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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
. U _ (s+5) >
N —k (y + kDy) F2(3) = G-D2(s+D) 7
kD] I
‘structural properties’ of F5(s) Root-locus (x poles, o zeros)
= relative degree (pole excess): 15
r=3—-1=2
. . . 10
= positive high-frequency gain ;
(limy_ o0 s2Fy(s) = 1) g 0 .
= minimum-phase § 0 ©
(numerator is Hurwitz) g -5 -
-10 kp=0 kp=1/4
Vo5 -0 5 0 5
real axis
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Admissible system class S; (simplified)

w(t) = Aw(t) + b(u(t) + ualt) + Bz (d(t) + (T)(1)) )
y(t) = CTIE(t),

with “structural properties”:

(i) 7o := b # 0 and sign (o) known;

(i) ¥seCwith R(s) > 0:  det [SI"CT‘ 4 g} £0:

(iii) operator ¥ is of class 7 (see Def. 1 in [14]) and

Mz = sup {[|(TE)(1)[| [t = 0, £() € C([—h,0),R")} <c0;
(iv) ug(-) € L®([—h,0);R) and d(-) € L®([—h,0); R™).

Fi(s) = e (sI — A)~1p = Lrie+5)

(s=1)2(s+1)
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Control objective and funnel controller for S; [14]

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

Yo (t)
e(0) Te(t) Yo(-) where
~. 0 e(t) = e () — y (1),
N ¢ time ¢ [s] Yret (+) € C(R>0; R),
—A0

/
Yo(-) € C(Rxo; [Ao, 0))
W w(thh Ao >0 me
—1po(0)

= funnel controller:

u(t) = ko(t)e(t) where Fko(t) = ——F—— (FCy)

= with gain scaling <o(-) € C(Rx0; R~0)
(e.g. to fix minimal gain: ko(t) = <o(t)/v0(t) for all t = 0)
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Admissible system class S, (simplified)

&(t) = Am(t) + b(u(t) + ua(t)) + B (d(t) + (‘Iw)(t)) @
y(t) = cla(t),

with “structural properties”:

(i) ¢"b=0,7 :=c" Ab # 0 and sign(v) known;

(i) Vse Cwith R(s) = 0: det [SI"CT_ 4 g] # 0;

(iii) operator ¥ is of class 7 (see Def. 1 in [14]) and

Mz := sup {[|(TE)(#)[| | = 0, £(-) € C([—h, ), R")} <o0;
(iv) ug(-) € L®([—h,0);R) and d(-) € L®([—h,0); R™).
(v) y(-) and y(-) are available for feedback.

Fy(s) = T (sT — A) 1o = =2
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Control objective and funnel controller for S, [9]

= objective: ‘tracking with prescribed transient accuracy’ of y,.¢(-) and et ()
d

%0(0) 41(0) M
Yo (1)
¢(0) Lol N \_/ Y1(-)
1\ ¢t AAVZ VAN
—Xo \ / k U ~—— ” t \/ time ¢ [s]

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

= funnel controller (with derivative feedback)

D

ute) = a0 (e + 200 ) el =il =90 (FC
‘ B o(t) _ s1(t)
I T R YO R 20

= scaling functions ;(-) € C(Rxo; R=), i = 0, 1
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Steady-state accuracy with internal models [1, 6, 12]

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

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

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

Y
Y

= if (IM) has
o relative degree zero
o positive high-frequency gain
o and is minimum-phase
then augmented system has identical ‘structural properties’ as system
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Example: Pl-funnel control [12, 13]

“augmented system”

Yref e 1, V| internal model | % | linear system
‘_ P—le] e.g. Fc(s) e.g. Fs(s)

= Plcontroller: Fo(s) = kp + & = kesthr kp, kr >0
= system: Fg(s) = 5
“augmented system”: F(s)Fg(s) = festhe . lis

s = limy_, o e(t) = 0 for y,c¢(-) =const.
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Stiff 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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Nonlinear model of stiff servo-systems [7, 8]

1MS

‘actuator’
u ka u 61 o ¢/g
saty T
i

‘sensor(s)’

x(t) = Ax(t) + bsaty , (mM(t) +ua(t) — (Slw)(t)) + by, (mL(t) + (ng—r)(t)) } (1MS)

y(t) = clz(t), =(0) = (¢% )T
where k4 > 0,44 > 0, usq € LP(R>0;R), g € R\{0}, ©® > 0, v1,v2 > 0, and for all
i€{l,2}:§; €T, Mg, :=sup{[[(F:B) @) |t =0, B(-) € C(R>0,R)} <00 and

0 1 1
A= vy v/ ,b:(?),bL:<i> ande.g.c:<96).
0 ——=5—= ] 9.0
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Speed control implementation

implementation in xPC target laboratory setup with ‘sensor’
c Yref = Wref € speed myr | w
Wm = W + Ny, Wgzm

= Standard PI controller

t

mM(t) =kp e(t) + kr J;] 6(7’) dr

= Pl-funnel controller

so(t)

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

Set-point tracking Reference tracking
z
=
3

o 8! 4 =

T E

% N o
= 6 | 1

+ 4

3 ! =

4n 1 =

, Z

2} -~ ref() b iﬁt

“ wep () £ () <

% 1T 2 3 4 5 6 1 T

. Z

time ¢ [s] ;

Pl-funnel controller :

----- Pl controller

time ¢ [s]
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Position control implementation

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

ct |- S position | M1 ' ¢
Yref = Wref e controller m w

Y =w+ Ny i

Yy = ¢ + S Ny

= Standard PID controller (with feedforward)

t
mM(t) =kp €(t) + ky f 6(7‘) dr + kDe(t) + UF(t)
0
= PID-funnel controller

mag(t) = ko(t)? (e(t) + :;Egdﬁ) +ky Lt ko (7)? (6(7) + kl(T)é(r)) dr

where k;(t) = m fori=0,1.
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Position control measurement results

Set-point tracking

T ]
=
:
<
— — —freg()
—— e () £ ()

15 6 7 8 9 10
time ¢ [s]

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

Reference tracking

5

o)

20 30 10 5
time #[s]
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Funnel control with linear internal model [6]

implementation

mp—— . test bench
drive load \
Yref = ¢ref € kge > 3 '
Jref = W é . U = Mmp
Yref ref kokle w
Y=w-+nm iom
Yy = ¢ + Nm Tm

Guet (), === mwnar() === () (), == ()
s 0.5 R AR I g 4 R SREUEI L
[ L PR 1 D
& gF---- BT L g [ E——— " E O T

- |"|'|:I|"l'|,'| = ! — =2
705 R AR | FoA
& -1 : or—" £ gl
0 10 20 0 10 20 1
time ¢ [s] time ¢ [s] time ¢ [s]
christoph.hackl@tum.de

Non-identifier based adaptive control in mechatronics: An overview 25/04/2014, Page 17/54



o
o Munich School of Engineering Technische Universitat Miinchen T‘L’m

Measurements: ——(FC,)

angle
¢ + ny, [rrad]

[es]esleien)oy
= ONRRO
T T T
%

o

error 0.05 |
e [rrad] 0

el =0 ]

P-gain
k2 [Nm/rad|

torque
myy [Nm]

o0 [-==m)
5 10 15 20 25
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Design and combination of internal models

extended system of class Sa

Yref e Yy
PG W
. _ funnel vl ternal model u system ]
Yref é controller internal mode of class S» ) Y
L hm
Nm
\)4 ......
= reference
(t) i= Yo ,0<t <o Yo € R [rad]
Yret 1) ¢ % cos(2m fo(t —to)) + 20t <t <tepa fo=0[1/s]
= design: (i) yo o— L2 = Fp;(s) = “2=EL and (ii)
1 + 20)?
cos(2m fot) o—e = Foos(s) = (s + 20) 20, fo > 0.

s2 + (27‘(‘f0)2 52 + (27rf0)2’

= combination
s+ kr/kp s+ 20 2
Fry(s) = : [kp )

o) T s 2+ (2f0)?

kp,kr,20, fo > 0. (IM)
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Measur.: ——(FC,), (FC,)+(Pl), ——(FCs)+(IM)

angle
¢ + ny, [rrad]

error
e [rrad]

—0.05

P-gain
k2 [Nm/rad|

torque
myy [Nm]

| 1 1 | — 7mL()
0 5 10 15 20 25
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Funnel control for robotic systems [5]

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

Kuka KR 150-2 (Series 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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Rigid-link revolute-joint robotic systems
Model of robotic systems (in joint space)
M(y()y(t) + Cy(t),y(1)y () + (F)(t) + g(y(t)) + d(t) = u(t), }
(y(()), y(o))T = (y07 yl)T e R?"

(ROBOT)

= Standard assumptions
o 3em,cp >0VyeR": 0<cpln < M(y)=M(y)" <emln
e >0Vy,veR": |C(y,v)v| < cc|v|?
F: C(Rx0; R) — L5, (Rx0; R) (causal friction operator)
Jeg>0VyeR": |[g(y)| <cqg
d(-) € LP(Rx0;R™) (disturbance)
u(-) € C(Rxo; R™) (control input)
o Measurements: y(-) and y(-)
= ‘Structural properties’
o (strict) relative degree r = 2
o positive (definite) high-frequency gain (matrix)
o no internal dynamics (minimum-phase)
o ‘derivative feedback’ admissible

o o o o o
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Control objective

= ‘Tracking with prescribed transient accuracy’ for each joint i € {1,...,n}:

(Y20 lei(®)] = lwrera() —wi(®)] < v0u(t) and [(®)] < ri(t)|

0.4(0) o 1,:(0) ¥1,4(t)
ei(0) ; : Po.i(- M \\/L—w

/-\i : Z € (t) /\

—Xo.i \ / ¢ U ~— . t \/ timet¢ [s]

/ éi(-)
/\>< | ¢:(0) /\/
—0,:(0) une —1,:(0)

= (joint-)reference yref i(-) € W® (Rx0; R)
= (joint-)boundary (o ;(-), ¥1.:(-)):

o lei(0)] < ¢0,i(0) und €i(0)] < ¢1,:(0)
5 90,i (), ¥1,i(-) € L (Rx0; R>o) and globally Lipschitz continuous
o 36; >0Vt = 0: ’LL’LI()Z—E’IZJQ’Z()-F(S
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MIMO funnel controller

w[).l(o)
ei(0)

P1,i(t) = — L Yo, (t) + 3 ‘
L—w

50 /N
—Xosi t \/ TIME ¢ [s]

U o . .
/\>< - /\/
7’@1(]1'[(0) Hnne _¢1,l(0)

u(t) = M(y(0) (Kot e(t) + KoK 1(0e(t) +urr(®) | g
P D

L] Ko(t) = diag {ko,l(t)7 ey ko,n(t)} und
Kl(t) = dlag {]4)1,1(15)7 ey kl’n(t)}l

L Vie{l,...,n}: kowi(t)Zm

L] uFF(') € [,OO(RZ();RTL)

1

and ki) = S a0
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Properties of the closed-loop system

MIMO funnel controller

PD controller & feed forward ‘decoupling’
Yret (=3 Y
Kie+ KoKé — u
2oty e 0 01 ROBOT ;
w Yref € ‘+urp M ( ) ) y
L hm
Mm
Ooeen

For
M(y) = M(y) diag {A1(y), ..., An(y)}

. UFF() L7 (Rxo; R™)

= n,,(-) € WEP(Rso; R") (measurement noise admissible)
we have

s Vi€ {1,. .. ,n} de; >0Vt =>=0: wo7i(t) — |€i(t)| > ¢; and

P1i(t) — |é(t)] = &
= Ko(), K1() € L7(Rz0;RZ)
= u(-) € LP(Rxo; R")
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Example: Planar robot (2DOF)

(point-)masses mq, ms [kg]
length of joints {1, Is [m]

joint angle y := <y1> [rad]?
Y2

g

1\3‘:
[ |

control input u := <u1) [Nm]?

friction Fy := (51‘%)

dy,F191,u1 Fotin

disturbance d := < )

M(y(t)y(t) + Cy(t), y)y(t) + (FY) () + g(y(t)) + d(t) = u(t), }
(y(0), ¥(0))" = (0, 0)T e R*

(ROBOT)
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Implementation: MIMO funnel controller

MIMO funnel controller

PD controller ‘decoupling’
Yref e Yy
W2 b | e Kle+ KoKie M v (ROBOT) ¥
T L.Q ......
0
\_)( ......
M (y(t))
5 0
- ult) = M) [)
koi(t)2 0 ] [km(t)kll(t) 0 ]
’ t ’ ’ t
([ 0 k2] UT 0 Foa(t)kea(t) | €Y
= Vie{1,2}: kou(t) Vol oy gk () Wil 5

~ Yo(t) — lei®)] T Ynt) — |et)] T

christoph.hackl@tum.de Non-identifier based adaptive control in mechatronics: An overview 25/04/2014, Page 27/54



=
= Munich School of Engineering

Technische Universitat Miinchen m

Implementation: References, disturbance & boundary

MIMO funnel controller

PD controller ‘decoupling’
Yref Y
) . _ u
W20 ¥ — Kge+ KoK é M (ROBQT) ;
ref Y
Oeoen
=== ret,1(4)y == = Yret,2(1) == =da(c) = d2(0) ===t
4
10 o P=—y
s s ’
I Py S i ! : |
, ) N . ) [ 8 ' i ' i
= 2 ) ' \ s , ! H ' ' =
= [ ) * ) ! i i i =
i Voo F 6 O R i
= N 1 =3 ! ! ' i )
E ool R PN 4 ' ! : H £
Y A AN " ) ' i i i
) 1 ‘ I s 1
1 L S T T 2 i ' : B
) 0 ! L ! ! -8
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
Zeit t[s] Zeit t[s] Zeit t[s]
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Simulation results (joints: ——

#2)

4 r ‘ - - ’yrcf,l(') - 'yrcf,z(") ”
Winkel 9 L~ h
Y1, Y2
[rad] 0*/,\ By Praa 7 27N )
-2 = | = I R I T I =]
1
Geschwindigkeit 0.5
U1, 92 0
[rad] 05
_1 C 1 Il I I 3
200 T T T
- di() =d()
100 r
Moment \
e — e ———
U, U2 0 v """""7" e T T [ESS———
[Nm]
100 - b
—200 5 10 20 30 10 50
Zeit t[s]
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Simulation results (joints: ——#1, #2)

0.5 ;
---+ =4 .
Positionsfehler - ‘ _wn‘l( ) Yo2() ‘
er, e 0r \ S/ \ B
1YY I N A
—0.5 L L L L
100 T T T T
P-Verstarkung
ki1 ki 50 i
[Nm/rad]
0 Lo\ 1 /\ﬁ 1 /—\_/\__\
2 N T T T T
Geschw.-Fehler D e i el
€1, € 0 R o~ - 1
ad/s] | e oo o
[rad/s] e ""i¢11('):iw12() ‘
-2 L L T
50 T ;
D-Verstirkung
koK1, koakio 25 4
[Nms/rad] //\\/\,\//'\/\_\,\//—\[\_\
00 10 20 30 10 50
Zeit t[s]
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Funnel control with internal model for robotic systems

» lim,_,o €;(t) = 0 not guaranteed (since v ;(t) = Ao,; > 0 for all ¢ > 0)
= application of (linear) internal model admissible, if

o relative degree zero
o positive high-frequency gain
o control- and observable (= minimum-phase)

= ‘Standard internal model’ in industry (SISO):

zr(t) = w(t), z;(0)=0 _kps+kp
o) = kpu(t) + ko) | O 00 T T w(s) ke k>0 (P)
extended MIMO funnel controller
PD controller & feed-forward internal model ‘decoupling’
Yref e y
K2e+ KoK1e| V| eg. |u
W?,oo yref — 6 0 +UF£ 1€l (P|n) — M (ROBOT) . y
]_ L A
nm
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Combination of internal models

extended MIMO funnel controller

y PD controller & feed-forward internal model ‘decoupling’
ref e Yy
Kle+ KoKé| Y — |
2,00 . — . 0 > (IM —> —>| ROBOT .
w Yyt é A (IMx) M ( ) |y
Nm
Oeene

= References (for each joints)
Yref,i- R;O — R, t— yref,i(t) = a; sin (271' .fz t) + bi, a; > 0, bi # 0
= Internal models (SISO)

2
FPI(S):W, k‘p,k‘[>0 and FSIN(S): (8+7) 3 ’y,fi>0

82 + (2’/Tf1)
= Serial interconnection

kps+k s+ )2
Fiaa(s) = 2 EEL S ek fi=0 (M

christoph.hackl@tum.de Non-identifier based adaptive control in mechatronics: An overview 25/04/2014, Page 32/54



-3 Munich School of Engineering

Technische Universitat Miinchen m

Simulation results with (IM,,) ( ——#1, #2)

4 r ‘ - - ’yrcf,l(') - 'yrcf,z(') ”

Winkel 9 N
Y1, Y2
[rad] 0 ; ; . i

-2 r - ] - 1 - | | |

~Uref, () - - - yref?

Geschwindigkeit
Y1, Yo
[rad]

_1 1 Il L I |

200 T T

. ---di() =ds()
Moment 0o

e —— —————

U1, Uy 0 P ~N—— I SS————
[Nim]

100 b

—200 10 20 30 10 50

Zeit t[s]
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Simulation results with (IM,,) (

Positionsfehler
€1, €2
[rad]

P-Verstarkung
kg.l ’ k[21‘2
[Nm/rad]

Geschw.-Fehler
€1, €2

[rad/s]

D-Verstérkung
koikiy, koakio
[Nms/rad]

—#1,

#2)

0.5 T :
A R ‘***iwn‘l(‘):ﬂ/}o,z(') ‘
0Fr ——— ——
—0.5 L | | L
100 T T T T
50 *
0 \"‘\ ke \\‘ _/ “"\\ 7 \nLl =~y
2
0k — — .
e R ""ilﬁl,l('):iwl,z(') ‘
50 T T
25 ¥ o - N b
N TTN T TN N AN
~ 7 N, M. \0/
0g 10 20 30 10 50

Zeit t[s]
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Funnel control with saturation [9, 10]

implementation (xPC target) mr, laboratory setup
satg , (+)
Yref @ 1 u w
B=lel© %

W+ Ny,

> Ufeas = Ufeas(Yref, ¥, SYStEM, ... ) = V> 0: ¥(t) —|e(t)]| = ¢

U
. A A
e mln{§, w(()) — |€(0)‘, m}
B Ugens CONServative (for setup ugeas ~ 63 [Nm] and 44 = 22 [Nm])
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Pl-funnel control with saturation feasible?

implementation (xPC target)

Yref € 1 v Ty = kv
p—le] u=kpv +

0’}

T

satg , (+)

A+

laboratory setup

| W

= Tracking with prescribed transient accuracy endangered, i.e.

Vit =0 < ()

?

christoph.hackl@tum.de Non-identifier based adaptive control in mechatronics: An overview

25/04/2014, Page 36/54



o
= Munich School of Engineering Technische Universitat Miinchen T‘L’m

Pl controller with Anti-windup (“conditional integration”)

System theoretical interpretation:

Vou(-) e C(Rso;R) — Vt=0: |zr(t)] < max{ta, z7(0)} =: x>

Lemma (see [3]) J

= Anti-windup: z;(-) acts as bounded “input disturbance”
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Pl-funnel control with saturation [3]

implementation (xPC target) mr, laboratory setup

V/ satg , (+)
Yref e 1 v 1 = faw(@)kv u | W
P=lel© . : %

u=kpv+xg

W+ Ny,

> Ufeas = Ufeas(Yref, ¥, SYStEM, ... ) = V> 0: ¥(t) —|e(t)]| = ¢

(1
= & <min {3, %(0) ~ |e(O)]. grrr T |

I
B Ufens ~ 63 [Nm]
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Measur. results: —— (FC,)+(P1), (FC1)+(PI*v)

< 200 | : -~ Yhet(1)
£ Yref() E¥E()
£ 100 F--- —_—————
g 0 | | L | | I | i | E|
50 [ T T T T T T T T T |
RN
B 50 L i
) —_— .
—100 t i i i | i i i e()
T T T T T T T T T
=) 80 R
= 60 i
= 40 r
& 20 F
e 0 i
T
20 F
7 L
20 po-—-oTE -
§ _20 i | | | | L L | L iﬁA I
2 1 6 ] 10 12 4 16 18 20
time ¢ [3]
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Funnel control for elastic systems [2]

Ioag:'(mL) 05, wo 01, w drive (mar)

cs,dg

= Goal 1: Reference tracking wy — ws re (OF Wi — Wi ref)
= Goal 2: Active damping of natural frequency

05(91 + @2)

0.6, ~ 61 [rad/s] = fo =~ 9.7[Hz]

wo =

= Constraint: w; as feedback signal only
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Elastic system: Two-mass system model

mech. system 1/g,

—

wy wa
U@z ws
2r 82y

Vwi + Frwi

ds |
actuator qt ] w1 “— il ﬂt ]
ka 1/0: | 1/g, i’ cs 1/0, y

u myr - - 2
PAR Ay LY

A

D) m
sensor

(F1w1)(t)
(?—t:cs(t) = Agzs(t) + bs (u(t) + UA(t)) + Bs (mL(t) n (§2w2)(t)> ’ (2MS)
xs(0) = (w), ¢%,wy) € R

Non-identifier based adaptive control in mechatronics: An overview
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Funnel control for elastic systems with filter and state
feedback [13]

implementation in xPC target

2MS with ‘sensors’

Yref = w1
—>
Lo (e + ex)wzret € PI-funnel w8 -
controller w2
Yy ~ n
W] = w1 + Ny m
filter & aug. output J ®
tp = —kp (zp + ¢A>S)

s ds o
y = ci11 + c2¢s 05 &

+ c3Wa + coxp -

<—| Wo = Wy + N2 Tm2
C2 C3
2MS € S; — ¢>0A =20A =>—; A kp>0.
gr 9r

For active damping: Feedback of w; and wy necessary!
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Elastic system with disturbance observer (DO) [11]

mp,
mech. system 1/g
rwi + Frwr |: dg vat + Fot?
|e— <
actuator ﬂt w1 E qt T
ka 1/©4 1/g, 5 cs 1/65
ut U mym oy S - w2
— T v Ej_ 1 v
UA
1 56, /k4] 91 L 'msensor
1+sTpo 1+sTpo :
Mpg
1-kpo[—observer
o1
m(s ~ ~
mDO(S) = k‘fq) — UA(S) (fOf ka=ka, ©1 = Oq, kDO = TDO = Nyp = 0)
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Elastic system with (DO) element of class S;

Extended two-mass system with = (wy, ¢g, wa, xp) "

(Frw1)(t) )

t) + (Faw2)(t)

S z(t) = Az(t) + b(u*(t) + ua(t)) + B (mL( 3)

y(t) = c'z(t),  =(0)=(x3)", 0)" eR*

A b
whereA:[*S %]bz(f)Bz[oBso] andc’ = (1,0, 0, 0).

Tbo Tbo
Proposition (see [2])

For Tho > 0, kpo € R, %A > (0 and (:)1 > 0, the extended two-mass system (3)
is element of system class S;.

Proof by checking system properties (i)—(iv) of system class S; .

christoph.hackl@tum.de Non-identifier based adaptive control in mechatronics: An overview 25/04/2014, Page 44/54



-3 Munich School of Engineering

Technische Universitat Miinchen m

Implementation: Funnel control with (DO)

implementation in xPC target

2MS with ‘sensors’
Yref =
GrwW2 ref @

w1

—>

*
funnel u U (e o
controller w2

—

W

A~

W1 = W1 + Ny,

N

disturbance
observer

Disturbance observer design

kDO =0 A TDO =0.03 [S] (TDQ =33.3 [HZ] > f() =97 [HZ])
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Measur. results: —— (FC;)+(PI),

(FC1)+(DO)

10 ’ ‘
8r - =~ tret() —rer() £¥6() |
wo + Ny [rad/s]g"-/-x\::/-f——' — = S —
oL -
0 I I L I
1 0 T T T T =
5 L -
e [rad/s] N == =
) | | } =20
6 [ T T T T ]
k [Nms/rad] ar 7
2[\v/\,/\ [ R ]
0 I I L I
20 ’» T T T T ]
10 .
myy [Nm] I e
0 _Xw/_ —_— '/'
————m()
~10 I I I I
0 2 4 6 8 10
time ¢ [s]
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Meas. res. (zoom): —— (FC,)+(Pl),

(FC,)+(DO)

Z001m
0,03 J
0.03
0.02
0,02 0.01] M I
o —
g S oA S Ao
£ 0,01 0 0.5 1 ]
zoom
‘ 0,02
P NN A 0.01 \/\ﬁ T
0 [ \/ )
0
5 5.5 6
-0,011 | I | il
0 2 6 8 10
time ¢ [3]
christoph.hackl@tum.de Non-identifier based adaptive control in mechatronics: An overview 25/04/2014, Page 47/54



-3 Munich School of Engineering Technische Universitat Miinchen W_’m

Funnel control for wind turbine systems [4]

rewr =TT Operation regimes
I Il i \%

VUcut—in U.N Vcut—out Uy [%]
Simple turbine model
d 1 mr (’UWa ﬁa CUG)
d ¢~ o ( 9r A ref

with © := O¢ + O1/¢?
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Power coefficient, turbine torque and goal

0.6 Acp 1 ( *)
0.5

0.3

0.2
/ N
0.1 / Ci’l(.)

0 2 4 6 8\* 10 12 14 16 18 20 A

1 grep(vw, B,wa) Pw
Pr =CP(UW7ﬁ,WG)§QT%7TU%V = mr(ow, B,wg) = = ( e )

—
:=Pw

Goal for regime Il: Maximum power point tracking for fixed 8 = 5y = 0, i.e.

A= ﬁ — N (or wg — wg) forall A € (Amin, Amax) aNd Veus—in < v < VN
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Nonlinear controller design

~1 mr(vw Bawe)
gr
3 1
Controller §p'¢)PM 1 Ters 2P¢PM )
WG, ref L et [— g e L : id mgy T \ i we
= Standard controller [15]:
1 A"
mG’ref(t) = —k}wG( ) with kp = 5 T%ch(géj)g) (WTC)
= Funnel controller:
s(t) gr A
re t) = — ——~—"—F+ re - re
ma, f( ) 1/)(t) — |e(t)| wa, f(t) wg( ) with wa, f(t) - W(t)
—_— =:e(t)
=:k(t)
(FCI'™)
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Simulation results: —— (FC}V'1), (WTC)

6
vy [m/s] 4
2
0
15
1
wg [rad/s|
0.5
0
0.2
e [rad/s] 0.1
0
—0.1
3
2
k [107-Nms/rad]
0g 100 200 300 200 500 600

time ¢ [s]
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Simulation results: —— (FC}V'1), (WTC)

1 0 L T T T ‘ |
M%MWMWMMMamw«:&wvﬁ%wj
A1 5 7
. | | | | |
0.6p=g==s ;L‘;,:.;T:;.:;‘":; ;.:;:..:L; i :;a:.,;;‘;,;:;.::::;:.;-f e
0.4 [ 1
cp [rad/s|
E [kWh]
0 - Il Il Il Il Il
0 100 200 300 400 500 600
time ¢ [s]
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Conclusion

To take home
= funnel control applicable for speed and position control of

o rigid systems

o elastic systems (active damping by disturbance observer)

o rigid-link revolute-joint robotic manipulators (if inertia matrix is roughly
known)

o wind turbine systems is feasible (if rotor radius, optimal tip speed ratio,
gear ratio and wind measurements are available)

= only structural properties must be checked (robustness)

= no system identification or parameter estimation necessary (mainly)
= time-varying gains (also decrease possible)

= ‘tracking with prescribed transient accuracy’

= steady state accuracy in conjunction with internal model (e.g. PI)

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

= Pl-funnel control with Anti-windup feasible (wind-up effect removed)
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