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Goals:

« stable, adaptive (time-varying) load speed control of nonlinear
two-mass flexible servo system without knowledge of system
parameters (only structural properties)

«  precribed transient behavior (FC & ERC)

e accurate tracking within prescribed limits (FC & ERC)

* increase system damping & reduce overshoots (ERC)

« error guidance along desired error evolution (ERC)
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Funnel-Control (FC) — Prerequisites
(developed by llchmann et al.)

System of Class &

%k e ) u y
y—li Y (()f jqjj eH) : zliy:f(p,w,u) >
Funnel Controller  |w
Yo:w=Ty
tyin
yrn o

Controller properties:

. Proportional Controller
(simple and robust)

«  Adaptive Time-Varying Gain

. Control Law:

System of Class S- prerequisites:

u(t) = a (9F, (1), W(t), e(t)]]) - e(t)

. Relative Degree r =1

. Minimum-Phase
(stable zero-dynamics)

. Known High-Frequency Gain
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Funnel-Control (FC) - Basic Idea TI.ITI
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Adaption of gain depending on (vertical or
minimal) distance: 20/00/2008
. dy (t) = 0F,(t) — [le(®)]
TN [S] Control
. Short distance => high gain (more
aggressive control) o
Control
—8F, () . Great distance => small gain (more
relaxed control) Nonfinear
Fig.: FC - Error evolution within Funnel Boundary
[Predefinition of Transient Behavior possible!]
Measured
Results
Time-varying (adaptive) gain = Boundedness of control error (for sufficiently large
but finite control inputs!)
Conclusion
& Outlook
W (t) W (t)
a (0F (1), W(t), [le(t)])) = —% =
dy(t)  0F,(t) — [le(t)]
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Error Reference Control (ERC) - Basic Idea Tm
(direct derivative of Funnel-Control with specially designed boundaries and reference) | ... .ccre
MONCHEN
20/06/2008
Funnel
Control
Error
Reference
> Control
TIME [s]
Nonlinear
2MS
Predefinition of desired error evolution Design of Virtual Tube (upper & lower Messured
(,reference error®) with Teyp > O Boundary) with somet!irp ()= 10 Results
x " t—1 e(t)=e(t)+ " (1+ - (t & Gutiook
e (0) = [ (t0) ~ ()] exp (2 ) M) =M+ (e - ()
(o) o e(t)=e(t)i "(1+ (1))
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Error Reference Control (ERC) - Basic Idea TI.ITI

TECHNISCHE

. . . . UNIVERSITAT
Adaption of gain depending on (vertical) MUNCHEN
distance between error and upper (or 20/06/2008

lower) boundary:

dv (t) = & (t) i e(t) | | S
dy (t) = e(t) | €(t)

TIME [9] Error
Reference
Control

Fig.: ERC - Error evolution within Virtual Tube Nonlinear
[specially designed Funnel Boundary!] 2MS

Measured
Results

Time-varying (adaptive) gain = Boundedness of control error (for sufficiently large
but finite control inputs!)

Conclusion
& Outlook

2 (1)
min(dy (t);dy (t))

®crec(t;? (t);e(t)) =
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Error Reference Control (ERC) — Sign of Control Input

(-b%
;5 ERROR

P

TIME |s]

Control input changes its sign according to sign(ugrc (@) = sign(¢ &)

Uerc(t) = @:rc(t)ee(tl)
= @kRrc(t)(eft) | e'(t))
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Active Damping by adequate Gain Scaling '"_"'l
TECHNISCHE
A UN»IVERSITAT
6F (t) = MUNCHEN
~ \+ @ €(t) > ~, q >< u(t) 20/06/2008
~ < L
e(0) T _ - T
L:[J(e’ e) > —/_ Funnel
— > Control
e t) [‘PO;\Pmax]
> FC/ERC + PSI D o
t [S ] Reference
, , FC/ERC Extension for Gain Scaling Gontrel
Idea of Active Damping
(appropriate increase of Gain) Nonlinear
2MS
Measured
Active damping by online adjustment of scaling function Results
with O - gD;gr[T;ax<1 ;gob 1
Conclusion
a max & Outlook
a . . a . f . o =
= (te(t);eft) = sat[* p(e(t) | e(t))(et)i e(t)l® +%o
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Nonlinear Two-Mass Flexible Servo System (2MS) — Model '"_"'l
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1/50m R VACY e
Control
Nonlinear ordinary differential equation of 2MS: Nonlinear
2MS
B - d OBL(A - _ 7
S (Mar—kp (5= Q0 —Qa) == %—;BC(A@))
X = QO —Qa Results
I o (~ML—NF(Q4 )+d2EERE) L cBL(Ag)) ]
Conclusion
T & Outlook
System states: x(t)" = [Qar(t) Ap(t) Qa(t)]
System output: y@®)=Q,()
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Nonlinear 2MS — Static Feedback of time-derivative of Angle (Damper)
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Nonlinear 2MS — Static Feedback of time-derivative of Anqgle (Damper)
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Nonlinear 2MS — Static Feedback of time-derivative of Angle (Damper) TI.ITI
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Nonlinear 2MS — Control Loop for FC & ERC Tu'“
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—py — —po—py € A>, |’]DI| S —|2MS > A(,D 20/06/2008
e “_ 7 7J | ul > QA
KV FC or
ERC+PSI 3
Controller | 1 Funnel
| b Control
Y’ l — k2
) I ) Error
— ks Control -
Auxiliary system [L_ |
;ln:rginear
Auxiliary system (element of class S) output:
Measured
y’(t) = k1 QMr(t) = kgA@O(t) —+ ngA(t) Results
Allowed range of constant feedback coefficients (independent of system Conclusion
parameters!): k> 0 & Outlook
ko > 0
0>ks > —k
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Nonlinear 2MS — Control Loop Design (SF, FC, ERC) TI.ITI
TECHNISCHE
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—>O—>Zy* N y’* elLin__, i jan um: 2MS > A(,O 20/06/2008
A ) L J\_ /;_/' U - s QA
Ky C or
ERC+PSI k’
Controller — Funnel
I Control
y’ l _ 142
— Error
T — 1% e
Nonlinear
Control Parameters SF FC ERC —
k1 [ ”“] (for Qar) || 3.95 1 1 .
ko [M] (for Ag) 35.45 0 0 Resuits
kg [NmE] (for Q) || 2.25 0.1 0.1
Conclusion
PI-Integrator T7[s] — 0.0667 0.0667 & Outlook
Prefilter Ky [1] 18.97 0.9 0.9
Damper kp [%] — 0 0
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Measurement Results — Controller & Design Parameters TI.ITI
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Funnel
Control
Error
Reference
Control
Boundary and Damper Design
Accuracy Limit g [’"‘;’“—d} 0.8 0.8 Nonlinear
2MS
. Time 75 |s 1 1
70?@() { ] )
Accuracy 6 [*2%] (at 75) 2 2
OF cap(0) and *(0) [224] (> Ky - Q7 (0)) | 25.1 25.1 T
Time constant Tepyp, [ ] 0.329 0.329
Design Parameter r(t) — e*(t)
Conclusion
Scaling W(t) [1] 1 W(t, e(t),e(t)) & Outlook
Damper Gain ¥ p [1] — 2
Damper Upper Limit W75 [1] - 19
Damper Offset Vg [1] - 1
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Measurements Results — Velocities and Errors TI.ITI
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Measurements Results — Velocities (Zoom) '"_"'l
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Measurements Results — Auxiliary Error Evolutions (FC & ERC) 'I'u'“
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TUTi

Conclusion: IJE\ICI}\-/{SJEICT}ZE

- Simple, robust and adaptive control structures (FC & ERC) e

- No system identification is needed, only structural proporties must 000208
be assured (FC & ERC)

. Measurement noise is admissible (FC & ERC) Funnel

«  Pre-definition of desired transient behavior possible within Funnel Boundary contrel
(FC) or Virtual Tube (ERC)

«  Pre-definition of and guidance along desired error evolution (ERC) Ergrf:%zr;ce

. Acceleration and/or Deceleration possible due to appropriate change
of control input sign (ERC) Nonlinear

2MSs

. Gain scaling improves performance (especially for ERC)
. Static Feedback of time-derivative of torsional angle allows to (arbitrarilly)
damp the system without exact system knowledge (parameters)

Measured
Results

Outlook:
. Extension of ERC to MIMO case
. Translation of results into position control and application in robotics
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& Outlook
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