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Abstract. The current paper proposes to mix two data-driven algorithms, i.e. Model-
Free Control (MFC) and Fictitious Reference Iterative Tuning (FRIT). The MFC algorithm
has the main advantage of not using the precise process model, and the FRIT algorithm has
the main benefit of determining the optimal parameters of the controller using a set of initial
input/output data. Therefore, the mix between these two algorithms improves the perfor-
mance of the overall control loop with MFC algorithm from one iteration to the next since
the optimal parameters of the MFC will be tuned via FRIT. The benefit of this mix is that the
parameters of the MFC algorithm are optimally computed using FRIT. An empirical sensi-
tivity study is performed, where higher-order MFC algorithms are tuned via FRIT. The study
aims to determine how a higher-order MFC improves the performance of the control loop.
The resulting MFC-FRIT algorithms are experimentally validated on the 3D crane laboratory
equipment.
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1. Introduction

Data-driven algorithms [1] represent a transformative force in the automatic control domain,
combining real-time adaptability with precision tuning to improve the control system loop. By
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using real-time data, these algorithms enable control systems to adapt swiftly to changing con-
ditions, thereby enhancing precision and operational efficiency. For instance, for different types
of applications, data-driven approaches facilitate automatic process control without the need for
complex system models. Therefore, the competitive edge of data-driven automatic control solu-
tions makes them attractive for organizations striving for innovation and operational excellence
in today’s rapidly evolving industrial landscape.

An important algorithm in the data-driven category is Model-Free Control (MFC) initially
proposed by Fliess and Join [2], [3], also organized as intelligent controllers. MFC is widely
recognized for its utility since it eliminates the need for an explicit system model and enables
swift implementation across diverse applications. The MFC algorithm ensures robust perfor-
mance despite uncertainties and disturbances by dynamically estimating into a term that gath-
ers both unknown system dynamics and external disturbances. This estimation is made online
during the experiment and enables the controller to adjust its control input permanently by ef-
fectively compensating for modeling inaccuracies and changes in real-time conditions. Since
it was initially proposed and developed, the MFC algorithm has been improved and applied in
many impressive and cutting-edge processes including the Quanser AERO [3], cybersecurity pro-
cesses, where MFC manages to defend against load-altering and Denial of Service attacks [4],
in medicine domain, where MFC is implemented in closed-loop neurostimulation for treating
epileptiform seizures [5], autonomous vehicles, where MFC and speed-adaptive MFC are used
in vehicle navigation [6], cloud and high-performance computing, where MFC is used to ad-
ministrate the resource harvesting in a computing grid [7], coupled mechatronic systems, where
MEC, time-delay estimation MFC, backstepping-based MFC controls 2-DOF and 3-DOF robotic
manipulators [8], shape memory alloys processes, where MFC is implemented to control a shape
memory alloy spring-based actuator initially [9] and later in [10], forced pendulum, where MFC
is based on Kalman Filter and applied to position control [11], tail-sitter unmanned aerial vehicle
process, where MFC is applied in hovering mode trajectory tracking control [12], magnetically
supported plate [13], tower crane systems, where MFC mixed with the Fictitious Reference Iter-
ative Tuning (FRIT) is used to control the cart, arm angular and the payload position [14]-[16],
twin rotor aerodynamic systems, where MFC mixed with fuzzy logic blocks is applied to pitch
position control [17], prosthetic hand, where MFC controls the thumb, index, middle, ring and
pinky finger [18], 3D cranes, where MFC, sliding mode MFC and fuzzy MFC are applied to
payload position control [19].

Another data-driven algorithm, FRIT [20], excels in refining control strategies through it-
erative adjustments of the controller parameters, delivering enhanced performance. However,
its complexity may necessitate specialized expertise for optimal deployment. Like MFC, since
FRIT was initially developed and proposed, it has been enhanced and implemented in various
processes, including cart systems, where FRIT was used to control the cart position [21], sys-
tems with time-delay [22], a switched reluctance generator, a ball screw positioning, two-mass
resonance, and a switched reluctance motor stems [23], a benchmark problem with and without
time delay, a flexible transmission model by tuning the parameters of a fractional- and integer-
order Proportional-Integral-Derivative (PID) controller [24], artificial muscles, where FRIT is
mixed with model predictive control [25], asymmetric BoucWen systems, where FRIT improved
via pseudo-linearization [26], hexacopter, where FRIT is used to control the roll, pitch and yaw
angles [27], and anesthesia processes, where FRIT is used to control hydraulic systems and in-
volves an offline database that stores historical data of the process [28].

In the authors’ view, other of the most effective data-driven control algorithms include Active
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Disturbance Rejection Control [29]-[31], Model-Free Adaptive Control [32], Iterative Feedback
Tuning [33], and Virtual Reference Feedback Tuning [34].

The current paper proposes to blend the MFC and FRIT algorithms since they have com-
plementary features. The MFC algorithm relies on choosing the parameters, this drawback can
be solved via FRIT since FRIT iteratively optimally computes the controller parameters after
solving a gradient problem via a trust region algorithm, which belongs to the trust region meth-
ods described in [35] and [36], which implements a classical search optimization algorithm.
The resulting MFC-FRIT algorithm will reduce the tuning effort since the MFC parameters will
be optimally tuned, will reduce the deployment time since the timing will be reduced due to
automatic tuning, and the overall control loop will be more robust in different conditions, i.e.
unexpected disturbances. A disadvantage is that the practitioner will need an initial closed-loop
experiment to collect the input/output (I/O) data since FRIT is an iterative algorithm.

Another contribution in the current paper is that an empirical sensitivity study of higher-order
MEC algorithms tuned via FRIT is performed. The study aims to determine how a higher-order
MEC improves the performance of the control loop.

A higher-order MFC algorithm should precisely approximate the system behavior due to
system dynamics. The current paper continues the authors’ work of mixing FRIT with other
data-driven algorithms to improve the overall control system performance. Initially, the mix
between discrete-time first-order MFC denoted as intelligent PID (iPID) with FRIT optimized
via the African Vultures Optimization Algorithm (AVOA) was proposed in [16], the mix between
continuous-time first-order MFC denoted as intelligent PI (iPI) with FRIT optimized via Slime
Mould Algorithm was proposed in [14] and the mix between discrete-time second-order MFC
denoted as intelligent P (iP) with FRIT optimized via AVOA was proposed in [15]. All these
algorithm mixes, i.e. FRIT-iPID, MFC iPI-FRIT and iP-FRIT, were validated using experiments
in the tower crane laboratory setup [37]. The proposed MFC-FRIT algorithms in this paper are
experimentally validated on the 3D crane laboratory equipment.

The rest of the paper is structured as follows: in Section 2, the MFC-FRIT algorithm is
presented; in Section 3, the 3D crane laboratory equipment is introduced; in Section 4, the ex-
periments with associated empirical sensitivity studies are presented; finally, in Section 5, the
conclusions are outlined.

2. The MFC-FRIT Algorithms
2.1. The MFC algorithms

The MFC algorithms are designed around an ultra-local model that is used to replace the
mathematical model of the process that is considered unknown [1]—[8]

y (t) = F(t) + ou(t), (1)

where y(*)(t) € R is the v'" order derivative of the controlled output y(%), with v > 1 being
selected by the system designer, F'(t) € R is a term that is permanently updated since it en-
capsulates the uncertain components of the process along with possible disturbances, a € R is
a constant parameter selected by the system designer such that cu(t) and y(t) are of the same
magnitude, and u(¢) € R is the control input. For the empirical sensitivity study proposed in this
paper, the derivative order will take values from 1 to 5 to generate a first-, second-, third-, fourth-,
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and fifth-order ultra-local model expressed in discrete-time domain using the Euler discretization
method:

y(k+1) =y(k) + F(k) + au(k),
y(k+2)=2y(k+1) —y(k) + F(k) + au(k),
y(k+3)=3y(k+2) —3y(k+ 1) +y(k) + F(k) + au(k), )
y(k+4) =4y(k+3) —6y(k+2) +4y(k+ 1) — y(k) + F(k) + au(k),
y(k+5) =5y(k+4) —10y(k+3) + 10y(k + 2) — 5y(k + 1) + y(k) + F(k)
(k

);
where F(k) € R, u(k) € R and y(k) € R are the discrete-time expressions of F'(t), u(t) and

y(t). The control laws of the first-, second-, third-, fourth-, and fifth-order MFC algorithm with
PI component are [1]-[8]:

—+ au

u(k) = =[F(k) = r(k+1) +r(k) + kre(k) + kae(k — 1)] /e,

u(k) = —[F(k) —r(k +2) + 2r(k + 1) — r(k) + kire(k) + kee(k — 1)]/a,

u(k) = —[F(k) — r(k+3) 4+ 3r(k +2) — 3r(k + 1) 4+ r(k) + kie(k) + kee(k — 1)]/ev,

u(k) = —[F(k) —r(k +4) +4r(k +3) — 6r(k +2) + 4r(k + 1) — r(k) + kie(k) ©)
+ kae(k —1)] /e,

u(k) = —[F(k) —r(k + 5) 4 5r(k +4) — 10r(k + 3) 4+ 10r(k + 2) — 5r(k 4+ 1) + (k)
+ kie(k) + kee(k — 1)/,

where k1 € R and k2 € R are the proportional and integrator gains of the MFC algorithm,
K = [k, k)7, r(k) € R is the output of the reference model, F(k) € R is the estimate
of F(k) € R and is generated online using the I/O data of the controlled process from first-,
second-, third-, fourth-, and fifth-order ultra-local model in (2) [1]-[8]:

F(k) = y(k+1) — y(k) — au(k),
F(k) = y(k +2) = 2y(k + 1) + y(k) — au(k),
fi’(k) =y(k+3) —3y(k+2) +3y(k + 1) — y(k) — au(k), @
F(k)=y(k+4) —4y(k +3) + 6y(k +2) — 4y(k + 1) + y(k) — au(k),
F(k) = y(k+5) —5y(k +4) + 10y(k 4+ 3) — 10y(k + 2) + 5y(k + 1) — y(k)
— au(k).

Since F' (k) estimates F'(k), the difference between these two terms is the estimation error

6(k) = F(k) — F(k) =~ 0, 5)

and it is regarded as a negligible disturbance in the design of the first-, second-, third-, fourth-,
and fifth-order MFC algorithms.



Higher-Order Model-Free Control Tuned by Fictitious Reference Iterative Tuning 93

The steps used in the design of the discrete-time first-, second-, third-, fourth-, and fifth-order
MEC algorithm are:

Step 1.1. Parameter @ € R should be set by the designer to ensure that au(k) and y(k +
1) — y(k) are of the same magnitude in the first-order MFC algorithm, cu(k) and y(k + 2) —
2y(k 4+ 1) + y(k) are of the same magnitude in the second-order MFC algorithm, au(k) and
y(k +3) — 3y(k 4+ 2) + 3y(k + 1) — y(k) are of the same magnitude in the third-order MFC
algorithm, cu(k) and y(k + 4) — 4y(k + 3) + 6y(k + 2) — dy(k + 1) + y(k) are of the same
magnitude in the fourth-order MFC algorithm, and cu(k) and y(k + 5) — 5y(k + 4) + 10y(k +
3) —10y(k +2) + 5y(k + 1) — y(k) are of the same magnitude in the fifth-order MFC algorithm.

Step 1.2. Parameters k; € Rand ky € R of K = [ky, k2]7 of the MFC algorithms should be
set by the designer ensuring that the closed-loop control system delivers a proper performance
index value.

2.2. The MFC-FRIT algorithms

In the mix between first-, second-, third-, fourth-, and fifth-order MFC algorithm with FRIT
is proposed to determine the optimal value of K = [ky, k2] with the notation K* = [k}, k3]7,
which matches the PI gains of the MFC algorithm by solving the optimization problem via a trust
region algorithm [14]-[16], [20]

N
1
* : § (0) 2
K argrr%énJFRIT(K), JFRIT 7N 2 K k (K, k)} 5 (6)

where NNV is the number of samples. In the MFC-FRIT mix, superscript O is used to highlight the
data and parameters from the initial closed-loop experiment with MFC algorithms. Therefore
yo(K© k) is the output generated after the initial experiment, and §k (K, k) is the fictitious
reference output that is determined offline using the fictitious reference input 7(K, k) (virtual
set-point) and a reference model M(g~1):

Uk (K, k) = M(q~ (K, k). ©)

The reference model M(g~1) is set by the designer and it is chosen to satisfy the performance
requirements set for the control system. The fictitious reference input is computed using the sum
of the initial output yo(K®, k) and inverse controller and the initial control input uo(K®, k)
[14]-[16], [20]

ik (K, k) = C(K, q) " ug(K?, k) + yo (K, k) (8)

where C(K, ¢)~? is the inverse transfer function of the PI component of the MFC algorithms
expressed as

C(K,q) ' =kig+kog™ " )

The tuning process is made using the I/O data generated after an initial closed-loop experi-
ment. Parameter o will remain chosen by the control system designer.
Since FRIT is an iterative algorithm, K is iteratively updated using a trust region algorithm:

K+ — g® + p(i)7 (10)
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where p(i) is the search ratio direction [1], [36]:

FKD 4+ p®) — f(KD)

(i) — 11
P O (p) — D (0) (i
and is obtained as a solution to the quadratic problem:
j ; ; 1 i i
o(p) = 7 + (&) Tp+ 5pMG6Wp i p] <AV, (12)

where A() > 0 is a given margin, which specifies the radius of the sphere centered at K®
(the sphere is the trust region), g() the gradient of the objective function in (6), and G is
an approximation of the Hessian of J [1], [36]. According to [20], the MFC-FRIT algorithm
assumes that the data-pair (uo(K®, k), yo(K(?), k)) are non-trivial, é(K, k) = (yo(K*, k) —
Uk.k (K, k)) is the fictitious error, and therefore [14]-[16], [20]:

N N

. o~ 2 _ 2
Jim kz_l(y(K’ k) = (K, k))* = lim_ ;(e (K. k). (13)

The block diagram of the control system of the MFC-FRIT algorithm is depicted in Fig. 1.
This diagram is generally used in the first-, second-, third-, fourth-, and fifth-order MFC-FRIT

algorithms.

u(K® )| 1%/2/3%/4"/5" order +|?a<, k)
+

MFC" Algorithm

Yy

2K, B Yy -
1 VKK
() 2D
A
Y
1 17727/3/4%/5" order |u(k) | k)

r(k) ? e(k) MFC Algorithm | Process

Fig. 1. The block diagram of the control system structure with the MFC-FRIT algorithm.

The steps used in the design of the discrete-time first-, second-, third-, fourth-, and fifth-order
MFC-FRIT algorithms are:

Step 2.1. The control system designer should follow Step 1.1 of the discrete-time first-,
second-, third-, fourth-, and fifth-order MFC algorithms. In this stage, the designer should set
the value of o € R to fulfill the conditions detailed in Step 1.1.

Step 2.2. The control system designer should follow Step 1.1 of the discrete-time first-,
second-, third-, fourth-, and fifth-order MFC algorithms. In this step, the designer should set the
value of K = [kq, kg]T to fulfill the conditions detailed in Step 1.2. Use is made of K = K®© ,
which is the initial parameter vector of the MFC-FRIT algorithm.

Step 2.3. The initial real-time closed-loop experiment is performed, the fictitious refer-
ence input 7(K, k) is offline computed in terms of (8) also using the collected I/O data pair
(UO(K(O)v k), yO(K(O)v k)).
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Step 2.4. The designer selects the reference model M(g 1) to ensure that its output meets the
performance requirements imposed on the control system.

Step 2.5. The fictitious reference output gk (K, k) is computed offline in terms of (7).

Step 2.6. The optimal parameter vector K* is determined by using the prior experiment’s
control error as the reference input in the gradient experiment to optimize the parameters of the
PI component of the MFC algorithm in terms of (10) by means of a trust region algorithm.

Steps 2.3 through 2.6 are repeated several times to improve the overall control system perfor-
mance. In Step 2.3, the data of the current experiment will be considered for a new iteration. In
the current paper, five iterations are considered.

3. The 3D Crane Systems

The first-, second-, third-, fourth-, and fifth-order MFC and MFC-FRIT algorithms are val-
idated using experiments on the 3D laboratory equipment to control the x-, y-, and z-axes. The
nonlinear state-space mathematical model of the 3D crane is [19], [37]

T = T2,

&g = —Thxo — Tyysgn(xa) — 1 cos(xs)[—T3x10 — Tsz sgn(z10)] + k1w
+ ksp cos(zs)us,

T3 = 24,

&4 = —Towy — Tsz sgn(x4) — po sin(xs) sin(z7)[—Ts210 — Tz sgn(x10)]
+ koug + k3o sin(zs) sin(zr)us,

&5 = T,

ig = —[T1x9 — Ty sgn(w2)]sin(zs)/zg + sin(x3) cos(zs)rs /z9
+ cos(z5) cos(z7)[ky sin(xs)u; — ke cos(xs) sin(zr)ug
— kg sin(xs) cos(zs) sin? (7 )ug + kap sin(xs) cos(zs)us]/xa

+ 125] sin(z5) COS(IL‘5) sin2 (I7)[7T31’10 — ng sgn(xlg)}/xg

+ cos(zs) sin(zr)[Taxy + Tep sgn(zq)]/xo — p sin(xs) cos(xs)[—Tsx10 (14)
— Ts.sgn(z10)]/z9 — 2x610/ 29,
i'7 = Is,

g = kysin(xy) cos(xr)ug/[xa sin?(5)] — ksp1po sin? (x7) cos(z7)us/[x2 sin(xs)]
+ po sin(zr) cos(xr)[—T5x10 — Ts, sgn(z1o)]/Te — 2wsx10/T9 + cos(x7) [Tz
+ Tio sg(24)]/[o sin(zs)],

&g = 10,

#10 = cos(ws)[Tixe + Ty sgn(zs)] + viwg sin®(z5) — ki sin(2s) cos(ws) cos(wr)uy

— ko sin?(z5) sin(27) cos(z7)ug + k3 sin(zs) cos(zr)[—pe sin? (z5) sin® (z7)
— 1 cos®(x5) — 1us + g sin®(x5) sin®(x7) [~ Tsz10 — Ts. sgn(z10)]
+ sin(zs) sin(z7) [Tozy + Tsp sgn(zq)] + p1[—Ts210 — T2 sgn(z10))

+ py sin?(25) [~ T3x10 — T2 sgn(w10)] + w229 — Taw19 — Ts2 sgn(w1g).
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where u; € [—1,1], us € [-1,1], ug € [—1,1] are the control inputs of the Pulse Width
Modulation (PWM) duty cycles controlling the Direct Current (DC) motors, that actuate the 3D
crane along the x-, y-, and z-axes, referred to as x1, 3 and g, respectively.

The significance of the state variables is: x1(m) = y;(m) the cart’s distance from the rail’s
center, x5 the cart’s speed in the 2 direction, 2:3(m) = y2(m) the distance of the rail and cart
from the center of the construction frame, x4 the cart’s speed in the x3, direction, x5 the acute
angle between the payload’s lift-line and the rail, x¢ the angular speed corresponding to the x5
direction, =7 the acute angle formed between the payload’s lift-line and the vertical axis, xg the
angular speed corresponding to the x7 direction, xg(m) = y3(m) the lift-line length also known
as payload’s position, x1¢ the list’s line speed.

4. Experiments and Results

The proposed first-, second-, third-, fourth-, and fifth-order MFC and MFC-FRIT algorithms
are evaluated through several real-time experiments on the 3D crane system by controlling the
X-, y-, and z-axes. The purpose of the MFC-FRIT algorithm is to reduce the tuning effort since
the parameters of the MFC algorithms are optimally tuned by solving a gradient problem via a
trust region algorithm. The purpose of the empirical sensitivity study of the first-, second-, third-,
fourth-, and fifth-order MFC and MFC-FRIT algorithms is to determine whether there is a direct
proportionality between controller complexity and improvements of the system performance,
whether the algorithm order increases the captured dynamic behavior are crucial in improving
the system’s performances. The case study will also determine the proper order to be selected in
designing the MFC-FRIT algorithms for the 3D crane systems. The performance improvements
of the MFC versus MFC-FRIT algorithm are measured via the overall performance index

N
Jeuw(Ko) =Y [e1(Kon, k) + €3 (Koo, k) + €3(Kos, k)], (15)
k=1

where subscripts 1, 2, and 3 indicate the x-, y-, and z-axes, K¢ = [K<>1 Koo K<>3] while
{ = {MFCi, MFCi-FRIT} representing the algorithm used with i = 1, ..., 5 represents the order
of the MFC algorithm. The rest of the parameters have the same significance as in Section 2. The
optimal parameters of the MFC-FRIT algorithms are determined via the optimization problem in
(6) by computing the solution in terms of (10). The reference trajectory used in the control loop
with the first-, second-, third-, fourth-, and fifth-order MFC and MFC-FRIT algorithms is

where:

0.04877 0.0465 0.03278

Bz () = -G o512 i (2) = o535 i 2 = gz (17
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yi(k) = 0.15if k € [0,20/T,],0.1if k € (20/T},35/Ts), —0.05if k € (35/T%,50/Ts],
0ifk € (50/T%,70/T,),

yi(k) = 0ifk € [0,5/T],0.15if k € (5/Ty, 25/T], —0.15if k € (25/T}, 40/Ty),
0ifk € (40/T%,70/T,),

yi(k) = 0ifk € [0,15/T,],0.1if k € (15/Ts,30/T,], —0.05if k € (30/T;,45/Ts),
0ifk € (45/T,70/T,).

(18)

The control systems are characterized by a dynamic regime with the reference trajectory
described in (16) through (18), a sampling time of 75 = 0.01 s a time range of 70 s, zero initial
conditions, and no additive disturbances.

The design of the first-, second-, third-, fourth-, and fifth-order MFC algorithms is based on
the steps in Subsection 2.1, i.e. parameter o = 0.005 is set for the x-, y-, and z-axes by the
designer to ensure that the conditions in Step 1.1 are fulfilled. Next, parameters

Kmrcr = [—0.1475 — 0.7446 — 8.2154 — 5.1011 — 0.9558 — 0.0716]T,
Kurcz = [—1.8015 — 1.0602 — 2.1285 — 1.1832 — 1.9971 — 0.3245]7,
Kmrcs = [—1.7235 — 0.9541 — 1.8911 — 0.5248 — 2.4514 — O.4561]T, (19)
Kurcs = [—0.8024 — 0.6345 — 1.5415 — 0.1149 — 0.9891 — 0.7871]7,

Kyrcs = [—1.9812 — 0.9951 — 12.7539 — 0.7546 — 2.9645 — 1.9542],

for the first-, second-, third-, fourth-, and fifth-order MFC algorithms, are set by the designer
according to Step 2.1 to ensure that the closed-loop control system delivers a proper value of the
performance index in (15).

The design implementation of the first-, second-, third-, fourth-, and fifth-order MFC-FRIT
algorithms is performed using the step in Subsection 2.2, which means the parameter o = 0.005
is set for the x-, y-, and z-axes by the designer to ensure that the conditions in Step 2.1 are
fulfilled. Parameters K, are set to fulfill the conditions in Step 2.2 for the first-, second-, third-
, fourth-, and fifth-order MFC-FRIT algorithms, in this case K¢ = K(OO) and the values of
K in (19) are the initial parameter vector of the MFC-FRIT algorithm. After performing the
initial real-time closed-loop experiment, the I/O data pair is collected to compute offline the
fictitious reference input 7(K, k) in terms of (8) according to Step 2.3. The reference model
M;(z) = Hy:x)() is set by the designer by having the same transfer functions as in (17)
to ensure that its output meets the performance requirements imposed on the control system
according to Step 2.4. Next, the fictitious reference output gk (K, k) is determined offline in
terms of (7) according to Step 2.5. Finally, the optimal parameter vector K7,

KMrci-ErIT 0.1311 —0.7121 — 8.1813 — 5.2178 — 0.9947 — 0.0598 T,
KMrc2-FrIT 1.9124 — 0.6612 — 2.0271 —1.1781 — 1.8124 — 0.2984 T,
KMEc3-FrI

0.8123 —0.7344 — 1.6116 — 0.1103 — 1.1983 — 0.9072]7,
1.9811 — 0.8962 — 12.1311 — 0.6646 — 2.8954 — 1.8154]7,

=[- }
=[- )
T =[~1.7155 — 0.8713 — 1.8512 — 0.5184 — 2.5001 — 0.3124]7, (20)
KMFC4—FRIT [7 }
T=[-

KMEcs-FrI
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of the first-, second-, third-, fourth-, and fifth-order MFC algorithms are computed after five
iterations by solving the optimization problem (6) using a trust region algorithm in terms of (10).

The experimental results obtained after following Steps 1.1 and 1.2 for the MFC algorithms
and Steps 2.1 through 2.6 for the MFC-FRIT algorithms are presented in a summarized manner
Table 1, and also separately in Figs. 2 through 6 of the supplementary material [38] associated to
this paper. The results are obtained by averaging ten sets of experiments for each control system
structure to eliminate the random disturbances that can appear during real-time experiments.

Table 1. The average and the variance of the performance index J. , index for the MFC and
MFC-FRIT algorithms

Algorithm Average of J. ,, | Variance of J, ,,
15t order MFC 3.2393.10~ ¢ 1.5023-10~ 12
1 order MFC-FRIT | 2.3379-10~% 4.0095-10~13
29 order MFC 3.1683-10~ % 7.9362-10~ 13
2" order MEC-FRIT | 2.3176-10~ % 2.2211-10713
39 order MFC 3.0536-10~% 7.0035-10~ 13
39 order MFC-FRIT | 2.2520-10~% 1.4721-10713
4% order MFC 2.9991-10~ 4 8.4988-10~13
4% order MFC-FRIT | 2.1876-10~% 2.0935-10°13
5™ order MEC 2.6991-107% 7.7573-10~ 13
5™ order MFC-FRIT 1.9859-10~% 2.9637-10~13

The reference trajectory and output responses illustrated in [38] show that the performance
of the MFC algorithms is improved by mixing them with FRIT. Even if a higher-order MFC
algorithm should precisely approximate the system behavior due to system dynamics, the perfor-
mances between the first-, second-, third-, fourth-, and fifth-order MFC are good, but not satisfy-
ing since a higher-order MFC is more complex in implementation and design. According to the
data in Table 1, the average of J, , in the case of the MFC algorithms is that J, ,, mpcs = 0.90 -
Jeumrcs, Jeumrcs = 0.98 - Jo yMrc3s Je,umrcs = 0.96 - Je o MEc2, Je,umrc2 & 0.98 - Je o MECI-
Performing a similar comparison in the case of the MFC-FRIT algorithms is that J. , Mrcs-FrIT =
0.91 - J¢ o MFC4-FRITs Je,uMFCa-FRIT ~ 0.97 - Jo o MEC3-FRIT> Je,u MFC3-FRIT = 0.97 - J¢ o MEC2-FRIT,
Jeumrc2-FRIT = 0.73 - J¢ o MEc1-FRIT- There is no doubt that a higher-order MFC performs better
than a less-order MFC algorithm, therefore there is a direct proportionality between controller
complexity and improvements in the system performance. Therefore, the authors’ recommen-
dation for 3D crane processes is to use a first-order MFC algorithm due to its efficiency and
simplicity.

The improvements after five iterations by using the FRIT are clear and using the data in Table
1 of the average of J, , results in the following ratios between the MFC-FRIT and the MFC al-
gorithms, i.e. Je o mrci-rriT = 0.72 - Je wmrct, Je,u Mpc2-FrIT = 0.73 - Je o MPC25 Je,u MEC3-FRIT R
0.74 - Je umrcs, Je,umrcarrirT = 0.73 - Je wMrcs, Je,umrcs-rriT = 0.74 - Je o MFCs-
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5. Conclusions

The current paper successfully proposed the mix between the MFC and FRIT algorithms
since they have complementary features. The higher-order MFC and the MFC-FRIT algorithms
were validated using experiments on 3D crane laboratory equipment. The optimal parameters
of MFC algorithms were computed iteratively using FRIT after solving a gradient problem via a
trust region algorithm. Therefore, the MFC-FRIT algorithms reduce the tuning effort since the
MEC parameters are optimally tuned. The current work also showed how a higher-order MFC
improves the performance of the control loop, and the best choice for 3D crane systems.

Future work will be related to validating the proposed MFC-FRIT algorithm on other types of
processes, improving data-driven algorithms, and validating them on different types of processes.
Such processes and control algorithms include piezoelectric active laminated shells [39], heart
rate variability [40], navigation fuzzy cognitive maps [41], ad-hoc networks [42], bin packing
[43], cascade control focusing on maglev trains [44] and telesurgical applications [45], two-mass
systems [46], emergency facilities [47], robust evolving cloud control [48], fixed-time control
[49], fuzzy control [S0]-[52], and data-driven control [53].
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