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Outline

Problem statement and motivation
m Reference tracking
m High-gain control

Funnel control
m Relative-degree-one systems
m Relative-degree-two systems
m Steady-state accuracy

Application: Speed and position control
m Speed control of electrical drives (relative-degree-one case)
m Position control of electrical drives (relative-degree-two case)
m Position control of rigid revolute joint robots (rel.-deg.-two case, MIMO)

Conclusion
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Reference tracking under load (CNC turning machine)

(http://www.knuth.de)

= Problem statement
o reference (wret, Tret, Yret) : Rzo — R?
o precise position and speed control, e.g. for prescribed A > 0

[Vizto: e = lyer(t) —y()] < A.]

= Challenges
o nonlinear effects (e.g. actuator saturation, friction)
o friction and loads (disturbances) unknown and varying
o system parameters (solely) roughly known
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High-gain control - an intuition

controller system
Y
. (% s+5
- —k (y + kpy) Fa(s) = % y
ol 1
‘structural properties’ of F5(s) Root-locus (x poles, o zeros)
= relative degree (pole excess): 15
r=2
. 10
= positive high-frequency gain ;
(limy_ o0 s2Fy(s) = 1) g 0 .
= minimum-phase g 0 ©
(numerator is Hurwitz) g -5 -
—10 kp=0 kp=1/4
Y15 10 5 0 5
real axis
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Control objective and funnel controller (r = 1)

= objective: ‘tracking with prescribed transient accuracy’ of reference y¢(+)
1¥0(0)

o (t)

e(0) e(t) bo(-) where

\ e(-) 6(t)<:> yr2f<(t) - y(;)v

¢ time ¢ [s Yret () € C(R>0; R),
x\/ o) et o)

/\ﬁ with Ao > 0
funnel
—10(0)

= funnel controller:

u(t) = ko(t)e(t)  where Afg(t)_m(t‘;o% (FC1)

= with gain scaling so(-) € C(Rx0; Rx0)
(e.g. to fix minimal gain: ko (t) = so(t)/10(¢) for all t = 0)
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Control objective and funnel controller (r = 2)

= objective: ‘tracking with prescribed transient accuracy’ of y,e¢(-) and et (+)
1(0)

10(0) . P1(0) >~ volt) + 6
o bo () \/w
Te(t) D Yol) N
A~ AAVGORYA
—Xo \ / k U ~—— / t \/ time ¢ [s]

% e()
/—\>< ¢(0) /\/
funnel
—90(0) —1(0)

= funnel controller (with derivative feedback)

utt) = (0 (e + 00 ) el =l =9(0)|  (FC

= where ko(t) = (f;()(ﬂ(f) and Flt) = wl(tjl—(tfé(tﬂ

Yo
= scaling functions s;(-) € C(Rx¢;R~0), 7 =0,1
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Funnel control and steady-state accuracy

= asymptotic accuracy (i.e. lim;_,, e(t) = 0), cannot be guaranteed,

since yy(t) = Ao > 0forallt >0
= typical solution: use of internal model (IM) to achieve asymptotic tracking
extended system

€ v U Yy
—{ (FC) or (FC») (IM) system ——

Y
Y

= if (IM) has
o relative degree zero
o positive high-frequency gain
o and is minimum-phase
then extended system has identical ‘structural properties’ as system
= standard internal model in industry (for constant signals):
PI controller

o(t) = u(t) + szo w(r)dr o—e u(s) =" + ki

—Lu(s), k>0 (P
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Stiffly coupled servo-systems

drive (may) =) load (myr)

= drive torque mas(-) € C(Rso; R) [Nm] (control input)

= load torque m () € L*(Rxo; R) [Nm] (disturbance)

= inertia © > 0 [kgm?]

= state xz = (¢, w)": position ¢ [rad], speed w [rad/s]

= friction (on drive & load side)

= gear with ratio g, € R\{0} [1] (neglecting dynamics & backlash)

= signals available for feedback: position ¢ and/or speed w = ¢
(deteriorated by n,,, () and/or n,,,(-), resp.)
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Speed control implementation

implementation in xPC target laboratory setup with ‘sensor’
wh© Yref = Wref € speed mar 1 w

. controller

Wm = W + Ny, Wgzm

= Standard PI controller

t

mM(t) =kp e(t) + kr J;] 6(7’) dr

= Pl-funnel controller

S0 (t)

mar) = Ro(t) () + i | Kolretr)ar - wherekolo) =
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Speed control measurement results

Set-point tracking Reference tracking

WA [rad/y]

e [rad/s|

ko, kp [Nms/rad]

time ¢ [s]
Pl-funnel controller
----- Pl controller

mas [Nm]

time ¢ [s]
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Position control implementation

implementation in xPC target laboratory setup with ‘sensor(s)’
Yref = (bref\ €

1. S position | M ' — ¢
C' | et = Wref € controller m L W
y = ¢ + nm > nm
= Standard PID controller (with feedforward)
t
mM(t) =kp €(t) + ky f 6(7‘) dr + /ﬂ[)e(t) + UF(t)
0
= PID-funnel controller
k1 (t) . ‘ ki(7) |
_ 2 1 2 1
mar(t) = ko(t) (e(t) + (t)e(t)> h L Fo(7) (6(7) i) ar
5i(t)
Whel‘e k’L (t) W fOf 1= O 1.
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Position control measurement results

Set-point tracking Reference tracking
E e NN )
¥ 1
E
:
<
— = = Pe()
— &pef () E%0()

15 6 7 8 9 10
time ¢ [s]

PID-funnel controller
----- PID controller (with feedforward)

time #[s]
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Position control of rigid revolute joint robots

Applications
= (spot-)welding
= painting/enameling
= mounting/assembling
= laser-beam cutting

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

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

Vi=to: les(®)] = |Yrerw(t) —yp®)]| <A

= controller: simple and ‘intuitive’ to tune
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Control objective and MIMO funnel controller
= Tracking with prescribed transient accuracy for each jointi e {1,...,n}:

(V1200 fei(t)] = lyrera(t) — ()] < voa(t) and ()] < dua(t) |

0.4(0) ¥1.4(0) Vi)
' $o,i(t
ei(o) 0 () . \/L—w
1,

Vs PCIAN
hos \ St NS ~— ot \/ time ¢ [s]

U ez(')
—10,:(0) unne —1,:(0)

= MIMO funnel controller

u(t) = M(y(t) (Ko(t)e(t) + Ko(t) K1 (D)é(?)) (FC,)

L K()(t) = diag {k0$1(t)7 ooy ko’n(t)} & Kl(t) = diag {klﬁl(t), ey kl’n(t)}
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Example: Planar robot (2DOF)

mo = (point-)masses mq, ma [kg]
length of the links I3, I3 [m]

joint angle y := <y1> [rad]?
Y2
) i
- . (Emn 2
friction §y := (82@/2) [Nm]
disturbance d := (2) [Nm]?

[\V)
[ |

U
torque u := (
U2

dy,F191,u1

M(y(t)y(t) + C(y(t), y()y(t) + (FY)(t) + g(y(?)) + d(t) = u(t), }
(y(0), 9(0))" = (0,0)" e R*

(ROBQT)
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Implementation: MIMO funnel controller

MIMO funnel controller

PD controller decoupling

Yref e Yy
. u
W20 Pt | & K2e+ KoK1é M (ROBOT) |y
‘_ L ...... 0
2.0
M (y(t))

( [ko’lo(t)z k:o,zo(t)Q] e(t) + [ko’l(t)okl’l(t) ko,2<t)0’f172(t)] é(t)>

Yo.i(t) Suilt)

» Vie{l,2}: ko,i(t):m :m/

=1 A kl,i(t)
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Implementation: Reference, disturbances & funnel

W2

MIMO funnel controller

=== 'yref,l(‘), === 'yref,Q(')

PD controller decoupling
Yref Y
; Kle + KoK é M u (ROBOT) :
Yref o€ oRe M Yy
0
\_)( ......
---'dl(') = d2() = i¢0,2(')7 === iwl,z( )
10 == ol 8
1 1 !
8 i i ! : = 4
E S ] R o)zzszszzzziis
- 4 i i ! ! =
1 | ! ! & 4
2 | H 1 :
01620 30 40 50 B 1 20 30 40 50
time ¢ s time ¢ s
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Simulation results (joints: ——#1, #2)

4 L B . ‘ = = = Yref1 () = = = Yrefo () }‘

angle
Y, Y2
[rad]

speed
U192
[rad]

torque
Uy, Uy
[Nm]

—100 | : B B -

—200

|
20 25 30 35 40 45 50
time ¢ [s]

ol
—
S
—_
=
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Simulation results (joints: ——#1, #2)

0.5
position error
€, 0 r
[rad]
—0.5 L I I I i : . ; ‘
100 T T T T T T . ; .
P-gain
K1 kit 50 i
[Nm/rad ]
0 L~ ¥ ; : \\/\‘__\
2 T T T T T T : . ;
N ~
e
€1,6y 0
[rad/s]
-2
50 T T T . . .
D-gain
koikuy,kozkiz 25 | ]
/e /\\/\’_\/_\/R__\/_\/_\/\_\
L
0 | L L I 1 i i j i
5 10 15 20 25 30 35 40 45 5

time ¢ [s]

christoph.hackl@tum.de Funnel control for speed and position control: An overview 13.12.2012, Page 19/21



@
& Lehrstuhl fir Elektrische Antriebssysteme und Leistungselektronik Technische Universitat Miinchen WW

Conclusion

To take home

funnel control applicable for speed and position control
only structural properties must be checked (robustness)
no system identification or parameter estimation necessary
time-varying gains (also decrease possible)

‘tracking with prescribed transient accuracy’

steady state accuracy in conjunction with Pl controller

position funnel control of rigid revolute joint robotic manipulators is
feasible (if inertia matrix is roughly known)

Some more results (not presented)

funnel control is also applicable for speed and position control of
elastically coupled servo-systems (two-mass systems)

funnel control in presence of actuator saturation is feasible
(conservative feasibility condition must be satisfied)
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