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This paper presents a state variable feedback (SVF) control with proportional gain to control a one-link flexible
manipulator incorporating payload. The dynamic model of a one-link flexible manipulator is developed through a
finite element method. The system is uncertain due to the variation of payloads and numbers of elements. There is
a challenge in designing a controller for each number of elements. To obtain the effectiveness of the controllers, a
combination of SVF control-based LQR controls with proportional gain is developed for a flexible link manipulator
with payload variations. An assessment is conducted to examine the input tracking controller capability of the hub
angular position, deflection, hub velocity and end-point residual of the one-link flexible manipulator. The responses
of the system are shown in domains of time and frequency, while the SVF control with proportional gain schemes
is also discussed. This study finds that the payload effects on the response incorporating payload with SVF control
and proportional gain schemes can provide input tracking performance with zero steady state error.

1. INTRODUCTION

The study of model and control issues of one-link flexible
robot manipulator has been done by previous researchers due
to its advantages compared to the rigid ones. In general, a
flexible link manipulator consumes less power, requires less
material, iS more maneuverable and transportable, lighter in
weight, requires smaller actuators, and has a greater payload to
the ratio of the robot’s weight.! Various applications of flexible
link manipulator are aimed to maintain space robotics. For
instance, nuclear plants are set to utilize industrial robots for
simple pick-and-place operations.?

Thus, the effort to develop control techniques for a one-link
flexible manipulator to obtain and maintain an accurate posi-
tion is a very challenging one.? By nature, it is a significantly
more complex dynamic system. As many problems arise and
lead to the need for precise positions and a flexibility system
that will generate vibration, the difficulties lie in determining
the accurate model.*>

In addition, the issue of complexity emerges when a one-
link flexible manipulator hauls the payload. In practice, the
robot is produced to perform simple or comprehensive tasks.
Previous studies have explained important influences of vari-
ous payloads on the dynamic behaviour of a one-link flexible
manipulator.®

The main purpose of the one-link flexible manipulator mod-

elling is to obtain accurate models. Several methods to process
numerical analysis which can be used include the finite ele-
ment method (FEM) and the assumed method (AMM). The
dynamic characteristics of a one-link flexible manipulator that
combines payload, attenuation and inertia hub have been as-
sessed with both methods.” Yong and Hai studied the poly-
nomial expansion and integral technique to develop the fourth-
order graded beams.® Using the FEM, Martins et al. performed
an investigation to acquire a good system representation.* In
addition, Khairudin et al. developed the model through Euler
Lagrange and AMM to combine various load profiles.® Specif-
ically, the use of the FEM is to model the flexible link manip-
ulator in the dynamic system and motion modelling as a com-
bination of the elastic deformation and the rigid displacement
for each link.'?

Recently, there has been a great interest in the field of con-
trol strategies developments to be used on the current one-link
flexible manipulator. The control difficulty of a one-link flex-
ible manipulator is compounded by an obviousness in which
the inputs of control, such as unpredictable disturbances, raise
a resilient vibration for the structure of the manipulator. On
the other hand, the difficulty of the modelling increases dras-
tically compared to the same process in the rigid manipulator
case. Dogan and Istefanopulos used the FEM to illustrate the
deflection in a flexible manipulator robot,!! while Schindele
and Aschemann used a Linear Quadratic Regulator (LQR) to
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Figure 1. Schematic diagram of flexible link.

control the flexible link with an internal angle transducer for
horizontal positioning.!> In addition, Khairudin et al. used a
LQR developed with LMI to gain a robust control on flexible
manipulator with payload variation.'3 Alandoli et al. reduced
vibration on one-link flexible manipulator using a LQR con-
troller by making comparisons with PID control.'*

Furthermore, on the subject of controlling the position of
one-link flexible manipulator, Rana and Deepika developed a
LQR which was compared to a state variable feedback (SVF)
controller using a pole placement approach for obtaining a bet-
ter performance.”> To optimize the LQR, Razmjooy et al.
modified the regulator term weighting of the LQR using the
technique of gray wolf optimizer.'® On the other hand, Deng et
al. proposed a control strategy with an optimal combined input
shaper and LQR to ensure the vibration suppression of the flex-
ible manipulator.!” Tahir et al. combined the LQR with three
command shapers to control position and suppress a residual
vibration of a one-link flexible manipulator.'® Another de-
sign used output-based input shaping incorporated with a LQR

to achieve an optimal control of one-link flexible manipula-
19,20
tor."”

In regard to previous studies, there have not been many stud-
ies which focus on the techniques to control vibration suppres-
sion and input tracking on a one-link flexible manipulator in-
corporating payload in the tip position area. For this reason,
this study presents the technique to control one-link flexible
manipulator with various payloads using state variable feed-
back (SVF). This paper provides a practical design for a SVF
control with the proportional action of a one-link flexible ma-
nipulator integrating payload. This paper also reveals one-link
flexible manipulator modelling with various numbers of ele-
ments using the FEM method. The various numbers of el-
ements on the model of a flexible manipulator are challeng-
ing because as they increase, the number of the order on the
flexible manipulator system will increase as well, and hence a
different proportional gain is required. However, most of in-
vestigations on the SVF control are limited with one dynamic
model system only.

The comparison of system responses with various payloads

becomes a challenge as it has not been addressed by previous
studies focusing on the SVF control. The system responses are

Table 1. Parameters of the one-link flexible manipulator.

Symbol Parameter Value Unit
E Young modulus 7.11 x 1010 Nm?
p Mass density 2710 kgm™!
M, Mass of link 0.08 kg

Mp Payload mass max 0.2 kg
1 Moment of inertia 5.25 x 1011 m*
Jp Payload inertia max 0.05 x 10~3 kgm?
I Beam inertia 0.04 kgm?
l Length 0.9 m

Width 19.01 x 103 m
Thickness 3.20 x 1073 m

delivered in the domains of time and frequency. The develop-
ment of a control system with SVF and proportional action for
one-link flexible manipulator with various payloads attached
to the tip position of link has not been investigated by previous
studies. In addition, this study presents the modelling using the
FEM with several variations of the numbers of elements. The
changing of variations in the number of elements for a one-
link flexible manipulator affects the number in the state matrix
of one-link flexible manipulator, thereby changing the size of
controller gain.

This paper begins with an analysis on one-link flexible ma-
nipulator, followed by modelling using FEM, and the tech-
nique of a SVF control system development with proportional
action. The next section details the results of the input tracking
and vibration suppression in the hub angle, deflection, angular
velocity and end-point residual. The responses are presented
in the domains of time and frequency. The final results show
that a SVF control with proportional action can provide input
tracking and vibration suppression on various payloads.

2. THE ONE-LINK FLEXIBLE MANIPULATOR

Several boundaries in the acquiring process of dynamic
equations of one-link flexible manipulator using FEM are
briefly discussed in this section. The structure of one link flex-
ible manipulator system can be seen in Fig. 1.

I, FE, A were area moments of inertia, Young modulus and
cross-sectional area, respectively. Furthermore p and I;, were
mas density and hub inertia, respectively. The one-link flexible
manipulator in this study was designed with specifications as
shown in Table 1.

In addition, 6(¢) and y(x,t) were the angular displacement
and total displacement, respectively. The point on the manipu-
lator with an x distance from the hub is obtained as a function
of both elastic deflection f(x,t) and rigid body motion 6(t)
calculated from the line OX as

y(a,t) = f(x,1) + 20(1). (1)

Employing the standard FE method to accomplish dynamic
problems directs to the familiar formula

f(xvt) = Na(x)Qa(t); 2

where @, (t) and N,(x) presented the nodal displacement
and shape function respectively. Approximating to partition-
ing into n elements for a link of manipulator was the be-
ginning step in the FEM. As an effect of using the Euler-
Bernouli proposition, the FEM prosecuted each node to hold
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Figure 2. Block diagram of SVF control based LQR.
a transverse deflection and rotation. Furthermore, for a _ O I, _ Ozt
. ) where A = i Tipl B o= 21
length of element [, the shape function was achieved as -M—K -M~—'D M
Nu(z) = [61(2) ¢2(2) d5(z) da(x)] and element n for ¢ = [0, I,], D = [Ogmerl,andu = [+ 0 ... 0] .

the nodal displacement vector can be expressed as Q,(t) =
[fn—l(t) Gn—l(t) fn(t) Hn(t)}; where fn(t); fn—l(t) and
0,,(t); 6,1 () were the elastic deflections of the elements and
the corresponding rotations, respectively. The f(x,t) from
Equation can be substituted into Eq. (1), it can be described
as

y(a,t) = N(2)Q(1); 3)
where N(z) = [z Ny(x)] and Q(t) = [0(t) Qu(t)]*. The
Qu(t) and N (z), referred to the new nodal displacement vec-
tor and shape function respectively in Eq. (3) incorporate local
and global variables. Between these, N, (x) and Q,(t) were
local variables whereas the angle 0(¢) and the distance x were
global variables. Defining /; and k = = — Z;:ll l; were the
length of the i-th element and a local variable of the n-th el-
ement respectively, while the kinetic energy of an element n
was obtained as taken from Martins et al.*

l
Ej = %QE [/O pS(N'N) dk} Q- @)

Furthermore, the potential energy of the element was ex-
pressed as

l
o =500 | [ Pr@TR @ Qi

where & = C(l;];] . Defining K,, and M,, as

1
K, = / EI (<I>T<I>) dk = element stiffness matrix;  (6)
0

l
M, = / pS(NTN) dk = element mass matrix; @)
0

the motion of one-link flexible was obtained with the desired
dynamic equations as

MQ(t) + DQ(t) + KQ(t) = F(t). (8)

A state space model to construct the dynamic model of un-
controlled system was achieved as

T = Ax + Bu;
y = Cx + Du; )

Oms I, and 0,1 were m X m null matrix, m X m identity
matrix, and m X 1 null vector, respectively.

3. STATE VARIABLE CONTROL BASED LQR
CONTROL

LQR is a modern control technique to analyse such as the
state-space system. The idea proposed is that proceeding the
planner’s iteration on pole locations can be applied in a full
state-feedback for the elements iterations as a cost function
J. Minimising J with this technique determines the feedback
gain matrix in the interest of reaching several compromises be-
tween the magnitude, the use of control technique, and the re-
sponse speed which will ensure a stable system. It is a rela-
tively simple work to use state-space method with an output
system. Through state feedback, the system can be stabilized.
Figure 2 reveals a schematic diagram of SVF control based
LQR for the position control of a one-link flexible manipulator
where the desired input was the desired hub angular position
and 6(t) was the actual hub angular position for one-link flex-
ible manipulator.

For the given system, © = Ax + Bu, assign the matrix K of
the LQR vector u(t) = —Kx(t). Accordingly, in the interest
of minimizing the performance index, it was constructed in
Eq. (10) as

J= / TS0 + IO Ru() dl; (10)
0

where R = RT > 0and Q = Q7 > 0. The quadratic cost
function and the linear dynamic system referred to a linear
quadratic term. The matrices R and () represented the con-
trol penalty and the state matrices, respectively. When the @
was given by a small value relative to the R, it resulted in high-
priced control efforts and the state was not converged to zero
immediately.

By substituting u into Eq. (10), the cost function J was ob-
tained as

J—/OOOxT(t)Q:c(t)+(—K:z:(t))TR(—Kx(t))dt; (a1
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Table 2. The variables Q and K for LQR controller.

Number of
elements Q Kror
(n)
] 0= |:13><3 03><3:| Kixe = [4.47,1.83, —0.68,
03x3  03x3 0.59,0.61, —0.10]
I o Kix10 = [4.47,10.99, —0.43,
2 Q= [0 x5 0”5} ~3.50,0.13,0.60, 0.73,
Bx5 Thx5 —0.00,0.26, —0.02]

J = / z'(t) (Q + KT RK) x(t) dt. (12)
0

This research investigated the tracking performance on the
LQR adjusted to a one-link flexible manipulator through ar-
ranging the values of vector K and N which represented the
feedback control rule and the capability of steady state error
(proportional gain), respectively. The one-link flexible ma-
nipulator was presented in the form of a state space model in
Eq. (9) and calculated matrices of M, K, and D. The LQR
gain can be seen as in Table 2.

The capability of steady state error (proportional gain, N)
for the number of elements, R and I were 4.4703, 1 and 20
respectively.

A state variable feedback control with proportional gain
scheme to control vibration suppression and body motion in
the system is presented in this paper. The suggested control
scheme is shown in Fig. 2. Substantially, the function of the
controller is to control the position of one-link flexible manip-
ulator to a specified commanded position.

4. RESULTS AND DISCUSSION

The one-link flexible manipulator model has been obtained
using FEM and executed within the Matlab environment. The
investigation conducted shows the influence of payload on the
response of the system with and without payload. A simula-
tion on the algorithm based on several elements of 1 and 2 is
used to examine the accuracy of the finite element method sim-
ulation algorithm into the behaviour characteristics of the one
link flexible manipulator. The performance of the SVF control
with the response of one-link flexible manipulator is expressed
in the domains of time and frequency. A step input with an am-
plitude of 1.0 is applied as an input at the hub of the one-link
flexible manipulator. The system responses consist of hub an-
gular positions, deflections, hub velocity, and end-point resid-
ual. The system responses are also evaluated in the frequency
domain. This paper analyses the effects of payload variations
on the system behaviour. In this analysis, zero payload and
payloads of 0.1 kg, 0.2 kg, and 0.3 kg, are examined.

This study is conducted in the Matlab and Simulink envi-
ronment on Intel Pentium 1.70 GHz and 2.00 GB RAM. The
system responses are monitored for a duration of 3 s, and the
results are recorded with sampling times of 10 ms. The an-
gular position, deflection, hub velocity and end-point resid-
ual responses are evaluated and the corresponding responses
in the frequency domain are obtained. Settling time and over-
shoot percentages of the response are evaluated to assess the
time response of the angular position, while the evaluation of
resonance frequency of performance responses determines the

frequency response. Finally, the results of the system per-
formance with zero load and loads of 0.1, 0.2, and 0.3 kg
are compared to inspect the accuracy of the developed control
schemes.

4.1. The System without Payload

Figure 3 presents the hub angular response of the system
with the SVF control based LQR on one-link flexible manip-
ulator with modelling using the FEM one element and with a
proportional gain of N = 1 and a tip end without a payload.
The response specification is presented in Table 3. With a pro-
portional gain of N = 1, this technique can not comply with
the expected angular position of 1 rad. The output still has
a big steady state error. To improve the output, the proposed
controller is designed to increase a proportional gain of N with
Eq. (13)

~ input _ 1 _
output  0.2237

4.4703.

= (13)
In other words, the system with SVF control with propor-
tional gain of N = 1 shows that the output system can not ob-
tain input tracking, and thus, it is necessary to increase the pro-
portional gain of N. Figure 3 presents a hub angular response
of the system with the SVF control-based LQR on one-link
flexible manipulator with a proportional gain of N = 4.4703.

The performance of responses specification of the SVF con-
trol with an initial proportional gain of 1 involving the over-
shoot percentages, settling time and steady state error are 6.62,
0.84 s, and 77.63% respectively. While the improved propor-
tional gain of 4.4703 shows 6.62, 0.85 s, and 0% respectively.
It is concluded that the system using the SVF control with
an improved proportional gain exhibits more accurate results
compared to the initial gain. Moreover, the results also indi-
cate smoother responses with a very small steady state error.
Nevertheless, it must be noted that both numbers of elements
have similar effects on the overshoot and settling time.

Figure 4 presents the hub angular, deflection, hub velocity,
end-point deflection, and the spectral density of those aspects
in the one-link flexible manipulator developed by number of
element 1 with an improved proportional gain without a pay-
load. The maximum magnitudes of deflection and end-point
residual responses of the one-link flexible manipulator with the
SVF control and improved proportional gain are 0.42 mm and
37.55, respectively. Furthermore, the hub velocity response is
14.55 rad/s.

The hub angular, deflection, hub velocity, end-point deflec-
tion, as well as the spectral density of those aspects in the flex-
ible one-link manipulator developed by number of element 2
using a SVF control with an improved proportional gain with-
out payload are examined, as well. The maximum magnitudes
of deflection and end-point residual responses of the one-link
flexible manipulator with SVF control and improved propor-
tional gain are 0.40 mm and 25.99, respectively, while the hub
velocity response is 27.97 rad/s.

The maximum deflection responses, hub velocity and end-
point residuals in one-link flexible manipulator without pay-
load using number of element 1 are 0.42 mm, 14.55 rad/s, and
37.55 mm, respectively; while those using number of element
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Figure 3. Hub angular with N = 1 and N = 4.4703.

Table 3. Relation between number of element and resonance frequency of
flexible manipulator using SVF with improved N and without payload.

Freg. Numberof |1 4o 1 | Mode2 | Mode 3
domain of elements
1 1390 | 9032 | 187.6
Hub angle 2 5.82 34.9 75.62
Defloction 1 2084 | 9032 | 1876
2 5.82 7562 | 98.89
Hub velocit 1 2084 | 9032 | 1876
y 2 5.82 34.9 75.62
. 1 2779 | 8338 | 1876
End point residual 2 582 | 3684 | 7562

2 are 0.40 mm, 27.97 rad/s, and 25.99 mm, respectively. It is
noted the deflection response on number of element 1 is higher
compared to number of element 2. Similarly, the end-point
residual also generates a higher response on the number of el-
ement 1 compared to the number of element 2. It is found
that the increase of the number of elements will accelerate the
movement.

Table 3 presents the relationship of the number of elements
and the resonance frequency of a flexible manipulator using
a SVF control with improved proportional gain N without a
payload. The frequency responses of the hub angle, deflec-
tion, hub velocity and end-point residual with a SVF control
and improved proportional gain are obtained. In this study, the
second mode of vibration is reflected on the dominant mode
characterizing the deflection of dynamic system. The level of
hub angle, deflection, hub velocity and end-point residual with
a SVF control and improved proportional gain are 90.32 dB,
90.32 dB, 90.32 dB, and 83.38, respectively, for number of el-
ement 1. Meanwhile for the number of element 2, the level of
hub angle, deflection, hub velocity and end-point residual with
a SVF control and improved proportional gain are 34.9 dB,
75.62 dB, 34.9 dB, and 36.84, respectively. The increasing
number of elements results in more accurate values of the sys-
tem resonance frequency. Increased mass, damping, stiffness,
and state-space matrices are shown to be the main causes. Ta-
ble 3 presents the relation between the number of elements and
resonance frequency of the system inter-related with payload
using SVF control and improved proportional gain.

4.2. The System with Payload

In order to assess the change on the dynamic characteristics
of the system resulted from payloads using SVF, a flexible one-
link manipulator which integrates various payloads is investi-
gated. Figure 5 shows the performance of a flexible one-link
manipulator developed by a number of elements 1, involves
a hub angular, deflection, hub velocity and end-point residual
with a payload of 0.1 kg. The results indicate that a SVF con-
trol with improved gain can maintain the input tracking process
for various payloads.

The performance of a flexible one-link manipulator devel-
oped by a number of elements. One and two use a SVF con-
trol with an improved proportional gain reveals the effects of
payload inserted at the tip position of the link to the system
responses.

Table 4 presents the settling times and overshoot of the an-
gular position response with payloads of 0.1 kg, 0.2 kg, and
0.3 kg. It is discovered that by increasing various payloads,
the system reveals higher settling times and overshoots.

Accordingly, the results are verified. Despite varied loads,
a uniform system performance is accomplished between the
one-link flexible manipulator incorporating payload conditions
and the system with SVF control and improved proportional
gain. It is noted that, by extensive efforts in developing SVF
control with improved proportional gain, similar results can
be achieved. However, the process is arduous and should be
carried out for every condition of various payloads.

Table 4 depicts the performance of the transient responses
of a one-link flexible manipulator incorporating payload and
various numbers of elements through a SVF control and an
improved proportional gain. It is noted that the more payload
on the tip position of one-link flexible manipulator, the bigger
the settling time and overshoot will be. On the other hand,
it is noted that in the system with payload, greater number of
constituent elements in the FEM modelling results in smaller
or faster settling time and overshoot. In other words, bigger
constituent elements allow the one-link flexible manipulator
system to be smoother.

Despite varying payloads, a SFV control with proportional
gain can reach the expected angular position of 1.00 rad. This
is in line with the case without payload, as one-link flexible
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Figure 4. Simulated response of one-link flexible manipulator without payload; Number of elements = 1.
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Figure 5. Simulated response of flexible one-link manipulator with payload of 0.1 kg; Number of elements = 1.
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Table 4. Relation between payload, number of elements and transient re-
sponses of flexible manipulator with SVF control and improved proportional
gain.

Load Settling time (s) Overshoot (%)
(kg) n=1|n=2|n=1| n=2
0 0.85 0.67 6.62 6.50

0.1 1.30 1.17 7.10 6.90
0.2 1.58 1.49 7.20 7.00
0.3 1.81 1.77 7.30 7.10

Table 5. Relation between payload, number of elements, deflection, hub ve-
locity and end-point residual responses of flexible manipulator with SVF con-
trol and improved proportional gain.

Deflection Hub velocity End point residual
Load
(ke) (mm) (rad/s) (mm)
& n=1|n=2|n=1|n=2 n=1 n =2
0 0.42 0.40 14.55 27.97 37.55 25.99
0.1 0.49 0.46 15.22 23.57 24.40 23.27
0.2 0.51 0.48 14.55 21.98 22.78 21.60
0.3 0.52 0.49 13.80 20.94 22.04 20.65

manipulator with a higher number of elements using a SFV
control and proportional gain improves transient responses
(settling time and overshoot) compared to that with a lower
number of elements.

Figure 5 also shows the hub-angular, deflection, hub ve-
locity, end-point deflection, and the spectral density of those
aspects in the one-link flexible manipulator developed by the
number of element 1 using a SVF control with an improved
proportional gain with payload of 0.1 kg. The maximum mag-
nitudes of deflection, hub velocity and end-point residual re-
sponses of one-link flexible manipulator with a SVF control
and improved proportional gain are presented in Table 5.

The deflection responses of flexible one-link manipulator in-
corporating payloads of 0.1 kg, 0.2 kg, and 0.3 kg using a SVF
control with improved proportional gain are also examined.
Similar to the case without payload, the analysis on a SVF con-
trol with improved proportional gain shows that for both cases,
it is noted that the greater number of elements of one-link flex-
ible manipulators, the smaller the deflection magnitudes will
be. Another thing to note is that the increasing number of pay-
loads will impact the increase of maximum deflection. Similar
to the case without payload, the one-link flexible manipulator
with a higher number of elements with a SFV control and pro-
portional gain has resulted in smaller deflections compared to
that with lower number of elements.

Furthermore, it is found that the larger number of elements
and the increase in payload will increase the value of the ve-
locity hub. Similar to the case without payload, the one-link
flexible manipulator with a higher number of elements using a
SFV control with proportional gain has resulted in a faster hub
velocity compared to that with lower number of elements.

Meanwhile, the increasing number of elements in a flexible
one-link manipulator with a SVF control and improved pro-
portional gain will decrease the end-point residual. Similar
to the case without payload, the one-link flexible manipulator
with a higher number of elements through a SFV control with
proportional gain has resulted in a smaller end-point residual
compared to that with lower number of elements.

Table 6 summarizes the relation between the number of el-
ements and the resonance frequency of a flexible manipulator

Table 6. Relation between payload, number of element 1, and resonance fre-
quency of flexible manipulator with SVF control and improved proportional
gain.

Freq. domain of Load (kg) | Mode1 | Mode2 | Mode 3
0 13.90 90.32 187.6

Hub angle 0.1 20.01 90.05 180.01
0.2 21.75 76.13 1523

0.3 22.74 74.59 147.8

0 20.84 90.32 187.6
Deflection 0.1 20.01 80.04 190.1
0.2 21.75 87 184.9

0.3 22.74 68.22 147.8

0 20.84 90.32 187.6
Hub velocity 0.1 20.01 90.05 150.1
0.2 21.75 87 184.9

0.3 22.74 79.59 147.8

0 27.719 83.38 187.6
. . 0.1 20.01 80.04 160.1

End point residual 02 2175 | 7613 | 1523
0.3 22.74 68.22 125.1

using a SVF control and an improved proportional gain N with
varying payloads. The frequency responses of the hub angular,
deflection, hub velocity and end-point residual are obtained.
Similarly, in this work, the second mode of vibration is con-
sidered as the dominant mode for dynamic characterization of
deflection. The level of hub angular, deflection, hub velocity
and end-point residual with a SVF control and an improved
proportional gain with a number of element 1 have been ex-
amined. Increasing the payload will result in a lower system
resonance frequency for all system responses, including hub
angular, deflection, hub velocity and end-point residual.

5. CONCLUSIONS

This study presents the performance comparison for the FE
system model, as well as the development of a flexible one-link
manipulator with SVF control-based LQR approach with im-
proved proportional gain. Through practical technical steps, a
SVF control with improved proportional gain approach is used
to obtain input tracking of the one-link flexible manipulator
under various payload conditions. The performance of a SVF
control with an improved proportional gain has been assessed
in its relation to input tracking capabilities, deflections, hub
velocity, and end-point residual in both numbers of elements
for the one-link flexible manipulator. The system performance
is presented in the domains of time and frequency. Through
SVF control and improved proportional gain, all desired per-
formances for each loading condition can be achieved.
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