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¢ Many cyber-physical systems are Safais
¢ Delay Is inevitable!

Digital signal processing,
needs processing time

Actuator Sensor
Digital control needs

A/D and D/A conversion
Hybrid
Controller

¢ Two kinds of delay occur in CPS.

ﬁ)elay In continuous dynamica / Delay in discrete dynamics\
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¢ A new model language, called delay hybrid automaton, is

proposed to model delay hybrid systems, which exhibit delays
In both continuous and discrete-time dynamics.

€ A novel approach based on the computation of differential
Invariants Is proposed to address the switching controller
synthesis problem for delay hybrid systems.

Definition (Delay Hybrid Automaton, DHA)

ADHAs atuple H = (Q,X,U, Inv, X, F,E, D, G, R)
» U: a set of continuous functionals;
» Inv: an invariant Inv(q) for each mode g € Q ;

» R: E x Xp— U : reset functions;
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D(eq)

o /?1 : G(el)\‘
€ qq

DDE DDE
Inv(qq) Inv(q;)

'\ez: G(ez)/

D(ez)

Mode q,

Non-linear DDE: x(t) = f(x(t),x(t —r),w(t)) |
linearize

Linear DDE: x(t) = A x(t) + Bx(t — 1) + Cw(t) + g(x(t),x(t — 7)) |

« Reduce to T-invariant, i.e., VI > T*, «=invariant

< T-Invariant
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Exponentially convergent to a ball: :
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if there exist a constanty > 0 and a contant f > 0 such i Initial set
that

€5 @ <71 +BUgll —r)*e™,  VE20
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Reachable set

n-ball with r;

holds forallp € C, |[w(t)|l, <Ww Vt= 0.

F A5 : 13261560631

t=0 t=T*

 Compute a safe over-approximate reachablesetinT
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* Generate a global invariant for delay hybrid system
by computing a fixed point.

Fixed point
Inv,(qp) Inv,(qp) Invi(qo)is reacri'leénviﬂ(q())
nv

Invy(qq) , Ivi(a) | Tnvi(ar) , nvii1(Q1)

Invo(qn) Inv;(qn) Inv;(qn) Invi. 1 (qn)

» Synthesize guard condition without delay using
Invariant;

» Synthesize guard condition under delay by backward
reachable set computation.

Under-approximation
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delay time Guard without delay

Ideal ' Guard -

 Low-pass Filter System

%1(8) = —14.58x1 (£) + 2x1 (¢ — 0.1) + 0.5 sin(?)
{ x2(t) = —20.05x2(t) + 2x2(t — 0.1) + 0.5s1n(t)
2(q1) =[-1,1] x [-2,2]
I(q1) =R?,

x1(t) = =32.66x1(t) + 8x1(t — 0.1) + 0.5 sin(?)
| { %o (t) = —47.25x2(t) + 8x2(t — 0.1) + 0.5 sin(¢)
921 =(g2) = [-2.25,2.5] x [-2.5,2.5]
I(q2) = R
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* Predator-prey Populations system

%1 () = —x1 (1) (1 - 5cb) +0.2dy + w1 (1)
" %2(t) = —1.5x2(t) (1 - 228) 4 0.1do + wi2(t)
=(q1) = [<0.2,0.2] x [<0.1,0.1]
Hqy) = R2.

: x1(t) = -2.5x1(t) + 0.2x1(t — 0.01)(1 + x2(t)) + wo1 (1)
{ xo(t) = —2x92(t) +0.15x2(t — 0.01)(1 + x2(2)) + woo(t)

=(g2) =[-0.2,0.2] x [-0.2,0.2]

I(g2) =R?.
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