Accelerated H?-norm Approximation for

Time-Delay Systems with Discrete Delays
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See Provoost and Michiels (2024).
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Approximate 1
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1 [®,~:
Gl = (2 [ 16t du]’

of an exponentially stable system
X(t) = ) o AkX(t — 1) + Bu(t),

y(t) = Cx(t),
where 1ty = 0, and

G(s)=C(sI, - Y, Ace ™) 'B.



The delay-free case

If m =0, we have

IGll2 = \/tr(CVCT),
where V solves

A,V +VA] =-BB'.



The delay-free case = delay case

If m =0, we have

IGll2 = \/tr(CVCT),
where V solves

A,V +VA] =-BB'.

m # 0 = use the H%-norm of a delay-free approximation.

See Vanbiervliet, Michiels, and Jarlebring (2011).
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Head-tail representation
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Lanczos tau method

X(t) = Yo AcX(t — 7,) + Bu(t),
y(t) = Cx(t).

See Ito and Teglas (1986) and Provoost and Michiels (2024).
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Lanczos tau method

4'&(0) = Y™ AL (-T,) + Bu(t),
6:(0) = 355:(0)

Y(t) — CEt(O),

where &,(0) = x(t + 0) with 6 € [-1,,,0].

See Ito and Teglas (1986) and Provoost and Michiels (2024).
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Lanczos tau method

) () (oo
y(t) = Cenéy,

where g€ = &(6) and DE(6) = -£(6).

See Ito and Teglas (1986) and Provoost and Michiels (2024).
5



Lanczos tau method

where T, & =& — (§, py)—

llon II2

See Ito and Teglas (1986) and Provoost and Michiels (2024).
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Convergence
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In the frequency domain

G(s) =C(sI, - > oA
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In the frequency domain

Gy(s) =C(sI, = Y™ Acry(s,—7,)) B

See Provoost and Michiels (2024).
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In the frequency domain

Gy(s) =C(sI, = Y™ Acry(s,—7,)) B
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See Provoost and Michiels (2024).
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Splines
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Spline Lanczos tau method
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where =, = &% : [-T, —T_1] = €"}™_, is a continuous spline.

See also Ito and Teglas (1987) and Breda, Maset, and Vermiglio (2005).



Spline Lanczos tau method

— k
where =\ = {Et(N)
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[T, —Te_q| = C"}i-, is a continuous spline.

See also Ito and Teglas (1987) and Breda, Maset, and Vermiglio (2005).



Convergence

rel. err. |G| x>
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In the frequency domain

GY'(s) = C(sIn — M A (s, —rk))_lB

Im(s)
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In the frequency domain
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Convergence (equidistant)

rel. err. |G| x>
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In the frequency domain

GY'(s) = C(sIn — M A (s, —rk))_lB
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Contributions

Partially extended super-geometric convergence of the H2-norm to
multiple discrete delays using splines.

Attained super-geometric convergence for commensurate delays.

T

Showed that the underlying approximation of e x> uses additional

poles in each earlier delay intervals.
Derived explicit expressions for this rational approximation.’

Showed that |r,(\',<)(iw, —7)|=1forallk and w € R.

"Not covered in this talk.
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