robotics

Article

Hybrid Vibration Control Algorithm of a Flexible
Manipulator System

Van Binh Nguyen *

check for
updates

Citation: Nguyen, V.B.; Bui, X.C.
Hybrid Vibration Control Algorithm
of a Flexible Manipulator System.
Robotics 2023, 12, 73. https://
doi.org/10.3390/robotics12030073

Academic Editor: Raffaele Di

Gregorio

Received: 6 April 2023
Revised: 4 May 2023
Accepted: 10 May 2023
Published: 15 May 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Xuan Cuong Bui

School of Electrical Engineering, International University, Vietham National University Ho Chi Minh City,
Ho Chi Minh City 700000, Vietnam; buixuancuong2011999@gmail.com
* Correspondence: nvbinh@hcmiu.edu.vn; Tel.: +89-908-593-214

Abstract: Flexible manipulator systems in specific applications such as space exploration, nuclear
waste treatment, medical applications, etc., often have characteristics superior to conventional rigid
manipulator systems. However, their elasticity and complex dynamics lead to difficulties encountered
in control processes. Research on improving the structure of the control model plays a very important
role in reducing the above limitations and achieving great benefits for the flexible manipulator
system. In this study, a general method for modelling a flexible robotic manipulator is introduced.
Furthermore, two control models for flexible manipulators are proposed. The first model uses two
proportional-integral-derivative (PID) controllers, where the first one is used for position control, and
the other is applied for vibration reduction. The second model is an enhanced development of the first
with the addition of a fuzzy logic controller to optimise oscillation suppression. Selected experimental
results are presented and compared to evaluate the performance of the proposed control mechanisms.

Keywords: flexible manipulator system; robotic modelling; vibration damping control; fuzzy
logic controller

1. Introduction

Conventional rigid manipulator systems are designed with a focus on accuracy and
stability when performing continuous operations in an automation system. A typical
rigid manipulator usually has high stiffness, considerable weight, and size, and its main
components are made of hard and heavy materials. To support its operation, a heavy base
and a large power actuator are required, which add to the overall weight and size of the
system. Furthermore, this also leads to higher energy consumption and increases operating,
maintenance, and transportation costs.

As a solution to the problems mentioned above, an alternative to rigid manipulators
is flexible manipulator systems (FMS). These systems are designed using lightweight
and resilient materials, which makes them much lighter and smaller than conventional
manipulators. Moreover, FMSs can operate using smaller actuators with significantly lower
energy consumption. These systems also allow for increased manoeuvrability and ease of
transportation. In general, flexible manipulator systems require lower costs while providing
higher performance in applications requiring lightweight and more complex movements.

The main characteristics of the FMSs are their lightweight and resilient construction
that result in complex vibrations on the movement components (especially the joints and
links) [1,2]. This is a big challenge for controlling the system. If a full solution to this
problem is achieved, FMSs will demonstrate their true potential in replacing conventional
rigid manipulator systems for specific applications. The flexibility in robotic manipulators
is basically created by the mechanical structures of links and joints. The link flexibility is
due to the reduction of its weight in order to decrease inertial forces and achieve faster
manipulation speed. The joint flexibility is achieved due to the elasticity of gearboxes and
shafts. The model of a flexible manipulator typically consists of two parts, namely, the
model for flexible links and the model for elastic joints.
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The vibration of flexible manipulators has infinite resonance modes. This means
that models of manipulators are also described by infinite dimensions of mathematical
equations. However, high-order elements of vibration have very small amplitudes. As
a result, the original dynamic equations can be truncated to achieve a finite-dimensional
model by utilising either the assumed modes method (AMM) or the finite element method
(FEM) [3].

A number of model formulations have been published previously, but they are de-
ficient in various ways. For instance, Moallem et al. outlined an AMM model based on
input-output linearisation [4]. However, this approach was complex because a Hurwitz
matrix was achieved by solving a pole placement problem. De Queiroz et al. presented a
flexible link robot manipulator by combining distributed parameter field equations and
finite-dimensional equations [5]. However, some important system parameters were not
mentioned in the model, such as the rotary inertia of the hub and the rotary inertia of the
mass of the link’s free end [6]. Cheong et al. showed a two-flexible-link manipulator model
under a clamped-mass boundary condition and argued that there was a change in mode
shapes in the links due to nonlinear couplings [7]. In this case, the authors did not consider
the elasticity of the joints of the arms.

There are also many works on developing flexible manipulator models utilising the
FEM approach [8-12]. This research employs the assumed modes method to build a model
with link flexibility and joint elasticity because of the following reasons. First, the number
of differential equations of motion in the AMM case is fewer than that in the FEM [13],
so the AMM method requires less computational time. Second, flexible manipulators
have uniform cross-sectional geometries; therefore, it is easier to apply the AMM method.
Furthermore, the FEM method encounters difficulty in treating the coupling of degrees of
freedom (DOF) between links [6]. Third, in the case where experimental hardware is not
available, the AMM is more suitable for research based on numerical simulations. This is
because the time-dependent frequency equations of the AMM have been solved perfectly.

Various studies on FMS control methods have been proposed with many different
control techniques. Most of these studies are done with experimental models or simulation
environments to evaluate control algorithms and collect system characteristics. Studies
often approach FMS control techniques with structures ranging from 1-DOF to 3-DOF.
These studies focus mainly on single-link systems [14]. The elastic deformation of these
systems is observed along a horizontal or vertical plane. These systems are controlled with
actuators located at the joints or the location where the flexible link is attached to the joints.
However, the effectiveness of the method is still unclear.

Other studies used only PID, PD, or PI controllers with different models. Zhou et al.
established a two-link flexible manipulator system made of a piezoelectric smart structure.
The manipulator’s motion was controlled by a single-chip computer system, and the data
exchange between the manipulator system and the MATLAB workspace was implemented
by an acquisition module that combined the physical system with a virtual environment.
This study used the PID control algorithm to effectively suppress the vibration of a flexible
manipulator [15]. However, the oscillating nature of the arm still persists, with a rather long
oscillation damping time. Another work presented an investigation into the development
of open-loop and closed-loop control strategies for flexible manipulator systems [16]. This
research proposed closed-loop control strategies using both collocated (hub angle and
hub velocity) and non-collocated (end-point acceleration) feedback. In these strategies, a
collocated proportional and derivative (PD) control is developed, and its performance is
studied through experimentation. However, the hardware architecture still needs to be
adjusted for a better response.

Some works use fuzzy logic controllers or combine fuzzy logic controllers with PID
controllers to improve the control quality of flexible manipulator arms. Dehghani and
Khodadadi focused on improving the tracking performance of flexible joint robot (FJR)
manipulators. In the first step, the physical relations of the system are used to determine
a model for the FJR. A fuzzy logic self-tuning PID (FLST-PID) controller is introduced to
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keep the rotating angle of the link of the FJR at the desired position. In this controller,
the parameter values are computed by intelligent methods like fuzzy logic, and they
vary during the controlling process [17]. However, the controller structure still needs
to be improved in the direction of directly using the output properties to control the
system. Another work uses a fuzzy logic controller to adjust the manipulator’s velocity and
position [18]. The performance of these control techniques is sufficient to reduce vibrations;
however, this vibration control approach only considers the variation of the rotation angle
at the joint and does not take into account the oscillation at the end of the arm.

In addition to the above control techniques, several studies used other methods to
reduce vibration in the flexible arm. Geniele et al. focused on the tip-position control of
a single flexible link that rotates in the horizontal plane [19]. In this research, an output
feedback control strategy using the principle of transmission zero assignment is used to
achieve tracking for this time-invariant system. The control approach consists of two
parts. The first part is an inner (stabilising) control loop that incorporates a feedthrough
term to assign the system’s transmission zeros to desired locations in the complex plane.
The second part is a feedback servo loop that allows tracking of the desired trajectory.
However, the control system still uses simple feedback output and has not yet resolved
the nature of the oscillation. Zhang et al. proposed a PD (proportion differentiation)
controller based on NNs (neural networks) in order to achieve accurate trajectory tracking
of the flexible arm and improve the speed of position tracking [20]. In this research, the
dynamic model of a single-link flexible manipulator is established based on the lumped
method and the assumed mode method. The optimisation of PD parameters is achieved
by NN to increase the robustness and adaptability of the overall system. However, the
study only gives simulation results. On the other hand, the model of the flexible arm
is relatively complicated and needs experimental results to be verified. Another work
presented a hybrid control scheme for vibration and tip deflection control of a single-link
flexible manipulator system [21]. The control structure consists of a resonant controller
and a fuzzy logic controller (FLC). The resonant controller is applied as the inner loop
feedback controller for vibration control using the resonant frequencies at different resonant
modes of the system. The fuzzy logic controller is implemented as the outer loop feedback
controller for the tracking control and to achieve zero steady-state errors. However, the
study did not specify the nature of the oscillations and only gave simulation results.

Recently, Li et al. used Hamilton’s principle to derive the partial differential equation
(PDE) dynamic model of a flexible manipulator [22]. In this research, a boundary control
approach is proposed, and the Nussbaum function is adopted in the controller design
to circumvent the problem of unknown control directions. However, the paper has not
yet clearly shown the relationship between the oscillating nature and the efficiency of the
controller. Moreover, the experimental model has not been introduced to verify the research
results. Another research proposes a control method combining the RBF (Radial Basis
Function) neural network and pole placement strategy to suppress the rotation angle fluctu-
ations [23]. The function of the RBF neural network is to identify uncertain items caused by
the manipulator’s flexibility and the time-varying characteristics of dynamic parameters.
In this work, the pole placement strategy is introduced to optimise the PD (Proportional
Differential) controller’s parameters to improve the response speed and stability. However,
under the influence of gravity, the oscillation of the flexible manipulator can be quickly
self-damped, and the model testing needs further consideration of its practical applicability.
Meng et al. deal with an uncertain two-link rigid-flexible manipulator with vibration
amplitude constraints, intending to achieve its position control via motion planning and an
adaptive tracking approach [24]. The motion trajectories for the two links of the manipula-
tor are planned based on virtual damping and online trajectory correction techniques. In
this work, an adaptive tracking controller is designed using the radial basis function neural
network and the sliding mode control technique under uncertainties, including unmodeled
dynamics, parameter perturbations, and persistent external disturbances acting on the joint
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motors. However, the study has only given simulation results and has not given a direction
to determine the controller parameters corresponding to the model parameters.

The above-mentioned works mainly use traditional composite materials. In addition,
there are many studies on using smart materials, such as piezoelectric materials for actuators
as well as sensors. Malgaca and Uyar investigated a hybrid vibration control of a smart
composite box manipulator (SCBM) using passive control (PC) and active control (AC)
techniques [25]. The PC is achieved with a trapezoidal velocity profile, while for AC, the
PID control with displacement and strain feedback is applied to the SCBM, which is driven
with the cases in the PC for further reducing residual vibrations. Another work proposed
the couple optimal placement criterion of piezoelectric actuators on the basis of the modal
Hj norm [26]. A composite controller is also designed for the active vibration control of the
piezoelectric smart, single flexible manipulator. Recently, an article presented the hysteresis
modelling and precision trajectory control of a piezoelectric micromanipulator with actuator
saturation [27]. In this work, the system model is decomposed into linear reversible parts
and bounded parts, and the He, feedback controller is used to ensure system stability and
accuracy. It can be seen that smart materials promise many applications. However, there
are issues that need more attention in the approach related to piezoelectric materials, such
as complex fabrication technology, hysteresis of control signals and feedback, and system
implementation costs.

For the research on elastic joints, there have been many articles mentioned with
different approaches. Szabat and Orlowska-Kowalskar carried out an analysis of control
structures for the electrical drive system with elastic joints [28]. In this research, the
synthesis of the control structure with a proportional-integral controller supported by
different additional feedbacks was presented, and the classical pole-placement method
was applied. For low resonance frequencies, Brock et al. introduced a motion control
system with a multi-mass mechanism consisting of a filter damping higher resonance
frequencies and an adaptive speed controller [29]. In recent years, many works have also
continued to produce research results on control systems with two-mass and multi-mass
systems [30,31] and the two-mass system with backlash [32,33]. Another work proposed
a control algorithm using regulators and input shaping for a two-mass system [34]. The
algorithm allows switching between input shaping and fuzzy control. However, it can be
seen that these might be harmful to the mechanical and electrical parts of the system and
could have an impact on high-frequency oscillation excitation.

For an effective solution, the main focus of this paper is to propose a general method
for flexible arm modelling and a hybrid control technique for using PID controllers and
fuzzy logic. The techniques implemented in this study are a model that uses a PID controller
as a compensator to rapidly reduce oscillations and an enhanced fuzzy logic controller to
significantly improve the control goal.

The article is divided into the following sections. Section 2 introduces a general
method for the mathematical modelling of a flexible arm. A new control approach using
PID and fuzzy logic is presented in Section 3. Section 4 details the hardware structure and
experimental performance properties of the control methods.

2. Mathematical Modelling

This section focuses on introducing a flexible manipulator modelling method for a
multi-link and multi-joint robotic arm case. Figure 1 shows the structure of a manipulator
with multiple flexible links and elastic joints. It comprises 7y, flexible links and 7 elastic
joints. The links are connected in series and rotated by motors with flexible shafts. The
end tip of the distal link is connected to a payload with mass M, and inertia I,. The elastic
joints are simplified as torsional springs linking the rotors with inertia I;; and the hubs of
flexible links with inertia Iy,; (Figure 2), i denotes the index of links and joints. Rotor and
link angles are denoted by «; and 6;, respectively. G, and kg are transfer ratios of gearboxes
and constant coefficients of the springs. Link parameters consist of lengths I;, masses m;,
and uniform flexural rigidities EL;.
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Figure 1. Generalised structure of multi-flexible link manipulators.

The model makes the following assumptions:

e  The links are assumed to move in a horizontal plane, and the effect of gravity is

ignored.

The payload attached to the last link is considered a concentrated mass.
The longitudinal deflections of the links are negligibly small.

The arm is considered to be uniform.

El
Flexible

Link

In, l'h\
Rotor
Hub
Elastic

Gear Box  Joint

Figure 2. Generalised structure of multi-flexible link manipulators.

According to Denavit and Hartenberg [35], links are assigned to the inertial coordinate
frames OX;Y; and the moving coordinate frames OP;Q; (Figure 3). The deflection of the

free end of the ith link at the distance & and time ¢ is v;(¢ ;,t) as expressed below [36]:

vi(Gi,t) = i @ii(8)aii(t),
=

)

where ¢;;(¢;) is a mode shape function; q;i(t) is a time-varying modal function; i is the link

index; and j is the mode number; # is the number of modes.

@ij(i) = Cijlcos(Bij¢i) — cosh(BijGi)] + sin(B;;¢;) — sinh(B;¢i),

where
_cos(Bjjli) + cosh(B;jl;)

Y sin(Byl;) — sinh(B;;l;)

@

®)
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and )
s _ b
v EL’
where wj; is the natural frequency of the ith link and jth shape mode, and p; is the mass per
unit length of the ith link [37].

(4)

‘h’j(t) = Aij Ccos wi]-t + Bij sin (,dl']'t, 5)

where A;;, Bj; are coefficients.
The dynamic equations of the system are derived from the total kinetic energy and
total potential energy of the arms. The kinetic energy of the whole arm can be expressed as

K=K+ Ky + K; + Kp, 6)

where Kj, Ky, Ky, and K, are the kinetic energy of the links, hubs, rotors, and payload,
respectively [38]. The energy caused by the motion of the rotors can be calculated as

1.
K=Y 3, ?)

where
Ji = 671, ®)

with J; and I,; being the gear ratios of the motors and inertias of the rotors, respectively.

Vi1

Figure 3. The ith link of the flexible manipulator.

The kinetic energy due to the motion of the hubs is given by
1. .2
Kp=)_ 5 i, 9
i

with Ij; being the inertia of the hubs. The energy created when the links move can be

written as
1
K :2 —0;

i

1
o7 6d¢;. (10)

According to Figure 3, 0;(0;, ¢;, t) are the vectors of ¢ | on coordinate O;X;Y; and can
be expressed as [39]

_ |cosB; —sinb; Gi
0i (63, i/ t) = Linei cos 8; } [Ui(‘:i/t)}, o
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. _ [cos®; —sin®; —0;(Gi, t)
66, G t) = [Smei cos 0; } €i9i+f)z‘(<§irf)]' (12
Substituting for ¢;(6;, &;, t) from (12) in (10) yields
=L [ 0200 + 36 + 8360 + 28185, 5 (13)

Similarly, the energy due to the motion of the payload can be calculated from (13) with
gi = li/ 1
Ky, = Zsz{ (l,,t)@ + 129 +v; (lz, t) + 21;6; vz(l,,t)} (14)
i

where M, is the mass of the payload.
The total potential energy is expressed by

P = Piipgs + Pjointsz (15)

where Pjjyis and Pjyipss are caused by the bending deflections of the links and the elastic
deformations of the joints, respectively, and are given by

2
leks Z / (avé(le,)> dgi/ (16)

]omts Z ksz z_ z . (17)

In addition, when the system moves, a part of the total energy D is consumed by
friction from the bearings and the contact of links with the environment:

1.7 .
D= 2 Eq,» Kmiq;, (18a)
1
with .
9G() =190 - 9l (18b)
where Ky,; = diag(k;), and k;; (j=1 ... n) are damping coefficients.

The dynamic model is obtained by substituting the above energy expressions (from (6)
to (18)) in Lagrange’s equation [36]:

Lot ot o ®
where V is the Lagrangian variable
V=K-P. (20)
L is the vector of variables in the system:
L=[a«l 6F qT]" 1)

and F is the vector of applied control signals:

F=[u’ o o). (22)
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Next, (19) can be expressed as

] o0 0 7[a 00 07« Ks K¢ 07 e 0 u
0 Mua Mgg||0|+[0 0 O0]]|6|+|-Ks K¢ 0]||06]=-]gs(0,6,q,9]|+[0]|, (23)
0 Mjp M) lg]l [0 0 Kanllg 0 0 Kilgq 85(6,6,9.9)| L0

where J is the modified rotor inertia matrix, M4, Mg, and Mpp are the mass matrices,

K is the damping coefficient matrix, Kg is the spring coefficient matrix, and g4 and gg are the

vectors containing terms due to the interaction of the link angles and the modal displacements.
The stiffness matrix due to the link flexibility is presented as

Ki = diag(ky, ko, - .., k), (24)
where

li
ki = EI, /  ohedz (25)

@iz ¢ is the double partial derivative of ¢; with respect to the spatial variable .
Equation (23) can be written in shortened form as:

ML +CL+HL=-G+F (26)

This can be rewritten in state space form:

: 0 I 0
X = M- —M—lc} X+ [M‘l} (-G +F), (27)

where
T

X=[T i']. (28)

3. Control Structure
3.1. Filter-Based Damping Control Scheme

Based on the above mathematical model, depending on the structure of the arm, the
control signal F is applied to the joints. The research in this paper considers the flexible link
and rigid joint cases. The control of the flexible robotic arm is achieved through two basic
loops. The first loop is used to control the angular position of the rotating motor (Figure 4).
The second loop is used to control oscillations, usually at the end of the arm. To achieve a
fast and accurate angular position factor, the first loop is made through the PID controller.
For the second loop, initially, this study uses a PID controller with an improved oscillator
feedback stage. Then, the control structure is improved with a fuzzy inference engine to
optimise the control signal and ensure efficient control at the oscillation damping stages.

PID ngh-pass e
controller filter

manipulator
system

Desired . PID
angular »{ X}
controller

+ -! u Flexible
positon  A-

Y YO

Figure 4. Control scheme with filter-based controller.
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For the first approach, two output signals are used as feedback for each control loop,
namely the angular position 6 at the joint for the position control loop and the linear
acceleration a at the end of the arm for the oscillating control loop. The control signal u
to the actuator in the system is generated by combining the control signals from the PID
controllers in both control loops. The upper loop PID controller contributes to the overall
control signal as a compensator to reduce vibration.

The problem with flexible manipulator control is that it necessitates minimising os-
cillation at the free end by actuating the torque of the motor. Obviously, this is a way
of far indirect control. In actual operations, the free oscillating position is not precisely
determined. This is due to the difficulty of effectively placing a position sensor in real
operations. Instead, a sensor located at the head of the free oscillation is used to measure
the acceleration of the oscillation. This sensor provides the nature, state, and shape of the
oscillation at the terminal.

The motion at the end of the flexible link is a combination of soft motion and rigid
motion. The rigid motion is the non-oscillation component generated by the position
controller. The soft motion is formed by the kinematics of the flexible arm, which is
considered a combination of many rigid finite elements. The oscillator controller needs
information about the soft motion. This information is extracted using a fast first-order high-
pass filter to achieve a minimum delay time. This is the feedback signal in the collocated
loop. The filter transfer function is simplified as follows:

—S T2
TEap(s) = 1 o1 (29)
with the passband gain of —T5/T; and the cutoff frequency being calculated with
firre = 5 30)
HPC ™ onTy

Figure 5 (bottom) shows the oscillation characteristics of the manipulator’s end effector
in the case of using only the position controller. It can be seen that the oscillation is at a
high level and lasts for a long time. To reduce oscillation, the significance of the control in
this study is to bring this feedback, or the oscillation property of the arm end, to zero.

15 T T T | . -
T
S 1r 1
2
j=]
=
@
05
o
- Control  Control Control
phase 1 phase 2 phase 3
0 |- 1 1 1 1 1 J
4 T T T
-
@
E
c
=]
IS
Q
©
Q
8-
<

Time (sec.)

Figure 5. Division of control parts depending on control error and oscillation level.
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3.2. Hybrid Damping Control Scheme

In control practice, the oscillating component discussed above is a feedback signal.
The gain factor of this feedback characteristic has a great impact on the overall performance
of the system. In this study, the vibration-damping process is divided into three stages
(Figure 5, top). The first stage is the vibration formation process. At this stage, the variation
of soft motion is quite large, and the control signal needs to act at a large level to reduce
the formation of oscillations. The second stage is the steady oscillation phase when the
rigid movement has reached the desired position. At this stage, the active signal needs to
stay lower to avoid generating new oscillations. The third stage is the phase of descending
oscillation. At this stage, the oscillator function needs to gradually reduce its feedback
nature and bring the arm end to stability.

Through the evaluation, it can be seen that the PID controller itself is difficult to
control the oscillations in the above three characteristic stages. This study proposes a new
development with the use of a fuzzy logic inference model to identify the phases and
change the impact properties of the oscillator controller. The structure of this improved
model is depicted in Figure 6. This approach is called the advanced fuzzy-PID model
(AF-PID).

[ Fuzzy ; .
% logic <« RMS «
| inference -
7 Error | S ( PID ‘ erigh—pass ]
‘ ratio % e controller filter
— \

L L.

R 7 ~ 1 R ) a
Desired PID +,T!, u Flgxmle )
angular —»{ X)) manipulator

o controller L
position ) system B

Figure 6. Hybrid control scheme with the combination of PID and fuzzy logic.

The fuzzy controller should have the function of determining the stages of the damping
process. The first stage can be determined from the moment the set signal begins to change
until the angular position of the motor reaches the set value. This information can be
determined from the position controller error signal. Thus, the position error is an input to
the fuzzy controller.

The duration of the second-stage oscillation depends on the dynamic properties of
the manipulator system. For the convenience of computation as well as the simplification
of the control structure and related programmes, the time of the second stage is assumed
to be equal to the time of the first stage. The timing factor determination is done by the
control software, and a second-stage timing signal is provided to the fuzzy controller.

The duration of the third stage is often undetermined. The damping factor of the
oscillation depends on the efficiency of the first two periods. During this third period, in
addition to the time factor, the magnitude of the feedback oscillator will determine the
impact on the oscillation, so the input to the fuzzy controller also has the time signal and
the average amplitude of the arm’s oscillation signal.

To accomplish the above task, the input to the Mamdani fuzzy controller is obtained
from the oscillation level and the control angle deviation from the set value (Figure 6). Each
input has five membership functions with a range of normalised values in the range [0, 1].
The output also includes five membership functions with a range of normalised values in
the range [0, 1]. The if-then rule is described in Table 1. The abbreviations are the names
of the membership functions with the following estimates: VS—very small, RS-relatively
small, SS-small, RB-relatively big, and BB-big.
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Table 1. If-then rules of fuzzy logic inference.
Oscillation VS RS ss RB BB
Error

VS VS VS VS VS VS
RS VS VS VS RS SS
SS VS VS SS BB BB
RB RB RB BB BB BB
BB RB RB BB BB BB

The surface of variation between the input and the output according to the if-then rule
is depicted in Figure 7.

0.8

0.6 4

Control

04 4

0.2 4

0.4
— 0.2
Oscillation 0 o

Error

Figure 7. Fuzzy logic inference with two inputs and one output.

4. Experimental Results
4.1. Hardware Structure

To observe and evaluate the performance of each control scheme, a test bench of the
single-link flexible manipulator system is built. Figure 8 shows the components of the
manipulator, and Figure 9 is the actual image.

The two control approaches described above are supposed to work on the same
hardware. The motherboard uses Texas Instruments” TMS320F28379D microcontroller.
The function of this microcontroller is to process the feedback signal from the sensors,
generate a control signal based on the corresponding algorithms, and feed this control
signal as a combination of PWM (Pulse Width Modulation) and the DIR signal (motor
rotation direction) to a MOSFET H-bridge. An analogue accelerometer is used to measure
the acceleration at the end of the flexible link and send the accelerometer data to the
motherboard. Hence, the data acquisition time is very short, and the delay time is short
enough not to affect the accuracy of the algorithm. The flexible link is attached to a rigid
joint that rotates on the shaft of a DC-geared motor. This motor is driven from the H-bridge,
and its angular position is measured and sent to the motherboard by a revolution encoder
attached to the shaft of the motor.
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&

Voltage

Power
Supply

h
e
D s

Power
Control signal
Feedback signal

Data line (USB)

l Acceleration
' Angular ] ; |
Position TR - <—>| :

Mainboard

Figure 8. Hardware components of the flexible manipulator.

Flexible link

Acceleration
Sensor

S A

Micro- Hub motor
controller

Figure 9. Actual picture of the flexible manipulator.

The implementation of the system is performed in MATLAB and Simulink environ-
ments using the Embedded Coder Support Package. A personal computer (PC) performs
the tasks of transmitting reference angular position input from the interface in Simulink
as well as receiving data outputs from the prototype and displaying those on the PC’s
monitor for data collection and observation. The acceleration values and graphs collected
from this test rig are the primary data for performance verification and assessment of the
control models in this research. The primary specifications of the prototype are displayed

in Table 2.

Table 2. Parameters of the flexible manipulator.

Components

Value

Link’s dimensions
Link’s material
Base’s dimensions
Base’s material
Operation range
Joint’s dimensions
Joint’s material

500 x 25 x 1.5 mm

340

Stainless steel

x 490 x 200 mm
Aluminum
0-180°

63 X 54 x 40 mm
PLA
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4.2. Performance of a Filter-Based Damping Controller

This section analyses the experimental results to evaluate the performance of the two
introduced control approaches. The angle of rotation of the manipulator shaft is controlled
from 20° to 80° with a Gaussian signal (Figure 5-top) to measure the acceleration at the
end of the flexible manipulator system. The cut-off frequency of the required high-pass
filter is set to a sufficient frequency value, allowing the lowest first flexible mode to be
separated. In this case, the use of a high-pass filter with an 8.0 Hz cut-off frequency would
be adequate. The flexible manipulator is set with a structural damping Dg = 0.028. The
Ziegler-Nichols method is used to obtain the filter-based PID controller parameters. The
set of PID controller parameters thus obtained is K, =8, K; = 1.2 and K; = 0.24.

Figure 10 illustrates the performance of the PID model in reducing vibration through
acceleration data compared to the case of no vibration control. From the overall observation,
there is a significant reduction in the magnitude of the acceleration at the end of the arm.
However, the difference in oscillation reduction time in both cases is quite small, and
the oscillation persists for a relatively long time. In addition, the oscillation frequency of
around 8.2 Hz does not change when performed in the presence of a controller.

3 T T T T

== With PID damping controller
---------- Without oscillation control

o

'
-

Acceleration (m/sz)

'
N

'
w

-4 1 1 1 1 I
0 0.5 1 1.5 2 25 3

Time (sec.)

Figure 10. Performance of filter-based PID damping control.

It can be seen that, during the initial time of motion, when the angle changes to reach
the set value, the magnitude of the acceleration in both the uncontrolled and the controlled
cases is relatively similar. However, at the second stage of the movement, the vibrational
strength decreases significantly by about 62%. In the final part of the oscillation reduction,
the vibration measured by the model shows that the oscillation rate decreases more slowly
than in the second stage. This may indicate that, in the third stage, the properties or
parameters need to be adapted to this stage. The time to steady state of the model is faster
than the case without control, but not significantly.

Figure 11 shows the control signal characteristics (dotted red) after implementing the
oscillation compensation method according to the PID mechanism. It can be seen that the
control signal has an oscillating component that corresponds to the oscillating component
of the arm end when the arm moves. When the point of arrival angle is reached, the
oscillation signal decays rapidly, and the control signal is thus attenuated. It can also be
seen that the oscillation frequency of the control signal has the same value as the terminal
frequency of the arm. However, the control value has reversed phase when compared with
the corresponding signal in the arm. This performs the function of oscillation suppression
at the end of the arm.
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Figure 11. Control signal of the PID damping scheme.

4.3. Performance of Hybrid Fuzzy Logic-PID Controller

Figure 12 shows the performance of the AF-PID model compared to the case where
the oscillation control algorithm is applied by the filter-based controller. The data in the
graph shows a rapid decrease in the magnitude of the acceleration. Thanks to the proposed
control algorithm, the oscillation reduction time is fast, and the oscillation is suppressed
early. In the first stage, the magnitude of the acceleration is greatly reduced (over 80%). In
the second stage, the acceleration controlled by the AF-PID approach decreases rapidly
compared to the uncontrolled case. In the final stage, the oscillation level is rapidly reduced
to zero, and the flexible arm is stabilised.

3 T T T T T

= \Nith Fuzzy logic damping inference
-------- With PID damping controller

Acceleration (m/sz)

4 1 1 1 1 1

0 0.5 1 1.5 2 2.5 3
Time (sec.)

Figure 12. Comparison of PID damping controller and Fuzzy logic damping inference.

When comparing the system performance between the two control methods, it can
be seen that the oscillation characteristics are formed in the first stage, and thanks to the
controller, the oscillation is rapidly decreased in the second stage. The characteristic also
shows that the oscillation frequency seems to change little when applying the oscillation
controller.

For the AF-PID controller, the first-stage oscillation characteristic is significantly min-
imised, making it easier to handle the second-stage oscillation. This shows that the AF-PID
controller has more flexibility in assessing the level of oscillation and providing the appro-
priate level of feedback to affect the motor where motion is initiated and also where it is only
possible to dampen the oscillation of the whole system. Since then, the AF-PID controller
task has actually been easier in the second and third stages. Particularly in the third stage,
the AF-PID controller shows its superiority over the filter-based controller because it needs
a lighter action to suppress the oscillations. This avoids secondary oscillations and ensures
faster suppression of oscillations when a pure PID controller is applied. Therefore, it can be
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seen that the oscillation time of total suppression in the case of using the AF-PID controller
is really faster than that of the pure PID controller.

For the control signal, the performance of the control method (Figure 11, solid blue
line) is compared with the case of using a filter and PID controller (dotted red line). It
can be seen that, at the first stage, the control signal has a larger degree of attenuation to
limit the formation of new oscillations. After this period, the amplitude of oscillation is
significantly reduced because the oscillation at the end of the arm is clearly suppressed.
Hence, when the target control angle point is reached, the oscillations in the motor shaft
seem to cancel out in proportion to the oscillations in the arm.

To clearly understand the superiority of the method, it is possible to refer to some
previously studied systems with the soft manipulator system having the corresponding
resonant frequency, as mentioned in [40]. Through the obtained characteristics, it can
be seen that the hybrid method using fuzzy inference has a better frequency response
with a significantly faster oscillation damping time. In addition, it is also shown that the
high-order oscillator components are also better suppressed.

5. Conclusions

Modelling the flexible arm is a challenge. To be able to control precisely with high
efficiency, the model must show the nature of the flexible arm, especially the vibrational
characteristics. This study introduced a general model of such a flexible arm that could
be applied to different complexity levels. The process of oscillation of the arm in motion
has different properties at each stage. Therefore, the controller needs to have appropriate
responses for each of these stages. This study proposed and successfully tested a hybrid
controller to quickly dampen oscillations depending on different oscillation stages. The
hybrid control mechanism is a combination of a PID controller (which is quite effective
in motion control) and a fuzzy controller (which is suitable for complex systems). It can
be seen that the proposed method is capable of effectively reducing oscillations with a
significantly shortened oscillation time thanks to the introduction of the control energy
in accordance with the oscillation properties. This result contributes to a more practical
application of this kind of manipulator with superiority in saving materials, saving energy,
and improving safety.
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