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Linear Optimal Control for
Autonomous Pattern Generation

Taylor Ludeke and Tetsuya Iwasaki

Abstract—An important objective in the design of feedback
control systems is the pattern generation. The term ‘pattern’
denotes the behavior of the individual plant states relative to one
another in steady-state, e.g. periodic with a specified frequency
and phase offset. Here we solve the optimal, linear, output
feedback problem in which the controller is autonomous, achieves
pattern generation, and minimizes the L> norm of the transient
portion of the impulse response. Our result reveals the optimal
control architecture comprising a linear quadratic regulator
and a Kalman filter, along with additional feedback/feedforward
to/from a pattern generator, with gains constrained by the
regulator equation and its dual, respectively. In contrast to the
standard output regulation, the pattern generator is embedded in
the feedback loop, allowing the reference signals to be modified
autonomously in response to disturbances. A design example
illustrates the controller’s ability to recalculate and track the
target trajectory following a disturbance.

Index Terms—Optimal control, eigenstructure assignment, pat-
tern formation, autonomous control, linear systems

I. INTRODUCTION

Pattern formation is a process of dynamical systems in
which the state converges to a persistent trajectory with a
specific spatiotemporal property in the steady state. Various
phenomena in nature exhibit such behaviors [1]: blinking fire-
flies, bird flocking, fish schooling, hurricanes, neural oscillator
network, and periodic gaits in animal locomotion. Partly mo-
tivated by such natural phenomena, pattern formation is also
central to certain engineering designs, including bio-inspired
mobile robots, aircraft/satellite formations, vehicle platooning,
and swarm robotics. The associated technical problems are
often formulated in some abstracted form, such as multiagent
coordination and coupled oscillator synchronization [2]-[4].
The theory of pattern formation would have a broad range of
applications extending to economic and social studies.

A standard way to achieve persistent steady-state trajecto-
ries is by output regulation which tracks a persistent signal
generated by an exosystem with an internal model in the
controller [5]-[8]. This method is advantageous when the ref-
erence trajectory is fixed regardless of the operating condition.
Alternatively, embedding the pattern generator in the feedback
loop such that the closed-loop system is autonomous, allows
the controller to adjust the reference signal in response to
disturbances and changes in the environment.

Autonomous control architecture is found in biology. The
central pattern generator (CPG) is a neuronal circuit that com-
mands rhythmic muscle contractions during animal locomo-
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tion [9]-[11]. The CPG creates a basic gait when isolated, and
has the ability to adjust the gait autonomously in accordance
with the sensory feedback information [12]. Such capability
for autonomous oscillations is valuable in the design of robotic
locomotion systems where various gait patterns are generated
as stable limit cycles [13]-[15]. Also in some context of
engineering, feedback mechanisms for multiagent coordination
or coupled oscillator synchronization are typically designed to
make a global pattern emerge autonomously from the network
formed by local interactions, rather than from forced response
driven by an exosystem.

In the control of multiple subsystems, consensus or syn-
chronization can readily be achieved autonomously if the sub-
systems are homogeneous and share the same target dynamics
[16]-[20]. The idea is to stabilize the synchronous subspace
by diffusive network connections that functionally vanish in
the subspace. For heterogeneous subsystems, a clean solution
is available within the framework of the output regulation if
autonomy is not required and each subsystem can be forced to
track a command from a network of homogeneous reference
generators [21]. However, the problem is much harder when
autonomy is required, and early results relied on special
properties (e.g. minimum phase, small gain) to guarantee
synchronization [22]-[24]. More recently, the framework of
eigenstructure assignment has provided a new perspective on
autonomous control for constant formation [25], modal con-
sensus [26], and general coordination [27] of heterogeneous
subsystems with endogenous or explicit internal models.

Eigenstructure assignment is a classical subject in control
theory where the goal is to assign a given set of eigenvalues
and eigenvectors to the closed-loop system using a feedback
controller [28], [29]. Methods have been developed to tackle
various control problems over the years including decoupling
of flight modes for improved control [30], [31] and vibration
suppression [32]. The classical theory of eigenstructure as-
signment was limited by the small design freedom associated
with static state/output feedback. However, an expansion of the
design space to include dynamic feedback has allowed for an
exact characterization of assignable eigenstructures in terms of
the regulator equation, and a parametrization of all controllers
that assign a given eigenstructure [27]. More importantly, the
result provided a bridge between traditional output regulation
and autonomous pattern formation, and a general framework
for heterogeneous multiagent coordination.

In this paper, we consider the optimal eigenstructure as-
signment problem for linear systems. A special case of this
where the target dynamics of the exosystem are augmented
within the generalized plant, i.e., the optimal output regulation



This article has been accepted for publication in IEEE Transactions on Automatic Control. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TAC.2023.3326866

problem, has been solved with some generality in the literature
[33]. When autonomous pattern formation is considered for a
general class of plants, however, the problem remains open
(or has not even been posed) and no solution has been
available even when the controller is centralized to allow
for an arbitrary (all-to-all) network topology. We solve the
problem under the stabilizability assumption (which excludes
the output regulation problem) for the centralized case, which
is directly relevant for pattern formation in mechanical systems
with multiple degrees of freedom, such as gait generation in
robotic locomotion systems. Moreover, our result would lay a
theoretical foundation for optimal multiagent coordination.

We solve an optimal control problem for linear output
feedback that meets the following criteria: 1) The controller
achieves pattern generation for the closed-loop system with an
arbitrary initial state, for which the target behavior is described
by persistent signals in the steady-state; periodic, constant,
growing, or a combination. 2) The controller minimizes an
Hjy cost function, or the Ly norm of the transient portion
of the impulse response. The pattern is prescribed by an
eigenstructure (a set of eigenvalues and eigenvectors), but the
actual trajectory, to which the state converges, depends on the
initial state and/or disturbances that affect the magnitude and
time shift. The optimal controller turns out to be autonomous
such that a pattern generator is embedded within the feedback
loop, allowing for the controller to respond to (impulse)
disturbances by optimizing the freedom in the target trajectory
to minimize the transient cost.

Our approach is to exploit a parametrization of all con-
trollers assigning a given eigenstructure [27], and perform
an analytical optimization in the state space. The control
architecture is given by diffusive coupling of the plant and
a pattern generator, with the design freedom in the coupling
dynamics. The main challenge is the lack of an explicit
characterization of the transient cost due to the fact that, by
design, the closed-loop system is not stabilized, invalidating
the standard characterizations of the H5 norm using Gramians.
The key idea is to find a state transformation that allows for
decomposition of the closed-loop system into the steady-state
dynamics for the target pattern and the transient dynamics that
define the cost for optimization. We find that the dual of the
regulator equation plays a major role for the decomposition.

Once decomposed, the problem reduces to a standard Hs
control problem except for the dependence of the generalized
plant on additional design parameters — the solution of the
dual regulator equation, which substantially complicates the
design. We develop an extension of the change of variables
used for multiobjective control [34], [35] and convert the
problem to a convex optimization in terms of linear matrix
inequalities (LMIs). While the optimal controller can be com-
puted by the LMI optimization, we proceed further to gain
analytical insights and reveal the optimal control architecture.
As a result, the design reduces to the standard two Riccati
equations for the optimal H5 control, and an additional convex
optimization over solutions of the dual regulator equation.

The optimal control architecture is found analogous to the
Youla parametrization [36], and is described by the standard
Kalman filter and the linear quadratic regulator (LQR), plus a
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pattern generator. The solution of the dual regulator equation
defines the feedback gain to the pattern generator which
determines the optimal target trajectory based on the feedback
information. The solution of the regulator equation defines the
feedforward gain from the pattern generator to add input to the
standard H> control to achieve the steady state pattern. The
result reveals the profound symmetry/duality of the optimal
control architecture. While the Kalman gain and the LQR gain
are computed independently of the solutions to the primal/dual
regulator equations, the separation principle does not hold in
the sense that the optimal output feedback control cannot be
recovered by adding the Kalman filter to the optimal state
feedback because the optimal feedback gain to the pattern
generator for the output feedback is different from the one
for the state feedback in general.

The main contributions of this paper can be summarized
as follows. We add a fundamental result to the body of
literature on linear optimal control theories by formulating
and solving a novel problem of optimal autonomous pattern
generation within the framework of eigenstructure assignment.
The optimal control is shown to have the architecture of the
Youla parametrization, where the LQR and Kalman filter are
interfaced with a pattern generator through solutions to the
primal/dual regulator equations in a linear fractional manner.
The new theory complements and extends the traditional out-
put regulation theory toward autonomous motion coordination,
and lays a foundation for various applications such as consen-
sus/synchronization of multiple agents and gait generation for
robotic locomotion systems.

A preliminary result has been reported in [37], where we
solved the optimal eigenstructure assignment for the state
feedback case to minimize a quadratic cost on the initial
state response. The class of controllers for optimization was
limited to those with the pattern generator plus static state
feedback. Here we provide a result for the general dynamic
output feedback to optimize the H» performance with respect
to arbitrarily specified input-output channels.

We use the following notation. For a square matrix A,
eig(A) denotes the set of eigenvalues of A, and He(A)
is the Hermitian part He(A) := A + A'. Notations
diag(My, ..., M,), col(M, ..., M,), and row(M;, ..., M,)
denote the matrices obtained by stacking matrices M; with
i =1,...,n on the diagonal, column, and row, respectively.
For real symmetric matrices A and B, inequality A > B
means that A — B is positive definite. For a transfer function
§s(s), its Hy norm is denoted by |l§s |l2- A state space system
with realization © is denoted by ©, that is, the system

HEIH A

is expressed as

2 2 Al B
y =0 @:<%W>’

vovhere x, u, and y are the state, input, and output. Note that
© is a system (an operator that maps a signal to a signal),
while O is a constant matrix that defines the system o. Lastly,
a(t) — B(t) means ||a(t) — B(t)|| approaches zero as t — oc.



This article has been accepted for publication in IEEE Transactions on Automatic Control. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TAC.2023.3326866

II. PROBLEM FORMULATION
A. Problem Statement
Consider the generalized plant described by
z = Az + Byw + Bou,
p = Cpx + Dpu,
z = Cix + Dyu,
Y= CQ‘r + DQU},

(D

where x(t) € R™ is the state, u(t) € R™ is the control input,
y(t) € R™ is the measured output available for feedback
control, w(t) € R™ is the disturbance input, and z(¢) € R™=
and p(t) € R™ are the performance outputs. The objective
is to determine an optimal controller v = Ay that achieves
pattern formation for output p(¢) in the steady state while
minimizing a transient cost associated with z(t).

The pattern formation constraint in the control design is
described by the convergence property

p(t) = Te™p, @
for the closed-loop system with an arbitrary initial state under
no disturbance input (w(t) = 0), where the matrix pair

(II, A) € R™*" x R™ 7 prescribes the target pattern and p, is
an arbitrary vector that depends on the initial state. Since (2)
specifies the steady state behavior, the pattern should contain
no decaying term. Thus we impose the following.
Assumption 1: A has no eigenvalue with negative real part.
For practical purposes, A would typically have eigenvalues
on the imaginary axis to achieve convergence to oscillations or
constants. When A has an eigenvalue with positive real part,
the response would diverge and the design may not be useful.
However, we do not exclude this case to keep generality of the
theory developed in this paper. Also, such case may become
useful for achieving convergence to prescribed constants by
introducing saturation nonlinearities, which is beyond the
scope of this paper but may be addressed in the future.
The convergence property (2) is ensured by an appropriate
eigenstructure for the closed-loop system, defined as follows.
Definition 1: Consider the plant (1), target pattern (II, A),
and controller w = Ky with state vector x,;. Let the unforced
(w(t) = 0) dynamics of the closed-loop system be described by
x = Ax and p = Hepx with x = col(z, x,;). The controller
is said to be admissible if the following conditions

A(:ZXCZ = XcEAa IT= Hcéxcfv
eig(Acr)\eig(A) € C_

hold for some full column rank X, where C_ is the set
of complex numbers with negative real parts. The set of
admissible controllers is denoted by A.

Condition (3) specifies that the closed-loop system has the
eigenstructure (X.¢, A) and all the eigenvalues of A, except
for those shared with A are in the open left half plane. By the
standard linear system theory, every state trajectory converges
to the range space of Xy, in which the temporal dynamics is
specified by A. Thus (3) implies x(t) — X.eeMp, for some
vector p,, and II = H.X., then ensures (2). Conversely,
necessity of (3) for pattern generation (2) can be formally
proven through the concept of asymptotic equivalence [27].

3)
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Let us now define the cost function to be minimized over the
set of admissible controllers A € A. The closed-loop transfer
function from w to z, denoted by F(s), has the dynamics
dictated by the eigenvalues of A.,. When the controller is
admissible, A, is similar to diag(A, A) for some Hurwitz
matrix A due to (3), and F(s) can be decomposed as

8(s) = Fals) + Ts(s), @)

where §,(s) is anti-stable with eigenvalues of A, and §,(s)
is stable with eigenvalues of A. The cost function we seek to
minimize is the square of the Hy norm of the stable part:

Y(R) = |33 (5)

The basic problem we address is formally stated as follows.

Problem 1: Consider the plant (1) and the set of admissible
controllers A as described in Definition 1 for a given target
pattern (IL, A) satisfying Assumption 1. Solve

%= Inf 1(R), (6)
i.e., determine an admissible controller K € A that gives the
cost value 7(/-%) equal (or arbitrarily close) to 7.

The cost function (5) defined in the frequency domain has a
time domain interpretation based on the Plancherel’s equality
[38], i.e., the Hy norm of a scalar transfer function is equal
to the Lo norm of its impulse response. Suppose the initial
state of the closed-loop system is zero, x(0) = 0. When an
impulsive disturbance w(t) = w,d(t) is applied to the closed-

loop system, we have, from the decomposition (4),
2(t) = 24(t) := ZeMp,, 7

where §(t) is the Dirac delta function, and Z and W are the
state space matrices of F,(s):

Sal(s) = Z(sI — A)’1W.

Po = W,

For fast convergence, we penalize the transient z, 1= z — z,,
which is the impulse response of the stable part F,(s). Let 2*
be the response to the impulse with w, = ey, and z* be the
corresponding transient output, where e, is the k" column
of the n,, X n,, identity matrix. By Plancherel’s equality, the
cost function + is then given in terms of the Lo norm of z*(t),
summed over all directions of w, € R™ as follows:

N

Gy =3[ @R
v kz_:l/o

Thus, the problem is to design an optimal controller K that
achieves convergence of p(t) as in (2) with an arbitrary initial
state, while minimizing the transient cost v(K) associated with
z(t) in response to the impulse disturbance in w(t).

()

B. Significance

The optimal eigenstructure assignment formulated as Prob-
lem 1 has various applications to which traditional control
theories do not apply. The main distinction is that the closed-
loop system is not stabilized by the design, but rather is forced
to embed unstable dynamics A. One of the simplest examples
that motivate our problem is bringing a sliding block to an
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arbitrary, stationary position after the block has experienced
an impulsive disturbance force. The problem is to design a
controller v = Ky such that y(¢) — 0 for the plant

w(t) = 8(t).

Since y(t) is allowed to converge to a nonzero constant, the
closed-loop system should not be stabilized, but should have
an eigenvalue A = 0.

This type of design requirements can be generalized as
the pattern generation for vector variable p as in (2), where
A € R™T determines the temporal pattern (oscillation, con-
stant, growth) and II € R™*" the spatial pattern (relative
amplitudes/phases) as described in [27]. For example, an
oscillation pattern o;(t) = a; sin(wt + b;) is specified by

{ 0 w} IT = col(IL4,...,1I, ),
A= , »
—w 0

II; .= [ a;cos(b;) a;sin(b;) ],
and (2) is equivalent to p;(t) — «o;(t + 7) where («,7)
is specified by p, € R2. It should be noted that the design
requirement in (2) specifies the oscillation pattern by (II, A)
but its spatial size o and temporal phase 7 are not prescribed
by the design constraint since p, is arbitrary. This property
holds for the general case of (2), i.e., the pattern is specified
by (II, A) but the size and phase are left unspecified within the
freedom of p,. Thus, Problem 1 is distinct from the traditional
optimal tracking problem with a completely prescribed target
trajectory, and aims at the control design for the optimal
autonomous behavior with the ability to adjust the target
trajectory when perturbed by disturbances.

During a steady operation of the control system, distur-
bances can perturb the state away from the desired trajectory.
The controller is tasked to make the state converge back to a
steady operation, which may not have to be the same trajectory
as the one before the disturbance. For example, the temporal
phase of an oscillatory trajectory does not matter for steady
progress of robotic locomotion systems. Hence, the target
trajectory should be adjusted in real time to achieve fast and
efficient return to the steady operation. Our design captures
this desired property by the freedom p, in (2). Formalizing the
perturbation by the impulse disturbance w(t) = w,d(t), where
w, specifies the direction and magnitude of the perturbation,
we recognize that p, is a function of w,; in fact, p, = Ww, as
in (7). The controller that solves Problem 1 specifies W so that
the optimal steady state trajectory for the given perturbation
w, is selected to minimize the transient.

We focus on minimization of the Hs norm, which is
equivalent to the Ly norm of the impulse response as shown
earlier. This time-domain interpretation is directly related to
the cost in the classical linear quadratic regulator (LQR). The
H, performance can also be interpreted in terms of the output
variance in response to stochastic noises as is well known
in the linear quadratic Gaussian (LQG) control. Yet another
interpretation of the H, norm is the energy-to-peak gain,
which is the largest Lo, norm of the output among those
resulting from all possible disturbances with Ly norm less than
or equal to one [39]. Thus, the cost function (5) has multiple
interpretations relevant for various applications. Moreover, as
we point out in Section IV-A, the theory we develop for the

y=u+tw,
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H, performance can be applied, with slight modifications,
to multiobjective control with various performance measures,
including the energy-to-energy gain (i.e. H,, norm) and upper
bounds on the impulse-to-peak and peak-to-peak gains [34].

Based on the internal model principle [27], the design spec-
ification (2) requires that the target dynamics A be embedded
in the feedback controller as a pattern generator. In general,
the pattern generator receives sensory signals from the plant,
which allows for real-time adjustment of the size and timing
of the pattern in response to disturbances and changes in the
environment. This is distinct from the standard paradigm of the
output regulation [5], [7], [8], where an exogenous system sits
outside of the feedback loop and generates a fixed command
pattern, and a feedback controller is designed to achieve exact
tracking. The autonomous pattern generation with sensory
feedback is found in biological control mechanisms that ex-
hibit adaptive behaviors [12], and is advantageous for certain
engineering applications such as robotic locomotion [15] and
multiagent coordination [20], [40].

C. Preliminaries from Eigenstructure Assignment Theory

This section provides a basis for solving Problem 1 by
reviewing and extending some results from [27], which essen-
tially solved the feasibility part of the problem. In particular,
[27] characterized when the set A of admissible controllers is
nonempty, and gave a parametrization of an essential subset
of A. The following lemma shows that any cost (5) achieved
by an admissible controller can be achieved by a controller in
this subset. The implication is that the optimization over the
subset is equivalent to the original problem in (6).

Lemma 1: Consider the plant (1) and target dynamics
(I1, A), where Assumption 1 holds and (Cs, A) is detectable.
The set of admissible controllers A in Definition 1 is nonempty
if and only if there exists a matrix pair (X,U) such that

XA =AX + ByU,
II=C,X + DU,
hold and (A, B%) is stabilizable, where B := [ By — X |.
Consider Problem 1 and the infimum cost value ~.. Let v,

be an arbitrary feasible cost, i.e., 7, > v«. Then a controller
K € A such that v(R) =y, is given by

Rk

for some © that stabilizes the augmented plant (A, BE,C)
and for some (X,U) satisfying (9). For this controller, the
unforced (w(t) = 0) closed-loop trajectory satisfies

€))

}f*’é(y—(bxf) (10)

2(t) = X6(0, p(0) 2TED), €0 260, )
u(t) - Ugo(t)v Z(t) — Zgo(t)v go(t) =e tpoa
for some p, € R" depending on the initial state, where

Z :=C1 X + D,U. (12)

Proof. See Appendix A. n

The controller formula (10) pararonetrizes a subset of A in
terms of (X, U) satisfying (9) and © stabilizing (4, B3, Cs).
Lemma 1 shows that an arbitrary feasible cost v, can be
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achieved by a controller of the form (10). Hence an optimal
(or near optimal) controller solving (6) belongs to this subset,
and Problem 1 can be solved by minimizing v(K) over (X, U)
and ©. Thus, the explicit parametrization of controllers as in
(10) is directly useful for solving Problem 1.

The parameter pair (X,U) satisfying (9) is not unique in
general and the choice will affect the transient cost. However,
we will focus on the optimization after the choice is made.
Since (X, U) specifies the steady state behavior as in (11), it
may be chosen to optimize the cost for maintenance of the
target pattern p(t) = Ile’p,. For instance, the magnitude
of the control input ||U] may be minimized over (X,U)
satisfying (9), which can readily be solved using a semidefinite
programming package since the norm ||U]| is a convex func-
tion of U and constraint (9) is linear in (X, U). Once (X, U)
is fixed, the cost (5) can be optimized over O. To make a
formal statement of this problem, let us introduce:

Assumption 2:

(i) For the target pattern (11, A), a pair (X,U) exists and is
fixed such that (A, BY) is stabilizable and (9) holds.
(i) (Ca, A) is detectable.
For a given pair (X,U), let A, C A be the subset of ad-
missible controllers captured by (10) with some S) stabilizing
(A, B3, C5). The problem is then formulated as follows.

Problem 2: Consider Problem I and suppose Assumption 2
holds. Solve Problem 1 with A replaced with A,,.

The rest of the paper is focused on solving Problem 2,
which is not equivalent to Problem 1 since (X, U), i.e., the
relative spatial sizes and temporal phases of (x,u), is fixed.
The optimal cost value of Problem 1 is always no worse
than that of Problem 2 since (X,U) is chosen to optimize
the transient cost in Problem 1. However, Problem 2 may
be more practically valuable than Problem 1 since it would
make more sense to also penalize the steady state cost during
the design, justifying a separate optimization of (X,U) as
described above.

III. REFORMULATION VIA DUAL REGULATOR EQUATION
A. Overview of the Approach

Problem 2 is much more difficult than traditional optimal
control problems, which focus on stabilization of the closed-
loop system, due to the fact that the autonomous pattern
formation requires the closed-loop system to have eigenvalues
with nonnegative real parts to achieve convergence, not to the
origin, but to a pattern. Also by the requirement of autonomy,
the target steady state trajectory is not prescribed, which makes
the dependence of the transient cost on the controller much
more complex than in the traditional optimal control theories.

We will solve Problem 2 through a series of reparametriza-
tions of the feasible controller set A, as follows:

AO — Al <~ AQ, AQ = Ag, Ag — A4 — As, (13)

where A; <+ A; indicates existence of a bijective mapping
between the two sets A; and A;, and A,; denotes the closure
of A,;. Problem 2 is reduced to a constrained Hs optimization
over A, using a Sylvester equation, and then eventually to an
unconstrained Hy optimal control problem over Ajs using a
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dual regulator equation. This section provides an overview of
this approach, while the sections that follow will provide the
details and theoretical justifications.

To explain the idea, let us introduce some system matrices.
Let the state space realization of © in (10) be denoted by

: Ag | By Co1 Dy
e = , Cp = , Dy = , (14
( Cy | Do ) ¢ [Cez *7 | Doz (9
where each of Cy and Dy is partitioned in accordance with
the row dimensions of U and A, and define
: Ap | By
W =
( Co1 | D1

so that © = col(¥,I"). We also define augmented matrices

)7 L:=[Cop Dy ], (15

S A 0|B |0 B,
A B B 0 0|0 /|1 0
Ci 0 Dy |:=|¢C 0|00 D |,
Co Dy 0 0 I|]0]0 0
Cy 0|Dy|0 0

X, wefl], BolB X))
U Dy:=[Dy 0],
where the sizes of the zero and identity matrices should

become clear from the context.
By definition, A, is parametrized by (10) with © in

Ay :={0: A+ B0(, is Hurwitz}, (16)

which corresponds to the set of controllers S) stabilizing
the augmented plant (A, B3, C2). Since there is a bijective
mapping between A, and A;, the optimization of the cost
fy(/i) over & € A, can be equivalently transformed into an
optimization over © € A;. However, the dependence of the
cost on © € A; is not simple due to the fact that the closed-
loop system contains unstable dynamics A, and the cost is
defined for the stable part of the closed-loop system.

It turns out that the unstable dynamics can be isolated
using a state coordinate transformation specified by the unique
solution Y to the Sylvester equation

AY — Y (A + B30C,) =TC,. (17)
The stable part of the closed-loop transfer function, F(s), can
then be parametrized by (O, 37) € A, where

Ay :={(©,Y): © ¢ Ay, (17) holds}. (18)

The reparametrization of the feasible controllers A, in terms
of Ay thus reduces Problem 2 to a constrained optimization
of the Hy norm || ||2 over (©,Y) € Ay. The problem is still
difficult due to the constraint (17).

To further reduce the problem to a tractable unconstrained
H, optimization, we introduce a slack variable V as

V=YB¥+(-YX), (19)
so that the Sylvester equation (17) is written as

AY =Y A+ V. (20)
This is recognized as the dual of the regulator equation

XA =AX + ByU, 1)
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which is equivalent to the first condition in (9). Note that
the design freedom in I' can be equivalently captured by 1%
through (19) when I — VX is nonsingular. That is, there exists
a bijective mapping between Az and A4, where

As:={(0,Y) € Ay: det(I —YX)#0}, (22)

Ag = {(U,Y,V): det(I - YX)#0, (20),

col(W, (I — VX)1(V - VBy0)) € Ay} &)

We will show that Aj is nonempty and the closure of Ag
coincides with the closure of A, when (A, Bs) is stabi-
lizable. Therefore, under the stabilizability assumption on
(A, Bz), Problem 2 reduces to the H norm optimization over
(U,Y,V) € Ay. At this point, the variables ¥ and (Y, V)
are not subject to an algebraic constraint, making the problem
more tractable, unlike the case for A3 in which © and Y are
constrained by (17).

An additional step is necessary for further simplification
of the conditions defining the set A4, especially the stability
requirement dictated by A;. We will seek a reparametrization
of W so that the stability constraint in A4 can be expressed as
the stability of the closed-loop system for a simple auxiliary
plant and a controller ®, where the new parameter ¢ replaces
W. We first note that (Y, V) satisfies (20) if and only if

Y=[Y Y], V=[AY V], (24)
hold for some Y and (Y, V) satisfying
AY =YA+VC(C,, (25)

which is the dual of the first regulator equation in (9). It turns
out that if we define the auxiliary controller as

s A(z, Bd; L _ —1
b <ﬁ7¢) Se=(I-YX), (26)
Ay = Ag + ByCy XSY, Bg := By, Q27

Oy := Cp1 + (Dp1C2X —U)SY, Dy := Dy,

then the design freedoms of (Y,V) and ¥ are captured by
(Y,V,Y) and @, respectively, and the feasible controllers will
be reparametrized by the bijective mapping A4 <> Ajs, where

As :={(®,Y,V,Y): det(T) #0, T:=1— XY,

28
(25), ® stabilizes Co(sT — A+ XAY) 1By} (28)

This parametrization reduces Problem 2 to a standard Hp
optimal control problem over ® when (Y, V)Y) is fixed so
that det(7") # 0 and (25) hold.

B. Reduction to Constrained Ho Optimal Control

This section describes the first major step of our approach
outlined in the previous section, i.e., reparametrization of the
admissible controllers A; <+ A,. We will isolate the transient
dynamics (i.e., stable modes) and decompose the closed-loop
transfer function as in (4) so that the cost function in (5) is
properly characterized. This is done by the following lemma.

Lemma 2: Consider the plant (1) and target pattern (I, A).
Suppose Assumptions 1 and 2 hold. Let a controller K be
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given by (10) with a S) stabilizing (A, By, Cs). Then KeA,
holds, and the cost function v(R) in (6) is given by

YR) =33, Fs(s):=C(sI —A)"'B+D, (29
where A is Hurwitz,
A=A+ B0C,, C:=Ci+D0C, - ZY, 30)

B:= Bl + B;@DQ, D := ﬁf@ﬁg,

and Y is the unique solution to the Sylvester equation (17).
Moreover; given the zero initial state and impulse input w(t) =
wo0(t), the closed-loop trajectory satisfies (11) with

W :=YB+TID,. 31

Proof. We designate ¢(t) € R as the state vector of © with
the state space realization in (14). Defining the coordinate

Po = Wy,

r::{g], X =z — X¢, (32)
the closed-loop system is given by
E1 _[A TG ¢ I'D,
[i«}{o Allr]T] B 53)

where A is Hurwitz since © stabilizes (A, B, Cy). Hence,
when the impulsive input w(t) = w,d(t) is applied, r captures
the transient behavior while £(t) converges to e’'p, with p,
determined by w,. Since &(t) is not equal to e p, for all
t > 0, the transient component in £(t) further needs to be
isolated for properly characterizing the cost in (5).

Using Lemma 8 of [27], one can find a transformation
that decouples the target behavior from the transient behavior
and makes the system block diagonal. More specifically there
exists a unique solution Y to the Sylvester equation (17)
since the spectra of A and A are disjoint. Using Y for the
coordinate transformation, the closed-loop system in (33) is
block diagonalized as

p=Ap+ Wuw, p::E—i—Yr,

7= Ar + Bw, (34

with the performance output z given by

Z=12zs+ zq, 25:=Cr+Duw, z,:=2Zp.

Hence the closed-loop transfer function F(s) from w to z
can be decomposed as in (4) with the stable part §,(s)
given by (29). Finally, consider the response to the impulsive
disturbance w(t) = w,d(t). Since A is stable and A is anti-
stable, r(¢) is the transient variable that converges to zero, and
p(t) = eMp, is the steady state (or persistent) variable. Then
(11) follows from the definitions of the state variables. ™

For the controller (10), the closed-loop system is given by
(33), which clearly has the A-eigenspace spanned by the right
eigenvectors col(7,0) for the state col(¢, ). The correspond-
ing left eigenvectors are row([ ,f’), where the eigenvalue-
eigenvector equation is exactly given by the Sylvester equation
(17). In the original state space coordinates x := col(z, ¢, ),
denote the closed-loop system with w = 0 by x = A.,x. Then
its right and left eigenvectors are given by

AXep = Xeeh, Xeg:=col(X, 1), row(Y,Y):=Y,
YerAep = Aoy, Yo :=1ow(Y, I —YX),
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where the eigenvectors are normalized so that Y. X, = I. It
follows from the standard system theory that the steady state
response is given by x(t) — Xee’p, with p, := Yex(0).

A special case of this is the impulse response in Lemma 2
where the initial state x(0) is set from w, so that p, is
given by (31). The eigenstructure analysis enabled isolation
of the transient part z,(¢) from the performance output z(t)
so that the stable part of the closed-loop transfer function,
§s(s), is explicitly characterized. The key for this isolation is
the solution Y to the Sylvester equation (17), which defines
the coordinate transformation to separate transient and steady
state dynamics. Problem 2 is thus equivalently reformulated in
Lemma 2 as the minimization of the Ha norm |||z in (29)
over (0,Y) € Ay, where A, is defined in (18).

C. Reduction to Unconstrained Hs Optimal Control

The constrained Hs optimization over A, is difficult due
to the coupling of Y and © through (17). For tractable
reparametrizations of the admissible controllers, let us proceed
to the next step in Section III-A, i.e., Ay = As under
stabilizability of (A, B), which is formally stated as follows.

Lemma 3: Consider Lemma 2 and the sets A, and Aj
defined in (18) and (22), respectively. The set A3 is nonempty
if and only if (A, Bs) is stabilizable. Moreover, if Aj is
nonempty, then the closures of Ay and A3 coincide.

Proof. See Appendix B. n

Based on Lemma 3, under stabilizability of (A, Bs), the
optimal control that minimizes ||F||2 in (29) over (©,Y) €
A, is obtained by minimizing the same cost function over
(©,Y) € As. This is because, due to A, = Aj, any
optimal control in Ay can be approached by a sequence of
controllers within Aj. Thus we can restrict our search for
an optimal controller within Ajz. This makes the problem
tractable since the regularity det(l — YX ) # 0 enables
a series of reparametrizations of the admissible controllers,
A3 < Ay & Aj as outlined in Section III-A, leading to an
unconstrained optimization. This step of the development is
summarized as follows.

Lemma 4: Consider the plant (1) and target dynamics
(I, A). Suppose (A, Bs) is stabilizable and Assumptions 1 and
2 hold. Then Problem 2 is equivalent to

.= inf (Y1), (35)
bes,y, v
subject to (25) and
det(I — XY) #0, (36)

where p(@, Y, V) is the Hy norm squared of the closed-loop
transfer function §s(s) from w to zs for the augmented plant

Txo A—XAY B, B Xo
Zs = C, 0 D, w |, (37)
Yy CQ DQ 0 U
T:=1-XY, B, :=TB; — XV D,, (38)
S:=I-YX)"Y C,:=CT-DUY,
and controller v = <I)y and S is the set of controllers

that internally stabilize the augmented plant. In particular,
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the optimal cost values are equal to each other, v, = ..
Moreover, given a feasible solution (®,Y,V) of (35) with
9o = p(®,Y,V), an admissible controller K given by (10)

achieves the cost value v(K) = @, where O in (10) is
specified by (14) with

:_ (_As | Bs

o= (o) >
Ag = A¢ - B¢CQXS}~/, B Bg = B¢,

C(ﬂ = C¢ - (D¢C2X — U)SY, Dgl = D¢, (40)

Coz := S(AY — Y Ay — Y ByCiy),
D92 = S(V - YB(.) - YBngl),

with an arbitrary matrix Y.
Proof. We first show that, given an admissible controller
K € A,, there exist a controller ® € S and parameters (Y, V)
such that the constraints in (25) and (36) are satisfied, and the
difference in the cost value |p(®,Y, V) — ()| is arbitrarily
small. Fix & € A, as in (10) with a © in (14). From Lemma 2,
there exists a solution Y to the Sylvester equation (17), and
the cost value () is equal to the Hy norm squared of §,(s)
in (29). Partition © and Y to define (¥,T) and (Y,Y) by
(15) and (24), where Y € R"™™"™. We assume, without loss of
generality, that det(7) # 0 for 7' := I — XY, or equivalently,
(36) holds. If the determinant is zero, one can redefine K by
slightly perturbing © so that the determinant becomes nonzero,
while keeping & admissible and the cost value (K ) arbitrarily
close to the original value. This perturbation is possible under
the stabilizability of (A, By) due to Lemma 3.

Introducing a slack variable V, the Sylvester equation (17)
is equivalently written as (25) and

I'=(I-YX)"{(V-YB0¥), V:i=[AY V]. @D

The regulator equation (9) and its dual in (25) can be written
AX + B,U = XA, 42)
YA+ VCy=AY.

Using (41) and (42), one can verify that the state space
matrices for Fs(s) in (30) are given by

A:T_lAT, A:A+BQ(WCQ—UY)T_17
B=T'B,  B=TB+(BY-XV)Dy o
C =CT, C=0C + Dl(‘I/CQ — UY)T_l,
D =D, D = D,UD,.
Now, the realization of §,(s) given by
7o = Arg + Bw, rq :=Tr = col(Txo,q), (44)

Zs :Cra+]jw, Xo :=x — XSYq,

can be recognized as the closed-loop system of the augmented
plant (37) and controller ® in (39) specified by solving (40)
for (Ag, By, Cy, Dy), where the state of  is g. Therefore,
the closed-loop transfer function from w to z, coincides with
Fs(s), and we conclude that p(®,Y, V) :g(/%).

To show the converse, let a feasible (®,Y, V) satisfying
the constraints of (35) be given, i.e., ® € S with state space
realization (39) internally stabilizes the augmented plant (37),
and (Y, V) satisfies (25) and (36). Choose an arbitrary matrix
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Y and define © by (14) and (40), Y by (24), and V by (41).
Then one can verify that condition (17) is satisfied by noting
that (17) is equivalent to (25) and (41). Let the state space
matrices for §s(s) be defined by (30). Then the closed-loop
system of the augmented plant (37) and controller ® (which is
independent of Y) is given by (44) with state space matrices
(A7 B.C, ]5) in (43) (which apparently depends on Y but in
fact Y cancels out to make it independent). This system is
related to (A,B,C,D) in (30) by similarity transformation
(43). Thus we conclude that p(®,Y, V) = ~v(K). m

The original problem with (@,)A/) € As in Lemma 2 is
now reduced to that with (®,Y,V,Y) € Ajs in Lemma 4.
There exists a bijective mapping between As and Aj as
explained in Section III-A. The transfer function §Fs(s) in
Lemma 2, depending on (©,Y) € A, coincides with the
closed-loop transfer function from w to z; in Lemma 4,
depending on (®,Y,V,Y) € A, provided (©,Y) and
(®,Y,V,Y) are related by the bijective mapping. A benefit
of this reparametrization is that © and Y are constrained by
(17) but ® and (Y, V,Y) are independent of each other. Also,
Lemma 4 shows that the freedom in Y can be ignored in
the optimization since it does not affect the cost. With (Y, V)
fixed, the minimization of p(®,Y, V) in (35) over ® € S is a
standard Hy problem that can readily be solved. However, the
optimization over the additional parameters (Y, V') still makes
the problem challenging. The next section will address this
issue and present the main result.

IV. AUTONOMOUS PATTERN GENERATION
A. Optimal Control for Pattern Generation

We will first solve Problem 2 without additional assump-
tions on the plant. The approach is to extend the linearizing
change of variables in [34], [35] to deal with the additional
parameters (Y, V) that are constrained by the dual regulator
equation (25) and affect the cost in (35). The result is a
tractable characterization of feasible controllers as follows.

Theorem 1: Consider the plant (1) and target pattern (11, A).
Suppose (A, Bo) is stabilizable and Assumptions 1 and 2 hold.
Let v, € R be given and consider Problem 2. There exists a
controller K € A, such that the cost in (5) satisfies y(R) < 7,
if and only if there exist parameters (P,Q,Y,V,M,G,H, L)
and U such that tr(0) < 7o,

MLMT EI”«), {CI_; g]>o, L =0 (45
and the dual regulator equation (25) hold, where
-]_\/_[ G AQ —+ B2H AT + BQE TBl + NDQ
H L] = M PA+GCy | PB1 + GDy
- CiQ+DH C\T+ DFE ‘ D1LDs

Q T
7 P

N := By — XV,
E:=LCy, — UY.

|

In this case, one such controller K is given by (10) with S}
specified by (14) and (40) with
Ay = A+ BoK + ByCoT™ 1 + R,
By = (T"R)"'G — R"'PN,
Cy=ET'-K, K :=HQ !,
Dy=1L,

], T:=I-XY,

(46)
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)

where Y in (40) is an arbitrary matrix and

J = PAg + AR P + CiCx + C}(K + B5P + DiCy),
AK —A—i—BgK CK —01+D1K
P:= (" 'PT!, R:=P-P, P:=Q.

Proof. See Appendix C. ™
For a given 7,, the design condition given by (45), (25), and
tr(U) < 7, is nonconservative, and is feasible for sufficiently
large ~,, provided the stated supposition is satisfied. The
condition becomes more difficult to satisfy as v, gets smaller,
and is infeasible when ~,, is smaller than the optimal value ~,
defined in (6). Thus, Problem 2 is reduced to the minimization
of tr(U) over (P,Q,Y,V,M,G, H,L) and U subject to (45)
and (25). This is a convex optimization problem involving
LMIs, and can readily be solved numerically. The optimal
controller is then calculated from (46). The change of variables
used in the proof of Theorem 1 is applicable not only for this
H, control synthesis but also for other general multiobjective
control problems [34] extended for autonomous pattern gener-
ation with H, and various system gain performance measures.
Next, we build on Theorem 1 and derive a characterization
of the optimal controller in terms of Riccati equations with
the following standard assumptions [41] on the plant:
Assumption 3:

i) (A, Bj) is stabilizable and (C4, A) is detectable;
ii) (A, Bp) is stabilizable and (Cs, A) is detectable;
iii)y DI[Cy Dy ]=[0 TI].

iv) Do[ B Di]=[0 I].

The value of Theorem 1 is that the design process applies
to a general plant with no assumptions, and it shows the
proper change of variables applicable to many other cost
functions than the Hs norm, demonstrating a broader impact
of our design theory. In contrast, the next result (Theorem 2)
will provide an analytical insight into the optimal control
architecture when the plant satisfies Assumption 3. As a design
tool, Theorems 1 and 2 provide alternative methods, where
the latter may be slightly preferred if the plant satisfies the
assumption since commercially available software for the H»
optimal control can be used.

We now present the solution to the standard optimal control
problem for autonomous pattern generation.

Theorem 2: Consider Problem 2 for the plant (1) and target
pattern (II, A). Suppose Assumptions 1, 2 and 3 hold. Let P
and Q be the stabilizing solutions of the Riccati equations and
define the corresponding gains:

PA+ AP — PByB}P + CICy =0, K :=—B]P,

AQ 4 QAT - QCIC,0 + BBl =0, F:=—acy. 47
Let (Y,V) be a solution of
0« := min o(Y,V), subjectto YA+VCy =AY,

(Y,V)
where, with B,, C,, and T defined in (38),

Q(Yv V) = tr(g)BoBoT + QKoTKo)a
=(QC,'C, + PF,F,"),

K, :=XT +UY,
F,:= XV +T9.
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Then the minimum cost v, of Problem 2 is equal to 0., and
an optimal controller that yields ~, is given by

& = A%+ Bou+ F(Cod —y),
E=A+ (YT - V)(Caz —y),
u=(U—-KX)E+ K.

Moreover, the trajectory of the closed-loop system, with arbi-
trary initial states, in response to the impulse input w(t) =
wo0(t), converges as in (11) with

po 1= (Y By + VDa)w, + Y (2(0) — &(0)) + £(0).

Proof. See Appendix D. n

The result in Theorem 2 resembles the solution to the
standard H» optimal control problem, including a combination
of the optimal state feedback controller, the LQR with gain
X for (A, By, Cy, D), and the optimal observer, the Kalman
filter with gain F for (A, By, Co, D3). However, there are
additional terms due to the complexity of the problem, re-
quiring a static minimization of the cost o(Y, V') over (Y, V).
The cost is expressed in the two alternative forms that are
dual to each other. In either expression, the cost is a convex
quadratic function of (Y, V') and can be minimized, subject to
the linear constraint of the dual regulator equation, by standard
numerical methods. In the trivial case where (X,U) = (0,0),
the controller (48) reduces to the standard Hs optimal control.

The pattern generation property of the controller (48) is
rather easy to see. The closed-loop system is given by

(48)

ﬁ A+ ByX By(U—XX) —FCs i

£ = 0 A (V-YF)C, 13

é 0 0 A + 3:02 (&
where e := x — Z, assuming no input w = 0. It is easy to

verify that the closed-loop system has eigenvalues A with right
eigenvector col(X, I,0) and left eigenvector row (0, 7,Y"). The
other closed-loop eigenvalues are those of A+ BoX and A +
FC5, which are Hurwitz. Thus the steady state trajectory is
given by z = & = X¢ and £ = eMMp,, with p, specified by the
initial state or the impulse input.

Theorem 2 revealed the fundamental feedback architecture
of the optimal controller as shown in Fig. 1. The plant
dynamics are copied in the blue blocks to give the standard
Kalman filter plus LQR, while the red blocks embed a pattern
generator (A dynamics). The control architecture has the same
linear fractional structure as the Youla parametrization of all
stabilizing controllers [36], where the central controller is the
LQG controller, and the free parameter (@ is set to

Q(s) = (U = KX)(sI = A)T (YT - V),

which is the pattern generator (sI — A)~! interfaced through
the feedforward gains (X, U) and feedback gains (Y, V') that
are constrained by the primal and dual regulator equations:

AX + BoU = XA,
YA+ VCy =AY.

In the steady state, the pattern generator creates £ = e’p,
without feedback since y = C>Z, and the control input u = U¢§
drives the plant since £ = X&. Any nonzero errors, y — Co & #
0 and/or & — X¢ # 0, would add corrective components in u
to yield convergence back to the steady state.
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Fig. 1. The architecture of the optimal control in (48)

B. Absence of the Separation Principle

The separation principle similar to the standard H, optimal
control does not hold for the optimal control for autonomous
pattern generation. If we replace £ by x assuming state
feedback in Theorem 2, the controller (48) reduces to

E=A, u=U&+K(z— X9E).

However, addition of the Kalman filter to this state feedback

controller is not enough for the output feedback case in general

since nonzero value of (Y, V) may reduce the H; cost. In fact,

the state feedback in (49) is not optimal as shown below.
The closed-loop system with (49) is given by

(49)

£ | = 0 A 0 ¢,
z C1+D1fK Dl(U—KX) 0 w

which has the eigenstructure (X.z, A) with X, = col(X, I),
and A+ B5X is Hurwitz. Hence, the state feedback controller
is admissible. It can readily be verified that the transfer
function §, from w to z is stable since the A modes are uncon-
trollable, and its H, norm is given by [|§4|3 = t(B]PBy).
This cost value turns out to be non-optimal:

Corollary 1: Consider Problem 2 as in Theorem 2 except
that we assume y = z, i.e., Co = I and Dy = 0. Let P be the
stabilizing solution of the Riccati equation and define X as in
(47). Then the minimum cost v, of Problem 2 is given by

Yo = tr(B]PyBy), Py =P - PX(X"PX)'XTP,
and an optimal state feedback that yields ~, is given by

i = Ay +Y Byu — Va, V=AY — YA,
u=U-XKX)(Yz—n)+Xz, YV :=(X"PX)"1X"P,

provided X"PX is invertible. Moreover, with the zero initial
state, the trajectory of the closed-loop system in response to
w(t) = w,d(t) converges as in (11) with p, := Y Brw,.

The optimal state feedback is equivalent (with a different
realization) to the controller in [37], where its optimality
was proven within the class of controllers of the form (10)
with static ©. The result here proves its optimality among
all dynamic admissible controllers. Corollary 1 also gives an
explicit formula for the optimal choice of (Y, V'), which is
valid when X"PX is invertible. The nonzero choice of (Y, V)
reduces the cost to a value less than tr(B{PB;), which is
the cost for the controller (49). The reduction is achieved
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by the feedback to the internal model dynamics of 1 so that
the phase and amplitude of the steady state n = e’p, is
adjusted appropriately for the given impulse disturbance w.
Indeed, assuming full information (i.e. not only x but also w
are available for the controller), the optimal state feedback in
Corollary 1 can be equivalently implemented as

E=A+YBw, u=U¢+K(x—X¢E),

which is derived by defining £ := Yx —7. A comparison with
(49) indicates a clear advantage of the optimal control with
the additional term Y Byw. Thus, the sensory feedback to the
pattern generator through (Y, V') is essential.

Finally, if the separation principle holds, then the optimal
controller in Theorem 2 should be recovered by adding the
Kalman filter to the optimal state feedback in Corollary 1 and
replacing « with . However, introducing the new variable
¢ := Y2 — n, the process will result in the output feedback
controller of the form (48) with the specific choice of (Y, V)
uniquely determined by

Y(A+FCy) —AY =Y, FCy, V =(Y —Y,)7,

where Y, := (XTPX)~1XTP. This choice does not minimize
the cost o(Y, V) in general (as easily shown by numerical
examples), and thus the optimal output feedback controller
cannot be obtained through the separation principle.

V. DESIGN EXAMPLE: INVERTED PENDULUM ON A CART
A. Plant and Target Motion Patterns

We consider an inverted pendulum
on a cart as shown in Fig 2. The
pendulum is a point mass atop a
rigid, massless rod. The control in-
put force u is applied to the cart,
and a disturbance force d acts on
the pendulum point mass, resulting
in the pendulum angle 6 and the cart
displacement z. with no friction.
The sensor reads the cart position

and contains noise v.
The equations of motion are given by

(M 4+ m(1 — cos®0)) &. + f(0, 0) = u — d(1 — cos® ),
(50

Fig. 2. The physical plant.

mll — mgsin 0 + mi. cos @ = —d cos 0
7, 9) := mygsin 6 cos O — meh? sin .

where M and m are the mass of the cart and pendulum respec-
tively, £ is the rod length, and g is the gravity constant. The
equations of motion linearized about the vertical position are
assembled with performance channels to give the generalized
plant (1) with

x = col(6, 0, ., Ze),

Cy = col(h,1,0), D; = col(0,1),

Cy =r1ow(0,0,1,0), Dy =row(0,1),

[A B, By ]
0 1 00]l0 0o (1)
M+m —
0 0010 ofo0 |’
L0 0 0|0 0] 4
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where h,,hq € R are design weights, and the performance
signals are defined by w := col(d/fiq,v) and z := col(fipz, u).

We consider the target behavior where 6 and . may
oscillate around a fixed value at specified frequency w. For
example, the cart may translate at a constant speed on average
while the pendulum oscillates. Such behavior is captured by
A containing an oscillatory mode and a rigid body mode:

0 01
A1 = |:w Lg:| y Ag = [0 0:| .

The physical configuration of the cart-pendulum system im-
poses dynamic constraints that shape possible motions, which
are exactly captured by the regulator equation (9). In particular,
all possible motions with the A modes are captured by
x = XeMp, for some X and p,, where X satisfies (9) for
some U. It can readily be shown that the second entry of
U can be set to zero without reducing the variety of motion
patterns since the freedom can be absorbed into p,. The set of
all solutions (X, U) for (9), with the second entry of U being
zero, is parametrized by

A = diag(Al, /\2)7

T

Co 0 O 0 Cofo
0 Cow 0 0 . 0

X = —coly 0 Cc1 C2 ’ U= 0 ’
0 —clow 0 0

where ¢,, c1, and ¢y are free parameters, and

l
Thus, all possible motions are described by
0(t) = ag cos(wt — @),

xe(t) = =L,0(t) + vt + o,
ag ‘= QCp, V¢ := C17, Oc = Clﬁ + c27,

‘ ;:£(1+12-9>, foi= (M +m)g + Mbw?.
w

(52)

which are derived from = X e’ p, with an arbitrary vector
po expressed as p, := col(acos ¢, asin g, 3,7). We see that
oscillations occur when ¢, # 0, where 6 and x. must be 180°
out of phase with the amplitude ratio ¢,, and the cart translates
at a constant average velocity when ¢; # 0. In the special case
where ¢, = ¢; = co = 0, the pendulum should be stabilized
vertically at the initial cart position.

The target motions (52) parametrized by (c,,c1,¢2) can
be categorized into the six different patterns as delineated
in Table I. The six motion patterns are characterized by
zero/nonzero properties of the # oscillation amplitude ag, cart
average velocity v., and cart offset o., where o, can be fixed
to zero for any p, only if v, is zero. Each of c,, ¢1, and ¢
can be restricted to 0 or 1 because patterns with any nonzero
values of ¢; can be captured by ¢; = 1 due to the freedom in
po- Moreover, the value of ¢y does not affect the pattern and
can be set to zero whenever ¢; # 0 since the offset o, can
be arbitrarily set by 3. Thus we only need to consider the six
cases of (¢,,c1,c2) in Table 1.

B. Control Designs for Basic Patterns

We will first investigate the performance of the optimal
linear controller (48) with the linear system (51) for the
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TABLE I
MOTION PATTERN CATEGORIES
category | ¢, | €1 co amp. ag vel. ve | offset oc
1) 0 0 0 0 0 0
(ii) 0 0 1 0 0 ¥
(iii) 0 1 0 0 v B
>iv) 1 0 0 a 0 0
) 1 0 1 a 0 ¥
(vi) 1 1 0 « v B

six motion patterns in Table I. For this study, we used the
following parameter values:

M=2 m=1
w=2, hy=1,

{=4, ¢g=09.38,
g = 200. (53)
For each pattern, the optimal controller was designed and the
closed-loop system was simulated with impulse disturbance
d(t) = 6(t) while the sensor noise v and the initial plant and
controller states are all set to zero.

(iii) 8.4

i

(vi) 1.8

A

Fig. 3. Snap shots (5 frames/s) of the cart-pendulum system with the linear
plant (51) and the optimal controller (48) under the impulse disturbance
d(t) = 4(t) for the six patterns in Table I. The top circle and bottom square
represent the pendulum point mass and the cart, respectively. Travel is to
the right with the initial position indicated by the blue vertical bar. The red
vertical bar indicates the cart offset o. for the cases with ¢; = 0. The blue
bar is invisible for (i) and (iv) since the red bar overlaps. The simulated time
is 0 <t < 11 when ¢; = 0 and 0 < t < 8 otherwise. The numbers above
the snapshots indicate the optimal costs in the unit of 10°.

The impulse responses of the cart-pendulum system are
depicted in terms of the snapshots in Fig. 3. In the steady
state, the pendulum converges to the vertical posture for the top
row, while it oscillates for the bottom row. The (average) cart
position returns to the initial position (left column), converges
to an offset position o, (middle column), or is free to travel at
a constant average speed v, (right column). The values of o,
and v, as well as the oscillation amplitude when allowed, are
chosen by the optimal control to minimize the transient cost.
Consequently, the cost is lower from left to right as we allow
more freedom in the steady state pattern.

Numerical study (not shown) confirmed that different values
for ¢; in Table I do not affect the resulting trajectory as long as
they represent the same pattern. This is due to the freedom in
(Y, V'), which when optimized determines the target trajectory.
The implication is that for a given target pattern, there is a
unique optimal target trajectory. For example, the cases with
(coyc1,02) = (1,2,3), (4,5,6), and (1,1,0) have different
(X,U) but the optimal (Y, V) is adjusted to yield the same
optimal trajectory z = Xe’p, uniquely determined by the
impulse direction and the specified motion pattern.
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C. Trajectory Replanning by Feedback to Pattern Generator

The optimal control in (48) is autonomous, embedding the
pattern generator € = A¢ within the feedback loop. This is in
contrast with the traditional output regulation architecture [6],
[42] where the reference generator sits outside the feedback
loop as an exosystem, providing a fixed reference command.
The sensory feedback to the pattern generator allows for real-
time modification of the reference trajectory ¢ based on the
measured output y. This section illustrates this capability and
the unique attributes of our result in comparison with the
traditional output regulation for tracking.

We consider the optimal controller in (48) with the target
pattern specified by (c,, c1,c2) = (1,0, 1), allowing for steady
state oscillations around a fixed position. The parameter values
are chosen as in (53) except for A, with a larger value h, =
100 to make convergence faster. To illustrate the capability
for trajectory replanning, we hit the system with two impulse
disturbances, one at ¢ = 0 and another at t = 11 s, as described
by d(t) = 0.60(t) + 55(t — 11). The initial state is set to zero.
From Theorem 2, the first impulse will result in convergence
as in (11) with p, := Y Bjw, and w, := col(0.6,0), and
the second impulse will lead to another trajectory of the same
pattern with different amplitude ay and location o, determined
from the impulse and state at ¢ = 11 through p, := Y Byw, +
Y (2(11) — #(11)) + £(11) and w, := col(5, 0).

For comparison, we consider the controller obtained by
setting (Y, V) = (0,0) in the optimal controller (48). In
this case the pattern generator receives no feedback from the
plant, and the controller is a classical regulator with the LQR
and the Kalman filter, tracking a fixed reference signal from
the exosystem (see Fig. 1). The regulator is evaluated by the
closed-loop simulation under the same conditions as those for
the optimal controller, except for the initial controller state
£(0). We choose to set £(0) = Y Byw, with w, := co0l(0.6,0)
so that both controllers achieve the same trajectory after the
first impulse and both plants are in (almost) the same state at
the time of the second impulse.

The results are depicted in Figs. 4 and 5. For both con-
trollers, the cart-pendulum converges to the same target tra-
jectory after the first impulse, initially moving to the right
and oscillating around a fixed cart offset o. (red bar) in the
steady state. The second impulse substantially perturbs the
cart-pendulum to the right, and the classical regulator pushes
it back to the previous target trajectory. However, the optimal
controller finds a different target trajectory by detecting the
second disturbance through sensory feedback, and makes the
system oscillate around a new offset o, (purple bar).

We now set h,, = 3, which reduces the penalty on the state
variables when compared with the previous case h, = 100.
Figure 4 (iii) shows that the cart-pendulum moves further than
(i) before settling down for the same magnitude of the distur-
bance since larger transient displacements are now allowed.
This example illustrates that the steady state trajectory could
be adjusted through the cost function if desired.

D. Nonlinear Augmentation of Pattern Generator

The optimal controller (48) can find a new trajectory (52)
with different oscillation amplitude agy, phase ¢, cart velocity
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(i) Autonomous control with optimal (Y, V'); h, = 100

Fig. 4. Snap shots (5 frames/s) of the cart-pendulum system with the linear
plant (51). The controller is given by (48) for the target pattern (co, c1,c2) =
(1,0,1), where (Y, V) is optimal for (i) and zero for (ii). Case (iii) is under
the same conditions as (i) except iz = 3. The closed-loop system is simulated
for 0 < t < 25 with impulse disturbances applied twice at ¢t = 0 and ¢t = 11
as d(t) = 0.66(t) + 56(¢t — 11).

0 5 10 15 20 25 0 5 10 15 20 25
Time [s] Time [s]

Fig. 5. The time response of the linear closed-loop system simulated under
the same condition as in Fig. 4. The blue plots are for the optimal control, and
the red plots are for the output regulation controller with (Y, V) = (0,0).
The black plots indicate the target trajectory (11) of the optimal control in
response to the first impulse disturbance.

v., and offset o, in response to a disturbance, as illustrated in
the previous section. In some applications, however, it may be
desired to fix some of these parameters, especially ag and/or
v.. Therefore this section suggests some heuristics to achieve
convergence of these parameters to a priori specified values.

The idea is to augment the optimal, linear controller (48)
with nonlinear components. In particular, the pattern generator
dynamics A in the controller is replaced by the nonlinear term
O defined by

0 :diag(olao2)7 O1 -
&),

o1 w 0 1
[o.} 0'1:| » O2= [O 02]’
o1 = pa(a) — & — 02 = p2(ve — &), (54)
where &; is the " entry of ¢ € R% a, is the target
oscillation amplitude for col(&1,&2), v, is the target value of
the velocity variable &4, and parameters w1 and po weight the
effects of the nonlinear components and dictate the rates of
convergence (the larger, the faster). The resulting nonlinear
pattern generator & O& consists of the Andronov-Hopf
oscillator that has an orbitally stable limit cycle and achieves
(&1,&2) — (aosin(wt — ), a, cos(wt — )) for some constant
@ when p; > 0, and the modified double integrator that
achieves convergence (£3,&4) — (vt + B,v,) for some
constant 5 when psv, > 0. With the nonlinear augmentation
of the pattern generator, the closed-loop system is expected to
converge to the motion (52) as in the linear optimal control
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(i) Autonomous control w1th llnear pattern generator (optimal)

T

/Ml |

Fig. 6. Snap shots (5 frames/s) of the cart-pendulum system with the nonlinear
plant (50). The linear optimal controller (i) is designed for (co,c1,c2) =
(1,1,0) using (48). The nonlinear controller (ii) is obtained as a modification
of the optimal controller by replacing A in (48) with the nonlinear dynamics
of O as in (54) with g3 = 100, pu2 = 0, ap = 0.132, and v, = 0. The
closed-loop system is simulated for 0 < ¢ < 20 with impulse disturbances
applied twice at t = 0 and ¢ = 7 as d(t) = 0.60(¢) — 0.45(¢t — 7).

0 5 10 15 20

Time Time

Fig. 7. The time response of the nonlinear closed-loop system simulated under
the same condition as in Fig. 6. The green plots are for the linear optimal
controller (i), and the blue plots are for the modified controller with the
nonlinear pattern generator (ii). The black plots indicate the target trajectory
of the linear optimal control in response to the first impulse disturbance.

case, with the additional property that the amplitude and
velocity are fixed to ag = c,a, and v, = c1v,.

We illustrate the effectiveness of the nonlinear augmentation
by design examples for the case (c,,c1,c2) = (1,1,0). The
nonlinear dynamics in (50) are used for simulating the plant.
Two controllers are designed: one is the linear optimal control
in (48) and the other is its nonlinear augmentation as in (54).
The plant and design parameters are the same as those in
the previous section, i.e., (53) with modification /i, = 100.
The closed-loop system is simulated with the zero initial state
under two impulse disturbances in d with intensities 40.6 at
t =0 and —0.4 at { = 7, where the positive/negative signs
indicate that the force is directed right/left. For the nonlinear
control with (54), the velocity regulation is inactive (us = 0),
and the amplitude regulation is active (¢; = 100), with the
parameter a, set so that the amplitudes of oscillations after
the first impulse match those that would result if the linear
optimal control were applied, ie., a, = \/p2; + p2, with

o := Y Bjw, and w, = col(0.6,0).

The results are shown in Figs. 6 and 7. While the linear
optimal controller is guaranteed to achieve convergence for
the linear plant, it fails for the nonlinear plant; the pendulum
falls toward the end of the simulation. With the nonlinear
augmentation, the controller achieves convergence as intended.
The oscillation amplitudes of x. and 6 (blue) converge to
values close to those prescribed by a, (black), which is clearly
visible for 6. The average cart velocity . converges to a
constant value that depends on the disturbance as seen in
the blue z. plot that has a constant average slope after each
impulse. It should be noted that the cart velocity is adjusted
in response to the second disturbance as intended, while the
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classical output regulation would have made the trajectory
follow the black plots in Fig. 7. We also note that the phase
of the oscillations (see 6 plot) is not aligned with the black
reference trajectory but determined by the disturbance. One
may see the importance of this type of reference adaptation
in some applications, observing how we recover the walking
gait after tripping over a cat.

In traditional designs, a linear controller is guaranteed, by
the Hartman-Grobman theorem, to stabilize an equilibrium
point of a nonlinear system if it stabilizes the linearized
system. In contrast, the eigenstructure assignment developed
in this paper intentionally yields a controller that does not
stabilize the linearized plant but makes some closed-loop
eigenvalues coincide with those of A. As a result, the equi-
librium is not hyperbolic when A has eigenvalues on the
imaginary axis, and the solutions in the neighborhood of the
equilibrium can be qualitatively different between the linear
and nonlinear closed-loop systems. This is why the divergent
response in Fig. 7 for the linear control is not surprising.
On the other hand, the nonlinear augmentation of the pattern
generator was found effective for making the target behavior
structurally stable in this example, as long as the oscillation
amplitude of # remains relatively small (roughly 20°).

VI. CONCLUSION

We have developed an optimal control theory for au-
tonomous pattern generation. The pattern describes persistent
steady-state signals that are constant, growing, and/or oscilla-
tory with fixed relative amplitudes, phases, and frequencies,
while the absolute magnitude and temporal timing of the
actual trajectory are part of the variables to be optimized. The
controller achieves convergence to a prescribed pattern while
minimizing the Hy performance measure, i.e., the Ly norm of
the transient portion of the impulse response. The result also
applies, with slight modifications, to multiobjective optimal
control problems with not only H» but also other performance
measures, exploiting the change of variables introduced in
Theorem 1. Such extensions will allow for application to a
wider range of problems.

The H> optimal controller, given in Theorem 2, is shown to
embed a pattern generator within the feedback loop as an addi-
tional component to the standard Kalman filter and the LQR,
possessing the same linear fractional structure as the Youla
parametrization. The feedback/feedforward gains to/from the
pattern generator are solutions to the regulator equation and
its dual, revealing a fundamental symmetry. The autonomous
control architecture, which allows for the pattern generator to
receive feedback from the plant, enables modification of the
target trajectory in response to disturbances. The separation
principle holds in the sense that the Kalman gain and LQR gain
are obtained independently, but does not hold in the sense that
the optimal output feedback is not the optimal state feedback
with the Kalman filter.

The stabilizability assumption on (A, Bs) is crucial for our
development. If it is violated, singularity of I — XY makes
a fundamental change in the optimal control problem and the
main theorems become invalid. Such violation occurs in the
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traditional (non-autonomous) output regulation problem where
the plant dynamics are augmented with an unstable exosystem.
For autonomous pattern generation, however, the stabilizability
assumption would be naturally satisfied in many applications.
APPENDIX A
PROOF OF LEMMA 1

The necessary and sufficient condition for A to be nonempty
essentially follows from Theorem 3 in [27] with a slight
modification to include the nonzero D, term in (9). Fix
an admissible controller and let X., in (3) be partitioned
as col(X,X,). From Lemma 3 of [27] and its proof, an
observer can be added to the controller without affecting the
control input such that the new closed-loop system satisfies
(3) with Xz = col(X, X2") where X2V := col(X,, X)
is full column rank. Then, from the same proof, there exists
a nonsingular transformation of the controller coordinates
such that the transformed augmented system satisfies (3) with
Xee = col(X,1,0). Based on Theorem 3 in [27], every
controller yielding X, of this structure is necessarily captured
by the formula in (10) for some O stabilizing the augmented
plant (A, By, C5). Finally, the cost value has been preserved
during the process since neither a coordinate transformation
nor the addition of an observer not connected to the control
input changes the closed-loop dynamical mapping from w to
z. Finally, the convergence property in (11) follows directly
from the eigenstructure.

APPENDIX B
PROOF OF LEMMA 3

Suppose (A, By) is stabilizable. Let ¥ be such that A +
By WC,y is Hurwitz and set © := col(¥,T") with ' = 0. Then
the unique solution Y to (17) in this case is given by Y =0
since ' = 0. Hence det(I — XY) # 0 and we conclude
(0,Y) € As. Thus stabilizability of (A, By) implies that As
is nonempty.

To show the converse, suppose (A, Bs) is not stabilizable.
Fix (6,Y) € A,. There exists a pair of eigenvalue and left
eigenvector (A, ¢) such that

A=\, FBy=0, (0,

Multiplying ¢* from left of the regulator equation (21),
M X) = (0 X)A.

R(\) > 0.

Multiplying ¢*X from left of the Sylvester equation (17) and
using the above equation,

(I = XY)N - A) =0.

Since ®(A) > 0 and A is Hurwitz, A\I — A is nonsingular.
Thus we have ¢*(I — XY) = 0, which implies (©,Y) & As.
Therefore, A3 is empty.

Finally, we show that A, = Az when As is nonempty,
where A; is the closure of A; for i = 2,3. For (O, Y) € Ao,
the Sylvester equation (17) uniquely determines Y from ©
since A satisfies Assumption 1. Hence, Ay # As occurs only
when there is a pair (6,,Y,) € A\Aj such that every small
perturbation of ©, to © and the corresponding Y maintain
(©,Y) € Ay\As. The previous paragraph has shown that such
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a pair (©,,Y,) exists and in fact every (©,Y) € Ay is such
a pair, provided (A, Bs) is not stabilizable. Below, we show
that such a pair does not exist when (A, Bg) is stabilizable.

Let A; in (16) be decomposed as A; = F, UF; such that
det(I — X )7) is zero and nonzero for I, and [Fy, respectively,
where Y is uniquely determined by (17) for © € A;. Suppose
IF, is nonempty and has an interior. We will show that det (I —
X?) =0 for all ©® € Ay, and thus F; is empty. This allows
us to conclude that I, has no interior when Ag is nonempty
and therefore Ay = Aj.

Let the Sylvester equation (17) be written as

M(0)y = v(0),

where 6§ € R and y € R? are vectors consisting of the entries
of © and Y, respectively, and M () € R"*® and v(f) € R?
are affine functions of 6. Let [F, C R® be the set of vectors
6 corresponding to matrices © € A;. Then M(6) is square
invertible for all § € F, since the spectra of A and A are
disjoint. For each § € [F,,, we can solve the above equation for
y, and then rearrange the entries of y to obtain Y as follows:

y=M@O)""() = Y =N(0)/do),

where d(f) := det(M(0)) and N(6) is a matrix-valued
polynomial of 6. Let p(6) be the multivariate polynomial of
0 € F, defined by

p(0) := det(d(0)I — XN(0)) = det(d(0)(I — XY)).

Now, suppose [, is nonempty and has an interior. Then there
exist 6, € F, and its neighborhood N(6,) C R* such that
0, € N(6,) C F,, and p(8) = 0 for all § € N(,). Since the
multivariate polynomial p(f) vanishes on an open set, p(6)
must be identically zero. Hence det(I — XY) = 0 for all
© € A; and thus F; is empty.

APPENDIX C
PROOF OF THEOREM 1

From Lemma 4, Problem 2 reduces to the optimization in
(35). In particular, there exists a controller K € A, such that
v(R) < 7, if and only if there exist ® € S and (Y, V) such
that (25) and (36) hold, and the Hy norm squared of Fs(s) =
C(sI—A)"'B+D is less than 7,, where §,(s) is the transfer
function of the closed-loop system with the augmented plant
(37) and u = ®y. By a standard linear system theory, ||, ||2 <
v, holds if and only if there exist symmetric matrices P and

U such that tr(U) < 7,, D =0, and
PA+AP+C'C<0, P>0, BPB<U,
which are equivalent, via the Schur complement, to
{ PA+AP O P PB

& _I]<o, [BTP 5 }>0.(55)

Since the order of the controller  can be chosen equal to the
plant order due to Lemma 4, one can choose the controller
state coordinates so that P has the following special structure
[34], [35]:

|

I=vilavh

ﬁ] Q= (P-R)".
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Consider bijective mapping ¢ +» (M, G, H, L) specified by

(M G
H L
[ TR TPB, A, By —Q 0
Lo I ][C¢ Dd)HCQTlQ I]
N [ TTP(A— BUYTH)Q -T"PXV }
~UYT'Q 0 '

Using the regulator equation (9) and its dual (25), we have

T 0]'[PA PB][T 0] [M G
0 I ¢ D o I| |H LJ|
TH _ L QT
TPT =P, T._[_Q 0]

The condition (45) now follows from the congruence trans-
formation of (55) using T. Thus, given a controller & such
that ||§sll2 < 7o, there exist (P,Q,Y,V,M,G,H,L) and U
satisfying tr(U) < 7, and (45). Conversely, if such parameters
exist, then the corresponding controller & can be obtained
through the bijective mapping. In particular, the simple for-
mula for ® is obtained as such solution after a modification
such that a new feasible M is chosen as

M = —(AT+BQE)T—(01T+D1E)T(01Q+D1H), (56)

to make the (1,2) and (2,1) blocks of M +M™+H'H equal to
zero. Finally, the description of the controller K follows from
Lemma 4.

APPENDIX D
PROOF OF THEOREM 2

We will fix (Y, V') and consider the minimization of ~y, over
parameters (P,Q, M,G,H, L) and U subject to tr(U) < ~,,
(45), and (25). Let v, be the optimal value. We will first show
that o(Y, V) is a lower bound on ~,. We then show that the
lower bound can actually be achieved by the controller (48).

Let 7, be an arbitrary number larger than ,. Then Theo-
rem 1 implies that there exist (P, Q, M, G, H, L), and U such
that tr(U) < =, and (45) hold. Note that L = 0 implies
L = 0 since D; and D} both have full column rank. The
first condition in (45) is equivalent to

M+M +HH<O0. (57)

Partition the left-hand side into 2 x 2 blocks in accordance
with the definition of M. Then the (1,1) and (2,2) blocks are
negative definite, i.e.,

He(AQ + BoH) + CéCQ <0,
He(PA+ GCs) +C,'C, < 0,
CQ =C1Q + D1 H.

Note that the first condition in (58) can be expressed as
I:Ie(j)(A + BK)) + (C1 + D1K)'(Cy + D1K) < 0,
P.=Q', K:=HQ '

From Lemma 5 in Appendix F, we have P < P.
Now, the second condition in (45) implies

S SBy 4+ SFD,
(SBy + SFD,)' U - B,"PB,

(58)

>0,
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where we used the Schur complement and P < P, and
S:=P-T"PT, F:=SYG+TPXV).
The above inequality, the second condition in (58), and
tr(U) < 7, imply
tr(BonPBo) + tI'(Bl + FDQ)TS(Bl + FDQ) < Yo,
S(A+ FCy)+ (A+ FC)'S+ K, K, <0,

where the last term of the above Lyapunov inequality is found
by using the regulator equation (9), its dual (25), and the
first Riccati equation in (47) to eliminate V, A, and then
A, respectively. Note that S > 0 by definition since P > 0
and P > P, and the above Lyapunov inequality then implies
that A + F'Cy is Hurwitz. Noting that the above inequalities
define an H5 norm bound on a linear system in terms of the
observability Gramian S, the condition implies existence of an
upper bound Q > 0 on the controllability Gramian, satisfying

tr(B,'PB,) + tr(K,QK,") < 7o,
He((A + FC3)Q) + (By + FD3)(By + FD5)" < 0.

By Lemma 5, the second inequality implies Q < Q for (any)
solution Q of the second Riccati equation in (47). Thus we
have o(Y,V) < ~,. Since 7, can be arbitrarily close to 7y,
we conclude that o(Y, V) is a lower bound on ~,.

The controller formula is derived as follows. When
Lemma 5 is applied to show P < P and Q < Q above, it
suggested the best choices of the parameters that give the lower
bounds: K = K for P =P, and F = F for Q = Q. Based on
these, we set the parameters in (46) as

K=%, G=S8F-T"PXV,

(59)

Q'=?, R'=TS'T", P=R+?P.
We then obtain

Dy =0,

Cy = —UYT ' -%X,

By =TF + XV,

Ay =A+ BK+ (TF+ XV)CoT,

Wherg we noted that J = 0. Substituting these into (40) to
find ©, we have

Ap = A+ ByX + ByCy, By =TF+ XV,
C@l = _jcv D91 - 07
Coo = Dg2C5, Doy =V =Y7T,

where we chose Y := Y to simplify the equations. An optimal
controller is then found from (10) as

q::Aq+BQ(U§—U)+B95,
E=AE+ (V- YT,
u=U¢-Kq, e:=y—Ca(XE—q).

Defining & := X¢ — g, the controller is given by (48).

Finally, we need to verify that the controller is admissible
and attains the lower bound o(Y, V) on the optimal cost ~,
since the above process found an optimizer on the boundary of
the open feasible set defined by (45). It can readily be verified
that the closed-loop system can be described as

77 A 0 0 YBl + VD2 n
hl |0 A+ BX  —ByCy —ByD> h
é a 0 0 A + 3:02 B1 + 3‘~D2 el’
z Z Cl + D15< Co 0 w
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n:=(+Ye, e=x—2, h:=21z—XE

Thus the transfer function Fs(s) from w to z, := 2z — Zn is
stable, and its H, norm is characterized by the controllability
Gramian diag(.S, Q), where S is the solution to

(A+ BX)S + S(A+ ByX)" + ByBj = 0,
and the Hs norm is given by
5]z = tr(Cy + D1K)S(Cy + D1K)T + tr(C,QC,").

Noting that (C; + D1X, A + ByX) has the observability
Gramian P and using duality, the first term is equal to
tr(F,"PF,) and thus we have || = o(Y,V) as claimed.
The dual formula for p(Y, V') can be derived similarly. Finally,
the description for the steady state trajectory of the impulse
response follows by noting from the closed-loop equation that
e and h converge to zero and n = e p,.

APPENDIX E
PROOF OF COROLLARY 1

We follow the same process as in the proof of Theorem 2
up to (59). For the state feedback case, the infimum of Q
is given by Q = 0, and the cost 7, is bounded below by
tr(T'B1)"P(T'By), or the trace of

(Y —(X"PX) ' XTP)(XTPX) (Y — (X"PX) L X"P)+P,.
This lower bound can be approached by choosing
Y = (X"PX)'X™P, F=—1I/e,

with small ¢ > 0. With a coordinate transformation, the
dynamics of controller (48) can be written as

Nn=An+YByu—Vzx, n:=Y%-¢,
é=(A+%Fe—-Bw, e:=1—u.

With ¥ = F = —I/e, the impulse response of the error e
converges to zero arbitrarily fast as € — 0. In the limit, we
have £ = = and the optimal state feedback as stated in the
corollary.

APPENDIX F
TECHNICAL LEMMA

The following lemma shows that every solution of the
Lyapunov inequality for a state feedback problem is bounded
below by every solution of the corresponding Riccati equation.

Lemma 5: Suppose

P(A+ BK)+ (A+ BK)'"P+ (C+ DK)"(C+ DK) <0,
PA+ AP —(PB+C'D)(PB+C'D)'+C'C =0,
D'D=1, A+ BK is Hurwitz.
Then we have P < P and
P(A+ BX)+ (A+ BK)"™P + (C + DX)'(C + DX) =0,
X:=—(B"P+D'C).
Proof. Let the left-hand side of the first inequality be denoted
by W. Then the following identity holds:

(P—P)(A+BK)+(A+BK)(P—P) = W—(K %) (K—%).

Then stability of A + BK and W < 0 imply P > P. It is
easy to verify that the Lyapunov equation for P is equivalent
to the Riccati equation. ™
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