A CONVEX SOLUTION OF THE H,-OPTIMAL CONTROLLER
SYNTHESIS PROBLEM FOR MULTI-DELAY SYSTEMS*
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Abstract. Optimal controller synthesis is a bilinear problem and hence difficult to solve in a
computationally efficient manner. We are able to resolve this bilinearity for systems with delay by
first convexifying the problem in infinite-dimensions - formulating the Ho, optimal state-feedback
controller synthesis problem for distributed-parameter systems as a Linear Operator Inequality - a
form of convex optimization with operator variables. Next, we use positive matrices to parameterize
positive “complete quadratic” operators - allowing the controller synthesis problem to be solved using
Semidefinite Programming (SDP). We then use the solution to this SDP to calculate the feedback
gains and provide effective methods for real-time implementation. Finally, we use several test cases to
verify that the resulting controllers are optimal to several decimal places as measured by the minimal
achievable closed-loop Hoo norm, and as compared against controllers designed using high-order Padé
approximations.

Key words. Delay Systems, LMIs, Controller Synthesis.
AMS subject classifications. 68Q25, 68R10, 68U05

1. Introduction. To control systems with delay, we must account for the trans-
portation and flow of information. Although solutions to equations of the form

&(t) = Aox(t) + Ayz(t — 7) + Bu(t)

appear to be functions of time, they are better understood as functions of both time
and space:
z(t) = Azx(t) + A1v(t,—7) + Bu(t)

O(t,s) = dsv(t,s), wv(t,0)=x(t).

That is, instead of being lost, the state information, z(t), is preserved as v(t,0),
transported through a hidden process (Oyv = 95v), moving at fixed velocity (—1m/s),
through a pipe of fixed length (7m), emerges a fixed time later (t +7) as v(t+ 71, —7),
and influences the evolution at that future time (£(¢ + 7)).

The implication is that feedback controllers for systems with delay must account
for both the visible part of the state, x(¢), and the hidden process, v(¢, s). This concept
is well-established and is expressed efficiently in the use of Lyapunov-Krasovskii (LK)
functions - a concept dating back to at least 1959 [8]. LK functionals V(z,v) map
V :R" x LY — R" and offer a method for combining the states, both current (z) and
hidden (v) into a single energy metric.

While the concept of a LK functional may seem obvious, this same logic has been
relatively neglected in the design of feedback controllers for time-delay systems. That
is, a controller should not only account for the present state, z(t) € R™, but should
also react to the hidden state v(t) € Ls.

The reason for the relative neglect of the hidden state lies in the development of
Linear Matrix Inequality (LMI) methods for control in the mid-1990s. Specifically, Ri-
catti equations and later LMIs were shown to be reliable and practical computational
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tools for designing optimal and robust controllers for finite-dimensional systems. As
a result, research on stability and control of time-delay systems focused on developing
clever ways to suppress the infinite-dimensional nature of the hidden state and apply
LMIs to a resulting problem in R™ - for which these tools were originally designed.
For example, model transformations were used in [2,10,13], resulting in a Lyapunov
function of the form V(x,v) = 27 Mz where

t

z(t) =zt —1)+ / (Aoz(s) + A1z(s — 7)) ds.
t—r1
More recently, Jenson’s inequality and free-weighting matrices have been used to
parameterize ever more complex Lyapunov functions by projecting the distributed
hidden state, v onto a finite-dimensional vector. Indeed, this approach was recently
formalized and made infinitely scalable in [21] using a projection-based approach so
that for any set of basis functions, L;(s), we may define an expanded finite-dimensional
vector 0
zi(t) = / L;(s)v(t, s)ds.
-7
so that the resulting Lyapunov function becomes V(x,v) = 27 Mz where the size of
M increases with the number of basis functions.

Given that LMIs were developed for finite-dimensional systems, the desire to
project the hidden state v € Lo, onto a finite-dimensional vector space is under-
standable. However, this approach severely limits our ability to perform controller
synthesis. Specifically, these projections from P : (x,v) — z are not invertible. This
is problematic, since standard methods for controller synthesis require the state trans-
formation P to be invertible - from primal state (x,v) to dual state (Z,?)). In this
approach, the controllers are then designed for the dual state u(t) = Z(%,0) and then
implemented on the original state using the inverse transformation u(t) = ZP~!(z,v).

In contrast to projection-based approaches, in this paper and its companion [16],
we initially ignore the limitations of the LMI framework and directly formulate convex
controller synthesis conditions on an infinite-dimensional space. Specifically, in [16],
we formulated convex stabilizing controller synthesis conditions directly in terms of
existence of a invertible state transformation P : (z,v) — (Z,9) and a dual control
operator Z : (&(t),(t)) — u(t). In Section 3, these results are extended to provide a
convex formulation of the H,.-optimal full-state feedback controller synthesis problem
for a general class of Distributed Parameter Systems (DPS).

Having developed a convex formulation of the controller synthesis problem, the
question becomes how to test feasibility of these conditions using LMIs - a tool de-
veloped for optimization of positive matrix variables (NOT positive operators). As
discussed above, a natural approach is to find a way to project these operator-valued
inequalities onto a finite-dimensional state space (wherein they become matrices) and
indeed, one can view the work of [7,19] (or in the PDE case [9]) as an attempt to do
exactly this. However, these works were unable to recover controller gains. Moreover,
the operator inequality conditions for controller synthesis we propose in [16] and in
Theorem 3 explicitly prohibit solutions using projected operators, as the synthesis
conditions require the solution to be coercive and a projected operator by definition
has a non-trivial null-space.

Because projection is not an option, in this paper and in [16], we have proposed
to reverse the dominant paradigm by not narrowing the control problem to a finite-
dimensional space (where we can apply LMIs), but instead to ezpand the LMI toolset
to explicitly allow for parametrization and optimization of operator variables. To
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understand how this works, let us now discard ODE-based LK functions of the form
V(z,v) = 27 Mz and instead focus on LK functions of the form

0
V(z,v) ::/ v(s)Mwv(s)ds

-7

where the LK function is positive if M > 0. Now, following the same logic presented
above, we increase the complexity of the Lyapunov function by replacing v(s) : s — R"
with z(s) : s = R? defined as

2(s) = Z(s)v(s)
1% Z(s,0)v(6)d6

where Z(s) and Z(s,0) are vectors of functions and increase the dimension of M
and hence the complexity of the LK function — resulting in the well-known class of
“complete-quadratic” functions. The advantage of this approach, then, is that the
resulting LK function can also be represented as

V= [ o) (7 {UD (s)ds
(Pm>(s): Px+f° Q(0)v(0)do ]

Q(s)Tx + S(s)v +f R(s,0)v(0)do

for some P, @, S and R (Defined in Theorem 7). In this way, positive matrices
represent not just positive LK functions (of the complete-quadratic type) but also
positive operators in a standardized form - denoted 77[ Q] This means that if we
constrain our operators to have this standard form, we can enforce positivity using
LMI constraints. Furthermore, linear constraints on the matrix P and the functions
@, R and S translate to linear constraints on the elements of the positive matrix M.

The contribution of Section 4, then, is to assume all operators have the PQRS
form and state conditions on the functions P, @, R and S such that the resulting
operators satisfy the conditions of Theorem 3. Positivity is then formulated as an
LMI constraint in Section 8.

One of the drawbacks of the proposed approach is that the resulting controllers
are expressed as operators - of the form u(t) = ZP[% ] “Y(x(t),v(t)). The solution to
the LMI yields numerical values of operator Z (also a PQRS operator) and functions
P, @, R and S. However, in order to compute the controller gains,

0

(1.1) u(t) = Kyx(t) + Kov(t, —7) + Ks(s)u(t, s)ds

—T
we need to find P, Q, R and S such that Pl5 ¢ = P[P‘ ]71. This problem is
solved in Section 6 (which is a generalization of the result in [12]) by derivation of an
analytic expression for P, Q, R and S in terms of P, @, R and S. Finally, practical
implementation requires an efficient numerical scheme for calculating u(t) in real-time.
This issue is resolved in Section 7.

To make the results of this paper more broadly useful, we have developed efficient
implementations for: solving the LMI; calculating the feedback gains; and simulating
the closed-loop response. These are available online via Code Ocean and at [14]. In
Section 9, the results are shown to be non-conservative to several decimal places by
calculating the minimal achievable closed-loop H..-norm bound for several systems
and comparing to results obtained using high-order Padé approximations of the same
systems. Obviously, these results presented in this paper are significantly better
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than any known algorithm for controller synthesis with provable performance metrics.
Furthermore, these result can be extended in obvious ways to robust control with
uncertainty in system parameters or in delay.

As a final note, the reader should be aware that although the discussion here is
for a single delay, the results developed are for multiple delays - a case which requires
additional mathematical formalism.

1.1. Notation. Shorthand notation used throughout this paper includes the
Hilbert spaces LY'[X] := Lo(X;R™) of square integrable functions from X to R™
and W[ X] := WL2(X;R™) = HY(X;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 W™ ([X] := WH2(X;R™ ™) for matrix-valued functions. S™ C
R™ "™ denotes the symmetric matrices. We say an operator P : Z — Z is positive on
a subset X of Hilbert space Z if (x,Pz), > 0 for all z € X. P is coercive on X if
(x,Px), > € ||1‘HQZ for some ¢ > 0 and for all z € 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. 0, x,, € R™*™ is the matrix of zeros with

shorthand 0,, := 0, x,. We will occasionally denote the intervals Tij = [—m, —Tj] and
TP := [-7;,0]. For K € N, we adopt the index shorthand notation which denotes
[K] = {1, -+, K}. The symmetric completion of a matrix is denoted **.

2. The LMI for H.-Optimal Controller Synthesis for ODEs . Much of
the proof of Theorem 3 is a simple generalization of the proof of the ODE synthesis
LMI (Lemma 1). Thus, to illustrate the logic behind the main result in Theorem 3,
we examine the same well-known result in finite dimensions. One of the advantages
of the PQRS framework (described above and in Section 5) is that it simplifies the
development of new results for infinite-dimensional systems - the idea being that
almost any LMI developed for estimation and control of ODEs may be generalized
and solved for delay systems. To illustrate, consider the ODE system

&(t) = Az(t) + Byw(t) + Bau(t), x(0)=0
y(t) = Cz(t) + Diw(t) + Dau(t).

Then the following LMI provides a necessary and sufficient condition for existence of
an H,.-optimal full-state feedback controller.

LEMMA 1 (Full-State Feedback Controller Synthesis). Define map from closed-
loop (u = Kz) state-space representation to transfer function as:
G A+ BK | By
| C+ DK ‘ Dy, |-

The following are equivalent.
o There exists a K such that HGHH <.
e There exists a P> 0 and Z such that

PAT + AP+ Z"BT + BsZ By PCP+ZTDT
BT —I DT <0
CiP+ DyZ D4 —~1

Proof: The proof is a straightforward application of the KYP lemma, a duality
transformation, and the Schur Complement lemma. However, since the purpose of
this proof is to motivate the proof of Theorem 3, we only prove sufficiency of the non-
strict inequality. First define the storage function V(z) = 2T P~1z. Let K = ZP~!
and u(t) = Kz(t). Then if (t) is a solution of system G,

4



V(t) = z(t)' P71 (Ax(t) + BoZP ™ x(t) + Biw(t))
+ (Az(t) + BoZP  x(t) + Byw(t)) T P~ a(t)

e [P~YA+ BoZP~ 1) + 57«7 [t
[()][ ( 5 ) OH()]

w(t) ) BT p-t w(t)
_ [P;(atc)(t)} [AP+ %;szt * *0} {P;(gg)(t)] .

Now let 2(t) = P~1z(t). Then for any v, the matrix inequality implies

T [AP+BoZ++T  «T 4T [z
w BT —~I 5T w| <0
v C]P+DQZ D1 —’YI v

Following the proof of the Schur complement lemma, we let v = %((Clp + Dy Z)z +
Dyw), which implies

T T T T
z APJrBQTZJr* * *T z A7 AP+ BoZ ++T 4T 12
w By I * wl=1, BT —~I| |w
v CiP+DsZ Dy —~I| |v 1 "
T
1|z (C1P+ Do Z)T z
+ M [ pr [C1P+D>Z Dy || <0.

Applying this to V, we find

V() = [p;l(;f)(t)] T [AP + glez + %7 ﬂ [P;l(‘f)(t)}
<l -2 MT [(0113; %pzzq (C\P+ D2z Di] M

1
=7l - 5 I(CLP + D22)(t) + Drw(t)||?
1 1
= ||wl||* — 5 IC12(t) + DaKa(t) + Driw(t)|* = [[wl* — 5 ly@)I1* -

If w = 0, the LMI implies the system is exponentially stable, hence tlim V(t) = 0.
—00

Since V(0) = 0, integrating the inequality forward in time, we obtain

1 2 2
5 lyllz, <vllwlz,

which completes the proof. [ ]
In the following section, we replicate these steps, simply expanding

217 1ap + BoZ 4+ T «T 4T z
w B I T | lw| <0
v 01P—|— DQZ Dl —’y] v

and replacing terms such as 27 APz with inner products on the appropriate function
space as in (z, APz). Here the bold version of z emphasizes this term lies in a function
space and the calligraphic notation A4 indicates A is an operator.
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3. A Convex Formulation of the Controller Synthesis Problem for Dis-
tributed Parameter Systems. Consider the generic distributed-parameter system

x(t) = Ax(t) + Biw(t) + Bou(t), =x(0) =0,
(3.1) y(t) = Cx(t) + Diw(t) + Dau(t),

where A: X - Z, B, :R" > Z, By:U — Z,C: X — R4 D; : R — R?, and
D, : U — RY.

We begin with the following mathematical result on duality, which is a reduced
version of Theorem 3 in [16].

THEOREM 2. 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~!:
exists; is bounded; is self-adjoint; P~' : X — X; and P~ is coercive.

Using Theorem 2, 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 [16]. We note that the ODE equivalent (Lemma 1)of this
theorem is necessary and sufficient and the proof structure can be credited with,
e.g. [1].

THEOREM 3. Suppose there exists an € > 0, an operator P : Z — Z which
satisfies the conditions of Theorem 2, and an operator Z : X — U such that

(APz,z), + (z, APz) , + (B222,2) , + (2, B222) , + (2, Biw) , + (Biw, z),
< ywTw — T (CPz) — (CP2)Tv — v (Dy22) — (D2 22)" v

— T (Dyw) — (Dyw)"v + 30" — €213

forallz € X, w e R™, and v € RY. Then for any w € Lo, if x(t) and y(t) satisfy
x(t) € X and

x(t) = Ax(t) + Byw(t) + Bau(t)
y(t) = Cx(t) + Dyw(t) + Dau(t)
(3.2) u(t) = ZP 'x(t)

forallt >0, then |y, <~llwl,-

Proof: By Theorem 2 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

%(t) = Ax(t) + Byw(t) + Bau(t) = (A + BoZP~1)x(t) + Byw(t)
y(t) = Cx(t) + Dyw(t) + Dau(t) = (C + Doy ZP~1)x(t) + Dyw(t)

such that x(t) € X for any finite t.

Define the storage function V (t) = (x(t), P~'x(t)) ,. Then V(t) >4 ||x(t)||2Z for
some § > 0. Define z(t) = P~!x(t) € X. Differentiating the storage function in time,
we obtain



V(t) = (x(t), P~ (Ax(t) + B2 2P x(t) + Biw(t)))
+ (PHAx(t) + B2 ZP'x(t) + Biw(t)), x(t)) ,
= (P7'x(t), Ax(t)) , + (P7'x(t), B2ZP~'x(t)) , + (P~'x(t), Biw(t)) ,
+ (Ax(t), P7'x(t) , + (B2ZP7'x(t), PT'x(1)), + (Buw(t), P~'x(t)),
= (z(t), APz(1)) ; + (B2 Z22(t),2(1)) ; + (z(t), Biw(t)) ,

Z

+ (APz(t), (1)), + (2(t), B2 22(t)) ; + (Biw(t),z(t)) ,
< yw(t)Tw(t) = o) (CP2(t)) — (CPz(1)) v(t) — v(t)" (D2 Z2(1))
— (D2 Z2(t) " o(t) — o(t)" (Dyw(t)) — (Dyw(t))"v(t) + yv(t)To(t) — e||2(1)])7
= yw(®)Tw(t) — ()T (C+Dy2P~ Dx(t) + Dyw(t )

— ((C+D2ZP 1)x(t) + Dyw(t ))T o(t) + () Tu(t) — e |lz(t)]
= yw(t) w(t) — o) y(t) — () o() + yo() o(t) — e ||zt

for any v(t) € R? and all ¢ > 0. Choose v(t) = %y(t) and we get
. 2 1
V() <7 flw®)]® - 5 ly(®)]* + 5 ly ()" = €llz(t)]%
1
=7 w®IF = 2 @)1 = e lz(®)1%

Since P is bounded, there exists a o > 0 such that

= (x(1),P"x(t)) , = (a(t), Pa(t)), < o ||2(t)|| -

We conclude, therefore, that
. € 1
V()< V() +v lw(®)|I* 5 ly(®)]* -

Therefore, since w € Ly, we may conclude by Gronwall-Bellman that lim;_, ., V() =
0. Integrating this expression forward in time, and using V' (0) = V(c0) = 0, we obtain

1 2 2
5 lyllz, <llwlz,

which concludes the proof. ]

4. Theorem 3 Applied to Multi-Delay Systems. Theorem 3 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 3 to the case
of systems with multiple delays. Specifically, we consider solutions to the system of

equations given by
K

@(t) = Agx(t) + Y Aix(t — 7) + Biw(t) + Bau(t)
zKl
(4.1) y(t) = Cox(t) Z Cix(t — ;) + Diw(t) + Dau(t)

where w(t) € R™ is the disturbance input, u(t) € RP? is the controlled input, y(t) € 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 first step, then, is to express System (4.1) in the abstract form of (3.1).
Following the mathematical formalism developed in [16], we define the inner-product
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space Zpyn, ik = {R"™ x LY[—71,0] X -+ x LY[—7,0]} and for {z,¢1,-- 0K} €
Zm i, we define the following shorthand notation

{{ﬂi}z] ={z, 01, oK}

For convenience, we use the capital boldface to denote the sets ® := {¢;}, and
W = {1;} X, which allows us to simplify expression of the inner product on DK
which we define to be

< [3’4 ’ [Q >ZWM =Ty o i 0 vi(s)T i(s)ds.

When m = n, we simplify the notation using Z, x := Z, »,x. The state-space for
System (4.1) is defined as

X = { [;] € Zn i @ ¢ € Wi [—7,0] and ¢;(0) = x for all ¢ € [K]}

Note that X is a subspace of Z, x and inherits the norm of Z, x. In order to
conveniently assign values to elements of Z,, , x, we further extend this notation to

say
o]~ Lol
{oi}i {1hi(s)}i
if x =y and ¢;(s) = ¢;(s) for s € [-7;,0] and i € [K].
We now represent the infinitesimal generator, A : X — Z,, i, of Eqn. (4.1) as [3]
A {x} " Aoz + 315, Aigi(—Ti)
s) = )
: (oo,
Furthermore, By : R™ — Z, g, Bo : RP — Z,, i, D1 : R™ = R?, Dy : R? — RY, and
C:Z, k — RP are defined as

By = %] G =% (ea]) = [+ S o).

(Dyw)(s) := [Diw], (Dau)(s) := [Dau]

Having defined these operators, we note that for any solution z(t) of Eqn. (4.1), using
the above notation if we define

(x(1)) (s) = [{x(f S:)s)}j

Then x satisfies Eqn. (3.1) using the operator definitions given above. The converse
statement is also true.

4.1. A Parametrization of Operators. We now introduce a class of operators
Pls 8] : Zman,k = Zmmn Kk, parameterized by matrix P and the tuples Q := {Q;}X,
S := {Si}/£, and R := {R;;}[,_, which are defined by the matrix-valued functions
Qi € W [—71;,0], S; € W3 [—7;,0], R;j € W™ [[—74,0] x [—75,0]], yielding

Pr+ Y5 [0 Qi(s)gi(s)ds
roa) | 8) = 2
(P[S’ ) [@D( ) {TKQi(S)T$+TKSi(S)¢i(S)+f: S Rij(s,0)9;(0) d9} -

Jj=1—1;

For this class of operators, the following Lemma combines Lemmas 3 and 4 in [16]
and gives conditions under which P[gj ﬁ] satisfies the conditions of Theorem 2.
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LEMMA 4. Suppose that S; € Wy *"MTP], Ry € W™ [T? x T)] and Si(s) =
Si(s)", Rij(s,0) = R;i(0,5)", P = 7xQi(0)" + 7x8i(0) and Q;(s) = Ri;(0,s) for
alli,j € [K]. Further suppose P& 3] is coercive on Zn . Then P[& ]]: is a self-
adjoint bounded linear operator with respect to the inner product defined on Z, k;
maps 73[1;’ 3] : X — X; and P[}S)j 3](X) =X.

Starting in Section 5, we will assume @);, S;, and R;; are polynomial and give LMI
conditions for positivity of operators of the form P [5 3]

4.2. The Controller Synthesis Problem for Systems with Delay. Theo-
rem 3 gives a convex formulation of the controller synthesis problem, where the data
is the 6 operators A, By, Bs, C, D1, and Dy and the variables are the operators P
and Z. For multi-delay systems, we have defined the 6 operators and parameterized
the decision variables P using P[}s); 3] We now likewise parameterize the decision
variables Z : Z,, , = RP using matrices Zy, Z;; and functions Zy; as

<Z [:IP’D = | 200 + I Zudi(—m) + X, 2, Zails)6n(s)ds|

The following theorem gives convex constraints on the variables P, Q;, S;, Rij, Zo,
Z1; and Zo; under which Theorem 3 is satisfied when A, By, By, C, Dy, and D, are
as defined above.

THEOREM 5. Suppose that there exist S; € Wy *"[T7], Ry; € W3™™ [T x T7)]
and S;(s) = S;(s)T such that R;j(s,0) = R;i(0,5)T, P = 7xQi(0)T + 7x5;(0) and
Q;(s) = Ri;(0,s) for all i,j € [K|, and matrices Zy € RP*™, Zy; € RP*™ and

Zai € W3 MTP] such that (x, P[5 3]x), L€ Ix||* for all x € Z,, i and

v v
w w y 2
D, {E:}i 1
< n 7P[{$i}i, {Gij}i’j] Y1 > < —e€ {‘I’}
Y2 Y2 Zn,K
P P P
q+m+n(K+1),n,K
v
w
for ally; € R™ and | |y1 € Zgtmtn(K+1),n,K Where
Y2
P



K
1
Lo := AoP + Z (TKAiQi(*Ti)T + 552(0)) + B2 Zo,

i=1

K
=L O, (- 4+ L
Lii= —CoP+3_CiQi(-m)" + —-Dao

=1

Lgi = Cisl(—n) =+ %Dgzli, Lgi = TKAisi(—Ti) + BQZli
K
'—%I D1 Ly Lay Lok ]
* -1  Bf 0 0
*T *5{ Lo+ LE L3 e Lsk
D= *T *T *T _Sl(_Tl) 0
L T - e x7 .. —Sk(—TK)_
I CoQi(s) + 12, CjRji(—75,5) + D2 Z2i(s) 1
0
1 TK (Ale(S) + Ql(s) + Zf:l AjRji(—Tj7 S) + B2Z2i(5))
EZ(S) = —
TK 0
L 0 i

0 0 .
Gij(s,0) := %Rw‘(s,m + %Rﬁ(&@)T, i,j € [K].

Then if

-1

z(t) }

u(t)=ZP[g ]] x(t),  where  (x(1))(s) = l:{x(t+ s)}

and where

0

(z [é]) (s) := Zox + i Z1i0i(—15) + i / Zoi(s)gi(s)ds,

—T;

then for any w € Lo, if x(t) and y(t) satisfy Eqn. (4.1), [|y|lp, <7 llwlly,-
Proof: For any w € Lo, using the definitions of u(t), and A, By, Ba, C, D1, Do
and Z given above, recall that y(¢) and z(t) satisfy Eqn. (4.1) if and only if y(¢) and

o x(t) . .
x(t) := {{x(tJr S)}J satisfy Eqn. (3.1). Therefore, |lyll,, <~ |w|, if

(APz,z), + (2, APz) , + (B222,2) , + (2,B:22) , + (z, Biw) , + (Biw, z) ,
< ywlw —v? (CPz) — (CPz v — v! (Dy22) — (D222)"v

— T (Dyw) — (Dyw)"v + 30" — €[5

forall z € X, w € R™, and v € R?. The rest of the proof is lengthy but straightfor-
ward. We simply show that if we define
T
f= [Z271(—7'1)T Z2,K(_TK)T]

b

then
10



(4.2)

(APz,z), + (z, APz), + (B222,2) , + (z,B:2z) ,
+ (z, Biw) , + (Biw,z) , — yw'w +v* (CPz) + (CPz) v
v (Dy22) + (D2 22)Tv + v (Dyw) + (Dyw) v — yvTv

v v
w w . 2
= < Z1 'P[{SD}’Z {g‘fﬁw] Z1 > < —e¢ |:{Z 1}:| = —¢ ||Z||2Zn,x .
f f 21 f1
Z2; 1q Z2;1q

Zgtmtn(K+1),n,K

Before we begin, for convenience and efficiency of presentation, we will denote mq :=
g+m+n(K+1)and

It may also be helpful to note that the quadratic form defined by a P[(x};,. {EEﬁJ]
operator expands out as

(A A I I

0:ms

= 7xh Dh-i—TKZ/ h Ei(s)z2i(s dS-I—TKZ/ z2:(s Thds

—Ti —Ti

4+ 7K Z/ Z2i (s $)z2:(s)ds + Z/ / Z2i(s)” Gij(s,0)z2;(0) dods.
-1y J—T;

—7;

Our task, therefore, is simply to write all the terms we find in (4.2) in the form of
Equation (4.3) for an appropriate choice of matrix D and functions E;, F;, and Gj;.
Fortunately, the most complicated part of this operation has already been completed.
Indeed, from Theorem 5 in [16], we have the first two terms can be represented as

(APz,z), . +(2,APz), = <[{zi}i] D {{zi}i] >Z ’

mg,n, K

11



where D := P[5, {¢1}i] (Do not confuse this Dy with the Dy in Eqn. (3.1)) and

[0 0 0 0 0
00 0 0 0
0 0 Co+CF o Ck
Di:=1o 0 ¢ —Si(-m) 0 0 )
R : 0 . 0
0 0 Cyr 0 0 —Si(—7x)]
X 1
Co ::AoPJrTKZ(AiQi(*Ti)TWL 551'(0))7 Ci=TrAiSi(-m), i€ [K]
=1
Eu(s):=[0 0 Bi(s)T 0 --- 0", ie[K]
K
Bi(s) = AoQi(s) + Qi(s) + > A;Rji(—7;.5), i€ K]
j=1
Gij(s,0) -—QR--( 9)+QR~( 0T, i,jc|K]
¥} 5, L as ¥} Sa 80 ] S) ? 7’?] M

Having already dealt with the most difficult terms, we now start with the easiest.
Recalling that

By = %] @) = D).

We have (z, Biw), = Tx 21 Byw and hence

)T T

(z,Blw>Z+(Blw,z)zfvaervTDler(Dlw V=V v
v r —~I Dy 0 0 ... 0 v
w DT —~1 BT 0 ... 0 w
Z1 1 0 TKBl 0 0o ... 0 Z1
= TK Z21(—7'1) ; 0 0 0 0o ... 0 221(—7'1)
Zox (—7K) 0 0 0 0 ... 0] [zor(—7x)
Do
h h
(ol
(el tal)

Next, we consider the terms
v!(CPz) + (CPz) v
If we recall that

(C [g]) = {Coz,b + 3K Citi(—7)|

12



then we have the expansion

—T;

K 0
207 (CPz) = 207 [CO(PZ1 + Z/ Qi(s)z2:(s)ds)

+ i C; (TKQi(—Ti)Tzl + 7r Si(—7i)z2i(—75) +i /_OTRij(—Tiv 0)z2;(0) de)]

=207

K K
(COP + Z TKCiQi(Ti)T> Z1 + Tk Z CiSi(—7i)z2i(—T:)

=1 =1

+ Z/ (C()QZ(S)) zzi(s)ds + Z/ Z CjRji(*Tj, s)zm(s) ds]

i=1Y ~Ti j=1

=17 "Ti

K K
1
= 2v'k (TKCOP-I-; Cz‘Qi(—Ti)T> Z1+; CiSi(—Ti)z2:(—Ti)
1 K o K
S O B CETERS SELHEE P
v T 0 T W T T T v
w O 0 *T *T *T w
Z1 1 (C()P+Zf{=1 T CiQi(—))T 0 0«7 *T 71
= TK| z21(—T1) TR (TK0151(—T1))T 0 0 0 « T || z21(—71)
Zok (—TK) (TKCKSK(*TK))T 0 0 0 ... O0llzerx(—7K)
Do
v ’ CoQi(s) + Zle CiRji(—7j5,8)
w 0
K .0 - ) 0
+ 27k Z/ zo1(—71) | 0 2Z2i(s)ds.
i=1" "Ti ) TK .
ZQK(—TK) 0
E3;(s)

We therefore conclude that
h h
v (CPz) + (CPz) v = <[ ] , PRz tr2iki [ }> )
P+ P = Laak) P g,

We now examine the final set of terms which contain Z.

(B222,2) , + (2,B227) , + v (DaZ2) + (D222)"v

If we recall that

B2)(s) = | %" | (Pau)e) o= [P

13



then we have the expansion

2(z,B:2z), + QUT(DQZZ)

= QTKzl |:BQZOZ1 =+ Z B2Z1ZZ2Z Tz + Z/ BQZQZ Zgi(s)ds}

—T;

+ 2U [DQZOZl —+ Z D2Z1ZZQrL 7'2 + Z DQZQi(S)ZQi(S)dS]

=1 —Ti
- v - Tr 0 T T T «Tr v -
w 0 0 *T T *T w
1 (£D2Z)" 0 BeZy+ Zi By +" «T 7
=TK | z91(—71) (=D2Z11)" 0 (B2Z11)" 0 T 21 (—71)
_ZQK(—TK)_ _(iDQZlK)T 0 (BQZlK)T 0 0 1 _ZQK(—’TK)_
Ds
_ T _ -
v(t) D3 Z5i(s)
w(t) 0
Koo z1(t 1 |7xB2Z2;(s)
+ 27K Z/ z21(t, —71) — 0 Z2;(s)ds.
=17 . .
| Zok (t, —TK) | i 0 |
Egi(s)

We therefore conclude that
h Da (B h
B et

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

and EZ(S) = Eli(s) + Egi(s) + Egi(s).

We conclude, therefore, that for any z € X,
(APz,2z) ,+ (2, APz) ;, + (B222,2) ; + (2,B222) ; + (2, Biw) ;, + (Biw,z) ; — ||w||2
0T (CPz) + (CP2) v+ 0T (D222) + (D222) v + 07 (Dyw) + (Dyw) v — ~ ||v]?

N +
= <{{ZZ‘}J Pless, {éE]}}J |:{Z£Li}i:| >Z - H [{ZZ;}Z’]

Zn, K

Thus, by Lemma 4 and Theorem 3, we have that for any w € Lo, if z(t) and y(t)
satisfy Eqn. (4.1), ||y||L2 <~ ||w||L2 [ |

Theorem 5 provides a convex formulation of the controller synthesis problem for
systems with multiple delays. However, the theorem does not provide a way to enforce
the operator inequalities or reconstruct the optimal controller. In Section 5 we will
review how the operator inequalities can be represented using LMIs. In Sections 6
and 7, we discuss how to invert operators of the P[g; 3] class and reconstruct the

controller gains in a numerically reliable manner.
14
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5. Enforcing Operator Inequalities in the PQRS Framework. The prob-
lem of enforcing operator positivity on Z,, » x in the P[gj 3] framework was solved
in [16] by using a two-step approach. First, we construct an operator 77{ P.G,5. R}
whose positivity on Z,, nk,1 is equivalent to positivity of the original operator on
Zmn k- Then, assuming that Q, R, S are polynomials, we give an LMI condition on
P and the coefficients of Q, R, S which ensures positivity of ’P{p)Q)gﬁ} on Zpy nk,1-
Because the transformation from {P, Q;, R;;, S;} to {15, Q, R, 5‘} is linear, if Q;, R;j, S;
are polynomials, the result is an LMI constraint of the coefficients of these original
polynomials. For ease of implementation, these two results are combined in single
Matlab function which is described in Section 9.

First, we give the following transformation. Specifically, we say that

(5.1) {P,Q.S, R} := L1(P,{Qi}:, {Si}i, {Ris}ij)
ifa; =2, P=P and

TK

S1(a1s) 0O 0
Q(s) = [Va1Qi(ars) -+ axQx(axs)], S(s):= 0 0
0 0 Sk(ags)
Vaiai Ry (sar,0a1) -+ \Jarax Rik (sai,fak)
R(s,0) == : :
VaxaiRi1 (sax,ba1) -+ \JaxaxRixk (sak,fak)

Zm,n, K

Then we have the following result [16].
LEMMA 6. Let {P,Q,S, R} := L1(P,{Qi}s,{Si}i, {Rij}ij). Then
T T T
(o 7eaal),  =o|la
m,n, K
for all {g] € Zmn,k if and only if
(alenfs)), =l
¢ (b Zm,nK,1 (b Zm,nK,1
T
for all {~] € ZmnK,1-
¢
To enforce positivity of 7)[’;’ ﬁ] on Z,nk,1 as an LMI, we use the following
result [16].
THEOREM 7. For any functions Y1 : [—7k,0] — R™*™ and Yy : [—7k,0] %
[—7K,0] — R™2X" " square integrable on [—7k,0] with g(s) > 0 for s € [—7k,0],
suppose that

0

P, - / g(s)ds,  S(s) = ——g(s)Yi(s)T MY (s)
K J TK

0

Q@%—TK<ﬂ@ﬂﬁﬂﬁ@%+/>KMUMLﬁGMJﬁm>

R(s,0) = g(s)Y1(s)" M23Ya(s,0) + g(0)Y2(0,5)" Mz2Y1(0)

0
+/'gwnm$%%mmmm

—TK

15



where My € R™*™ My € R™>™1 - M3z € R™2X™2 and

My My M3
M = | My My Maz| >0.
M3z Msz Mss

Then (x,P[¢ ?]x) >0 for all X € Zyy 1.

Zm,n,1
For notational convenience, we use {P,Q,S, R} € E4m.n to denote the LMI con-
straints associated with Theorem 7 as

_ {P,Q,S,R}={P1,Q1,51,R1}+{P2,Q2,52,Rz2},
=d,m,n tT {P,Q,S,R} : where {P1,Q1,S1, R1} and {Pz,Qs, Sz, R2} satisfy
Thm. 7 with ¢ = 1 and g = —s(s + Tk ), respectively.

We now have the single unified result:
COROLLARY 8. Suppose there exist d € N, constant ¢ > 0, matrix P € R™*™,
polynomials Q;, S;, R;j fori,j € [K] such that

Ly (P {Qi}i, {Si}i { Rij}ij) € Eamnk -
Then (x,P|s 3]X>Z >0 for all X € Zyy, p i -
A more detailed discussion of these LMI-based methods can be found in [16].

6. An Analytic Inverse of PQRS Operators. Having taken Q;, R;;,S; to be
polynomials and having given an LMI which enforces strict positivity of the operator
P [1; 3], we now give an analytical representation of the inverse of operators of this

m,n, K

class. The inverse of P[}SD; 3} is also of the form 73[’; g] where expressions for the

matrix P and functions Qi,Rij,Si are given in the following theorem, which is a
generalization of the result in [12] to the case of multiple delays. In this result, we
first extract the coefficients of the polynomials Q; and R;; as Q;(s) = H;Z(s) and
Ri;(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 QZ and ]:'iij 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 9. Suppose that Q;(s) = H;Z(s) and R;;(s,0) = Z(s)TT;;Z(0) and
P = P[g: ‘Fﬂ is a coercive operator where P : X — X and P = P*. Define

Fll F]_K
H:[H1 HK] and I'= : :
FK,I FK,K
Now let
o K, 0 0
K; = Z(s)Si(s)'Z(s)Tds, K=1|¢ . o
o 0 0 Kg
H=P'H(KH'P"'H-T-KT)"', T'=—(H"H+T)(I+KT)"}
f‘ll f‘lK
(A, Hg| =H, : C | =T,
fK,l fK,K
If we define

16



p= (I - FIKHT) P, Qi(s) = H,Z(5)S(s) !
Si(s) = Si(s) _1’ Rij(s,0) = Si(s) ' Z(s)"T3;Z(6)S,(6) ",

then for P =P

{ ] we have that P = 75*, P:X — X, and
T Sig

PPx = PPx = x for any x € Zm,n,K-

Proof:  One approach to proving this theorem is to let P be as defined and
show that this implies PPx = x for any & € Zm n, k. Although this is clearly the
most direct path towards establishing the theorem statement, it is not the easiest
to understand, due to the intensely algebraic nature of the calculations. Thus, in
order to allow the reader to understand the derivation of the results and encourage
generalization, we will, as much as possible, show how these results were obtained.
Specifically, we start by assuming the inverse has the following structure.

Pr+ o325 [°, Qi(s)oi(s)ds
<75[m]>(s): AT L4 L E oo 4
N Qi(s)"x +-Si(s)pi(s) + - 221 f,Tj Rij(s,0)9;(0)do .

Our approach to finding ]5, Qi, S; and Rij is then to calculate y = PPx and use the
5 equality constraints implied by y = x to solve for the variables P, Q;,S; and R;;.

T e B )= (o]

and start by expanding the first term y = y1

y—PPx+Z[T $)ehi(s ds+z B i(s) zds
+Z | Qie)Si)eils d8+2/ Qi(s Z/ Ri;(5,0)6;(0) dds
(PP+Z i
+Z/

Quls)Quts Tds>x+z (PQi(s) + Qu()Si(5)) du(s)ds

—T;

/ Q5 (0)Ry:(0.5)64(s) dsdf

7'1] 1

K 0 , . K .0
+Z/_ " (PQz(s)+Qi(8)Si(8)+;/_Tj Qj(Q)Rji(G,S)dQ)@(S)dS

From this expansion, we conclude that a sufficient condition for y = z (i.e. y; =

x1) is that
PP+ Z/ Qi(5)Qi(s)Tds =1,

PQi(s) + Qi(s +Z/ R;i(0,5)df = 0

—T;

17



for all ¢ € [K]. This provides two sets of equality constraints which will help us
determine P and ). We next examine the more complicated terms yo = {;};.

ils) = Qs Px+Z / Qi(3)7 Q5 ()65 (6)d0 + 5:()Qu(5) " + Ss(5)Si(s)ba(5)

—7;

+Z / S’Z( YRij(s,0)p;(0)do + <Z/ Rw 5,0)Q;(0) d9>

j=1v7"Tj

+§/‘; Ry (5.0)5: (), (0 d9+2[77 Ry (5.6) Z/WR],Q (0, m)x () dndo
- (Qi(s)Tp +5:(8)Qi(s)" + ; /7 ) Rij(&e)Qg‘(@)TdG) z + Si(5)Si(s)i(s)

. f;/ Q970+ 50 s 5,0) + s (5,0)550) ) 05 0)

e[ At .0 ano, 0109

—(@(@TH&() +Z/ Rij(5,0)Q;(0 )Tde>x+s<>s<>¢i<s>

—7;

+
(]~
\o
o
O
S
&
=
+
o
E
E?
=
+
B
’o?
Cb

_1_2 /RL;C s,m) R (7, )d77>¢3( ) do

From this expansion, we conclude that a sufficient condition for ;(s) = ¢;(s) (i-e.
Y2 = X3) is that

Si(S)Si(S) =1
QP+ SO+ Y [ Ri(s,0)Q;(0)ds =0

Qi()7Q;(0) + Si(s)Rij(s,60) + Rij(s,0)S;(0) + Z/ Rir(s,1)Ry;(n,0) dn = 0.

—Tk

We now have 5 constraints which P, Qi, S; and Rij must satisfy if P is to be an inverse

of P:

A K 0 A~
SIS =1 PP | eaeas=1
R K
PQi(s) + Quls)Si( Z/_ Q;(0)R;(6, )d6 vi

Q:(5)TP + 8:(5)Qu()" + Z / Riy(5.6)Q;(6)7d9 = 0

Q:(5)7Q5(0) + 8:(5) Rj(5,0) + By (5,0)S +Z / R (5,1) Ras (1, 0) iy

— Tk

If all 5 constraints are satisfied, we can conclude that PPx = x. Clearly, the first
constraint is satisfied if S;(s) = S;(s) 1.
18



We now parameterize the variables Qz and Rij as
Qi(s) = HiZ(s)5:(s), Rij(s,0) = Si(s)" Z(s)T'5;2(8)S5;(6)
and examine the second constraint, Which is equivalent to
PP=1- Z / s)TdsHY .

Solving this expression for P in terms of H, we obtain

K 0
P= (1 - Qi(s)Z(s)TdsHiT> P!
0
/ Z(s) }(s)Z(s)Tds> HE) pt

K
= (I -2 M HT) Pt = (1-HKHT) P!
We now examine the third set of constraints, indexed by i € [K]:
K 0
PQi(s)+ Qi()Si(s) + Y [ Q;(0)R;i(0,5)do
j=1""Ti

K
= PH;Z(s) + HiZ(s) + »_ H; /O Z(0)5;(0)Z(0)'T;:Z(s)do

T

K
j=1
Combining these K constraints into a single expression yields
PH+ H + HKT =0.
Substituting our expression for P now yields the constraint
PH+ [+ AKT = (I - HKH") P~ H + i + AKT
=P 'H-H(KH"P'H-1-KT)=0,
which is equivalent to
H=P'H(KH'P'H—-T—-KT) "
Thus we have found an expression for H. Furthermore, since we have already found
an expression for P in terms of H all that now remains is to solve for I'. For this
result, we turn to the 5th set of constraints:

Qu()7Q5(0) + Si(s) Rujs,0) + )+ Z / s, 1) R, 0)
= Si(s)"Z(s)" H] H; Z(0) + Si(s)Z (S)Tfijz(e) +8,(s)" Z(s)T5;2(0)
kK T2 (s) T Z () Sk () Z (n)dnTy; Z(0)

5*7( V' Z(s)T (HTH +F”+r”+§:F,€K,€rk3) Z(0)=0 Vi jec[K]
pat
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Combining these K2 constraints into a single expression yields
H'H+T+T+TKT =0.
Solving this expression for I, we find
= —(H'H +T)(I +KT)™!

We have now derived expressions for P7 S , H , and I. However, to show that PPx = X,
we must verify that the fourth constraint is also satisfied. Namely,

Qi(s)TP + Si(s +Z/ Ri;(s,0)Q;(0)7do

—Tj

()Z(s)THI P+ Si(s)Z(s)TH! + Z Z(s)'T:;2(0)5;(0)Z(0)TdoHT

T

(26" (BT HT 43 KT | ~0
j=1
for all ¢ € [K], which is satisfied if
K
H'P+HI +Y TyKH =0 Vie K]
j=1
Combining these K constraints into a single expression yields
H'P+H" +TKH" = 0.
To verify this is satisfied, we let L = H'P~'H and T' = (I + KT — KL)™'. Then
H=—P 'HT and thus
H'P+HT + PKH" = ~T"H"P=' P+ H" + TKH" = (=17 + [+ 1K) H”.
Substituting in I' = (TTL — T')(I + KT)~!, and observing that I, L and K are
symmetric (for T, this is due to P = P*), we have that
~TT 4 I+TK =1 -T" +(TTL -T)(I + KT)"'K
=I-TT(I+TK)I+TK)'+(T"L -T)K(I +TK)™!
=TI -TTI+TK)YI+TK) ' +TTLK(I+TK)' ~-TK(I +TK)™!
=I-TT"I+TK+LK)I+TK)™' ~-TK(I +TK)™*
=I—-(I+TK) ' -TKI+TK) '=1-(I+TK)I+TK) '=1-1=0

In a similar manner, it can be shown that PPx = x. It can be likewise shown directly
that P : X — X through a lengthy series of algebraic manipulations. However, this
property is also established by Theorem 2. ]

7. 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.

LeEMMA 10. Suppose that
(71) (Z |:‘%:|) = |:Z()y + Zszl Zliwi(_Ti) + Zz fi)ﬂ ZQZ(S)’L/}l(S)dS

and
20



= |ams + Lot +;;f_ Ris(5,0)05(6) o

Then if u(t) = ZPx(t),

Pm—&- Z1f_ Qz )@i(s)ds ]

where
Ko = ZoP + Z <ZUQJ( Tj)T +/ Z2J(5)QJ(5)Td5>
j=1 —Tj
Ky = —21;8:(—7)
TK
1 K '
Koi(s) = TK(Zon( ) + Z2i(s)Si( Z(le ii(—Tj,8) + / Z2J(9)Rji(9,s)d9)).

T

Proof: Suppose that K = ZP~! = ZP. Then

ZP Lﬂ =27 (ﬁx + ;{i /O Qi(s)@(s)ds)

+ZZ“( ) x—&-%gi( —7; +—Z/ Rij(=7:,0)$,(0)d )

—7;

+Z/ Zoi(s ( x+—s Z/ B Rij(s,0)0;(0 )ds

_ZonJr—Z/ Z0Q;(s)b; (s ds+ZZhQ —7) m+—ZZhZ 73) i (—74)

j=1Y"Tj

Z/ ZZMR” —Ti,8)Pi(s dS—I—Z/ZQZ Ql T rds

—Tii=1

Z/ZQJ 8)i (s ds+— Z/ 4/5 Z2i(0)Ri; (0, 5);(s) dOds

1,j=1 T3

K 0
= (ZOP + Z <leQAj(—7'j)T + [ . ZQj(S)Qj(S) >> T -‘r* ZZU i\ —Ti ¢1 Ti)

j=1

0

72 / (ZOQ ) + Z24(5)Si( ﬁ:(zm Rji(—75,8) + /Zgg(e)ﬁzﬁ(a@d@))@(s)d&

9——TJ

We conclude that the controller I has the form

<’C [Q) - [KO‘” 5 Kiudi(-mi) + Zﬁl_iszs)d»i(s)ds]

21



We conclude that given P, Qi,ﬁi and Rij, it is possible to compute the controller
gains Ky, K1; and Ko;. In practice, however, if S is polynomial, then S’l(s) =S(s)7 !
will be a rational matrix-valued function. This implies that Qi and Rij are likewise
rational. Computing and analytically integrating such rational functions poses serious
challenges. Fortunately, however, this task can be largely avoided. Specifically, if we
use the formulae from Theorem 9 and substitute into the expression for u(t), we obtain
the following

COROLLARY 11. If Z is as defined in Lemma 10 and P is as defined in Theorem 9
5| =)
=Z
and u(t) P [{x(t+ s)}-]’ then

u(t) = Kox(t) ZKMLZI t—1;) +Z ng x(t + s)ds

—T;

where

K
. - 1
K() = Z0P+ E (ZUS]‘(*T]‘)71Z(*TJ‘)T + O]) HJT, Kli = 7Zlisi(77—i)71
=1 K

Ku(s) = - ((2afi2(5) + Zas ))
+Z 71,5; Z(-m)"+0,) Ty (s))Si(s)_l
0; = ' Z9;(5)S;(s) " Z(s)"ds

—Tj

The proof is straightforward.

The advantage of this representation is that the matrices O; can be numeri-
cally calculated a priori to machine precision using trapezoidal integration without
an analytic expression for $~!. Naturally, implementation still requires integration
of fET K (8)¢i(s)ds in real-time. However, practical implementation of such con-
trollers is typically based on a sampling {¢;} of the largest delay interval, meaning
computation of f?ﬂ Ks;(s)¢;i(s)ds can be reduced to matrix multiplication based on
numerical evaluations of S(¢;)~!. This implementation can be further simplified if
the state-feedback controller is combined with an H..-optimal estimator, as described
n [17].

8. An LMI Formulation of the H.,-Optimal Controller Synthesis Prob-
lem 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 12. For any v > 0, suppose there exist d € N, constant € > 0, matriz
P e R™™, polynomials S;,Q; € W3 "[T?], Rij € W3™™ [TP x TY] for i,j € [K],
matrices Zo, Z1; € RP*™ and polynomials Zo;[T?] € W™ for i € [K] such that
L1(P — el ,{Qi}i, {Si — el }i, {Rij}ij) € Ednnk
—Ly(D+el {Ei}i, {Si + eln}i, {Gij }ij) € Bdqaman(K+1) k>
where D, E;, G;; are as defined in Theorem 5, I= diag(0g+m, In, Onk ), and Ly is

as defined in Eqn. (5.1). Furthermore, suppose P, Q;,S;, R;; satisfy the conditions of
Lemma /. Let
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u(t) = Kox(t —&-ZKWL‘ t—7;) +Z KQZ x(t+ s)ds

—T;

where P, H;, and I‘jl- for Z(s) are as defined in Theorem 9 and

TK

Z (Z4;8; ) Z(-1)" 4+ 0;) H; Ky = ile'Si(—Ti)_l
Koils) = 1( )+ Zou(s))
+ Z (2138 (=m) ' Z(=m)" + 0;) fjiZ(8)> Si(s)~!
0 I=1
0; = / Z9;(5)S;(s) "1 Z(s)"ds.

—r
Then for any w € Lo, if y(t) and x(t) satisfy Equation (4.1), |lyll,, < |wlg,-

Proof:  Define P := P[g; 3} By assumption, P satisfies the conditions of
Lemma 4. By Corollary 8, we have

(%, Ples; Z a5, {5%?337]X>an = (x,P[§ 3]X>ZH,K —€ ||x||22”.’K >0

for all x € Z,, k. Similarly, we have

v v
w w
D + eI, {E;};
Z ap[{sq', +eln}y, {Gi]l}:',j:| Z1
Z2i i Z25q Zgtmtn(K+1),n,K
v v
w w VA 2
. D, {E; 1
- Z P[{S Yis {GLJ}U] Z |:{Z21}L:| = 0
f f o
Z2; {i Z2i 54
Zgtmtn(K+1),n,K
v
w
for all z; € R" and Z1 € Zgtmtn(K+1),n,K-

{z2i}i
Furthermore, by Theorem 9 and Corollary 11, u(t) = ZP~1 [ z(?) } where

(zM) _Zom—i—Zthsl Tz-l-Z/ Zi(8)bi(s)ds.

Therefore, by Theorem 5, if y(t) and z(t) satisfy Equation (4.1), [lyll;, <7 llwly, ™

9. Numerical Testing, Validation and Practical Implementation. The
algorithms described in this paper have been implemented in Matlab within the De-
layTOOLs framework, which is based on SOSTOOLS and the pvar framework. Sev-
eral supporting functions were described in [16] and these are sufficient to enforce the
conditions of Theorem 12. For all examples, the computation time is in CPU seconds
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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 SOS-
TOOLS. Such polynomial manipulations can significantly exceed SDP computation
time for small problems.

For simulation and practical use, some additional functionality has been added to
facilitate calculation of controller gains and real-time implementation. The most sig-
nificant new function introduced in this paper is P_PQRS_Inverse_joint_sep_ndelay
which takes the matrix P and polynomials ();, S;, and R;; and computes 157 fIZ-, and
fij as described in Theorem 9. 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.

9.1. Bounding the H,, norm of a System with Delay. Naturally, the results
of this paper can be used to bound the H., norm of a time-delay system by simply
setting B = 0. In this subsection, we take this approach and verify that the resulting
H, norm bounds are accurate to several decimal places as compared with a high-
order Padé-based approximation scheme and compare favorably with existing results
in the literature. In each case, the Padé estimate is calculated using a 10th-order
Padé approximation combined with the Matlab norm command. The minimum H,
norm bound is indicated by Ymin-

Ezxample A.1.
x’(t):[_oz _99} x(t)+{j _01] x(t—7)+[_1'5} w(t), ) =[1 0]z()
d | 1 | 2 | 3 |Padé| [5] | [22]

Ymin | -2373 | 2365 | 2365 | 2364 | 32 [ 2

Ezxample A.2. In Example A.2, we consider a well-studied example which is known
to be stable for delays in the interval 7 € [.100173,1.71785].

i(t):[_% 11} x(t)+ﬁ 8] x(t—T)—FB ﬂ wt), gt =[0 1]a@)

We use the algorithm to compute bounds for the open-loop Hs, norm of this system
as the delay varies within this interval. The results are illustrated in Figure 1. Note
that, as expected, the H,, norm approaches infinity quickly as we approach the limits
of the stable region.

9.2. Validation of H., optimal controller synthesis. We now apply the
controller synthesis algorithm to several problems. Unfortunately, there are very few
challenging example problems available 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 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 Hs.-optimal controller
designed for the ODE obtained by using a 10th order Padé approximation of the
delay terms.
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bound vs. delay for Ex. A.2 to a sinc disturbance for Ex. B.3
Ezample B.1.
. 0 0 -1 -1 1 0
z(t) = [0 1] x(t) + [ 0 _.9} x(t—7)+ [1} w(t) + [J u(t)
10 0
v =g o) a0+ || u
~Vomin d=1|d=2 | d=3 | Padé | [6] [10]

7=.99 | .10001 | .10001 | .10001 | .1000 | .2284 | 1.882
T=2 | 1438 | 1.353 | 1.332 | 1.339 | oo o0
CPUsec | 478 | 879 | 248 | 278 | N/A | N/A

Ezample B.2. This example comes from [4]. In that work, the authors set Dy =
Dy = 0 and, for e.g. 7 = .3, obtained a closed loop Hs bound of v = .3983.
Theorem 12 was able to find a closed loop controller for arbitrarily small closed-
loop norm bound (< 107%). This is because the control effort is not included in the
regulated output. We remedy this and add a second regulated output to obtain

i(t)_[g _11] mw[j 2] x(tr)+[_1'5} w(t)+m u(t)

y(t) = [é (ﬂ 2(t) + m u(t).

Ymin | d=1]d=2]d=3] Padé | [4]
T=3 | .3953 | .3953 | .3953 | .3953 | N/A
CPU sec | 655 | 1.248 | 272 | N/JA | N/A

Ezample B.3. This example is a modified version of the example in [2] (Bz was
modified to make the problem more difficult and regulated outputs and disturbances
were added). In that work, the authors were able to find a stabilizing controller for
a maximum delay of 7 = .1934 and 75 = .2387. We are able to find a controller for
any 71 and 7. The results here are for 74 = 1 and 75 = 2. The closed-loop system
response is illustrated in Fig. 2.

Jb(t):{_ol ﬂ x(t)+['g _0'4} x(t—71)+[8 05} x(t—r2)+m w(t)+m u(t)
y(t) = 01 () + 0 u(®)
0 0 1

25



Kinol 1 2 3 ) 10 1 2 3 5 10
1 438 172 .266 1.24 17.2 2923 | .979 | 991 | 997 | .999
2 .269 643 | 2932 | 17.1 | 647.2 .804 | 938 | .971 | 989 | .997
3 627 | 2.634 | 10.73 | 91.43 | 5170 766 | 922 | 963 | 986 | .996
) 1.294 | 13.12 | 84.77 | 1877 | 65281 739 | 910 | 957 | .984 | .996
10 | 11.41 | 469.86 | 4439 | 57894 | NA 722 1 .902 | 953 | 982 | NA

Table 1: CPU sec indexed by # of states (n)  Table 2: Closed-loop norm bound
and # of delays (K) indexed by # of states (n) and #
of delays (K)

Ymin d=1|d=2|d=3| Padé
T =171=2].6104 | .6104 | .6104 | .6104
CPU sec 2.07 7.25 | 25.81 | N/A

Ezample B.4. In this example, we rigorously examine the computational com-
plexity of the proposed algorithm. We use a generalized n-D system with K delays, a
single disturbance w(t) and a single input u(t).

; T
() = — Zl % Sl + 1),y = [10 ] 2(t) + m
where 1 € R" is the vector of all ones. The resulting computation time is listed in
Table 1. The achieved closed-loop H,, norms are listed in Table 2. 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.

A Delayed Model of Control of Mach Number. A linearized model of control of

Mach number in a wind tunnel was proposed in [11] wherein the dynamics are given

—a 0 0 0 ka 0 0 1 0
z(t)=10 0 1 |z@®+|0 0 0|lz(t—7)4+ |0 |ult)+ [0 0] w(®)
0 —w? —2w 0 0 O w? 0 10
(9.1)
where nominal parameter values were listed as a = ﬁ, k=-.0117,( = .8, w =6,

and 7 = .33 and where the disturbances are to Mach number and a resistant torque in
the input motor, as proposed in [20]. The states 1, x2, and x3 represent perturbations
to the Mach number, guide vane angle, and guide vane actuator angle, respectively.
It was shown in [11] that distributed feedback of the form of Eqn. (1.1) was necessary
for spectrum assignment. This earlier work posed the LQR optimal control problem,
and not the disturbance rejection framework of H.,-optimal control. Following the
work in [20], we have therefore modified the model to add a regulated output which
includes Mach number and vane angle. We have, in addition, added control effort to
the regulated output, so that
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Fig. 3: A Matlab simulation of the response to initial condition for System (9.1)

coupled with the controller from Theorem 12 with closed-loop gain of 1.9639

The proposed algorithm now produces a controller with closed-loop H,-norm bound
of 1.9369 as indicated in the following table.

Ymin d=1|d=2| d=3 | Padé
T=.33 | 1.964 | 1.964 | 1.9369 | 1.9369
CPU sec | .743 1.98 | 5.629 | 2.645

Because the original work in [11] considered the LQR framework (a special case of the
Hs-optimal control problem), that paper simulated response to an initial condition
which was chosen to be z1(s) — .1, z3(s) = 0 and x5(s) = 8.547 for s € [—7,0]. The
response and control effort are shown in Figure 3. Note that H,-optimal controllers
are sub-optimal for the LQR problem and hence the response to initial condition is
not a significant improvement over [11].

9.3. A Scalable Design Example with Multiple State Delays. In this sub-
section, we demonstrate the scalability and potential applications of the algorithm by
consider a practical problem faced in hotel management with a centralized hot-water
source with multiple showering customers (a generalization of the model proposed
in [18]). Specifically, let us first consider a single user attempting to achieve a desired
shower temperature by adjusting a hot-water tap. In this case, we have a significant
transport delay caused by the flow of hot water from the tap to the showerhead. In
modeling the dynamics, we assume that a person will adjust the tap at a rate pro-
portional to the difference between current temperature and desired temperature and
the overall flow rate is constant (i.e. does not depend on temperature). Under these
assumptions, we can model the linearized water temperature dynamics at the tap as

T(t) = —a(T(t —7) — w(t))

where T is the water temperature, w(t) is the desired water temperature, and « is the
sensitivity of the user. When multiple users are present and the available hot water
pressure is finite, the actions of each user will affect the temperature of all other users.
In a linearized model we represent this as

Ti(t) = —o(T(t — 73) — wi(t)) — Z%]Tj(t)
J#i
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where +;; represents the fractional reduction of user ¢’s hot water pressure caused by
an increase in hot water consumption by user j. Eliminating 7} from the right hand
side, we have

Ti(t) = =i (T(t = mi) — wit)) + Y vijey (Ti(t = 75) — wy(¢))
J#i

where we have neglected products «;;7v;,x as it is assumed these coupling coefficients
are small. Even for a single user, these dynamics are often unstable if the delay
is significant. For this reason, we introduce a centralized tracking control system
to stabilize the temperature dynamics. Obviously, this controller can not sense the
desired water temperatures, w;(t). The controller can, however, sense the tap position
and the actual water temperature. We account for this by including an augmented
state, T1; which then represents the tap position chosen by user ¢. Introducing an
input into the temperature dynamics yields

(9.2)  Tii(t) = Tos(t) — wi(t)
Toi(t) = —av; (Toi(t — 1) — wi(t)) + Z%‘jaj (T (t —75) —w;(t)) + us(t)
J#i
wilt) = .TZ((?)

Aggregating these dynamics into the form of Equation (4.1), we have

AOZO I’ Ai:[O 0]

0 0 0 A
. T
Ai(i) =i [vi1 - Yic1 —1 viic1 - Yk
i s )
By = _f‘+diag(a1...aK)] Ty =ay=la - ax],

[0 I 0 00 0 0
BZZ I:|’CO:|:O 0:|701:|:0 0:|;D1:|:0:|7D2:|:1I:|

Optimal Control of Showering Users

For numerical implementation with n, users, we have a system with 2n,, states,
n, delays, 2n,, regulated outputs and n, control inputs. The implementation of this
example is included in the accompanying code, wherein we set a; = 1, v;; = 1/n and
7; = 4. The resulting open-loop dynamics are unstable. For n,, = 4, we obtain a closed-
loop Hs norm bound of v = .38. For w;(t) = 4, the resulting closed-loop dynamics
are illustrated in Figure 4 wherein convergence to the desired shower temperature is
observed for all users.

10. Conclusion. In this paper, we have shown how the problem of optimal con-
trol of systems with multiple delays 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 sev-
eral 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 param-
eterized class of positive operators. Next, we have demonstrated effective methods
for real-time computation of the control inputs. Finally, we have implemented the
proposed algorithms and gains and simulated the results on a realistic model with 8
states and 4 delays.
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Fig. 4: A Matlab simulation of the step response of the closed-loop temperature
dynamics (T»;(t)) for System (9.2) with 4 users (w; and 7; as indicated) coupled with
the controller from Theorem 12 with closed-loop gain of .36
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