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Preface

Science is for those who learn;
poetry for those who know.
—Joseph Roux

This book is a continuation of my previous book, Dynamics and Control of
Structures [44]. The expanded book includes three additional chapters and an
additional appendix: Chapter 3, “Special Models”; Chapter 8, “Modal Actuators and
Sensors”; and Chapter 9, “System Identification.” Other chapters have been
significantly revised and supplemented with new topics, including discrete-time
models of structures, limited-time and -frequency grammians and reduction, almost-
balanced modal models, simultaneous placement of sensors and actuators, and
structural damage detection. The appendices have also been updated and expanded.
Appendix A consists of thirteen new Matlab programs. Appendix B is a new
addition and includes eleven Matlab programs that solve examples from each
chapter. In Appendix C model data are given.

Several books on structural dynamics and control have been published.
Meirovitch’s textbook [108] covers methods of structural dynamics (virtual work,
d’Alambert’s principle, Hamilton’s principle, Lagrange’s and Hamilton’s equations,
and modal analysis of structures) and control (pole placement methods, LQG design,
and modal control). Ewins’s book [33] presents methods of modal testing of
structures. Natke’s book [111] on structural identification also contains excellent
material on structural dynamics. Fuller, Elliot, and Nelson [40] cover problems of
structural active control and structural acoustic control. Inman’s book [79]
introduces the basic concepts of vibration control, while Preumont in [120] presents
modern approaches to structural control, including LQG controllers, sensors, and
actuator placement, and piezoelectric materials with numerous applications in
aerospace and civil engineering. The Junkins and Kim book [87] is a graduate-level
textbook, while the Porter and Crossley book [119] is one of the first books on
modal control. Skelton’s work [125] (although on control of general linear systems)
introduces methods designed specifically for the control of flexible structures. For
example, the component cost approach to model or controller reduction is a tool
frequently used in this field. The monograph by Joshi [83] presents developments on
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dissipative and LQG controllers supported by numerous applications. Genta’s book
[65] includes rotor dynamics; the book by Kwon and Bang [92] is dedicated mainly
to structural finite-element models, but a part of it is dedicated to structural
dynamics and control. The work by Hatch [70] explains vibrations and dynamics
problems in practical ways, is illustrated with numerous examples, and supplies
Matlab programs to solve vibration problems. The Maia and Silva book [107] is a
study on modal analysis and testing, while the Heylen, Lammens, and Sas book [71]
is an up-to-date and attractive presentation of modal analysis. The De Silva book
[26] is a comprehensive source on vibration analysis and testing. Clark, Saunders,
and Gibbs [17] present recent developments in dynamics and control of structures;
and Elliott [31] applies structural dynamics and control problems to acoustics. My
book [47] deals with structural dynamics and control problems in balanced
coordinates. The recent advances in structural dynamics and control can be found in
[121].

This book describes comparatively new areas of structural dynamics and control
that emerged from recent developments. Thus:

e State-space models and modal methods are used in structural dynamics as well
as in control analysis. Typically, structural dynamics problems are solved using
second-order differential equations.

e Control system methods (such as the state-space approach, controllability and
observability, system norms, Markov parameters, and grammians) are applied to
solve structural dynamics problems (such as sensor and actuator placement,
identification, or damage detection).

e Structural methods (such as modal models and modal independence) are used to

solve control problems (e.g., the design of LQG and H., controllers), providing
new insight into well-known control laws.

e The methods described are based on practical applications. They originated from
developing, testing, and applying techniques of structural dynamics,
identification, and control to antennas and radiotelescopes. More on the
dynamics and control problems of the NASA Deep Space Network antennas can
be found at http://tmo.jpl.nasa.gov/tmo/progress_report/.

e This book uses approximate analysis, which is helpful in two ways. First, it
simplifies analysis of large structural models (e.g., obtaining Hankel singular
values for a structure with thousands of degrees of freedom). Second,
approximate values (as opposed to exact ones) are given in closed form, giving
an opportunity to conduct a parametric study of structural properties.

This book requires introductory knowledge of structural dynamics and of linear
control; thus it is addressed to the more advanced student. It can be used in graduate
courses on vibration and structural dynamics, and in control system courses with
application to structural control. It is also useful for engineers who deal with
structural dynamics and control.

Readers who would like to contact me with comments and questions are invited to
do so. My e-mail address is Wodek.K.Gawronski@jpl.nasa.gov. Electronic versions
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of Matlab programs from Appendix A, examples from Appendix B, and data from
Appendix C can also be obtained from this address.

I would like to acknowledge the contributions of my colleagues who have had an
influence on this work: Kyong Lim, NASA Langley Research Center
(sensor/actuator placement, filter design, discrete-time grammians, and H,, controller
analysis); Hagop Panossian, Boeing North American, Inc., Rocketdyne
(sensor/actuator placement of the International Space Station structure); Jer-Nan
Juang, NASA Langley Research Center (model identification of the Deep Space
Network antenna); Lucas Horta, NASA Langley Research Center (frequency-
dependent grammians for discrete-time systems); Jerzy Sawicki, Cleveland State
University (modal error estimation of nonproportional damping); Abner Bernardo,
Jet Propulsion Laboratory, California Institute of Technology (antenna data
collection); and Angel Martin, the antenna control system supervisor at the NASA
Madrid Deep Space Communication Complex (Spain) for his interest and
encouragement. I thank Mark Gatti, Scott Morgan, Daniel Rascoe, and Christopher
Yung, managers at the Communications Ground Systems Section, Jet Propulsion
Laboratory, for their support of the Deep Space Network antenna study, some of
which is included in this book. A portion of the research described in this book was
carried out at the Jet Propulsion Laboratory, California Institute of Technology,
under contract with the National Aeronautics and Space Administration.

Wodek K. Gawronski
Pasadena, California
January 2004
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1
Introduction to Structures

% examples, definition, and properties

A vibration is a motion
that can't make up its mind
which way it wants to go.
—From Science Exam

Flexible structures in motion have specific features that are not a secret to a
structural engineer. One of them is resonance—strong amplification of the motion at
a specific frequency, called natural frequency. There are several frequencies that
structures resonate at. A structure movement at these frequencies is harmonic, or
sinusoidal, and remains at the same pattern of deformation. This pattern is called a
mode shape, or mode. The modes are not coupled, and being independent they can
be excited separately. More interesting, the total structural response is a sum of
responses of individual modes. Another feature—structural poles—are complex
conjugate. Their real parts (representing modal damping) are typically small, and
their distance from the origin is the natural frequency of a structure.

1.1 Examples

In this book we investigate several examples of flexible structures. This includes a
simple structure, composed of three lumped masses, a two-dimensional (2D) truss
and a three-dimensional (3D) truss, a beam, the Deep Space Network antenna, and
the International Space Station structure. They represent different levels of
complexity.

1.1.1 A Simple Structure

A three-mass system—a simple structure—is used mainly for illustration purposes,
and to make examples easy to follow. Its simplicity allows for easy analysis, and for
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straightforward interpretation. Also, solution properties and numerical data can be
displayed in a compact form.

The system is shown in Fig. 1.1. In this figure m;, m,, and m; represent system
masses, ki, k», ks, and ky, are stiffness coefficients, while d;, d,, d3, and d,, are
damping coefficients. This structure has six states, or three degrees of freedom.

S a S 4, S 45
— — —>
k, k, k, k,
m, m, m; —
i 7 1
d, d, d, d,

Figure 1.1. A simple structure.

1.1.2 A 2D Truss

The truss structure in Fig. 1.2 is a more complex example of a structure, which can
still easily be simulated by the reader, if necessary. For this structure, /;=15 cm,
5L=20 cm are dimensions of truss components. Each truss has a cross-sectional area
of 1 ecm?, elastic modulus of 2.0x10" N/cm?, and mass density of 0.00786 kg/cm’.
This structure has 32 states (or 16 degrees of freedom). Its stiffness and mass
matrices are given in Appendix C.1.

Figure 1.2. A 2D truss structure.

1.1.3 A 3D Truss

A 3D truss is shown in Fig. 1.3. For this truss, the length is 60 cm, the width 8 cm,
the height 10 cm, the elastic modulus is 2.1x107 N/em?, and the mass density is
0.00392 kg/cm’. The truss has 72 degrees of freedom (or 144 states).
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Figure 1.3. A 3D truss structure.

1.1.4 A Beam

A clamped beam is shown in Fig. 1.4. It is divided into # elements, with n—1 nodes,
and two fixed nodes. In some cases later in this book we use n=15 elements for
simple illustration, and sometimes n=60 or n=100 elements for more sophisticated
examples of beam dynamics. Each node has three degrees of freedom: horizontal
displacement, x, vertical displacement, y, and in plane rotation, 6. In total it has
3(n—1) degrees of freedom. The beam is 150 cm long, with a cross-section of 1 cm”.
The external (filled) nodes are clamped. The beam mass and stiffness matrices for
n=15 are given in Appendix C.2.

0 1 2 3 n-2 n-1 n

Figure 1.4. A beam divided into # finite elements.

1.1.5 The Deep Space Network Antenna

The NASA Deep Space Network antenna structure illustrates a real-world flexible
structure. The Deep Space Network antennas, operated by the Jet Propulsion
Laboratory, consist of several antenna types and are located at Goldstone
(California), Madrid (Spain), and Canberra (Australia). The Deep Space Network
serves as a communication tool for space exploration. A new generation of Deep
Space Network antenna with a 34-m dish is shown in Fig. 1.5. This antenna is an
articulated large flexible structure, which can rotate around azimuth (vertical) and
elevation (horizontal) axes. The rotation is controlled by azimuth and elevation
servos, as shown in Fig. 1.6. The combination of the antenna structure and its
azimuth and elevation drives is the open-loop model of the antenna. The open-loop
plant has two inputs (azimuth and elevation rates) and two outputs (azimuth and
elevation position), and the position loop is closed between the encoder outputs and
the rate inputs. The drives consist of gearboxes, electric motors, amplifiers, and
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tachometers. For more details about the antenna and its control systems, see [59] and
[42], or visit the web page http://ipnpr.jpl.nasa.gov/. The finite-element model of the
antenna structure consists of about 5000 degrees of freedom, with some nonlinear
properties (dry friction, backlash, and limits imposed on its rates, and accelerations).
However, the model of the structure and the drives used in this book are linear, and
are obtained from the field test data using system identification procedures.

Figure 1.5. The Deep Space Network antenna at Goldstone, California (courtesy of
NASA/JPL/Caltech, Pasadena, California). It can rotate with respect to azimuth (vertical)
axis, and the dish with respect to elevation (horizontal axis).

In the following we briefly describe the field test. We tested the antenna using a
white noise input signal of sampling frequency 30.6 Hz, as shown in Fig. 1.7(a). The
antenna elevation encoder output record is shown in Fig. 1.7(b). From these records
we determined the transfer function, from the antenna rate input to the encoder
output, see Fig. 1.8(a),(b), dashed line. Next, we used the Eigensystem Realization
Algorithm (ERA) identification algorithm (see [84], and Chapter 9 of this book) to
determine the antenna state-space representation. For this representation we obtained
the plot of the transfer function plot as shown in Fig. 1.8(a),(b), solid line. The plot
displays good coincidence between the measured and identified transfer function.
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The flexible properties are clearly visible in the identified model. The identified
state-space representation of the antenna model is given in Appendix C.3.

wind

EL pinion rate

> EL torque
EL rate ELEVATION d > EL encoder
e DRIVE AZ encoder
EL error
AZ rate
] AZ torque XEL error
AZIMUTH > ——>
> DRIVE ANTENNA
STRUCTURE

AZ pinion rate

Figure 1.6. The open-loop model of the Deep Space Network antenna (AZ = azimuth, EL =
elevation, XEL = cross-elevation): The AZ and EL positions are measured with encoders, EL
and XEL errors are RF beam pointing errors.

0.4 \ \
(@)

0.2

rate input, V
o

L L L 1 L 1
0 100 200 300 400 500 600
time, s

0.04 \ \
(b)
0.03 - i

0.02 - i

encoder, deg

0.01 - .

L L L 1 L 1
0 100 200 300 400 500 600
time, s

Figure 1.7. Signals in the identification of the antenna model: (a) Input white noise
(voltage); and (b) output—antenna position measured by the encoder.
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Figure 1.8. The antenna transfer functions obtained from the data (dashed line), and
obtained from the identified model (solid line): (a) Magnitude; and (b) phase.

1.1.6 The International Space Station Structure

The Z1 module of the International Space Station structure is a large structure of a
cubical shape with a basic truss frame, and with numerous appendages and
attachments such as control moment gyros and a cable tray. Its finite-element model
is shown in Fig. 1.9. The total mass of the structure is around 14,000 kg. The finite-
element model of the structure consists of 11,804 degrees of freedom with 56
modes, of natural frequencies below 70 Hz. This structure was analyzed for the
preparation of the modal tests. The determination of the optimal locations of shakers
and accelerometers is presented in Chapter 7.

1.2 Definition

The term flexible structure or, briefly, structure has different interpretations and
definitions, depending on source and on application. For the purposes of this book
we define a structure as a linear system, which is

e finite-dimensional;

e controllable and observable;

e its poles are complex with small real parts; and
e its poles are nonclustered.



Introduction to Structures 7

Control moment gyros

Beam

e
ol

AN ]

— Y
A

Cable tray

Antenna boom

Figure 1.9. The finite-element model of the International Space Station structure.

Based on this definition, we derive many interesting properties of structures and
their controllers later in this book.

The above conditions are somehow restrictive, and introduced to justify the
mathematical approach used in this book. However, our experience shows that even
if these conditions are violated or extended the derived properties still hold. For
example, for structures with heavy damping (with larger real parts of complex
poles), or with some of the poles close to each other, the analysis results in many
cases still apply.

1.3 Properties

In this section we briefly describe the properties of flexible structures. The
properties of a typical structure are illustrated in Fig. 1.10.

e Motion of a flexible structure can be described in independent coordinates,
called modes. One can excite a single mode without excitation of the remaining
ones. Displacement of each point of structure is sinusoidal of fixed frequency.
The shape of modal deformation is called a modal shape, or mode. The
frequency of modal motion is called natural frequency.

e Poles of a flexible structure are complex conjugate, with small real parts; their
locations are shown in Fig. 1.10(a).
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e The magnitude of a flexible structure transfer function is characterized by the
presence of resonance peaks; see Fig. 1.10(b).

e The impulse response of a flexible structure consists of harmonic components,
related to complex poles, or to resonance peaks; this is shown in Fig. 1.10(c).

e The phase of a transfer function of a flexible structure shows 180 degree shifts at
natural frequencies, see Fig. 1.10(d).

Poles of a flexible structure are complex conjugate. Each complex conjugate pair
represents a structural mode. The real part of a pole represents damping of the mode.
The absolute value of the pole represents the natural frequency of the mode.

Consider two different structures, as in Fig. 1.11(a). The first one has poles
denoted with black circles (e), the second one with crosses (x). The locations of the
poles indicate that they have the same natural frequencies, but different damping.
The structure with poles marked with black circles has larger damping than the one
with poles marked with the crosses. The figure illustrates that structural response
depends greatly on the structural damping. For small damping the impulse response
of a structure decays slower than the response for larger damping, see Fig. 1.11(b).
Also, the magnitude of the response is visible in the plots of the magnitude of the
transfer function in Fig. 1.11(c). For small damping the resonance peak is larger than
that for larger damping. Finally, the damping impacts the root-mean-square (rms) of
the response to white noise. For example, Fig. 1.11(d) shows that for small damping
the rms response of a structure is larger than the response for larger damping.

When a structure is excited by a harmonic force, its response shows maximal
amplitude at natural frequencies. This is a resonance phenomenon — a strong
amplification of the motion at natural frequency. There are several frequencies that
structures resonate at. A structure movement at these frequencies is harmonic, or
sinusoidal, and remains at the same pattern of deformation. This pattern is called a
mode shape, or mode. The resonance phenomenon leads to an additional property —
the independence of each mode. Each mode is excited almost independently, and the
total structural response is the sum of modal responses. For example, let a structure
be excited by a white noise. Its response is shown in Fig. 1.12(a). Also, let each
mode be excited by the same noise. Their responses are shown in Fig.
1.12(b),(c),(d). The spectrum of the structural response is shown in Fig. 1.13(a), and
the spectra of responses of each individual mode are shown in Fig. 1.13(b),(c),(d).
Comparing Figl.13a with Fig.1.13b,c,d we see that the resonance peak for each
natural frequency is the same, either it was total structure excited, or individual
mode excited. This shows that the impact of each mode on each other is negligible.

The independence of the modes also manifests itself in a possibility of exciting
each individual mode. One can find a special input configuration that excites a
selected mode. For example, for the simple structure presented above we found an
excitation that the impulse response has only one harmonic, see Fig. 1.14(a), and the
magnitude of the transfer function of the structure shows a single resonance peak,
see Fig. 1.14(b). However, there is no such input configuration that is able to excite
a single node (or selected point) of a structure. Thus structural modes are
independent, while structural nodes are not.
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Figure 1.12. Response to the white noise input: (a) Total structure response is composed of
three modal responses; (b) mode 1 response of the first natural frequency; (c) mode 2
response of the second natural frequency; and (d) mode 3 response of the third natural
frequency.
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Figure 1.13. Spectra of the response to the white noise input: (a) Total structure spectrum
consists of three modal spectra; (b) mode 1 spectrum of the first natural frequency; (c) mode
2 spectrum of the second natural frequency; and (d) mode 3 spectrum of the third natural
frequency.
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Figure 1.14. An input configuration that excites a single mode: (a) Impulse response; and (b)
magnitude of the transfer function.
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2
Standard Models

Q> how to describe typical structures

The best model of a cat is another, or
preferably the same, cat.
—Arturo Rosenblueth with Norbert Wiener

In this and the following chapter we explain structural models that describe standard
—or more common—structures. The standard models include structures that are
stable, linear, continuous-time, and with proportional damping.

We derive the structural analytical models either from physical laws, such as
Newton’s motion laws, Lagrange’s equations of motion, or D’ Alembert’s principle
[108], [111]; or from finite-element models; or from test data using system
identification methods. The models are represented either in time domain
(differential equations), or in frequency domain (transfer functions).

We use linear differential equations to represent linear structural models in time
domain, either in the form of second-order differential equations or in the form of
first-order differential equations (as a state-space representation). In the first case,
we use the degrees of freedom of a structure to describe structural dynamics. In the
second case we use the system states to describe the dynamics. Structural engineers
prefer degrees of freedom and the second-order differential equations of structural
dynamics; this is not a surprise, since they have a series of useful mathematical and
physical properties. This representation has a long tradition and using it many
important results have been derived. The state-space model, on the other hand, is a
standard model used by control engineers. Most linear control system analyses and
design methods are given in the state-space form. The state-space standardization of
structural models allows for the extension of known control system properties into
structural dynamics. In this chapter we use both second-order and state-space
models, and show their interrelations.
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Besides the choice of form of equations, we represent the analytical model in
different coordinates. The choice of coordinates in which the system model is
represented is rather arbitrary. However, two coordinate systems, nodal and modal,
are commonly used. Nodal coordinates are defined through displacements and
velocities of selected structural locations, called nodes; and modal coordinates are
defined through the displacements and velocities of structural (or natural) modes. In
this book we use both coordinate systems; however, we put more weight on the
modal coordinate system.

At the beginning of this chapter we present a generic state-space system model
and its transfer function; next, structural state-space models follow the second-order
models of flexible structures.

2.1 Models of a Linear System

Models of a linear system are described by linear differential equations. The
equations can be organized in a standard form called state-space representation. This
form is a set of first-order differential equations with unit coefficient at the first
derivative. The models can also be represented in the form of a transfer function,
after applying the Laplace or Fourier transformation. The state-space representation
carries information about the internal structure (represented by states) of the model,
while the transfer function describes the model in terms of its input—output
properties (although its internal state can be somehow recovered). Also, the state-
space models are more convenient and create less numerical difficulties than transfer
functions when one deals with high-order models.

2.1.1 State-Space Representation

A linear time-invariant system of finite dimensions is described by the following
linear constant coefficient differential equations:

X = Ax + Bu,
2.1
y=_Cx,

with the initial state x(0) = x, . In the above equations the N-dimensional vector x is
called the state vector, x, is the initial condition of the state, the s-dimensional

vector u is the system input, and the -dimensional vector y is the system output. The
A, B, and C matrices are real constant matrices of appropriate dimensions (4 is NxN,
B is Nxs, and C is rxN). We call the triple (4,B,C) the system state-space

representation.

Every linear system, or system of linear-time invariant differential equations can
be presented in the above form (with some exceptions discussed in Chapter 3). It is
important to have a unique form as a standard form in order to develop
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interchangeable software and compatible methods of analysis. However, for the
same system presented by the state equations (2.1) the matrices 4, B, C and the state
vector are not unique: different representations (4, B,C) can give an identical input—

output relationship. Indeed, one can introduce a new state variable, x,,, such that
x=Rx,, (2.2)

where R is a nonsingular transformation matrix. Introducing x from (2.2) to (2.1) we
obtain the new state equations

X, = A,x, +B,u,
(2.3)
y=Cx,,

where

A, =R 4R, B,=R'B, C,=CR. (2.4)

Note that u and y are identical in (2.1) and (2.3); i.e., the input—output relationship is
identical in the new representation (4,,B,,C,) and in the original representation
(4,B,C). This might suggest that there is no difference as to what coordinates we use
for a system analysis. But this is not necessarily true. Although input—output
relations remain invariant, it makes a difference for system analysis or controller
design what state or representation is chosen. For example, some representations
have useful physical interpretations; others are more convenient for analysis and
design.

2.1.2 Transfer Function

Besides the state-space representation a linear system can be alternatively
represented by its transfer function. The transfer function G(s) is defined as a
complex gain between y(s) and u(s),

y(s) = G(s)u(s), (2.5)

where y(s) and u(s) are the Laplace transforms of the output y(f) and input u(?),
respectively. Using the Laplace transformation of (2.1) for the zero initial condition,
x(0) = 0, we express the transfer function in terms of the state parameters (4,B,C),

G(s)=C(sI - A)'B. (2.6)

The transfer function is invariant under the coordinate transformation (i.e.,
C(sl —A)_IB =C,(s[ -4, )_an , which can be checked by introducing (2.4) into
the above equation.
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2.2 Second-Order Structural Models

In this and the following sections we will discuss the structural models. One of them
is the second-order structural model. It is represented by the second-order linear
differential equations, and is commonly used in the analysis of structural dynamics.
Similarly to the state-space models the second-order models also depend on the
choice of coordinates. Typically, the second-order models are represented either in
the nodal coordinates, and are called nodal models, or in the modal coordinates, and
are called modal models.

2.2.1 Nodal Models

The nodal models are derived in nodal coordinates, in terms of nodal displacements,
velocities, and accelerations. The model is characterized by the mass, stiffness, and
damping matrices, and by the sensors and actuators locations. These models are
typically obtained from the finite-element codes or from other Computer-Aided-
Design-type software.

As a convention, we denote a dot as a first derivative with respect to time (i.e.,
x=dx/dt), and a double dot as a second derivative with respect to time (i.e.,
¥=d*x/di*). Let n,; be a number of degrees of freedom of the system (linearly

independent coordinates describing the finite-dimensional structure), let » be a
number of outputs, and let s be a number of inputs. A flexible structure in nodal
coordinates is represented by the following second-order matrix differential
equation:

Mg+ Dq+Kq=B,u,
] 2.7)
y=Cpq+C,4.

In this equation g is the n; x1nodal displacement vector; ¢ is the n; x1 nodal
velocity vector; g is the n; x1 nodal acceleration vector; u is the sx1 input vector;
v is the output vector, rx1; M is the mass matrix, ny; xn, ; D is the damping matrix,
ny xny ; and K is the stiffness matrix, n; xn, . The input matrix B, is n; xs, the
output displacement matrix C,, is rxn,, and the output velocity matrix C,, is
rxn, . The mass matrix is positive definite (all its eigenvalues are positive), and the

stiffness and damping matrices are positive semidefinite (all their eigenvalues are
nonnegative).

Example 2.1. Determine the nodal model for a simple system from Fig. 1.1. For
this system we selected masses m; =m, =m; =1, stiffness k; =k, =k3 =3, k4 =0,
and a damping matrix proportional to the stiffness matrix, D = 0.01K, or
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d; =0.01k;,i =1, 2, 3, 4. There is a single input force at mass 3, and three outputs:
displacement and velocity of mass 1 and velocity of mass 3.

For this system the mass matrix is M =diag(m, m,, my), thus M =1;. The
stiffness and damping matrices are

k+ky -k, 0 di+d, —d, 0
K=| —ky ky+ky —ky |, D=| -dy dy+dy —dy |,
therefore,
6 -3 0 0.06 —-0.03 0.00
K=|-3 6 -3], and D={-0.03 0.06 -0.03].
0 -3 3 0.00 —-0.03 0.03

The input and output matrices are

oq ov

0 1 00 0 00
B,=10], C,=/0 0 0, and C,, =1 0 Of.
1 0 00 0 01

On details of the derivation of this type of equation, see [70], [120].

2.2.2 Modal Models

The second-order models are defined in modal coordinates. These coordinates are
often used in the dynamics analysis of complex structures modeled by the finite
elements to reduce the order of a system. It is also used in the system identification
procedures, where modal representation is a natural outcome of the test.

Modal models of structures are the models expressed in modal coordinates. Since
these coordinates are independent, it leads to a series of useful properties that
simplify the analysis (as will be shown later in this book). The modal coordinate
representation can be obtained by the transformation of the nodal models. This
transformation is derived using a modal matrix, which is determined as follows.

Consider free vibrations of a structure without damping, i.e., a structure without
external excitation (# = 0) and with the damping matrix D = 0. The equation of
motion (2.7) in this case turns into the following equation:

MG +Kq=0. (2.8)
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The solution of the above equation is ¢ = ge’”" . Hence, the second derivative of the

solution is § = —w*ge’®" . Introducing the latter ¢ and § into (2.8) gives

(K — 0> M)pe’™ =0. (2.9)

This is a set of homogeneous equations, for which a nontrivial solution exists if the
determinant of K —w’M is Zero,

det(K —@*M)=0. (2.10)

The above determinant equation is satisfied for a set of n values of frequency w.
These frequencies are denoted @,,®,,...,®, , and their number n does not exceed the

number of degrees of freedom, i.e., n<n,;. The frequency @; is called the ith
natural frequency.

Substituting @; into (2.9) yields the corresponding set of vectors {¢1,¢2,...,¢n}

that satisfy this equation. The ith vector ¢ corresponding to the ith natural
frequency is called the ith natural mode, or ith mode shape. The natural modes are
not unique, since they can be arbitrarily scaled. Indeed, if ¢, satisfies (2.9), so does

ag;, where « is an arbitrary scalar.

For a notational convenience define the matrix of natural frequencies

@ 0 - 0
0 a)z 0

0= @2.11)
0 0 0]

and the matrix of mode shapes, or modal matrix @, of dimensions n; xn, which
consists of n natural modes of a structure

h b1 Ia
_ ¢12 ¢22 ¢n2

O=[¢ & . 8] , (2.12)

¢1nd ¢2nd cee ¢nnd

where ¢, is the jth displacement of the ith mode, that is,
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g=1""21 (2.13)
¢in

The modal matrix @ has an interesting property: it diagonalizes mass and stiffness
matrices M and K,

M, =0 Mo, (2.14)
K, =0 K. (2.15)

The obtained diagonal matrices are called modal mass matrix (M,,) and modal

stiffness matrix (K,,). The same transformation, applied to the damping matrix
D, =®" D, (2.16)

gives the modal damping matrix D,, , which is not always obtained as a diagonal
matrix. However, in some cases, it is possible to obtain D,, diagonal. In these cases

the damping matrix is called a matrix of proportional damping. The proportionality
of damping is commonly assumed for analytical convenience. This approach is
justified by the fact that the nature of damping is not known exactly, that its values
are rather roughly approximated, and that the off-diagonal terms in most cases—as
will be shown later—have negligible impact on the structural dynamics. The
damping proportionality is often achieved by assuming the damping matrix as a
linear combination of the stiffness and mass matrices; see [18], [70],

D=ayK+a,M, (2.17)
where ¢, and «, are nonnegative scalars.

Modal models of structures are the models expressed in modal coordinates. In
order to do so we use a modal matrix to introduce a new variable, g,,, called modal
displacement. This is a variable that satisfies the following equation:

q=q,, (2.18)

In order to obtain the equations of motion for this new variable, we introduce (2.18)
to (2.7) and additionally left-multiply (2.7) by o, obtaining

o' MdG, + ' DG, + D KD g, =D B u,
Y= Coq(DQm + G0 g,
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Assuming a proportional damping, and using (2.14), (2.15), and (2.16) we obtain the
above equation in the following form:

Mmqm +qu.ﬂ1 +Kmqm = q)TBOu’
y= Coq(l)qm +C,,Pq,,.

Next, we multiply (from the left) the latter equation by M ,;,1 , which gives

.. Ay -1 AT
qm + Mn1 Dnl qm + Mnl Kn’l q]n = Mm ® B()u’
Y= Coqq)qm +C,, @gy,-

The obtained equations look quite messy, but the introduction of appropriate
notations simplifies them,

.. . 2
qm + ZZqu + Q qm = Bmu’

(2.19)

y=C

mq Gm + C

qum'

In (2.19) Q is a diagonal matrix of natural frequencies, as defined before. Note,
however, that this is obtained from the modal mass and stiffness matrices as follows:

2 -1
Q*=M;'K,. (2.20)

In (2.19) Z is the modal damping matrix. It is a diagonal matrix of modal damping,

& 0 0
2o 0 @21
0 0 - ¢,

where ¢; is the damping of the ith mode. We obtain this matrix using the following

relationship M ;,le =27Q, thus,
Z=05M.'D, Q"' =05M KD, . (2.22)
Next, we introduce the modal input matrix B,, in (2.19),
B,=M,'®"B, (2.23)

m

Finally, in (2.19) we use the following notations for the modal displacement and rate
matrices:
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Cpy = Coy®, (2.24)
C,, =C,,®. (2.25)

Note that (2.19) (a modal representation of a structure) is a set of uncoupled
equations. Indeed, due to the diagonality of Q and Z, this set of equations can be
written, equivalently, as

. . 2
Gmi + 280G mi + Of Gy = Dyt

Vi :cmqiqmi +cmviqmi’ i= 1""3 n, (226)
n

yzzyi’
i=1

where b,,;
C

my>

the above equations y; is the system output due to the ith mode dynamics, and the

is the ith row of B, and ¢ Cpyi are the ith columns of C,,, and

mqi>  “mvi

respectively. The coefficient ¢; is called a modal damping of the ith mode. In

quadruple (@;,¢;,b,,;,c,;) represents the properties of the ith natural mode. Note

that the structural response y is a sum of modal responses y;, which is a key property
used to derive structural properties in modal coordinates.

This completes the modal model description. In the following we introduce the
transfer function obtained from the modal equations. The generic transfer function is
obtained from the state-space representation using (2.6). For structures in modal
coordinates it has a specific form.

Transfer Function of a Structure. The transfer function of a structure is derived
from (2.19),

G(w)=(C,, + joC, NQ* —w*l, +2j0ZQ) "B, (2.27)

mq

However, this can be presented in a more useful form, since the matrices Q and Z
are diagonal, allowing for representation of each single mode.

Transfer Function of a Mode. The transfer function of the ith mode is obtained
from (2.26),

(Cmqi + ja)cmvi )bml

a)Z

=

G, ()= (2.28)

? +2jé’ia)ia).

The structural and modal transfer functions are related as follows:
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Property 2.1. Transfer Function in Modal Coordinates. The structural
transfer function is a sum of modal transfer functions

(a) G(@)=) G, (o) (2.29)
i=1

or, in other words,

bm[

2_ 240 >
o 0 —0" +2jCw,0

< (cmqi + ja)cmvi)

G(w) =

(2.30)

and the structural transfer function at the ith resonant frequency is approximately
equal to the ith modal transfer function at this frequency

(_jcmqi +w;c )bmi

i~mvi

(b) G(w;) = Gy(@;) = 24@3

Il
\:_‘

. (2.31)

Proof. By inspection of (2.27) and (2.28). =

Structural Poles. The poles of a structure are the zeros of the characteristic

equations (2.26). The equation st + 2005 + a),2 =0 is the characteristic equation of

the ith mode. For small damping the poles are complex conjugate, and in the
following form:

S| =—C;0; + jo; l_gz‘z’
(2.32)
8§y =—6;0; — j; 1_§i2~

The plot of the poles is shown in Fig. 2.1, which shows how the location of a pole
relates to the natural frequency and modal damping.

Example 2.2. Determine the modal model of a simple structure from Example 2.1.

The natural frequency matrix is

3.1210 0 0
Q=0 2.1598 0 ,
0 0 0.7708

and the modal matrix is
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0.5910 0.7370 0.3280
(a) ®=|-0.7370  0.3280 0.5910 |.
0.3280 -0.5910 0.7370

The modes are shown in Fig. 2.2.
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Figure 2.1. Pole location of the ith mode of a lightly damped structure: It is a complex pair
with the real part proportional to the ith modal damping; the imaginary part approximately
equal to the ith natural frequency; and the radius is the exact natural frequency.

The modal mass is M,, =I5, the modal stiffness is K, =Q?, and the modal
damping, from (2.22), is

0.0156 0 0
Z=|0 0.0108 0
0 0 0.0039

We obtain the modal input and output matrices from (2.23), (2.24), and (2.25):

0.3280
B, =|-0.5910 |,
0.7370
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24
0.5910 0.7370 0.3280
Cmq =0 0 0 ,
0 0 0
and
0 0 0

C,,=105910 0.7370 0.3280 .
0.3280 -0.5910 0.7370

equilibrium /HH\/\ m, /\/\/\/\ m, /HHH\_ m;

0591 ~-0.737 0.328 .
| | |
\ | \
— ! | !
@, —mode 1 J\N\A_ m, JW\/L;;% _/W m,
|
\ | \
L _ L
0.737 . 0.328 . —-, —-0.591
4»\ <« 4‘ l— —p ’47‘
[ [ |
| |
[ [ |
[ [ |
Lo L _
0.328 0.591 - 0.737 -

' —»
! |
!
!
!

Figure 2.2. Modes of a simple system: For each mode the mass displacements are sinusoidal
and have the same frequency, and the displacements are shown at their extreme values (see

the equation (a)).
Example 2.3. Determine the first four natural modes and frequencies of the beam
presented in Fig. 1.5.

Using the finite-element model we find the modes, which are shown in Fig. 2.3.
For the first mode the natural frequency is @, = 72.6 rad/s, for the second mode the
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natural frequency is @, =198.8rad/s, for the third mode the natural frequency is
w3 =386.0 rad/s, and for the fourth mode the natural frequency is @, = 629.7 rad/s.

0.5

displacement, y-dir.
S
o

|
o

node number

Figure 2.3. Beam modes: For each mode the beam displacements are sinusoidal and have the
same frequency, and the displacements are shown at their extreme values.

Example 2.4. Determine the first four natural modes and frequencies of the antenna
presented in Fig. 1.6.

We used the finite-element model of the antenna to solve this problem. The
modes are shown in Fig. 2.4. For the first mode the natural frequency is
w, =13.2 rad/s, for the second mode the natural frequency is @, =18.1 rad/s, for the
third mode the natural frequency is w; =18.8 rad/s, and for the fourth mode the

natural frequency is @, =24.3 rad/s.

Example 2.5. The Matlab code for this example is in Appendix B. For the simple
system from Fig. 1.1 determine the natural frequencies and modes, the system
transfer function, and transfer functions of each mode. Also determine the system
impulse response and the impulse responses of each mode. Assume the system
masses m; =m, =my =1, stiffnesses k =k, =k; =3, k, =0, and the damping
matrix proportional to the stiffness matrix, D = 0.01K or d; =0.01%;,i=1, 2, 3, 4.
There is a single input force at mass 3 and a single output: velocity of mass 1.

We determine the transfer function from (2.27), using data from Example 2.2. The
magnitude and phase of the transfer function are plotted in Fig. 2.5. The magnitude
plot shows resonance peaks at natural frequencies @, =0.7708 rad/s, w, =2.1598
rad/s, and @; =3.1210 rad/s. The phase plot shows a 180-degree phase change at
each resonant frequency.
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Figure 2.4. Antenna modes: (a) First mode (of natural frequency 2.10 Hz); (b) second mode
(of natural frequency 2.87 Hz); (c) third mode (of natural frequency 2.99 Hz); and (d) fourth
mode (of natural frequency 3.87 Hz). For each mode the nodal displacements are sinusoidal,
have the same frequency, and the displacements are shown at their extreme values. Gray
color denotes undeformed state.

We determine the transfer functions of modes 1, 2, and 3 from (2.28), and their
magnitudes and phases are shown in Fig. 2.6. According to Property 2.1, the transfer
function of the entire structure is a sum of the modal transfer functions, and this is
shown in Fig. 2.6, where the transfer function of the structure was constructed as a
sum of transfer functions of individual modes.

The impulse response of the structure is shown in Fig. 2.7; it was obtained from
(2.19). It consists of three harmonics (or responses of three modes) of natural
frequencies @, =0.7708 rad/s, @, =2.1598 rad/s, and @; =3.1210 rad/s. The
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harmonics are shown on the impulse response plot, but are more explicit at the
impulse response spectrum plot, Fig. 2.7, as the spectrum peaks at these frequencies.

Impulse response is the time-domain associate of the transfer function (through
the Parseval theorem); therefore, Property 2.1 can be written in time domain as

h(t) =Y Iy (0)
i=1

where £(?) is the impulse response of a structure and /#;(¢) is the impulse response of
the ith mode. Thus, the structural impulse response is a sum of modal responses.
This is illustrated in Fig. 2.8, where impulse responses of modes 1, 2, and 3 are
plotted. Clearly the total response as in Fig. 2.7 is a sum of the individual responses.
Note that each response is a sinusoid of frequency equal to the natural frequency,
and of exponentially decayed amplitude, proportional to the modal damping ¢;.

Note also that the higher-frequency responses decay faster.

10

@@ — @ @

magnitude
S
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Il

10 b 4
1072 =1 ‘ ‘ ‘ ‘ — 0 ‘ ‘ ‘ ‘ ‘ ‘ 1
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—400-
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o
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Figure 2.5. Transfer function of a simple system: (a) Magnitude shows three resonance
peaks; and (b) phase shows three shifts of 180 degrees; @,, ®,, and @; denote the natural
frequencies.
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Figure 2.6. The transfer functions of single modes and of the structure: (a) Magnitudes; and
(b) phases. The plots illustrate that the structure transfer function is a sum of modal transfer
functions.
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Figure 2.7. Impulse response of the simple system: (a) Time history; and (b) its spectrum.
Both show that the response is composed of three harmonics.
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Figure 2.8. Impulse responses of (a) first mode; (b) second mode; and (c) third mode. All
show single frequency time histories.

2.3 State-Space Structural Models

For the purposes of structural dynamic simulations, control system analysis, and
design, it is convenient to represent the flexible structure equations in a state-space
form, as in (2.1). Recall that a set of the three state-space parameters (A4,B,C)is

called the state-space representation, and x is the state vector, u is the input, and y is
the output. Again, the representation depends on the choice of the state vector, while
the input and output remain invariant. It makes a difference what state representation
is chosen for system analysis or for controller design. It is shown in this book that
modal representation is specifically useful for the purpose of dynamics and control
of flexible structures.

2.3.1 Nodal Models

In order to obtain a state representation from the nodal model as in (2.7) we rewrite
the latter equation as follows (assuming that the mass matrix is nonsingular):



30 Chapter 2

G+M™'Dg+M ' Kg=M"Bu,

] (2.33)
y=Cq+Cyq.

A state is a vector that contains the minimal number of physical variables that enable
us to calculate uniquely the output using the applied input. For a structure, nodal
displacements and velocities allow for such determination of the outputs. Therefore,
we define the state vector x as a combination of the structural displacements, ¢, and

velocities, ¢, i.e.,
x={x1}={q}. (2.34)
X2 q

In this case, (2.33) can be rewritten as follows:
)'Cl = X2 N
Xy =—M"'Kx, ~M'Dx, + M7'B u,

Y= Coqxl +Co, ;.

Combining the above equations into one, we obtain the state equations as in (2.1),
with the following state-space representation:

0 I 0
ok wpl BT M7'B, | C=[Cy Cul (@33

where 4 is N x N, Bis N x s, and C is r x N. The dimension of the state model N is
twice the number of degrees of freedom of the system n,, i.e., N =2n,.

Example 2.6. Determine the nodal state-space model for the simple structure from
Example 2.1.

From (2.35) we obtain

o o0 o0} 1 0 0 (07

0 0 0! 0 1 0 0

0 0 0: 0 0 1 0

A= e B=|-|,
-6 3 0:-006 003 0 0

3 -6 3 003 -006 003 0

0 3 310 0.03 —0.03] 1]
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1 00/00 0
c:oooiloo
00 0;0 0 1

2.3.2 Models in Modal Coordinates

Frequently the order of the nodal representation is unacceptably high. For example,
it is not uncommon that the number of degrees of freedom of the finite-element
model exceeds 1000. Therefore, the nodal state representation is rarely used in
structural dynamics. An alternative approach is to obtain the state-space
representation using the modal coordinates and the second-order modal form (2.19),
where the number of equations is significantly lower, while the accuracy of the
analysis has not suffered. In this subsection we introduce three different state-space
models using modal coordinates g,,, .

We obtain the first model by defining the following state variables as x; =Qgq,,

x ={x‘ } - {Q_q’"}. (2.36)
X 9m

In this case (2.19) is presented as a set of the following first-order equations:

and x, =¢,,, thatis,

fCl = (2)(:2,
iy =—Qx, — 270, + B, u, (2.37)

y= Cqu_lxl +C, %,

These equations are presented in the state-space form as in (2.1), with the state triple
as follows:

a0 © g=| ° c—[c o' ¢ } (2.38)
| —2za) B, L o

The second state-space model in modal coordinates we obtain by transforming the
state-space representation (2.38) using (2.4) and the following transformation:

r=| DO 2.39
=l 7 4l (2.39)

Applying the above transformation to the state vector (2.36) we obtain a new state
variable
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0
x= | (2.40)
2Qq,, + 4y,

The corresponding state representation is

ac| ° p=|? C—[C ol-c.z C } (2.41)
-7 -zaf 1B, [ Sl e e

For small Z (i.e., such that 7’=0 ) it simplifies to

70 Q 0 .
A= , B=| |, C=[C, Q" -CuZ Cp | 242)
0 70 a

Comparing (2.38) and (2.42) we see that, although the state matrices 4 and the
output matrices C are different, they actually are very close to each other. Indeed,
the transformation matrix from (2.36) to (2.40) is

r=|l 0 2.43
|z 1l (2:43)

and it differs from the identity matrix by a small off-diagonal element Z.

In the third model the state vector consists of modal displacements and velocities,
X, =¢,,, and x, =¢,,. This is the most straightforward approach and it has direct

physical interpretation, therefore it is the most popular model; however, its
properties are not so useful as the first and second models, as will be seen later.

The state vector of the third model is as follows:

A e
X qm

therefore, (2.19) is presented now as a set of first-order equations

561 = X2,
%, =—Q%x —2ZQx, + B, u,

y= Cqul + Cmvx2 >

which is equivalent to the state-space form (2.1), with the state triple as follows:
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m

a=| ? ! p| ’ C=[C,y Cunl| (49
o 270 B, me oy '

The transformation from the third to the first model is given by
Q0
R= { } . (2.46)
0 I

The dimension of the modal models is the most obvious advantage over the nodal
state-space models. The dimension of the modal state-space representation is 27,
while the nodal state-space representation, as in (2.35), is 2n,, and typically we

have n<ny, i.e., the order of the model in modal coordinates is much lower than
the model in nodal coordinates.

Another advantage of the models in modal coordinates is their definition of
damping properties. While the mass and stiffness matrices are, as a rule, derived in
the nodal coordinates (e.g., from a finite-element model), the damping matrix is
commonly not known, but is conveniently evaluated in the modal coordinates.
Usually, the damping estimation is more accurate in modal coordinates.

In Appendix A the Matlab functions modallm.m and modalln.m determine the
model 1 in modal coordinates using the modal data or nodal data; and functions
modal2m.m and modal2n.m determine the model 2 in modal coordinates using the
modal data or nodal data.

Example 2.7. Obtain the third state-space model in modal coordinates for the
simple structure from Example 2.2.

From (2.45) we have
[0 0 0 I 0 0 i
0 0 0 10 1 0
P 0 R 0o L
1-9.7409 0 0 5—0.0974 0 0 ’
0 —4.6649 0 i 0 —0.0466 0
|0 0 -0.5942 1 0 0 ~0.0059 |
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0328
~0.591
| 0.737]

[0.591 0.737 032810
c=|0 0 0 50.591
0 0 0

Chapter 2

0 0
0.737 0.328 |.

10.328 —0.591 0.737

Example 2.8. For a simple system from Example 2.7 find the second state-space

model in modal coordinates, as in (2.42).

Applying the transformation (2.39) to the representation from Example 2.7 we

obtain
[-0.0487 0 0 I 3.1210
0 00233 0 10
|0 0 ~0.0030 | 0
1-3.1203 0 0 i—0.0487
0 —2.1596 0 i 0
0 0 -0.7708 | 0
o )
0
0
2
0.3280
~0.5910
| 0.7370 |
and
0.1894 03412 0.425510
C=|-0.0092 —0.0080 —0.001350.5910

—-0.0051  0.0064 -0.0028 i 0.3280

0 0
21598 0
0 0.7708
0o o |
-0.0233 0
0 ~0.0030
0 0

0.7370 0.3280 .
—-0.5910 0.7370
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2.3.3 Modal Models

Although the above representations were derived using modal displacements, ¢,,,

they are not considered modal state representations. The modal state-space
representation is a triple (4,,,B,,,C,,) characterized by the block-diagonal state

m>

matrix, 4,,,

[x x10 o0 Lo 0]

x x10 01 10 0

_____ O 1L ___

0 0 i X X i i 0 0

. 0 0!x x ! o0 0 .
A4, =diag(4,,;)=|----- - Hommm o i , i=12,..,n, (2.47)

| | |
| | |

----- R S S

0 0 ! 0 0 ! Ix X

(0 010 0 P x x|

where A4, are 2x2 blocks (their nonzero elements are marked with x), and the
modal input and output matrices are divided, correspondingly,

Bml
B

Bm = ’:"2 > Cm = [le CmZ Cmn]’ (248)
B

mn

where B,; and C,,; are 2 xs and r x 2 blocks, respectively.

i

The state x of the modal representation consists of » independent components,
x;, that represent a state of each mode

x={"21 (2.49)

and each component consists of two states

% = {x“ } (2.50)
Xi2
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The ith component, or mode, has the state-space representation (4,,;,8,,,Cp;)
independently obtained from the state equations

X; = A% + B,u,

Vi =C .x: (251)

mi’o

n
y:Zyi'
i=1

This decomposition is justified by the block-diagonal form of the matrix 4,,, and is

illustrated in Fig. 2.9 for n=2. In generic coordinates each state depends on itself
(through the gain 4,,; shown in Fig. 2.9 with a solid line) and on other states

(through the gains 4,,; shown in Fig. 2.9 with a dashed line). In modal coordinates
the cross-coupling gains 4,,; are zero, thus each state is independent and depends

only on itself.

Y

Am2

A

Figure 2.9. Block diagram of the state-space representation of a structure with two modes:
The modal cross coupling (marked with a dashed line) is nonexistent.

We consider three modal representations in this book. The blocks 4,,;, B,,;, and
C,,; of these models are as follows:
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e Modal model 1:

Ami :|: 0 @ :|’ Bmi :|: 0 :|’ Cmi = Cmqi Covi |5
- —2¢;0; by ;

e Modal model 2:

37

(2.52)

—.; ; 0 Conai
Ami :|: é/l l l :|9 Bmi :|: :|’ Cmi :|: 1 _cmvié/i Cmvi:|; (253)
—Gi0; b, ?,

—; i

e Modal model 3:
0 1 0
Ami = 2 > Bmi = > Cmi = |:cmqi Cmvi]'
o 20, b

The ith state component for the first modal model is as follows:

_ {wiqmi}
x[ - . )
D mi

for the second modal model it is

X :{ wiqmi }
Y0+ G ’

and for the third modal model it is
{qmt}
xi = . B
(’Imi

(2.54)

(2.55)

(2.56)

(2.57)

where ¢,,; and g¢,,; are the ith modal displacement and velocity, as defined in

(2.18). Note that each component consists of modal displacement and velocity
which, by (2.18), gives the original (nodal) displacement ¢ and velocity ¢g. Note also

that eigenvalues of 4,,, are the complex conjugate poles given by (2.32).

We obtain the modal models 1, 2, and 3 from the corresponding state-space
representations in modal coordinates as in (2.38), (2.42), and (2.45), by simply
rearranging the columns of 4 and C and the rows of 4 and B. Consider, for example,

the third representation, with the state vector xl = [q; q;], consisting of modal
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displacements followed by modal rates. We transform it to the new state defined as
follows:

dm1
C}ml X
dm2
. X
X=qm2 r =1 1 (2.58)
PR xn
Dnn
G

where the modal displacement for each mode stays next to its rate. The variable x;

in the above equation is defined by (2.57). Formally, this state-space representation
is derived using the transformation matrix R in the form

g O
O el
T T El
e, 0
2 E, e 0
R=|0 e |=| |, where E = 0 , (2.59)
LT T . el
. E,
e, 0
10 e, ]

while e; is an n row vector with all elements equal to zero except the ith which is

equal to one, and 0 denotes an n row vector of zeros (actually, we simply rearrange
the coordinates).

We obtain the modal models 1 and 2 in a similar manner by rearranging the states
in the state vectors (2.36) and (2.40). The new state vectors for these representations
are as follows:

DG D191
Sy S |
a)%qu % @92 . X,
X=9 dm =00 X=96200m tdm2 (= 1 p- (2.60)
Ol | Y
Gn Cn@nmn + Gn
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In the above equation x; for modal models 1 and 2 are defined by (2.55).

We obtain the state representations from the representations as in (2.38) and
(2.42), respectively, by rearranging the columns of 4 and C and the rows of 4 and B.

Note that the modal models (2.52), (2.53), and (2.54) are not unique in the sense
that for the same matrix 4;, one can obtain different matrices B; and C,;, as
explained in Appendix A.1. In particular, the first component of the input matrix B;

might not necessarily be zero, unless one finds a unique transformation that
preserves the zero entry. For details see Appendix A.1.

In Appendix A the Matlab functions modallm.m and modalln.m determine the
modal model 1 using the modal or nodal data; and functions modal2m.m and
modal2n.m determine the modal model 2 using the modal or nodal data. Also, the
functions modall.m and modal2.m determine modal model 1 or 2 using an arbitrary
state-space representation.

Example 2.9. Obtain modal model 2 from the model in Example 2.8.

Using transformation (2.59) we find

[-0.0487 3.1210! 0 0 Lo 0
31203 —0.0487 | 0 0 10 0
Lo 0 1-0.0233 215981 0 0
"0 0 i_—2.1596 —0.02335 0 0 ’
0 0 i 0 0 5—00030 0.7708
0 0 ) 0 | -0.7708 —0.0030 |
- )
0.3280
AT by
0
Bm: = bm2 s
-0.5910
0T b3
| 0.7370 |
and
0.1894 0 | 03412 0 | 04255 0

G,y =|—0.0092 0.5910 [ —0.0080  0.7370 | —0.0013 0.3280 |=[c,; Cpa Cp3)-
~0.0051 03280 | 0.0064 —0.5910 | —0.0028 0.7370
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The transfer function of a structure is defined in (2.5). In modal coordinates it is, of
course,

G(s)=C, (sI-4,)"'B,. (2.61)

As was said before, the transfer function is invariant under the coordinate
transformation; however, its internal structure is different from the generic transfer
function (2.6). In modal coordinates the matrix s/ — 4,, is block-diagonal, and it can

be decomposed into a sum of transfer functions for each mode, therefore,

Property 2.2. Transfer Function in Modal Coordinates. The structural
transfer function is a composition of modal transfer functions.

L " (Copgi T JOCpi Vo
G(0) =3 Gy() = o S Lo
i=1

2 . ’
o of —0° +2jl0,0

(2.62)

where

(Cmqi + jwcmvi )bml

2

Gmi (a)) = Cmi (]C{)I— Ami)_lei = 2 ' 5
o] —0° +2j5 00

i=l..,n, (2.63)

is the transfer function of the ith mode. The value of the transfer function at the ith
resonant frequency is approximately equal to the value of the ith mode transfer
function at this frequency:

(_jcmqi + a)ijmvi )bm1 ) (2.64)
28;0;

G(w,) =G, (0;) =

Proof. Introducing A4, B, and C as in (2.45) to the definition of the transfer function
we obtain

n n
G(w) = C'm (]a)l - Am)ile = Zcmz(]a)l - Ami)ilei :z Gmi(a))»
i=1 i=1

which proves the first part. The second part follows from the first part by noting that,
for flexible structures with distinct natural frequencies and low damping,

Hij(a)i) 5 < HGmi(a)i)H2 for i+ j. [=]




3
Special Models

Q> how to describe less-common structures

Do not quench your inspiration and your imagination;
do not become the slave of your model.
—Vincent van Gogh

Models described in the previous chapter include typical structural models, which
are continuous-time, stable, and with proportional damping. In this chapter we
consider models that are not typical in the above sense but, nevertheless, often used
in engineering practice. Thus, we will consider models with rigid-body modes
(which are unstable), models with nonproportional damping, discrete-time structural
models, models with acceleration measurements, and generalized structural models.
The latter include two kinds of inputs: controlled (or test) inputs and disturbance
inputs, and also two kinds of outputs: measured outputs and outputs where the
system performance is evaluated.

3.1 Models with Rigid-Body Modes

Many structures are “free” or unrestrained—they are not attached to a base. An
example is the Deep Space Network antenna structure shown in Fig. 1.5: if
uncontrolled, it can rotate freely with respect to the azimuth (vertical) axis and its
dish can freely rotate with respect to the elevation (horizontal) axis. Modal analysis
for such structures shows that they have zero natural frequency, and that the
corresponding natural mode shows structural displacements without flexible
deformations. A mode without flexible deformations is called a rigid-body mode.
Corresponding zero frequency implies that the zero frequency harmonic excitation
(which is a constant force or torque) causes rigid-body movement of the structure.
Structural analysts sometimes ignore this mode, as there is no deformation involved.
However, it is of crucial importance for a control engineer, since this mode is the
one that allows a controller to move a structure and track a command.
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We obtain the rigid-body modes by solving the same eigenvalue problem as
presented for the standard models. Since the natural frequency is zero, the modal
equation (2.10) becomes

det(K) =0, (3.1)

i.e., the stiffness matrix becomes singular. The corresponding rigid-body mode ¢,
is the one that satisfies the equation

K¢, =0. (3.2)

We obtain the modal equations for the rigid-body modes from (2.26) by
assuming @, =0, i.e.,

qmi = b,

mi*s

Yi= Cmqiqmi + Cmvidmi’ (33)
n

y= Zyi'
i=1

The state-space modal model for a rigid-body mode exists only in form 3, namely,

0 1
Ami = s

and we obtain it from (2.54) by assuming @; =0. Finally, we obtain the transfer

Bmi :|:b01:|5 Cmi :[Cmqi Cmvi:|ﬂ (34)

i

function of a rigid-body mode from (2.62) for @, =0,

_(Cmqi + jwcmvi )bmz

Gmi (60) = a)2

3.5)

For an experienced engineer rigid-body frequency and mode are not difficult to
determine: rigid-body frequency is known in advance, since it is always zero, and
rigid-body mode can be predicted as a structural movement without deformation.
The importance of distinguishing it from “regular” modes is the fact that they make
a system unstable, thus a system that requires special attention.

Example 3.1. Find natural frequencies and modes of a simple system from Example
2.1 assuming that k; =0. The latter assumption causes the structure to float (there

are no springs k; and k, that attach the structure to the base).

For this system, the nodal model consists of the mass matrix M,
M =diag(my, m,, my)=1I;, and the stiffness matrix:
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ky —k, 0 3 -3 0
0 -k K 0 -3 3

By solving the eigenvalue problem we find that the natural frequency matrix is

0.0000 0 0
Q=0 1.7321 0 ,
0 0 3.0000

and the modal matrix is

0.5774  0.7071  0.4083
(a) ®=|0.5774 0.0000 -0.8165|.
0.5774 -0.7071  0.4083

The modes are shown in Fig. 3.1. Note that the first mode does not have flexible
deformations (springs are neither expanded nor compressed). This is the rigid-body
mode. Note also that the corresponding natural frequency is zero.

equilibrium m, _/v\/\/\_ m, _/vv\/\_ m,

0.577 ! 0.577 |7~ 0577 |7~
—> |[— —  |— —
! ! !
! | !
! ! !
__ __ __
0.707 1=~ -=1-0.707
—> —
! !
@, —mode 2 i m, J\/\/\/\— m, J\/\/\/\— m, i
! !
! !
= —1 __1
0.408 | T1-0.816 0.408 |
—> [ —> «—— "
! I
|
| | |
L . 3

Figure 3.1. Modes of a simple system (see (a)): The first mode is the rigid-body mode
(without spring deformation).
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Example 3.2. Determine the rigid-body modes of the Deep Space Network antenna.

The antenna has actually two rigid-body modes: rigid-body rotation with respect
to the azimuth (vertical) axis, and rigid-body rotation with respect to the elevation
(horizontal) axis. Figure 3.2 shows the azimuth rigid-body mode. Figure 3.2(a)
presents the initial position from the side view, Fig. 3.2(b) presents the modal
displacement (rigid-body rotation with respect to the azimuth axis) from the side
view, Fig. 3.2(c) presents the initial position from the top view, and Fig. 3.2(d)

presents the modal displacement from the top view. Note that there are no structural
deformations, only displacements.

(a) (b)

(c)

(d)

7\
K

\
q

|

7

i

N

N
%
A

Suar

N

o

0

Figure 3.2. Antenna in neutral position (a) and (c); and rigid-body mode of the antenna (b)
and (d); where no flexible deformations are observed.
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3.2 Models with Accelerometers

Accelerometers are frequently used as structural sensors due to their simplicity, and
because they do not require a reference frame. However, they amplify high-
frequency parasitic noise. In this section we will discuss the modeling of structures
instrumented with accelerometers. The acceleration output was not an option in the
standard structural model, in the second order, or in the state-space model, cf. (2.7)
and (2.35). In both models the output is composed of structural displacements and/or
velocities.

3.2.1 State-Space Representation

Since accelerations are not state variables of the system, they cannot be expressed
solely as a linear combination of the states, that is, the output cannot just be y = Cx,
asin (2.1).

Consider the state-space model with the output being a linear combination of
nodal accelerations, i.e.,

y=Ci. (3.6)

This output is not a part of the state vector x. Note, however, that it is a part of the

state derivative, since
i {q} 3.7)
q

Combining (3.6) and (3.7) we find that the acceleration output is expressed through
the state derivative

y=[0 C]x (3.8)
Introducing X from (2.1) we obtain
y=[0 C,]4x+[0 C,]Bu
or, using 4 from (2.35), we arrive at
y=[-cM7K —cM7'Dx+C M7 B,

which is, in short notation,

y=Cx+ Du, 3.9
where
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c=[-cm'K -c,m'D|=-c,[M'K M'D] (3.10)
and
D=C,M'B,. (3.11)

Equations (3.10), (3.11) are the output equations for the state-space model of a
structure with acceleration output.

In this way, we obtained an extended state-space model with four (4,B,C.D)
rather than three (4,B,C) parameters. Its corresponding state equations are as
follows:

X = Ax+ Bu,
(3.12)
y=Cx+ Du.

The matrix D is called a feed-through matrix, since it represents this part of the
output that is proportional to the input. Note that D denotes the feed-through matrix
and the damping matrix. They should not be confused.

Note from (3.11) that matrix D in the acceleration measurements is zero if the
accelerometer location matrix C, and the excitation force matrix B, are orthogonal
with respect to matrix M 1 In particular, for a diagonal matrix M, the matrix D is
zero if accelerometers and excitation forces are not collocated.

We can obtain a similar model in modal coordinates, where the acceleration
output is a linear combination of modal accelerations, namely,

y:Cmaijm’ (3.13)

where C, , = C,®. Introducing the state derivative from (2.1) we obtain

ma

y=[0 Cn]i=[0 Cpu]dx+[0 C,]Bu.

Next, using the state-space representation from (2.45) we rewrite the above equation
as follows:

ma—m

Y= €@ 2C, 205+ CpuBy.
Thus, in short, we again obtain y=Cx+Du, where

C=[-C® -2C,,20]=-C,[@* 220],

ma

(3.14)
D=C, B,
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Example 3.3. The Matlab code for this example is in Appendix B. Determine the
transfer function and the impulse response of the same system as in Example 2.5.
The output is an acceleration of mass | rather than the velocity of the same mass.

The state-space representation of the structure has the same A and B matrices as
the system in Example 2.5. We determine the C and D matrices from (3.10) and

(3.11). For this case C, :[1 0 0] and B! :[0 0 1]. The mass matrix is an unit

matrix, M =I5, and the stiffness matrix is

6 3 0
K=-3 6 3
0o -3 3

impulse response
o

|
N
T
I

L | | | |

| | | |
0 20 40 60 80 100 120 140 160 180 200
time, s

Figure 3.3. Impulse response of a simple structure.

For these data we obtained D =C,M "B, =0, sinceC, and B, are orthogonal, and
C=[-C,M'K —C,M™'D]=[-6 3 0 0 0 0]. It is interesting to note from the
obtained output matrix C that the acceleration of the first mass (g,) is a linear
combination of displacements of the first mass (g;) and the second mass (g,), that
is, ¢ =—6¢, +3¢,. The impulse response for the structure is shown in Fig. 3.3, and

the magnitude and phase of the transfer function in Fig. 3.4. Comparing the velocity
response from Example 2.5 (Figs. 2.5 and 2.7) and the acceleration response (Figs.
3.3 and 3.4), note that the higher modes are more visible in the acceleration impulse
response, even for ¢ >100 s, and that the resonance peaks in the acceleration transfer
function are higher for higher modes; the phase of the transfer function for the
acceleration sensor is 90 degrees higher than for the velocity sensor.
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Figure 3.4. Transfer function of a simple structure: (a) Amplitude; and (b) phase.

3.2.2 Second-Order Representation

For a structure with accelerometers we obtain the second-order equations similar to
(2.7). Note that from this equation we obtain the acceleration as

G=-M"'Djg-M"'Kqg+M'Bu. (3.15)
Let the accelerometer locations be defined by the output matrix C,, that is,
y=0Cu4; (3.16)
thus, introducing (3.15) to the above equation yields
y=-C,M™'Dj-C,M"'Kq+C,M"'B,u
or

y=C,g+Cuq+Dy,u, (3.17)
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where
c,=-C,M™'D,
-1
c,=-C,M'K, (3.18)
D,=C,M'B,.

Similar equations can be obtained in modal coordinates. Namely, using (2.19),
we arrive at the following acceleration output equation:
Y=Cyp = CoGym + Cog@ + Dyt (3.19)

ma

where
Cprg ==Cpra’, c,,=-2C, 7Q, (3.20)

and the feed-through term does not depend on the coordinate system

Dy =CpyB,, =C,M"'B, =D, (3.21)
while
C,y =C,0. (3.22)

For a single mode we use (2.26), and in this case the acceleration output is as
follows:

Yi= cmviqmi + cmqiqmi ’
0 (3.23)

Y= Zyi +D,u,

i=1

C

are the ith column of C P

and ¢ c mg > respectively.

mgqi > “mvi

3.2.3 Transfer Function

A structure with the accelerometers can be considered as a structure with rate
sensors cascaded with differentiating devices (the derivative of a rate gives
acceleration). For simplicity of notation we consider a structure with a single
accelerometer. Denote (4,,B,,C,.) and G,.=C, (s —A,)_IB, as the state-space

triple and as the transfer function, respectively, of the structure with a rate sensor.
The transfer function G, of the structure with an accelerometer is therefore
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G, = joG,. (3.24)

3.3 Models with Actuators

A flexible structure in testing, or in a closed-loop configuration, is equipped with
actuators. Does their presence impact the dynamics of a flexible structure? We
answer this question for proof-mass actuators, and inertial actuators attached to a
structure.

3.3.1 Model with Proof-Mass Actuators

Proof-mass actuators are widely used in structural dynamics testing. In many cases,
however, the actuator dynamics are not included in the model. The proof-mass
actuator consists of mass m and a spring with stiffness &, and they are attached to a
structure at node n,. This is a reaction-type force actuator, see [144], [57]. It
generates a force by reacting against the mass m, thus force £, acts on the structure,
and —f acts on the mass m (Fig. 3.5 at position n,). Typically, the stiffness of the
proof-mass actuator is much smaller than the dynamic stiffness of the structure
(often it is zero).

Figure 3.5. A structure with different actuators: (a) With proof-mass actuator; (b) with
inertial actuator; and (c¢) with ideal actuator.

Let My, D,, and K, be the mass, damping, and stiffness matrices of the
structure, respectively, and let B; be the matrix of the actuator location,
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with a nonzero term at the actuator location 7, Denote G (@)=
—w*M  + joD,+K, and j=+/-1, then the dynamic stiffness of a structure at the
actuator location is defined as

1

S 3.25
B'G.'B, 3-29)

A

The dynamic stiffness is the inverse of the frequency response function at the
actuator location. At zero frequency it is reduced to the stiffness constant at the
actuator location.

The structural dynamics of an “ideal” actuator are excited by the force f, as in

Fig. 3.5, at node n.. In contrast, the force generated by the proof-mass actuator
consists of an additional force f,, which is a reaction force from the actuator mount,

see Fig. 3.6. Thus, the total force f, acting on the structure is

Jo=I+ 1o (3.26)

From Fig. 3.6 we find

mg+k(qg—q,)=-1,
fa zk(q_qs)a

Figure 3.6. Displacements and forces at the proof-mass actuator mounting.
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and the structural displacement g, at node 7, is obtained from the dynamic stiffness
of the structure

ks =f+ fa-

Combining the last three equations together, after a little algebra, we arrive at the
following relationship:

2 —
L= LF g (3.27)
1+4-p
where
p=2e o, =%, p-k (3.28)
w m k

Introducing (3.27) and (3.28) into (3.26) we obtain the following relationship
between the proof-mass actuator force (f,) and the ideal actuator force (1),

1

fo=0a.f, ac=m'

(3.29)

It follows from the above equations that the actuator force, f,, approximately
reproduces the ideal force f if ¢, =1. This is obtained if

<1 and p<xl (3.30)

The above conditions are satisfied when the actuator stiffness is small (compared
with the structural stiffness), and the actuator mass is large enough, such that the
actuator natural frequency is smaller than the structural principal frequency. Hence,
we replace the above conditions with the following ones:

k< kg and 0> a0,. (3.31)

If these conditions are satisfied, we obtain f = f, and, consequently the transfer

function of the system with the proof-mass actuator is approximately equal to the
transfer function of the system without the proof-mass actuator.

In addition to conditions (3.31), consider the following ones:

W, < o and k< mink, (3.32)

1
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where o, is the fundamental (lowest) frequency of the structure. These conditions
say that the actuator natural frequency should be significantly lower than the
fundamental frequency of the structure, and that the actuator stiffness should be
much smaller than the dynamic stiffness of the structure at any frequency of interest.
If the aforementioned conditions are satisfied, we obtain «,; =1 for i =1,...,n; thus,
the forces of the structure with the proof-mass actuator are equal to the forces of the
structure without the proof-mass actuator. Note also that for many cases, whenever
the first condition of (3.31) is satisfied, the second condition (3.32) is satisfied too.

Example 3.4. Compare the transfer functions of the 3D truss, Fig. 1.3, with and
without proof-mass actuator. The force input is at node 21, acting in the y-direction,
and the rate output is measured at node 14 in the y-direction.

The magnitude of its transfer function for this force is shown in Fig. 3.7 as a solid
line. The proof-mass actuator was attached to node 21 to generate the input force.
The mass of the proof-mass actuator is m=0.1 Ns*/cm, and its stiffness is k=1
N/em. Its natural frequency is @, =3.1623rad/s, much lower than the truss

fundamental frequency, @, =32.8213rad/s. The plot of the magnitude of the

transfer function for the truss with the proof-mass actuator is shown in Fig. 3.7 as a
dashed line. The figure shows perfect overlapping of the transfer functions for
f> f,,where f, =w,/27z =0.5033 Hz.

3.3.2 Model with Inertial Actuators

In the inertial actuator, force is proportional to the square of the excitation
frequency. It consists of mass m and a spring with stiffness &, and they are attached
to a structure at node, say, na. The force acts on mass m exclusively (Fig. 3.5 at
position 7). It is assumed that the stiffness of the actuator is much smaller than the
dynamic stiffness of the structure.

This configuration is shown in Fig. 3.5, position 7, The force acting on mass m
is proportional to the squared frequency

f=xe?, (3.33)

where « is a constant. The relationship between transfer functions of a structure,
without (G,) and with (G,) an inertial actuator, is as follows:

G, =a,G. a,=—"% (3.34)

e p-pt

which are derived from the actuator equations



54 Chapter 3

magnitude

10 | | Ll Ll

10 10" 10° 10 10*
frequency, rad/s

Figure 3.7. 3D truss without and with the proof-mass actuator: Magnitudes of the transfer
function without (solid line) and with (dashed line) the proof-mass actuator; they are
identical except for the resonant peak of the proof-mass actuator itself.

mi+k(q—q,) =Ko’
fo =fa =k(q_qs)'

For these equations we obtain

2
Ko

= 3.35
T (3.35)

f;) :aCf’ a()

The above result shows that the structural transfer function with the inertial actuator
is proportional to the structural transfer function without the actuator, and the
proportionality coefficient depends on frequency.

In applications, measurement noise is unavoidable, thus care should be taken in
the selection of the scaling factor. For instance, if the scaling factor is too small,
modes with small norms cannot be detected, and the reduction procedure could be
biased.

3.4 Models with Small Nonproportional Damping

The damping properties of structures are often assumed in the modal form, i.e., they

are introduced as damping coefficients &; in the modal equations (2.19) or (2.26).

This is done not only for the sake of analytical simplicity, but also because it is the
most convenient way to measure or estimate it. This is the way, for example, to
estimate the material damping in the finite-element analysis of large flexible
structures, where the modal analysis is executed, the low-frequency modes retained,
and modal damping for these modes assumed. The resulting damping is a
proportional one. In another approach, a damping matrix proportional either to the
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mass or to the stiffness matrix, or to both, is introduced. This technique produces
proportional damping as well.

However, in many practical problems structural damping is not proportional. In
this book we analyze structural dynamics and design controllers for the proportional
damping only. The question arises: Are the analysis and the design procedures valid
for the case of nonproportional damping? In this section we show that small
nonproportional damping can be replaced with proportional damping without
causing a significant error.

Several authors analyzed the replacement of nonproportional damping with
proportional damping; including Cronin [23], Chung and Lee [16], Bellos and Inman
[8], Yae and Inman [141], Nicholson [112], and Felszeghy [35]. The simplest and
most common approach to the problem is to replace the full modal damping matrix
with a diagonal one by neglecting the off-diagonal terms of the nonproportional
damping matrix. Several researchers studied the error bounds generated by this
simplified approach; see, for example, Shahruz and Ma [123], Uwadia and
Esfandiari [130], Hwang and Ma [76], Bhaskar [11], and Gawronski and Sawicki
[63].

In order to analyze the impact of nonproportional damping on system dynamics
we consider (2.19)—the second-order modal equation of a structure. We replace the
proportional damping matrix 2ZQ with the full matrix D. This matrix can be
decomposed into the diagonal (2Z€Q) and off-diagonal (D,) components

D =270+ D,, so that the equation of motion is as follows:
G+27Q4+ D, g+ Q%q = Bu. (3.36)

Now, ¢ is the displacement of the nonproportionally damped structure, and g, is the
displacement of the proportionally damped structure—a solution of (2.19).

Denote by e; the ith modal error between nonproportionally and proportionally
damped structures, i.e., ¢ =¢; —¢,,. Subtracting (2.19) from (3.36) we obtain, for
the ith mode,

6 + 20,06 +wte, = —d, g, (3.37)

where d; is the ith row of D,. A question arises as to when the error is small
(compared to the system displacement g) so that the nonproportional part, D,, can
be ignored.

We show the following property:

Property 3.1. Error of a Mode with Nonproportional Damping. For
nonclustered natural frequencies the error e; of the ith mode is limited as follows:
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Hein < Hq for i=1,...,n. (3.38)

5>
Proof. We rewrite (3.37) written in the frequency domain as

e (w)=g;(w)d,q,(®), (3.39)
where

—jCU

g(a)): )
' a),-2 —w®+ 2j¢ ;w0

and g, is equal to a displacement vector g except the ith component, which is equal
to zero. From (3.39) it follows that

1 1 ¢ "
el =3 [l do=—— [ i@ (d g, @)g; @5y do
1 o "
“ull 5 |, et a, @) @) deo

<|4.

2 2
oin ‘gimax‘

—5 [, v, @) @)do

=ldl; (@) [, ;-

However,
1 .
‘gi (a)z)‘ Y and H%Hz < Hq 2>
1771
therefore,
2 Hdoiui 2 <P
HeiH2 < 4§i2wi2 Hquz - HqHZ
sinced ,;, <2,;. (m]

The above property implies that for separate natural frequencies the off-diagonal
elements of the damping matrix can be neglected regardless of their values.

The following example illustrates the insignificance of the nonproportional
damping terms:
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Example 3.5. Examine the impact of nonproportional damping on the dynamics of
a flexible truss as in Fig. 1.2. The truss damping matrix is proportional to the
stiffness matrix, however we added damping at node 5, see Fig. 3.8.

T T T T
11 (a) i
>
s | i
2
g Of
[%2]
]
0] [ _
®
3 1L i
£
L | L | | | L | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
time, s
T T T T
(b)
1L _
®
FE O )y -
o
5 | i
1L _
L | L | | | L | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
time, s

Figure 3.9. The impulse responses: (a) Of the nonproportionally damped system; and (b) of
the response error of the system with the equivalent proportional damping. The error is small
when compared with the response itself.
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This addition makes the damping nonproportional. The structural damping is
about 1.5% of the critical damping, and the concentrated viscous damping in a
vertical direction at node 5 is ten times larger than the structural damping at this
location.

We apply the impulse force at node 10, measure the response at node 9 in a
vertical direction, and compare the exact solution (i.e., with full damping matrix)
and the approximate solution obtained by neglecting off-diagonal terms in the
damping matrix. The exact response (y) is shown in Fig. 3.9(a), while the difference,
e =y — yg, between the exact response and the response of the system with the
proportional damping (y,) is shown in Fig. 3.9(b). This difference is small, since the

approximate solution has the error |y -y, |, /[, =0.019. However, the difference

between the full and diagonal matrices is not small. Indeed, let D and D, stand for
the full damping matrix and the diagonal part of the same matrix, then the damping

matrix diagonality index, defined as HD— Dde / HD‘ 5 is not a small number in this

case, it is equal to 0.760.

3.5 Generalized Model

The system models, so far considered, have multiple inputs and outputs. Although
multiple, these inputs and outputs could be grouped into a single input vector and a
single output vector. For example, a system to be controlled is equipped with sensors
and actuators. The independent variables produced by actuators are system inputs,
while variables registered by sensors are system outputs. In reality, the situation is
more complex. When a system is under testing or control, we can distinguish two
kinds of inputs and two kinds of outputs that cannot (or it is not advisable to) be
grouped into a single input or output vector. In a controlled system, for example,
there is one kind of input: those accessed by a controller and without controller
access, such as external disturbances and commands. The same system can have
two kinds of outputs: those measured by the controller and those that characterize
system performance and often cannot be sensed by the controller. Similarly, in a
system under dynamic test, the first kind of inputs are actuator signals, and the
second kind are disturbances. The first kind of outputs are sensor signals and the
second kind are sensor and environmental noises, or system performance outputs
that cannot be accessed by available sensors. This distinction is a basis for the
definition of a generalized model.

The generalized model is a two-port system, which consists of two kinds of
inputs, denoted u and w, and two kinds of outputs, denoted y and z, see Fig. 3.10.

The inputs to the generalized model consist of two vector signals:

e the actuator vector, denoted u, which consists of all inputs handled by the
controller, or applied as test inputs; and

e the disturbance vector, w, noises and disturbances, which are not manipulated by
the controller, or are not a part of the test input.
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The outputs of the generalized model consist of two vector signals:

e the sensor vector, y, used for the controller for feedback purposes, or the
measured test signals; and
e the performance vector, z, the outputs to be controlled, or to evaluate test

performance.
w V4
—_— —— >
u G y
—_— > |~

Figure 3.10. The generalized model consists of two inputs (#—actuator and w—disturbance)
and two outputs (y—sensor and z—performance).

3.5.1 State-Space Representation

For a generalized structure let 4 be the state matrix of the system, B, , B,, represent
the input matrices of u and w, respectively, and C,, C, represent the output

matrices of y and z, respectively. For simplicity, we assume the feed-through terms

D,,, D,,., etc., to be equal to zero. Then the state-space representation of the

generalized model is as follows:

Xx=Ax+Bu+B,w,
y=Cyx, (3.40)

z=C,z.

3.5.2 Transfer Function

We can write the transfer function of the generalized structure as follows

{y}{% Gwa“} (3.41)
z Guz GWZ w

or, equivalently, as
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y= Guyu + Gwyw,

(3.42)
z=G u+G,,w.
The transfer functions are related to the state-space representation as follows:
_ -1
G, =C,(sI-4)"B,,
-1
G,,=C,(s[-4)" B,,
(3.43)

G,=C.(sI-4)"'B,,

G, =C.(sI-A)"'B,.

The block diagram of the decomposed standard system that corresponds to (3.42) is
shown in Fig. 3.11.

w 4L V4

> Gwz —
+

> Gwy
> Gy

u + y
> Gy, —

+

Figure 3.11. Decomposed generalized structure.

3.6 Discrete-Time Models

Continuous-time models are predominantly utilized in the analysis of structural
dynamics. However, when implementation is considered, such as structural testing
or control, discrete-time models are primarily required. The reason for using the
digitalized models in structural testing is that the test data are collected in a digital
form (sampled data), and in structural control most controllers are implemented
digitally. Therefore, we analyze the discrete-time models along with the continuous-
time models.
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3.6.1 State-Space Representation

We assume a continuous-time model in the form of the state-space representation
(4,B,C,D). The discrete-time sequences of this model are sampled continuous-time
signals, i.e.,

x;, = x(kAt), u, =u(kAt), and Vi = y(kAt), (3.44)

for k=1, 2, 3 .... The corresponding discrete-time representation for the sampling
time At is (4;,8,;,C;,D;), where

A
Aj=e™, B, = L’eATB dr, C,=C, and D,;=D, (3.45)

and the corresponding state-space equations are

Xpp1 = Agxy + Byuy, (3.46)
Vi =Cx; + Duy,. .

The discretization can be carried out numerically using the c2d command of Matlab.

Similarly to the continuous-time models the discrete-time models can also be
presented in modal coordinates. Assume small damping and that the sampling rate is
sufficiently fast, such that the Nyquist sampling theorem is satisfied (i.e., o;At <7

for all i), see, for example, [37, p. 111], then the state matrix in modal coordinates
Ay 1s block-diagonal,

Ay, =diag(4,,,),  i=l...n (3.47)

The 2 x 2 blocks A4,,,; are in the form, see [98],

_ o cos(w;At) —sin(a)iAt)}’ (3.48)

4, =
dmi sin(w;At)  cos(w,At)

where o; and ¢; are the ith natural frequency and the ith modal damping,
respectively. The modal input matrix By, consists of 2 x s blocks By,,;,

B dml

B
By =| ", (3.49)

B dmn

where
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B =SB,
1 sin(@;Ar) -1+ cos(w,At) (3.50)
" @, | 1-cos(w;Ar) sin(w;At) |’

and B, is part of the continuous-time modal representation, see (2.42) and (2.51).
The discrete-time modal matrix C,, is the same as the continuous-time modal

matrix C,,.

The poles of the matrix 4,, are composed of the poles of matrices A4,,,;,
i=1,...,n. For the ith mode the poles of 4,,; are

S10= e S (cos(@;At) £ sin(w;At)). (3.51)

The location of the poles is shown in Fig. 3.12, which is quite different from the
continuous-time system, cf., Fig. 2.1. For a stable system they should be inside the
unit circle, which is the case of small damping ;.

Figure 3.12. Pole location of the ith mode of a lightly damped structure in discrete time: It is
a complex pair with angle proportional to natural frequency and magnitude close to 1.
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The question arises how to choose the sampling time A¢. Note that from the
Nyquist criterion the ith natural frequency is recovered if the sampling rate is at least
twice the natural frequency in Hz ( f; = w; /27), i.e., if

or, if

WAt <7 or At < (3.52)

Considering all modes, the sampling time will be smaller than the smallest 7/w;,

a<—" (3.53)
max(w;)
1

Example 3.6. Obtain a discrete-time model for a simple system from Example 2.9,
modal form.

Using the Matlab c2d command we obtain

[0.9970 0.0770 | © 0 o 0 [ 0.0046 |
—0.0770 0.9964 i 0 0 H0 0 0.1206
0 0 i 0.9768 0.2138: 0 0 0.0644
Ad: ; ; ) Bd: )
0 0 1 —0.2138  0.9722: 0 0 -0.0084
0 0 () 0 £ 0.9519 0.3055 -0.0337
|0 0 0 0 1 03056 0.9423 | | 0.0064 |

and the discrete-time output matrix is equal to the continuous-time output matrix,
Cd = C

3.6.2 Transfer Function

We obtain the transfer function from the state-space representation (3.46) by

introducing the shift operator z such that x;,; = zx;, and we find that

G, (z)=Cy(z— A, 'B,+D,. (3.54)
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We use this equation to obtain the transfer function for the ith mode. Using A4, as in
(3.48), we determine

1| z—e N cos(m,At) e <M sin(w, Ar)
(zl - A4y,;)) =— o o ,  (3.59)
d|  —e®Msin(w,Ar) z—e M cos(w,At)
where d is the characteristic polynomial d = 22 =2z SO cos(w;At) + e 26O
0
Next, using B, as in (3.50) and noting that B, :[ } , We arrive at
oi
C . | (1-cos(w,An)(z +e @
Gyu(z)=—""= ( ( X ) by (3.56)
w;d sin(w,Ar)(z —e *®M)

which is the transfer function of the ith mode. Note that C,,; and b,; in the above
equation are the output and input matrices of the continuous-time model.
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Controllability and Observability

Q{) how to excite and monitor a structure

It is the theory which decides
what we can observe
—Albert Einstein

Controllability and observability are structural properties that carry information
useful for structural testing and control, yet they are not fully utilized by structural
engineers. The usefulness can be found by reviewing the definitions of the
controllability and observability of a structure. A structure is controllable if the
installed actuators excite all its structural modes. It is observable if the installed
sensors detect the motions of all the modes. This information, although essential in
many applications (e.g., in the placement of sensors and actuators), is too limited. It
answers the question of mode excitation or detection in terms of yes or no. The more
quantitative answer is supplied by the controllability and observability grammians,
which represent a degree of controllability and observability of each mode.

In this chapter we discuss the controllability and observability properties of
flexible structures. The fundamental property of a flexible structure in modal
coordinates consists of a set of uncoupled modes, as shown in Property 2.1. It allows
us to treat the properties of each individual mode separately and to combine them
into a property of the entire structure. This also refers to the controllability and
observability properties of the whole system, which are combined out of the
properties of individual modes. These controllability and observability properties are
used later in this book in the evaluation of structural testing and in control analysis
and design.

4.1 Definition and Properties

The controllability and observability properties of a linear time-invariant system can
be heuristically described as follows. The system dynamics described by the state
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variable (x) is excited by the input (#) and measured by the output (y). However, the
input may not be able to excite all states (or, equivalently, to move them in an
arbitrary direction). In this case we cannot fully control the system. Also, not all
states may be represented at the output (or, equivalently, the system states cannot be
recovered from a record of the output measurements). In this case we cannot fully
observe the system. However, if the input excites all states, the system is
controllable, and if all the states are represented in the output, the system is
observable. More precise definitions follow.

4.1.1 Continuous-Time Systems

Controllability, as a measure of interaction between the input and the states, involves
the system matrix 4 and the input matrix B. A linear system, or the pair (4, B), is
controllable at ¢, if it is possible to find a piecewise continuous input u(%),

te [t,,4], that will transfer the system from the initial state, x(#,), to the origin
x(#,) =0, at finite time ¢, >¢,. If this is true for all initial moments ¢, and all initial
states x(#,) the system is completely controllable. Otherwise, the system, or the pair
(4, B), is uncontrollable.

Observability, as a measure of interaction between the states and the output,
involves the system matrix 4 and the output matrix C. A linear system, or the pair
(4, C), is observable at ¢, if the state x(z,) can be determined from the output y(z),

te [t,, 4], where # >t, issome finite time. If this is true for all initial moments ¢,
and all initial states x(¢z,) the system is completely observable. Otherwise, the

system, or the pair (4, C), is unobservable. Note that neither the controllability nor
observability definition involves the feed-through term D.

There are many criteria to determine system controllability and observability; see
[88], [143]. We consider two of them. First, a linear time-invariant system (4, B, C),
with s inputs is completely controllable if and only if the N x sN matrix

Cz[B AB A*B .. AN‘IB} (4.1)

has rank N. A linear time-invariant system (4, B, C) with » outputs is completely
observable if and only if the »N x N matrix of

C
C4

O=| c4’ (4.2)

CAN—l

has rank N.



Controllability and Observability 67

The above criteria, although simple, have two serious drawbacks. First, they
answer the controllability and observability question in yes and no terms. Second,
they are useful only for a system of small dimensions. The latter can be visible if we
assume, for example, that the system is of dimension N = 100. In order to answer the
controllability and observability question we have to find powers of 4 up to 99.
Finding A% for a 100x100 matrix is a numerical task that easily results in
numerical overflow.

The alternative approach uses grammians to determine the system properties.
Grammians are nonnegative matrices that express the controllability and
observability properties qualitatively, and are free of the numerical difficulties
mentioned above. The controllability and observability grammians are defined as
follows, see, for example, [88]:

w,.(t)= J-(; exp(Ar)BBTexp(ATr) dr,
. (4.3)
w,(t)= .[0 exp(4 TT)CTC exp(4r) dr.

We can determine them alternatively and more conveniently from the following
differential equations:

W, =AW, +W, A" + BBT
. (4.4)
W, =A"w,+w,4+CTC.

The solutions W_.(t) and W,(¢) are time-varying matrices. At the moment we are

interested in the stationary, or time-invariant, solutions (the time-varying case is
discussed later). For a stable system, we obtain the stationary solutions of the above

equations by assuming W W =0. In this case, the differential equations (4.4) are
replaced with the algebraic equations, called Lyapunov equations,

AW, +W, A" + BBT =0,
(4.5)
A'w +w a+CTC=0.

For stable 4, the obtained grammians W, and W, are positive definite.
The grammians depend on the system coordinates, and for a linear transformation

of a state x into a new state x,, such that x, = Rx, they are transformed to new
grammians W,, and W, as follows:
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W= RWRT,
(4.6)
W, =R'W,R.
The eigenvalues of the grammians change during the coordinate transformation.

However, the eigenvalues of the grammian product are invariant. It can be shown as
follows:

AW, W, ) =2, (R'W.RTRTW,R) = A,(R'WW,R)= L, (WW,). (47)

cn’’on

These invariants are denoted y;,

Vi =AWW,), i=1,.,N, (4.8)

and are called the Hankel singular values of the system.

4.1.2 Discrete-Time Systems

Consider now a discrete-time system as given by (3.46). For the sampling time At
the controllability matrix C, is defined similarly to the continuous-time systems, as
follows:

ckz[B AB - A’HB}. 4.9)

The controllability grammian W, (k) over the time interval [0, kA¢] is defined as
k . .
W, (ky=> 4'BB" (4)". (4.10)
i=0
Unlike the continuous-time systems we can use the controllability matrix of the
discrete-time system to obtain the discrete-time controllability grammian W, (k).
Namely,
W.(ky=C,Cf . 4.11)
The stationary grammian (for £ — o) satisfies the discrete-time Lyapunov equation

W,— AW A" = BB, (4.12)

but can still be obtained from (4.11) using large enough £ since A 50 for
k — co. Similarly the observability matrix O, is defined as follows:
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C

cA
o= . | (4.13)

CAk—l

and the discrete-time observability grammian W, (k) for the time interval [0, kAf] is
defined as

k
w,(k)=> (4" cTcd, (4.14)
i=0
which is obtained from the observability matrix
W, (ky=0[0,. (4.15)

For k — oo (stationary solution) the observability grammian satisfies the following
Lyapunov equation:

w,-A"w a=c’c. (4.16)

Similarly to the continuous-time grammians, the eigenvalues of the discrete-time
grammian product are invariant under linear transformation. These invariants are
denoted y;,

vi =AW,  i=1..,N, (4.17)

and are called the Hankel singular values of the discrete-time system.

4.1.3 Relationship Between Continuous- and
Discrete-Time Grammians

Let (4,B,C) be the state-space representation of a discrete-time system. From the

definitions (4.10) and (4.14) of the discrete-time controllability and observability
grammians we obtain

W,.=BB" + ABB" A" + A°BB" (4*) +--,
(4.18)
W,=CTC+A"CTCA+(4*) CTCA+--.

We show that the discrete-time controllability and observability grammians do not
converge to the continuous-time grammians when the sampling time approaches
zero, see [109]. Indeed, consider the continuous-time observability grammian
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o0

J‘AtBBT Atdt
0

w,

ocont —
This can be approximated in discrete time, at time moments 7 =0, At, 2A¢t, ..., as

w,

ocont

Z id" AtCTC zAAtAt Z(Ad) CTCAdAt
i=0 i=0

Introducing the second equation of (4.18) one obtains

W,

ocont

= lim ACW, g (4.19)

Obtaining the controllability grammians is similar. First note that for a small
sampling time one has

B, =AIB,. (4.20)

Indeed, from the definition of B,;, one obtains

At At
By = [e**B.dr= [(I+dr+Ldlc +-)B.dr
0 0

=B At+1 4B AP +LATB AP+ = A1B,.

Now, from the definition of the continuous-time controllability grammian, the
following holds:

© )
T . 4T
= [e**B.Ble* T dz = lim 3" "B B M AL
s At—0

w.

ccont

Using (4.20) and 4, = e we obtain

W,

ccont —

1
hm— A4B, B (A = hm W. ...
A0 A Z dPd d( d) 550 At cdiscr

hence,

/%4 lim LW

ccont :At—>0 At cdiscr*

4.21)
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Note, however, from (4.19) and (4.21), that the product of the discrete-time
controllability and observability grammians converge to the continuous-time
grammians,

W,

CCOVltWOCOI'l[ = llm (WC
At—0

W, discr ); (422)

discr’" o

therefore, the discrete-time Hankel singular values converge to the continuous-time
values, as the sampling time approaches zero:

Vicont = lim Vidiscr - (423)
At—0

4.2 Balanced Representation

Consider a case when controllability and observability grammians are equal and
diagonal. The diagonality means that each state has its own and independent
measure of controllability and observability (which is the diagonal value of the
grammians). The equality of grammians means that each state is equally controllable
and observable or, in terms of structures, each mode is equally controllable and
observable (excited to the same degree as it is sensed). The equality and diagonality
of grammians is a feature of special usefulness—this allows us to evaluate each state
(or mode) separately, and to determine their values for testing and for control
purposes. Indeed, if a state is weakly controllable and, at the same time, weakly
observable, it can be neglected without impacting the accuracy of analysis, dynamic
testing, or control design procedures. On the other hand, if a state is strongly
controllable and strongly observable, it must be retained in the system model in
order to preserve accuracy of analysis, test, or control system design. Knowing the
importance of the diagonal and equal grammians, we proceed to their definition and
determination.

The system triple (4,B,C) is open-loop balanced, if its controllability and
observability grammians are equal and diagonal, as defined by Moore in [109],
W, =W, =T,
I' =diag(y,--.7n ) (4.24)
7; 20, i=L..,N.
The matrix I' is diagonal, and its diagonal entries y are called Hankel singular

values of the system (which were earlier introduced as eigenvalues of the product of
the controllability and observability grammians).

A generic representation (4,B,C) can be transformed into the balanced
representation (4,,B,,C,) , using the transformation matrix R, such that
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A, =R7'4R,
B, =R'B, (4.25)
Cb = CR

The matrix R is determined as follows, see [53],
R=PUT V2, (4.26)
Its inverse is conveniently determined as
R'=r"%Tp. (4.27)

The matrices I' , ¥, and U are obtained from the singular value decomposition of the
matrix H,

H=vru’ and vy =1, vlu=1, (4.28)
where H is obtained as a product of the matrices P and Q,
H=QP (4.29)

and P, O, in turn, are obtained from the decomposition of the controllability and
observability grammians, respectively,

w,=pPP",

w,=0"0.

(4.30)

The singular value decomposition can be used to decompose W, and W,.
The algorithm is proved as follows. Using (4.6), (4.27), and (4.30) we obtain
W, =R'"WRT —r 12y ToppT Ty V2,
Now, introducing (4.29) to the above equation, we obtain
W, =T""2yT g T2,

and introducing (4.28) to the above equation we have

w, =r"2yTyruTuryTyr2.
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Taking into account that V'V =1 and U'U =1 we determine that
W, =r""2r2r2r
In a similar way we find that W, =T, thus the system is balanced.

The Matlab function balan2.m, which transforms a representation (4,B,C) to the
open-loop balanced representation, is given in Appendix A.8. Also, the Matlab
function balreal of the Control System Toolbox performs the continuous-time
system balancing. For the discrete-time systems the transformation to the balanced
representation is obtained similarly to the continuous-time case. The Matlab function
balreal performs discrete-time system balancing as well.

4.3 Balanced Structures with Rigid-Body Modes

Some plants (e.g., tracking systems) include rigid-body modes that allow structures
to move freely, as they are not attached to a base. In analytical terms a structure with
rigid-body modes has m poles at zero (m < 6), and it is observable and controllable
(see [29]). It is also assumed that a system matrix 4 is nondefective (cf. [73]), i.e.,
that the geometric multiplicity of poles at zero is m. Grammians for structures with
rigid-body modes do not exist (since they reach the infinity value), although the
structures with rigid-body modes are controllable and observable. Here we show
how to represent the grammians so that the infinite values of some of their
components do not prevent us performing the analysis of the remaining measurable
part.

A system with rigid-body modes (4, B,C) can be represented by the following
state-space representation:

0 0N~ B
e m mx(N—n) ’ B=|""|, C=[C, Co]’ (4.31)
O(N—m)xm A"

where 0, 1S an m x N zero matrix. Matrix 4 in the form as above always exists

since it has m poles at zero, and matrices B, C exist too, due to the nondefectiveness
of 4,.

Similar to 4 in (4.31), the system matrix of the balanced structures with rigid-
body modes is also block-diagonal, A=diag(0,,, 4,,), and the balanced

representation (4,,B,,C,) 1is obtained by the transformation R, using (4.25).
However, the transformation R is in the form R =diag(/,,,R,) where [, is an
identity matrix of order m (that remains the rigid-body part unchanged), and R,

balances the inner matrix 4, , i.e.,
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Ay, =R AR, (4.32)

In summary, to balance structures with rigid-body modes and to obtain the Hankel
singular values we need to represent (4,B,C) in the form as in (4.31), and then to
balance the triple (4,,B,,C,) that has no poles at zero. The obtained Hankel
singular values add to the infinity Hankel singular values that correspond to the
poles at zero. Let y, represent the vector of Hankel singular values of (4,,B,,C,),
then

y ={inf, y,} (4.33)

represents the vector of Hankel singular values of (4,B,C), where
inf = {OO, o, ..., 00} contains m values at infinity.

4.4 Input and Output Gains

In this section we will consider the controllability and observability properties that
are specific to structures. We have found already that the input and output matrices
of a system contain the information on the system controllability and observability.
Norms of these matrices could serve as crude information on the controllability and
observability. We will present these matrices in modal coordinates, where they
possess special properties. Namely, the 2-norms of the input and output matrices in
modal coordinates contain information on the structural controllability and
observability, and are called input and output gains, respectively.

In the following the approximate relationships are used and denoted by the
equality sign “=”. They are applied in the following sense: Two variables, x and y,
are approximately equal (x =y) if x = y + € and |¢]|<|y|. For example, if D is a
diagonal matrix, then S is diagonally dominant, S =D if the terms s; satisfy the
condition s; +£=d;;, i, j = 1,..., n, and ¢is small when compared to d;;.

Input and Output Gains of a Structure. The 2-norms HBmH2 and HCmH2 of the

input and output matrices in modal coordinates, as in (2.38), are called the input and
output gains of the system

1B,], = (tra BT))I/Z,

- (4.34)
_ 112 '
IC.al, =(tr(Cqu 2l +C,Ch )) .

myv =~ mv

Each mode in the model representation has its own gains.



Controllability and Observability 75

Input and Output Gains of a Mode. The 2-norms Hb

min and Hc

of the b,,; and
¢,,; matrices in modal coordinates, as in (2.52), are called the input and output gains

of the ith mode

mi Hz

2 2
Bl =(tr(BiBr))  =(trbribn))
r 2 (435)
[Colly = (tr(CuC)” =| it e, T )

mi ™~ mi mvi—mvi
i

In the second modal representation the small term in the output gain, which is
proportional to the damping ratio, was neglected.

It is important to notice that the gains of a structure are the root-mean-square
(rms) sum of the modal gains

B4l = ,/ZHBW\Z and €0l = ~/ZH (4.36)

The modal output matrix C,, is defined as a combination of the displacement and
rate matrices

Co =[G G| (4.37)

Consider the common case when the displacement and rate sensors are not
collocated. In this case the output gain has the following property:

ICal} =7 [} + 1l (4.38)
For a single mode the output matrix c,,; is given as
Coi = {C'”"" cmw}, (439)
;

and in the case when the displacement and rate sensors are not collocated the output
gain of the ith mode is

2
Cingi

+emils - (4.40)

ICuil =

@ 2

For a structure with an accelerometer the output gain is
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ICll, [ Cona, - (4.41)
It is derived from the gain definition, (4.35) and (3.20),
Co=[Cug®™ G [=[-Ca@ -2G,,20]=-C, [1 22]02
However, ¢; <1, i=1,...n; thus, Z < I; hence,
C,=—C,[l 0]Q
which gives |C,,[, =[C,..Q), -

Gains for the individual modes are obtained similarly

lemill, = lemaii, - (4.42)

Example 4.1. Obtain its input and output gains for the modal model of form 2
given in Example 2.9.

The input and output gains are: For the first mode HB =0.3280,

mle

|Cu]l, = 0.6760; for the second mode [B,,, |, =0.5910, [C,,,|, =0.9448; and for
the third mode |B,;|,=0.7370, |C,;[,=0.8067. The structural gains are
|B,,], =1.0000 and |C,, |, =1.4143.

4.5 Controllability and Observability of
a Structural Modal Model

In the following we consider the controllability and observability properties that
apply to structures. The modal state-space representation of flexible structures has
specific controllability and observability properties, and its grammians are of
specific form.

4.5.1 Diagonally Dominant Grammians

Assuming small damping, such that <1, where { =max({;), i = 1, ..., n, the
balanced and modal representations of flexible structures are closely related. One
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indication of this relationship is expressed in the grammian form. The balanced
grammians are equal and diagonal; similarly, the grammians in modal coordinates
are diagonally dominant, and by using appropriate scaling, they are approximately
equal. This is expressed in the following property:

Property 4.1. Diagonally Dominant Grammians in Modal Coordinates.
In modal coordinates controllability and observability grammians are diagonally
dominant, i.e.,

W, = diag(w,; 1),
(4.43)
W, = diag(w,;1,), i=1,.,n,

where w,; >0 and w,; >0 are the modal controllability and observability factors.

The approximate Hankel singular values are obtained as a geometric mean of the
modal controllability and observability factors,

Vi Z= N Weii Woii - (4.44)
Proof. Consider a flexible structure in the modal representation 1, as in (2.47),
(2.48), or (2.52). We prove the diagonal dominance of the controllability and
observability grammians by the introduction of this modal representation to the

Lyapunov equations (4.5). By inspection, for £ — 0 we obtain finite values of the

off-diagonal terms w,; and w,; for i#j, ie, lim,_,w, <o and

lim,_,, w,; <o, while the diagonal terms tend to infinity, lim,_,,w,; =c and
lim,_,, w,; =. Moreover, the difference between the diagonal terms in each block
is finite, lim,_,, | Weii = Weip1i1 [< 005 thus, for small ¢ the grammians in modal

coordinates are diagonally dominant, having 2 x2 blocks on the diagonal with
almost identical diagonal entries of each block. Equation (4.44) is a direct
consequence of the diagonal dominance of W, and W,, and the fact that the

eigenvalues of the grammian product are invariant.

The second part, (4.44), follows from the invariance of the eigenvalues of the
grammian product. (=

The profiles of grammians and system matrix 4 in modal coordinates are drawn
in Fig. 4.1. The controllability grammian is, at the same time, a covariance matrix of

the states x excited by the white noise input, i.e., W, = E(xx"). Thus, the diagonal

dominance results in the following conclusion that, under white noise or impulse
excitation, modes are almost independent or almost orthogonal.

Example 4.2. Determine the grammians and Hankel singular values (exact and
approximate) for the modal model from Example 2.9.
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system matrix A grammians

Values: |:| zero, small, . large.

Figure 4.1. Profiles of the system matrix 4 (diagonal) and the grammians (diagonally
dominant) in the modal coordinates.

Using the transformation R as in (4.26) or Matlab’s balreal. m function we obtain

[ 0.6095  0.0095  0.0122 -0.0946 i 0.0350  0.0048]
0.0095  0.6086 : 0.1370  0.0114 | —0.0014  0.1418
0.0122 0.1370 i 4.5464  0.0491 1 0.1489  0.0016
" 7100946  0.0114 100491 45475 00013 04171
0.0350 —0.0014 | 0.1489 —0.0013 {122.6197  —0.4726
| 0.0048  0.14180.0016 04171 | —0.4726 122.0863 ]
[ 22922 -0.0305 | —0.0057 —0.1227 | ~0.0373 —0.0008]
0.0305 22952 1 0.1517 —0.0065 | —0.0007 —-0.0903
~0.0057  0.1517 1 89050 —0.0740 i 0.0223  0.0003
"0 71 0.1227 ~0.0065 | ~0.0740  8.9039 i 0.0002 —0.0417 |’
~0.0373  -0.0007 | 0.0223  0.0002 | 26.0878  0.0568
|0.0008 —0.0903 | 0.0003 —0.0417 | 0.0568 26.0863

Indeed, the grammians are diagonally dominant. The approximate grammians were
obtained from (4.43),

w,; =0.6095, w,, =4.5464, w5 =122.6197,
w, =2.2922, w,, =8.9050, w,3 =26.0878,

and are close to the actual ones,
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w1 =0.6090, W,y =4.5469, W,y =122.6243,
w,; =2.2937, w,, =8.9045, w,3 =26.0871.

The approximate Hankel singular values for each mode are obtained from (4.44),

I, =diag(1.1818, 1.1818, 6.3625, 6.3625, 56.5579, 56.5579)

and are close to the actual Hankel singular values

I' =diag(1.1756, 1.1794, 6.3575, 6.3735, 56.5110, 56.5579).

4.5.2 Closed-Form Grammians

Next, we show that for flexible structures the grammians of each mode can be
expressed in a closed form. This allows for their speedy determination for structures
with a large number of modes, and allows for the insight into the grammian physical
interpretation. Let B,,; and C,,; be the 2xs and rx2 blocks of modal B,, and C,,,
respectively, and the latter matrices are part of the modal representation, (2.38),
(2.42), and (2.45). In this case the following property is valid:

Property 4.2. Closed-Form Controllability and Observability
Grammians. In modal coordinates the diagonal entries of the controllability and
observability grammians, as in (4.43), are as follows:

B, c,. |
Yo = Yo = (4.45)
and the approximate Hankel singular values are obtained from
Bl [l

Proof. By inspection, introducing the modal representation (2.38), (2.42), and (2.45)
to the Lyapunov equations (4.5). =]

The above equations show that the controllability grammian of the ith mode is
proportional to the square of the ith modal input gain, and inversely proportional to
the ith modal damping and modal frequency. Similarly, the observability grammian
is proportional to the square of the ith modal output gain, and inversely proportional
to the ith modal damping and modal frequency. Finally, the Hankel singular value is
the geometric mean of the previous two, and is proportional to the ith input and
output gains and is inversely proportional to the ith modal damping and modal
frequency.
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Example 4.3. Determine the closed-form Hankel singular values for the modal
model from Example 2.9.

From (4.46) we obtain y; =1.1817, y, =6.3627, and y; =56.5585, which are
close to the actual values obtained in Example 4.2.

Example 4.4. Compare the exact and approximate Hankel singular values of the
International Space Station structure. The input is a force at node 8583 (marked by
the white circle at the top of Fig. 1.9), and the output is a rate at this node.

The results in Fig. 4.2 show good coincidence between the exact and
approximate Hankel singular values.

4.5.3 Approximately Balanced Structure in Modal Coordinates

By comparing the grammians in the balanced and modal representations we noticed
that the balanced and modal representations are close to each other. The closeness of
the balanced and modal representations can also be observed in the closeness of the
system matrix 4 in both representations. It was shown in Chapter 2 that the matrix 4
in modal coordinates is diagonal (with a 2 X2 block on the diagonal). We show that
the system matrix 4 in the balanced representation is diagonally dominant.

Hankel singular value

5,
@®
o«

mode number

Figure 4.2. The exact (O) and approximate (o) Hankel singular values for the International

Space Station structure are almost identical.

Property 4.3. Diagonal Dominance of the System Matrix in the
Balanced Coordinates. In the balanced representations the system matrix A is
block diagonally dominant with 2 x 2 blocks on the diagonal, and B, C are divided
into 2xs and rx2 blocks
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B
. B,
A= diag(4;), B=|""|, c=[¢ ¢ - C,], 447
B}’l
wherei =1, ..., n, and
Al.{_g"w“ i } (4.48)
—W; =60

Proof.  Since the grammians in modal coordinates are diagonally dominant, the
transformation matrix R from the modal to the balanced coordinates is diagonally

dominant itself. The system matrix in the balanced coordinates is A:R_lAmR;
therefore, it is diagonally dominant. (=]

The profiles of the grammians and a system matrix 4 are drawn in Fig. 4.3.
Example 4.5. Find the balanced representation of a simple system from Example
2.5, and check if the matrix A4 is diagonally dominant.

We use transformation R from (4.26) to obtain the following balanced
representation:

system matrix A grammians

Values: |:| zero, small, . large.

Figure 4.3. Profiles of the system matrix 4 (diagonally dominant) and the grammians
(diagonal) in the balanced coordinates.
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[-0.0029  0.7685 | 0.0003  0.0015 | —-0.0032  0.0006 |
~0.7731 —-0.0030 | 0.0014  0.0004 | 0.0028 —0.0018
~0.0059  0.0058 | —0.0263 -2.1400 | 0.0243 —0.0047
0.0050 —0.0052 i 2.1807 —0.0203 i —-0.0174  0.0105
20,0044 70,0044 T 20,0441 0.0380 | —0.0805 —3.0883
| 0.0020 -0.0020 0 0.0190 —0.0179 | 3.1523 -0.0170 |

[ 0.5772]]
—0.5822
1 0.5790
-0.5074
0.4357
| -0.2001 |

[0.2707  0.2703 £-0.1649 —0.2029 i 0.0414  0.1222
C, ={0.2082 -0.2088 -0.4373  0.3568 0.3814 -0.1318 |,
10.4654 —0.4715 i 0.3418 —0.2983 ; 0.2064 —0.0881

showing the diagonally dominant matrix 4,,.

Define a state-space representation as almost balanced if its grammians are
almost equal and diagonally dominant, I'=W, =W, . We saw that the modal

grammians are diagonally dominant. The question arises: Can grammians in modal
coordinates be almost equal? That is, can the modal representation be almost-
balanced? The following property answers the questions:

Property 4.4. Approximate Balancing by Scaling the Modal
Coordinates. By scaling the modal representation (4,,,B,,,C,,) one obtains an
almost-balanced representation (A,,,B,,,C,p), such that its grammians are almost
equal and diagonally dominant

-1
Aub:A ’ Bab :Rame’ C

m a

»=C Ry (4.49)
and
X, =Rx,. (4.50)
Above, R, is a diagonal matrix
R, =diag(r.],), i=1,.,n (4.51)

and the ith entry is given by the ratio of the input and output gains



Controllability and Observability 83

1/4
B .
" :(Wcij _ H msz (452)

Woi HCmin .

Note that the transformation matrix R, leaves matrix A, unchanged, and scales

matrices B,, and C,,.

Proof. We prove this property by inspection. Introducing (4.51) and (4.52) to (4.6)
we obtain

W. =W, =T =diag(y;],),
(4.53)
Vi =N WeiWoi 5
hence, by using transformation (4.49), we obtain an approximately balanced
representation (A4,,,B,,,C,;) from the modal representation (4,,,8,,,C,,). (=

A similar property can be derived for the modal representation 2. The closeness
of these two modal representations follows from the fact that the transformation R,,
from modal representation 1 to 2 is itself diagonally dominant, as in (2.43). The

closeness of the modal, balanced and almost-balanced, coordinates is illustrated in
Fig. 4.4.

”/ Qb2
Am2

Figure 4.4. Modal, balanced, and almost-balanced coordinates: Almost-balanced coordinates
are scaled modal coordinates to “fit” the balanced coordinates.

Similar to the modal representation, the almost-balanced state-vector x,, is divided
into n components,
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X =1 2L (4.54)

The components are independent, which is justified by the diagonal matrix 4,, of
the almost-balanced representation. The state-space representation (A,p;, B,pi>Capi)
is associated with each component x,; .

Consider the state-space representation (A,;,B,,C,p;) of the ith-balanced

mode, then HBabi is its input gain and HCabi is its output gain.

. l

Property 4.5. Input and Output Gains. In the almost-balanced representation
the input and output gains are equal:

|Basill, = Canil, - (4.55)

Proof. This can be shown by introducing transformation R,, as in (4.49)—(4.52),
obtaining

[Basill, =ICaill, = 1Bl [Conil, - =

In the almost-balanced representation the grammians are almost equal, w,; = w,;
or '=W,=W,, where the matrix of the Hankel singular values has the following
form, I" = diag(y,,71,72,72,---»¥n»>7»)- The Hankel singular values are obtained as

Bl _Conl
M, 4o,

(4.56)

Example 4.6. Obtain the almost-balanced state-space representation of the simple
system in Example 2.9.

Starting from the state-space modal representation, as in Example 2.9, we find the
transformation matrix R, asin (4.51) and (4.52), that is,

R, =diag(0.7178, 0.7178, 0.8453, 0.8453, 1.4724, 1.4724).

The state matrix is equal to the modal matrix, 4,, = 4,,,

while the input and output
matrices, B, and C,, , are found from (4.49),
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[-0.4798]

00075
5, - ~-0.7704 | _ B:;
T 700083 | e

~0.0025 ab3

| -0.8198 |

-0.0020 -0.1294 { —0.0028 0.2617 { 0.3825 -0.0012
C,, =|—0.4038 0.01263 0.5653 0 }—0.0020 ~0.2948 | =[Cpy | Copy | Copz |
—0.2241  0.0070 i —0.4534 0 i —0.0045 —0.6625

In this representation (4.55) holds. Indeed,

HBable = HCable =0.4798,
HBab2H2 = HCabZHZ =0.7705,
HBab3H2 = HCab3H2 =0.8198.

Finally, we found that the grammians obtained for this model are almost equal, i.e.,
I'=w, =W, =diag(1.1817, 1.1817, 6.3627, 6.3627, 56.5585, 56.5585).

4.6 Controllability and Observability of
a Second-Order Modal Model

In this section we present the controllability and observability properties of a
structure given by the second-order model.

4.6.1 Grammians

The grammians and the balanced models are defined exclusively in the state-space
representation, and they do not exist in the second-order form. This is a certain
disadvantage since the second-order structural equations are popular forms of
structural modeling. We will show, however, that for flexible structures one can find
a second-order model which is almost balanced, and for which Hankel singular
values can be approximately determined without using a state-space representation.
First, we determine the grammians for the second-order modal model.

Property 4.6. Controllability and Observability Grammians of the
Second-Order Modal Model. The controllability (w,) and observability (w,)

grammians of the second-order modal model are given as
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w, =0.2527'Q 'diag(B,,B.),
(4.57)
w, =0.2527'Q diag(CTC,),

where diag(B, BT) and diag(C,ﬁCm) denote the diagonal part of BmB,Z and

C,Z,;Cm, respectively, B, is given by (2.23), C, =[Cmq(271 Cmv] and C,,, C,,

are defined as in (2.24) and (2.25). Therefore, the ith diagonal entries of w,. and w,
are

e
ci T 4;(0 s
' 2 (4.58)
el
Wy =——",
’ 4¢;0;

and b,,; is the ith row of B,,, and c,,; is the ith column of C,,.

Proof. In order to show this we introduce a state-space representation by defining
the following state vector:
X, =] . .
9m

The following state-space representation is associated with the above vector

0 Q 0 1
_ : B=| |, c=[¢,, Q" Gl
-Q 27O B, i

By inspection, for this representation, the grammians are diagonally dominant, in the
form

w, 0 w, 0

W.= , W, = ,
0 w, 0 w,

where w, and w, are the diagonally dominant matrices, w, =diag(w,) and
w, = diag(w,;). Introducing the last two equations to the Lyapunov equations (4.5)
we obtain (4.58). [m]

Having the grammians for the second-order models, the Hankel singular values
are determined approximately from (4.58) as
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P ey i (4.59)
1 cr ol 44,[601 > ] )

4.6.2 Approximately Balanced Structure in Modal Coordinates

Second-order modal models are not unique, since they are obtained using natural
modes that are arbitrarily scaled. Hence we have a freedom to choose the scaling
factor. By a proper choice of the scaling factors we introduce a model that is almost
balanced, i.e., its controllability and observability grammians are approximately

equal and diagonally dominant. The second-order almost-balanced model is
obtained by scaling the modal displacement (g,,) as follows:

Gup =R7'q,, (4.60)
that is,

9m =Rqab7 (461)

and ¢, is the almost-balanced displacement.

The transformation R is obtained as follows. Denote Hbmin and Hcmin as the
input and output gains, then
R =diag(r), i=1,..,n, (4.62)
and the ith entry r; is defined as a square root of the gain ratio
b .
lemi Hz
Using (2.38) one obtains
2 chi z 2
Hcmin ) Hcvi‘z ’ (4.64)
i
while
2 7 2 7
chi , = iCqi and Hcvin =C,Cp (4.65)
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In the above equations b, is the ith row of B,,, and ¢ c,,; are the ith columns

. m?> ql’ Vl’ mi
of C,,,.C,,, and C,,, respectively.

Introducing (4.60) and (4.62)—(4.65) to the modal equation (2.19) we obtain the
almost-balanced second-order modal model

.. . 2
dap + ZZQqab +Q Qab = Bubu

(4.66)
Y =Copgbap + Capnlan>
where
B, =R"'B, (4.67)
and
Cabg = CgRs Cupy =C, R, (4.68)
while the output matrix C,, is defined as
Cup =| Carg@™" Cups | (4.69)
This has the following property:
2
[Cunl? = [Cusg [ +ICun 2 @70

A flexible structure in modal coordinates is described by its natural modes, ¢,
i=1,...,n. Similarly the almost-balanced modal representation is a modal
representation with a unique scaling, and is described by the almost-balanced
modes, @,,;, i =1,...,n. The latter ones we obtain by rescaling the natural modes

Davi =10, i=1,....n, (4.71)
with the scaling factor 7, given by (4.63), and
®,, =DR, (4.72)

where @, =[dp1 Dup2 --- P ], and @ is a modal matrix, as in (2.12). In order to
show this, note that from (2.18) one obtains ¢ = ®gq,, or, equivalently

4= G- (4.73)
i=1
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But, from (4.61) it follows that g,,; =q,,,; thus, (4.73) is now

n n
q9= Zri¢iqabi :Z¢abiQabi’ (4.74)
i=1 i=1
where ¢, is a balanced mode as in (4.71).

Property 4.7. Grammians of the Almost-Balanced Model. [n the almost-
balanced model the controllability and observability grammians are approximately
equal,

Proof. From (4.58) we have
cabi = f;af Wouhi = :é,”aj - (4.76)
However, from (4.49) and (4.52) it follows that
C HZ, Cabi = Ci bl 4.77)

el

Introducing the above equation to (4.76) we obtain approximately equal grammians
as in (4.75). (=]

Define b,y l

balanced mode, respectively, and we find that these gains are equal.

and Hca,,i as the input and output gains of the ith almost-

Property 4.8. Gains of the Almost-Balanced Model. In the second-order

almost-balanced model, the input and output gains are equal,
[Basill, =leasil, (4.78)

Proof. The transformation R as in (4.62) is introduced to (4.67) and (4.68) obtaining

! e
il = gl = [ Bl = Bl el
1 mi

.

and
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bl

learil, =llenl, 7 =l il lemill, =B, =

Cmi ‘2

Example 4.7. Determine the almost-balanced model of a simple structure from
Example 2.2.

We obtain the transformation matrix R from (4.62) and (4.63) as R=diag(0.6836,
0.7671, 0.8989). Next, we find the almost-balanced input and output matrices from
(4.67), (4.68), and (4.69), knowing from Example 2.2 that Q=
diag(3.1210,2.1598, 0.7708); hence,

[ 047987 [by,
Bab = _0.7705 = babZ N
| 0.8198] | by
[0.1294 0.2617 0.3825 0 0 0
Carg@ ' =|0 0 0 . C,,=|04040 0.5653 0.2948|,
|10 0 0 0.2242 -0.4534 0.6625

The output matrix C,, is obtained by putting together Caqu_l and C,, , such that
the first column of Caquq is followed by the first column of C,, , followed by

the second column of Cabqgf1 , followed by the second column of C,,,, etc., i.e.,

0.1294 0 10.2617 0 10.3825 0
C,, =0 0.4040 i 0 0.5653 i 0 02948 |=[capr Capr  Car3)-
0 0.2242 ;0 —0.4534 10 0.6625

The almost-balanced mode matrix is obtained from (4.72),

0.4040  0.5653 0.2948
@, =|-05038 02516 0.5313].
02242 -0.4534 0.6625

Finally, it is easy to check that the input and output gains are equal,

Hbable = Hcable =0.4798,
Hbab2H2 = Hcab2H2 =0.7705,
Hbab3H2 = Hcab3H2 =0.8198.
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Also, from (4.76) we obtain w,=w, =1.1821, w,=w,, =6.3628, and
W.3 =Ww,3 =55.8920, which shows that the model is almost balanced, since the
exact Hankel singular values for this system are y; =1.1794, y, =6.3736, and
y3 =560.4212.

4.7 Three Ways to Compute Hankel
Singular Values

Based on the above analysis one can see that there are three ways to obtain Hankel
singular values for flexible structures in modal coordinates.

1. From the algorithm in Section 4.2. This algorithm gives the exact Hankel
singular values. However, for large structures it could be time-consuming. Also,
the relationship between the Hankel singular value and the natural mode it
represents is not an obvious one: this requires one to examine the system matrix
A in order to find the natural frequency related to the Hankel singular value in
question.

2. From (4.43) and (4.44). This is an approximate value, and its determination can
be time-consuming for large structures. However, there is a straightforward
relationship between the Hankel singular values and natural frequencies (the
Hankel singular value from (4.44) is found for the ith frequency).

3. From (4.46) or (4.59). This is an approximate value, but is determined fast,
regardless of the size of the structure. Also, it is immediately known what mode
it is associated with, and its closed-form allows for the parametric analysis and
physical interpretation.

4.8 Controllability and Observability of the
Discrete-Time Structural Model

Consider now a structure in modal coordinates. Similar to the continuous-time
grammians the discrete-time grammians in modal coordinates are diagonally
dominant,

W, =diagW., Wers.... W),
(4.79)
W, =diag(W,;, W,,,...., W,,,),

where W_, and W,; are 2x2 blocks, such that W, =w_I, and W ; =w,I,, see
[98], where
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2

B . - . — )
Ci:H nilly 201~ cos(@,Ar) _ . 2Alzcos(@An) (4.80)

Ao, WAt oF At

and
2
C..

_H mle 1 w 1 (4.81)

w.. = =w.
o1 4§lwl At o1 cont At

In the above equations B,,; is the ith block of B,, in modal coordinates, and C,,; is

the ith block of C,, in modal coordinates, where C,, =[C Q' ], see (2.42)

mq my
for Z=0. In the latter equation Q is the diagonal matrix of natural frequencies, C,,
is the matrix of displacement measurements, and C,, is the matrix of rate
measurements. Also Ww,; .., and w, denote the continuous-time controllability

and observability grammians, respectively, cf. (4.45).

i cont

Note that the discrete-time controllability grammian deviates from the

2(1—cos(m;At)

continuous-time controllability grammian by factor , while the discrete-

i

time observability grammian deviates from the continuous-time observability
grammian by factor 1/Az. Note also that the discrete-time grammians do not
converge to the continuous-time grammians, but satisfy the following conditions:

. W,
lim 4= VVci cont
At—0 At At—0

and lim WAt =W,

oi cont >

which is consistent with the Moore result; see [109] and Subsection 4.1.3 of this
chapter.

The Hankel singular values are the square roots of the eigenvalues of the
grammian products, r=a"2 (W.Ww,). The approximate values of the Hankel
singular values can be obtained from the approximate values of the grammians,

I HBmiH2 HCmiHQ 2(1 - cos(w;At))
T Ao, wobht

13

(4.82)

Wei

Note that the discrete-time Hankel singular values differ from the continuous-time
values by a coefficient £;,

Vi =k Viconts (4.83)
where



Controllability and Observability 93
\2(1—cosw;At)
k=" (4.84)
w; At

The plot of k;(w;At) is shown in Fig. 4.5; this shows that for small sampling time,
discrete- and continuous-time Hankel singular values are almost identical.

1.1

0'6 Il 1 Il
0 0.5 1 1.5

w; At

N
N
2]
w

Figure 4.5. Plot of k; versus @;At: For fast sampling (i.e., small Az) the &; value is 1.

Note that if the sampling rate is high enough (or the sampling time small
enough), the discrete-time Hankel singular values are very close to the continuous-
time Hankel singular values. For example, if w;Af<0.6 the difference is less than
3%, if @;At<0.5 the difference is less than 2%, and if @;Af <0.35 the difference is
less than 1%. Note also that for a given sampling time the discrete-time Hankel
singular values, corresponding to the lowest natural frequencies, are closer to the
continuous-time Hankel singular values than the Hankel singular values
corresponding to the higher natural frequencies.

Example 4.8. Consider the discrete-time simple system as in Example 2.9. For this
system k =k,=k3=3, k4=0, and m =m,=my=1, while damping is
proportional to the stiffness matrix, D =0.01K. Determine its Hankel singular values
for sampling time A7 =0.7s, and for Ar=0.02s, and compare with the continuous-
time Hankel singular values.

The Hankel singular values for the continuous- and discrete-time structures with
sampling times Ar=0.7 s and Af=0.02s are given in Table 4.1.
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Table 4.1. Hankel singular values.

Continuous time Discrete time Discrete time
At=0.7 s At=0.02 s
Mode 1 20.342 20.138 20.342
20.340 20.009 20.340
Mode 2 4.677 4.324 4.677
4.671 4.225 4.670
Mode 3 0.991 0.848 0.991
0.986 0.785 0.986

The table shows that for the sampling time Af=0.7 s the discrete-time Hankel
singular values are smaller than the continuous-time values, especially for the third
mode. In order to explain this, note that the natural frequencies are
w, =0.771 rad/s, @, =2.160 rad/s, and w; =3.121 rad/s. The sampling time must
satisfy condition (3.52) for each mode. For the first mode 7/w, =4.075, for the
second mode 7/w, =1.454, and for the third mode 7/w; =1.007. The sampling
time satisfies the condition (3.52). However, for this sampling time, one obtains
oAt =0.540, @,At=1.512, and w;At=2.185. It is shown in Fig. 4.5 that the

discrete-time reduction of the Hankel singular values with respect to continuous-
time Hankel singular values is significant, especially for the third mode.

This is changed for the sampling time Ar=0.02s. In this case one obtains
@At =0.015, @w,Af=0.043, and w;Af=0.062. One can see from Fig. 4.5 that for
these values of w;Ar the discrete-time Hankel singular values are almost equal to the
continuous-time Hankel singular values.

Next, we verify the accuracy of the approximate relationship (4.83) between
discrete- and continuous-time Hankel singular values. The accuracy is expressed
with the coefficient k;, (4.84). The Hankel singular values were computed for
different sampling times, and compared with the continuous-time Hankel singular
values. Their ratio determines the coefficient ;. The plot of k; obtained for all three
modes and the plot of the approximate coefficient from (4.84) are shown in Fig. 4.6.
The plot shows that the approximate curve and the actual curves are close, except for
w;At very close to 7.

4.9 Time-Limited Grammians

The steady-state grammians, defined over unlimited time integrals, are determined
from the Lyapunov equations (4.5). The grammians over a finite-time interval
T =[t, t,] (where 0<¢ <t, <oo) are defined by (4.3), and can be obtained from

the matrix differential equations (4.4). In many cases these equations cannot be
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conveniently solved, and the properties of their solutions are not readily visible.
However, using the definitions from (4.3) we will derive the closed-form grammians
over the finite interval 7. Assume that a system is excited and its response measured
within the time interval T =[f, t,]. The grammians over this interval are defined as

follows:
1 |
approximate
0.8
- 06
X<
04 [
L i
0.2 i
!
09 1 2 3

w, At

Figure 4.6. The exact and approximate coefficients (k) coincide except for w;Ar very close
to 7z, which corresponds to the Nyquist frequency.

5 T T

W.A(T)= L exp(Ar)BB" exp(A” 7)dr,
: (4.85)
2}

W, (T)= L exp(477)CT Cexp(Ar)dr.

1
For a stable matrix 4 these grammians are positive-definite.

First, we express the controllability and observability grammians over the
interval (0, £) through the infinite-time controllability grammian .

Property 4.9(a). Grammians in Time Interval (0, t). The controllability
grammian W_.(0,t) over the interval (0, t), and the observability grammian W, (0,t)
over the interval (0, t), are obtained from the infinite-time controllability grammians
W, and W, as follows:

W.(0,0) =W, =SOW.S" (1),
(4.86)
W,(0,0)=W, = ST (W,S(),

where
S@t)=e. (4.87)
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Proof. The controllability grammian W, =W, (0,),

W, = I:eATBBTeATT dr
can be decomposed for ¢ < as follows:

W, = j;eATBBTeATf dr+ [“e* BB dr.
In the second integral, the variable 7is replaced with 8 =7 —¢, yielding
ItweArBBTeATr dr = J‘OOOeA(HH)BBTeAT(HH) 46

= J.: BB A0 gg 'l = eAtWCeATt;

therefore, combining the two latter equations one obtains
W, =W,(0,t)+e W,

which, in turn, gives (4.86). The observability grammian is derived similarly. =]

Note that equations (4.86) are the solutions of the Lyapunov differential
equations (4.4). Indeed, from the first equation of (4.86) it follows that

W,(0,t)=-SW,S" —sw,S". Note also that S§=4(e™)=de™ =4S; thus,

WC 0,£) =—ASW_S r_s w.S T4T. Introducing the latter result and the first equation
of (4.86) to (4.4) we obtain

—ASW.ST —sw.ST A" = aw, — AW, ST +w, 4" —sw. ST A" + BB"
or, after simplification,
0=aw,” +w, 4" + BB,

which is, of course, a steady-state Lyapunov equation, fulfilled for stable systems.
Similarly, we can show that the observability grammian from (4.86) satisfies the
second equation of (4.4).

Denote the time interval 7'=[t,, ] where ¢, >1,.
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Property 4.9(b). Grammians in Time Interval (t,, t). For t,>0 the
following holds:

WAT) =SS (1,) =St WS (8) =W, (1,) =W, (1),
(4.88)
W,(T) = ST (t,)W,S(t,) =S (t W, S(t 1) =W, (1,) =W, (t ),

where

w.(t)=SOW.S" (1),
(4.89)
w,(t)=S"(OW,S(t).

Proof. To prove the first part we begin with the definition
W.(T)= [ e BB " d
(=] ¢ e T,
and the introduction of the new variable & =7 —¢,, obtaining
t,—t, T
W.(T)= jo/ *A07,) pRT o4 (071,) g
t.—t T T T
I J‘Of * 0BT A0 g oAl = o Wc(t_f‘ —to)eA t, ,
which proves (4.88). The second part we prove by introducing (4.86) into (4.88),
W,(T)= e (W, — 7 pr o Uil oAty oA _ My oM W

c

The time-limited grammians in modal coordinates have a simpler form, since the
controllability grammian in modal coordinates is diagonally dominant and the
matrix 4 is block-diagonal. The grammian block that corresponds to the ith mode
has the form w,;(#,,¢,)/,, and the matrix 4 block is

{_ D 2] }
-, G|
Introducing it into (4.88) we obtain

Wy (T) = we 260k (1— g 2y, (4.90)

For the most practical case of 7, =0 we find
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W, (0,0) = w, (1—e 20, (4.91)
The latter equations show that for a stable system the modal grammians of limited
time are positive definite, and that they grow exponentially, with the time constant
T, =1/2¢0; .
The observability grammian in modal coordinates for structures is diagonally

dominant, and the matrix A4 is block-diagonal. The grammian block that corresponds

to the ith mode has the form w,,(¢,.7,)I, . Similar to the controllability grammian

we get
Wy (T) = wye 260 (1 — g 200y, (4.92)
For the most practical case of #, =0 we obtain
w,; (0,1) = w,, (1—e 25", (4.93)

The latter equations show that for a stable system the modal grammians of limited
time are positive definite, and that they grow exponentially, with the time constant
T, =1/2¢0; .

Define the Hankel singular values over the interval 7'=(¢,,,) as follows:

1i(T)= 24" (W (D)W, (D). (4.94)
Introducing (4.90) and (4.92) to (4.94) we obtain
Y (T) = e 2600 (1 — g 251y (4.95)
or
7,0.0) = y;(1—e 2", (4.96)
Example 4.9. Analyze a simple system with k=10, k=50, k=50, ks=10,
my=m,=m3=1, with proportional damping matrix, D=0.005K+0.1M. The input is

applied to the third mass and the output is the velocity of this mass. Calculate the
time limited Hankel singular values for 7' =[0, ¢], and for # is varying from 0 to 25 s

using the exact equations (4.88), (4.94), and the approximate equation (4.96).

The plots of the Hankel singular values for the system three modes are shown in
Fig. 4.7. The plots show close approximation for the first two modes, and not-so-
close for the third mode and for a short time span (¢ <1 s).
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Figure 4.7. Hankel singular values versus time for the system modes: Exact (solid line) and
approximate (dashed line).

4.10 Frequency-Limited Grammians

In this section we interpret the controllability and observability grammians in
frequency domain. In order to do this, note that from the Parseval theorem the time
integrals (4.3), for the time span (0, o), can be substituted with the following
integrals in the frequency domain:

W, = [ HO)BB H' (v)dv,
21” - (4.97)
W, =— j H )T CH(v)dv,
2 d-o
where
H(v)=(jvi-4)" (4.98)

is the Fourier transform of ¢’ and H™ isa complex-conjugate transpose of H.

The above grammians are defined over the entire frequency range. The frequency
band (-, ) can be narrowed to (—®, @) where @ <o by defining the

grammians in the latter band as
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W (0)=—— [ Hw)BBTH (v)av.

2r J-o

. (4.99)
W, () =— j H V)CTCH(v)dv.

2 J-o

We show the following property:

Property 4.10(a). Grammians in Frequency Interval (0, w) are obtained
from the following equations:

W) =W,S (@) +S(@)W,,
(4.100)
W,(@)=S" (@)W, +W,S(®),

where
S(w) = iln((H*‘)*H) - im((A + jwl)(A - jwl)’l) (4.101)
2z 2
and W, is the controllability grammian obtained from the Lyapunov equation (4.5).

Proof. Note first that
AW, +W AT =—H™'W, -w,(H™')". (4.102)

This can be shown by replacing A4 with H™' as in (4.98). Next, introduce
BB" =—aw, -, A" to (4.99), obtaining

W (@)= [* H)BB H (v)dv= b [ B AW, + W AT H () av.
27w Yo 2 Y-
Introducing (4.102) to the above equation we obtain
1 (] -1 —1\* *
W.(w)=— j H(v)(H W, +W.(H " (v))H v)dv
2z J-o
1 @ %
- I_w<WCH W)+ HW)W, )dv
l @ * 1 @ *
=W, — j H* ()dv +— j HW)dv W, =W.S" () + S(@)W,,
2r J-o 27w Y-

since S(w) in (4.101) is obtained as
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1 ®
S(w)=— j H(v)dv. (4.103)
2r J-o
The observability grammian is determined similarly. =]

Define the frequency band Q =[w;, ,], such that oo > @, >®, 20. It is easy to
see that the grammians for the band Q are obtained as

W.(Q) =W (,) W (),
(4.104)
W,(Q)=W,(@,) - W,(a).

For this band the following property holds:

Property 4.11(a). Grammians in Frequency Interval (@1, @) are obtained
from the following equations:

W(Q) =S (Q)+SQW,,

. (4.105)
W,(Q) = 5" (QW, + ,5(Q),
where
S(Q)=S(w,)—S(e)). (4.106)
Proof. Introduce (4.100) to (4.104) to obtain (4.105). =]
Next, we show the following property:
Property 4.12. Matrices A and S(@w) Commute.
AS(w) =S(w)A. (4.107)
Proof. Note first that
AH ()= H(w)A, (4.108)

which we prove through the simple manipulations

AH(0) = A(joI - A" =[(jol - HA™' " =[(jod™" - D]
=[A7 oI - A" =(jwl - 4) ' 4= H(w)A.

Equation (4.107) follows directly from (4.108) and the definition (4.103) of S(w). =
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Using the above property we derive an alternative formulation for the frequency-
limited grammians.

Property 4.10(b). Grammians in Frequency Interval (0, @) are determined
from the following equations:

AW (@) + W (@0)4" +0.(0) =0,

(4.109)
AW, () + W, (@)4+Q, () =0,
where
0.(w)=S(w)BB" + BBTS" (w),
(4.110)
0,(w)=8"(w)CTC+CTCS(w).
Proof. Use (4.100) and apply the commutative Property 4.12 to obtain
AW (@) + W (@) AT = AW, S" + ASW, +W, A" S" + sw_ 4T,
SW, AT + AW, )+ W, AT + AW,)S" =-SBBT —BB'S" =-0.(w),
i.e., the first of (4.109) is satisfied. The second (4.109) is proved similarly. =

Next we determine the grammians over the interval Q =[w;, ®,].

Property 4.11(b). Grammians in Frequency Interval Q=(w, @,) are
obtained from the following equations:

AW (Q)+ W (4" +0.(Q) =0,

4.111)
ATW,(Q)+ W, (Q)4+Q,(Q) =0,
where
Qc (Q) = Qc ((02) - Qc (6()1),
(4.112)
0,(Q) =0, (0,) = O, ().
Proof. Directly from (4.104) and (4.111). (=]

Example 4.10. Analyze a simple system as in Example 4.9, and obtain the
frequency-limited grammians for Q =[0,®], where @ is varying from 0 to 20 rad/s.



Controllability and Observability 103

We obtain the grammians in modal coordinates from (4.111), and their plots for
the three modes are shown in Fig. 4.8. The plots show that for o> w;, i=1,2,3,

(w; is the ith natural frequency, @, =2.55rad/s, @, =7.74 rad/s, and w; =12.38
rad/s), the grammians achieve constant value.

1.4
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Figure 4.8. Hankel singular values versus frequency for the system modes.

4.11 Time- and Frequency-Limited Grammians

The time- and frequency-limited grammians characterize a system in a limited-time
interval and in a limited-frequency window. They are obtained from the full time
grammians using time and frequency transformation or vice versa. The results are
identical in both cases, since the time and frequency transformations commute, as
will be shown below.

Consider the controllability grammian in the finite-time interval, defined in
(4.80). From the Parseval theorem, the grammian (4.97) in the infinite-time interval
T=1[0, «) is equal to the grammian (4.97) in the infinite-frequency domain
o € (-0, ). Assume now that H(v) in (4.97) is measured within the finite-time
interval and for ve[-w, w)so that W, and W, are determined from (4.100).

Introducing (4.100) to (4.89) yields

W, (t,0)=S{t)W,(@)S" (t),
(4.113)

W, (t,w)=S" ()W, (0)S(t),

where S(f) is given by (4.87) and W, (@), W,(w) by (4.100).
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Consider now the grammians in frequency domain as in (4.100) and apply the
Parseval theorem in time domain to obtain

W, (t,0)=W,()S" (@) + S(@)W,(2),
(4.114)
W, (t,0) =W, (t)S(w)+ S ()W, (1),

where S(w) is given by (4.103) and S” is the complex conjugate transposition of S.

We will show that grammians obtained from (4.113) and (4.114) are identical.
Notice first from (4.87) and (4.103) that S(¥) and S(®) commute, i.e., that

S()S(w)=S(w)S({).
Next, using the above property, from (4.100) and (4.114) we obtain

W,(t,0) = SOW.S" ()" (@) + S(@)SOW,S" (1),
W, (t,0)= ST (OW,S1)S(w)+ S (0)ST (OW,S(1).

Introducing (4.89) to the above equations we prove the equality of (4.113) and
(4.114).

As a consequence of the commuting property, the grammians over the finite-time

interval T and finite-frequency interval Q (T =[#,5,], t, >4, 20, Q=[w;,»,], and
@, > @, 20)) are determined from

W(T,Q)=W(T,0,)=W.(T,) =W_(t;,Q2) = W_(t,,€2),

(4.115)
W (T,)=W,(T,,)-W,(T,w,)=W,(t,,Q)—W,(t,,02),
where
W, (T, 0)=W.(t,w0)-W,(t,,o),
(4.116)
VVC(Z,Q) :VVC(I,C()2)—WC(ZL,CU]),
and
VVo(T’a)): Wo(tha))_VVo(tzsa)):
(4.117)

Wo(t’Q): Wo(tawZ)_Wo(taa)l)y

where
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W, (t,0) = S(OW,(@)ST (1) = W.(1)S" (@) + S(@)W, (1), @.118)
W, (t,0) = ST (W, (@)S() =W, ()S(@) + S (@)W, (1). |

The Matlab program that computes the time-limited grammians, frequency-limited
grammians, and time- and frequency-limited grammians is given in Appendix A.7.

Example 4.11. The Matlab code for this example is in Appendix B. Analyze a
simple system as in Example 4.9, and obtain the time- and frequency-limited
grammians for the time segment 7 =[0,¢], where ¢ is varying from 0 to 25 s and for

the band Q =[0,®], where w is varying from 0 to 20 rad/s.

The grammians in modal coordinates are obtained from (4.115), and their plots
for the three modes are shown in Figs. 4.9(a),(b),(c). The plots show that grammians
grow exponentially with time and that for o >w®;, i=1,2,3 (@, is the ith natural
frequency, @, =2.55rad/s, w, =7.74 rad/s, and w; =12.38 rad/s) the grammians
achieve constant value.

cfo grammian, mode 1

Figure 4.9. Hankel singular values versus time and frequency for (a) first mode.
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Figure 4.9. Hankel singular values versus time and frequency for (b) second mode; and
(c) third mode.
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4.12 Discrete-Time Grammians in Limited-Time
and -Frequency Range

The above time- and frequency-limited grammians were determined for the
continuous time and frequencies. If the time or frequency range is discrete, the
grammians are determined differently.

Let the discrete-time state-space representation be (4, B,C), and let the sampling
time be Af. We obtain from (4.11) the discrete-time controllability grammian
W, (k) over the time interval [0, kAf],

W.(ky=C,C/ (4.119)

where C; is the controllability matrix

ck=[3 AB - A’HB] (4.120)

Similarly we find the discrete-time observability grammian W, (k) for the time
interval [0, kAt],

w,(k)=0; 0y, (4.121)
where O, is the observability matrix,

C

cA
O =| . | (4.122)

CAk—l

For the discrete-time system (4,B,C) of sampling frequency Ar the Nyquist
frequency , (inrad/s)is given as

w0, =—. (4.123)

We determine the frequency-limited grammians, over the frequency interval
Q=[w,, »,] where », >®,, as follows; see [74]:

W(Q)=W,S"(Q)+S(QW,,
(4.124)
W,(Q)=W,S(Q)+S (QW,,
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where
S(Q)=S(w,)—S(@) (4.125)

and

S(w) = _l(ml +2 In(e/™ [ - A)]. (4.126)
2\ @

n

It is not difficult to check that for @, =0 and @, =w, one obtains
S(Q)=S([0, »,]) = %1, which gives W_(Q)=W, and W, (Q)=W,.

Example 4.12. Consider a discrete-time simple system from Fig. 1.1 with sampling
time Af=0.01s, with masses m; =m, =m; =1, stiffnesses k; =k, =k; =3, ky =0,
and a damping matrix proportional to the stiffness matrix, D=0.001K or
d; =0.01k;, i =1, 2, 3, 4. There is a single input force at mass 3 and velocity of

mass 1 is the output. Find the Hankel singular values for the frequency ranges
[0, @], where @ varies from O to 4 rad/s.

The system natural frequencies are @; =0.77 rad/s, @, =2.16, and w; =3.12,
and its Hankel singular values (for the infinite-frequency range) are y; =203.40,
7, =46.69, and y; =9.95. The Hankel singular values for the frequency ranges
Q=[0,w] for e[0,4] rad/s were calculated using (4.124), and are plotted in

Fig. 4.10. It is interesting to notice that each Hankel singular value reaches its
maximal value (equal to the Hankel singular value of the infinite-frequency range)
for a frequency range that includes the corresponding natural frequency.

- - -
o o o
| o N
N

=)
N

Hankel singular value
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@ (rad/s)—upper value of the frequency range

Figure 4.10. Hankel singular values versus frequency range [0, @] rad/s of a discrete-time

system: If frequency range includes the natural frequency the corresponding Hankel singular
value reaches its maximum.
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Norms

Q{) how to quantify structural dynamics

Measure what is measurable,
and make measurable what is not so.
—Galileo Galilei

System norms serve as a measure of intensity of its response to standard excitations,
such as unit impulse, or white noise of unit standard deviation. The standardized
response allows comparing different systems. Three system norms, H,, H., and
Hankel are used in this book. We show that for flexible structures the H, norm has
an additive property: it is a root-mean-square (rms) sum of the norms of individual
modes. We also show that the H, and Hankel norms are determined from the
corresponding modal norms, by selecting the largest one. All three norms of a mode
with multiple inputs (or outputs) can be decomposed into the rms sum of norms of a
mode with a single input (or output). Later in this book these two properties allow
for the development of unique and efficient model reduction methods and
actuator/sensor placement procedures.

5.1 Norms of the Continuous-Time Systems

Three system norms, H,, H.,, and Hankel are analyzed in this book. Their properties
are derived and specified for structural applications.

5.1.1 The H, Norm

Let (4, B, C) be a system state-space representation of a linear system, and let
Gw)=C(jol —A)_IB be its transfer function. The H, norm of the system is
defined as
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G = i fw tr(G™ (0)G(w)) dw. (5.1)

Note that tr(G"(w)G(w)) is the sum of the squared magnitudes of all of the
elements of G(®), ie, (G (@)G(@)=Y., [gu(jo)]’. Thus, it can be
interpreted as an average gain of the system, performed over all the elements of the

matrix transfer function and over all frequencies.

Since the transfer function G(w) is the Fourier transform of the system impulse
response g(t), from the Parseval theorem the above definition can be written as an
average of the impulse response

ol =le @) = ["w(e" ) (52)

Again, tr( gT(t)g(t)) is the sum of squared magnitudes of impulse responses, that is,
tr(g” (1)g(1)) = Z ol g,%, (). Thus, it can be interpreted as an average impulse
response of the system.

A system rms response to the white noise input is the third interpretation of the
H, norm. Let u be a stationary random input with spectral density S,(@). A system

response y is a stationary random process. Its spectral density S, (@) is obtained

from the following equation, see, for example, [102],
8,(©)=G(jo)S, (@)G" (jo).

For the unit variance white noise input we have S,(w)=1; therefore, the output

spectrum is S, (@) = G( ja))G* (jw) . The rms system response O'; we obtain as an

average of the output spectra
2 1 © _ 1 © . E
or=5- IO (S, (@)dw=—— jo tr(G(jo)G (jw))dw

2
27

1o
—— jo tr(G" (jo)G(jw))dw=|G

showing equivalence of the H, norm and the rms system response to the white noise
excitation.

A convenient way to determine the H, norm is to use the following formula:

I, =\/tr(CTCWc) =\/tr(BBTW0), (5.3)
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where W, and W, are the controllability and observability grammians.

5.1.2 The H, Norm

The H,, norm is defined as

|G|, = sup o, (5.4)
 ueo [u(@)],
or, alternatively, as
1G], = max Omax (G(@)), (5.5)

where o, (G(®)) is the largest singular value of G(w). The peak of the transfer

function magnitude is the H, norm of a single-input—single-output system
|G|, = max,,|G(@)|.

This norm is particularly applicable to the system analysis and controller design
since it is an induced norm, i.e., it can provide the bounds of the system output
errors. Namely, let u and y be the system input and output, respectively, and G its
transfer function, then from (5.4) we obtain

¥, =[S, Jul,- (5:6)

We can see from the above inequality and (5.5) that HGHOO is the worst-case gain for

sinusoidal inputs at any frequency, i.e., that it gives the bound of the output error.

There exists no general relationship between the H, and H,, norms (for flexible
structures we derive this relationship later in this chapter). However, we would like
to emphasize the difference between these two norms, see [129, p. 154]. In
minimizing the H, norm one decreases the transfer function in average direction and
average frequency (minimizes the sum of square of all singular values over all
frequencies). In minimizing the H,, norm one decreases the transfer function in the
worst direction and worst frequency (minimizes the largest singular value).

The H., norm can be computed as a maximal value of p such that the solution S
of the following algebraic Riccati equation is positive definite:

ATS+84+ p2SBBTS+CTC=0. (5.7)

This is an iterative procedure where one starts with a large value of p and reduces it
until negative eigenvalues of S appear.
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5.1.3 The Hankel Norm

The Hankel norm of a system is a measure of the effect of its past input on its future
output, or the amount of energy stored in and, subsequently, retrieved from the
system [12, p. 103]. It is defined as

Iy, N {u(t) =0 for >0, 5.9)

I, = sop Juto)] WH)=0 for £<0.

Comparing the definitions (5.4) of the H,, norm and (5.8) of the Hankel norm we see
that the H,, norm is defined as the largest output for all possible inputs contained in
the unit ball, while the Hankel norm is defined the largest future output for all the
past inputs from the unit ball. From these definitions it follows that the Hankel norm
never exceeds the H,, norm (since the set of outputs used to evaluate the Hankel
norm is a subset of outputs used to evaluate the H,, norm); thus,

5], <[S]..- (59

The Hankel norm can be determined from the controllability and observability
grammians as follows:

1G], =\ Amax WH,), (5.10)

where A, () denotes the largest eigenvalue, and W,, W, are the controllability

and observability grammians, respectively. Thus, it follows from the definition of
the Hankel singular value (4.8) that the Hankel norm of the system is the largest
Hankel singular value of the system, .«

HGHh (5.11)

= Vmax -

Additionally, the Hankel and H,, norms are related to the Hankel singular values
as follows; see [129, p. 156]:

N N
HGHh = 7 max SZZ}/I-.HGH}! = 7 max < 2271" (512)
i=l i=l1

This estimation is rather rough since it says that y,, <2y,... However, for
structures, more precise estimation can be obtained, as shown later in this chapter.
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5.2 Norms of the Discrete-Time Systems

In this section we present the H,, H,., and Hankel norms for the discrete-time
systems, and compare them with the norms of the continuous-time systems.

5.2.1 The H; Norm

The discrete-time H, norm is defined as an rms sum of integrals of the magnitudes of
its transfer function, or as an rms sum of the impulse response

1/2 o 1/2
Gdzz(l Iohtr(G;(e.fe)Gd(e.fﬂ)deJ :[Zgg(im)] . (5.13)

2 i=0

In the above equation & = wAt, and g, (iAt) is the impulse response of the discrete-
time system at ¢ =iAt.

Similarly to the continuous-time case we calculate the H, norm using the
discrete-time grammians W, and W, ,

|G,[ = tr(CTCW,p) = (B, BIW, ). (5.14)

A relationship between the discrete- and continuous-time H, norms is derived by
introducing the relationships between discrete- and continuous-time grammians, as
in (4.19) and (4.21) to the above equation. In this way one obtains

HGH2 = (5.15)

1
ﬁHGde-

As we shall see, unlike the Hankel and H., norm cases, the discrete-time H, norm
does not converge to the continuous-time H, norm when the sampling time
approaches zero. This can be explained by the system impulse responses. The
continuous-time H, norm is obtained from the continuous-time unit impulse
response

61 = [&* @z,
0
which can be approximated as

IG2 =Y g ianar. (5.16)
i=0
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The value of the applied impulse was 1. Note, however, that for the discrete-time
system the impulse response is evaluated for the impulse value At¢. Indeed, for the
discrete-time system the impulse amplitude was 1 and its duration was Af. Thus the
impulse value in this case, as a product of its amplitude and duration, is A¢. For this
reason the relationship between the impulse responses of the continuous-time system
and the equivalent discrete-time system is

g(iAf) = %’f’).

Introducing the latter equation to (5.16) we obtain

2
2

2 1l 5. 1
&l = E;gﬁ (ian) =G,
which is identical with (5.15).

5.2.2 The H, Norm

The H,, norm of the discrete-time system is defined as (see [15]),
HGd H = Max G,y (Gd (eijl))- (5.17)
© oAt

Since for a small enough sampling time the discrete-time transfer function is
approximately equal to the continuous-time transfer function, see [15],

Gy (") = G(jw);
therefore, the discrete-time H,, norm is equal to the continuous-time H, norm

[Gall.. = jim 6], (5.18)

for the sampling time approaching zero.

5.2.3 The Hankel Norm
The Hankel norm of a discrete-time system is its largest Hankel singular value

HGd =max ;. (5.19)

s
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where subscript d denotes a discrete-time system. In Chapter 4 we showed that the
discrete-time Hankel singular values converge to the continuous-time Hankel
singular values, see (4.23); therefore, the discrete-time Hankel norms converge to
the continuous-time Hankel norms when the sampling time approaches zero,

61, = im G,

[ A (5.20)

(absence of subscript “d”” denotes a continuous-time system).

5.3 Norms of a Single Mode

For structures in the modal representation, each mode is independent, thus the norms
of a single mode are independent as well (they depend on the mode properties, but
not on other modes).

5.3.1 The H; Norm

Define Aw; as a half-power frequency at the ith resonance, Aw; =2, , see [18],

[33]. This variable is a frequency segment at the ith resonance for which the value of
the power spectrum is one-half of its maximal value. The determination of the half-
power frequency is illustrated in Fig. 5.1. The half-power frequency is the width of
the shaded area in this figure, obtained as a cross section of the resonance peak at the

height of 4,/ V2 , where #; is the height of the resonance peak.

Consider the ith natural mode and its state-space representation (4,,;,8,,,C,;)

see (2.52). For this representation we obtain the following closed-form expression
for the H, norm:

Property 5.1. H; Norm of a Mode. Let G,()=C,,(jol —4,,) ' B,,; be the
transfer function of the ith mode. The H, norm of the ith mode is

B .l lc . B .l lc..
Bablul,_Bablonl g

l5il, = N N

Proof.  From the definition of the H, norm and (4.45) we obtain

1G], 2N (CriCrite) = (B, i)/ 2. =
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We determine the norm of the second-order modal representation (@;,¢;,b;,¢;
by replacing B,,;, C,,; with b,, c;, respectively. Note also that HGi Hz is the modal cost

of Skelton [124], Skelton and Hughes [126]. The Matlab function norm_H2.m in
Appendix A.9 can be used to compute modal H, norms.

T T
mode 1 mode 2 HG2H001 4
G 2 _
T el
.‘é‘
(o)} |
g Aw,
0 I |
0 1 2 3 4

frequency, rad/s

Figure 5.1. The determination of the half-power frequency, H, norm and H., norm for the
second mode.

Example 5.1. In this example we illustrate the determination of the H, norm for a
simple system as in Fig. 1.1. For this system, the masses are m; =11, m, =5, and

my =10, while the stiffness coefficients are k; =10, k, =50, k3 =55, and k4 =10.
The damping matrix is proportional to the stiffness matrix D = 0.01K. The single
input « is applied simultaneously to the three masses, such that f, =u, f, =2u,
Jf3=—5u, and the output is a linear combination of the mass displacements,

¥ =2q,—2q, +3q;, where g; is the displacement of the ith mass and f; is the force
applied to that mass.

The transfer function of the system and of each mode is shown in Fig. 5.2. We
can see that each mode is dominant in the neighborhood of the mode natural
frequency, thus the system transfer function coincides with the mode transfer
function near this frequency. The shaded area shown in Fig. 5.3(a) is the H, norm of
the mode. Note that this area is shown in the logarithmic scale for visualization
purposes and that most of the actual area is included in the neighborhood of the
peak; compare with the same plot in Fig. 5.1 in the linear coordinates. The system
H, norm is shown as the shaded area in Fig. 5.3(b), which is approximately a sum of
areas of each of the modes.

The H, norms of the modes determined from the transfer function are
|Gl =1.9399. |G, [, =03152, |G|,

|G|, =2.0141. 1t is easy to check that these norms satisfy (5.25) since

=0.4405, and the system norm is

J2.01412 +0.3152% +0.4405% =2.0141.
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magnitude
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frequency, rad/s
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2

Figure 5.2. The transfer function of the structure (solid line) and of each mode: Mode 1
(dashed line), mode 2 (dash—dotted line), and mode 3 (dotted line).

5.3.2 The H, Norm

The H,, norm of a natural mode can be expressed approximately in the closed-form
as follows:

Property 5.2. H, Norm of a Mode. Consider the ith mode (4,,,B,,,C,;) or

(@;,8;,b,i5Cpi ) - 1ts Ho, norm is estimated as

b

il e

min HCmin _ H

HB min
= . 22
H le 28,0, 2¢,w; 422

Proof. In order to prove this, note that the largest amplitude of the mode is
approximately at the ith natural frequency; thus,

max(CmiBmi) — HBmin HC"’iH2 .
280, 280,

HGiHOO = Omax (Gi(a)i )) = g
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The modal H, norms can be calculated using the Matlab function norm_Hinf-m
given in Appendix A.10.
2

10 .
3 61~ “
B 0
S 10° [ 4
=
©
E
c
g 1072 i
107" 102
frequency, rad/s
[0]
5
B
E |
5
s
©
E
=
(@) |
£
10°

frequency, rad/s

Figure 5.3. H, and H,, norms (a) of the second mode; and (b) of the system.

Example 5.2. In this example we illustrate the determination of the H,, norm of a
simple structure, as in Example 5.1, and of its modes.

The H,, norm of the second mode is shown in Fig. 5.3(a) as the height of the
second resonance peak. The H,, norm of the system is shown in Fig. 5.3(b) as the
height of the highest (first in this case) resonance peak. The H,, norms of the modes,
determined from the transfer function, are |G| =18.9229, |G,| =1.7454,

|G|, =1.2176, and the system norm is |G| =Gy, =18.9619.

5.3.3 The Hankel Norm

This norm is approximately evaluated from the following closed-form formula:

Property 5.3. Hankel Norm of a Mode. Consider the ith mode in the state-
space  form  (A,;,B,;,Cyi), or the corresponding second-order form

(@;,8;,b,i»Cpi ) - Its Hankel norm is determined from



Norms 119

Bl [

b
I, =7 = |

min HC

l il . (5.23)
4G, 0, 4¢;0;

The modal Hankel norms can be calculated using the Matlab function
norm_Hankel.m given in Appendix A.11.
5.3.4 Norm Comparison

Comparing (5.21), (5.22), and (5.23) we obtain the approximate relationships
between H,, H,,, and Hankel norms

|G, =26, = Vi |G- (524)

The above relationship is illustrated in Fig. 5.4, using (5.21), (5.22), and (5.23),
assuming the same actuator and sensor locations.

10°

10' [

10° |

modal norm

107 |

1072 |

107° I . . .
107 107 107 10° 10 10°
¢, , radls

Figure 5.4. Modal norms versus ¢;®;.

Example 5.3. The Matlab code for this example is in Appendix B. Consider a
truss presented in Fig. 1.2. Vertical control forces are applied at nodes 9 and 10, and
the output rates are measured in the horizontal direction at nodes 4 and 5. Determine
the H, and H,, norms for each mode.

The norms are given in Fig. 5.5(a). From (5.24) it follows that the ratio of the H,
and H,, norms is
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|Gl

HG H =\ w; =0.707,/Aw;;

hence, the relationship between the H,, and H, norms depends on the width of the
resonance. For a wide resonant peak (large Aw;) the H, norm of the ith mode is

larger than the corresponding H, norm. For a narrow resonant peak (small Aw; ) the

H.,, norm of the ith mode is larger than the corresponding H, norm. This is visible in
Fig. 5.5(a), where neither norm is dominant.

(a)
0| O |
w 10 .
£
5] ®
c ° . .
T 1072 : O . e %o . *
- v ] o o) © oo o, o |
5 o .00 ©
8
T O
O
10_4 1 1 1 1 1 1 1
0 500 1000 1500 2000 2500 3000 3500 4000
natural frequency, rad/s
0
10 —® T T
8 (b)
c—g O]
5107 ® ]
3 @ o
2 © e 0o s 6, .
(2]
o) °
R~ 417 3 B
(I% 10 O o
1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16

mode number

Figure 5.5. The 2D truss: (a) H, (O) and H,, (e) approximate norms; and (b) the exact (O)
and the approximate (o) Hankel singular values.

Next, we obtained the exact Hankel singular values, and the approximate values
from (5.10) and (5.23), respectively, and they are shown in Fig. 5.5(b), where we
can see a good coincidence between the exact and approximate values.

5.4 Norms of a Structure

The H,, H,,, and Hankel norms of a structure are expressed in terms of the norms of
its modes. The decomposition of the system norms in terms of its modal norms
allows for the derivation of useful structural properties that are used in the dynamics
and control algorithms presented in this book.
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5.4.1 The H, Norm

For a structure the H, norm is obtained as follows:

Property 5.4. H2 Norm of a Structure. Let G(w)=C,,(jol —Am)‘le be the
transfer function of a structure, and let (4,,,B,,,C,) be its modal state-space
representation. The system H, norm is, approximately, the rms sum of the modal

norms
z 2
6], = ZHGi . (5.25)
i=1

where n is the number of modes, and G; =C,,;(jol — Ami)ilei-

Proof. Since the controllability grammian W, in modal coordinates is diagonally
dominant, its H, norm is as follows:

mi~mi'" ci

n n
|G = te(ChC, W) =D w(ChCule) =D |Gl - 0
i=1 i=1
This property is illustrated in Fig. 5.6(a).

5.4.2 The H, Norm

For a structure, the approximate H, norm is proportional to its largest Hankel
singular value ... The modal H, norms can be calculated using the Matlab

function norm_Hinf.m given in Appendix A.10.

Property 5.5. H,, Norm of a Structure. Due to the almost independence of the
modes, the system H,, norm is the largest of the mode norms, i.e.,

|G|, = max| G| i=1,..n (5.26)
1

0 °

This property is illustrated in Fig. 5.6(b), and it says that for a single-input—
single-output system the largest modal peak response determines the worst-case
response.

Example 5.4. Determine the H,, norm of a system and of a single almost-balanced
mode using the Ricccati equation (5.7).
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The norm is a smallest positive parameter p such that the solution S of this
equation is positive definite. Due to the almost-independence of the modes the
solution S of the Riccati equation is diagonally dominant, § = diag(s},s;,...,S,),
where, by inspection, one can find s; as a solution of the following equation:

(a) s(A,; + AL V+s*p B, Bl +CI.C =0, i=12,..n,

(a) (b)

|Gl |Gl

G| G
D e L —

|G, G
- - - -
n modes structure n modes structure

Figure 5.6. Combining modal norms into the norm of a structure for (a) H, norm; and for (b)
H.,, and Hankel norms.

and 4,, is given by (2.52), B,,; is a two-row block of B, corresponding to block
of 4,,, and C,,; is a two-column block of C,, corresponding to block 4,,; of

mi

A,,. For the almost-balanced mode the Lyapunov equations (4.5) are

T
Vi (Amz + Amz ) + Bmz mi O
7/1(Aml + AT )+ mszi =0.

Introducing them to (a) we obtain
i (A + AT )_sizp;27i(Anzi + Ari[) —Vi(Ay; + Aii) =0

mi

or, for a stable system,

with two solutions s(l) and s,»(z),

1- 21 .
s - pl=F) al ﬂz) 5@ :M’ and Bi=|1-
2y; 2y, Pi
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For p; =2y, one obtains sl-(l) =sl-(2) =2y; = p;. Moreover, p;, =2y, is the smallest
p; for which a positive solution s; exists. This is indicated in Fig. 5.7 by plots of

s (solid line) and s'® (dashed line) versus p; for 7, =0.25, 0.5, 1, 2, 3, and 4;

circles “0” denote locations for which |G| = pimax =27

In order to obtain S positive definite, all s; must be positive. Thus, the largest p;
from the set {p;, p,, -+ p,} is the smallest one for which S is positive definite,
which can easily be verified in Fig. 5.7. Thus,

HGHLX) = Hllax pi = 27/max .

20

16

14

12

10 |-

S,'(” and S,'(Z)

Figure 5.7 Solutions s,-(l) (solid lines) and s,-(z) (dashed lines): Note that p; =2y, at
locations marked “O”.

5.4.3 The Hankel Norm

For a structure the Hankel norm is obtained as follows:

Property 5.6. Hankel Norm of a Structure. The Hankel norm of the structure
is the largest norm of its modes, and it is half of the H., norm, i.e.,

|G, = max |G, = 7amax =056, (5.27)
where ... is the largest Hankel singular value of the system.

This property is illustrated in Fig. 5.6(b).
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5.5 Norms of a Structure with a Filter

In structural testing or in controller design a structure is often equipped with a filter.
The filter models disturbances or shapes the system performance. In the following
we will analyze how the filter addition impacts the structural and modal norms.
Consider a filter with a diagonal transfer function F(w). The diagonal F (@) of

order s represents the input filter without cross-coupling between the inputs.
Similarly, the diagonal F'(w) of order r represents the output filter without cross-

coupling between the outputs. Denote by «; the magnitude of the filter response at
the ith natural frequency

a; =|F(o)|=F" (&;)F (e3). (5.28)

The filter is smooth if the slope of its transfer function is small when compared to
the slope of the structure near the resonance, that is, at the half-power frequency

D (F)| | Pma (D] g w=[w,—0.5A0, o +05Aa;], (5.29)
120] 120] ‘

for i=1,...,n. Above, o,,,(X)denotes the maximal singular value of X and Aw;

ax
denotes the half-power frequency at the ith resonance. The smoothness property is
illustrated in Fig. 5.8.

5.5.1 The H, Norm
With the above assumptions the following property is valid:

Property 5.7. Ha Norm of a Structure with a Filter. The norm of a structure
with a smooth filter is approximately an rms sum of scaled modal norms

HGFHE = ZHGI‘% i (5.30)
i=l
and the norm of the ith mode with a smooth filter is a scaled norm
HGz‘FHz = |G ) (5.31)

where the scaling factor o; is given by (5.28).

Proof. Note that for the smooth filter the transfer function GF preserves the
properties of a flexible structure given by Property 2.1; thus,
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|GFl; = i L: tr(F* ()G (0)G(0)F (o)) do
=Y [ e @)F ©)G @G @)do
i=1
=YL [T wF@)f 6 @G o
i=1
n 1 © 2 . n 2
- ZIZ Lotr(ai Gi (@)Gy(@)dw = Zl:HGi“z‘Hz'

In the above approximation we used (5.25), the trace commutative property
tr(AB) = tr(BA), and the following inequality:

© % % «© * % . .
L tr(F GG,F)dw <<L tr(F'G'G,F)do for i#j.
00 “ 00
10°
filter structure
S o0
ERT)
c
()]
©
£
1072
107" 10° 10"

frequency, rad/s

Figure 5.8. Comparing magnitudes of a transfer function of a structure (solid line) and a
smooth filter (dashed line).

Property 5.7 says that a norm of a smooth filter in series with a flexible structure
is approximately equal to the norm of a structure scaled by the filter gains at natural
frequencies.

For a single-input—single-output system we obtain the following:
n

l6Fly => oG5
? ; . (5.32)

|GiF, = |Gil,-

A similar result to Property 5.7 holds for a structure with a filter at the output.
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5.5.2 The H, Norm

Similarly to the H, norm, we consider a structure G with a smooth input filter F. The
following property is valid:

Property 5.8. H, Norm of a Structure with a Filter. The H. norm of a

structure with a smooth filter is equal to the H. norm of the structure with scaled
modes

|GF|, = max(|G,ez; ), i=L...n, (5.33)

and the norm of the ith mode with a smooth filter is equivalent to the norm of the
scaled mode

6:F]. =[Ger]...

(5.34)

where the scaling factor a; is defined in (5.28).

Proof. Note that for a smooth filter the transfer function GF preserves the properties
of a flexible structure given by Property 2.1; thus,

HGFHOO = SUP O ax (G(o)F(0)) = max O pyax (G(a)z)F(a)z )
= Max 0, (G (@;)a;) = max(HGlai Hw ).

In the above approximation we took into consideration the fact that
0, (GF) =0, (G ‘F ‘) which can be proven as follows:

0} (GF) =4 (F G'GF)= 4 (FF G'G)
2 % *
=4 (F|" G"G) = 4 (F|G G|F|) = o} (G|F).
The above property says that a norm of a smooth filter in series with a flexible

structure is approximately equal to the norm of a structure scaled by the filter gains
at the natural frequencies.

For a single-input—single-output system the above formulas simplify to
|GF], = max(e; |Gill,)-

(5.35)
HGz'FHoo =g HGz'Hoo°

A similar result to Property 5.8 holds for a structure with a filter at the output.
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5.5.3 The Hankel Norm

Properties of the Hankel norm of a structure with a filter are similar to the H,, norm:

Property 5.9. Hankel Norm of a Structure with a Filter. The Hankel norm
of a structure with a smooth filter is equal to the Hankel norm of the structure with
scaled modes

|GF|, = mlax(HGial»Hh), i=1,..,n, (5.36)

and the norm of the ith mode with a smooth filter is equivalent to the norm of the
scaled mode

|GiF], = Giex), (5.37)
where the scaling factor o; is defined as ; =|F ()| -
For a single-input—single-output system the above formulas simplify to
|GF]], = & max(|G;],).
’ (5.38)

|GiF], =i |G|,

A similar result to Property 5.9 holds for a structure with a filter at the output.

5.6 Norms of a Structure with Actuators
and Sensors

Consider a flexible structure with s actuators (or s inputs) and » modes, so that the
modal input matrix B consists of n block-rows of dimension 2 x s

B,=| ", (5.39)

and the ith block-row B,,; of B, that corresponds to the ith mode has the form

Bmiz[B Bmi2 Bmis]’

(5.40)

mil
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where B,,; corresponds to the kth actuator at the ith mode.

Similarly to the actuator properties we derive sensor properties. For r sensors of
an n mode structure the output matrix is as follows:

C

mli
Cm2i
Co=[Cmi Cpz o Col, where C,y = (5.41)

m mi : 4

C

mri

where C,,; is the output matrix of the ith mode and C,

wji 18 the 1x2 block of the jth
output at the ith mode.

The question arises as to how the norm of a structure with a single actuator or
sensor corresponds to the norm of the same structure with a set of multiple actuators
or sensors. The answer is in the following properties of the H,, H., and Hankel
norms.

5.6.1 The H, Norm

The H, norm has the following property:

Property 5.10. Additive Property of the H, Norm for a Set of Actuators
and for a Mode. The H, norm of the ith mode of a structure with a set of s
actuators is the rms sum of H, norms of the mode with each single actuator from this

set, i.e.,
s 2
|G, = Z\Gg o i=1,..,n (5.42)
j=1

Proof. From (5.21) one obtains the norm of the ith mode with the jth actuator
(2

2) and the norm of the ith mode with all actuators (HGi Hz)’

- ‘Bmij H HCmiuz ~ HBmin Hcmin )

:7, Gl = —
2 2\/&o; H H2 2\¢o;

But, from the definition of the norm and from (5.40), it follows that

S 2
1Baill, = |2 Bus], (5.43)
Jj=1

\ G

i
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introducing the above equation to the previous one, one obtains (5.42). =]
This property is illustrated in Fig. 5.9(a).

In the following a similar property is derived for a whole structure:

Property 5.11. Additive Property of the H, Norm for a Set of Actuators
and for a Structure. The H, norm of a structure with a set of s actuators is the
rms sum of norms of a structure with each single actuator from this set,

6, = Z;ij. (5.44)
£

Proof. From (5.25) and (5.42) one obtains

GZ
il —

>3k Slof
i= Jj=

n n S
2
o= Shot - 35
i=1 i=1 j=1
This property is illustrated in Fig. 5.10.
Similarly to the actuator properties we derive sensor properties. For » sensors of
an n mode structure the output matrix is as in (5.41). For this output matrix the
following property is obtained:
Property 5.12. Additive Property of the H, Norm for a Set of Sensors

and for a Mode. The H, norm of the ith mode of a structure with a set of r sensors
is the rms sum of the H, norms of the mode with each single actuator from this set,

ie.,
.
HGin ;,/ZHG/@ i i=1,..,n (5.45)
k=1

Proof. Denote the norm of the ith mode with the kth sensor (HGkin) and the norm

of the ith mode with all sensors (HGin). From (5.21) we have

HBmin Hcmkz Hz HBmi Hz HCmi Hz
G|, z————=, G|, =z———". 5.46
H tkHz 2 (é,ia)i H tHz 2 é,ia)i ( )

From (5.41) it follows that
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HCmiHi = ZHkatHi (5.47)
k=1
Introducing the above equation to (5.46), we obtain (5.45). (=]

This property is illustrated in Fig. 5.9(b).

In the following a similar property is derived for a whole structure:

Property 5.13. Additive Property of the H, Norm for a Set of Sensors
and for a Structure. The H, norm of a structure with a set of r sensors is the rms
sum of the H, norms of a structure with each single actuator from this set,

], = Z;,G,j- (5.48)
V5

Proof. Similar to the proof of Property 5.11. =

Equations (5.44) and (5.48) show that the H, norm of a mode with a set of
actuators (sensors) is the rms sum of the H, norms of this mode with a single
actuator (sensor). This is illustrated in Fig. 5.9(a),(b). The H, norm of a structure is
also the rms sum of the H, norms of modes, as shown in (5.44) and (5.48), and this
fact is illustrated in Fig. 5.6(a) and 5.10.

5.6.2 The H, Norm

Consider a flexible structure with s actuators (or s inputs). Similarly to the H, norm,
the question arises as to how the H, norm of a structure with a single actuator
corresponds to the H, norm of the same structure with a set of s actuators. The
answer is in the following property:

Property 5.14. Additive Property of the H, Norm for a Set of Actuators
and for a Mode. The H, norm of the ith mode of a structure with a set of s
actuators is the rms sum of norms of the mode with each single actuator from this
set, i.e.,

i=1,..,n (5.49)

Proof. From (5.22) one obtains the norm of the ith mode with the jth actuator
(e

OO) and the norm of the ith mode with all actuators (HG,- Hw),



Norms 131

= M |G, = 1Bl [l
Ile 260 e 26w
Introducing (5.43) to the above equation, we obtain (5.49). (=]
|G| @ [Gal? (b)
|Gl |G|
— 3 |6 —— S |of
|G |G, I
s actuators ithmode 7 sensors ith mode
at ithmode at ithmode

Figure 5.9. Combining (a) actuator norms and (b) sensor norms into the H,, H,.,, and Hankel
norms of a mode.

Similarly to the actuator properties one can derive sensor properties:
Property 5.15. Additive Property of the H, Norm for a Set of Sensors

and for a Mode. The H. norm of the ith mode of a structure with a set of r
sensors is the rms sum of norms of the mode with each single actuator from this set,

ie.,
|G, = ,/ZHGMH; : i=1,..,n (5.50)
k=1

Proof. Denote the norm of the ith mode with the kth sensor (HG,a- HOO) and the norm
of the ith mode with all sensors (HGin)' From (5.22) we have

G| _ Bl [l G| _ 1Bl |Coill,
il 260, ’ Hee 2,0,
Introducing (5.47) to the above equation, we obtain (5.50). =

Equations (5.49) and (5.50) show that the H,, norm of a mode with a set of
actuators (sensors) is the rms sum of the H, norms of this mode with a single
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actuator (sensor). This is illustrated in Fig. 5.9(a),(b). Note, however, that unlike the
H, norm, this property does not hold for the whole structure. Instead, the maximum
norm rule is applied; see (5.26) and Fig. 5.10.

5.6.3 The Hankel Norm

Since the Hankel norm is approximately one-half of the H.,, norm HG,H , =05 HG[HOO
and |G|, 20.5|G|

the Hankel norm as well, namely:

; therefore, Properties 5.14 and 5.15 of the H,, norm apply to

0 °

Property 5.16. Additive Property of the Hankel Norm for a Set of
Actuators and for a Mode. The Hankel singular value (Hankel norm) of the ith
mode of a structure with a set of s actuators is the rms sum of the Hankel singular
values of the mode with each single actuator from this set, i.e.,

S
7= /zyf , i=1,..n (5.51)
Jj=1

The sensor properties are similar:

Property 5.17. Additive Property of the Hankel Norm for a Set of
Sensors and for a Mode. The Hankel singular value (Hankel norm) of the ith
mode of a structure with a set of r sensors is the rms sum of the Hankel singular
values of the mode with each single sensor from this set, i.e.,

7= /zy,fi , i=1,..n (5.52)
k=1

Equations (5.42), (5.45), (5.49)—(5.52) show that the norms of a mode are the rms
sums of norms of actuators or sensors for this mode. Additionally, equations (5.25)—
(5.27) show that the norms of a structure can be obtained from norms of modes,
either through the rms sum (H, norm), or through the selection of the largest modal
norm (H, and Hankel norms). This decomposition is very useful in the analysis of
structural properties, as will be shown later, and is illustrated in Fig. 5.10 for
actuators. A similar figure might be drawn for sensor norm decomposition.

Example 5.5. Using norms in structural damage detection problems. In this
example we illustrate the application of modal and sensor norms to determine
damage locations; in particular, using the H, norm we localize damaged elements of
a structure, and assess the impact of the damage on the natural modes of the
damaged structure.
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Denote the norm of the jth sensor of a healthy structure by ‘Gshj 5 and the norm of

the jth sensor of a damaged structure by ‘Gsdj The jth sensor index of the

‘2'
structural damage is defined as a weighted difference between the jth sensor norms
of a healthy and damaged structure, i.e.,

S ‘

-
2
Gshj

‘ 2
2

G

shj G

sdj

‘ 2
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e
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Figure 5.10. Combining modal norms and actuator norms into norms of a structure (H,, H.,,
and Hankel).
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Figure 5.11. The beam structure: Healthy elements are black, damaged elements are gray,
and numbers refer to the sensors.

The sensor index reflects the impact of the structural damage on the jth sensor.

Similarly, denote the norm of the ith mode of a healthy structure by HGmhi‘

s and

the norm of the ith mode of a damaged structure by HG The ith mode index of

mdi Hz .
the structural damage is defined as a weighted difference between the ith mode norm
of a healthy and damaged structure, i.c.,

Gl ~lGma

" |Gl

The ith mode index reflects the impact of the structural damage on the ith mode.

The question arises as to how to measure the sensor and modal norms. It follows
from (5.21) that the norm is determined from the system natural frequencies, modal
damping ratios, and the modal input and output gains. The gains, on the other hand,
are determined from the natural mode shapes at the actuator and sensor locations.
Thus, the measurements of natural frequencies, modal damping, and the modal
displacements at the actuator and sensor locations of healthy and damaged structures
allows for the localization of structural damage.

We analyze a beam structure with fixed ends as in Fig. 5.11. The cross-section
area of the steel beams is 1 cm”. We consider two cases of damage. The first damage
is modeled as a 20% reduction of the stiffness of beam No. 5, and the second case is
modeled as a 20% reduction of the stiffness of beam No. 17. The structure is more
densely divided near the damage locations to reflect more accurately the stress
concentration. Nineteen strain-gauge sensors are placed at beams 1 to 19. A vertical
force at node P excites the structure.
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For the first case the sensor and modal indices are shown in Fig. 5.12(a),(b). The
sensor indices in Fig. 5.12(a) indicate that sensor No. 5, located at the damaged
beam, indicates the largest changes. The modal indices in Fig. 5.12(b) show that the
first mode is heavily affected by the damage.

The sensor and modal indices for the second case are shown in Fig. 5.13(a),(b).
Figure 5.13(a) shows the largest sensor index at location No. 17 of the damaged
beam. The modal indices in Fig. 5.13(b) show that the tenth and second modes are
mostly affected by the damage.

5.7 Norms of a Generalized Structure

Consider a structure as in Fig. 3.10, with inputs w and « and outputs z and y. Let
G,,, be the transfer matrix from w to z, let G,,, be the transfer matrix from w to y,

letG,, be the transfer matrix from u to z, and let G, be the transfer matrix from u
G,i, G

i > and G,,; be the transfer functions of the ith mode. The
following multiplicative properties of modal norms hold:

wyi > uzi

toy. Let G

wzi »

Property 5.18. Modal Norms of a General Plant. The following norm
relationships hold:

1Gaill|Gagi | 2 Gori || Gu, For i =1,..m, (5.53)

wyi

where H H denotes either H,, H.,, or Hankel norms.

Proof. We denote byB
respectively, and let C,, and C,, be the modal output matrices of z and y,

B C,zi» and C,,; be their ith blocks related to the

mui >

o and B, the modal input matrices of w and u,

respectively, and let B

mwi >

ith mode. The H,, norms are approximately determined from (5.22) as

G o HBmwin Hszin - HBmuin Hcmyi )

Gunl, =2 g, | 2

|G A (G| Bl [l
Wil = 2w, e = 2L,

Introducing the above equations to (5.53) the approximate equality is proven by
inspection. We prove similarly the H, and Hankel norm properties, using (5.21) and
(5.23) instead of (5.22). [x]



136 Chapter 5

0.6 . :
(a)

5 04+ .
©
£
o}

g 02Ff 1
(0]
(2]

0 2 4 6 8 10 12 14 16 18 20

sensor number
2 T T T T
b

sl 0
(0]
©

=S 1
@©
8

g 05 _

2 4 6 8 10 12 14 16

mode number

Figure 5.12. Sensor and modal indices for the beam structure, damage case 1: Sensor index
for the damaged element No. 5 is high; the modal index shows that the first mode is
predominantly impacted.
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Figure 5.13. Sensor and modal indices for the beam structure, damage case 2: Sensor index
for the damaged element No. 17 is high; the modal index shows that modes Nos. 10, 2, and 4
are predominantly impacted.
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Property 5.18 shows that for each mode the product of norms of the performance
loop (i.e., from the disturbance to the performance) and the control loop (i.e., from
the actuators to the sensors) is approximately equal to the product of the norms of
the cross-couplings: between the disturbance and sensors, and between the actuators
and performance. The physical meaning of this property lies in the fact that by
increasing the actuator—sensor connectivity, one increases automatically the cross-
connectivity for the ith mode: actuator-to-performance and disturbance-to-sensors.
This shows that sensors not only respond to the actuator input, but also to
disturbances, and actuators not only impact the sensors, but also the performance.

This property is important for the closed-loop design. For the plant as in Fig.
3.11 one obtains

z=G,,w+G,u and y=G,,w+G,u.

uz

The closed-loop transfer matrix G, from w to z, with the controller K such that
u =Ky, is as follows:

G,=G,,+G,.K(-G,

-1
: K Gyye (5.54)
From the second part of the right-hand side of the above equation it follows that the
controller impacts the closed-loop performance not only through the action from u to
y, but also through the cross-actions from u to z, and from w to y. Therefore, if the
transfer matrices G,,, or G, are zero, the controller has no impact whatsoever on

the performance z. Thus the controller design task consists of simultaneous gain
improvement between « and y, w and y, and u and z. However, Property 5.18 shows

that the improvement in G,, automatically leads to the improvement of G, and

G,.. Thus, the task of actuator and sensor location simplifies to the manipulation of

G, alone, as it will be shown later in this book.

5.8 Norms of the Discrete-Time Structures

The norms of discrete-time structures are obtained in a similar way to the norms of
the continuous-time structures. First of all, the system matrix 4 in discrete-time
modal coordinates is block-diagonal, similar to the continuous-time case. For a
diagonal A4 the structural norms are determined from the norms of structural modes,
as described previously in this chapter. However, the norms of modes in discrete
time are not exactly the same as the norms of modes for the continuous-time case.
Later in this section they are obtained in closed-form and compared to the
continuous-time norms.
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5.8.1 The H, Norm

The H, norm of a structure is the rms sum of the H, norms of its modes. The H,
norm of the ith mode, on the other hand, is obtained (similar to the continuous case)

as follows:
|Gl = (B i Bar) (5.55)

or, alternatively,
|Gaill, = tr(CaiPaei C).- (5.56)
Using the first equation, (3.50), and (4.19) we obtain
2 1 T oT Woi T oT
Gyll, =—1te(B,,;S; W,.S;B,.)=—21tr(B,,;S; S;B
H dtHz At ( ) A (

mi®~i " oi~ i mi P mi®i Pi mi)’

where w,; is the continuous-time grammian given by (4.45). Note also that

Sz'TSi _ 271 —coi(a)iAt) L.
2]
Thus,
2 2w, (1-cos(w;At)) 2 2(1—cos(w;At))
HGdi HZ = o Ata)iz tr(Brz;iBmi) = Woi HBmt Hz lel
C,. 218, — cos(®,
_ H mi Hz H thz At 2(1 - cos(w;At)) _ HGI‘E Atkl-z,

4¢;0; Atza)l.z
where HG,- Hz is the H, norm of the mode in continuous time. Therefore,
|Gl = kin/At |G, (5.57)

For fast sampling k; — 1 ; thus,

ol
i Jar Ik

(5.58)

The above equation indicates that the discrete-time H, norm does not converge to
continuous time. This is a consequence of nonconvergence of the discrete-time
controllability and observability grammians, and to the continuous-time grammians;
see [109], [98], and Chapter 4 of this book.
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5.8.2 The H, Norm

The H,, norm of a discrete-time system is defined as the peak magnitude over the
segment 0 <wAr <7, ie.,

[Gal, = 5UP G (Ga(e™™)). (5.59)
wAt

The H., norm of the ith mode is approximately equal to the magnitude of its transfer
function at its resonant frequency @;, thus,

|Gl = Tax (Gar(e™™)) = A (G (™) Gip(™™)), (5.60)

where G, is the discrete-time transfer function of the ith mode, w;is its natural

frequency, and A, denotes its largest eigenvalue.

In order to obtain its H, norm we use the discrete-time transfer function at
w=w; of the ith mode as in (3.55). First, note that
=cos(w;At) + jsin(w;At) and that, for small J;

1

e ¢@A =1 .o At . Now using (3.55) we obtain

z= eja),.At

, one can use the approximation

. 1 j 1
(ZI A) ‘z:em’m 2§lwAt _] :

0

For B, asin (3.50) and B, = {b }, the modal transfer function at its resonance
oi

frequency is therefore as follows:

C,; 1 - cos(w,;At) — jsin(w;At)
Gami(@;) = { l l

20,07 At | sin(@;At) + j(1-cos(@;At))

Introducing the above to (5.60) we obtain

e * 1 Cmi boi
[Garll, = Zhve (G (™) Gy (7)) = g,.j,fmz(l —cos(@,Ar)),

which can be presented in the following form:

|G

(5.61)

where HGiHoo is the H,, norm of the continuous-time mode and k; is the coefficient

given by (4.84). Comparing the above equation with (5.63) we see that relationships
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between the continuous- and discrete-time norms are similar for the H,, and Hankel
cases, and since k; =1 for Ar — 0, the discrete-time H, norm converges to the
continuous-time norm.

5.8.3 The Hankel Norm

The Hankel norm of the discrete-time system is defined (similarly to the continuous-
time case) as a “geometric mean” of the discrete-time controllability and
observability grammians, i.e.,

1Gall, = max WacP ) (5.62)

(subscript d is added to emphasize the discrete-time system). The grammians in
modal coordinates are diagonally dominant, therefore for a single (ith) mode we
obtain, from (4.81),

|G, =%]G; (5.63)

l »

where k; = /2(1-cosw,Ar) /wiAt (see (4.84)) and |G|, is the Hankel norm of the
ith mode in discrete time, while HGiHh is the same norm as the ith mode in

continuous time. For fast sampling, i.e., when A¢f— 0, one obtains k; =1, which
means that the discrete Hankel norm converges to the continuous Hankel norm.

5.8.4 Norm Comparison

From (5.63), (5.61), and (5.57) we obtain the following relationship between the
norms of a single mode of a discrete-time system:

|Gl = 206l = Vit |Gl - (5.64)

Example 5.6. Consider a beam in Fig. 1.4, divided into n =15 elements, and its first
15 modes. Let a vertical force be applied at node 6, and let its velocity be measured
at node 6 in the vertical direction. Determine the H, and Hankel norms for their
continuous- and discrete-time models.

The norms are plotted in Fig. 5.14. The beam’s largest natural frequency is 6221
rad/s. We choose a sampling time of 0.0003 s. The Nyquist frequency for this
sampling time is 7 /At =10,472 rad/s, so that the largest natural frequency is quite
close to the Nyquist frequency. The plots of the norms are shown in Fig. 5.14, for
the continuous-time model in solid line and for the discrete-time model in dotted
line. The Hankel norms for the continuous- and discrete-time models are almost
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identical, except for some discrepancy at higher modes, with natural frequencies
close to the Nyquist frequency. The H, norms of the continuous- and discrete-time

systems are separated by a distance of 1/ JAt =57.74 , as predicted in (5.58).

1010

Hankel, ]
continuous and discrete E

H,, continuous

norm
am
T T

H,, discrete

L I L I

state number

Figure 5.14. Hankel and H, norms of a beam: Continuous-time model—solid line; discrete-
time model—dotted line. The Hankel norms almost coincide, while the H, norms are
distanced by 1/At.
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6
Model Reduction

Q{) how to obtain small but accurate models

Make everything as simple as possible,
but not simpler.
—Albert Einstein

Model reduction is a part of dynamic analysis, testing planning, and the control
design of structures. Typically, a model with a large number of degrees of freedom,
such as one developed for static analysis, causes numerical difficulties in dynamic
analysis, to say nothing of the high computational cost. In system identification, on
the other hand, the order of the identified system is determined by the reduction of
the initially oversized model that includes a noise model. Finally, in structural
control design the complexity and performance of a model-based controller depends
on the order of the structural model. In all cases the reduction is a crucial part of the
analysis and design. Thus, the reduced-order system solves the above problems if it
acquires the essential properties of the full-order model.

Many reduction techniques have been developed. Some of them, as in [78],
[138], and [139], give optimal results, but they are complex and computationally
expensive. Some methods, comparatively simple, give results close to the optimal
one. The latter include balanced and modal truncation, see [109], [69], [81], [124],
[125], [128], [51], [53], and [64]. In this chapter we discuss the reduction in modal
coordinates.

6.1 Reduction Through Truncation

In this chapter we consider a structural model in modal coordinates, namely, modal
models 1, 2, and 3, as in (2.52), (2.53), and (2.54)). The states of the model are
ordered as follows:
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X
Y= X2 modal norm
1 indicator _/ ° (6.1)
X

where x; is the state corresponding to the ith mode. It consists of two states; see
(2.55), (2.56), and (2.57):
%, :{x“ } (6.2)
Xi2

Let HGi H denote either H,, H,,, or Hankel norms of the ith mode, and order the states

in the state vector (6.1) in the descending norm order. Now, the norm of the first
mode is the largest one, and the norm of the last mode is the smallest, which is
marked in (6.1) with the norm value indicator located to the right of the equation. In
the indicator the largest norm is marked in black and the smallest norm in white.

We obtain a reduced-order model by evaluating the modal states and truncating
the least important. Since the modes with the smallest norm are the last ones in the
state vector, a reduced-order model is obtained here by truncating the last states in
the modal vector. How many of them? This will be determined later in this section
by evaluating the reduction errors. Let (4,B,C) be the modal representation (the

subscript m is dropped for simplicity of notation) corresponding to the modal state
vector x as in (6.1). Let x be partitioned as follows:

X
x:{ r}, (6.3)
X

where x, is the vector of the retained states and x, is a vector of truncated states. If
there are k < n retained modes, x, is a vector of 2k states, and x, is a vector of
2(n — k) states. Let the state triple (4, B,C) be partitioned accordingly,

4. 0
A= s
0 4
We obtain the reduced model by deleting the last 2(n — k) rows of 4, B, and the last
2(n — k) columns of 4, C. Formally, this operation can be written as follows:

B
B:{ } c=[c, ¢]. (6.4)

A =LA, B.=LB, c.=cr, (6.5)

r r

where L = [12k 0].
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Modal reduction by truncation of stable models always produces a stable reduced
model, since the poles of the reduced model are a subset of the poles of the full-
order model.

The problem is to order the states so that the retained states x, will be the best

reproduction of the full system response. The choice depends on the definition of the
reduction index.

6.2 Reduction Errors
We use H,, H,, and Hankel norms to evaluate the reduction errors. The first
approach, based on the H, norm, is connected to the Skelton reduction method, see

[125]. The second method, based on the H., and Hankel norms, is connected with the
Moore reduction method; see [109].

6.2.1 H, Model Reduction

The H, reduction error is defined as

(6.6)

where G is the transfer function of the full model and G, is the transfer function of

the reduced model. Note that in modal coordinates the transfer function is a sum of
its modes (see Property 2.1); therefore,

n k
G=) G, and G =).G,
i=1 i=1
thus, G -G, = G,, where G, is the transfer function of the truncated part. Thus,
e, =G|, - (6.7)

Also, the squares of the mode norm are additive, see Property 5.4, therefore the
norm of the reduced system with £ modes is the root-mean-square (rms) sum of the
mode norms

62 = 3 Il (68)

i=k+1

Thus, the reduction error is
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. 1/2
oo Sak) 69

i=k+1

It is clear from the above equation that we obtain the optimal reduction if the
truncated mode norms HG,-H2 for i=k+1,...,n, are the smallest ones. Therefore, we

rearrange the modal state vector, starting from the mode with the largest H, norm
and ending with the mode with the smallest norm. Truncation of the last » — k£ modes
will give, in this case, the optimal reduced model of order £.

6.2.2 H, and Hankel Model Reduction
It can be seen from (5.27) that the H., norm is approximately twice the Hankel norm;
hence, the reduction using one of these norms is identical with the reduction using
the other norm. Thus, we consider here the H., reduction only.

The H,, reduction error is defined as

e, =|G-G,|, . (6.10)

It was shown by Glover [66] that the upper limit of the H,, reduction error is as
follows:

e, =[G-G|, < X [G].- 6.11)
i=k+1

However, for the flexible structures in the modal coordinates the error can be
estimated less conservatively. Recall that G—G, =G, where G, is the transfer

function of the truncated part; therefore,

e =[G =G, [, =[G, [ Giu

(6.12)

0 °

i.e., the error is equal to the H,, norm of the largest truncated mode. It is clear that
we obtain the near-optimal reduction if the H,, norms of the truncated modes are the
smallest ones. Similar results were obtained for the Hankel norm.

Example 6.1. Consider a reduction of a simple system as in Example 2.9 using H,
and H, norms.

For this system we obtain the H, modal norms from (5.21), namely,
HGIHOOE6'7586 (mode of the natural frequency 1.3256 rad/s), ‘GZHOO =4.9556

(mode of the natural frequency 2.4493 rad/s), and HG3H00 ~2.6526 (mode of the
natural frequency 3.200 rad/s). The H, mode norms (see (5.20)) are as follows:
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|Gi[l, 23.2299, |G, |, =3.3951, and |G;|, = 0.5937. The reduction errors after the
truncation of the last mode (of frequency 3.200 rad/s) are e, =2.6526 and
e, =0.5937, while the system norms are HGHOO =6.7586 and HGH2 =4.7235.

Example 6.2. Reduce the model of a 2D truss as in Figure 1.2 in the modal
coordinates using the H,, norm. Determine the reduction error.

The approximate norms of the modes are shown in Fig. 6.1. From this figure we
obtain the system norm (the largest of the mode norms) as HGHOO =1.6185. Using

modal norm values we decided that in the reduced-order model we reject all modes
of the H, norm less than 0.01. The area of the H, norm less than 0.01 lies in
Fig. 6.1, below the dashed line, and the modes with the H,, norm in this area are
deleted. Consequently, the reduced model consists of three modes. The transfer
function of the full and reduced models (from the second input to the second output)
is shown in Fig. 6.2(a), and the corresponding impulse response is shown in
Fig. 6.2(b). The reduction error is obtained as (HGHOO —HG,HOO)/HGHOC =

161, /], = 0.0040

100 [ [ .
: reduced states
107" . below this line ]
£, -2
S 10 R R === =3
c £ 3
L | L L2 \T | ]

0 1000 2000 3000 4000

natural frequency, rad/s

Figure 6.1. H,, norms of the 2D truss modes.

6.3 Reduction in the Finite-Time and
-Frequency Intervals

We introduced the time- and frequency-limited grammians in Chapter 4. They are
used in model reduction such that the response of the reduced system fits the
response of the full system in the prescribed time and/or frequency intervals. This
approach is useful, for example, in the model reduction of unstable plants (using
time-limited grammians) or in filter design (using band-limited grammians).
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Figure 6.2. (a) Magnitude of the transfer function; and (b) impulse responses of the full
(solid line) and reduced (dashed line) truss models show that predominantly high-frequency
modes were deleted.

6.3.1 Reduction in the Finite-Time Interval

In the finite-time interval, the reduction is similar to the infinite-time interval. The
difference occurs in the use of time-limited grammians instead of the infinite-time
grammians. Note that in modal coordinates the reduced model of a stable system is
stable, since the poles of the reduced model are the subset of the full model.

The computational procedure is summarized as follows:

For given (4,B,C) determine grammians W, and W, from (4.5).

Compute W_(t;), W,(¢t;), S(t;) fori=1, 2 from (4.89) and (4.87).
Determine W,(T) and W,(T') from (4.88).

Apply the reduction procedure to obtain (4,,B,,C,) for W.(T') and W, (T).

bl o e

The Matlab function modal_time_fr.m given in Appendix A.7 determines the modal
representation 1, the corresponding time-limited grammians W,(T) and W, (T), and

the Hankel singular values.
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The following example illustrates the application of the time-limited grammians
in the model reduction:

Example 6.3. Consider a simple system with masses m; =11, m, =5, and m; =10,
stiffnesses & =k, =10, k, =50, k3 =55, and damping proportional to the stiffness,
d; =0.01%;,i=1, 2, 3, 4. A single input u is applied to all masses, such that f; =u,
f>=2u, and f;=-5u, and f; is a force applied to the ith mass. The output is a
linear combination of the three mass displacements, y =2¢q, —2g, +3¢;, where ¢;
is a displacement of the ith mass. The system poles are

i, =—0.0038+ 0.8738,
A4 =-0.0297 + j2.4374,
56 =—0.1313+ j5.1217.

Consider two cases of model reduction from 6 to 4 state variables. Case 1, the
reduction over the interval 7; =[0, 8] and Case 2, the reduction over the interval

T, =[10, 18].

In Case 1, the first and third pair of poles are retained in the reduced model. The
impulse responses of the full and reduced models are compared in Fig. 6.3(a), where
the area outside the interval 7; is shaded.

Case 2 is obtained from Case 1 by shifting the interval 7; by 10 s, ie.,
T, =T, +10. In this case the first two pairs of poles are retained. The impulse

responses of the reduced and full systems are presented in Fig. 6.3(b), where the area
outside the interval 7, is shaded. Comparison of Fig. 6.3(a) and Fig. 6.3(b) shows

that the third mode is less visible for > 10 s, thus it was eliminated in Case 2.

Example 6.4. Re-examine the above example with negative damping, D=-0.006K,
which makes the system unstable.

The system poles are

15 =0.0023+ j0.8738,
Jy4 =0.0178% j2.4375,
A5 =0.0787 + j5.1228.

We determine the system grammians over the time interval [0, 8] s. The reduced
model has four states (or two modes), and the impulse responses of the full and
reduced models within the interval [0, 8] s are shown in Fig. 6.4, nonshaded area,
showing a good coincidence between the full and reduced models.
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Figure 6.3. Impulse responses of the full- and reduced-order systems show that different
modes were retained within each time interval: (a) Reduction in the time interval
T, =10, 8]s; and (b) reduction in the time interval 7, =[10, 18]s.

6.3.2 Reduction in the Finite-Frequency Interval

One approach to reduce a model in frequency domain is to impose frequency
weighting on input and/or output; see [32], [140]. Presented here is a model
reduction in a finite-frequency interval, where we use the band-limited grammians
rather than weighting, and this approach is formally the same as the standard
problem presented earlier. Hankel singular values are determined from the band-
limited grammians, and the states with small singular values are truncated.

The computational procedure is summarized as follows:

. Determine the stationary grammians W, and W, from (4.5) for a given (4,B,C).
2. Determine W, (w,), W.(w,) and W, (@), W,(®w,) from (4.100), and S(w)
from (4.101).
3. Determine W.(Q) and W,(€2) from (4.104).

4. Apply the reduction procedure to obtain the reduced state-space triple
(4,,B,,C,) using grammians W_.(Q) and W, ().
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The Matlab function modal_time_fr.m given in Appendix A.7 determines the modal
representation 1, the corresponding frequency-limited grammians W,(€2) and

W,(€2), and Hankel singular values.

1 ‘ T
full reduced

7\
/

impulse response

time, s

Figure 6.4. Impulse responses of the full- and reduced-order unstable system: The reduced
model is obtained for the time interval [0, 8] s.

Example 6.5. Consider Example 6.3 in two cases: Case 1, in the frequency interval
Q, =[0, 3.2] rad/s, and Case 2, in the frequency interval Q, =[1.5, 3.2] rad/s.

In the first case we obtained the reduced model with four states (two modes),
whereas in the second case we obtained the reduced model with two states (one
mode). Figures 6.5(a) and (b) show a good fit of magnitude of the transfer function
in the frequency bands Q; and €, (nonshaded areas). This indicates that the
reduction in the finite-frequency intervals can serve as a filter design tool. For
example, in Case 2 the output signal is filtered such that the resulting output of the
reduced model is best fitted to the output of the original system within the interval
Q,.

6.3.3 Reduction in the Finite-Time and -Frequency Intervals

The reduction technique is similar to that above. The computational procedure can
be set up alternatively, either by first applying frequency and then time
transformation of grammians, or by first applying time and then frequency
transformation. Since both procedures are similar, only the first one is presented as
follows:

Determine stationary grammians W, and W, from (4.5) for a given (4,8,C).
Determine W, (w;) and W, (w;), i=1, 2, from (4.100).

Determine W, (f;,@;) and W,(t;,@;), i,j=1,2, from (4.118).

Determine W (T,@;) and W, (T,;), i=1,2, from (4.116) and (4.117).
Determine W,(T,Q2) and W, (T,Q) from (4.115).

wok b=
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6. Apply the reduction procedure to obtain the reduced state-space triple
(4,,B,,C,) using grammians W_(T,Q) and W, (T,Q).

The Matlab function modal_time_fr.m given in Appendix A.7 determines the modal
representation 1, the corresponding frequency-limited grammians W,.(7,Q) and
W, (T,Q), and Hankel singular values.

-
o
o

magnitude

-
oI
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10° 10"

frequency, rad/s

magnitude

_2
10 reduced

frequency, rad/s

Figure 6.5. Magnitudes of transfer functions of the full and reduced systems: (a) Reduction
in the frequency interval €, =[0, 3.2]rad/s; and (b) reduction in the frequency interval
Q, =[1.5, 3.2]rad/s. In both cases the reduced-order transfer function fits the full-order
transfer function within the prescribed frequency interval.

Example 6.6. Consider Example 6.3 in the time interval 7 = [0, 8] s and in the
frequency interval Q = [0, 3.2] rad/s.

Figures 6.6(a),(b), in nonshaded areas, show the impulse responses and
magnitudes of the transfer functions of the full and reduced systems, within intervals
T and Q. This example is a combination of Examples 6.3 and 6.5. However, the
results are different. In Example 6.3 the second pole was deleted for reduction
within the interval T = [0, 8] s. In this example the third pole is deleted as a result of
the additional restriction on the frequency band.
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Figure 6.6. Full and reduced system in time interval 7 = [0, 8] s and frequency interval
Q=[0, 3.2] rad/s: (a) Impulse responses; and (b) magnitudes of transfer functions. The
reduced-order system fits the time response within interval 7 and the frequency response
within interval Q.

Example 6.7. The Matlab code for this example is in Appendix B. Apply model
reduction for the Advanced Supersonic Transport. The Advanced Supersonic
Transport was a project on a supersonic passenger plane. Its control system was
analyzed by Colgren [19]. Its model is a linear unstable system of eight order with
four inputs and eight outputs. In order to make our presentation concise the model
presented in this book is restricted to a single output. The system triple (4,B,C) is as
follows:

[-0.0127 —0.0136 —0.036 0 0 0 0 0

—0.0969 -0.401 0 0961 1959  —0.1185 -9 -0.1326

0 0 0 1 0 0 0 0
|-0229 1726 0 0722  -12.021 —-0.342 1.8422  0.881
=1y 0 0 0 0 1 0 0 ’

0 0.1204 0 0.0496 —44 ~1.2741 —4.0301 -0.508

0 0 0 0 0 0 0 1

|0 0.1473 0 0301  —7.4901 —-0.1257 -21.7 ~0.803 |
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0 -0.0215 0 -1.097 0 -0.640 0 —1.882
BT _ 0.0194 0 0 0 0 O 0 0
1o -0.004 0 0366 0 0.1625 0 0472 |
0 -1.786 0 -0.0569 0 -0.037 0 -0.0145

C=[0 1.0 00 0 0 0]

The system poles are

& =6.6873,

4y =—1.7756,
44 =—0.0150+ j0.0886,
s =—-03122+ j4.4485,
g =—0.7257 % j6.7018,

so that there is one unstable pole. Colgren reduced the model by removing the
unstable pole from the model and applying the reduction procedure to the stable part
of the model. After reduction the unstable pole was returned to the reduced model.
Here, apply the finite-time reduction to the full aircraft model, without removal of
the unstable pole.

We choose the time interval 7 = [0.0, 3.5] s and perform the model reduction in
modal coordinates from eight to four states within this interval. We obtain the
following reduced model (4,,B,,C,):

0.6687 0 0 0
0 03122 44485 0
4= 44485 —03122 0 :

0 0 0 ~1.7756

-0.4762 -0.0093 0.1192 -2.4733
[ —-0.0601  0.0000 0.0140  0.0592
" 20225 -0.0001 —0.5083 —0.0409 |’

1.0491 -0.0009 -0.3840 -1.6410

C.=[0.3966 —0.0630 —0.4215 0.4764],

with the poles 4, 4, , A5, and A preserved in the reduced model. The step
responses of the full and reduced models due to the first input are shown in Fig. 6.7.
The step responses of the reduced model overlap the responses of the full model for
all four inputs.
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Figure 6.7. Step responses of the full and reduced models of the Advanced Supersonic
Transport show that the response of the reduced unstable system coincides with the response
of the full system.

6.4 Structures with Rigid-Body Modes

Structures with rigid-body modes have poles at zero, therefore they behave like
systems with integrators. The corresponding H,, H., and Hankel norms for systems
with poles at zero do not exist as their values tend to infinity. However, the infinite
values of the norms of some modes should not be an obstacle in the reduction
process. These values indicate that the corresponding states should be retained in the
reduced model, regardless of the norms of other modes. The reduction problem can
be solved by determining the inverses of grammians, as in [58]. Here we use two
simple approaches for the reduction of systems with integrators.

In the first approach, the system is represented in modal coordinates by the
following system triple (see Section 4.3):

az|Om 0 p=| % c=[c. ¢ 6.13
1o o4, |B | =16 Gl (6.13)

o

where 0, is an m x m zero matrix. The triple (4

,,B,,C,) hasno poles at zero. It is

itself in modal coordinates. The vector of the corresponding modal H,, norms is
denoted 4, . This vector is arranged in descending order, and the remaining infinite

norms are added
h={inf, h,} (6.14)

to obtain the vector of H, norms of the (4,B,C) representation, where

inf= {0, 0, ..., 0} contains m values at infinity. The system is reduced by
truncation, as described at the beginning of this chapter.
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The second approach is based on the approximate evaluation of the H,, norms.
From (5.22) we find

H H ~ HBminHCmiH2
e 280,

E}

and @, =0 for the poles at zero; thus, GiHoo — oo, For nonzero poles we determine

the finite norms from the above equation, and order in a descending order. The
corresponding state-space representation is reduced by truncation.

Example 6.8. Consider a simple system from Fig. 1.1 with the following
parameters: my; =my =1, my=2, k =k, =0, k, =03, and k; =1. Damping is
proportional to the stiffnesses, d; =0.03%;, i = 1, 2, 3, the input force is applied at
mass m,, and the output rate is measured at the same location. This system has two

poles at zero. Find its H,, norms and reduce the system.

The modal representation of the system without rigid-body modes is as follows;
see (6.13):

[-0.0264  1.3260 ¢ 0 0
4 _|713260 00264 0 0
10 0 1 =0.0051  0.5840 |
0 0 | —0.5840 —0.0051
[-0.3556
5, | TL:1608|
-0.0072
| 0.1642

C,=[-0.161 —0.5836 | ~0.0043 —0.0821],

I

6.0883x107
35.8240

C, =[4.1062x10” 0],

with the following H., norms |G|, =13.9202 and |G, |, =1.3247. Therefore, the

vector of the norms of the modes of the (4,,8,,C,) representation is

h, ={13.9202, 13.9202, 1.3247, 1.3247},
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and the vector of the H,, norms of the full system (4,B,C) is
h={w, ©,13.9202,13.9202,1.3247,1.3247}.

By deleting the last two states in the state-space representation, related to the
smallest norms, one obtains the reduced-order model as follows:

0 0! 0 0

L |00 L0 0

1o 0 5—0.0264 -1.3260 "

10 0} 1.3260 —0.0264
[ 6.0883x107

g | 35820 |
~0.3556
| -1.1608

C,=[41062x10” 0} -0.161 ~0.5840].

The plots of the impulse response and the magnitude of the transfer function of
the full and reduced models are shown in Fig. 6.8(a),(b). The plots show that the
error of the reduction is small. In fact, for the impulse response, the error was less
than 1%, namely,

=1,

~0.0021,
[,

In the above, y denotes the impulse response of the full model and y, denotes the
impulse response of the reduced model.

Example 6.9. Consider the Deep Space Network antenna azimuth model that has a
pole at zero. The identified state-space representation of the open-loop model has
n =36 states, including states with a pole at zero. Reduce this model in modal
coordinates, by determining the Hankel norms (or Hankel singular values) for states
with nonzero poles.

The plot of the Hankel singular values is shown in Fig. 6.9. By deleting the states
with Hankel singular values smaller than 0.003 we obtain the 18-state model. The
reduced model preserves properties of the full model, as is shown by the magnitude
and phase of the transfer function in Fig. 6.10(a),(b). The state-space representation
of the reduced antenna model is given in Appendix C.3.
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Figure 6.8. Full model (solid line) and reduced model (dashed line) of a simple structure
with poles at zero: (a) Impulse responses; and (b) magnitudes of the transfer function. The
figure shows good coincidence between the responses of the reduced and full models.
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Figure 6.9. Hankel singular values of the DSS26 antenna rate-loop model: 17 states out of
35 states are retained in the reduced model.
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Figure 6.10. Transfer function of the full- (solid line) and reduced-order (dashed line)
models of the DSS26 antenna shows good coincidence in (a) magnitude; and (b) phase.

6.5 Structures with Actuators and Sensors

A flexible structure in testing, or in a closed-loop configuration, is equipped with
sensors and actuators. Does the presence of sensors and actuators impact the process
of model reduction? This question is answered for four important cases: sensors and
actuators in cascade connection with a structure, accelerometers as sensors, the
proof-mass actuators, and inertial actuators attached to a structure.

6.5.1 Actuators and Sensors in a Cascade Connection

We consider actuator dynamics only. In particular, the reconstruction of the norms
of modes and of a structure from the norms of the actuator-structure norms is
discussed. The problem of sensors in a cascade connection with a structure is similar
to the actuator case.

Properties of the actuators in a series connection with structures can be derived
from the properties of a smooth filter in series connection with a structure, which
was discussed in Chapter 5. Let G; and G,; be a transfer function of the ith mode

with and without actuators, respectively. Additionally, let G and G, be a transfer
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function of the structure with and without actuators, respectively. As a corollary of
Property 5.7, the norms of modes and a structure for a smooth actuator transfer
function are determined approximately as follows:

Property 6.1. The H, Norms of a Mode and a Structure with
an Actuator.

|G, = ]Gl -
6, =2\ lo. 615
where
a; =|Ga (@), (6.16)

with w; being the ith resonance frequency and G, the transfer function of the

actuator.

Similarly, based on Property 5.8, we have the following property of the H,, and
Hankel norms of a mode and a structure with a smooth actuator.

Property 6.2. The H, Norms of a Mode and a Structure with
an Actuator.

1G], =[Gl -
(6.17)
|6, = max(e |Gl
Property 6.3. The Hankel Norms of a Mode and a Structure with
an Actuator.
|G, = &[Gl
(6.18)

HGHh 2 mlax(ai HGsiHh )-

Example 6.10. Consider the 3D truss from Fig. 1.3, with the longitudinal (x-
direction) input at node 21 and the longitudinal rate output at node 14. The actuator
located at node 21 has the following smooth transfer function:
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0.1

G,(s)=———.
a(s) (1+0.01s)?

The truss modal damping is identical for each mode, 0.5% (J; =0.005), i=1,...,72.

Compare the exact and approximate H,, norms of the modes of the structure with the
actuator.

From the definition (5.5) we obtain the exact H,, norms of the modes of the
structure with the actuator; they are marked by circles in Fig. 6.11. We obtain the
approximate H,, norms of the modes of the structure with the actuator from Property
5.2 (using the Matlab function norm_Hinf.m from Appendix A.10), and plot as dots
in the same figure. The exact and approximate norms overlap each other in this
figure, showing that the approximation error is negligible.

1 1 1 1 | 1 1

0 10 20 30 40 50 60 70
mode number

Figure 6.11. The H,, norms of the modes of the 3D truss with an actuator: Exact (O) and
approximate () values are almost the same.

6.5.2 Structure with Accelerometers

Accelerometers as structural sensors were described in Section 3.2. The state-space
equations of a structure with accelerometers include the feed-through term, D, in the
state output equation, i.e., the output for the accelerometer sensors is in the form of
y = Cx + Du, see (3.12), rather than y = Cx, as in (2.1). The difficulty with this
equation follows from the fact that the grammians do not depend on matrix D. Thus
the grammian-based model reduction does not reflect the presence of the
accelerometers. However, this problem can be solved by using the series connection
of a structure and sensors, and Properties 5.7-5.9.

We consider a structure with the accelerometers as a structure with rate sensors
cascaded with differentiating devices. Thus, we determine the norms of a structure
equipped with accelerometers as the scaled norms of a structure with rate sensors.
For simplicity of notation consider a structure with a single accelerometer. Denote

-1 .
(4,,B,.,C,.) and G, =C,(sI —4,) B, as the state-space triple and as the transfer
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function, respectively, of the structure with a rate sensor. The transfer function G,
of the structure with an accelerometer is therefore

G, = joG,. (6.19)

According to (6.16) the scaling factor is ¢; = H Jjo; H = w; , thus from (6.15)—(6.18) the
following property holds:

Property 6.4. Norms of Modes with Accelerometers. The norms of modes
with accelerometers are related to modes with the rate output as follows:

|Gail| = @: |G

i=1,...,n, (6.20)

wherea; is the ith natural frequency and HH denotes either H, H, , or Hankel
norms.

The above equations show that the norm of the ith mode with an accelerometer
sensor is obtained as a product of the norm of the ith mode with a rate sensor and the
ith natural frequency.

Example 6.11. Consider the truss from the previous example. The longitudinal
input force is applied to node 21 and the longitudinal acceleration is measured at
node 14. Determine the H, norms of the modes for the structure with the
accelerometer.

The exact norms are marked by circles in Fig. 6.12. We obtained from (6.20) the
approximate H,, norms of the modes of the structure with the accelerometers and
plotted as dots in Fig. 6.12. The exact and approximate norms overlap each other in
this figure, showing that the approximation error is negligible.

6.5.3 Structure with Proof-Mass Actuators

Proof-mass actuators are widely used in structural dynamics testing. In this
subsection we study the relationship between the norms of a structure with a proof-
mass actuator and the norms of the structure alone (i.e., with an ideal actuator) and
analyze the influence of the proof-mass actuator on model dynamics and reduction.

Let us consider a structure with proof-mass actuator, shown in Fig. 3.5, position
(a). Let My, D, and K, be the mass, damping, and stiffness matrices of the

structure, respectively, and let B, be the matrix of the actuator location,

B,=[0 0 .. 010 .. o0
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with a nonzero term at the actuator location na. Denote G (@)=

—a)zMS + joD, +K, and j=+/-1, then the dynamic stiffness of a structure at the
actuator location is defined as

ey =———. (6.21)

| | | | | | L

0 10 20 30 40 50 60 70
mode number

Figure 6.12. The H,, norms of the modes of the 3D truss with an accelerometer: Exact (O)
and approximate () values coincide for almost all modes.

The dynamic stiffness is the inverse of the frequency response function at the
actuator location. At zero frequency, it is reduced to the stiffness constant at the
actuator location. Denote by g¢,, m, k, d, the displacement, mass, stiffness, and

damping of the actuator. Denoting

p=2e, w(,:\/?, p-k (6.22)
1) m k

we obtain the following relationship between the proof-mass actuator force (f,) and
the ideal actuator force (f), see (3.29),

1

fo=0a.f, “c:m-

(6.23)

It follows from the above equation that the actuator force, f,, approximately

reproduces the ideal force f if ¢, =1. This is obtained if

P« and p<l. (6.24)

The above conditions are satisfied when the actuator stiffness is small (compared
with the structural stiffness), and the actuator mass is large enough, such that the
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actuator natural frequency is smaller than the structural principal frequency. Hence,
the above conditions can be replaced with the following ones:

<k and >0, (6.25)

If these conditions are satisfied, we obtain f = f, and, consequently, the transfer
function of the system with the proof-mass actuator is approximately equal to the
transfer function of the system without the proof-mass actuator. Based on these
considerations the following norm properties are derived:

Property 6.5. Norms of a Mode with Proof-Mass Actuators. Norms of the
ith structural mode with a proof-mass actuator (G,;) and of the ith structural mode

alone (G;) are related as follows:

O (626)

i

where H . H denotes either H,, H,,, or Hankel norms, where

1
P S (6.27)
14—
and
pi=22  and g =~ (6.28)
(2 ky;
while
1
kg =k (w;)= (6.29)
T BIG(@)B,

The variable k; is the ith modal stiffness of the structure.

Proof. The force f, acting on the structure is related to the actuator force f as in
(6.23). Hence, replacing f, with f in the structural model gives (6.26). [x]

In addition to conditions (6.25), consider the following ones:

W, K, and k< minkg, (6.30)
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where o, is the fundamental (lowest) frequency of the structure. These conditions

say that the actuator natural frequency should be significantly lower than the
fundamental frequency of the structure, and that the actuator stiffness should be
much smaller than the dynamic stiffness of the structure at any frequency of interest.
If the aforementioned conditions are satisfied, we obtain «,; =1 for i =1,...,n; thus,

the norms of the structure with the proof-mass actuator are equal to the norms of the
structure without the proof-mass actuator. Also, the controllability and observability
properties of the system are preserved. In particular, the presence of the proof-mass
actuator will not affect the model order reduction. Note also that for many cases,
whenever the first condition of (6.25) is satisfied, the second condition (6.30) is
satisfied too.

Example 6.12. Consider the 3D truss as in Example 3.4 with and without the
proof-mass actuator. Let the force input act at node 21 in the y-direction, and let the
rate without output be measured at node 14 in the y-direction. Determine the Hankel
singular values of the truss for the ideal actuator (force applied directly at node 21)
and of the truss with a proof-mass actuator. The mass of the proof-mass actuator is

m=0.lez/cm, and its stiffness is k=1N/cm. Its natural frequency is

®, =3.1623 rad/s, much lower than the truss fundamental frequency.

For the ideal force applied in the y-direction of node 21 the Hankel singular
values are shown as dots in Fig. 6.13. Next, a proof-mass actuator was attached to
node 21 to generate the input force. Circles in Fig. 6.13 denote Hankel singular
values of the truss with the proof-mass actuator. Observe that the Hankel singular
values are the same for the truss with and without the proof-mass actuator, except
for the first Hankel singular value, related to the proof-mass actuator itself.

6.5.4 Structure with Inertial Actuators

In the inertial actuator, force is proportional to the square of the excitation
frequency. It consists of mass m and a spring with stiffness &, and they are attached
to a structure at node n,, Fig. 3.5, position (b). The force acts on mass m exclusively.
It is assumed that the stiffness of the actuator is much smaller than the dynamic
stiffness of the structure (often it is zero).

This configuration is shown in Fig. 3.5(b). The force acting on mass m is
proportional to the squared frequency

f =Ko, (6.31)

where «is a constant. The relationship between transfer functions of a structure with
(G,) and without (G,) in an inertial actuator is as follows:
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G, =a,G,, @, =—0 (6.32)

which was derived in Subsection 3.3.2.
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Figure 6.13. 3D truss with and without the proof-mass actuator: Hankel singular values
with (e) and without (O) the proof-mass actuator; they are identical except for the additional
Hankel singular value of the proof-mass actuator itself.

Also, the relationship between the actuator force (f,,) and the force acting on the
structure (/) was derived in Subsection 3.3.2,

KCUz

fOIO!L,f, Qe =">"
1+ - p’

(6.33)

The above result shows that the structural transfer function with the inertial actuator
is proportional to the structural transfer function without the actuator.

Property 6.6. Norms of Modes with Inertial Actuators. The norms of the
ith structural mode (G,;), and of the ith structural mode with an inertial actuator

(G,;), are related as in (6.26); however, the factor «; is now

sz

0
- X% (6.34)
1+ﬂi_pi2

A

Proof. Similar to Property 6.5. =

With the conditions in (6.30) satisfied, one obtains «; :Ka)o2 for i=1,...,n;

thus, the norms of the structure with the inertial actuator are proportional to the
norms of the structure without the actuator. This scaling does not influence the
results of model reduction, since the procedure is based on ratios of norms rather
than their absolute values.



7
Actuator and Sensor Placement

% how to set up a test procedure and control strateqy

Experimentalists think that it is a mathematical theorem
while the mathematicians believe it to be an experimental fact.
—Gabriel Lippman

A typical actuator and sensor location problem for structural dynamics testing can be
described as a structural test plan. The plan is based on the available information on
the structure itself, on disturbances acting on the structure, and on the required
structural performance. The preliminary information on structural properties is
typically obtained from a structural finite-element model. The disturbance
information includes disturbance location and disturbance spectral contents. The
structure performance is commonly evaluated through the displacements or
accelerations of selected structural locations. The actuator and sensor placement
problem was investigated by many researchers, see, for example, [1], [7], [24], [47],
[55], [86], [89], [90], [96], [97], [101], [103], [105], [106], [127], and a review
article [131].

It is not possible to duplicate the dynamics of a real structure during testing. This
happens, not only due to physical restrictions or a limited knowledge of
disturbances, but also because the test actuators cannot often be located at the actual
location of disturbances, and sensors cannot be placed at locations where the
performance is evaluated. Thus, to conduct the test close to the conditions of a
structure in a real environment one uses the available (or candidate) locations of
actuators and sensors and formulates the selection criteria and selection mechanisms.

The control design problem of a structure can be defined in a similar manner.
Namely, actuators are placed at the allowable locations, and they are not necessarily
collocated with the locations where disturbances are applied; sensors are placed at
the sensor allowable locations, which are generally outside the locations where
performance is evaluated.
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For simple test articles, an experienced test engineer can determine the
appropriate sensor or actuator locations in an ad hoc manner. However, for the first-
time testing of large and complex structures the placement of sensors and actuators
is neither an obvious nor a simple task. In practice heuristic means are combined
with engineering judgment and simplified analysis to determine actuator and sensor
locations. In most cases the locations vary during tests (in a trial and error approach)
to obtain acceptable data to identify target modes.

For a small number of sensors or actuators a typical solution to the location
problem is found through a search procedure. For large numbers of locations the
search for the number of possible combinations is overwhelming, time-consuming,
and gives not necessarily the optimal solution. The approach proposed here consists
of the determination of the norm of each sensor (or actuator) for selected modes, and
then grading them according to their participation in the system norm. This is a
computationally fast (i.e., nonsearch) procedure with a clear physical interpretation.

7.1 Problem Statement

Given a larger set of sensors and actuators, the placement problem consists of
determining the locations of a smaller subset of sensors or actuators such that the H,,
H.,, or Hankel norms of the subset are as close as possible to the norms of the
original set. In this chapter we solve this placement problem in modal coordinates
using the previously derived structural properties. We propose a comparatively
simple methodology of choice of a small subset of sensors and/or actuators from a
large set of possible locations.

Let ® and § be the sets of the candidate sensor and actuator locations,
respectively. These are chosen in advance as allowable locations of actuators of
population S, and as allowable locations of sensors of population R. The placement
of s actuators within the given § actuator candidate locations, and the placement of
r sensors within the given ® sensor candidate locations is considered. Of course, the
number of candidate locations is larger than the number of final locations, i.e., R > r
and S > s.

7.2 Additive Property of Modal Norms

The properties of modal norms that are used in the actuator and sensor placement
procedures are discussed in this section.
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7.2.1 The H; Norm

Consider a flexible structure in modal representation. The H, norm of the ith mode is
given by (5.21), i.e.,

Bl [l
= 7.1
61, == : .0

where B, and C,, are the input and output matrices of the ith mode. For § inputs
and R outputs, these matrices are

lei
C,i
'_[Bmtl mi2 BmiS]’ Cmi= m l ) (72)

CmRi
and B,,; is the 2 x 1 block of the jth input, while C,,; is the 1 x 2 block of the jth

output. From Properties 5.10 and 5.12 we obtain the following additive properties of
the H, norm:

R 2 N
ol=Slol;, o leB=Xlad 0

where

By I Bl [Cos
HGl'J'szu ’”leuz iw:’” 2’ " lk"2 ” nguzé”,ia’:kluz, (7.4)

are the H, norms of the ith mode with the jth actuator only, or the ith mode with the
kth sensor only. Equation (7.3) shows that the H, norm of a mode with a set of
actuators (sensors) is the root-mean-square (rms) sum of the H, norms of this mode
with a single actuator (sensor).

7.2.2 The H, and Hankel Norms
A similar relationship can be obtained for the H,, norm. From (5.22) one obtains

[Buil, [l (1.5)

20

|Gl =
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and from Properties 5.14 and 5.15 the additive property of the H., norm has the
following form:

S R
G = Zluq.j Hi or |G = ;||Gik|i, (7.6)
Jj= =
where
6. =—”Bm”2”; "f’”""2 , 16, =_"Bmfﬂzéjlzmkinz S a
i i%Yi

are the H,, norms of the ith mode with the jth actuator only, or the ith mode with the
kth sensor only. Equation (7.6) shows that the H,, norm of a mode with a set of
actuators (sensors) is the rms sum of the H, norms of this mode with a single
actuator (sensor).

Hankel norm properties are similar to the H.,, norm properties and follow from
Properties 5.16 and 7.17.

7.3 Placement Indices and Matrices

Actuator and sensor placement are solved independently, and both procedures are
similar.

7.3.1 H, Placement Indices and Matrices

Denote by G the transfer function of the system with all S candidate actuators. The
placement index o,;; that evaluates the kth actuator at the ith mode in terms of the

H, norm is defined with respect to all the modes and all admissible actuators

G,.
-
2

k=1...S, i=L...n, (7.8)

where wy; 20 is the weight assigned to the kth actuator and the ith mode, n is the
number of modes, and Gy; is the transfer function of the ith mode and kth actuator,

as given in the first equation of (7.4). The Matlab function norm_ H2.m given in
Appendix A.9 determines modal H, norms. The weight reflects the importance of
the mode and the actuator in applications, and reflects the dimensions of the inputs.
In applications it is convenient to represent the H, placement indices as a placement
matrix in the following form:
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0211 %212 -+ O21k - O218
021 O222 -« Opmf -+ Oms
>, =
2 .
Ori1 Orin cee O0ir «. Opig « jth mode. (7 9)
L9201 O2n2 -+ O2pk -+ O2ns |
T

kth actuator

The kth column of the above matrix consists of indexes of the kth actuator for every
mode, and the ith row is a set of the indexes of the ith mode for all actuators.

Similarly to actuators, the placement index oy, evaluates the kth sensor at the ith
mode

G,.
amzwki%, k=1...R,  i=l...n, (7.10)
2

where wy,; =20 is the weight assigned to the kth sensor and ith mode, » is a number
of modes, and G,; is the transfer function of the ith mode and kth sensor, as given in
the second equation of (7.4). We define the sensor placement matrix as follows:

0211 0212 - O21p - O21R
O21 O22 -+ O - Oxmp
2 =
2 )
Oyj1 Ohrip o Opjp . Onip < jth mode, (7 11)
1O2n1 O2n2 -+ Oopg -+ Opp |
T
kth sensor

where the kth column consists of indexes of the kth sensor for every mode, and the
ith row is a set of the indexes of the ith mode for all sensors.
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7.3.2 H.and Hankel Placement Indices and Matrices

Similarly to the H, index, the placement index o,,; evaluates the kth actuator at the

ith mode in terms of the H, norm. It is defined in relation to all the modes and all
admissible actuators, i.e.,

T

ook,._wk,.W, k=1,..8, i=l...n, (7.12)

where wy; >0 is the weight assigned to the kth actuator and ith mode.

Using the above indices we introduce the H,, placement matrix, similar to the H,
matrix introduced earlier, namely,

Ol Ox12 = Owlk - Ools
O021 OG22+ Ouw2k -+ Ouig
Y=
Owil  Owi2 Owik - Ouxis | € ithmode. (713)
_O-oonl Oxon2 =+ Ocopf -+ Ocops i
T

kth actuator

The Hankel placement index and matrix is one-half of the H,, placement index and
Y, matrix, respectively. The Matlab functions norm_Hinf.m and norm_Hankel.m

given in Appendix A.10 and A.11 determine the modal H,, and Hankel norms.

In the sensor placement procedure the placement index o, evaluates the kth
sensor at the ith mode in terms of the H,, norm

2

ooki_wkiW’ kzl,...,R, i=1,...,n, (714)

where wy; >0 is the weight assigned to the kth sensor and ith mode.

The H., norm placement matrix is similar to the 2-norm matrix, i.e.,
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Owll Oxl2 ++ Owlk -+ OwlR
0021 Oc22 -+ Ok =+ Ow2R
X, =
il Ouwin Ok - Oxip | € ithmode. (7.15)
_O-oonl Ooon2 O oonk OowonR B
0
kth sensor

The Hankel placement index and matrix is one-half of the H,, placement index and
Y, matrix, respectively.

The placement matrix is a quick visual tool for previewing the importance of
each sensor (or actuator) and each mode. Indeed, each column represents the sensor
(or actuator) importance of every mode, and each row represents the mode
importance for every sensor (or actuator).

7.3.3 Actuator/Sensor Indices and Modal Indices

The placement matrix gives an insight into the placement properties of each
actuator, since the placement index of the kth actuator is determined as the rms sum
of the kth column of X. (For convenience in further discussion we denote by X the
placement matrix either of the two- or the infinity-norm.) The vector of the actuator

T T . .
placement indices is defined as o, =[o,; 0, .. 0O,] , and its kth entry is the

placement index of the kth actuator. In the case of the H, norm, it is the rms sum of
the kth actuator indexes over all modes,

k=1,...,8, (7.16)

and in the case of the H., and Hankel norms it is the largest index over all modes

O 4 =max(oy ), i=1...,n, k=1,....8, (7.17)
1

Similarly, we define the vector of the sensor placement indices as
o, Z[Gsl Oy o GSR]T, and its kth entry is the placement index of the kth

sensor. In the case of the H, norm, it is the rms sum of the kth sensor indexes over
all modes,
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k=1,...R, (7.18)

and in the case of the H., and Hankel norms it is the largest index over all modes

Oy =max(oy,), i=1...,n, k=1,....R, (7.19)
i

L T .
We define the vector of the mode indices as o, =[0,,; O O] » and its

m2
ith entry is the index of the ith mode. This entry is an rms sum of the ith mode
indices over all actuators

i=1,...,n, (7.20)

i=1,...n, (7.21)

The actuator placement index, o, , is a nonnegative contribution of the kth

actuator at all modes to the H, or H,, norms of the structure. The sensor placement
index, o, is a nonnegative contribution of the kth sensor at all modes to the H, or

H., norms of the structure. The mode index, o

i» 18 @ nonnegative contribution of
the ith mode for all actuators (or all sensors) to the H, or H,, norms of the structure.
We illustrate the determination of the H,, actuator and modal indices for the pinned
beam in Fig. 7.1. Six actuators are located on the beam and four modes are
considered. The second mode index is the rms sum of indices of all actuators for this
mode, and the third actuator index is the largest index of this actuator over four

modes.

From the above properties it follows that the index o, (o) characterizes the
importance of the kth actuator (sensor), thus it serves as the actuator (sensor)
placement index. Namely, the actuators (sensors) with small index o, (o) can
be removed as the least significant ones. Note also that the mode index o,,; can be

used as a reduction index. Indeed, it characterizes the significance of the ith mode
for the given locations of sensors and actuators. The norms of the least significant
modes (those with the small index o,,;) should either be enhanced by the

reconfiguration of the actuators or sensors, or be eliminated.
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Figure 7.1. Determination of the H,, actuator and modal indices of a pinned beam ({—
actuator location; and %—actuators used for the calculation of the indices): The mode index
is the rms sum of indices of all six actuators for this mode, while the actuator index is the
largest of the actuator indices over four modes.

Example 7.1. Consider the 2D truss from Fig. 1.2. It is excited in the y-direction by
an actuator located at node 4. Accelerometers serve as sensors. The task is to find
four accelerometer locations within all 16 possible locations, that is, within all but 1
and 6 nodes, in the x- and y-directions. Assume the unit weights for all modes, and
chose the 2-norm indices for the analysis.

We calculated the placement indices o;, i = 1,...,16, of each accelerometer

Si >
location and show them in Fig. 7.2 for lower (2—5) nodes of the truss, and in Fig. 7.3
for upper (7-10) nodes of the truss. The left column of these figures represents the
H, index o; for the x-direction accelerometers, while the right column represents

the index for the y-direction accelerometers. The largest value indices are for nodes
5, 10, 4, and 9, all in the y-direction. Note that the chosen locations are the nodes at
the tip in the same direction, and that a single accelerometer would probably do the
same job as the four put together. This problem is addressed in the following
section.

Example 7.2. Placing two sensors on a beam for the best sensing of up to four
modes. The Matlab code for this example for n =15 elements is in Appendix B.
Consider a beam as in Subsection 1.1.4 for n =100 elements, and shown in Fig. 7.4
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with a vertical force at node n, =40. Using the presented above H, placement

technique find the best place for two displacement sensors in the y-direction to sense
the first, second, third, and fourth mode, and to sense simultaneously the first two
modes, the first three modes, and the first four modes.
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Figure 7.2. The 2D truss sensor indices for nodes 2-5.

Each node of a beam has three degrees of freedom {x,y,6}: horizontal

displacement x, vertical displacement y, and rotation in the figure plane €. Denote a
unit vector ¢; =[0,0,...,1,...,0] that has all zeros except 1 at the ith location, then the
displacement output matrix for sensors located at the ith node is

qu] = 631-,1 .

. . T  _ T
The input matrix is B, = €, 1= €19 -

We obtain the H,, norm ||le~||0O for the kth mode (k=1,2,3,4) and ith sensor
location from (7.7) using B, and C,; as above. From these norms we obtain the

sensor placement indices for each mode from (7.14), using weight such that
max,; (o) =1.
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The plots of o, are shown in Fig. 7.5(a),(b),(c),(d). The plot of the sensor

placement indices for the first mode in Fig. 7.5(a) shows the maximum at node 50,
and indicates that the sensors shall be placed at this node. The plot of the sensor
placement indices for the second mode in Fig. 7.5(b) shows two maxima, at nodes
29 and 71, and indicates these two locations as the best for sensing the second mode.
The plot of the sensor placement indices for the third mode in Fig. 7.5(c) shows two
maxima, at nodes 21 and 79, and indicates that these two locations are the best for
sensing the third mode. Finally, the plot of the sensor placement indices for the
fourth mode in Fig. 7.5(d) shows two maxima, at nodes 16 and 84, and indicates that
these two locations are the best for sensing the fourth mode.
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Figure 7.3. The 2D truss sensor indices for nodes 7—10.

Next, we determine the indices for the first two modes, using (7.19), namely,
000121- = max(gooll- , 00021')'

The plot of this index is shown in Fig. 7.6(b). It shows that the index reaches its
maximum at three locations: 29, 50, and 71. These locations are the best for sensing
the first and second modes. Clearly, location 50 serves for the first mode sensing,
while locations 29 and 71 serve for the second mode sensing.
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Next, the indices for the first three modes are determined, using (7.19),
Oop123i = MAX(O 15 T2 O3 )-

The plot of this index is shown in Fig. 7.6(c). It shows that the index reaches its
maximum at five locations: 21, 29, 50, 71, and 79. These locations are the best for
sensing the first, second, and third modes. Obviously, location 50 serves for the first
mode sensing, locations 29 and 71 serve for the second mode sensing, and locations
21 and 79 serve for the third mode sensing.

Finally, the indices for the first four modes are determined, using (7.19),
Op1234i = MAX(T 51500215 Oo3is Oopdi )-

The plot of this index is shown in Fig. 7.6(d). It shows that the index reaches its
maximum at seven locations: 16, 21, 29, 50, 71, 79, and 84. These locations are the
best for sensing the first, second, third, and fourth modes. Location 50 serves for the
first mode sensing, locations 29 and 71 serve for the second mode sensing, locations
21 and 79 serve for the third mode sensing, and locations 16 and 84 serve for the
fourth mode sensing.

So far in this example we used the H,, norms and indices. It would be interesting

to compare the sensor placement using the H, norms and indices. First, the H, norm
||G,a-||2 for the kth mode (4=1,2,3,4) and ith sensor location is obtained from (7.4)

using B, and C,; as above.

We determine the indices for the first two modes using (7.18), namely,

[ 2
02,12 =021 t022i-

The plot of this index is shown in Fig. 7.7(b). It shows that the index reaches its
maximum at two locations: 33 and 67.

Next, we determine the indices for the first three modes using (7.18),

_ [ 2 2
03123 = \/52,11' +052 10,3

The plot of this index is shown in Fig. 7.7(c). It shows that the index reaches its
maximum at two locations: 25 and 75.

Finally, we determine the indices for the first four modes using (7.18),

2 2 2 2
02,1234i = \/0'2,11' T022i 7023 T024-
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The plot of this index is shown in Fig. 7.7(d). It shows that the index reaches its
maximum at two locations: 20 and 80.

A comparison of the H,, and H, indices in Figs. 7.6 and 7.7 shows that the H,
index determines different sensor locations than the H,, index, and that it changes
more dramatically with the change of sensor location, while the H,, index becomes
more flat (the result of selection of maximal values), thus the first one can be
considered a more sensitive measure of the sensor (or actuator) location. Due to the
flattening action of the H,, norm they indicate slightly different sensor locations.
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Figure 7.4. A beam with a fixed actuator and a moving sensor.
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Figure 7.5. Sensor placement H,, indices as a function of sensor locations: (a) For the first
beam mode; (b) for the second beam mode; (c) for the third beam mode; and (d) for the
fourth beam mode.
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(a) (b)

H,, index
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Figure 7.6. Sensor placement H,, indices as a function of sensor locations: (a) For the first
mode; (b) for the first two modes; (c) for the first three modes; and (d) for the first four
modes.

7.4 Placement for Large Structures

In the case of the placement of a very large number of sensors, the maximization of
the performance index alone may be either a sufficient or satisfactory criterion.
Suppose that a specific sensor location gives a high-performance index. Inevitably,
locations close to it will have a high-performance index as well. But the locations in
the neighborhood of the original sensor are not necessarily the best choice, since the
sensors at these locations can be replaced by the appropriate gain adjustment of the
original sensor. We want to find sensor locations that cannot be compensated for by
original sensor gain adjustment. These locations we determine using an additional
criterion, which is based on the correlation of each sensor modal norm. We define a
vector of the ith sensor norms, which is composed of the squares of the modal norms



Actuator and Sensor Placement 181
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Figure 7.7. Sensor placement H, indices as a function of sensor locations: (a) For the first
mode; (b) for the first two modes; (c) for the first three modes; and (d) for the first four

modes.

g = ”G’?” : (7.22)

2

where G;, denotes the transfer function of the kth mode at the ith sensor. The norm

|| || denotes the H,, H.,, or Hankel norms. Next, we define the correlation coefficient

7y as follows:

T
pe=—St8k oy r k=itl,..,R (7.23)
||g,- "2 ”gk "2

Denote a small positive number, ¢, say £=0.01-0.20. Denote the membership
index I(k), k=1,...,R, where R is the number of sensors. We define this index as

follows:
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0 ifr>l-¢ for o, <o; andfor k>i,
I(k)= (7.24)

1 elsewhere,

for k > i. If I(k)=1, the kth sensor is accepted, and if /(k)=0, the kth sensor is
rejected (in this case the two locations i and k are either highly correlated, or the ith
location has a higher performance o;).

Based on the above analysis we establish the placement strategy. For technical
and economic reasons the number of sensors significantly exceeds the number of
actuators. Therefore, the actuator selection comes first, as a less flexible procedure.

7.4.1 Actuator Placement Strategy

1. Place sensors at all accessible degrees of freedom.

2. Based on engineering experience, technical requirements, and physical
constraints select possible actuator locations. In this way, S candidate actuator
locations are selected.

3. For each mode (k) and each selected actuator location (i), determine the actuator
placement index o, (7).

4. For each mode select the s; most important actuator locations (those with the
largest o (i)). The resulting number of actuators s, for all the modes under
consideration (i.e., s, <mxs;) is much smaller than the number of candidate
locations S, i.e., 5, < S.

5. Check the correlation indices for the remaining s, actuators. Reject all but one

actuator with a correlation index higher than l-¢ (i.e., those with the zero
membership index). The resulting number of actuators is now s;<s,, typically
53 K 8y.

6. If the already small number s; is still too large, the actuator importance index

and the modal importance index are recalculated. The actuator number is further
reduced to the required one by reviewing the indices.

7.4.2 Sensor Placement Strategy

1. Actuator locations are already determined.
2. Select the areas where the sensors can be placed, obtaining the R candidate
sensor locations.

3. Determine the sensor placement indices o (i) for all the candidate sensor
locations (i = 1, ..., R), and for all the modes of interest (k=1, ..., n).

4. For each mode, select 7; for the most important sensor locations. The resulting
number of sensors r, for all the modes considered (i.e., , <mx7) is much
smaller than the number of candidate locations, i.e., 7, < R.
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5. For the given small positive number & check the correlation indices for the
remaining 7, sensors. Reject the sensors with correlation indices higher than
1-¢& (i.e., those with the zero membership indices). The resulting number of
sensors is 73 <n, , typically r; <r,.

Example 7.3. Reconsider the 2D truss accelerometer location as in Example 7.1.
Using ¢ =0.15, determine the membership index / for each location.

The plot of the index is in Fig. 7.8. This indicates four accelerometer locations,
namely, at nodes 2, 5, and 8 in the y-direction, and at node 7 in the x-direction.
These are the locations that are not heavily correlated, and have the best detection of
modes 6, 3, 7, and 8, respectively.
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Figure 7.8. The 2D truss placement index / indicates four accelerometer locations.

Example 7.4. International Space Station Structure. This example is based on
[115]. The Z1 module of the International Space Station structure, see Fig.1.9, is
shaped with a basic truss frame and numerous appendages and attachments such as
control moment gyros and a cable tray. The total mass of the structure is 30,000 Ib.

The finite-element model of the structure consists of 11,804 degrees of freedom
with 56 modes below the frequency of 70 Hz. The natural frequencies are listed in
Table 7.1. The task is to identify all modes below 70 Hz by generating dynamic test
data, with accelerometers used as sensors. This nontrivial undertaking requires
extensive pretest analysis and careful planning of the actuator and sensor locations,
especially if one does not have the freedom to repeat the test and modify the
sensor/actuator location for retesting.

Actuator Placement. The first part of the analysis involves the selection of four
actuator locations. The initial selection procedure combines engineering judgment,
practical experience, and physical constraints including the following criteria:

e All target modes should be excited with relatively equal amplitudes.
e The structure is excited in three axes.
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We examined the structure drawings and the finite-element model in order to
select 2256 actuator candidate locations out of the 11,804 translational degrees of
freedom. The selection was based on accessibility of the locations, strength of the
structural parts, modal masses, and local flexibility. It was assumed at this stage of
analysis that accelerometers were located at all degrees of freedom. We determined
the Hankel norms of each actuator and used them to evaluate the actuator
importance indices. For each of 56 modes the six most important actuators were
selected, obtaining 268 actuator locations (it is less than 6 x 56, because some
locations were the same for two or more modes). Next, we calculated the correlation
coefficients of the Hankel norm vectors (see (7.23)) for each actuator location. Those
highly correlated were discarded and the one with the highest placement index, out
of all the highly correlated actuators, was kept.

Table 7.1. Natural frequencies (Hz) of the International Space Station structure.

Modes Modes Modes Modes Modes Modes Modes
1-8 9-16 17-24 25-32 33-40 41-48 49-56
9.34 28.93 35.07 40.71 49.78 60.91 65.91

16.07 29.44 35.16 41.18 50.98 61.53 66.79
19.21 30.19 36.43 42.10 51.39 62.92 67.05

21.14 30.42 37.21 42.46 54.82 63.25 67.26

22.67 31.21 37.61 43.34 57.02 63.46 67.49

23.81 32.25 38.30 44 83 57.61 64.22 67.63

25.24 33.88 39.79 46.42 58.42 64.70 69.17

26.33 34,71 40.37 47.34 59.24 65.23 69.67

In this process the number of actuators was reduced to 52 locations. The next
step of the selection process involved the re-evaluation of the importance indices of
each actuator and their comparison with the threshold value. In this step the number
of actuator locations was reduced to seven. The final step involved evaluation of the
actual location of these actuators using the finite-element model simulations, along
with determination of accessibility, structural strength, and the importance index.
The final four actuators were located at the nodal points, shown in Fig. 1.9 as white
circles. These four locations are essentially near the four corners of the structure.

Sensor Placement. The sensor selection criteria includes the following:

e Establishing the maximum allowable number of sensors. In our case it was 400.

e Determination of the sensor placement indices for each mode. Sensors with the
highest indices were selected.

e Using the correlation procedure to select uncorrelated sensors by evaluating the
membership index.

The excitation level of each mode by the four selected actuators is represented by
the Hankel norms and is shown in Fig. 7.9(a). We see that some modes are weakly
excited, providing a weaker measurement signal; thus, they are more difficult to
identify. Figure 7.9(b) presents an overview of the sensor importance index for each
sensor as the sum of the indices for all modes. Sensors at the degrees of freedom
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with a larger amplitude of modal vibrations have higher indices. By looking at the
sensor importance indices for a particular mode we can roughly evaluate the
participation of each mode at a particular sensor location. The highly participating
modes have a high index at this location. The set of illustrations presented in Fig.
7.10 shows the placement indices of each sensor for the first 10 modes. The first
mode (Fig. 7.10(a)) is a global (or system) mode with indices for all sensors almost
identical. The second mode (Fig. 7.10(b)) is a global mode of more complex
configuration. The third, fourth, fifth, and seventh modes (Figs. 7.10(c),(d),(e).(g))
show more dominant responses from the cable tray attachment. The sixth mode is
dominated by the local motion at locations 1000-2000, which correspond to the
attachments and cross-beams near the circular dish on the side of the structure. The
eighth and ninth modes (Figs. 7.10(h),(i)) are local modes of the control moment
gyros—see the four columns sticking up at the end. The last one (Fig. 7.10(j)) shows
a highly dominant mode of a beam sticking out of the structure.
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Figure 7.9. The International Space Station structure with four actuators: (a) The Hankel
norms indicate the importance of each mode; and (b) the sensor indices for all modes
indicate the importance of each sensor.

Figure 7.11 shows the membership index 7, which has nonzero values for 341
locations. Figure 7.12(a),(b) indicates with the circles the selected sensor locations.
It can be observed that many of the sensors are located in and around the control
moment gyros (see Fig. 7.12) and the cable tray (see Fig. 1.9), since 13 out of the
56 modes involve extensive control moment gyro movement and nine are mostly
cable tray modes. Many of the 56 modes are local modes that require concentrations
of sensors at the particular locations seen in Fig. 7.12.



186 Chapter 7

0.02

B (a)
o 001F -
0 I".“”..“..I..-
0.02 o)
& i
o 0.01
0
0.02
(c)
o L i
o 0.01
0
0.02
(d)
o 0-01F -
0
0.02
(e
B L i
i
0 .
0.02
®
© 0.01} -
° -J J —
0 il “m JIr, L st
0.02
()
~ 0.01} -
o 0
. Jilk
0.02 o
) L i
& 0.01
0 ld-ml—‘mﬂm—mm
0.02 0
i
& L i
& 0.01
0
0.02 r : : T T -
_ )
DS 0.01F -
0 ok L | | | | e
0 2000 4000 6000 8000 10000

sensor number, i

Figure 7.10. The placement indices for the first ten modes indicate the sensor importance
for each mode: (a) Mode 1; (b) mode 2; (c¢) mode 3; (d) mode 4; (e) mode 5; (f) mode 6;
(g) mode 7; (h) mode 8; (i) mode 9; and (j) mode 10.
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In order to test the effectiveness of the procedure we compare the Hankel norms
of each mode, for the structure with a full set of 11,804 sensors, and with the
selected 341 sensors. The norms with the selected sensors should be proportional to
the norms of the full set (they are always smaller than the norms of the full set, but
proportionality indicates that each mode is excited and sensed comparatively at the
same level). The norms are shown in Fig. 7.13, showing that the profile of the modal
norms is approximately preserved.
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Figure 7.11. Membership index 7 for the International Space Station structure shows the
selected locations of 341 sensors.

7.5 Placement for a Generalized Structure

The problem of actuator and sensor placement presented in this section refers to the
more general problem which consists of the selection of actuators not collocated
with disturbances, and sensors not collocated with the performance outputs. This
problem has its origin in both structural testing and control.

7.5.1 Structural Testing and Control

The formulation of structural testing is based on a block diagram as in Fig. 3.10. In
this diagram the structure input is composed of two inputs not necessarily
collocated: the vector of disturbances (w) and the vector of actuator inputs (u).
Similarly, the plant output is divided into two sets: the vector of the performance (z)
and the vector of the sensor output (y). The actuator inputs include forces and torque
applied during a test. The disturbance inputs include disturbances, noises, and
commands, known and unknown, but not applied during the test. The sensor signals
consist of structure outputs recorded during the test. The performance output
includes signals that characterize the system performance, and is not generally
measured during the test.
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Figure 7.12. Two views of the sensor location (marked with O) for the International Space
Station structure.
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Figure 7.13. The modal Hankel norms of the full set of sensors (O), and the selected
sensors (e) of the International Space Station truss: The norms of the selected sensors are
proportional to the norms of the full set of sensors.

It is not possible in general to duplicate the dynamics of a real structure during
testing. This happens not only due to physical restrictions or limited knowledge of
disturbances, but also because the test actuators cannot be placed at the disturbance
locations and sensors cannot be placed at the performance evaluation locations.
Thus, to obtain the performance of the test item close to the performance of a
structure in a real environment, we use the available (or candidate) locations of
actuators and sensors and formulate the selection criteria to imitate the actual
environment as close as possible.

The control design problem of a structure can be defined in a similar manner. The
feedback loop is closed between the sensors and actuators of a structure. The
actuators are placed within the allowable locations, and they are not necessarily
collocated with the disturbance locations; sensors are placed at the sensor allowable
locations, generally outside the locations of performance evaluation. In the control
nomenclature, u is the control input, y is the plant output accessible to the controller,
w is the vector of disturbances, and z is the vector of the performance output; for
example, see [12].

7.5.2 Sensor and Actuator Properties

Consider a plant as in Fig. 3.10, with inputs w and « and outputs z and y. Let G,
be the transfer matrix from w to z, let G, be the transfer matrix from w to y, letG,,,
be the transfer matrix from u to z, and let G, be the transfer matrix from u to y. Let
G G G and G,,; be the transfer functions of the ith mode. The

uyi > wyi > uzi
following multiplicative property of modal norms holds, see (5.52),

wzi

|G , for i=l..n, (7.25)

wzi "

Guyi

‘ = HGwy[H"Guzi

where || || denotes either H,, H.., or Hankel norms.
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We show the impact of G,, on the overall system performance using the

following properties of the modal norms. Let G; denote the transfer function of the
ith mode, from the combined input {w, u} to the combined output {z, y}. Its norm is

as follows:
2 |:C z:| 2
w ljln Cy 5

S (L T

"Gi ”2 = Q[H[Bmu

]—a(||3mni+||3mwllz)(| Lol )

2 2
Conlf #IEmlB1Cuc; +Emn B o)

=Gl + |G| +1Gall + |G|
where o = : \/27) for the H, norm, a = g 57— for the H,, norm, and « = 44,# for the

Hankel norm. From the above equation we obtain

G 216l + |G| + 16l +]Gv] (7.26)
where || || denotes either H,, H,, or Hankel norms. Consider S actuator locations,
generating S inputs {ul . u S}. The actuators impact only the first two terms of

. 2
the above equation, and the last two are constant. Denote these two terms as ||Gm~ || ,

1.e.,

Gl =[G + (7.27)

uyl
From the definitions of norms (7.3) to (7.7) we obtain the following property:

Property 7.1(a). Additive Property of Actuators of a Generalized
Structure.

2

|Gl = a2 , (7.28)

uyz

where Gukyl. is the transfer function of the ith mode from the kth actuator to the

output y, and a,,; is the disturbance weight of the ith mode, defined as
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(7.29)

Proof. From (7.3) or (7.6), it follows that

N
|Gl = 3|
k=1

2 2
b

Gu V2L

and ‘

Guyi

Gukyi

23]
k=1

where G is the transfer function of the ith mode from the Ath actuator to the

u, zi

performance z. Introducing the above equations to (7.27) we obtain

, & 2 2
”Guz” = ZO Gukzi + ‘ Gu,yi” j
Next, using (7.25) we obtain
T o ]
Gy “
which, introduced to the previous equation, gives (7.28). [x]

Note that the disturbance weight «,,; does not depend on the actuator location. It
characterizes structural dynamics caused by the disturbances w.

Similarly we obtain the additive property of the sensor locations of a general
plant. Consider R sensor locations with R outputs { Vo Y R}. The sensors impact

only the second and fourth terms of (7.26) and the remaining terms are constant.
2.
i

Denote the second and fourth terms by “Gyi , Le.,

2 2 2
=[G +]

[6.

Guyi

: (7.30)

then the following property holds:

Property 7.1(b). Additive Property of Sensors of a Generalized
Structure.

2
”Gﬂ

Guyki

: (7.31)

2 L&
= aziZ‘
=1
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where

(7.32)

is the performance weight of the ith mode.

Note that the performance weight «,; characterizes part of the structural

dynamics that is observed at the performance output. It does not depend on the
sensor location.

7.5.3 Placement Indices and Matrices

Properties 7.1(a),(b) are the basis of the actuator and sensor search procedure of a
general plant. The actuator index that evaluates the actuator usefulness in test is
defined as follows:

Qi Gu yi”
Oki ZG—k, (7.33)
[c.]
2 2 2 . . .
where ||Gu|| =‘Guy +||Guz|| , while the sensor index is
|G|
O = ol el (7.34)
I
2 2 2
where |G, =[G, [ + |G-
The indices are the building blocks of the actuator placement matrix X,
O-ll 0-12 e O-lk e O-ls
0-21 0-22 ses O-Zk “es O-2S
= « ith mod
O; Ojpp . Oy .. O ith mode,
il i2 ik iS (735)
|0 On2 - Opp - Oys |
T

kth actuator
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or the sensor placement matrix

O-ll 0-12 ces o-lk cee O-lR
O-zl 0-22 ces O-2k “es O-ZR
2= )
oy Opp ... Oy .. O | € ithmode. (7:36)
10w Ona o Opp o Opg |
1
kth sensor

The placement index of the kth actuator (sensor) is determined from the kth column
of 2. In the case of the H, norm it is the rms sum of the kth actuator indexes over all
modes,

(7.37)

and in the case of the H., and Hankel norms it is the largest index over all modes

o =max(oy), i=L..,n, k=1,.,5 orR (7.38)
1

This property shows that the index for the set of sensors/actuators is determined
from the indexes of each individual sensor or actuator. This decomposition allows
for the evaluation of an individual sensor/actuator through its participation in the
performance of the whole set of sensors/actuators.

7.5.4 Placement of a Large Number of Sensors

For the placement of a large number of sensors the maximization of the performance
index alone is not a satisfactory criterion. These locations can be selected using the
correlation of each sensor modal norm. Define the Ath sensor norm vector, which is
composed of the squares of the modal norms

GuyA 1

G

g =| 102, (7.39)

G

uyn
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where G, ; denotes the transfer function of the ith mode at the kth sensor. The norm

|| || denotes the H,, H,, or Hankel norm. We select the sensor locations using the

correlation coefficient 7, defined as follows:

T
rp =SBk iy k=itler (7.40)

b
guyi guyk HZ

2

Denote a small positive number & say €=0.01-0.20. We define the
membership index /(k), k=1, ..., r, as follows:

0 if r; >1-¢ and op <o,
1(k)= (7.41)
1 elsewhere,

for k£ > j and r is the number of sensors. If /(k) = 1 the kth sensor is accepted and if
I(k) = 0 the kth sensor is rejected (in this case the two locations j and k& are either
highly correlated or the jth location has higher performance o).

From Property 7.1 the search procedure for the sensor placement follows:

G

uy,i

and for each sensor) along with the norm of G, (for all actuators and all

1. The norms of the transfer functions G are determined (for all modes

wzi

Sensors).
2. The performance o, of each sensor is determined from (7.34).

Check if the chosen location is highly correlated with the previously selected
locations by determining the correlation coefficient r; from (7.40), and the

membership index /(k) from (7.41). Highly correlated sensors are rejected.

Example 7.5. Consider the 3D truss as in Fig. 1.3. The disturbance w is applied at
node 7 in the horizontal direction. The performance z is measured as rates of all
nodes. The input u« is applied at node 26 in the vertical direction, and the candidate
sensor locations are at nodes 5, 6, 7, 12, 13, 14, 19, 20, 21, 26, 27, and 28, in all
three directions (a total of 36 locations). Using the first 50 modes, the task is to
select a low number of sensors that would measure, as close as possible, the
disturbance-to-performance dynamics.

First, we determine the H,, norms of each mode of G, _, G, ,G

wzo S wys Suzs

and Guy ; they

are presented in Fig. 7.14(a),(b). Next, we check (7.25). Indeed, it holds since the
plots of g(k)=[G,,], |
7.15.

G|, and of g,(6)=[G\pi ] [Ga]l, overlap in Fig.
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Figure 7.14. The H.. norms of the 3D truss modes: (a) G, (¢) and G,, (O); and (b) G,,,
(¢) and G, (O).
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Figure 7.15. Overlapped plots of g,(k) (e) and g, (k) (O) show that (7.25) holds.
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Figure 7.16. Modal weights for the 3D truss to accommodate disturbances in the
generalized model.
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Figure 7.17. Sensor indices for the 3D truss show the importance of each sensor.
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Figure 7.18. Membership index / for the 3D truss shows the selected sensor locations.

In the following we determine the sensor modal weights «,; for each mode,

which are shown in Fig. 7.16. We calculate the placement indices o} for each
sensor from (7.38), and their plot is shown in Fig. 7.17. Note that there are sensors



Actuator and Sensor Placement 197

with a high value of o, and they are highly correlated. Therefore we calculate the

membership index /(k) assuming & =0.03. The index is shown in Fig. 7.18. Its only
nonzero values are for £ = 29 and k = 30, that correspond to node 14 in the y- and z-
directions. Thus the rate sensors at node 14 in the y- and z-directions are chosen for
this particular task.

7.6 Simultaneous Placement of
Actuators and Sensors

In this section we present a simultaneous selection of sensor and actuator locations;
this is an extension of the actuator and sensor placement algorithm presented above.
The latter algorithm describes either actuator placement for given sensor locations,
or sensor placement for given actuator locations. The simultaneous placement is an
issue of some importance, since fixing the locations of sensors while placing
actuators (or vice versa) limits the improvement of system performance.

The algorithm consists of determination either H,, H,, or Hankel norms for a
single mode, single actuator, and single sensor. Based on these norms the sensor and
actuator placement matrices are generated for each considered mode to evaluate
sensor and actuator combinations, and to determine the simultaneous actuator and
sensor locations that maximize each modal norm.

In this section the symbol || . || will denote either the H,, H,,, or Hankel norms.

For the set R of the candidate actuator locations, we select a subset » of actuators
and, concurrently for the set S of the candidate sensor locations, we select a subset s
of sensors. The criterion is the maximization of the system norm.

Recall that the norm “Gl-jk

H characterizes the ith mode equipped with a jth
actuator and kth sensor. Previously we defined the placement index for actuators and
for sensors separately; see (7.8) and (7.10) or (7.12) and (7.14). Here we define the

actuator and sensor placement index as follows:

(7.42)

for each mode, i=1,...,n.

The placement index o is a measure of the participation of the jth actuator and

kth sensor in the impulse response of the ith mode. Using this index the actuator and
sensor placement matrix of the ith mode is generated,
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i1 %2 - Oiig -+ O
Oip21 Ojp2 -+ Opg - Ojag
2= .
|Oirt Oir2 - Ok -+ Oigs |
T
kth sensor

i=1,...,n

For the ith mode the jth actuator index is the rms sum over all selected sensors,

(7.44)

(7.45)

These indices, however, cannot be readily evaluated, since in order to evaluate the
actuator index one needs to know the sensor locations (which have not yet been
selected) and vice versa. This difficulty can be overcome by using the property
similar to (7.25). Namely, for the placement indices we obtain

Gl-jkO'l-lm = G[-jmaﬂk. (746)

This property can be proven by the substitution of the norms as in Chapter 5 into the
definition of the index (7.42).

It follows from this property that, by choosing the two largest indices for the ith

mode, say o, and oy, (such that o, >0y,), the corresponding indices oy, and

oy are also large. In order to show this, note that oy, <oy, <oy holds, and

Oiim < Oy < Oy also holds, as a result of (7.46) and of the fact that oy, <o and
O <0y - In consequence, by selecting individual actuator and sensor locations
with the largest indices we automatically maximize the indices (7.44) and (7.45) of
the sets of actuators and sensors.

We illustrate the determination of the locations of large indices with the
following example: Let 0y,4, 0}s53, and o3 be the largest indices selected for the
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first mode. They correspond to 2, 5, and 6 actuator locations, and 3, 4, and 8 sensor
locations. They are marked black in Fig. 7.19. According to (7.46) the indices 0,3,
0128, 0153, Ois4, Oie4, aNd Ojeg are also large. They are marked gray in Fig. 7.19. Now
we see that the rms summation for actuators is over all selected sensors (3, 4, and 8),
and the rms summation for sensors is for over all selected actuators (2, 5, and 6), and
that both summations maximize the actuator and sensor indices.

actuator number
w

1 2 3 4 656 6 7 8 9 10

sensor number

Figure 7.19. An example of the actuator and sensor placement matrix for the first mode:
The largest indices are marked black, and the corresponding large indices are marked gray.

Example 7.6. Illustrate an actuator and sensor placement procedure with a clamped
beam as in Figure 1.4. The beam is 150 cm long, cross-section of 1 cm?, divided into
100 equal elements. The candidate actuator locations are the vertical forces at nodes
1 to 99, and the candidate sensor locations are the vertical rate sensors located at
nodes 1 to 99. Using the H, norm, and considering the first four modes, we shall
determine at most four actuator and four sensor locations (one for each mode).

Before we apply the placement procedure we check the accuracy of (7.46). For
this purpose we choose the second mode, i.e., i =2, and select the following actuator
and sensor locations: j=k=3, [=m=¢q, and ¢=1,...,99. For these parameters
(7.46) is as follows:

02330244 = 023402435 q=1...,99.

The plots of the left- and right-hand sides of the above equations are shown in
Fig. 7.20, showing good coincidence.

In this example, n =4 and R =5 =99. Using (7.42) and (7.43) we determine the
actuator and sensor placement matrices for the first four modes and plot them in
Fig. 7.21(a)-(d). The maximal values of the actuator and sensor index in the
placement matrix determine the preferred location of the actuator and sensor for
each mode. Note that for each mode four locations, two sensor locations and two
actuator locations, have the same maximal value. Moreover, they are symmetrical
with respect to the beam center; see Table 7.2. We selected no more than four
collocated sensors and actuators for each mode. Namely, for mode 1—node 50; for
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mode 2—nodes 29 and 71; for mode 3—nodes 21, 50, and 79; and for mode 4—
nodes 16, 40, 60, and 84.

06 T T T

sy and s,

Figure 7.20. The verification of (7.49): O denotes 5| = 0333054, and @ denotes s, = G343,
and s, = 5>

The above selection of actuators and sensors we performed for each mode
individually. Let us investigate the actuator and sensor selection for the first mode,
for the first two modes, for the first three modes, and for the first four modes. The H,
indices for these combinations are shown in Fig. 7.22(a)—(d). The first index is, of
course, identical with the index in Fig. 7.21(a). The second index shows the actuator
and sensor location for the first two modes. Its maximum is at nodes 32 and 70; see
Table 7.3. The third index shows the actuator and sensor location for the first three
modes. Its maximum is at nodes 23, 50, and 77. The fourth index shows the actuator
and sensor location for the first four modes. Its maximum is at nodes 19, 39, 61, and
81. Note that the locations of the above indices are shifted with respect to the
locations for the individual modes.

Table 7.2. The best actuator and sensor locations for the individual modes.

Locations: (Actuator, Sensor)

Mode 1 (50,50)

Mode 2 (29,29), (29,71), (71,29), (71,71)

Mode 3  (21,21), (21,50), (21,79), (50,21), (50,50), (50,79), (79,21), (79,50), (79,79)

Mode 4  (16,16), (16,40), (16,60), (16,84), (40,16), (40,40), (40,60), (40,84), (60,16),
(60,40), (60,60), (60,84), (84,16), (84,40), (84,60), (84,84)

Table 7.3. The best actuator and sensor locations for the first four modes.

Locations: (Actuator, Sensor)
Mode 1 (50,50)
Modes 1 and 2 (32,32), (32,70), (70,32), (70,70)
Modes 1,2, and 3 (23,23), (23,50), (23,77), (50,23), (50,50),
(50,77), (77,23), (77,50), (77,77)
Modes 1,2, 3,and 4 (19,19), (19,39), (19,61), (19,81), (39,19), (39,39), (39,61),
(39.81), (61,19), (61,39), (61,61), (61,81),
(81,19), (81,39), (81,61), (81,81)
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Figure 7.21. Actuator and sensor placement matrix using H, norm:

(a) For mode 1. The maximal placement indices, in light color, correspond to the following
(actuator, sensor) locations: (50,50).

(b) For mode 2. The maximal placement indices, in light color, correspond to the following
(actuator, sensor) locations: (29,29), (29,71), (71,71), (71,29).

(c) For mode 3. The maximal placement indices, in light color, correspond to the following
(actuator, sensor) locations: (21,21), (21,50), (21,79), (50,21), (50,50), (50,79).

(d) For mode 4. The maximal placement indices, in light color, correspond to the following
(actuator, sensor) locations: (16,16), (16,40), (16,60), (16,84), (40,16), (40,40), (40,60),
(40,84), (60,16), (60,40), (60,60), (60,84), (84,16), (84,40), (84,60), (84,84).
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Figure 7.22. Actuator and sensor placement matrix using H, norm:

(a) For mode 1. The maximal placement indices, in light color, correspond to the following
(actuator, sensor) locations: (50,50).

(b) For modes 1 and 2. The maximal placement indices, in light color, correspond to the
following (actuator, sensor) locations: (32,32), (32,70), (70,70), (70,32).

(¢) For modes 1, 2, and 3. The maximal placement indices, in light color, correspond to the
following (actuator, sensor) locations: (23,23), (23,50), (23,77), (50,23), (50,50),
(50,77).

(d) For modes 1, 2, 3, and 4. The maximal placement indices, in light color, correspond to
the following (actuator, sensor) locations: (19,19), (19,39), (19,61), (19,81), (39,19),
(39,39), (39,61), (39,81), (61,19), (61,39), (61,61), (61,81), (81,19), (81,39), (81,61),
(81,81).
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Q{) how to excite and monitor selected modes

All coordinate systems are equal,
but some are more equal than others.
— Edward Green

In some structural tests it is desirable to isolate (i.e., excite and measure) a single
mode. Such a technique considerably simplifies the determination of modal
parameters, see [116]. This was first achieved by using the force appropriation
method, also called the Asher method, see [107], or phase separation method, see
[21]. In this method a spatial distribution and the amplitudes of a harmonic input
force are chosen to excite a single structural mode. Modal actuators or sensors in a
different formulation were presented in [38], [93], [75], and [114] with application to
structural acoustic problems. In this chapter we present two techniques to determine
gains and locations of actuators or sensors to excite and sense a target mode or a set
of targeted modes.

In the first technique we determine actuator (or sensor) gains based on the
relationship between the modal and nodal coordinates of the actuator or sensor
locations; see [43]. This approach is distinct from the force appropriation method
since it does not require harmonic input force. Rather, we determine the actuator
locations and actuator gains, and the input force time history is irrelevant (modal
actuator acts as a filter). The locations and gains, for example, can be implemented
as a width-shaped piezoelectric film. Finally, in this approach we can excite and/or
observe not only a single structural mode but also a set of selected modes.

The second technique—called an assignment technique—consists of the
determination of the actuator (sensor) locations and gains to obtain a balanced
system with the prescribed Hankel singular values. By setting the Hankel singular
values equal to 1 for certain modes and to 0 for the remaining ones, the obtained
sensors will “see” only modes associated with nonzero Hankel singular values. Just
these sensors form a set of modal sensors. Similarly, by setting the Hankel singular



204 Chapter 8

values equal to 1 for certain modes and to 0 for the remaining, we obtain actuators
that excite modes associated with nonzero Hankel singular values. Just these
actuators form a set of modal actuators.

8.1 Modal Actuators and Sensors Through
Modal Transformations

In this section we discuss the determination of actuator and sensor locations and
gains such that they excite and sense selected structural modes. A structural model in
this chapter is described by the second-order modal model, as in Subsection 2.2.2. In
modal coordinates the equations of motion of each mode are decoupled; see (2.26).
Thus, if the modal input gain is zero, the mode is not excited; if the modal output
gain is zero, the mode is not observed. This simple physical principle is the base for
the more specific description of the problem in the following sections.

8.1.1 Modal Actuators

The task in this section is to determine the locations and gains of the actuators such

that n,, modes of the system are excited with approximately the same amplitude,
where 1<n,, <n, and = is the total number of considered modes. We solve this task
using the modal equations (2.19) or (2.26). Note that if the ith row, b,,, of the

is zero, the ith mode is not excited. Thus, assigning entries

modal input matrix, B,,,

of b, to either 1 or 0 we make the ith mode either excited or not. For example, if

we want to excite the first mode only, B,, is a one-column matrix of a form

B,=[1 0 - O]T. On the other hand, if one wants to excite all modes

independently and equally, one assigns a unit matrix, B,, = 1.

Given the modal matrix B,, we derive the nodal matrix B, from (2.23). We
rewrite the latter equation as follows:

B,=RB,, where R=M,'®". (8.1)

m [

Matrix R is of dimensions nxn,. Recall that the number of chosen modes is
n,, <n. If the selected modes are controllable, i.e., the rank of R is n,,, the least-
squares solution of (8.1) is

B,=R"B,,. (8.2)
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In the above equation R* is a pseudoinverse of R, R" =V 'UT, where
U, %, and V are obtained from the singular value decomposition of R, i.e.,

fromR=UxXV".

Note that a structure with a modal actuator excites n,, modes only (other modes
are uncontrollable); therefore, the implementing modal actuator is equivalent to
model reduction, where the structure has been reduced to n,, modes, or to 2n,,
states.

The input matrix B, in (8.2) that defines the modal actuator can be determined
alternatively from the following equation:

B,=M®B,, (8.3)

which does not require a pseudoinverse. This is equivalent to (8.1). Indeed, let us
left-multiply (8.3) by ®” to obtain ®' B, =®' M®B, or ®'B, =M, B, . By left-
multiplying the latter equation by M ,711 we obtain (8.1).

Example 8.1. The Matlab code for this example is in Appendix B. Consider a
clamped beam as in Fig. 1.4 divided into 60 elements (in order to enable the reader
to use the beam data from Appendix C.2, the code in Appendix B deals with the
beam divided into 15 elements). The vertical displacement sensors are located at
nodes 1 to 59, and the single output is the sum of the sensor readings. Determine the
actuator locations such that the second mode with 0.01 modal gain is excited, and
the remaining modes are not excited. Consider the first nine modes.

In this case, the modal input matrix is, B,,le[O 001 0 0 0 0 0 O O]T.

Using it we determine a nodal input matrix B, from (8.2). This contains gains of the

vertical forces at nodes 1 to 59. The gain distribution of the actuators is shown in
Fig. 8.1(a). Note that this distribution is proportional to the second mode shape. This
distribution can be implemented as an actuator width proportional to the gain. Thus,
an actuator that excites the second mode has the shape shown in Fig. 8.1(b).

Next, in Fig. 8.2 we present the magnitude of the transfer function for the input
and the outputs defined as above. The plot shows clearly that only the second mode
is excited. This is confirmed with the impulse response at node 24, Fig. 8.3(a),
where only the second harmonic is excited. Figure 8.3(b) shows the simultaneous
displacement of nodes 0 to 60 for the first nine time samples. They also confirm that
only the second mode shape was excited.

If we want to excite the ith mode with certain amplitude, say, a;, the H,, norm
can be used as a measure of the amplitude of the ith mode. In the case of a single-
input—single-output system the H,, norm of the ith mode is equal to the height of the
ith resonance peak. In the case of multiple inputs (or outputs) the H,, norm of the ith
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mode is approximately equal to the root-mean-square (rms) sum of the ith resonance

peaks corresponding to each input (or output). This is approximately determined as
follows:
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Figure 8.1. (a) Actuator gains and (b) the corresponding piezoelectric actuator width that
excite the second mode.
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Figure 8.2. Magnitude of a transfer function with the second-mode modal actuator: Only the
second mode is excited.
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Figure 8.3. Beam with the second-mode modal actuator: (a) Impulse response at node 6
shows the harmonic motion with the second natural frequency; and (b) nodal displacements
for the first nine time samples show the second mode shape.

ol lleml
|Gl = e 34)
see (5.21).
Assume a unity input gain for the current mode, i.e., ‘bmin =1, so that the
current amplitude a,; is
o Jenly (8.5)
. 2§iwi. .

In order to obtain amplitude a; we multiply a,; by the weight w;, such that
a; =Wy, (8.6)

Introducing (8.5) to the above equation we obtain
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_ 20,60,

=T (8.7)

i .
mi ||

Define the weight matrix W =diag(w;,w,,...,w,), then the matrix that sets the
required output modal amplitudes is

B

mw

=WB

me

(8.8)

Example 8.2. Consider the same beam as in Example 8.1. Find a modal actuator that
excites all nine modes with an amplitude of 0.01.

For this task the modal input matrix B, is as follows: B£ =0.01x

[1 1111111 I]T. The weighting matrix we obtain from (8.7). The

resulting gains of the nodal input matrix B, are shown in Fig. 8.4(a); note that they
do not follow any particular mode shape. The width of a piezoelectric actuator, that
corresponds to the input matrix B, and that excites all nine modes, is shown in Fig.
8.4(b).

In Fig. 8.5 we show the plot of the transfer function of the single-input system
with the input matrix B, . The plot shows that all nine modes are excited, with
approximately the same amplitude of 0.01 cm. Figure 8.6(a) shows the impulse
response at node 24. The time history consists of nine equally excited modes. Figure
8.6(b) shows the simultaneous displacement in the y-direction of all nodes. The
rather chaotic pattern of displacement indicates the presence of all nine modes in the
response.

8.1.2 Modal Sensors

The modal sensor determination is similar to the determination of modal actuators.
The governing equation is derived from (2.24) and (2.295),

¢, =C,,®,
o (8.9)
CWIV = C0V®'

If we want to observe a single mode only (say, the ith mode) we assume the modal
output matrix in the form of C,,, =[0 ... 0 1 0 ... 0], where I stands at the

ith position. If we want to observe n,, modes we assume the modal output matrix in

the form of Cmq :[cql, Cqase-vs an] , where Cyi =1 for selected modes, otherwise,

¢, =0. Next, we obtain the corresponding output matrix from (2.24):
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Cpy = Cpy®", (8.10)

where @ is the pseudoinverse of ®. Similarly, we obtain the rate sensor matrix
C,, from the assigned modal rate sensor matrix C,,,,

c,, =C,,o". (8.11)

Above we assumed that the assigned modes are observable, i.e., that the rank of @
is n,,, where n,, is the number of the assigned modes.

(a)
§ 0 rﬂ I er A0, oI, atll,
e e

0 10 20 30 40 50 60
node number

actuator width

0 10 20 30 40 50 60
node number

Figure 8.4. (a) Actuator gains; and (b) the corresponding piezoelectric actuator width that
excites all nine modes.

Note that an output of a structure with a single modal sensor represents a single
mode (other modes are not observable), therefore, the system has been reduced to a
single mode, or to two states.
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Figure 8.5. Magnitude of a transfer function for the nine-mode modal actuator shows the
nine resonances of the excited modes.
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Figure 8.6. The beam with the nine-mode modal actuator: (a) Impulse response at node 6
includes nine modes motion; and (b) nodal displacements for the first nine time samples

show no particular pattern.
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The following are equations that determine modal sensors alternatively to (8.10)
and (8.11):

c, Mo,

Coq = %mq

(8.12)
C,, =C, M '®"M.

These equations are equivalent to (8.9). Indeed, let us right-multiply the first
equation (8.12) by @ obtaining CoqCD:Cqu,;l(DTM(D, which gives

Coy®@= Cqu;lle or C,,®=C,,, ie., the first equation (8.9). Similarly, we can

mq?

show the equivalence of the second equation of (8.12) and (8.9).

We obtain multiple modes with assigned modal amplitudes «; using the sensor
weights, and the weighted sensors we obtain from (8.7). Namely, the ith weight is
determined from the following equation:

280,40,
c .. =
ol o,

(8.13)

where ¢ is the amplitude of the ith mode.

Example 8.3. Consider a beam from Fig. 1.4 with three vertical force actuators
located at nodes 2, 7, and 12, and find the displacement output matrix Coq such that

the first nine modes have equal contribution to the measured output with amplitude
0.01.

The matrix Cmq that excites the first nine modes is the unit matrix of dimension

9, and of amplitude a;=1, i.e., C

m

g = 1 xW x I,. The gains that make the mode
amplitudes approximately equal we determined from (8.13), and the output matrix
C,, we determined from (8.10). For this matrix the magnitudes of the transfer

functions of the nine outputs in Fig. 8.7 show that all nine of them have a resonance
peak of 1.0.

Example 8.4. Consider a beam from Fig. 1.4 with actuators as in Example 8.3, and
find the nodal rate sensor matrix C,, such that all nine modes, except mode 2,

contribute equally to the measured output with an amplitude of 0.01.

The matrix C,,, that gives in the equal resonant amplitudes of 0.01 is as follows:
Cpy =001 xWx[l 0 1 1 1 1 1 1 1], where the weight W is determined

from (8.13), and the output matrix C,, is obtained from (8.11). For this matrix the

magnitude of the transfer function is shown in Fig. 8.8 (dashed line). This is
compared with the magnitude of the transfer function for the output that contains all
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nine modes (solid line). It is easy to notice that the second resonance peak is missing
in the plot.
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Figure 8.7. Magnitude of the transfer function with the nine single-mode sensors for the first
nine modes shows a single resonance for each sensor.
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Figure 8.8. Magnitude of the transfer function with the nine-mode sensor (solid line), and
for the eight-mode sensor (dashed line). The latter includes the first nine modes except the
second one.
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8.2 Modal Actuators and Sensors Through
Grammian Adjustment

In the method presented above the modal actuator does not depend on the sensors’
location. But, the sensors can be located such that the actuated mode can be
unobservable. We can notice a similar situation in the modal sensor procedure: it is
independent on the actuator location. But a sensed mode can be uncontrollable. The
method proposed below allows us to avoid that undesirable situation.

It was shown in Chapter 4 that in modal coordinates the controllability and
observability grammians are diagonally dominant; thus, their product is diagonally
dominant as well, with approximate Hankel singular values on the diagonal. Each
pair of Hankel singular values corresponds to the natural mode of a structure. If the
pair of Hankel singular values is zero, the mode is not observable and not
controllable. Thus, setting selected Hankel singular values to zero we can suppress
the motion of certain modes. On the other hand, by appropriately scaling them we
excite the required level of motion. Let us check how the scaling impacts the Hankel
singular values (or Hankel norms) of a structure.

Consider a structure in modal representation (4,,,8,,,C,,), and a diagonal
nonsingular matrix § in the following form:

S =diag(s;1,) = diag(s;,1,52,52 5,55, )- (8.14)
Since 4, is block-diagonal, we have the following property:
S7'4 S=4,. (8.15)
Consider the controllability Lyapunov equation in modal coordinates

AW, + W, AL + B, Bl =0, (8.16)

m=m

and scale the input matrix to obtain B,,; such that

B

=SB (8.17)

m*

We will show that the controllability grammian W, for the scaled input matrix is
scaled as follows:

W, =S*W.,. (8.18)

In order to show this let us consider a Lyapunov equation with the scaled input
matrix, i.e.,
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AW, +W, A +SB BI'S=0.

m’’cs cstm

We determine W, by multiplying the above equation from the left and right by

s7!, and inserting where necessary the identity matrix SS7!, to obtain
Sta, 887w s+ 5w, sS4l s + B, Bl =0.
Using property (8.15) we simplify the above equation as follows:
A, 57w s +s'w, s 4l + B B! =0.
Comparing the above equation and (8.16) we find that W, =S 71WCSS ! or, in other
words,

W., =SW.S. (8.19)

Or, because W, is diagonally dominant, W, = Sch.

Similar results we can obtain for the observability grammians in modal
coordinates. Let W, be an observability grammian obtained for the modal output

matrix C,

'n» and let W, be an observability grammian obtained for the scaled output

matrix C,,, =C,,S where the scaling matrix S is given above. Similarly to the

controllability grammians we can show that the observability grammians are related
as follows:

W, =SW,S=SW,. (8.20)

The properties (8.18) and (8.20) allow us to scale the input and output matrices in
order to obtain the required grammians. In particular, we will use them to obtain the
required Hankel singular values. In modal coordinates the grammians are diagonally
dominant; thus, the matrix of Hankel singular values (I') is obtained as

r=ww,)"?

Let the input matrix be scaled with matrix S, and the output matrix with S,. The
Hankel singular values for the scaled system are

T, =W ,)">.

Introducing the scaled grammians from (8.19) and (8.20) to the above equation we
obtain
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r,=S.S,T, (8.21)

since T', =(SW.S.SW,S )2 =(S*s*ww,)'*=S.S,WW,)"*=5.5,T. In this
derivation we used the properties WS, =S W, and W,S, =S W,

W, ,since S, and S,

are diagonal and W, and W, are diagonally dominant.

Equation (8.21) is used to “shape” the Hankel singular values, or Hankel norms.
Denote by I' the Hankel singular values for the given (or initial) input and output
matrices B and C. We require that the system has a new set of Hankel singular
values denoted by the diagonal matrix I';. From (8.21) we find that the scaling

factors S, and S, will be as follows:
S8, =r, " (8.22)

Note that if the system is controllable and observable the Hankel singular values
matrix ' is nonsingular. Now we have a freedom of scaling the input or output
matrix, or both. If we decide to scale the input we assume S, =/, if the output we

assume S, =/, if both we select S, and S, such that (8.22) is satisfied.

The algorithm is summarized as follows: Given a structure state-space
representation (4,B,C). If the inputs and outputs locations are not known (matrices
B and C) select them arbitrarily. The task is to find a new representation (4,5,,C,)
such that its Hankel singular values are given by the positive semidefinite and
diagonal matrix I'y > 0.

1. For a given initial state-space representation of a structure (4,B,C) find the
corresponding modal representation (4,,,B,,,C,,). If the modal transformation

m?>

is x = Rx,,, where x are current states and x,, are modal states, then
A, =RAR,
B, =R'B,
C, =CR.

2. Find the Hankel singular values I" of the representation (4,,,B,,,C,,). This is
done by determining the diagonally dominant controllability and observability

grammians W, and W, from the Lyapunov equations (4.5), and the matrix I is
obtained as

r=ww,)"% (8.23)

3. Determine the matrix I,
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4. From (8.22) find either S, or S, . If we want to shape actuators assume S, =/;
thus, S, =T .. If we want shape sensors assume S, = /; thus, S, =", """

5. In the case of actuator shaping determine a new input matrix in modal
coordinates

B, =S.B,=ICT"'B,, (8.24)

and in the case of sensor shaping determine a new output matrix in modal
coordinates

c,,=C,S, =C, [ T (8.25)
6. Determine the new input and output matrices in the original (nodal) coordinates

Bn = RBnm ’

8.26
c,=C, R (8:26)

Example 8.5. Consider a clamped beam as in Fig. 1.4 divided into n = 60 elements.
Determine modal sensors for the first mode, and for the first five modes, that
produce responses with amplitudes 1.

We obtained the state matrix 4 from the beam mass, stiffness, and damping
matrices; see (2.35). The system has 177 degrees of freedom, or 354 states. The
vertical input force is located at node 24. The preliminary sensor location is the
vertical displacement at the same node. The matrix I is

T, =diag([0.5,0.5,0,0,...,0,0])

in the first case (the amplitude is twice the Hankel singular values). For the second
case, we have the following Hankel singular values:

T, =diag([0.5,0.5,0.5,0.5,0.5,0.5,0.5,0.5,0.5,0.5,0,0,...,0, 0]).

We follow the above algorithm. In the first step we determine the modal
representation (4,,,B,,,C,,) and the modal transformation matrix R. For this

m>sPm>
representation we find the matrix of Hankel singular values by solving the Lyapunov
equations (4.5), obtaining grammians W, and W,, and matrix I" is obtained from

(8.23). Next, the matrix l“sl"_1 is determined and is

[,I! =diag(5.62,5.62,0,0, ...,0,0)

in the first case, and
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l"xl"_1 = diag(5.62, 5.62, 0.375, 0.375,59.7,59.7, 32.8, 32.8, 2882.7, 2830.7, 0, O, ..., 0, 0)
in the second case.

Next we determine the modal sensor matrix C,, from (8.25) and matrix C,

from (8.26). This matrix consists of two parts, displacement and velocity sensors,
C,=1[C,y C,]. The velocity part was very small when compared with the

displacement part, i.e.,C,, =0, and the plot of C,, is shown in Fig. 8.9 for the first

nv —

case and in Fig. 8.10 for the second case. In both cases the horizontal displacements
were virtually zero. The plots show vertical displacements. In-plane rotations were
nonzero, but neglecting them has not changed the system response. The magnitudes
of the transfer functions and impulse responses for Cases 1 and 2 are shown in
Figs. 8.11 and 8.12, respectively. The transfer function for the first case shows a
single mode excitation, and five equally excited modes in the second case. The
impulse response shows a single harmonic excited in the first case, and multiple
harmonics excited in the second case.

: ...»TTTHH Hmm,..

o
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Figure 8.9. Sensor gains for single-mode modal filter.

40

T

0 10 20 30 40 50 60
node number

gain, vertical displacement

Figure 8.10. Sensor gains for five-mode modal filter.
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Figure 8.11. Single-mode modal filter: (a) Impulse response is a harmonic motion of natural
frequency corresponding to the mode; and (b) magnitude of the transfer function shows a
single resonant peak of the corresponding natural frequency.
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Figure 8.12. Five-mode modal filter: (a) Impulse response is composed of five harmonics;
and (b) magnitude of the transfer function shows five resonance peaks.
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System ldentification
Q> how to derive a model from field data

It is a capital mistake to theorize
before one has data.
—Sherlock Holmes

The LQG and H., controllers, analyzed later in this book, are model-based ones, i.e.,
such that the plant model (used as an estimator) is a part of the controller. In this
case the performance of the closed-loop system depends on the accuracy of the plant
model. The accuracy is defined as a discrepancy between the dynamics of the actual
plant and its model. For this reason, analytical models of a plant obtained, for
example, from the finite-element model, are inaccurate and are acceptable in the
simulation stages only. In implementation the test data are used to determine the
accurate plant model—in a procedure known as system identification.

System identification is a fairly developed research field; the reader will find
up-to-date identification methods in the comprehensive studies of Natke [111],
Ljung [102], Juang [84], and Ewins [33], and get a good insight into the problem.
Among the many identification procedures available, we describe here only one—
the Eigensystem Realization Algorithm (ERA)—which gives the balanced (close to
modal) state-space representation. The advantage of the ERA algorithm is that it
does not require parametrization (the performance of various identification
algorithms depends on the number of parameters to be identified which depends, in
turn, on how the system model is represented). In addition, the modal/balanced
representation gives an immediate answer to the question of the order of the
identified system, as discussed in Chapter 6. The problem of system order in the
identification procedure is an important one: for a structural model of too low order
a significant part of the plant dynamics is missing; this may cause closed-loop
instability due to spillover. A system of too high order, on the other hand,
contributes to controller complexity, and may introduce unwanted dynamics and
deteriorate the closed-loop system performance.
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The ERA system identification is based on the realization method of Ho and
Kalman [72]. This approach, developed by Juang into the ERA method, is widely
used in flexible structure identification. The ERA method is described in [84]. The
presentation below is based on derivations given in [84], [60], and [61].

9.1 Discrete-Time Systems

It is a common feature nowadays that for system identification purposes the input
and output signals are recorded digitally—as discrete-time signals. For this reason,
we depart in this chapter from the continuous-time models, and use the discrete-time
state-space representation. The sampling time of the recorded signals is denoted by
At, and the signal u at time iA7 is denoted as u;. With this notation the discrete-time
state-space representation is given by the following difference equations; see (3.46):

X, = Ax; + Bu;,

©.1)
¥; = Cx; + Du;.

For a system with s inputs and r outputs denote the controllability matrix of order p,

C, (also called the reachability matrix in the discrete-time case), and the

observability matrix of order p, O,, see (4.9) and (4.13),

C
L c4

Cp:[B AB - AP B], O,=| . |, where p>max(s,r) (9.2)
car!

These matrices are of dimensions n x (s x p) and (» X p) x n, respectively, where 7 is

the assumed system order. It is also assumed that s x p > n, and r x p > n. In practice,

the sizes s x p and r x p of these matrices are much larger than the system order n,
SXp>n and rxp>n, 9.3)

in order to minimize the identification error caused by the measurement noise.

The controllability grammian, W_(p), over the time interval T'=[0 pAt], and the
observability grammian, W, (p), over the same interval, are defined as follows:

W.(p)=C,Ch and W,(p)=0,0". 9.4)
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9.2 Markov Parameters

Consider the impulse response of a system described by (9.1) and assume the initial
condition zero, x, =0. We describe the impulse input by the following sequence:

ug=1and u; =0 fori=1,2,3,4,.... For this input the solution of (9.1) is

Xy =0,

Yo =Duy =D,

X, = Axy + Buy = B,

y1 =Cx; +Du; =CB,

Xy = Ax; + Bu; = AB,

¥y =Cxy + Du, = CAB, 9.5)
X3 = Axy + Buy = AZB,

y3 = Cx3 + Duy = CA*B,

xk = A.xk_l + Buk = Ak_lB,

v, =Cx; + Duy, = CA*'B.

We see that at the moment ¢ =kA¢ and the impulse response is y;, = CA*"'B. The

matrices /, =CA"'B, k= 1.23,..., are known as the Markov parameters of a

system. They will be used for the identification of a structural model, since the
system matrices 4, B, C, and D are implanted into the Markov parameter sequence.

9.3 Identification Algorithm

The presented algorithm is based on the measured impulse responses of a system,
and derived from the Markov and Hankel matrices. The matrices /; of dimension
rxs, k=0,1,2,..., such that

h, =C4a*B, (9.6)

are called Markov matrices or Markov parameters. For the discrete-time systems
they have the following physical interpretation: the ith column of the Ath Markov
matrix /i, represents the impulse response at the time kAt with a unit impulse at the
ith input. Thus, in many cases, the Markov matrices can be directly measured or
obtained from the input—output time records (see the next section) and, therefore, are
often used in system identification.
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The base for the identification algorithm is the Hankel matrix, H;, and the shifted

Hankel matrix, H,, which are defined as follows:

ho h h p hy hy hp +
hy i hy  hy yia

H, and H, . (97
hp hp+l h2p71_ _hp+1 hp+2 h2p |

Their dimensions are (r x p) x (s xp). It is easy to note that the Hankel matrix and
the shifted Hankel matrix are obtained from the controllability and observability
matrices, namely,

H,=0,C,, 08)
H,=0,4C,. ‘

These matrices do not depend on system coordinates. Indeed, let the new
representation, x,, be a linear combination of the representation x, i.e., x, = Rx, then

_ -1 _ _ -1,
4,=RAR™, C,,=RC,, and O,, =O,R";

new coordinates are the same as in the original ones, since

therefore, the Hankel matrices in the

H,=0,C

— -1 — —
wCnp =O,RRC,=0,C, =H,,

H,=0,,4,C, =0,R'RAR'RC, =0,4C, = H,.
In the identification algorithm we do not know, of course, the controllability or

observability matrices, Cp and Op. However, we have access to the measured

impulse responses; consequently, the Hankel matrices, H; and H,, are known. The
basic idea in the identification procedure given below is to decompose H, similarly
to the first equation (9.8), as in [84], [60], and [61],

H, = PQ. 9.9)

The obtained matrices Q and P serve as the new controllability and observability
matrices of the system. Therefore, replacing C, and O, in the second equation (9.8)

with Q and P, respectively, one obtains
H, =PAQ. (9.10)

But, if matrices P and Q are full rank, we obtain the system matrix 4 from the last
equation as
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A=P"H,Q", (9.11)
where P™ and Q" are the pseudoinverses of P and Q, respectively,
P+ — (PTP)71PT,

0t =0"0"",

(9.12)

such that
P'P=1 and 00" =1. (9.13)
Having determined A, the matrix B of the state-space representation (4,B,C,D) is

easily found as the first s columns of QO (this follows from the definition of the
controllability matrix, (9.2)); therefore,

B=QE

5

where  E =[I, 0 -- 0] . (9.14)

N A

Similarly, the first » rows of P give the output matrix C,

C=E'P, where E =[l, 0 -- 0]. (9.15)
The determination of the feed-through matrix D we will explain later.

The decomposition (9.9) of the Hankel matrix H; is not unique. It could be, for
example, the Cholesky, LU, or QR decompositions. However, using the singular
value decomposition we obtain the identified state-space model (4,B,C,D) in the

balanced representation. Indeed, denote the singular value decomposition of the
Hankel matrix H, as follows:

H, =V, (9.16)
where

r:diag(yb}/Z)-")ym)a
) ) (9.17)
uvu’ =1 and V'V =I,

and m < min(s x p,r x p). Comparing (9.9) and (9.16), we obtain the controllability
and observability matrices in the form

o=ru’ and P=VT;

hence, their pseudoinverses, in this case, are as follows:
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ot =ur! and pr=ryT.
But, from (9.4), it follows that

W.(p)=00" =T?,

W,(p)=P"P=T?,

(9.18)

i.e., that the controllability and observability grammians over the time interval
T=[0 pAt] are equal and diagonal, hence the system is balanced over the interval T.
This fact has a practical meaning: the states of the identified system are equally
controlled and observed. But weakly observed and weakly controlled states can be
ignored, since they do not contribute significantly to the system dynamics. They are
usually below the level of measurement noise. Thus, using the singular value
decomposition of the Hankel matrix H, one can readily determine the order of the
identified state-space representation (4,B,C,D): the states with small singular values
can be truncated. Of course, the measurement and system noises have an impact on
the Hankel singular values, and this problem is analyzed in [84].

Beside the noise impact on the identification accuracy, one has to carefully
determine the sampling time Af: it should be small enough to include the system
bandwidth, but not too small, in order to ease the computational burden. The size of
the record p should satisfy the conditions of (9.3). The procedure identifies the
model such that the model response fits the plant response for the time 7= [0 pAt].
Thus, too-short records can produce a model which response fits the plant response
within the time segment 7, and departs outside 7, which makes the model unstable.
This we illustrate in the following examples.

9.4 Determining Markov Parameters

From measurements one obtains the input and output time histories, rather than the
Markov parameters themselves (the exceptions are impulse response measurements).
However, the above presented algorithm identifies the state-space representation
from the Hankel matrices, which are composed of Markov parameters. Therefore, in
this section we describe how to obtain the Markov parameters from the input and
output measurements.

In order to do this, denote the Markov matrix H that contains p+1 Markov
parameters

H=[D CB C4B - CA”'B|=[h, b hy - h,]. (919

Denote also the output measurement matrix Y,
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Y=[y, » » = ») (9.20)

and the input measurement matrix in the following form:

_uo U Uy U, L Uy |
0 u, u Upy oo Uy

U=10 0 u, - wup,gy (9.21)
0 0 O U, g,

We show below (using the state equations (9.1)) that the relationship between the H,
Y, and U matrices is as follows:

Y=HU. (9.22)
Namely, for 1 =0, At, 2A¢, ..., and zero initial conditions (x, =0) we obtain
Yo =Du,,
X, = Bu,,

y; =Cx; + Duy = CBu, + Duy,

Xy = Ax; + Bu; = ABu,, + Buy,

¥y =Cxy + Du, = CABu,, + CBu, + Duy,,

X3 = Ax, + Buy = A*Bu, + ABu, + Bu,,

y3 = Cx3 + Duy = CA*Bu,, + CABu, + CBu, + Dus.

Continuing for i=3,4,...,q, ¢>p, we combine equations for y; into the system of
equations (9.22). It was also assumed that for sufficiently large enough p one

obtained 4” =0.

If the matrix U is of full rank (enough data samples are collected so that there are
more independent equations than unknowns) the solution of (9.22) is as follows:

H=YU",  where uvt=uTwuh™ (9.23)

Matrix M contains all the Markov parameters necessary for the system identification
procedure, and the first component is the feed-through matrix D.

For noisy input and output data we determine the Markov parameters using the

averaging, or correlation, matrices as follows. By right-multiplying (9.22) by U’
and averaging, we obtain
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EYUT)=H EWU"), (9.24)

. . Ty - .
where E(.) is an averaging operator. However, R, =E(YU") is the correlation

matrix between the input and output, and R, =E{UU r ) is the autocorrelation
matrix of the input. Thus, the above equation now reads as follows:

R, =HR,,. (9.25)
If R, isnonsingular, then

H=R,R.: (9.26)
otherwise,

H=R,R,,. (9.27)

Let the data records Y and U be divided into N segments, ¥, and U;, i=1,2,...,N,
then we obtain the correlation matrices as follows:

R

M=

I
"N 4

1

N
yu!l and R, = %ZUiU[T. (9.28)
i=1

The difference between (9.22) and (9.25) lies in the fact that the first equation uses
raw data while the second uses averaged (smoothed) data, and that the size of the
matrix to be inverted is much larger in (9.22) than in (9.25). Indeed, for s inputs, p
Markov parameters, and g data samples (note that g > s, and ¢>> p) the size of a
) it

matrix to be inverted in the first case (U) is sp x ¢, while in the second case (R,

is sp X sp.

9.5 Examples

In this section we perform the identification of the models of a simple structure (in
order to illustrate the method in a straightforward manner); the 2D truss—a more
complicated structure, and the Deep Space Network antenna where the model is
identified from the available field data.

9.5.1 A Simple Structure

The Matlab code for this example is in Appendix B. Analyze a simple system
with k=10, k=50, k=50, k4=10, m;=my=m3=1, and with proportional
damping matrix, D =0.005K +0.1M. The input is applied to the third mass and the
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output is the velocity of this mass. Identify the system state-space representation
using the step response. The sampling time is Az =0.1 s.

We apply the unit step force at mass 3 at r=0.1 s. We measure the velocity of
mass 3 and its plot is shown in Fig. 9.1(a). First, we determine the Markov
parameters from (9.23) using matrices U and Y. Matrix U is defined in (9.21). Since
the input is the unit step, its entries are as follows: uo =0, u; =1, u, =1, u3 =1, etc.
We measured 300 samples; thus, ¢ =300 in (9.21). The matrix Y is composed of the
output measurements, as defined in (9.20). We would like to determine 30 Markov
parameters; thus, p =30 in (9.20). The solution of (9.23) gives the Markov
parameters, as plotted in Fig. 9.1(b).
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Figure 9.1. Simple system test: (a) Velocity of mass 3 due to step force at the same mass is
used to identify the system state-space representation; and (b) Markov parameters of the
system that correspond to the step response.

Having calculated the Markov parameters we determine the state-space
representation of the system. Note first that the feed-through matrix D is zero, since
the first Markov parameter is zero. Second, we form the Hankel matrices A, and H,
from the already determined Markov parameters, as in (9.7). We decompose the
matrix H; into P and Q matrices, as in (9.9). Next, we obtain the state matrix 4 from
(9.11), the input matrix B from (9.14) (or as a first column of Q), and the output
matrix C from (9.15) (or as a first row of P).
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The remaining problem is the order of the matrix A. It can be assumed
comparatively large, but by doing this the noise dynamics can be included in the
model. In order to determine the minimal order of the state-space representation we
use the singular value decomposition of the Hankel matrix H;; see (9.16). The
singular values of H, are the Hankel norms of the system that denote the importance
of each state. The plots of the Hankel singular values of H, are shown in Fig. 9.2. It
can be seen from the plot that the Hankel singular values for the first six states are
nonzero, and the remaining Hankel singular values are zero. Thus, the minimal order
of the identified state-space representation is 6.
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Figure 9.2. Hankel singular values of the identified model of the simple system.

The obtained model is a form of a discrete-time state-space representation. The
final step is to convert it to the continuous-time representation, which is as follows:

[~1.4592 29565 | 61662  0.4949 | 0.7802  0.8767]
29565 0.0371 ¢ 01709 0.2999 | —0.3370  —0.0568
61662 0.1709 1 0.6390 1-0.5755  -0.1282
0.4949 —0.2999 | -3.5649  0.0840 : —0.6860 —1.0312
707802703370 0.5755 ~0.6860 | ~0.0116 ~12.2759
|—0.8767 —-0.0568 | -0.1282  1.0312 | 122759  —0.0991 |

[~2.9880]
~0.2581
1 0.6855

0.9733
0.8774
| —0.6380

C:[—O.2779 -0.0168 | 0.0065 0.0850 | 0.0831 —0.0083].
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We simulated the step response of the obtained system. The “measured” (used for
system identification) and simulated responses are compared in Fig. 9.1(a). They
virtually overlap.

The above was an example of ideal—or nonnoisy—measurements. Since all
measurements contain noise, let us consider a situation where the measured step
response is corrupted with an additive white noise of standard deviation of 0.003.
This measurement is shown in Fig. 9.3(a). Again, we obtain the Markov parameters,
see Fig.9.3b, which are slightly different from those in the nonnoisy case. From the
Markov parameters we obtain the Hankel matrices H, and H,, and determine the
state-space representation. The Hankel singular values of H; are shown in Fig. 9.4.
Now we see that the zero-valued Hankel singular values from the previous case
become nonzero. Still they are small enough to determine that the system order is 6.
However, larger measurement noise will cause even larger singular values
corresponding to the noise, and makes it impossible to distinguish between “system”
states and “noise” states. The step response of the identified model is plotted in
Fig. 9.3(a), showing good coincidence with the measurements.
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Figure 9.3. (a) Noisy velocity measurements of mass 3 and the response of the identified
system; and (b) Markov parameters obtained from the noisy response.
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Figure 9.4. Hankel singular values of the identified model of the noisy system.

9.5.2 The 2D Truss

Analyze the 2D truss from Fig. 1.2, with proportional damping matrix,
D=107K +3M. The input force is applied at node 10, in the vertical direction. The
output is the velocity of this node in the vertical direction. Identify the system state-
space representation using the step response. The sampling time is Af =0.001 s.

We measure the velocity of node 10 and its plot is shown in Fig. 9.5(a). Next, we
determine the Markov parameters from (9.23) using matrices U and Y. Matrix U is
defined in (9.21). Since the input is the unit step, its entries are as follows: uy =0,
u=1, u, =1, u3=1, .... We measured the input and output for 4 s; thus, 4000
samples were gathered and ¢ =4000 in (9.21). The matrix Y is composed of the
output measurements, as defined in (9.20). We would like to determine 160 Markov
parameters; thus, p =160 in (9.20). The solution of (9.23) gives the Markov
parameters, as plotted in Fig. 9.5(b).

Having calculated the Markov parameters we determine the state-space
representation of the system from (9.11), (9.14), and (9.15). After determining A4, B,
and C the minimal order of the matrix 4 shall be determined using the singular value
decomposition of the Hankel matrix H;. The plots of the Hankel singular values are
shown in Fig. 9.6. It can be seen from the plot that the Hankel singular values for the
first six states are larger than 0.05, and the remaining Hankel singular values are
small (smaller than 0.05). Thus, the minimal order of the identified state-space
representation is 6. The plots of the overlapped actual step response, and the
identified reduced-order model are shown in Fig. 9.5(a). The magnitudes of the
transfer function of the actual and identified reduced-order models are shown in Fig.
9.7, showing close coincidence.
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Figure 9.5. Truss identification: (a) Velocity of node 10 used in system identification; and

(b) the Markov parameters obtained from the response.
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Figure 9.6. Hankel singular values of the identified truss model.
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Figure 9.7. The magnitudes of the truss transfer function: Actual and identified reduced-
order models.

9.5.3 The Deep Space Network Antenna

We describe the determination of the antenna open-loop model from the field test
data. The block diagram of the antenna open-loop system is given in Fig. 1.6. It
consists of two inputs (azimuth and elevation rate commands), and four outputs
(azimuth and elevation encoders, and elevation and cross-elevation pointing errors).
We describe the determination of the model between the elevation rate command
and elevation encoder. The input signal is white noise (a voltage proportional to the
rate command) sampled at the rate 30.6 Hz, collecting 20,000 samples, which means
that the actual test took about 11 min. The noise is shown in Fig. 9.8(a), and its first
10 s in Fig. 9.8(b). The antenna response at the elevation encoder is shown in
Fig. 9.9(a), and its first 10 s in Fig. 9.9(b). Note that the output is much slower than
the input.

From the measured input (1) and output (y) signals we determine the transfer
function using the Matlab function p = spectrum(u,y,nn). The integer nn=2048 is
the length of a section that the input and output signals are divided by, in order to
smooth the transfer function. The plot of the magnitude of the transfer function is
shown in Fig. 9.10 (dotted line).

Next, from the measured input and output signals we identify the state-space
model of the antenna using computer program OKID [85], [84], that uses the ERA
algorithm. Since the order of the model is not known off-hand, we select a
significantly high-order model, of order 41. For this model we determine the Hankel
singular values, which are shown in Fig. 9.11. We evaluated that the Hankel singular
values for states 16 and larger are small enough to neglect these states. The reduced
model thus consists of 15 states. The transfer function of the reduced model is
shown in Fig. 9.10 (solid line). The figure shows close coincidence between the
measured and identified transfer functions.
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Figure 9.8. The white noise input to the antenna: (a) Full record; and (b) 10 s sample.
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10 s sample showing low-frequency vibrations.
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Collocated Controllers

Q> how to take the first step in structural control

Who cares how it works,
just as long as it gives the right answer?
—Jeff Scholnik

Collocated controllers have their sensors collocated with actuators. They are a
special case of the dissipative controllers, which are designed based on the passivity
principle. In this book we select the collocated controllers as a first step to controller
design, since they are simple, always stable, and some of their properties are similar
to the more advanced controllers described later in this book. A good introduction to
the collocated control of structures—but from a different point of view—can be
found in the book by Preumont [120].

The most direct approach to controller design is to implement a proportional gain
between the input and output. This approach, although simple, seldom gives a
superior performance, since the performance enhancement is tied to the reduction of
the stability margin. However, if some conditions are satisfied, a special type of
proportional controller is obtained—a dissipative one. As stated by Joshi [83, p. 45]
“the stability of dissipative controllers is guaranteed regardless of the number of
modes controlled (or even modeled), and regardless of parameter errors.” Therefore,
for safety reasons, they are the most convenient candidates for implementation.
However, the simplicity of the control law does not simplify the design. For
example, in order to obtain the required performance a multi-input—multi-output
controller with a large number of inputs and outputs has to be designed. Determining
the gains for this controller is not an obvious task. In this chapter we investigate the
properties of the collocated controllers, and show how to design collocated
controllers for flexible structures in order to meet certain objectives.
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10.1 A Low-Authority Controller

In the following we distinguish between the low- and high-authority controllers.
This distinction allows us to design controllers that significantly suppress the
flexible vibrations of structures (which is done by the low-authority controller), and
to follow a command precisely (which is done by the high-authority controller).

The control forces that act on a structure can be divided into tracking forces and
damping forces. The tracking forces move the structure to follow a target and the
damping forces act on the structure to suppress vibrations. Typically, the tracking
forces are significantly larger than the damping forces. For this reason a structural
controller can be divided into low- and high-authority controllers. The low-authority
controller is the one that uses a limited input (torque, force) to control the vibrations
of a system. In the case of flexible structures the limited input introduces additional
damping to the system. This action does not considerably influence the global
motion of the entire structure, which requires powerful actuators of the high-
authority controllers. Accordingly, the control system action on a flexible structure
can be separated into two stages: stage one, when damping is added to a structure
and vibrations are suppressed showing faster decay; and stage two, of “total” system
motion where the damping is little affected.

In the frequency domain, the first stage is characterized by the suppression of the
resonance peaks, while the off-resonance transfer function is little affected; see
Fig. 10.1 for a simple structure example. Further increase of gains increases
significantly the control input; see Fig. 10.2. The input however is limited due to
physical constraints, and this feature may explain the usefulness of the low-authority
controller for structures: using limited, or small input power, it can efficiently
control the vibrations.

Another look at the low-authority controller is to observe the root-locus. The
feedback gains move the structural poles. A typical root-locus pattern for a structure
is shown in Fig. 10.3. The poles for low controller gains move in a horizontal
pattern, i.e., the control gains mostly impact the real part of the poles. Comparing the
root location in Fig. 2.1 we see that the structural damping increases, while the
natural frequencies are not impacted. For higher gains, however, the root-locus drifts
from the horizontal pattern, and the natural frequencies change significantly. The
first phase of horizontal movement is caused by the gains of a low-authority
controller.

The impact of low-authority controller configuration on the control system is
analyzed further in this and the following chapters.
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Figure 10.1. Magnitude of the transfer function of the simple system: Open-loop, closed-
loop with low-authority controller, and closed-loop with high-authority controller. Low-
authority controller suppresses resonance peaks, while the action of the high authority
includes a wide frequency spectrum.
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Figure 10.2. Control input of the simple system, for low- and high-authority controllers: The
high-authority controller requires a strong input.

10.2 Dissipative Controller

Dissipative controllers and their properties are based on Popov’s theory of
hyperstability [117], subsequently developed as a positive real property of the
control systems [2], [10], and as the dissipative (passive) property of the systems
[135], [136], [27]. The terms dissipative, passive, positive real, and hyperstable
systems are synonyms, and their inter-relations are discussed by Wen [133]. In this
chapter we call the above systems dissipative systems.

Consider a square stable plant (4,B,C), i.e., a linear system with the number of
inputs equal to the number of outputs. An open-loop square system with simple
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poles is dissipative, see [2], if there exists a symmetric positive definite matrix P and
amatrix Q that satisfy the following equations:

ATP+Pa=-0"0,

(10.1)
B'P=C.
The system is strictly dissipative if QTQ is positive definite.
4 -
© low authority
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Figure 10.3. Root-locus of a simple structure for a low-authority controller: Poles of the
low-authority controller vary significantly only their imaginary parts (damping) while the
real parts (natural frequencies) remain almost unchanged.

The above definition allows for the simple determination of a dissipative system
(at least in theory). Given 4 and B, we select the matrix Q. Next, we solve the first
of (10.1) for P, and find the output matrix C from the second equation (10.1).

We are going to discuss three particular cases of the dissipative systems. In the

T . .
first case, when O =B’ is chosen we obtain

P=W,,
. (10.2)
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and W, is the controllability grammian. In this case, the actuators are weighted
proportionally to the system controllability grammian.

In the second case we choose the matrix Q=CW0_1, where W, is the
observability grammian. Thus,

P=w,",
. (10.3)
B=w,C".

In this case, the sensors are weighted proportionally to the system observability
grammian.

In the third case, we select Q =(—A4— AT)m; therefore, one obtains

P=1,
e (10.4)

In this particular case the actuators and sensors are collocated. This case is most
frequently used, since it requires simple actuator and sensor collocation to guarantee
the closed-loop system stability.

The guaranteed stability of the closed-loop system is the most useful property of
the dissipative system. It was shown by Desoer and Vidyasagar [27] and by
Benhabib, Iwens, and Jackson [10] that, for the square and strictly dissipative plant
and the square and dissipative controller (or vice versa: the square and dissipative
plant and the square and strictly dissipative controller), the closed-loop system is
asymptotically stable. In particular, if the feedback gain matrix is positive definite,
the closed-loop system is asymptotically stable.

10.3 Properties of Collocated Controllers

As a corollary, consider a system with the state-space representation (4,B,C),

which has collocated sensors and actuators, that is, C =B". In this case, a closed-
loop system with the proportional feedback gain

u=—Ky (10.5)

is stable, for K =diag(k;), i = 1, ..., r and k; >0. This particularly useful
configuration can be used only if there is the freedom to choose the collocated
sensors and actuators, and if the number of available sensors and actuators is large
enough to satisfy the performance requirements. It should be stressed that the
stability property allows one to design simple and stable controllers, regardless of
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the plant parameter variations. However, one has to be aware that stability does not
imply performance, and sometimes the performance of these controllers can be poor,
as reported by Hyland [77].

It should also be noted that structures imply some limitation on collocation.
Consider a structure with the state-space representation (4, B,C) as in (2.38). In this

representation the upper half of matrix B is equal to zero regardless of the
configuration of the applied forces. Thus, in order to satisfy the collocation
requirement, the left half of C must be equal to zero. But the displacement
measurements are located in this part (while the right part locates the rate
measurements). Consequently, a flexible structure is dissipative if the force inputs
and the rate outputs are collocated. Thus, for structures, to each actuator corresponds
a collocated sensor, but the opposite is not necessarily true. Therefore, when
designing collocated controllers it is beneficial to choose the actuators first, and
subsequently determine the sensor locations by introducing C = B”. In this way a
physically realizable dissipative system is obtained. In the case when the outputs are
determined first and the inputs are chosen afterward as B = CT, one still deals with
a dissipative system, but not necessarily a physically realizable one. Note also that
the collocation of force actuators and rate sensors is a sufficient, but by no means
necessary, condition of dissipativeness. For example, if the weighted collocation is
used, the system with displacement sensors is dissipative.

For flexible structures we will consider the low-authority controllers. Let the
plant have r inputs and outputs. Denote by K =diag(k;), k; >0, i =1, .., r, the

gain matrix of a collocated controller, then its closed-loop matrix is 4, = 4 — BKB' .
Let 4 be in the modal form 2 and let b, be the ith column of B. The collocated

controller is of low authority if for the closed-loop matrix A, one obtains
eig(AC)Eeig(A—Z:::1 kidiag(bibiT )). In other words, for the low-authority
controller one can replace BKBT with its diagonal terms. For the flexible structures

the collocated controller has the following property:

Property 10.1. Relationship Between A, B, and C for the Low-Authority
Collocated Controller. For max(k;)<k, and a controllable and observable

Slexible system there exists k, >0 such that the collocated controller is of low

authority. Furthermore, if A is in the almost-balanced modal form 2, the following
holds:

BBT =CTC=-T(4+4") = diag(101,7101,7202, 72025+ V3@ Vn%,)  (10.6)
or, for the ith block, it can be written as

BB/ =C/C z—y(4 + A =iy, (10.7)
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where a; =2¢,0;, B; is the ith two-row block of B, and C; is the two-column block
of C.

Proof.  Note that bKb| is the ijth term of BKB'. Since (bKb])
< (biKbiT )(ijb]T ) therefore, for 4 in the modal form 2 and for small gain K such

that max(k;) <k,, the off-diagonal terms of BKB™ do not influence the eigenvalues
of A, and they can be ignored. Equations (10.6) and (10.7) follow from the
Lyapunov equations (4.5). =]

10.4 Root-Locus of Collocated Controllers

Here we present the relationship between the controller gains and the closed-loop
pole locations. In order to determine the properties of the collocated controllers in
modal coordinates, consider further the dissipativity conditions (10.1) for a structure
in the modal coordinates 2. Consider also a feedback as in (10.5). In this case the
closed-loop equations are as follows:

%=(A-BKB")x+ Bu_,
( ) 7 (10.8)

y=0Cx,

where u, is a control command (u, =0 in the case of vibration suppression). Since
the matrix A4 is in the modal form 2 and K is diagonal, K =diag(4,...,k, ), then in
the modal coordinates with collocated sensors and actuators we obtain the closed-
loop matrix 4, = A—BKB" in the form

(10.9)

777

A= A=) kbb]
Jj=1

where b; is the jth column of B. In the modal coordinates matrix A. is block-

diagonal, that is, 4. =diag(4,,...,4,,), where A, is the ith 2 x 2 block. For this

C‘l 9o
block (10.9) is as follows:

Ay = A=Y kbbl, (10.10)
Jj=1

where b, is the ith block of the jth column of B. In this equation the cross terms

b jkb;» (for k #1i) are omitted as negligible for the low-authority controllers in the
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modal coordinates; see Property 10.1. Also, from Property 10.1, the following holds:
b ﬁb; =—y; (4 +4"), where y ;i 1s the ith Hankel singular value obtained for the

jth column of B, i.e., for the triplet (A,bj,bjz) . Thus, (10.10) is now
Ay = 4+ 2ky (4 + 4. (10.11)

For 4; as in (2.53), we obtain 4, + 47 =-2¢;w,1,, and rewrite (10.11) as follows:

Ac,-E{_ﬂ o o } (10.12)
—w; -Bigiw;

with the parameter f; given as

Bi=1+2) k7. (10.13)
j=1

Comparing the closed-loop matrix as in (10.12) and the open-loop matrix as in
(2.53), we see that S, is a measure of the shift of the ith pair of poles. Denote the

closed-loop pair of poles (4,,; * jA,;) and the open-loop pair (4,,; £ j4,;), then it

follows from (10.12) that they are related
(Aoyi £ J i) = (Bl £ T A0i1)s i=1,..,n, (10.14)
or the real part of the poles (modal damping) changes by factor £;,

Aeri = Bi,

ori >

i=1,...,n, (10.15)
while the imaginary part (natural frequency) remains almost unchanged

A

cii

=A

il > i=1,..,n (10.16)

The above equation shows that the real part of the ith pair of poles is shifted, while
the imaginary part is stationary. The shift is proportional to the gain of each input,
and to the ith Hankel singular values associated with each input.

Equations (10.12) and (10.13) set the basic limitation for the dissipative
controller design. To be precise, the number of inputs (and outputs) limits the
number of controlled modes (or controlled pairs of poles). In order to illustrate this,
we assume a single-input—single-output system. In this case, f; =1+ 2k;y,; and the
scalar gain k; is the only free parameter available for the design. Thus, only one
pole can be shifted to the required position. If more than one pair should be shifted,
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their placement would be a least-squares compromise, which typically would be
nonsatisfactory. Thus, in order to avoid this rough approximation, it is often required
for the dissipative controllers to have a large number of sensors and actuators to
meet the required performance criteria.

The pole-shift factor f; is also interpreted as a ratio of the variances of the open-

loop (0 -) and closed-loop (0 -) states excited by the white noise input, i.e.,

o’

S

B = (10.17)

LN

(o}

Q

Since f; 21, it is therefore a relative measure of the noise suppression of the closed-
loop system with respect to the open-loop system. This interpretation follows from
the closed-loop Lyapunov equation

(A-BKB" YW, +W, (A-BKB") +BB" =0, (10.18)

where W, is the closed-loop controllability grammian. For the ith pair of variables
the above equation is as follows:

T
,
T T <
[Ai—Zk/B”BﬂJw W, [,.—ZkJBﬂB”] +BB 0. (10.19)
J=1 J=1

Introducing (10.7), after some algebra, we obtain
Wegi +2Wegi [Zk y],} ot 20, (10.20)

where w

i =7; 1s the diagonal entry of the open-loop controllability grammian.

Finally, we obtain

%o ~1+2Zk V=B (10.21)

cci O

Based on (10.13), (10.14), and (10.17) we develop a tool for the pole placement
of the dissipative controllers. The task is to determine gains kj, j=1,...,r, such

that the selected poles are placed at the required location (or as close as possible in
the least-squares sense). Equivalently, the task is to determine gains &;, j =1, .., 7,

such that the input noise of the selected modes is suppressed at ratio f;. The
approach follows from (10.13), since one can determine the gains such that g poles
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are shifted by g;, i=1...,q, 1ie., 4

i = BiAyyi » OF the noise can be suppressed by

B, ie., o-fi = ﬂiafi . Define the gain vector £,
k=[k k ... k] (10.22)
so that we rewrite (10.13) as
dp =Gk, (10.23)

where df is the vector of the pole shifts

pi-1
dp = ﬂzz_l , (10.24)
ﬂq_l

and G is the matrix of the system Hankel singular values for each actuator and
sensor location

i Tz Tn
2o V22 e V2
G=2[n 7 - 7]=2 , (10.25)
}/lq }/Zq 7/rq
T
where y; :[71‘1 Via e ;/qu is the set of Hankel singular values for the ith

actuator/sensor location, and y; is the jth Hankel singular value for the ith

actuator/sensor location.

The least-squares solution of (10.23) is as follows:
k=G*dp, (10.26)

where G* is the pseudoinverse of G. The set of equations (10.23) is either
overdetermined (¢ > 7, or rank(G) = r), or square (¢ = r = rank(G)), or
underdetermined (¢ < r, or rank(G) = g), see [68]. The form of the pseudoinverse
depends on the number of inputs and outputs 7, and the number of poles shifted, g,
i.e., on the rank of the matrix G.
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10.5 Collocated Controller Design Examples

Two examples of modal collocated controller design are presented: the controller
design for the simple flexible system, and for the 2D truss structure.

10.5.1 A Simple Structure

The Matlab code for this example is in Appendix B. The system is shown in
Fig. 1.1, with masses m; =m, =m; =1, stiffness & =10, k, =k; =3, k3 =4, and
the damping matrix D as a linear combination of the mass and stiffness matrices,
D =0.004K +0.001M. The input force is applied to mass m; and the output is the

rate of the same mass. The poles of the open-loop system are

Joton =—0.0024 % j0.9851,
Jys0a =—0.0175+ j2.9197,

0

Aos.06 = —0.0295 + j3.8084.
The system Hankel singular values are as follows:
7= [63.6418, 63.6413,4.9892, 4.9891, 0.2395, 0.2391]T.

There are two tasks:

o Shift the first pole by increasing its real part twofold, and leave the other poles
stationary; and

e increase the real parts of the first and second pole twofold, and leave the third
pole stationary.

In the first part we need to increase the first pole damping twofold and leave the
other poles stationary. For this increase we require the following factors: £, =2 and
B, = P; =1; therefore, df=[1 1 0 0 0 O]T. For this case, G =2y,; thus, we

obtain the gain £ = 0.0078 from (10.26). For this gain we compute the closed-loop
eigenvalues

Aeter =—0.0049 + j0.9851,

(4

Aeyes =—0.0189+ j2.9197,

(4

Aes.e6 =—0.0296 % j3.8084,

(4

and from this result we see that the actual pole shifts are £, =1.9939, p, =1.0779,
and f; =1.0037, which are close to the required ones.
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Next, we consider the second part, a design that increases the first and second
pole damping twofold and leaves the third stationary. In this case, f, =, =2 and
p; =1 as required; therefore, df = [1 1110 O]T. We obtain the gain

k =0.0084 from (10.26) and, consequently, we compute the closed-loop eigenvalues
for this gain:

etz =—0.0051+ j0.9851,
Aeyes =—0.0190+ j2.9197,

s o6 = —0.0296 + j3.8084.

(&

Comparing the open- and closed-loop poles, we see that the actual shifts,
B =2.0718, B, =1.0840, and SB; =1.0040, are almost the same as in the first case.

Thus, we hardly meet the requirements. This case shows that for the
underdetermined problem (the number of inputs is smaller than the number of poles
to be shifted), the obtained least-squares result is the best, but not satisfactory, result.

10.5.2 The 2D Truss

The 2D truss is presented in Fig. 1.2, with the damping matrix proportional to the
mass and stiffness matrix, D = 0.3M + 0.00002K. Control forces are applied at node
4, directed horizontally, and at node 10, directed vertically. The rate output is
collocated with the force. The system has 16 modes. The task is to suppress the two
most controllable and observable modes by increasing their damping 60 times.

We obtain the required feedback gain from (10.26). In order to use this equation
note that in this case S, = , =60 and the remaining f3’s are equal to 1. Let y; and

7, be vectors of the Hankel singular values for the first input and output, and for the

second input and output, respectively. Then G =2 [71 7/2]. For this case

dB=[59 59 59 59 0 0 .. O]T, and for these data we obtain from (10.26)
the gain matrix k = diag(4.3768, 385.0546).

For this gain we determine the closed-loop poles, and the pole shift was obtained
as a ratio of real parts of the closed- and open-loop poles, as in definition (10.14),
ie, Bi=Ayi/Ayi- The plot of B, in Fig. 10.4 shows that A =58.94 and
P, =57.46 are close to the assigned value of 60. The damping of the two poles
increased 60 times, while the other poles changed insignificantly.
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Figure 10.4. A dissipative controller for the 2D truss: (a) Factor f; shows the two most

controllable and observable modes; and (b) open-loop (solid line) and closed-loop (dashed
line) impulse responses show the increased damping of the closed-loop system.
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11
LQG Controllers

Q{) how to design an advanced feedback loop

In theory, there is no difference between theory and practice.
But, in practice, there is.
—Jan L.A. van de Snepscheut

The control issues, as applied to structures, include precise positioning or tracking. It
is expected that the positioning and tracking requirements should be satisfied for
structures with natural frequencies within the controller bandwidth and within the
disturbance spectra. LQG (Linear system, Quadratic cost, Gaussian noise)
controllers can typically meet these conditions and they are often used for tracking
and disturbance rejection purposes. A good insight into the problems of analysis and
design of LQG controllers can be obtained from the books by Kwakernaak and
Sivan [91], Maciejowski [104], Anderson and Moore [3], Furuta, Sano, and Atherton
[41], Lin [100], Skogestad and Postlethwaite [129], Dorato, Abdallah, and Cerone
[28], Burl [13], and Fairman [34].

Two issues in LQG controller design are of special importance: the determination
of the weights of the performance index—to satisfy the performance requirements
and controller order reduction—to reduce the control implementation complexity.
The first issue—weight determination—ultimately impacts the closed-loop system
performance, in terms of the tracking accuracy and the disturbance rejection
properties. If the weights of the LQG performance index are inappropriately chosen,
the LQG controller performance will not satisfy the requirements. The selection of
weights is most often not an easy task. As stated by Lin [100, p. 93] “It takes a great
deal of experience to transform design requirements and objectives to the
performance index that will produce the desired performance.” Our task is to replace
experience with analytical tools.

The second issue—controller order reduction—impacts the implementation in
terms of complexity and accuracy of the controller software. These problems are
especially important for structures, since the structural models are typically of high
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order, making order reduction a necessity. The order of the controller is equal to the
order of the plant, which is in most cases unacceptably high.

In this chapter both problems, weight determination and controller order
reduction, are solved in the modal coordinates, using unique structural properties in
modal coordinates.

11.1 Definition and Gains

A block diagram of an LQG control system is shown in Fig. 11.1. It consists of a
stable plant or structure (G) and controller (K). The plant output y is measured and
supplied to the controller. Using the output y the controller determines the control
signal u that drives the plant. The inside structure of the plant and controller is
shown in Fig. 11.2. The plant is described by the following state-space equations:

X=Ax+ Bu+v,
(11.1)
y=Cx+w,

as shown in Fig. 11.2. In the above description the plant state vector is denoted x.
The plant is perturbed by random disturbances, denoted v, and its output is corrupted

by noise w. The noise v, called process noise, has covariance V' = E (va ), the noise
w is called measurement noise, and its covariance is W =E (wa). Both noises are

uncorrelated, i.e., E (va )=0, where E(.) is the expectation operator. Without loss

of generality, it is assumed that the covariance of the measurement noise is unity,
ie, W=1

<
\
@®
<

A

K

Figure 11.1. The LQG closed-loop system: G—plant (structure), K—controller, u—
actuator input, and y—the sensed output.

The controller is driven by the plant output y. The controller produces the control
signal u that drives the plant. This signal is proportional to the plant estimated state
denoted x, and the gain between the state and the controlled signal u is the
controller gain (K,). We use the estimated state X rather than the actual state x,
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since typically the latter is not available from measurements. The estimated state is
obtained from the estimator, which is part of the controller, as shown in Fig. 11.2.
The estimator equations follow from the block-diagram in Fig. 11.2:

X= AR+ Bu+K,(y—Cz). (11.2)

Structure (G)

A
Y
(o]

Controller (K)

Y

o
>

|
|

ﬂ+
<

A

Ke

A

Figure 11.2. The inner structure of the LQG closed-loop system.

Assuming that the plant model is known exactly, we see that the estimated state is an
exact copy of the actual state, except for the initial (transient) dynamics. From the
above equation we see that in order to determine the estimator we have to determine
the estimator gain, X,.

Using (11.2) and the block-diagram in Fig. 11.2 we derive the controller state-
space equations from input y to output u:
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x=(4-BK.-K,O)+K,y,
( e KL e (11.3)
u=-K_,x.

From these equations we obtain the controller state-space representation
(Aigg > Bigg » Cige )

Ajyg =A-BK,~K,C,

e

B, =K., (11.4)
Clgg =K.

c*

In the above equations the controller gain (K,) and the estimator gain (K,) are
unknown quantities. We determine these gains such that the performance index J,

J? =E(J:(xTQx+uTRu) dtj (11.5)

is minimized. In the above equation R is a positive definite input weight matrix and
Q is a positive semidefinite state weight matrix. We assumed further that R = [
without loss of generality.

It is well known (see [91], [3]) that the minimum of J is obtained for the feedback
u=-K.x (11.6)
with the gain matrix,
K.=B'S,, (11.7)
and S, is the solution of the controller algebraic Riccati equation (called CARE)
A"S, +S.4-S.BB"S . +0=0. (11.8)
The optimal estimator gain is given by

K,=S,C", (11.9)

where S, is the solution of the filter (or estimator) algebraic Riccati equation (called
FARE)

AS, +S AT —s cTcs, +v =o. 11.10
e e e e
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The above is a formal procedure to design the LQG controller (i.e., to determine
the gains K, and K,). By saying formal we mean that the index J is known in

advance, and that the weighting matrix Q is also known. But the performance of the
closed-loop system is rather seldom specified through J or Q. It is rather defined
through the closed-loop parameters, such as bandwidth, the root-mean-square of the
system response to disturbances, or settling time and overshoot. These quantities are
reflected in the weighting matrix Q, but not in an explicit way—and the dependence
is not an obvious one. However, approximate relationships between weights and
closed-loop performance can be derived for structures, giving guidelines as to how
to determine the weights that shape the closed-loop system performance that meets
the requirements. We do this by relating the weights with the closed-loop pole
locations and the reduction of the disturbance noise. The following sections will lead
to the rational design of the LQG controller for structures.

11.2 The Closed-Loop System

The state-space equations of the open-loop system are given by (11.1), and the state-
space equations of the LQG follow from (11.4),

x=(4-K,C-BK.)%+K,y,
¢ ¢ < (11.11)
u=-K_x.

X
xo={ } (11.12)
&

where &= x—x, we obtain the closed-loop state-space equations in the form:

Defining a new state variable

x,=A4,x, +B,v,

(11.13)
z=C,x,,
where
[4-BKk,  BK,
>0 A-K,C|
B, = ! (11.14)
o I > .
c,=[C 0],

is the closed-loop triple.
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11.3 The Balanced LQG Controller

The solutions of the CARE and FARE depend on the states we choose. Among the
multiple choices there exists a state-space representation such that the CARE and
FARE solutions are equal and diagonal, see [82], [113], and [49], assuming that the
system is controllable and observable. In this case we obtain

S, =8, =M =diag(gy,tty,--» Uy ), (11.15)

where g4 2, 22 uy >0 and Mis a diagonal positive definite M =diag(y;),
i=L...,N, u;>0. A state-space representation with condition (11.15) satisfied is
called an LQG balanced representation and z;, i =1,..., N, are its LQG singular (or
characteristic) values.

Let R be the transformation of the state x such that x = Rx. Then the solutions of
CARE and FARE in the new coordinates are as follows:

S.=R"S,R,
B (11.16)
S,=R'S,RT,
and the weighting matrices are
0. = R'Q.R,
(11.17)

0. =RQR.

The transformation R to the LQG-balanced representation is obtained as follows:

e For a given state-space representation (4,8,C), find the solutions S, and S, of
CARE and FARE. Decompose S, and S, as follows:

S.=F R (11.18)
S.=RF,.
e Form a matrix H, such that
H=PP, (11.19)
¢ Find the singular value decomposition of H,
H=vMUT. (11.20)

e Obtain the transformation matrix either as
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R=PUM 2 (11.21)
or

R=P'vM"2, (11.22)
Proof. By inspection. We introduce R to (11.16) to show that (11.15) is satisfied. =

We give in Appendix A.12 the Matlab function bal _LQG, which transforms a
representation (4,B,C) to the LQG balanced representation (4, B,,,C}).

11.4 The Low-Authority LQG Controller

For LQG controllers we modify the definition of the low-authority controller of a
structure as known from Chapter 10. Let (4,B,C) be the open-loop modal

representation of a flexible structure (in the modal form 1 or 2), and let
A, =4 —BBTSC, A, = A—SECTC be the closed-loop matrices where S, and S,

are the solutions of the CARE and FARE equations, respectively. The LQG
controller is of low authority if its closed-loop matrices have the following property:

eig(4,,) = eig(A— BB'S,) = eig(4 - diag(BB")S,) (11.23)
and

eig(A.,) =eig(A—S,CTC) = eig(4-S, diag(CT C)). (11.24)

In other words, for the low-authority controller, BB and CTC can be replaced
with their diagonal terms.

The low-authority LQG controller has the following property:

Property 11.1. Relationship Between A, B, and C for the Low-Authority
LQG Controller. Let HSCH2 <s, and HS6’H2 <s,. For a controllable and

observable flexible system there exists s, >0 such that the controller is of low

authority. Furthermore, if A is in the modal form 1, one can use the following
replacement for BB (or CTC):

BB" =W, (4+ A") = diag(0, 2wy, 0, 2W,525...., 0, 2w, ), (1125)
ClC=—w, (4+ A")=diag(0,2w,,a,, 0, 2w, ,3,..., 0, 2w, t,)),

on~"n



256 Chapter 11
or, for the ith block,

0
0 2a |

11

BB} = -w, (4 + AZ'T) = Wci|:
(11.26)

0 2a |

1

0
Cre =—w, (4 + 4" ) =w, {

where a; =280;. If A is in the modal form 2 the following replacement is used.

T o Ty _ q;
BB" = _VVC (A +4 ) - dlag(wclalﬂWclal’Wc’2a2’W52a2""7chan sWen@n )

(11.27)

Trn Ty _ di
C'C=—W,(A+ A" )=diag(w, 01, W, 10, W,y0 , Wyr Qo ..o, Wy Oy s W, O ),

or, for the ith block,

BB =—w, (4 + A ) =w,a;1,,

1

(11.28)
CiTCi =-w, (4 + AiT) =W, 015,

where B; is the ith two-row block of B and C; is the two-column block of C.

Proof. Denote by b; the ith row of B. Note that for the positive-semidefinite matrix
BB” one obtains (b,-b]r )? S(b,»biT )(bjbjr ), i.e., that the off-diagonal terms do not
exceed the geometric mean value of the corresponding diagonal terms. Therefore, if
A is in modal form 1 or 2, and for small S, such that HSCHZ <s,, the off-diagonal
terms of BB’ do not influence the eigenvalues of A, le., eig(4,)
:eig(A—BBTSC). If the matrix BB’ is obtained from the Lyapunov equations
(4.5) and replaced by its diagonal terms, one obtains (11.25)—(11.28). Similar
applies to the eigenvalues of 4 — SECCT . [x]

We illustrate the low-authority LQG controller for a simple structure as in Fig.
1.1. In Fig. 11.3 we mark “O” the root-locus for the first and the second mode and

for the increasing values of the matrix S, , and with “e” we mark the approximate

root-locus, using the diagonal part of BB’. The figure shows good agreement
between the exact and approximate roots for small ..
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Figure 11.3. The exact (O) and approximate (e) root-locus of a simple system show
horizontal movement and good coincidence for low gain: (a) First pole; and (b) second pole.

11.5 Approximate Solutions of CARE and FARE

The design of the LQG controller seems to be a straightforward task since it goes as
follows: for given weights O and V' we obtain the gains K, and K, from (11.7) and
(11.9), and the controller representation from (11.4). However, from the
implementation point of view, this approach is not appropriately defined, since the
design process typically starts from the definition of the required closed-loop system
performance, such as the norm of the tracking error, or the location of the closed-
loop poles. Thus, we have to find appropriate weights Q and V' that meet the
performance requirements. This task does not have an analytical solution in general,
and is frequently solved using a trial-and-error approach. In the following sections
we solve this problem using the properties of flexible structures and the low-
authority controllers.

For the LQG design in modal coordinates we use diagonal weight matrices Q and
V. This significantly simplifies the design process, and can be justified as follows:

Consider the term E I;OxTQx dt , which represents the participation of weight O in

the performance index J. It is evaluated as follows:
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Ej Ox dt = Equ,]xx d, (11.29)
0i,j=1

where x; is the ith component of x. For a positive-definite matrix Q one obtains

2
g S‘Ii‘lj

and the states in modal coordinates are almost orthogonal, that is,

[E [, dtJ < [E:jx} dtJ[E:jxf dt].

Introducing two previous equations to (11.29), one obtains

Ej Ox dt~Equ”xx dz_onxTde dt, (11.30)
0

0 i=l
where Q, is a diagonal matrix that consists of the diagonal entries of Q.

Due to the duality of Q and V, the same applies to the matrix V. That is, in modal
coordinates the full matrix V' can be replaced with its diagonal part V;, and the

system performance remains almost unchanged.

Next, based on Property 11.1, we will show that the low-authority controllers in
the modal representation produce diagonally dominant solutions of the CARE and
FARE equations.

Property 11.2(a). Approximate Solution of CARE. Assume a diagonal
weight matrix Q =diag(q;l,), i=1L,...,n, then there exist q; <q,; where q, >0,
i=1,...,n, such that

(a) S, = diag(s,;1,) (11.31)

is the solution of (11.8), and

(b) SA;M’ B..= 1+%_ (11.32)
2w, ¢ Gio;
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Proof. (a) Note that for O = 0 we obtain S, =0. For small Q the CARE transforms

into the Lyapunov equation ATSC +S.4+ 0 =0. For a modal matrix 4 and diagonal

Q the solution of this equation is diagonally dominant, see Property 4.1. Thus, there
exist g; <gq,; where g,; >0, i=1,...,n, such that (11.31) holds.

(b) For diagonally dominant S., (11.8) turns into a set of the following
equations:

s.(4+ ATy = s2BBl +q,1, 20, i=1,...,n.

For a low-authority controller in modal coordinates we obtain B,»BiT =

—w,; (4; +A1~T ) and 4; + AZ»T =-24;w;1,, see (11.28). Therefore the above equation
is now in the following form:

S . . .
§2 4 —L;O, i=1,..,n

cl
Wy 260w,

There are two solutions of the above equation, but for a stable system and for ¢; =0
it is required that s, =0, therefore (11.32) is the unique solution of the above
equation. (=]

A similar result is obtained for the FARE equation.

Property 11.2(b). Approximate Solution of FARE. For a diagonal V,
V =diag(v,l,), i=1,...,n, there exist v; <v,; where v,; >0, i=1,...,n, such that

(a) S, = diag(s,;/,) (11.33)

is the solution of (11.8), where

o 2w
(b) o2l ml Ghee g = 14200 (11.34)
2w,; Gio;

From (11.31)—(11.34) we determine the LQG singular values as a geometric
mean of s, and s,;, f; =+/5.;5,; »1.€.,

~ \ (ﬁci - 1)(ﬂei - 1)

2y;

, i=1...,n. (11.35)

i
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11.6 Root-Locus

Using the diagonally dominant solutions of CARE and FARE we determine the
relationship between the weights and the pole location and noise suppression, which
is a useful tool in controller design.

Property 11.3(a). LQG Root-Locus. Let the weight Q be
0 = diag(0,0,...,¢,1,,...,0,0); (11.36)

then for the low-authority controller (q; < q,;) the closed-loop pair of flexible poles
(4 JA,i) as follows:

cri

* jA,;) relates to the open-loop poles (4,

ri
(Aori £ J i) = (Beidori T J i )s i=l...n, (11.37)
or, the real part of the poles is changed by factor f,,,
Aei = ProiPoris i=1..,n, (11.38)
while the imaginary part of the closed-loop poles remains almost unchanged

A

cii

= Aii»

i=1,..,n, (11.39)

where B.; is defined in (11.32).

Proof. For small weight ¢; the matrix 4 of the closed-loop system is diagonally

dominant, ie., 4, ~diag(4,), i=1,.,n, and A, =4, —B;Bs, . Introducing the
first of (11.26), we obtain

Ay = A+ 2s7;(4; + AiT)

and introducing 4; as in (3.2) to the above equation we have

4= {_ﬂcié’ia)[ —@; }

@; =P.i6i0;
with S, asin (11.32). [x]

This result implies that the weight O as in (11.36) shifts the ith pair of complex
poles of the flexible structure, and leaves the remaining pairs of poles almost
unchanged. Only the real part of the pair of poles is changed (just moving the pole
apart from the imaginary axis and stabilizing the system), and the imaginary part of
the poles remains unchanged.
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The above proposition has additional interpretations. Note that the real part of the
ith open-loop pole is 4,; = and that the real part of the ith closed-loop pole is

ll’

A =—C 0, see Fig. 2.1, note also that the height of the open-loop resonant peak is

aoi—K/Zg’i ®;, where x is a constant, and the closed-loop resonant peak is
a,; =k/2¢,,0;. From (11.37) we obtain S,; =4/, ; hence,
Bei i % (11.40)

Si

K

ci

is a ratio of the closed- and open-loop damping factors, or it is a ratio of the open-
and closed-loop resonant peaks. Therefore, if a suppression of the ith resonant peak
by the factor S, is required, the appropriate weight g; is determined from (11.32),

obtaining

_(BZ-D¢ o,
4=
2w

ci

(11.41)

The variable g, is also interpreted as a ratio of the variances of the open-loop

((7 -) and closed-loop (a -) states excited by the white noise input

Py =0t = Uoji (11.42)
Weei Oy
This interpretation follows from the closed-loop Lyapunov equations
(A—BB"S W, +W,(4-BB"S.)" +BB" =0,
which for the ith pair of variables is as follows:
(4; = BB} 5 )Weei + Weei (4 = BB s1) + BBl 0.
Introducing (11.28) gives
Weei F 2WoeiWoeiSei = Woei =0

or

Yot~ 14 5,,w,.; = B (11.43)

Weei

The plots of B, with respect to the weight g, and for the controllability factor of
the ith mode, w,; =1 are shown in Fig. 11.4. We obtain the same plot with respect
to w,; for g; = 1.
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The estimator poles are shifted in a similar manner.
Property 11.3(b). Root-Locus of the Estimator. Denote

V = diag(0,0,...,v,1,,...,0,0), (11.44)

then for moderate weights (v; <v,;), and the estimator pair of poles (A,.; £ jA,;)
relates to the open-loop poles (A,,; £ jA,;) as follows:

Coris £ 20i) = BoiZoris £ i) i=1,...n, (11.45)

eri> ©
or, the real part of the poles is changed by factor p,;,
Aeri Z Boiloris i=1,..,n, (11.46)
while the imaginary part of the closed-loop poles remains almost unchanged

A

ell

= Aoiis

i=1,..,n, (11.47)
where p,; is defined in (11.34).

The above applies for low-authority controllers, i.e., controllers that modify only
moderately the system natural frequencies, as defined by Aubrun and Marguiles, see
[5] and [6]. The controller authority is limited by the values ¢,; and v,; such that
one has ¢; <q, and v; <v,. The limiting values ¢,; and v,; are not difficult to
determine. There are several indicators that the weight g; approaches ¢,; (or that v;
approaches v,;). Namely, ¢q,; is the weight at which the ith pair of complex poles of

the plant departs significantly from the horizontal trajectory in the root-locus plane
and approaches the real axis, see Fig. 10.3. Alternatively, it is a weight at which the
ith resonant peak of the plant transfer function disappears (the peak is flattened). A
similar result applies to the estimator weights v,;.

11.7 Almost LQG-Balanced Modal Representation

We will show that for the diagonally dominant solutions of CARE and FARE in
modal coordinates (S, =diag(s,;/,) and S, =diag(s,;/,), i =1, ..., n), we obtain an
approximately balanced solution (M) of CARE and FARE in a straightforward

manner, by taking a geometric mean of CARE and FARE solutions, i.e.,

M= (S,S,)""*= diag(u;1,), (11.48)

where
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Figure 11.4. Coefficient # versus weight ¢ for y =1, or versus the Hankel singular value y
forg=1.

’ui = 'Scisei’ i:l’“.’n’ (1149)

Matrix M is diagonally dominant, and the transformation R from the modal
representation (4,B8,C) to the LQG-balanced representation (4;,,,B,,,Cpq) 1s

diagonally dominant as well, in the following form:

1/4
R=diag(ily, rylyser,ly), 1= (Sj . (11.50)

Sei

Since the state matrix 4 is diagonally dominant, the transformation scales only the
state input and output matrices, while the state matrix 4 remains unchanged, i.e.,

(Aigg s Blgg>Cigg) = (A,R_IB,CR).

Next, we determine weights that make a structure approximately LQG balanced.

Property 11.4. Weights that Approximately LQG Balance the Modal
Representation. If the system is in the almost-balanced modal representation,
and the weights Q and V are equal and diagonal, Q =V =diag(q;), the solutions of

the Riccati equations are almost identical

Sei = Sop i=1,..,n, (11.51)

and the open-loop and LOG-balanced representations approximately coincide, i.e.,
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(Aigg>Bigg - Clyg) = (4,B,C). (11.52)

Proof. Introducing ¢; =v; and w, =w,; to (11.31) and (11.33) we find that

Sci = Seis

i=1,...,n In this case R=[ (from (11.50)); hence, the open-loop and
LQG-balanced representations are approximately identical. =]

11.8 Three Ways to Compute LQG Singular Values

From the above analysis we can use one of three ways to compute LQG singular
values:

1. From the algorithm in Section 11.3. This algorithm gives the exact LQG
singular values. However, the relationship between the LQG singular value and
the corresponding natural mode it represents is neither explicit nor obvious.

2. From (11.48). This is an approximate value that gives a connection between the
LQG singular values and the corresponding modes.

3. From (11.35). This is an approximate value related to a specific mode. It is a
closed-form equation that gives an explicit relationship between structural
parameters and the singular value.

11.9 The Tracking LQG Controller

Previously considered LQG controllers were designed for vibration suppression
purposes, where the commanding signal was zero. A more complex task includes a
tracking controller, where a structure must follow a command. It requires tracking
performance in addition to vibration suppression properties. This is the case of
controllers for radar and microwave antennas, such as the NASA Deep Space
Network antennas. This kind of controller should assure zero steady-state tracking
error, which is achieved by adding an integral of the plant position to the plant state-
space representation, as reported in [4], [36], [39], [42], [80], [118], and [142]. The
closed-loop system configuration of the tracking LQG controller is shown in Fig.
11.5. In this figure (4,B,C) is the plant state-space triple, x is the state, x is the

estimated state, x ’ is the estimated state of a flexible part, » is the command, u is the
control input, y is the output, y is the estimated output, e=r -y is the servo error,

e¢; is the integral of servo error, v is the process noise of intensity ¥, and the

measurement noise w is of intensity /. Both v and w are uncorrelated: E (va) =0,

V=EW"), W=Eww')=1, E(v)=0, and E(w)=0.
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Figure 11.5. The tracking LQG controller with an integral upgrade.

For the open-loop state-space representation (4,B,C) of a flexible structure the
state vector x is divided into the tracking, x,, and flexible, x > parts, ie.,

xz[xt} (11.53)
Xy

The tracking part includes the structural position, and its integral, while the flexible
mode part includes modes of deformation. For this division the system triple can be
presented as follows (see [59]):

A= At Atf >
0 4,

The gain, K, the weight, O, and solution of CARE, S, are divided similarly to x,

Bt
B= B, | c=[c, o] (11.54)
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K. =[K, Kyl

ct

g 0
Q:{o Q,}’ (11.55)

Sct Sctf
S.=| . .
Sar  Ser

The tracking system is considered to be of low authority, if the flexible weights are

much smaller than the tracking ones, i.e., such that HQ, > HQfH It was shown by

Collins, Haddad, and Ying [20] that for O, =0 one obtains S, =0 and S, =0.

This means that the gain of the tracking part, K, does not depend on the flexible
part. And, for the low-authority tracking system (with small Q,), one obtains weak

dependence of the tracking gains on the flexible weights, due to the continuity of the
solution. Similar conclusions apply to the FARE equation (11.8).

This property can be validated by observation of the closed-loop transfer
functions for different weights. Consider the transfer function of the Deep Space
Network antenna, as in Fig. 11.6. Denote by/, and 0, the identity and zero
matrices of order », then the magnitude of the closed-loop transfer function (azimuth
angle to azimuth command) for O, =/, and Q, =0, is shown as a solid line, for

O,=1, and O, =5x1,, as a dashed line, and for O, =8x/, and O, =0,, as a
dot—dashed line in Fig. 11.6. It follows from the plots that variations in O, changed

the properties of the flexible subsystem only, while variations in O, changed the
properties of both subsystems.

Note, however, that the larger O increases dependency of the gains on the

flexible system; only quasi-independence in the final stage of controller design is
observed, while separation in the initial stages of controller design is still strong. The
design consists therefore of the initial choice of weights for the tracking subsystem,
and determination of the controller gains of the flexible subsystem. It is followed by
the adjustment of weights of the tracking subsystem, and a final tuning of the
flexible weights, if necessary.

11.10 Frequency Weighting

The LQG controller can be designed to meet tracking requirements and, at the same
time, maintain the disturbance rejection properties. In order to achieve this, the
problem should be appropriately defined in quantitative terms. For this purpose we
use the frequency shaping filters to define tracking requirements, or disturbance
rejection performance of the closed-loop system. Although these filters are used
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only in the controller design stage, they add to the complexity of the problem. This
is because in the process of design the number of system equations varies and their
parameters are modified. As stated by Voth et al. [132, p. 55], “the selection of the
controller gains and filters as well as the controller architecture is an iterative, and
often tedious, process that relies heavily on the designers’ experience.”
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Figure 11.6. Magnitudes of the transfer function of a closed-loop system for different LQG
weights: O, impacts the flexible modes (higher frequencies), while O, impacts the low and

high frequencies.

We will show in this section that this comparatively complex task can be
simplified in the case of flexible structure control. Structures have special properties
that allow for a simple incorporation of filters. Namely, for the system in modal
representation, the addition of a filter is equivalent to the multiplication of each row
of the input matrix (or input gains) by a constant. The ith constant is the filter gain at
the ith natural frequency of the structure. In this way each natural mode is weighted
separately. This approach addresses the system performance at the mode level,
which simplifies an otherwise ad hoc and tedious process.

Let (A4,B,C) be the modal state-space representation of a structure transfer
function G, with s inputs and » outputs, and let (4;,B;,C;) and G, be the state-space

representation of the ith mode and its transfer function, respectively. Introduce the
following transfer function:

n
G=).G, (11.56)
i=1

where

G, =C,(jol - 4)"'B, (11.57)
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and
Ei = Ba;,
(11.58)
a; = ‘F (a),-)‘.
Above, ¢; is the magnitude of the filter transfer function at the ith natural

frequency, and G, is a transfer function G; with the scaled input matrix B;.

For the LQG controller the H, norm of the transfer function GF is used as a
system performance measure. In the modal representation this norm is approximated
as follows:

Property 11.5(a). LQG Input Filtering. The H, norm of a structure with a
smooth input filter is approximately equal to the H, norm of a structure with a
scaled input matrix B,

|67, =[], - (11.59)

Proof. Using Property 5.7 one obtains

. =le; =

G,
2

n n
|GFI} = Y lGieill, = 3|
i=1 i=1

Equation (11.59) shows that the application of the input filter for the H,
performance modeling is equivalent to the scaling of the 2xs modal input matrix
B; with a;.

Similar results are obtained for the output filter:

Property 11.5(b). LQG Output Filtering. The H, norm of a structure with a
smooth output filter is approximately equal to the H; norm of a structure with a
scaled output matrix C,

|Fal, =[G

L (11.60)



LQG Controllers 269

where
J— n J—
G= s
i1 (11.61)
G, =C,(jol — 4)"'B;,
and
C =a,C,. (11.62)
Proof. Similar to the one of Property 11.5(a). [m]

In (11.62) ¢; is the magnitude of the filter transfer function at the ith natural

frequency. Note that Property 11.5 preserves the order of the system state-space
model, as well as physical (modal) interpretation of the transfer function, and the
corresponding state variables. This simplifies the controller design process, since the
relationship between filter gains and system performance is readily available.

11.11 The Reduced-Order LQG Controller

We see from the previous analysis of the LQG controller that the size of the
controller is equal to the size of the plant. However, the size of the plant is often
large so that the corresponding controller size is too large to be acceptable for
implementation. It is crucial to obtain a controller of the smallest possible order that
preserves the stability and performance of the full-order controller. In order to do so
the plant model should not be reduced excessively in advance, to assure the quality
of the closed-loop system design. Therefore, controller reduction is a part of
controller design. The modal LQG design procedure provides this opportunity.

11.11.1 The Reduction Index

In order to perform controller reduction successfully, we introduce an index of the
importance of each controller mode. In the open-loop case, modal norms served as
reduction indices. In the closed-loop case, Jonckheere and Silverman [82] used the
LQG singular values as reduction indices for symmetric and passive systems.
Unfortunately, they can produce unstable controllers. This we illustrate later in the
simple structure example in this chapter, where the most important controller mode
has the lowest LQG singular value.

In this chapter we evaluate the effectiveness of the closed-loop system using the
degree of suppression of flexible motion of the structure. The suppression, in turn,
depends on the pole mobility into the left-hand side of the complex plane. Therefore,
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if a particular pair of poles is moved “easily” (i.e., when a small amount of weight is
required to move the poles), the respective states are easy to control and estimate.
On the contrary, if a particular pair of poles is difficult to move (i.e., even large
weights move the poles insignificantly), the respective states (or modes) are difficult
to control and estimate, and the action of the controller is irrelevant. Therefore, the
states, which are difficult to control and estimate, are reduced. This demonstrates
heuristically the rationale of the choice of the pole mobility as an indicator of the
importance of controller states.

We perform the reduction of the LQG system in modal coordinates. First, we
define the reduction index o; as a product of a Hankel singular value and the LQG

singular value of the system
O; =ik (11.63)

This combines the observability and controllability properties of the open-loop
system and the controller performance. This choice is a result of the fact that o; is a

measure of the ith pole mobility. Indeed, note from (11.35) and (11.63) that o; is
the geometric mean of the plant and the estimator pole mobility indexes, i.e.,

o; 20.5{(B,; —D(B,; —1). (11.64)

This equation reveals, for example, that for B, =1 (no shift of the ith controller
pole) o; is equal to zero. Similarly, for S,; =1 (no shift of the ith estimator pole) o;
is equal to zero, too. However, for a shifted pole one obtains S, >1, S, >1; hence,
the index is also “shifted,” that is, o; > 0.

We can find an alternative interpretation of o,. Denote by o the variance of
the open-loop response to white noise, and by o-fl- the variance of the closed-loop

. . 2
response to white noise, and note that w, ., =o,; and w,,; = where w,,; and

ci»

w,; are the diagonal entries of the open- and closed-loop controllability grammians.
2

Denote by Ac? =% —c? the change of the response of the open- and closed-loop

systems due to white noise. Then a useful interpretation of the reduction index
follows from (11.43):

o, =—L. (11.65)

This equation shows that the reduction index is proportional to the relative change of
the response of the open- and closed-loop systems due to white noise.



LQG Controllers 271

Having defined o; as the controller performance evaluation tool, we develop the

reduction technique. The reduction index is determined from (11.63). But, in order
to find the reduction index we need to find the Hankel singular values and LQG
singular values. They are found as follows. In modal coordinates the Hankel singular
values are approximately equal to the geometric mean of the corresponding
controllability and observability grammians, i.e.,

Vi =N Weii Woii » (11.66)

where w,; and w,; are the ith diagonal entries of the controllability and

cii
observability grammians, respectively. Similarly, in modal coordinates the solutions
of the CARE and FARE equations are approximately equal to the geometric mean of
the corresponding CARE and FARE solutions

Hi =\ SciiSeii » (11.67)

where s.; and s,; are the ith diagonal entries of the CARE and FARE solutions,
respectively. Thus, combining the last two equations and (11.63) we obtain

O =\ WeiiWoiiSciiSeii - (11.68)

Thus, in modal coordinates the reduction index is obtained from the diagonal entries
of the grammians and the diagonal entries of the CARE and FARE solutions.

11.11.2 The Reduction Technique

In order to introduce the controller reduction technique, we define the matrix X of
the reduction indices as X =diag(o}, 05, ... , 0y ), and from (11.63) it follows that

T =TM. (11.69)

Next, we arrange the diagonal entries o; in X in descending order, ie., o; >0,

0; 20,1, i=1,...,N, and divide the matrix as follows:

1
P (11.70)
1o 30 '

where X, consists of the first & entries of X, and then X, the remaining ones. If the
entries of X, are small in comparison with the entries of X, the controller can be
reduced by truncating its last N —k states.
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Note that the value of the index o; depends on the weight ¢;, so that the

reduction depends on the weight choice. For example, if for a given weight a
particular resonant peak is too large to be accepted (or a pair of poles is too close to
the imaginary axis, or the amplitudes of vibrations at this resonance frequency are
unacceptably high), the weighting of this particular mode should be increased to
suppress this mode. The growth of weight increases the value of o;, which can save

this particular mode from reduction.

11.11.3 Stability of the Reduced-Order Controller

The question of stability of the closed-loop system with the reduced-order controller
should be answered before implementation of the controller. In order to answer this
question, consider the closed-loop system as in Fig. 11.2. Denote the state of the

closed-loop system as
X
xg:{ }, (11.71)
£

and let £=x—x be the estimation error. For this state we obtain the following
closed-loop equations:

x,=A4,x,+B,r+B,v+B,w,
(11.72)
y=C,x, +w,

where

c

0 A4-K,C

Bo{ﬂ, Bv=m, Bw{_zj, c,=[Cc 0l

Let the matrices 4, B, C of the estimator be partitioned conformingly to X in (11.70),

4, 0 B,
A= , B=|""| c=[c, c] (11.73)
0 4 B,

{A—BKC BK }
4, = ,

then the reduced controller representation is (4,,B,,C,). The controller gains are
divided similarly
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Kc :[Kcr Kct]’
{K } (11.74)

er

K,

et

K =

e

and the resulting reduced closed-loop system is as follows:

A-BK,  BK,
A, = , (11.75)
0  4-K,C,

B—B B—] B—O C =|C 0 11.76
or 0’ vrfl > w _Ker’ 07[ r] ( . )

Define the stability margin of matrix A4, as follows:

m(A4,) = min[-Re(% (4,))], (11.77)

where Re(.) denotes a real part of a complex variable, and /4;(.) is the ith eigenvalue
of a matrix, then the following property is valid:

Property 11.6.  Stability of the Reduced-Order Controller. For
1=, <=, |. one obtains m(A4,)=m(4,,), where A,, is a closed-loop matrix of a

system with the reduced controller, and A4, is the state matrix of the truncated part.

Hence, the reduced-order controller is stable.

Proof. Introduce (11.73), (11.74), (11.75) to (11.76) to obtain

A = Aor Aol
’ A02 At_KezCz ’

where

BrKct
= Btht > AOZZ[O 0 _Ketcr]'
_Kerct

A

ol

The matrix A4, is divided into four blocks, with the upper left block 4,.. Thus, in
order to prove that m(4,)=m(4,,), it is sufficient to show that: (a) in the lower left
block |K,C,.[=0; and (b) m(4,)>=m(4,); ie. that in the lower right block
|IK..C,|=0. But for (a) from (11.9), for the LQG-balanced system, one obtains
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HKetCr H = HMtCtTCr

<|mclc|=z[z|=0; simitarly, for (o) |K,,C,[=|m,cC,|
z|z,|=o0. =

11.11.4 Performance of the Reduced-Order Controller

In addition to the stability evaluation, we assess the performance of the reduced-

T T

& ] the estimation error of the full-order

order controller. Denote by & =[5r

controller and by ¢,, the estimation error of the reduced-order controller, and then
we obtain the following property:

Property 11.7. Performance of the Reduced-Order Controller. If the
states with small reduction indices are truncated, then one obtains

and & =0. (11.78)

Ky
1
)

Proof. Note that for 4, as in the previous proof the estimation error is
&= (4, -K,C)e, —K,Ce,
and that
& =K,C.e. +(4,-K,C)s,.
But, from (11.75), the error of the reduced-order controller is
£y = (4, -K,C))e,.

As shown previously HKe,C,HEO, and HKe,C,HEO for small o;; thus, ¢, =¢,..
Additionally, we obtain &, = 4,¢,, imposing that for stable A4, the truncation error
vanishes (g, — 0) with elapsing time (¢t — ). =]

The above property implies that for |Z,||<[Z,|| the performance of the reduced-

and full-order controllers is approximately the same. We will show this in the design
examples section, where we compare the performance of the full- and reduced-order
controllers.
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11.11.5 Weights of Special Interest

Here we discuss weights that produce a special form of the CARE/FARE solutions
and closed-loop response. First, for a fully controllable system, consider the weights
Q and V as follows:

0=2w'BBW ",
(11.79)
1T -1
v=2w;'cTcw;!.

In this case we obtain the inverses of the controllability and observability grammians
as the CARE and FARE solutions, i.e.,

S =w,
¢ ”1 (11.80)
S, =w .

We prove this by the introduction of (11.79) and (11.80) into CARE, which gives
A"S +S.4+5.BB"S, =0. (11.81)

Introducing S, = WC’l gives the Lyapunov equations (4.5). A similar proof can be
shown for the solution of FARE.

The weights as in (11.79) penalize each state reciprocally to its degree of
controllability and observability. Particularly, when the weights Q and V are
determined in the modal representation, we obtain from (11.79) that the system LQG

singular values are M = /S.S, =W, "W, ' =I'"". In this case, the reduction index

¥ from (11.69) is S=MI'=I"'T'=/, i.e., that all modes are equally important and
no reduction is allowed.

Consider another set of weights of a fully controllable system, namely,

o=c'c+w,BB"W,,
(11.82)
v=BB" +w.cTcw,,

then we obtain the observability and controllability grammians as solutions of the
CARE and FARE equations

S. =W,
c (11.83)
S, =Ww.
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We prove this by the introduction of (11.83) to the CARE and FARE equations. For
the system in the modal representation the LQG singular values are equal to the

Hankel singular values, since M =,/S.S, =/W.W, =I". In this case, the reduction

index X from (11.69) is X=MT =T?, ie., that the closed-loop reduction can be
performed as an open-loop reduction, using Hankel singular values.

11.12 Controller Design Procedure

The following steps help to design an LQG controller:

1. Put the structural model into modal coordinates 1 or 2.

2. Define the performance criteria, such as bandwidth, settling time, overshoot, etc.

3. Assign initial values of weighting matrices Q and V (remember: these matrices
are diagonal).

4. Solve the Riccati equations (11.8) and (11.10), find controller gains from (11.7)
and (11.9), and simulate the closed-loop performance. Check if the performance
satisfies the performance criteria. If not, continue.

5. Check which modes do not satisfy the criteria. Change corresponding weights
¢; and v;, and return to p. 4.

6. If the criteria are not fully satisfied, consider the addition of a filter to achieve
the goal. Use the procedure of Section 11.10, by appropriately scaling the input
(B) or output (C) matrices in modal coordinates.

7. When the goal is achieved, perform controller reduction. Determine the
reduction index as in (11.63) or (11.68), and eliminate the controller states with
the small reduction indexes. Simulate the closed-loop system with the reduced-
order controller. If the performance of the system with the reduced-order
controller is close to the performance of the system with the full-order
controller, accept the reduced-order controller; or you may consider further
reduction. If the performance of the reduced-order controller departs
significantly from the performance of the full-order controller, increase the order
of the reduced-order controller, until its performance is satisfactory.

In the above design procedure we show that we can achieve the design goals due
to two facts: First, the modes are almost independent, therefore by changing a single
weight (or rather a single pair of weights) we change the properties of a single mode,
leaving other modes almost unchanged. Second, we know approximately from
(11.41) how much weight we need to add in order to damp the vibrations of a
selected mode.
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11.13 Controller Design Examples

Here we present examples of the design of a modal LQG controller for a simple
structure, for the 3D truss structure, and for the Deep Space Network antenna.

11.13.1 A Simple Structure

The Matlab code for this example is in Appendix B. Design the LQG controller
for the system shown in Fig. 1.1. The system masses are my =m, =mj; =1, stiffness
k=10, k, =3, k3 =4, and k; =3, and a damping matrix D = 0.004K + 0.001M4,
where K, M are the stiffness and mass matrices, respectively. The input force is
applied to mass m;, the output is the displacement of the same mass, and the poles
of the open-loop system are

Joton=—0.0024 £ j0.9851,
osoa=—0.0175% j2.9197,

0

Jys.06=—0.0295 + j3.8084.

(4

The system Hankel singular values for each mode are y; =64.60, 7, =1.71, and
73 =0.063, hence,

(a) I' = diag(64.60, 64.60, 1.71, 1.71, 0.063, 0.063).
We select the following weight matrix Q and the covariance matrix V: Q = V =
diag(0.5, 0.5, 1, 1, 2.5, 2.5). For these matrices the solution S, of CARE and the

solution S, of FARE are diagonally dominant,

S. =diag(1.83, 1.91, 4.45, 4.35, 20.01, 19.81),
S, =diag(1.12, 0.94, 3.75, 3.95, 20.56, 20.87).

Next, we obtain the approximate LQG singular values from (11.48) as a geometric
mean of the CARE/FARE solutions

(b) M, =(S.S,)"? = diag(1.34, 1.43, 4.09, 4.15, 20.31, 20.33),

and the exact LQG singular values obtained from the algorithm in Section 11.3 are

M =diag(1.09, 1.60, 3.93, 4.17, 20.17, 20.37).

The LQG singular values are plotted in Fig. 11.7(a).



278 Chapter 11

25 , .
(a)

15 - _

10| i

p and Happrox

0 ® ! !
1 2 3 4

natural frequency, rad/s

100 : : :
¢ (b)
80 - i

60 |- g

40 | i

Gapprox

0 ! ! ! ! ! Py
1 2 3 4

natural frequency, rad/s

Figure 11.7. A simple system: (a) The exact (O) and approximate (¢) LQG singular values
coincide; and (b) the controller reduction index shows that the third mode is redundant.
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Figure 11.8. Magnitudes of the transfer function of the open-loop (solid line) and closed-
loop (dashed line) simple structures: Closed-loop damping increased since resonant peaks
are flattened.
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The magnitudes of the open- and closed-loop transfer functions are shown in Fig.
11.8. The weights Q and V shift the poles to the right, causing the peaks of the open-
loop transfer function (solid line in Fig. 11.8) to flatten, see the closed-loop transfer
function (dashed line in Fig. 11.8).

Controller reduction. We obtain the controller reduction matrix ¥ as ~=MI" from
the approximate values of M and I', using equations (a) and (b); obtaining

2 =MI = diag(86.56, 92.38, 6.99, 7.10, 1.28, 1.28).

Their plots are shown in Fig. 11.7(b). We truncate the third mode, which has the
smallest reduction index (o3 =1.28), and the reduced LQG controller with the two-
mode estimator is applied. Note that a mode with the largest LQG singular value is
truncated. The closed-loop transfer functions, with full- and reduced-order
controllers coincident, are shown in Fig. 11.9, solid and dashed lines, respectively.

10°

magnitude
Lol

-
o
T

Ll

10_3 . . | .

107" 10° 10"

frequency, rad/s

Figure 11.9. Coincident magnitudes of the transfer function of the closed-loop simple
structure with full-order (solid line) and reduced-order (dashed line) LQG controllers.

11.13.2 The 3D Truss

We design the LQG controller for the 3D truss as presented in Fig. 1.3. A vertical
control force is applied simultaneously at nodes 18 and 24 (the first input), and a
horizontal force is applied simultaneously at nodes 6 and 18 (the second input). The
combined vertical displacement at nodes 6 and 12 is the first output, and the
combined horizontal displacement at nodes 5 and 17 is the second output. The
system is in modal almost-balanced representation, and it has (after reduction) 34
states (or 17 modes). We assume the weight (Q) and the covariance (V) matrices
equal and diagonal, i.e., O =V =diag(q,,9;.92,92.----917-917) Where g; =g, =400,
g3 =q4 =4000, g5 =g =40000, ¢;=---=¢;; =400. In this case the CARE and

FARE solutions are approximately equal and diagonally dominant, as stated in
Section 11.5. In Fig. 11.10(a) we show the exact LQG singular values (from the
algorithm, Section 11.3), and the approximate singular values (from (11.35)); they
confirm satisfactory coincidence. Poles of the open- as well as the closed-loop
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system and the estimator are shown in Fig. 11.11. For the modal almost-balanced
controller the poles of the closed-loop system and the estimator overlap.

In Fig. 11.12(a) we compare the open-loop (solid line) and closed-loop (dashed
line) impulse responses from the first input to the first output. They show that the
closed-loop system has increased damping. Comparing the open-loop transfer
function (solid line in Fig. 11.12(b)) and the closed-loop transfer function (dashed
line) we see that the oscillatory motion of the structure is damped out.
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Figure 11.10. The 3D truss: (a) The coinciding exact (O) and approximate (e) LQG
singular values; and (b) the coinciding exact (O) and approximate (e) controller reduction
indices.

The diagonal entries of the reduction matrix ¥ are shown in Fig. 11.10(b). We
obtained them from (11.69) using exact and approximate values of I' and M. We
reduced the order of the controller by truncating 18 states that are associated with
the small reduction indices (i.e., such that o; <0.01). The resulting reduced-order
controller has 16 states. The reduction did not impact the closed-loop dynamics,
since the magnitude of the transfer function of the full-order controller (solid line)
and reduced-order controller (dashed line) overlap; see the illustration in Fig. 11.13.
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Figure 11.11. Poles of the open-loop truss (), of the closed-loop truss (e), and of the

estimator (O).

11.13.3 The 3D Truss with Input Filter

We design the LQG controller for the steel truss as in Fig. 1.3. The disturbance is
applied at node 7 in the z-direction, the performance is measured at node 21, in the
same direction. The input u is applied at node 20 in the z-direction, and the output y
is a displacement of node 28, in the same direction. The open-loop transfer function
from the disturbance to the performance is shown in Fig. 11.14 (solid line). The
disturbance input is filtered with a low-pass filter, of transfer function
F(s)=1/(1+0.011s). The magnitude of its transfer function is shown in the same

figure by a dot—dashed line. The resulting transfer function of the structure and filter
is represented by the dotted line.

We obtained the equivalent structure with the filter by scaling the disturbance
input according to (11.57) and (11.58). The magnitude of its transfer function is
shown in Fig. 11.14 (dashed line). It is clear from that figure that the structure with
the filter, and the structure with the scaled disturbance input, have similar frequency
characteristics. In order to compare how close they are, we calculated their H,

norms, obtaining |G|, =2.6895 for the structure with the filter, and |G|, =2.6911

for the structure with the scaled disturbance input.
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Figure 11.12. The 3D truss: (a) Impulse responses; and (b) magnitudes of the transfer
function of the open-loop (solid line) and closed-loop (dashed line) trusses, from the first
input to the first output. Closed-loop responses show increased damping.
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Figure 11.13. Overlapped magnitudes of the transfer function of the closed-loop truss with
a full-order (solid line), and reduced-order (dashed line) LQG controller.
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Figure 11.14. Magnitudes of the transfer function of the truss (solid line), filter (dash—dot
line), truss with filter (dotted line), and truss with scaled disturbance input (dashed line):
Scaling has a similar effect as filter application.

We designed two frequency weighted LQG controllers for this structure. The first
one is based on the structure with a filter, while the second is based on the structure
with the scaled input matrix. The magnitudes of the closed-loop transfer function of
a structure with a filter, and with the scaled input matrix are shown in Fig. 11.15.
The plot shows that both systems have almost identical performance. Indeed, the

closed-loop H, norms are as follows: HGcle =0.4153 for the structure with the

filter, and ||G,,||, = 0.4348 for the structure with the scaled disturbance input.

le

11.13.4 The Deep Space Network Antenna

We illustrate the design of a modal LQG controller for the azimuth axis of the Deep
Space Network antenna. For this design we use the 18-state reduced antenna modal
model obtained in Example 6.9. We assume the weight, O, and plant noise
covariance, V, equal and diagonal.

In the first step, we upgrade the Deep Space Network antenna model with the
integral-of-the-position state. After upgrade the model consists of two tracking states
(azimuth angle and its integral), a state with the real pole that corresponds to the
drive dynamics, and eight flexible modes (consisting of 16 states). For the tracking
subsystem (consisting of the angle y and its integral y;) we assumed the preliminary
weights of g, =¢, =1, and the drive state weight of ¢g; =33. We chose the weights
for the flexible subsystem such that the flexible modes show increased damping; this
was obtained for the following weights: g, =---=¢; =33 and for g3 =---=¢g;9 =10.
Next, we calculate the step response of the closed-loop system, which is shown in
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Fig. 11.16(a). It shows 8 s settling time. We also obtain the closed-loop transfer
function, and it is shown in Fig. 11.16(b). It has a bandwidth of 0.2 Hz.
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Figure 11.15. Open—loop transfer function (solid line) and closed-loop transfer function, for
a structure with scaled input matrix (dashed line) and for a structure with a filter (dotted
line): Scaling has a similar effect as filter application.
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Figure 11.16. The initial design of the antenna LQG controller shows a large response time
and low bandwidth: (a) Closed-loop step response; and (b) closed-loop magnitude of the
transfer function.
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In the next step we improve the tracking properties of the system by the weight
adjustment of the tracking subsystem. By increasing the proportional and integral
weights to ¢, =g, =100 the tracking properties are improved, see the step response
in Fig. 11.17(a) (small overshoot and settling time is 3 s) and in the magnitude of the
transfer function Fig. 11.17(b) (the bandwidth is extended up to 2 Hz).
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Figure 11.17. Final design of the antenna LQG controller, full-order (solid line), reduced-
order (dashed line): (a) Closed-loop step response; and (b) closed-loop magnitude of the
transfer function. The design features fast step response and increased bandwidth.

Next we obtain the reduced-order controller through the evaluation of controller
reduction indices o;. The plot of o; is shown in Fig. 11.18. Reducing the order of

the estimator to 10 states (preserving the tracking states, and the eight flexible mode
states) yields a stable and accurate closed-loop system. Indeed, the reduced-order
controller shows satisfactory accuracy, when compared with the full-order controller
in the step response plots in Fig. 11.17(a) and with the transfer function plots in
Fig. 11.17(b). For more on the LQG controller for the antennas, see [42] and
http://tmo.jpl.nasa.gov/tmo/progress report/42-112/112J.PDF.
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Figure 11.8. Controller reduction index for the Deep Space Network antenna



12
H.. and H, Controllers

Q{) how to control a generalized structure

Black holes are
where God divided by zero.
—Steven Wright

In the LQG controller design we assumed that the control inputs were collocated
with disturbances, and that the control outputs were collocated with the
performance. This assumption imposes significant limits on the LQG controller
possibilities and applications. The locations of control inputs do not always coincide
with the disturbance locations, and the locations of controlled outputs are not
necessarily collocated with the location where the system performance is evaluated.
This was discussed earlier, when the generalized structure was introduced. The H,
and H., controllers address the controller design problem in its general configuration
of non-collocated disturbance and control inputs, and noncollocated performance
and control outputs. Many books and papers have been published addressing
different aspects of H., controller design, and [12], [30], [94], [99], [100], [104],
[122], and [129] explain the basic issues of the method. The H,, method addresses a
wide range of the control problems, combining the frequency- and time-domain
approaches. The design is an optimal one in the sense of minimization of the H.,
norm of the closed-loop transfer function. The H, model includes colored
measurement and process noise. It also addresses the issues of robustness due to
model uncertainties, and is applicable to the single-input—single-output systems as
well as to the multiple-input-multiple-output systems.

In this chapter we present the H. controller design for flexible structures. We
chose the modal approach to H, controller design, which allows for the
determination of a stable reduced-order H, controller with performance close to the
full-order controller.
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12.1 Definition and Gains

The closed-loop system architecture is shown in Fig. 12.1. In this figure G is the
transfer function of a plant (or structure), K is the transfer function of a controller, w
is the exogenous input (such as commands, disturbances), u is the actuator input, z is
the regulated output (at which performance is evaluated), and y is the sensed (or
controlled) output. This system is different from the LQG control system as in
Fig. 11.1: besides the actuator input and controlled output it has disturbance input
and the regulated output. Needless to say, it represents a broader class of systems
than the LQG control system.

\

K

A

Figure 12.1. The H, closed-loop system configuration: G—plant, K—controller, u—
actuator input, w—exogenous input, y—sensed output, and z—regulated output.

For a closed-loop system as in Fig. 12.1 the plant transfer function G(s) and the
controller transfer function K(s) are such that

[Z(S)J _ G(S)(w(s))’
(s) u(s) (12.1)
u(s)=K(s)y(s),

where u, w are control and exogenous inputs and y, z are measured and controlled
outputs, respectively. The related state-space equations of a structureare as follows:

x= Ax+Blw+Bzu,
Z:C1x+D12u, (122)
y=Cyx+ Dy w.

Hence, the state-space representation in the H., controller description consists of the

quintuple (4,B,,B,,C;,C,). For this representation (A4,B,) is stabilizable and
(4,C,) is detectable, and the conditions
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Dﬁ[cl DIZ]:[O ]]’
(12.3)
D21[31T Dle]:[O ]

are satisfied. When the latter conditions are satisfied the H,, controller is called the
central H,, controller. These are quite common assumptions, and in the H, control

they are interpreted as the absence of cross terms in the cost function (D1T2C1 =0),
and the process noise and measurement noise are uncorrelated (BID2T] =0).

The H., control problem consists of determining controller K such that the H.,
norm of the closed-loop transfer function G,,, from w to z is minimized over all

realizable controllers K, that is, one needs to find a realizable K such that

|G, (K|, (12.4)

is minimal. Note that the LQG control system depends on y and u rather than on w
and z, as above.

The solution says that there exists an admissible controller such that HG

<P

wz

where p is the smallest number such that the following four conditions hold:

1. S, 20 solves the following central H, controller algebraic Riccati equation

ooc —

(HCARE),

2. S, 20 solves the following central H, filter (or estimator) algebraic Riccati

e —

equation (HFARE),

SeA” + A4S e + BB =5,,(C3Cy = pC[ S, = 0. (12.6)

Junax (SeeeSe) < 7 (12.7)
where A.,, (X) is the largest eigenvalue of X.

4. The Hamiltonian matrices
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4 p2BB -B,Bl
efe -A"

i (12.8)
AT piclc -clc,
| -B,B/ .y

b

do not have eigenvalues on the jw-axis.

With the above conditions satisfied the optimal closed-loop system is presented
in Fig. 12.2, and the controller state-space equations, from the input y to the output
u, are obtained from the block-diagram in Fig. 12.2,

);é:(A‘Fp_zBBTSooc_B Kc_KeC )),C\'+Key,
151 2 2 (12.9)
u=-K_.x.

According to the above equations the H. controller state-space representation
(4,,B,,,C,,) is as follows:

A,=A+p BB S, -B,K. -K,C,,

B, =K, (12.10)
C,=-K,,

where
K.=B)S,, (12.11)
and

Ke = S()S(XX:‘CZT’
(12.12)
S, =(I-p28,,5,.)"

The gain K, is called the controller gain, while K, is the filter (estimator) gain.

The order of the controller state-space representation is equal to the order of the
plant. Note that the form of the H., solution is similar to the LQG solution. However,
the LQG gains are determined independently, while the H. gains are coupled
through the inequality (12.7), and through the component S, in (12.12).

How is the H, norm of the closed-loop transfer system w to z minimized?
Through the gains that depend on the solution of the Riccati equations (12.5) and
(12.6), which in turn depend of the w input matrix B;, and the z output matrix C,.
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12.2 The Closed-Loop System

We derive the closed-loop equations starting from the state-space equations of the
open-loop system, see (12.2),

xX= AX+BIW+Bzu,
z=Cyx+Dju, (12.13)

y=Cyx+ D, w.

Next, we obtain the state-space equations of the central H, controller from the
block-diagram in Fig. 12.1, or (12.9),

x=(4-K,C,+pBBS, .- B,K)Z+K,y,
: i ? (12.14)
u=-K_.x.

Defining a new state variable

X
xaz{ } (12.15)
&

where &=x—2x, we obtain the closed-loop state-space equations in the following
form:

x, =A4,x, +B,w,

(12.16)
z=C,x,,
where
A-B,K, B,K,
° |-p?BBlS,. A-K,C,+p BBS,.|
Bl
B, = , (12.17)
Bl _KCDZI

C,=[Ci+ DK, —DpK. ]
The block diagram of the closed-loop system is shown in Fig. 12.2.

Assuming ,Lf1 =0 in (12.16) and (12.17), one obtains the H, system, which has
structure identical to the LQG controller as in Fig. 11.2.
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12.3 The Balanced H., Controller

The balanced H,, controller helps to reduce the controller size. An H,, controller is
balanced if the related HCARE and HFARE solutions are equal and diagonal, see
[110] and [56], i.e., if

S,

ooc

=S

ooe

=M

00

(12.18)

Moo = diag(:uool sHoopseees /uooN)s

Figure 12.2. An H,, closed-loop system.
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Mool 2 Moy 272ty >0, where u,,; is the ith H, singular (or characteristic)
value.

The transformation R to the H.-balanced representation is determined as follows:

¢ Find the square roots P, and P, of the HCARE and HFARE solutions

P£CPWC :SOOE’
S (12.19)

e Denote N, =P_.P,, and find the singular value decomposition of N,

N, =V, M, UL. (12.20)
e Obtain the transformation R in the following form:

R=P, UM, or R=PV, M2 (12.21)

C " O

The state x, such that X = Rx, is H, balanced and the state-space representation is
(R'4R,R'B,,R"'B,,C\R,C,R).

In order to prove this, note that the solutions of HCARE and HFARE in new
coordinates are S, =R’S, R, S,,=R'S,,R”". Introducing R, as in (12.21), we
obtain the balanced HCARE and HFARE solutions.

The Matlab function bal_H_inf.m in Appendix A.13 transforms a representation
(4,B,,B,,C;,C,) to the H.-balanced representation (A, By, By,,Cp1,Chy)-

For the H.-balanced solution, the condition in (12.7) simplifies to

Ul <P and Hoon > 0. (12.22)

In the following we establish the relationship between H., singular values and
open-loop (or Hankel) singular values. Let the matrix inequalities be defined as
follows: X; > X, if the matrix X| — X, is positive definite, and by X; > X, if the
matrix X; — X, is positive semidefinite. For asymptotically stable 4, and for V' > 0,
consider two Riccati equations:

ATS, +S,A-S WS, +V =0,
(12.23)
T
ATS) + 8,4 S,W,8, +V =0.

If W, >W, >0, we obtain
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525,20, (12.24)

see [25].

Property 12.1. H. and Hankel Singular Values. Let T'| be a matrix of
Hankel singular values of the state representation (A,B;,C,), and let M. be a
matrix of H, singular values defined in (12.18). Then, for an asymptotically stable
A, and for ByBY — p?BBl >0, CIC, - p2ClC, >0, we obtain

MOOSFI or i <Vi» i=1...,N. (1225)

Proof. Note that (12.25) is a consequence of the property given by (12.24). This
property is applied to (12.5), and to the Lyapunov equation

W0A+AT w, +C1T C, =0. It is also a consequence of property (12.24) applied to

(12.6), and to the Lyapunov equation WC,AT + AW, +BIBIT =0. In this way, we
obtain W, >S,, and W, =S,.. From the latter inequalities it follows that
AW.)224;(Sy,) and A,(W,)) 2 4(S,.) (see [73, p. 471]); thus, A4, (W W,))
2 4;(S,18,.) or M, <T. =]

12.4 The H, Controller

The H, controller is a special case of the H,, controller but, at the same time, it is a
generalization of the LQG controller. It minimizes the H, norm similarly to the LQG
index, but its two-input-two-output structure (disturbance and control inputs are not
collocated and performance and sensor outputs are not collocated either) is similar to
the H,, controller.

12.4.1 Gains

The open-loop state-space representation for the H, controller is given by (12.2).
It is the same as for the H,, system, and we define its matrices A4, B,,B,,C;,C,,D,,,

and Dy, in the following, based on [12].

The controlled system consists of state x, control input u#, measured output y,
exogenous input w' = [vuT vl }, and regulated variable z = Cx+ Dj,u, where v,
and v, are process and measurement noises, respectively. The noises v, and v, are

uncorrelated, and have constant power spectral density matrices ¥, and V),
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respectively. For the positive-semidefinite matrix 7, matrix B; has the following
form:

B=[n" o] (12.26)

The task is to determine the controller gain (K,) and the estimator gain (K,), such

that the performance index (J) as in (11.5) is minimal, where R is a positive-definite
input weight matrix and Q is a positive-semidefinite state weight matrix.

Matrix C; is defined through the weight O,

0
G :{Qm} (12.27)
and, without loss of generality, we assume R =/ and V, =/, obtaining
1
Dy, = ol
(12.28)
D, =[0 I].

The minimum of J is achieved for the feedback with gain matrices (K, and K,) as
follows:

T
Ke= B2 %, (12.29)
Ke :S26C2T’

where S,. and S§,, are solutions of the controller algebraic Riccati equation

(CARE) and the estimator algebraic Riccati equation (FARE), respectively, which in
this case are as follows:

S, A+A'S,. +clc, -S,,B,B1S,, =0,
(12.30)
S, A" + 4S,, + BBl -8,,C1C,S,, =0.

Note by comparing (12.5), (12.6), and (12.30) that the H, solution is a special case
of the H, solution by assuming p_l =0, for which the inequality (12.7) is
unconditionally satisfied.
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12.4.2 The Balanced H, Controller

An H, controller is balanced if the related CARE and FARE solutions are equal and
diagonal. We derive the relationship between the H,, and H, characteristic values as
follows:

Property 12.2. The Relationship Between H,, H,, and Hankel Singular
Values.

M2 SMOO or Hoi Sluooi’ (1231)

M, <T; or i <7145 i=L...,N. (12.32)

Proof. Let f=inf{p:M,(p)>0}. Then on the segment (S +) all H.

characteristic values are smooth nonincreasing functions of p, and the maximal
characteristic value g, is a nonincreasing convex function of p; see [95]. As a

consequence, for p—>o one obtains M, —M,. However, p,; are increasing
functions of p, and u,; = p; as p—> o, thus g, < pu,;. The second part is a
direct consequence of (12.31) and Property 12.1. =]

12.5 The Low-Authority H,, Controller

We extend the properties of flexible structures to H, control design. These
properties are valid for a low-authority controller of moderate action. In this case
flexible structure properties are reflected in the properties of the H, controller. Let
(4,B,,B,,C;,C,) be the open-loop modal representation of a flexible structure (in

the modal form 1 or 2), and let 4, = A—BszrS A,=4-5,5,.,C,C, be the

closed-loop matrices, where S,. and S, are t;’; sohitions of :h: eHCARE and
HFARE equations, respectively, and S, =(/ - p_zSooeSm)_l. Denote by b, the ith
row of B. The H., controller is of low authority if for the closed-loop matrix 4., we
obtain eig(Acl)zeig(A—diag(BBT S.). In other words, for the low-authority
controller we can replace BBT with its diagonal terms. Similarly, for the low-
authority H,, controller we can replace CTC with its diagonal terms, obtaining
eig(4.,) = eig(4-S, S, diag(CT C)).

We can find a positive scalar s, such that for HSCH2 <s, and HSeHz <s, the H,

controller is of low authority. For a low-authority controller the following property
holds:
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Property 12.3. HCARE and HFARE in Modal Coordinates. For the low-
authority H., controller the solutions of HCARE and HFARE in modal coordinates
are diagonally dominant

S =diag(s,.ils),

(12.33)
Spe = diag(sei15), i=1,...,n,
and the H,, singular values are obtained as follows:
Hooi = [ SeociSovei > i=1,...,n (12.34)

Furthermore, if A is in the modal form 2, one can use (11.25) as replacements for
BB™ (or CTC).

Proof. The proof is similar to the proof of Property 11.1. The second part follows
from the diagonally dominant solutions of HCARE and HFARE. [x]

We obtained the diagonal solutions of HCARE and HFARE under low-authority
assumption. Often, for low values of the parameter p, some modes do not satisfy the
low-authority conditions. The HCARE and HFARE solutions for these modes are no
longer diagonal, and the total solution is in the block-diagonal form, as in Fig. 12.3.
However, this block-diagonal form is equally useful in applications, since it remains
diagonally dominant for those modes that preserve the low-authority properties.
These modes are subjected to truncation in the controller reduction process. They are
weakly correlated with the remaining modes, and their reduction index is small,
which makes the truncation stable and the truncation error small.

System matrix A HCARE/HFARE solutions

Values: |:| zero, small, medium, ! large.

Figure 12.3. Modal matrix 4 and HCARE/HFARE solutions for the partially low-authority
H., controller: The solution for the flexible mode part is diagonally dominant.
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12.6 Approximate Solutions of HCARE and HFARE

We obtain the approximate solutions of HCARE and HFARE in closed-form, in
order to understand the relationship between structural parameters and the closed-
loop system performance. For flexible structures in modal coordinates, we use
Properties 12.3 and 11.1 to obtain the Riccati equations (12.5), (12.6) in the
following form:

2
KeiScooi +Scooi Woli —0’ (1235)
Keise?ooi t Sej T Weli = 0, i=1,..,n,
where
Weli
Kci =Weoi 2
Yol
(12.36)
W.:
Kei =Wo2i — 0;1 .
Vel
The solutions of the ith equation are
Sc‘tﬁi =~ M,
2k,
(12.37)
~ ﬂei 1
exr — ZKEZ 9
where
Bei =1+ 4w,k = \/1 +4y3 — 40 s
(12.38)

2 -2 2
B.i ZWZ\/I"“WQ[_“'/D i »

and y ;; is the ith Hankel singular value between the jth input and the kth output.

The H,, singular values are real and positive for x; >0 and «,; >0.

2

From (12.35), we obtain .52, + S, = W,y; and i,;8%,; + S, = W,y;. Thus,
Seoni S Wi for K, =0, (12.39)
and
Semi S Wey; for K, =0. (12.40)
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Introducing (12.37) to (12.34) we obtain the approximate H. singular values as
follows:

A= D) (1241

o] = H

2K

1

where

Ky =V =P = P e+ P (12.42)

Consider a special case of the equal cross-coupling between the two inputs and

. . 2 2 .
two outputs, i.e., ¥, =y,,. For this case, S, =p8,=/F and yj, =y =r1/2;
therefore,

Hoi = Ki=72» _P727’11- (12.43)

Setting p_l =0 specifies the above results for the H, systems. Thus, for the H,

controller x,; = and for x,; =w,,; from (12.37) and (12.38), it follows that

c2i»

5= ﬁ2ci -1
- 2WL’2i ’
(12.44)
=1
S,0; = ﬂZez ,
2Wo2i
are the approximate solutions of the modal H, Riccati equations, and
[ 2
Baci =1+ 4731
(12.45)

[ 2
Baei =1 +4715; -

Thus, #,; =+/S.0iS.2; 15 the ith characteristic value of an H, system, obtained from
(12.39) and (12.40) for p ' =0,

iy = \/ (Boei = D(Boei =1 .

V22i

(12.46)

Also, from (12.43) one obtains
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i < Moy < Vi
(12.47)

2
o1 S P70

for x,; >0 and x, >0.

12.7 Almost H.-Balanced Modal Representation

For the diagonally dominant solutions of HCARE and HFARE in modal
coordinates, see (12.33), we find the approximately balanced solution M, of

HCARE and HFARE, which is also diagonally dominant, i.e.,

M,, =diag(u.,15),
(12.48)

Hooi = [ SoociSoei » i=1,...,n

The modal representation for which the solutions of HCARE and HFARE are
approximately equal is called the almost H.-balanced representation. The
transformation R from the modal representation (4, B,,B,,C;,C,) to the H,, almost-

balanced representation (A4,,,B,5415Bapnz>Capnt» Capna) 1S diagonal

R = diag(ﬁlz,rzlz,...,rnlz),

[ Jl /4 (12.49)
Seoei
V=] —— ,

i
Sooci

and
(Aupins Bupnts Bans Capit>Capa) = (AR ™' B,R'B,,C,R,C,R).  (12.50)

Note that this transformation requires only a rescaling of the input and output
matrices.

Indeed, the modal representation (4,R™'B;,R™'B,,C;R,C,R) is almost H.,
balanced, and the HCARE, HFARE solution A, is diagonally dominant in the
modal almost-balanced coordinates. This we can prove by noting that the solutions
of HCARE and HFARE are S,,=R’S,R and S,,=R'S,,R’ and
introducing R, as in (12.49), we obtain the balanced solution as in (12.50). Note that
the values of s, and s, depend on the choice of coordinates, but their product
does not.
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12.8 Three Ways to Compute H,, Singular Values

The above analysis allows us to compute the H,, singular values in three different
ways:

1. From the algorithm in Section 12.3. This algorithm gives the exact H,, singular
values. However, the relationship between the H. singular value and the
corresponding natural mode it represents is not explicit.

2. From (12.33), (12.34). These approximate values give an explicit connection
between H., singular values and natural modes.

3. From (12.41). This is an approximate value related to a single mode. The largest
singular values may be inaccurate, but the closed-form equation gives an explicit
relationship between structural parameters and the singular value.

12.9 The Tracking H,, Controller

The tracking control problem differs from the regulation problem because controller
performance depends not only on the plant parameters, but also on the tracking
command profile (its rate, acceleration, etc.). It is useful to formulate the tracking
problem such that the requirements are met by definition. One important
requirement for tracking systems is to maintain zero steady-state error for constant-
rate command. Upgrading the plant with an integrator can satisfy this requirement,
as was already discussed in the LQG controller design in Chapter 11. An H,
tracking controller with an integral upgrade is presented in Fig. 12.4. For this
configuration the design approach is similar to the LQG tracking controller design
presented earlier, see Section 11.9.

12.10 Frequency Weighting

In order to meet the specified performance requirements we need smooth pre- and
post-compensating filters. Typically, filters are smooth, i.e., their transfer function
satisfies conditions (5.28), and for smooth filters Property 5.8 is valid. This property
says that the H, norm of a smooth filter in series with a flexible structure is
approximately equal to the norm of a structure alone with the input (output) matrices
scaled by the filter gains at natural frequencies.

Denote by G; a transfer function of the ith mode G, with the scaled input matrix

B;; see (11.58). We show that the H, norms of both transfer functions are

approximately equal.
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w z
y

u

r

Figure 12.4. An H,, tracking controller with an integral upgrade.

Property 12.4(a). H. Input Filtering. The H, norm of a structure with a
smooth input filter is approximately equal to the H, norm of a structure with a
scaled input matrix B,

|GF|, = ||é|

(12.51)

B
00

where
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J— n J—
G= e
i=1 (12.52)
_ . =
,~=Cl~(]a)[—Al~) Bi’
and
Ei =Bia;,
(12.53)
a; = ‘F(a)i)‘.
Proof. From Property 5.8 we obtain
Gl =g, =t @

HGFH = maxHGia[H = max‘

Equation (12.51) shows that the application of the input filter for the H,
performance modeling is equivalent to the scaling of the 2xn input matrix B; with
where ¢; is the magnitude of the filter transfer function at the resonant

a;,
; see (5.27).

frequency o;, o; = ‘F (o)
Property 12.4(b). H. Output Filtering. The H, norm of a structure with a
smooth output filter is approximately equal to the H,, norm of a structure with a

scaled output matrix C,
|Fa), =|d] (12.54)

b}
o0

where

é: .
;’ (12.55)

G, =C,(jol - 4)"'B,,

and
(12.56)

Qi

=

Proof. Similar to Property 12.4(a).
Equation (12.54) shows that the application of the output filter for the H,
performance modeling is equivalent to the scaling of the 2xn output matrix C;
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with «a;, where «; is the magnitude of the filter transfer function at the resonant
frequency.

12.11 The Reduced-Order H,, Controller

The order of the state-space representation of the H,, controller is equal to the order
of the plant, which is often too large for implementation. Order reduction is
therefore a design issue worth consideration. The reduction of a generic H.,
controller is not a straightforward task; however, an H, controller for flexible
structures inherits special properties that are used for controller reduction purposes.

12.11.1 The Reduction Index
We introduce the following reduction index for the H,, controller:
O i = 722iHeci- (1257)

In this index y,,; is the ith Hankel singular value of (4,B,,C,), and u,; is the ith
H., singular value. The index o, serves as an indicator of importance of the ith
mode of the H,, controller. If o; is small, the ith mode is considered negligible and
can be truncated.

When p_1 =0 the H,, controller becomes the H, controller. Indeed, for ,o_1 =0,

we get o, =0y;,
02i =V 22iti> (12.58)
i.e., the H, controller reduction index.

The choice of reduction index as in (12.57) is justified by the properties of the
closed-loop system, presented below.

12.11.2 Closed-Loop Poles

Let (4.,B-,C,) be the state-space representation of the central H,, controller as in
(12.10). Defining the closed-loop state variable as in (12.15), we obtain the closed-
loop modal state-space equations as in (12.16). Divide 4, into submatrices
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A A
A, :{ 1 12}, (12.59)
Ay Ay
where
Al 1 = A - Bch N
Ap = BK,,
- (12.60)
Ay =—p "BBM,,,
Ay =A-K,Cy+p BBIM,,
to prove the following property:
Property 12.5. Closed-Loop Poles. If
Oy KOy, for i=k+1,...,n, (12.61)

then the ith pole is shifted approximately by 2o,; with respect to the open-loop
location, i.e.,

Ay = 4 =201, (12.62)

Proof. In modal coordinates, 4 is diagonal and the following components are
diagonally dominant:

B,K,. = B,BIM,, = diag(2¢,0,W,5f1,si),

KCo =MuC; C; = diag(2 001, (12.63)
- (280w
pBBIM, = dlag[éia)lpvvzm];

thus, each of the four blocks of A4, is diagonally dominant. If o, <o, for
i=k+1,...,n, then the ith diagonal components of 4;, and 4,, are small for
i=k+1,...,n. Thus for those components the separation principle is valid and gains
k., and k,; are independent. Furthermore, the ith diagonal block 4,,; of the matrix
A,, is as follows:

Ay = Ay =55 11iC3Coi = P BBy o (12.64)



306 Chapter 12

where 4; is given by (2.53). Note, in addition, that s, =1 for o, <o, thus

ywiC;iCzi =28 ,0;Wyy;i foil,, and also that p’zBll-BlC,uwi = 2§ia)l-p’2wch-ywi12.
Consequently, (12.64) now becomes A,,; = 4; —20,,;1, or (12.62). (=]

12.11.3 Controller Performance

Let the error vector ¢ be partitioned as follows:

£
g:{ } (12.65)
&

with &, of dimension #,, & of dimension #,, such that #n, +n, =n. Let the matrix
of the reduction indices be  arranged in  decreasing  order,
2, =diag(o 11y, ,0upls), O 20, and be divided consistently by &,

Y = Zoor - 0 (12.66)
1o =l :

where X, =diag(o,15,..,001ds), Lo, =diag(Opi1ls,--,00,15). Divide the

matrix M, accordingly, M, =diag(M,,,M,,). The closed-loop system

oor 2

representation (4,,B,,C,) is rearranged according to the division of ¢, i.e.,

0°7~0°
Aor Aort
A4,= ,
A A

otr ot

B

B, :{ } (12.67)
Bot

Coz[Cor Cot]'

X X
X, ={ } X, :{ } (12.68)
& &,

The reduced-order controller representation is (A4,,,B,,,C,,.), and let the closed-

or>or?

loop system state be denoted by X,

If condition (12.61) is satisfied, the performance of the closed-loop system with
the reduced-order controller is almost identical to the full-order controller in the

sense that Hx,—?c,HZEO. It follows from (12.63) that for o, <o,
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(i=k+1,...,n) we obtain |4,,|=|4,,|=0, and the closed-loop block A4, is

almost identical to the open-loop block 4,, i.e., 4, = 4,. In this case, from (12.67)
and (12.68), we obtain

X, =A,x.+A4,,6+B,w=A4,x.+B, w=X,, (12.69)
or, thus, x, =X,.

The above approximations hold for low-authority controllers, i.e., for the
controllers that modify only moderately the system natural frequencies. Typically,
the modes with largest H,, singular values do not fall under this category, but the
modes with the smallest H,, singular values are under low-authority control. Thus
the latter modes are the ones that are the most suitable for reduction. Therefore the
presented reduction procedure is applicable in this case.

12.12 Controller Design Procedure

The following steps help to design an H,, controller:

1. Put the structural model into modal coordinates 1 or 2.
2. Define the performance criteria, such as bandwidth, settling time, overshoot, etc.
3. Assign the initial values of the disturbance matrix B, and performance matrix

C, (these matrices are known to a certain degree).

4. Solve the Riccati equations (12.5), (12.6), and (12.7), find controller gains from
(12.11) and (12.12), and simulate the closed-loop performance. Check if the
performance satisfies the performance criteria. If not, continue.

5. Check which modes do not satisfy the criteria. Scale the corresponding
components of B, and/or C;, and return to p. 4.

6. If the criteria are not fully satisfied, consider the addition of a filter to achieve
the goal. Use the procedure of Section 12.10, by appropriately scaling the input
(B)) or output (C}) matrices in modal coordinates.

7. When the goal is achieved, perform controller reduction. Determine the
reduction index as in (12.57) and eliminate the controller states with the small
reduction indexes. Simulate the closed-loop system with the reduced-order
controller. If the performance of the system with the reduced-order controller is
close to the performance of the system with the full-order controller, accept the
reduced-order controller; or you may consider further reduction. If the
performance of the reduced-order controller departs significantly from the
performance of the full-order controller, increase the order of the reduced-order
controller, until its performance is satisfactory.

The above design procedure achieves the design goals because the modes are almost
independent; therefore by scaling a single entry of the disturbance matrix B, or
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performance matrix C; we change the properties of a single mode, leaving other
modes almost unchanged.

12.13 Controller Design Examples

We illustrate the H,, design method using a simple structure, the truss structure, and
the Deep Space Network antenna.

12.13.1 A Simple Structure

We design an H,, controller for a system as in Fig. 1.1. The system parameters are as
follows: m; =3, my =1, my=2, k=30, ky=ky;=k; =6, D= 0.004K + 0.001M,
where M, K, and D are mass, stiffness, and damping matrices, respectively. The
control input (u#) acts at mass 2 and mass 3 in opposite directions. The first
disturbance (w;) acts at mass 2 and mass 3 in opposite directions, with an

amplification factor of 3, the second disturbance (w,) acts at mass 2, and the third
disturbance (w;) is the output noise. The output (») is a displacement of mass 2, and
the controlled outputs (z;,z,, andz;) are the displacement of mass 2 with an

amplification factor of 3, a rate of mass 3, and an input u. Thus, the corresponding
input and output matrices are as follows:

0 0 0 0
0 0 0 0
B1=O o o 32:0,
0 0 0 0
1 3 0 1
0 -15 0] | -0.5]
(000 1000
G=[0 0003 0] C,=[0 0 0 0 1 0],
000000

and
DL =Dy =[0 0 1]

First we find the parameter o such that the condition (12.7) is satisfied, obtaining
p = 7.55. Next we determine the H,, singular values: the exact ones obtained from
(12.18) and the approximate ones obtained from (12.41). They are shown in
Fig. 12.5. The figure shows good coincidence for the two smallest values. Next we
calculated the open- and closed-loop impulse responses, and show them in
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Fig. 12.6(a) (from the first input to the first output). We also calculated the
magnitudes of the transfer function of the open- and closed-loop systems, and they
are compared in Fig. 12.6(b), showing significant vibration suppression.

10
8L o .
6 - |
3 L]

4L i
2 © © .
0 1 1 1

1 2 3

mode number

Figure 12.5. Exact (O) and approximate () H, singular values of a simple system: Good
coincidence for modes 2 and 3.
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Figure 12.6. A simple system: (a) Open- and closed-loop impulse responses; and
(b) magnitudes of the open- and closed-loop transfer functions. Damping is added to the
closed-loop system.
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Next we reduce the controller using the reduction indices. They are shown in Fig.
12.7. The index of the third mode is small and is truncated; hence the controller
order is reduced from six to four states. The obtained closed-loop system is stable,
with comparable performance. This is confirmed with the impulse responses of the
full and reduced controller in Fig. 12.8 (from the first input to the first output).

12.13.2 The 2D Truss

The Matlab code for this example is in Appendix B. We present the design of the
H.,, controller for the 2D truss structure, as shown in Fig. 1.2. The structural model
has 16 modes, or 32 states. The control input, u, is applied to node 4, in the vertical
direction, the controller and the output y is collocated with «. The disturbances act at
the input ¥ with an amplification factor of 90, and at node 10 (the horizontal
direction). The performance output z is measured at output y, and at node 9, in the
horizontal direction.

50 T

40 ® i

201 mode i
10 - T ]
0
1 2 3
mode number

Figure 12.7. Reduction index of the simple system.

0.2
0.1

-0.1

impulse response

-0.2

0 10 20 30 40 50
time, s
Figure 12.8. Almost identical impulse responses of the full (solid line) and reduced (dashed
line) H,, closed-loop system.

First, we obtain the system H., singular values and compare them in Fig. 12.9
with the approximate ones, obtained from (12.41). Similarly to the previous
example, the small values show good coincidence while the large values diverge.
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This property is explained by the fact that for the largest singular values the closed-
loop modal damping is large enough to diverge from the low-authority conditions.
Nevertheless, this is not a significant obstacle, since only small H,, singular values
are used to evaluate the modes subjected to reduction.

Next, we compare the H,, singular values (O), the H, singular values (o), and the
Hankel singular values y;,; (¢) in Fig. 12.10, showing that Properties 12.1 and 12.2

hold. Namely, the Hankel singular values dominate the H, singular values, and the
latter dominate the H, singular values. The critical value of pis p=125.1.

10° :
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|- @ @ @ @ @ 1

®
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o ©® o ®

10 + ®

10_1 | | | | | | | |
0 2 4 6 8 10 12 14 16

mode number

Figure 12.9. The exact (O) and approximate () H,, singular values of the 2D truss are
almost equal for higher modes.
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Figure 12.10. H,, (O), H; (), and Hankel singular values (®) of the 2D truss satisfy (12.47).
We also compare the open- and closed-loop impulse responses and magnitudes

of the transfer functions in Fig. 12.11, showing that the closed-loop performance is
improved when compared to the open-loop performance.
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Figure 12.11. The 2D truss: (a) Open-loop (solid line) and closed-loop (dashed line)
impulse responses; and (b) magnitudes of the open-loop (solid line) and closed-loop (dashed
line) transfer functions.

Next we compute the H,, reduction indices, and show them in Fig. 12.12. The H,,
reduction index satisfies the condition in (12.61) for k = 6, ..., 16, i.e., O, <K 0.
Hence, the reduced controller contains five modes, or 10 states. Indeed, the
controller with five modes (of order 10) is stable, and its performance is almost
identical to the full-order controller, since the closed-loop impulse responses of the
full-order (see Fig. 12.11(a)) and reduced-order controllers overlap.

12.13.3 Filter Implementation Example

Consider the 3D truss with a filter as in Subsection 11.13.3. The magnitude of the
transfer function of the truss with a filter is shown in Fig. 12.13(a) (solid line). We
obtained an equivalent structure with filter by scaling the disturbance input,
according to (12.51), and the magnitude of its transfer function is shown in Fig.
12.13(a) (dashed line). It is clear from that figure that the structure with the filter,
and the structure with the scaled disturbance input, have very similar frequency

characteristics and their norms are as follows: HGHOO =2.6895 for the structure with

the filter and |G| =2.6911 for the structure with the scaled disturbance input.
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Figure 12.12. Reduction indices of the 2D truss.

We designed two frequency weighted H., controllers for this structure. The first
one is based on a structure with a filter, while the second one is based on a structure
with a scaled input matrix. The closed-loop transfer functions are shown in Fig.
12.13(b). The closed-loop performance of the structure with the filter, and with the
scaled input, are quite close. The closed-loop H, norms are as follows:
||Gc, ||00 =0.4221 for the structure with the filter and ||Gd ||0O =0.2852 for the
structure with the scaled disturbance input. The scaled system has better
performance because it had a minimum for a smaller value of p (0 =15.7) than the
system with a filter (p=7.0). If we use p=7.0, the norm of the scaled system is

|G, =0.4034.

12.13.4 The Deep Space Network Antenna with Wind
Disturbance Rejection Properties

A significant portion of the antenna tracking error is generated by the antenna
vibrations excited by wind gusts. The LQG controller designed in Subsection
11.13.4 improved its tracking, but we did not address directly the disturbance
rejection properties in the design process, therefore they are rather moderate. The H,,
controller allows for addressing simultaneously its tracking and disturbance rejection
properties, as we show in the following.

In [48] the wind spectra were determined from the wind field data. Based on
these spectra, and using the antenna model in the modal representation, we add the
wind filter by an appropriate scaling of the input matrix B, of the antenna. The

scaling factors are the filter gains at the natural frequencies of the antenna.
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Figure 12.13. Magnitudes of the transfer function: (a) The open-loop system; and (b) the
closed-loop system (with filter (dashed line) and with equivalent weights (dotted line)).

We obtained and simulated the H., controller for the azimuth axis, and compared
its tracking performances with the LQG controller performance. First, we compare
the transfer functions from the command input to the encoder output; see
Fig. 12.14(a). The plot shows improved tracking performance of the H. controller
(the bandwidth is 2.2 Hz for the H controller and 1.2 Hz for the LQG controller).
The wind disturbance rejection properties are represented by the transfer functions
from the wind disturbance input to the encoder output, Fig. 12.14(b), and by the
simulated wind gusts action on the antenna in Fig. 12.15, where the tracking errors
of the H, and LQG controllers are plotted. In Fig. 12.14(b) the H, controller
disturbance transfer function is about a decade lower than the LQG controller,
showing improved disturbance rejection properties of the H,, controller. This is
confirmed by the plot of the tracking error in a 50 km/h wind, see Fig. 12.15. The
rms encoder error of the LQG controller is 0.70 mdeg, while the error of the H.,
controller is 0.12 mdeg, showing an almost six-fold improvement. For more on the
antenna controllers and its practical limitations, see [42] and

http://tmo.jpl.nasa.gov/tmo/progress_report/42-127/127G.pdf.
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Figure 12.14. Magnitudes of the azimuth transfer functions of the H, (solid line) and LQG
(dashed line) controllers: (a) From the command input to the encoder output; and (b) from
the wind disturbance input to the encoder output. The H, controller shows a wider
bandwidth and improved disturbance rejection properties.
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Figure 12.15. The azimuth tracking error due to wind gusts of the H,, (solid line) and LQG
(dashed line) controllers: The H, controller shows improved disturbance rejection
properties.



This page intentionally left blank



Appendices

% Matlab functions, Matlab examples, and structural parameters

Fast cars, fast women, fast algorithms ...
what more could a man want?
—Joe Mattis
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Matlab Functions

The

following Matlab® functions are given in this appendix:

modall, for the determination of the modal 1 state-space representation from a
generic state-space representation;

modal2, for the determination of the modal 2 state-space representation from a
generic state-space representation;

modallm, for the determination of the modal 1 state-space representation from
natural frequencies, modal damping, modal mass, modal matrix, etc.;

modal2m, for the determination of the modal 2 state-space representation from
natural frequencies, modal damping, modal mass, modal matrix, etc.;

modalln, for the determination of the modal 1 state-space representation from
mass, stiffness, damping matrices, etc.;

modal2n, for the determination of the modal 2 state-space representation from
mass, stiffness, damping matrices, etc.;

modal_time_fr, for the determination of modal representation in limited time
and frequency ranges;

balan2, for the determination of the open-loop balanced representation;
norm_H?2, for the determination of modal H, norms;

norm_Hinf, for the determination of modal H,, norms;

norm_Hankel, for the determination of modal Hankel norms;

bal_LQG, for the determination of the LQG-balanced representation; and
bal_H_inf, for the determination of the H.-balanced representation.

These functions use the following standard Matlab routines: are, cdf2rdf, inv, lge,

Iqr,

lyap, norm, size, sqrt, svd.
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A.1 Transformation from an Arbitrary State-Space
Representation to the Modal 1 State-Space
Representation

The modall state-space representation is obtained by the initial transformation of an
arbitrary representation (4,5, C) to the modal representation (4,,B,,C,); the system

matrix 4, is complex and diagonal. Its diagonal entries are the eigenvalues of 4,

.. . 2
a, (lal) :_giwi + Jjo; 1_§i >
a,(i+1,i+1) ==, — joJ1-C7.

This transformation, denoted V, is obtained using the Matlab command eig(4). In the
next step the representation (4,,B,,C,) is turned into the modal form 1

(4,.B

(A.1)

C,,) by applying the following transformation:

7 = diag(1,),
Ja-nh=gt (a2
GitJ l—giz 1

The system matrix A4,, in the obtained representation has the block-diagonal form as

in (2.47), and its 2x2 blocks are as in (2.52). However, the input and output matrices
B, and C,, are not in the form as in (2.52). The first entry of B,,; is nonzero, and

the first and second entries of C,,; do not correspond to the displacement and rate
sensors. This happens because the representation with block-diagonal 4,, is not
unique. Indeed, define the transformation S as follows:

§ = diag(s,),
ot 26,6, B (A3)
T -p; a; .

This leaves 4,, unchanged, although B,, and C,, have been changed.

We use the above property to obtain B,, and C,, as in (2.52). In order to do this
for a single input system, note that the input matrix B,, is in the following form:
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b
where B, :[bm”} has both entries nonzero (unlike (2.52)). By choosing

mi2

parameters «; and f; in the transformation (A.3), such that

bmiZ
b .

mil

a; =—p; , (A4)

we obtain (after transformation) b,,; =0.

Care should be taken in the permutation of variables in the state-space
representation: the modal displacement will be placed before the modal velocity. As
a result, the total transformation from the given representation (4,B,C) to modal

representation (4,,,B,,,C,,) is R=VTS, such that 4, =R ‘4R, B, =R'B, and
C, =CR.

function [r, am, bm, cm] = modall(a, b, c)

% this function determines the modal representation 1 (am,bm, cm)
% given a generic state—space representation (a,b,c)

% and the transformation r to the modal representation

% such that am=inv (r)*a*r, bm=inv(r)*b, and cm=c*r

% transformation to complex—diagonal form:
[v, an]=eig(a) ;

bn=inv (v) *b;

cn=c*v;

% transformation to modal form 1:
i = find(imag(diag(an))’):
index = i(1:2:length(i));

J = sqrt(-1);

t = eye(length(an));

if isempty(index)
am=an ; bm=bn; cm=cn;

else



322 Appendix A

for i=index

om=abs (an(i, i)) ;

z(i)=—real (an(i, i))/abs(an(i, i));

t(ii+l, iri+D)=[z()—j*sqrt(1-z (i) "2) 1;z()+j*sqrt(1-z(i) 2) 1];
end

% modal form 1:
am=real (inv (t)*an*t) ;
bm=real (inv (t)*bn) ;
cm=real (cn*t) ;

beta=1;
for i=index
alpha=—beta*bm(i+1, 1) /bm(i) ;
s (i, i)=alpha+2#*z (i) *beta;
s(i, i+1)=beta;
s(i+1, i)=-beta;
s(i+l, i+1)=alpha;
end

am=1inv (s) *am*s;
bm=inv (s) *bm;
CIN=CM*S ;

% the transformation:
r=vt*s;
end

A.2 Transformation from an Arbitrary State-Space
Representation to the Modal 2 State-Space
Representation

Note that unlike the modal form 1, a structure can be transformed to modal form 2
approximately (assuming small damping, terms with the squared damping

coefficient ¢, l-2 are ignored). First, we transform (4,B,C) to the diagonal complex

modal form (4,,8,,C,), as before. Next, we apply the following transformation:
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T= dlag(tl )’

VA (A.5)
i__j 1’

to turn the (4,,B,,C,) into modal form 2, and eventually correcting for nonzero
terms in B,,; using transformations (A.3) and (A.4).

function [r, am, bm, cm] = modal2(a, b, c)

% this function determines the modal representation 2 (am,bm, cm)
% given a generic state—space representation (a,b,c)

% and the transformation r to the modal representation

% such that am=inv (r)*a*r, bm=inv(r)*b, and cm=c*r

% transformation to complex—diagonal form:
[v, an]=eig(a) ;

bn=inv (v) *b;

cn=c*v;

% transformation to modal form 2:
i = find(imag(diag(an))’):
index = i(1:2:1ength(i));

j = sqrt(-1);

t = eye(length(an));

if isempty(index)
am=an; bm=bn; cm=cn;

else
for i=index
tGeitl, iziv)=[j 1;-j 1];
end

% modal form 2:
am=real (inv (t) *an*t) ;
bm=real (inv (t)*bn) ;
cm=real (cn*t) ;

% the transformation
r=v*t;
end



324 Appendix A

A.3 Transformation from Modal Parameters to
the Modal 1 State-Space Representation

If coord =1 this function determines the modal state-space representation in form 2,
as in (2.53), or if coord = 0 this determines the state-space representation in modal
coordinates in form 1, as in (2.52). The input data include natural frequencies, modal
damping, modal mass, a modal matrix, an input matrix, and displacement and rate
output matrices.

function [am, bm, cm]=modallm(om, z, mm, phi, b, cq, cv, coord)
% the determination of modal form 1 (am, bm, cm)
% from modal data

% n - number of modes

% nd — number of degrees of freedom

% om - vector of natural frequencies (nxl)

% z - vector of modal damping (nxl)

% mm - vector of modal masses (nxl)

% phi - modal matrix (ndxn)

% b - input matrix (ndxs)

% cq - displacement output matrix (rxnd)

% cv - rate output matrix (rxnd)

% coord — if coord=0 —> state—space representation in modal
% coordinates

% if coord=1 —> modal state—space representation

% arranging input data
mm=diag (mm) ;

om=diag (om) ;

z=diag(z) ;

c=[cq cv];

% modal input and output matrices:
bm=inv (mm) *phi’ *b;

cmg=cq*phi;

cmv=cv*phi;

% representation in modal coordinates
Am=[0%om om;—om —2%z*om] ;
Bm=[0%bm; bm] ;

Cm=[cmg*inv (om) cmv];

if coord==0;
% representation in modal coordinates:
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am=Am;
bm=Bm;
cm=Cm;

else
% modal representation:
n=max (size (Am)) /2;
for i=1:n; ind(2*i-1)=i;ind (2%i)=i+n;end
am=Am(ind, ind) ;
bm=Bm(ind, :) ;
cem=Cm(:, ind) ;

end

A.4 Transformation from Modal Parameters to
the Modal 2 State-Space Representation

If coord =1 this function determines the modal state-space representation in form 1,
as in (2.52), or if coord =0 this determines the state-space representation in modal
coordinates in form 2, as in (2.53). The input data include natural frequencies, modal
damping, modal mass, a modal matrix, an input matrix, and displacement and rate
output matrices.

function [am, bm, cm]=modal2m(om, z, mm, phi, b, cq, cv, coord)
% the determination of modal form 2 (am, bm, cm)
% from modal data

% n - number of modes

% nd — number of degrees of freedom

% om - vector of natural frequencies (nxl)

% 7 - vector of modal damping (nxl)

% mm - vector of modal masses (nxl)

% phi - modal matrix (ndxn)

% b - input matrix (ndxs)

% cq - displacement output matrix (rxnd)

% cv - rate output matrix (rxnd)

% coord — if coord=0 —> state—space representation in modal
% coordinates

% if coord=1 —-> modal state—space representation

% arranging input data
mm=diag (mm) ;
om=diag(om) ;
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z=diag(z) ;
c=[cq cvl;

% modal input and output matrices:
bm=1inv (mm) *phi’ *b;

cmg=cqg*phi;

cmv=cv*phi;

% representation in modal coordinates
Am=[-z*om om;—om —z%om] ;
Bm=[0%bm; bm] ;

Cm=[cmg*inv (om) —cmv*z cmv];

if coord==0;
% representation in modal coordinates:
am=Am;
bm=Bm;
cm=Cm;
else
% modal representation:
n=max (size (Am))/2;
for i=1:n; ind(2%i-1)=i;ind(2%i)=i+n;end
am=Am (ind, ind) ;
bm=Bm (ind, :) ;
em=Cm(:, ind) ;
end

A.5 Transformation from Nodal Parameters to
the Modal 1 State-Space Representation

If coord =1 this function determines the modal state-space representation in form 2,
as in (2.53), or if coord =0 this determines the state-space representation in modal
coordinates in form 1, as in (2.52). The input data include mass, stiffness, and
damping matrices, an input matrix, and displacement and rate output matrices.

function [am, bm, cm]=modalln (m, damp, k, b, cq, cv, n, coord)
% the determination of modal form 1 (am, bm, cm)

% from nodal data

% n — number of modes

% nd — number of degrees of freedom

% m - mass matrix (ndxnd)
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% damp - damping matrix (ndxnd)

% k - stiffness matrix (ndxnd)

% b - input matrix (ndxs)

% cq - displacement output matrix (rxnd)

% cv - rate output matrix (rxnd)

% coord — if coord=0 —> state—space representation in modal
% coordinates

% if coord=1 —> modal state—space representation

% modal matrix:
[phi, om2]=eig(k, m) ;
nn=1:n;
phi=phi (:, nn) ;

% natural frequency matrix
om=sqrt (om2) ;

% modal mass, stiffness and damping matrices:
mm=phi’ *m#*phi ;

km=phi’ *k#phi ;

dm=phi’ *damp*phi ;

z=0. 5%inv (mm) *dm*inv (om) ;

% input and output matrices
c=[cq cv];
bm=1inv (mm) *phi’ *b;
cmg=cqg*phi;

cmv=cv*phi;

% representation in modal coordinates
Am=[0%om om;—om —2%z%*om] ;
Bm=[0%bm; bm] ;

Cm=[cmg*inv (om) cmv];

if coord==0;
% representation in modal coordinates:
am=Am;
bm=Bm;
cm=Cm;
else
% modal representation:
n=max (size (Am))/2;
for i=1:n; ind(2%i-1)=i;ind(2%i)=i+n;end
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am=Am (ind, ind) ;

bm=Bm(ind, :) ;

cm=Cm (:, ind) ;
end

A.6 Transformation from Nodal Parameters to
the Modal 2 State-Space Representation

If coord =1 this function determines the modal state-space representation in form 1,
as in (2.52), or if coord=0 the state-space representation in modal coordinates in
form 2, as in (2.53). The input data include mass, stiffness, and damping matrices,
an input matrix, and displacement and rate output matrices.

function [am, bm, cm]=modal2n (m, damp, k, b, cq, cv, n, coord)
% the determination of modal form 2 (am, bm, cm)
% from nodal data

% n — number of modes

% nd — number of degrees of freedom

% m - mass matrix (ndxnd)

% damp - damping matrix (ndxnd)

% k - stiffness matrix (ndxnd)

% b - input matrix (ndxs)

% cq - displacement output matrix (rxnd)

% cv - rate output matrix (rxnd)

% coord — if coord=0 —> state—space representation in modal
% coordinates

% if coord=1 —> modal state—space representation

% modal matrix:
[phi, om2]=eig(k, m) ;
nn=1:n;
phi=phi (:, nn) ;

% natural frequency matrix
om=sqrt (om2) ;

% modal mass, stiffness and damping matrices:
mm=phi’ *m*phi ;

km=phi’ *k*phi ;

dm=phi’ *damp*phi ;
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z=0. 5%inv (mm) *dm*inv (om) ;

% input and output matrices
c=[cq cv];

bm=1inv (mm) *phi’ *b;
cmg=cqg*phi ;

cmv=cv*phi;

% representation in modal coordinates
Am=[-z*om om;-om —z%om] ;
Bm=[0%bm; bm] ;

Cm=[cmg*inv (om) —cmvkz cmv];

if coord==0;
% representation in modal coordinates:
am=Am;
bm=Bm;
cm=Cm;
else
% modal representation:
n=max (size (Am))/2;
for i=1:n; ind(2%i-1)=i;ind(2%i)=i+n;end
am=Am(ind, ind) ;
bm=Bm(ind, :) ;
em=Cm(:, ind) ;
end

A.7 Determination of the Modal 1 State-Space
Representation and the Time- and Frequency-
Limited Grammians

This function determines the modal state-space representation (form 1), and

e the time-limited grammians and Hankel singular values, for the time interval
r=[n.n], nh>n;

e the frequency-limited grammians and Hankel singular values, for the frequency
interval Q=[w,, ®,], ®, >o;; and

e the time- and frequency-limited grammians and Hankel singular values, for the
time interval T =[¢,%,], t, >t;, and for the frequency interval Q=[w;, ®,],
@, > @,.
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The input data include the system state-space representation (a,b,c), lower (¢;) and
upper (#,) time interval limits, and lower (@) and upper (@,) frequency interval
limits.

For the time-only case, assume @, =0 and ®, > @,, where o, is the highest
natural frequency.

For the frequency-only case, assume # =0 and ¢, > 27/w,, where ®, is the
highest natural frequency.

function [am, bm, cm, g, r, we, wo]=modal time fr(a,b,c, t1, t2, oml, om2) ;
%

% This function finds modal representation (am, bm, cm)
% and transformation r

% in limited—time interval [t1 t2]

% and limited-frequency interval [oml, om2]

% It uses modall.m function

%

% modal representation:

[r,a,b,c] = modall(a,b,c);

am=a;

bm=b;

CIn=c;

% finite—frequency transformation matrix sw,

% and finite—frequency grammians wcw and wow:
j=sqrt (-1);

[nl, n2]=size(a);

i=eye(nl) ;

x1=j%oml*i+a;

x2=inv (- j*oml*i+a) ;

s1=(j/2/pi)*logm(x1*x2) ;

x1=j*%om2%i+a;

x2=1nv (- j*om2*i+a) ;

s2=(j/2/pi)*logm(x1%*x2) :

sw=s2-s1;

%

% grammians:

we=lyap (a, b*b’ ) ; % controllability grammian
wo=lyap(a’, ¢’ *c) ; % observability grammian
%

% finite—frequency grammians:
wew=wekcon j (sw)” +swkwe ;

wow=con j (sw)  *wotwoksw;
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% finite—time transformation matrices stl, st2,
% and finite time and frequency grammians wcTW and woTW :

stl=—expm(a*tl) ;
st2=—expm (a*t2) ;

wet1W=st I*wewkstl’ ;
wet2W=st2kwewkst2’ ;
weTW=wct1W-wct2W;

wot1W=st1’ *wowkstl;
wot2W=st2’ *kwowkst2;
woTW=wot1W-wot2W;

% sorting in descending order of the Hankel singular values:
we=real (wcTW) ;wo=real (woTW) ;

g=sqrt (abs (diag (wc*wo)))

[g, ind]=sort (-g) ;

g=

-8,

am=am(ind, ind) ;
bm=bm (ind, :) ;

cm=cm(:, ind) ;

A.8 Open-Loop Balanced Representation

%
%
%
%
%
%
%
%
%
%
%
%
%
%

function [Ab, Bb, Cb, Gamma, R]=balan2 (A, B, C) ;

This function finds the open—loop balanced representation

(Ab, Bb, Cb) so that controllability (W¢) and observability (Wo)
grammians are equal and diagonal:

We=Wo=Gamma

Input parameters:
(A,B,0)

Output parameters:
(Ab, Bb, Cb)
R

Gamma

— system state—space representation

— balanced representation
— transformation to the balanced representation
- Hankel singular values
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function [Ab,Bb, Cb, Gamma, R]=balan2 (A, B, C) ;
%

We=1yap (A, B%B’ ) ; % controllability grammian
Wo=lyap(A’, C’ *C) ; % observability grammian
[Uc, Sc, Vel=svd (We) ; % SVD of the controllability grammian

[Uo, So, Vol=svd (Wo) ; % SVD of the observability grammian
Se=sqrt(Sc) ;
So=sqrt (So) ;

P=Uc*Sc;

Q=So*Vo’ ;

H=Q*P; % Hankel matrix

[V, Gamma, U]=svd (H) ; % SVD of the Hankel matrix

Gl=sqrt (Gammal) ;

R=P*Uxinv (G1) ; % transformation matrix R

Rinv=inv (G1)*V’ %Q; % inverse of R

Ab=Rinv*A%*R;

Bb=Rinv#*B;

Cb=C*R: % balanced representation (Ab, Bb, Cb)

A.9 H, Norm of a Mode

% function norm=norm H2 (om, z, bm, cmg, cmr, cma) ;

%

% This function finds an approximate H, norm

% for each mode of a structure with displacement, rate
% and acceleration sensors

%

% Input parameters:

% om — vector of natural frequencies

% z - vector of modal damping

% bm - modal matrix of actuator location

% cmg — modal matrix of displacement sensor location
% cmr — modal matrix of rate sensor location

% cma — modal matrix of accelerometer location

%

% Output parameter:

% norm - H. norm

%

function norm=norm H2 (om, z, bm, cmg, cmr, cma) ;
%

om2=diag (om. *om) ;
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bb=diag (bm*bm’ ) ;

cc=diag(cma’ *cma*om2+cmr’ *cmr+cmq’ *cmg*inv (om2)) ;
h=sqrt (bb. *cc) /2;

h=h. /sqrt (z) ;

norm=h. /sqrt (om) ;

A.10 H, Norm of a Mode

% function norm=norm Hinf (om, z, bm, cmg, cmr, cma) ;

%

% This function finds an approximate H, norm

% for each mode of a structure with displacement, rate,
% acceleration sensors

%

% Input parameters:

% om — vector of natural frequencies

% z - vector of modal damping

% bm - modal matrix of actuator location

% cmg — modal matrix of displacement sensor location
% cmr — modal matrix of rate sensor location

% cma — modal matrix of accelerometer location

%

% Output parameter:

% norm - H, norm

%

function norm=norm Hinf (om, z, bm, cmq, cmr, cma) ;
%

om2=diag (om. *om) ;

bb=diag (bmkbm’ ) ;

cc=diag(cma’ *cma*om2+cmr’ *cmr+cmq’ *cmg*inv (om2)) ;
h=sqrt (bb. *cc) /2;

h=h. /z;

norm=h. /om;

A.11 Hankel Norm of a Mode

% function norm=norm Hankel (om, z, bm, cmqg, cmr, cma) ;
%
% This function finds an approximate Hankel norm

and
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% for each mode of a structure with displacement, rate,
% and acceleration sensors

%

% Input parameters:

% om - vector of natural frequencies

% z — vector of modal damping

% bm — modal matrix of actuator location

% cmg — modal matrix of displacement sensor location
% cmr - modal matrix of rate sensor location

% cma — modal matrix of accelerometer location

%

% Output parameter:

% norm - Hankel norm

%

function norm=norm Hankel (om, z, bm, cmg, cmr, cma) ;
%

om2=diag (om. *om) ;

bb=diag (bm*bm’ ) ;

cc=diag(cma’ *cma*om2+cmr’ *cmr+cmq’ *cmg*inv (om2)) ;
h=sqrt (bb. *cc) /4;

h=h. /z;

norm=h. /om;

A.12 LQG-Balanced Representation

% function [Ab, Bb, Cb, Mu, Kpb, Keb, Qb, Vb, R]=bal LQG(A, B,C,Q, R, V, W)

%

% This function finds the LQG-balanced representation (Ab, Bb, Cb)

% so that CARE (Sc) and FARE (Se) solutions are equal and diagonal:
% Sc=Se=Mu

%

% Input parameters:

% (A, B, C) - system state—space representation,
% Q - state weight matrix,

% R — input weight matrix

% V — process noise covariance matrix,

% W — measurement noise covariance matrix.

%

% Output parameters:

% (Ab, Bb, Cb) - LQG-balanced representation,
% R - LQG-balanced transformation,
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% Mu — balanced CARE, FARE solutions

% Qb — balanced weight matrix,

% Vb — balanced process noise covariance matrix,
% Kpb, Keb - balanced gains

%
%
function [Ab, Bb, Cb, Mu, Kpb, Keb, Qb, Vb, R]=bal LQG(A,B,C,Q,R,V,W)
%

V1=V;

R1=R;

[nl,n2]=size(A);

[Kp, Sc, ec]=1qr(A,B,Q,R) ; % solution of CARE

[Ke, Se, ee]=1qge (A, eye(nl),C, V, W) ; % solution of FARE

[Ue, Ssc, Ve]=svd (Sc) ;

Pc=sqrt (Ssc)*Vc’ ; % Pc

[Ue, Sse, Ve]=svd (Se) ;

Pe=Ue*sqrt (Sse) ; % Pe

H=Pc*Pe; % H

[V, Mu, Ul=svd (H) ; % SVD of H

mu=sqrt (Mu) ;

R=Pex*U*inv (mu) ; % transformation R
Rinv=inv (mu) %V’ *Pc; % inverse of R
Ab=Rinv*A%*R;

Bb=Rinv*B;

Cb=C*R; % LQG balanced representation
Qb=R’ *Q*R; % balanced weight matrix
Vb=Rinv*V1#Rinv’ ; % balan. process noise cov
matrix

[Kpb, Scb, ecb]=1qr (Ab, Bb, Qb, R1) ;
[Keb, Seb, eeb]=1qe (Ab, eye(nl), Cb, Vb, W) ; % balanced gains

A.13 H_-Balanced Representation

% function [Ab, Bbl, Bb2, Cbl, Cb2,Mu inf, R]=bal H inf (A, B1, B2, C1, C2, ro)
%

% This function finds the H inf-balanced representation

% (Ab, Bb1, Bb2, Cb1, Cb2)

% so that HCARE (Sc) and HFARE (Se) solutions are equal and diagonal
% Sc=Se=Mu_inf

%
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% Input parameters:

% (A, B1,B2,C1,C2) - system state—space representation
% ro — parameter in HCARE and HFARE

%

% Output parameters:

% (Ab, Bbl, Bb2, Cbl, Ch2) - H_inf balanced representation,

% R
% Mu
%

%
function [Ab, Bbl, Bb2, Cbl, Cb2, Mu_inf, R]=bal H inf (A, B1, B2, C1, C2, ro)
%

[nl, n2]=size(A) ;

Qc=C1’ *C1;

gi=1/(ro*ro) ;

Re=B2*B2’ —gi*B1*B1" ;

H inf balanced transformation,
balanced HCARE, HFARE solutions

[Sc, scl, sc2, wellposedc]=are (A, Qc, Re, " eigen’ ) ; % HCARE solution
Qe=B1xB1’ ;

Re=C2’ *C2-gi*C1’ *Cl;

[Se, sel, se2, wellposef]=are(A’, Qe, Re, eigen’); % HFARE solution

%
if (norm(imag(Se))>le-6 | norm(imag(Sc))>le-6) ..
disp( nonpositive solution’) ;end
%
[Uc, Ssc, Ve]=svd (Sc) ;
Pc=sqrt (Ssc)*Vc’ ;
% Pc
[Ue, Sse, Ve]=svd (Se) ;
Pe=Uexsqrt (Sse) ;
% Pe
N=Pc*Pe;
[V, Mu_inf, U]=svd (N) ;
mu_inf=sqrt Mu_inf) ;
R=Pe*Usinv (mu_inf) ;
Rinv=inv(mu inf)*V *Pc;
Ab=Rinv*A%*R;
Bbl1=Rinv*B1;
Bb2=Rinv*B2;
Cb1=C1%*R;
Ch2=C2%R; % H.—balanced representation
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B.1 Example 2.5

% impulse responses and transfer functions
clear
% stiffness matrix:
k1=3;k2=3;k3=3;k4=0;
k=[k1+k2 k2 0;

-k2 k2+k3 -k3;

0 —k3 k3+k4];
% mass matrix:
ml=1;m2=1;m3=1;
m=[ml m2 m3];
m=diag(m) ;
% damping matrix:
damp=. 01%*k;
% state matrix:
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k=inv (m) %k ;
damp=inv (m) *damp;
a=[0*%eye (3) eye(3);-k —damp];
% input matrix:

b=[0 0 1] ;

b=inv (m) *b;

b=[0%b;b]:

% output matrix:

c=[0 0010 0];

% feed—through matrix:
d=[0];

[va, am, bm, cm]=modal2 (a, b, c) ;

% impulse response:
dt=.1

t=0:dt:1000-dt;
y=impulse(a, b, c,d, 1, t);

figure(1)

subplot (211) ;

plot (t, y)

axis ([0 300 -. 8 .8])
xlabel C time, s’)
ylabel ( velocity, mass 17)

% spectrum of the impulse response:
nn=max (size (t)) ;

n=nn/4:

p=spectrum(y, n) ;

pp=sqrt(p(:, 1)) ;

fs=1/dt;

f=fs*(0:n/2-1) /n; % frequency range
om=2%pi*f;

nf=max (size(f));

nnf=1:nf;

subplot (212)

plot (om, pp (nnf, 1))
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axis([0 5 0 1.8])
xlabel ( frequency, rad/s’)
ylabel C spectrum of v 1)

% transfer function:
figure(2)

subplot (211) ;
w=logspace (-1, 1, 900) ;

[ma, phl=bode(a, b, c, d, 1, w) ;
loglog (w, ma) ;

axis([.1 10 .01 100])
xlabel ( frequency, rad/s’)
ylabel ( magnitude’)

subplot (212)
semilogx (w, ph) ;
xlabel ( frequency, rad/s’)
ylabel ( phase, deg’)

% single mode analysis

% mode 1:

nn=1:2;

aml=am (nn, nn) ;

bml=bm (nn, :) ;

cml=em(:, nn) ;
yml=impulse (aml, bml, cml, d, 1, t) ;
[mal, phl]=bode (aml, bml, cml, d, 1, w) ;

% mode 2:

nn=3:4;

am2=am (nn, nn) ;

bm2=bm (nn, :) ;

cm2=cm(:, nn) ;
ym2=impulse (am2, bm2, cm2, d, 1, t) ;
[ma2, ph2]=bode (am2, bm2, cm2, d, 1, w) ;

% mode 3:
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nn=5:6;

am3=am (nn, nn) ;

bm3=bm (nn, :) ;

cm3=cm(:, nn) ;
ym3=impulse (am3, bm3, cm3, d, 1, t) ;
[ma3, ph3]=bode (am3, bm3, cm3, d, 1, w) ;

% impulse responses of the single modes:
figure (3)

subplot (311) ;

plot (t, yml)

axis ([0 200 —. 4 .4])

xlabel C time, s’)

ylabel ( mode 1)

subplot (312) ;
plot (t, ym2)

axis ([0 200 —. 4 .4])
xlabel C time, s’)
ylabel ( mode 2°)

subplot (313) ;
plot (t, ym3)

axis([0 200 —. 4 .4])
xlabel C time, s’)
ylabel ( mode 3’)

% transfer functions of the single modes:
figure (4)
subplot (211)

loglog (w, ma, w,mal,” — ,w,ma2,’ — ,w,ma3,” — ) ;

xlabel C frequency, rad/s’)
ylabel ( magnitude’)
subplot (212)

semilogx (w, ph, w, phl,” —, w, ph2,”—,w, ph3, —)

xlabel ( frequency, rad/s’)
ylabel C phase, deg’)
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B.2 Example 3.3

% impulse response and transfer function
% with acceleration output
clear
% stiffness matrix:
k1=3;k2=3;k3=3;k4=0;
k=[kl1+k2 -k2 0;

-k2 k2+k3 -k3;

0 k3 k3+k4];

% mass matrix:
ml=1;m2=1;m3=1;
m=[ml m2 m3];
m=diag (m) ;
% damping matrix:
damp=. 01*k;
mi=inv (m) ;
% state matrix:
a=[0%eye (3) eye(3);

-mi*k —mixkdamp];
% input matrix:

bo=[0 0 11" ;
bo=inv (m) *bo;
b=[0%bo;

bol;
% acceleration output:
ca=[ 1 0 0];
d=ca*mi*bo;

c=[-ca*mi*xk —ca*mi*d];

% impulse response:
dt=.1

t=0:dt:200;
y=impulse(a,b,c,d, 1, t);

figure (1)
subplot (211) ;
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plot (t,y)

axis ([0 200 -1.6 1.6])
xlabel C time, s’)
ylabel ( impulse response’)

% transfer function:
w=logspace (-1, 1, 900) ;

[ma, phl=bode(a, b, c, d, 1, w) ;
figure (2)

subplot (211) ;
loglog(w, ma) ;

axis([.1 10 .01 100])
xlabel C frequency, rad/s’)
ylabel ( magnitude’)
subplot (212)
semilogx (w, ph) ;

axis([.1 10 —400 200])
xlabel ( frequency, rad/s’)
ylabel ( magnitude’)

B.3 Example 4.11

% grammians in limited time and frequency intervals
clear
% stiffness matrix:
k1=10;k2=50;k3=50;k4=10;
k=[kl1+k2 -k2 0;

-k2 k2+k3 -k3;

0 k3 k3+k4];

% mass matrix:
ml=1;m2=1;m3=1;
m=[ml m2 m3];
m=diag(m) ;
% damping matrix:
damp=. 005%k+, 1*m;
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% state—space representation:

% matrix A:
k=inv (m) *k;
damp=inv (m) *damp;
a=[0%eye (3) eye(3);
-k —damp] ;
% matrix B:
b=[0 0 1] ;
b=inv (m) *b;
b=[0%b;
bl;
% matrix C:

c=[00000 1];

343

% computing grammians in limited time and frequency intervals:

gam=[1;
for iw=1:200, iw
for it=1:200;

t(it)=(it-1)*. 125;
om(iw)=Gw-1)*. 1;

[ab, bb, cb, g]=modal time fr(a,b,c,0,t(it), 0, om(iw)) ;

gl(iw,it)=g(1,1);
g2(iw, it)=g(3, 1) ;
g3 (iw, it)=g(5, 1) ;
end
end

% plotting:

figure (1)
waterfall (t, om, gl)
xlabel C time, s’)
ylabel ( frequency, rad/s’)

zlabel C ¢/o grammian, mode 17)

figure (2)
waterfall (t, om, g2)

% frequency iterations
% time iterations

% Hankel singular value
% Hankel singular value
% Hankel singular value

first mode
second mode
third mode



344 Appendix B

xlabel C time, s’)
ylabel C frequency, rad/s’)
zlabel C ¢/o grammian, mode 2’)

figure (3)

waterfall (t, om, g3)
xlabel C time, s’)
ylabel C frequency, rad/s’)
zlabel C ¢/o grammian, mode 3’)

B.4 Example 5.3

% H: and H, norms of modes

clear

% mass (m) and stiffness (k) matrices of the truss (see Appendix C):
load c:\truss 2D

% damping matrix

damp=. 00001k ;

% input matrix, bo:
nd=max (size (k)) ;
bo=zeros (nd, 2) ;

bo (14, 1)=1;

bo (16, 2)=1;

% output matrices, coq and cov:
cog=zeros (2, nd) ;
cov=zeros (2, nd) ;

cov(l,5)=1;

cov(2,7)=1;

% second—order model:

ko=1inv (m) *k;

dampo=inv (m) *damp;

[phi, om2]=eig(k, m) ; % modal matrix, phi
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om=sqrt (om2) ; % matrix of natural frequencies, om
mm=phi’ *m#*phi ; % modal mass matrix

km=phi’ *k*phi ; % modal stiffness matrix

dm=phi’ *damp*phi ;

z=0. 5*inv (om) *inv (mm) *dm; % modal damping

bm=inv (mm) *phi’ *bo; % modal input matrix

cmg=cog*phi ; % modal output matrix (displacement)
cmv=cov*phi ; % modal output matrix (velocity)

% almost—balanced model:

for i=1:nd;

ng=norm(cmq(:, i), fro’);
nv=norm(cmv (:, i), fro’);

nc (i) =sqrt (ng*ng/om2 (i, i) +nv*nv) ; % output gain
nb (i) =norm(bm (i, :),’ fro ) ; % input gain
end

% Hinf norm:

hinf=diag(nb)*diag(nc)*inv (om)*inv(z)/2;

% H2 norm:
h2=diag(nb)*diag (nc) * (sqrt (inv (om)*inv(z)))/2;

omega=diag (om) :
hinf=diag (hinf) ;
h2=diag(h2) ;
f=omega/2/pi;
semilogy (omega, hinf, 0’ ) ;
hold on
semilogy (omega, h2,” .’ ,  markersize’, 18) ;
axis ([0 4000 le—4 10])
xlabel ( natural frequency, rad/s’)
ylabel CH \infty and H 2 norms’)
for i=1:16;
plot ([1 1]*omega (i), [. 0001, max (hinf (i), h2(i))]);
end

% Hankel singular values:



346 Appendix B

% sort in descending order:
[gam, ix]=sort (-hinf) ;
gam=—gam/2;
omega=omega (ix) ;

% state—space representation:
a=[zeros(nd, nd) eye(nd);

—om2 —2%z%om] ;
b=[zeros (nd, 2) ;bm];
c=[cmg O*cmq;

O*cmv cmv] ;

% balanced state—space representation:
[ab, bb, cb, g, r]=balan2(a, b, ¢) ;

% Hankel singular values:
gamma=diag(g) ;

% Hankel singular values for each mode:
gamma=gamma (1:2:32) ;

% plot exact Hankel singular values (gamma) :
% and approximate ones (gam):

figure (2)

n=1:16;

semilogy (n, gamma,’ o’ , n, gam, .’ )

hold on

for i=1:16;

plot([i i], [le-5, max (gamma (i), gam(i))])
end

axis([0 17 .00001 11)

xlabel (" mode number’)

ylabel ( Hankel singular values’)
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B.5 Example 6.7

% Advanced Supersonic Transport
clear
% state matrix A:
a=[-0.0127 -0.0136 -0.036 0 0 0 0 O;
-0.0969 -0.401 0 0.961 19.59 —0. 1185 —9.2 -0.1326;
0001000 O0;
-0.229 1.726 0 —0.722 -12.021 -0. 342 1.8422 0.881;
0000010O0;
0 0.1204 0 0.0496 -44 -1.2741 -4.0301 -0.508;
0000000 T1;
0 0.1473 0 0.301 -7.4901 —0. 1257 —-21.7 -0.803];
% input matrix B:
b=[0 -0.215 0 -1.097 0 —0.64 0 —1.882;
0.0194 00000 0 0;
0 -0.004 0 0.366 0 0.1625 0 0.472;
0 —-1.786 0 -0.0569 0 -0.037 0 —-0.0145] ;
% output matrix C:
c=[0 100000 0];

% time interval T=[t1, t2]:

t1=0;

t2=3.5;

% modal coordinates and Hankel singular values in time interval T:
[ab, bb, cb, g]=modal time fr(a,b,c, t1,t2,0, 1e6);

% reduction:
nn=[1:4];
ar=ab (nn, nn) ;br=bb (nn, :) ;cr=cb (:, nn) ;

% step response:

t=0:.01:5;

% full model:

y=step (ab, bb, cb, zeros (1, 4), 1, t) ;
% reduced model:
yr=step(ar, br, cr, zeros(1,4), 1, t) ;
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subplot (211)

plot(t,y, t,yr,” —);

axis([0 5 -7 1])

hold on

plot ([1 1]%3.5, [-7 1])

fill([3.53.555 3.5],[-7 11 -7 -71,"y")
plot(t,v, t,yr,” — )

xlabel  time, s’)

ylabel ( step response’)

B.6 Example 7.2

% sensor placement for a clamped beam

% using Hinf and H2 norms

clear

% beam mass and stiffness matrices (see Appendix C):
load c:/beam

z=. 00001x*k; % damping

% modal parameters:
[phi, om2]=eig(k, m) ;
z=phi’ *z*phi;
z=diag(z) ;
w=diag(om2) ;
w=sqrt (w) ;

ms=phi;

% shaker location:

nshaker=17; % node 6, dir y
b0=[zeros (nshaker—1, 1) ; 1;zeros (42-nshaker, 1) ] ;
bm=(ms)’ *b0;

cm=zeros (1, 42) ;
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mode nol=1; % first mode under consideration
mode no2=2; % second mode under consideration
mode no3=3; % third mode under consideration
mode no4=4; % fourth mode under consideration

% location of y—direction sensors:
nsens=[2:3:42];

% determination of Hinf and H2 norms:

for i=1:14;

cml=cm;

cml (1, nsens (i) )=1; % first sensor location

c=cml*ms; % both sensors, modal coordinates
hi=norm inf (w, z, bm, I*c, O%c, O%c) ; % Hinf norm, both sensors
hil (i) =hi (mode nol, 1) ; % Hinf norm, both sensors, first mode
hi2(i)=hi (mode no2, 1) ; % Hinf norm, both sensors, second mode
hi3 (i) =hi (mode no3, 1) ; % Hinf norm, both sensors, third mode
hi4 (i) =hi (mode_no4, 1) ; % Hinf norm, both sensors, fourth mode
h2=norm h2 (w, z, bm, 1*c, O%c, O%c); % H2 norm, both sensors
h21 (i) =h2 (mode_nol, 1) ; % H2 norm, both sensors, first mode
h22 (i) =h2 (mode_no2, 1) ; % H2 norm, both sensors, second mode
h23 (i) =h2 (mode no3, 1) ; % H2 norm, both sensors, third mode
h24 (i)=h2 (mode_no4, 1) ; % H2 norm, both sensors, fourth mode
end;

% add zero norm at the beam fixed ends:
hil=[0 hil 0];
hi2=[0 hi2 0];
hi3=[0 hi3 0];
hi4=[0 hi4 0];

h21=[0 h21 0];
h22=[0 h22 0];
h23=[0 h23 0];
h24=[0 h24 0];

% normalization:
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ho=max (max (hil)) ;

hil=hil/ho;

ho=max (max (hi2)) ;

hi2=hi2/ho;

ho=max (max (hi3)) ;

hi3=hi3/ho;

ho=max (max (hi4)) ;

hi4=hi4/ho;

ho=max (max (h21)) ;

h21=h21/ho;

ho=max (max (h22)) ;

h22=h22/ho;

ho=max (max (h23)) ;

h23=h23/ho;

ho=max (max (h24)) ;

h24=h24/ho;

Appendix B

% computing Hinf and H2 norms for two, three, and four modes:

for i=1:16;

hil2(i)=max (hil (i), hi2(i)) ;
hil23(i)=max (hil2(i), hi3(i)):
hi1234 (i) =max (hi123(i), hi4(i)) :

h212 (i) =sqrt ((h21 (1)) "2+ (h22 (1)) "2) :
h2123 (i) =sqrt ((h212(i)) "2+ (h23(i)) "2) ;

h21234 (i) =sqrt ((h2123(i)) "2+ (h24(i)) "2) ;

end

% plotting:
node=0:15;
figure (1) ;

subplot (221)
plot (node, hil)

% node number
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xlabel ( node number’ ) ;
ylabel CH \infty index’);
axis ([0 15 0 1.3])

subplot (222)

plot (node, hi2,’ r’)
xlabel (' node number’);
ylabel CH \infty index’);
axis([0 15 0 1.3])

subplot (223)

plot (node, hi3, 1’
xlabel (" node number’) ;
ylabel C H \infty index’);
axis ([0 15 0 1.3])

subplot (224)

plot (node, hi4, 1’)
xlabel ( node number’) :
ylabel C H \infty index’);
axis([0 15 0 1.3])

figure (2);

subplot (221)

plot (node, hil)

xlabel  node number’) ;
ylabel C H \infty index’);
axis([0 15 0 1.3])

subplot (222)

plot (node, hil, node, hi2, node, hil2,’ r’
xlabel ( node number’ ) ;
ylabel CH \infty index’);

axis([0 15 0 1.3])

subplot (223)
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plot (node, hil, node, hi2, node, hi3, node, hi123,’ ¢’
xlabel ( node number’) ;

ylabel CH \infty index’);

axis([0 15 0 1.3])

subplot (224)

plot (node, hil, node, hi2, node, hi3, node, hi4, node, hi1234, 1)
xlabel  node number’) ;

ylabel C H \infty index’);

axis ([0 15 0 1.3])

figure(3)

subplot (221)

plot (node, h21,’ 1’
xlabel ( node number’) ;
ylabel CH 2 index’);
axis ([0 15 0 1.8])

subplot (222)

plot (node, h21, node, h22, node, h212, 1’
xlabel ( node number’) ;

ylabel CH 2 index’):

axis([0 15 0 1.8])

subplot (223)

plot (node, h21, node, h22, node, h23, node, h2123,’ v’
xlabel (' node number’);

ylabel CH 2 index’);

axis ([0 15 0 1.8])

subplot (224)

plot (node, h21, node, h22, node, h23, node, h24, node, h21234,’ 1’
xlabel ( node number’) ;

ylabel CH 2 index’);

axis([0 15 0 1.8])
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B.7 Example 8.1

% modal actuator

clear

% beam mass and stiffness matrices (see Appendix C)
load c:/beam

% damping matrix:

damp=. 00001k ;

nd=max (size (k) ) :

% sensor locations:

ns=1; % number of sensors
cog=zeros (ns, nd) ;

% displacement sensors at each node 6, y—direction:
coq(l, 17)=1;

% no velocity sensors:
cov=0%*coq;

% second—order model:

[phi, om2]=eig(k, m) ;

om2=diag (om2) ;

[om2, ind]=sort (om2) ;

phi=phi (:, ind) ;

nm=9;

nn=1:nm; % number of modes considered
om2=om2 (nn) ;

phi=phi (:, nn) ;

om=diag (sqrt (om2)) ;
mm=phi’ *m*phi ;

km=phi’ *k*phi;

dm=phi’ *damp*phi ;

z=0. 5%inv (om) *inv (mm) *dm;
cmg=coqg*phi;

cmv=cov*phi;

om=diag (om) ;

353
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z=diag(z) ;

% state—space model:
a=[zeros (42, 42) eye(42) ;-inv(m)*k —inv(m)*damp];
c=[coq cov];

phi2=phi (:, 1:nm) ; % nm modes avaliable

na=1; % number of actuators
bm_assumed=. 01%[0 1 0 0 0 0 0 0 0] ;

% weight such that the resonances are equal:
normb=diag (bm_assumed*bm_assumed’ ) ;
normb=sqrt (normb) ;
normc=diag(cmq’ *cmq) ;
normc=sqrt (norme) ;
h=ones (nm, 1) ; % assumed height of the resonances
XX=2%7. *0m. *0m;
weight=(xx. /norme) ;
for i=1:nm;
nb (i, 1)=norm(bm_assumed (i, :), fro’):
end

weight=diag (weight. *h) ;

bm assumed=weight*bm assumed;

r=inv (mm) *phi2’ ;

bo2=pinv (r)*bm_assumed;

b=[zeros (42, na) ; inv (m) *bo2] ; % input matrix

% system state—space representation:
sys=ss(a, b, ¢, zeros (ns, na)) ;

% Bode plot:
w=logspace (0, 4, 1000) *2%pi ;
f=w/2/pi;

[magn, ph]=bode (sys, W) ;
figure (1)
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loglog(f, squeeze (magn(l,1,:)), k' );
axis([1 10000 le-9 le-2])
xlabel C frequency, Hz )
ylabel ( magnitude’)

% impulse response:
t=0:.0001:. 2;
y=impulse (sys, t) ;
figure(2);

subplot (311)

plot(t,y, k) ;

hold on

plot ([0 0.2], [0 0],”: k™)
hold off

axis ([0 0.2 -0.005 0.005]);
xlabel C time, s’)
ylabel C displacement, node 6 )

% nodal displacement:

cc=[eye (42) Oxeye (42)];
sysc=ss(a, b, cc, zeros (42, na)) ;
t=(0:10) %0. 0002;

yc=impulse (sysc, t) ;
g=yc(:,2:3:42);
g=[zeros (11, 1), q, zeros(11,1)];
subplot (312)

nn=0:15;

plot(nn, q(1:10,:)",°k’);

axis ([0 15 -. 0022 .0022]) ;
xlabel (' node number’)
ylabel ( displacement’)

% actuator gain:
bx=1inv (m) *bo2;
bx=bx (2:3:42) ;
bx=[0;bx;0];
subplot (313)
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stem(nn, bx, k) ;

hold on

plot ([0 151, [0 01, k’);
axis([0 15 -1.8 1.8]);
xlabel ( node number’)
ylabel  actuator gain’)
hold off

B.8 Example 9.1

% identification of a simple system
%
clear

% stiffness, mass, and damping matrices:

k1=10;k2=50;k3=50;k4=10;
k=[k1+k2 -k2 0;

-k2 k2+k3 -k3;

0 k3 k3];

ml=1;m2=1;m3=1;
m=[ml m2 m3];
m=diag(m) ;
damp=. 001%k+, 2%m;

% state—space representation:
k=inv (m) %k ;

damp=inv (m) *damp;

a=[0%eye (3) eye(3);-k —damp];
eig(a),

b=[0;0;1];

b=inv (m) *b;

b=[0%b:b];

c=[0,0,0,0,0,1];

% discrete—time system:
dt=.1; % sampling time

Appendix B



Matlab Examples 357

[ad, bd]=c2d(a, b, dt) ;
cd=c;

% generating data for system identification:
pp=500;

t=(0:pp-1) *dt;

u=[zeros(2, 1) ;ones(pp=2, 1) ];
yx=dlsim(ad, bd, cd, 0, u) ;

% data with or without measurement noise:
nn=input  noise yes? (nn=1), or no? (nn=0)")
noise=rand (pp, 1) *. 01%nn;

mm=mean (noise) ;

noise=noise—mm;

y=yxtnoise;

y _noise=y;

p=32;

q=300;

% output measurement matrix Y:
Y=y(1:q, 1)";
u=u’ ;

% input measurement matrix U:
uu=u(l, 1:q);
U=uu;
for i=1:p-1

U=[U; [zeros(1,1i) u(l,1:q-1)11;
end

% Markov parameters H:
H=Y*pinv (U) ;

nn=max (size (1)) ;

y=H;

%y=M(1, 2:nn-1) ;

p=p/2;

% Hankel matrices hl and h2:



358 Appendix B

h1=[];h2=[];

for i=2:p;
il=i:i+p—2;
i2=11+1;
hi=[hl;y(1,iD)];
h2=[h2;y(1,i2)];
end;

% identified state—space representation (ao, bo, co):
[v, gg, ul=svd(hl) ;

g=sqrt(gg) ;

gam=diag(g) ;

% reduction:
nn=1:6;

g=g (nn, nn) ;
u=u(:,nn) ;
v=v(:,nn) ;
Q=gku’ ;
P=vig;
gi=inv(g);
Pi=gi*v’ ;
Qi=u*gi;
ao=Pi*h2*Q1i;
bo=Q(:, 1);
co=P(1, :):

figure (1)

% plot Markov parameters:
subplot (211)
stem(H(1:2%p-2), filled’)

% compare responses of the original system (ad, bd, cd)
% and identified system (ao, bo, co):

subplot (212)

t=(0:pp—1)*dt;

u=[zeros (2, 1) ;ones (pp-2, 1) ];
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y_orig=dlsim(ad, bd, cd, 0, u) ;
y_ident=dlsim(ao, bo, co, 0, u) ;
plot(t,y orig, t,y ident,’ :")

% Hankel singular values
figure (2)
stem(gam,’ filled’)

B.9 Example 10.4.2

% dissipative controller design for 2D truss,

% 2 inputs and 2 outputs

clear

%

% mass and stiffness matrices of the 2D truss (see Appendix C):
load c:\truss 2D

%

% damping matrix:

damp=20e—6%k+. 3*m;

% inputs:
bo=zeros (16, 1) ;
bo (16, 1)=1;
bo(5,2)=1;
bo=inv (m) *bo;

[nl, nu]=size (bo) ;

ko=inv (m) *k;
dampo=inv (m) *damp ;
nd=16;

% state—space representation:
a=[zeros(nd, nd) eye(nd);
-ko —dampo] ;
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b=[zeros (nd, nu) ;bo] ;
c=b’;

% state—space modal representation:
[va2, ad, bd, cd]=balmod2(a, b, c) :
gaml=lyap (ad, bd(:, 1)*bd (:, 1)) ;
gam2=1yap (ad, bd (:, 2)*bd (:,2)" ) :

gaml=diag (gaml) ;
gam2=diag (gam2) ;
G=2%[gaml gam2];

[zz,ii]=sort (-G);

% set values d beta:
db=zeros (2%nd, 1) ;
db(ii(1, 1), 1)=59;
db(ii(2, 1), 1)=59;
db(ii (1, 2), 1)=59;
db(ii (2, 2), 1)=59;

% solve equation (10.23):
k=pinv (G)*db;

% gains:

k=diag (k) ;

% closed—loop system:
ac=ad-bd*k*cd;
be=bdx*k ;

cc=cd;

% open—loop poles:
1=eig(ad);
1=sort (1) ;

% closed—loop poles:
lc=eig(ac);
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le=sort(lc);

nl=max (size (1)) ;
1=1(1:2:n1) ;
lc=lc(1:2:nl);

% relative pole shift:
beta=real (1c). /real (1) ;

% natural frequencies:
omo=abs (imag (1)) ;

% plot relative shift:
subplot (211)
bar (omo, beta) ;

xlabel ( natural frequency, rad/s’)
ylabel ( \beta’)

% impulse responses:

t=0:.0001:1;
yo=impulse (ad, bd, cd, zeros (2,2), 1, t) ;
yc=impulse (ac, bc, cc, zeros (2, 2), 1, t) ;
subplot (212)
plot(t,yo(:, 1), kK, t,yc(:, 1), — k')
axis ([0 .5 20 20])

xlabel C time, s’)

ylabel ( impulse response’)

B.10 Example 11.13.1

% LQG controller design for a simple system
clear

% stiffness, mass, and damping matrices:
k1=10;k2=3;k3=4;k4=3;

k=[k1+k2 -k2 0;-k2 k2+k3 -k3;0 -k3 k3];
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ml=1;m2=1;m3=1;
m=[ml m2 m3];
m=diag(m) ;

damp=. 004*k+. 001%m;

% natural frequencies:
om2=eig(k, m) ;
om=sqrt (om2) ;

% state—space representation:
k=inv (m) %k ;

damp=inv (m) *damp;

a=[0*xeye (3) eye(3);-k —damp];
eig(a),

b=[0;0;1];

c=[b" 0xb’]:

b=inv (m) *b;

b=[0%b;b]:

% modal coordinates:
[v, am, bm, cm]=modal2(a, b, ¢) :

% grammians in modal coordinates:
wc=1yap (am, bm*bm’ ) ;
wo=lyap (am’, cm’ *cm) ;

% Hankel singular values:
gam=diag (wc). *diag (wo) ;
gam=sqrt (gam) ;

[gam, ig]=sort (—gam) ;
gam=—gam;

% sorting Hankel singular values in decreasing order:
am=am(ig, ig) ;

bm=bm(ig, :) ;

cm=cm(:, ig) ;

nl=max (size(am)) ;
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% LQG controller:

Q=diag([0.5,0.5,1,1,2.5,2.5]); % weights

V=Q; % estimator weights
[k, sc, e]=1qr (am, bm, Q, 1) ; % CARE

[ke, se, ee]=1qe (am, eye (nl), cm, V, 1) ; % FARE

% determining LQG singular values, mu:
[abl, bbl, cbl, mu, kcb, keb, Qcb, Qeb, T]=LQG_bal (am, bm, cm, Q, V, 1, 1)
mu=sort (diag (mu))

% determining approximate mu:
mu_approx=sqrt (diag(sc).*diag(se)),

% closed—loop system:

ac=[am —bm¥k;ke*cm am—ke*cm—bmkk];
cc=[em O%cm] ;

be=[bm;bm] ;

% Bode plots:

figure(2);

w=logspace (-1, 1, 800) ;

[ma, pal=bode (ac, bc, cc, 0, 1, w) ; % closed—-loop
[mo, po]=bode (am, bm, cm, 0, 1, W) ; % open—loop
subplot (211)

loglog(w,mo, k', w,ma(:, 1), — k') ;

xlabel ( frequency, rad/s’)
ylabel ( magnitude’)
axis([.1 10 le-3 100])

%

% simulations with the reduced compensator
%

% reduction matrix, Sigma:
sig=gam. *mu;

[ii, jjl=sort (-sig);
sig=ii;

sig approx=gam. *¥mu_approx;
mu=sort (mu) ;
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mu_approx=sort (mu_approx) ;

figure (1)

subplot (211)

nn=1:2:6;

stem(om, mu (nn),’ k’)

hold on

plot (om, mu_approx (nn),’ . k')

hold off

xlabel ( natural frequency, rad/s’)

subplot (212)
stem(om, sig _approx (nn), k')
xlabel ( natural frequency, rad/s’)

% sort states with respect to sigma values:
am=am (jj, jj) ;

bm=bm (jj, :);

cm=cm(:, jj);

k=k (:, i) ;

ke=ke (jj, 1) ;

% reduced-order controller:

nn=[1:4];

acr=[am —bm¥k (:, nn) ;ke (nn, :)*cm am(nn, nn)—ke (nn, :)*cm(:, nn)—
bm(nn, :)*k(:,nn)J;

ber=[bm;bm(nn, :)];

cer=[cm O%em(:,nn)];

% Bode plots of the closed—loop system with the reduced controller:

figure (3);

[mr, prl=bode (acr, ber, cer, 0, 1, w) ;
subplot (211)
loglog(w,ma(:, 1), kK ,w,mr(:, 1), — k') ;

xlabel ( frequency, rad/s’)
ylabel ( magnitude’); axis([0.1 10 0.001 10])
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B.11 Example 12.13.2

% H inf controller for 2D truss

clear

% mass and stiffness matrices of the truss (see Appendix C):
load c:\truss 2D

%

% damping matrix

damp=1*m+. 3e—6%k;

% state matrix A:

k=inv (m) *k;

damp=inv (m) *damp;

[nl, n2]=size (k) ;

A=[0*eye (n1) eye(nl);-k —damp];

% matrices Bl and B2:
scale2=90; % scaling factor

B2=zeros (nl, 1) ;
B2(6, 1)=1;
B2=inv (m) *B2;
B2=[0%B2;B2];

Bl=zeros(nl, 1) ;
B1(15,1)=1;

Bl=inv (m)*B1;
B1=[0%*B1;B1];

B1=[B1 scale2*B2 0*B1];

% matrices Cl and C2:
C2=zeros(1,nl) ;
c2(1,6)=1;

C2=[0*C2 C2];

Cl=zeros(1,nl);
C1(1, 14)=1;



366 Appendix B

C1=[C1 0%C1];
C1=[Cl; scale2*C2;0%C1];

% matrices D12 and D21:
[nl, q]=size (Bl);
[nl, r]=size (B2);
[p,nl1]=size(Cl);
[s,nl]=size(C2);

D12=zeros (p, 1) ;

for i=1:r;D12(p, i)=1;end;
D21=zeros (s, q) ;

for i=1:s;D21(i, g@)=1;end;

%

%

ro=125.1;

% balanced representations:

[ab, bbl, bb2, cbl, cb2, mu, T]=bal H inf (A, B1, B2, C1, C2, ro) ;
mu=diag (mu) ;

lal, bl,cl, g12, r1]=balan2 (A, B1, C1) ;
[a2, b2, c2, g22, r2]=balan2 (A, B2, C2) ;
gl2=diag(gl2);

g22=diag(g22) ;

sigmal=g22. *mu;

[sigma 2, ir]=sort(-sigmal);

sigma_ 2=—sigma 2;

% plot mu:

nn=1:2:32;

figure (1)

semilogy (nn,mu(nn), o );
xlabel (" mode number’)
ylabel C \mu’)

% plot sigma:
figure(2)
semilogy (nn, sigma 2(nn), o’ );
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xlabel (' mode number’)
ylabel ( \sigma’)

%

[nl, n2]=size (A);

%

% closed—loop system
mu=diag (mu) ;

kc=-bb2’ *mu;

so=inv (eye (nl) -mu*mu/ro/ro) ;
kf=-so*mu*cb2’ ;

% controller (aco, bco, cco, dco)
[nl, n2]=size (kc) ;
[n3, n4]=size (kf) ;

ainf=ab+bb2kkc+kf*cb2+bb1l*bb1’ *mu/ro/ro;
bco=—kf’;

cco=ke;

dco=zeros (nl, n4) ;

[nl,n2]=size(C1);
[n3, nd]=size (B1);
[n5, n6]=size (C2) ;
[n7,n8]=size (B2) ;

dd=[zeros (nl,n4) D12;D21 zeros(n5,n8)]:
[acl, bel, cel, decl]=feedback (ab, [bbl bb2], [cbl;ch2], dd, ainf, -kf, ke, . ..
0, n4+1, nl+1) ;

ao=[ab+bb2%kc —bb2%ke;

—bbl*bbl’ *mu/ro/ro  ab+kf*cb2+bbl*bbl’ *mu/ro/ro]l;
bo=[bb1;bbl+kf*D21];
co=[cb1+D12%kc -D12%kc];

t=0:.0001:.5;
[nl, n2]=size (bo) ;
[n3, n4]=size (co);
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% closed—loop impulse response:
y=impulse (acl, bcl, ccl, dcl, 1, t) ;

% open—loop impulse response:
yopen=impulse (A, [B1 B2], Cl, [zeros (n2,n3) D12], 1, t);

% plot impulse responses

figure (3)

plot(t,yopen(:, 1), t,v(:, 1),” ") ;

xlabel C time, s’)

ylabel C open— and closed-loop impulse response’)

% Bode plots:
w=logspace (1, 4, 400) ;

[mcl, p]=bode (acl, bel, ccl, del, 1, w) ; % closed—1loop
[m, p]=bode (A, [B1 B2],Cl, [zeros(n2,n3) D12],1,w); % open—loop
figure (4)

loglog(w, m(:, 1), w,mel1(:, 1),” ")
xlabel ( frequency, rad/s’)
ylabel ( open— and closed-loop magnitude’)

% reduced closed-loop system

nr=10; % 5 modes, or 10 states
nr=1:nr;

nr=ir (nr, :) ;

[nl, n2]=size (kc(:, nr));

[n3, n4]=size (kf(nr, :)):

% reduced-order controller:

ainf=ab (nr, nr) +bb2 (nr, :) *kc (:, nr) +kf (nr, ;) *cb2 (:, nr) +bbl (nr, :)* -
bbl (nr, ;) *mu(nr, nr) /ro/ro;

bco=—kf (nr, 1) ;

cco=kc (i, nr) ;

dco=zeros (nl, n4) ;

[nl, n2]=size(C1) ;
[n3, n4]=size (Bl);
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[n5, n6]=size (C2) ;
[n7, n8]=size (B2) ;

dd=[zeros (n1, n4) D12:D21 zeros(nb,n8)];

% closed—loop with reduced-order controller:
[acl, bel, ccl, del]=feedback (ab, [bbl bb2], [cbl;cb2], dd, ainf
—kf (nr, :), ke (:,nr), 0, nd+1, n1+1) ;

% impulse response of the closed-loop system with reduced—order
% controller:

yr=impulse(acl, bel, ccl, del, 1, t) ;

figure (5)

plot(t,y(:, 1), t,yr(:, 1), ) ;

xlabel C time, s’)

ylabel C \impulse responses: full- and reduced—order’)
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C
Structural Parameters

This appendix provides the parameters of the 2D truss (shown in Fig. 1.2), the
clamped beam (shown in Fig. 1.4), and the Deep Space Network antenna (shown in
Figs. 1.5 and 1.6). They allow the reader to check the methods and to exercise
her/his own ideas and modifications. No result is final, and no approach is perfect.

C.1 Mass and Stiffness Matrices of the 2D Truss

The mass matrix, M,

where
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[0.41277 0 0 0 0 0 0 0
0 0.41277 0 0 0 0 0 0
0 0 0.41277 0 0 0 0 0
M, = 0 0 0 0.41277 0 0 0 0
0 0 0 0 0.41277 0 0 0
0 0 0 0 0 0.41277 0 0
0 0 0 0 0 0 0.23587 0
K 0 0 0 0 0 0 0.23587 |
and
[0 0000 0 0 0]
000 O0O0O0TUO0TP O
000 0OO0TO0OTD O
0= 0000 O0O0TO0TD O
000 O0O0OO0TO0TO O
0000 OO0TUO0TDO
0000 O0OO0TO0TD O
100000 0 0 O]

The stiffness matrix, K,

where
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[ 3.024
0
-1

K, =10°x

S O O o O

and
[0

0
-0.512

0.384

K, =10°x
0

0
0
0

-1
1.909
0

S O O o O

0

—-1.333

0.384

—-0.288

0

0
0
0

0 0
0 0
3.024 0
0 1.909
-1 0
0 0
0 0
0 0
-0.512 -0.384
—0.384 —-0.288
0 0
0 -1.333
-0.512  0.384
0.384 -0.288
0 0
0 0

0

0
-0.512
—-0.384

-0.512
0.384
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0 0 0 |
0 0 0
0 0 0
0 0 0
0 -1 0
1.909 0 0
0 1.512 -0.384
0 -0.384  1.621 |
0 0 0
0 0 0
-0384 0 0
-0.288 0 0
0 -0.512 -0.384 |
-1.333 -0.384 -0.288
0384 0 0
-0.288 0 —-1.333 |

C.2 Mass and Stiffness Matrices of the Clamped
Beam Divided into 15 Finite Elements

For n=15 the beam has 42 degrees of freedom (14 nodes, each node has three
degrees of freedom: horizontal and vertical displacement, and in-plane rotation). The
mass and stiffness matrices are of dimensions 42 x 42. The mass matrix is a diagonal
with the diagonal entries as follows.

The beam mass matrix:
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The stiffness matrix is as follows:
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C.3 State-Space Representation of
the Deep Space Network Antenna

The state-space representation (4,B,C) of the Deep Space Network antenna in

azimuth axis motion was obtained from the field test data. The following are the
state matrices after reduction to 18 states. The state matrix 4 is in the block-diagonal

form
(4 0 0 O
O 4 0 O
O 0 4 O
0O 0 0 4,
A=l0 O O O
O 0 0O O
O 0 0 O
O 0 0 O
0 0 0 O
where
A_'o 0

"0 -1.104067 |
p [ -0.645922  12.561336 ]
P -12.561336  —0.645922 |
p [ 0934874 18.937362]
> -18.937362 —0.934874 |
y [ 0842839 36.140547
" -36.140547 —0.842839 |
4= [ —3.569534 48.508185 ]
| -48.508185 —3.569534 |

QO OO ™A QO QO QOO

QO QOAXA OO QOO

QO™® O QOO QOO0
QA QO QOO QOO0

I&QQQQQQQO

[—0.348280

110.099752

[ —0.459336
-13.660350

[-0.580288

~31.331331

[ —0.073544
| —45.862202

(0 0
0 o]

Appendix C

10.099752
—-0.348280 |’

13.660350
-0.459336 |

31.331331
—-0.580288 |

45.862202
—-0.073544 |’
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The matrix B,

[ 1.004771
-0.206772
-0.093144
0.048098
0.051888
1.292428
~0.024689
0.245969
-0.234201
0.056769
0.540327
-0.298787
—0.329058
-0.012976
-0.038636
-0.031413
—0.115836
| 0.421496 |

and the matrix C,
C= [Cl C, CS],
where

C,:[l.004771 —0.204351 0.029024 -0.042791 -0.322601 —0.545963],

CZ:[—0.098547 -0.070542 0.113774 0.030378 0.058073 0.294883],
and

C, =[0.110847 —0.109961 —0.022496 —0.009963 0.059871 —0.198378].
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Deep Space Network antenna,
376377
2D truss, 371-373
second-order, 1629
state-space, 29-41
structure
almost-balanced, 80-85
balanced, 71-73
discrete-time, 60—64
controllability, 91-95
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International Space Station, 6
properties, 7-11
with a filter, 124-127
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system
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norm
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positive real, 237
simple, see simple system
square, 237
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time- and frequency-limited
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H., controller, 301
LQG controller, 264-267
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