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Abstract

This article presents model-free adaptive control based on an intuitionistic fuzzy neural network for nonlinear systems with
event-triggered output. Essentially, model-free adaptive control (MFAC) is constructed by establishing an online approximate
model of the controlled system using the pseudo-partial derivative (PPD) form. By the proposed scheme, first, an intuitionistic
fuzzy neural network (IFNN) is developed as an estimator for time-varying PPD in both compact-form dynamic linearization
(CFDL) and partial-form dynamic linearization (PFDL) for the MFAC technique. Second, two periodic event-triggered output
methods are integrated with the proposed IFNN-based MFAC in both forms to save communication resources and reduce
the computation burden and energy consumption. Based on the Lyapunov theory and BIBO stability approach, necessary
conditions are established to guarantee the convergence of the adaptive law of the IFNN controller and the boundary of the
tracking error of the closed loop system. Third, regarding the feasibility and the effectiveness of the developed control method,
two simulation examples including the continuous stirred-tank reactor (CSTR) system and the heat exchanger system are
given. Finally, the practical validation of the proposed data-driven control method is conducted via the speed control of a DC
motor.

Keywords Data-driven control - Model-free adaptive control (MFAC) - Intuitionistic fuzzy neural network (IFNN) - Discrete

event-triggered

Introduction

Nowadays, the network control system (NCS) has attracted
much interest because it is easy to install and has high flex-
ibility [1-3]. On the other hand, the bandwidth, and the
computing capabilities of NCS are limited. Hence, in order

B Tarek A. Mahmoud
tarek.mohamed @el-eng.menofia.edu.eg

Sameh Abd-Elhaleem
sameh.abdelhaleem @el-eng.menofia.edu.eg

Mohamed A. Hussien
mohamed.hussien @el-eng.menofia.edu.eg

Mohamed Hamdy
mohamed.hamdy @el-eng.menofia.edu.eg

Industrial Electronics and Control Engineering Department,
Faculty of Electronic Engineering, Menoufia University,
Menouf, Egypt

Department of Electrical Engineering, Faculty of
Engineering, Pharos University, Alexandria, Egypt

to reduce the computational burden and enhance the limited
communication resources, event-triggered control (ETC)
schemes have been widely concerned [4, 5]. Fundamentally,
the event-triggered control scheme samples the system’s out-
put and performs the control action whenever a specific
event exceeds a defined threshold. There are two types of
event-triggered control schemes: continuous event-triggered
control (CETC) scheme and periodic event-triggered control
(PETC) scheme. Based on CETC, dedicated analog hardware
is needed to continuously check the event condition, which is
difficult in digital implementations [6—11]. Hence, to make
be more suited for practical implementations, PETC only
checks the event condition periodically at explicit sampling
instances [12—14].

Recently, the ETC has been developed for nonlinear
model-based control systems to improve its ability to deal
with the limited resources of NCS. In this context, Hoo ETC
is introduced for vehicle active suspension systems under
linear fraction uncertainties [15]. In [12], a predictor-based
PETC is developed for nonlinear uncertain systems with
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input delay, adaptive PETC output-feedback control is used
to control switched nonlinear systems [13], and a nonlinear
NCS with a PETC is developed in [14]. A modified repetitive
PETC with equivalent input disturbance for linear systems
subject to unknown disturbance was proposed in [16]. In [17],
T-S fuzzy model is used to approximate the nonlinear system
with a repetitive control based on a PETC. The sliding-mode
control (SMC) approaches for nonlinear systems have been
developed using ETC schemes [18, 19]. It is noteworthy that
the common features in most of the above-mentioned results
are presented on the basis of the dynamic equations of the
system known in advance. However, the system dynamics in
real applications are complex and therefore it is difficult to
obtain the precise dynamic equations of the systems. There-
fore, several results of ETC approaches based on data-driven
control methods have been emergence.

Basically, the data-driven control (DDC) schemes are con-
structed directly using input—output (I/O) measured data
(online or offline) [20, 21]. Based on this concept, many
strategies have been presented, such as dynamic program-
ming [22], iterative feedback tuning [23, 24], iterative
learning control [6, 9], virtual reference feedback tuning [25],
and model free adaptive control (MFAC) [26-30]. Among
them, the MFAC scheme has attracted a lot of attention
in controlling nonlinear systems with unknown dynamics
[31]. This scheme replaces the global nonlinear model with
a sequence of dynamic equivalent linearized time-varying
data models which are constructed at each current operating
point using a time-varying term known as the pseudo-partial
derivative (PPD). The online dynamic linearization model
(DLM) can be accomplished in three different methods: full-
form dynamic linearization (FFDL), partial-form dynamic
linearization (PFDL), and compact-form dynamic lineariza-
tion (CFDL) [26, 31, 32]. Consequently, based on the MFAC
framework, the ETC approaches have been established
for nonlinear systems [33]. Regarding the effectiveness of
MFAC when working with unidentified systems, an ETC
technique uses the estimated weight of the neural network to
estimate the pseudo-gradient vector has been presented [34].
In [9], a low computation cost MFAC triggering approach is
proposed where the MFAC with adaptive iterative learning
control based on ETC is constructed for nonlinear systems.

Over the past decades, due to the capability of fuzzy rea-
soning and the learning abilities of neural networks, the fuzzy
neural network (FNN) has become an effective approach in
the modeling and control of nonlinear processes [35-39].
One of the developments of the fuzzy theory, the intuitionistic
fuzzy (IF) theory includes the membership function and non-
membership function in describing confusion [40]. Using
this concept would get more flexibility and then more realis-
tic results in several applications. Consequently, IF has been
used in medical applications [41], control, and synchroniza-
tion of chaotic systems [42, 43]. In [44] an adaptive IF neural

@ Springer

network (IFNN) has been proposed for the control and syn-
chronization of chaotic systems. Type-2 IFNN for regression
problems has been proposed in [45].

Based on the above discussion, in this paper, a discrete
event triggered MFAC using an IFNN for nonlinear sys-
tems is developed. In this proposed scheme, the IFNN is
developed as an approximation tool for the time-varying
PPD in the MFAC approach in both the partial and compact
forms. Based on the discrete event-triggering framework to
save system resources and reduce the computation time, the
proposed MFAC using the IFNN is developed. Here, two
PETC mechanisms are investigated; the first one tests the
event-triggered condition at the fixed sampling period of the
controlled systems whereas the second one examines the con-
dition at certain instants depending on a predetermined period
to save system resources even more. Using the backpropaga-
tion algorithm, the updating of the parameters of the IFNN
is provided when the event-triggered condition is satisfied.
On the basis of the Lyapunov theory and the BIBO method,
sufficient conditions for the convergence and the stability of
the proposed scheme are derived. In order to investigate the
effectiveness of the proposed MFAC-PETC, two simulation
examples including the CSTR system and heat exchanger
system are given. Moreover, the proposed controllers are
validated practically in a real-time application via the speed
control for a shunt direct current (DC) motor. In the end, we
can summarize the contribution of this article as follows:

(i) Developing the IFNN as an approximator tool in the
MFAC approach for nonlinear systems using the PFDL
and the CFDL.

(ii)) Combining two PETC methods with the proposed
MFAC based on the IF approximator to save system
resources and reduce the computation time.

(iii) Extracting the conditions that guarantee the conver-
gence of the training process of the IFNN approximator
and the stability of the proposed data-driven control
system.

(iv) The practical validation of the proposed scheme by
means of the speed control of a DC motor.

The rest of this paper is organized as follows. In "MFAC
scheme", the MFAC based on both PFDL and CFDL is
explored. The proposed MFAC based on an IFNN includ-
ing the network structure and the adaptive update laws is
presented in "MFAC based on IFNN". In "Event-triggered
MFAC scheme", the MFAC with the periodic event-triggered
output scheme is described. The stability analysis is studied in
"Convergence and stability analysis". In "Simulation results",
simulation and practical results are introduced to demonstrate
the performance of the proposed control scheme. Finally, the
conclusions are summarized in “Conclusion”.
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MFAC scheme

Consider a discrete-time nonlinear single-input single-output
(SISO) system given in the following general form:

ﬂk+1)z.f(ﬂb,ﬂk—bwu,y&—nﬁ,

uk), utlk—1)..., utk — nu)) (1)

where, u(k)and y(k) € R stand to the control input and the
system output at the time instant k, respectively. The two
unknown orders of the above nonlinear system are repre-
sented by two unknown positive integers ny, n, with an
unknown nonlinear function f(.). For system (1), the fol-
lowing assumptions are defined.

Assumption 1. The partial derivatives of nonlinear function
f() € R related to all variables are continuous.

Assumption 2. System (1) satisfies the generalized Lips-
chitz condition which states that |[Ay(k + 1)| < s||AU (k)|
and ||[AUk)||# O for any k, where s is a positive
constant, Ay(k+1) = yk+1) — yk), AUKk) =
[Au(k), Autk — 1), ... Autk — L+ D7, Autk — i) =
utk —i)—utk—i—1)andi =0, 1, ...., L — 1, where
L > 0is called control input length constant of linearization.

Remark 1 It is worth noting that assumptions 1 and 2 are
acceptable and reasonable from the perspective of practical
applications. Assumption 1 is a standard constraint of con-
troller design for typical nonlinear systems and Assumption
2 is a linear-like constraint that guarantees that the rate of
change of the system output has an upper bound limitation
with bounded change in the control input. For example, the
output speed changes of a dc motor cannot go to infinity if the
changes in the input voltage to its drive circuit are bounded.
Also, many practical systems such as pressure, refrigeration,
and temperature control can satisfy the above two assump-
tions [32].

Based on the assumptions mentioned above, system (1)
can be linearized into the following form [32].

Fk+1) = y(k) + @7 (k) AU (k), @

where ® (k) is the bounded pseudo-partial derivative (PPD)
function. PPD is a slowly changed time-varying parameter
that can be estimated at every sample to approximate the sys-
tem attitude in a linear dynamic form. This function can be
established using only the historical I/O measurement data of
the closed-loop system. Generally speaking, this lineariza-
tion form does not require any type of system parameter
identification or structural information of the controlled sys-
tem [34]. Based on the PPD approximation, different forms

for the dynamic linearized model given in (2) including the
CFDL and PFDL are defined. For the CFDL method, the
PPD ®(k) is given as a scalar value ¢ (k) and then model (2)
becomes:

Yk +1) = y(k) + ¢p1 (k) Au(k). 3

On the other side, the PPD value for the PFDL for model
(2) is given as a vector:

D (k) = [¢p1(k), ¢2(k), ... ¢L(R)]", 1D < s, “

where L could be chosen as an integer in the range L = 2 to
L = ny +n, [32]. It is noted that, the CFDL is simpler and
faster when compared with the PFDL but with some reduc-
tion in the accuracy of the dynamic linearization. Moreover,
the CFDL is a PFDL in case of L = 1.

Based on the linearized model (2), the control laws of the
MFAC based on both the CFLD and PFDL are defined as
below [32]:

N p1o1 () (k+ 1) — y(k)

uk)=ulk —1) . |¢1(k)|2 (5)
uk)=uk—1)
N p1o1 (k) (y* (k+D)—y (k) — 1 (k) S pidi (k) Au(k—i+1)
A+ (k) ’
(6)
where p = [p1, ..., pL]Tis a step-size vector, p; € (0, 1],

y*(k)is the desired output, A > 0 is the weighting factor,
|¢1(k)| > ¢ at each sampling instant k, and ¢ is a positive
constant.

Actually, the control laws (5) and (6) cannot be imple-
mented because the elements of ®(k) are unknown and
time-varying parameters. Thus, the IFNN has developed to
estimate the PPD function within the MFAC approach in the
next section.

MFAC based on IFNN

To solve the MFAC problem (6), each element of ®(k) can
be approximated by the following form:

b (k) = Fu(z, W) 7

where z € R" is the input vector and W are the approxi-
mation weights. In this work, the nonlinear function F,,(.)
has been estimated using an intuitionistic fuzzy logic system
in the neural network structure as described in the follow-
ing sub-section followed by the adaptive law of the network
weights.
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Fig. 1 Layers structure of IFNN

Structure of IFNN

To approximate the nonlinear function (7), an IFNN with
two inputs and multi outputs has been developed as shown in
Fig. 1. This network consists of four layers and the function
of each layer is illustrated as follows.

Layer I (Input layer): this layer only accepts the input vector
of the network. Here, it consists of two nodes such that z =
[Ay(k) Au(k)].

Layer 2 (Fuzzification layer): this layer includes two groups
of nodes. The first one represents the membership function
part and the output of each node in this group can be calcu-
lated as:

—O.S(Zj —(‘ml"j)z
dm?

hi j(z) =e tiooi=1,...,N,j=1,2 ®)
where N stands to the number of membership functions
nodes for each input, cm; ; and dm; ; are the center and
the width of the membership function, respectively. Besides,
the second group represents the non-membership function
part, and the output for each node is defined as:

—0.5(z j—cn;, ,~)2
IS
dn? . .
oi=1, ...

v, j(zr) =e , N, j=1,2 9
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Layer3

Layer4

For this layer, the necessary condition for the intuitionistic
fuzzy logic has been considered [42, 43]. This condition is
defined as:

0<hij@+v, ;) =1, hi @),
vi () el0 1L i=1,., Nandj=1,2. (10)

Layer 3 (Rule layer): this layer is composed of two groups
and each group with N nodes. The output for each node for
the first group is the rule firing strength for the membership
function part which can be calculated using the product oper-
ation:

2
hritk) =[] hi j@ (11
j=1

Similarly, the nodes in the second group represent the rule
firing strength for the non-membership function part and can
be expressed as:

2
vrik) = [ Jvij @ (12)
j=1

Layer 4 (Output layer): in this layer, the m™ output of the
IFNN based on the center of area (COA) method is defined
as:
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b (k) = S (W, 6,myhri (k) — Wi, myvri (k)
" Sy (i (k) — vri (k) ’
where m ={1,2, ..., L}, (13)

Wy, Wy are the membership output weights and non-
membership output weights, respectively. Thus, for L = 1,
the IFNN is an approximator for the PPD in the CFDL. Gen-
erally, the estimation of the output of DLM can be defined
as follows:

Sk +1) = yk) + DT (k) AU (k), where

n ~ ~ ~ T
b = 410, b20), .. u )] - (14)

Updating laws

To derive the updating laws of the parameters of IFNN
approximator for the PPD vector, the following cost func-
tion is defined:

1o, o,
E(k) = Eep(k) = E(y(k) —y(k)”, (15)

where e, (k) is the modeling error between the actual out-
put y(k) and the DLM output y(k) at the sampling instant
k. Hence, the free parameters of IFNN including the output
weights (i.e., Wy, Wy), the membership function parame-
ters (i.e., cm, dm) and the non-membership function (i.e.,
cn, dn) can be updated according to the gradient of descent
method as below.

The updating law for the output weights can be given as:

IE (k)
Wt ()
__OE® 93 (k) 3 (k)
0y (k) 0 (k) dWar(i, my (k) (16)

AW pm(i,my (k) = —

AE (k)
AW NG, m) (k) = —HW
_PE® 5 ® 3 (k)
3V (k) 0 (k) dWNGi,m) (k) (17)

From (13) to (15), we have:

AWn, i,my(k) = —nep (k) Au(k —m + 1)
hri(k)

X (18)
SIL G () — vri ()
AWN (i.m)(k) = —nep (k) Au(k —m + 1)
vri (k) (19)

X &N
Y oimy (hri(k) — vri(k))

where n > 0, is the step size of the steepest descent algorithm.
For the membership function parameters, the updating laws
are:

Acmy; j (k)
IE (k)
= Taem;_; (k)
L OE®) 99K 3w (k) dhr; (k) Oy (2)
~ 5% 9y, (k) 0hri (k) Ohy,; (2) demy, ; (k) (20)

Adm; (k)
JE (k)
=~ Nodm:_; (k)
_ _9E(k) 9y (k) 3¢ (k) dhri (k) dh; j (2)
- 39 (k) 3y (k) dhri (k) dh; j (z) ddm; j (k) (21)

From (8) to (15), the above laws can be calculated by:

Acm; j(k) = —nep(k)Au(k —m +1)
y W, i, m) (k) hri(k) 0dh; j(2)
SN i) — vri(k)) hi, j(2) dem; (k)
(22)

Adm; j(k) = —ne,(k)Au(k —m +1)
o Wi, i,m) (k) hri(k) 0h; j(2)
SN (hri(k) — vri(k)) hi,j(2) ddm; (k)
(23)

Similarly, the updating laws for the non-membership func-
tion parameters can be given as:

Acnj j(k) = —nep(k)Auk —m + 1)
W, i, m) (k)
YL (hri(k) — vri (k)
vri(k) dv; j(2)
v;, j(2) dcn; (k)

(24)

Adn; j(k) = —nep(k)Au(k —m +1)
W, i,m) k) vri(k) 0v; j(2)
SN (k) — vri(k)) vi,j(2) ddn;, (k)
(25)

Event-triggered MFAC scheme

In this section, a periodic event-triggering control mecha-
nism is established with the proposed MFAC based on the
IFNN. Figure 2 presents the proposed MFAC-IFNN-PETC,
where the IFNN is used to estimate the PPD of the MFAC

@ Springer
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Fig.2 The block diagram of the proposed MFAC-IENN-PETC. (where ¢! is the back shift operator)

which is combined with the PETC in the sensor-to-controller
transmission channel. In view of the PETC, the signal trans-
mission from the sensor to the controller is executed only
when the following condition is satisfied.

kjs1 =kj+min{k > k; ||y (k;) — y (0| > 8},
j =123 ..., (26)
where k is the transmission instant; and § > 0 is the trigger-
ing parameter. The discrete event-triggering condition (26)
shows that the next triggering instant k;,is influenced not
only by the variation of the system’s output, but also by the
given triggering parameter §, so it reduces the number of
transmission instants.
According to (26), a discrete event function can be defined
as:

P(kj, k, 8) = |y(kj) — y(k)| -8 (27)
For every given set of triggering parameters, the measure-
ment output will be sent to the controller only if P(k;, k,
8) > 0 is true. Otherwise, the controller will continue to use
the most recent incoming data due to the influence of the hold
block in Fig. 2.
Now, we can define:

yk) = y(kj), kj <k < kju (28)

@ Springer

where (k) is the most recent event-triggered data until the
next arrives.

Hence, the event-triggering error is given by:
e(k)grc = y(k) — y(k) (29)

Accordingly, the event triggering condition can be formu-
lated as:

le(K)grcl = 8 (30)

Thus, based on the event triggering mechanism, the model
free control laws given in (5) and (6) can be modified as:

, OO0 K+ 1) — T (k)

uk) = u(k — 1) — (31)
A+ [P1(k)]
uk)=utk —1)
. P11 O*k+ 1) — T(k) — d1 (k) X pichi (k) Aulk — i + 1)
411 ()
(32)

Moreover, the adaptation of the IFNN approximator given
in (16-25) will be only executed at the triggering instants.
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In summary, the steps of the proposed MFAC based on
IFNN in the event triggering form are given in Algorithm
(D.
- Initialize the IFNN parameters (i. e., W (0), Wy (0), cm(0), dm(0), cn(0), and dn(0)) .
- Set the MEAC parameter (i.e.,4).
- Set event condition threshold (i.e., §)
- Set the initial value of the transmitted output y(0) = 0
- Set the refrence output: y*
- Find the IFNN output ®(k).
On-line control process
1) Read sampled system output y(k).
2) Calculate the event triggering error (29), e(k)grc
- If le(kK)grcl = 6.
a) y(k) = y(k).
b) Find the output of DLM : y(k + 1) = y(k) + ®T (k)AU (k).
¢) Find the error e, (k) = y(k + 1) — y(k).
d) Update the IFNN parameters using (14)-(22).
e) goto step 3
- Else goto step 3
3) Execute the control action using (31) for CFLD or (32) for PFDL.
4) Use y(k) as an input for [FNN.
5) Find the IFNN output ®(k + 1).
6) Go to step 1
Algorithm (1)
It was remarking that the triggering condition in Algo- N
rithm (1) is measured at each sampling instant. Thus, to 1 < Q < ER (33)

make the proposed controller algorithm with a low compu-
tation burden, a modified triggering method is developed. In
this method, the event-triggered condition is tested after a
number Q of sampling moments have passed to save system
resources even more. The value of Q is selected as an integer
number such that the following inequality is held:

where ny is the number of samples which is chosen within
the controlled system time constant. Here, the discrete event-
triggering condition (26) will be modified to

kj+1 = kj +min{k > k;||y(k;) — y(kQ)| = 8} (34)

As aresult, the steps of the proposed MFAC scheme based

on the modified triggering condition are described in Algo-
rithm (2).
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- Set the MEAC parameter (i.e.,4).

- Set event condition threshold (i.e., &)

- Set the refrence output: y*
- Find the IFNN output ®(k).
On-line control process

1) Read sample system output y (k).

3) Else kET =k.

- Ifle(K)grcl = 6
a) y(k) = y(k).

e) Go tostep 5
- Else go to step 5

6) Use y(k) as an input for IFNN.
7) Find the IFNN output ®(k + 1).
8) Go to step 1

- Initialize the IFNN parameters (i. e., W4 (0), W (0), cm(0), dm(0), cn(0), and dn(0)) .

- Define the window of samples (Q) and kgy = 0.

- Set the initial value of the transmitted output y(0) = 0

2) If k— kgr # Q ( Q samples not passed ) goto step 5

4) Calculate the event triggering error (29), e(k)grc

b) Find the output of DLM: y(k + 1) = y(k) + ®T (k)AU (k).
¢) Find the error e, (k) = y(k + 1) — y(k).

d) Update the IFNN parameters using (14)-(22).

5) Execute the control action using (31) for CFDL or (32) for PFDL.

Algorithm (2)

Remark 2 For Algorithm 1, the initial weights of the IFNN
are chosen as small random values, and \ is chosen according
to theorem 2 N > hmin. The event condition threshold 3 is
chosen as a small value greater than zero or as a percentage
of the error between the current value of the output and the
most recent incoming data, [46]. Moreover, the window of
samples Q is chosen according to (33).

Convergence and stability analysis
In this section, the convergence of the updating laws of the

IFNN parameters and the closed loop stability of the pro-
posed algorithm are investigated.

@ Springer

Theorem 1. Assuming an IFNN with the structure given in
Fig. 1 to approximate the ®(k) in the dynamic linearized
model given in (3). For any given input vector, the training
process of the IFNN is convergent if the learning rate n in the
updating laws (16-25) of the network satisfies the following

condition:
2

_ 35
[¢ ()17 ¢ (k) 33

<n<

where:

k) = dep(k)  dep(k) dep(k) dep(k) dep(k) dep(k)
§) = | Wyty WNG) domR) dentk) ddm(k) ddn(k)

(36)

Proof: Define the Lyapunov function with respect to DLM
output error as the cost function defined in (15). Hence, we
have:
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V(k) = E(k) = 0.5¢) (k) (37)

Then, the change of Lyapunov function can be computed
as:

AV (k+1) = V(k+1)—V(k)=0.5ef,(k+1)—0.5ef,(k).

(38)
By:
ep(k+1) = ep(k) + Aep (k). (39)
So (38) can be given as:
AV (k +1) = Aep(k)(ep (k) +0.5Aep (k) (40)

According to the first-order Taylor expansion, the change
of the training error can be expressed in term of the incre-
menting rate of IFNN weights as:

dep (k)
v (k)

T
Aep(k) = [ } A (k) (41)

T
where w(k)z[ Wy (k) Wy (k) em(k) en(k) dm(k) dn(k) ]
and Ay (k) is defined as:

JE (k) JEk) dep (k)
AY (k) = — = — 42
VO =500 = e 9w ) 2
Hence, using (37), (42) can be rewritten as:
dep(k
Ay (k) = —nep(k) 87((k)) 43)
So, (41) can be rewritten as,
N dep (k)" dep (k)
Aep(k) = —TleP(k)[W} 30 (6. (44)

Then, the change of the Lyapunov function in (40) can be
reformulated as:

aep<k>]T dep (k)
(k) | vk

| o5 der® T dep (k)
- '”[awc)} 0)

By defining ¢ (k) = %‘i[((,f)), we have:

AVk+1) =— nef,(k)[

(45)

AV (+1) = —ned @1 ®1 ¢ k) (1 - 051 01 ¢ k) )
(46)

Then, the condition of AV (k + 1) is negative when

n > 0and (1 - o.sn[;(k)]T;(k)) =0 (47)

Finally, the convergence of the IFNN approximator in the
MFAC scheme is guaranteed if the range of the learning rate
n is

2

—_— 48
[¢ ()17 ¢ (k) (%)

<n<

Remark 3. In condition (35), [C(k)]Tc(k) can be considered
as ||lc(k)||%, hence this condition can be rewritten as follows:

O0<n< —
"ty

where ||¢(k)|| is the Euclidean norm of i;(k)z. Hence, to guar-
antee to select of the learning rate m satisfying the given
condition, the learning rate at any instant ¢ can be set as fol-
lows:

(t) = n(0) 2
ny =nlV)=——7-
Gmax (D).
where 1(0) is a small positive number < 1, and Gpax(f) =
max (517, Gmax(t — 1)).

To study the tracking error convergence for the closed loop
system based on the proposed MFAC, the following theorem
is given.

Theorem 2. For a constant regulator y*(k + 1), the MFAC
methods (31) and (32) regulate the nonlinear system (1) that
meets Assumptions 1, 2, and there is . > Amin, the tracking
error e(k) is uniformly ultimately bounded, and the ultimate
bound is defined by the event-triggering error e(k)grc-

Proof: Let’s start with the MFAC in the PFDL form given in
(32). According to the definition of the tracking error given
by:

e(k) = y*(k+1) — y(k) (49)

By subtracting the event triggering error defined in (29)
from (49), we have:

Yk +1) —y(k) = e(k) — e(b)grc. (50)

By using (50), the control law defined (32) can be refor-
mulated as:

uk) =uk —1)

. P161(K) (e(k)—e(k) pre) —d1(k) XLy pii (k) Aulk—i+1)
2o+ 1 (o)

(S
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From (51), we have:

_ n1d1(0)ek) — eb)pre) — 1 k) iy pidi (k) Autk — i +1)

of (57), the inequality defined in (59) is given for a bounded
value M| > 0.

AUKk) =utk) —utk — 1) — 5 (52)
A+ (g1 (k)]
By using the dynamic linearization form defined in (2) 2 2
and (52), Ay(k + 1) can be given as: a”+b” = 2ab (58)
(k)| p1 1 (k) (e(k) — e(k — 1ok 11 (k) oK, pihi (k) Aulk — i +1
Ayk+1) = | Pkl py1(k)(e(k) — e(k)prc) IIA( )IIZH( ) D io Pigi (k) Aulk — i + 1) 53)
A+ (g1 (k)]
For a constant y*(k + 1) and by using the tracking error ||<I>(k)||$1 k) ’ s$1 (k) ' K
defined in (49), we can write: A+ "f’l (k)|2 2V (k) 2/ Amin
(59)
etk+)—ek)=y"*k+2)—yk+1)—y*k+1)+y k)
=—-Ayk+1) (54) Then, there exists a constant S<l1 such that
1 — —”IHCDQ‘)”@(’() < 1 — piM; = B, so (57) can be
Hence, we have B o - pr p ©7)
rewritten as:
etk+1)=ek) — Aytk+1) (55)

By substituting from (52) in (55), we obtain:

1@ ®) pré (k)
[ o]
L QO p1di K e Mprc
AT
L NP @l ¢ () iy pidi () Auk —i +1).
h | o

etk+1)=1]1 e (k)

(56)

From (56), we can write as:

le (k+1)]
@ (k)| pr (k @ (k)| pre (k
_ 1y I ()IIAP1¢12() e ()] + I ()IIAP1¢12() B
At [ (o) At [ (o)
I L
+ —”Q(k{”‘m (];) > pidi (k) Auk — i+ 1)
|| |li=2
(57)

By assuming A, = %, where s is defined in Assumption
2, using the inequality defined in (58) for the denominator
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le(k + D] < B le (k)| + p1 M |5]

L
+ M| pichi (k) Aulk —i +1)

i=2 (60)

According to that PPD has an upper limit ®, and p;€(0, 1],
the last term of (60) can be:

L
> " pithi (k) Au ke —i+1)

i=2

L

> it Aulk—i+1)

i=2

< (max p;)ie{2,n}

L
§<max$i) > Auk—i+1)
ie{2,n} i

L
ZAu(k—i+1)

i=2

<

(61)

When the control signal may flip from Umpax t0 —U max, it
gives the maximumAu(k — i + 1). Hence, there is a bounded
value M, where:

L

> pidi()Autk —i+1)

i=2

0<M < <2®(L — 1)Upax.

(62)
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So (60) can be redefined as: Mi|6|
le(k + 1) < Ble(D)] + —5 (71)
le(k + DI < Ble(k)| + M1 (18] + M2) (63) My15|
1
le(k + D00 = 1 (72)
Based on (63), we have: - B

le(k)| < Ble(k — )| + M1(|8] + M2)
le(k — D] < Ble(k —2)| + M1 (I8] + M2)

(64)
le)| = Ble(D)] + M1 (18] + M2).

As a result, we can write:

le(k + )| < B2 letk — D)| + BM1 (18] + M2) + My (18] + Ma)
< Bile(k —2)| + B M1 (I8] + M)
+ BM (18] + M) + M (|8| + M>)

< Brle()| + 1My (18] + Ma) + B* 72 M1 (18] + My) . ..

+BM (18] + M2) + M1 (18] + M2). (65)
Hence,
M (8| + M
le(k + 1| < pFle(D)] + 1(1||——+[32) (66)

Based on B<1, as k increases, the part ﬁk — 0. Thus, it
yields:

e+ Dl = 20D (67)
-p
Accordingly, we can see that the tracking error is bound.
Finally, since both y*(k) and e(k) are bounded, the system
output y(k) is bounded too.
In a similar manner, for the MFAC in the CFDL form given
in (31), the above sequence can be used. Hence, (57) can be
rewritten as:

_ pi1g1(K)ei (k)
A+ g1

P11 (k)1 (k)

1 —
YTk

le(k + )| = le(k)| + 18]

(68)

By using (59), (68) can be rewritten as:
le(k + DI < Ble(k)| + M1]3] (69)
Then:

le(k + )| < BXle(D] + B 1My 18] + ... BM 18] + M, |5
(70)

Finally, we can conclude that the BIBO stability of the
proposed algorithm is guaranteed, and the proof is completed.

It’s worth mentioning that when the MFAC algorithm has
no event-triggered transmission scheme § = 0, the tracking
error (72) of the system is reduced to zero.

Simulation results

In this section, the proposed IFNN-MFAC technique is tested
using two simulation examples: the control problem of CSTR
and the regulation problem of a steam-water heat exchanger
system. The proposed MFAC is implemented in the com-
pact and the partial dynamic linearization forms (i.e., CFDL
and PDLF). Moreover, each form is established in the event
triggering mechanism according to Algorithm (1) and Algo-
rithm (2). Thus, four controllers are considered here. These
controllers are abbreviated as below:

e The CFDL-IFNN-MFAC-Event-1 denotes to the proposed
MFAC in the CFDL form based on the event-triggering
mechanism given in Algorithm (1).

e The CFDL-IFNN-MFAC-Event-2 denotes to the proposed
MFAC in the CFDL form based on the event-triggering
mechanism given in Algorithm (2).

e The PFDL-IFNN-MFAC-Event-1 denotes to the proposed
MFAC in the PFDL based on the event-triggering mecha-
nism given in Algorithm (1).

e The PFDL-IFNN-MFAC-Event-2 denotes to the proposed
MFAC in the PFDL based on the event-triggering mecha-
nism given in Algorithm (2).

Besides, the comparison between the developed con-
trollers is performed using the performance indices; the root
mean squared error (RMSE), integral of squared error (ISE),
and integral of absolute error (IAE) criteria for evaluating the
performance of the proposed techniques. These indices are
defined as:

N.
_ i - * _ 2
RMSE = | +- ;(y (k) — y(k)) (73)
ISE = / Oo[e(t)]zdt (74)
0
IAE = f Oo|e(t)|dt (75)
0
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where Nj is the number of the samples.
Example 1: CSTR system.

The dynamics of the considered CSTR system is described
by the following equations [34]:

X1k +1) = x (k) + [—xl &)+ Dy (1 —x; (k))eA(k)] x 0.05

x2(k+1) = x2(k) + [—xz(k) +ByD; (1 — x; (k))eA®
—Dy(x2(k) — u(k))] x 0.05 +d (k)
y(k) = x1(k), (76)

x1(k), x(k) are the system states; y(k) is the output of the
system; D1 = 0.036, D, = 25.2, By = 28.5, B, = 21.5
are scalar parameters of the system; A(k) = Eﬁ fj;é‘,z) and
d(k) = 0.01cos(0.05k)cos(x1 (k)) are time varying parame-
ters of the system. It should be noted that the proposed control
schemes do not use any system information, such as linear
or nonlinear features, system order, and so on. The system
model (73) is solely used to generate the necessary I/O data
and is not used in the controller design process. The proposed
controllers are performed by using IFNN has the follow-
ing hyperparameter N = 5, cm = [0.20 0.40 0.06 0.81]7,
cn=1[1416-06-04-0.2]",d, =20, and d, = 1.
The CFDL-IFNN-MFAC law (31) is implemented with p; =
1, and A = 0.06, on the other side; the PFDL-IFNN-MFAC
(32) is implemented with L = 3, p; = p» = p3 = 1,
and A = 0.04. For the event-triggering Algorithm (2), the
parameter Q is set to 8. Two simulation cases are performed
to demonstrate the performance of the proposed control
schemes with the CSTR system.

Case 1: Tracking response for a square wave reference. In
this task, the developed controllers are applied to the chem-
ical reactors such that, the desired system output is given
by:

0.6, k <500

Yk +1) = 0.2, 500 <k < 1000 7
0.6, 1000 <k < 1500
0.2, k=300

CFDL results: Figure 3 shows the tracking performances of
the output using CFDL-IFNN-MFAC-Event-1 and CFDL-
IFNN-MFAC-Event-2 and Fig. 4 depicted the obtained
control signals for the two controllers. The inter-event inter-
vals can be seen in Figs. 5, 6. It is clear that the system
response under the CFDL-IFNN-MFAC-Event-1 is faster
and smoother than CFDL-IFNN-MFAC-Event-2.

PFDL results: Figure 7 shows the tracking performances
of the output using both PFDL-IFNN-MFAC-Event-1 and
PFDL-IFNN-MFAC-Event-2 and Fig. 8 shows the control

@ Springer

signals for the two controllers. The inter-event intervals can
be seen in Figs. 9, 10. The system response under the PFDL-
IFNN-MFAC-Event-1 has smaller overshoots and is faster
than PFDL-IFNN-MFAC-Event-2.

In this case, it is shown clearly in Figs. 3 and 7 that
the response of CSTR under the CFDL/PFDL-IFNN-MFAC-
Event-1 is faster with smaller overshoots than CFDL/PFDL-
IFNN-MFAC-Event-2. The inter-event intervals in Figs. 5, 6
and Figs. 9, 10 show that the second algorithm when com-
bined with the MFAC in the CFDL-IFNN-MFAC-Event-2
and PFDL-IFNN-MFAC-Event-2 lead to a noticeable reduc-
tion in the number of events and the minimum inter-event
interval is determined by the value of the parameter Q.

Case 2: Tracking response under time-varying system param-
eters for a step reference. In this case, the proposed con-
trollers are tested with time-varying system parameters to
investigate the adaptation property of the proposed controller.
During this simulation case,d (k) at time instant & is given by:

0.01cos(0.05k)cos(x1(k)) 0 < k < 1300

d(k) =
0.01cos(0.05k)cos(x1 (k)) + 1 k£ > 1300.

(78)

CFDL results The results of the second simulation case are
illustrated in Figs. 11 and the obtained control signals for
the two controllers are depicted in Fig. 12. The inter-event
intervals of the two control schemes are shown in Figs. 13,
14.

The control performance with time-varying parameters is
quite satisfactory and the system response under the CFDL-
IFNN-MFAC-Event-1 is faster and smoother than CFDL-
IFNN-MFAC-Event-2.

PFDL results: Figure 15 shows the tracking performances
of the output using both PFDL-IFNN-MFAC-Event-1 and
PFDL-IFNN-MFAC-Event-2 and Fig. 16 shows the control
signals for the two controllers. The inter-event intervals can
be seen in Figs. 17, 18.

In case 2, it is obvious that the CFDL/PFDL-IFNN-
MFAC-Event-1 controller can deal with the time-varying
system parameters and overcomes their effect in a shorter
time than the CFDL/PFDL-IFNN-MFAC-Event-2. The num-
ber of events is reduced when using the second algorithm and
the minimum inter-event interval is determined by the value
of the parameter Q.

The performance indices for the proposed controllers are
shown in Table 1 which shows that the tracking perfor-
mance of CFDL/PFDL-IFNN-MFAC-Event-1 and Event-2
methods are not as good as the traditional fixed periodic
sampling MFAC schemes where weights are updated peri-
odically. The CFDL/PFDL-IFNN-MFAC-Event-1 gives a
faster response with a smaller overshoot when compared with
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Fig. 3 Tracking response of the CSTR system using CFDL-IFNN-MFAC-Event-1 and CFDL-IFNN-MFAC-Event-2 (case: 1)

a45F | = CFDL-IFNN-MFAC-Event-1

2.
U R R bl CFDL-IFNN-MFAC-Event-2

a4

3.5

v,
?-"

3

2.5~

2 H

Control signal

1.5

1 H u

0.5 -

0 | | | | | | | | |
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Samples

Fig. 4 Control signals for CFDL-IFNN-MFAC-Event-1 and CFDL-IFNN-MFAC-Event-2 with the CSTR system (case: 1)
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Fig. 6 Inter-event intervals for CFDL-IFNN-MFAC-Event-2 with the CSTR system (case: 1)
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Fig. 7 Tracking response of the CSTR system using PFDL-IFNN-MFAC-Event-1 and PFDL-IFNN-MFAC-Event-2 (case: 1)
the CFDL/PFDL-IFNN-MFAC-Event-2 but the second algo- ~ exchanger dynamics, which can be written as [34]:
rithm has a significant reduction in the computational burden,
energy consumption, and communication resources. Gy(z) = y  1.2z-0.1 (79)
Figure 19 shows that out of 2000 sample instants, the H Nu(z) 72 —0.6z+0.1
first case had a total of 405/394 events in the case of
CFDL/PFDL-IFNN-MFAC-Event-1 and 125/122 when the N, = 1.5u — 1.5u” + 0.5 (80)
CFDL/PFDL-IFNN-MFAC-Event-2 are applied. In compar-
ison to a standard periodic sampled discrete-time control, The proposed controllers are performed
it exhibits the efficiency of these schemes in reducing the by wusing IFNN has the following parameters
number of transmissions I/O data over the network. When N = 5 c¢m = [0200400.060.8117, cn =
compared to the controller in [34] in case (1), which uses [141.6-06—-04—-02]", d, = 10, andd, = 2.5.

neural network ETC-MFAC and takes a total of 884 events,
it is clear that the proposed controllers provide better perfor-
mance in terms of system resource saving than the controller
presented in [34]. We must notice that case (2) is not valid in
[34].

Example 2: A steam-water heat exchanger.

In this example, the PFDL-IFNN-MFAC and the CFDL-
IFNN-MFAC are used to control a steam-water heat
exchanger to validate the proposed MFAC-PETC methods.
A Hammerstein model may be used to express the heat
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The CFDL-IFNN-MFAC law (31) is implemented with
p1 = 1, and A = 0.6, on the other side; the PFDL-IFNN-
MFAC (32) is implemented with L =3, p1 = pp = p3 =1,
andA = 0.4. For the event-triggering Algorithm (2), the
parameter Q is set to 2. Two simulation cases are intro-
duced to demonstrate the performance of the proposed
control schemes. Due to there being no observed difference
between the response of the CFDL-IFNN-MFAC-Event-1
and the PFDL-IFNN-MFAC-Event-1 with the second exam-
ple, only the results of PFDL-IFNN-MFAC-Event-1 and
CFDL/PFDL-IFNN-MFAC-Event-2 are presented here.
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Fig. 8 Control signals for PFDL-IFNN-MFAC-Event-1 and PFDL-IFNN-MFAC-Event-2 with the CSTR system (case: 1)
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Fig.9 Inter-event intervals for PEDL-IFNN-MFAC-Event-1 with the CSTR system (case: 1)
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Fig. 10 Inter-event intervals for PFDL-IFNN-MFAC-Event-2 with the CSTR system (case: 1)

Case 1: Tracking response for a set-point change. In this Figure 20 shows the tracking performances of the out-
case, the desired trajectory to be tracked is defined as: put using PFDL-IFNN-MFAC-Event-1 and CFDL/ PFDL-
IFNN-MFAC-Event-2 and Fig. 21 shows the obtained control
signals for the controllers. The inter-event intervals can be

1, k < 100 seen in Figs. 22, 23. In this case, it is shown clearly that

" 2, 100 < k < 200 the response under the PFDL -IFNN-MFAC-Event-1 and

v+l = 3.5, 200 <k <300 (81) Event-2 are faster but with greater overshoots than CFDL-
1.5, k> 300. IFNN-MFAC-Event-2.
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Fig. 11 Tracking response of the CSTR system using CFDL-IFNN-MFAC-Event-1 and CFDL-IFNN-MFAC-Event-2 (case: 2)
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Fig. 12 Control signals for CFDL-IFNN-MFAC-Event-1 and CFDL-IFNN-MFAC-Event-2 with the CSTR system (case: 2)
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Fig. 13 Inter-event intervals for CFDL-IFNN-MFAC-Event-1 with the CSTR system (case: 2)

Case 2: Tracking response under external output disturbance
In this case, the proposed controllers are tested under 15%
external disturbance added to the system output at k = 150
as shown in Fig. 24, 25. The inter-event intervals are shown
in Figs. 26, 27.

In case 2, it is obvious that the PFDL-IFNN-MFAC-Event-
1 and Event-2 controllers can deal with the time-varying
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system parameters and overcome their effect in a shorter time
than the CFDL-IFNN-MFAC-Event-2.

The simulation results show that PFDL-IFNN-MFAC-
Event-1 and Event-2 gives faster response with smaller
errors and lower number of events when compared with
the CFDL-IFNN-MFAC-Event-2 as shown in Table 2, so
the PFDL-IFNN-MFAC has a better performance when deal
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Fig. 14 Inter-event intervals for CFDL-IFNN-MFAC-Event-2 with the CSTR system (case: 2)

0.7 Set Point
w= PEFDL-IFNN-MFAC- Event-1
06— « e e PFDL-IFNN-MFAC- Event-2
8 iR . s
205 ¥
© e
£
S04 _
go.
[
o
o3 -
4
[3)
E 0.2 f
0.1 -
0 | | | | | | | | |
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Samples

Fig. 15 Tracking response of the CSTR system using PFDL-IFNN-MFAC-Event-1 and PFDL-IFNN-MFAC-Event-2 (case: 2)

=== PFDL-IFNN-MFAC- Event-1
----- PFDL-IFNN-MFAC- Event-2

3.5 [ ] it -

*s'

S
|
2

2.5 [+

.,
of
“

Control signal
N
[
\

0 | ! \ \ | \ \ \ |
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Samples

Fig. 16 Control signals for PEDL-IFNN-MFAC-Event-1 and PFDL-IFNN-MFAC-Event-2 with the CSTR system (case: 2)
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Fig. 18 Inter-event intervals for PFDL-IFNN-MFAC-Event-2 with the CSTR system (case: 2)
Table 1 The RMSE, ISE and
IAE indices for CSTR using the Controller Simulation case (1) Simulation case (2)
d controll
POPOSEC COMIOTErS RMSE  ISE IAE RMSE  ISE IAE
CFDL-IFNN-MFAC 0.0949 18.0056 52.4440 0.0650 8.4456 25.4420
CFDL-IFNN-MFAC-Event-1 0.0949 18.0097 52.9180 0.0650 8.4458 26.1326
CFDL-IFNN-MFAC-Event-2 0.0956 18.2911 58.3091 0.0653 8.5308 27.8109
PFDL-IFNN-MFAC 0.0910 16.5670 50.2626 0.0598 7.1485 21.9782
PFDL-IFNN-MFAC-Event-1 0.0910 16.5735 50.6773 0.0598 7.1492 22.6228
PFDL-IFNN-MFAC-Event-2 0.0912 16.6168 56.0452 0.0604 7.2898 26.6838

with nonlinear heat exchanger. As mentioned before the first
algorithm gives faster response with smaller overshot when
compared with the second algorithm but the second algo-
rithm have a significant reduction in the number of events as
shown in Fig. 28.

In Fig. 28, comparison between fixed periodic sampling
MFAC, and the proposed MFAC-PETC is shown, signif-
icance saving in the number of computational load and
transmission data over the network. Furthermore, the com-
parison with the controller in [34] which takes a total of 124

@ Springer

events in case 1, it is clear that the proposed controllers pro-
vide better performance in terms of system resources saving
than the controller presented in [34]. This will significantly
reduce the communication cost. We must notice that case (2)
is not valid in [34].

Practical results

In this subsection, the proposed controllers are applied on a
real system. The real system is a shunt-wound DC machine
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Fig. 21 Control signals of the heat exchanger using the proposed controllers (case: 1)

@ Springer



2290 Complex & Intelligent Systems (2024) 10:2271-2297

a5
a0 - S T .
— 351 ,
E 4
5 30- -
E
= 251 -
f=
s
3 20 -
!
s 15 -
k)
E
10 - -
5 T -
OMﬁT | | i |
0 50 100 150 200 250 300 350 400

Samples

Fig. 22 Inter-event intervals for PEDL-IFNN-MFAC-Event-1 (case: 1)

45
40 - .
35 - ® _
§ 30 - -
o <®
£ 25 =
-
s
g 20 8
o
L 15 =
¥
- T ] I Lﬂ’m |
1 | | ‘ b 11 il |
0 50 100 150 200 250 300 350 400
Samples
Fig. 23 Inter-event intervals for PFDL-IFNN-MFAC-Event-2 (case: 1)
1.4 Set Point
—— PFDL-IFNN-MFAC-Event-1
12 NS e PFDL-IFNN-MFAC-Event-2
— == CFDL-IFNN-MFAC-Event-2

Tracking performance

| I I I | 1
100 150 200 250 300 350 400
Samples

Fig. 24 Tracking response of the heat exchanger using the proposed controllers (case: 2)
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Fig. 28 Comparison of computational load between MFAC, MFAC-Event-1, and MFAC-Event-2 for heat exchanger
Table 2 The RMSE, ISE, and
IAE for heat exchanger using the Controller Simulation Case (1) Simulation Case (2)
proposed controllers RMSE  ISE IAE RMSE  ISE IAE
PFDL-IFNN-MFAC 0.3073 37.7656 40.1799 0.1121 5.0303 10.5299
PFDL-IFNN-MFAC-Event-1 0.3088 38.1411 41.2978 0.1124 5.0567 11.2325
PFDL-IFNN-MFAC-Event-2 0.3272 42.8124 48.9480 0.1171 5.4878 13.8712
CFDL-IFNN-MFAC-Event-2 0.3839 58.9475 68.1530 0.1350 7.2909 19.3313

(0.1K W). This machine contains two DC motors connected
to each other, one for controlling the rotation speed and
the other works as a DC generator. The speed of the first
motor is controlled by varying the armature voltage. A
tacho-generator with an output voltage of 1V /1000 r.p.m
is used for the speed measurement. A drive circuit with
input varies from 0 to 10 V is used as an actuator. The con-
troller is interfaced to the system through a Mega Arduino.
The experimental set-up for the real system application is
depicted in Fig. 29. In the following experiments, the pro-
posed CFDL/PFDL-IFNN-MFAC is tested via the speed
control of the DC machine.

To investigate the controller performance with a real-time
application, two experiments are considered. In the exper-
iments, the PFDL-IFNN-MFAC (32) is used with L = 3,
p1 = p2 = p3 = 1, = 0.15, and the PPD vec-
tor uses IFNN with cm = [0.20 0.40 0.06 0.8117, cn =
[1.41.6-06—-04—-021", N =5,dy, = 1,d, = 1.5,
W (0) = 0.01rand x I3x1¢. The triggering parameter is cho-
sen § = 0.06 and for the second algorithm Q = 10.

@ Springer

Experiment 1: Tracking response for set-point change. In
this experiment, the desired reference is step with differ-
ent levels 1V (i.e., 1000 r.p.m) during the first 500 samples,
then 1.5V (i.e.,1500r.p.m) during the second 500 samples,
then 2V (i.e., 2000r.p.m) during the third 500 samples,
and then 1.5V (i.e., 1500r.p.m) within the last 500 sam-
ples. The tracking performance and control signal of the
DC machine based on the PFDL-IFNN-MFAC-Event-1, and
PFDL-IFNN-MFAC-Event-2 are shown in Figs. 30, 31. It
is clear that the system response under the PFDL-IFNN-
MFAC-Event-1 is faster than PFDL-IFNN-MFAC-Event-2.

Experiment 2: Tracking response under external output dis-
turbance. This experiment is performed to examine the
tracking performance of the proposed controller in the pres-
ence of load changes. This experiment is conducted using a
desired speed = 1000 r.p.m (i.e., 1V). The load change is
applied at sampling instant k = 700. Figures 32 and 33 show
the speed response, and the control signal for this experiment,
respectively. It is clear that the two control algorithms can
control the speed of the real system with satisfactory perfor-
mance. PFDL-IFNN-MFAC-Event-2 gives slower response
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Fig. 30 The speed response using PFDL-IFNN-MFAC-Event-1 and PFDL-IFNN-MFAC-Event-2 (Experiment 1)

compared with the PFDL-IFNN-MFAC-Event-1 but with
significant reduction in the computation and communication
resources.

For comparison the CFDL-IFNN-MFAC (31) is used with
L =1, py =1, A = 0.2, and the PPD uses IFNN with cmm =
(02040608117, cn = [1.41.6 —0.6 —0.4 —0.2],
W(0) = 0.0lrand x Iix10, N = 5,dy, = 1,d, = 1.5.
The triggering parameter is chosen § = 0.06 and for the
second algorithmQ = 10.

Table 3 and Fig. 34 show the results of both the
CFDL-IFNN-MFAC-Event-1 and Event-2 and PFDL-IFNN-
MFAC-Event-1 and Event-2 for the two experiments. The

practical results show that the PFDL-IFNN-MFAC gives bet-
ter results when compared with the CFDL-IFNN-MFAC and
also shows the significance reduction in the computational
load and data transmission over the network when using
the second algorithm which supports the previous simula-
tion results.

Conclusion
This paper has developed an MFAC-PETC based on IFNN for

controlling nonlinear systems. The proposed technique uses
the MFAC based on historical I/O data only to establish an
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Fig. 31 The control signal applied to the motor drive using the proposed controllers (Experiment 1)
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Fig. 34 Comparison of computational load between MFAC, MFAC-Event-1, and MFAC-Event-2 for the DC motor
Table 3 The RMSE, ISE, and
TAE for the DC motor using the Controller Experiment 1 Experiment 2
proposed controllers RMSE  ISE IAE RMSE  ISE IAE
CFDL-IFNN-MFAC 0.2062  85.0589  217.6686  0.1772  62.7796  163.5974
CFDL-IFNN-MFAC-Event-1 ~ 0.2091 87.4041 2235337  0.1788  63.9571 168.5240
CFDL-IFNN-MFAC-Event-2 ~ 0.2130  90.7313 2353822  0.1826  66.7132  173.7231
PFDL-IFNN-MFAC 0.1890  71.4577  201.1554  0.1656  54.8490  159.1659
PFDL-IFNN-MFAC-Event-1 0.1951  76.1570 2089482  0.1727  59.6740  164.6372
PFDL-IFNN-MFAC-Event-2 0.1985  78.7939  219.7478  0.1762  62.1110  169.0670

approximate model of the nonlinear system, where the MFAC
creates a series of equivalent local dynamic linearization data
models at each operating point of the closed-loop system.
The equivalent dynamic-linearization model at each sample
is estimated using the IFNN based on the I/O measurement
data of the controlled plant. Two DLT methods; CFDL and
PFDL are used in this paper. Two periodic event-triggering
control mechanisms have been used to save communication
resources and reduce computational burden and energy con-
sumption. The BIBO and Lyapunov stability is studied to
prove that the stability of the whole closed-loop system is
guaranteed via the proposed controllers in the presence of
external disturbance and time-varying system parameters.

The simulation and the practical results reveal the effective-
ness and flexibility of the proposed technique.
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