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Dual-loop Control for Backlash Correction in
Trajectory-tracking of a Planar 3-RRR Manipulator

Abhishek Agarwal, Chaman Nasa, Sandipan Bandyopadhyay

Abstract

The presence of backlash in the gearheads is an inherent problemiipuma
lators using geared motors. This paper looks at a potential solution to ttikepr
via the implementation of dual-loop control strategy, in which feedback is taken
from the motors as well as the end-effector of the manipulator. Usingethe r
dundant sensed information, thetual error in the joint-space is computed and
used to rectify the desired trajectory for the joint-space trajectory-trgaantrol
scheme. Experiments done oB8-&RR planar parallel manipulator show signifi-
cant improvement in the tracking performance due to the introductionaifldop
control scheme.

Keywords. Dual-loop, trajectory tracking, backlash correction, parallel manipu-
lators

1 Introduction

In many typical robotic applications, geared servo motoesused as the actuators.
The gearhead is essential to reduce the speed of the motbe tdesired speed of
the actuated links and generate the required torque. Howamenherent problem
in a gearhead is the friction and the backlash. Due to thelasitkthe actuated link
positions are not accurately known, even when the correpgrmotor position is
sensed accurately by the motor encoder. Therefore, a gositintrol scheme for
the motor cannot ensure accurate positioning of the eretteif The actual state
of the end-effector is required for improving the accurayd this requires the end-
effector feedback to be available in the control scheme.afda/this purpose a control
scheme known adual-loop control has been developed by several researchers [1, 2]
and industry experts [3].

Dual-loop control is a cascaded control scheme consistirtgi@ position con-
trol loops. Theinner motor position loop is a high-bandwidth loop [4], which adpn
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with theouter load position loop, can effectively compensate for badklaheouter-
loop takes feedback directly from the task-space, and bringgdtthe joint space via
inverse kinematics. In doing so, it captures the positigonrerintroduced by back-
lash, among other possible sources of disturbance. An ptteEnteduce this error in
the outer-loop results in an update of the reference trajgdor the inner loop, and
improves the overall positioning/tracking performance.

We use a distributed linear position control scheme, whegePiD configuration
is divided between the inner and the outer loop. The integmatrol is confined to the
outer loop, while the inner loop is under the standard PDrobrthis scheme, known
as thamproved dual-loop control [3], is implemented on a planar parallel manipuiato
namely a3-RRR. The manipulator is made to track a non-singular circpé&h with
and without the integral control, (i.e., the outer loop).isltseen that the tracking
performance is much better under the dual-loop control ttherwise.

The paper is structured as follows: in Section 2, the kinermabdel of the manip-
ulator and the mathematical formulations are discussefettion 3, the experimental
setup is described and the experimental results are dedcribhe conclusions are
presented in Section 5.

2 Mathematical Formulation

The kinematic model of the manipulator is shown in Fig. (L(bThe fixed base,
b1b2bs, and moving platformp; paps, are equilateral triangles and the three fingers
are identical.b, I, r, and,a are lengths of the sides of the base triangle, active links,
passive links, and the sides of the moving platform, re$psgt The geometry of the
manipulator is identical to those reported in [5] and [6].eTdctuator coordinates,

SR & b :
PARALEL MANIPULATOR ITMADRAS by b,

(a) Experimental setup of th&RRR ma-(b) Schematic representation of t#&RRR ma-
nipulator nipulator

Figure 1: Experimental setup and schemati8-®fRR planar parallel manipulator
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= (01,0-,05)T, and the task space coordinates of the end-effeeter,(x,y, «)T, are
related by the loop closure constrainigf, ) = 0, given by:

(a; — pi)" (a;i — p;) —r] =0, where,i = 1,2,3 1)
which are of the form:
a; cosO; + b;sinf; +c¢; =0, where;i =1,2,3 (2)

where;, b;, andc;, are closed-form expressions of the architecture paras(®té, r, a)
andz. Eq. (2) givestwo solutions forf; for each branch, which gives rise taght
(2 x 2 x 2) possible configurations for a given

2.1 Velocity kinematics of the model

The differential kinematic relation of the manipulatoreakhe form:

on, On. ; .

%0 —+ %.’B = Jnge —+ Jnmm = 0, Whel’e, (3)
_On _On

To = g e =

From Eq. (3), the rates of actuator and task space coordinaterelated by:

& =—J,1Jne0 = Jz00, det(Jye) # 0 (4)
0 = —J, g Tna = Joo, det(Jpe) # 0 (5)
where,Jpg = —J, 1 Jne andJee = —J 5 Jna.

2.2 Singularity-freetrajectory planning

In this paper, a singularity-free path has been chosen todstrate the dual-loop
control scheme. A non-singular circular path is chosen pggeosing it on the contour
of the singularity function, as shown in [5] and [6]. As seeifrig. (2), the circular path
does not intersect the zero-valued contour line. Hencgnivt singular for the chosen
orientation,o = 0. The chosen trajectory is cubic in time, such that the mdaipu
starts from and stops at rest.

3 Experimental Setup

Fig. (1(a)) shows a physical prototype of tBdRRR manipulator used in the control
experiments.

3.1 Detailsof the hardware

The manipulator has the following architecture parametérs- 0.50 m, [ = 0.22
m,r = 0.17m, a« = 0.125 m. The actuators arlaxon D.C. geared servo motors
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Figure 2: Contour of the singularity function far= 0

controlled byGalil DMC-1846 controller. The coordinates(y) are sensed through
a digitiser tablet. There is no sensor for obtainingirectly, and as such, a trajectory
with a(t) = 0 is chosen. Thoughy(¢) can be computed by forward kinematics from
the position feedback of the motors, it is computationalgensive as well as error-
prone due to the backlash in the gearheads. The hardwails déthe prototype have
been listed at [7].

3.2 Dual-loop control scheme

The rotary encoders mounted on the motor shaft sense the pmiition accurately.
However, due to the backlash in the gearheads, the posititie corresponding links
are in error. This makes the control problem difficult andederates the tracking
performance.

The dual-loop control scheme [3] suggests that sensordaredat both the mo-
tors and the end-effector, thus allowing the control loopdbupon the motor position
and end-effector position simultaneously. For the expenital setup used in this pa-
per, a feedback control system as represented in Fig. (8¢ WA PID control scheme
is chosen which is divided between the task space feedbatikrjdoop and the motor
feedback (inner) loop. The PD control gains for the inneplace chosen so that the
error dynamics is overdamped. However, errors due to bsicldae not seen in the
inner loop and thus are not corrected. The task space feledjizes an estimate of
position error due to backlash as well as the steady stade efn integral control
action on this error attempts to nullify this error withontrbducing oscillations.



15™ National Conference on Machines and Mechanisms NaCoMM2011-189

Inner loop

Host
computer C0nt1olle1 *| Amplifier _’| Motor H Gearhead ‘

: Motor
| N
! encoder | Links of 3-RRR

Task space
Outer loop sensor

A

Figure 3: Schematic representation of dual-loop contrioéste

3.3 Implementation of the dual-loop control scheme

The integral control acts on the task space feedback. Thtsdigtablet senses the
task space coordinatés(t), y(t)). As a(t) is held fixed at zero (i.e., by assumption),
x(t) = (x(t),y(t),a(t))T is known at each time step. The actual state of the motors
can be obtained by inverse kinematics, as shown in Sectipn{Be zeroth order
inverse kinematics, essentially, gives the effect of baslklat the end-effector arising
from all the three motors. The integral control is then imnpésted as:

0.(t) =04(t) + K, /t e.(7)dr, where, (6)
0
ea(t) = 0a(t) — 0.(¢)

Eqg. (6) is the integral control action on the task space faeklbwhereg..(¢) is the
rectified position which the motors have to achieg(t) is the desired position of the
motors for desired andy, 8.(t) is the calculated position of the motors from inverse
kinematics, ande, (t) is the actual error. Eq. (6) is integrated by the Euler foarag
the time step is very small.

The controller in the inner loop uses a typical PD controlesoh [8] to achieve
the desired position, which is given by:

V(t) = Kpen(t) + Kqé,(t), where, @)
em(t) =0, (t) -0, (t)

V (t) is the output signal from the controllet,(¢) is the position feedback from rotary
encoderse,, (t) is the position error of the motor in the inner loop, aagd,(t) is the
corresponding velocity error.

4 Experimental Resultsand Discussion

The paths chosen are circles with their center at the cehtbithe base triangle
b1b2bs and radius0.08 m and0.04 m. Fig. () and ) show an improvement in
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Figure 4: Improved dual-loop representing PID controlritisition

trajectory tracking performance when dual-loop is applisidte that the two trajec-
tory tracking experiments for the circles were conductgubesately, and the results
superposed for comparative study. Each experiment wag:rutimes. The results, as
in Table 1, are averaged over ten runs each.

0.25 - - -Desired path 0.25 - - -Desired path
- Path traced by 3-RRR - Path traced by 3-RRR

0.2 0.2
Eo1s Eois
> >
0.1 0.1
0.05 0.05
045 02 025 03 035 015 02 025 03 035
x[m] x[m]
(a) Without backlash correctiork(; = 0.0) (b) With backlash correction(; = 4.0)

Figure 5: Desired path vs. path traced; Average linear Vigtec0.021 m/s; K, = 6.0,
K4 =64.00

From Table 1, it is a clear observation that at a lower vejoitie tracking error
reduces as the disturbance due to inertial effects is natdueto large reduction ratio
of the motors [9]. For circle of radiug.08 m, at average linear velocity, = 0.021
m/s, 92.1% improvement in the average RMS error is seen, while at 0.042 m/s,
90.4% improvement in average RMS error is obtained due to backiasiection.

An interesting observation is that on reducing the radiuthefdesired circular
path t00.04 m from 0.08 m, while keeping the velocity same, dual-loop control yseld
nearly the same average RMS and maximum errors.

Fig. (7) gives a comparison of the trajectory of each motor for dactrajectory of
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Figure 6: Desired path vs. path traced; Average linear Vigtec0.042 m/s; K, = 6.0,
Kq = 64.00

Table 1: Comparison of results from experiments

Backlash | Radius | Velocity | RMSerror (mm) | Max. error (mm)
Fig. | correction (m) m/'s (averaged) (averaged)
5(a) No 0.08 0.021 4.71 8.69
5(b) Yes 0.08 0.021 0.37 1.22
5(a) No 0.04 0.021 2.57 4.30
5(b) Yes 0.04 0.021 0.45 1.21
6(a) No 0.08 0.042 4.72 8.87
6(b) Yes 0.08 0.042 0.58 2.11
6(a) No 0.04 0.042 3.47 6.32
6(b) Yes 0.04 0.042 1.02 2.09

radius0.08 m and average linear velocify021 m/s.8.(t), calculated by inverse kine-
matics from the end-effector feedback, afdt), sensed from the rotary encoders of
the motors, are plotted agairéi(t), the desired position of the motors. It is observed
that6.(t) follows the desired trajectory, implying that the integcahtrol acting on
the task space feedback tries to nullify the errors not sgeghédPD inner loop. Con-
sequently, from the plot of,(¢), it is evident that the rectified motor position from
integral control@,.(t), is adjusted in order to correct the effect of backlash.

5 Conclusions

A dual-loop control strategy, aimed at reducing trackinges due to backlash in the
geared actuators has been presented. Experimental sshdiwshat the PID control,
with the integral controller in the outer-loop and the PD tcolter in the inner im-
proves the tracking performance significantly. As expedieel improvement is more
significant at lower manipulator speeds than higher, asgghighispeeds, inertial forces
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Figure 7: Comparison of desired, calculated, and sensgdtoay of motorsl, 2, 3

(unaccounted for in the linear control scheme) cause grdateirbances.

The methodology presented here can potentially be appdiedhy manipulator
with a geared actuator. The use of this scheme in conjunetiina dynamic model
of the manipulator would be the next research objective.

References

[1] R. Desantis, “Dual loop PID configuration,” idnited States Patent. Patent num-
ber: 5481453, January 1996.

[2] R. Boneh and O. Yaniv, “Control of an elastic two-masstegswith large back-
lash,” Journal of Dynamic Systems, Measurement and Control, vol. 121, no. 2,
pp. 278-284, 1999.

[3] J. Tal, “Two feedback loops are better than one,” Mhachine Design,
http: /imww.galilme.comvlear ning/arti cles/md040899.pdf, April 1999.

[4] M. Nordin and P.-O. Gutman, “Controlling mechanical ®ms with backlash-a
survey,” Automatica, vol. 38, no. 10, pp. 1633 — 1649, 2002.

[5] C. Nasa, “Trajectory-tracking control of a plar&aRRR parallel manipulator with
singularity avoidance,” M. S. thesis, Indian Institute eEhnology, Madras, Chen-
nai, India, April 2011.

[6] C. Nasa and S. Bandyopadhyay, “Trajectory-trackingtamrof a planar3-RRR
parallel manipulator with singularity avoidance,”18th World Congressin Mech-
anism and Machine Science, June 2011.

[7] “http://www.ed.iitm.ac.in] sandipan/research/3rrr.ntml.”

[8] A. Ghosal,Robotics: Fundamental Concepts and Analysis. New Delhi: Oxford
University Press, 2006.

[9] Y. Nakamura, H. Hanafusa, and T. Yoshikawa, “Task-ptyobased redundancy
control of robot manipulators|hternational Journal of Robotics Research, vol. 6,
no. 2, pp. 3-15, 1987.



