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Goals: e
MUNCHEN
«  show applicability of Funnel-Control in robotics 20/06/2008

«  check for prerequisits of auxiliary system
(relative degree one, minimum-phase, positive sign of high- Contro
frequency gain)

Rigid

« result of these first steps: Robotios
stable, adaptive (time-varying) motor position control of
nonlinear (rigid) robotic systems without knowledge of system Auxiliary

System

like e.g. inertia matrix, nonlinearities, ... (only structural
properties)

Manutec r3
Simulation

« tracking with prescribed transient behavior of auxiliary output

Conclusion
& Outlook
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Control
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Funnel-Control (FC) — Prerequisites TI.ITI
(developed by llchmann et al.) R amitiates
UNIVERSITAT
MUNCHEN
System of Class &
. e u y 20/06/2008
y—p(j?—p Oc(af jq}j eH) : 21y =f(p,w,u) >
Funnel Controller |w S
Control
Yo:w=Ty
y _|_ n _h,_|_11 Ei)gl;gtics
f)‘
Controller properties: Systom”
. proportional controller (simple and robust)
Manutec r3
Simulation
. adaptive time-varying gain
.« control law: % Outiook
u(t) = a(9F,(t), ¥(t),[le(®)]) - e(t)
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Funnel-Control (FC) — Prerequisites TI.ITI
(developed by llchmann et al.) R amitiates
UNIVERSITAT
MUNCHEN
System of Class & _—
*ooe ) u Y
y—b&?—b Q(()f jq}j eH) 'f 21y =f(p,w,u) >
Funnel Controller |w S
Control
Yo:w=Ty
y _|_ n _|‘;,_|_Il Ei)gl;gtics
System of class S - three prerequisites: Systom”
1. strict relative degree r=1
Manutec r3
Simulation
2. minimum-phase, e.qg.:

(asymptotically stable zero-dynamics) o (QZD) el _

% Outiook
3. positive sign of <u f(p.w,u )>
high-frequency gain |u,| > for n—>0 = (mi)nc n ‘ LRV
p.w)e u
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Funnel-Control (FC) - Basic Idea TI.ITI
vor.() | ONIVERSITAT
Adaption of gain depending on vertical (or | MUNCHEN
§ minimal) distance: 20/06/2008
le(0)[| 1
dy (t) = 0F(t) — [le(t)]
H Contro
. small distance => high gain (more
aggressive control) Rigid
Robotics
—0Fe() - great distance => small gain (more
Fig. 2: Error evolution within Funnel Boundary relaxed control) puxiliary
[Predefinition of transient behavior possible!] System
gllanutec r3
imulation
Time-varying (adaptive) gain:
Boundedness of control error (for sufficiently large but finite control inputs!)
% Outiook
W(t) w(t)
a (0F,(t), W(t), |le(t)]]) = =
dy(t)  0F,(t) — [le(t)]
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Robotics (Rigid Case) - Dynamics Tu'"

TECHNISCHE
UNIVERSITAT
Rigid robotic dynamics from Lagrange‘s method é torque [N m] MORERER
q position [rad] 20/06/2008
a velocity [29]
i = M (q) A + n(q, g) a acceleration ['r—sa‘zg
M ( N . [Nms?
q) inertia matrix [~25] Funnel

where Control

n(q;d) = Vm(g;q)a+ 9(q) + Fgq + fs(q) + tgq

Robotics

includes all nonlinearities, e.g.:

Auxiliary
System
. Coriolis & centripedal terms V m (q; g)q
.« gravitational forces g(q) Simulation
. friction effects (viscous & stiction) ng_+ fs (g)
Conclusion
& Outlook

«  disturbances t d
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Robotics (Rigid Case) — State Space Representation

State space with states X():= [Xq (1) x, (I)T =[q(®) q(t)]T el]*M

. Xg " 0 _
T Mgl Tn(xgixg T M(xg)i }%
f(x)2RN G(x)2RNEM

System output (goal position control):

y®O=qtel”
Properties of the inertia matrix:
- symmetric & positive definite M(q)=M"(q) >0
«  non-singular det(M(q)) # 0
. uniformerly bounded away from zero with ¢, ,&,, >0

O<e -I<A (M(Q)-I<M(q)<A,(M(qQ)-I<ée, - I<oo
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Auxiliary System — Introduction

We introduce the new auxiliary output
y, — h,(X) — prq -+ KDXQ‘.
and the (linear!) coordinate transformation [£ : n]T = Px

with transformation matrix $ — ®: | _| Kr Kp
®, 1 0

and deduce the new system represenation

Forward dynamics: » = |K|:) KiD1»i KiD1Kp' i{KDM(’)i1n(©i1(»;'))l
Z

= :Tk>>;')
+ KoM e
= :G(»;')
Internal dynamics: _= ’<_{,'2_1} » + Fi KiD:Kpl ’
=:P =‘ Q i
0o (1)..... (M) T
Output: y = 1 s
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Auxiliary System - Decomposition Tu'“
TECHNISCHE
. . . . UN»IVERSITAT
The new system is decomposed in forward and internal dynamics MUNCHEN
A 20/06/2008
‘i_f.ﬂ.!r I = = — =y !
M '_(.,Mr) 55.%_{) é(ﬂ'f) ‘:(IMT) =YM
fvm + X Gmjuj 'IM=|£ M 1—»‘ / e
g j=1 ‘ Funnel
Control
™
—1 1 - M gL £ () el = 4y Ropotics
ar ||| Ad X oaey [F > ——{ .
> J=1
Auxiliary
T & System
Manutec r3
7, = n; (&€, M) : 1 Simulation
¢ I— 1 1 o
1<i<N—r ;
< Conclusion
& Outlook
where each forward branch has relative degree 7 21 Vi=L...M
(see later)
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Auxiliary System — Relative degree Tu'“
TECHNISCHE
. UNIVERSITAT
1. Check for relative degree one: MUNCHEN
20/06/2008
The auxiliary system has the auxiliary output
y’ — h, (X) = KPXQ _|_ KDXQ Funnel
Control
Differentiating this the auxiliary output gives
Rigid
Robotics
0 @Y x)
y &x - P29 DXg ]
. i1 . i1 . Auxiliar
= Kpxg+ Kp i M(xg)! "n(xqiXg) + M(xq)!' " ¢ Systom
Hence, for any positive definite matrix Simulation
KoM (xq)i "> 0
& Outlook
the relative degree is one (reduction of the relative degree by linear combination).
Simplistic, Kp = = ¢1with ~ > 0 assures positive definitiness.
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Auxiliary System - Zero-Dynamics Tu'"
TECHNISCHE
. UNIVERSITAT
2. Check for stable Zero-Dynamics: MUNCHEN
20/06/2008
Setting
y(t) = O Funnel
Control
gives the internal dynamics (zero-dynamics) of the auxiliary system
Eiagligtics
: =1
n=-K, Kpn=Qn
guxiliary
. . stem
which are asymptotically stable for all .
Manutec r3
G(Q) — G(_KEKP) e D B Simulation
achievable due to free choice of the gain matrices (design matrices). & Ot

Institute for Electrical Drive Systems - Technical University of Munich mm
Arcisstr. 21, D-80333 Munich - christoph.hackl@tum.de -12- ERT




Auxiliary System - High-Frequency Gain

3. Check for positve sign of HFG:

For any sequence

|u,|]| = casn — x

the generalization of the sign of the high-frequency gain yields

~ hup; »i - hun;F(»;7) + G(»;7)uni
min ——— = min
[>>;' ]2C kUnk [>>;, ]ZCA kUnk |
T >>., T >>., .
T L R (TR T
[»]2C  kunk kunk
' maX kunk I(T + ~ kunk?
]Zcmbounded in C H'%} W
>
l 1 asn! 1
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Auxiliary System (Control-Loop: MIMO) Tu'“
TECHNISCHE
UNIVERSITAT
/ /Ufsa,t?M MUNCHEN
U’Aff __ " q 20/06/2008
ROBOT| >
e, Ty u / : usa’t’l E 11 ® % Funnel
2—’ >= _pr ul Al % . [See A ( )] Control
L= = )
KP - (]ffc gzgl;gtics
— le S«
/ K _— . Auxiliary
D ¥ System
y — y. v
Manutec r3
(a) One MIMO Controller for All Joints Simulation
Conclusion
& Outlook
MIMO PI controller: 1
u'(t) =u(t) + T / u(7)dr
1
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Auxiliary System (Control-Loop: SISO)

u /
e & JlefE wh, —=— M
P :___":-; IAJ / Pi| > o q
X FCpz ROBOT 1 "
/ ' / " Usat,1 q
€] = uy ITI Ul [see Eq. (11)] —
2—’ [ 1 L _/| i
+ FCq - -
Kr )| o
| ). O =
/ K = ‘
D *

(b) One SISO Controller for Each Joint

SISO PI controllers:
(for each joint)

up(t) = ui(t) +

ﬁ | ‘Ui(('..)d(';
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Manutec r3 Simulation (Modelica/Simulink)

FC (MIMO)

FC (SISO)

POSITION ¢ [°] & REFERENCE ¢* [°] - COMPARISON

Position ERROERS e, [°] - COMPARISON

100 . | 05
Axis 3 — Axis 2
Or- — Axis 4 Axis 3
Axis b —%)qs %
s — AXIS -
=50~ Axis 6 Axis 6
e 0.5 1 15 2
0.5
= 025NN A s o — ]
Tt I 1
2 of HAdNARA T e
o ,f U\jv v : : —— Axis 5
e _0.25,&] N Y ] Axis 6
0 0.5 1 2 % 0.5 1 15 2
TIME [s] TmME [s]
(a) Position (colored) & Retference (dotted) (b) Position Errors (colored)

Reference for Joint Angles | Start End

Axis 1 ¢f [°] —30 50

Axis 2 g5 [°] 80 —15

Axis 3 g3 [°] 65 —55

Axis 4 q; [°] —20 75

Axis 5 gf [°] —90 100

Axis 6 g [°] 10 —70
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Manutec r3 Simulation (Modelica/Simulink)

FC (MIMO)

-~
S
o
z
7z
@
(&

FUNNEL GAIN a [1] - COMPARISON

Avx. ERROR ¢ & BOUNDARY +dF - COMPARISON

FC (MIMO)

L
t}() ]
es(-)
—_y()
—ci(r) b 1
e6(+)
—tdF(:) ‘
0 i ! !
2 0 0.5 1 1.5 2
TIME [s]
(a) Auxiliary Error (colored) & Funnel Boundary (red) (b) Funnel Gain (colored)
‘ Controller Design Parameters ‘alue |
Accuracy Limit g [°] 0.5
Time 7 [s] 0.3
Accuracy & [j] (at 75) 0.75
Initial Boundary 9F,.,(0) 1
PI Integrator Time Constant T [s] 0.1
Scaling Factor W [1] 10
Proportional Matrix K p [2] 1 € RO*6
Derivative Matrix K p [225] 0.01-1 € R6%6
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Conclusion:

Application of Funnel-Control in Robotics is possible (yet only by
introduction of the auxiliary system)

Simple, robust and adaptive (time-varying) controller structure

One controller for all joints (MIMO) or one controller for each joint (SISO)
Pre-definition of desired transient behavior (indirectly) possible
Measurement noise is admissible

No system parameters need to be identified or estimated

Outlook:

Application of Funnel-Control directly for Position Control

(relative degree 2 case)

Exploit non-diagonal entries of gain matrices to achieve

better decoupling of joints

Increase system damping in flexible case (flexible joints, rigid links)
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