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Abstract

A comparative study of two mixes of data-driven algorithms is proposed in this paper. The discrete-time second-order model-free
control known as an intelligent Proportional (iP) controller is tuned considering Virtual Reference Feedback Tuning (VRFT) and
the overall performance of the resulting algorithm iP-VRFT is compared with that of iP controller that is tuned considering
Fictitious Reference Feedback Tuning (FRIT), an algorithm that is further referred as iP-FRIT. The comparison is carried out as
far as the control systems with these two control algorithms are concerned. The purpose of the comparison study is to determine
if VRFT and FRIT optimally determine the iP parameters such that both control system structures perform in the same manner.
Both algorithm mixes are experimentally validated on the Tower Crane System equipment.

© 2023 The Authors. Published by Elsevier B.V.

This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0)

Peer-review under responsibility of the scientific committee of the Tenth International Conference on Information Technology and
Quantitative Management

Keywords: Model-Free Control; Virtual Reference Feedback Tuning; Fictitious Reference Iterative Tuning; tower crane systems

1. Introduction

A comparison study that involves two mixes of three data-driven algorithms is proposed in this paper. The first
mix is represented by the discrete-time second-order intelligent Proportional (iP) [1, 2] controller that is combined
with Virtual Reference Feedback Tuning (VRFT) [3, 4] to optimally tune the proportional component and the second
mix is represented by the same discrete-time second-order iP controller that is combined with Fictitious Reference

* Corresponding author. Tel.: +40256403240; fax: +40256403214.
E-mail address: raul-cristian.roman@upt.ro.

1877-0509 © 2023 The Authors. Published by Elsevier B.V.

This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-ne-nd/4.0)

Peer-review under responsibility of the scientific committee of the Tenth International Conference on Information
Technology and Quantitative Management

10.1016/j.procs.2023.07.013


http://crossmark.crossref.org/dialog/?doi=10.1016/j.procs.2023.07.013&domain=pdf

Raul-Cristian Roman et al. / Procedia Computer Science 221 (2023) 86-93 87

Iterative Tuning (FRIT) [5, 6] also to determine the optimal gain of iP controller. The data-driven combinations
presented in this paper will be further referred to as iP-VRFT and iP-FRIT. The theoretical part represented by iP-
VRFT and iP-FRIT is validated using experiments on the Tower Crane System (TCS) [7, 8], a laboratory equipment
with several nonlinearities, which controls cart position, arm angular position, and payload position. The purpose of
this comparison study is to determine if the iP controller is better tuned by mixing it with VRFT or FRIT.

The data-driven algorithms came with the main feature that they use the input/output (I/O) data of the control
process in determining the parameters of the controller. Another feature is that they do not require a precise
mathematical model of the process, and this feature is very useful when the mathematical model of the process is
almost impossible to precisely determine and when it is very complicated.

Model-Free Control (MFC) [1, 2, 8, 9, 10, 11] also known as intelligent controllers is a data-driven algorithm that
doesn’t make use of the mathematical model of the process and usually has in its componence a classic P or
Proportional-Integral-Derivative that exhibits overall very good performances of the control system structure,
making it an important data-driven algorithm. Since its initial proposal in the state-of-the-art of automatic control
domain, it has been validated on numerous processes like shape memory alloy actuators [2], TCSs [8], twin-rotor
aerodynamic systems [9, 12], 3D cranes [13], and networked control in the industrial Internet of Things [14]. VRFT
[3, 4, 8] is a data-driven algorithm that computes the parameters of the controller of the control system structure
using a primordial set of I/O data that is achieved after an initial open-loop experiment. Next, it determines the
controller’s optimal parameters. The VRFT algorithm was successfully applied to numerous types of processes
including brake-by-wire [3], continuous-time plants [4], TCSs [8], twin-rotor aerodynamic systems [15], and
quadrotors [16]. FRIT [5, 6] is part of the data-driven algorithms category it was designed with the purpose to
combine the features of VRFT and Iterative Feedback Tuning [17] data-driven algorithms using the I/O data
collected after an open-loop experiment and determines iteratively the optimal parameters of the controller. The
processes on which FRIT was validated are the servo motor [5], a second order process [6], a broader class of plants
[18], TCSs [10, 11], or hexacopter systems [19]. Both iP-VRFT and iP-FRIT algorithms tune the parameters of the
proportional component from the iP controller via VRFT and FRIT by solving an optimization problem via the
metaheuristic African Vultures Optimization Algorithm (AVOA) [20, 21]. Other mixes of other MFC algorithms
versions with the VRFT technique were presented in [8, 15] and other mixes of MFC algorithms versions with FRIT
were presented in [10, 11, 18]. Paper [10] proposes to mix the discrete-time first-order iP-integral-derivative (iPID)
version of MFC with FRIT with the purpose of improving the performance of iPID control systems via FRIT and the
mix is validated using experiments on TCS, and paper [11] proposes to mix the first-order continuous-time iPI with
FRIT to achieve the same purpose. The paper’s novelty is that it makes a comparative study of data-driven discrete-
time second-order iP-VRFT and iP-FRIT algorithms considering the minimum value of a performance index for
optimal tuning.

The differences of the proposed iP-FRIT algorithms in the current paper and the iPID-FRIT mix in [10] are (i), (ii)
and (iii): (i) the current paper uses a discrete-time second-order version of the MFC algorithm while in [10] a first-
order discrete-time version is used; (ii) here, the iP version of MFC is used while in [10] the iPID version is used;
(iii) the optimal parameters resulted by mixing MFC with FRIT are computed via SMA algorithm while in [10] the
optimal parameters are generated via AVOA algorithm. The differences between the proposed data-driven iP-FRIT
algorithms in this paper and the iPI-FRIT mix in [11] are (1) and (2): (1) the current paper uses a discrete-time
second-order version of the MFC algorithm while in [11] a first order continuous-time version is used; (2) here, the
iP version of MFC is used while in [11] the iPI version is used. All three mixed versions of data-driven MFC and
FRIT algorithms ensure that in all cases the data-driven FRIT algorithms manage to improve the performance of the
control loop by adjusting properly the parameters of the MFC algorithm.

Next, the paper is organized as: in the second section the mathematical model of the TCS laboratory equipment is
detailed, in the third section the data-driven iP-VRFT and iP-FRIT algorithms are presented, in the fourth section the
experimental results are highlighted and in the fifth section the conclusions are pointed out.

2. The TCS Process

The experimental validation of the proposed discrete-time second-order iP-VRFT and iP-FRIT algorithms is
made on the TCS, a three-degrees-of-freedom nonlinear laboratory equipment that ensures the control of cart
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position, arm angular position, and payload position. The mathematical model that characterizes the behavior of the
laboratory equipment was elaborated and is detailed in [8] and contains the variables: the first control signal is
denoted with u; e[-1, 1] expressed in Pulse Width Modulation (PWM) duty cycle of the first DC motor of the first
controlled output of the TCS is denoted with yi(m) = x3(m)e[-0.25, 0.25] of the cart position, the second control
signal is denoted with u,e[—1, 1] expressed in PWM duty cycle of the DC motor to control the second output of the
TCS is denoted with y»(rad) = x4(rad)e[-1.57, 1.57] of the arm angular position, and the third control signal is
denoted with use[-1, 1] expressed in PWM duty cycle of the DC motor to control the third output of the TCS is
denoted with y3(m) = xo(m) € [-0.4, 0.4] of the lift line position (describes the position of the payload) [7, 8, 10, 11,
21].

The nonlinearities of the actuators that set the TCS equipment in motion are highlighted through its very accurate
mathematical model described in [8], where both TCS’s mathematical model along with its all constants can be
found in [8].

3. The Data-Driven iP-VRFT and iP-FRIT Algorithms
3.1. The intelligent Proportional (iP) controllers
The discrete-time second-order iP controller is designed considering the second-order ultra-local model
Ve =2V Vi tau, +F,, (1

where e R is the controlled output, 4, e R is the control input, & € R is a positive user-chosen constant
recommended to be chosen to ensure that AVt = Vo — Vs and au, are in the same order of magnitude, and
F, e R gathers the unmodeled dynamics and unmodeled disturbances [1, 2, 8, 10, 11, 15].

The control law specific to discrete-time second-order iP controllers is
-1 ~ * *
uy =0 (=F 4y, — v — Key), )

where e R is the reference input or the set-point, which can also be applied as a reference trajectory, K € R is

the P gain, &, e R is the control error

& = Vi~ Veo 3)

ﬁk e R is the estimate of F,, which is obtained using the I/O online data, their difference is considered to be a

negligible random disturbance §,
S, =F —F, =0, “4)

and ﬁk is computed in terms of [1, 2, 8, 10, 11, 15]

A

Fo=y =2y, —auy,. )

The dynamics of the control system structure with discrete-time second-order iP controller is computed by
inserting the controlled input from (2) in the second-order ultra-local model (1). Therefore, the dynamics equation is

Vi :y;-z _2)’;—1 +y;: V2 t2V Vi —Ke +F L - F (6)
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The control error dynamics of this control system structure results as follows by substituting §, from (4) in (6):
& —Q2+K)g,_ +&_,=-0,,. @)

If the roots of the characteristic polynomial of the control error dynamics (7) are inside the unit circle then the
control system structure with iP controller will be stable [1, 2, 8, 10, 11, 15].

3.2. The intelligent Proportional-Virtual Reference Feedback Tuning (iP-VRFT) algorithms

The purpose of mixing the discrete-time second-order MFC algorithm in the iP version with VRFT is to
determine the optimal parameter of iP controller without using the mathematical model of the process. A set of I/O
data generated after applying a signal rich in spectrum and frequency to the open-loop control process is needed for
the iP-VRFT algorithm.

The equivalent control law used in the discrete-time second-order iP-VRFT algorithm is obtained after
substituting the control error defined in (3) and the estimate of ﬁk taken from (5) in the iP control law given in (2):

Uy =a71(0‘uk71 +y1:1 _2y1t +y1t+1 Vi t2V - —K(y; =V (®)

after adding and subtracting the one step behind the reference trajectory j, , and the controlled output y, , the

control law in (8) will be rewritten as follows using (3) [1, 2, 8, 10, 11, 15]:
w =u, +a (~1+K)g, +5,, —yZ +y;:+1 = Vi t3y =20, )

The recurrent form for the discrete-time second-order iP-VRFT algorithm is u, = g(g,,&,_,,u,_,, ¥,%), Where x =
K is the tunable parameter vector (a scalar in this controller case), 3 € R®, is the non-tunable parameter vector
defined as 9=[a y;" yi.," v, vl ¥ 1" =[90) 92) 63) 9(4) 9(5) (6))', and g is a nonlinear scalar
function of vector variable, which is expressed as

g R" - R, g(e, & up 1, 1,9)
=u,_ + S [-+ K)e, +¢&,_,—0(2)+933)—9(4) +39(5) - 29(6)].

(10)

The combination of discrete-time second-order iP-VRFT is successfully ensured if the control error ¢ . and the

reference trajectory y, of iP are linked with the virtual error g, and the virtual reference input 3 specific to VRFT

where the control law in (10) can be rewritten u,, :CI(Z’ulk—l"”’ulk—n”(,’gk’”"gk—"eu)’ where u, eR 18
generated by the VRFT algorithm, C, s Rt _y R, n, and n,, are the maximum known delay orders related
to the control input vector, and @ =[y 9"]". The parameters of the iP controller are determined using VRFT

considering the above links between the parameters of the VRFT. The objective function of the general model
reference tracking problemis [1, 2, 3,4, 8, 10, 11, 15]

JMR(,{)ZZ(}/“—)/Z)Z, (11)
k=1

where N gathers the total number of samples, y e R is the reference input or the set-point also specified in (2),

which in this algorithm is the reference model output, Vo =S DoV sV ) is the controlled output
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ny,+n,,+2

of the nonlinear process, where f:R™ ™™ _ R is an unknown nonlinear scalar function of vector variable, n,
and n,, are the maximum known delay orders related to the controlled output and the control input. The reference
model output Ve =Mpy (Vi seeos Vieny, s Victsees Vien ) 18 generated considering a nonlinear reference element
M, Of n, and 5 , orders chosen by the practitioner.

'm ym

The VRFT algorithm computes the virtual reference input as

5

Vi =mRM71yk’ (12)

such that the reference model and the output of the control system will have similar trajectories. The discrete-time
second-order iP-VRFT algorithm determines the optimal parameters when [1, 2, 3,4, 8, 10, 11, 15]

1 & _
T (0= 2 (€, (18—, (13)
k=1

is minimized and if the objective functions J, () in (11) and .. (y) in (13) have similar values, and where
g :y; -V is the virtual control error [1, 2, 3,4, 8, 10, 11, 15].
The schematic block diagram of the discrete-time second-order iP-VRFT algorithm is depicted in Fig. 1 a).
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Fig. 1. a) The control system structure with the iP-VRFT algorithm. b) The control system structure with iP-FRIT algorithm
3.3. The intelligent Proportional—Fictitious Reference Feedback Tuning (iP-FRIT) algorithms
The purpose of mixing the discrete-time second-order MFC algorithm in the iP version with FRIT is to iteratively
improve the parameter of the iP controller without using the mathematical model of the process. In the case of the

discrete-time second-order iP-FRIT algorithm, the set of I/O data is obtained after an initial open-loop experiment.
In the case of the iP-FRIT algorithm, the optimal parameter of the iP controllers is determined when

JFRJT(Z)22[)’0/((7(0)_)7“(75)]2 (14)

is minimized, where y = K is the tunable parameter vector (a scalar in this controller case), y,, (y,) is the controlled

output obtained after the initial closed-loop experiment, 4, is the initial parameter of iP controller, and )7“( 7)) 1s

the fictitious reference model output and is determined offline [5, 6, 10, 11]
T (0 =mp, V() (15)

where 37 () is the fictitious reference input also known as the virtual set-point
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Yo () =CQ) "o, (20) + Yo (20), (16)

the signal y,, (y,) is collected after the initial experiment, and C(y)™"' is the inverse transfer function of the P

component. The minimization of the objective function in (14) is equivalent to the minimization of the sum of
-1 =

(Ve (%) —my, y,) to guarantee model reference tracking [5, 6, 10, 11].
The schematic block diagram of the discrete-time second-order iP-FRIT algorithm is depicted in Fig. 1 b).

4. Experimental Setup

Both discrete-time second-order iP-VRFT and iP-FRIT algorithms are experimental validated on the TCS. The
performance of both algorithms is compared through the performance index

Js,u(lo) = Z[glzk(ﬂ(m) + 522/((}(02) + 532k(l<>3)]a 17)

k=1
where subscript 1 is used for cart position, subscript 2 for arm angular position, and subscript 3 for payload position,

and ¢ =iP— VRFT or 0 =iP — FRIT . In the experiments zero initial conditions are considered, the time horizon is
set to 70 s, the sampling period is T.=001s, the number of samples is N =7000 and no additive disturbances are

applied. The reference trajectory of control system structures is [8]

¥, =0.15if k[0,20/T,],0.1if k €(20/T,,35/T,],—0.05 if k€ (35/T,,50/T,],0if k € (50/T,,70/T.],
vs, =0if k[0,5/T,1,0.15if k e(5/T,,25/T,1,~0.15 if k €(25/7,,40/T,1,0if k (40/T,,70/T,], (18)
v5, =0if k €[0,15/T.1,0.1 if k e (15/T,,30/T,],—0.05 if k € (30/T,,45/T.],0if k € (45/T.,70/T.],

and is filtered through

H _=0.04877/(z - 0.9512),Hy_ =0.0465/(z - 0.9535),Hy,, =0.03278/(z - 0.9672), (19)

therefore, the reference trajectory used as input in the control system structure is the result of filtering the signals
from (18) through filters in (19)

Vo= v =y H sy =y H (20)
The reference models in iP-VRFT and iP-FRIT algorithms have the discrete-time transfer functions

5.813-107° +5.583-107° 1.122-10* +1.12-10™* 6.399-10° +6.19-107°
7 My =5 My = 5
z? —1.886z + 0.886 22 —1.993z + 0.993 z? —1.905z + 0.9054

.2

Mpyy =

The reference models in (21) are used in computing the virtual reference input in (12) of the iP-VRFT algorithm
and the fictitious reference output in (15) of the iP-FRIT algorithm. The value of the parameter chosen by the
practitioner is set ¢ =0.0015 and the same value is used for the iP-VRFT and iP-FRIT algorithms for all three
degrees of freedom of the TCS laboratory equipment. In the case of the iP-FRIT algorithm, the initial parameters are
chosen by the practitioner as follows to fulfill the constraints concerning (7) that guarantee the stability of the
control system structure with the iP controller:

*

Zow, =Kop ==0.75, 145, =Kop, =—0.89, 10, =Ky p, =—0.8. (22)
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The optimal parameters of iP-VRFT and iP-FRIT are computed by minimizing the objective functions in (13) for
the iP-VRFT algorithm and from (14) for the iP-FRIT algorithm by making use of AVOA algorithms by fulfilling
the constraint in (7) that guarantees the stability of the control system structure with iP controller obtaining

Z[;—VRFT, = Ki:’—VRFTl =-0.7799, Z;’—VRFTZ = Ki;—VRFTZ =-0.8981, Z;—VRFTS = K;;LVRFT3 =-0.9750, 23)

* *

Z;—FR]TI = Kp_prir, =—0.7591, li;—FRITZ = Kip_prir, =—0.9218, Z:I:—FR]L = Ki;’—FRIT3 =-0.9801.

The AVOA setup to determine the optimal parameter of the discrete-time second-order iP-VRFT and iP-FRIT
algorithms are the total number of vultures or agents set to 8, the maximum number of iterations is set to 8,
& yos =0.8 and g vos = 0.2 parameters that are involved in the calculation of the probability of choosing the

selected agents to move the other agents towards one of the best solutions in each group and P, = 0.6, P, = 0.4, P3 =
0.6 — thresholds in the exploration and exploitation phases. The detailed mechanism of the AVOA is presented in
[20, 21].

The results obtained by applying discrete-time second-order iP-VRFT and iP-FRIT algorithms are depicted in Fig.
2 a) for controlling the cart position, in Fig. 2 b) for controlling the arm angular position, and in Fig. 2 ¢) for
controlling the payload position of the TCS laboratory equipment.

) First reference model output y; and controlled output v, versus time
2 T ] T T T T

f e

02 L | L L | L
]
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b) Second reference model output y; and controlled output v, versus time
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c) Third reference model output y; and controlled output y, versus time
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Fig. 2. The output results of the control system structure with iP-VRFT (blue) and iP-FRIT (red) for a) cart position, b) arm angular position, and
¢) payload position
The average value of the performance index defined in (17) for the iP-VRFT algorithm is _ (,)=3.5355 and
for the iP-FRIT algorithm is J, (1) =3.3645. The variances of the performance index for the iP-VRFT algorithm
is J, . (x,)=3.1393- 107 and for the iP-FRIT algorithm is J, (x,)=43112- 10~°. These values are obtained after

ten experiments to average the random disturbances that can occur anytime when the experiments are conducted.
Considering the performance index values and the experimental results depicted in Fig. 2 it can be affirmed that the
discrete-time second-order iP-VRFT and iP-FRIT algorithms have similar performances, and a small advantage has
the iP-FRIT algorithm since it computes iteratively the parameter of the controller.

5. Conclusions
A comparison study that involves a mix of three data-driven algorithms was done in the current paper by

combining the second-order iP controller known as the data-driven MFC algorithm with data-driven VRFT and
data-driven FRIT. The comparison study was proposed to determine which algorithm performs better.
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The purpose of the mix in the current paper was to determine optimally the parameters of the iP controller. Both
discrete-time second-order iP-VRFT and iP-FRIT algorithms have been successfully validated through experiments
on the TCS laboratory equipment. The paper contributions are the experimental validations and the comparison
study of discrete-time second-order version of iP-VRFT and iP-FRIT tuned via SMA on TCS. The future work will
involve validating the discrete-time second-order iP-VRFT and iP-FRIT algorithms on other laboratory equipment’s
as the active suspension laboratory equipment, and another goal is to combine different data-driven algorithms to
obtain better control performance, and comparing the controllers proposed in this paper with those in [8].
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