Adaptive Safety With Multiple
Barrier Functions Using Integral
Concurrent Learning




..g-\.;,j, Control Objective

t=Y (z,t)0+g(x)u
* § € R? is unknown
 Design a controller so that
S2{zxcR":B(x) <0}
is forward invariant, where
B(x) 2 [Bi (z),By(x),...,Bq(z)]"

» Safe set described by multiple continuously
differentiable functions
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« Control objective can be accomplished
by enforcing for each i € {1,2, ...,d}:

VB (2) (Y (z,8) 0 + g (2) u) < —7i (2)

for all x in an open set D, where S C D

* ~:R" — R? is continuous

e v (x)>0forall x € U(M;)\S;,
where M; = {z € 8S : B; (z) = 0}

- Example: v; () £ B; (z)

» Using robust control techniques to compensate

for uncertainty leads to conservative control
action
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Estimator Design

020—9

VBT (2)Y (z,t)0 = VBT (2) (Y (2,8) 0+ Y (x,1) {9')

Integral Concurrent Learning

Compensation for Estimation Error

Using the update law,

N(t)

02 ko pR% (<!5 (t;) — o (ti — A) = Ki — %9)
=1

vz [ vem.na
Leads to,

We show that,

~

o] <aun o

for all t € dom ¢, where

bun (1) 2 0(0)]exp (= [ kot (7) ar)

N(t)
Amin { PRI }J
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, Estimator Design
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02090
VBT (2)Y (z,t)0 = VBT (2) (Y (2,8)0 + Y (2,1) é)
Assumption 1 Compensation for Estimation Error
When 4 is bounded, We show that,
Ou B (t) is computable Hg () H < Oyp (1)
. for all t € dom ¢, where
Assumption 2
» » t
When \,,,;n, > A >0 forall t > T, Ous (1) = H9 (O)H exp (—/O ko Amin (T) dT)
then 6y 5 (t) is exponentially
regulated YTy, }
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e N , Control Design

VBT (2)Y (z,t)0 = VBT (2) (Y (2,6)0 + Y (z,1) é)

Compensate for estimation error using:
VB ()Y ((1),1)0(t) < [|[VB (6(1)Y (¢ (t), )] 6ur (t)

Ocon.i (x,1) = min (HVBT (2)Y (z,1)]| 6, VB ()Y (2,t)0 (t) + ||VBT )Y(a:,t)HéUB (t))
\ ]|
f

|
Robust Term Adaptive Term
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, Control Design

VB (¢ (1) Y (¢(t),1)0 < beon,i (6 () 1)

Theorem 1. Consider a continuously differentiable BF candidate B : R™ — RY, suppose that the set S is compact, and
suppose that Assumption 1 holds. Let the function v and the set D satisfy (C1) and (C2). Along any solution to the dynamic
system, let k* (x,t) be a control law generated by the following QP:

£* (z,t) £ arg min |Ju — Knom (7, 1) |
ueR™

sit. VB (2) g (2)u < —v; () — Oeoni (z,1), Vi € [d],

where Kpom : R™ x R>q is a nominal controller. If k* (x,t) is continuous in x and t, then the set S is forward invariant
for the closed-loop dynamics. Furthermore, if Assumption 2 holds, then 0 is exponentially regulated.

Feasibility Condition (C2) Recall, we wish to enforce:
Foreach x € D andt € Rx¢, there
exists u € R™ such that, for every i e [d] VB! ()Y (x,t) 0+ VB] (z) g (z) u < —; (2)
VB () g (x)u < =i (x) = |[VB] (2)Y (,1)|| 8
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