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ABSTRACT Flexible link manipulators (FLM) are widely preferred in applications that require faster
operation, high maneuverability, and less energy consumption. However, their flexibility is associated with
undesired vibrations, making accurate positioning challenging. As most of the existing controllers are model-
based, their performances are affected by uncertainties and often require the feedback of all the states.
This makes such control challenging and expensive. Interestingly, despite its poor position tracking, the
input shaping control (ISC) proved to be effective in oscillation suppression of flexible structures. In this
paper, precise automation of the FLM is presented by hybridizing an improved input shaping control (iISC)
with a model-free fuzzy logic control (FLC), and the model-based sliding mode control (SMC). The single
feedback FLC, and SMC were designed for the position control while the iISC provided the tip deflection
control. Three parameters of the FLM, namely, the length, mass, and spring stiffness of the link were used to
assess the sensitivity of the controllers. With the maximum velocity of 94 deg/s and the maximum r.m.s of
0.33 deg, ISCH+FLC has increased the velocity of the iISC by at least 77% and improved the poor oscillation
suppression of the FLC by at least 64%. Thus, the analysis demonstrated that the ilISC+FLC could provide
precise automation of the FLM by measuring the output of only one state (position), making it cost-effective
and reduces the complexity and computation time of the full-state feedback controllers.

INDEX TERMS Dynamic modelling, flexible link manipulator, position tracking, sensitivity analysis, tip
deflection, vibration suppression.

I. INTRODUCTION

With the advancements in robotics, industrial companies have
heavily invested in research and development of flexible
robotic manipulators that offer improved productivity and
help to meet the increasing demand of manufacturing [1].
Traditionally, heavy rigid manipulators were deployed in the
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assembly lines for many tasks including pick and place,
welding, and track-tracking [2]. However, these rigid manip-
ulators require bulky drives, have high link mass, have limited
speed, and can consume a lot of energy [3], [4]. Interestingly,
flexible link manipulators were introduced as an alternative
to rigid link manipulators. Due to their light-weight and
flexibility, the FLMs consume less energy, need smaller
actuators, and can function at high speed with low inertia.
Furthermore, the FLMs are generally cost-effective, have
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a higher payload-to-link weight ratio, and possess a high
degree of maneuverability, among others [5]. The potential
application of FLM for collaborative robotics for an increase
payload-to-mass ratio was investigated extensively in [6].
Thus, the application of FLMs can be extended to the
food industry for packaging and palletizing, construction,
aerospace, nuclear fusion, and the health industry for robotic
surgeries [7], [8], [9].

Nonetheless, the flexibility of the FLM makes it prone
to undesirable vibrations, making accurate positioning chal-
lenging [10]. Therefore, it is very crucial to provide efficient
and effective control strategies to suppress the induced
vibrations for optimal operations of flexible manipulator
systems. Remarkably, there have been numerous studies for
the dynamic modeling and control of the FLMs, ranging
from classical control to intelligent control algorithms as
comprehensively surveyed in [11] and [12]. For instance,
Shao et al. [13] presented the dynamic modeling of FLM
using finite element analysis. The derived model was reduced
while maintaining its precision using an iterative reduction
system which allows easy design and implementation of LQR
control. Altiner et al. al [14] modelled the single link FM
using spatial differential equations and designed a control
that compensates the effects of unmodeled dynamics. Also,
to reduce the complexity of control implementation, and
the need for fewer actuators/sensors, a dynamic trajectory
planning and fuzzy self-tuning for residual vibration suppres-
sion of FLM was presented in [15]. In [16], a disturbance-
observer-based active vibration control of a FLM was
presented. The study modelled the FLM as an Euler-Bernoulli
beam taking into account the spatially infinite dimensional
disturbance.

Fareh et al. [17] designed a sliding mode control based
robust disturbance rejection system. The work estimate both
internal and external disturbances which were compensated
in real-time. One of the limitations of the SMC is the
inherent chattering which if persistent could lead to motor
burnt-out. Thus, Cheng et al. [18] presented a chattering
suppression technique for the flexible joint manipulator.
As most of the existing works focused on the FLM,
Zhu et al. [19] proposed a composite controller for a flexible
link and joint under disturbance and uncertainties. The
composite material consists of adaptive-gain super twisting
SMC for the position tracking and the adaptive dynamic
programming for the boundary layer stabilization. Also,
Belherazem and Chenafa [20] presented a passivity based
adaptive control for the FLM. The control system combined
the passivity based approach and the adaptive mechanism
which guarantee online parameter estimation under external
disturbance. As the application of FLM can be extended
to ocean exploration, Huang et al. [21] presented the math-
ematical modeling and control of a two-link underwater
FLM.

In [22], the velocity profile was used to reduce the
end-point transient and residual vibrations of FLM during
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high speed operations. In some applications, the hybrid
rigid-flexible manipulators were introduced to utilize the
advantages of the two systems. In [23], the mathematical
modeling and position tracking of a mobile rigid-flexible
manipulator was presented. The study established an adaptive
fault-tolerant control in the event of actuator failure and
ensured the displacement of the vehicle is within the
allowable constraints. Other research includes the perfor-
mance analysis of FLM gripper with magnetorheological
grease [24], surface control of multi-link flexible joint
manipulators [25], design and analysis of pneumatic flexible
manipulators [26].

Furthermore, most of the research on FLM uses physical
laws to derive the dynamic equations of the FLM for analysis
and control. However, model uncertainties are generally
associated with those methods which could affect the perfor-
mance of the controller in practical applications. Bastos [27]
proposed a non-inherent parameter estimation for the equiva-
lent dynamic equations of the FLM with parallel and serial
kinematics. Also, Lara-Molina and Gongalves et al. [28]
presented a reliability based optimization approach using
stochastic finite element dynamic modelling of the FLM.
The study achieved optimal design of the FLM whereby
the actuator power, manipulator mass, and overall reliability
of the FLM were optimized. As highlighted above, there
has been a lot of improvement in the design of controllers
for position tracking and vibration suppression of FLM
over the years. However, the feedback controllers require
much sensors and complex computation. In addition, the
model-based controllers which are the most widely research
controllers are often affected by the model-errors and
uncertainties or external disturbances.

In this study, an approach for precise automation of rotary
FLM using the feed-forward ISC and feedback FLC, and
SMC is presented. The advantage of iISC for the oscillation
suppression and the position control capability of the FLC,
and SMC were utilized. One of the contributions of the
work is that the conventional ISC was enhanced (GISC)
by smoothing the reference signal of the ISC using first
order filter. This reduces the chattering issues of the ISC
and also minimizes the unnecessary delay associated with
the ISC. Secondly, the iISC was hybridized with the FLC,
and SMC, respectively for the accurate position and tip
deflection control of the FLM. The SMC was designed
based on the dynamic model of the FLM while the FLC
is non-model based. The performances of the two hybrid
configuration, namely iISC4+FLC, and iISC4SMC were
extensively analyzed including sensitivity analysis to model
parameter changes.

The paper is divided into five main parts. The description
and the mathematical modelling of the FLM system was
presented in part 2. The control theories were presented in
section III. The simulation result and analysis were presented
in section four. Finally, the conclusion of the paper is
highlighted in section five.
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FIGURE 1. A typical Rotary flexible link manipulator where the electronic
sensing unit attached to flexible link is mounted on a rotary servo base
unit. The link can be rotated clockwise or counter clockwise using the
servo motor of the robot. The deflection of the link is measured by strain
gage which outputs analogue signal proportional to the link

deflection [29].

Il. SYSTEM DESCRIPTION AND MODELLING

A. THE ROTARY FLEXIBLE LINK SYSTEM

The study of rotary FLM provides an excellent opportunity to
explore the analysis and control of vibration and resonance in
large, light structures that possess flexibilities. The analysis
also proves beneficial for creating models of flexible links
in robots or spacecraft. The typical laboratory flexible link
manipulator is shown in Fig. 1. The system which is adopted
by the Quanser Inc. has been used by many researchers
around the world for dynamic analysis and implementation
of numerous control theories. As illustrated, the rotary FLM
module contains a flexible link made of stainless steel and
equipped with a strain gauge that can sense the deviation of
the link’s tip. The electronic circuit board consisting of strain
gauge, potentiometers and the link module is attached to the
fixed end of the flexible link and mounted on the SRV(2
servo system. When attached to the rotary servo base unit,
the module rotates the flexible link in a horizontal plane.

B. THE DYNAMIC MODELLING OF THE FLM

Dynamic model is essential for the design and analysis of any
control scheme. The models allows for an in-depth analysis
of the system before applying the control on a physical
system. Here, the rotary FLM is presented by considering
the link to be linear spring. The detail modelling of the FLM
was presented in [29]. The main objective of the control
system is move the link to a certain position precisely without
oscillation or deflection of the link. The automation of the
FLM depends on the rotation of the motor. Thus, the servo
generates a torque, T which rotates the flexible link to an
angle, 6 as shown in Fig. 2. However, since the link is flexible,
it will deflect from the reference 6 with the deflection
angle, B. The link has a mass of my, a length of L;, and a
moment of inertia about its centre of mass, J;. To model the
flexible link, the link can be represented as a linear spring
with a stiffness of k;. As the servo rotates, its rotation will be
opposed by the viscous friction by.

Therefore, to derive the dynamic equations of the FLM, the
Lagrangian equations of Eq. (1), and Eq. (2) were utilized,
where Q; is the combined non-conservative forces, m; is the
mass of the ith variable, and ¢; is the ith coordinate of an
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FIGURE 2. The schematics of the flexible link which is represented as a
linear spring with a stiffness of k;.

independent point. The overall Kinetic, T energy and the
potential energy, U of the hub and the link can be represented
in Eq. (3) and Eq. (4), respectively.

dt \dg; dgi dg o0 T ool
I T
T = ; smidy; U= ; (migh;) 2)
1 . 1 ., ) ..
T = EJSG () + 511(9 )+ B (1) +208(1)) 3)
1
U= Ek,ﬁz(z) 4)

After solving for Eq. (1) using the expression of Eq. (3) and
Eq. (4), the complete dynamic equations of the rotary single
link FLM can be represented in Eq. (5) and Eq. (6):

iy = 29 _ By 4 Mg ®)
AR
Bioy=-"0 L BG4y 4k (1 + l) B (6
Js Js Js Ji

Furthermore, as illustrated in the schematics of Fig.2, the
torque that rotates the FLM is created by the motor attached to
the hub.Thus, to integrate the motor parameters in the FLM’s
equations of Eq. (5), and Eq. (6), the relationship between the
reference voltage, Vier(t), and motor torque, t(t) of Eq. (7)
was used, where Ry, is the motor armature resistance, 1y, is
the motor efficiency, n; is the gear box efficiency, kg is the
gear ratio, ky, is the motor back e.m.f, and k; is the motor
torque constant. The values of these parameters are provided
by the Quanser FLM datasheet as shown in Table 1.

 NgkgNmki (Vyep (1) — kg0 ()i

(1) R

N

Finally, after substituting the motor dynamics of Eq. (7)
in the dynamic model of Eq. (5) and Eq. (6), the state
space representation of the complete FLM can be represented
according to Eq. (8) in Eq. (9), where yop is the system’s
output including the FLM’s position, linear velocity, and tip
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TABLE 1. Dimension and parameters of the rotary FLM [29].

Parameter Symbol Value

Tip deflection angle 5}

Link angular position 0

Motor Torque T

viscous friction by 0.04

Link linear spring stiffness ki 1.3 Nm
Length of the link L 0419 m

Mass of the link m 0.065 Kg
Link moment of inertia J 0.0038

Hub moment of inertia A 0.00208
Motor armature resistance R 26Q

Motor efficiency Nm 69%

Gear box efficiency Ne 90%

Gear ratio ke 70

Motor back em.f Km 0.00768 Vradss
Motor torque constant ke 0.00768 NmA

deflection. z(t) is the state vector, u(t) is the input vector, A,
B, and C, are the constant system matrices.

H(t) = Az + Bu(t); yop = Ca(t) (8)
S
(1) 0 1 0 0
by konmkikokp, k
U o ey v
Be) | |0 0
by kg Nk kgkm ko, k
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B()
Fo@t) ]
6(t) 0
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X B(t) + ]ng Vier (8); Yop
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0010 |]A®
- [ B@®)

Ill. CONTROL DESIGN

This section provides a comprehensive analysis of control
schemes for the rotary RFLM’s position, speed, and tip
angle deflection control. Three controllers namely, ISC,
FLC, and SMC were investigated for the possible hybrid
configuration. However, it is necessary to check if the system
can be controlled before proceeding with the design. This
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FIGURE 3. The graphical process of ISC: (a) The original signal was
applied to the system resulting in the oscillation response of peak
amplitude, A; (b) Part of the signal is applied to the system without any
delay, and the other part is delayed for time, t, such that A; +A, =A;
(c) The convolution of the two responses canceled the oscillation.

can be done by calculating the controllability, G¢, of the
system using the controllability matrix of Eq. (10). The
controllability test proved that the system is controllable,
allowing the design of the controllers.

G.=[BABA’B A’B];|G.| #0 (10)

A. INPUT SHAPING CONTROL ISC

Input shaping or command shaping control is an effective
control method that reduces oscillation of flexible systems
without requiring the need of feedback or physical system
redesign. The process of input shaping or time delay
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containing two impulses is illustrated in Fig. 3. As shown,
part of the signal is delayed and then convolved with
the un-delayed signal to cancel the effect of the induced
oscillations. However, the choice of appropriate shaper’s
amplitude and their respective time delays must be determine
effectively, otherwise, the oscillation will be exacerbated.

Thus, generally these parameters were obtained using
the general representation of the second-order underdamped
system of Eq. (11), as shown at the bottom of the next page,
or its equivalent time domain of Eq. (12), as shown at the
bottom of the next page, where Ajis the ith impulse amplitude,
tj is the ith impulse, w is the natural frequency, and ¢ is the
damping ratio.As illustrated, the ISC is designed using the
estimated w and ¢.

The non-dimensional oscillation’s magnitude can be calcu-
lated by dividing Eq. (12) with the results of a single impulse
of magnitude one at rest, leading to the residual oscillation
of Eq. (13), as shown at the bottom of the next page.
This is the oscillations produced by an impulse sequence
of an under-damped system ({ < 0). The amount of the
allowable oscillation can be set to Eq. (13) based on the
selected constraints. If zero oscillation is needed, then R;
and Ry of Eq. (13) should be set to zero also known as
the zero oscillation constraint.Also, to maintain the behavior
of the rigid body motion of the unshaped signal, the total
amplitude of the shapers’ should be one (1), also known as the
summation constraint as in Eq. (14), as shown at the bottom
of the next page.

Also, the undesirable response delay can be avoided by
applying the first impulse at #; = 0. Nonetheless, the ZO
shaper is not robustness to model variations. Thus, the
performance can be enhanced by taking the derivatives of
R1 and R; and then equate to zero. Here, a small change
in oscillation in relative to the model variations will be
ensured. In this study, the second-order shaper shown in
Eq. (15) is considered. In addition, to determine the design
parameters, the logarithmic decrement method was utilized.
Details design and robustness analysis of these shapers are
described in our previous analysis [30].

A 1 3k 3k2 K3
[I’} = | 40T @7 (1+0)7 (LHk)
i

0 Td 21’d 3Td
.
S S— SV (D) (15)
o\ /(1-¢2)

B. SLIDING MODE CONTROL SMC

The SMC is designed to achieve continuous control in
a sliding mode platform, such that the output response
tracks the reference trajectory accurately. The controller
has demonstrated good trajectory tracking and regulator
action even in the presence of external disturbances or
parameter variations [31]. The primary objective is position
tracking since the tip deflection is suppressed by the iISC.
Figure 4 [32] shows the typical process of SMC, where the
sliding surface, s forced the system states to follow the desired
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TABLE 2. Membership table for the 1/0 rules.

Position Error
NB NM NS ZE PS PM PB
NB NB NB NB NB NM NS ZE
NM | NB NB NB NM NS ZE PS
NS NB NB NM NS ZE PS PM
ZE NB NM NS ZE PS PM PB
PS NM NS ZE PS PM PB PB
PM NS ZE PS PM PB PB PB
PB ZE PS PM PB PB PB PB

Change of Error

trajectory, where a is the positive constant, 6, is the desired
trajectory, and e is the tracking error. The sliding surface, s
that drives the states to their origin is defined in Eq. (16).

s=ae(t)+e(),e=0;t)—0@);a>0 (16)

When the sliding surface is driven to zero (s = 0), the
desired response is achieved and the tracking error will
converge to zero. Secondly, the reaching law of Eq. (17)
which boost the states to reach the sliding surface as quickly
as possible is selected. This function is selected due to
its advantage of non-chattering switching effects unlike the
usual signum (sign) function. The positive constant p, and r
determined the speed and convergence of the tracking error.

§=—p);p>00<r<l1 a7

Here, only the link position, 6 is controlled using the SMC
while the angle, 8 was controlled by the iISC. Thus, taking the
derivative of the sliding surface yields the reaching surface of
Eq. (18). Subsequently, substituting the relevant parameters
of the system in Eq. (9) into Eq. (18) gives the corresponding
reaching surface in Eq. (19).

S=aet)+é(),a>0 (18)
§=—(a+Axn)6(t) — A3 B(t) — Bayu(t) (19)

Finally, the control law, u(t) of Eq. (20) is derived by equating
the reaching law of Eq. (17) and Eq. (19).

1 .
u(t) = B {—(a+A42)0@) — A5B()
+p ((Ba() = 6@) a—6())"} (20)

where the parameters Ay, A3 are the elements of the system
matrix while Bj; is the element of the input matrix of
Eq. (9). The values of the control parameters were selected
as tabulated in Table 3.

C. FUZZY LOGIC CONTROL FLC

As earlier stated, the ISC provides effective oscillation
control but it is affected by the variations of system
parameters.Other controllers like the SFB require all the
states to be feedback (expensive) and it is sensitive to
change of system parameters as well.Thus, a non-model
dependent control like the FLC will be a good alternative to
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Initial state, xy

) . Reaching Mode
Desired final value

! Sliding surface, s

FIGURE 4. The process of sliding mode control (SMC).

TABLE 3. Control parameters for the analysis.

Controller Parameters

iISC 14=0.1550 ; k=0.3610

SMC a=10; p-60; r-04

iISC+SMC a=212 ; p=55; r=1

iISC+FLC u=%360; error =+90 ; change of error=+4.5E+15

the aforementioned controllers.To tune the input and output
variables of the FLC, the control signal characteristics of the
SFB was used.Using this approach, control signal of the SFB
for each state is the optimal value as they were chosen for the
model parameters.Thus, the FLC uses the advantages of the
pole placement-based SFB to select the ranges of its input and
output variables.

Unlike the SFB that requires full state, the FLC in
this design only measure one state (position). Therefore,
it is cheaper, and doesn’t require the system model for
the design.The ranges of the error, change of error and
output control were chosen as 90, +4.5el15, and +360,
respectively as shown in the membership function plot of

Fig.5.The membership table for the FLC is illustrated in
Table 2, which covers the whole operating condition of the
FLM.The membership functions of the Mandani inference
system were chosen to be Gaussian for the input and
output variables.Also, the centroid defuzzification method
was chosen while other parameters take the default settings.

D. HYBRID ilSCFLC, AND ilSCSMC SCHEMES

In this section, the hybrid iISC+FLC, and iISC+4+SMC
techniques are discussed. As stated earlier, the iISC in a
feedforward configuration has proved to effectively suppress
the oscillation of the FLM. The ISC uses time delays at
a specified time to cancel the effect of vibration [33] To
compute the control gains of the ilSC for the FLM tip
deflection control, the logarithmic decrement was employed.
The natural frequency of 21.3075 Hz and damping ratio of
0.3085 of the FLM were obtained. These parameters were
then inserted in the ISC of Eq. (15) to compute the desired
amplitudes and time delay. Then, the iISC was achieved
by adding a filter to the ISC to shape the resulting signal
chattering, as illustrated in Eq. (21).

A; | ]0.3966 0.4296 0.1551 0.0187 15
f|l 0 0.1550 0.3100 0.4650 [ "\ s+ 15

2y

On the one hand, the FLC, and SMC were used as
the feedback control for the position tracking. For precise
automation of the FLM, design criteria for the overshoot, and
settling time were set to 0.5% and 1 seconds, respectively.
Therefore, after performing the required calculations, the
controllers were applied in the Simulink configuration of
Fig. 6. As shown, iISC is connected at the reference point
for shaping the signal to the FL.C, and in-front of the SMC.
The configuration is best implementation structure of the
controllers after analyzing their performance at the potential
positions. To investigate the performance of the SMC, the

w2

Gs)= ——2
) s2 42t ws + w?

(1)

n 2 n 2
A= Le_gw’i (ZAiefw’i cos (a)ti,/ (1 — {2))) + (ZAieé“wfi sin (a)t,' (1 — Cz))) (12)
i=1

i=1

(1-2¢?)

V(w, ) = et ZAieg“”" cos (wti (1- 4“2)) +

i=1

2 2

ZA,-efwff sin (a)ti (1- 42)) (13)

i=1

R,
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FIGURE 6. The hybrid configuration of the iISC with the single state
feedback FLC, and three states feedback SMC.

switches S; and S, were turned ON whereas the iISC+FLC
was analyze by switching S3 and Sy.

In sum, the hybrid set-up uses the benefits of the iISC,
and FLC and SMC for the precise automation of the FLM.
The key importance of the ilSC+FLC is that it only uses one
feedback signal (position) as compared to the iISC4+SMC
that uses three feedback signals (position, velocity, and tip
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FIGURE 7. The control input u(t) showing the smooth signal from
power-rate as compared to the signum with a lot of chattering.

deflection). The controllers would be assess based on time
response specifications, namely, settling time (braking), and
tip deflection suppression. The parameters for the control
performance analysis are presented in Table 3.

E. STABILITY ANALYSIS

Stability analysis is a standard requirement for any control
design to ensure that the control system does not loss its
stability within a certain operating bound.One of the widely
accepted method for the stability analysis is the Lyapunov
approach such that the stability of the closed-loop system can
be guaranteed by adopting the Lyapunov rules [34].

Remark 1: One of the requirement is that sliding mode
should start at a finite time, t > 0, irrespective of the initial
condition of the states x(0). Thus, the trajectory is always
moving towards s = 0 when s is not yet at zero.This is called
the reaching condition as expressed in Eq. (22). However,
s becomes slower when it approaches zero which delayed the
convergence.

d 2 0=s55<0 (22)
—5 < Ss <
dt

Therefore, the signum is proven to have chattering effects
due to abrupt switching near zero. This phenomenon not
only generate noise but also effects the actuator’s operation.
Thus, one of the chattering suppression approach is the
use of smoother power-rate reaching law [35], [36], [37].
In this approach the reaching law of Eq. (17) was adopted.
Figure 7 shows the comparison between the signum and
the power-rate reaching law for the system. As shown,
signum has a lot of chattering as the state approaches
zero unlike the smooth signal of the chosen power-rate
function.

Theorem 1: The Lyapunov theorem was adopted for the
final stability assessment.The Lyapunov candidate of Eq. (23)
is selected.The theorem states that the derivative of the
Lyapunov function of Eq. (24) must be negative for the
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system to be asymptotically stable.

1,
Vir(s, 1) = S (23)
VLF:s&:s(—p(s)r);p>0,0<r51 (24)
For the switching function to be strictly asymptotically stable

(Eq. (24) < 0), the following two conditions must be satisfied.
For the combined control, the second condition holds for
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r = 1 as shown in Table 3.
. —p‘s”*‘”) if p>00<r<l1
VLF<OZ 5 (25)
—,o(s) if p>0,r=1

IV. RESULTS AND DISCUSSION

Herein, the results of the control approaches were studied
using the mathematical model of the rotary FLM of Eq.(9)
in Matlab simulation environment.The system is given a
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reference trajectory such that it rotates to 30 degree for
one second, stays there for another one second and then
move to 45 degrees before finally returning to the initial
position of zero degree.This will allow the behavior of
the system to be fully analyzed in terms of response time
specification and oscillations characteristics.The position
tracking is analyzed in terms of time response specifications
particularly the rise time, overshoot and settling time
whereas the level of tip deflection suppression is analyzed
by calculating the r.m.s of the response.The smaller the
value of the r.m.s, the higher the amount of deflection
reduction.
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A. PERFORMANCE COMPARISON OF ISC, FLC, SMC,
iISCFLC, AND iISCSMC

To compare the performance of three designed controllers
namely, ISC, FLM and SMC, the Simulink model in Fig.6
was used.Firstly, the ISC, FLC, and SMC were implemented
separately and then hybridized with the improved ISC (iISC).
The iISC was installed at the feedforward scheme of the FLC
and SMC, respectively.The results for all the configurations
were studied.Figure 8a shows the shaped signal of the ISC
and iISC, whereby the chattering effect (circled) of the
ISC is clearly eliminated using filter described in Eq. (21).
The improvement of the iISC can be further visualized in
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Fig.8b, where the maximum tip deflection of the FLM was
suppressed by about 34% from 0.763 deg of the ISC to
0.506 deg. Thus, the iISC was utilized for the hybrid analysis
of the FLC and the SMC.

Furthermore, the response of the FLC, SMC, iISC+FLC,
and the iISC+SMC is analyzed.As shown in Fig.9a, the effect
of adding the ISC can be seen to slow down the rise time for
the FLC.However, both the iISC+FLC and the FLC reached
the settling time as specified. Interestingly, the r.m.s of the tip
deflection of FLC was significantly suppressed by about 64%
after adding the iISC from 0.9244 to 0.3281deg, as shown
in Fig.9b.0n the other hand, Fig.9c shows the response of
the SMC and the iISC+SMC.However, adding the ISC did
not show much reduced rise time because as the SMC is
model dependent, the ISC affected its response.Thus, to have
reasonable comparison with other controllers, the SMC was
re-tune with different parameters.Still, after achieving the
desired settling time for good position tracking, the r.m.s
of the SMC was greatly suppressed from 1.6536 deg to
0.2445 deg, representing 85% of tip deflection reduction as
shown in Fig.9d.

B. SENSITIVITY ANALYSIS TO SYSTEM PARAMETER
VARIATIONS

The discussion in the previous section showed that the
iISC, FLC and SMC algorithms improve the automation of
the control performance of the FLM system.Nevertheless,
the analysis was performed using the exact values of the
parameters.To study the sensitivity of the controllers to
changes of system’s parameters, the impact of the key
parameters, namely the link’s stiffness, mass and length,
were studied.In each case, the value of the parameters
were increased by 25% and then decreased by the same
amount.The comparison is made in relation to the design
parameters (exact). The higher the deviation of the response
from the exact response the higher the sensitivity of the
controller to parameter variations.This will allow to study the
sensitivity of the controllers to modelling errors.The optimal
control will be less sensitive to those changes.

1) INFLUENCE OF VARYING LINK MASS (my)

The automation of the FLM can be affected by changes
in the link’s mass. Therefore, it is important to evaluate
the robustness of the controllers to such variations. The
impact of varying the link’s mass is illustrated in Fig. 10.
The system retained good tracking of the desired position
whereby the system settled effectively without any overshoot
for the iISC+FLC (Fig. 10a), whereas the settling time for
the iISC4+SMC were affected slightly with an under-shoot of
0.8% (29.77 deg) as shown in Fig. 10b.

Similarly, the maximum velocity of iISC+SMC was
within the range 80+1.7deg/s as compared to the iISC+FLC
with 94+1.6 deg/s, as shown in Fig. 10(c-d). The response
pattern remains largely the same for the mass changes in
relation to the tip deflection of the FLM, with maximum tip
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deflection of 1.6£0.23 deg, and1.040.16deg, respectively for
the iISC+FLC, and iISC+SMC, as shown in Fig. 10(e-f).

2) INFLUENCE OF VARYING LINK LENGTH (L))

The automation and control of the FLM are significantly
affected by the length of the link.Thus, it is crucial to evaluate
how this parameter impacts the controllers’ performance.This
study examined the effects of altering the length of the
FLM’s link on the performance of the position tracking,
velocity, and tip deflection control, respectively.Figure 11
shows the responses of length variation for the iISC+FLC,
and iISC+SMC.The controllers maintained good position
tracking with both reaching the settling time of 1 sec-
ond.However, zooming-in for the iISC+SMC shows that
the SMC’s performance can be affected as compared to
that of the iISC+FLC.Although very small, it can be
observed that increasing the length resulted in an increased
in system velocity, and tip deflection, respectively for the
two hybrid controllers.The maximum velocity was within
94+£0.5deg/s, and 79+0.6deg/s for the iISC+FLC and
iISC+SMC, respectively, as shown in Fig.11(c-d). Also,
the maximum tip deflection was not much affected by the
changes of link length as shown in Fig.11(e-f).

3) INFLUENCE OF VARYING LINK STIFFNESS (k)

As the FLM moves, its deflection depends on the flexibility
of the link.The flexibility is in turn proportional to the
stiffness of the link. Figure 12 illustrates the impact
of stiffness change on the control system.The system
retained good tracking of the desired position whereby
the system settled effectively without any overshoot for
the iISC+FLC (Fig.12a), whereas the settling time for the
iISC+SMC were affected slightly with an overshoot of 1.9%
(30.19 deg), and undershoot of 4.3% (29.57 deg) as shown
in Fig.12b.Similarly, the maximum velocity of iISC+FLC,
and iISC+SMC for the increased and decreased mass of
the link were within 9440.52deg/s, and 80+2.65deg/s,
respectively.The response pattern of the tip deflection of
the FLM shows that the tip deflection decreases with
the increasing stiffness with the maximum deflection of
1.6£0.4deg, and 1.0+0.31 deg for the iISC+FLC, and
iISC+SMC, respectively, as shown in Fig.12(e-f).

C. DISCUSSION

In the previous sections, three different controllers were
analyzed for the possible application of precise automation
of the rotary FLM.The effect of model error was analyzed
by deliberately changing the parameters of the FLM.The
summary of the analysis for the five performance criteria,
namely, maximum velocity of the link, maximum tip
deflection, r.m.s of the deflection, percentage overshoot, and
settling time of the link were considered.

1) TIME RESPONSE SPECIFICATIONS
To analyze the performance of the control system, the time
response performance indicators namely, rise time (T;),
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TABLE 4. Time response specifications for ilSC+FLC, and ilSC+SMC.

Parameter Cases Rise Time, T, s] Percentage Overshoot, OS [%] Settling Time, T;[s] Max. Settling (deg]
iISC+FLC iISC+SMC iISC+FLC iISC+SMC iISC+FLC iISC+SMC iISC+FLC iISC+SMC

+25% 0.5195 0.5800 0.0000 0.7084 0.8964 0.9654 30.0010 30.1925

Stiffness k)  Exact 05197 0.5711 0.0000 0.0218 0.8962 09675 30.0004 299776
25% 0.5190 0.5570 0.0000 0.0000 0.8988 0.9882 30.0005 299736

Mass ) +25% 0.5020 0.5520 0.0738 0.1775 0.8622 09231 30.0226 30.0191
Exact 0.5190 0.5706 0.0000 0.0224 0.8954 0.9667 30.0004 299779

25% 0.5351 0.5925 0.0000 0.1693 09261 1.0038 30.0003 30.0383

+25% 05135 0.5659 0.0100 00188 0.8877 0.9560 30.0034 299742

Length(L, Exact 0.5181 0.5709 0.0000 0.0214 0.8955 0.9665 30.0004 299776
25% 0.5225 0.5760 0.0000 0.0438 09031 09766 30.0004 299876
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FIGURE 12. Sensitivity to changes of link stiffness: (a) Position tracking of iISC+FLC; (b) Position tracking of
iISC+SMC; (c) Link velocity for ilISC+FLC; (d) Link velocity for iISC+SMC; (e) Tip deflection for iISC+FLC; (f) Tip

deflection for iISC+SMC.

percentage overshoot (OS), and settling time (Ts) of the
link were considered. These parameters provide adequate
performance comparison of the controllers. Table 4 shows
the time response specification for the three control cases.
Here, the default settling time within 2% of the final value
is considered. For the T, which shows how quick the control
respond to the input signal, the average is 0.52 s and 0.56 s for
the iISC+FLC, and iISC+SMC, respectively. For the OS, the
controllers demonstrated good tracking with virtually zero
overshot for the iISC4+FCL, and significantly small OS of
less 1% for the iISC+SMC. In addition, the final settlement
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of the system was reached at approximately 0.9 s and 1 s
for the iISC+FLC, and iISC+SMC which reaffirms that the
iISC+FLC settled faster. The graphical representation of the
Ty for the three cases were further analyzed in Fig.13. It
demonstrated the effect of changing the robot parameters to
the settling time.

2) SENSITIVITY ANALYSIS

It is worth noting that although the iISC suppressed the
oscillation very well, it does not provide position control
in a standalone configuration.Therefore, it was hybridized
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with the two controller to assess their performance for both

the position and the deflection control.As shown in Table 5,
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the iI[SC+FLC had faster response which leads to a bit
higher angular oscillation as compared to the iISC+SMC.To
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TABLE 5. Sensitivity analysis for iISC+FLC, and ilSC+SMC.

b)

Parameter Cases Max. velocity (mvs] Max. tip deflection (deg] RMS (deg)
iISC+FLC iISC+SMC iISC+FLC iISC+SMC iISC+FLC iISC+SMC
+25% 943056 785504 13828 0.8218 0.2545 0.1859
Stiffness k)  Exact 93.7807 79.6681 1.6558 0.9987 0.3339 0.2445
-25% 934623 823211 2.0645 1.3120 04767 0.3534
+25% 949570 81.3265 1.8154 1.1643 04321 03175
Mass (m)) Exact 938414 799063 1.6593 09950 0.3404 0.2476
25% 92.1828 782689 14207 0.8510 0.2469 0.1795
+25% 943621 80.2307 1.7063 1.0353 0.3410 02581
LengthL) Exact 94.0024 797934 1.6607 0.9907 03187 0.2406
25% 93.5598 79.3296 1.6101 09563 0.2965 0.2233

clearly analyze the sensitivity of the controllers, a normalized
analysis of the controllers about the base values (exact) is
conducted.With the unity (1) being the ideal values, deviation
from this value shows how sensitive a specific controller is to
variation of the parameters.Figure 14a-b shows the sensitivity
of the controllers to changes of stiffness.For the normalized
maximum velocity, the iISC maintain a constant velocity
while the iISC+FLC deviate by 0.0056 as compared to the
iISC+SMC with 0.033, as shown in Fig.14a.In all cases, the
sensitivity of the maximum velocities of the controllers is not
much affected.

Similarly, the deviation of the normalized r.m.s (Fig.14b)
shows that increasing the flexibility (decreasing stiffness)
affects the tip deflection by about 0.427, and 0.446, for the
iISC+FLC, and iISC+SMC, respectively.On the other hand,
increasing or decreasing the link mass (Fig.15a-b) or length
(Fig.16a-b) shows similar pattern, though, changing the link
length has the smallest sensitivity.For all the analyses, the
iISC+FLC shows better sensitivity response as compared to
iISC+SMC.

V. CONCLUSION
The ever-increasing demand of improved productivity in
the manufacturing sector encourage the research and
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development of robotic flexible manipulators that are gen-
erally cost-effective, and possessed high degree of maneu-
verability as compared to the rigid manipulators. The main
objective of this study is to achieve precise automation of
a rotary FLM in terms of link position tracking, and tip
deflection suppression, which are often challenging for the
FLM. The paper presents the possible hybridization of iISC
with a single state feedback FLC, and SMC. The results
of the control under different scenarios were obtained and
analyzed. The summary of the whole paper can be drawn as
follows:

(1) An improved input shaper (iISC) which reduces the
excessive delay and chattering of the traditional ISC was
designed. Apart from increasing the response time of the
ISC, the iISC also improved the tip deflection suppression
by at least 34%. Though proved to be an effective tip
deflection suppression technique, the iISC cannot provide
position tracking.

(2) The iISC was hybridized with the non-model based
FLC (iISC+FLC), and a model-based SMC (iISC+SMC) for
both position, and deflection suppression. Only the feedback
of one state (position) was utilized for the closed-loop
schemes. By analyzing the maximum velocity of the FLM,
the constant velocity of the iISC (53 deg/s) was improved by
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about 77% (94 deg/s) and 51% (80 deg/s) for the ilSC+FLC,
and i[SC+SMC, respectively.

(3) By using the r.m.s as the performance index for the tip
deflection analysis, the oscillation suppression of the FLC
(0.92 deg), and SMC (1.65 deg) was improved by about
64% (0.33 deg) and 85% (0.24 deg) for the iISC+FLC, and
iISC+SMC, respectively. Nonetheless, there was little delay
penalty for adding the iISC to the hybrid system.

(4) The sensitivity analysis to variations in system
parameters was conducted. The results demonstrated that the
controllers are more sensitive to changes of link stiffness
while more robust to changes of link length. The normalized
r.m.s analysis shows that in addition to using only one single
state feedback, the iISCH+FLC has better performance as
compared to the ilISC+SMC. The future work will focus the
real-time experimental validation of the dynamic analysis on
the physical system.
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