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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

[Vi=to:  le(®)] = lpres(t) —y(t) < A

= Challenges
o nonlinear effects (e.g. actuator saturation, friction)
o friction and loads (disturbances) unknown and varying
o uncertain system parameters
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Standard solution (one axis)

disturbance(s)

feedforward| :
control : : l
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: controller controller : . actuator system . y
—_(disturbance ' :
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sensor(s)
implementation : physical system :

= heuristic or empirical controller design = ‘trial-and-error’
= model-based controller design = system identification
= general challenge = desired tracking accuracy notincluded in design
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Speed funnel control (relative-degree-one case)
$0(0)

e(0)

—Xo

—10(0)

= control objective: ‘prescribed transient accuracy’ via funnel boundary design

(76205 Je(®)] = fwner(t) — w(t)] < ¢o(t)|

= “adaptive” proportional controller (see [1] and [2]):

] u(t) = ko(t) e(t) \ (FCy)

where  ko(t) =

Po(t) — le(t)]
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Position funnel control (relative-degree-two case)
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t \/ time ¢ [s]

= control objective: ‘prescribed transient accuracy’ via funnel boundary design

[VE=0: Je(t)] = lywer(t) —y(®)| <wo(t) and ()] <vu(t)]

= “adaptive” proportional-derivative controller (see [3] and [4]):

u(t) = ko) e(t) + ko(t)ki(t)é(t) (FC2)
—— —— |
P-part D-part
where  ko(t) ! and ki (t) L
o\l) = —F N T v 1 = TN a0
tho(t) — le(?)] P (t) —[e(t)]
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Why funnel control for motion control problems?

= simple
= prescribed tracking accuracy
= high gains reduce/eliminate ‘stick-slip’
= robust: “structural” system properties sufficient (system classes S; or Sy)
o known relative degree (pole excess): » = 1 orr = 2
o positive high-frequency gain (or known sign)
o minimum-phase (all zeros in left complex half-plane)
o for r = 2: derivative feedback available (= PD controller)

= deg(D) — deg(IN) = 3 — 1 (pole excess) = r = 2
= 99 = 5 > 0 = positive high-frequency gain
= N(s) =s+ 1= zero: z; = —1 = minimum-phase

= measured signals: y(-) and y(-) = | F'(s) € Sz

christopit e Funmercontrorformotioncontrolof OniCsy 06712720137 Page 7/12



Technische Universitat Miinchen m

Funnel control and steady state accuracy

s lim;_, o e(t) = 0 not guaranteed (since ¥y (t) = Ao > 0 for all t = 0)

= Pl controller
w(s) = 14 KL _SFRL o k=0 (PI)
S S
::ij(s)

= (PI) does not change system affiliation!

~

A _ Y(s) _ o N(s _p A el
PO = 3y = Py = PO PO =5 S ey

deg(D) — deg(N) = 4 — 2 (pole excess) = 7 = 2

= 75 = 5 > 0 = positive high-frequency gain

s N(s) = (s +1)(s + k;) => zeros: z; = —1 and zp = —k; = minimum-phase

= measured signals: y(:) and y(:) =

v
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Laboratory setup: Stiffly coupled system
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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

1

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

Set-point tracking Reference tracking
T T T T T T = 90 /TN
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Position control implementation

implementation in xPC target laboratory setup with ‘sensor(s)’

Yref = (bref\ € — ¢

cl . L . position mpr |
Yref = Wref (5 controller W

Y =W+ Ny :
m
Yy=9+nnm . N,

= Standard PID controller (with feedforward)
t
mat(8) = kp e(t) + k1 J e(r)dr + kpé(t) + up(?)
0
= PID-funnel controller
t
mM(t) = ko(t)Qe(t) + k()(t)k/’l (t)e(t) + kr J k‘o(T)Qe(T) + ky (T)k‘o(T)e(T) dr
0
_ 1 _ 1
where ko(t) = ey and k1(t) = gr—pemn
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Position control measurement results

Set-point tracking Reference tracking
E e NN )
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