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Problem statement Position control of industrial robots

Position control of industrial robots

yE
y
ref,E

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

Applications

(spot-)welding

painting/enameling

mounting/assembling

laser-beam cutting

. . .

Goals:

precise position control of end effector, i.e. for given λ > 0:

∀ t ≥ t0 : ‖eE(t)‖ =
∥
∥y

ref,E(t)− yE(t)
∥
∥ ≤ λ.

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

Rigid robotic manipulator with n revolute joints

Robot model (in joint space)

M(y(t))ÿ(t) +C(y(t), ẏ(t))ẏ(t) + (Fẏ)(t) + g(y(t)) + d(t) = u(t),

(y(0), ẏ(0))⊤ = (y0, y1)
⊤ ∈ R

2n

}

(ROBOT)
standard assumptions

∃ cM , cM > 0 ∀y ∈ R
n : 0 < cMIn ≤ M(y) = M(y)⊤ ≤ cMIn

∃ cC > 0 ∀y,v ∈ R
n : ‖C(y,v)v‖ ≤ cC‖v‖2

F : C(R≥0;R) → L∞
loc

(R≥0;R) (causal friction operator)
∃ cg > 0 ∀y ∈ R

n : ‖g(y)‖ ≤ cg
d(·) ∈ L∞(R≥0;R

n) (disturbance)
u(·) ∈ C(R≥0;R

n) (control input)
feedback signals: y(·) and ẏ(·)

‘structural properties’

(strict) relative degree r = 2
positive (definite) high-frequency gain
no internal dynamics (minimum-phase)
derivative feedback admissible
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Motivation High-gain adaptive control

High-gain adaptive control

Promising advantages
‘structural system knowledge’ sufficient (robustness)

known relative degree r ≥ 1
positive high-frequency gain (or known sign)
minimum-phase

high gain in feedback reduces ‘stick-slip’

reference tracking with ‘prescribed asymptotic accuracy’

Adaptive λ-tracking control
e(·) = yref (·) − y(·)e(0)

λ

−λ

· · ·

λ-strip

TIME t [s]

Funnel control

e(·)

e(0) ψ(·)

ψ(0)

−ψ(0)

e(t)

ψ(t)

−λ
t

Funnel

TIME t [s]
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Motivation Available high-gain adaptive controllers

Available high-gain adaptive controllers

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

with compensator (Ye [1999])
with high-gain observer (Bullinger & Allgöwer [2005])

funnel control

with compensator (Ilchmann et al. [2007])
with state feedback (e.g. Ilchmann & Schuster [2009] or Hackl et al. [2009])

drawbacks of these controllers

complex (e.g. recursive design due to backstepping)
very ‘noise sensitive’ (e.g. k(t)7 for r = 2)
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

y

ẏ
u

kD

−
−

systemcontroller

F2(s) =
(s+5)

(s−1)2(s+1)−k (y + kDẏ)

‘Structural properties’ of F2(s)

relative degree (pole excess): r = 2

positive high-frequency gain
(lims→∞ s2F2(s) = 1)

minimum-phase
(Hurwitz numerator)

∃ k⋆ > 0, such that closed-loop
stable for kD > 0 and k > k⋆

Root locus (× pole, ◦ zero)

real axis

im
ag

in
ar

y
ax
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Position funnel control of rigid revolute joint robotic manipulators Control objective

Control objective
tracking with ‘prescribed transient behavior’ for each joint i ∈ {1, . . . , n}:

∀ t ≥ 0: |ei(t)| = |yref,i(t)− yi(t)| < ψ0,i(t) and |ėi(t)| < ψ1,i(t)

ei(·)

ei(0) ψ0,i(·)

ψ0,i(0)

−ψ0,i(0)

ei(t)

ψ0,i(t)

−λ0,i ėi(·)

ėi(0)

ψ1,i(·)

ψ1,i(0)

−ψ1,i(0)

ėi(t)

ψ1,i(t)

λ1,i

funnel

tt TIME t [s]

joint reference yref,i(·) ∈ W2,∞(R≥0;R)

joint funnel boundary (ψ0,i(·), ψ1,i(·)):

|ei(0)| < ψ0,i(0) and |ėi(0)| < ψ1,i(0)
ψ0,i(·), ψ1,i(·) ∈ L∞(R≥0;R>0) and globally Lipschitz continuous
∃λ0,i, λ1,i > 0 ∀t ≥ 0: ψ0,i(t) ≥ λ0,i and ψ1,i(t) ≥ λ1,i

∃ δi > 0 ∀t ≥ 0: ψ1,i(t) ≥ − d
dt ψ0,i(t) + δi
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Position funnel control of rigid revolute joint robotic manipulators MIMO funnel controller

MIMO funnel controller

ei(·)

ei(0) ψ0,i(·)

ψ0,i(0)

−ψ0,i(0)

ei(t)

ψ0,i(t)

−λ0,i ėi(·)

ėi(0)

ψ1,i(·)

ψ1,i(0)

−ψ1,i(0)

ėi(t)

ψ1,i(t) ≥ − d
dt ψ0,i(t) + δi

λ1,i

funnel

tt TIME t [s]

u(t) = M(y(t))
(

K0(t)
2e(t)

︸ ︷︷ ︸

P

+K0(t)K1(t)ė(t)
︸ ︷︷ ︸

D

)

(FCn)

e(t) =






e1(t)
...

en(t)




 =






yref,1(t)
...

yref,n(t)




−






y1(t)
...

yn(t)






K0(t) = diag
{
k0,1(t), . . . , k0,n(t)

}
and K1(t) = diag

{
k1,1(t), . . . , k1,n(t)

}

∀ i ∈ {1, . . . , n} : k0,i(t) =
1

ψ0,i(t)− |ei(t)|
and k1,i(t) =

1

ψ1,i(t)− |ėi(t)|
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Position funnel control of rigid revolute joint robotic manipulators MIMO funnel controller

Properties of closed-loop system [Theorem 3.1]

(FCn) (ROBOT)

e

nm

ṅm

yyref

ė ẏẏref

u

−

−W2,∞

(ROBOT): M(y(t))ÿ(t) +C(y(t), ẏ(t))ẏ(t) + (Fẏ)(t) + g(y(t)) + d(t) = u(t)

(FCn): u(t) = M(y(t))
(
K0(t)

2
e(t) +K0(t)K1(t)ė(t)

)

For known M(y):

∀i ∈ {1, . . . , n} ∃εi > 0 ∀ t ≥ 0: ψ0,i(t)− |ei(t)| ≥ εi and ψ1,i(t)− |ėi(t)| ≥ εi
K0(·),K1(·) ∈ L∞(R≥0;R

n
>0

)
u(·) ∈ L∞(R≥0;R

n)
nm(·) ∈ W2,∞(R≥0;R

n) (measurement errors admissible)
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Illustrative example Example: planar robots

Example: planar robot

u1

u2

l1

l2

m1

m2

y1

y2

(point-)masses m1, m2 [kg]

link lengths l1, l2 [m]

joint angle vector y :=

(
y1
y2

)

[rad]2

drive torque vector u :=

(
u1

u2

)

[Nm]2

friction & load neglected (simplicity)

u(t) =

M(y(t))








[
k0,1(t)

2 0
0 k0,2(t)

2

]

e(t)

︸ ︷︷ ︸

P

+

[
k0,1(t)k1,1(t) 0

0 k0,2(t)k1,2(t)

]

ė(t)

︸ ︷︷ ︸

D








e(t) =

(
yref,1(t)− y1(t)
yref,2(t)− y2(t)

)

and ė(t) =

(
ẏref,1(t)− ẏ1(t)
ẏref,2(t)− ẏ2(t)

)
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Illustrative example Simulation results

Simulation results ( joint 1, joint 2)

Angle

y1,y2 [rad]
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(·)
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e1,e2 [rad]
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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

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

inertia matrix must be known

Future work

measurement results (for robotic manipulators)
position funnel control

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

use of internal model(s)

consideration of actuator saturation
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