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Introduction

Class of problems

Multibody systems with intermittent contacts, problems such as robotic

locomotion or manipulation.

Issues
e High dimensional systems
e Nonlinear dynamics
e Discontinuities due to intermittent contact forces

¢ Holonomic constraints (Index 3 DAE)
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Planar humanoid robot model

Objective

We want to find a periodic walking behaviour in order to make the system
climb up the slope in an optimal way.
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Problem statement

Scheduled sequence of phases

_ TRANSITION
Single support phase Double support phase

P

Only the right foot touches the ground Both feet in contact with the ground
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Problem statement

Periodicity of motion

Initial state Final state

55

We are optimizing only half of a cycle!
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OCP formulation

Continuous time optimal control problem

T

min / L(x(t), u(t))dt

X(-),u(-),T 0

2
F(x,x,z,u) =0 dynamics

subject t0  Xeq(0) = Tl Xeq ( > periodicity constraints

fimpuisive(x T, X, W) =0 impulsive equations in transition
h(x(t)) >0 path constraints

States and controls

x:<q>€R22 z:(q>€R15 u=r1€cR8
q Fc

17 is a permutation matrix
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OCP formulation

Discrete time optimal control problem

NLP
mmi/n f(w)
st. g(w)=0
h(w) >0

Wmin < W < Wmax

Constraints

System dynamics, discretized using direct collocation (Lagrange
polynomial of order 2, collocation at Radau points)

Continuity of the differential states on the time grid

Impulsive dynamics equations at transition between different phases

No collision during single support phase
Friction

e Periodicity on all the states, except for x
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Multiphase dynamics...

t € [0, tTrans] t € [tTrANS, tEND]
x =1f(x,2z) x =f(x,2z)
gdyn(sza U) =0 gdy,,(x,z, U) =0
gs(x,z) =0 gp(x,z) =0
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Multiphase dynamics...

t € [0, trrans] t € [tTraNs, tEnD]
X:f(X,Z) X:f(x)z)
gdyn(sza U) =0 gdy,,(x,z, U) =0
gs(x,z) =0 gp(x,z)=0

Pr(q) =0 Pr(q) =0
Fe, =0 pe(q) =0
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Multiphase dynamics...

t € [0, trrans] t € [tTraNS, tEND]
x =f(x,2z) x = f(x,2z)
gdyn(sza U) =0 gdyn(sza U) =0
Fe, =0 Pr(x) =0
Pr(x) =0 pL(x) =0

index 3 DAE
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Multiphase dynamics...

t e [0, tTRANS] t e [tTRANS, tEND]
x = f(x,z) x = f(x,z)
gdyn(X»Za U) =0 gdy”(x’z’ U) =0
Fc, =0 PrR(X) =0
PrR(x) =0 pr(x) =0

pr (x(tTrRANs)) =0

pr(0) =0 pr (x(tTrRans)) =0

index 2 DAE
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Multiphase dynamics...

t € [0, trrans] t € [tTraNS, tEnD]
x = f(x,z) x = f(x,z)
gdyn(X7Z; U) =0 g'dyn(X,Z7 IJ) =0
Fc, =0 Pr(x) =0
Pr(x) =0 pL(x) =0
pr (x(tTrRans)) =0
pr (x(0)) =0 pr (x(tTrans)) =0
pr (x(0)) =0 Pr (x(tTraAns)) =0
P (x(trrans)) =0

index 1 DAE
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Multiphase dynamics...with invariants!

t e [0, tTRANS] t e [tTRAN57 tEND]
. pr (x(tTraAns)) =0 o
i) =0 | XTI sy =0 [T 02)
pr(x() =0 ) Fa =0 pr (x(treans)) =0 | PRO) =0
Pr(x) =0 pr (x(tTrans)) =0 pr(x) =0
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Multiphase dynamics...with invariants!

t € [0, tTrans]

pr (x(tTraAns)) =0

t € [tTrANS, tEND]

cf ¢ — F(x,
pr(x(0)) =0 X =flx2) pe (x(trans)) =0 X (i 2)
prix(o) =0 | Fe =0 pr ((ermans)) =0 | PRIX) =0

Pr(x) =0 pu (x(trrRans)) = 0 pr(x) =0
Transition
gt =q
M(q) (g7 — ¢~) = Impulse
JCR(q)qJr =0
JCL(q)q+ =
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Multiphase dynamics...with invariants!

t € [tTrANS, tEND]

t € [0, trrans]
pr(x(o) =0 | X~ Fx2) %= f(x,2)
pr (x(0)) =0 =0 pr (x(tTrans)) =0 pr(x) =0
Pr(x) =0 pL(x) =0
Transition
- =q
M(q) (¢" — ¢~) = Impulse
Jeu(@)i* =0
JCL(‘;’)C;'+ =0
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Taking into account periodicity constraints

t € [0, trrans] t € [tTrRANS, tEND]
pr(x() =0 | X =002 x= f(x, 2)
pr (x(0)) =0 Fc, =0 pr (x(trrans)) =0 pr(x) =0
Pr(x) =0 pL(x) =0
Transition
g =q
M(q) (¢" — ¢~) = Impulse
Jeg(q)a™ =0
Je(q)at =

ST GO L ooty SOl B e Ol



Taking into account periodicity constraints

t € [0, trrans] t € [tTrANS, tEND]
st =0 | X702 e =0 X=flxz)
pr(x(0) =0 §Fa =0 Pr(x) =0

Pr(x) =0 P(x) =0
Transition
gt =q
M(q) (¢" — g~) = Impulse
Jer(q)gt =0
JCL(q)¢+ =0

Periodicity constraints implicitly imply
pr, (x(0)) = pr, (x(tenp))
pr, (x(0)) = pr, (x(tenp))
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Taking into account periodicity constraints

te [07 tTRANS] t e [tTRAN57 tEND]
pe(xo) =0 | X7 0x2) %= f(x.2)
pr (x(0)) =0 Fc, =0 pL, (x(tTrans)) =0 pr(x) =0
Pr(x) =0 pr(x)=0
Transition
q-=q
M(q) (g7 — ¢) = Impulse
JCR(q)C-]—’_ =0
JCL(q)¢+ =0

Periodicity constraints implicitly imply
pL, (x(0)) = pr, (x(tenp)) pr (x(0)) = pr (x(tenp))
PR, (x(0)) = pr, (x(tenp)) Pr (x(0)) = pr (x(tenp))
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Taking into account periodicity constraints

te [07 tTRANS] t e [tTRAN57 tEND]
pe(xo) =0 | X7 0x2) %= f(x.2)
pr (x(0)) =0 Fc, =0 pL, (x(tTrans)) =0 pr(x) =0
Pr(x) =0 pr(x)=0
Transition
q-=q
M(q) (g7 — ¢) = Impulse
JCR(q)C-]—’_ =0
JCL(q)¢+ =0

Periodicity constraints implicitly imply
pL, (x(0)) = pr, (x(tenp)) pr (x(0)) = pr (x(tenp))
PR, (x(0)) = pr, (x(tenp)) Pr (x(0)) = pr (x(tenp))
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Taking into account periodicity constraints

t € [0, trrans] t € [tTrans, tenp]
pr (x(0)) =0 );_:i(x’z) _0 )-(-:f(TZ)
pr (x(0)) =0 ¢ =0 pr, (x(trrans)) = pr(x) =0

Pr(x) =0 pL(x)=0
Transition
q-=q
M(q) (g7 — ¢~) = Impulse
JCR(q)q—i_ =0

Periodicity constraints implicitly imply
pL, (x(0)) = pr, (x(tenp)) pL (x(0)) = pr (x(tenp))
PR, (x(0)) = pr, (x(tenn)) Pr (x(0)) = pr (x(tenp))
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What do we optimize for?

e Minimize the positive work:

N

Z Z max (T,',kc'],'k, 0) hk

k=0ics/
Slack variables to deal with non-smooth objective:

N

Z Z Si i hic Sik =0

i Sik = Ti ki k
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What do we optimize for?

e Minimize the positive work:

N

Z Z max (T,',kc'],'k, 0) hk

k=0ics/
Slack variables to deal with non-smooth objective:

N
sik >0
S Yo {220
k=0icot Sik 2 TikGik
e Minimize control variations:

N—-1
YD (i = 7in)’

k=0 ico/
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Horizontal walk
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alpha0.wmv
Media File (video/x-ms-wmv)


Climb
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alpha12.wmv
Media File (video/x-ms-wmv)


Steep climb
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alpha30.wmv
Media File (video/x-ms-wmv)


Thank youl!
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