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Motivation

(General) Multi-Rate Control:

Dynamically Admissible Robust Invariants

— Control algorithms are often implemented hierarchically i
— £
— Theory should reflect this structure Xa(t) Q

— Need understanding of interactions between levels of hierarchy

(Low Level) Control Lyapunov Functions (CLFs):  (Mid Level) Model Predictive Control (MPC):

Pros: Pros:

— Guarantees of robust stability for nonlinear systems — Optimality over a horizon

Cons: — Naturally incorporates state and input constraints
— Myopic decision making Cons:

— Difficult to integrate with state and input constraints — Computational limits necessitate model approximations
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— Multi-Rate Architechture




Overview

— Designing a Feedback Controller Discrete Planning  xx11 = Apxg + By, + Cy,
L Mid-Level J
— Producing Trajectories and Satisfying State Constraints Dynamically Admissible Robust Invariants
Trajectories

— Satisfying Input Constraints Xa(t) ¢ & Q

- [ Low-Level J

Continuous Dynamics x = f(x) + g(x)k(x, 1)

— Multi-Rate Architechture
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Input: v e R

Disturbance: w : R>g — R"
Drift Vector: f:R"” - R

Actuation Vector: g : R — R
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Assumption 1

.

— 0 € R” is an unforced equilibrium point

— g(x) #0 for all x € R"

Discussion:

— Satisfied for full state feedback linearizeable systems

— Allows system to follow “arbitrary” trajectories
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/Deﬁnition 1 (Dynamically Admissible Trajectory) h

There exists a ug : R — R such that:

x4(t) = £(xa(t)) + g(xa(t))ua(?t)

Discussion:

— x4(t) is a “trackable” trajectory
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Low Level

/Deﬁnition 1 (Dynamically Admissible Trajectory) h

There exists a ug : R — R such that:

x4(t) = £(xa(t)) + g(xa(t))ua(?t)

Discussion:
— x4(t) is a “trackable” trajectory
/

4 . )

Questions

— How do we synthesize dynamically admissible trajectories?

— How to we track them with disturbances?
- /
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R. Freeman, P. Kokotovié, Robust Nonlinear Control Design, 1996.
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Low Level

Given a dynamically admissible trajectory x4(t), define:

e(x,t) = x — x4(t)
There exists a feedback controller kP! : R® x R — R such that:

P (x,t) = ¢"(x)(f(x) — (1) g (x)K T e(x, )

N

kff(x,t)

é(x,t) = Fe(x,1)

R. Freeman, P. Kokotovié, Robust Nonlinear Control Design, 1996.
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Mid Level
Designing a Feedback Controller ~TTe
Low Level
é(x,t) = Fe(x,1) Given a dynamically admissible trajectory x4(t), define:

e(x,t) = x — x4(t)
There exists a feedback controller kP! : R® x R — R such that:

P (x,t) = ¢"(x)(f(x) — (1) g (x)K T e(x, )

N

kff(x,t)

é(x,t) = Fe(x,1)

We can construct a Lyapunov function V' : R" x R — R> certifying
this stability via:

Vi(x,t) = e(x,t) Pe(x,t)

-— o e
v o e - ~ :
e — =27 Vi(x,t) < —V(x,t)

R. Freeman, P. Kokotovié, Robust Nonlinear Control Design, 1996.
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Low Level

Given a dynamically admissible trajectory x4(t), define:
e(x,t) = x — x4(t)
There exists a feedback controller £™®' : R” x R — R such that:

P (x,t) = ¢"(x)(f(x) — (1) g (x)K T e(x, )

N

kff(x,t)

é(x,t) = Fe(x,1)

We can construct a Lyapunov function V' : R" x R — R> certifying
this stability via: )
kM(x,t) = argmin §||u — kM (x,1)||3 (CLF-QP)
ueR
s.t. V(x,u,t) < —yV(x,1)

A. Ames, M. Powell, Towards the unification of locomotion and manipulation through control lyapunov
functions and quadratic programs, 2013.
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é(x,t) = Fe(x,t) + w(t)
When disturbances are present, we instead have:

é(x,t) = Fe(x,t) + w(t)

Input to State Stability yields some ¢(||w||~) € R:
Vix 1) > c(lwlle) = V(x.t) < —V(x,1)

-—
¥ s re > = e
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E. Sontag, Y. Wang, On Characterizations of input-to-state stability with respect to compact sets, 1995
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é(x,t) = Fe(x,t) + w(t)

Mid Level
Designing a Feedback Controller ~TT®
Low Level
When disturbances are present, we instead have:
é(x,t) = Fe(x,t) + w(t)
Input to State Stability yields some ¢(||w||~) € R:
V(x,1) > c(|[Wle) = V(x,t) < =4V (x,1)
/Lemma 1 A
Under £°%(x,t), the solution ¢(t) € £(t), where:
E(t) = {x eR™ | V(x,t) = e(x,t) ' Pe(x,t) < ¢(|[wlloo)}
Discussion:
— &(t) is a robust invariant for the nonlinear system
e J

E. Sontag, Y. Wang, On Characterizations of input-to-state stability with respect to compact sets, 1995
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When disturbances are present, we instead have:
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Input to State Stability yields some ¢(||w||~) € R:

Vix.t) 2 c(|wle) = V(x,1) < —V(x,1)

/Lemma 1 A
Under £°%(x,t), the solution ¢(t) € £(t), where:
E(t) = {x e R" | V(x,1) = e(x,t) ' Pe(x,t) < c(||w]l)}
Discussion:
— &(t) is a robust invariant for the nonlinear system
- J

E. Sontag, Y. Wang, On Characterizations of input-to-state stability with re
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Overview

— Producing Trajectories and Satisfying State Constraints

Discrete Planning

[ Mid-Level |

Xp4+1 = Apxg + Brug + Cy

Dynamically Admissible
Trajectories

x4(t) —"

T Robust Invariants

e (&
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Low Level

Mid Level

&

[Goal: p(t) € X] [Approach: xq(t) € € X]

Xd(T)

N
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State Constraint Set: X
Discretization Time: 7' € R
Initial Condition: x4(0)

Terminal Condition: x4(7)




Producing Trajectories and Satisfying State Constraints =T

Low Level

Mid Level

&

[Goal: p(t) € X] [Approach: xq(t) € € X]

Xd(T)

~
~
-~
~
-~
~
~o
-

State Constraint Set: X
Discretization Time: 7' € R
Initial Condition: x4(0)

Terminal Condition: x4(7)




Producing Trajectories and Satisfying State Constraints =T

Low Level

Mid Level

&

[Goal: p(t) € X] [Approach: xq(t) B E € X] ¢ - ¢ = x4(T)

Bézier Curves:

M. Kamermans, A primer on bézier curves

Ve x4() = ¢ 2(7)
Co =*a(0)
X R
- __ _..
X e - - - - - -

|

|0/\) :
C_____

State Constraint Set: & Control Points: ¢; € R”

Discretization Time: T € R,  Basis Polynomial: z: [0,1] — R"

Initial Condition: x4(0) Polynomial Order: p =2n —1

Terminal Condition: x4(7)
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Low Level
[Goal: p(t) € X] [Approach: xq(t) € € X] ¢ - ¢4 = xa(T)
Bézier Curves:
xa(r) = ¢Ta(7) >
P TN\ T\P—1 X4(T) :CTZ(T)
A= (J (7) (-7) -+ i=0.p 6ot
X R
I- ———————————————————— -~
X - -
|
|
Q Yl \
T_____
State Constraint Set: & Control Points: ¢; € R”

Discretization Time: T € R,  Basis Polynomial: z: [0,1] — R"
Initial Condition: x4(0) Polynomial Order: p =2n —1

Terminal Condition: x4(7)

M. Kamermans, A primer on bézier curves
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[Goal: p(t) € X] [Approach: xq(t) € € X]

Bézier Curves:

xa(7) = ¢ ' 2(7)

a=()G) (-3 =0

¢' = [x(0) x(T)]D?

State Constraint Set: X
Discretization Time: T' € R
Initial Condition: x4(0)

Mid Level

Low Level

Terminal Condition: x4(7)

M. Kamermans, A primer on bézier curves

Control Points: ¢; € R”
Basis Polynomial: z : [0, 1] — R"

Polynomial Order: p =2n — 1
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[Goal: p(t) € X] [Approach: xq(t) € € X]

Bézier Curves:

xa(7) = ¢ ' 2(7)

Mid Level

Low Level

. . T
P T\ T\P—1 ' x4(7) = ¢ z(7)
A= (J (7) (-7) -+ i=0.p 6ot
X R
¢'=[x(0) x(T)]D~! o ]
[ Lemma 2 \] Tt .. e
|
\xd(*r) is dynamically admissible. J : ‘/\/' |
|
T____-
/Bézier Curve Properties A State Constraint Set: & Control Points: ¢; € R”
~ Derivatives of x,4(7) are given by H¢, Discretization Time: T'€ R, Basis Polynomial: z : [0,1] — R"
1
' el o 151 —— Initial Condition: x4(0) Polynomial Order: p =2n —1
\— x4(7) is contained in the convex hull o Cij Terminal Condition: x,(T)

M. Kamermans, A primer on bézier curves
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Robust Invariant: £
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Low Level

[Goal: p(t) € X] [Approach: xq(t) € € X]

Bézier Curves:

xa(7) = ¢ ' 2(7)

0= () (3) (-5 =

¢' = [x(0) x(T)]D?

( Assumption 2

—

t — X is a compact, convex polytope

State Constraint Set: X
Discretization Time: T' € R
Initial Condition: x4(0)

Terminal Condition: x4(7)

Mid Level

&

¢4 =xa4(T)

/

xa(r) = ¢ 2(7)

( conv({¢;})

Control Points: ¢; € R”

Polynomial Order: p =2n — 1

Robust Invariant: £

Basis Polynomial: z: [0,1] — R"
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Overview

— Satisfying Input Constraints

Discrete Planning

[ Mid-Level |

Xp4+1 = Apxg + Brug + Cy

Dynamically Admissible
Trajectories

x4(t) —"

T Robust Invariants
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Satisfying Input Constraints

[Goal: &< (p(2), 1) ]2 < umax] [Approach: 15 (o (1), )]]2 < h(C) < Umax

(h convex) ]

Mid Level
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& L ]
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Satisfying Input Constraints

[Goal: &< (p(2), 1) ]2 < umax] [Approach: 15 (o (1), )]]2 < h(C) < Umax

(h convex) ]

1, 8)ll2 < (1R (x, 8) — B ()12 + 157 (x, 1)

+0, A-inequality

Mid Level
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Ve ]

Low Level
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Satistying Input Constraints ol e

Low Level

(Goal: [F(@(®). Dllz < umnx) (Approach: [k (p(t), D)2 < h(¢) < tmax (I convex)]

Kk, 1)z < Rk, ) = KO, )2 + 17, 1) +0, Acinequality
< [|E™(x,t) — Ef(x,t)[]o + ||k (x, 1) ]2 Optimality of CLF-QP
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Low Level

(Goal: [F(@(®). Dllz < umnx) (Approach: [k (p(t), D)2 < h(¢) < tmax (I convex)]

+0, A-inequality

& (x, ) [l2 < [ (x, 1) — T (x, 1) |2 + [[E7 (x, 1) |2
t) Optimality of CLF-QP

< kP, 1) — B (x, )| + (KR (x, 8) 2

g (x)K "ell> + [lg"(x) (f(x) — 257 (1)) ]2
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Low Level

[Goal: &< (p(2), 1) ]2 < umax] [Approach: 15 (o (1), )]]2 < h(C) < Umax (h convex)]

1E(x, 1) l2 < IB(x, 1) — k¥ (x, ) [[2 + K% (x, 1) ]2 +0, A-inequality
< [|E™(x,t) — Ef(x,t)[]o + ||k (x, 1) ]2 Optimality of CLF-QP
= llg" ()K" ell2 + [lg"(x)(f (x) — &5 (£)) 2
< lg" ) ll2(IK[2llell2 + [[f (x) — 25 (®)]2) | ||z Inequalities
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Satisfying Input Constraints

[GO&II ||kdf((lo(t)a t)||2 S umaxj

1k (x, )12 <{llg" (x)l2

Mid Level
Xd(f) A %
re

Low Level

[ Approach: [[kf((t),t)]l2 < h(¢) < tmax

(h convex) ]

(1K1 llell2) +[Ilf () = @7 (t)ll2)

Let }_(k,Xd(t) e X
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Satisfying Input Constraints
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Low Level

[Goalz &< (p(2), 1) ]2 < umaxj [Approach: 15 (o (1), )]]2 < h(C) < Umax

(h convex) ]

1k (x, 1)l <(llg" GlBIK Ilellz] + (Il £ (x) — a5 (2)]l2)

llg"G)ll2) < 19T () = 9T (xa(®))l2 + llg (xat)) — 9" (p) |2 + 9T (xi)|2

o g (%)

Let )_(k,Xd(t) e X

+0, A-inequalities
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Low Level

[Goal: &< (p(2), 1) ]2 < umaX: [Approach: 15 (1), )2 < h(C) < Umax (R convex)]

1k (x, 1)l <(llg" GlBIK Ilellz] + (Il £ (x) — a5 (2)]l2) Let Xy, xq(t) € X

llg"G)ll) < 19T (%) = g7 (xa(®))l2 + llg (xa(t)) = 9" (%p)ll2 + lg¥ (xk) ]2 +0, A-inequalities

< Lyt (llell2 + Ixa(t) — %ell2) + llg7 (%x)l2 Lipschitz
° QT(X)
.\_/_\o

9" (%)
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Low Level

[Goal: &< (p(2), 1) ]2 < umaX: [Approach: 15 (1), )2 < h(C) < Umax (R convex)]

1k (x, 1)l <(llg" GlBIK Ilellz] + (Il £ (x) — a5 (2)]l2) Let Xy, xq(t) € X

g™ < 19T (x) — gF (xa(E)lz + llg" (xa()) — gt (%e)llz + lgT(Ri)ll2 +0, A-inequalities
< Ly (lellz + Ixa(t) — Rellz) + 19 (%) Lipschitz
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Low Level
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Low Level

[Goal: &< (p(2), 1) ]2 < umaxj [Approach: 15 (1), )2 < h(C) < Umax (R convex)]

1k (x, 1)l <(llg" GlBIK Ilellz] + (Il £ (x) — a5 (2)]l2) Let Xy, xq(t) € X

g™ < 19T (x) — gF (xa(E)lz + llg" (xa()) — gt (%e)llz + lgT(Ri)ll2 +0, A-inequalities
< Ly (lellz + Ixa(t) — Rellz) + 19 (%) Lipschitz

I () = & (®)l3 < Ly(llellz + lIxa(t) — Zxll2) + | f (%x) — @tl2 ’

lell2] < e Low Level Controller
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Satistying Input Constraints ol e

Low Level

[Goal: &< (p(2), 1) ]2 < umax] [Approach: 15 (o (1), )]]2 < h(C) < Umax (h convex)]

Ie< G, t)ll2 < g G2 (1K lzllell2 + 11 (x) — 2 (E)]]2)

llg" GOllz) < Lys (llellz + lIxa(t) — %ill2) + gt (xe) 12

I1F(x) = @3 (@)l < Ly(llell2 + Ixa(t) — Zxll2) + 1 f (%) — @Iz

lelld <e
J
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. . . Mid Level
Satistying Input Constraints ol e
Low Level
(Goal: [k (0(#), )]l < tmax] [Approach: [E((2),0)ll2 < A(C) < tmax (b convex)]
1k (x, )12 < [lg" () |2(IK l2llell2 + | £(x) — 272 (2)]|2)
llgt 1l < Lyt (llellz + 1xa(t) — Rxll2) + llgt (Re)]2
1FG) =3B < Ly(llella + [xa(t) — Rell2) + IIf (%e) — 3215
leld <
J
(kY (x, 1), < 3o (1) TMo(t) + No(t) + T A
T fxa() — el _ [2Lg Ly + LellghRe)llz + Lyt 1K 22
| 0= | N = [ e
L= el(Lye+ ol + K M= 2 T
gt y
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Mid Level

Satistying Input Constraints ol e

Low Level

(Goal: [F(@(®). Dllz < umnx) (Approach: [k (p(t), D)2 < h(¢) < tmax (I convex)]

1k (x,t)]]2 < 30(t) 'Mo(t) + No(t) + T

M = M(Lygt, Ly)

System and
N=N(L,, L, &K
Controller Properties ( 7€, K)
T =T(L,,Ls, E,K)

gt

gt

|xa(t) — Xk |2

“Trust Region”: o(t) = 1%a(t) — £(Xk) |2
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Mid Level

Satistying Input Constraints ol e

Low Level

(Goal: [F(@(®). Dllz < umnx) (Approach: [k (p(t), D)2 < h(¢) < tmax (I convex)]

1k (x,t)]l2 < 50(t) TMo(t) + No(t) + T' < Umax

M = M(Lygt, Ly)

System and
N=N(L,, L, &K
Controller Properties ( 7€, K)
T =T(L,,Ls, E,K)

gt

gt

[xa(t) — X2

“Trust Region”: o(t) = 1%a(t) — £(Xk) |2
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Satisfying Input Constraints

[Goalz &< (p(2), 1) ]2 < fu,max] [Approach: 15 (o (1), )]]2 < h(C) < Umax

(h convex) ]

1k (x,t)]l2 < 50(t) TMo(t) + No(t) + T' < Umax

M = M(Lygt, Ly)

System and
N=N(L,, L, &K
Controller Properties ( 7€, K)
T =T(L,,Ls, E,K)

gt

gt

[xa(t) — X2

“Trust Region”: (1) = || 0 " Kl

|4 (£) —

k)2

N

[xa(t

Mid Level
Xd(f) A @
re

Low Level

) — Xkl|2
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Mid Level
Satistying Input Constraints ol e
Low Level
[Goal: [k ((2), 8)llz < tmax ] [Approach: [ (e (t),)]l2 < A(¢) < tmax (h convex)
&5 (8) — f (X))l
k(x,1)]2 < Lo (t) TMo(t) + No(t) + T < tnas d 2
‘ | M = M(L,+,Ly)
ystem an _
Controller Properties N = N(Lgt, Ly, £, K) _
I =T(L,,LysEK) lea(t) — xll2
y . xXq(t) — X \
Trust Region”: o(t) = ||)|1|:d(dt() )_ f(£k||)2||2
Issues A
— Not convex (due to M)
— Requires knowledge of Lipschitz constants
— Needs to be enforced continuously in time
- J
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Satisfying Input Constraints

Mid Level

Xd(f) A %
Ve ]
Low Level

[Goalz &< (p(2), 1) ]2 < umax] [Approach: 15 (o (1), )]]2 < h(C) < Umax

(h convex) ]

1k (x,t)]l2 < 50(t) TMo(t) + No(t) + T' < Umax

M =|mpsp (M(Lgt, Ly))|= M(Lyi, L)
N =N(L,,Ls,&,K)
L' =T(L,, Ly, &, K)

System and

Controller Properties s

gt

« PRI _ ||Xd(t) _EkH2
Trust Region”: o(t) = {H)’{d(t) &) o

123 () = f (%) 2

\\

N
>

[ A
Issues
— Not convex (due to M) v/
— Requires knowledge of Lipschitz constants
— Needs to be enforced continuously in time
- /
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Satisfying Input Constraints

[Goal: &< (p(2), 1) ]2 < umax] [Approach: 15 (o (1), )]]2 < h(C) < Umax (h convex)]

||]€le(X,t)H2 S %O'(t)TMO'( ) + NO’( ) + r < Umax

M =(7psp (M(a, 8))|= M
(Tuning Knobs| ¢ N =(N(a, 5, 8 K)]>_— N(LgT
T =(a,B8,E,K)|> (L,
“Trust Region”: o(t [%a(t) — |2
317 70 = {5, (8) = £()
(Theorem 1

For «, 3 sufficiently large, M, N, and I
respect the above ordering

9“ )
aLfagaK)
L¢ €, K)

o

O
O

&

123 () = f (X&) l2

N
N

Mid Level

Xd(f) A %
Ve ]
Low Level

Issues

-

— Not convex (due to M)

— Requires knowledge of Lipschitz constants ~

— Needs to be enforced continuously in time

J
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Mid Level

Satistying Input Constraints ol e

Low Level

[Goal: &< (p(2), 1) ]2 < umax] [Approach: 15 (1), )2 < h(C) < Umax (R convex)]
[(HC)i — f(Xk)|l2

15 (x,8)||2 < 20(t) "Moo (t) + No(t) + T < Unax

2
(M = 7psp (M(c, 8)) = M(Lgt, Ly) \
Tuning Knobs N = N(a, 3,&,K) = N(Lyt,Ly,E,K) \
| T =T(a,8,6,K) > T(Lgi, Ly, €, K) NP 1¢; — Rl
| Ixalt) — Xkl } | [ 1(€)i — Xkl2, ] \\
o) = hxd(t) —£(®0)lle) = [ (HO), - £l :
/Issues A
— Not convex (due to M) v/

— Requires knowledge of Lipschitz constants ~

— Needs to be enforced continuously in time

- J
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Mid Level

Satistying Input Constraints ol e

Low Level

[Goal: &< (p(2), 1) ]2 < umax] [Approach: 15 (1), )2 < h(C) < Umax (R convex)]
[(HC)i — f(Xk)|l2

15 (x,8)||2 < 20(t) "Moo (t) + No(t) + T < Unax

2
4 M = TPSD (M(O&, ,6)) ~ M(LQT,LJ&) \
Tuning Knobs ¢ N = N(a, 3,&,K) = N(L,t, L, £, K)

gt

| T =T0(a,8,6K) > T(Lyi, Ly, &, K) NP 1¢; — %ell»
] Ixa(t) — Xkl )i — Xkl|2, \\
o(t) = hxd(t) . f(m)uJ S max; [H(Hoi &)l \

d Lemma 6 )

1) — e 1 ( Issues A
i — XEk||2, - 1T
L <s, Vi =s'Ms + Ns + T < Uyax

\[”(HC)Z — f(Xk)HJ - ’ ) — Not convex (due to M) v/

- v N — Requires knowledge of Lipschitz constants ~

Ixa(t) — |2 1T

O'(t) — HX (t) . f(i )H 50(t) Mo (t) + No(t) + I' < umax — Needs to be enforced continuously in time ~/

QN d k)2 )) \_ )
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Overview

— Multi-Rate Architechture

Discrete Planning

[ Mid-Level |

Xp4+1 = Apxg + Brug + Cy

Dynamically Admissible
Trajectories

Robust Invariants

Xd (t) (—J

- [ Low-Level J

e (&)

Continuous Dynamics

x = f(x) + g(x)k(x,1)

27



Multi-Rate Architechture

min
Uk X
SkaCk

S.t.

N-1
> h(xp,ur) + J(xn) (FTOCP)
k=0
Xpr1 = Apxp + Brug + Cy, (Dynamics)
xg € X(t) D E, (Initial Condition)
xy = 0, (Terminal Constraint)
Cr) = [xp x5, D, (Trajectory Construction)
(€r)ie X €, Viel (State Constraint)
1(Cr)i — Xkl - :
. < sy, Yiel Input Constraint
I(EC,)i — F&o)lla) = ( )
1
55;1\4&,}381C + Nlﬁsk +T'0.8 < Umax, (Input Constraint)
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Multi-Rate Architechture

-

min
U, Xk
Sk ac,lc

S.t.

N-1

Z h(xp, ur) + J(XN)

k=0

Xk+1 = Apxp + Brug + Cy,

X0 € x(t) @ €,

XN = 0,

Cr) =[x x54]D7,

(€r)i € X OE, Viel

H(C )z' _ikHQ .
[”(HC:)@- - f(ik)HJ <sp, Viel
1

§S;cha,,BSk + N;{l—’ﬁsk + FQ,B < Umax

J

xa(t) l I ¢

1
£, 1) = argmin 5 u— £"(x,0)3

u€ER
s.t. Vi(x,u,t) < —yV(x,t)




Results

1 Hz, No Disturbance

0.5 2
X \/ |
Of ! 1}
-0.5
S = 0f
1t j
-1.5¢ -1
_2 . . . _2 .
0 2 4 0 5
X1 t
——CLF

——MPC on Linearization with No Low Level
—— C-MPC on Linearization, CLF Low Level

®  MPC Planned State (4 ;,)
= = = = MPC Planned Input (uz|k)
Low-Level Input (k(t))

b of (2] e

+] " m u

10
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Results 1 Hz, No Disturbance

0.5 2.
Ot 1 _— U
-0.5
= =0 TN —
11
1.5} 1
_9 , . . 9 . .
0 2 4 0 5} 10
T t
—CLF

——MPC on Linearization with No Low Level
—— C-MPC on Linearization, CLF Low Level

®  MPC Planned State (4 ;,)
= = = = MPC Planned Input (uz|k)
Low-Level Input (k(t))

=10 of[2] Lo

35‘10) + 333] i m !
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Results 1 Hz, No Disturbance

05 ) (AVA
0} 1l I
-0.5
& = OF
11 )
1.5} N
9 : : : -2 :
0 2 4 0 5)
I t
—CLF ® MPC Planned State (5‘72+1|k)

—— MPC on Linearization with No Low Level = === MPC Planned Input (u2|k)
—— C-MPC on Linearization, CLF Low Level Low-Level Input (k(t))

= o of (2] * L+ ] + i)




Results

10 Hz, With Disturbance

0.6

0.3 : :
-1.5 -1 -0.5

——CLF
——MPC on Linearization with No Low Level
—— C-MPC on Linearization, CLF Low Level

®  MPC Planned State (4 ;,)
= = = = MPC Planned Input (uz|k)
Low-Level Input (k(t))

£ g e 1

P i ]|
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Results

B - Increasing a and 3
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Noel Csomay-Shanklin

noelcs@caltech.edu
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Conclusion

Summary:

— Developed a multi-rate architechture integrating CLFs and MPC for robust state and input
constrained nonlinear stabilization

— Used convexity properties of Bézier curves to enable tractable online planning with guarantees

Future Work:
— Extension to Sampled-Data and MIMO settings
— Systems with underactuation
— Adding high level

— Hardware demonstration
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