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Delay equations arise in mechanical systems...

... by the information system (of control), and
by the contact of bodies.

- Linear stability & subcritical Hopf bifurcations
- Force control and balancing — human and robotic
- Contact problems

Shimmying wheels (of trucks and motorcycles)

Machine tool vibrations

Main references

Stepan, G., Haller, G., Quasiperiodic oscillations in robot dynamics,
Nonlinear Dynamics 8 (1995) 513-528.

Stepan, G., Vibrations of machines subjected to digital force control,
International Journal of Solids and Structures 38 (2001) 2149-
2159.

Kovecses J, Kovacs LL, Stepan G, Dynamics modeling and stability
of robotic systems with discrete-time force control, Archive of
Applied Mechanics 77 (2007) 293-299.

Kovacs LL, Kovecses J, Stepan G, Analysis of effects of differential
gain on dynamic stability of digital force control, International
Journal of Non-Linear Mechanics 43 (2008) 514-520.

Insperger T, Kovacs LL, Galambos P, Stepan G, Increasing the
accuracy of digital force control process using the act-and-wait
concept, IEEE/ASME Transactions on Mechatronics, 15 (2010)
291-298.

Position control

1 DoF models = x

Q \
] m ‘\
Z L1 \
Blue trajectories: . ] *
0=0 —
Pink trajectories:
Q=-Px—Dx

Force control

y U
S|

i

Stabilization (balancing)
0 X

PD —

Q jogt

v

&

Desired contact force: &
Fo=ky,;

Sensed force:
Fo=ky
Control force: Q =— P(F;— F,)-DF .+ F, .,
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Control force: /

Q=-Px-Dx
Special case of force control: with k<0




Alice’s Adventures in Wonderland

Lewis Carroll (1899) (fieiftital
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Digital position control
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Equation of motion

mi(t)+ Dx(t)+ Px(t) = —C sgn x(¢)
Position error: A=C/P
Stability & P>0,D>0

Stability of digital position control
X'(T)==px(j=1)=dx'(j=1), Telj,j+1)
=la; p=Pt’/m,d=Dt/m
x(T) = x(j)+ X' ()T = j)++a,(T - j)’
X(T)=x()+a,(T-j), Telj,j+1)
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Stability chart Ren 55 <0
pm’ +2(d - p)n* +(4—4d + pn+22+d) =0
Stability conditions: p > 0, H, > 0 (= 0 = Hopf)
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Self-excited vibration frequency: 0 < f < fi,mpiing/6




The low-frequency vibrations
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Force control

Desired contact force: s
Fy=ky,;
Sensed force:

Fy=ky
Control force: Q =— P(F,— F,) - DF + F,
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Digital force control

y
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Equation of motion: ky(/t?
my(t)+ky(t) =—P(ky(t)—F,)+{ o —Csgny(t)
Equilibrium: y, =F, /k F,

Force error: Ap =C/P or C/(1+P) (Craig’86)
Stability for y(#) =y, + x(t) , mX+Pkx=0=P >0

Modeling sampling
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Dimensionless time
T=tlt

Modeling sampling

Sampling time is 7 the j® sampling instant is L=JjT
00 =~Ply(t, =)~ F, )+ ky(t, =), 1€l1,.1,+7)
Natural frequency:  f, =@, /(27) =~k /m [(27)
Sampling frequency: f, =1/t time: T =1t/T
Dimensionless equations of motion: T €[, j+1)
K1) +(@,7)° X(T) = (@,7)* 1= P)a(j=1)
x(T) = x,(T)+x,(T) = x(), ' (j) = B,.B,
B, cos(@w,t) + B, sin(w,t) +(1—P)x(j—1)

Stability of digital force control

x(j-D) =z =Az/ = det(ed—A)=0
x(Jj)
Y() ‘ ﬂm\ <& stability

=

0 1 0
A=|(1-P)(1-cos(w,T)) cos(®,r) —-sin(w,7)
(1-P)w,rsin(w,7) —w,7sin(w,7) cos(®,T)
Parameters: (w,7)/(27) = £,/ fand P
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Stability chart of force control
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Conclusions on digital force control

- All the 3 kinds of co-dimension 1 bifurcations
arise in digital force control
(Neimark-Sacker, flip, fold)

- Application of differential gain leads to loss of
stable parameter regions

- Force derivative signal can be filtered with the
help of sampling, but stability properties do not
improve

- Do not use differential gain in force control

Stability problems along the blade

Turbine blade polishing
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Experimental stability chart
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Time-history and spectrum
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Quter-loop force control in RehaRob
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Sampling time at outer loop with 7= 60 [ms]

Sampling time at force sensor with Az = 4 [ms]
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Force control model with large delay rAt
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Physical meaning of act & wait

Physical meaning of act & wait
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Physical meaning of act & wait

we wait  we act again

previous
~ | action!
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Physical interpretation of act & wait

“Good memory causes trouble”

Regulating the shower temperature

sensor
large delay — small gains

small delay — large gains

Better solution for large delay —
regulate taps with large gain
then wait, and act, and wait, etc...
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Linear MIMO system with act & wait
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Algebraic structure of the map

k=1
Q0 - 0
H 0 00
®,=G,=|0 T 00

Linear MIMO system with act & wait

The structure of the coefficient matrices:

Q 0 0 R 0 R
0 0 0 )
Gy=[0 I -0 0| G =..= 0 0
0 0 I 0 0 0 I 0

Algebraic structure of the map

k=2
Qo 0 RYQ 0 0 R
00 0 0/H 0 - 0 0
®,=GG,=[0 I 0 00 00
00 I 0/ 0 0 I 0




Algebraic structure of the map

<= 7€r0 row

Algebraic structure of the map

> (n-1) zero
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Algebraic structure of the map

k=r+1

L =G1’G0 =

Feedback history is eliminated. ..
Stability is determined by the n-dimensional
matrix: Q"' +RH

Algebraic structure of the map
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Force control model with large delay rAt

Constant gain case  F, [comame |
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MIMO force control model — digital effects

Perturbation at desired force: ¢(r) = g, + x()
X)) +2{w,x(t) + @, "x(1) =—g 0, Px(t,_,)
teft, ), t,=jAt
Discrete state space formulation
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Continuous vs. act-and-wait control
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Experiments — quasi-periodic oscillations
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