completing the simulation time, the parameters
are updated and then return to step 2 to a new iteration
k = k + 1 until the error J,(k) is less than a ¢ defined,
or until £ is equal to a determined value.

VIIl. EXPERIMENTAL RESULTS

To observe the behavior of the adaptive control system, a set
of experimental tests are carried out with the real MIMO
plant, in a way that the iterative adjustments can be appre-
ciated so that the plant output reaches the desired reference
value. First, the performance metrics used to evaluate the per-
formance of the controller considering different configura-
tions of the controller are described, then the results obtained
for different reference values are shown; finally some obser-
vations are presented considering these results.

The performance index considered to evaluate the system
response corresponds to the shown in the Equation (119),
where ry, ry are the desired reference values, yy, y» the outputs
of the control system and N7 the total number of data.

Nr
J = Nr Z [(71 [n] — y1[n])? + (ra[n] — yz[n])z] (119)

n=1

Also, this equation can be expressed as J = Ji + J,, where:

Z(n [n] = yiln)) (120)

60004

TABLE 6. Summary of the configurations, according to f; from Fig. 15.

Configuration f1 f2 f3
CO1 Yes No Yes
CO2 Yes | Yes | Yes
CO3 No | Yes | Yes

— yaln])? (121)

1 &
h= o > (raln]
n=1
Taking into account the data obtained of the plant in open
loop (Fig. 5) and the results reported in [53], the desired
behavior corresponds to first-order systems with settling time
of 60 seconds; therefore, reference models are:

1

_ 122

Gi(s) 5y 1 (122)
1

G = 123

29) = 15577 (123)

Using the reference values of Table 7, the respective
response of the reference models can be seen in Fig. 21.

For the experimental tests, three neuro-fuzzy configura-
tions shown in Table 6 are considered. Here, the presence or
absence of f; functions in Fig. 15 are considered to implement
the BBR subsystems based for the MIMO controller.

o COl: is proposed as the equivalence with a transfer
function with one pole and gain.
b
1

Cile)= ———
1 —aoz

(124)
The equation for implementing the BBR subsystems is
wln] = fi(e[n]) + f3(wln — 1]).

o CO2: is considered as an analogy of a transfer function
with zero, pole, and gain.

by + boz™!

Cix) = —

(125)
1 —aoz
The equation for the implementation of the BBR subsys-
tems is wln] = fi(e[n]) + fa(e[n — 11) + f3(w[n — 1]).
« CO3: is an analogy with a transfer function with pole,
gain, and a zero at the origin.
boz !

C~ = —
I(Z) 1 _ 610271

(126)
The equation for implementing the BBR subsystems is
wln] = fale[n — 11) + f3(wln — 1]).

As previously mentioned, the fuzzy sets from Fig. 12
are considered for modeling positive and negative values.
In order to determine the parameters configuration of the
BBR subsystems, each function f; of Fig. 22 can be set to
obtain a behavior similar to the one displayed in Fig. 23.
Such approach allows defining the parameters to each BBR
subsystem through an analogy with the SISO linear system
considered as based. Taking into account the range of values
of the input variables, for this case [—100, 100], the BBR
subsystem is configured to get a similar behavior to the linear
system in this range.
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Response reference model Gy

60

‘ ‘ ‘ ‘ ‘ ‘ ]
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FIGURE 21. Simulation of the reference models.

Hi1
j vj1
Tj : lf Ji

FIGURE 22. Configuration for partial output f;.

fi(x;)

Lj

FIGURE 23. Configuration for the positive slope.

Meanwhile, the values obtained from the parameter’s
identification shown in Section II are considered for the
neuro-fuzzy plant model initialization. The configuration
shown in Fig. 19 is proposed for having an equivalence
regarding the diagram of Fig. 4; whereby, the initial configu-
ration considers that g, = 0 and gz = 0. Besides, the inter-
mediate output z; = wiw3 is equivalent to u;(100 — uy),
and the other partial output zo = wpw4 is equivalent to ujus.
The function 100 — u; is achieved through the configuration
of f; shown in Fig. 24. The configurations of BBR; | and
BBR; 4 allow equivalent behaviors to first order systems with
a settling time of 100 seconds similar to the real plant, in this
order, for these subsystems is used the configuration of f;
shown in Fig. 23.

The reference values shown in Table 7 are considered for
the experimental tests. In this order, all results (outputs) of
the system can be seen in Fig. 25, where the associated
control action can be also observed. To better observe the
results, these are presented in separated groups. Particularly,
in Fig. 26, the results are displayed for references R;, R3
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Response reference model Go
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FIGURE 24. Configuration for the negative slope corresponding
to 100 — u,.

TABLE 7. References used.

[Outputs [ R [ Ro [ R3 [ Ry [ Rs [ Re | R7 | Rs |
Y1 50 40 30 30 20 15 15 25
Y2 35 30 20 30 20 20 15 25

and R7. Meanwhile, Fig. 27 presents the results for references
R, Rg and Rg. Finally, Fig. 27 shows the results for references
R4 and Rs.

In these results, it can be seen that the system presents
greater variation for high reference values, it can be also
observed that every 100 seconds plant identification and
adaptation process of the controller are carried out, the first
adaptation process being where the greatest variation occurs.
It can be also observed that as more adaptation processes
are carried out, the outputs approach the references. In these
results, it should be noted that the CO1 and CO3 configura-
tions are the ones that present the greatest variation in most
of the references taken.

Also, in these results is observed that the output y; presents
more noise compared to y, which is associated with the
location of tank D1 at the bottom (see Fig. 2). Despite the
above, the control system manages to reach the reference
values for both outputs y; and y».

Performing the respective error calculation for each ref-
erence, Table 8 shows the values for J; and Table 9 the
results for J;; therefore, Table 10 shows the values of J for

60005



IEEE Access

H. Espitia et al.: Control of MIMO Coupled Plant Using a Neuro-Fuzzy Adaptive System

Pump power p(t)
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20 ——C02| |
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FIGURE 25. Adaptive control system results.
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FIGURE 26. Adaptive control system results for references R;, R; and R;.
Pump power p(t)
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o =
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FIGURE 27. Adaptive control system results for references R,, Rg and Rg.

different controller configurations and references. In these
results, it can be seen that the best value of Ji, J> and J is
obtained for configuration CO2.

60006

Time (seconds)

Considering the results of Table 10 and taking as a refer-

ence the total best value obtained for J, the difference of the
configuration CO2 in relation to CO1 is 11.5% and compared
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FIGURE 28. Adaptive control system results for references R; and Rs.
TABLE 8. Results obtained for J; on a scale of 1 x 10%.
[ Configuration [ Ry | Ro | R3 [ Rs [ Rs | Rs | Ry | Rsg [ Total |
COl 4.0317 | 3.0330 | 1.5658 | 1.8523 | 0.9244 | 1.1357 | 1.6300 | 1.2699 | 15.443
CO2 3.4896 | 2.5275 | 1.5308 | 1.7981 | 0.8279 | 0.7300 | 0.5484 | 1.0653 | 12.518
CO3 5.6787 | 2.8151 | 1.3731 | 1.6940 | 0.8448 | 0.6466 | 0.7030 | 1.1250 | 14.880
TABLE 9. Results obtained for J, on a scale of 1 x 10%.
[ Configuration [ Ry | Ro | R3 [ Rs [ Rs | Rs | Ry | Rsg [ Total ]
COl 7.3540 | 3.1550 | 1.7838 | 2.2425 | 1.2314 | 1.6137 | 1.5872 | 2.4866 | 21.454
CO2 6.8454 | 4.3796 | 1.9408 | 2.4945 | 1.3056 | 1.2068 | 0.5229 | 1.8525 | 20.548
CO3 7.2573 | 3.6674 | 1.6123 | 3.4419 | 1.5170 | 1.4623 | 0.8969 | 2.2196 | 22.075
TABLE 10. Results obtained for J on a scale of 1 x 105.
[ Configuration [ Ry | Ro | R3 [ Rs [ Rs | Rs | Ry | Rsg [ Total ]
COl 1.1386 | 0.6188 | 0.3350 | 0.4095 | 0.2156 | 0.2749 | 0.3217 | 0.3757 | 3.6897
CO2 1.0335 | 0.6907 | 0.3472 | 0.4293 | 0.2133 | 0.1937 | 0.1071 | 0.2918 | 3.3066
CO3 1.2936 | 0.6482 | 0.2985 | 0.5136 | 0.2362 | 0.2109 | 0.1600 | 0.3345 | 3.6955

to CO3is 11.7%. Also, in Table 10 it is seen that CO1 presents
the best results for R», and R4; the CO2 configuration obtains
the best result for Ry, Rs, Rg, R7, and Rg, meanwhile, with
CO3 the best result is achieved for R3.

IX. CONCLUSION

The proposed neuro-fuzzy MIMO control scheme allows
iterative adjustment of the controller to reach the reference
values. For this, progressive adjustments of the plant identi-
fication are also made.

In this work, BBR subsystems are proposed considering
the analogy with linear systems used for the implementation
of MIMO configurations. In this way, a MIMO system is
designed for the identification of the plant and another for
the controller; in addition, the training equations (DBP) for
these systems are deduced.

VOLUME 9, 2021

The identification of the plant is an essential aspect for
the functioning of the adaptive control system; therefore,
a progressive adjustment is made for the plant identification
and the controller optimization.

As observed, a limited amount of data is available for the
identification of the plant obtained during the operation of the
control system, which influences the fit of the plant model.
Consequently, the adjustment is carried out progressively in
an adaptive way.

By the experimental results it is possible to verify that
the proposed adaptive scheme allows reaching the desired
reference values. It is observed that in the first adaptation
process the largest variation occurs.

The experimental test was carried out considering vari-
ous configurations of the MIMO controller, based on BBR
subsystems. In future work, other possible configurations of
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these subsystems used to implemented the MIMO controller
can be considered.

In further work, compact fuzzy systems can be used in
other control strategies such as sliding mode control and
passivity-based control, where the adaptability of the con-
troller parameters could be included.
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