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Problem statement Position control of industrial robots

Position control of industrial robots

Applications
m (spot-)welding
m painting/enameling
B mounting/assembling

m laser-beam cutting

Kuka KR 150-2 (Serie 2000)
(http://www.kuka-robotics.com)

Goals:
m precise position control of end effector, i.e. for given A > 0:

izt flen(t)] = [y n(®) ~yp@)] < A

m controller: simple and easy to tune
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Problem statement Rigid robotic manipulator with » revolute joints

Rigid robotic manipulator with » revolute joints

Robot model (in joint space)

M(y()y(t) + Cy®), y(1)y(t) + (FY)(@) + g(y(t)) + d(t) = u(?), }
(¥(0), 4(0))" = (yo, y1) " €R*"

(ROBOT)

m standard assumptions

3en,cpr >O0VY ER? . 0<cppln S M(y)=M(y)T <emln
Jec >0Vy,v eR™:  ||C(y,v)v| < ccllv]?
F: C(R>0;R) — L7 (R>0; R) (causal friction operator)
Jeg >0Vy eR™: |lg(y)l| < cq
d(-) € L>(R>o; R™) (disturbance)
u(-) € C(R>q; R™) (control input)
feedback signals: y(-) and ¢(-)
m ‘structural properties’
B (strict) relative degree r = 2
| positive (definite) high-frequency gain
B no internal dynamics (minimum-phase)
B derivative feedback admissible
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Motivation High-gain adaptive control

High-gain adaptive control

Promising advantages
m ‘structural system knowledge’ sufficient (robustness)

B known relative degree r» > 1
H positive high-frequency gain (or known sign)
H minimum-phase

m high gain in feedback reduces ‘stick-slip’

m reference tracking with ‘prescribed asymptotic accuracy’

Funnel control

Adaptive A-tracking control
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Motivation Available high-gain adaptive controllers

Available high-gain adaptive controllers

... in the Literature (for r > 1):
m adaptive A-tracking control

B with compensator (Ye [1999])
m with high-gain observer (Bullinger & Allgower [2005])

m funnel control

B with compensator (llichmann et al. [2007])
m with state feedback (e.g. llchmann & Schuster [2009] or Hackl et al. [2009])

m drawbacks of these controllers

B complex (e.g. recursive design due to backstepping)
B very ‘noise sensitive’ (e.g. k(t)7 for r = 2)
B tracking with prescribed transient accuracy only for linear combination of states

= controllers not reasonable for application
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Motivation

Relative degree two and derivative feedback

Relative degree two and derivative feedback

controller system
. u s+5
E —k (y + kpy) Fy(s) = i y
17 !

‘Structural properties’ of Fy(s)
m relative degree (pole excess): r = 2
m positive high-frequency gain
(lims— oo s> Fa(s) = 1)
B minimum-phase
(Hurwitz numerator)

3k* > 0, such that closed-loop
stable for kp > 0and k > k*
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Position funnel control of rigid revolute joint robotic manipulators

Control objective

Control objective

m tracking with ‘prescribed transient behavior’ for each joint: € {1,...,n}:

V200 lest)] = rera(®) = 50 < Vo) _and_[éx(t)] < vr.(0)]

10,:(0)

e;(0)

1,:(0)

N

A1,i

A

\__/
R
/\>‘< & (0)
—40.4(0) funnel

—11,:(0)

m joint reference yrefi(-) € W3 (Rso; R)
m joint funnel boundary (o,i(-), ¥1,:(+)):
B e;(0)] < %0,;(0) and |¢;(0)| < ¥1,;(0)
B o,i(-), ¥1,:(-) € L2(R>0;R>0) and globally Lipschitz continuous
| | 3)\0&, /\1,7; >0Vt >0: wO,i(t) > /\0,7; and wl,i(t) > )\1’1‘
W36 > 0VE>0: 91(t) > — 3 o,i(t) + 6
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Position funnel control of rigid revolute joint robotic manipulators MIMO funnel controller

MIMO funnel controller

Y0.4(0) bri(®) 2 —§ voa(0) + 5

e;(0)

—Xo,i

\-/ 5. . :
—10,:(0) e —91,(0)

e1(t) Yret,1 (1) y1(t)
me(t) = : = : - :

€n (t) yref,n(t) Yn (t)
m Ko(t) = diag {ko1(t), ..., kon(t) } and K1(t) = diag {k1,1(t), ..., k1n(t)}
mVie{l,...,n}: kot : :

= Toa® —Je] 2 F O = S e @)
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Position funnel control of rigid revolute joint robotic manipulators MIMO funnel controller

Properties of closed-loop system [Theorem 3.1]

Yref e Yy
u
e P S (FC,) (RoBOT) | |
; i
N,
Orvvoeee

= (ROBOT): [ M(y(1)§() + Cly(t), 9(1)i(0) + (F9)(1) + a(y(0)) + d(t) = u(p) |

m (FC,):

u(t) = M(y(1)) (Ko(t)e(t) + Ko()K1()é(1)) |
m For known M(y):

m Ve {1,. . .,n} Je;, >0Vt >0: ¢07i(t) — |61(t)‘ > ¢g; and ¢17i(t) — |el(t)\ > e
B Ko(-), Ki(-) € L2(R>0;RY)

B u(-) € L2R>o;R")

B 1, () € WP (Rso; R™) (measurement errors admissible)
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lllustrative example Example: planar robots

Example: planar robot

m (point-)masses m1, ma [kg]
m link lengths [1, I> [m]

m joint angle vector y := (th) [rad]?
2

m drive torque vector u := (Zl> [Nm]?
2

m friction & load neglected (simplicity)

Mo | 707 4, ] 0+ [ k] €0

P D

~(Yre,1 (8) — y1(2) oo [ Yrer,1 (t) — 91(t)
" e(t) = (ym;(t) - yz(t)> and é(t) = (yrei,z(w - yz(t))
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lllustrative example Simulation results

Simulation results (

—joint 1,

joint 2)
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Conclusion

Summary and future work

To take home:

simple but time-varying (adaptive) PD-controller

tracking with prescribed transient accuracy (for each joint)
boundary design very flexible

measurement noise admissible

no compensation of

m friction
B disturbances (unknown but bounded)
m Coriolis and/or gravity effects

® inertia matrix must be known

Future work
m measurement results (for robotic manipulators)
m position funnel control

m for rigid revolute joint robots without knowledge of inertia matrix?
m for elastic joint robots (with/without knowledge of inertia matrix)?

m use of internal model(s)
m consideration of actuator saturation
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