2019 American Control Conference (ACC)
Philadelphia, PA, USA, July 10-12, 2019

SOS for Systems with Multiple Delays: Part 1. H_-Optimal Control

Matthew M. Peet and Keqin Gu

Abstract— We propose an LMI-based solution to the problem
of H..-optimal state-feedback control of systems with multi-
ple state delays. This result is based on a generalization of
the LMI framework to infinite-dimensional systems using the
recently developed PQRS framework. The H., norm bounds
are certified using Lyapunov-Krasovskii functionals and do not
rely on discretization. The algorithms are scalable to large
numbers of states and delays and accurate to at least 4 decimal
places when compared with Padé-based methods. We include
efficient implementations of the proposed controllers for real-
time control and provide a user-friendly interface available
online via Code Ocean.

I. INTRODUCTION

In this paper we consider systems of the form
i(t) = Aa(t) + Z Azt — ;) + Biw(t) + Boul(t)

y(t) = Cox(t) + Z Cix(t — 7;) + Dyw(t) + Dou(t) (1)

where w(t) € R™ is the disturbance input, u(t) € RP? is the
controlled input, y(¢) € R? is the regulated output, x(¢) are
the state variables and 7, > 0 for ¢ € [1,---, K] are the
delays ordered by increasing magnitude. We assume z(s) =
0 for s € [—7x,0]. Our goal is to construct a controller of
the form

( KQI +ZK11 t Ti +Z

where the K5; are polynomial and which minimizes v :=

vl
T L2
SUPweLs Tl

Our controlfer synthesis conditions: 1) Are expressed as
LMIs; 2) Are not conservative in any significant sense; 3)
Are prima facie provable in that they are certified using
Lyapunov-Krasovskii functionals; 4) Are scalable to large
numbers of states and delays; 5) Have an efficient real-time
implementation; and 6) Are publicly available for verification
via Code Ocean.

However, our controllers require knowledge of the history
of the state variables and must be coupled with state-
estimators if the system has partial sensor measurements or
input delay. The estimator synthesis problem is solved in
Part 2 of this paper [1]. In addition, these controllers are
not currently suitable when the delays are unknown or time-
varying.

The result is based on an generalization of a well-known
LMI for optimal control of Ordinary Differential Equations.
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Specifically, when A; = 0 and C; = 0 for ¢ > 0, in [2], it
was shown that if there exist P > 0 and Z such that

PAT + AP+ Z"Bf +ByZ By PCT+2ZTDT

BT —~1 DT <0
C1P+ D> Z D, —v1

then for u(t) = ZP~'x(t), [lyll, < 7 |lw|,,. In Section I,
Theorem 1, we show that an operator-valued version of
this LMI is also valid for distributed parameter systems.
In Theorem 1, however, the system matrices are replaced
by operators and the variables are likewise operators. In
Section III, we introduce the PQRS framework which allows
us to use polynomials to parameterize our operator variables
P and Z as in Equations (4) and (5), respectively. PQRS
operators are defined for multiple delays in Eqn (4) and for
a single delay have the form

(P{P=Q-,57R} B,D (s)

Pz + f_OT Q(s)¢(s)ds
TQ(s)Tx +75(s)¢i(s) + [°_ R(s,0)6(0) do.

If the matrix-valued functions {P,Q,R,S} are poly-
nomial, then positivity of such a PQRS operator can be
enforced using LMIs as described in Section IV, Theorem 6.
In Theorem 4, we show that the optimal controller synthesis
conditions introduced in Theorem 1 can be represented in the
PQRS framework and hence enforced using LMIs. Finally,
in Theorem 10, we summarize the results as an LMI for
optimal control of multi-delay systems. In Section VIII, we
describe a Matlab toolbox which dramatically simplifies the
implementation of these results. This implementation, along
with an efficient and easy-to-use simulation and validation
code for user-defined multi-delay systems are available on
Code Ocean [3]. The results are applied to several numerical
examples and compared with controllers designed using a
high-order Padé approximation. The results are shown to be
accurate to at least 4 significant figures as measured by the
minimal achievable closed-loop H., norm. Furthermore, the
algorithms are scalable in that they can be implemented on
a desktop computer when the number of delays times the
number of states is less than 50.

Finally, we note that there are existing results on controller
synthesis for time-delay systems. First, there are approaches
such as the use of Padé approximations which reduce the
delayed system to an ODE [4]. These approaches show
convergence to the true system as the order of approximation
increases [5]. However, for any given level of discretization,
the H,, bounds are not provable. Although analysis may
be used a-posteriori to obtain provable bounds (at some
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cost in accuracy), in practice this is rarely, if ever, done.
By contrast, every controller we design has a provable,
highly accurate H,, norm bound. This critique also applies
to operator discretization techniques such as in [6]. Al-
ternatively, Lyapunov-Krasovskii-based synthesis conditions,
such as in [7], [8], [9] have provable bounds but are either
heuristic, significantly conservative, or both - as is shown in
Section VIII.

A. Notation

Shorthand notation used throughout this paper includes the
Hilbert spaces L3'[X] := L2(X;R™) of square integrable
functions from X to R™ and W3 [X] := W12(X;R™) =
HYX;R™) = {z : z,& € LP[X]}. We use LT and
W3 when domains are clear from context. We also use the
extensions Ly ™ [X] := Lo(X;R™™) and W3 [X] :=
WL2(X;R"™™™) for matrix-valued functions. S™ C R"*"
denotes the symmetric matrices. We say an operator P :
Z — Z 1is positive on a subset X of Hilbert space Z
if (x,Px), > 0 for all z € X. P is coercive on X if
(x, Px), > e||:c||2Z for some ¢ > 0 and for all x € X.
Given an operator P : Z — Z and a set X C Z, we use
the shorthand P(X) to denote the image of P on subset
X. I, € S denotes the identity matrix. O, %, € R™*™
is the matrix of zeros with shorthand 0,, := 0,,x,,. We will

occasionally denote the intervals T; := [—7;, 0]. For a natural
number, K € N, we adopt the index shorthand notation
where ¢ € [K] denotes ¢ = 1,---,K. The symmetric

completion of a matrix is denoted *7.

II. AN CONVEX FORMULATION OF THE CONTROLLER
SYNTHESIS PROBLEM FOR DISTRIBUTED PARAMETER
SYSTEMS

Consider the generic distributed-parameter system

x(t) = Ax(t) + Biw(t) + Bau(t), =x(0) =0,
y(t) = Cx(t) + Drw(t) + Dau(?), @

where A: X - Z, B1:R" > Z,B,:U —~Z,C: X —
R, Dy : R™ — R? and Dy : U — RY.

We begin with the following mathematical result on dual-
ity, which is a reduced version of Theorem 3 in [10].

Theorem 1: Suppose P is a bounded, coercive linear
operator P : X — X with P(X) = X and which is self-
adjoint with respect to the Z inner product. Then P~1: exists;
is bounded; is self-adjoint; P~! : X — X; and P! is
coercive.

Using Theorem 1, we give a convex formulation of the
H, optimal full-state feedback controller synthesis problem.
This result combines: a) a relatively simple extension of the
Schur complement Lemma to infinite dimensions; with b)
the dual synthesis condition in [10]. We note that the ODE
equivalent of this theorem is necessary and sufficient and the
proof structure can be credited with, e.g. [2].

Theorem 2: Suppose there exists an € > 0, an operator
P . Z — Z which satisfies the conditions of Theorem 1,

and an operator Z : X — U such that

(APz,z), + (z, APz) , + (B222,2) , + (2z,B:22z) ,
+ (z, Biw) , + (Biw,z) , < ywlw — T (CPz) — (CPz) v
— 0T (DyZ22) — (D222) v — vT (D1w) — (Dyw)Tv
+loll* - ezl
forall z € X, w € R™, and v € RY. Then for any w € Lo,
if x(¢) and y(t) satisfy x(t) € X and
%(t) = (A+ B2ZP Hx(t) + Brw(t)
y(t) = (C+ D2 ZP~")x(t) + Dyw(t) 3)
for all ¢ > 0, then [|y[|,, <~ v,
Proof: By Theorem 1 P~!: exists; is bounded; is self-
adjoint; P~! : X — X; and is coercive.
For w € Lo, let x(t) and y(t) be a solution of
x(t) = (A+ BoZP 1)x(t) + Byw(t)
y(t) = (C+D2ZP Hx(t) + Dyw(t)
such that x(t) € X for any finite ¢.
Define the storage function V(t) = (x(t), P~'x(t)) .
Then V() > 5||x(t)||2Z for some 6 > 0. Define z(t) =

P~1x(t) € X. Differentiating the storage function in time,
we obtain

V(t) = (x(t), P~ (Ax(t) + B2ZP'x(t) + Biw(t))),
+ (PHAx(t) + B ZP~'x(t) + Biw(t)),x(t)) ,

= (P7'x(t), Ax(t)) , + (P~ 'x(t), B2ZP~'x(t))
+ (P'x(t), Biw(t)) , + (Ax(t), P~ 'x(1)) ,
+ <BQZP71X(t),P71X(t)>Z + <Blw(t),’P71x(t)>Z

= (z(t), APz(t)) , + (B2Z2(t), 2(1)) , + (2(t), Biw(t)) ,
+ (APz(t), 2(t)) y+ (2(t), B2 Z2(t)) 4+ (Biw(t), z(t)) ,

< qw(t)Tw(t) = o) (CP2(1)) — (CP2(1))" v(t)
—v(t)T(D2Z2(t)) — (D2Z2(t)) v (t) — v(t)" (Drw(t))
= (Dvw(t)) (1) + 7 [o(®)]I* = € l2()II7

= yw(t)Tw(t) —v(t)” (c+ Dy ZP1)x(t) + Dlw(t))
— ((C+DaZP M)x(t) + Drw(t)) v(t) +|o(t)|*
— el

= yw(t)Tw(t) — o) y(t) — y(&) o() + 7y [v(®)]
— el

for any v(¢) € R? and all ¢ > 0. Choose v(t) = %y(t) and
we get

Z

. 2 1
V() <vlwd)]? - S ly()]* + S ly@)II* = € llz()]7
1
= 7 llw®)]|* - 5 ly()II* = e z(B)[17 -
Since P is bounded, there exists a ¢ > 0 such that

V(t) = (x(t), P x(t)) , = (a(t), Pa(t)) , < o |l2(t)]7 -
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We conclude, therefore, that
. € 1
V() < ——V(t) +v w(®)||* — 5 ()]

Integrating the inequality forward in time, and using V' (0) =
0, we obtain

1 2 2
S Iyllz, <lwlz,

which concludes the proof.
|

III. THEOREM 2 APPLIED TO MULTI-DELAY SYSTEMS

Theorem 2 gives a convex formulation of the controller
synthesis problem for a general class of distributed-parameter
systems. In this section and the next, we apply Theorem 2
to the case of systems with multiple delays. Specifically,
we consider solutions to the system of equations given by
Equation (1). First, we express System (1) in the abstract
form of (2). Following the mathematical formalism devel-
oped in [10], we define the inner-product space Z,, » K :=
{R™ x LY[Ty] x -+ x LY[Tk]} and for {z,d1, - ,¢x} €
Zmn, K, we define the following shorthand notation

|:(;Cl:| = {I,be"' 7¢K}7

which allows us to simplify expression of the inner product
on Zy, n,k, which we define to be

K 0
(0] 5]),  =mamer S [ weracs
’ A Zm o,k i=17~Ti

When m = n, we simplify the notation using 7, g :=
Zn o,k The state-space for System (1) is defined as

X:Z{L;j € ZnkK :

We now represent the infinitesimal generator, A : X —

Zn, K, of Eqn. (1) as
A |:(;C:| (S) . Aoz + Zfil Ai(bi(—ﬁ')
i ¢i(s)

Furthermore, By : R™ — Z, g, Bs : RP — Z,, i, Dy :
R™ — R?, Dy : RP — RY, and C : Z,, k — RP are defined
as

¢ €W, [T;] and
¢;(0)=x for all i€[K] [ *

B = | 7). B = |5,
(c|a]) = 1cw + S.cuont—m).
Dyw = Dyw, Dyu:= Dou.

Having defined these operators, we note that for any solution
x(t) of Eqn. (1), using the above notation if we define

o) )= [20] = [0V

then x satisfies Eqn. (2) using the operator definitions given
above. The converse statement is also true.

A. The PORS Parametrization of Operators

We now introduce a class of operators P(p g, s, R} :
Zmmn, K = Zm,n,K, parameterized by matrix P and matrix-
valued functions Q; € W3"*"([T;], S; € W3 [T;], Rij €
W3 ™ [T; x Ty] as

(’P{P,Qi,Si,Rij} |:;1j|> (S) = )

Pe+ Y05, 2 Qi(s)gi(s)ds
TicQi(s) w4 i Si ()i () + 10, [, R (5,0)5(6) do.

For this class of operators, the following Lemma combines
Lemmas 3 and 4 in [10] and gives conditions under which
P(p,q:,5:,Rr,;} satisfies the conditions of Theorem 1.

Lemma 3: Suppose that S, € W3 "[T;], Ri; €
W2n><n [T’l X TJ] and SZ(S) = Si(S)T, Rij (S, 9)
Rji(o,S)T, P = TKQZ'(O)T + TKsl(O) and Qj(S) =
Ri;(0,s) for all i, j € [K]. Further suppose Pip.o,,s: R,,}
is coercive on Zp k. Then P(p g, s, r,;1: 1s a self-adjoint
bounded linear operator with respect to the inner product
defined on Z, x; maps P(pq, s, r;} @ X — X; and
P{P,Qi7Si,Rij}(X) = X.

Starting in Section IV, we will assume @);, S;, and R;;
are polynomial and give LMI conditions for positivity of
operators of the form P(p g, s, Rr,,}-

B. The Controller Synthesis Problem for Systems with Delay

Theorem 2 gives a convex formulation of the controller
synthesis problem, where the data is the 6 operators A,
Bi, Bs, C, Dy, and D5 and the variables are the operators
P and Z. For multi-delay systems, we have defined the 6
operators and parameterized the decision variable P using
P(p,qi,5:,R;;}- We now likewise parameterize the decision
variable Z : Z,; — RP using matrices Zy, Z;; and
functions Zs; as

(2]8]) =[200+ £ 200nom)+ £ 2 Zatsrontsras]
(5)

The following theorem gives convex constraints on the
variables P, Q;, S;, Rij, Zo, Z1; and Zy; under which
Theorem 2 is satisfied when A, B, Bs, C, D1, and Dy are
as defined above.

Theorem 4: Suppose that there exist S; € W3 "[T;],
Ri; € W3*™[T; x T;] and Si(s) = Si(s)T such that
Rij(s,t?) = Rji(e,S)T, P = TKQZ'(O)T + TKSZ'(O) and
Q;(s) = Ri;(0,s) for all 4,5 € [K], and matrices Zy €
RP>X" 7y, € RPX™ and Zy; € W3 "[T;] such that
(%, P(pq.5.Ry)X) 5 > €|x|* forall x € Z, i and

v v
w w ,
P : < _ U1
Yl Mp,esiGigy | |91 =" bi
Y2 Y2 Zn, K
i i

Zq+7n+n(K+1),n,K
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w
for all y; € R™ and | (41 € Zytmtn(K+1),n,k Where
Y2
®i
D=
e | LKD1 L, Lo Lok
A T pr 0 0
«T *ff Lo+ LE L3 L3k
T T xT —S1(—71) 0
*T x T *T «T —Sk(—TK)

K
1
Lo := AoP + Z (TKAiQi(—Ti)T + 582(0)) + B2 Zo,

i=1

_ 1 O (T L
Ly = TKOOP+§;01QZ( )T+ —DaZo

Lo; := C;iSi(—mi) + TLDQZM L3; := T AiSi(—73) + B2Z1s
K

1
EZ(S) = ;
CoQi(s) + 32, CiRji(—T5,8) + D2Z2i(s)
0
mic (A0Qi(5) + Quls) + 1, AjRyi(—75,) + BaZa(s))
0
0
0 0 T ..
Gij(s,0) == 5-Rij(s,0) + 5, R;i(s,0)", 1,7 € [K].

Then if

_ z(t

where Z is defined in Eqn. (5) then for any w € Lo, if x(t)
and y(t) satisfy Eqn. (1), [lyll;, < 7 [[wll,.
Proof: For any w € Lo, using the definitions of w(¢),
and A, By, Ba, C, D1, D2 and Z given above, y(t) and z(t
. . . =)
satisfy Eqn. (1) if and only if y(¢) and x(t) := 2t + )

satisfy Eqn. (2). Therefore, |[y||, < [lwll, if

(APz,z), + (z, APz) , + (B222z,2) , + (2,B22z) ,
+ <Z531w>Z + <Blw7Z>Z

< ywlw —vT (CPz) — (CPz v — v  (DaZ2) — (D222)Tw

— v (Dyw) — (Dyw) v+ ||v]* — €l|z])%,

forall z € X, w € R™, and v € R?. The rest of the proof
is lengthy but straightforward. We simply show that if we
define
T ™7
f=[z21(—71) 22,k (—7K)7]

hi= [T wl 2 fT]T.

3

then

(APz,z), + (z, APz) , + (B222,2) , + (2z,B:2z) ,

+ (2, Byw) , + (Biw, z) , — yw' w + v1 (CPz) + (CPz) v
+ 01 (D222) + (Do 22) v + v (Dyw) + (Dyw)Tv — yvTw

2
. h . h VAl
B <L2i] Pippsicn) [Z%} >Zm0 nSK—e [Z%} Zn K

= —clzl7, . - (6)

where for convenience and efficiency of presentation, we
denote mg := g+ m+ n(K +1).

It may also be helpful to note that the quadratic form
defined by a P(p g, F, G} operator expands out as

h h
,P ey
< |:Z2i:| {D,E;,F;,Gi;} [ZQJ >Zm0,n,1<

K 0
= TKh,TDh + TK Z/ hTEi(S)ZQi(S)dS
=1 "Ti

0
+ K Z / 20i(s)T Ei(s)T hds
+ Tx Z / 22 ()T Fy(5)z2:(s)ds

0
/ 22i(5)7 Gij(5,0)22,(0) dods.  (7)

Our task, therefore, is simply to write all the terms we find
in (6) in the form of Equation (7) for an appropriate choice
of matrix D and functions F;, F;, and Gj;. Fortunately, the
most complicated part of this operation has already been
completed. Indeed, from Theorem 5 in [10], we have the
first two terms can be represented as

h h
(APz,2),  +(2,APz), = <[Z2J P [221} >zm0 i
where D = Pip, B1..8:,G,,3 (DO not confuse this Dy with
the D; in Eqn. (2)) and

0 0 0 0 0

0 0 0 0 0

0 0 Cop+ Cg o cee Ch
Di=lo 0o of -Si(-n) 0 0 ,

Do : 0 K 0

_0 0 OkT 0 0 —Sk(—TK)

i 1

Co:= A0P+TK§(A1‘Q¢(—T¢)T+ 551(0)),
C; = TKAiSi(—Ti), xS [K]
Bu(s)==[0 0 Bi(s)T 0 0]", ielK]

K
Bi(s) := AoQi(s) + Qi(s) + Y _ AjRji(=73,9), i€ [K]

Jj=1
Gii(5,0) = 2 Ris(5,0) + 2 Rys(s,0)7, s e [K
ZJ(87 ) T 88 l](sv )+ 89 JZ(Sv ) ’ Y € [ ]
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Having already dealt with the most difficult terms, we now
start with the easiest. Using the definitions of 7 and Dy, it
is relatively easy to show that (z, Biw), = T 2¥ Byw and
hence

(2, Biw) , + (Biw, z) , — yw w4+ v Diw + (D1w) v — yv" v
h h
i
Zmg,n, K
where
[—~I Dy 0 0 . 0]
DI —r1 B 0 . 0
1 0 TKBl 0 0 0
Do=—10 0 0 0 0
K
| O 0 0 0 ... 0f

Next we have that

v’ (CPz)

= 2'UTT |:< OOP"'ZO Q —Ti ) YAl +ZC S T’L Z2; —Ti)
+ —Z/ <COQ —I—ZC Rji(—Tj,s >zm( )ds]
112
0n(K+1>] "

=TK hT ! |:OCZ+7”

I3
Onx(q+N(K+1))

+2TKZ/ hT 1

—7;

E;(s)
where
I, = CoP + ZTKCiQi(_Ti)T

I, = [H1 T C1S1(—71) TKCKSK(—TK)]

We therefore conclude that

h h
V" (CP2) + (CPz) v = <[z21} D2 2003 {Z%D

Zmg,m, K

Finally, we have
2 (z,B227) , + 20" (D2 272)
= QTKZ{ |:B2Z0Z1 + Z BQZlfL'ZQZ'(—T»L')

+2
+ 29T [DQZozl + Z Dy Zyi20i(—T5)
+ Z Dzzm )Z2i(3)d3}

h h
= P .
< |:Z2i:| {DS)ES’“O)O} |:Z2i:| >Zm0yn,K

BQZQl Zgi(S)dS}

—T;

where
[ 0 r *7 T 17
0 0 * T *T * L
(%DZZO)T 0 BoZo+2zIBT T «T
D3 = ( DZle) 0 (Bzle)T 0 *T
|(=D221)" 0 (B2Zuk)T 0 ... 0]
1
Esi(s) = — [(D2Z2i(s))" 0 (txB2Z2i(s))" 0 --- O}T.

TK

Summing all the terms we have
D =Dy+ D1+ Dy + D3
and

We conclude, therefore, that for any z € X,

(APz,z), + (2, APz) , + (B2Z22,2) , +
+(z, Biw) , + (Biw,z) , —ywhw + 0T (CPz) +
v (DyZ2)+ (D2 22)Tv+0T (Diw) +

+
h h
ROEN
2
z
—€
B

Thus, by Lemma 3 and Theorem 2, we have that for any
w € Lo, if x(t) and y(t) satisfy Eqn. (1), [y, < vllwl,-
|
Theorem 4 provides a convex formulation of the controller
synthesis problem for systems with multiple delays. How-
ever, the theorem does not provide a way to enforce the
operator inequalities or reconstruct the optimal controller.
In Section IV we will review how the operator inequalities
can be represented using LMlIs. In Sections V and VI, we
discuss how to invert operators of the P(p g, s; r;;} class
and reconstruct the controller gains in a numerically reliable
manner.

(z,B227z),
(CPz)"v
(Dyw) v — '

IN

2
= —¢ ||ZHZTL,K :
Zn K

IV. ENFORCING OPERATOR INEQUALITIES IN THE
Pip.q;,s; r;;} FRAMEWORK

The problem of enforcing operator positivity on Z,,
in the Pypq, s, r,;) framework was solved in [10] by
using a two-step approach. First, we construct an operator
73{ P.0.5. 1} whose positivity on Z,, ,x,1 1S equivalent to
positivity of the original operator on Z,,, ,, k. Then, assuming
that Q, R, S are polynomials, we give an LMI condition on
P and the coefficients of @, R, S which ensures positivity
of Ptp 5,5,7y 0N Zm,nk,1- Because the transformation from
{P,Q;,S;,Ri;} to {P,Q,S,R} is linear, if Q;, R;j;,S;
are polynomials, the result is an LMI constraint on the
coefficients of these original polynomials. For ease of imple-
mentation, these two results are combined in single Matlab
function which is described in Section VIII.
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First, we give the following transformation. Specifically,
we say that

{P.Q,S,R} == L1(P,Qi, Si, Rij) (8)
if a; = 2=, P = P and
Q(s) == [/arQi(as) VarQx (axs)]
Sl(als) 0 0
O O SK(CLKS)
R(s,0) :=

,/alalRll (sa1,9a1) \/alaKRlK (sal,HaK)

VarkaiRi1 (sak,0aq) - Varxarg Rxk (sak,far)

Then we have the following result [10].

m,n, K

Z7n,nK,1

Lemma 5: Let {P Q,S,R} := L1(P,Qi, Si, Rij). Then
X x X
, P g R >«
([ reasns D, =]l
ﬂ € Z.n.x if and only if
for all ﬂ € ZmmKk.1-
LMI, we use the following result [10].
Theorem 6: For any functions Y7 : [—7x,0] — R™>"

for all
o _
T T T
Jrvsanl]),. I
{P,Q,R,S} =
< |:¢:| ¢ Z7n,nK,1 ‘¢
K2 L
To enforce positivity of 73{15)@)53} on Zmnk,1 as an
and Ys : T x T — R™2%™_ square integrable on T with
g(s) > 0 for s € Tk, suppose that

0
P =M - % /TK g(s)ds
Q) =L (stavito) + [ gpnarata.san)
TK —TK
S(5) = —g()Vi(5) MY ()
R(5,6) = g(s)Yi ()T MasYa(s,0) + g(6)Ya(6, 5) Mo (6)

g(n)Ya(n, s)" MssYa(n,0)dn

0
o/

where M1 € R™*™ Moy € R™X™M1 Jf33 € RM2Xm2
and

My Mip Mis
M= My Mz Moaz| >0.
M3z Mszy M3

Then (x, P{pQSR}x> >0 for all X € Zyy 1.

For notational convemence We use {P,Q,S, R} € Eqmn
to denote the LMI constraints associated with Theorem 6 as

Ed,m,n =
{P,Q,S,R}={P1,Q1,51,R1}+{P2,Q2,52,Rz2},
{P,Q,R,S} : where {P1,Q1,S1, Ri} and { P2, Qz, S2, Ro} satisfy
Thm. 6 with g = 1 and g = —s(s + 7Tk ), respectively.

We now have the single unified result:

Corollary 7: Suppose there exist d € N, constant € > 0,
matrix P € R™*™, polynomials Q;, S;, R;; for i,j € [K]
such that

L1(P,Qi,Si, Rij) € Eamnk-
Then (x, P{p.0; s, R”}x> >0 for all X € Zyy n k-

A more detailed dlscussmn of these LMI-based methods
can be found in [10].

V. AN ANALYTIC INVERSE OF P(p g, s, Ri;}

Having taken Q);, R;;,.S; to be polynomials and having
given an LMI which enforces strict positivity of the operator
P(p,q:,5:,R;;}» W€ now give an analytical representation
of the inverse of operators of this class. The inverse of
Pip,qi,s:,ri;y 18 also of the form Prp 5 S0 Ry} \ivhere

expressions for the matrix P and functions Ql, R”,S are
given in the following theorem, which is a generalization of
the result in [11] to the case of multiple delays. In this result,
we first extract the coefficients of the polynomials Q; and R;;
as Qi(s) = H;Z(s) and R;;(s,0) = Z(s)TT;;Z(0) where
Z(s) is a vector of bases for vector-valued polynomials
(typically a monomial basis). The theorem then gives an
expression for the coefficients of Q; and RZ—J— using a similar
representation. Note that the results of the theorem are still
valid even if the basis functions in Z(s) are not monomials
or even polynomials.

Theorem 8: Suppose that Q;(s) = H;Z(s) and
Rij(s,t?) = Z(S)TFZJZ(G) and P = P{P;Qi;Si7Rij} is a
coercive operator where P : X — X and P = P*. Define

'y Iix

H = [H, Hg] and T =

Tk Ik x

Now let K; = ffﬂ_ Z(8)Si(s)"1Z(s)Tds,
K = diag(Kq, -+ ,Kk)

H=P'H(KH"P™'H - I - KT)
['=—(H"H+T)(I+KI)™!

-1

1—‘11 INTe
[ﬁl IA{K} = I’:’, = f
T Trx
Then if we define
p= (1 - ﬁKHT) Pl Quls) = H Z(s)Si(s)”!

Si(s) = Si(s)™",  Rij(s,0) = Si(s)Z(s)"T:;2(0)S;(0),

then for P := P . we have P = 75*,
{ 7TKQ“ 2 7/77-KR7/]}
P:X — X, and PPx = PPX =x forany x € Z,, k.
Proof: See the extended version [12] of this paper for

the proof. u
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VI. CONTROLLER RECONSTRUCTION AND NUMERICAL
IMPLEMENTATION

In this section, we reconstruct the controller using Z and
P~ and explain how this can be implemented numerically.
First, we have the following obvious result.

Lemma 9: Suppose that Z is as defined in Theorem 4 and
P is as defined in Theorem 8. Then if u( )= ZPx( 1),

( K()I +ZK11 t T; +Z KQZ

—T;

x(t+s)ds

where 0

Ky = Zop =+ Z <Z1j@j(—7’j)T —|—/ ZQj(S)Qj(S)TdS>
j o

1 N
Ky = —715i(—7:)
TK

Koi(s) = iK (Zo@z«s) T Zui(5)8i(s)

+ Z(Zl] JZ —Tj,S ) /907- Z2j (H)Rji(e,s)de))

Proof The proof follows directly from the definitions.

|

We conclude that given P, Qi, S’i and Rij, it is possible to

compute the controller gains Ky, K1; and K;. In practice,

however, if S is polynomial, then S;(s) = S(s)~ will

be a rational matrix-valued function. This implies that Ql

and Rij are likewise rational. Numerically, this step can be

avoided, however, by using the reduced expressions found in
the extended version of this paper [12].

VII. AN LMI FORMULATION OF THE H,,-OPTIMAL
CONTROLLER SYNTHESIS PROBLEM FOR MULTI-DELAY
SYSTEMS

In this section, we combine all previous results to give a
concise formulation of the controller synthesis problem in
the LMI framework.

Theorem 10: For any v > 0, suppose there exist d € N,
constant € > 0, matrix P € R" ", polynomials S;, Q; €
W™ T;], Rij € W™ [T; x Tj] for 4,7 € [K|, matrices
Zo, Z1; € RP*™ and polynomials Zo; € W5 "[T;] for i €
[K] such that

ﬁl(P —€el,,Q;,S; — el R”) S

—Li(D+el,E;, S; + €I, Gij) € g grmtn(K+1),nK
where D, E;, G;; are as defined in Theorem 4, I =
diag(0g+m, In,Onk ), and Ly is as defined in Eqn. (8).
Furthermore, suppose P, Q;, S;, R;; satisfy the conditions
of Lemma 3. Let u(t) be as defined in Lemma 9 where
P, Qz, S and R;; are as defined in Theorem 8. Then
for any w € Lo, if y(t) and z(t) satisfy Equation (1),
iz, <7l

Proof: Define P :=P(pq, s, R} By assumption, P
satisfies the conditions of Lemma 3. By Corollary 7, we have

Ed,n,nK

<X’ P{P_Eln7Qi7S7?_EIn;R7ij}X>Z

n, K

2
= <X7 P{P,Q“S“R”}X>Zn 1% — € ||XHZ7L,K Z O

for all x € Z,, k. Similarly, we have

h D h
Zoi |’ {D+e¢l,E;,Si+el,Gij} Z9i
Zq+7n+n(K+1),n,K

= ,P S iJ + ‘
< |:22i {D,E;,S;,Gi;} Z2; Zgtmtn(K+1),4, 22i

<0. A
for all z; € R™ and L ] € Zytmin(K+1),n,k Where h =
2i

[v w7 f]

Furthermore, by Theorem 8 and Lemma 9, u(t) =

-1 .T(t) . . )
ZP [x (t + 5) where Z is as defined in Eqn. (5). There

fore, by Theorem 4, if y(t) and z(t) satisfy Equation (1),
lyllp, <7vllwllpg, ]

VIII. NUMERICAL TESTING, VALIDATION AND
PRACTICAL IMPLEMENTATION

2

Zn,K

The algorithms described in this paper have been imple-
mented in Matlab within the DelayTOOLs framework, which
is based on SOSTOOLS and the pvar framework. Several
supporting functions were described in [10] and these are
sufficient to enforce the conditions of Theorem 10. For all
examples, the computation time is in CPU seconds on an
Intel i7-5960X 3.0GHz processor. This time corresponds
to the interior-point (IPM) iteration in SeDuMi and does
not account for preprocessing, postprocessing, or for the
time spent on polynomial manipulations formulating the
SDP using SOSTOOLS. Such polynomial manipulations
can significantly exceed SDP computation time for small
problems.

For simulation and practical use, some additional func-
tionality has been added to facilitate calculation of con-
troller gains and real-time implementation. The most
significant new function introduced in this paper is
P PORS Inverse joint sep ndelay, which takes
the matrix P and polynomials @);, S;, and R;; and computes
P HZ, and 1"7 as described in Theorem 8. In addition,
the script solver ndelay opt control combines all
aspects of this paper and simulates the resulting controller in
closed loop. For simulation, a fixed-step forward difference
method is used, with a different set of states representing
each delay channel. In the simulation results given below,
200 spatial discretization points are used for each delay
channel. All these tools are available online for validation
or download on Code Ocean [3].

A. Validation of H optimal controller synthesis

We now apply the controller synthesis algorithm to several
problems. Unfortunately, there are very few challenging
example problems in the literature. When these examples do
exist, they are often trivial in the sense that the dynamics can
be entirely eliminated by the controller - meaning only the
control effort is to be minimized and the achievable norms do
not change significantly with delay or other parameters. The
problems listed below were found to be the most challenging
as measured by either significant variation of the closed-loop
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Fig. 1. Closed-loop system response to a sinc disturbance for Ex. B.3

norm with delay or the requirement for a degree of more
than 1 to achieve optimal performance. In each case, the
results are compared to existing results in the literature (when
available) and to an H., optimal controller designed for the
ODE obtained by using a 10th order Padé approximation of

the delay terms.
a) Example B.1:

(1) = {8 (1)] 2(t) + [‘01 _‘19} 2t —7)

v =g o] e+ |§]uo

Ymin d=1|d=2 | d=3 | Padé [7] [8]
T=.99 | .10001 | .10001 | .10001 | .1000 | .228 | 1.88
T=2 1.438 1.353 1332 | 1339 | o 00
CPU sec 478 .879 2.48 278 | N/A | N/A

b) Example B.3: This modified version is taken
from [9] where B was altered to make the problem more
difficult and inputs/outputs were added). In [9], a stabilizing
controller was found for maximum delays of 74 = .1934 and
To = .2387. We found a controller for any 71 and 7» and the
results listed are for 741 = 1 and 7o = 2. The closed-loop
system response is illustrated in Fig. 1.

KRG

+ {8 _95] ot — 1) + H w(t) + m u(t)

_0'4} ot —71)

1 0 0
y() =10 1| xz()+ | 0] u(t)
0 0 1
Vmin d=1|d=2]|d=3| Padé
Tm=1,717=2].6104 | .6104 | .6104 | .6104
CPU sec 2.07 | 7.25 | 2581 | N/A
¢) Example B.4:
K )
#(t) = — ; z(t _KZ/K) + Lw(t) + Lu(t)

Kln— 1 2 3 5 10
1 438 172 .266 1.24 17.2
2 269 .643 2.932 17.1 647.2
3 .627 2.634 10.736 | 91.43 | 5170.2
5 1.294 13.12 | 84.77.7 1877 65281
10 11.41 | 469.86 4439 57894 NA
TABLE 1

CPU SEC INDEXED BY # OF STATES (1) AND # OF DELAYS (K)

In this example, we examine the computational complexity
of the proposed algorithm. We use a n-D system with K
delays, a single disturbance w(t) and a single input u(t).
Here 1 € R” is the vector of ones. The computation time
is listed in Table 1. As expected, these results indicate the
synthesis problem is not significantly more complex that the
stability test. The complexity scales as a function of nK and
is possible on desktop computers when nk < 50.

IX. CONCLUSION

In this paper, we have shown how the problem of H..-
optimal control of multi-delay systems can be reformulated
as a convex optimization problem with operator variables.
We have proposed a parametrization of positive operators
using positive matrices and verified the resulting LMIs are
accurate to several decimal places when measured by the
minimal achievable closed-loop H., norm bound. We have
developed an analytic formula for the inverse of the proposed
parameterized class of positive operators. Finally, we have
demonstrated effective methods for real-time computation of

the control inputs.
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