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Preface

From Prandtl’s work at the beginning of last century, singular perturbation tech-
niques (SPTs) have become the basic tool of fluid dynamics. Further the approach
was extended to other fields of control theory and engineering including aircraft and
racket systems, power systems and nuclear reactor systems. The dynamics of sin-
gularly perturbed systems (SPSs) contain the interaction of the slow and fast
phenomena so that the feedback design often suffers from high dimensionality and
ill-posed problem. To alleviate the numerical stiffness, engineers usually use the
singular perturbation approach to process the type of system. It lowers the model
order by neglecting the fast dynamics and improves the approximation by rein-
troducing their effects as ‘boundary layer’ corrections in separate timescales. From
the frequency domain perspective, poles farther to imaginary axis are associated
with the natural signals that decay faster than those associated with poles closer to
the imaginary axis on the left half s-plane. The fast modes dominate at the initial
stage, and the slow modes are the primary contributors later. The fast/slow
dynamics of the state trajectories correspond to the high/low-frequency parts of the
system response.

In terms of perspectives of systems and control, Kokotovic and Sannuti had
explored the optimal control problem of continuous-time SPSs. Two-point
boundary value problem of open-loop systems had been analyzed and been con-
verted controller design problem to solve the Riccati matrix equation of closed-loop
systems. The methodology of singular perturbation methods and timescale (SPaTS)
techniques, “gifted” with the remedial features of both dimensional reduction and
stiffness relief, is considered as a “boon” to systems and control engineers. Thus,
the goal of SPaTS techniques is to reduce and simplify the software and hardware
implementation. Both the theory and the technique had now attained a maturity
level for the continuous-time and discrete-time control systems described by
ordinary differential and difference equations, respectively.

However, majority of researches are focused on the time domain state space
analysis and synthesis about the SPSs. This book tries to pave a new way to fill the
gap between frequency domain transfer function (TF) based results and time
domain state space based results. We focus on topics such as Hoo control, mixed
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H_/H theory, positive real control, loop-shaping techniques, and quadratic
stability, whose specifications are characterized by frequency domain inequalities
described by transfer function matrices (TFMs). Due to the existence of the small
parasitic parameters in the system model, such control problems usually suffer from
high dimensionality and ill-posed problem. Advantage of our results is thereby
taken as the unique frequency nature of SPSs to design a combined controller to
deal with the original ill-posed problem. We adopt the classical slow—fast
decomposition method or descriptor system approaches for SPSs, for convenience
of development in the sequel, which is called singular method throughout this
monograph, to design e-independent or e-dependent controllers for SPSs. It should
be noted that our results can be extended to more complex systems with
multi-timescale characteristics such as multiagent systems and stochastic systems.

The authors of this monograph are thankful to the whole Singular Perturbation
Research Team at Nanjing University of Science and Technology. We would like to
thank Dr. Ningfan Zhong, Dr. Ping Mei, Yanlong Huang, Wen Wang, Yan Zhang
and Zhaozhen Ding for their contribution and stimulation to write this monograph.
We are particularly thankful to Prof. James Lam for his special help when Chenxiao
Cai visited the University of Hong Kong.

We owe a debt of gratitude to our families for their sacrifice, understanding and
encouragement during the course of preparing this monograph. It is evident that we
dedicate this work to our families and to our whole Singular Perturbation Research
Team.

All these works in the monograph were supported by the National Natural
Science Foundation of China under Grant Nos. 61104064 and 61329301, and by
the Fundamental Research Funds for the Central Universities under Grant Nos.
30920140112005 and 30915011105.

Nanjing, China Chenxiao Cai
London, UK Zidong Wang
Nanjing, China Jing Xu
Nanjing, China Yun Zou

April 2016
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Part 1
Preliminaries

In this part, some preliminaries will be introduced for the finite frequency control of
the SPSs. Here singular perturbation phenomenon and timescale techniques are dis-
cussed. The general KYP lemma, the bridge of time domain and frequency domain,
is deduced for finite frequency. Some performance indices are confirmed rationally.
The preliminaries would serve as a preparation for the analysis and synthesis of the
finite frequency SPSs discussed in the next part.



Chapter 1
Singular Perturbation Methods
and Time-Scale Techniques

For control engineering, typical tasks can generally be classified into three main
categories: optimal regulation, tracking and guidance. To overcome the external dis-
turbances, parameter variations and other uncertainties, control systems should pos-
sess a sufficient degree of robustness or insensitivity to extraneous effects. With the
development of controller design techniques, oversimplified models cannot accom-
plish control tasks that require higher precision, such as the taking-off and landing
of an unmanned aerial vehicle (UAV). The key feature of SPTs is at the level of
modelling, where the system order is increased with both slow and fast dynam-
ics accurately modelled. Using the classical slow-fast decomposition, reduced-order
subsystems are obtained, which can attenuate the design difficulty in the oversim-
plified design. The growth of research activities in the field of SPTs has resulted in
the publication of excellent survey papers, reports and proceedings of special con-
ferences, which provides broad space for further applications of SPTs in many fields
such as electromechanical networks and power systems, chemical kinetics, nuclear
reactors and heat exchangers. In the following, we present some fundamental prin-
ciples and application methods of SPTs.

1.1 Modelling

Traditional TF and state-space modelling approaches both have been proven to be
effective modelling tools for the analysis and design of control systems. The presence
of some parasitic parameters may cause some technical difficulties in the traditional
modelling methods, which is the source for the increased order and stiffness of sys-
tems. The stiffness, resulted from weak coupling among slow and fast modes, gave
rise to SPTs, which can be viewed as the basic singular perturbation modelling back-
ground [37]. With the development of modelling approaches, some novel SPTs were
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developed using §-operators in [28] and a bond graph model in [17]. For example,
Cao introduced a new reduced-order SPS model using the actual value of ¢ [6]. Next,
singularly perturbed phenomena will be discussed in the following.

1.1.1 Singularly Perturbed Phenomena

Letus consider the following system [36] expressed by a linear second-order equation
with a parameter 0 < ¢ < 1:

eX(t)+x(t) +x() =0, x(0) =x;, x(1) = xy. (1.1)
Evidently, as ¢ — 0, either from positive or negative values, we can obtain

lim x(t,e) =xrexp(1 —1), 0 <t <1,

=04

lirg x(t,e) =x;exp(—1), 0<r < 1.

The degeneration problem of the system (1.1) obtained by letting ¢ = 0 can be
formulated by
00 +xQ1) =o0.

The main characteristics of SPTs are summarized in [36] as follows:

1. The problem (1.1) can be referred to as a singularly perturbed problem. Particu-
larly, it is called degeneration problem when the order of (1.1) is lowered setting
e=0.

2. Due to existence of the parameter ¢, there takes shape a boundary layer, and the
solution varies rapidly over there.

3. The reduced-order degeneration problem, or the unperturbed problem cannot
satisfy all the given boundary conditions for the original full-order problem (1.1).
However, the boundary layer part will compensate the loss for system accuracy.

4. There are two widely separated groups of characteristic roots in SPS (1.1), which
results in the simultaneous existence of slow and fast modes in its solution, and
makes the problem stiff from the numerical solution point of view. In this sense,
the SPS (1.1) possesses a two-time-scale property.

The procedure on how to construct a singular perturbed model for an engineering
application problem is demonstrated as follows:

Example 1.1 An inverted pendulum system is shown in Fig. 1.1. As a high-order,
multi-variable and nonlinear system, it can be modelled in the singularly perturbed
form.



1.1 Modelling

Fig. 1.1 The inverted b v

pendulum system
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Using Newton’s second law of motion, the model of single inverted pendulum is

given as

¥ = (=(J +mI*)byx* + m*gl* cos 6 sin @ — mib, cos 60

— ml6*(J + mil?)sin6 + ml cos 6w + (J +miI*)F)/N,

6 = (—ml cos Ob, % + (M + m)mgl sin @ — by(M + m)0
— m?1%6% cos O sin6 + (M + m)w + mlcosOF)/N,

(1.2)

where N = (M + m)(J 4+ mi?) — mi? cos’ . The related parameters are defined in

Table1.1.

Table 1.1 Parameters of the single inverted pendulum

Physical description Parameter | Value Unit
Displacement of Car Relative to the Initial Position X — m
Angle of Swinging Rod and Vertical Upward Direction | 6 — rad
Forces Acting on the Inverted Pendulum System F — N
Disturbance Force on the Swinging Rod w — N

Mass of Car M 1.06 kg
Mass of the Swinging Rod m 0.109 kg
Length of the Swinging Rod L 0.5 m
Distance from the Swinging Rod Centroid to the Axis | [ 0.25 m
Moment of Inertia of Swinging Rod J 0.0034 kg - m?
Sliding Friction Coefficient of the Car by 0.1 N:s/m
Sliding Friction Coefficient of the Swinging Rod by 0.1 N -s/rad
Gravity Acceleration g 9.81 m/s?
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The linearization near the operation point & = 0 is conducted by assuming that
cosf ~ 1, sin@ ~ 6, 6% = 0. The state-space equations after using linearization
techniques are represented as

X fo 1 0 0 X 0 0

X 0 —0.0883 0.63 —0.0024 | | x 2.3566 0.8822
6170 o 0 1 0 0 L I
§ | 0 —0.2357 27.8569 —0.1042 | | 6 104.2072 2.3566

vi]_[1000
w]Tloot1o

DD ==

The eigenvalues of the above linear open-loop system is
A =0, A, =0.083, A3 = —5.3331, A4 = 5.2235,

and the open-loop system is unstable because some of the eigenvalues are located
in the right half s-plane. The values of A;, i = 1,2, 3,4 can reflect frequencies
of vibration and energy levels of systems. A; and X, are very near the imaginary
axis, called fast eigenvalues, and the modes formed by the fast eigenvalues have
faster dynamics than the modes formed by the eigenvalues Az and X4, called slow
eigenvalues. The fast dynamics will disappear soon. We will enlarge time-scales, in
order that what happened over there during the short initial period. Then, we define
the small parameter ¢ which will have the effect of magnifying glass. One special
choice is ¢ = 0.01, according to the absolute magnitude of all eigenvalues. Through
the introduction of &, or the stretching in time-scales, fast eigenvalues can virtually
be moved close to slow eigenvalues, and both of them can be handles in a similar
dynamic characteristics.

Remark 1.1 Provided all fast modes, formed by fast eigenvalues, located in the left
half s—plane, in some sense, the fast modes can be treated “less important”, and the
design should focus on stabilizing slow modes, formed by slow eigenvalues which
are also dominant poles of the system.

Then, from another perspective, we analyze the characteristics of the system. Let
state matrix, input matrix and output matrix of the above inverted pendulum system
be defined as follows:

0 1 0 0 0
A= 0 —0.0883 0.63 —0.0024 B— 0.8822 C— 1000
10 0 0 1 T 0 (o010

0 —0.2357 27.8569 —0.1042 2.3566
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Controllability matrix, observability matrix and their ranks can easily be calculated,

C
CA
CA?
CA3

rank[B AB A’B A3B] =4, rank =4,

Thus, the single inverted pendulum is completely controllable and observable. Using
the singular value decomposition method in [14], the singular values of the state
matrix are

o) = O, 0) = 1, 03 = 1024, Oy = 27.8716.

The degree of controllability, reciprocal of the largest singular value, can then be
derived,
8 =1/27.8716 = 0.0359,

which easily leads to numerical stiffness in control design.
The singularly perturbed model of the single inverted pendulum is shown as
follows:

X [0 1 0 0 X 0 0
¥|_|0 —0083 063 —0.0024 X 2.3566 L | 08822
|10 o 0 0.001 0 o | 0
ed | | 0-0.002357 0.278569 —0.001042 | | 6 1.04 0.023566
B X
vi]_[1000]] %
2] [0010]]6
6
The state matrix is corrected into
0 1 0 0
A — 0 —0.0883 0.63 —0.0024
£ 10 0 0 0.001 ’

0 —0.002357 0.278569 —0.001042
with its eigenvalues in different time-scales as
A1 =0, Ay =-0.0886, p;=—0.0165 ps=0.0158,
singular values as
01 =0, 0,=0.001, o3 =0.6846, o4 = 1.0068,
and the degree of controllability is

8. = 1/1.0068 = 0.9932.
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From Example 1.1, we find that there are typical singularly perturbed phenomena
in the inverted pendulum system. The SPTs reduced numerical stiffness and improved
controllability for the system.

1.1.2 Linear Time-Invariant Singularly Perturbed Systems

Let us now describe the idea of singular perturbation from the system and control
perspective. A linear time-invariant (LTT) SPS as below considered,

X1(1) = Anxi (t) + Apxa(t) + Buu(t), x1(t) = x{,

1.3
exx(t) = A x1(t) + Apxa(t) + Bou(t), x2(ty) = x3, (-
where x;(t) € R" and x,(z) € R™ are slow and fast state vectors, respectively,
ny +ny =n. u(t) € R? is the control vector, and ¢ is a small positive scalar para-
meter, called singularly perturbed parameter. A;; and B; (i, j = 1, 2) are matrices
of appropriate dimensions.
The stretched system can be obtained by using the transformation 7 = ¢ /¢

dx1
— =¢eAnx1 +€Anx; + €Bju,
dt
(1.4)
dX2
— = Apix1 + Anxs + B,
dt

which can be used to distinguish the fast states from the slow states.
Remark 1.2 For the SPSs, slow states and fast states are relative concepts.

Remark 1.3 The standard and nonstandard singularly perturbed problem.

Assume that the matrix Ay, is nonsingular, which is customarily referred to the
standard singular perturbation problem. For the case that Aj; is singular, it is called
nonstandard singular perturbation problem [27, 33]. In general, throughout the mono-
graph, we will discuss standard singular perturbation problem.

Setting ¢ = 0 in the system (1.3), the degeneration system can be represented by

00 = A1x0 () + Apx¥ (0) + Biu(e), xi(t) = x?,

(1.5)

0= A2x," (1) + Anxy” (1) + Bou(®), x2(t0) # x3,
which is combination of “differential” system in x?’ (¢) with order n| and “algebraic”
system in xéo) (t) with order n,, where n = ny + n,. The limited form (1.5) is called
singular system or differential algebraic equation (DAE).

The function of degeneration is not only to “cripple” the order of the system
from n to n; by “dethroning” x,(¢) from its original state variable status, but also
to “desert” its initial conditions xg (¢). This is a harsh limitation on x,(¢), which is
closely related with the singular perturbation parameter ¢.
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In [51], a larger bound of ¢, was provided which was a gauge on the validity of
the Chang transformation defined in [24]. Gauss-Seidel iteration method was used to
investigate the exponential stability of singularly perturbed LTI systems in [8]. A set
of e-dependent inequalities were proposed to compute the upper bound of ¢ which
ensured the system was exponential stable.

1.1.3 Nonlinear Singularly Perturbed Systems

A nonlinear SPS can be described by the following equations,

X1(1) = @), x2(t), u(t), &, 1), x1(to) = x{,

. o (1.6)
8-x2(t) = g(-xl(t)v xz(t)v Ll(t), 87 t)v xz(to) = -x2'

As a special case of the nonlinear SPS (1.6), we can develop a class of nonlinear
singularly perturbed model, which is linear with states vector x;(t),

X1(1) = fi(xi1(0) + Apxa(t), xi(t) = x?,

. 0 (1.7)

exa(1) = g1(x1 (1)) + Anxa(), x2(t0) = X3,
where A, and Ay, can be either matrices of appropriate dimensions or functions of
states vector xi ().

As for more advanced modelling methods of SPSs, bond graph model for a non-
linear SPS was presented in [1], and a new discretization scheme for two-time-scale
nonlinear continuous-time systems was proposed based on Euler’s methodology in
[3]. For singularly perturbed Hodgkin-Huxley systems, Neumann boundary condi-
tions were given from [4]. In [9], gain scheduling control was designed for a nonlinear
singularly perturbed time-varying system. In [29], a class of nonlinear memoryless
controllers was synthesized for a class of imperfectly known nonlinear SPSs with
discrete and distributed delays. In [38], a holographic explanation was given to show
how the renormalization group approach to singular perturbations in nonlinear dif-
ferential equations.

1.1.4 Hpybrid Singularly Perturbed Systems

If an SPS includes both the continuous and discrete states, or both the continuous-
time and discrete-time, or both the time-driven and event-trigger properties, then
such system can be referred to as a hybrid SPS.

The stability of hybrid SPSs was analyzed in [7, 44, 48]. The oscillation conditions
of a second-order singularly perturbed hybrid linear delay dynamic equation were
discussed on different time-scales in [12]. In [47, 48], the solutions of a class of
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singularly perturbed hybrid linear delay dynamic equations were discussed. In [18],
singular perturbation theory was used to decompose a hybrid system and the global
bifurcations of the forced Van der Pol equation were studied based on the reduced
systems. Similarly, SPT in [10, 45, 52] was used to deal with hybrid systems. Also,
see [30, 53] for further results on this topic.

1.2 Time-Scale and Frequency-Scale Analysis

A fundamental problem in the control theory is the mathematical modelling of a real
physical system. The occurrence of some parasitic parameters, such as small time
constants, resistances, inductances, capacitances, moments of inertia and Reynolds
number, may increase model order and stiffness of control systems [23, 25]. In the
frequency domain, an SPS with two widely separated characteristic roots, which
arouses high-frequency and low-frequency oscillations. The corresponding system
has slow and fast components in its time domain solutions. In the control theory, we
can see that poles further to imaginary axis on the left half s-plane are associated
with natural signals that decay faster than those associated with poles closer to the
imaginary axis. The fast modes dominate response of states in initial time instants
and disappear soon with the system into the steady state. And the slow modes are
the primary contributors with the vibration disappearance due to the fast modes.
Thus, the singularly perturbed problem possess a two-time-scale or two-frequency-
scale property. To capture the dominant phenomena, scaling techniques are used via
a separation of time-scales or frequency-scales such that the numerical stiffness is
eliminated, which leads to a more efficient implementation of the controller design
of SPSs.

1.2.1 Time-Scale and Multiple Time-Scales

The concept of time-scale comes from the SPS model which contains small parame-
ters. These small parameters lead to high dimensionality and ill-posed problem of
the practical system. Aiming at the class of systems, the SPTs can more accurately
control the system than the general reduce-order methods.

Supposing that ¢ is properly scaled for the slow phenomena, and a new time
variable 7 is introduced and scaled for the fast phenomena. If 7 is in hours scale, for
instance, T can be defined in seconds. The ratio of the time-scales can be characterized
as a small positive parameter ¢, which is the main tool for the asymptotic analysis of

the SPS. Define 1 as
_ t—1

’

&

and its initial instant T = O corresponds to a particular instant #; in ¢ time-scale.
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Generally, the above forms (1.3) or (1.6) are also known as two-time-scale sys-
tems. In addition, some practical SPSs show the multiple time-scales properties.

Considering LTT systems on arbitrary time-scales, necessary and sufficient con-
ditions for the existence of uniform exponential stability were derived in [11], also
the uniform exponential stability was characterized using spectrum of its matrix.
In [21], a class of second-order nonlinear dynamic equations on time domain was
considered, and a condition was developed to ensure the existence and uniqueness of
solutions. In [43], a novel time-frequency method to analyze the phase-locked loops
(PLLs) was presented.

For the time-scale analysis of a linear system, Chang transformation is introduced
to decompose the two-time-scale system into two low-order subsystems [24]. Time-
scale analysis is introduced by the following simple linear SPS without control inputs,

X1(t) = Anxi (1) + Apxa(t),

. (1.8)
exp(t) = Agx1 (1) + Axnpxa(2),

or the matrix equation form

X1(0) | _ | An A || x1(0) (1.9)

£x2(1) Ay Ap || x2(0) |’ .
under the initial conditions x; (fy) = x?, X3 (tg) = xg, where x1 () € R™ and x,(t) €
R™ are state vectors, respectively, n; + n, = n, and ¢ is a small scalar parameter

satisfying 0 < ¢ < 1. A;; (i, j = 1, 2) are of appropriate dimensions matrices.
When ¢ — 0, the degenerate system of (1.8) or (1.9) is obtained as

)'cfo)(t) | A Ax2 xfo)(l) (1.10)
0 | [AuAn|[x00]" )
The procedure of degeneration can reduce the system order from n to n; by forcing

x,(t) away from its original state variable status. Thus, the initial state values for the
degenerate system (1.10) are represented by

0 0
xP(to) =0, 2V (1) # 1.

Assuming A, is nonsingular, the degenerate system (1.10) can be rewritten in a
more simplified way:

() = (Al — AAL AV (@),

(1.11)

x5 (1) = —AR Aux” (1),
with the initial conditions x{ and x9 = —A,' A2, x). The degenerate problem, also
referred to as the unperturbed problem, is of reduced order and cannot meet all of
the given boundary requirements of the original singularly perturbed problem (1.8).
There is a boundary layer where the solution changes rapidly. In the simplified model
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(1.11), the boundary condition xg is buried inside the boundary layer in the process
of degeneration. The key problem is to find the conditions to ensure that the solution
of the full problem (1.8) tends to the solution of the degenerate problem (1.11) in the
boundary layer.

A lemma concerning degeneration in [46] was represented here.

Lemma 1.1 The exact solutions x,(t, €) and x,(t, €) of the full problem (1.8) are
related to the solutions x%o) (t) and xéo) (t) of the degenerate problem (1.11)

lim[x, (1, &) = x” (1), 0<1 < T,
£—>

limlx(r, &) = 5 (1), 0<1 < T,
£—

under the assumptions in [35, 49]. Here, T is any number such that quasi-steady-state
solution xéo) (t) is an isolated stable root of (1.8) for 0 < t < T. x1(t, €) is uniform
convergence in 0 < t < T and x,(t, €) is also uniform convergence in interval t; <
t <Tforany0 <t KT, but x,(t, €) will usually be nonuniform att = 0.

Remark 1.4 Note that the reduced-order system is not the standard limit as & — 0.
To conquer that, invariant measurements of parameterized fast flow are employed to
describe the limit behaviour [36].

In order to recover the lost initial conditions, the boundary layer is stretched by

using the transformation
T =t/e. (1.12)

Substituting (1.12) into the second equation of (1.8), the original system can be
represented in the two-time-scale form,

dx
d_tl = Anxi + Apxg,
(1.13)
d)CZ
— = Ayx1 + Apx;.
drt

System (1.13) is a representation of system (1.8) in different time-scales.

Applying the block diagonalization transformation in the continuous-time systems
given by (1.8), the original state variables x; (¢) and x,(#) can be expressed in terms
of the decoupled system consisting of slow and fast variables x,(¢) and x5 ¢ (7).

Example 1.2 Consider the following autonomous SPS:

)271 _ -1 -2 X1
2]-[33]0:)

The state responses of this SPS and its degeration system are in Fig. 1.2.
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Fig. 1.2 Basic concepts of singularly perturbations and time-scales

Compare the two systems and corresponding state responses, we have

1. For ¢ = 0.01, the eigenvalues for the system (1.14) are A, = —2.5095 and A ; =
—398.4905 corresponding to slow and fast solutions.

2. The boundary layer exists near the initial point # = 0 in the SPS, but it is disap-
peared in the degeration system.

3. As e — 0, the initial condition xg is destroyed in the process of degeneration.

Some researchers have made much progress in the field of time-scale analysis in
control design. In [43], a novel time-frequency method to analyze the phase-locked
loops was presented. Singular perturbation method was used for diagnosability of
linear two time-scales (TTS) systems in [16], and reduction of the order of unsta-
ble linear time-invariant systems was done in [50]. Also see [39—41] for works on
two-time-scale discrete-time systems. Further, for multiparameter (multi-time-scale)
deterministic and stochastic systems, we decomposed a full-order system with sev-
eral small parameters into one low-order slow subsystem and several low-order fast
subsystems. See [2, 5, 34, 42] for recent results on multi-time-scale method.

Multi-time-scale method was applied to the network of livestock movements and
the dynamics of diseases [22], fractal dynamics in physiology [15], a small set of
plant, animal, and abiotic processes structure ecosystems [20]. In multiparameter
(multi-time-scale) deterministic and stochastic systems, we decomposed a full-order
system with several small parameters into one low-order slow subsystem and sev-
eral low-order fast subsystems. The method in [42] was proposed to transform multi
time-scale singularly perturbed linear systems into N independent subsystems. In
[34], multi-time-scale method was used to analyze the dynamics of a neural network
and the existence, and the uniqueness of the equilibrium were proved. The relation-
ship between the network of livestock movements in the UK and the dynamics of
two diseases: foot-and-mouth disease on different time-scales were analyzed [? ].
Scaling techniques were applied to analyzed fractal dynamics in physiology in [13].
The proposition was tested that a small set of plant, animal, and abiotic processes
structure ecosystems across scales in time and space [19]. For a class of multi-time-
scale systems, control of nondegenerate diffusions with infinite horizon risk-sensitive
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criterion was studied in [5]. In [2], considering a class of differential equations in
which both the slow and fast variables were perturbed by noise, it can be shown that
sample paths of the stochastic system were concentrated in a neighbourhood of the
slow manifold when the deterministic system admitted a uniformly asymptotically
stable slow manifold.

1.2.2 Multiple Frequency-Scales

As mentioned above, an SPS usually achieves the multi-time-scale property corre-
sponding to the multi-frequency-scale property in the frequency domain. It is more
intuitive for the multi-time-scale phenomena to be observed in real applications. The
phenomenon of two widely separated groups of eigenvalues is a key feature of the
two-frequency-scale property, and the small positive parameter ¢ can be calculated
based on the locations of eigenvalues.

Consider the linear SPS (1.8), and introduce the new variable as follows:

n(t) = x2(t) + Lx;(2). (1.15)
Then, system (1.8) can be rewritten by
x1(7) Fi Ap || xi1(2)
. = , 1.16
[sn(t)} [0 FZHn(z)} (110
where L is selected to satisfy the following the equations
A22L — A21 — 8LA11 + 8LA12L = O, (117)

and
Fi=A —ApL, F) = Ay +¢eLA,. (1.18)

Based on the substitution, the system (1.8) has been partially decoupled into (1.16)
to obtain a separate fast subsystem

en(t) = (Ax +eLAp)n(1). (1.19)
In addition, set the variable
() =x1(t) —eHn() (1.20)

and substituting (1.20) into (1.16), we have

En _[F 0][&w
[eﬁ(r)] = [ 0 Fz} [n(t)] (1.21)
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where
HA22—A12—8A11H~|—SA12LH+8HLA12 =0. (122)

Here, the slow subsystem can be represented by
§() = (An — ApL)E@). (1.23)
If Ay, is invertible, solutions for (1.18) and (1.22) are shown as follows:
L=A Ay + 0(), H=ApAy, +0(). (1.24)
Substituting (1.24) into (1.18),
Fi=A0+ 0(e), F, = Axn+ O(e), (1.25)

where Ag = Ay — A12A2’21A21. Hence, the SPS (1.8) has n; poles located around
the eigenvalues of Ay, and n; poles are approximately determined by Ay /e. The
two-time-scale characteristics, ¢ and t, are corresponding to two-frequency-scale
characteristics, s and p, in the frequency domain for the system (1.8).

Lemma 1.2 [26] If Ay, is invertible, as ¢ — 0, the first n; eigenvalues of the system
(1.8) tend to fixed positions in the s-plane defined by the eigenvalues of Ay, namely,
Li(Ag), i =1,2,...,ny. While the remaining n, eigenvalues of the system (1.8)
tend to infinity, with the rate 1/¢, along asymptotes defined by the eigenvalues of
Ay, namely, (1/e)Aj(Ap), j=ni+1,n1+2,...,n.

Furthermore, if the n eigenvalues of the SPS (1.8) are all distinct, where L;(Ag) =
Aj(A2) is allowed, then the eigenvalues of the original system are approximated as

Ai=24i(A)) +0(e), i =1,2,...,ny; (1.26)

hi=[2j(An)+0@)]/e, i=ni+j.j=1....,n. (1.27)

Applying Laplace transformation with initial conditions, (1.8) can be converted
into the following frequency model:

sX1(s) —x) = A X1(s) + A Xa(s),

! (1.28)
esXo(s) —xy = A X1(s) + AnXa(s).

Through the stretching transformation p = ¢s, (1.28) can be converted into a two-
frequency-scale version,
sX1(s) —xV = A X1 (s) + A Xa(s),

] (1.29)
px2(p) — x5 = A X1(p) + AnXs(p).
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In summary, an SPS has two time-scales (TTS) ¢ and 7, which is corresponding
to two frequency-scales p and s in the frequency domain. Their relationships are as
follows:

T =1t/ (1.30)
p = é&s. (1.31)

Lets = jwand p = jow, then v = cw.

1.3 Slow-Fast Decomposition Method

In this section, we present some basic definitions and mathematical preliminaries
of SPTs. Singular perturbation approach provides a tool to overcome the lack of
system stiffness to improve the quasi-steady-state approximation that characterize the
conventional reduction-order techniques. Via the slow-fast decomposition method,
the reduced-order subsystems can be obtained within a specified precision, based on
which the composite control strategy is utilized to solve the ill-conditioned problem.

1.3.1 Decoupling Transformation

According to the transformation in Sect. 1.2.2, we obtain the separate fast subsystem
(1.19) with the initial condition 19 = xJ + Lx?}.
A feasible solution of L can be approximated as

L = A3 Ay + Ay} Ay Ay + O(&Y), (1.32)

where A() = A11 — A12A;21A21.
‘We should point out that the Eq. (1.17) has several real solutions, and only one of
them is represented by (1.32). Differentiating (1.32) with respect to ¢, it is obtained

that JL
gkzo = A5 Ay Ay.

The margin of ¢ is of great importance to control design because it determines the
range of application of the singular perturbed model. In other words, the mathematical
model fail to be effective if ¢ exceeds the upper bound ¢*. The upper bound &¢* can
be estimated by the following formula [26]

1
£ = —— — . (133)
1A% IATAoll + 1A RIITAS, Aol + 2(1 Aol T Ar2llIT A5y A2rlD/2)
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1.3.2 Construction of Slow and Fast Subsystems
Consider the following LTI SPS:
@ | A A || x@® B, B,
|:5562(l):| B |:A21 A22i| |:X2(l):| + |:Bzi| u(e) + |:Bw2:| W,

y(t) =[C C;] [28

(1.34)
] + Diu(t) + Dow(t),

where x| () € R™ and x,(#) € R"* are the slow and fast state variables, respectively,
and n = n| + n; is the system dimension. u(¢) € RP? is the control input, w(t) € R”
is the external disturbance, and y(#) € R? is the measurement output. The small
positive constant ¢ € (0, £*], ¢* is upper bound of ¢ from the formula (1.33).

Remark 1.5 The small positive constant & serves as a measure of the separation in
“speed” of the slow and fast dynamics in the sense that dx/dt is O(¢) (a function
f(e)issaid tobe O(e) if | f(e)| < Ke, for ¢ < £*, where K is a positive constant
independent of ¢), whereas dz/dt is O(1).

Recall that we have already defined two time variables: ¢, which is assumed to
be properly scaled for the slow phenomena and t, which is related with the fast
phenomena. The ratio of these time scales is defined as ¢ = ¢/t, which indicates that
the dynamics of the fast states x,(¢) are 1/¢ times faster than the slow states x; (¢).

With the singular perturbation method, system (1.34) may be decoupled into
two subsystems under the assumption that A, is invertible. The procedure of the
construction of the slow and fast subsystems is shown below.

The slow subsystem X, obtained by formally setting ¢ = 0, is

)‘Clx(t) = A.vxlx(t) + Bu‘vu.v([) + BwsW(t)»

(1.35)
Vs (1) = Cyx15(t) + Dysu(t) + Dyw(2),
with

Ay = Ay — ApAy Ay, Bus = Bl — ApAy, By,
Bys = By — 1412’42721 By, Cs=Cy — C2A;21A21’
Dus = Dl - C2A52IBZa Dws = D2 - CZAEZIBWL

where the quasi-steady-state x,,(¢) is
x25(1) = Ay Agix1(1) + A3 Bou(t) + Ay Buow(1).

The open-loop TFEM of the slow subsystem X from the external disturbance w(¢)
to the measurement output y,(¢) is a function of s:

G(s) = Cs(sly, — Ag) ™' Bys + Dys.
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To obtain the fast parts of x;(¢) and x,(¢), the subsystem, denoted by X/, in the
fast time-scale t is rewritten as

x1(r) | | eAn A || x1(7) eB; eBy
[)&z(r)} = |: Ay A ] |:x2(r)] + |: B, }u(r) + [ B, i|w(r),

v =[C G [28] + Dyu(t) + Daw(2).

(1.36)

Denote x5 (7) = x2(7) — x24(7). As € — 0, the fast subsystem is represented as

Xop(T) = Axof(T) + Boup(7) + Byow(1), (137)
yr(T) = Coxop(T) + Diuys(t) + Dow(7). ‘

In this case, x;(t) is assumed to be constant in the fast time-scale, and only fast

variations, are the derivations of x;, (7) fromits quasi-steady-state. The approximation

for x(¢) and x,(¢) are then given as

x1(8) = x15(1), x2(8) = x25(t) + x24(t/8).

An SPS (1.8) is equivalent to parallel connection of slow subsystem and fast subsys-
tem in Fig. 1.3.

The corresponding open-loop TFM of the fast subsystem X, from the external
disturbance w to the measurement output y is a function of p:

Gs(p) = Cao(ply, — An) ' By + Ds.

As mentioned before, the high-frequency scale p = ¢s in frequency domain corre-
sponds to the fast time-scale T = /¢ in the time domain. Let s = jow, p = jo, we
have the relationship between w and @ is ® = sw.

The open-loop TFM G (s) of the whole system (1.34) is given by the sum of the
slow and fast TFMs,

y(s,8) = G(s, e)w(s) = [Gy(s) + Gp(p/e)Iw(s).

Fig. 1.3 Construction of N
subsystems Slow Subsystem ‘l

u(n) + 1)

oO—»

+
Fast Subsystem J

Y
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Here, the TF for the open-loop full-dimensional system (1.34), omitting initial
conditions, is

-1
_ Ay Ap B
G(s,e) =[C1 G2 ] (s[ — |:A21/5 Azz/g]) [sz/e} + D»,

which can be converted into the following form after introducing the decoupling
transformation,

_ (SIm - As)_l O BWS
G(S7 8)—[CS C2]|: O (SInZ_A22/8)—l:| |:BW2/8i|+(DW'Y+D2)’

It is obvious that G (s, €) has two-frequency-scale characteristic. The TFs Gjoy (s)
and Ghign(p) are defined as the corresponding low-frequency and high-frequency
approximations of G (s, €), respectively.

The external relation between the external disturbance w(¢) and output y(¢) is
described by y(s, ¢) = G(s, €)w(s) in which

G(s,8) = Gy(s) + Gr(p/e).

By using the classical singular perturbation methods, the whole system (1.34) is
decoupled into the slow and fast subsystems. Correspondingly, the system TF will be
decomposed into the low-frequency and high-frequency blocks. From the frequency
domain perspective, the slow subsystem is established based on the low-frequency
components, and the fast subsystem is used to extract the high-frequency modes from
the whole dynamics.

In this sense, the related subsystems ought to work in the disjoint frequency ranges
to avoid the unnecessary frequency overlap. Based on this concept, we introduce
the cut-frequency subsystems to describe the dominant modes in the corresponding
frequency range. Considering the fact that the slow dynamics are sensitive to low-
frequency signals while the fast ones are easily affected by signals associated with
the high-frequency oscillators, the slow (fast) subsystem in the low (high) frequency
range is used to represent the low (high) frequency characteristic of SPS.

For low frequencies A; = {w||w| < w,}, where w, is cut-frequency which can dif-
ferentiate high-low dominant modes obviously, the fast TFM G (p) can be approxi-
mated by its DC-gain, thatis, G ¢ (0) = —C2A2*21 B,,» + D;. Thus, the low-frequency
approximation of G (s, ¢) is estimated as

Giow(s) = G4(s) + G £(0)
= C.Y(Sln] - A.\')iles + E,y,

where E,; = D,,; — C2A2_2l B,;» + D;. The corresponding high-frequency approxi-
mation of G (s, €) in the high-frequency range A, = {o||®| > ew,.}isafunctionof p:
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Ghign(p) = lim G,(s) + G (p)
= Co(ply, — Ax2) "' By + Euy,

where E, s = D, + D,. To avoid the mixed impacts of state feedback design of
the fast (slow) subsystems sensitive to high-frequency (low-frequency) signals in the
low (high) frequency range, the approximation of the TEFM G (s, ¢) is represented as

Glow(s)v O<w< We,

Gls,e) = [ Ghign(es), @ > ..
The unitization of related cut-off subsystems is the approximation of the TFM
G (s, €). It should be highlighted that the precision « of the approximation of G (s, ¢)
is lowest in the neighbourhood of the cut-frequency @, because « increases as @
gradually leaves away from w.. The control switch frame is demonstrated in Fig. 1.4
for the equivalent model of (1.8).

Applying the state feedback controllers, K and Ky, respectively into the related
subsystems (1.36), (1.37), the closed-loop systems of slow and fast subsystems can
be derived,

x15(t) = (Ag + Bus K)x15(t) + Byyw(t),

(1.38)
ys(t) = (Cys + Dy Ky)x14(t) + Dyysw(t),

and
Xop (1) = (An + ByK p)xp 4 (1) + Buow(t), (139)
Vr(®) = (Co+ DiKp)xz5(1) + Doyw(7). '

The state feedback controller gains K; and K are designed, respectively, based
on the stability requirement and some control performance specifications. However,
these two sub-controllers can only be applied to the related subsystems rather than the
original ill-conditioned system. Next, we discuss the method to design the composite
state feedback controller K, the sum of slow and fast controllers, to solve the original
SPS within a specified order-of-¢ accuracy.

Assuming, for the moment, that we have successfully designed K and K, a
composite controller is formulated as

K =[K,+KpAy An + KrAy BoK Ky .

ﬁLow-Frequency Subsystem}
u(t) + )

= O O- >
o
Lb{High-F requency Subsystem}J

Fig. 1.4 The finite-frequency switch approach
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Lemma 1.3 [32] Let G(s, ¢) be a two frequency-scale TF with G(s) = G(s,0)
and Gy(p) = G(p/e, €)ls=o as its slow and fast TFs, respectively. Suppose that
Gy(s) and G s (p) are stable, G(s, &) has no unstable lost poles, and |G4(5)|lcc < V,
IGr(P) oo < y. Then |G (s, €)lloo < ¥ + 0(e), for sufficiently small ¢ > 0.

Remark 1.6 Lost poles represent poles that disappear in the limiting process as
& — 0. Lost poles were defined in [31] using parameter-dependent system matrices.

x1()
X2(2)
internally stabilizing controller, and |G (s, &)|.w < ¥ + O(¢) is satisfied for SPS
(1.34).

With almost the same case, we can develop slow and fast subsystems for nonlinear
systems that are linear in the vector x,(¢), that is, for

It follows from Lemma 1.3 that, for sufficiently small ¢, u(t) = K |: ] is an

X1(t) = h(x1(t)) + Appxa (1),

, (1.40)
exp(t) = g(x1(2)) + Anpxa(2).

In this case, we have that the quasi-steady-state of the slow dynamic x,(¢) is
xo5(1) = —Ay g (01(1)),

ase — 0.
Substitute x,(¢) into (1.40), and we can obtain the slow subsystem as follows:

d1(1) = h(x1(1) — A Ay g(n (1)) (L41)
Similarly, the fast subsystem is represented as
)'sz (‘L’) = AZQ)CQ(‘L'). (142)

From the subsystems (1.41), (1.42), it can be seen that, in systems with slow
nonlinearities, the linearity of the fast phenomena is preserved.

1.4 Controllability and Observability

Now, let us turn to analyze the controllability and observability of the system (1.34).
It is well known that controllability and observability are two important concepts
in modern control theory, which are used to characterize the general property of a
system.

For notational convenience, let us define the following notations:

_ | x@® | An An _ | Bi _
0= [0 ] 4= [ate e |- 5= e - €= L1 €21,
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An SPS (1.34) can be represented in the form of an ordinary system

£(1) = AL(D) + Beu(t) + Buew (1), (1.43)
y(1) = Ce(t) + Dyu(t) + Dow(?). ‘
Controllability is a property of the coupling between the input and the state, which
involves the matrices A., B..

Definition 1.1 (Controllable) A state-space representation of a LTI system is
x(t) = Ax(t) + Bu(t).

A initial state x(zy) is controllable at time ¢ if for some finite time #; there exists
an input u(¢) that transfers the x(r) from x, to the origin at time #;. The system
X(t) = Ax(t) + Bu(t) is called completely controllable at the time ¢ if every state
x(#p) in the state-space is controllable.

It should be highlighted that

1. Initial state is arbitrary finite non-zero in the state-space. The control object is
Zero state.

2. When all initial states are observable, the system is controllable.

3. When there exists external disturbance that does not rely on the input u, namely,

%(1) = Ax(t) + Bu(t) + B,w(?),

it will not change the controllability of the system.

In other words, a system is said to be controllable at time ¢ if it is possible by means
of an unconstrained control vector to transfer the system from initial state x(#y) to
any final state in a finite time interval.

Observability is a property of the coupling between the state and the output, and
thus involves the matrices A, and C.

Definition 1.2 (Observable) A system with an initial state x(¢y), is observable if
and only if the value of the initial state can be determined from the system output
y(t) that has been observed through the time interval [, #,]. If the initial state cannot
be so determined, the system is unobservable. A system is said to be completely
observable if all the possible initial states of the system can be observed.

It should be noted that if a system is not completely observable, the initial state x (¢;)
cannot be determined from the output, no matter how long the output is observed.

Lemma 1.4 [26] A necessary and sufficient condition for the ith eigenvalue )\; of
the system (1.43) to be controlled is

rank[Mil, — A; B;l=mn,i=1,2,...,n, (1.44)
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and that for the ith eigenvalue A; of the system (1.43) to be observable is

rank|:)”1"C_Asi|:n, i=1,2,....n (1.45)

In addition, the system (1.43) is completely controllable or completely observable if
and only if (1.44) or (1.45) is satisfied for all its eigenvalues A;. The system (1.43)
is stabilizable or detectable if and only if all its eigenvalues with nonnegative real
parts are controllable or observable.

Considering the fact that controllability and observability are invariant with regard
to similarity transformation, these properties can be analyzed based on the equivalent
models. Via the following similarity transformation

x| | eH §(@0) | _ &(1)
(@) = |:x2(t):| - |:—L I, — 8LH1| |:77(t):| =T [n(r)]’

the system (1.43) can be transformed to the equivalent system

Enl_, [em
[ﬁ(t)] = Ae [n(t)] + Beu(), (1.46)
_ §(0)
Yo =c [n(t)] (1.47)
where P . .
A= [ 0 Afs/s} b= |:stss/5j|’ C=[CuCr]
and

Age = Ayl —ApL, Aje = Ay +eLAy,
Bsg = 31 — HB2 —EHLBI, Bfe = B2+8LBl,
C,e =C1 —CoL, Cfg =Cy+¢e(C; —C,L)H.

Based on the similarity transformation, the whole system (1.34) can be decoupled
into two subsystems with reduced order. Based on the associated subsystems, more
simplified results are obtained. Noting that controllability and observability do not
vary with the similarity transformation, the following lemmas are obtained, which
can be derived based on the slow-fast decomposition method.

Lemma 1.5 [26] Let k?, i=1,2,...,ny, be the eigenvalue of Ay, = A1 — A
A;;Azl approximating the slow eigenvalue X\; in A;. If

rank[A)1,, — A, B;] = ny,
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where By = B — A12A2_21 By, then there exists a positive scalar €* such that A; is
controllable for all ¢ € (0, £*].

Similarly, let n;), j=1,2,...,ny, be the eigenvalue of Ay approximating the
fast eigenvalue A; of A, accordingto i =mjfe, i =ni+ j. If

rank[701,, — Az Byl = na,
then there exists a positive scalar €* such that A; is controllable for all ¢ € (0, £*].

The observability criterion is as follows:

Lemma 1.6 [26] Let A?, i=1,2,...,ny, be the eigenvalue of A;=A — A12A2_21
Ay approximating the slow eigenvalue A; in A.. If

0 _
rank |:)L" I”‘C A5i| =ny,

where Cy = Cy — C2A2_21A21, then there exists a positive scalar €* such that A; is
observable for all ¢ € (0, £*].

Similarly, let 71}), j=1,2,...,ny, be the eigenvalue of Ay, approximating the
fast eigenvalue \; according to A = /e, i =ny + j. If

9L, — A
rank[nl nng 22] = n,,

then there exists a positive scalar €* such that A; is observable for all ¢ € (0, £*].

1.5 Conclusion

In this chapter, some background knowledge and preliminaries have been presented.
The modelling methodology for the construction of SPSs has been proposed in linear,
nonlinear and hybrid forms in Sect. 1.1. Time-scale and frequency-scale analysis of
linear SPSs has been investigated to characterize slow and fast systems in different
time-scales in Sects. 1.2 and 1.3. We further put forward the concepts of cut-off
subsystems to avoid the conflicts of subsystems in different frequency ranges. To
best of our knowledge, it has been the first time that the idea of cut-off subsystems
has been put forward for SPSs. In Sect. 1.4, the controllability and observability of
SPSs has been introduced. We should point out only single-parameter perturbations,
i.e., TTS systems, are taken into consideration in this book.
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Chapter 2
Theoretical Foundation of Finite
Frequency Control

Finite frequency control strategy has been proven to be an important method for
modern control system. Combined with the particular frequency characteristics of
the plant, many control specifications in the full frequency domain can be simpli-
fied into finite frequency ones. Commonly used tools in the frequency division are
the weighting function and general Kalman-Yakubovich-Popov (GKYP) Lemma. In
this chapter, some background information and useful lemmas in the field of finite
frequency control have been investigated in detail.

2.1 The Laplace Transform

The Laplace transform is used to solve linear constant coefficient differential equa-
tions, which acts as a function of a positive real variable ¢ (often time) to a function
of a complex variable s (frequency). On the other hand, the inverse Laplace trans-
form is used to obtain a solution in terms of the original variables, which takes a
function of a complex variable s to a positive real variable ¢. This techniques can be
applied to both single differential equation and simultaneous differential equations.
The Laplace transform can be used to produce TFMs to describe the elements of an
engineering system. As the system elements, blocks are connected together to form
the closed-loop diagram and to represent the characteristics of systems. Through
decomposing a system in this way, it is much easier to visualize that how the vari-
ous parts of the system interact. As a result, a TF model can be used to describe a
time-domain model, which is particularly important in the control system design.

Definition 2.1 (Laplace Transform) Let f(t) be a function of time . The Laplace
transform of f(¢) is F (s), which is defined by

F(s) = /00 e f(t)dt.
0
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Table 2.1 The Laplace transform of some common functions

f@ F(s) VAQ) F(s)

1 1 sinh bt o

t %2 cosh bt ﬁ
2 2 —at o; b

t 5 e~ sinh bt T
n n! —at s+a

t ST e~ cosh bt frewnca
at 1 . 2bs

15 = t sin bt o
—at 1 s2—b?

e Ta t cos bt e
n,—at n! 1

t"e (s+a)"+l 1([) K

sin bt b 1t —d) e

s24b2 s

cos bt stﬁ 8(1) 1
—at o b —sd

e “'sinbt [eamsawss 8(1) e
—at sta

e~ cosbt a2 +5?

To find the Laplace transform of a function f(¢), we multiply it by e¢™*' and
integrate between the limits 0 and co. Determining the Laplace transform of a given
functions f(¢) is essentially an exercise in integration. In Table 2.1, we have listed
some common functions and their corresponding Laplace transform.

There are some useful properties of the Laplace transform that can be exploited,
which are namely listed as follows.

1. Linearity:
Let f(¢) and g(¢) be two functions of time ¢, and k be a constant which may be
negative, and then

Zif) + g} = Z{f O} + L{g(®)},
ZLkf)) =kZ{f (D).

2. Shift theorems:
If Z{f (@)} = F(s), then

L fO)}=F(s +a),

where a is a constant.
If Z{f ()} = F(s), then

L@t —d)ft —d)}y=e*F(s), d > 0.

3. Final value theorem:
lin(l)sF(s) = tlim f@.
§—> — 00
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Itis possible to obtain a mathematical model of an engineering system that consists
of one or more differential equations. We have already seen that the solution of
differential equations can be found using the Laplace transform, which naturally
leads to the concept of a TF.

Consider a first-order differential equation

dx (1)
T +x(@) = f(@®), x(0) = xo, (2.1

where f () represents the control input of system (2.1), and x (¢) is the output or the
response of the system. Taking the Laplace transform of (2.1), we obtain

sX(s) —xo+ X(s) = F(s). 2.2)
Assuming xo = 0, the equivalent form of (2.2) can be formulated by

X(s) 1
F(s) 14s

(2.3)

The function (2.3) is also referred to as a TF, which is the ratio of the Laplace
transform of the output to the Laplace transform of the input for the single-input and
single-output (SISO) system. Therefore, the TF for the system (2.1) from f (¢) to the
output x(¢) is

G(s) =

The concept of a TF is very useful in engineering applications, which provides a
simple algebraic relationship between the input and the output. In other words, it
allows the analysis of dynamic system based on the differential equation to proceed
in a relatively straightforward manner. Earlier we noted that it was necessary to
assume zero initial conditions in order to form the TF. Without the assumption, the
relationship between the input and the output would have been more complicated,
and the relationship would vary depending on how much energy is stored in the
system at ¢ = 0. Assuming the zero initial conditions, the TF depends purely on the
system characteristics.

Let R(s) = Z{r(t)} be the Laplace transform of the input signal, and Y (s) =
Z{y(t)} be the Laplace transform of the output signal. It can be seen from Fig.2.1
that

Y(s) = G(s)R(s).

Fig. 2.1 Block diagram R(s) .< Ges) } ¥(s)
1(s >
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R(s) + ~  R()»X(s) ¥(s) ¥(s)
h_‘ Py, L) »>
3 A
X(s) Y(s) l
(a) A summing point (b) A take-off point

Fig. 2.2 Two components of block diagram

Block diagram consists of two basic components in Fig.2.2. A summing point
adds together the incoming signals to the summing point and produces an outgoing
signal. A take-off point is the place where a signal is tapped. The process of tapping
the signal has no effects on the signal value.

There are several rules governing the manipulation of block diagrams as follows:

1. Cascade (Series) connection. The TF equivalent to a series connection of 2 blocks
with TFs G (s) and G;(s), represented in Fig. 2.3, is given by

Go(s) = G1(5)G2(s).

2. Parallel connection. The equivalent TF for such a connection representing a sum-
mation of signals, given in Fig. 2.4, is obtained as

G.(s) = G1(s) + Ga(s).

3. Feedback connection. The simplest form of a feedback control system is given in
Fig.2.5. For such a system connection the TF is given by

Fig. 2.3 Series connection

—>» Gis) Gis) —>

h 4

Fig. 2.4 Parallel connection

A 4

Gi(s)

Y

Gg (S‘)
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Fig. 2.5 Feedback
connection —  G(s)

K(s) [«

2.2 Frequency Division Strategies

2.2.1 Weighting Functions

Up till now, much progress has been made in terms of synthesizing H, controllers.
However, the selection method of appropriate weighting function is still very much an
art. In this subsection, we consider how to formulate some performance objectives
in finite frequency ranges using the weighting functions. For example, the finite
frequency performance represented in the form of a TF G (s) can be specified as

<a<l1, Vo < wg,
. 2.4)
IG(w)lleo < B> 1, Yo > wy.

[ 1G (@)oo
where wy is the cut-frequency of high-low frequency ranges. We generally reflect the
system performance objectives via the appropriate selection of weighting functions.
On this basis, the finite frequency control specifications, such as the H,, performance
index (2.4) can be obtained the following weighted form,

[Ws(jo)G(jo)|l < 1,

with
ot_l, Yo < wy,

W, (jo)G ()]s =
[Ws(jo)G(jo)l [ﬂ“, Yo > o,

The meaning of weighted performance specifications can be shown as follows:

1. Some particular frequency components of a signal usually play very important
roles in the control design.
2. Each of the signal component may not be measured in the same metric.

Note that weighting functions are essential to identify particular frequency com-
ponents. On this basis, control design may be regarded as a process of choosing a
controller such that certain weighted control specification are satisfied in some sense.
In addition, we can see that low-frequency and high-frequency components of a plant
can be extracted by band-pass filters. The TF of a band-pass filter can be used as a
weighting function to form a weighted control specification.

Consider a weighting function W (s) after normalization in the form of
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Butterworth

1 Ideal

0.8r

[HGw)I?

0.6

0.21

w/wc

Fig. 2.6 Amplitude-frequency characteristic of butterworth low-pass filter

bys™ + by 18" 4 -+ by

w =
) §" 4 ap_1s" N4 4 ag

Ifn > m, thatis W (s) is rational fraction, W (s) has the low-pass property. If n < m,
then W (s) achieves the high-pass property. One of the most commonly used filter is
the Butterworth LC filter. There are two classes Butterworth filter as follows:

e Butterworth low-pass filter

by

H(s) =
1s) St 4 ay_ s+ 4 ars + ag

where by = w. Setting w, = 1 rad/s, the normalized results of the butterworth
low-pass filter are obtained. The amplitude response, denoted by |H;(jw)|, is

1

Its amplitude-frequency characteristics are in Fig.2.6.
This type of filter has some specific characteristics.

1. Foralln, |H;(jO)|> = 1,ifw = 0.
2. For all n, |H;(jow.)|* = 1/2, if ® = w., such that there exists 3dB amplitude
attenuation at w = w,.

|H(jo)| =
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Butterworth

[HGw)I?

0.6

0.21

0 1
0 0.5 1 1.5 2
w/wc

Fig. 2.7 Amplitude-frequency characteristic of butterworth high-pass filter

|H;(jw)|? is a monotonically decreasing and continuous function about w.

4. When n — 400, the butterworth low-pass filter can be viewed as a perfect low-
pass filter.

5. When w = 0, all levels of the derivative of |H;(jw)|* are zero so that | H;(jw)|?

gets the maximum value and achieves the largest plain features at this point.

(O8]

e Butterworth high-pass filter

sl’l

ST a1+ as + ag

Hy(s) =

The amplitude response, denoted by |Hj, (jw)]|, is

1
|y (jo)| = ———=.
[T+ ()

Its amplitude-frequency characteristics are in Fig.2.7.

This type of filter has some specific characteristics.
1. Forall n, |H,(j0)|* =0, if w = 0.
2. For all n, |H,(jw.)|*> = 1/2, if ® = w,, such that there exists 3dB amplitude

attenuation at w = w,..
3. |H,(jw)|* is a monotonically increasing and continuous function about .
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4. When n — +o00, the butterworth high-pass filter can be viewed as an ideal high-
pass filter.

5. When o = +o0, all levels of the derivative of |H,(jw)|* are zero so that
|H,(jw)|* gets the maximum value and achieves the largest plain features at
this point.

Remark 2.1 'We would emphasize that the weighing function method is particularly
suitable for SISO systems. It is difficult for control engineers to construct satisfied
weighing function matrices for multiple-input and multiple-output (MIMO) sys-
tems, which leads to the wide application of the general Kalman-Yakubovivh-Popov
(GKYP) lemma.

2.2.2 General Kalman-Yakubovich-Popov Lemma

Up till now, a wide range of state-space approaches for controller design problems
adopt the Kalman-Yakubovich-Popov (KYP) lemma that transforms a frequency
domain inequality (FDI) into a numerically tractable linear matrix inequality (LMI)
[4, 6, 8, 9]. Although that the standard KYP lemma specifies FDIs in the entire
frequency range, practical requirements are usually described by multiple FDIs in
finite frequency ranges. For example, usually, small sensitivity in a low-frequency
range and control roll-off in a high-frequency range are utilized to ensure desired
tracking performance and disturbance attenuation capability. As a result, some sort of
adaptors, such as the weighting functions, have been adopted to the requirements into
the KYP framework. However, the design costs to search for the suitable weighting
functions would be tedious and time-consuming, and the controller complexity tends
to increase with respect to the complexity of the weighting functions, which leads to
the development of GKYP lemma.

The purpose of this section is to develop the state-space design theory that is
capable of directly treating multiple FDI specifications in various frequency ranges.
The GKYP lemma has been proven to be effective tools to handle inequalities on
curves in the complex plane defined as [9, 18],

A(qb,tp)z{)\em[ﬂ qb[?]:o, [’}] w[’}];m, 2.5)

with @, ¥ € H,, where H,, stands for n x n Hermitian matrices set and [-]* denotes
the conjugate transpose. The set A(®, ¥) represents a curve in the complex plane if
and only if [16]

1. det(®) < 0, so that A(®, 0) corresponds to a circle or a straight line.
2. @ and V¥ satisfy an additional condition that excludes empty or singleton sets.

The latter condition is most easily expressed with the help of a congruence transfor-
mation introduced. It can be demonstrated in [9] that if det(®) < 0, there exists a
nonsingular 7 € C?*? such that

& =TT, ¥ =T"YT,
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01 apf

where <D0=|:10i|, l1/0=|:ﬁy:| and a, B, y € R with o < y. In the former

case, A(P, ¥) coincides with the circle or straight line given by A(®, 0), while in
the latter case it is a segment of this circle or line. The imaginary axis and the unit
circle are special cases of (2.5) with ¥ = 0, and @ equal to

01 10
o= [Vo] =0 ]

for the imaginary axis and the unit circle, respectively.

Next, we present a dual version of the GKYP lemma which is more suitable
than the original GKYP lemma for feedback synthesis. A multiplier method is then
developed to render the synthesis conditions convex through a simple substitution of
variable, in the static gain feedback setting.

Consider a TF for a given system with state-space matrix (A, B, C, D),

G =COI—A"'B+D,

where A is the frequency variable.
In order to more clearly describe GKYP lemma, we give the following func-
tion definition. For G € C**" and IT € H;,,, a functiono : C°*" x H;,, — H, is

defined by
o(G\), IT) = |:GI()”)1| I |:GI()”)1| <0,

forallk € A(®, ¥). The formulation of the performance matrix I7 will be introduced
detailedly in Sect.2.3.3.

In the extended definition, the set A(®, ¥) can be interpreted as the integration
of elements (u, v),

u

2(¢,W)={(u,v)erC|(u,v)¢o,[ﬂ @[’3]:0, [ﬂ w[v]>0}.

If v#0, then A # u/v is a finite point in A(®P, ¥) and if v =0, then A(®, ¥)
extends A = oo.

Lemma 2.1 (The GKYP Lemma) Let A € C"", B € C"*", and ® € H,,,,, Sup-
pose @, ¥ € H,. Define a curve A(P, W) in the complex plane, the following two

statements are equivalent.
ul”* u
% %

() Ifre A(@, V),
for all nonzero (u,v) € X (P, V).
(2)  There exist P, Q € H,, that satisfy
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ABT A B
0 >0, [lno] (¢®P+W®Q)[1no}+®<o.

If A has no eigenvalues in A(®, ¥), the first statement reduces to the FDI

-1p7* -1
[(“" _IA) B} C) [(“" _IA) B] <0, VA € A(D, ¥).
For the sake of brevity, we point out that only strict FDIs are considered in this
monograph. The GKYP lemma readily extends to non-strict inequalities if a regu-
larity condition is imposed.
Two critical lemmas in [8] are presented, which are treated as efficient mathemat-
ical tools throughout the following discussion.

Lemma 2.2 Let @, ¥ € H,, II € Hy,,, and the system

£t A B, B, | [x()
z(t) | = | C1 D11 Do w() |, (2.6)
y(®) Cy Dy O u(t)

where x(t) € R" is state vector, w(t) € R’ is the external disturbance, u(t) € R? is
the control input, y(t) € R? is the measurement output, and z(t) € R’ is the con-
trolled output. A, B;, C;and Dj; (i, j = 1, 2) are all appropriate dimensions matri-
ces. The system (2.6) can be given with TFM from w(t) to z(t) formulated by

G(s) = Ci(sI — A)"'B; + Dy;.

Consider A(®@, V) defined by (2.5). Suppose A(D, W) represents curves on the
complex plane and A has no eigenvalues in A(®, V). The following statements are
equivalent:

() o(G)*, M) < Oholdsforallx € A(@T, W), where A = Aif Ais bounded
and A = A U {oo} if unbounded.
(2) There exist P = P* and Q = Q* > 0 such that

N[¢®P+W®Q 0

*
0 Hi|N <0,

where N = [M L4, | T, M = [é DBlll

that for arbitrary matrices M1, M, M3 and M,

], and T is the permutation matrix such

[ M My M3 M| T = [ My M3 M, My],

where matrices My, M,, M; and M, have column dimensions n, r, n and s,
respectively.
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Define G(X) * K as the closed-loop TF from w(¢) to z(¢). A synthesis problem may
be formulated as the search for the parameters Q > 0, P and K with .# defined to
be the state-space matrices of G(1) * K as

A B B,
M=o + BKE = + K|Cy Dy |.
[Cl Dn] |:D12] [C2 D2t ]
The resulting condition is not convex due to the existence of the product term.
Lemma?2.2in [8] is developed as a multiplier method to re-parameterize the condition
so that the problem becomes convex which can be further transformed into LMIs.

Lemma 2.3 Let R € C/*++9) @ @ e H,, ITeH,,,, P, QcH, and the
system (2.6) be given. The following statements are equivalent.

(1) There exist a feedback gain K and a real scalar ;v > 0 such that

NXN* <0, S(TXT* — uR*R)S* < 0,

N | 2®P+YR®Q0 . .

where S = @ O],X_[ 0 Hi|,and///lsdeﬁnedm
Lemma2.2.

(2) There exist matrices x € W(%, R) and k such that

T[ 0 H]T <He|:42{x+<%’fcR:|'

If (2) holds, the gain in (1) can be given by K = kW,

To make the problem trackable, the multiplier x can be specified by
W&, R) = {CTWR+ (I —CT€)VIW € CI*9, det(W) #0, V e Cl1F*x@ntrts)y

where W and V are matrices to be solved, and superscript T denotes the Moore-
Penrose inverse of matrix.

Remark 2.2 Here, for notational convenience throughout the monograph, the
Hermitian part of a square matrix M is denoted by He(M) = M + M*.

The condition in statement (2) of Lemma2.3 has been characterized in terms of
LMIs, which can thereby be numerically solved by semi-definite programming. Up
till now, many commercial software packages are now available for solving this task.
We strongly believe that it is beneficial for most engineers to have one of these com-
puter programs. Software to synthesize H,, controllers has been available sometimes,
such as the Robust Control Toolbox in MATLAB®. Recently, a LMI Toolbox for
MATLAB has been widely used, which includes LMI solving program, alternative
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H, software, and p-analysis and synthesis. All computation presented in this mono-
graph has been done employing such toolbox.

Then, we will give particular choices of R that lead to LMI synthesis conditions
which are nonconservative. Please see [8] for detailed explanation. Later, we will
discuss some heuristic choices of R leading to sufficient conditions for synthesis:

1. For continuous-time, small gain condition and low-frequency case, R can be
chosen as
R =[001 (D;B))*].
2. For continuous-time, small gain condition and high-frequency case, R can be

chosen as
Ry,=[1000].

2.3 Characterization of Control Performance Index

2.3.1 Characterization of Finite Frequency Ranges

Denote the frequency variable as (2.5) with its properties. The continuous-time and
discrete-time variable frequency variables are, respectively, shown as

A= {jolo € Q) Aq= {10 € Q4},

where €2, and 2, are subsets of real numbers specified by an additional choice of ¥
in Tables 2.2 and 2.3, respectively, @ in A(®, ¥) is selected as

01 10
¢C_[10]1 (pd—[o_l]a
for the imaginary axis and the unit circle, respectively.

For convenience presentation of main results, we divide the frequency range in
the continuous-time case into the following three parts. For low frequencies, the
frequency set A is specified by

Aa ={ol | o< o,
and for middle frequencies, A can be represented by
Acm = {(,()|(,()1 <w< (1)2}9

in the similar way, the high frequencies can be characterized by

Acp = {0l | o |> wn}
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Table 2.2 The choice of ¥

. - ] Cont. Q. '4
in continuous-time case
-10
LF A
cl [ 0 (1)]2 }
—1 Jjoe
MF ACH’[ .
—JWe —W1W2
1 0
HF Ach )
0 —wy
Table 2.3 The c.hoice of W Disc. Q4 v
for the discrete-time case
1
LF Agr 0
1 —2cos6;
0 e/b
MF A ;
dm |:e_19‘ —2cos GW:|
—1
HF Agn 0
—1 2cos by,

and the related ¥ in frequency division is summarized in Table 2.2, where w, =
(w1 4+ wy)/2 and LF, HF, and MF stand for low, high, and middle-frequency ranges,
respectively.
Similarly, for the discrete-time system, the selection method of ¥ is stated as
follows. Consider the low-frequency condition with
Aa =116 1< ).
Noting that | 6 |< 6; if and only if 7 = ¢/% satisfies

z+z72=22cos6, =v,

0 1
V= |:1 —200s91j|'

The middle-frequency condition is considered with

we choose

A = (e’ | 61 <] 6 1< 62).
Note that the frequency interval condition can be written as

|9_90|<0w
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or
cos(f — 6,.) > cosB,,

where 0 < 6, < 7 and

:92+91’ 9w=92—91

9(‘ )
2 2

which can be rewritten as o (¢/?, ¥) > 0 with

0 el0
V= |:ej9f —2cos 9W:| )

Finally, the high-frequency condition with
Agp =1{e’ 16, <| 0 |< 7}

can be treated similarly. In this case, we have

0o -1
V= |:—1 2c059hi|'

The work above can be summarized in Table 2.3.

2.3.2 Window Norm

One natural extension is then to directly specify important frequency domain prop-
erties such as bandwidth and magnitude of resonance peaks on certain TFM. All the
work related with the TFM of a system is established in the finite frequency range
rather than the entire frequency so that the conservativeness of frequency domain
constraints is much reduced. Such property is described by using window norm.

A TF in terms of state-space model is denoted as

E(s) = [%‘%} =C(sI —A)'B+D.

This section reviews some mathematical preliminaries, in particular, the compu-
tation of H, and H,, norm of a TFM E (s).

Definition 2.2 (Finite Frequency Hy, Norm) For a stable TFM E(s), the Ho, norm
is given by
[Ellcc =supo(E(jw)), w € A,
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where o (-) denotes the singular value of a matrix, and sup,, o (E(jw)) denotes the
peak singular value in finite frequency set A.

The Hy norm can be viewed as a direct generalization of frequency domain
specifications used in classical control for systems. For instance, it can be used to
minimize the weighted sensitivity function, and select £ = w,, S, where sensitivity
function S = (I + GC)~'. The following proposition provides an equivalent condi-
tion for the H,, norm of a rational matrix.

Proposition 2.1 Let E(s) be a rational matrix, which does not have poles on the
closed right half complex plane. Then, it can be obtained that

[ E(s)lloc = sup{omax(E(s)|Re(s) > 0), Im(s) € A}.

Likewise, H, norm is also defined for rational matrix. The strict definition is as
follows.

Definition 2.3 (Finite Frequency H, Norm) The H, norm of a TF E(s), namely
| E (s)]|2, which also corresponds to the impulse response energy |le(t)]|,, or L, norm
of areal signal e(?), can be formulated in either time or frequency domain as follows:

o0 1 o0
le@®)ll5 = /0 e(e()dt = |E(s)|l5 = —~ /0 E(jo)E(—jw)dw.

The change from time domain to frequency domain is justified using Plancherels
theorem (which discrete version is known as Parsevals theorem). H, norm can be
used to characterize the input energy of signal u(¢).

Remark 2.3 1f U(s), the Laplace transform of input signal u(¢), is a vector function
such that the integral f_oooo U*(jw)U (jw)dw exists, then, obviously the H, norm of
U (s) reduces to

1 [ 1
U2 = (trace(g/ U (jo)U (jw)dw))?.

To investigate H_/ H., performance of continuous-time control systems in local
frequency range, a new conception of window H_/H., norm is presented based on
traditional H_/H, norm, and it is stated that traditional H_/H,, norm is a special
case of window H_/Hy, norm.

Definition 2.4 (Finite Frequency H_J/Hy, Norm) The H_ index of a TFM E(s)
over the finite frequency range [w, w>] is defined as

IE®I ) = inf o [E(jw)],
welwy,w]

where o denotes the minimum singular value of the matrix E (jw).



44 2 Theoretical Foundation of Finite Frequency Control

The H,, norm of a TFM E (s) over the finite frequency range [0, w;] U [w},, 00)
is defined as
IE@) el = sup  G[E(jo)],

w€el0,w;]U[w),00)

where ¢ denotes the maximum singular value of the matrix E (jw).

To indicate the dependency on the finite frequency range [w;, w,], we define
the window H_ norm as ||E(s)||[_'”1""2], which is simplified into || E(s)||— when the
frequency range is made with certainty. H_ norm is used as the worst-case fault
sensitivity measure.

2.3.3 Frequency Domain Inequalities

Much of the recent work on robustness has been focused on frequency domain
characterizations. The significant results in system and control literature, such as
design specifications for practical control synthesis, depend on the characterizations
of system in terms of FDIs. Classical FDIs are specified in the full frequency range.
However, recent developments have demonstrated that finite frequency FDIs can
increase flexibility in system analysis and synthesis because that system usually
works in the specific frequency range due to the limits of external conditions or
nature of pumping signals.

If the designs of the structure and the controller are integrated, control perfor-
mance of mechanical structures can be significantly enhanced. In this subsection, we
also present how to formulate the performance matrix I7. Generally, some charac-
terizations of the system G (s) are considered as follows:

1. Positive real property:
G(jo)*+G(jw) > 0,

which is an important requirement for mechanical structure design to guarantee
the existence of controllers that achieve high servo-bandwidth, where G (jw) is
the TF of the mechanical system to be designed. In this case, the performance
matrix can be selected by
0 —1
ne[%]

G(jo)*G(jo) < ¥,

2. Bounded real property:

is an important requirement for mechanical structure design to guarantee the
existence of controllers that achieves good disturbance attenuation ability with

IT as
I 0
n_[o_yzl]
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3. Sensitivity shaping:
A typical control design with specifications on the closed-loop TF: a plant G (s)
and a controller K (s). The sensitivity and the complementary sensitivity func-
tions are defined by

S(jw) = (1 = G(jo)K(jo) ™,
T(jw) = G(jo)(1 = G(jo)K (jw))™".

The sensitivity-shaping problem typically consists of the following requirements:

ISGo) oo < a1, @ € Ay,
IT(w)lle < a2, @ € Ap,

where «; > 0 and «; > 0. These FDIs can be further represented in terms of
open-loop TF, and the performance matrix /7 can be formulated hereinafter.

Remark 2.4 There are close relationships between FDIs and TDIs. Most the signif-
icant results in systems and control literature generally characterize control system
performances using FDIs and/or time domain inequalities. Certain system proper-
ties are characterized in terms of an inequality condition on the TF. Time domain
interpretations of FDIs can provide more flexibility to capture various engineering
requirements. For instance, we can see that the bounded-realness with gain bound y
is equivalent to the L, gain being less than or equal to ,/y in the time domain:

/oo yI()yt)dt < y/oo ul (Du(t)dt, u(t) € L,.
0 0

where the nonnegative number [[u(#)|| = (J;* ul (H)u(t)dt)? is the L, gain of u(r),
y(t) is the response output with the input u(¢#) for the system G(s), and the
space L,[0, co) is the space of all piecewise-continuous inputs defined on [0, c0)
satisfying fooo lu()||> < oo. With this interpretation, the FDI for bounded-realness
can encompass the worst-case disturbance attenuation (or tracking error, etc.) level
in the L, sense, rather than the peak amplification factor with respect to a fixed sinu-
soidal input. Likewise, the positive-realness of G (s) is equivalent to the passivity of
the system in the time domain:

/oo ul (y(t)dt >0, u(t) € Ls.
0

This interpretation allows for the concept of energy to be treated within the FDI
framework for formalizing specifications.

In addition, some recent results [1, 3, 5, 7, 9, 14] have addressed this issue and
generalized the standard KYP lemma [15, 19] to characterize FDIs within (semi)finite
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frequency ranges in terms of LMIs. These results are based on the idea of the
S-procedure, and are in connection with the literature on integral quadratic constraints
[10, 12], indefinite linear quadratic control [19], and power distribution inequality
[13]. These references demonstrated that structures of practical significance can be
designed to achieve the specific property by solving LMI feasibility problem with
the aid of an existing version of the finite frequency KYP lemma. To convert FDI to
LMLI, the following lemma is useful.

Lemma 2.4 (Schur Complement Lemma (SCL)) The following statements are
equivalent:

a>[§;]>m

2 0>0, R—S*0°'S>0;
3 R>0, Q—SR'S*>0.

SCL can be extended into semi-definite program.

Lemma 2.5 (Semi-Definite Case of SCL) The following statements are equivalent:
(O :
U)[yR]EQ

2) R>0, Q—SR's*>0.

2.4 Conclusion

This chapter mainly introduces a few of mathematical analysis and useful lemmas,
which will be used throughout the manuscript. In Sect.2.1, the definition of the
Laplace Transform has been presented, and some commonly used forms are given.
In Sect.2.2, we explain that both the weighting functions and the GKYP lemma
are useful methods in the frequency division, where the former one is particularly
suitable for SISO systems, and the latter one used in both SISO and MIMO systems
enjoy wider application ranges. In Sect. 2.3, we present two methods to characterize
system performances, namely window norm and FDIs. Concluding remarks are given
in Sect.2.4.
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Part 11
Singularly Perturbed Systems Analysis
and Synthesis

In this part, analysis and synthesis problems for finite frequency control of SPSs
are discussed. Stability theory is studied using fast-slow decomposition method and
descriptor system method in time domain for the SPSs. Finite frequency H », control
is emphatically discussed, including state feedback control, output feedback control,
shaping H, control, H tracking problem and H », model matching problem, for
the SPSs. Finite frequency positive real control and sensitive-shaping problem are
also introduced in Chaps. 5 and 6, respectively.
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Chapter 3
Stabilization of Singularly Perturbed Systems

Stability analysis and controller design are significant problems of dynamic
systems in theory and practice that have attracted the interest of many investigators
[4]. In recent decades, researchers have focused on the problem of stability analysis
and stabilization for SPSs, and these approaches can improve the control precision
of system. In this chapter, we first discuss the concept of stability in general, and
then present four techniques for assessing the stability of a system: (1) introducing
Lyapunov functions; (2) finding the eigenvalues for state-space notation; (3) finding
the location of the poles in the complex frequency plane of the closed-loop TF; and
(4) providing a descriptor-system method to stabilize the SPSs. Note that the stability
of the system should be guaranteed in the entire frequency range, while the related
control system specifications should be specified in the finite frequency ranges to
reduce their conservatism.

3.1 Stability Analysis of Dynamical Systems

Let us begin to discuss the stability and instability of systems informally. For an
unstable system, there may be a huge shock with small inputs or small initial state
variation in states.

Consider the LTI continuous-time system

x(t) = Ax(t) + bu(t), x(0) = x©, (3.1

which is known as the state transition equation, and then an equilibrium is a state
x () satisfying Ax(¢) + bu(¢t) =0 forall > 0.

© Springer International Publishing Switzerland 2017 51
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Definition 3.1 (Equilibrium [4]) A vector x(¢) is equilibrium state of a dynamic
system with an input function u(t), if it has the property that once the state reaches
x(t) it remains at x(¢) for all future time.

Next, we give out definitions of stability for a general system. We consider four
types of stability in this chapter, namely internal stability, quadratical stability, expo-
nential stability and Hurwitz stability.

Definition 3.2 (State Stability/Internal Stability)

1. Anequilibrium state x (¢) is stable if there exists an 11( with the following property:
for all p; satisfying O < u; < o, there is an w such that if ||x(#) — xo ()] < u,
then ||x(z) — x(@®)|| < w1, forall t > tg;

2. An equilibrium state x(z) is asymptotically stable if it is stable and there is an
© > 0 such that whenever || x(¢) — x(¢)|| < u, then x(¢) — x(¢) as t — o0;

3. Anequilibrium state x (¢) is globally asymptotically stable if it is stable and with
arbitrary initial state xo(t) € X, x(f) — x(¢) as t — oo.

It is worth pointing out that these stability concepts are referred to as internal
stability, which represent properties of the system states involving the qualitative
behaviours of the zero-input state response, i.e., the response of a related homoge-
neous state equation that relies solely on the initial states.

Definition 3.3 (Exponential Stability) System (3.1) is globally uniformly expo-
nentially stable if there exist constants ¢ > 0 and u > 0 such that the solution of
(3.1) satisfies

lx@)] <exp ™ lx(O), >0,

for any initial state x©), where || - || denotes the standard Euclidean norm in R".

Remark 3.1 Asymptotic stability and exponential stability are equivalent concepts
for the LTI cases.

We also present an energy-based stability analysis which origins in the work of
Lyapunov. Lyapunov function methods can be conducted in both linear and nonlinear
systems. However, we focus on its specialization to linear systems.

Definition 3.4 (Lyapunov Function) A real-valued function V (x(¢)) defined on Q
is called a Lyapunov function, if the following conditions are satisfied,

1. V(x(t)) is continuous;
2. V(x(t)) has a unique global minimum at x (¢) subject to all other points in €2;
3. V(x(¢)) is non-increasing in time ¢, for any state trajectory x(¢) contained in €.

Remark 3.2 The Lyapunov function can be considered as the generalization of the
energy function in control systems. The first requirement simply means that the graph
of V(x(t)) has no discontinuities. The second requirement means that the graph of
V(x(t)) has its lowest point at the equilibrium. Moreover, the third requirement
generalizes the well-known fact that the energy in a control system should always
decrease.
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Remark 3.3 For the linear state equation (3.1), the stability analysis using the
Lyapunov function can be made more explicit. First, we can focus on energy-like
functions in the quadratic form,

V(x)=x"Px = o pijXix;,

in which, without loss of generality, the matrix P = [p;;]is assumed to be symmetric,
i.e., its elements satisfy the constraint p;; = p;;. A quadratic Lyapunov function is
positive-definite overall of R” if and only if P is a positive-definite symmetric matrix.
In general, the constraint that V(x(1)) < 0,or AV (x(r)) < Oissufficient to guarantee
the stability of linear and nonlinear systems, even if V (x(¢)) is constrained to match
a quadratic form.

Quadratic stability is a special class of exponential stability, which implies asymp-
totic stability, and has attracted the attention of many researchers due to its impor-
tance in practice. Note that the sufficient conditions for the existence of quadratic
Lyapunov functions can be expressed in terms of LMIs. The following lemmas are
useful throughout this section.

Lemma 3.1 (Quadratic Stability Condition) There exist a positive definite symmetric
matrix P, such that
ATP+PA <O, (3.2)

for the continuous-time case, or
ATPA—P <0, (3.3)

for the discrete-time case, hold.

Definition 3.5 (System Stability) Consider a continuous-time linear system
xX() = Ax(1). 3.4

It is said to be stable if all the eigenvalues of the matrix A have non-positive real
parts; in this case, we also say that the matrix A is Hurwitz critically stable, and it is
said to be asymptotically stable if all the eigenvalues of the matrix A have negative
real parts, and in this case we also say that the matrix A is Hurwitz stable.

Lemma 3.2 There are the following properties of eigenvalues for the linear system
(3.4):

(1) If at least one eigenvalue of A, Re(A;) > 0, then the system is unstable; and
(2) The stability is asymptotic if and only if for all i, Re(A;) < 0.
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3.2 Stability Analysis and Integration

Stability is a crucial requirement in control system design and other fields. It is
desirable to construct a state feedback controller K for the LTI SPS analyzed in
Sect. 1.3.2:

@) | _ | An A || xi@®) B, B,
|:8)'cz(t):| - |:A21 A221| |:X2(t):| + |:Bz:| u(t) + |:sz1| w(t),
x1 (1)
x2(1)

(3.5)

¥y =[C ] [ ] + Dyu(t) + Daw (o).

where x;(t) € R™ and x,(#) € R™ are the slow and fast states, respectively, and
n = np + n, is the system dimension. u(¢) € R? is the control input, w(¢) € R” is
the external disturbance and y(¢) € RY is the measurement output. The small positive
constant ¢ € (0, €*], where ¢* is upper bound of ¢ from the formula (1.33). Using
the forced singular perturbation method, the SPS (3.5) can be decoupled into a n;-
dimensional slow subsystem and a n,-dimensional fast subsystem.

The slow subsystem, denoted by X, is represented as

X () = Agxy(t) + Busus(t) + Byyw(t),

3.6
3o(0) = Coxy (1) + Dytu(0) + Dyyw(t), G0

and the fast subsystem, denoted by X, is expressed as
Xp(1) = Anxy(t) + Bous(T) + Byow(1), 3.7)

v(T) = Coxy(v) + Diuys(t) + Dow(n).

It is appropriate to consider the following decomposition of feedback controls
where
ug(t) = Kox,(t), us(r) = Kpxp(r).

Then, the closed-loop subsystem using the above feedback can formulate the closed-
loop slow closed-loop subsystem:

X (1) = (As + Bus K)xg(t) + Bysw(t),

35(0) = (Co + Dus Ko)xa(1) + Dyow(1), G:8
and the closed-loop fast subsystem,
Xp(t) = (An + B2Kjp)x (1) + Byow(t), (3.9)

V(®) = (Co 4 DiKp)xs (1) + Daw(7).

Internal stability is a basic requirement for a practical feedback system. The reason
behind this is that all interconnected subsystems may be unavoidably subject to
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some initial conditions and some (possibly small) errors, and it cannot be tolerated
in practice that such errors at some locations will lead to unbounded signals at
some other locations in the closed-loop system. Internal stability guarantees that all
signals in a system are bounded provided that the injected signals (at any locations)
are bounded.

In the following sections, we provide the sufficient conditions for the stability
property of the system (3.5) based on a LMI approach, we develop the state feedback
controller that guarantees the following:

1. The states of linear SPSs achieves the internal stability;
2. The poles of the closed-loop SPS are within a pre-specified region.

In order to alleviate the ill-conditioning of SPSs resulting from the interaction of slow
and fast dynamic modes, the high-order LMIs are decomposed into e-independent
and e-dependent LMIs. The e-independent LMIs derived in Sect.3.3.1 are not ill-
conditioned, and the e-dependent LMIs in Sect.3.3.2 approximate to zero when ¢
is small enough. It can be shown that when ¢ is sufficiently small, the original ill-
conditioned LMIs are solvable if and only if the e-independent LMIs are solvable.
The proposed approach does not involve the separation of states into slow and fast
ones, which can be applied in both standard and nonstandard SPSs.

3.3 Stability Theory on Time Domain

3.3.1 Method Based on Slow and Fast Subsystems

In this subsection, we will discuss the design of stabilizing controllers for SPSs on
the basis of simplified models. For the stability analysis problem, the first question
is whether the whole system is stable. It is necessary to require that both the slow
and the fast subsystems are asymptotically stable.

According to Lemma 1.3, the stability of the slow subsystem and the fast subsys-
tem can guarantee the stability of the original SPS for ¢ € (0, ¢*], where ¢* is the
upper bounded of . The following work is done based on this concept.

Lemma 3.3 [1] (Projection Lemma) Let Q € R">*™ ¢ € R" and I € R"*"™, Let
¢+ be any vector such that t+¢ = 0, i.e., the superscript L denotes the projection
of the vector. Then, the following statements are equivalent:

(1) ¢*0¢ <0, forany I''¢ =0, ¢ #0;
Q) rtort* <o;
(3) Exist x € R™*™ such that Q +He(I"x) < 0.

Theorem 3.1 For given scalars py, q1, p» and q, satisfying p1q1 > 0 and prq> >
0, the closed-loop SPS (3.5) can achieve the internal stability for any ¢ € (0, £*],
if there exist symmetric matrices Wy, Py > 0, Wy and Py, > 0, and matrices ks, Ky
such that the following LMIs hold:
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0P W, al, 1
s — Ws 14n,
|:Ps Oj| <He|:AsWs+BusKs:||:p11nli| ’ (310)
T
0 Pf _Wf q21,
< He ’ ? . 3.11
|:Pf 0 i| |:A22Wf + Bsz:| |:]721n2 G.11)

The state feedback sub-controller gain can be solved as Ky = ;W !, Ky=usW, L
Hence, the composite state feedback controller gain is given as

K =[K,+K;A5 Ay + Ky A5 BoK Ky .

Proof First, the stability of the closed-loop subsystems is investigated.
Consider the following Lyapunov function:

V, = xSTPsxs, P, > 0.
Differentiating V, with respect to ¢ along the trajectories of Eq. (3.8), it is obtained

Vs = xST Pox, + xSTPS)'cS,
= xAT[(As + BusKs)TPs + Ps(As + BusKs)]xs < O,

which is equivalent to

(As + BusKo)" Py + Po(A; + BisKs) <0.
In the same way, the Lyapunov condition for the dual system of (3.8) is represented
as

(As + BusK,) Py + Po(As + By K" <0,

which can be rewritten as

7T
[As + BusK; Inl][;,) f)][(A+,BK) } <0. (3.12)
N ny

According to Lemma 3.3, (3.12) can be converted to the following feasible LMI:

0 P W
[PS 0 ] < He [ASWS + Bk, ] R;. (3.13)

Taking Ry = [ q11,, pils, | with the constraint that p;g; > 0 and substituting it into
(3.13) can yield

0 P —W,
|:P‘Y 0 :| = He |:A.va +Busl<s:| [qllnl piln, ]
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Similar results can be derived for the corresponding fast subsystem, which is omitted
here.

Second, design the composite state feedback controller:

Based on Lemma 1.3, we have the internal stability property for the whole SPS
(3.5) can be guaranteed by the stabilization of its related subsystems (3.8) and (3.9)
for all ¢ satisfying ¢ € (0, £*]. In other words, the establishment of LMIs (3.10) and
(3.11) can ensure the internal stability of the whole system (3.5).

Considering that u; = Kx,, uy = Kyxy, a composite control for the full SPS
(3.5) might then be taken as

u=u;+uyr=Kx;+Kyrxy.

It should be pointed out that a realizable composite control requires the system states
X1, xo rather than xg, x . The substitution of x; = x1, x5 = x2 — X2, the composite
control can be converted into the realizable feedback form

u=Kx; + Kplxa + Ay (Anxi + BoKox)] i= Kyxy + Kpxa,  (3.14)

where K| = K, + KAy, BoK, + KA Ay

Remark 3.4 The associated degree of conservatism of Theorem 3.1 depends on the
selection of the real scalars py, qi, p» and g,. Compared with results in [3], Theo-
rem 3.1 can be treated as a special case of pole-placement, which guarantees that all
poles of SPSs should locate in the left half of s-plane.

3.3.2 A Descriptor-System Method

Deficiencies of classical slow-fast decomposition method is that more than one sub-
controllers should be designed, and a gain schedule should be provided to produce a
full-dimensional state feedback controller based on sub-controllers. In this subsec-
tion, methods from descriptor systems are introduced to provide a general framework
on how to handle the e-dependent Lyapunov function of SPSs. Contrast with methods
in Sect. 3.3.1, the proposed methods are utilized to avoid the slow-fast decomposition,
and the designed controller can be applied directly in the original SPS.
For notational convenience, let us define the following notions:

NENG | An A | B | Bwi
ga)‘[xxn}’AS‘[Aﬂ/eAnw}’Ba‘[Bye]’B““[aﬂm}
and C = [C1 Cy ] then the SPS (3.5) can be represented as

£(t) = AL (1) + Beu(t) + Byew(?),

y(t) = C¢(t) + Diu(t) + Daw(t). (3.15)
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Applying the state feedback controller u(t) = K¢(¢) into the system (3.15), the
closed-loop system is obtained,

C(t) = (Ae + B:K)C(t) + Buew(t),

y(t) = (C + D1 K)¢(t) + Dyw(2). (3.16)

Theorem 3.2 For given scalars p, q satisfying pq > 0, the closed-loop SPS (3.5)
can achieve the internal stability property, if there exist symmetric matrices Wy,

P, = [ P gplz] > 0 and k, such that the following LMI holds:

EP]*Z 8P22
0 |:P1T1 8P12:|
P, Py -W
H § I, pl,|. 3.17
P P . < e|:AWg+Bng|[q Pl ] (3.17)
SPIE P22

The state feedback sub-controller gain can be solved by K = kW, L

Proof As for the stability analysis of the system (3.16), we consider the following
e-dependent Lyapunov function

V(@) =) Pt (),

Py ePpy
& P1T2 & P22
Then, the derivative of V (£(¢)) along the trajectories of Eq.(3.16) is

where P, =

V@) =) [(Ae + B.K)" P. + P.(A. + B:K)]¢(t) <0,

which is equivalent to
(A+BK)T[P118P12:|+[ Py P

A+ BK) <0,
P|T2 Pzz 8P|€ P22:| ( )

A A B
where A = ,B = .
|:A21 Azz] [Bz

Similarly, the Lyapunov condition for the dual system of Eq.(3.16) is shown as
(A + BK) [Pll 8P12] n [ Py P

A+ BK)* <0,
Plg P22 EPIQ P22:|( )



3.3 Stability Theory on Time Domain 59

which can be rewritten as

0 |:Pl] 8P12:|
T T
[A+BK 1] P Po |11 A+ BE o (s
Py P 0 I,
8P1T2 P22

Based on Lemma3.3, it can be seen that (3.18) can be converted to the following
feasible LMI

0 |:P1T1 €P12]
Py, Py —W,
H § I, pl,|. 3.19
Py Py 0 = e|:AWg+BKgi|[q P ] G-19)
ePl, Py

Remark 3.5 We point out that the associated degree of conservatism in Theorem 3.2
depends on the selection of the real scalars p and ¢, which indicates the locations of
poles of SPSs in the left half of s-plane.

Remark 3.6 Theorem 3.1 involving slow-fast decomposition may bring in more con-
servatism than Theorem 3.2. Theorem 3.2 does not require the separation of states
into slow and fast ones, which can be applied in both standard and nonstandard SPSs.

3.4 Stability Theory on Frequency Domain

This section proposes a new method to decompose the SPSs. The low-frequency and
high-frequency subsystems are obtained by the low-pass filter and the high-pass filter
detaching respectively. The new composed rule has been studied for the SPSs. It is
verified conciseness of the decomposition method and effectiveness of the proposed
composite controller on frequency domain.

Classical slow-fast decomposition methods are conducted by separating the SPS
into slow and fast subsystems in different time-scales ¢ and 7. Slow and fast
sub-controllers are designed to realize the control specifications of slow and fast
subsystems, respectively. A composite controller has been designed based on the
sub-controllers [2]. Contrast with the existing methods, we discuss the decomposi-
tion of the SPSs in the frequency domain. The low/high-frequency model is extracted
by the low/high-pass filter, and the composite controller is formulated by sum of the
related sub-controllers.

Consider an SPS in the form of

@) | _[An Apn || x1®) B
|:8562(l):| B |:A21 A22:| |:x2(t):| * [Bzi| “().

0 =[C 6] [Qgﬂ ,

(3.20)
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where x;(t) € R™ and x,(¢) € R™ are the slow and fast states, respectively, and
n = nj + ny is the system dimension. u(¢) € R? is the control input, w(t) € R” is
the external disturbance, and y(#) € R? is the measurement output. The TFM of
(3.20) from u(¢) to y(¢) is

G(s) = C(sE. — A)"'B,

where

5, o _ | Au An _| B _
E€_|:O 81,,21|’ A_|:A21 A221|’ B_|:Bz:|’ C_[Cl Cz].

Assuming that the weighting function W (s) is equivalent to the low-pass or high-pass
filter to accomplish the frequency decomposition of the SPS (3.20) in the correspond-
ing frequency range. In this concept, the TF for the related frequency subsystem is
denoted by G(s) W(s).

It has been proven that the addition of inertial element to the TFM G (s) corre-
sponds to add a new pole to G (s) such that the amplitude response of G (s) decreases
faster, which benefits the low-frequency characteristic of G (s). Conversely, an addi-
tional differentiation element is equivalent to add a new zero to G(s) such that the
amplitude response of G(s) increases faster, which can be used to change the high-
frequency characteristic of G (s). Thus, we can improve the frequency characteristic
of the SPS (3.20) by changing zeros and poles of G(s).

Here, the Butterworth filters are used to extract the low- or high-frequency com-
ponents of the system (3.20) the low-frequency Butterworth filter in the following
form:

bo

Wi(s) = ,
1s) §" 4 @y st 4 4 ag

and the high-frequency Butterworth filter in the form of

Sﬂ

Wi(s) = .
h( ) s" +Cl”_1sn_1 +---+ao

The TF for the low-pass Butterworth filter shown in Fig.3.1 is

1

G = s
51(5) C1C2R1R2S2+(C1R2+C2R2)S+ 1

where the quality factor, Q = %, / %, and the related parameters are

1
Rf == R] = Rz, fc == m, C] ZZQCf, CZ = Cf/2Q

Based on the low trade-off frequency w;, w; = we can calculate Ry, Cy.

_L
RpCy>



3.4 Stability Theory on Frequency Domain 61

Fig. 3.1 The structure of
low-pass Butterworth filter

Fig. 3.2 The structure of
high-pass Butterworth filter

Similarly, the TF for the high-pass Butterworth filter shown in Fig.3.2 is

C1C2R1R2S2

G = s
5h(S) C, C2R1R2S2 + (C1Ry + CoRy)s + 1

where the quality factor Q = %, / g—f, and the related parameters are

Cr=Ci =0, fo= , Ri=R;/20, C; =20Ry.

2w Rf C f
Based on the high trade-off frequency wy,, Ry, C are easily obtained.

In addition, the following theorems are useful to keep the stability of the SPS
(3.20).

Theorem 3.3 Consider the system (3.20) with the TFM G(s). The TFMs for the
slow subsystem and fast subsystem are denoted as G,(s) and G ¢ (s), respectively. If
Gy (s) and G rs(s) are the stabilizing controllers for the two subsystems, then the
composite control to stabilize the whole system (3.20) can be formed as

O(s)
1 = Gs(s)Gsc ()G £ (5)G 5 ()G (),

Ge(s) =

where O (s) = 2G(5)G £ (5)Gsc(S)G e (8) + G (8)Gye () + G (5)G e (5).

Proof The SPS (3.20) is paralleled by the low-frequency subsystem and the high-
frequency subsystem such that the following expression is set up:

Gs(5)Gyc(s) Gr()Gre(s)  _  Gs(8)Gscls)
GS(S)Gsc(s) +1 Gf(s)ch(s) +1 GS(S)Gsc(s) + 1

(3.21)
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The sub-controller G,.(s) is used to stabilize the slow subsystem such that all the

poles of
G5 (5)Gye(s)

G(5)Gye(s) + 1

are located in the left half s-plane. Similarly, all the poles of the closed-loop high-
frequency subsystem are located in the left half s-plane, too.

From Lemma 1.2, the poles of the whole system can be estimated by the sum of
poles of related slow and fast subsystems. All the poles of

G(s)G(s)
G(5)G(s) + 1

should be placed in the left half s-plane to guarantee the internal stability of the
whole system.
By solving (3.21), we have

O(s) _ G()Ge(s)
(Gy(5)Gye(s) + (G ()G rels) + 1) G($)Gels) + 17

which gives
O(s)

G.(s) = .
1 =Gs(5)Gse(5)G ()G pe(5)G(5)

Example 3.1 Consider the following SPS:

x1(t) = x1(t) + 2x2(t) + 2u(1),
exo(t) = x1(t) + 2x2(¢) + 2u(t), (3.22)
Y@ =x() +x00).

Taking ¢ = 0.001, the TF for the system (3.22) is shown as

2.002s — 6

G(s) = .
(%) = 5.0015% = 5.0015 1 3

The trade-off frequencies are given as w; = 0.5rad/s, @, = 100rad/s. We can get
the low-frequency subsystem in Fig.3.3, if

1

W) = ——
A S Y

And, the high-frequency subsystem is in Fig. 3.4, if

0.0001s2

W (s) = .
1(8) = 57000152 1 0.021215 + 1
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Bode Diagram
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Fig. 3.3 The bode diagram of low-frequency subsystem

Bode Diagram
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Fig. 3.4 The bode diagram of high-frequency subsystem
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Based on Theorem 3.3, the sub-controllers for slow and fast subsystems are shown

by

and

s* —5000s3 — 535.452% + 870.8s + 750
s+ 2.553 + 126752 + 1081.5s + 5379°

Gy (S) =

s* —4788.95% — 1.048 % 10°s% — 4.932 % 1075 4 3 % 107
Gcf(s) =

s* —1999.85s3 + 1070452 + 50265 + 19490
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state response

1 1 1

1
0 2 4 6 8 10 12

Time [s]

Fig. 3.5 Dynamics response of an SPS

The composite controller is given by

(s —3)%(s> — 0.25s + 1.22)

Ge(s) = .
(s — 1995)(s — 6)(s — 0.6)(s2 — 0.4s + 2)

The effectiveness of the composite controller is revealed in Fig. 3.5.

3.5 Conclusion

In this chapter, we give out definitions of stability of control systems in Sect. 3.1, and
conduct the stability analysis of SPSs hereinafter. For SPSs with stable fast modes,
the high-order SPS can be stabilized via the stabilization of the degenerate system
[2]. As for SPSs with some unstable fast modes, Lyapunov methods have been proven
to be effective tools to stabilize SPSs. The stability analysis of SPSs is performed
based on Lyapunov function in Sects. 3.2 and 3.3, where both e-independent and ¢-
dependent Lyapunov functions are constructed. Conservatism of these methods have
been presented and compared to show their effectiveness and merits. In Sect.3.4,
slow-fast decomposition has been conducted in the frequency domain with slow/fast
modes extracted via low/fast filter, and a new composite controller for SPSs has been
presented. Finally, we need to point out that the stability should be guaranteed in the
entire frequency range, that is why GKYP lemma is not used in this chapter.
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Chapter 4
Finite Frequency H,, Control for Singularly
Perturbed Systems

In this chapter, we consider the finite frequency H,, methodologies of SPSs based
on a dual version of GKYP lemma approach, which is more suitable for feedback
synthesis. Two different methods are mainly utilized, namely the classical slow-fast
decomposition method and the descriptor-system method for SPSs. The classical
slow-fast decomposition method aims at applying this dual GKYP lemma in slow
and fast subsystems, respectively, to achieve the desired performance characteristics
for the closed-loop SPSs. The descriptor-system method for SPSs is intended to solve
the problem as a whole to avoid the degradation of model accuracy resulted from the
forced decomposition method. A multiplier method is then developed to render the
synthesis conditions convex through the change of variable, in the state feedback or
output feedback setting.

4.1 Background Information for H,, Control of Singularly
Perturbed Systems

In this section, we first state the background information for H,, control of linear
SPSs. A general linear system is represented by

X() = Ax(t) + Biw(t) + Bou(t),
z(t) = Ci1x(t) + Dyyw(t) + Du(t), 4.1)
y(t) = Cox(t) + Dyyw(t) + Doult),

where x(t) € R" is state vector, w(t) € R” is the external disturbance, u(¢) € R? is
the control input, y(¢) € R? is the measurement output, and z(z) € R® is the con-
trolled output. A, B;, C; and D;; (i, j = 1, 2) are all appropriate dimensions matri-
ces. The standard block diagram of the system (4.1) is shown in Fig.4.1.

The TFMs G(s) and K (s) are, by assumption, real-rational and proper. The
TFM from the external disturbance w(¢) to the measurement output z(¢), denoted by

© Springer International Publishing Switzerland 2017 67
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Fig. 4.1 The standard block w e z
; R .
diagram Gol(5) .
# L | ¥
K(s) [«

G, (s), has the following partition

Gu(s) GIZ(S)i|
G,,(s5) = .
aw(S) [G21(S) Gn(s)
Recalling the results in Chap.2, it can be seen that |G, (s)||o can be used to

perform the function of an amplifier from disturbance to the system output. Then,
the following H,, problem of linear systems can be formulated.

Problem 4.1 For the linear system (4.1), we design a state feedback control law or
an output feedback law under the internal stability constraint such that the following
requirement,

G ($)loo < s
holds for a given positive scalar y .

Remark 4.1 Internal stability is a fundamental property of a dynamic system, which
is merely dependent on the state-space matrix A. Moreover, H, control also dis-
cusses a type of external stability called bounded-input, bounded-output (BIBO)
stability, which requires the gain from external disturbance to measurement output
is restrained,

1Gaw($) oo < v

Following are two examples of the standard Hy, problem.

1. Model Matching Problem
In Fig.4.2, the block T; represents a model to be matched by the cascade con-
nection of three blocks 75, 73 and Q. Here, 7; (i = 1, 2, 3) are given, and the
controller Q is to be designed. Assume that 7; € RH,,i = 1,2,3and QO € RH,
should be required, where RH,, denotes R space which satisfies Hy, condition.
For this purposes, the model matching criterion is represented by

Fig. 4.2 Model matching T
" >< |

PT;"": Q}P{Tg
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sup{lly(@)ll2 : w(t) € Ha, [w(®)l2} < y.

Thereby, the energy of the error y(¢) can be minimized for the worst input w(z)
of unit energy. On this basis, an equivalent criterion is thereby given as

1T — T20T5ll00 < ¥-

The model matching problem can be recast as a standard problem by defining
| T o
6=[1%] k=

2. Tracking problem
Figure 4.3 reveals that the block P is the plant to be controlled, and the output
v(t) ought to track a reference signal r(¢). Controlled input u(¢) is produced by
passing r(¢) and v(¢) through controllers C; and C,, respectively. Note that r(¢)
is an unknown fixed signal. Here, P and W are given, and C;, C, are the blocks
to be designed. The tracking error signal can be formulated by r(¢) — v(¢), and
the cost function is thereby defined as

(r@) = vl + llpu@®)13)"2,

where p is a positive scalar representing weighing factor. Including pu(¢) in the
cost function is to ensure the existence of an optimal proper controller. It should
be noted that the cost function is equal to the H, norm of

r(t) — v(t)}

y(@) = [ ou(t)

Therefore, the tracking criterion is taken to be

[y lloo < v

Over the past few years, researches on SPSs in the Hy, sense has been highly
recognized in the control area due to its great practical importance [2-6, 12, 13,
16, 21, 22, 25, 27]. Luse and Ball [16] solved the H,, problem in the frequency
domain. Pan and Baser [21, 22] used the theory of differential games and obtain
necessary and sufficient conditions for the existence of a suboptimal solution as well
as the construction of the suboptimal solution. Khail and Chen [12] had solved a

Fig. 4.3 Tracking problem W 7
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more general version of the Hy, problem using the state-space algorithm. Dragan [2]
studied the asymptotic expansions for game theoretic Riccati equations and showed
how they may be used in singularly perturbed H, control. More recently, Fridman
[4] also considered a construction of high-order approximations to a controller that
guaranteed a desired performance level on the basis of the exact decomposition of the
full-order Riccati equations to the reduced order slow and fast equations. However,
all these papers consider the H,, optimization over an entire frequency range. This,
in a certain sense, does not take advantage of the special frequency characteristics
analysis, which may result in some conservativeness in the designs.

The KYP lemma [23], one of the most fundamental results in control and sig-
nal processing, established the equivalence between a FDI characterized by the TF
and a LMI associated with its state-space realization. The standard KYP lemma,
however, is only applicable for the infinite frequency range. A very significant devel-
opment made by Iwasaki and Hara [8—11] was the GKYP lemma, which established
the equivalence between a frequency-domain property and a LMI over a finite fre-
quency (FF) range, and enabled designers to impose performance requirements over
chosen finite or infinite frequency ranges. Hence, it is very suitable for analysis
and synthesis problems in practical applications, where different specifications over
different frequency ranges are usually required.

4.2 Finite Frequency H,, State Feedback Control

In this section, H, control synthesis of linear time-invariant SPSs based on a GKYP
lemma is investigated. By employing the GKYP lemma on low-frequency and high-
frequency ranges of SPSs, respectively, a slow (low-frequency) sub-controller and
a fast (high frequency) sub-controller are designed to stabilize slow and fast sub-
systems, and satisfy individual H., performance specifications. A composite con-
troller for the full-order SPS is constructed via the two well-defined lower order
sub-controllers. The problem of designing stabilizing controllers for SPSs is dis-
cussed based on simplified models. For this problem, it is necessary to require that
the slow and the fast subsystems are asymptotically stable with some prescribed H,
constraints.

In Chaps. 1 and 2, a singularly perturbed model has already been given. Consider
an LTI SPS, which is expressed by

x1(t) = Anxi(t) + Apxa(t) + Biu(t) + Byw(t),
exp(t) = Anix1(t) + Axa(t) + Bou(t) + Bow(?), 4.2)
y(t) = Cix1(t) + Coxa(2),

where ¢ > 0 is a small perturbation parameter, x;(#) € R" and x,(¢#) € R™ are
the slow and fast states, respectively, and n = n; + n, is the system dimension.
y(t) € R? is measured output vector, u(¢) € R? is the control input, and w(¢) € R"
is the external disturbance. The matrices A;;, B;, B,; and C; (i, j = 1,2) are of
appropriate dimensions.

The assumption in the following is established throughout the section,
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Assumption 4.1 Ay, is nonsingular.

Remark 4.2 As mentioned in Chap. 1, Assumption 4.1 is widely used in SPSs, which
guarantees the existence of A,', and is the requirement for the classical decomposi-
tion method of singular perturbations. With certain conditions, the high-order com-
plicated system (4.2) could be reduced to two low-order subsystems that are called
a reduced model (slow subsystem) and a boundary layer model (fast subsystem).

With the assumption, the SPS (4.2) is customarily referred to as a standard sin-
gularly perturbed model [13].

Hence, by decomposing the SPS (4.2), we get slow and fast subsystems, namely
the slow subsystem X,

X15(t) = Asx15(t) + Busus(t) + Byyw(t),

(4.3)
ys(t) = Cyx15(2) + Dusus(t) + Dy w(1),

where A, = A1 — A12A% Asi, Bus=Bi — A1nA5)' By, By = Byt — AnAy,) Buo,
Cy = C, — C2A%) Ay, Dys = —CaAy,) By, D,y = —C2A3) Byya, and the fast sub-
system, denoted by X'y,

Xof(T) = Axof (1) + Bou p(7) + Byow(1),

4.4)
V() = Coxap (7).

We focus on the application of state feedback control laws of the form
us (1) = Ksxis (1), up(tr) = Kpxop(7),

with the goal of achieving desired H., performance characteristics for subsystems
X and X'r. Then, the closed-loop subsystems are shown as follows, the slow closed-
loop subsystem,

).Cls(t) = (As + BusKs)-xls(t) + Bwsw(t)v

4.5)
Vs (@) = (Cy + Dys Ky)x15(t) + Dyysw(t),
and the fast closed-loop subsystem,
X27(7) = (A + B2Kp)x27 (1) + Byow(1), 4.6)

V(1) = Caxgp (7).
It has been shown in [15-17] that G (s, €) has a two-frequency-scale TFM with

Gy(s) = Cy(s1y, — A;) "' Bys + Dy,
G;(p) = Ca(ply, — Ap) ' By,

if an SPS is a minimal analytic realization for G (s, ¢).
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Here, the TFs G,(s) and G ;(p) are mentioned as the low-frequency (slow) and
high-frequency (fast) approximations of G(s, ¢), respectively. The high-frequency
scale p = es corresponds to the fast timescale T = #/¢ in the time domain. Thus, the
problem under discussions can be described as follows.

Problem 4.2 (H,, Control Problem) Find a state feedback u(t) = Kx(t), such that
the closed loop of SPS (4.2) satisfies:

1. Internal stability;
2. Foragiveny > 0, ||G(s, €)oo < v, for sufficient small parameter ¢ > 0.

Problem 4.3 (Slow H, Control Problem) For the slow subsystem (4.5), the problem
is summarized as follows: the state feedback sub-controller gain K is designed such
that for a given «; the following requirements are satisfied:

L IGOIZ <y, $2:={ollo] <o
2. The closed-loop system (4.5) is stable.

Note that here the H,, norm optimization is restricted in a specific regional £2;.
For convenience of later development, define M the state-space matrices of G * K,

that is
AS BWS BMS
M, = [cs DJ*[DM}KS[’”’ 0].

Theorem 4.1 Let scalars p, and q; satisfying p1q; > 0, and y > 0, and matrix
R; € R"<Cm+r+) be gjven. The closed-loop system of the slow subsystem (4.5) is
stable and satisfies that for a given w; > 0, when |w| < wy, |Gy (s)Ilfo’ < y holds,
if there exist symmetric matrices P; € R"*" >0, P, e R"*", Q; e R >0
and W, € R™*™ and matrices ¥, € R"*™ and V; € R™*P"Y D sych that the
following LMIs are satisfied:

0 P ] [ —W
I:I)x 0 | < He _ASWg + Bm%} [Clllnl pl[n] ] ) (47)
-0,0 P 0 ] [ —1,, 0 0
0L 0 0 CHe| O kO W{,R’ 48)
P 0 wlel 0 Ay By By €%/ZR ’ ’
0 0 0 _y21q_ | Cs Dws Duv s

With the conditions, a feasible state feedback gain is then given by K, = ;W

Proof By [9], the matrices associated with the frequency separation can be

selected by
01 -10
(b_|:101|’ tII_|:O a)21|'

In this sense, the set A(P, ¥) can be specialized to define a low-frequency range of
variable w.
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On the other hand,

1GI2 <y = 0(G,(jo), IT) = [G‘ng)} ” [ngm} =0

I, O
where IT = |:O _yzlqj|'

According to Lemma 2.2, we know that the above inequality holds if and only if
there exist symmetric matrices P, = P and Q; = Q] > 0 such that the following
inequality holds,

N PRP+Y R0, 0
0 I

] NT <o, (4.9)

where N := [ M 1,44 ].

Note that the condition (4.9) is not convex due to the product terms between the
parameters P;, Q; and ;. To solve it, a multiplier method is developed in [8], which
reparameterizes the condition so that the problem becomes convex. To be specific, a
sufficient condition based on the multiplier method is given in [8] to make condition
(4.9) hold. If there exist matrices Wy € # (6,, R;), and JZ; such that the following
LMI holds

I,

I, 0 0
W,R,

r| 2P+ Ye0 0 | O~ 0 v, |, @10
O H AS BVVS Bus %R
Cs Dy Dy s

then the inequality (4.9) is satisfied.

On the other hand, we take the closed-loop stability into account, and a feasible
stability condition taken also from [8] is given as follows: if there exist matrices W,
P; > 0, and K such that the following LMI holds:

0 P —W;
T A

then the closed-loop system (4.5) is stable. This completes the proof.

Remark 4.3 Theorem 4.1 gives a sufficient condition for the existence of a static
feedback gain that achieves H,, performance for the slow problem. The conditions
are given in terms of LMIs and can be solved numerically. The associated con-
servativeness is dependent upon the choice of R;. In the state feedback setting, a
reasonable choice has been proposed in [9]. In the case of the continuous-time, small
gain condition, a feasible choice of R; in the low-frequency range can be chosen as

R =[001, (D,B)HT],

which, however, presents some potentially conservativeness.
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Remark 4.4 Without loss of generality, if Ay, B, Bus, Cs, D,s and D, are all
real matrices, then P, P; and Q; in Theorem 4.1 are restricted to real matrices.

Problem 4.4 (Fast Hy, Control Problem) For the fast subsystem (4.6), the following
problem aims to find a state feedback gain K ; such that the following requirements
are satisfied for a given wy,:

1. When w;, € 2, := {w||w| > wy}, ||Gf(p)||foh < y is satisfied;
2. The closed-loop fast subsystem (4.6) can achieve the internal stability withw = 0.

Define M as the state-space matrix of system G * K ¢,
| A2 Bw B,
Mf.z[cz 0 }L[O]Kf[lnzo].

Similarly, here the H,, norm optimization is restricted on a specific regional £2,.
One of our main results is given as follows.

Theorem 4.2 Let R, € R™*CFD and py, g2, y > 0 be given, with paqy > 0.
The closed-loop system of fast subsystem (4.6) is internally stable and satisfies that
for a given crossover frequency wy, > 0, ||Gf(p)||£jl < ¥?, |w| > w, if there exist
symmetric matrices Py € R">" >0, P, € R™*™, Q, e R"™*" >0 and Wy €
R"™*"™ and the matrices # € RP*" and V), € R™ "0 sych that the following
LMIs are satisfied,

0 Py —W;
|:Pf 0 ] = He [Afo + 3295?} [k Pl ] A1)

Qh O Ph O _Inz 0 O

01 0 0 | _ gl 0 =& 0 W{,R" @.12)
P, 0 —wlQ, O Ay Bwy Bus %/];Q . .
00 0 —y2, Cy Dy Dyy o

And with these conditions, a feasible state feedback gain is given by K y = W}?l.

Proof From [9], we know that the set A(®, ¥) can be specialized to define a high-
frequency range of frequency variable by an appropriate choice of @ and ¥,

01 1 0
o= Vo] v =[]
In this case, A(®,¥) = {jw : w € §2;,}. The following is similar to the proof of
Theorem 4.1, and is omitted here.

Remark 4.5 Theorem 4.2 gives a sufficient condition for the existence of static feed-
back gain that achieves H, performance for the fast problem. The condition is given
in terms of LMIs and can be solved numerically. The associated conservativeness is
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dependent upon the choice of Rj,. In the state feedback setting, a reasonable choice
has been proposed for the high-frequency continuous-time, small-gain condition,

Ry=[1,000].

Based on the composite strategy shown in Fig. 4.4, the gain of a composite state
feedback controller is given as

K=K, +K;A5 Ay + K;Ay BoK Ky . (4.13)

Remark 4.6 The composite controller undertaken in this section has already been
utilized in Chap. 3 to discuss the stability for SPS, which is different from the previous
literature [4, 12, 21, 22], where the composite controller in the sense is just taken as
the connection of K and K, that is, K = [KS K f] . The main reason behind this
is that the states of slow and fast subsystems are x;; and x, s, respectively, and the
sub-controllers K and K ; are used to control x;; and x,y, respectively. The states
of the original SPS (4.2) are (x;, x») rather than (xi, x2), which are controlled by
the composite controller K.

The potential explanation for this difference is that we consider the H., control in
a FF range rather than in an entire frequency range. Here, the composite controller
form (4.13) is more effective to solve the ill-posed problem of an SPS.

Note that cross-over frequencies w; and wy are closely related with the con-
servatism of Theorems. Next, we present how to effectively choose the cross-over
frequencies w; and wy,.

Algorithm 4.1 The prescribed values of w; and wy, are given as the following algo-
rithm.

Fig. 4.4 The composite u (t) x(0)
strategy Original Linear
High-Order System

ECOUPL
X Slow Fast
! Subsystem Subsystem

E Slow Fast
! Subcontroller Subcontroller

m ‘/Kr([)

e “c(t) < y

Composite Controller '
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Stepl. Calculate the module of low-frequency TF G,(jw) and high-frequency TF
Gf (8ja)).

Step2. Given error accuracy e = 0.01 and sufficient small parameter ¢, for w =
0:0.0001 : 100, if |[Gs(jo)ll — IG s (ejw)|l < e, then w is achieved.

Step3. Choose w; € [0, w] and wy, € (@, +00).

To summarize, we have solved the Hy, controller design problem of SPSs in the
specific frequency domain, and we have shown how to decompose the H, control
problem into slow and fast subproblems in each frequency scale.

4.3 Finite Frequency H,, Output Feedback Control

To the best of the authors’ knowledge, methods to realize FF H,, control of SPSs
remain as an open research area in the literature. This section presents approaches
for the design of static and dynamic output feedback controllers according to the
frequency characteristics of SPSs. A novel strategy for the design of mixed output
feedback controller (MOFC) is proposed in the sum of the static output feedback con-
troller (SOFC) and dynamic output feedback controller (DOFC), where the numeri-
cal stiffness of the whole SPS is alleviated. In this sense, the original ill-conditioned
control problem can be solved within a specified order-of-¢ accuracy.

Consider the following linear SPS with n-dimensional dynamics representing the
fast and slow phenomena:

x1(t) = Apxi(t) + Apxa(t) + Byiw(t) + Byu(t),

ex2(t) = Ao1x1(t) + Anxa(t) + Buaw(t) + Bau(?),
y(@) = Cix1(2) + Crax2(t) + Dyyw(t) + Dipu(t),
7(t) = Co1x1(2) + Cox2(t) + Dyyw(t) + Dou(t),

(4.14)

where ¢ is a perturbation parameter and 0 < ¢ < 1; x;(¢) € R" and x,(¢) € R™ are
the slow and fast states, respectively, n; + ny = n. u(t) € R” is the control input,
w(t) € R" is the external disturbance, y(f) € R? is the measurement output, and
z(t) € R’ is the controlled output. Matrices A;;, B, B;, C;; and D;; (i, j = 1,2)
are constant matrices with appropriate dimensions.

Applying Laplace transform with zero initial condition, the system (4.14) can be
converted into the following frequency model:

Ax1(s) Ay Az By1 By x1(s)

erxa(s) | _ | A2t A Bup By x2(s) (4.15)
y(s) C1 Ci2 D1y D2 w(s) |’ '
z(s) Cy Cyo Dy O u(s)

where X is the frequency variable.
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Consider the linear SOFC:
u(®) = Kz(r), K € R?*S, (4.16)
Substituting (4.16) into (4.14) yields

X1 = (A11 + B1KCa)x1 + (A2 + B1KC)xp + (By1 + B1K Da)w,
exp = (A1 + BpKCo1)x1 + (Axp + BoKCo)xpy + (Byo + BoK Dyp)w, “4.17)
y=(C11 + D12KCa1)x1 + (C12 + D12KC2)xp + (D11 + D12K Dap)w.

Take the DOFC into consideration,

¥ = Ak + Bz,
X = Aext+ Bz (4.18)
u

= Cyx + Dyz,

where X € R’ is the state vector, and Ay, By, Ci, Dy, are uncertain matrices to be
N . A7 1T

identified. Denoting & = [xlT £ ] , & € R the closed-loop system for (4.14)
can be expressed as

£ =Ang+ Apz+ Baw,
exy = A€ + Anxy + Byow, 4.19)
y =Cné+ Cpx;+ Dyw,

where
AA _ —A” —I—B]DkCz] 31Ck A" — A12+BleC22
H By Cy A |0 TP ByCy ’

- T

N Az + B, D C A

Ay = |7 Bzék k 21i| , An = Apn + B DiCxy,

A [ B,1 + BiDD -

B = wl BkDIZIk 21:| , Bys =By, + B,DyD»,
) T

o Cy + DD C A

Cii = |: ! Dlzlék ' 21:| s Cio=Cia+ DinDiCos,

A

D,, = Dy + D12Dy Dy,

Remark 4.7 (The characteristics of SOFC and DOFC) SOFC is simple and prac-
tical, but its response rate is much slower than DOFC. Considering the dynamic
performances of output feedback controllers, the SOFC is effective to suppress the
low-frequency disturbances, while the DOFC can detect the high-frequency interfer-
ences immediately to restrain them to a large extent. Note that the DOFC using here
should be of lower order than the fast subsystem to facilitate the practical implemen-
tation of the proposed control scheme.
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Definition 4.1 (Slow and Fast Transfer Function Matrix (TFM)) The TFM G (e, s)
from the input u(s) to the output y(s, ¢) is given by the sum of the slow and fast
TFMs [13],

v(s, &) = G(s, &)u(s) = [Gs(s, &) + Gr(p, &)lu(s).
The slow TFM is a function of s:
G(s, &) = Cs(sl,, — Ay) "' By + D,
and the fast TFM is a function of p:
Gy(p.&) =Cs(ply, — Ap)"'Bs + Dy.

The TFMs from the external disturbance to measurement output of slow and fast
subsystems are denoted as Ty, (s) and T, ¢ (p), respectively.

To derive the main results, the following definition of FF H, control of SPSs is
needed.

Definition 4.2 (FF H., Control of SPSs) The LTI SPS is said to have H,, property
if, for any initial values x;(0) and x,(0), there exists an output feedback controller
in form of (4.16) or (4.18) such that

1. the closed-loop systems of the slow and fast subsystems are asymptotically stable
when w(t) = 0;

2. Hy, norms of the closed-loop slow and fast TEMs, T, (s) and Ty, (p), satisfy
the constraints below.

| Tyus )| o, < v, @ € {0l o] < @), (4.20)
| Tyr (P, < v. @ € {@] @] > wy). 4.21)

Remark 4.8 The full-frequency H, control is a special case for the FF H, control
when the symmetric matrix Q in the GKYP lemma is set to zero.

Hence, the aim of the section is to derive the sufficient conditions in terms of &-
independent LMIs, and design output feedback controllers to realize the performance
indexes (4.20) and (4.21) hereinafter.

Using the classical SPMs in [13], system (4.14) can be separated into slow and
fast subsystems, with the slow subsystem established as

X = Asxy + Bysw + Byu,
y = Cyx1 + Dysw + Dyu, 4.22)
z = Ysx1 + Yow+ Yu,
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where

Ay = A1l — ApAy) Ay, By = Byt — ApAy By, By = Bl — ApAy By,
Cy = Ci1 — C1aA% Ast, Dys = Diy — C1pA5) Bya, Dy = Dip — CoA3) B,
Yo =Cy — C22A£21A21, Yoo =Dy — C22A£21 By, Y3 = —6‘22142721 B,.

The open-loop TF of system (4.22) with u = 0, denoted by G, (s), is
Gyws(s) = Cs(SInl - As)_les + Dyys. (423)
Plugging (4.16) into (4.22), the closed-loop slow subsystem via the SOFC is

X1 = (As + B;KY1)x1 + (Bys + ByKY0)w, (4.24)
y= (Cs + DgKYs1)x1 + (Dys + DgKY0)w, ’

_ - A, B, B
andMsszAS-l—BsKCS:[CjDWi]—l—[Di]K[YHYS].

Plugging (4.18) into (4.22), the closed-loop slow subsystem via the DOFC is

é = Ayi§ + Byw,

y = CSd%‘ + DSdWa (425)

where

{ Al — A12A2_21A21 (B — Alez_lez)Ck } B [ By — A12A2_213w2 }
sd = _ _ s = _ s
Bi(Ca1 — CopAyy Agy) Ag — BiCao A3y ByCy B(Da1 — CAyy) Bya)

Ci - C12A§21A21
Csd =

T
o CioA=l ByC ] ., Dsg = Dy _C12A2_213w2-
12 — L1249, B2)Ck

The state-space realization of the closed-loop system (4.18) is represented as

Myq = Asg + BoaKiaCsa (Dy = 0),

where
i A1l — A12A3 Agy 0 By — ApAyy Buy | 0 By —ApAy' B
Agqg = 0 ) 0 0 : » Bsa = | Iny, 0 |
C11 — C12A5 A21 0 D1y — C12A5; Byo 0 D —Ci245, By
—1
Cog = [ 0 . In,, 0 » :| Koy = [Ak — BrCnA,, BrCy Bk]
Co1 —CnAy A1 0 Dy — CopAyy By ' Ck 0

and Ky is the unknown parameter matrix to be determined.
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The resulting description of the fast subsystem is demonstrated as

Xy = Apxy + Byow + Bou,
y = Cpx2+ Dyw+ Dpau, (4.26)
z = Cypxo + Dyyw.

The open-loop TF of the fast subsystem, defined by G,,, s (p), is
Gywi(p) = Cra(ply, — An) "By + Dy (4.27)
Substituting (4.16) into system (4.26) gives us that

X2 = (An + BoKCx»)xy + (By2 + BoK Dop)w,

(4.28)
y = (Ci2 + DK C)x3 + (D11 + D12 K Dap)w,
and
Mjs=A;+ B;KCy = [éfi gﬁ] |:£122:| K[Cxn Dy ].
Plugging (4.18) into (4.26) gives
X2 = (An + B2DiCa2)x2 + (Bya + BaDi Dar)w, 4.29)

y = (Ci2 + D12DyCy)x2 + (D11 + D12 Dy Dap)w,

and

T 2 = Az By B

M¢g=Arg+ ByaDiCygq = Dy | C Dy |-
fd fd rdDiCra |:C12 D11:| |:D12:| k[ 2 21]

Remark 4.9 (The Frequency Domain Nature of SPSs) With the aid of the classi-
cal SPMs, the whole system is decoupled into the slow and fast subsystems. From
the frequency-domain perspective, the slow (fast) subsystem is composed of low-
frequency (high-frequency) components. To avoid the unnecessary frequency over-
lap, the related subsystems should work in the disjoint frequency bands. In other
words, the slow (fast) subsystem in the low (high) frequency range is used to repre-
sent the low (high) frequency characteristic of SPS.

In addition, the assumption in the following is established throughout the section.

Assumption 4.2 T,,,,(s) and Ty, s (p) have no unstable lost poles.

Remark 4.10 Lostpoles are defined in [17] through the usage of parameter-dependent
system matrices. Assumption 4.2 guarantees the stability of the uncontrollable and
unobservable part of the whole system, which essentially guarantees that there are
no singularities induced by unstable lost poles.
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Next, sufficient conditions for bounded realness with the stability constraints of
the related subsystems are given in terms of LMIs. Methods to design the composite
SOFC and DOFC for SPSs are stated. Then, the entire frequency range are divided
into three parts: the low-, middle- and high-frequency ranges. Different frequency
ranges lead to different control strategies. Furthermore, the MOFC is constructed
comprising of the composite SOFC and DOFC to achieve better control effectiveness
of the whole system.

4.3.1 The Slow Subsystem and Associated H, Controller
in the Low-Frequency Domain

Theorem 4.3 Let weighing matrices R; € R**@1++0) and R. € R***™, crossover
frequency w;, and the disturbance attenuation index y > 0 be given. If there
exist positive definite matrices Py € R™*™ and Q; € R"*™, symmetrical matri-
ces P € R and W, € RS, and matrices V, € R"*21 y, ¢ RO+ xQ@utr+q)
and ;s € RP** such that the following LMIs are satisfied,

. i T W Ry
|: 0 Py < He|: o U =YX 0 i| ‘s/s é (4.30)
T i ’ :
ASYSl As(ny — YlexI) By Hss Rs

0
- ~t WsR
I T _ AT sk}
0 10 8 <He| TG TUmtr =G Co) 0 vl @3
) ASCS As(1n1+r _Cs CS) Bg J{/SSRI

then the closed-loop slow subsystem (4.24) is stable and satisfies Eq. (4.20) for a
given w;. With these conditions, a feasible SOFC gain is given by K = w,~ L,

Proof (1) First, the stability of the slow subsystem is proven.
Provided that w = 0, we select the Lyapunov function of the slow subsystem,

V(x(1) =x" (1) Px(t), P, € R"™ > 0.
Taking the derivative of V (x(¢)), we have
V() = xT Pk + 17 Pox = xT Py(Ag + ByKyYs1)x +x7 (Ag + ByKgsYy1)T Pyx.
Since a matrix has the same eigenvalues as its transposition, it is established that

(As + BsKssYsl)Ps + PS(AS + BsKssYsl)T < 0,
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which can be represented as

T
[As + BiK Yo I, | [ . PS} [(A“ B Kl } <0.

P&‘ 0 1n1

and by Lemma 2.3, can be simplified by setting %, = K W,

0 P —Xs
[Ps 0 ] <H6[ASXS+BS%SRJ] (4.32)

with x; = le WiRs + (Inl - YSTl Y1) Vs.
Substituting x, into (4.32) implies

_yt _ _yT Wi R
|: 0 Psi| < He|: Ys% (L, Y‘Y%YS]) 0 i| Vs . (4.33)
P 0 AYL A~ YY) B

(2) Realize the FF bounded realness for the slow subsystems.
To get the target frequency set £2;, we select

o-[03) v-[22]
The low-frequency bounded-real property of the slow subsystem can be formulated
by letting
= |:10’ _7/02 Iq} ’
and the inequality hereinafter can be derived from Lemma 2.3,

PP +¥Y Q0,0

Tz T
NT[ 0 n} TTNT <o, (4.34)
As + BsKssYsl Bwir + BstsYsZ Inl 0

=[M 1 .
Cs + DA‘KSSYX] Dw‘v + D.YKSS‘Y.YI 0 Iqi| [ ss fmta ]
For a certain R; satisfying conditions in Lemma 2.2, we have

PRIP+Y®Q; 0|, .1 ) —Xi
T[ 0 H}T <He| i+ BAr | ¢

where N = |:

where 7, = K ;W;. Here, the multiplier x; belongs to the class of

X1 € W (Cy, Ry) = (C{ Wy Ry + (Iny4r—Ci C) V)| Wy € R¥*S, V) € ROTHIXCitr40))
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Hence, (4.35) can be rewritten as

s WsR)
, [qb ®P+¥®Q 0 ] 7 <He| TG, T — GG 0 vi |, (4.36)
0 7 AsCs As(In +r — C5Cs) Bs His Ry

where A,, B, and C, are defined in My, and T is the permutation matrix such that
[ My My M3 My | T = [ My M3 M, My ].
It can be seen that (4.36) can be represented in the compact form,

-0, 0 P 0 ' ; W.R,
05, 0 0 _¢f - _éte. s
B 0o, o | <He G Uy = CeCo) O v |. @37
l @y AsCs As(Inj4+r — C5Cy) By Hss R
00 0 —y% 5

This completes the proof.

For the system (4.25), we can get the following result.

Theorem 4.4 Let matrices Ry € RETWXRemtnotr+dl gug R, e RO+ x20m+m)
the crossover frequency wj, and the disturbance attenuation index y > 0 be
given. If there exist positive definite matrices Pgy € RUTX0+nd  gpd
Qg e RUFm X m+n0) - symmetrical — matrices — Pjg € R X+ gpq
Wy € RETIX64n)  apd  matrices Vg € RM*m)x2mtng qng Ve
ROutmAnxRm+ntr+al - qych that the following LMIs are satisfied,

i T WsaR
—C —(1 -Cc..Cc.) O sd Rsd
[ 0 P‘gd] <He|: Xi e sdsd Vsa , (4.38)
AsaCoy Asa(ny4n, — Cg4Cyy) Bsa Ksd Rsa

TG ) o ct « ClCw) O WsaRia
—_ -_— np+r — R (1 S d
R A <He|: o e ] Vi |, (4.39)
1d w0 Q4 > AsaCyy Asa(Inj4m+r — C54Csa) Bsa Ksa Riq
0 0 0 -y, :

then the closed-loop slow subsystem (4.25) is stable and satisfies (4.20) for a given w;.
Thus, the parameter matrices of the DOFC (4.18) can be calculated by the fol-
lowing formula, 3
AiWsar + BiWsaz = ksar, CeWsar = Ksans

where

K . . .

Ky = sdl . Keg1 € Rnkx(nk-&-s)’ Kedn € R.&X(nk"ré)’
Ksd2

Wsa1

Wsaz

Ay = Ay — ByCnAy) ByCy.

W,y = |: i| W € R x (ts) W, € RS (ts)
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Proof (1) Realize the stability and FF bounded realness for the slow subsystems.

Using the DOFC (4.18), the closed-loop system can be represented by (4.25). To
eliminate the coupling part in (4.25), we set D; = 0 compulsively, which makes it
possible to convert the conditions into the LMI form. In this sense, it is easy to verify
that Azz = Ap. Thus, the slow subsystem (4.25) can be rewritten by

é = Axd%' + Bgaw,
4.40
7 = C‘vdé + DydW7 ( )

where

J= Al — A12A2_2111‘\21 (B — A12A2_2l 1192)Ck By = By — Alez—zl ?wZ
N - - — k] Y - — ’
Bi(Ca1 — C22A5, A21) Ax — BrCa2Ayy BaCy By (D21 — C22A5, By2)

- - -1
Csa = [Cn - C12A221 Az (D12 — C12A221 By)Cy, ] » Dsg = D11 — C12A5, By
The state-space matrix can be written in the standard form in Lemma 2.3,

Mvd = Asd + Bdest_‘xd’

where
n ALl = A1pA3y Agy 0 By — ApAy Byy | 0 Bi—AnAy B
Asd = 0 . 0 0 . s Bsd = Ink 0 | B
C11 —C12A5 A21 0 D1j — C12445, By 0 Dip—CipAy By
Cog = [ 0 1 In; 0 . ] Koy = |:Ak - BkC22A2_21 BCy By ] '
Ca21 — CnAy A2y 0 Doy — CopAyy Byo Cr 0

Note that Ay, contains no uncertain parts in the case of Dy = 0 and Ay, = Ay, In
this way, the integral quadratic constraints can be transformed into LMIs. The next
procedure is similar as that of Theorem 4.3, which is omitted here.

(2) Calculate the parameters of the DOFC.

Partition k,, into two parts, namely

K
Kog = [KSZ;] . K1 € RnkX(l’lk+S)’ Ksgo € Rsx(nkJrs)_
S

Simultaneously, we can see that Wy, can be separated into two parts in corresponding
dimensions with k41 and k42,

Wea = |:WSd1i|  Wea € Rnkx(”k"!‘A)’ Wi € REX(uts)
sd2
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Then, x;g = K4 W,, can be rewritten as

Ksd1 | _ Ay B [ Wear _ AW + BiWian

Ksd2 Cry 0 || Wsa2 CiWia1 '
where A; = Ay — ByCn A3, BrCy.
5 It is obvious that Ak and B; are uncertain because any Ak, By, satisfying
AxWiar + BiWsa2 = ka1 are the feasible solutions. For the convenience of cal-
culation, we assume A is known beforehand or selected artificially to meet the

engineering requirements. Then, the parameter matrices of the DOFC can be given
by

Ay = Ay + ByCnAy,) ByCy,
By = (ksar — AxWea) Waan',

Cr = ksaxWiar'.

This completes the proof.

In addition, for a certain R, we can derive the controller to minimize the disturbance
of the closed-loop system through searching for y. Hence, the concept of FF H,
suboptimal control is put forward.

Corollary 4.1 There exists a SOFC (4.16) to stabilize the slow subsystem (4.17)
and to satisfy (4.20) if (4.30) and (4.31) are feasible and

i 4.41
P:er,?’zl,nWs,Vr v ( )

where the parameters required are defined in Theorem 4.3.

Corollary 4.2 There exists a DOFC (4.18) to stabilize the slow subsystem (4.19)
and to satisfy (4.20) if (4.38) and (4.39) are feasible and

min (4.42)
Pyi, Q1as Pias Wsa, Via v

where the parameters are referred to in Theorem 4.4.

Remark 4.11 1t should be noted that the minimum value of y relates to the selection
of weighing matrices. In other words, the disturbance attenuation index yy,;, obtained
by Corollary 4.1 or 4.2 can be further optimized with a better choice of R, which is
the concept of design of the FF H,, suboptimal controller. However, due to the fact
that ymi, is a bit bigger but gradually tends to the real value of yp,, this method can
be used to obtain the estimation of yy,,. In fact, consequences in Corollary 4.1 or 4.2
are more useful in engineering applications to estimate the disturbance attenuation
degree of the closed-loop system.
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4.3.2 The Fast Subsystem and Associated Controller
in the High-Frequency Domain

For a system (4.28), the following results are established.

Theorem 4.5 Let weighing matrices R; € R***™ and Rj € RS*®tr+d) the
crossover frequency wy, and a scalar y > 0 be given. If there exist positive def-
inite matrices Py € R"™*" and Qj € R"™*™, symmetrical matrices P, € R"*"™
and W; € R**%, and matrices V;, € RUAIXCntr4d) gnd v, e R™>22 and K5 €
RP*S such that LMIs below are satisfied,

i i W¢R
0P ¢l —(py — CLCyy) 0 IRy
[Pf 0’]<He|: 2 : nTn ]|: Vi :|, 4.43)

AnCly Ap(ly, — C3,Ch) B HysRy
On 0 Py 0 = oile
015 0 0 ~Cl Uy =CCp) 0 | | WrRs
P 0 -2 o || 1 et g 6y B O
o 8 " _y2[ A‘[Cf Aplyytr — Cfcf) By Hys R

then the closed-loop fast subsystem (4.28) is stable and satisfies (4.20) for a given
. A feasible SOFC gain is given by Kr = .%/Sfo’I.

10 0—-w
A(®, W) can be specialized in a high-frequency range of the frequency-scale .
Here, A(®, ¥) = £2;,. The part to follow is similar to the proof of Theorem 4.3 and
is therefore ignored here. This completes the proof.

Proof Through an appropriate choice of @ = [0 1:| , U= |:1 0 2:|, the set
h

In system (4.29), we have the following result.

Theorem 4.6 For given weighing matrices Ry € R**?" and R, € R¥*Cratr+a),
and disturbance attenuation index y > 0, if there exist positive definite matrices
Prq € R™*™ and Qpq € R™*™, symmetrical matrices Ppq € R™*™ and Wyy €
R, and matrices Vyq € RUTIXQntr+a) "y e R0 and 'y € RP*S such
that LMIs below hold

T WraR
[ 0 Pfd] < He|: —Cl, (= C3HCy) O ] { /;/dfdfdj| . (4.45)

Prg 0 AnCl, Apn(ly, — C,Cp) B

fd 2Cyy A2 (ln, 2C2) B2 HraR g
Ona 0 Pha 0

A WraR

0 I 0 0 _C}'d _(In2+r_c;'dcfd) 0 fdThd 446
P 0 202, 0 |~ A0 A Ci.Cra) B Via |, (4.46)
a T %h¥hd fd& g AfdUnat+r = Cpgfd fd ,
00 0 —yi ¢ Hfd Rnd

then the closed-loop fast subsystem (4.29) is stable and satisfies (4.21) for a given wy,.
Moreover, the parameter matrices of the DOFC can be given by Dy = 4 Wfd’1
with Ag, By and C4 being any matrices of corresponding dimensions.



4.3 Finite Frequency Hy Output Feedback Control 87

Proof Using the DOFC (4.18), the closed-loop fast subsystem can be represented
by (4.29). Considering that & is rather slow compared with the fast state x,, we have
T 5 = Axn By By
M:iy=A¢;+ BsyDyCry = + Dy | Cx D7y |,
fd fd fdk& fd [C12 D111| |:D12] k[ 22 21]
which is similar to M, in Theorem 4.5.

It is obvious that parameters of the DOFC, Ay, By and Cy, are less related with
fast dynamics, which can be chosen as arbitrary matrices of corresponding appro-
priate dimensions. When the composite DOFC is designed to realize specifications
of two subsystem at the same time, the properties of the slow subsystem are mainly
determined by Ay, By and Cy. This completes the proof.

Similarly, the concept of the suboptimal Hy, control for the fast subsystem is stated.

Corollary 4.3 There exists a SOFC (4.16) to stabilize the fast subsystem (4.26)
and satisfy the high-frequency control system specification (4.21) if LMIs (4.43) and
(4.44) are satisfied with
min v,
Pr, Q. Pp,Wp, Vi

where the parameters above are defined in Theorem 4.5.

Corollary 4.4 There exists a DOFC (4.18) to stabilize the fast subsystem (4.26)
and satisfy the high-frequency control system specification (4.21) if LMIs (4.45) and
(4.46) are satisfied with

min Y,
Pra,QfdsPha;Whd,Via

where the parameters referred to are defined in Theorem 4.6.

To reduce the conservativeness, the cut-off frequencies w; and @y, are determined,
which are related with three factors: the parameters of the open-loop system, the
desired external disturbance attenuation degree y and the general frequency range
of the external noise £2,,. The strategy to obtain w; and @y, is presented below.

Algorithm 4.2 The prescribed values of w; and @y, are given as the following algo-
rithm.

Stepl.  Calculate the module of open-loop low-frequency TFM G .5 (j ) and open-
loop high-frequency TFM G, ¢ (j).

Step2.  Given error accuracy e, y and sufficient small singular perturbation para-
meter &, for wy, if |G ws(Jowr) — Y| < e, then wy is obtained. Similarly, for @y, if
IG.wr(jor) — v < e wy is obtained.

Step3.  Choose w; € [0, w;] and @), € [y, +00]. Also, w;, = @y /¢.
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Then, the entire frequency range can be divided into three parts, namely the
low-frequency range 2, the middle-frequency range £2,, and the high-frequency
range .Qh,

2 = {00 < |o| < @}, 2n = ooy < 0| <o), 24 = {ollo] > ).

Remark 4.12 (The design of the stabilizing controller) The feasibility of LMIs
(4.30)—(4.43) can ensure that the internal stability of slow and fast subsystems. As
mentioned in [14], if there exists a scalar ¢* > 0 such that, for any ¢ € (0, £*], the
stability of the two related subsystem, then the stability of the original SPS can be
guaranteed. Then, we put forward the design method of the stabilizing controller.

T . WR,
P, 0 ASYxl AX(I”“ - YSlYSl) B; %Rv

WR
[ 0 p‘,} - He[ _c% —(Ly, — c;%cn) 0 } fo
Pf 0 A22C22 A22(In2 - szczg) BZ %Rf

where the related parameters have been mentioned in Theorems 4.3 and 4.5. It follows
that the stabilizing controller gain is K = .# W™,

Remark 4.13 (The design of the composite SOFC) To realize the control system
specifications (4.20) and (4.21) by using the SOFC (4.16), it is necessary to find the
static gain K that satisfies Ineqs. (4.30), (4.31), (4.43) and (4.44) simultaneously.

Remark 4.14 (The design of the composite DOFC) Apparently, the DOFC can be
separated into two parts,

_ [ Ax — BiC2 A5 B,Cy By oo
Ksd = |: Ck 0 B c%/fd = 0 Dk .

The controller gain «,, have significant impacts on the slow dynamics, while the gain
4 is mainly used to control the fast modes. When Dy is rather small, the composite
dynamic output feedback controller gain can be roughly chosen as kg = k5q + 4.

Different controllers are designed to attenuate different types of disturbances.
As the measurement techniques developed, the frequency range of external noises
can be estimated. For example, a frequency metre can be used to determine the
general frequency band that external disturbances operate. On the other hand, the
SPSs contain abundant dynamics with different rates of convergence with fast (slow)
modes dominating the early (late) part of the time history, such that a SOFC can be
adopted to suppress the low-frequency disturbances while the DOFC can be utilized
to restrain the high-frequency interferences.

Next, the approach for designing the MOFC is proposed.
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Fig. 4.5 Design of the mixed output feedback controller

Remark 4.15 (The Design of the MOFC) The MOFC shown in Fig.4.5 is composed
of three parts, namely the measurement unit, the decision-making unit and the exe-
cuting unit. The frequency range of the external disturbances, w,, can be tested by
the measurement unit. Then, the decision-making unit derives the control strategy
which is stated as follows. Finally, according to the control strategy, the executing
unit works to get the best system performances.

The decision strategy. In case of no disturbance or middle-frequency distur-
bance exists, the stabilizing controller plays a role such that the designed system can
work stably, which is also the initial state of the mixed controller; If the external
disturbances are in the low-frequency range, w, € £2;, the SOFC is chosen; when the
external disturbances are in the high-frequency range, w, € £2;, the decision-making
unit switches to the DOFC to increase the response rate to track the fast dynamics
and decreases the effects of the high-frequency disturbances. Hence, the MOFC is a
piecewise controller.

Remark 4.16 An abrupt switch between controllers may cause unacceptable closed-
loop behaviours such as transients or bumps. A high-gain feedback F can be activated
in the switching time to drive the off-line signal to be close to the online signal, and
be removed when the switching process ends.

Example 4.1 Consider the SPS with parameters given by

T
13 2 1 2
Apn = |:21:|, Ap = [_2], Ay = |:2i| , Ap =[-3], By = |:1:|,

T T
-1 -3 1.5 2
By, =3, Bl=|: 11 ],Bz=|:1.5] ,C11=|:1‘5] , Cio =10.8],

17" 17"
Cyi =|:1:| , C»n =[1.5], Dy =[-1.5], D12=|: 1 i| , Dy =[-2].
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Magnitude Response of The Slow Subsystem
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Fig. 4.6 FF H, of slow subsystem via static output feedback controller

Magnitude Response of The Slow Subsystem
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Fig. 4.7 FF H control of slow subsystem via DOFC

According to Figs.4.6,4.7,4.8 and 4.9, it can be seen that w; = 12 rad/s and @y, =
185 rad/s. Based on Algorithm4.2, the whole frequency range can be divided into
three parts: the low-frequency range: £2; = {w|0 < |w| < 12}, the middle-frequency
range: 2, = {w]12 < |o| < 185} and the high-frequency range: 2, = {®||®] >
185}.

In Figs. 4.6, 4.7, 4.8 and 4.9, the left side shows the relationship between 2 norm
of the TFM of the closed-loop system and the frequency variable w. Meanwhile, the



4.3 Finite Frequency Hy Output Feedback Control 91

Magnitude Response of The fast Subsystem
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Fig. 4.9 FF H control of fast subsystem via DOFC

right side represents the bode diagram of the closed-loop system with log magnitude-
frequency characteristics and log phase-frequency characteristics shown. Specially,
the phase-frequency diagram reflects the response rate of the whole system.

In the slow subsystem, w;, y, € are chosen as w; = Srad/s,y = 1 and ¢ = 0.01.
With aid of the MATLAB® LMI Toolbox, a feasible solution to Inegs. (4.30) and
(4.31) can be obtained
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—27.9568 66.0124 =1 -3.2853 3.1487
7.4679j| 0 |: 0.1578 —0.0518j|
b l= 9

W, = [1.2470], P, = [ 157.0954 —27.9568] B [ 12.3234 —3.2853]’

1.9662 —0.0518 0.0255

V. — 27.3760 30.0588 —4.4518 —14.7617
771 30.0588 —47.7531 —14.7617 —42.0719 |’

—44.3155 —585.7411 524.8048 244.9483 —229.7876 874.5
V; = | —33.4304 —791.3471 751.0901 109.4174 —294.8302 1155.7
27.6860 177.7587 —191.7318 1.2475 45.8796 304.9

o

From Theorem 4.3, we can find the SOFC gain as

5.9889
K. = [1.5768]’

According to Theorem 4.3, we can conclude that the slow subsystem (4.17) has FF
H,, property in the low-frequency range. The simulation result is shown in Fig.4.6
where the dotted box indicates the bound on the gain of the TFMs.

Similarly, we can validate Theorem 4.4. Solving (4.38) and (4.39), the following
feasible results are obtained.

929.0617 —681.1686 —0.9183
—681.1686 514.0504 0.6444 |,

—0.0086 —0.0002:| p
’ sd =
—0.9183  0.6444  0.0920

Wea = [—0.0002 —0.0928

—9.2908 —1.7119 —2.3380 9.1082 —0.5993 0.3612
Py =| —1.7119 3.1227 0.2594 |, Qs = | —0.5993 0.0728 —-0.0132 |,
—2.3380 0.2594 —0.0979 0.3612 —0.0132 0.0413

—306.4979 640.6144 57.8813 —108.8448 221.4955 18.4215
Via = | 469.9120 192.6315 77.4581 86.6957 —157.8142 23.8542
0 0 0 0 0 0

105.8 3390.3 —2164.9 —600.8654 230.3230 866.1944 616.5531 —1500.6
Vi, — | 5476 4260.1 ~2886.6 —603.2756 —54.7234 715.8236 822.1322 —2267.0
ld = 0 0 0 0 0 0 0 0

146.7 —1066.4 721.2 113.3871 198.8414 —203.6730 —207.3898 567.0

The controller gain of the DOFC is calculated as

—5.2201 —0.4746
Ksq = kaW' = | —63.8668 14.0588
—27.5465 4.9730
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According to Theorem 4.4, it is obvious that the slow subsystem achieves FF H,
performance in the finite low-frequency range via using the DOFC. The simulation
is demonstrated in Fig.4.7.

Obviously, comparing the two phase-frequency diagrams in Figs.4.6 and 4.7, we
can see the response rate of the slow subsystem via DOFC is much faster than that
of the SOFC. In this case, we set Ak = 10 to determine the parameters.

Ap =[—22.9280], By =[—-0.5035], Cy = [:gg'ﬁgi] D= [8] '

By virtue of Theorems 4.5 and 4.6, we can get the results of the fast subsystem
in the high-frequency range when choosing w;, = 200 rad/s and y = 1. Based on
Theorem 4.5, the following feasible solutions are derived:

Wy = [17.6185], Py = [47.2767], P, = [~2.7423], Q) = [0.0048],

v, =[00]. Vy = 196.4597 —214.7538 56.5945 —391.6568] [ 16.1927
I= © Y= 0534059 146.4538 65.0159 577.1747 |° S T | —0.1871

The simulation results are shown in Fig. 4.8, where the dotted box indicates the bound
on the gain of the TFMs. Moreover, the SOFC gain is represented by

0.9191
K= [—0.0106]'

By Theorem 4.6, the resulting frequency responses can be seen in Fig. 4.9, where
the solid one is for the open-loop system and the dashed is for the closed-loop one.
In addition, the bode diagrams are also shown in Fig.4.9. The simulations are shown
below,

Wpq =[3.7337], Ppq = [12.4260], Ppq = [-2.3141], Qj, =[0.0013], V; =[00],

v [ 8470 7527460 —17.3874 —1083.5] [ 3.4116
hd =1 _1127.9 9732321 65.7611 14622 | /47| —0.4195 |

Likewise, the parameters of the DOFC are

0 0.9137
A =1[0], By =[0], C = |:0:|, Dy = [_0.1124]-

According to Remark 4.12, the stabilizing controller is

—0.2326
k= [ 1.3790 }
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Magnitude Response of the Closed_loop SPS via Composite Static Feedback Controller
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Fig. 4.10 The effectiveness of the composite via SOFC

The gain of the composite SOFC can be calculated, which is shown as

~0.3550
Kee = [—0.7962]’

with the effectiveness demonstrated in Fig. 4.10.
Similarly, the gain of the composite DOFC is

Ky =

)

A B —22.9280 —0.5035
[C" D"} = | —60.757 0.9137
k 2k —26.446 —0.1124

with the effectiveness revealed in Fig.4.11. To realize the control system specifica-
tions of slow and fast subsystems simultaneously, we remove the constraint D = 0
in Theorem 4.4 and hence sacrifices part of the performance of the closed-loop slow
subsystem to balance that of the fast subsystem. The equilibrium point of the com-
posite gain should be selected carefully. Due to the approximation method mentioned
above, the DOFC is less effective than the static one when stabilizing and realizing
the Hy, norm properties of the whole system. This problem needs to be improved in
the future work.

On this basis, we can design the MOFC according to Remark 4.15. The simu-
lation result is revealed in Fig. 4.12 respectively. The effectiveness of the MOFC
is apparent because the Hy, norm of 7., (s) is restrained in a fixed region, and we
can give considerations to both the response rate and design cost. To better show
the effectiveness of the MOFC, we do the time-domain simulations. The external
disturbances are chosen as w;(t) = sin(¢) and wy, () = sin(300¢). The interference
responses of the closed-loop SPSs are suppressed to some extent, which is shown in
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Magnitude Response of the Closed_loop SPS via Composite Dynamic Feedback Controller
25

T T T T

G,
- T, 8

5 2

Q

ey

[2}

(1]

z

2 15

2

8

Q

i)

3 1

0

§

= |

o
3
T

[
|
|
I
I
0 50 100 150 200 250
Frequency[rad/s]

Fig. 4.11 The effectiveness of the composite DOFC

Magnitude Response of the Closed_loop SPS via Mixed Output Feedback Controller
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Fig. 4.12 The effectiveness of the MOFC

Fig.4.13. We observe that the amplitude of the measurement output is restrained in
a fixed region.

By setting Q = 0, Theorems 4.3—4.6 provide full-frequency conditions for con-
trol system specifications (4.20) and (4.21). In Fig.4.14, ymin(full frequency) >
¥min (finite frequency) when R is set equal. It is obvious that the FF cases achieve
better performances and have less conservatism when compared with the existing
full-frequency approaches.
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Interference Response of SPS via Mixed Controller
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Fig. 4.13 The interference response of the external disturbances via MOFC
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Fig. 4.14 Comparison between the full-frequency and FF approaches

4.4 A Descriptor-System Approach for H,, Control of
Singularly Perturbed Systems

In this section, a descriptor-system method originating in singular (or descriptor)
systems is introduced here to solve the ill-conditioning H, control problem of SPSs,
which avoid the degradation of model accuracy in the classical SPTs. This method
can be applied in both standard and nonstandard SPSs. It is worth pointing out that
the formulation of high-order composite controller is not needed in this method.
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Singular systems have been proven to be the limiting models of SPSs. As ¢ — 0,
two different singular systems are obtained, which could be viewed as the slow lim-
iting model and fast limiting model, respectively. Such limiting models can achieve
the slowest speed and fastest speed, respectively. The basic concept of this method is
to use the slow (fast) limiting model to describe the low-frequency (high-frequency)
characteristics of an SPS. Through specifying the finite frequency control specifi-
cations of corresponding limiting models, the original SPS can achieve the desired
frequency characteristics.

A LTI SPS in the fast timescale t is represented by

x1(7) _ eA eAn x1(7) ¢B B,
[’22(7)} B [ Ay Axp ] [xz(r)] + [ B, }“(f) + [ B.» }W(f),

o =[G [223] + Diu(r) + Dyw(o).

(4.47)

where x;(7) € R" is the slow state vector, x(t) € R" is the fast state vector with
ny 4+ ny = n representing the system dimension, u(t) € R? is the control input,
w(t) € R” is the external disturbance, and y(7r) € R? is the measurement output.
The small positive constant ¢ serves as a measurement of the separation in “speed”
of the slow and fast dynamics in the sense that dx; /dt is O (¢) (afunction f (¢) is said
to be O(e) if | f(e)| < e, for e < ¢*, where p is a positive constant independent
of ¢), whereas dx,/dt is O(1).

In the literature of SPSs, it is common to represent the system in a slow timescale
thatt = er,

X1(8) _ Al A x1(8) B B,
|:8552(l):| - |:A21 Azz] |:x2(t)i| + |:Bz:| u(r) + |:Bw21| w(t),

=[G G] [;8

(4.48)
] + Dyu(t) + Dyw(t).

In the mathematical modelling of a physical system, both of the state-space equations
(4.47) and (4.48) can be used to describe the simultaneous occurrence of slow and
fast phenomena. For a small parameter &, SPSs (4.47) and (4.48) can possess a two-
timescale property, where the eigenvalues generally cluster into two widely separated
groups.

Remark 4.17 In practical applications, the presence of some parasitic parameters
such as small constants, resistances, inductances, capacitances and moment of inertia,
is often the source of singular perturbation phenomena, which gives rise to timescale
techniques. In the process control, such as some chemical changes, the control sys-
tem specification is mainly associated with the performance of the slow-varying
dynamics. For this case, the representation (4.48) is used. However, in the higher
accuracy control, such as the attitude control of UAV, the fast varying modes cannot
be neglected directly. They are scaled in the fast timescale 7 in order to facilitate the
design of control strategy.
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el,, 0
0 I,

@ | L An A || x@®) B, By
T [sz(t)} =T [A21 AZJ [xz(t)] +T [BJ u@®)+T [sz} w(t),

y(t)=[C C;] |:x1(t)

Remark 4.18 Denoting the invertible transform 7" = [ i| , we have

xg(t)] + Dyu(t) + Dow(t),

which can be rewritten as
ex (1) gA1 €A || x1() eBy eB,
. = t 1),
|:8x2(l‘)] |:A21 Ap :||:x2(t)]+|: B, j|u()+|:3w2 i|w()

(4.49)
y(0) =[C ] |:x1(t)

xz(t):l + Dyu(t) + Dow(t),

Defining the fast timescale T as T = /¢, we can see that Eq. (4.49) can be represented
in the fast timescale version as (4.47). Thus, through some elementary transforma-
tions, Eqs. (4.47) and (4.48) can be converted mutually.

As ¢ — 0, the limiting models in the form of Eqs. (4.47) and (4.48) are obtained
as follows:

. (0) 0)

@7 [T o o[ 0 0
[fcé‘”(r)] - [A21 Azz} [xé‘))(r)} * [Bz] u+ [sz} W,
x\” (1)
(1)

(4.50)

y(©) =[C1 G2 |: ] + Diu(t) + Dyw(z).

In Eq. (4.50), the slow variable xfo) is simplified into be known values, and the fast
variable xéo) is modelled accurately, which can be considered as the fastest model
for the SPS (4.47). Hence, system (4.50) is derived such that the high-frequency
components are extracted, with the slow components simplified into the algebraic
constraints, i.e., x; = constant. Thus, Eq. (4.50) can be used to represent the SPS in
the high-frequency range.

Setting ¢ — 0 causes the fast dynamics xéo) to become algebraic, which implies

that the dynamics xéo)

- (0) ©)

X0@ | _ | An A || X (t)] |:Bli| |:BW1]
[ 0 ]_[Azl A22i||:x§0)(t) + B, ule) + B, w(),
X" ()
x5 (1)

respond instantaneously in the slow timescale ¢,

(4.51)

y(t)=[C C;] |: ] + Dyu(t) + Daw(t).
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The limiting model (4.51) can be viewed as the slowest model for the original system
(4.48) with the fast modes simplified into algebraic constraints such that the initial
condition xéo) is lost. In this case, the low-frequency modes are picked out.

For notational convenience, we define

x1(t) eAq] A2 eBy SBW]]
1) = A = . B = . E = R
n(t) [xz(t)] 1(8) [Azl Ay ] 1(e) [Bz } 1(8) [sz
Iny, O A A12:| [31] [Bwl]
E@() = | '™ LAy = By, = L E, = .c=[c cr].
©) [ 0 81112] 2 |:A21 A 2 B 2 By [c1 ]

and then the continuous-time SPSs (4.47) and (4.48) can be rewritten in the following
compact form: the high-frequency model,

n(t) = A1(e)n(v) + Bi(e)u + Ei(e)w(1),

¥(@) = Cn(x) + Diu(z) + Dyw(r), (52
and the low-frequency model,
E(e)n(t) = Aan(0) + Bou(t) + Exw(1), 4.53)

y(@) = Cn(t) + Diu(t) + Dyw(1).

Introducing the state feedback controller u = K, the closed-loop system of SPS
(4.52) is represented as

(@) = A (en() +E(e)w(r),

4.54
¥() = Con(v) + Daw(@), >
where Ai.(¢) = Ai(e) + Bi(e)K and C. = C 4+ D K.
The closed-loop system for the SPS (4.53) is described as
E()n(t) = Ayn(t) + Eow(t),
©n(t) = Axen(t) + Eow(1) 4.55)

y(@) = Cen(t) + Dayw(1).

in which A,. = A, + B> K.
The TFM for the SPSs (4.52) and (4.53) from the disturbances w to the output y
are described by y(p) = G, (p)u(p) and y(s) = G;(s)u(s), respectively, where

Gi(p) = Co(pl, — A1.()) 'Eq(e) + Da,
Gi(s) = Cc.(sE(e) — As) 'Ey + Ds.

Next, we will present method to shape the frequency characteristics of an SPS based
on the limiting models.
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4.4.1 Shaping the High-Frequency Characteristics
of a Singularly Perturbed Systems

The high limiting model, comprising of accurate fast modes and approximate slow
modes, possesses the fastest variation rates of states. Such model can be used to shape
the high-frequency characteristics of an SPS. In this subsection, H,, control design
is demonstrated as an example. According to the inequality techniques, it should be
pointed out that an SPS can achieve the high-frequency H,, property if the limiting
model (4.50) exhibits the H,, property in the high-frequency range.

Problem 4.5 (High-frequency Hy, control problem) For the fast limiting model
(4.50), the state feedback sub-controller gain K ¢ is searched such that, for a given
wy,, the following requirements are satisfied,

1. When wy, € 2, := {ollo]| > wp}, IGH(PIZ < v;
2. The closed-loop system (4.54) is stable.

By solving the high-frequency H,, control problem, the controller gain K s is
obtained so that the amplitude response of the high-frequency model (4.54) in the
high-frequency range can be suppressed below y . In addition, the same K  can also
restrain the high-frequency amplitude response of the original SPS (4.47) below y.

Theorem 4.7 For a given matrix Ry, and scalars y, py and q, satisfying y > 0 and
p1q1 > 0, the closed-loop system of SPS (4.47) possesses the FF Hy, property with
stability constraint in the high-frequency range Ay, if there exist matrices Vy;, and
Ky, and symmetric matrices Py, > 0, P, Qp > 0 and W), such that the following
LMIs hold,

0 Psh Wsh
|:* 0 i| < He |:A1(O)Wsh +B1(O)Ich] [q11, p1ln]. (4.56)
Qh 0 Ph 0 _In O 0
_ Wi Ry,
x I, (3 0 < He 0 [ 0 Ven |.  (4.57)
¥ % —wrQy O A1(0) E{(0) B;(0) o R
x x x —y’l, C Dy D e

Then, the controller gain is given by K y = K, W;hI.

Proof When the external disturbance is in the high-frequency range, the fast timescale
version (4.47) is adopted in which the fast dynamics are modelled accurately rather
than neglected directly.

(1) Stability analysis.

Select the Lyapunov function as Vi = n’ Py, Py, = PSZ > 0 € R™", The
derivative of V| is given by

Vi =T Py + 07 Py,

4.58
=nT(PyAic + Al Pyyn < 0, (4.58)
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which guarantees the internal stability of the closed-loop system (4.47). The Lya-
punov condition for the dual system of (4.47) is written as

Py Aic(e)" + Ae(e) Py, < 0,

T T
Ao T 0 s [ee] Lo 450)

Partitioning A, (&) into two parts indicates that

or

Aic(®)" = pp1 + epna,

where pp; = A;(0) + B1(0)K I, and p, = [AO” Ao‘z} + [%‘ } KI,.

Plugging p51, oo into (4.59), it is derived that
pth ! 0 Py ,OhT]
I, Py, O I,
In th 0 In In Psh 0 In '

T 17 T
2| P2 0 Py Pro
][]

which is equivalent to

T 7 T
Pn1 0 Py Ph1
HRIBAIEE aon
Based on Lemma 2.2, it can be seen that (4.61) can be converted into the following
LMI,
O Psh _In
|:* 0 ] < He |:A1(O) n Bl(O)K} WanRgh. (4.62)

Taking Ry, = [ —q11, p1l, | and substituting Ry into (4.62) yields

0 th Wsh
[* 0 ] < He[Al(O)Wm +B1<0)Kh] Lok pida]. 469

(2) Disturbance attenuation capability.

To suppress the effects form the external disturbance w(z) to the measurement
output y(¢) to a preserved extent, the constraint below characterized by the FDI in
the specified frequency range should be satisfied,
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2
G, (PGi(p) <yl p € Ay (4.64)

Based on the linear system theory, it is easy to verify that (4.64) can be derived from
the similar disturbance attenuation condition of the dual system of (4.47), which is
represented as

Gi(p)Gy (p) < ¥*ly. p € Ay,

or equivalently,

G . [cr
ol wren

I. 0
where [T = |:0 —yzlq:|'

According to the GKYP lemma, we can see that (4.65) can be converted into the
following form,
N@;N] <0, (4.66)

where

. PQP+Y®0,0 _ | Aic(e) Ei(e) I, O
@‘_T[ 0 o M= e b0l

Note that N; can be partitioned into two parts,

N, — | A1) +BI(O)K Ei(0) I, 0
'“| c+DixKk Dy 01,

A Ap B B,
e L85 L0 % oo
0 00
= Nj; +¢eNja.

Using Ni; and N3 in (4.60), it gives
N1 O N} + e(N12O1N{| + N11O|N12) + e N1nO N, < 0. (4.67)
Based on Lemma 2.3, it can be seen that (4.67) is equivalent to
N1 ON] <0 (4.68)

where Ny = [M 1 Intg ], and M, can be rewritten into the standard form as

_ | A1(0)+Bi (0K E(0) | _ | A1(0) E(0) B,(0)
Ml—[ C+DiK D }‘[ c D ]+[ D }K[I"O]"
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From Lemma 2.2, we can transform (4.68) into the following feasible LMI form

_oln —01 8 WiRy
®; < He . Vi , 4.69
=l soEOBO || (40
C Dy D e

where x;, = W, K}, and the state feedback gain can be calculated by K;, = «;, W,:l.
In the high-frequency range, we can formulate ®, as

0,0 Py 0
1

| ox I 0 0
O = * % —a)]%Qh 0
x k% —yl,

Substituting @, into (4.68) yields

Qh 0 Ph 0 _In O 0

“ 0 0 0 | _ | 0 — 0 %Rh
x % —wlQy 0 A1) E;(0)Bi0) | | %
x % =y, C Dy D e

This completes the proof.

4.4.2 Shaping the Low-frequency Characteristics
of a Singularly Perturbed Systems

Similarly, we obtain the low-frequency counterpart.

Problem 4.6 (Low-Frequency Hy Control Problem) For the slow limiting model
(4.51), a state feedback sub-controller gain K; is searched such that for a given w;
the following requirements are satisfied:

1. when v € 2 := {wllw| <}, 1GOOI < y;
2. the closed-loop system (4.53) is stable.

By solving the low-frequency H,, control problem, the controller gain K; is
obtained such that the amplitude response of the low-frequency model (4.54) in the
low-frequency range can be suppressed below y. In addition, the same K, can also
restrain the low-frequency amplitude response of the original SPS (4.47) below y.

Theorem 4.8 Fora given weighing matrix R;, and scalars y, p,, qo satisfying y > 0
and prq, > 0, if there exist symmetric matrices Py > 0, P, Q; > 0 and W, and
matrices Vy, ki, P; = PyE(0), P = P E(0) and Qf = E(0)Q;E(0) such that if
the following LMIs are feasible:


http://dx.doi.org/10.1007/978-3-319-45405-4_2
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|:0P57i|<He|: -Wi i|[qzlnp21,,]. (4.70)

* 0 AWy + Bokyg
Ql 0 P[* 0 —In 0 0
* 00 | O8O W\/;Rl 4.71)
% * Q; 0 A2 Ez Bz K}I)é ’ ’
x x x —y’l, C D, D, 1

Then, the closed-loop system (4.48) has FF H, property with stability constraint in
A;. The controller gain is K; = k; Wfl.

Proof When the external disturbance is in the low-frequency range, the slow
timescale version (4.48) is adopted, where the slow dynamics are modelled with
fast modes represented by algebraic conditions.

(1) First, we do the stability analysis of system (4.48).

Select the Lyapunov function as V> = n” E(¢) Py E(¢) Pyn, Py = PJ > 0. The
derivation of V; is represented as

Va =" E(e) PyE(e)it + (E@)i) PyE(@)n, 472)
= 0" (E(e) PyAse + AL Py E(e))n < 0. '

The Lyapunov condition for the dual system of (4.48) is
E(S)PSIA + Az PyE(e) <0,

which can be rewritten as

P11 P,
AT T 0 si11 sI12 AT
[ IZC i| P.YYINIZ P3122 120 < 0, (473)
n * 0 n
P11 ePgnn
where Py = .
: |:P$12 Pz :|
Based on Lemma 2.2, (4.73) can be converted into the following form, namely
o | Psnr € P I,
PT P, 122 < He WIR l- (474)
. x1120 s A2+B2K s

Taking Ry = [ —q21, p2I, ], it can be seen that (4.74) can be simplified into

0 |:P37[_ll €Ps112i| —w,
) PSmOPslzz < He [A2W1 " B2K51i| [ 921, P26 ] (4.75)
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According to Lemma 2.3, the sufficient condition for the establishment of (4.76) for
certain ¢ € (0, *] is

0 PG —Wi
[* 0 ] < He[AZW[ +B2m] [ 921, P21 ] (4.76)

Py 0 }
Py Pax |
(2) Then, we deal with the disturbance attenuation capability of system (4.48).
To restrain the effects from the external disturbance w(¢) in the low-frequency
range to the measurement output y(¢) to a preserved extent, the requirement below
characterized by the FDI in the specified frequency range should be satisfied,

where P} = |:

G| (5)G(s) < y*I,, s € Ay, 4.77)
which implies
T T T
[Gl (S)} n [Gl (S)} <0, s e A, (4.78)
1, 1,

and can be rewritten in the following form based on Lemma 2.2,

Al C.
Azc E2 E(S) 0 o T Eg D2
|:Cc Dy 0 Iq] TO,T E) 0 <0, 4.79)
0 I,
PRIP+Y QR 0
Where@zz[ ! 0 ani|.
Setting
| A Ey I, O
M [Cc Dy 0 1,,]
and using it in (4.79) can yield
I,0 0 O I,0 0 O
« I, 0 O, .. .| *xI 0 O] r
Ny « % E&) 0 TO,T « % E(e) 0 N, <O. (4.80)
* x x * ok kI
which, according to Lemma 2.2, can be represented by
-0, 0 PE(e) 0 -1, 0 O
* b 0 O Jope| 0 710 WXZR[ (4.81)
x * E(€)QE(e) 0 A, E; B, K% : :
15

* % * —yzlq C D, D,
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A special choice of P; can be given by

Py P
P = :
: |: * L1Pp

and applying it in (4.80) gives

(-0, 0P 0 -1, 0 0
* 00 gl O 40 V[\/;RZ (4.82)
x % Q0 0 A, E; B, K’I’é ’ ‘
| o ox % =y, C D, D, 1
where P = gi P?zz] and Q7 = E(0)Q,E(0). This completes the proof.

4.5 Finite Frequency H,, Tracking Problem

In this section, we will apply our proposed method to the tracking problem of the
system (4.2). The problem under investigation is to design a state feedback controller
u = Kn such that the output y tracks a reference signal , which can be characterized
by a polynomial ¥ (s) = 1/s without static error.

Note that the solution of this problem requires inclusion of an internal mode of
¥ (s) = 1/s in the feedback loop [1]. The polynomial ¥ (s) is not dependent on &
that represents a situation where the roots of ¥ (s) are of the same order as the slow
poles of the plant, which means that the low-frequency loop shaping is needed. To
make use of Hy, control of SPS demonstrated in the previous sections, it is necessary
to convert the tracking problem into a standard H,, control problem [24].

To be specific, in the first step we consider the fast model (4.4). The control
problem for the fast closed-loop system is simply to stabilize system (4.4) and realize
the high-frequency Hy, control system performance. Next, the low-frequency Hy,
control problem of slow closed-loop system is considered. To include an internal
model of the reference, the modified slow model is taken as

Xy = AXs + Bug + Fw, + [?] r,
ys = C)Es + Dsus + Eswy.

Here,

_ - As 0O - B - F; -
xs=[x§xc],x6=e=r—ys,A=|:_Cs,so], B:[Cj]’ F=|:Ei:|,C=[CS 0].

In this case, the control problem can be converted to stabilize the modified slow
model (4.3), and to meet H, performance in the low-frequency domain.
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The results and discussions of the previous sections are now summarized as fol-
lows.

Step 1. Following Theorem 4.2, a stabilizing fast controller uy = Kyx is
designed to stabilize the fast model and meet H,, performance specifications in
the high-frequency domain.

Step 2. Following Theorem 4.1, a stabilizing slow controller u = K (s)x is
designed to stabilize the modified slow model and meet H,, performance speci-
fications in the low-frequency domain. Here K (s) = [K %k].

Step 3. The composite controller is achieved based on the strategy described in
Fig.4.4 for the full-order SPS.

Next, an example is given to show the efficiency.

Example 4.2 Now consider an SPS,

E.x(t) = [i §:|x+[§]u+|:;]w,

Z:[l l]x.

From the procedure mentioned above, one has w = 2.674 rad/s with crossover fre-
quencies w; and wy, selected as w, = 100 rad/s and w; = 2.5 rad/s. It can be seen
that Ky, K can be solved following Theorems 4.1 and 4.2 respectively. Then,

K(s) = [—74.7643 111.3440/s |, K= —5.5359,
K(s) = [89.6843 —136.3198/s —5.5359].

Figure 4.15 reveals the comparison between Hy, design in the FF domain (FFD)and
the entire frequency domain (EFD). How the values of w; and w), affect the tracking
results is shown in Figs.4.16 and 4.17.

— finite frequency domain |-
entire frequency domain

Asymptotic Tracking Curves

Time [s]

Fig. 4.15 Design results comparison between FFD and EFD
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Asymptotic Tracking Curves

] 1 2 3 4 5 6 7 8 9 10
Time [s]

Fig. 4.16 Design results with w; = 0.5, 1, 2.5 rad/s
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Fig. 4.17 Design results with w, = 100, 1000 rad/s

4.6 Finite Frequency H,, Model Matching Problem

To the best of the authors’ knowledge, Hy, model matching problem has been a heat
research topic in the literature, which has been studied in [4, 12, 18-22, 26]. Oloomi
and Sawan [19] studied the suboptimal matching problem for SISO systems and
obtained a suboptimal Hy, solution through solving the model matching problems
for the low and high-frequency models, respectively. Tan et al. [26] have derived
a set of ¢-independent sufficient and necessary conditions for the existence of an
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H,, suboptimal controller in a different and simple way. Pan and Basar [21, 22]
have solved the H,, model matching problem for MIMO SPSs via using the theory
of differential games, and then presented an e-independent two-stage procedure for
the construction of a suboptimal solution. However, their results were based on the
entire frequency, without considering the frequency characteristics of subsystems
sufficiently in some sense.

This section is concerned with the model matching problem for SISO SPSs in
(semi)finite frequency ranges. Sufficient and necessary conditions for the existence
of an H,, suboptimal controller are derived based on the GKYP lemma. The controller
is particularly designed in the singularly perturbed form, which is obtained through
designing its fast and slow parts, and the composite controller is then constructed
based on.

It has been shown that the slow and fast subsystems could be interpreted as
the descriptions of the full-order system at low and high frequencies respectively.
The main method in the literature for solving control problem of SPS is that: (1)
decompose the ill-conditioned problem into slow and fast parts; (2) design slow and
fast sub-controllers respectively; and (3) lay out the composite control strategy. The
method in this section adopts such framework to design a full-dimensional controller
for the SPS.

The SPS G, (s) is the plant to be controlled, which can be represented as

x =Anux;+ Apx; + B,
gXy = A x1 + Apxs + Byu, (4.83)
vp = Cix1 + Cyx2 + Du,

where x; € R™ and x, € R™ are, respectively the slow and the fast state vectors,
u € Ris the input to be designed, and y € Ris the output. The matrix Aj; is assumed
to be nonsingular.

The target SPS, defined by G, (s), is given by

)él_ =1§11f1 +1‘§1252+1?1€,
Xy = Ay X1 + Anks + Bou, (4.84)
v = Cix; + Caxy + Du,

where X; € R" and X, € R" are the target slow and the fast state vectors with e
defined as the error signal, e = y, — ¥, and Ay, is assumed to be nonsingular.
We aim at finding (if possible) a controller G.(s) € ¢, such that

LGy ()Ge(s) = G oo < 10 & 0| < o0y
2. 1Gp()Ge(s) = Gu(s)lloo < v0 & @] > wp,

where w; < wy,.
The following assumptions will be made throughout the section, where the sub-
scripts s and f represent the slow and fast models respectively.



110 4 Finite Frequency H, Control for Singularly Perturbed Systems

Assumption 4.3 (1) G ,(s), G,7(5), Gus(s), Guyr(s) € RHyo;
(2) Gps(jo) # 0 for o] < wi;

(3) Gpr(jw) # 0 for |w| > wp;

4) G,(s) and G, (s) have no unstable lost poles.

The following lemma is introduced to derive the main results.

Lemma 4.1 Let G(s) be a two-frequency-scale rational matrix. Suppose that G(s)
and G ¢ (s) have no pure imaginary poles, or G(s) has no pure imaginary lost poles.
Then
sup |G(s) — Gs(s) = Gs(s) + V| = OCe), (4.85)
se

where V = G3(5)|5m00 = Gf(s)| || is some matrix norm, and D is the imag-

inary axis.

es=0" ” ’

Using SPTs, slow and fast subsystems of G, (s) have the state-space realizations

o As Bs o A22/8 Bz/S
Gps = I:Cs Dsi| . Gy '_|: C, D ’

where A, = Ay — ApAs, Aar, By = By — ApAs)' By, C = C1 — C2A5, Ay and
Dy = D — C,A5) Bs.
Similarly, we have

Gy = AO éO , Gmf = A22/8 EZ/S s
Co | Dy C D

where As = All — A12A~;21A21, Es = Bl — A~12A;21E2, és = 61 — 62A~;21A21 and
Dy = D — C2Ay Bs.
Design a singularly perturbed controller G (s),

p=FEnp+ Eng + Fie,
Ge:q1€q=Exnp+ Eng+ Fae,
u=Gip+ Gyq+ He,

where p € R"! is the slow state vector, g € R"? is the fast state vector, e is the error,
u is the single input to be designed, and E5; is assumed to be nonsingular.
The slow and fast parts of G.(s) have the state-space realizations:

| Es| Fs o En/e| Fy/e
oo (54 o)

where E() = E11 — E12E;21E21, F() = F1 — E12E;21F2, G() = G1 — G2E521E21 and
Hy=H — GLE;, F>.
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The PID controller is applied to direct open-loop shaping in multiple frequency
ranges in [7], whereas, this controller has a pure imaginary pole, which is not suitable
in the following discussion. We make a simple improvement of PID controller such
that G, (s) and Gy (s) have the following forms:

T P L L. e S SO S
ces\S) = > cf8) = 5
Pl sta  Tys+1 f P es+a  Tyes+1
with the constraint G (5)|;—oo = Ge¢f (s)\sszo, that means
ki - ki
k — =k —,
P Td p + a

where k,,, k;, k; and k P> l;i, /;d are PID parameters, and 7, > 0 and a > 0O are both
small constants. The state-space realizations of G.(s), G¢s(s) are chosen such that
Fy, Ho, F> and H are affine functions of the design parameters (k,, k;, kg) and
(121,, Igi, Igd) respectively.

Denote
—a 0 k,‘
Eo| Fo | _1 _k_zg
|:G40'70:| = i Tdk , (4.86)
11 [k +
a ~.
—_a 0 Ki
E | & ()E __L _alz_d
|:G2 H} = Te _ T”Z(i , 4.87)
1 1 ‘ k, + 7‘;
and

G(s) = Gp(5)Ge(s) — Gu(s),
Gs(s) = Gps(S)Gcs(S) - Gm‘v(s)y
Gf(s) = pr(S)Gcf(S) - Gmf(s)~

It is easy to verify that G(s) and G (s) are slow and fast subsystems of G(s)
respectively. As an extension of Lemma 4.1, the following result is obtained.

Theorem 4.9 Under assumptions in Lemma4.1, for given W, = {w € R : || < w;}
and Wy = {w € R : |ew| > wy}, we define

V= Gs(s)|s=oo = Gf(s)‘

es=0"
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where ew; < wy. Suppose that

[Gs(s) = Vi < O(e), Vo € W,

and
[Gr(s) = V]| < O), YoeW.
If
1G,)los <. Yo € Wi, [G1()], <. Yo € W,
then

Gl < v + O(e), Yo € Wy, Wo = W U W,.
Proof According to Lemma 4.1, we have
[G(s) = Gs(s) = Gs(s) + V| < O,

which is established for any w € W,.
By virtue of the norm characteristics, one can obtain

IG($) oo < 1Gs(s) = Vi + |G (5)] , + OCe),

for all w € W,.
Suppose that the following inequalities hold,

IGs(s) = Vo < O(¢), Yo € W2, and |G (s)|, < ¥. Yo € Wa.

Substituting (4.89) into (4.88) yields |G (s) |l < ¥ + O(e) for any w € W,.

Similarly, if constraints,

|Gr) = V], < 0(), Yo e Wi, and |Gl <y, Yo € Wi,

hold, then it is easy to obtain that
Gl =¥ + O(e), Yo € Wi.
Summing up all above gives that

Gl =¥+ O(), Yo € Wo =W, U W,.

This completes the proof.

In fact, it is easy to satisfy the following assumptions,

IGs(s) = Ve < O(e), Yo € Wy,

(4.88)

(4.89)
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and
|G () = V| < OC), Yo € Wy,

in the corresponding high and low-frequency ranges, respectively.
In this sense, crossover frequencies of low and high-frequency ranges, w; m,x and
Whmin, are defined by

W] max = max{wl > O| ”Gf(s) - GY(OO)”oo = 0(8)9 |(,()| = (1)1} s

wpmin = Min {wy > 0] [[G4(s) — G5(0)[lx = O(8), || = wp}.
According to Theorem 4.9, the model matching problem for a full-order SPS in
(semi)finite frequency ranges can be converted into two lower order model matching
problems.
Denote _
Gc(s) = Ge(s) + Gcf(s) — G5 (00).

Itthereby follows from Lemma4.1 that the composite controller G (s) can be approx-
imated by G.(s), namely

[G.) = G| =00

The following result of the slow subsystem can be derived based on [9].

Theorem 4.10 Let W) = {w € R : |w| < w;} be given. Suppose that det(jwl —
A) # 0, for any w € Wy. Then, the constraint that ||G(s)| < ¥, for any w € W,
holds if there exist real symmetric matrices P and Q, such that Q > 0, and

AP+ PAT — AQAT + 07 Q —AQCT + PCT B

—CQAT +cCP —cocT —y? D, | <0,
BT DI -1
where
Ag BoGy O ByH,
A = 0 EO O , B = FO 5
0 0 A By

C =[Co DyGy —Co]. Di = DoHo — Dy.

Proof According to Lemmas 2.2 and 2.4, it can be seen that ¥ and [T can be selected

as
10 10
lp_[o w?]’ H_[O—Vz]’
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Then, it can be derived that
|C(sI —A)'B+Di|_ <y, Yo e Wy (4.90)

The state-space realization of G(s) is

Ay BoGy O ByHy
0 E 0 F
G, = o U o
0 0 A By

Co DyGo —Co | DoHy — Dy
It can be seen that (4.90) is equivalent to
1Gs) oo < ¥, Yo € Wy

This completes the proof.

Let p = &5, ® = ew, and p = jo. Similar results of fast subsystem can be given
as follows.

Theorem 4.11 Let W, = {®w € R : |®| > wy,} be given. Suppose det(jwl — A) #
0, for any w € W,. Then, |G s(p) Hoo <y, for any @ € W, holds, if there exist real
symmetric matrices P, Q, such that Q > 0, and

AP + PAT + AQAT —w;Q AQCT + PCT B

CQAT +CP coc’ —y? D, | <0,
BT DI -1
where
Ay B,G, 0 BH
A= 0 Ex»n O , B= P ,
0 0 Axn B,

C=[C, DG, —-C;], Dy=DH - D.

Proof The proof is similar to Theorem 4.10.

We have designed an H, suboptimal controller to solve the model matching prob-
lem for SPSs in (semi)finite frequency ranges. Considering that the similar problem
solved in [20], the results in this book can be compared with the existing ones through
a simple example. The main difference is that results in [20] are established in the
entire frequency range, whereas, our results are built in the (semi)finite frequency
ranges.

Example 4.3 Consider the following systems, where

s+ 0.5 (s—=1D(es—1)

)= e+ Y T i e )
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and ¢ = 0.001. Choose w; = 0.2 rad/s, w;, = 5000 rad/s, T; = ¢ = 0.05, and y =
0.1. Applying the design method formulated in this section, the controller can be
obtained by

0.9363s2 + 0.04707s + 0.055
0.05s2 + 1.002s + 0.05
0.0001(gs)? + 0.04704¢s + 0.9406
0.05(es)? 4 1.002es + 0.05

G (s) =

— 18.7293.

Following the algorithm developed in [20], the controller is obtained as follows,

(s+1)(7s—5.5)_ es+1 +l
6(s+2)(7Ts+1) 3(es+2) 6

Ga(s) =—

Error functions in low and high-frequency ranges are depicted in Figs.4.18 and 4.19,
respectively.

Example 4.4 Consider the tracking problem, where

(s +2)

G = e 1)

and ¢ = 0.001. Select the parameters as w; = 0.001 rad/s, T; = o = 0.05 and lgp =
ki =kq = 0.

In the following processes, we design two different controllers under different
specifications.

Bode diagram

5 . , r : :
= Gp*Gc1 - Gm
Gp*Gc2 - Gm
of A
_. -5}
m
Z
Q
©
2 -10f
C
[e2]
©
=
15
-20
_25 i i i i i
107 107° 107 107 107 107" 10°

Frequency(rad/s)

Fig. 4.18 Error functions in the low-frequency range
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Bode diagram
20 T T

= Gp*Gc1 - Gm
= = = Gp*Gc2 - Gm

Magnitude(dB)

-60 2 ‘ 4 6 8
10 10 10 10 10
Frequency(rad/s)

10

Fig. 4.19 Error functions in the hig-frequency range

1. Wheny =0.1and G,,(s) = % +y—1.
Here, a controller is designed such that requirements

1

e — < y’
14+G,(5)Ge(s)

‘ )

1Gs()lloe < ¥, ”
are satisfied.

Step response
1.4 T T T T
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0 I I I I I I I I I
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Fig. 4.20 Step responses
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2. Wheny =0.0land G,,(s) =y + 1/y — 1.
In this case, the controller can be obtained,

147.6s +7.426
0.0552 4+ 1.002s + 0.05°

GC(S) =

Step responses of the unity negative feedback system are plotted in Fig. 4.20.

4.7 Conclusion

In this chapter, we are mainly concerned with the FF H, control problem of SPSs.
The main theoretical results are given. First, the background knowledge of Hy, con-
trol of SPSs are given to facilitate the understanding of readers, which are established
in the entire frequency range. State feedback and output feedback synthesis of FF
H, control of SPSs are given in Sects.4.2 and 4.3. A descriptor-system approach
for Hy, control of SPSs is demonstrated in Sect. 4.4, with the ill-conditioning of suf-
ficient conditions much reduced. A special case of Hy, control is shown in Sect. 4.5
to enable the plant track the given references. In Sect. 4.6, we have investigated the
FF H,, model tracking issues. The validity of the proposed methods has been proven
by the numerical results.
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Chapter 5
Finite Frequency Positive Real Control
for Singularly Perturbed Systems

With the development of high-performance mechatronics, the feedback control
system is often required to exhibit some particular control system specifications such
as high control bandwidth and FF disturbance suppression capability. Meanwhile,
the integrated design of both mechanical plant and controller design is carried out to
achieve performance specifications. In this chapter, a GKYP lemma-based algorithm
is proposed for simultaneous finite frequency design of a mechanical SPS plant and
controller through a convex separable parametrization. In Sect. 5.1, basic definitions
and some related engineering background of passivity and positive real property are
introduced. The design procedure using the classical slow-fast decomposition is rep-
resented in Sect.5.2. To extend the results to nonstandard SPS, a descriptor-system
method for SPSs are demonstrated in Sect.5.3.

5.1 Passivity and Positive Real Property

In this section, we introduce the background knowledge of the passive theory, while
the SPTs have been shown before. It has been mentioned in [28] that traditional
passive system theory was a powerful tool for system analysis and synthesis. Passive
system theory initially stemmed from electrical circuit theory, where networks of
passive circuit components were known to be stable in various configurations. Using
the traditional notion of energy, passivity theory had been applied in analysis and
synthesis of many control systems. More generally speaking, the concept of passivity
can be applied when there is no traditional notion of energy. In this case, we resort to
define the generalized energy with the aid of an energy storage function. Note that,
if the energy stored in a system can be bounded above by the energy supplied to the
system, the system is passive.

As seen in [28], if passive systems have a special property that when connected
in either a parallel or negative feedback manner as shown in Fig.5.1(a) and (b),
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Parallel interconnection Negative feedback interconnection

Fig. 5.1 Interconnections that preserve passivity

respectively, then the overall system remains passive. In other words, passive property
can be preserved when the energy is stored in such interconnections, where a storage
function that satisfies the passivity definition for the interconnected system can be
calculated by the sum of the storage functions of the individual systems. With these
results, we can see that large-scale systems can be stable through verifying passivity
for each system component by following simple interconnection rules.

Definition 5.1 (System Passivity) Consider the following system,

x(t) = f(x(0), u(?)), .1
y(®) = h(x(@), u@)), '
where x(¢) is the process state, u(¢) is the control input, and y(¢) is the output of
the system. System (5.1) is said to be passive if there exists a storage function
V(x(¢)) > 0 such that, for any time #; > fy, f be an initial time,

V() — Vi) < / W (Oy(0)dr.

to

Note that if V (x(¢)) is differentiable, we can alternatively write
Vx@®) <u ()y@), t>0.

Remark 5.1 Intuitively speaking, V (x(¢)) can be referred to as the energy content
of a control system, while u” (£)y(#) can be regarded as the power being fed to the
system. Passivity implies that energy is being dissipated from the system. Notice that
such an intuition holds exactly for electrical circuits. For more general systems, this
can merely be used as a guidance.

It is worth pointing out that there are several variations of this definition in the
literature, but essentially all definitions demonstrated that the output energy should
be bounded such that the system did not produce more energy than the energy initially
stored [6, 23].

As for the passive system theory, the following important definitions are given.
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Definition 5.2 (Positive Real) The TFM
G(s)=C(sI —A)'B+D
is called positive real, if it is square and satisfies
G*(s)+G(s) >0, s€C, Re(s)>0 5.2)

Definition 5.3 (Strict Positive Real) A square TFM G (s) is strict positive real if

1. G(s) is analytic in the closed right half complex plane;

2. G*(jw) + G(jw) > 0 for all w € (—o0, 00);

3. G*(00) + G(o0) = 0

4. limgy_ o 0’[G*(jw) + G(jw)] > 0, if G*(00) + G(00) is singular.

The concept of passivity and positive realness plays an important role in the
analysis and controller design of linear systems, which actually represents the same
property with the time-domain feature and frequency-domain feature, respectively.

As defined above, passivity is only a binary characterization of system behaviours,
which depends on whether the system dissipates sufficient energy. Passive system
theory provides a strong foundation for a composite framework for the stability of
control systems [4, 23]. As mentioned in [4], it is easy to verify that passive systems
have infinite gain margin and at least 90° of phase margin such that large loop gains
can be tolerated. To conclude, passive control theory is very general and broad, which
can be used in linear, nonlinear, continuous, and discrete-time control systems. In the
following sections, we have investigated the FF positive real control of SPSs with
the aid of some existing results in passive system theory.

5.2 Methods Based on Slow-Fast Decomposition

For a linear system, necessary and sufficient conditions for the existence of a stabiliz-
ing state feedback controller are given based on the GKYP lemma. Using the results
to study SPSs, a composite state feedback controller is constructed, which preserves
the stability and positive real property. It is well known that the mathematical treat-
ment of systems with slow and fast dynamics has traditionally involved singularly
perturbation theory, which have attracted much interest due to the great practical
importance in recent years. There are many related research works such as [3, 9, 12,
15—17], which sub-controllers were designed for fast and modified slow subsystems,
respectively, and then the composite controller was established. Whereas, most of
the above-mentioned methods are based on the entire frequency, in fact, the fast and
slow subsystems can be interpreted as descriptions of full system in the high-and
low-frequency ranges [13]. The traditional methods did not consider the frequency
characteristics of subsystems, and the conservatism tends to increase with the tedious
design procedures. Positive realness appears in the field of system and control the-
ories as an essential property, a well-known result is that when a positive real (PR)
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dynamic system is connected to a strictly positive real (SPR) controller through neg-
ative feedback, the closed-loop system is internally stable [21]. The finite frequency
positive real (FFPR) property was proposed in [22], and a variety of reasons to believe
that FFPR is crucial for achieving good control performance was also provided. In
decades, the KYP lemma has been recognized as one of the most important tools in
the field of developing systems theory [18, 25, 27] such that the equivalence between
FDIs and LMIs is established. However, the standard KYP lemma is not completely
suitable when practical specifications are often given in different frequency ranges.
Through generalizing the KYP lemma, Iwasaki et al. [5, 7, 8, 22] developed the
GKYP lemma, which could convert a certain FDI in (semi)finite frequency range to
a tractable LMI directly.

In this section, we consider SPR control for SPSs in (semi)finite frequency. First,
we study the state feedback control for general linear systems in (semi)finite fre-
quency, and use the results to study the finite frequency strictly positive real (FFSPR)
control for SPSs.

Consider the following SPS, which is denoted by G (s),

x(t) =Anxi(t) +Apx(t) + Bu(r),
exp(t) = Ao1x1 (1) + Anxo (t) + Bou(t), (5.3)
y(@) = Cx (@) + Coxa(2),

where ¢ is a perturbation parameter satisfying 0 < ¢ < 1, x;(¢#) € R™ and x,(¢) €

R™ are the slow and fast state vectors, respectively, u(t) € R? is the control input,

y(¢) € R?is the measurement output, and Ay, is assumed to be nonsingular. Matrices

Ay, Biand C; (i, j = 1, 2) are constant matrices of appropriate dimensions.
Consider a state feedback controller in the form of

u(t) = Kx(1).

Assume that the system G (s) has no unstable lost poles.

Problem 5.1 Let G(s) denote the closed-loop TF of the system (5.3) from the con-
trol input u(¢) to the output y(¢). Our general goal is to find a stabilizing feedback
controller K such that

1. (:}(ja)) + @*(ja)) > 0, for all || < wy;

2. G(jw) + G*(w) > 0, for all |ew| > w;, and ew; < wy,.

In order to discuss the above problem for the SPS (5.3), let us first consider the state
feedback control for general linear systems in the next subsection.

5.2.1 State Feedback Control for General Linear Systems

As mentioned before, using SPTs, the ill-conditioned LTI SPS can be decomposed
into standard linear systems. The ill conditioning can be alleviated using time-scale
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separation. Next, we give out methods for the state feedback control for linear sys-
tems, which can be applied in the reduced-order slow and fast subsystems directly.
Consider the linear system G, as follows,

x(t) = Ax(t) + Bu(t), (5.4)
y(t) = Cx(t) + Du(t), ’
where x(t) € R” is state vector, u(t) € R” is input vector, and y(¢f) € R? is output
vector (p = g). The matrices A, B, C and D are constant matrices of appropriate
dimensions.

Using the state feedback control u(¢) = Kx(t), the closed-loop TFM G,, of the
system (5.4) is represented by

x(t) = (A+ BK)x(1), (5.5)
y(t) = (C + DK)x(1). ’
In order to achieve the PR property with the stability constraint of the closed-loop
system G,,, we obtain the necessary and sufficient conditions based on Lemmas
1.2 and 2.2 for the existence of a stabilizing state feedback controller, and develop a
formula for all such state feedback controller K that can solve the problem mentioned
above.
The main result is given as follows.

Theorem 5.1 Let @, ¥ € Hy, I1 € Hpyq and G (s) be given. Suppose that A rep-
resents curves on the complex plane. The following statements are equivalent.

(1) There exists a stabilizing state feedback gain K such that
Guls) + (_?fn(s) >0

holds for all s € A(®T,w7).
(2) ThereexistX, Y, H, P = P*, Q = Q" and P, = P} such that

—vZ
PRP+YR00 | . —-XZ
T[ 0 H]T <Hel wyziBHz+pxz |© OO
| CYZ + DHZ + DXZ
0 P, [ -y
[Pa o} < He _AYL+BHL:|' 57

where

I = 0 _Ip 7 = 12n+p+q L= 0(2n+1i+q)><n AO ,
_Iq 0 Onx(2n+p+q) —ql, pl,

scalars p € C and g € C are fixed vectors satisfying pg* + gp* < 0.
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Furthermore, when (5.6) and (5.7) hold, all such solutions K are given by
K =HY" +RY*,

where R is an arbitrary p x (3n + p + q)-dimensional matrix.

0 —I,
_[q

o (G} (s), IT) = [G%“)} [_01 _(ﬂ [GZ;(S)} <0.
q q q

According to Lemma 2.2, o (G* (s), IT) < 0 for all s € A(®7, ¥T) is equivalent to
the existence of W, P = P*, Q = Q* > 0 such that

T|:¢®P+II/®Q 0j|T*<He[_I"+”j|W,

Proof Letting [T = |: :| ,itis easy to verify that G ,,(s) + G* (s) > Oisequiv-

alent to

0 11 M

where P, Q € C™", W € Cot)xQ@ntp+q) gnd M = [A Lok D i|

C+DK D
. W, . .
Now write W as W = , which yields

W,
-1, 0
PRP+Y®0 0], 0 -1, [[W,
T[ 0 H:|T < He A+BK B [Wb:|’ (5.8)
C+DK D

where W, € C"@mtp+a) W, e cP*Cn+P+4) and can be further represented by

_Wa
PRQP+Y®00 .. ~W,
T[ 0 1'[:|T <Hed Aw, + BKW, + BW,

CW,+ DKW, + DW,

Remark 5.2 G(an(s), IT) < 0 can be regarded as the shaping of closed-loop TF
G, (s) in frequency domain, whereas, the stability is not included. In order to guar-
antee the stability of the closed-loop system, Lemmas 1.2 and 2.2 is taken into
consideration.

The closed-loop system is stable if and only if the real part of each eigenvalue A of

A + BK is negative. Set @ = |:(1) (1)], and we have

oh, @1y =1 +21* <0.
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Based on this, the closed-loop system is stable if and only if there exist W,, P, =
P,* > 0 such that

0 P, —I, a A
|:Pa O:| <He|:A+BKi| WC[—qI,,pln], (5.9)

10
The condition (5.9) can be rewritten as

where Wc c Cnxn’ Pa c Cn><n’ [ﬁ a] |:0 1i| [[3 (j]]* :ﬁ@* +Elﬁ* <0.

0 P, —We —
[Pa 0 } < He [AW(, +BKWC] [—al. pl. ] (5.10)

Hence, there exists a stabilizing state feedback gain K such that
Gn(s) +Gr(s) >0

holds for all s € A(®T, wT) if and only if conditions (5.6) and (5.7) are both met.

Comparing (5.10) with (5.7), the two conditions are unfeasible because both the
product terms and W,, W, are irrelative matrices with different dimension. In order
to unify W, and W,, new variables are introduced. Now rewrite condition (5.7), and
then we have

I, 0
PRIP+Y RQ 0] « 0 I [Wa WCH Dntptq ]
T T* < He
|: 0 I A+BK B Wiy Wy | [ Onxniprg)
C+DK D
(5.11)

Here, it is obvious that condition (5.11) is independent of matrix variables W, Wy,
which means W, and W, can be added to condition (5.11) as an additional matrix.
Similarly, condition (5.9) can be rewritten as

0 Pu _In 0(2n yxn R A
[Pa O:| < He (|:A+BK][Wa Wc][ +;n+q ][_qlnpln]), (5.12)

where W, is independent of condition (5.12).
Until now, W, and W, have both appeared in the conditions (5.11) and (5.12).
Taking
[Wae W)=Y, [W, W] =X,

then the above conditions can be rewritten as
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-, 0
PRPIY RO 0 | 0 -5, [|Y Lyp+g
T|: 0 Hj|T < He A+BK B X On><(2n+p+q)
C+DK D
(5.13)
0 P, —1I, Ocntptqyxn | _ap =
25 (e )
(5.14)

Furthermore, it can be seen that (5.13) and (5.14) can be simplified through matrix
multiplying

-z

PRP+Y®Q 0], ~XZ
T[ 0 H}T <Hel Avz4BrYZ 4+ BXZ |°
CYZ + DKYZ + DXZ

0P _y —YL
P, 0| = "% AvL + BKYL |’

where Z = Ltpiq ,L = 0(2"+€+q)x" AO , which are equivalent to the fol-
Onx(2n+p+q) _q[n pln
lowing two inequalities by taking KY = H,

vz

PP+ Q0] Xz
T[ 0 n]T <He\ AvziBHz 4 BXZ |
CYZ + DHZ + DXZ

0P _y —YL
P, 0| ="|AvL+BHL |

All the solutions satisfy KY = H are given by
K=HY"+RY".
This completes the proof.

Remark 5.3 1t is worth pointing out that Lemma 2.2 does not capture the closed-
loop stability. Hence, an additional design specification, for example, regional poles
constraints, which guarantees the stability is generally introduced.

Remark 5.4 1t seems that the (5.11) and (5.13) are not needful, since they are equiv-
alent to (5.8) and (5.9), respectively. However, the matrix variables W, and W, are
irrelative matrices with different dimensions such that conditions (5.11) and (5.13)
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could unify the W, and W, without introducing conservatism. Our results are neces-
sary and sufficient conditions, which capture not only the frequency-domain shaping
of closed-loop TFs but also the closed-loop stability.

5.2.2 Finite Frequency Positive Real Control
Jor Singularly Perturbed Systems

Until now, we have derived the necessary and sufficient conditions for the existence
of a stabilizing state feedback gain K. In the following discussion, we will use the
results to study SPSs.

It is well known that SPSs have multiple time-scale properties, also with multiple
frequency-scale properties. The decomposition of a control problem into slow and fast
parts is very effective, and most of decomposition methods employ SPTs. Following
the usual treatment, a scaling ratio of p = &s in the frequency domain is introduced.
Hence, we decompose G (s) with slow and fast subsystems expressed, respectively,
as

G. - )'Cs = Asxs + Bsus
t Vs = Cyxs + Dyug
and
. &exr = Aypxr + Bou
Gy : i el f
Yr 2>

where As = A]] —A|2A2_21A2], BS = B] —A|2A2_2132, CS = C] — C2A2_21A2], Ds =
—C2A2_2'B2. Composite state feedback control for SPSs has been investigated in
[4, 13], where a controller was constructed by designing controllers for slow and fast
subsystems, respectively. In this subsection, we adopt the composite state feedback
controller as follows:

u=[K; + KpAy Ao + KAy BoK, Ky | [2} :
Then, the slow and fast subsystems of closed-loop system G(s) are shown as
follows:
G . -).Cs = (As + BsKs)xs + BsTus
o ¥s = (Cy + DyK)x, + Dy Tuy

and
G, ’ Xy = (A + B2Ky)xr + Bruy
f - —
yr = Caxy,



128 5 Finite Frequency Positive Real Control ...

where T = (I + K2A2_2132)‘1. Also, as mentioned in [11], if Ay + B;K; and Ay +
B>K; are both Hurwitz stable, then the closed-loop systems G(s) are stable for
sufficiently small €.

Correspondingly, we can get the TFs of slow and fast subsystems in different
frequency scales, respectively:

Gx(s) = (Cy + DyK) (s — Ay — BSKY)ilBST + D,T, (5.15)
Gy (p) = Ca(pl — Apy — B2K>) ™' Bo. (5.16)

Moreover, it follows from [6] that the slow and fast subsystems can approximate
the full system in the appropriate low- and high-frequency ranges, respectively. It
means that, if G,(s) and Gf (p) are both stable and SPR in low and high frequencies
respectively, then G (s) will also be stable and SPR in the low and high frequencies
for sufficiently small ¢.

Set @ = ew, then p = jw. Now, the relevant result of fast subsystem is given as
follows:

Theorem 5.2 Let W) = {w € R : |0| > wy} and (_}f(p) be given. The following
statements are equivalent.

(1) There exists a stabilizing state feedback gain Ky such that
Gr(p) + Gi(p) > 0

holds for all ® € W,.
(2) There exist matrices X,Y,H, P = P*, Q = Q" and P, = P} > 0 such that

a

0O P 0 0 —vz
P-0?0 0 0 -XZ
T h T* <H 1
0 0 0 - <€ Ay YZ + ByHZ + BoXZ (5.17)
0 0 -1, 0 C,YZ

0 P —YL
[Pa 0 ] < He [AQZYL+BZHL] (>-18)

where

7 — |:O 12n3+p+q i| i L= I:O(anf;rq)xnz A([) iI’ ﬁ, {AIE C
ny X (2na+p+q) qln, Pln,

are fixed vectors satisfying pg* + qp* < 0, and T is the permutation matrix.
Furthermore, if (5.17) and (5.18) hold, then all such solutions K; are given by
Ky =HY" +RYL.

Proof Setting @ = |:(1) (1):|, v = |: (1) (c)<)2 ], and the frequency set can be given by
Wy
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AP, ¥) = {jollo] = w}

The remaining is similar as the proof of Theorem 5.1.

Similar result of slow subsystem is given as follows:

Theorem 5.3 LetW, = {w € R : |w| < w;} and G(s) be given. The following state-
ments are equivalent.

(1) There exists a stabilizing state feedback gain K, such that
Gy(s) + G(s) > 0

holds for all v € W,.
(2) ThereexistX,Y,H, P=P*, Q =Q* >0, and P, = P} > 0 such that

Q0 P 0 0 —YZ
P Q0 0 |, Xz
o 0o o —1, T" <He | 4 ¥Z+ BoHZ + ByTXZ (5.19)
0 0 —I, 0 | CoYZ + DyHZ + DyTXZ
0P, T YL
[Pa o} < He _AOYL—i—BoHL} (5.20)
where

_ |: 12n|+p+q i| L= |:0(2n1+p+q)><n1
0 , I

0
|, andp, G €C,pgt+gp* <0,
n1 x(2n1+p+q) —qlnl P1n| ] P-4 P4 a»

and T is the permutation matrix. Furthermore, all such solutions K, are given
by .
K, =HY" +RY™.

. 01 —10
Proof Setting @ = |:1 O]’ v = |: 0 wlz},wehave

AP, ¥) ={jollo| < o}

Note that G,(s) is a slightly different from G,,(s) in the form. Let us recall the
procedure of proving Theorem 5.1, and we make a simple change of (5.8), namely

~I, O
PQP+YRQ07]. . 0 =L |[YT[ ILumiptg
T[ 0 H}T <He |\ A4 Bk BT || X || Onxcmapso
C+ DK DT

which is equivalent to
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-z

PRP+Y®Q0],. —XZ
T[ 0 H}T <Hel avz+ Brvz + BTXZ
CYZ + DKYZ + DTXZ

The following proof is similar to that of Theorem 5.1, which is omitted here.

Remark 5.5 1If we set
0

_ |4
= [0 _Vzlq]

Theorems 5.2 and 5.3 can be applied to (semi)finite frequency H, control, and the
composite state feedback controller is also

K =K, + KfA5) Asy + KpAS) BoK, Ky |

SPR control for SPSs in (semi)finite frequency ranges has been investigated in
this section. Necessary and sufficient conditions for the existence of a stabilizing
state feedback controller for the general linear systems are derived based on GKYP
lemma, and the related results are used to study SPSs. Through designing controllers
for the fast and modified slow subsystems, a composite feedback controller for SPSs
is constructed, which preserves the stability and positive real property.

5.3 A Descriptor-System Method for Strictly Positive Real
Control of Singularly Perturbed Systems

As mentioned before, the dynamics of SPSs contain the interaction of the slow and
fast phenomena so that the feedback design often suffers from high dimension and
ill-posed problem [10, 11]. SPTs are used in analytical investigations of robustness of
system properties at the cost of model accuracy [2, 11, 14]. The stability and control
specifications of the original system can be inferred from the analysis of lower-
order subsystems in separate time scales. Despite the great practical significance for
analysis and design, there are still restrictions and limitations with classical methods
because only a small group of SPSs are capable for slow-fast decomposition.
Contrast with the existing methods, a descriptor-system method of SPSs will be
introduced to avoid the slow-fast decomposition, which can also be easily applied
into both standard and nonstandard SPSs. Nowadays, the theory of singular systems
is well developed to pave the way to find a new synthesis approach to SPSs. In
[24, 26], many results previously known only for regular state-space systems have
been extended to the singular systems. It has been pointed out that the singular
systems are limiting forms of SPSs. Via constraint of the algebraic condition that
the limiting solution is available to approach that of the SPSs, the limiting models
are employed to design controllers for the original SPSs. In [29], the problems of
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robust stability analysis and robust stabilization for a class of linear SPSs with norm-
bounded time-varying uncertainties were solved with the aid of the existing results for
singular systems under certain conditions. Singular method to nonlinear singularly
perturbed optimal control problem has been proposed in [1, 19, 20, 30], which also
illustrated that the optimal (e-independent) regulators for the singular systems were
near-optimal regulators for the corresponding SPSs.

In this section, we adopt the singular method to design the e-dependent or &-
independent state feedback controller to realize the PR property of the SPS.

Consider the SPS G (s) as follows:

X1 =Anx; +Apx; + Biu,
8).62 = A21x1 + A22X2 + Bzu, (521)
y = Cix; + Coxp.

x1(2)
x(1)
concise and explicit form as follows:

Define a new variable as n(¢) := |: ], and then G (s) can be rewritten in a more

Ef=An+ Bu

(5.22)
y=0Cn

where

|1, O | A A __ | B: _
E_|:0 81;zz:|’A_|:A21A22:|’B_|:32:|’C_[Clcz]'

Then, the open-loop TFM from the input u to the measurement output y is
Gy (s) = CsE —A)~'B,

which can be viewed as a matrix function about small parameter €. Let a state
feedback controller with the form of u = Kn + r. The closed-loop system of G(s)

18 written as
En = (A+ BK)n + Br,

(5.23)
y=~0Cn,

where r(?) is the reference input vector. Hence the TFM of the reference input ()
to the measurement output y(#) is

T,.(s) = C(sE — (A + BK))"'B,

or represented in the standard form in Lemma 2.2,

- [28]- oo
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The qualitative analysis of TF properties and its relationship with stability analy-
sis have a long history back to the year 1892. Control performance of mechanical
structure design can be significantly improved when the system structure has certain
specifications such as PR property. Based on the following theorem, both e-dependent
and e-independent controllers can be designed.

For sake of representation, three target frequency sets are defined, respectively,
in the low-, middle- and high-frequency range:

1. the low-frequency range: A; = {w : |o| < oy};
2. the middle-frequency range: A,, = {0 : w| < ® < wy};
3. the high-frequency range: A, = {w : |o| > wp}.

Theorem 5.4 For given matrices R;, R,,, Ry, and scalar y > 0, the closed-loop
system (5.23) satisfies PR property in the low-frequency range,

Tyr*(jw) + Tyr(].w) > Oa @ G A17

ifthere exist symmetric matrices Q > 0, W and matrices P, = I:Ilz” PO i| Vs, k and
21 P2
scalar €* such that for any € € (0, €], the following LMI holds:
-0 0 P. O -1, 0 0
WR,
0 0 0 —I, 0 -1,0
P, 0 w?Q 0 <He| 4 g3 K‘;% ’ (5.24)
0 I, 0 0 cC 00 !

where wy, defined in Ay, is given in advance.
Or; the closed-loop system (5.23) achieves the PR property in the middle-frequency
range,
Ty (jo) + Ty (jo) > 0, w € A,

if the following LMI holds:

-0 0 P, +‘]CL)CQ 0 -1, 00 WR
0 0 0 _Ip 0 _Ip 0 m

Ps +]0)CQ 0 —a)lwzQ 0 < He A B B K‘;Z 5 (525)
O —Ip 0 0 C 0 0 m

where w. = (w] + w,)/2 is defined in A,, and given in advance.
Oy, the closed-loop system (5.23) satisfies the PR property in the high-frequency
range,
Tyr*(iw) + Tyr(jw) >0, we Ay,

which is equal to the feasibility of LMI below:
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Q 0 P O -1, 0 0
WR,

00 0 - 0 —1,0

P, 0 —w20 0 |“H 4 BB K‘;; ’ (5:26)

0-1, 0 0 cC 00 g

where wy, is determined beforehand.
Furthermore, the gain of the state feedback controller is shown as K = k W1,

Proof Given Il = |:IO I(’)’i| then the finite frequency inequality
P

p 14

becomes
T;,@) + Ty (jeo) > 0, (527)

and the closed-loop system (5.24) has the passive property.

Based on Lemma 2.2, we can obtain the sufficient conditions for the establishment
of (5.27) as follows,

ABl  _[AB col” oll¢)
PP N K

—Q PE
EP »}Q

AL _TAL]" [BO B0
il fee] ][] o o

Based on Lemma 2.2, it gives that (5.29) can be rewritten by

where & = |: i| , which is equivalent to

-0 0 PE 0 —1, 0 0
WR
00 0 —I 0 —1,0 "
EP 0 w?EQE 0 |~H¢| 4 B B ‘;2 ’ (5-30)
0 -1, 0 0 c 0 o|L*n
Py Py
here P =
v |:P218P22:|

. 0 .
Taking PE = |:P21 sz] := P, and EQF = |: 0 O:|’ we can derive that (5.30)

is equivalent to
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Py &Py
— 0
Q [le Py }

I
=
o

0
WR,
0 .0 0~ 0 —1,0
Py P 0 o 0110 < He A B B ,{‘2 , (53D
eP>; Py “l oo cC 00 )
0 _Ip 0
which gives
0 0 [PZIPZJ 0 o o]
0 O O _Ip O _Ip O 1
Pll P>2kl 0 2 Q11 0 < He A B B K‘;g ) (532)
O P22 wl O 0 C O 0 |
0 —I, 0 0

for the continuity of the function about €.
For the middle-frequency case and high-frequency case, =, and &), are, respec-
tively

&)

m

_ -0 PE+jwQ] . _[Q PE
| EP — jw.Q —010EQE |* ©" T | EP —w?EQE |

The proofs are the similar as the case of low-frequency one.

In the end, we derive sufficient conditions for the SPSs to achieve the PR property
in different frequency ranges via a novel method inspiring from singular systems. It
should be pointed out that the method in this section can be applied to both standard
and nonstandard SPSs, which have broader application perspectives.

5.4 Conclusion

Finite frequency positive real control for SPSs has been investigated in this chapter.
In Sect. 5.1, basic background knowledge for passivity and positive realness has been
given. The high order and ill-conditioning characteristics of SPSs make it difficult
to apply the existing results in SPSs directly. Two methods are demonstrated. In
Sect.5.2, SPAs are employed with slow and fast subsystems constructed, respectively.
Sufficient conditions for the finite frequency PR control of slow and fast subsystems
are given, and a composite controller is given by composing the slow and fast control
law. To avoid the degradation of the model accuracy, a descriptor-system method for
PR control of SPSs is given in Sect. 5.3. Finally, conclusions are given here.
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Chapter 6
The Sensitivity-Shaping Problem
for Singularly Perturbed Systems

In this chapter, a design technique is carried out by applying robustness criteria to
obtain stability and satisfy some performances. A loop-shaping technique has been
researched by selecting a suitable open-loop TF and then the robust controller is
constructed. This chapter is arranged as follows: the basic definitions are presented
in Sect. 6.1. The loop-shaping design procedure for SISO SPSs via using the finite
frequency strategy is demonstrated in Sect.6.2. Such method has been extended to
be applied in MIMO SPSs in Sect. 6.3. Using observer-based controllers, the fault
detection (FD) issue for SPSs based on finite frequency methods has been investigated
in Sect.6.4. Simulation examples are given respectively to show the validity and
effectiveness of the design procedure.

6.1 Sensitivity Function and Complementary
Sensitivity Function

The design specifications, such as tracking performance, bandwidth and robustness
to model uncertainty, are expressed by constraints on the gain responses of the closed-
loop TFs. These problems of the closed-loop TFs are called loop shaping. One typical
example of loop-shaping is called the sensitivity-shaping problem, which aims at
realizing good tracking performance and disturbance attenuation ability.

Suppose that the feedback system is designed, and the level of sensitivity reduction
is given by

1
1SG) = | : —|<e<1, Vo el0, ol
1+G,(jo)G.(jw) !
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Fig. 6.1 Unity feedback
plant with controller

. y
X [~ | x
Ty

2

where G, and G, are TFs of the plant and corresponding controller, respectively,
& > (0 1is a given constant.

Bandwidth constraints in feedback design typically require that the open-loop
TF is small above a specified frequency. These constraints are commonly needed to
ensure stability robustness despite the presence of modeling uncertainty in the plant
model, particularly at high frequencies. One way of quantifying such bandwidth
constraints is via requiring the open-loop TF to satisfy

: M, .

where w, > w;, and M), > 0, B > 0 are some given constants.

Consider a control system given in Fig.6.1. A controller C provides stability if it
provides internal stability for every plant in the uncertainty set P. If L denotes the
open-loop TF (L = PC), then the sensitivity function S can be written as

1
S=—0,
1+L

while the complimentary sensitivity function or the input-output TF can be repre-

sented as
L
T=1—-8S=—.
1+ L

To make the closed loops with desired shapes, one must choose appropriate weighting
functions, such as W;, W, as follows to shape the closed-loop TF using control
technique.

For a multiplicative perturbation model, robust stability condition is met if and
only if | WaT||lo < 1 [1, 4], which implies that

Wa(jo)L(jow)
| ————— I <1
1+ L(jw)

or

[2(jo)Wr(jo)L(jo)| < |1+ L(jo)|, @€ (=00, +00), [[2]w < 1.
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W, 4.{ cj ‘
lﬁ{?#ﬁp H——0

Feedback loop with uncertainty representation. Feedback loop in standard
reduced form.

(a) (b)

Fig. 6.2 Interconnections that preserve passivity

The block diagram of a typical perturbed system, ignoring all inputs, is shown in
Fig.6.2(a). The TF from output of £2 to the input of £2 equals —W,T. The properties
of the block diagram can be reduced to those of the configuration given in Fig. 6.2(b)
[1, 3].

The maximum loop gain || —W, T ||« is less than 1 for all allowable 2 if and only
if the small gain condition | W, T ||c < 1 holds. The nominal performance condition
for an internally stable system is given as || W S|« < 1, where W is a real-rational,
stable, minimum phase TF, also called a weighting function. If the plant P is perturbed
by some uncertainties, there is P= (1 4+ £2W,) P, similarly, S will be

1 S

S= = )
1+ (1+2WoL) 14 2W.T

The robust performance condition should thereby be

WS
WL T 1, and | ———— L, V2| < 1.
[WaT oo < MIH+Q%H&< 1§21 <

Combining all the above, it can be shown that a necessary and sufficient condition
for robust stability and performance is [4]:

WiS| + [WaT|lleo < 1.

Overall, loop shaping is a graphical procedure to design a proper controller C
satisfying robust stability and performance criteria given above. The basic idea of
the method is to construct the loop TF L to satisfy the robust performance criterion
approximately, and then to obtain the controller from the relationship C = L/P.
Internal stability of the plants and properness of C constitute the constraints of the
method. Condition L = PC should not have any pole zero cancellation. Different
from the existing results mentioned before, the GKYP lemma is used as the frequency
division tool to replace the use of the weighing functions, from which new results
are obtained.
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6.2 Finite Frequency S/T Mixed Sensitivity Design
for SISO Singularly Perturbed Systems

The section derives sufficient conditions for the feasibility of a kind of non-convex
problem based on GKYP lemma approach. A controller for the SPS is designed
in detail to satisfy frequency domain loop-shaping specifications which are given
in terms of H,, norm. It has been further shown that this controller is obtained
by designing its fast and slow parts, respectively. The effectiveness of the proposed
method is demonstrated through being compared with traditional H, design method.

For engineering applications, this section aims at investigating the mixed sensi-
tivity problems of SISO SPSs via finite frequency strategy. We extract the dominant
frequency components in FF ranges from the the dynamics of SPSs, and design a
controller to achieve frequency domain loop-shaping specifications. Based on the
GKYP lemma, the controller for the full system is designed, which has the simi-
lar singularly perturbed structure with the full system. Furthermore, the parameters
of this controller can be derived through designing its fast and slow parts. Finally,
the example comparison with traditional H,, method shows the superiority of our
results. The main feature of this method is that the controller for the full system is
designed directly, without the composition of the suboptimal controllers.

Loop-shaping is a typical control design, which requires small sensitivity in a
low-frequency range and small complementary sensitivity in a high-frequency range
[23]. Simultaneously, the stability margin specification should be satisfied in a middle
frequency range.

An SISO singularly perturbed system G, (s) is given:

X1 = Anx; + Apxy + Biu,
exy = An1x1 + Anxy + Bou, (6.1)
y = Cix1 + Coxp + Du,

where x; € R", x, e R, u € R, y € R, and Ay, is assumed to be non-singular.

Problem 6.1 A controller G.(s) is designed to achieve the following specifications:

<y, |o| < wp;

1
M ‘m
2) |1+ Gp(jw)Ge(jw)

G, ()G (je)
(€) ‘_1+c];p<jw>cf(jw>

> Yo, 0 < |o| < wp;

< V3, Wp =< |a)|’
where w; < wy,.

Specification (1) represents good tracking performance with small y,. The specifi-
cation (2) ensures a reasonable stability margin with large ). The specification (3)
represents robustness against unmodeled dynamics of the plant in high-frequency
range with small y3. Specifications (1) and (2) will lead to non-convex regions on
the complex plane such that the GKYP lemma can not be directly applied to them.
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In addition, the three specifications above will be rewritten in other forms, which
are more rigorous. Based on the GKYP lemma, we obtain the sufficient conditions
for the feasibility of the non-convex problem, and the results and some relevant
propositions will be applied to the loop-shaping control design based on the GKYP
lemma. The similar specifications are presented in [6, 9], the main difference is that
the specifications they introduced were based on the real and imaginary parts of
open-loop TF.

Through classical slow-fast decomposition methods, the slow subsystem G (s)
and fast subsystem G ¢ (s) of G, (s) can be expressed as

)'Cs = Ax; + Bsus,

6.2
Vs = Csxs + Dyus, ( )

and

EXy = A22Xf + Bzuf, 6.3)
yf = Caxy+ Duy,
where As = A“ - A12A2_21A21, Bs = Bl — Alez_lez, CS = Cl — C2A2_21A21,
Dy =D — (1A Bs.
To solve the numerical stiffness in G ,(s), we design a controller G.(s) which has
a similar structure as the original system:

p=Eup+ Eng+ Fie,
eq = Eyip + Exng + Fae,
u=Gp+Gyg+ He,

where p € R™, q € R™, ¢ € R, u € Rand Ey, is non-singular.
Decomposing the controller, the slow part G..(s) and fast part G.r(s) are
obtained:

Ps = Esps + Fyes,
Us = Gsps + Hve.sa

and

epr = Enpy + Faey,
ur = Gypr+ Hey,

WhereES = E][ — E12E2_21E21, FS = F] — E]2E2_2] F2, Gs‘ = G] — G2E2_21E21 and
Hy, = H — GLEY,'F».

Since loop-shaping design problem requires small sensitivity in a low-frequency
range and small complementary sensitivity in a high-frequency range, we define
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sensitivity function S(s) and complementary sensitivity function 7 (s) as follows:

G,rGer
T(S) . pfYcf

S(s) = = .
1+ GprGey

1+ Gpchs '

Problem 6.2 Taking the definition of Hy, norm in finite frequency range into con-
sideration, the following specifications are obtained:

M S oo < 15 0] < ay;
Q) |1+ Gp(jo)Gu(jo) |, > v lo] < wp;
B) 1Tl < y3. @ < |l;
@) |14 Gpr(jo)Ger(jo) |, > yar o < o,

where w; < wy,.

Specifications (1) and (3) ensure the small sensitivity and small complementary
sensitivity with small y; and y; in low-and high-frequency ranges respectively, and
the specifications (2) and (4) guarantee a certain stability margin with large y» and y4.

According to results of Iwasaki [19], the relevant result of slow subsystem is given
as follows:

Theorem 6.1 Let W) ={w e R :|o| <}, Wo ={w e R : |o| < wy} be given,
where w; < wy. Suppose det(jwl — A) #0 (w € Wy). Then, the constraints,
I1S($) oo < y1 for any w € Wy and Hl + G psGes Hoo >y, for any w € W,, hold
if there exist real symmetric matrices Py, P, and Q1 > 0, Q» > 0, such that the
following inequalities are satisfied,

AP+ PIAT — AQIAT + 07 Q1 —AQ\CT + PICT B
—CQ[AT + CP —CQ1CT — )/12[ D <0 6.4)
BT D" -1

and

|:AP2 + P,AT — AQ»AT + w2 0> — BBT —AQ,CT + P,CT — BDY } 0
—CQ,AT +CP, — D,BT —CQ,CT — DyDT + %1 ’
(6.5)
where

Ay BiGy _ | BsHs _
A:[O E :|,B_[ F ]C_[CsDSGS],

1
D1=DsHs_(_+V1_1)v D> = DyH, + 1.
4!

Proof Combining Lemma 2.2 with SCL 2.4 and taking

—-10 I 0
W—I: 0 (1)12]’ 7T—|:0_y]21i|7 D_Dlv
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we have

T T
Al oP T Al B0 BO
o] (po]rerea) ] (577 <o
which gives
[CsT —A)™'B+Di|_ <n. Yo eW. (6.6)

—-10 I 0
ll/_[ O (,()2:|’ Tr—[o_ylzl}v D_DZ’

then (6.5) is equivalent

Defining

|C(s1 —A)'B+Ds|_ >y, Yo € W, (6.7)

The state space realization of G ()G (s) is
X | | Ay ByGy || xs n B H; .
Ds L0 E Ps F '
¥ =[Cs DG, ] [;} + DoHoes.
Then, the inequality (6.6) is equivalent to

Remark 6.1 Itcanbe seenthat G ,(s) and G.(s) are SISO systems, and the sensitivity
problem can be specified with a scalar y; < 1 such that

1
Gpchs_(_'Fyl_l)H <71, Yw € W;.
Y1 00

S =|—F , Yo € W,.
IS0 H1+Gpchs OO<V1 we W
Inequality (6.7) is equivalent to

[14GpsGes| > v2, Yo € Wa.

Similar result of fast subsystem is given as follows:

Theorem 6.2 Let W) ={w € R : |w| > wp}, Wo ={w € R : |w| > w;} be given,
where w; < wy. Suppose det(jwl — A) # O0(w € W,). Then, the requirements,
IT($)|ls < v3 for any w € Wy and ||1 + GpsGes ||oo > yy for any w € W,, hold
if there exist real symmetric matrices Py, P, and Q1 > 0, Q» > 0, such that the
following inequalities are satisfied,
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AP+ PlAT — AQlAT +a)12Q1 —AQ1CT + P1CT B
—CQlAT—i-CPl —CQlCT—ﬂzl D), | <0, (6.8)
BT DT -1

and

|:AP2 + P,AT — AQ,AT + w; Q2 — BBT —AQ,CT + P,CT — BD} } 0

—CQ,AT +CP, — D,BT —CQ,CT — D,DT + %1
(6.9)
A22/€ B2G2/8 BQH/S
where p = lfys’ A :[ 0 Exn/e | B= Fle | C =[C: DG ] and

D,=DH, D,=DH + 1.
Proof Similar to the proof of Theorem 6.1.

It has been shown how to design a controller for a SPS to satisfy loop-shaping
specifications. Since similar problem has been discussed in [10], the results obtained
are compared with theirs in the following examples. The main difference is that they
consider the problem in the entire frequency range, whereas our results are built in
the finite frequency ranges.

Example 6.1 Consider the following SISO SPS,

s+ 1

GO = e

where ¢ = 0.0001.
In order to make the comparison clearly, we choose w; = 2 x 1072, w, =2 %
10°. Applying the design method, we obtain the controller as follows:

284.7s + 5.691 x 10°
s2 4+ 10002s + 1 x 10*°

G.(s) =

The composite controller is obtained (Fig. 6.3),

3 0.0001949s* + 19525 4 23.865% 4 90.95s + 102.1
1 x 1071165 12,051 x 107554 4 0.102553 + 0.665952 + 0.8195s 4+ 0.2561

Ge(s)

The sensitivity functions and the step response are depicted in Fig.6.4.
Example 6.2 Let the plant with the small parameter ¢ = 0.001 be

s+0.5

G = e 1)

A controller will be designed such that both y, and y,4 will approach 1, and y; <
0.1, y3 <0.1.
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In this example, select parameters w; =2 x 107, w, =2 x 10* and G, =1,
Ey=-1, E;) =2, E\=Ey; =G, =1, H=0. To make our results more
convincing, we provide two groups of specifications, and then design two different
controllers according to the different specifications:

() y1 =0.1, y3 =0.01
Using the design procedure in this subsection, a controller is developed as

413.1s + 7.282 x 10*

G =
) = =3 10025 + 1000

) y1 = 0.01, y3 = 0.01
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Similarly, another controller to satisfy specification (2) is obtained:

772.8s +7.921 x 10°

G.(s) = .
) = =3 1005 + 1000

It is easily to verify that the parameters selected meet y4 = 0.97 and y, = 1.18 that
means a certain stability margin has been guaranteed. The sensitivity functions and
the step response are depicted in Fig. 6.4.

Loop-shaping design for SPSs has been investigated in these examples. A sin-
gularly perturbed form controller is also constructed. The most remarkable is that
the controller can be design directly without the composition of the suboptimal con-
trollers.

6.3 Finite Frequency H_/H , Control for MIMO
Singularly Perturbed Systems

There are many research results along the Hy, control problem for singularly per-
turbed. Oloomi and Sawan [15] studied the suboptimal matching problem for SISO
two frequency-scale systems and obtained a suboptimal H,, solution through solv-
ing the model matching problems for low-and high-frequency models. Tan et al.
[20] have derived a set of e-independent sufficient and necessary conditions for the
existence of an H,, suboptimal controller in a different and simple way. Pan and
Basar [16, 17] have solved the Hy, control problem for the MIMO SPS using the
theory of differential games, and presented an e-independent two-stage procedure
for the construction of a suboptimal solution. Luse and Ball [12] studied a weighted
sensitivity problem and derived an approximate solution in which the problem is
decomposed into slow and fast subproblems. However, their results are based on the
entire frequency, without considering the frequency characteristics of subsystems
sufficiently.

One of the most fundamental results relation frequency domain and time domain is
the KYP lemma, which establishes the equivalence between the FDI and the LMI [18,
21]. As the extension of the standard KYP lemma, the GKYP lemma was introduced
by Iwasaki et al., which provided an LMI characterization of FDIs in (semi)finite
frequency range [6, 8, 19]. Finite frequency control of SPS were developed in [13,
14]. Mei et al. [14] studied for H,, Control of SPS by a GKYP lemma based approach.
Huang et al. [7] discussed finite frequency positive real control for SPS.

In this section, the H_/H,, control issue are considered for MIMO SPS in
(semi)finite frequency ranges, and a singularly perturbed form controller is designed
to satisfy different FF specifications. Introducing H_ index and H., norm of TFM
in different frequency set, the SPS can achieve desired robustness and good sensor
noise rejection capability. Finally, a example is given to demonstrate the superiority
of our results.
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Consider the following SPS G (s):

x1(t) = Anxi (1) + Apxa(t) + Buu(t),
ex2(1) = Ag1x1 (1) + Appxa(t) + Bou(t), (6.10)
() = Cix1(t) + Caxa(t) + Du(t),

where x;(f) € R" and x,(t) € R" (n = n; + ny) are the states vectors, u(t) € R?
is the input vector, y(¢) € RY is the output vector and 0 < ¢ <« 1 is a small real
parameter. The TFM is represented by

A B

G(s) =C(sl,—A)'B+ D := [C D

] € RH,

Al A B .
where A = [A_zlll 12:|, B = [B_zli|,C = [\ C; ], and D are constant matrices of

Ap
appropriate dimensions.

As r(t) =0, the desired disturbance rejection capability of G(s) with good
dynamic characteristics would require designing a controller G.(s) such that the
following requirement is satisfied

&

& ((Iq 4 G(s)GC(s))_]) <71 lo| <. 6.11)

As d(t) = 0, the desired disturbance rejection capability of G (s) with good dynamic
characteristics would require designing a controller G.(s) such that the following
requirement is satisfied

5 (G(s)Gc(s)(Iq n G(s)Gc(s))_l) <1 |0 > o, 6.12)

where y; and y; are two small real constants.

Remark 6.2 The output sensitivity matrix S,(s) = (I(, + G(s)GC(s))_l, shown in
Fig.6.5, is defined as the TF from the disturbance d to measurement output y, and
the output complementary sensitivity matrix is denoted by

T,(5) = Iy = So(s) = G($)Ge() (I, + G($)Ge(s))

Fig. 6.5 The residual output | d
subject to the low-frequency e

noise —yQ—» G.(s) }—ub G(s) "ﬁ)—‘
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Remark 6.3 1t should be noted that the inequality (6.11) has reveal that the singular
value of Sy(s) is supposed small for good dynamic performance of the plant output
in the low-frequency range [—wy;, w;], while inequality (6.12) has shown that the sin-
gular value of G(s) is supposed small to guarantee desired robustness and sufficient
sensor noise rejection capability in the high-frequency range (—oo, —w;, ] U [wy,, 00).

Based on Lemma 2.1, we can obtain the following lemmas in the equivalent form.

Lemma 6.1 Define the rational function G(\) = (A, — A)~' B, where A € C"*",
B e C"*P. Given Hermitian matrix IT € C"P*0+p) | the complex frequency set A
can be defined by

A(D, W) = [,\ec: ﬁ] qﬁ[ﬂ —0, [ﬂ -p[ﬂ >0}, (6.13)

where A is the frequency variable (s for continuous-time and z for discrete-time
cases), and Hermitian matrices ®, ¥ € C*>*2. The following statements are equiva-
lent,

(1) [GI(”} o [GI(“] < 0(>0), forany 1 € A (P, ¥);
P P

(2) There exist Hermitian matrices P and Q > 0, such that

A B

[AB} (<D®P+W®Q)[I 0

1,0 i|+17<0(>0).

For clarity of explanation, the dual version of the GKYP lemma is introduced.

Lemma 6.2 Define the rational function G(\) = C(AI, — A)~!, where A € C"",
C € C9*"_ Given Hermitian matrix I' € C'O*+D  the complex frequency set
A (D, V) can be denoted by (6.13). The following statements are equivalent,

(D) [GW L] T[GW) I,]" < 0(> 0), forany » € A(®, ¥).
(2) There exist Hermitian matrices P and Q > 0, such that the following inequality
is satisfied

Al, ALT
|:CO:|(¢®P+LI/®Q)|:CO:| + I <0(>0).

As an extension of Lemmas 6.1 and 6.2, the following lemma is given.

Lemma 6.3 Ler W= weR: jla) v le >0¢, with the relationship

between W and W shown in Table6.1. Assume det(jwl, — A) # 0 (v € W).
The constraint condition |G (s)||" = ||C(sI,, — A7 'B+ DHiV > B holds if and
only if exist Hermitian matrices P; and Q1 > 0, such that
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Table 6.1 Comparison of W — ¢

w '4
o] < [—10
w w,
= 0 ‘”12
0<w<a -1 —jw /2
Jor/2 0

W =w=w

[ -l e
| (o +wp)/2 —wow

ol = 1 0

w w,

= Wh O—w%
o

w = wp . / i|
—Jj 2wy
[00

0<w<o
00

|:In 0} (|:P1 0]+W®Q‘) [ln 0:|+[D*C D*D—ﬁ21p:| >0. (6.14)

Similarly, the constraint condition IIG(s)IIOVZ = ||C(s1n — A)_IB + D”ou; <y
holds if and only if exist Hermitian matrices P, and Q, > 0, such that

[c o]([P2 0]+‘I’®Q2)[C o} +[DB* DD*_yzlq]<0. 6.15)

Proof According to definition of H_ index, [|G(s)||” > B is equivalent to
inva[G(jw)] > B, whichisrewritten by G*(jw)G(jw) > ;321,,, foranyw € W,i.e.,
we

(C(jwl, —A)'B+ D) (C(jwl, — A)"'B+ D) — I, >0, Vo € W,
(6.16)
based on the minimum singular value definition.
It can be seen that (6.16) can be further represented by

[(ij,,—A)—IB] [c*c c*D }[(J'WIn_A)_IB}>0,VwGW.

I, D*C D*D — I, 1,
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Hence, according to Lemma 6.1, the inequality (6.15) holds if and only if there
exist Hermitian matrices, P, and Q; > 0, such that

(jol, — A)'B

(jol, — A)'B
IP

*
I ](¢®P1+W®Q1)|: :|+17>0,Va)eW,
p

whereH=|:CC c*b ]

D*C D*D — /Szlp
Here, we define A = jw, which means the real part of A is zero, i.e., A* + A =0

with its matrix form .
A 01 A
M [IO]MZO. 6.17)

The frequency variable w € XA canbe characterizedby A € A (@, ¥),® = |:(1) (1)] s

and ¥ can be used in the frequency division. The proof of the equivalence between
1G(s) IIOVZ < y and inequality (6.15) is similar to the above proof, which is omitted
here [8].

According to the Table 6.1, in the low-frequency range |w| < w;, one can obtain
that (6.14) is equivalent to

ABl'[-0 P AB+C*C Cc*D -0
I, 0 P Q|| 1,0 D*C D*D — p*I, :

In the high-frequency range |w| > w;,, one can achieve that inequality (6.15) is
equivalent to

ALN[O, P Al *+ BB*  BD* -0
CO|[P —wjO||CO DB* DD* — ¥, :

Using the tradition singularly perturbed method, slow subsystem G (s) and fast
subsystem G s (es) are obtained

J.Cs = Asxs + Bsum

6.18
Vs = Csxs + Dsusv ( )

and

8)27]" = A22)Cf + Bzuf, (6.19)
yr = Cyxy + Duy, '

where Ay = Ayj — ApAy Ay, By =By — ApAy By, Co=Ci— G AR Ay,
D, =D — C2A2’21 B;. Throughout this subsection, the following assumptions are
required.
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Assumption 6.1 Aj is stable matrix.
Assumption 6.2 Ay, has no eigenvalues on the imaginary axis.

It has been shown in [5] that the TF of a SPS can be written as sum of two TFs
in two different frequency-scales, s and ¢s, corresponding to the time-scales ¢ and
T =t/e:

G(s) = Gi(s) + Gyes),

which means that G, (s) and G ¢ (¢s) can approximate G (s) in low and high frequen-
cies, respectively. Then, let G.;(s) be a controller for slow subsystem G,(s) and
Gy (es) be a controller for fast subsystem G (&s).

It can be assumed that the controllers have the following state-space realizations

)‘C‘vc = Ascxsc + Bsc(p)ysm
Gye(s) :
! (S) { uge = CyeXge + DSC(p)ySCa

eXpe = AfcXpe+ Brc(Q)yges
G ro(es) f ferf f f
seles) [ ure =Crexye+ Dyc(Q)yres

where x; € R™ and xf. € R" (ny = n; +ny).

Assumption 6.3 B.(p), D;.(p), Bf.(¢)and D (¢) are proper dimension affinely
Sunction of p and ¢, respectively. Ay., Cs¢, Ay and C . are constant proper dimen-
sion matrices.

It means that G(s) and G ¢ (es) depend affinely on the design parameters p and
¢, respectively, which also shows that the poles of G,(s) and G f(es) are fixed, and
the zeros are designed through the choice of p and ¢ [6].

Assumption 6.4 A is stable matrix.

The following theorem is one of our main results, and formally states the suffi-
cient conditions of SPS controller to satisfy the performance of the plant output in
the low-frequency range [—wy, ;] and noise rejection in the high-frequency range
(—OO, —a)h] U [wh, OO)

Theorem 6.3 Suppose Assumptions 6.3 and 6.4 are satisfied. Inequalities (6.14)
and (6.15) hold if there exist small constants § > 0, y > 0 and ¢> 0, Hermitian
matrices Py, P, and Q1 > 0, Q> > 0 such that the following LMIs hold

PiA + A*P, + C*C C*D P, 0 A*
D*C (1 = )1y 0. + DyDye + DED* 0 B* B*
Py 0 Litn, 00 >0,
0 B 0 1,0
A B 0o 0 9o

(6.20)
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P2A*+I§P2_O),%Q2 Pzé* B AQZ

CP, —y*l, D CQ,
B*_ [’f 10 <0, (6.21)
0,A* 0,C* 0 —Q»

where

A AS Bscsc N __ Bstc A A
A—[O AL } B—[ B.. } C =[Cs D;Cs. |, D = DDy + I,

A A B C = BD _ .
_ 1 22 D2Cype 4 2Dy B -
A=c¢ [ 0 Ap ]’B—a |: By :|,C—[C2 DCfC],andD_Dch,
Proof Considering that

1
I, + G(5)G.(s)

G ((lp + G(s)GC(s))_]) =1

)<J/1i lo| < wy

and
_ 1 1
5 (GG Iy +G©Ge) ) = ——— < ¢ lo| z o,
FGme. o + 1
ie.,
(I, + G$)Ge(s)) > B : ol < oy, (6.22)
5 (GE)G() <7 o] = a, (6.23)

where 8 = % and y = ll’zyz A y», it can be seen that inequalities (6.22) and (6.23)
are, respectively, equivalent to

|1, + G®Go()| =" > B, (6.24)
G (5)G(s)]| 500 leno0) <y (6.25)

Hence, for the slow subsystem G,(s) and its controller G(s), condition (6.24) is
equivalent to

1, + G, ()Goe(s) |~ > B. (6.26)

Similarly, for the fast subsystem G f(es) along with its controller G.f(es), con-
dition (6.25) is equivalent to

|G 1 (e5)G reles) || 7 <y (6.27)
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Moreover, we have

AY BS ASC BSC
eaonio-o [ ][]
Ay BCye| ByDy, <
=] 0 A By, = |:i~£:|
Cy DyCye | DyDye + 1 c|b
and
A B Ascfe| By
Gf(ss)GfC(ss):[ 2C22/8| z./eM éf{8| lf)f/cg]
A22/8 BszC/&“ Bszc/S A B
=| 0 Ap/e | Bpfe |:= [F{—Dv] .
C; DCy | DDy

According to Lemma 6.2, in the low-frequency range [—wy, w;], the inequality
(6.26) holds if and only if there exist symmetric matrices P; and Q; > 0 such that

A Bl [-0 P A B [C7¢ DT,
I 4n, O Py a)le] Loy 4n, O pre bTb_ﬂzlp ’
i.e.,

[—A*Q1A+P1A+A*P, + 0?0 + C*C —A*Q1§+P11§+@*ﬁ] o

* —B*Q,B+ D*D — g1,
(6.28)
|:—P,2 —Plé} . . :
However, 5+ B < 0, and the inequality (6.28) can be rewritten by
|:7A*Q11§+P1A+A*P1+w12Q1+6'*C‘—P12 —A*Q\B+C*D }>0
* —B*Q\B+D*D — g1, — B*B '

Based on Schur complementary Lemma, inequality (6.28) can be written equiv-
alently as

* DD* -1, 0 B* B

* * Ly n, 0 0 >0 (6.29)
* * * Iyyn, O

* * * * Qfl
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Due to the constraints Q; > 0 and (D;D;.)* DDy > 0, the (1, 1) element and
(2, 2) element of left matrix of inequality (6.29) are

PIA+ A*P 4+ 0?Q, 4+ C*C > PlLA+ A*P, + C*C

and
D*b = (Dy Dy + Ip)*(Dstc + Ip) = Ip + Dy Dy + D;Ds*

In the high-frequency range, (—oo, —wy] U [wy, 00), the control performance
(6.27) holds if and only if there exist symmetric matrices P, and O, > 0 such that

Al [Q P \[Alu, | [ [BB  BD* ] _
cC 0 P, —wjQr||C O DB* DD* — y?I, ’

ie.,

AQrA* + P A* + AP, — 0} Qs + BB* ’%ch—:* + 1229_’* + BD* -0
. €0.C*+ DD* — 21, | =

Based on Schur complementary Lemma, inequality (6.29) can be written equiv-
alently as (6.21).

AJ Bs Csc

0 Ay |’
where A, and Cy. be constant matrices in the controller G, (s), and the stability of
Ais equivalent to the that of A; and Ay..

Next, we discuss the stability of slow control subsystem. Take A=

Theorem 6.4 Consider a SPS described by G (s), with the subsystems controllers
Gyc(s) and G ¢c(s). Suppose that Assumptions 6.3 and 6.4 are satisfied, and the
closed-loop system Gy is stable. Control performances (6.11) and (6.12) hold, if
exist Hermitian matrices Py, P, and Q1 > 0, Q, > 0 such that LMIs (6.20) and
(6.21) hold. Then, the controller can be formulated by

G.(s) = Ges(s) + Gcf(gs)-

Example 6.3 Consider the one-link robotic manipulator with flexible joint illustrated
in [5],

X1 = x2,
%y = Jy '(mglsinx; — Bz — Baza),
€21 = —z1 + X1,
£ = —22 + x2, (6.30)
€73 = 24,
£24 = Jz_lmgl sinx; — (J1 + Jz)Jz_l-Il_l(:BsZS + Baza) + Jl_lu,
Y1 = Xy,

Y2 =22,
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Table 6.2 Physical parameters of one-link robotic manipulator with flexible joint
Physical description Parameter Value Unit
Angular displacements of the rotor 01 - rad
Angular displacements of the link 0> - rad
Real small parameter “w - -
Moment of inertia of the rotor J1 1 kg - m?
Moment of inertia of the link J> 1.333 kg - m?
Mass of the link m 1 kg
Half length of link l 1 m
Gravitational acceleration constant g 1.62 m/s?
Spring constant of linear torsional spring Bs 3 N/m
Damping coefficient of linear torsional damper | B4 3 Ns /m
where x| =6, xp:=0s, €21 = —21 + bh, €20 = —20 + 6, 23 1= 2(0, — 0)),

24 := & 16, — 6)). Some parameters in (6.30) are listed in Table 6.2.
Letting sin x; &~ x; and substituting the related parameters into (6.30) can yield

X = 1.215x; — 2.15z3 — 2.15z4,

ez4 = 1.215x1 — 5.25z3 — 5.25z4 + u,

x| = X,

£z1 = —z1 + X1,
820 = —20 + X2,
£23 = 24,

Y1 =21,

Y2 = 22,

where

Bl=[8] B,=[0001]", clz[g

0 1 0
4 = [0.7174 1} - Be= [—0.4095

00 0 0

[0 0 —2.25 —2.25} ’
10 0

0 -1 0

00 0

0 0 —525—

0 1000 0
o}’ C2:[0100]’ D:[o]

Related parameters of the slow and fast subsystems of (6.30) are listed as follows

-3

0
1DS_[0}7
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10 0 o0
0-1 0 0 1000 0

A2=19 0 0o 1 ’322[0001]T7C2:[o100]’D:[O]
0 0 —525-525

The PID strategy is adopted in this example. For the slow subsystem G,(s), it is
obtained
Ge(s) = [Ksl(s) KsZ(s)] s

where L L
i1 a1
K, =k —_t—,
s1(8) = kp1 + . + 5 Tors
ki> ka>
K, =k —_t —
s2(8) = kpo + . + 1T Tos

in which Ty > 0 and T, > 0 are small time constants, and parameters k,;, k;; and
kqj (j =1, 2) are designed parameters. We can obtain its state-space realization as

0 0 0 0 ki 0

l—l/le() 0 kil_kdl/Td21 0

[Asc Bsc(p)] — 0 0 0 0 0 ki2
Csc Dsc(p) 0 0 1 —I/sz 0 ki2 - de/sz2
0 1 0 1 |kpl + ka1 [Tar kpr + ka2 [ Tz

Similarly, for fast subsystem G ¢ (s), the state-space realization controller G s (es)
can be represented by

0 0 0 0 ki1/€ 0
1 —l/é‘le 0 0 Eil/S—kd1/8Tle 0
[Afc/a ch({)/si| _lo 0o o o 0 kin /e
Cre Dye(®) 0 0 1 71/87-112 0 ]Eiz/é‘fkdz/sfdzz
0 1 0 1 | kpt + ka1 /Tar — kpo +kaz [ Tao

where Ty, > 0and T, > 0 are small time constants, and Izpj, IE,-j and /Ed,- (Gj=12)
are designed parameters.

Overall, H_/ H control for MIMO SPSs in the finite frequency ranges has been
investigated in this section. Sufficient conditions for the existence of an H_/H,
suboptimal controller are derived based on GKYP lemma. A singularly perturbed
form controller is constructed through designing its fast and slow parts. The result
is applied to deal with the H_/ H, control problem in different frequency ranges to
achieve the desired robustness and better sensor noise rejection.
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6.4 Fault Detection for Singularly Perturbed Systems

This section addresses the FD synthesis for a class of linear SPSs with disturbances.
The observer is designed via using a singular method, in which the SPSs could be
processed within a uniform framework instead of the classical slow-fast decompo-
sition. The problem of robust FD is converted into a standard H,, model-matching.
Based on the GKYP lemma and parameter-dependent Lyapunov functions, a full-
order observer is designed such that the corresponding error dynamic system is
asymptotically stable and satisfies a prescribed finite frequency H_/H,., perfor-
mance index. A novel three-step design procedure is then proposed to extract the
fault feature from strong background disturbances. An illustrative example is given
to demonstrate the validity and applicability of the proposed approaches in the sim-
ulation part.
The main contributions of this method are outlined as follows.

1. Different from the existing slow-fast decomposition method, a novel approach
stemming from singular systems based on the matrix inequality machinery is
utilized, which enjoys great potential and vast application prospects because they
are also effective for the widespread non-standard SPSs. With the aid of these new
approaches, both e-dependent and e-independent FD observers can be designed.

2. The frequency nature of SPSs is considered in design of a well-conditioned FD
observer to reduce the conservatism of design procedure. It is noted that the slow
modes are sensitive to oscillators associated with low-frequency signals while the
fast modes are more easily affected by the high-frequency power source. On this
basis, the window H,, specification index from the external disturbance to mea-
surement output is particularly fixed in the low or high frequency ranges to obtain
stable resistance to various of unknown disturbances. The window H _index from
the fault input to measurement output is specified in the middle frequency range
to improve the fault-sensitivity capability of the overall system.

3. To best of our knowledge, it is the first time that finite frequency issues have
been investigated for the FD of SPSs, and the results can be extended to more
sophisticated systems with multi time-scale property. Due to the existence of
modes with distinctive rates of convergence, the control specifications such as
H_/H specification index can be further loosen combined with the frequency
characteristics of the whole system.

Consider the SPS as follows:

x1(t) = Anxi1(t) + Apxa(t) + By, w() + B, u(t) + By, f (1),
exX2(t) = Anix1(t) + Anx2(t) + By, w(t) + B,,u(t) + By, f (1), (6.31)
() = Cix1(t) + Cax2(t) + Dyu(t) + Dy f (1) + D3w(1),

where x(t) € R™ and x,(¢t) € R" (n = n; 4 n,) are the slow and fast state vec-
tors, y(¢) € R? is the measured output, u(t) € R? is the control input, w(r) € R”
reveals the disturbance vector, f(¢) € R® represents the fault input vector. It should
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be noted that A;;, B,,, By, By, Ci, Dy (i,j=1,2; k=1,2,3) are constant
matrices of appropriate dimensions. The perturbed parameter ¢, 0 < ¢ < 1, serves
as a measurement of the separation in “scale” of the slow and fast dynamics.

For convenience of development in the sequel, define a new variable as

| X
n(t) = [xz(t)]

and then (6.31) can be rewritten in a more concise and explicit form,

Ecn(t) = An(t) + B,w(t) + Byu(t) + By f (1),

(6.32)
y(t) = Cn(t) + Du(t) + Dy f (1) + D3w(1),

where

To detect the fault, a FD observer in the form of SPS is constructed as

E.0i(1) = A%j(t) + Bu(t) + L(y(t) — ¥(1)),
y(@) = Cn@) + Diu(1), (6.33)
r) =y@) — y(),

where 17(¢) € R"(n = ny + ny) and y(¢) € R? denote the state and output estimation
vectors, respectively; and r(¢) is the residual signal, which relies on the fault input
f(t) and the external disturbance w(¢). The design parameter is the observer gain

. L,
matrix L = [L2:|'

Remark 6.4 1t is clear that if a system is controllable and the system states are
available for feedback, then the system closed-loop poles can be assigned arbitrarily
through a constant feedback. However, for most practical applications, the system
states are not completely accessible and all the designer knows are the input—output
data, which brings in increasingly more attention on observer-based controllers.

Denoting a new variable as 7(¢) = n(¢) — 17(¢), the following state error dynamic
SPS is then obtained,

Ec1i(t) = Afj(t) + Byw(t) + B f (1),

. (6.34)
r(t) = Ci(t) + Dy f () +D3w(1),

where
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Axy — LyCy Ay — Lr,Cs

szBW_LD3 — [BWI _LID3j| — |:€W1:|’

A—A_LC— [All —LCy Az —L1C2:| - [411 412:|,
Az Ax

B,, — Ly,Ds B,,
_ By — LD, B;
By=B;—LDy=| 7/ =N
e ? [sz - LZDZ} [sz

Remark 6.5 We aim to detect the occurrence of a fault in the presence of unknown
disturbances. Nominally, the residual process r(¢) is zero in the absence of a fault
and non-zero otherwise. However, when driven by unknown disturbing sources with
high amplitudes, the residual process can fail to go to zero even in the absence of
a fault. If this happens, the FD observer detects but cannot isolate the fault. In this
case, the state error dynamic system (6.34) is constructed to convert the FD issue
into the H,, model matching problem.

On this basis, the corresponding TFMs from fault signal f (¢) to the residual r(¢)
and from the external disturbances w(¢) to the residual (), denoted by G, (s) and
G, (s) respectively, are derived.

Gyr(s) = CE; — A)™'By + D,
Gy (s) =C(E, — A)ile + D;s.

To investigate H_/ H, performance of continuous-time control systems in local
frequency ranges, a new conception of window H_/H,, norm is presented, and it is
stated that traditional H_/H., norm is a special case of window H_/Hs, norm.

Remark 6.6 The H_ index of a TFM G (s) over the finite frequency range [w;, w;]
and its H,, norm over the finite frequency range [0, w;] U [wy,, +00) are defined as
Definition 2.4.

Remark 6.7 H_norm is used as the worst-case fault sensitivity measure. To indicate
the dependency on the finite frequency range [w;, w,], we define the window H_
norm as ||G(s) ]2, which is simplified into ||G(s)||- when the frequency range
is made with certainty.

Problem 6.3 Based on the above motivation, the design problem of a robust FD
observer for the linear SPS (6.31) should satisfy, for any ¢ € (0, £*], as follows:

1. The internal stability constraint: (E,, A) is stable.
2. The disturbance attenuation ability:

G () 1Lt < g, (6.35)
3. The fault sensitivity capability:

G, r () > y. (6.36)
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Remark 6.8 The internal stability requirement ensures the asymptotical stability of
the error dynamic SPS (6.34) in the absence of unknown disturbances. Condition
(6.35) is used to reduce the norm of the closed-loop TFM from the disturbance to
the control output to a preserved level. To some extent, the suppression of low- or
high-frequency disturbances, divided by trade-off frequencies w; and wy,, can reduce
conservatism than the suppression of the disturbances in the entire frequency ranges.
In addition, the constraint (6.36) is a FF performance index which increases the fault
sensitivity in the fixed frequency range because the frequency characteristics of the
fault input, imposed artificially, is known in advance. The frequencies w; and w,
given beforehand are used to reflect the general frequency range of the fault input.
The noise-signal gain ratio is defined as

S =

P
Y
which can be used to evaluate the FD observers. A better FD observer ought to
achieve smaller §.

Then, a reliable FD mechanism is required to make the system capable of detect-
ing the occurrence of a fault, identifying the faulty component and determining a
course of action that restores safe operation of the system. The threshold detection
mechanism is utilized in this section, described in Fig. 6.6, which announces a fault
when the size of a residual exceeds some prescribed value [2, 11]. This prescribed
value could be determined to balance a rate of fault alarm against a rate of miss
alarm. Hence, the following logical relationship for FD is in Fig. 6.7.

Here

I 1/2
| r(t) ||2,T=[/ r%)r(r)dr} , T =t—1,

1
t € (11, tr] is the finite-time window, and J;, > 0 is setted threshold [22].

Remark 6.9 The following useful remarks are given.

1. InaFD progress, aresidual signal should be constructed and a residual evaluation
function be computed, which is then compared with a predefined threshold. If the

_| Singularly Perturbed ¥
u(t) System K1)
Residual chiemn

) Diagnosis
Generation =

» Observer 41‘ Threshold

Vest (f)

Fig. 6.6 Fault identification scheme for SPSs
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.\.\___\_\. Yes [ ‘.{ ‘
N2 7 =T > With faults Alarm
@Dl Sy >

Tro
| No faults

Fig. 6.7 Fault judgment for SPSs

System (6.24) with
FD observer (6.27)

residual exceeds the setted threshold, the fault will be detected and an alarm of
fault be generated.

2. As mentioned before, a configurable threshold is used to extract fault features
from strong background disturbances. To avoid the false alarm caused by external
disturbance, the scalar § in the requirement (6.35) should be set not larger than
the threshold J;;,. Similarly, the parameter y in (6.36), representing the fault
sensitivity capability, should be imposed larger than J;;, to improve accuracy and
efficiency of alarm. The noise-signal gain ratio J is used to optimize the solutions
to get more effective FD observer.

3. The threshold mechanism can also be viewed as the smooth filtering device. Due
to the existence of the external noise, especially for the high-frequency ones, there
exist many glitches in the residual outputs. The threshold mechanism can make
the residual evaluation process smoothly when the finite-time window length T
is chosen appropriately.

The following lemma is used throughout this section.

Lemma 6.4 Given matrices Ty, T,, T; € C"*", T5 < 0 holds, if there exists a con-
stant 0 < €* <« 1 such that

82T1 +elh +T3<0
holds for all ¢ € (0, £*].

Proof Consider the following function:

f&) = v’ Ty + Ty + Ty)v
= 2V Ty + ev*Thv + v Ty, (6.37)

where v € C". Using property of the quadratic function f(¢), we have
f(e) <0, e €(0,&"], (6.38)

where f(¢) is a continue function about ¢, and &* is a small positive parameter. The
sufficient condition for the existence of (6.38) is
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f(0) =v'T3v < 0.

According to the definition of negative definite matrix, 75 < 0 is derived. This com-
pletes the proof.

6.4.1 Internal Stability Conditions

Internal stability is an essential system requirement in control system design, which
guarantee smooth operation of all dynamics in the absence of external disturbances.
In this subsection, a parameter-dependent Lyapunov functions is adopted to alleviate
the stiffness of SPSs, which can be converted to LMIs to obtain feasible solutions.

Theorem 6.5 For given real constants p and q satisfying pq > 0, if there exist a

matrix ks, and symmetric matrices P; = |:Pi“ lf;;u > 0, and W, such that the
=522
LMI below is established, )
00P, O
* 0 P* P, —-W.
S22 S22 s I~ A
«%x 0 0 <He|:A*W5+C*K5i|[pln gl ], (6.39)

*x*x x 0

then there exists a scalar 0 < ¢* < 1 such that for any ¢ € (0, *], the closed-loop
error dynamic system (6.34) is internally stable. The state feedback gain can then be
given by L = (k, W 1)*.

Proof Select the Lyapunov function related with the parameter ¢ as

V(#7(t)) = 7*(t) Psen(2),

where
I)S] 1 & P

PSEZEsPsE£=|: * 81;12}.

$22

According to the SCL 2.4, P, > 0 can be guaranteed by P;,, — SPSIZPA;I Py > 0.
Denote a quadratic function as
f(e) =v*Pyv—ev* Py P ' P} v,
where v is a vector. Thus, f(¢) is a unary function about €. From Lemma 2.2, we can
obtain that there exists 0 < ¢* < 1 such that f(¢) > 0 is established, for any ¢ €
(0, ¢*]. Soithas f(0) = v*P;,,v > 0. According to the definition of positive definite

matrix, we have Py, > 0. Then, the derivative of V (7(¢)) along the trajectories of
(6.34) with no external inputs is
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V(#H(1)) = 7*(1)[(A — LC)*P,E; + E.P;(A — LO)1i(1) < 0,

which is equivalent to
(A* = C*L*)P;E, + E.P;(A—LC) <0,

or it is written in the standard form in Lemma?2.2,
- 0 PE|[A
[Anz][ESPS ! HIJ“)’ (6.40)

where A* = A* + C*(—L")I,.
According to Lemma 2.2, (6.40) can be converted into the following LMI:

0 PE, —1I,
|:E5Ps 0 ] < He |: n i| Wi R;. (6.41)
Substituting Py, = |:P‘m IPSIZ i| into (6.41), we have
*x P
00 Py, ePy,
*0 P P, — W
o, 012 0 < He AW, + Cok, R (6.42)

*x*x x 0

where k;, = —L*W,.
Plugging R, = [ pI, 41, ] into (6.42) yields that

00 Py, ePy,
*0 PJ*IZ PXzz —VV‘Y N R
ex 00 0 | <He| pew 4 one |[PTal] (6.43)

* x  * 0

where p and g are scalars which satisfy the constraint pg > 0.
Based on Lemma 6.4, it can be seen that (6.43) holds for any ¢ € (0, £*], if

00P, O
*0 P* Py, —W, .

e 00 <He[A*WS+C*KS}[p1nq1n] (6.44)
*x % 0

is true. This completes the proof.
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6.4.2 Disturbance Attenuation Conditions

This subsection presents a solution to the problem of disturbance attenuation con-
straint (6.35) via FD observer (6.33) for a linear SPS (6.31). The frequency nature
of SPSs, active disturbance attenuation ability in the middle frequency range, is
taken into consideration. The H., norm in the low-and high-frequency ranges for
the SPS (6.31) is specified to ensure the good resistance ability against all kinds of
disturbances.

Theorem 6.6 For given matrices R;, R, and a positive scalar B > 0, if there exist
matrices Vi, and k1, and symmetric matrices

P — [Pm P12 ]’ 0, = [Qm QIIZ] - 0.

1
* Py * Qi

and W, such that the error dynamic SPS (6.34) satisfies the system performance
(6.35) for any € € (0, €*], then the following LMIs hold:

—0i1 =020 P O 0
*x =010 P P O I, 0 0 WiR
N * I, 0 0 0 0 —1, 0 o
1% .
Ll om0 o |<He| il [Ml]gl (6.45)
* * * * 0 0 B, D3 D3
* *  x * * —/32Ip
and
Oi1 Q112 0 Py 0 0
* O 0 P, P O -1, 0 0 WiR
* *x 0 0 0 0 -1, 0 15
H * *q * V k .
s« o+ —w2Om 0 0 <He| , ¢ |:Kl}§h (6.46)
* *  * * 0 0 B, D3 D3
* * ok * * —,321p

where w; and wy, are cut-off frequencies. Then, the FD observer gain of (6.33) can
be calculated by Ly = (—«k; Wl_l)*.

Proof Condition (6.36) can be represented as follows:
G ()G (s) < B,

which gives

- -1
I:BW*(SES — Ay 1,]@1 [(SEE _IA) BW} <0, (6.47)
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_|c*0 I, 0 C D;
WhereOl_[D;‘],][O—,BzI, 0 Iri|.

Based on the Lemma 2.2, the inequality (6.47) can be converted into

) A B,
A* E, C* 0 E. 0

[ B 0 D 1,}@2 ¢ D, <0, (6.48)
0 I

PRQP+Y®Q0, 0 O
where ©, = 0 I, 0
0 0 —pB%I,
Leading in the elementary transformation 7, it can be seen that (6.48) can be
simplified into

) A B,
A* C* E. 0 «| C D;
[ B D 0 Ir} TOT | o <0. (6.49)
0 I
A* C* E; 0

Defining a new variable as N = |: i| , it is obtained that

BX D O I,
A* C* A* C* C* .
=[50 b =3 g )+ [ o] o tmol

= + Bi(-LN)E,

which is represented in the standard form of Lemma2.2. Hence, (6.49) can be rewrit-
ten as

I, 0 00 I, 0 00
01, 00 o1, 00| .,
Nl 6’E€ o |TOT | 61E€ o | NT <0, (6.50)
00 0 I 00 01
. . . 01 10
Plugging the matrices characterizing @ = 1ol v = 0 o? of the low-
I
frequency range into (6.50), it yields
_Ql 0 Pl Eg O
* Iq 0 0 _I(n+q)><(n+r)
. . a)lengEg 0 < He|: M, X1» (6.51)
* ok * —B21,

where

+ + V WR
X1 2%1 WIR1+(Iil+r_<gi<gl)|:V1;:| =|: ‘}121:|~
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I . . P P
Substituting the symmetric matrices P} = |: i“ 1 112 :| and Q;

into (6.51), we have

81(e) <0,
where
=011 —Q112 0 Py P12 0
* =012 0 P, P 0 —1I,
* * 1 0 0 0 0
S1(e) = a — He
1(8) * *  * 0} Qi o] Q1 A*
* *  * * ezw,lezz 0 B}
* *  * * * —B%I,
K1 = —L*Wl

_ Ot Q112
*x O
(6.52)
0 0 Wi R,
-1; 0 Vin
C* C* R )
D D K

From Lemma 2.2, we can obtain that if there exists 0 < &* < 1 such that (6.52) is
set up for any ¢ € (0, €], it is established

which is equivalent to

=011 —Qi112 0 Py
*x =012 0 P,
* * 1, 0
* * * a)]2Q111
* * * *
* * * *

81(0) <0,

0 0
P 0 -1, 0 O
0 0 0 —1, 0
o o |<Hel 4x ¢r ¢
0 0 B D} D
* —p2I

Similarly, it is established for the high-frequency case that

O Q12 0 Py 0
* Qi 0 P, P
* *x 0
* * * —w;Qu1 0
* *  * * 0
* * * * *

|
ooooco

-, 0 0
0 —1, 0
A* C* C*
B D} Di

w

< He

I

|

WIR;
Vi |.(6.53)
K1 R;

WiRy
Viz
K1 Rp

} . (6.54)

in which the matrices characterizing the high-frequency range are selected as

oo

This completes the proof.

01
10

Jo-fs2]

Corollary 6.1 If the error dynamic SPS (6.34) satisfies the system performance
(6.35) for any ¢ € (0, £*] in the entire frequency range, then the following LMI is

established:
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002 O -1, 0 O
WiR,
xI, 0 0 0 -1, 0
v x 0 0 < He A* CF CF Vllg , (6.55)
| xx x —B2L, B: D: pr | L*Y
[P0
where &) = P, P122:|'
Proof Let Q = 0, condition (6.35) is equal to
000 Py O 0
*0 0 l)f12 1)122 0 —-Iﬁ 0 0
l%’ll?l
*xI, 0 O 0 0 -1, 0
wxx 0 0 0 |“H a4 o o Kvllg » - (656)
kxx % 0 0 B: D} D} T
x*k x *  x —B2

which is the corresponding full frequency condition, and a special case of the finite
frequency condition in Theorem 6.6.

Substituting &, = []131*11 PO i| into (6.56), we have
112 122
002 O -1, 0 O
WiR,
:I: 8 8 < He [?* C{,:f CO* Vo | 6.57)
* *x *x —p%, B D3 D} kiR

This completes the proof.

6.4.3 Fault Sensitivity Conditions

In this subsection, fault sensitivity is analyzed for the error dynamic SPS (6.34),
which can provide a health monitoring and maintenance system of smooth operation.
The worst case fault sensitivity measure is formulated in terms of LMIs to provide
sufficient conditions for (6.36).

Theorem 6.7 Fora given matrix R,, and a positive scalar y > 0, if there exist matri-

Py P 0o Qo2
’ - >
* épzzz} Q * O
0, W, such that the error dynamic SPS (6.34) satisfies the system performance (6.36)
forany ¢ € (0, &*], where 0 < &* < 1. Then the following LMI holds:

ces Vy, ko and symmetric matrices P, = |:
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—0211 —Q212 0 Py1+joc@Qon 0 O
* =0 0 Ply+jwc03, Py 0 —I, 0 0 WoR
" «  — 0 D N [ é’”}
* * * —w1w20211 0 0 A* C* C* 2
* * * * 0 0 B}kc Dik D; 2 R
* * * * * yzls
(6.58)

where w; and w, are cut-off frequencies, w. = (w| + w») /2. The FD observer gain
of (6.33) is Ly = (—ia Wy H)*.

Proof According to Lemma?2.2, the finite frequency FDI (6.36) holds, if there exist
Hermitian matrices P, and O, > 0 such that

A*E A By Cc* 0 C D,
A P O R
o ) P+ jo:0 _ —Iq 0
whereu_[&_jchz —w102 0> =1 v |

To improve the solvability of (6.59), P, and Q, are set in the forms as follows to
alleviate the numerical stiffness of (6.59)

P— [Pzn P21§2:| 0, = [an QZIZ] .

* O

Leading in the transformation matrix 7', it is apparent that (6.59) can be written
in a more simplified way as follows,

,0 00 1,0 00
07, 00|, . [0L00],,

Mol o b g o0 |TOT | o ¢k o |V <0 (6.60)
00 0 I 00 0 I

where

A* C*1I, 0
N, :[M2 Ill+S]: [é; D; 0 Is:|

A* C* A* C*
e = 5 s | =3 s+ [ g o100
o + B (—L*) 6,
—Qz Pz—}—ja)cQz 0 0
0 ] P, — jo.Qr —wiwQy 0 0
n 0 0 -1, 0
0 0 0 2

o [r]
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Then, we have that (6.60) can be represented as the standard form in Lemma2.2,
namely

_QZ 0 P2E5 +jch2Es 0
* =1, 0 0 "
Ml CeomE.0.E. o [N <0
* % * y21
which can be converted into the feasible LMI as follows
8(e) <0, (6.61)
where
=021 = 0212 0 Poy + jwc Q211 €(Pa12 + jwQ212) 0
* =00 0 P+ jo.0%, Pm+ejw.0x 0
* * =1 0 0 0
8>(e) = q
2(6) * * *  —wim Qi —ew1wy 0212 0
* * * * —82(1)](1)2 Q222 0
* * * * * y2I
—1I
n 0 0 WR,,
0 -1, 0
—He A* C* C* V22
* * * K2Rm
Bf D3 Dj

From Lemma 6.4, one can derive that (6.61) is set up for any ¢ € (0, ¢*], where
0 < &* « 1, if and only if §,(0) < 0, which gives

=021 —0212 0 P+ jw.Qon 0 0
x =00 0 P+ jw.05, P 0
o« -, 0 0 0
* * * —wi1w Q711 0 0
* * * * 0 0
N . . 2l (6.62)
-1, 0 0 WyR,,
0 —1, 0
< He A* C* C* V22
B; Dj Dj 2Ry

This completes the proof.

Corollary 6.2 If the error SPS (6.34) satisfies the system performance (6.36) for
any ¢ € (0, £*] in the entire frequency range, where 0 < £* <K 1, then the following
LMI is established:
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00 2 0 -1, 0 O
W12 R,
x—I, 0 0 0 -1, 0
e« 0 0 < He A* C* C* VQR? , (6.63)
*x *  x Y2 B D5 D; falt

Py O
here P = .
were [Pz*n Py

Proof 1t can be worked out along the same line as that in the proof of Corollary 6.1.

Finally, we demonstrate the usefulness of the results by developing a new algo-
rithm that can stabilize the whole error dynamic system (6.34) and detect the occur-
rence of fault in presence of background disturbances. To design a well-conditioned
FD observer (6.33) for the SPS (6.31) to achieve internal stability and constraints
(6.35), (6.36) simultaneously. The noise-signal gain ratio J is utilized as performance
index to stop the step-by-step process.

Algorithm 6.1 Given system matrices A, B,,, B,, By, C, Dy, D;, D3 and the
desired noise-to-signal ratio o. Let iy > 0 and puy > 0 be sufficiently small para-
meters, which are the adjustable step-sizes. Seti =0, j =0andm € Z*.

Step 1. Choose the initial performance indexes B, y (B < J;, < y)andthe required
trade-off frequencies w;, wy, wi, w.

Step 2. Main iterative steps:
(i) Solve (6.39), (6.45), (6.46) and (6.58) and get the feasible solutions P;,
Py, Oy, P, Q,and L
(i) Puti =i + 1. With P, Q obtained in Step 2(a) and with

B
y=v+u>IDsll, B=8—w <|ID:ll, Ji = "

find a feasible L for LMIs (6.39), (6.45), (6.46) and (6.58). Store L; = L and
J;i. If a feasible solution cannot be found, then L; = L;_;.
(iii) Ifthe performance J; < «, then a desired observer gain L = L; is found.

Stop.
Step 3. Setj = j+ 1.Ifj < p, repeat Step 2, else Stop (the feasible solution cannot
be found).

Example 6.4 Simulations were carried out on MATLAB® based on the LMI toolbox
to test the efficacy of the proposed approaches. MATLAB provides a numerical
computing platform to observe the theoretical validation of the algorithm. Consider
the system in the form of SPS:

X1(t) = x1(t) + 2x2(t) +w(t) +u@®) +2£(1),
exy(t) = x1(t) + 5x2(¢) + 3w(t) +u(t) +21(1),
(&) = x1(t) + x2() +w(®) +u(t) + f(2).



6.4 Fault Detection for Singularly Perturbed Systems 171

1. Generalized stability criterion:

Solving (6.39), p =1, ¢ = 1, the following feasible solutions is obtained to
guarantee the internal stability property of all dynamics in the absence of background
disturbances

W — —355.6168 —34.7736 p— 708.8443 0
ST =34.7736 —61.9120 | "7 T | 530.1923 285.8950 |-

It’s noted that Pg;; = 708.8443 > 0, which satisfies the stability constraint Ps;; > O.
The corresponding robust FD observer gain matrix L is obtained as

0.8666
L= [8.8659} :

From Fig. 6.8, both the slow and fast modes, originally radiating outward, reach the
steady states with aid of the robust FD observer in the form of (6.33). From the
frequency domain perspective, the poles in the s-plane are moved from the right half
plane to the left half one to achieve the internal property of the whole system.

2. Disturbance attenuation ability:

Given B8 = 0.4, we set the trade-off frequencies as w; = 5 rad/s and w;, = 40
rad/s according to the open-loop system frequency characteristic of the SPS. In other
words, the SPS, itself, achieves active disturbance ability in the frequency band A,, =
[wy, wy,]. To solve the disturbance attenuation constraint (6.45) and (6.46) in the
band-elimination region A, = {w|w € (0, w;] U [wy, +00)}, the feasible solutions
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Fig. 6.8 The stabilization of the continuous-time SPS
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Disturbance Attenuation Ability for the Band—Elimination Region
0.7 T T T T T T T T

- — =16,
|
0.6h NOTRE

0551 Target Region

s)|(dashed)

Qb —— — "~ —— =~ — ~ -

WT(

0.3

wr

0.2

|T_ (s)|(solid),|G

0.1

0 i | | | | | . |
0 5 10 15 20 25 30 35 40 45

Frequency][rad/s]

Fig. 6.9 The disturbance attenuation ability of the continuous-time SPS

are listed as follows:

W, — [ 33930 00970 T [ 02069 0
"= 1 0.0970 —0.0115 " "'~ | —0.4053 0.3816 |’

0, = 0.0031 —0.00951 _
=1 -0.0095 16.4503 ’

Vi = [—1.2930 —0.1566 —19.1343 3.0767 3.7886 2.8808] .

It is obvious that the amplitude—frequency characteristic of the error dynamic system
(6.34) is shown Fig. 6.9, where the colored parts represent the target region A,. The
amplitude of (6.34) in the required region A, is restricted below S, so that the
good disturbance attenuation ability is achieved in the entire frequency range. This
method is particularly suitable for SPSs due to the unique frequency nature, that is
active disturbance attenuation ability in the middle frequency range. The disturbance
attenuation ability is satisfied originally outside the target region A,,. Through solving
the finite frequency constraints (6.45) and (6.46), the disturbance attenuation ability
can be realized in the full-frequency spectrum which reduces the conservatism.

Remark 6.10 Based on the unique frequency nature of SPS, finite frequency sys-
tem specifications can lead to the establishment of entire-frequency ones, which
have some theory basis. The trade-off frequencies w;, wj, characterizing the tar-
get frequency A,, are also the start point and end point of the region A,,. In the
band-elimination region A,,, the disturbance attenuation constraint is guaranteed.
Considering the continuity of the amplitude—frequency characteristic curve from the
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disturbance w(t) to the residual output 7 (¢), the disturbance attenuation constraint in
A, can be guaranteed to a certain extent by the start point w; and the end point w,.

3. Fault sensitivity ability:

The frequency characteristics of the fault signal, imposed artificially, is known
beforehand, which are the foundation of the values of w;, wy. It is assumed that the
general frequency range of faults are set as A = {w|w € [80 rad/s, 100 rad/s]} by
engineers. Given the worst fault-sensitivity index y = 1.5 and trade-off frequencies
w; = 80 rad/s, w, = 100 rad/s, we get the following feasible solutions by solving
(6.58):

W, — [ 21324609399 T 9.5369 0
27109399 0.1613 |* "2~ | —0.7965 —0.0206 |’
0, = 0.2399 —0.04657

'~ —0.0465 272.0003 ’

Vy = [130.1518 22.7187 —79.9690 —211.7720 13.8318 63.7811].

From Fig. 6.10, the amplitude of the frequency response from the fault input f(¢)
to the residual output 7(¢) in A is adjusted larger than the index y with aid of FD
observer, in which the colored region is used to represent A ;.

Solving (6.39), (6.45), (6.46), (6.58) simultaneously based on Algorithm 6.1, the
observer gain matrix is calculated

Fault Sensitivity for the Band—-Pass Region
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Fig. 6.10 The fault sensitivity of the continuous-time SPS
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I — 5.3097
T 4.6047 |
where the threshold is chosen as J;;, = 1.
In order to further explain the effectiveness of our results, we have conducted a

series of time-domain simulations. To analyze the effects of faults and disturbances
on the residual of detection observer simultaneously, we consider the faults as

=1,1t>0.5s,
f(t)'[=0,0<t<0.55.

The disturbances are selected as sinusoidal signals: w(¢) = 0.8sin(¢)
(low-frequency noises) and w;(¢) = sin(400¢) (high-frequency noises). The cor-
responding residual outputs in presence of both fault signals and external distur-
bances are demonstrated in Figs.6.11 and 6.12. It is obvious that fault features can
be extracted from disturbances. In addition, residual outputs can trace the desired
faults accurately with fast response rate. To better alarm when the faults occur, the
threshold J,h = 1 is adopted to detect the occurrence of faults by comparing the
residual evaluation with the threshold. From Fig. 6.13, it can be found that the fault
can easily be detected at the point # = 0.5 s. To demonstrate the superiority of our
method, itis apparent that the finite frequency approaches achieve better performance
in Fig. 6.14, where the dot-dash line denotes the residual output of the finite frequency
approach and the solid line denotes the residual output of the full frequency one.

Residual Output Subject to Low-Frequency Noise
T T

residual output
181 — - — - fault signal

161 b

141 b

121 b

r.f

041 1

0.2f b

0.5 1 1.5 2

Fig. 6.11 The residual output subject to the low-frequency noise
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Residual Output Subject to High—Frequency Noise
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Fault Sensitivity for the Band-Pass Region
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Fig. 6.14 Comparison between the finite frequency approaches and the full frequency approaches

Remark 6.11 Tt is apparent that finite frequency approaches usually have less con-
servatism than the full frequency ones because the constraints should only be kept
in the specified frequency ranges. By employing finite frequency approaches, the
smaller 8 and larger y can be designed a well-conditioned FD observer.

6.5 Conclusion

To sum up, we have developed new methodologies in this section for synthesizing a
robust FD observer to achieve H,,/H_ performance in the finite frequency ranges.
Sufficient conditions for the existence of the feasible robust FD observers are pre-
sented in terms of LMIs via the existing results from the singular systems. A literature
LMI design procedure is proposed to optimize the noise-signal ratio in this paper.
From the numerical examples, our design methods are seen to be more applicable
and less conservable.
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Part 111
Applications

In this part, the engineering backgrounds and the applications for finite frequency
control of SPSs are introduced. It includes aerospace, machinery, electronic and
electrical, chemical kinetics problem, biology and so on. The wind turbines model is
set up using the slow-fast decomposition method and the corresponding controller is
researched using linear parameter varying SPM. Another typical application is robust
H , control of miniature quadrotors in hovering given to show the effectiveness and
merits of our methods from practical point of view.



Chapter 7
Applications

7.1 Background of Applications of Singular
Perturbation Methods

7.1.1 Applications of Singular Perturbation Methods
in Aerospace

The theory of SPM originated from fluid dynamics and applied widely in the area
of aerospace systems [110]. In [134], a design method was proposed for the manual
flight control system corresponding to the lateral motion of the aircraft based on
SPaTSs. In [108], genetic algorithm was used to minimize the flight time using
SPMs, and the optimal flight guidance law was obtained.

In [125], SPM was used to design a reduced-order controller with high accuracy
for two-time-scale aircraft dynamics systems. Diagnosis and modelling were con-
sidered for multiple time-scale nonlinear flight mechanics in [87]. In [49], an aircraft
Auxiliary Power Unit turbine system was modelled as an SPS. The least-square
optimal estimation of the fault parameter vector was obtained, and a finite impulse
response differentiator was designed for the system.

SPMs were utilized to separate the nonlinear model of super manoeuverable air-
craft into slow and fast subsystems, and dynamic inversion was applied to design
the control laws [155]. A singular perturbation control strategy was proposed for
regulating the longitudinal flight dynamics of an unmanned air vehicle based on the
four-time-scale decomposition in [36].

In [12], considering a class of nonlinear systems actuated by actuators whose
actuator dynamics were assumed to be fast, baseline controller was designed, and
SPM was applied to prove that the closed loop system achieved the control objective.

A postbuckling analysis was presented for nano-composite cylindrical shells rein-
forced by single-walled carbon nano-tubes subjected to combined axial and radial
mechanical loads in thermal environment in [124], and a boundary layer theory and
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associated singular perturbation technique were employed to determine the buckling
loads and postbuckling equilibrium paths.

A singular perturbation-like approach was proposed in [54] to compensate the
effects of fin-actuator dynamics in the nonlinear missile system. SPT was applied to
obtain a two-loop mathematical model of a nonlinear multivariate model of air-to-air
missile in [34] and to obtain a near-optimal midcourse guidance law for medium-
range air-to-air missile in [109].

7.1.2 Applications of Singular Perturbation Methods
in Mechanical Systems

Another interesting area of the application of SPM was mechanical dynamics and
control. For a multi-link flexible robot with uncertainties, an improved composite
controller was designed based on singular perturbation theory in [26]. In [120], a new
control strategy for flexible-joint manipulators with joint friction was proposed. The
proposed controller includes two main components: a friction compensating torque
and a composite controller torque which was designed using SPM.

A finite-dimensional model of a flexible arm was presented in [80] with its approx-
imate representation through the slow and fast decomposition, and a combined
PD-H, control strategy was developed. See [18, 27, 28, 32, 33, 102, 104, 123,
135, 136, 138, 141] for more results about applications of SPaTSs technique to
flexible robots.

In [86], a group of robotic systems were modelled as two coupled systems repre-
sented by dynamics of the centre of mass and dynamics of the formation. Using high
gain feedback, asymptotic decoupling was gained and singular perturbation analysis
was studied. Velocity field control of uncertain robotic manipulators was studied in
[21]. Based on modelling error compensation ideas and singular perturbation theory,
a PI-type controller was drived which guaranteed the closed-loop was semi-global
practical stable, namely “given any compact set of initial velocity field errors, there
exist PI control gains which guarantee that the robot tracks a desired velocity field
with arbitrary accuracy”.

It was considered walking system of a power transmission line inspection robot
in [145]. The closed-loop systems was devided into fast and slow subsystems using
SPM and a composite controller was designed that contains an adaptive PD controller
applied to slow subsystem and optimal controller applied to fast subsystem. In [31],
closed kinematic chains (CKC) were modelled as DAEs which are transferred to
SPSs and the properties of singular perturbation model were analyzed. The validity
domain and the error characterization of the singular perturbation formulation of
CKC were presented compared with the DAEs model in [150]. In [146], conditions
of locally asymptotically stability were derived based on the SPM.

In [38], results on partial stability of differential form of speed-gradient control
for SPS were generalized to the case of speed-gradient control in finite form. A new
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wave-net controller was designed based on SPM for the bilateral teleoperation of
robots through the internet in [46]. According to SPTs, direct torque control (DTC)
was derived in [129] and a link between DTC and feedback linearization was pre-
sented. An explicit relationship between DTC performance and machine character-
istics has been revealed, which can used to improve DTC performance by designing
an induction motor.

In [147], the singular perturbation formulation was compared to control based
on input-output linearization. Their advantages and disadvantages of each method
are described. Travelling wave solutions of viscous conservation laws were studied
in [1]. The eigenvalue problem corresponding to the linearization around a viscous
shock wave were viewed as a singularly perturbed problem, and geometric singu-
lar perturbation theory was used for the analysis of the Evans function. And the
Gardnerand Zumbrun result about the first derivative of the Evans function were
proved at the origin.

A new coming correction algorithm, basing on the SPTs, was proposed for the
attitude update computation with non-ideal angular rate information [43]. Singular
perturbation theory was applied to show that the Boltzmann-Enskog equation results
in the Navier-Stokes equation for incompressible fluids together with two different
Boussinesq relations and temperature fluctuation equations in [58] and the proof of
a rigorous result was given in [59].

In addition to the above applications, singular perturbation theory was also applied
to air-conditioning systems [111], an axially moving cable with large sag [115], a
four-wheeled steering and four-wheeled drive vehicle [106], early detection systems
with multiple-bottleneck links [150], harmonic drive systems [45], pneumatic vibra-
tion isolators [50], the voice coil motor [103], hypersonic vehicles [92], hydraulic
systems, a flexible beam used in underwater exploration [93], infinite-dimensional
mechanics of fluids and plasmas [160], dual-loop exhaust gas recirculation air-path
systems [158], underactuated biped robots [29], hydrostatic drive or cylinder [84],
single-axis rate gyro [24], bimolecular association mechanism [39], 2D thermal con-
vection loop [142], and so on.

7.1.3 Applications of Singularly Perturbed Methods
in Electrical and Electronic Circuits Systems

Neglecting dynamic saliency in synchronous machines of power systems is a com-
mon simplified way [83]. This section [23] is a summary to explain how to model
power systems using SPM through neglecting the fast dynamics to obtain a simpli-
fied power system model. The error associated with neglecting dynamic saliency was
eliminated by inserting a singularly perturbed term into the machine model [105]. In
[130, 140], SPM was used to synchronous generator systems to study free-chattering
composite control and sliding mode control. In [73], a doubly-fed induction generator
was considered to design a controller based on multi-time-scale theory. In [131, 132],
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sliding mode control and variable structure control were applied to synchronous gen-
erator systems based on singular perturbation theory.

For singularly perturbed relay systems [40, 41], a theorem about existence and sta-
bility of the periodic solutions was proved and an algorithm of asymptotic represen-
tation for this periodic solutions was presented using boundary layer method. Forced
singular perturbations were proposed to reduce computations of mutilate strapdown
terrestrial navigation algorithm in [144]. The transmission problem was studied for
the system of piezoelectricity having piecewise constant coefficients in [63].

For a class of direct-current-direct-current (DC-DC) power converters, current-
mode control problem was studied in [2]. Singular perturbation was used to separate
the fast and slow states of DC-DC converters systems in [68], and a relationship
between inductance, capacitance, load resistance and loss resistances was obtained
from analysis of an approximate model. Compared with [68], discrete-time analysis
was added in [69].

For a wind power system, a fifth-order precise model was obtained using seg-
mentation method in [42]. The art wind power generators systems were modelled
in [119], and SPM was used to simplify the differential equations. Considering the
wind energy conversion systems in [113], a novel control structure was introduced
to explore the delivered power as a control input. The new structure was based on
the two reduced subsystems obtained by singular perturbation theory. Papers such
as [96, 97] studied the singular perturbation analysis and synthesis of wind energy
conversion systems. Singular perturbation theory was used to analyzed wind energy
conversion systems in [60], and then time-scale method and model predictive control
(MPC) were combined to control wind energy conversion systems in [161].

For servomotor systems [163], a general line voltage controller controller was
taken into the original system, and then the closed loop system was decomposed to
two subsystems using SPaTSs to represent the position control loop and the high
frequency dynamics, respectively. Singular perturbation theory was used to design
an observer of sliding mode type for the flux estimation of an induction machine in
[139]. In order to provide insight into the connections between the different nodes
of a power network, a method based on differential geometric control theory was
obtained in [5]. In [53], circuit-averaging techniques were applied to simplify a
lumped-parameter model of the cardiovascular system.

Considering the non-coherent digital delay lock loops on chip timing synchroniza-
tion in [51], the mean time to lose lock was calculated using diffusion approximation
and SPMs. Loop bandwidth was optimized for the first order loop. The stability of
a large-scale power system was analyzed by Jacobian analysis based on singular
perturbation in [154]. Considering the converter-interfaced wind turbines in [114],
singular perturbation theory was used to decompose the system dynamics based on
which a controller was designed to isolate wind-power fluctuations from the power
grid.

In [148], a singularly perturbed model was developed for additive increase and
multiplicative decrease/random early detection systems with multiple bottlenecks
and feedback delays, and then stability was analyzed. The delay-dependent LMIs
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conditions for the stability were established, and sufficiently small parameters were
selected to guarantee the asymptotic stability of the system.

In [85], SPTs were applied to the permanent magnet synchronous machine system.
Based on the decoupled subsystems, the control speed and the /; current were car-
ried out by neuro-fuzzy regulators. Based on the combination of permanent-magnet
synchronous generator and super sparse matrix converter, a novel variable-speed
wind energy generation scheme was developed in [159]. Emitter-coupled multivi-
brators were modelled and analyzed using the singular perturbation theory in [107].
A sampled-data strategy for a boundary control problem of a heat conduction sys-
tem modelled as partial differential equation was developed in [25]. Using singular
perturbation theory, the reduced subsystems are presented.

Considering the power system model in [77], SPM was used to decompose the
system into slow and fast subsystems and the relationship between the stability of
reduced-order system and original system was analyzed. In [156], a class of power
systems with detailed excitation and power system stabilizer controller was modelled
as an SPS. A LMI-based approach was developed to estimate the stability region.
Considering multi-machine power systems with matched additive uncertainty and
input multiplicative uncertainty in [22], several time-scale separation designs were
used for robust stabilization and performance recovery.

A complementary controller was designed to improve power systems stability in
[137] based on singular perturbation theory. Considering an oscillator model which
was composed of a fast membrane potential dynamics and a slow recovery dynamics
in [95], phase response curves for both the dynamics and plausibility of feedback
inputs to the slow dynamics rather than the fast dynamics were shown using singular
perturbation theory.

7.1.4 Applications of Singular Perturbation Methods
in Chemical Reactions and Reactors

Two different reducing order methods were compared to singularly perturbed form
for chemical kinetics equations in [62]. An SPM was applied for model reduction of
stiff chemical Langevin equations and chemical kinetics problems in [30, 72]. Global
Quasi-Linearization method which was based on TTS theory was presented for an
automatic reduction of chemical kinetics models in [15]. Equations for the descrip-
tion of chemical reactions of dissociation and recombination were transformed into
singularly perturbed equations in [44]. A new concept of critical simplification for
chemical kinetics was proposed which was valid in the presence of a dominant com-
petitive reaction and critical phenomena in [157].

An SPM was used to analyzed and synthesize the model of thermal explosion in a
gas-droplets mixture [14], and a chemical reactor and a feed effluent heat exchanger
in [61]. Viewing the prompt jump approximation nuclear reactor dynamics as
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the zeroth-order approximation of an asymptotic expansion to SPSs of ordinary dif-
ferential equations, [6] derived the equations describing its first-order approximation.

Two-point linear controllers for binary distillation columns were designed based
on singular perturbation theory in [19]. Considering a singularly perturbed
convection-diffusion equation with constant coefficients in a half plane, with
Dirichlet boundary conditions [66], precise pointwise bounds for the derivatives
of the solution were obtained.

7.1.5 Applications of Singular Perturbation Methods
in Biology

Models describing the biotechnical process behaviour were usually high order, non-
linear with time-varying parameters. In [64], decomposition techniques based on
singular perturbation analysis or batch phase analysis were used to simplify the
model.

Considering a host-vector model for a disease without immunity in [118], the
stability of the steady states using the contracting-convex-sets technique was studied
using the geometric singular perturbation method, and the existence of travelling
wavesolutions was established.

The work of [162] revealed that travelling wave solutions existed for a modified
vector-disease model using the geometric singular perturbation theory. Models that
incorporated local and individual interactions were introduced in [128], in addition,
epidemiological time-scales were used to reduce the dimensionality of the model
and SPMs were used to corroborate the results of time-scale approximations.

In [112] a mathematical model was proposed for the differentiation of osteoblastic
and osteoclastic populations in bone, and singular perturbation theory was used
to analyze the highly diversified dynamics. Considering the model describing the
growth of microalgae, the authors of [20] maximized the specific growth rate of
microalgae by manipulating the irradiance using singular perturbation theory.

The topic of [122] focused on the analysis of a nonlinear dynamical model of
a class of bioprocesses in order to obtain reduced order models, and SPMs and
quasi-steady state assumption were used.

A novel ion channel biosensor was modelled in [90], and singular perturbation
theory was used to designed an optimal input voltage to the biosensor to minimize
the covariance of the estimation error.

A mechanism was proposed in bio-molecular systems to attenuate retroactivity in
[? ]. By coordinating transforms and singular perturbation theory, retroactivity can
be arbitrarily attenuated by internal system gains.

In [71], the model was analyzed to predict the performance of the biosensor in
transient and steady-state regimes. Singular perturbation was used to determine the
conditions for globally uniformly stability of a class of biological networks with
different time-scales under parameter perturbations in [89].



7.1 Background of Applications of Singular Perturbation Methods 187

Based on singular perturbation theory, dynamical system theory and DAEs, a
mathematical framework was developed to analyze and design on-line schemes for
fixed point recur-rent neural learning in [116].

7.1.6 Applications of Singular Perturbation Methods
in Other Areas

In [127], the moisture-induced deformation in an elastic panel was modelled as SPSs.
Compared with experimental results, the solution was analyzed based on the material
of the elastic panel. Optimal climate control problem was studied for a potato storage
facility to exploit the favourable weather conditions in [65].

A upper bound for the fast time-scale was derived. Using SPM and based
on Fenichel’s theorems, extensions of Hirsch’s generic convergence theorem for
monotone systems were studied in [149]. Considering a large-scale nonlinear net-
work system, singular perturbation was used to decompose the states into fast and
slow subsystems in [9, 10], and the validity of the reduced-model approximation
was proved on the infinite time interval.

Notion of TTS distributions was introduced [101] and TTS distribution was ana-
lyzed in two different time-scales. Singular perturbation was applied to choose the
PageRank factor in a bow-tie web graph [3]. Boundary value theory was applied to
analyze the gravitational-tidal evolution of planetary subsystems in [11]. The topic
of [4] was about the spectral properties of the Neumann-Laplacian on the singularly
perturbed periodic quasi-cylinder. Singular perturbation theory was used to analyze
the global asymptotic stability of positive equilibria of ratio-dependent predator-prey
models with stage structure for the prey in [100].

In [47], singular perturbation theory was applied to analyzed the quadratic
family with multiple poles. The author of [117] analyzed the stokes flow in a sin-
gularly perturbed exterior domain. Considering static and dynamic behaviour of
two-dimensional droplets in [121], an evolution equation for the droplet thickness
was obtained using singular perturbation theory. In [133], “vorticity distributions
over the diffracted shock both from Lighthill’s theory applicable for small bends and
Sakurai and Takayama’s theory applicable for larger bends have been investigated
for Mach numbers 1.80 and 1.95” using singular perturbation theory.

7.2 Wind Turbines Control Using Linear Parameter
Varying Singularly Perturbed Model

The rotor speed tracking problem of variable-speed wind turbine systems operating
below rated wind speed is studied in this section. A linear parameter varying (LPV)
model is used to approximate the nonlinear SPM. Following, stability and robust
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properties of the open-loop linear SPS are analyzed using LMI and LPV. An algorithm
to design a stabilizing state feedback controller is proposed, which can guarantee the
robust property of the closed-loop system.

In this section, the mathematical model of wind turbine systems with permanent
magnet synchronous generators is developed. Note that the electrical part of the
system changes much faster than the mechanical part, namely, the states of the wind
energy conversion systems have two different time-scales. Based on the TT'S property
of wind turbine systems, stretching transformation is used to obtain the singularly
perturbed nonlinear model. LPV techniques are then used to linearize the singularly
perturbed nonlinear system.

Our consideration is focused on partial load, which is the optimal tip-speed ratio of
the wind rotor speed with respect to the wind speed changing. For this control purpose,
all the concluding aerodynamics, drive train dynamics, and generator dynamics are
considered.

Commonly, the aerodynamic torque 7, is given as follows [126, 151]:

1
T, = Epr3CQ(A)vZ, (7.1)

where p is the air density, V is the wind speed, and R is the radius of the wind rotor
plane. Power coefficient Cy()) is approximated by a second-order polynomial of
tip-speed ratio A [8],

Co(N) = Comax — ko(\ — Aomax)?s (7.2)

where Cpmax is the maximum power coefficient, Apmax is the optimal tip-speed ratio
corresponding to0 Comax, and A is defined by

_ w,yR

A= , 7.3
v (7.3)
with w, as the wind rotor speed.
The drive train block has the model as below [91, 99]:
. i Ty + ! T, (7.4)
Wy = — e B
n, "L
. ! T ! T, (7.5)
we = —Tyg — —T,, .
g T, H T, g
. . 12 iB, B,
TH = ngw, — ngg — Bg J_g + 77_], TH + TT;« + ZTg, (76)

where wy is the generator speed, Ty is the internal torque, J; is the wind rotor inertia,
Jg is the generator inertia, Ky is the stiffness coefficient of the high-speed shaft (the
generator shaft), B, is the damping coefficient of the high-speed shaft (the generator
shaft), i is the gearbox ratio, and 7 is the gearbox efficiency.
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Then, the generator dynamics are modelled as follows [99, 151]:

s R.;.+qu. 1 7.7
lg = Ld lq Ld lgWe Ld Ugqg, .
Ry, p . 1
= ——ig — —(Lala — dm)wg — —u (7.8)

q!
Lq

where T, is the generator electromagnetic torque, iz, Ly, ug and i,, Ly, u, are the
d and g components of the stator current, inductance, voltage, respectively, R is
the stator resistance, p is the number of pole pairs, and ¢,, is the flux. Combining
(7.4)—(7.8), the complete nonlinear model of the wind energy conversion system is
obtained.

Considering the order of magnitude of L; and L,, we select the singular pertur-
bation parameter as € = 1 x 1072, and obtain:

Elg = —=—1 — Wy — — Uy, .
d Ld d Ld qWg Ld d
. R )4 1
g " Lq( ala — Pm)wg z" (7.10)

where Ly = Ly x 10% and Zq = L, x 10%. Then, the singularly perturbed nonlinear
system is obtained by uniting (7.4)—(7.6) and (7.9)—(7.10).

Now we are ready to derive the linear model using LPV method. Choose an oper-
ating point 6, = [&, V Wy iy Z,]T, and linearize the nonlinear parts in the singularly
perturbed nonlinear system at point 6;:

T,(\ V) = T,(A\, V) = =B,(01)0w, + K (61)3V, (7.11)
Wiy — Wely = Bgg(01)3iy + Byg(B1)0w,, (7.12)
Weid — Ggly = Bea(01)ig + Bag(61)dwg, (7.13)

where

Swr =w, — &y, V=V =V, 8iyg=i, — i,
Sig = ig — ig» Owy = wy — &gy A= ROV,
oT, T\ V) 0Co/ON ‘
Ow, 1 (@, V) W, Co/X 1AW
= pR*o (RGO, — Nomax V), (7.14)

Br(gl) = -
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oT, 7,0\, V) dCp/ O
Krv 01)=— | 0= ~ 2— . A
v v @) % ( Co/A ‘(A,V))
A CQmax 7
= pmR*o (RO, — (1 — YomaxV ) (7.15)
( oo )

ng(al) = (‘:)g’ qu(el) = ,l:qa Bgd(el) = @ga Bdg(al) = ,l:d~

Substituting (7.11)—(7.13) into (7.4)—(7.6) and (7.9)—(7.10) yields the following
singularly perturbed linear system at the operating point 6;:

(:;wr dwy
Ow, dwg %
0Ty | =A0,) | 6Ty | +B(6y) | duy |, (7.16)
€5id (Sid 5uq
E&iq Jiq
where
A(01) =
r o _BO) ] 7
- Jr] 0 _1717’ 0 10
0 ) 0 7 i 0 _TgP¢m
. iB, B, i B
lKg __iBg r( ) _Kg —Bg(i + anr) 0 Tqubm ,
PL, Ry PL
0 Zdqug(al) 0 _E T;ng(el)
0 L-($m — LaBag(61)) 0 ~LLiBa0) -
- q q q -
J%Krv(el) 0 0
0 0 0
iBg Ky (61)
BO=| 7 0 0
0 —i 0
0 0o L

q

Furthermore, denoting x = [dw, dw, 6Ty]", z = [Jiy 0i,]" and u = [duq du,]”,
rewrite (7.16) as

. N SV ()
E. [z} =A(0) [z] +B@0) | Oug

duy

= A6) [ﬂ + B1(0,)5V + Bou, (7.17)
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where
E [13 602] B(6) = [Bi(6) B:].

Then, by appropriately choosing operating points 6; as a convex polytope with 6;
being vertices

© = Col{ly, 02, 03, 04, 05} (7.18)

withi =1, ..., 5. Note that the LPV model (7.17), with B,(0) and K, (f) approxi-
mated by (7.14) and (7.15), is affine in parameters. There exist scalars a, b, ¢, and d
such that B, () = af + b and K,,(6) = cf + d. Hence, it is easy to verify that, for
any 0 € ©, there exist a set of positive numbers «; > 0 withi =1, ..., 5 such that

5 5
AB) =D iA®,), Bi(6) =D iBi(6)), (7.19)

i=1 i=1

where Zle a; = 1. Therefore, for any 6 € ®, we have derived the singularly per-
turbed LPV model as below:

E. [ﬂ — A®6) [’Z‘] + B1(0)5V + Byu. (7.20)

Remark 7.1 For the details of skills to choose operating points appropriately, please
refer to [8].

7.2.1 Stability Analysis of Open-Loop System

In this subsection, our objective is to hold the optimal tip-speed ratio by adjusting
wind rotor speed with respect to the wind speeds. The operating points are chosen
such that the tip-speed ratio is optimal. States x and z in (7.20) are required to decay
to zero, which indicates that errors between the actual states and the desired states
tend to zero. In this sense, the wind turbine runs to extract all the available power.

Therefore, we will analyze the stability of the SPS (7.20) when the control input
u = 0 based on LMI techniques. If u = 0, from (7.20), we can obtain the SPS as
follows:

E. [”Z“] — A®B) [ﬂ +B1(0)5V (1). (7.21)
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Theorem 7.1 For an SPS in the form (7.21) and a given positive scalar v > 0, if
there exist positive symmetrical matrices P; > 0, i = 1, ..., 5, satisfying that

AT0)P.E. + ETPAG,) % *
Bl (0,)P.E- I * | <0 (7.22)
C 0 —I
where
5 5 5 5
0=> b, D ai=1, A6) = > A®,), Bi(6) = D iBi(6)
i=1 i=1 i=1 i=1

and «; > 0, then the equilibrium point of system (7.21) at 6 is asymptotically stable,
and the condition that |C(sE. — A)™'By|| < v is satisfied.

Proof Construct a Lyapunov function as
W(X) = X"E!PE.X, (7.23)

where X = [ x z]T and P =3 | a;P;. Since P; > 0 and a; > 0, we have P > 0
such that W(X) > 0 holds.

Firstly, the asymptotically stability of the system is proved under conditions in
Theorem 7.1, when the disturbance §V (¢) is zero. With 6V (¢) = 0, differentiating
W (X) with the respect to ¢ along the trajectory of (7.21) yields

dwW(X)

o= XT{AT(9)PE. + ET PA(H))}X. (7.24)

According to the LMI (7.22), we have
AT(0;)P.E- + ETP,A(6;) < 0. (7.25)

Then, adding the weight values (i.e., a;) of 6; to (7.25) yields

5 5 5 5
[ZO&,‘AT(G,')} {ZO&,‘PZ‘} Eg +Eg {ZOL,’PL'} {ZOLLA(QL)]
i=1 i=1 i=1 i=1
= AT(O)PE. + ETPA(H) < 0. (7.26)

Therefore, W (X) < 0. Hence, the system of (7.21) at point 6 is asymptotically stable
when 6V () = 0.

Next, we prove the robust property of the system (7.21) when the disturbance
oV () #0.
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Considering «; > 0 and using the LMI (7.22), it yields
AT(0,)PE. + ETPAB;) *» x
D> B (0,)PE. —2I * | <0, (7.27)
i=1 =l C 0 -1
which leads to

AT(OPE. + ETPA(O) x x
BI(0)PE. —2I * | <0. (7.28)
Cc 0 —I

Then, by using SCL twice, LMI (7.28) can be transformed into
1
AT(O)PE. + EIPTA(0) + C"C + —E!P"B,(0)B] ()PE. <0.  (7.29)
v

Differentiating W (X) along the trajectory of (7.21) and using (7.29) yield

dW(X)

o= X"{AT(0)PE. + E' PA(9)}X + 6V' Bl ()PE.X + X"EI PB,(0)5V

1
<x"{-cTc - ¥E§ P"B,(0)BI (9)PE.}X
+ 6V'B{ (O)PE.X + X"E! PB,(0)5V
1 1
= Ty +25VT6V — (6 — ?BITPESX)T@V = ﬁB{Png).
(7.30)

Based on the asymptotically stability proved at the first part of this proof, we have
X(00) = 0. Provided that X(0) = 0, integrating both sides of (7.30) from ¢t = 0 to
t = oo yields

0< —/Ooo Y () (r)dt +/0oo VSVT )6V (t)dt
— /0 ” VA6V — 4 *BIO)PE.X)T (6V — v 2BT (0)PE.X)dt (7.31)
Then, one can obtain that
/O ” YL ()y()dt — /O ” VoVT(0)sV (1)dt

< - / YV — 2Bl (O)PEX)"
0

(6V — v ?BI(O)PE.X)dt. (7.32)
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Therefore,
/ ~ YLy (r)dt — / ” VTV (@©)dt < 0. (7.33)
0 0

It is obvious that ||C (sE. — A())~'B;(#)| <  holds. This completes the proof.

Remark 7.2 Even though Theorem 7.1 can guarantee the stability and robust prop-
erty of the system (7.21), LMI (7.22) is dependent on small parameter .

The following result improves the ill-conditioned condition in Theorem7.1.

Theorem 7.2 For an SPS in the form of (7.21) and a given positive scalar v > 0, if

there exist symmetrical matrices P;, i = 1, ..., 5, satisfying
E'P,=P/E. >0, (7.34)
AT(0)P; + PAG) * *
B{(Qi)P,- —2I x| <0, (7.35)
C 0 -7
where

5
0_Za9,, Za,_l A(0) = ZaA(e) B (0) = Za,Bl(G,»)
i=1

and a; > 0, then the equilibrium point of the system (7.21) at point 6 is asymptotically
stable and ||C(sE. — A(0))™'B, ()| < v holds.

Proof Define a Lyapunov function as
W(X) = X"ETPX, (7.36)
where X =[x z ]T and P = > a;P;. According to the condition (7.34), we have
E'P=P'E. > 0. (7.37)

As a consequence, W (X) > 0 is satisfied. Then, the time-derivative of W (X) along
the solution of (7.20) is given by

W(X) = XT{AT(O)P + PTA))X + 6V BT (0)PX + XTPTB(9)6V.  (7.38)

The following part is similar to the proof of Theorem 7.1 and is omitted here.
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7.2.2 Controller Design

In this subsection, we will design a robust state-feedback controller for the system
(7.20), and analyze the stability property of its closed-loop system.

Since the coefficients of the system (7.20) depend on the 6, it is reasonable to
design a controller whose feedback gain matrix also depends on 6.

From (7.19) and (7.21), for any point § € ®, the dynamic equation of the nonlinear
SPS can be expressed as a weight-sum of the dynamic equations at the vertices
0; i=1,...,5) of ®. Therefore, we will design controllers for the LTI systems
operating at the vertices 6; (i = 1, ..., 5) of ® and use a weight-sum of the controllers
at vertices as the control input to the system at point § € ©.

At the vertex point 6, i € {1, 2, 3, 4, 5}, design a robust state feedback controller
as below:

u; = K(0)X. (7.39)

The closed-loop system of (7.21) at the vertex point 6; with (7.39) as control input
is of the following form,

E.X = A.(0)X + B1(6;)6V, (7.40)
where A.(0;) = A(6;) + B>K(6;).

Then, for a nonlinear SPS (7.20) at 6, the state-feedback controller is given by

5
u(®) = K(O)X = > 0K (#)X, (7.41)

i=1

where «; > 0 and Zf:l o = 1.
Applying (7.41) in system (7.20), the closed-loop system is obtained as

E. [f] = (A(0) + BK(0)) [ﬂ +B,(O)V. (7.42)

The properties of closed-loop system of (7.42) are analyzed in the next
Theorem 7.3. To develop Theorem 7.3, the following lemma from [48] is needed.

Lemma 7.1 [48] For matrices X, Y € R™" and H > 0, and a scalar 6 > 0, then
we have

X"HY + YTHX < 6X"HX + 6 'YTHY. (7.43)

Theorem 7.3 The closed-loop system of (7.20) with (7.41) as control input is asymp-
totically stable, and
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ICGE- — A0))"'Bi(O)]l <~

is satisfied for a given v > 0, if there exist matrices P; and K (0;) of appropriate
dimension, such that the following LMIs hold

EIPi=P[E. >0, (7.44)
AT(0)P; + PTA(G) * * * %
BzK(G,) —I x * *
P; 0 —-I = x |<O. (7.45)
BT (0)P; 0 0 —2 «
C 00 0 —I

Proof Similar to the proof of Theorem 7.1, because

A) = D iA®)), Bi(9) = D iBi(0), K(O) = D aiki(0), D i =1
i=1 i=1

i=1 i=1

and «; > 0. According to (7.45), we have

AT(O)P; + PiTA(G) * * Kk *
B>K (0) —I *x x %
P; 0 -I = =« |<0O. (7.46)
BT (0)P; 0 0 —2 «
C 00 0 -I

Setting P = Z:‘l:l a;P;, from (7.44) and (7.46), the following inequalities hold

E'P=P'E. > 0, (7.47)
ATOP +PTAB) » » x *
B,K(#) I * x *

P 0 -1 » x |<O. (7.48)
BIT(G)P 0 0 —2 «
Cc 00 0 —I

According to SCL 2.4, inequality (7.48) is equivalent to
AT(O)P + PTA(0) + (B:K (0)" (B:K (0)) + P"P
1
+CcTc + —ZPTBl(H)BIT(G)P <0 (7.49)
Y
From Lemma?7.1, it is easy to obtain

(B.K(0)TP + PT(BK(9)) < (BoK(0))T (B,K(0)) + PTP. (7.50)
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Hence, from (7.49) and (7.50), we have

AT(O)P + PTA(0) + (B2K(9))" P + PT(B2K ()
+cTc + %PTBI(G)BIT(G)P <0, (7.51)

which is equivalent to

(A(0) + B2K(0)"P + PT(A(9) + BoK(9))
+c'c + %PTBl(H)BIT(G)P < 0. (7.52)

Define a Lyapunov function as

WX) = X"E'PX, (7.53)

where X = [ x z]T. Then, the time-derivative of W (X) along the solution of (7.20)
is given by

W(X) = XT{(A0) + B.K ()" P + PT(A() + B,K (0))}X
+ VI'B] (0)PX + X"P'B,(0)V.

The following part is similar to the proof of Theorem 7.1 and is omitted here.

7.2.3

Algorithm of Synthesis

In order to clarify the whole process of designing a parameter-dependent controller
for the original nonlinear system (7.4)—(7.8), the following algorithm is presented.

Step 1.
Step 2.

Step 3.
Step 4.

Step 5.

Choose five operating points 6, . . ., 0s.

Determine singular perturbation parameter €, and get the nonlinear SPSs
(7.4)—(7.6) and (7.9)—(7.10).

Linearize the nonlinear SPSs (7.4)—(7.6), (7.9)—(7.10) at 6;, and obtain the
linear parameter-dependent coefficient A(6;) and B(#;) (i =1, ...,5).

For a given +, at each operating point §;, LMIs (7.44) and (7.45) are solved
to obtain control gain matrices K; (i = 1, ..., 5).

Attime 1y, the variable 6(7;) = 0, is measured, and the weighting coefficients
a; satisfying

5
01( = Zai(tk)ﬁi (7.54)
i=1

are computed with 0 < o; < 1 and Zle o =1.
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Step 6. The control gain matrix at time #; is obtained as below:

5
K@) = > ait)Ki (7.55)

i=1

Step 7. Apply the controller (7.55) to the original nonlinear system (7.4)—(7.8).
Step 8. At time # ], repeat Step 5 to Step 8.

Remark 7.3 This algorithm can only be applied to the point § € ®, where © is
defined by (7.18). If 6 ¢ ©, it can not be guaranteed that we can computed «; > 0,
i=1,...,5with 3 a; = 1 satisfied.

Remark 7.4 Since the operating point 6 = [w, v Dy ?d Qq]T involves wind speed V,
® implies the range of the wind speed within which our algorithm is effective.

7.2.4 Simulation Examples

In this subsection, our goal is to track the desired wind rotor speed and maintain
the optimal tip-speed ratio with the wind speed changing. The simulation study
is performed to verify the effectiveness of the proposed control algorithms. The
parameters of the wind turbine from [98] are used in the next examples as given in
Table7.1.

Example 7.1 Consider a wind turbine system with the parameters depicted in
Table7.1. The wind speed is assumed as a constant 13 m/s in this example. Using
the developed Algorithm, the wind rotor tracking is shown in Fig.7.1. It can be seen
that the tracking error between actual rotor speed and the desired rotor speed decays
to zero.

Example 7.2 1In this example, the wind input file is selected as the mean wind speed
15 m/s changing within a range of 5m/s. The wind file is based on data collected at
100Hz. The other parameters are the same as Table7.1. Figure 7.2 shows the wind
input file.

Our objective is to track the desired rotor speed wre(f) = Aope * V (¢)/R. Because
of the slow response characteristics of wind turbine systems, it is impossible to track
the high frequency part of the wind rotor reference. We aim to track the desired
rotor speed at low frequency part, and reduce the tracking error at the high frequency
part. Figure 7.3 shows the wind rotor tracking performance. It can be seen that the
controlled rotor speed can track the desired rotor speed accurately after four seconds,
and the control scheme achieves the desired tracking performance.
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Table 7.1 Parameters of wind turbine [98]

199

Physical description Parameter Value Unit
Cut-in wind speed Vv 4 m/s
Mean wind speed VR 15 m/s
Optimal tip-speed ratio AQmax 6.2 -
Rotor radius R 2.5 m
Optimal power coefficient CPmax 0.4633 -
Air density p 0.98 kg/m3
Gearbox efficiency n 1 -
Wind rotor inertia Jr 3.88 kg - m2
Generator inertia Jg 0.22 kg - m?
Number of pole pairs P 3 -
Gearbox ratio i 6 -
Flux linkage Om 0.4382 wb
Shaft damping coefficient B, 0.3 kg -m?/s
Shaft stiffness coefficient K, 75 N m/rad
Stator d-axis inductance Ly 41.56 mH
Stator g-axis inductance L, 41.56 mH
Stator resistance Ry 33 Q
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7.3 Robust H,, Controller for Miniature Quad-Rotors
in Hovering

This section is concerned with the Hy, control synthesis of miniature quad-rotors
to improve its hovering capability in presence of wind disturbances. With aid of
SPaTSs, the six-degree-freedom flight dynamics can be decoupled into two subsys-
tems: one for translational motion corresponding to the low-frequency subsystem
and the other for the orientational motion referred to as the high-frequency subsys-
tem. To avoid the unnecessary frequency overlap, the GKYP lemma is employed in
the irrelevant dominant frequency ranges of the related subsystems. Sub-controllers
are designed to stabilize the low- and the high-frequency subsystems and satisfy the
associated H, performance specifications, respectively. The composite controller
composed of sub-controllers is applied directly to the overall flight system of minia-
ture quad-rotors. The characteristics of wind are considered, and different composite
controllers are designed in various flight regimes to ensure an adequate response in
all flight modes. Based on this, a novel switch strategy is then put forward to guaran-
tee desired hovering capability under different weather conditions. Detail analysis of
the performance achieved by the piece-wise controller is provided when it is applied
to the original system. The effectiveness and merits of the proposed switch strategy
are illustrated with a numerical result.

There has been an exponential increase in the prevalence of miniature UAVs
over past decades. To date, both miniature fixed-wing and rotary-wing aircraft are
extensively used in numerous military and civil applications [ 16]. Due to some unique
features such as low cost, small size, good manoeuverability and hover capability,
miniature UAVs are well suited for missions such as fire detection, victims local-
ization, etc. A precise model plays an important role in prediction for the behav-
iours of various dynamic systems. The significance for modelling a quad-rotor
vehicle dynamics has been addressed in the documented research results such as
[13, 56, 75]. The flight dynamic model for miniature UAV is derived using well-
established aircraft and rotorcraft theories, and the related model parameters are esti-
mated through system identification using practical input-output data collected from
particular experiments. To achieve autonomous flight, miniature UAV's are equipped
with microcomputers such that control laws can be executed onboard to replace the
action of a human pilot [16, 17]. Control strategy is formulated according to various
flight regimes to guarantee satisfactory performance over the full flight envelope.

Many dynamical systems such as aircraft and racket systems and electric power
systems feature TTS characteristics, namely, an interaction of fast and slow dynamics
[78, 94, 153]. Such systems are governed by both fast and slow dynamics, and
customarily referred to as SPSs. For miniature UAVs, translational dynamics are
regarded as slow dynamics, whereas orientation dynamics are considered to be fast.
Feedback design for SPSs commonly suffers from high dimensionality and ill-posed
problems. Consequently, the design based on the overall system or some simplified
models may cause the closed-loop system far from its desired performance or even
unstable. SPTs have been proven to be common tools for modelling, analysis and
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design of flight control systems, and the numerical stiffness is much alleviated.
Engineers usually separate states into two parts, and introduce a small parameter €
to determine the degree of separation between the slow and fast modes. In [153], the
nature of multi-time-scale systems is presented, and it is possible to obtain controllers
that are independent of €. The success of perturbation techniques involving multiple
time-scales shed light on the research of the frequency-domain approaches which
characterize the frequency behaviours of slow and fast subsystems, repsectively. In
[81, 82], transfer-function matrices for SPSs are considered, and conditions that
guarantee system behaviours are decomposed into several frequency scales.

In the literature, a variety of SPTs have been applied into the controller design of
UAVs to achieve their missions not only with increasing efficiency, but also with more
safety and security. A Lyapunov-based control in [37] using singular perturbation
theory is proposed and applied in a miniature UAV. The research work presented
in [7] addressed the stability analysis of a hierarchical controller of a UAV. More
superficially, position and attitude control laws were successively designed via a
time-scale separation between the translational dynamics and orientational dynam-
ics of a six degrees-of-freedom vertical take off and landing UAV model. In [35],
Esteban and Rivas proposed a singular perturbation control strategy for regulating the
longitudinal flight dynamics of a UAV, where control strategy was based on a time-
scale decomposition that included the altitude, velocity, pitch, and flight path angle
dynamics. SPTs were used in [52] to develop a full-authority trajectory controller for
an autonomous helicopter. In [143], time-controlled optimal flight-trajectory gener-
ation methods, which included the effects of risk caused by threat environment, had
been proposed, and singular perturbation method was used to obtain reduced-order
airplane models that allow static rather than dynamic optimization.

Good hovering capability is a key system specification for missions such as vision
inspection of buildings for maintenance and post-disaster relief. In the content of H,
control of SPSs, over the past decades, a variety of singularly perturbed models have
been proposed and investigated. Combined with the distinctive behaviours between
slow and fast states, the concept of H,, control of SPSs was raised in [67] with Hy,
properties of the two subsystems established, respectively. In [79], a fuzzy model was
used to represent the SPSs, and both the state feedback and SOFCs were developed to
achieve the H,, disturbance attenuation performance. Li, Wang and Liang proposed
anew methodology to design sub-optimal controllers for SPSs, which can be further
extended to other robust and multi-objective control problems for SPSs [76]. Con-
sidering that the system commonly works in some specific frequency ranges under
certain operating conditions, it is, thus, too strict and unpractical to keep H, perfor-
mance index established in the full frequency range, which leads to the research of
the finite frequency H,, control (FF H, control). During the past few years, some
good results of the FF H,, control of SPSs have been documented in the literature.
In [88], a method to design a composite state feedback controller was constructed to
realize the FF H, control of SPSs based on the GKYP lemma. Huang et al. extended
this method to realize positive real control of SPSs [57]. In [55], an output feedback
controller for SISO SPSs was designed to meet frequency-domain loop-shaping
specifications. Despite its theoretical significance and engineering importance, the
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Fig. 7.4 Quad-rotor aerial vehicle developed at the Khalifa University

concept of frequency dividing control for SPSs, however, has not attracted much
research attention yet, not to mention the composite design on the SPSs.

In this section as shown in Fig.7.4, a miniature UAV is formulated into an SPS

to meet the requirements of high precision and quality in modern engineering, and a
positive parameter ¢ is served as a measurement of “speed” to separate the transla-
tional dynamics and orientational dynamics. H., control is then conducted based on
the unique frequency nature of SPSs.

ey

2

3)

The main contributions of this section are outlined as follows.

We present the stability and control performance analysis of the miniature UAV
using singular perturbation theory. The flight control system, represented in the
form of an SPS, is decoupled into two reduced-order subsystems in separate
time-scales: the translational subsystem (slow subsystem) in the slow time-scale
and the orientational subsystem (fast subsystem) in the fast time-scale. The flight
system of the miniature UAV is modelled in terms of SPS such that the model
accuracy is increased to a large extent.

Sub-controllers are designed, respectively, for the corresponding slow and fast
subsystems to increase their robustness to different types of external distur-
bances. Advantage is thereby taken of the singularly perturbed nature of the
problem to design a well-conditioned composite feedback controller to solve
the original SPS within a specified order-of-¢ accuracy.

The frequency nature of SPSs is considered in the design of H,, hovering con-
troller for miniature UAVs. Note that the slow modes are sensitive to oscillators
associated with low-frequency signals, while the fast modes are more easily
affected by high-frequency power sources. Thus, slow and fast subsystems are
constructed, separately, in the low and high frequency ranges to avoid the unnec-
essary frequency band overlap, and referred to as the low-frequency cut-off
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subsystem and high-frequency cut-off subsystem in the literature. Such cut-off
frequency subsystems with lower system order can characterize the frequency
characteristic of the high-dimensional flight system in disjoint frequency ranges.

(4) The conservatism of the H,, performance index is highly reduced with the aid of
finite frequency H,, control. Contrast with the existing method, finite frequency
control is put forward, and the H, index for the related cut-off frequency sub-
system is established in the corresponding dominant frequency range.

(5) Wind gust contains abundant frequency components, and is thus regarded as
the external disturbance. Due to this, we adopt a novel control strategy based
on switch between different composite controllers to meet the requirements of
different flight regimes. More specifically, an index switching function is used
to select the candidate sub-controller according to different weather conditions.

7.3.1 Modelling

In this section, a six-degree-of-freedom (6-DOF) miniature UAV developed at the
Khalifa University, SAQER, is used as an example for the controller design with
state variables and parameters shown in Tables 7.2 and 7.3, respectively.

Motion equations are derived from Newton’s second law. The force equation is
given by

it =—(wg—vr)+X/m— gsind,
v=—(ur—wp)+Y/m+ gcosfsin ¢, (7.56)
w=—(wp—qu)+Z/m+ gcosbcos ¢,

Table 7.2 Body frame variables

Physical description | x axis y axis Z axis
Angular rates p q r
Velocity components | u v w
Force components X Y zZ
Moment components | L M N
Moment of inertia Ly Ly I,
Product of inertia I, Iy Iy

Table 7.3 Motor variables

Physical description Parameter
Thrust of i-th motor T;

Torque of i-th motor M;

Total mass of the vehicle m

Length between a motor and |/

the centre
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where forces acting on the vehicle are given by

X = mX,u + mXg0 +mX,q,
Y =mY,v +mYy¢p + mY,
Z=mZw~+T +T, + T3+ T4

The moment equation is given by

Lap = (lyy — Iz)qr + L. (i +pg) + L,
Iyg = (e = Le)rp + L (r = p*) + M, (7.57)
I = (L — Ly)pq + Li:(p — qr) + N,

where

L =ILLyu+ I Ly + L Lyp+2(T4 — T))l,
M =I,Mu~+I,Myv+IL,M,q+ 2(T) — T3)l,
N =1 ,N.r —M; — M3 + M, + M,.

Due to the symmetric structure of the vehicle, all products of inertias are zero:
I, = I; = I, = 0. The following relationship is considered,

p 1 0 —sinf ¢
g | =10 cos¢ singcosb 01,
r 0 —sing cospeost | | 4

which can be rewritten as

¢;=p+psin¢tan0+rc0s¢tan0,
6= gcos¢ — rsin ¢, (7.58)

1 = gsin¢sech + rcos ¢psech.

The complete system is composed of the translational dynamics (7.56) and the orien-
tation dynamics (7.57)—(7.58). Then, we aim to design the H,, controller to improve
the hovering capability of the complete system.

Current practice in the design of Hy, hovering controller for miniature UAVs is to
linearize the aircraft dynamics near the operating point with several trim conditions
to reduce the coupling among related aircraft dynamics. We assume that the vehicle
operates at hover, and the trimmed states are given by

u=0,v=0,w=0,p=0,9g=0, r=0.

With regard to the fact that the variation range of angles ¢, 6, 1 near the operating
point is not larger than 5°, we have
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sing =0, cosp =1, sinf =0,
cosf =1, sinyy =0, cosy =1,
which can be further used in model simplification.

If the linearization of the system (7.56)—(7.57) is conducted near the operating
point, the following 6-DOF model can be obtained as

Ou X, 00X, 0 07 du 0 0 0 0

3y 0 Y, %000 ||od 0 0 0 0 |[ 6w

& | | LiLiL, 0 00 ||dp L 0 0 0 || din

g | " MM, 0M; 0 0 || g || 0 M 0 0 || G (7.59)
5y 00002, 0/|]|dw 0 0 Zot 0 || e

. 0000 0NJLér 0 0 0 Npea

Taking the effects of the wind into consideration, additional items are added into
(7.59) to represent the external disturbances,

du X, 0 0X, 007 du By 0 0 0 0
dy 0 Y, Y 000 |]|d By 0 0 0 0 St
|| Loy 0 0 0 |1 0p| |Buow|_ |Lw 0 0 0 Ston
o | T | MuMy 0 M, 0 0 || dg Bup 0 Mpp 0 0 Seol
5 0 00 02,0 |]|dw Bug 0 0 Zo O Sped
. 0000 0N Lor By 0 0 0 Npa

(7.60)

where w is considered as the wind, the constant matrices By, By, Byw, Byp, By
and B,,, are used as the weighing matrices to characterize the components of wind
on related dynamics in different directions. The related parameters of SAQER’s bare
flight dynamics model after system identification is given in Table 7.4. On this basis,
we obtain three reduced subsystems, one of which can be modelled in the singularly
perturbed form,

(1) w subsystem in the slow time-scale ¢:

oW = ZeotBeol, (7.61)

Table 7.4 Parameters of SAQER’s bare flight dynamics model after linearization

Variable Value Variable Value
Xu —0.02 M, 0.05
Xy —-9.8 M, 0

Xy 0.21 M, —0.58
Y, 0.02 Zy 0

Yy 9.8 N, 0

Y, 0.21 L 141.21
L, 0 Mion 138.71
L, 0.05 Zcol 11.12
L, 0.59 Npea 7.83
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(2) r subsystem in the fast time-scale 7:

Or = Npeabpeds (7.62)
where Aeq = eNped,
(3) uvpq subsystem:
u X, 0 0X, ou 0 O
ov 0Y, Y 0| 0 0 Slar
= +
op L, L L, O op Lii 0O dion
5q M, M, 0 M, 0q 0 Mipm
(7.63)
ou
ov 0
_p +B lat
617 610/1
oq

Using the local linearization method, the whole flight system can be decoupled into
three subsystems: the w subsystem, r subsystem, and uvpg subsystem. Apparently,
the value of velocity component w is determined merely by the voltage d.,;, and the
control input §p.q is a decisive factor for the flight dynamic r. Note that the uvpg
subsystem can be represented in the singularly perturbed form (7.63) because the
eigenvalues of the state matrix P cluster into two groups

A(P) = {-0.0018, —0.5982, 0.0021, 0.6079}.

The presence of two separate sets of eigenvalues of P is an inherent property of SPSs.

The design of Hy, controller for w subsystem and r subsystem can use the clas-
sical Hy, control approaches, which has already been intensively researched in the
literature. To highlight the key point of this section, that is, the following work is
mainly focused on the reduced TTS subsystem.

Denoting the slow part as £ = [ 6, 6, ]T, the fast part as ¢ = [ J, §q]T and the
control input u as u = [51a, 510,1]T, the singularly perturbed form of the reduced
system (1.36) is derived,

£ [ o [¢ 3 B
I e | ) S ) O
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where
| X 0 _ 10X,
=f2711—|:0 YV:|,@712—[YP O:|,

| eLy €L, _leL, O
dﬂ_[aMu 6Mv]’ ﬂzz—[ 0 EMq]’

_[oo _[eLin 0
ggl_[oo]‘%_[ 0 EM,UJ'

Remark 7.5 Wind is the external disturbance in the SPS model (7.64), which affects
the position and attitude of the UAV. Wind can be divided into different classifications
based on time or geography. Despite complex weather conditions, weighing matrices
B,y and A, are used to characterize wind components in different directions. In
[74], it can be seen that wind dynamics are the combination of short-, medium- and
long-term wind speed fluctuations, but the power of wind is mainly concentrated in
low frequency range. Turbulence such as wind dust, a special type of wind occurring
frequently in real life, is the main contributor to high-frequency components of wind.

Applying the SPA into the SPS (7.64), we have the following subsystems, that is
translational subsystem in the slow time-scale ¢, denoted as %,,,,

gs = (% + %usKs)gs + '@W&‘Ws

(7.65)
Vs = (Cgv + -@usKv)gx + @w.vwv
Ay = )+ oy, S, Bus = B + Sy, B,
f@ws = e%wl + MZ%EI%W% ng = Cgl + %2%51%19
Dus = D1 + 552%51%’2, Dys = Do + (52%?:@@,
and orientational subsystem in the fast time-scale 7, denoted as X,
S = (2 + PBrKe)sr + Buow,
= (9 2 Kr)or 2 (7.66)

vy = (6 + 21K5)ss + Dow,
TTS characteristic of system (7.64) implies that
max |A(h,)| < min |A(<)],

where o7, and .@%; are the slow and fast subsystem state matrices. Based on this, the
parameter € can be determined by

€ = min [\(#)|/ max A|(#22)|.
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Using SPTs in (7.65) and (7.66), cut-off frequency subsystems for (7.64) are con-
structed with the closed-loop transfer-function matrices as

Tiow (8) = Cse (sI, — ~Qfsc)7lgws + s,
where gws = @wx - %Z%EIQWZ + @29 %C = «!37? + f@usKl’ %c = Cgs + @LLYKlv and
Thigh(p) = %‘c(plm - «5240)71«93»‘12 + gw s

where &,y = Dys + Do, S = s + BioKn, € = 62+ 21Ky

7.3.2 Design of H, Controller for Miniature UAVs
in Hovering

Waving with wind is a good status for the flight system rather than staying stationary
in the air, which requires less input energy. Stability and disturbance attenuation
capability of orientational dynamics is a necessary requirement for the hovering
task to keep the sustainable flight of the UAV while the position (the translational
dynamics) of the UAV is not that important for such task. Based on this concept, we
present methods to design the H, controller in hovering for the miniature UAV.

Theorem 7.4 (Design of Normal Controller) For a given cut-off frequency w,,
scalars v1 > 0, p1, qi1, p2 and g, satisfying p1q1 > 0and prq> > 0, and matrices R),
the closed-loop SPS (7.64) achieves H, property to resist the effects of low-frequency
wind,

1. the closed-loop subsystem (7.64) is internally stable for € € (0, €*],
”Tlow(s)”é\o/ <71

if there exist symmetric matrices Wy, Py > 0, Py > 0, P; and Q; > 0 such that the
following LMIs hold:

0 P —W,
[Ps 0 ] <He[dswq+t@ K ][‘“’n pila]. (7.67)
0 Py
[Pf 0 ] - He[%zzwf + %mf] @2ln 2] (7.68)
_Ql 0 P[ 0 _In 0 0
WsR;
* I 0 0 0 -1 0 K
" . Vi 7.
P ngl 0 < He Ay Bus Bus |: . IR%I :| (7.69)
L S 4 —’yllq C Evs Dus s

Feasible state feedback sub-controller gains are then given by K; = kW

Ky, = K W,:l such that the composite state feedback controller gain is

and

K, = [ Ki + KiAy Asi + KyAS) BoK; Ky |-
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Proof Under normal weather conditions, the major energy of wind is concentrated in
the low frequency range, and the slow modes (translational dynamics) are more easily
affected by the external disturbance compared with the fast modes (orientational
dynamics). Low frequency characteristic of the whole fight system can be represented
by the low-frequency cut-off subsystem ;. In other words, fast modes have the
high-pass property, and they can resist the low-frequency disturbance without input
control. In this case, the following requirement should be satisfied:

1. The internal stability property of the whole system (7.64) should be satisfied.

2. The Hy, norm index for the low-frequency cut-off subsystem %; should be kept,

”Tlow(s)”oo <7-

State feedback controller gains K; and K, are designed, respectively. Next, we
present methods to design the composite state feedback controller which can be
applied to the original ill-conditioned system (7.64).

It follows from Lemma 1.3 that, for sufficiently small ¢, u = K,x is an inter-
nally stabilizing controller, and ||G (s, €)]l,» < 7 + O(¢) is satisfied for singularly
perturbed system (3.5). From [70], a composite controller in the normal weather
conditions is formulated as

K, = [Ki + KyA5) Ay + KA5) BoK) Ky |

Theorem 7.5 (Design of Wind Dust Controller) For given cut-off frequency w,,
given scalars v1 > 0, 2 > 0, p1, q1, p2 and g, satisfying p1q1 > 0, paq> > 0 and
Y1 > v2, and matrices R; and Ry, the closed-loop SPS (7.64) achieves Ho, property
in the entire frequency range, namely

1. the closed-loop subsystem (7.64) is internally stable for € € (0, *],
ITow (A < Y15 1 Thign @IS < 72,

ifthere exist symmetric matrices Wy, Wy, Ps > 0, P > 0, P, PrandQ; > 0, Q) > 0
such that the following LMIs hold:

0 PS_ qil,
|:Ps 0 | = He[ﬂwx + 7 gus"fs] |:PlIn:| ’ (7.70)

0 Py QZ] 7.71
|:Pf 0 ] < He |:«5/22Wf+%2f§f 21m ’ ( ’ )

00 P 0 h oMWR
} :
I

* I, 0 0 0—1,0

N R T I I A o | IR (7.72)
* ok * _'YII %Y éaws @us st
On 0 Py, 0 -, 0 O
“1 0 O | _ jge 0" ~1, 0 vaRh (1.73)
* x —(we/9)?Qr 0 by By B 2l :

R
- * —’y%Iq C S D Rt
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Feasible state feedback sub-controller gains are given by K; = kW' and K;, =
kW, ! such that the composite state feedback controller gain subject to wind dust
turbulence is

K, = [ K + KyA5 Asi + KiAS BoK K |

Proof Wind dust is a special type of wind, which contains abundant high frequency
components. The attitudes corresponding to fast modes are easily affected at the
existence of wind dust. Under these conditions, the following constraints should be
satisfied:

1. the closed-loop subsystem (7.64) is internally stable for € € (0, £*],
2. 1 TiowIL < 71, 1 Thigh@ A < 72, 71 > 72

Note that Requirement 2 balances the input energy saving with hovering capability
of the UAV. The following proof is similar as that of Theorem 7.4, which is omitted
here.

7.3.3 The Flexible Strategy

Next, we introduce the control strategy for the miniature UAV. Contrast with the
existing Hy, hovering control, external disturbance characteristics are taken into
consideration to achieve better disturbance attenuation capability and save the energy
of control input u. Different types of disturbances are handled by different composite
controllers.

e Under normal weather conditions, the miniature UAV hovers in the air with external
disturbances such as breeze and background noises. Under this circumstance, the
power spectrum of wind is mainly fixed in the low frequency range such that
translational dynamics corresponding to slow modes are easily affected. According
to Theorem 7.4, the proper controller K, is adopted to restrain the low-frequency
disturbances.

e Under severe weather conditions such as wind gusts, the Hy, hovering control
should also play a role to guarantee the desired hovering capability of the UAV.
In this case, there is a significant power bump in the high frequency ranges with
the main power spectrum still in the low frequency range. Effects from high-
frequency disturbances to orientational dynamics cannot be neglected directly.
Thus, we design a particular controller K; based on Theorem 7.5 to restrain both
low- and high-frequency disturbances.

e We set the stop frequency wygp to protect the aircraft health. If wind frequency
exceeds Wyop, @ UAV should not execute the associated flight task.

The composite state feedback algorithm is

K — K, 0 <w<uw
K, we <w < wyop
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Fig. 7.5 The switch strategy for H, hovering control

which aims at balancing hardware cost with system performances, and the switch
strategy is illustrated in Fig.7.5.

Remark 7.6 We found that the finite frequency control is well suited for the miniature
UAV which have abundant dynamics due to the unique frequency nature of SPSs.
Moreover, wind disturbances are considered to avoid the unnecessary frequency
overlap of reduced-order subsystems. The key feature of the switching strategy is
stated:

1. Frequency division in states: the construction of the low- and high-frequency
subsystems is realized through slow-fast decomposition, and sub-controllers are
designed based on these subsystems. The dominant frequency components in
related frequency ranges are extracted.

2. Frequency division in external disturbance: wind is taken into consideration due
to the distinctive disturbance sensitivity of low- and high-frequency components.
Turbulence is a special type of wind whose power spectrum is focused in the
high frequency range. We set the trade-off frequency w, to detect the existence
of turbulence flows. In this sense, we design the control law K, and K, to retrain
different types of disturbances.

7.3.4 Numerical Examples

Prior to the practical implementation, we have carried out a series of MATLAB®-
based simulations to demonstrate the validity of the proposed method. For given
parameters in Table7.4, trade-off frequencies are selected as w. = 50rad/s and
Wetop = 100Tad/s.

With aid of SPTs, a miniature UAV modelled in (7.64) can be decoupled into slow
and fast subsystems, and the related low- and high-frequency cut-off subsystems
Y, Xy are constructed based on them.

Based on Theorem 7.4, we have designed the H, controller for the system ¥;, and
the frequency responses of the open-loop and closed-loop transfer-function matrices
are shown in Fig. 7.6, respectively. From the left picture of Fig.7.6, we can see that
the low-frequency components have been extracted because all these modes have
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low-pass property. In other words, for the high-frequency external disturbances,
these slow states, themselves, can restrain such disturbances to some extent without
the help of state feedback controllers. The right side of Fig. 7.6 has shown that the
amplitude response from the external disturbance to the measurement output after
introduction of K; has been restrained below 7; in which v; = 1.266. The LMI
solutions are shown below:

po— 7333 6387 -0 _ | 130.9524 209.4434
* 7 1 6387 10949 » s =1 _148.8170 —120.9878 |

0 = 0.3908 —0.48007 . , _[ 2440 —52897  _ [-2453 5268
1= —04800 1.7243 |~ "1= | —5289 11470 |* "5 T | 5268 —11496 |

The sub-controller K] is formulated as

x _ | 58379 —2.6936
=1 -2.6936 2.4186 |-

Similarly, the frequency responses of the open-loop and closed-loop high-
frequency subsystems, are demonstrated in Fig.7.7. The high-frequency oscilla-
tors are totally extracted which have the high pass property and achieve high
speed of state variation than the low-frequency ones. In the high frequency range
A = |w| > 50rad/s, the effects from the external disturbances to the measurement
output has been restrained under 0.13. In this sense, the orientational dynamics can
be viewed as keeping unchanged.
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Fig. 7.7 The frequency ——— 0.14 - -
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The related solutions for Theorem 7.5 are shown below,

—0.3798 1.2179 —0.0598 0.1834
0.2030 —0.0158 0.2249 —0.0071 —0.2249 0.0071
On= >0, Pp= s = .

[ 1.6632 —0.3798] [ 0.2514 —0.0598:|
Py = >0, kp = ,

—0.0158 0.2473 —0.0071 0.2151 0.0071 —0.2151
The sub-controller K, is formulated as

& _ [ —1.1100 0.2414
=1 02379 —0.8448 |-

Based on the composite strategy, the composite state feedback control which is

applied into the whole system (7.64) is
K — 1700.6 573.2 —1.1 0.2
| —879.2337.7 0.2 —0.8 |°

The effectiveness of the composite controller K is depicted in Fig.7.8. The compar-
ison between Figs. 7.6, 7.7 and 7.8 indicates that the frequency characteristics of the
original flight system in the low (high) frequency range can be described by that of
its low-frequency subsystem X; (high-frequency subsystem %).

Based on Theorems 7.4-7.5, we design the normal controller K, and the turbulence
controller K, to restrain different types of disturbances.

K — 456.6 —434.21.6 0.8 K — —56.6 34.2 —1.55 0.8
P =792 3047 0.2-0.7 | "7 | 782 —447 0.8 —1.7|"
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To further explain the effectiveness of our results, we have conducted a series
of time-domain simulations. From the frequency domain perspective, the wind can
be viewed as a combination of multiple frequency components. The first simulation
assumes a UAV is subject to a constant but relatively mild wind disturbance with the
amplitude of V = 0.8 m/s and w = 3rad/s. Figure 7.9 demonstrates the effectiveness
of our proposed method in terms of disturbance rejection for both translational and
oriental dynamics. It can be observed that the velocities u# and v are restrained to
0.4m/s so that the UAV slightly wave with the wind. In this case, there is almost no
affects from the wind disturbances to the orientational dynamics p, g. In other words,
the disturbance attenuation ability of the translational dynamics is undemanding to
save the input energy whereas we should improve the disturbance attenuation ability
of the orientational dynamics to guarantee the UAV maintains its steady state.
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Fig. 7.11 The disturbance attenuation ability of «, v, p, ¢ under wind gust

As mentioned in the previous sections, wind gust causes sudden increase in speed
or frequency, and thus cannot be neglected in miniature UAV control at hover. To
demonstrate the effectiveness of the turbulence controller in presence of wind dust,
have carried out simulations for wind gusts with different amplitudes. More specif-
ically, wind gusts ranging from 5 to 26 m/s with the increment of 7m/s are studied
in Figs.7.10 and 7.11. Note that disturbances have more effects on the translational
dynamics u, v than the orientational dynamics p, g to save the input energy and keep
the attitude of the UAV. Via the comparison of Figs.7.10 and 7.11 with Fig.7.9,
we observe that the wind dust (high-frequency component) makes UAV shake more
frequently. Through the turbulence controller, the status of the UAV is restricted in
a small neighbourhood of the operating point (i.e., u = v = 0m/s, p = g = Orad/s)
so that the UAV will not lose its balance in the presence of different wind.

In this section, we have investigated the H, control synthesis of miniature UAVs to
improve its hovering capability by reduce the effects from wind to the measurement
output. First and foremost, low- and high-frequency subsystems are constructed,
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respectively, in the disjoint frequency ranges. Robust control specifications for sub-
systems are given in terms of multiple frequency domain inequalities in (semi)finite
ranges, which can be converted into feasible LMIs by aid of the GKYP lemma.
The composite controller, which consists of multiple sub-controllers, can be directly
applied to stabilize the whole flight system and achieve the H, control specification.
A novel switch strategy is also proposed to guarantee good hovering capability under
different weather conditions. A numerical example has been provided to show the
usefulness of the proposed results.

7.4 Conclusion

In this chapter, we have investigated the engineering background of finite frequency
control of SPSs. A detailed overview is given in Sect.7.1. Two typical application
examples are presented with wind turbines control using linear parameter varying
singularly perturbed model given in Sect.7.2 and robust Hy, control of miniature
quad-rotors in hovering given in Sect. 7.3 to show the effectiveness and merits of our
methods from practical point of view.
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