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Abstract - In this paper, a classical PID controller has been The said problem can be considered as the
developed for a six-link, six-joint flexible robotic  development of a multi arm manipulation control for a
manipulator model. The flexibility has been given to the  gjingle link flexible manipulator. Ata et al. [1] modeled a
joint of the system model consiructed in sm-mechanics g |ink flexible manipulator using Bernoulli-Euler

environment.  In the first stage, the smmechanics theory. A dynamic modeling technique has been

simulation results have been presented to ensure greater . . . .
acceptability of the flexible model over the rigid joint-link addressed by Subudhi and Morris [2] for multiple flexible

manipulator. Finally, with the help of SISO design toolbox,a  link-joint systems using Euler-Lagrange formulation.
classical PID controller has been incorporated. Gains of the Swern & Tricamo [3] developed a control algorithm that
PID controller have been tuned using three methods and eliminates the constraint forces supplying a position
compared. Results corresponding to the optimized gains correction to each arm. A control model has also been
have been presented and discussed. proposed by Khemaissia [4] to generate goal directed
multi joint-arm movement using hybrid neuro-genetic
Keywords- ~ Serial ~ Manipulator;  Flexible  Joints;  gjgorithm. Colbaugh et al [5] introduced a strategy aims
Simmechanics; PID control; SISO design toolbox. at adaptively generating the position set points for the
standard robot controllers, without requiring knowledge
. . . . INTRODUCTION .. .of both manipulator and payload model parameters and
Flexible link manipulators are preferred over the rigid dynamics. Some more researchers also have studied the

manipulators due to its high pay-load carrying Capab'I'ty(?eynamic formulation of flexible manipulators using either

and precise h'.gh speeq operation. Research on tIP'I_agramgian formulation [6-9] or Euler formulations [10].
dynamic analysis of flexible manipulators has rece'vedHowever going through the literature it has been

muc_:h. attention in the I?lSt couple of decades..Mechanlcadbserved that validation of the analytic models for the
flexibilities on the manipulator can be added in both theflexible manipulators is difficult and often becomes

links and joints. Link flexibility reduces the weight of the impossible. Moreover, control of such manipulators is a

manipulator arms that are designed to operate at hig omplex problem. Quite a few researchers have tried to
speed with low inertia. Joint flexibility arises because Ofcontrol flexible manipulators using different control
the elastic behavior of the joint transmission e!ementsalgorithms such as Proportional Derivative Control Law
such as gears and shafts. Thus, flexible manlpulatorﬁl] Robust Control Law [12], Neuro-Fuzzy-based

undergo two types of motion, ie. rigid and flexible control law [13] etc. However, there are some inherent

motlo_n. Becausg of the _|nteract|on .Of these. motions, th?)roblems existing with those control laws. Therefore, in
resulting dynamic equations of flexible manipulators are

X . the present work an attempt has been made to model a six
highly complex and, in turn, the control task become P P

. - Sink  flexible manipulator with joint flexibility in
more challengmg compared to that for rigid _robots. Th?simmechanics environment and control issues have been
comparison results between the developed sim-mechani

model using joint flexibilities and that of rigid joint-link ‘Explored. Here, the model includes six links connected

serially with six revolute joints. Where, the first link has

_ma_mpulators h_ave been shown h‘?Fe' which cle_arl een attached to the base and the final link has been used
indicates the higher acceptable stability of the erX|bIe{0r the object manipulation task with some pay-load

one. Therefore, a first step towards designing an efficien Rest of the paper is structured as follows: In

control strategy for these manipulators must be aimed aoction 2. modeling of a 6-DOF flexible manipulator in

developing accurate dynamic models that can characterlzgim Mechanics environment is explained and PID-based

ghe apoverI¢X|]E)|I|t|es falong with ;]h? tr'g'g b(|)dy control of the manipulator has been stated. Results are
ynamics. Main locus of our research 1S to 0evelop &, osenteq and discussed in Section 3. Finally, some

simulink .model using joint erX|p|I|t|es and compare the concluding remarks are made in Section 4.
results with that of rigid link manipulators.
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II. MODELING AND CONTROL OF A 6-DOF Ill. RESULTS AND DISCUSSION

FLEXIBLE MANIPULATOR L . . . .
Main aim of this research is to develop a single link
In the present work an attempt has been made to modelrmaanipulator behaving like a utopian rod. Two models
six link flexible planar manipulator with joint flexibility —have been developed. Firstly one rigid link has been split
in simmechanics environment. The basic structure of thénto six rigid links connected serially through rotary
manipulator system has been shown in Figure 1. joints. In the second model, one each spring and damper

. . . .. has been attached to each joints. Both the models are
Here, the model includes six links serially connected r|g|dSimulated in simulink environment. Table 1 shows the
links. The first link has been attached to the base and thg s

final link has been used for the object manipulation taskf;lm‘:]UIar position and speed of joints 1 and 6 (connected to

with some pav-load. Lenaths of all the links have beer nd effectors) for both the manipulators at different
pay ) gtns or . -~ -~ Instant of time. It has been observed that the movement of
taken as 1 meter each for simplicity. Mass of the first link

has been taken as 1 Kg followed by gradual increase tpe flexible manipulator is smoother than the rigid ones.

mass of 1 Ka each for the successive links. As a resul oreover, flexible one takes less time to settle down.
9 . o herefore, further analysis has been carried out with the
mass of the end link has been considered as 6K

Simmechanics model of the said manipulator is shown iﬁleX'ble manipulator only.

Figure 2. It is to be noted that two joint sensors has been Both flexible and rigid ones are unstable and needs
used for taking position and speed feedback from firsta controller to stabilize. PID controller is one of the
joint and sixth joint, respectively. In the simmechanicsmostly used controller in this aspect and readily available
model, flexibility to the manipulator is incorporated in the Simulink environment. In the present study, the
attaching one spring-damper block to each revolutorycontrolling action has been incorporated to the system
joint. Both damping and stiffness coefficients have beerusing SISO design tool box in MATLAB environment.
taken as 0.5 N-m-s/rad and 0.5 N-m/rad, respectively foClassical PID control technique has been adopted in this
all the joints. Each joint spring-damper acts as ancase. The SISO tool provides the means for automated
actuator, which applies the calculated damped torque t®ID tuning and it automatically generates the
the link body. Moreover, CG positions of the links have compensator value. Table 2 shows the stability margin
also been varied slightly from their geometric centervalues for different controllers tuned using three methods.
positions to explore more complexity in the problem. Tuning using Ziegler Nichols (ZN) method is mostly
A. Control and Sability Analysis of 6-DOF Flexible common and hﬁls been applied hel;e. goéhN freq_uen(r:]y
Manipulator [)esponse as well as step response base tuning has
een applied in the present study. Frequency response
Flexible Manipulators are found to be advantageous ovebased ZN tuner provides larger stability margins
the rigid ones. Dynamic equations of 6-dof rigid compared to the other. Tuning of controller gains using
manipulators are readily available in the text books.Robust Response Time (RRT) method provides the best
However, a derivation of the dynamic equationsstability margin out of all the other methods (refer to
corresponding to flexible manipulators is highly complex Table 2). Compensator with which the best stability
and cumbersome. Therefore, it has been modeled in theargins have been achieved is
simmechanics environment. Thereafter, simulink model— 000461+ 20s) (corresponding to RRT method). Gain
of the flexible manipulator system is converted to state- <
space system model and the system transfer funct_ion hasues corresponding to this compensatog £&-0.092,
been extracted from the state-space system. In this Way = 0, K = -0.0046) are noted for further processing. It

the system transfer function in Laplacian form has beefsimnportant to note that robust response time based tuning

obtained ?ssé , . L method has been made in automatic design mode.
341°s° - 058 + 1089 — 34°S° + 124e's It is also to mention that the negative value of the
— 1008's* — 734°S® — 194e*s? — 227%— 099 compensator (C) gain indicates the use of direct acting

1 606+ 108 + 576°5 + 73S + 9106/ con_troller. It indicates an !ncrease in the_ controlled
variable (measurement) requires an increase in the control
+ 76%°s" + 264e°s’ + 4588 + 39%+ 014 action. Otherwise, the feedback loop should be made
Here, e is equal to 10. The root-locus graph and open loopositive (+ve).
bode plots are presented in Figure 3. It has been observé¥nce the tuning is over, step and impulse response of the
that the system has unstable open-loop bode. Therefore,System is plotted corresponding to the best compensator
is required to stabilize the system. For the purpose ofrefer to Figure 5). It is observed that the system settles
which, a classical PID controller technique has beerflown almost at 200 seconds.

applied. Finally, Kp, Kp and K values are extracted corresponding
On the other hand, it has been observed that thto the best compensator, which are as follows.
performance of PID controller depends on the selection of K=-0.092, Kk = 0, K, = -0.0046

three gains values. The process of selection is veryVith the above mentioned gain values the manipulator
complex and demands a systematic approach. In theiodel is simulated. Figures 6 and 7 show the angular
present study, tuning of PID gains has been made with theosition of the first joint corresponding to two set of gain

help of SISO design toolbox. values as mentioned below.
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Set 1. Kp=10, K, =0, K =1andSet 2: Kp=-0.092,
Kp =0, K =-0.0046

flexible manipulator system considering both joint as well
as link flexibility. More emphasis will be paid on the

It is to be noted that the above PID controller has beedevelopment of a proper mechanism for tuning the PID
incorporated correspondingly to filter coefficient equal tocontroller gains. Authors are working towards those
0.1997. It is seen that the manipulator settles down safeigsues presently.

within 200 seconds with gains given in Set 2. On the other
hand manipulator does not stop its motion with Setl gain
values.

The graphical results shown above clearly indicate the
scopes for using such classical control techniques, lik¢1]
PID control, that can be adopted for stabilizing multi-

DOF flexible system presented here, in spite of higher
system instability. [2]

IV. CONCLUDING REMARKS [3]
In this paper, a comparative analysis has been made
between a six DOF flexible manipulator system with joint
flexibility and its rigid counterpart. Simulation result
clearly shows greater stable performance of the flexible
manipulator system, yet it is unstable system. The transfe;
function obtained from the flexible system, has been used
to plot the root locus and bode diagram graphically, which
indicates that the system is unstable. This initiates th
necessity of proper controlling action to the modele
flexible manipulator system. For the purpose of which, a
classical PID control technigue has been chosernz;
However, performance of PID controller depends on its
three gain values, which needs to be tuned properly. Three
different tuning methods have been applied in the presem]
work. Out of the three PID tuning approaches, RRT
method has given the best performance. It is necessary to
mention that the tuning is done with the help of MATLAB [9]
SISO design toolbox, which automatically updates the
compensator. Step and impulse responses of the system
have been observed with the best compensRést result
has been observed with the gain valkgs= -0.092, Kk =
0, K, = -0.0046. Finally, the PID controlled flexible [11]
manipulator is simulated with the above mentioned gain
values. It has been observed that the performance of the
manipulator is highly stable with the optimized gains.[1Z
Otherwise, it continues its motion for a longer period of
time. [13
The focus of future research work has been
concentrated on dynamic modeling of such multi DOF

994

REFERENCES

A. A. Ata, W. F. Faras, M. Y. Sadeh, Dynamic analysis of two-
link flexible manipulator subject to different sets of conditions,
Journal Procedia Engineering, vol, 4dp. 1253-1260, 2012.

B. Subudhi, A. S. Morris, Dynamic modeling, simulation and
control of a manipulator with flexible links and joints, Robotics
and Autonomous Systems, vol. 41, no. 4, pp. 257-270, 2002.

Frederic L. Swern & Stephen J. Tricamo, An approach to
controlling multi-arm robotic manipulation of a single body, IEEE
Intl. Conf. on Robotics and Automation, vol. 1, pp. 516-521, 1998.

Seddik Khemaissia, A Neurobotics model of a multi-joint arm
movement’s control, IEEE International conference on Industrial
Technology, vol. 3, pp. 1426-1431, 2004.

R. D. Colbaugh & E. Bassi, F. Benzi, M. Trabatti, Enhancing the
trajectory tracking performance capabilities of position controlled
manipulators, IEEE Industry Application Conference, vol. 2, pp.
1170-1177, 2000.

W. Chen, Dynamic modeling of multi-link flexible robotic
manipulators, Computers and Structures, vol.79, pp. 183-
195, 2001.

W. Khalil, M. Gautier, Modeling of mechanical systems with
lumped elasticity, |IEEE International Conference on
Robotics and Automation, vol.4, pp. 3964-3969, 2000.

C. Li and T.S. Sankar, Systematic Methods for Efficient Modeling
and dynamics Computation of Flexible Robot Manipulators, IEEE
Transaction on Systems, Man and Cybernetics, vol. 23, no.1, pp.
77-95, 1993.

A. Konno and M. Uchiyama, Modeling of a Flexible Manipulator
Dynamics Based upon Holzer's Model, IEEE Conf. on Intelligent
Robots and Systems, Vol.1, pp. 223-229, 1996.

] D. Surdilovic, M. Vukobratovic, One method for efficient dynamic

modeling of flexible Manipulators, Mechanism and Machine
theory, vol. 31, no.3, pp. 297-315,1996.

A. De Luca, B. Siciliano, L. Zollo, PD control withn-line gravity
compensation for robots with elastic joints: Theory and
experiments, Automatica, vol.41, pp. 1809-1819, 2005.

R. J. Theodore & A. Ghosal, Robust control of multilink flexible
manipulators, Mechanism and Machine theory, vol. 38, pp. 367-
377, 2003.

] L. Tian, C. Collins, Adaptive neuro-fuzzy control of a flexible

manipulator, Mechatronics, vol.15, pp. 1305-1320, 2005.



- § _ csully cs2
csi¥y cs?
Ground Body 1 CS]& CS2
Rev. Joint 1 Rev. Joint 2 Body 2
Rev. Joint 3 Body 3
Env Machine -
Environment Joint Sensor J Joint Spring & Damper 2
Joint Spring & Damper 3
Joint Spring & Damper 1 . .
Joint Spring & Damper 5
Joint Spring & Damper 6
_|2::|_ Body 4 Rev. Joint 4
Rev. Joint 5 ody

Body 6 Body 5

m(csMgcs1

Rev. Joint 6

csMpcs1

Joint Spring & Damper {4

Position 1
» ]
— >
Position 6 osition of 1st and 6th Joints

- Speed 1
Joint Sensor 2 P> |:|
>
Speed 6 Angular speed of 1st and 6th Joints

Figure 2: The sim-mechanics model of the flexible manipulator system.
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Figure 3: Open loop root locus & bode plot with simple system transfer function.
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Figure 4: Simulink model of a PID controlled flexible manipulator
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Figure 6: Angular position of the first joint vs. simulation time corresponding to Set 1 values.
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Figure 7: Angular position of the first joint vs. simulation time corresponding to Set 2 values.

Table 1: Comparisons among the position and speed of first and last joint of the manipulators.

Time Flexible Manipulator Rigid Manipulator
(sec.)| Position (deg. Speed (deg./$) Position (deg.) Speed (d4g./s)
Joint1| Joint6| Jointd Jointp Jointfl Joinf6 Jointl Joint 6
0 0 0 0 0 0 0 0 0
5 -4.5 37.5 -11 19.5 100 43.9 -90 80|
10 -6 51 -6.4 21 58 137.5 -81d -740
15 -4 66.5 11 37 -90 110 -62 -118
20 0 94 2.3 55 145 90 560 -31(
25 1 114.5 2.6 23 -116 74 -47( -79p
30 2.8 115 4 -8.8 -40 135 135 -500

Table 2: Gain Margin (GM) and Phase Margins (PM) of the system for different controllers.

thod

Controller Type Ziegler Nichols-based PID tuning Robust Response Time Me
Frequency Response-based Step Response-based
GM (dB) PM (deg) | GM (dB) PM (deg GM (dB) PM (deg)
P 6.02 45 3.75 30.5 9.05 60
PI 6.08 23.4 3.07 16.3 35.3 60
PID 4.85 26.4 1.18 36.2 36.7 60
PID with derivative filter 4.17 26.6 0.608 321 36.1 60
7

998





