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ABSTRACT

Direct Linearization of Continuous
and Hybrid Dynamical Systems. (December 2007)
Julie Marie Jones Parish, B.S., Texas A&M University

Chair of Advisory Committee: Dr. John E. Hurtado

Linearized equations of motion are important in engineering applications, especially
with respect to stability analysis and control design. Traditionally, the full, nonlinear
equations are formed and then linearized about the desired equilibrium configuration
using methods such as Taylor series expansions.

However, it has been shown that the quadratic form of the Lagrangian func-
tion can be used to directly linearize the equations of motion for discrete dynamical
systems. Here, this development is extended to directly generate linearized equa-
tions of motion for both continuous and hybrid dynamical systems, where a hybrid
system is described with both discrete and continuous generalized coordinates. The
results presented require only velocity level kinematics to form the Lagrangian and
find equilibrium configuration(s) for the system. A set of partial derivatives of the
Lagrangian are then computed and used to directly construct the linearized equa-
tions of motion about the equilibrium configuration of interest. This study shows
that the entire nonlinear equations of motion do not have to be generated in order
to construct the linearized equations of motion. Several examples are presented to

illustrate application of these results to both continuous and hybrid system problems.
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CHAPTER I

INTRODUCTION

Linearized equations of motion do not embody the full nature of a dynamical system,
but they are useful for studying the behavior of a system and designing feedback
controls. The most common method to produce linearized equations is to reduce the
fully nonlinear equations of motion, the motivation being that one is likely interested
in the nonlinear equations anyway. This approach is called an indirect approach
because the path to the linearized equations starts from a first principle of motion
(i.e., Newton’s law or Lagrange’s fundamental equation) and passes through the fully
nonlinear equations. Alternatively, a direct approach to linearization would produce
the desired equations directly from a first principle of motion.

Several texts present a method for direct linearization of equations of motion for
systems described only by discrete generalized coordinates [1][2]. What is missing,
however, is a method to handle a large class of systems that include an elastic domain,
such as a bendable arm. The elastic part of such a system is typically described with
continuous, or infinite-dimensional coordinates.

In this thesis, a method for directly constructing linearized equations of motion
for continuous and hybrid dynamical systems is developed. A hybrid system is a sys-
tem described by a combination of discrete and continuous coordinates. Attention is
given to systems composed of single or multiple elastic domains, the distinction being
the number of independent infinite-dimensional coordinates necessary to describe the
system configuration. This method builds on concepts utilized in direct linearization

for discrete systems as well as formulations of Lagrange’s equations for continuous

The journal model is IEEE Transactions on Automatic Control.



and hybrid systems and only requires the kinetic and potential energy functions for
the system of interest [3]. Given these functional expressions, the equilibrium con-
figuration(s) about which the equations of motion are to be linearized can be found.
The method identifies partial derivatives of the Lagrangian that contribute to the lin-
earized equations of motion. When evaluated at an equilibrium configuration, these
partial derivatives are the coefficients for the directly-generated linearized equations
of motion.

The thesis begins with a brief review of direct linearization derived for Lagrange’s
equations for discrete systems. Direct linearization of continuous and hybrid systems
is then explored, as well as approaches for determining equilibrium solutions for con-
tinuous and hybrid dynamical systems. The procedure is presented using Einstein
summation convention for brevity, and numerous examples are presented throughout

this thesis to help clarify the main ideas and methodology.



CHAPTER II

BACKGROUND
The ideas upon which the research in this thesis is based are over 200 years old [4].
The primary building block, Lagrange’s Equations, will be reviewed first, followed by
a brief overview of equilibrium for dynamic systems. These results are utilized in the
existing direct linearization method for discrete systems, which will be discussed in

detail and later applied to an example in this chapter.

A. Lagrange’s Equations

The principles behind Lagrangian mechanics are powerful because they allow one to
“develop a universal form of the differential equations of motion, as a function of
the system kinetic energy and unspecified generalized coordinates” [5]. In Newtonian
mechanics, the traditional alternative to the Lagrangian approach, the sum of the
forces is equated to the time rate change of the momentum along the coordinate axes.
These expressions are then used to solve for the governing equations and constraint
forces. However, in Lagrangian mechanics, the full equations of motion are derived in
a more straightforward manner using partial differentials of a single scalar function.
Furthermore, the Lagrangian approach uses velocity-level, as opposed to acceleration-
level, kinematics. In this section, the formulation of Lagrange’s equations for finite-

dimensional systems will be presented.

1. Generalized Coordinates

The scope of the developments in this thesis is restricted to holonomic systems, or
systems that can be described with a minimal set of independent coordinates called

generalized coordinates. The number of coordinates in the minimal set, n, is equal to



the number of degrees of freedom of the system of interest. Given an arbitrary choice
of coordinates that exceed the number in the minimal set, holonomic constraints can
be used to solve for the excess coordinates as a function of the minimal set of coor-
dinates. There are an infinite number of choices for these independent coordinates,
but one will find that certain selections will often result in more elegant results for

the equations of motion.

2. D’Alembert’s Principle

Given a set of independent generalized coordinates, {qi, q2, ..., ¢}, the position vec-
tor, r;(q1, G2, - - - qn,t) = 1i(q;, t) for the ith particle in a system of N particles can be
constructed. Virtual displacements, dr, are instantaneous differential displacements,

and can be written in the following form.

or; or;
= —0qr = =——0q, = T4,,0 2.1
B qk XA qk gk ( )

5I'z‘

The vector 7;, is called the Lagrangian vector [6]. The virtual displacements can also

be used to define the virtual work of the ith particle [5].

Here, the total forces, F;, are the sum of the holonomic constraint forces, f.., and the
given forces, f;. The constraint forces are normal to the plane that contains the virtual
displacements, so the dot product f_ - d7r; is zero. Summing over the N particles, we

then have the total virtual work.

N N
i=1 i=1



Now consider the dot product between Newton’s second law, F; = m;¥;, and an

arbitrary virtual displacement. This is the general form of d’Alembert’s equations.

N N
i=1 i=1

N n n N
- Zmlrl ’ Z T Ok = Z Z £ - 7300 (2.4)
i=1 k=1

k=1 =1

k=1

Here, Q). = Zfil f; - 7;, are called the generalized forces. We can then write the

following.

Z (Z mt; - T, — Qk> 0q, =0 (2.6)

k=1 i=1

For holonomic systems, the variations dgy are arbitrary and independent, and Eq. (2.5)

can be written as follows.
N
Zmzrz Ty, = Qr (2'7)
i=1

This version of d’Alembert’s principle is also called the “fundamental equation” [4].

3. The Time Rate Change of the Lagrangian Vectors

Consider again the Lagrangian vectors, 7;,. The time rate change of these vectors

can be written in the following manner.

At \ g, ) At * At \oq.) g \ dt ] g '

7

Using “cancelation of the overdots,” we can then write the following [4].

d (o) O
dt (9%) g ’ 29




This result can now be combined with the definition of kinetic energy to arrive at
Lagrange’s equations.
4. Lagrange’s Equations

The kinetic energy is defined as follows.
1

Consider the partial derivative of the kinetic energy with respect to the generalized

coordinates and velocities.

oT ZN Ok
gk - i=1 . A4y, 210
T o~ . O

Expanding the left hand side of d’Alembert’s principle, Eq. (2.7), we can write the

following.
N N . . N . N .
. dI'l' 8I‘i . d . (91"@- . d ari
; m;r; - Tik: = ; mlg . aqk = / (; m;r; aqk> ; m;r; dt (aqk)
N . N .
d 8ri . ari
(o o) =S 5% - 219

Substituting the expressions from Eqs. (2.11) and (2.12) into the above result, we

arrive at Lagrange’s equations.

d [oT or
in (a—qk> T o Qr (2.14)

This result is a valid form of Lagrange’s equations, but a different form of Eq. (2.14)

is desired for the direct linearization development. This motivates a second look at

the generalized forces on the right hand side of the equation.



5. The Lagrangian Function

The generalized forces, @)y, can be divided into potential forces, Q,, and non-
potential forces, Q,,, the difference being that the former are derivable from a scalar

potential function, V (¢, gx).

81“2- oV 31‘@» oV
B . = ——. = —— 2.1
Qr, = fip T vV Iqr, or  dgy Iqr, (2.15)

A new function called the Lagrangian, L = T — V| can now be defined and used to

construct the familiar form of Lagrange’s Equations.

d (0L oL
i (a) ~ 7 = 210

The application of this equation results in n governing equations of motion for
the n generalized coordinates. This formulation of Lagrange’s Equations for finite-
dimensional systems may also be developed through the extended Hamilton’s princi-
ple. Using this approach and applying calculus of variations, Lee and Junkins extend

the ideas to systems with both finite- and infinite-dimensional generalized coordinates

3].

B. Equilibrium Properties

A dynamic system is said to be in a state of equilibrium when all the generalized

velocities and accelerations are zero. Consider the following system.
x = f(x,t) (2.17)

Because all generalized velocities and accelerations are zero, the left hand side of

this equation is zero. An equilibrium point, * is then defined when the following is



satisfied for all time ¢.

f(x*,t) =0 (2.18)

When we apply these equilibrium properties in conjunction with Lagrange’s Equa-
tions, the resulting equation provides a more direct way to calculate the equilibrium
configuration(s) for the class of systems of interest. These equations will be presented

in this thesis with their respective class of systems.

C. Direct Linearization of Discrete Systems

In this section, an existing method for directly linearizing equations of motion for
discrete systems is reviewed and illustrated in a two degree of freedom example. The
goal of direct linearization is to produce linearized equations of motion from a first
principle of motion. Throughout this thesis, Lagrange’s equations are taken as the
starting point.

Recall that the Lagrangian energy approach uses partial derivatives of the La-
grangian function, L, to generate the governing equations of motion of a system,
d/dt(0L/0q¢;) — OL/0q; = Q;. Here, L =T —V where T and V are the kinetic and
potential energy respectively, ¢; are the generalized coordinates, ¢; are the generalized
velocities, and @); are the generalized nonconservative forces. The kinetic energy can
be partitioned into terms that are quadratic in the generalized velocities, 15, linear
in the generalized velocities, 17, or with no dependence on the generalized velocities,
Ty. The dynamic potential, which has no dependence on the generalized velocities,
can then be defined as U =V — Tj). The kinetic energy function can then be written

as T' =Ty + T + Ty, and the Lagrangian can be written as L =Ty + T} — U.



1. Equilibrium Configuration Solutions
After applying the equilibrium properties to Lagrange’s equations, the equilibrium
configurations are identified from the following equation.

oU B
dq; B

0 (2.19)

This equation allows one to solve for an equilibrium configuration, a step necessary
regardless of the linearization method employed. Note that, in general, there may
be several solutions to this equation, and therefore several possible equilibrium con-
figurations. If this is the case, one “target” equilibrium configuration of interest can
be chosen for linearization purposes. Throughout this thesis, it is assumed that a
single equilibrium configuration of interest is chosen even if several are found. If de-
sired, one could apply the results presented in this thesis to each of the equilibrium

configurations separately.

2. Direct Linearization

Perhaps the most important aspect of the direct linearization approach is the quadratic
Taylor series expansion of the Lagrangian function about the chosen equilibrium con-
figuration, g*, determined from Eq. (2.19) [1][2]. With no loss of generality, we use

a change of variables, g,,.,, — q@*, to write the Taylor series expansion for

- qoriginal

perturbations from the equilibrium state.

n oL n 1 0%L

G+ = Gi+=

(ea) O l(eq) 2 0¢;0¢; | (eq)
2L

iy + 5
(eq) 7 Oqi0d;

+8_L
(eq)  Og
1 0°L
2 9;04;

L(qv q) =L

qiq;

Qi + - - (2.20)

(eq)

The above equation involves partial derivatives of L evaluated at equilibrium, so
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the dynamic potential is studied within the same context.

1 0*U

LU Lo
() 20q;0q; | (eq)

U =U —
(q) (eq) 0q;

q;q; + .- (2.21)

The first term is constant and has no effect on the equations of motion. The second
term is identically zero. Consequently, a second order approximation of U contains a

single term.
1 0*U
" 20¢;0q; | (ca)

U(q)

04 (2.22)

The partial derivatives of T' can be studied in a similar manner and coefficients eval-
uated about an equilibrium point can be defined and used to write the Lagrangian in

quadratic form.

0?T. 0T 02U
Mij = 7  fi= Lk = (2.23)
9G;0q; | (eq) 0q;0q; |(eq) 9q;0q; |(eq)
. . 1 .. o1
L*(q,q) = §mij%‘%‘ + fi0q; — EkijQin (2.24)

Applying Lagrange’s equations to L* yields the linearized equations of motion for

perturbations about the equilibrium point.

mi;q; + fiid; — fiidi + kijq; = Qs (2.25)

One should note that, given the potential and kinetic energy of a discrete dynamical
system, only a select number of partial derivatives must be computed a priori to form
the linearized equations of motion. There is no need to first construct and then reduce

the full nonlinear equations of motion.

3. Example: Rotating Hub with Two-Link Rigid Arm

As an example, consider the two degree of freedom discrete problem of a massless

hub of radius R with two identical linked rigid arms of length [. A point mass, m,
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is attached to the end of the second arm. The hub rotates at a constant angular
velocity, €2. A spring of stiffness k attaches the first arm to the hub and a second
identical spring attaches the second arm to the first. The angular displacement for
each arm is ¢; and ¢9, respectively, where each angle is measured relative to the
position of the inboard body when the associated spring is undeformed. Figure (1)

shows an illustration of this system.

Fig. 1. Rotating Two-Link Arm Structure

The portions 75 and T of the kinetic energy are as follows.

1 ) . . . .

T, = §m <2l2¢% + l2¢3 + l2¢1 <¢1 —+ ¢2> cos gz52> (2.26)
1 2 20y 1 j 2 ' ;

T = §m(4l Q01 + 217003 + 2RI cos ¢y + 17 <2¢1 * ¢2> 08 92

+ RIQ <¢1 + ¢2> cos (¢ + ¢2)> (2.27)

The dynamic potential is constructed from Ty and the potential energy.

1 1
U = Sk(¢} +63) - 5m(21292 + R2Q% 1 2RIN? cos ¢y + 1202 cos ¢

+ RIQ? cos (¢ + ) ) (2.28)

Using Eq. (2.19), an equilibrium solution ¢; = ¢» = 0 is found, and the following
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partial derivatives from Eq. (2.23) can be evaluated.

mi = 3ml2 5 Mg = Moy = %mﬂ C Mgy = ml2
k11:k+%leQ2 : ]{;12:]{;21:%le92 ; k22=/€—|—%ml(R—|—l)QQ

fll :f12 :f21 :f22 :O
(2.29)

Substituting these coefficients into Eq. (2.25) directly produces the linearized equa-

tions of motion.
9 1 9 3 9 1 5
1 - ,o 1 , 1 )
Eml 01 + ml*ps + ileQ o+ k+ §ml(R + Z)Q P =10 (2.31)

Again note that the linearized equations of motion were found directly; the full non-

linear governing equations were never constructed.
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CHAPTER III

DIRECT LINEARIZATION OF DISCRETE RHEONOMIC SYSTEMS
In this chapter, the existing direct linearization results for discrete systems are ex-
tended to include rheonomic systems, or systems that have explicit time dependence.
The addition of this system characteristic affects the formulation of equilibrium con-
figurations as well as the directly linearized equations of motion. Note that the results
are also valid for schleronomic systems which have no time dependence; terms related

to explicit time dependence are zero for such systems.

A. The Kinetic Energy Function for Rheonomic Systems

The finite-dimensional direct linearization method can be generalized to include rheo-
nomic systems. In order to construct the kinetic energy function for rheonomic sys-
tems, let us first define the position vector as an explicit function of generalized

coordinates, q(t), and time.
r=r(q,t) (3.1)
We then have the following form for the velocity vector.

. _Ordgg Or Or.  Or
’I"—aqidt—i-a—a—qiqz—i-a—Tzqz—l-To (32)

Here, 7; and 7¢ are known as the Lagrangian vectors. The kinetic energy is then

constructed as follows.
1 .. 1 .. .
T = gm (r-7)= 3m (T - Tjdigy + 274 - Tods + To - To) (3.3)

Recall that this function can be divided into three categories, T5, 17, and Ty. Terms

that are quadratic in the generalized velocities are collected in 75, terms linear in the
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generalized velocities comprise 77, and terms independent of the generalized velocities

are included in Tj.

1 . . 1
Ty = g™ (i -7Ti60:q;) ; Th=m(Ti-Toq) ; To= 5™ (10" To) (3.4)
Note that the 77 and Tj terms contain components that are consistent only with
rheonomic systems. That is, 77 and Ty do not exist for systems that are schleronomic.
With this form for the kinetic energy, we can subtract the potential energy, V', to

form Lagrangian, L = L(q, q,1).

B. Equilibrium Configuration Solutions

Let U = V — T be the dynamic potential. Assuming only potential forces act on
the system, the equilibrium configuration for the system is that which satisfies the

following for all time ¢.
0T, n ou
otdq; — 0q; N

0 (3.5)
Here, partial differentiation with respect to time indicates explicit differentiation
only. That is, if f = f(y(x,t),2,t), then 0f/0t = 0f/0t only, and Of/0t #
(Of /0y;)(Dy;/Ot) + Of JOt. For clarity, we adopt the Junkins and Kim notation
df/dt =(0f/0y;)(0y;/0t) +0f/0t, though this is technically also a partial deriva-

tive because both x and t are independent variables [7][8].

C. Direct Linearization

A change of variables is again chosen to simplify our development. We then apply

Lagrange’s equations to a quadratic Taylor series expansion of the Lagrangian in the
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generalized coordinates and velocities, and the following equations of motion result.
miidi + (i + fi — fio)di + (fi + kij)a = Qi (3.6)

Here, m;j;, fij, and k;; are defined as before but may now also explicitly depend on
time. Here and throughout this thesis, an overdot on the linearization coefficients
is used only for notational compactness and indicates explicit partial differentiation
with respect to time, 9d/0t. However, overdots on all other kinematic coordinates

denote total time derivatives, ¢; = dg;/dt.

D. Example: Accelerating, Rotating Rigid Arm

Consider the following simple example of a rheonomic system. A rigid arm of length
[ with a tip mass, m, is attached by a spring of stiffness k£ to an infinitesimally small
hub with a prescribed angular velocity of § = Qt. The angular displacement of the
arm, ¢, is measured with respect to a frame rotating with the hub as shown in Figure

(2). The kinetic and potential energies for this system are the following.

0="1%Qt

Fig. 2. Rotating One-Link Structure
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1 N 1
T = Smi* (9 + ¢) LV = She? (3.7)

The equilibrium configuration can then be found for the system.

o*T,  oU mi*Q)
=mlPQ+kd=0 = — 3.8
otog T ag T Re=0=09 k (38)
A change of variables is employed such that ¢ = ¢ — ¢*.
1 2 1 . 2 1 *\ 2
T = Smi <0+q> L V= sklg+) (3.9)

The nonzero coefficients and resulting equation of motion about the equilibrium point
are then the following.

ml*j+kq=0 (3.11)
If desired, the change in variables can be reversed to obtain the equation of motion

in terms of ¢ and its derivatives.
mi%¢ + ko +mi*Q =0 (3.12)

Note that incorrect equations would have resulted, regardless of the linearization
method utilized, if the equilibrium condition had not been redefined to include rheo-

nomic systems.
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CHAPTER IV

DIRECT LINEARIZATION OF CONTINUOUS SYSTEMS

In this chapter, the direct linearization method is extended to infinite-dimensional
systems. Lee and Junkins formulated a Lagrangian approach to produce the gov-
erning equations of motion for continuous and hybrid dynamical systems [3]. Here,
the class of systems of interest are assumed to have a Lagrangian that can be writ-
ten in the general form L = L(w;, w;, w, w/ x; t), where the strain energy terms,
wi(x;,t),w!(x;,t), belong only to the potential energy function. A hat over the
Lagrangian indicates terms in the integrand. Note that the overdot represents the
operator d/dt acting on the variable, whereas the prime represents the operator d/dx
acting on the variable. The Lagrangian is constructed with the infinite-dimensional
coordinate(s) w;(x;,t), its derivatives, boundary terms (Lp), and boundary condi-
tions, where ¢ = 1 for the single-body case (a), and ¢ = 1,...,n, for the n > 1
multi-body case (b).

(a) L_/ Tde+ Ly : Ly = Lu(w(i),w(l),w'(l),w ()¢

lo

L=T-V= E(W,W,W’,W//, z,t) (4.1)

(b) L= /l l Lide; + Ly 5 Lp= Le(w(l),w(l),w'(1),w'(1),?)

~

L'=T -V =Liw;,wi,w;, w" w(l),wl), w'),wdl),z,t) (42)

This distinction is necessary because boundary terms associated to multiple elastic
domains must be accounted for in the multi-body Lagrangian. The underlined terms
represent a vector of boundary terms, i.e., w(l) = w;(l;). For these boundary terms,
[; indicates a location at which w; is evaluated, and the repeated index does not

indicate summation. Also note the shorthand notation w(l) = w(l,t), etc. Lagrange’s
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equations for continuous systems are then the following [7].

d (oL oL 4a (oL 2 (0L o
ST (a—w> Tow W (awf) T (w) - 3
d (oL oL d (oL 2 (0L oy
O & (aw> “ow T (awg> R (aw;/) - Y

Here, fiT is the nonconservative generalized force density vector related to w;, whereas
7 and fi below are respectively the nonconservative force and torque vectors applied
at the boundary, ;.

When considering systems with an elastic domain, boundary conditions must be

taken into account.

oL d [ oL
(a) {8w’ dz (0W”) } ow

io * {5%5) - % (aif(z)) } sw(l) (4.5)

+flow(l) =0 (4.6)
aﬁwf)ﬁ w’ io + {8255) - % (;WL/Z)) } Sw/(l) + £ ow'(l) =0 (4.7)
(®) {gfv B dil gj;) } owi i * {aviL(zi> a % (aj—Lu)) } owilli)
+ £ ow;(l;) =0 (4.8)
37225“7; i + { 8\5;(%) - % (8\;(3—L(l)> } Swi(l) + BTow)(1) =0 (4.9)

Note that we can again partition the kinetic energy in terms of the order of the

generalized velocities, w;.
E:f—‘?:fz—Ffl—{—fg—‘?:fg—i—fl—ﬁ
Lp=Tp+Tip+Top—Ve=Tap+Tip—Usp (4.10)

This notation allows the equilibrium configuration solutions to be clearly defined.
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A.  Equilibrium Configuration Solutions

In order to evaluate the partial derivatives at the equilibrium configuration, an under-
standing of equilibrium solutions for continuous systems must be formed. Equations
for describing these configurations are obtained in the same manner as those for a
discrete system. Applying equilibrium properties to Lagrange’s Equations, Eqgs. (4.3)

and (4.4), one can define equilibrium configurations using the following equations.

o (o1 oU d (aU a2 (oU

) 5 (a_w) Tow (aw') 3 (aw"> =0l
o (ori\ oU' d (oU'\ a [aU')

®) % (8\7’%) oW <aw;> T3z (aw) =0 (4.12)

Even at equilibrium we must consider both geometric and natural boundary condi-

tions. The spatial boundary conditions simplify to the following at equlibrium.

o ( oU oU z 92U oUp
(@) {% (aw"> T ow } . {6t8W(l) ~ ow(l) } ow(l) =0 (4.13)
6(7 ’ ! 82UB 8UB / _
— 0w . { G @~ T (D } sw'(l) =0 (4.14)

l; aQU oU
{8t8v'vi(zi) ~owi(ly) } owils) =0 (4.15)

o ( oU U
(b) {89@ <8W2”> B 8w/} 5WZ loi
out O2U oU
— 5WZ T -
ow;” otow;'(l;)  owi(l;)

} Swi(l;) =0 (4.16)

lo;
In order to find an equilibrium solution for a continuous system with a single [multiple]
elastic domain[s|, the set of equations resulting from applying Eq. (4.11) [Eq. (4.12)]
must be solved using the boundary conditions from Egs. (4.13) and (4.14) [Eqs. (4.15)
and (4.16)]. Recall that several equilibrium configurations which satisfy these equa-
tions may exist. In the following development, it is assumed that a single “target”

equilibrium configuration is chosen about which to linearize the equations of motion.
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B. Direct Linearization: Single Elastic Body

Consider only the continuous Lagrangian, L. The quadratic Taylor series form of
this function, E*, can be formed in the same manner as L* for discrete systems:
the Lagrangian is expressed in terms of partial derivatives evaluated at the target
equilibrium configuration, and only terms of second order and lower are retained.
Lagrange’s equations are then applied to L* to construct the equations of motion. A
change of variables is again chosen for simplification such that Wy, = Woriginar — W,
where w* is the equilibrium solution. If this expression is differentiated with respect to
x, the result reveals that w’, w” | etc. are also equal to zero at equilibrium. This change
of variables will eventually result in linearized equations of motion that describe the
departure motion from the target equilibrium, or the motion of the system relative
to this equilibrium configuration. Expanding L using a Taylor series expansion gives

the following.

- - 0L oL oL 0L
i3 : I ) = Ll v il / "
(w,w,w', w" z,1) ‘( Q)+ ow (eq)w + W (eq)w ow’ (eq)w Ow" | (eq)
162L 2, 02L - 2L ,
- W wWw WwWw
2 Ow? (eq) Owow (eq) Owow’ (eq)
9L , 1Ly ., &L ,
ww' S :
owow” (eq) 2 Ow? (eq) owow’ (eq)
2L , 1 0L o
owow” (eq)WW + 58(“”)2 (eq) (W )
L o L L "
— — . 4.17
+ ow’'ow” (eq)w W 2 a(W”)2 (eq) (W ) + ( )
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Key coefficients in the above expansion can be defined.

Lo = Ll L= (ea) L= (ea)

Ly = T v @ 8T S (ca)

Le = a?fgw (eq) L7 = afjazwf (eq) ; Ls = avavgv” (4.18)
eq)

Ly = ngE‘Z (a) ;o L= a?vzaiwf @ Ly = avefa;" ()

Liz = 5t o BT o o 1T e (eq)

The quadratic Taylor series version of L is formed by neglecting terms higher than

second order.

~ 1
L* = LO + Lyw + Low + L3W/ + L4WI/ + §L5W2 + L6WW
/ " ]' -2 . /
+ Lyww' + Lgww' + §ng + Ligww

1 1
-+ LHWW” -+ 5[/12 (Wl>2 —+ L13W/W// —+ §L14(W//)2 (419)

The generalized velocity, w, is assumed to be found only in the kinetic energy, whereas
the strain energy variables, w' and w”, are assumed to be found only in the potential
energy; thus coefficients involving both, L1y and Lq;, are zero. Applying Lagrange’s

equations (4.3) to Z*, the continuous system linearized equation of motion is obtained.

d . .
E (LQ + L6W + LQW) — (Ll + L5W -+ LGW + L7Wl + LgWH>

d
—|— a (Lg —|— L7W + ngw' + L13WH)

d2
— gz (Lat Lew + Lizw' + Lyyw") = 0 (4.20)
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Performing the implied partial derivatives gives the explicit linearized equation of

motion.

Low + Low — (Ls + Lg + L, + LY)w — (2L} — L}y + L)W’

— (2Ls — Lya + Ly + L)W' — 2L, w" — Lyyw" =T (4.21)

By simply computing the partial derivatives associated with eight coefficients (Ls, L,
L7, Lg, Lo, L12, L1z, and Li4) and substituting the results into the above equation,
the linearized equation of motion for this class of continuous systems is directly con-
structed. That is, we can form the linearized equations directly from the Lagrangian
with the above expression and an equilibrium configuration. The overdot and the
prime over the linearization coefficients indicate explicit partial differentiation by ¢
and x respectively. Note that the coefficient Ly does not contribute when Lagrange’s
Equations are applied. Also, terms involving Ly, Ly, L3, and L, sum to zero due to

the equilibrium condition resulting from Lagrange’s Equation.

C. Direct Linearization: Multiple Elastic Bodies

An analogous treatment can be constructed for the multiple deformable domains.
However, for this class of systems it is assumed that the domains can interact at
the boundaries, so the contribution of boundary terms, w(l), w(l), w'(1), w'(l), must

also be taken to account. Note that the change of variables also affects these terms.

The contributing coefficients from the resulting linearized equations of motion are the



following.

Li - gi"ig (eq)
Ly= % (eq)
Ly = % (eq)
L — 9L

1077 a(wi)ow; (1) | (o)
LZ1]3 = #&(lﬂ (eq)
L% = #@(m (eq)
L% = m (eq)
Ly = ﬁgwjm (cq)

A linearized equation of motion is then constructed for each of the 7 =1, ...

domains.

Liv W, + L5w,

— 2Ly — L+ LY + LY )w] — 2Ly'w! — Liw!"
w;(l) — (L% — Ly —

i y .
Ly )W;(lj) — (Lip — L5 —

SCEE

- (L1]1 - L1]5 - L1j9 +

L14WJ(Z )+

(L% + Liy+ L8 + Li"yw, — (2LY)

il il
vj vj
L17 +L21

L16W (l )=

Ly = av(?zig;i (cq)
Ls = %Q_WEZ; (eq)
Lé - 8(%?)2 (eq)
Liljl - Wg+% (eq)
LY, = #ﬁ() (eq)
LY, = # (eq)
[ — 9L

207 oW )W) | (oq)
L% - W&% (eq)

~

f’i
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Li — 92Li i
3 ow;Ow (eq)
Li _ 822;/i
0 0w |(eq)
LY — 2L
O(wi)ow;(l5) (eq)
ij 2L}
Ly = O(wi)OW; (1) | (eq)
iy 2L
Lys = &)W T5) | (o)
o 2L
L18 T o(w!)ow; (1)) (eq)
’L] o 82Lz
Lot = 5750w | o
U o 82Lz
Loy = 575097057 |
(4.22)
, n elastic

o L%/+L,L,‘7//>W/

I il PYNE
L7, _L1]8 + Lsp )Wj(lj)

Ly — Ly + L3\ )W (L)

(4.23)

The interactions between the multiple bodies have clearly complicated the lin-

earization process, but this direct result still provides a more straightforward means

of generating the desired equations.
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D. Example: Rotating Hub with Flexible T-shaped Arm

Figure (3) illustrates a three-beam system, where two beams are connected perpen-
dicularly to the end of the first in a “T” shape. The system is rotating at a prescribed
constant angular velocity, €2, and the material properties, p;, F;, and [I;, and lengths,

l;, of the two perpendicular beams are identical.

WwH(x.1)

T ws(xt)

Fig. 3. Rotating Three-Beam “T” Structure
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The Lagrangian for the system is first constructed and is as follows.

1 h
L=5p / (WiQ% + Wi + 2w, 21 Q + 21Q7) da,
0

I . . .
+§m/)(Wﬂm%F+%MMhQ+WV+Mﬂmf+wﬁﬁ+®2
0

+ w5+ 25 (2 + d)z + 2Wory (2 4 &) — 2wy (11)Qws (2 + &) sina
+ 2wy (1) (Wo + 22 (24 &) cosa — 2 (Wi (l1) + 11Q) wy (2 + &) cos a

— 2 (Wl(ll) + l19> (Wg + (Q + a)) SinOz) dZL‘Q

I
+§%/)(WﬂM%F+NMMAQ+KY+MKMF+WQQ+®2
0

+ W3+ 22 (Q+ @) + 2Wams (Q + @) + 2wy (1) Qw3 (2 + @) sina

— 2W1(l1>Q (Wg + I3 (Q —+ Oé)) cosa + 2 (Wl(ll) + 119) W3 (Q + Oé) COS &

+ 2 (Wl(ll) —f- llﬂ) (W3 —f- (Q + O./)) Sin Oz) d[L’g
3 L 2 2
1 : 0°w;
- = EIL | ==t dw; 4.24
2 ([ (5) o) .
Here, o = w/(l;) for clarity. The equilibrium solution is computed by applying

Egs. (4.11) with (4.15) and (4.16) to each elastic domain to obtain the following

partial differential equations and boundary conditions.
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e First Beam:
w12 — By LW =0
wi(0) =0 ; wi(0)=0
E LW (1) + pa (Wl(ll)lQQQ — Psina folg wodzy + %l%&? coS a)

+p3 (Wl(l1)13§22 + Psina ff widas — 11502 cos a) =0

EiLw(ly) + p2 (Wl(l1)92 cos « folz wodzs + 2wy (1)I3Q% sina (4.25)
—[;?sin o fol2 wodzy + 111302 cos a)
+p3 < —wi(l1)Q2%cos a fol3 widas — 3w (1))130% sin
+1,92%sin f(? widas — 11,1302 cos a) =0
e Second Beam:
paw2$2% — pol1 2% cos o — powy (1) sina — EyLbwh” =0
wa(0) =0 ; wh(0)=0 ;5 wi(l) =0 ; wy(la)=0 (4.26)
psw3? + p3l1 Q% cosa + pswi (1) sina — E3lLhbwy’ =0
e Third Beam:
W0 =0 WO)=0 : wil)=0 : wil)=0 (427

One equilibrium solution is given by w; = w} = w{ = w{’ = w{” = 0. That is, the
first beam is undeformed. This leaves the following equations, which must be solved

to completely specify the equilibrium configuration.
pQWQQQ - p2l192 - EQ[QW/QI” =0 3 ngng + p3l192 - Eg[gwg” =0 (428)

These linear, fourth-order equations can be solved by assuming a homogeneous and a

particular solution before solving for the particular solution and the coefficients of the
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homogenous solution [9]. For the second and third beams, the particular solutions are
wy, = [1 and wy, = —Iy, respectively. The subscript 4, indicates a particular solution.
Note that these solutions suggest axis-symmetry in the system and are dependent on
the length of the first beam. Next, a homogeneous solution can be found by assuming
a solution of the form w(x) = ¢; sin(fBx) + 2 cos(fz) + ¢ cosh(Fz) + ¢4 sinh(fz) and
using the four boundary conditions to determine the constants ¢; and d; for second

and third beams.

0 1 1 0 C1 —ll
1 0 0 1 Co 0
- (4.29)
—sin(fBly) —cos(Blz) cosh(Blz) sinh(Sly) 3 0
| —cos(Blz)  sin(Blz)  sinh(Bly) cosh(Bly) | | e | | 0
[ 0 1 1 0 1] dy ] | [y ]
1 0 0 1 dy 0
= (4.30)
—sin(Bl3) —cos(Bl3) cosh(Bl3) sinh(Gl3) ds 0
| —cos(Bl3)  sin(Bls)  sinh(Bl3) sinh(Bl3) | | da | | 0]

Each row of the matrix equations represents a boundary condition. The variable (3

is defined as 8* = O?p;/E;I;. This boundary value problem is nonhomogeneous, so
it has a unique solution only if the determinant of the related homogeneous problem
is nonzero [9]. That is, the value of ;/; cannot be an eigenvalue of the homogeneous
problem if one wishes to find a unique solution. Otherwise, there are an infinite
number of solutions to the homogenous problem. Assuming that each 3;l; is not an
eigenvalue of the homogeneous problem, both of the remaining beams have a unique
solution.

By defining the coefficients for the solution to be ¢;, ¢, ¢3, and ¢4 for the second

beam and d;, ds, d3, and d4 for the third beam, the following solutions for wsy and
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w3 at the specified equilibrium configuration can be constructed.

W (22) = 1 sin(Bxy) + o cos(Bxa) + 3 cosh(fBxa) + ¢4 sinh(Bzy) + [ (4.31)

w3 (23) = dy sin(fz3) + do cos(Bx3) + ds cosh(Bxs) + dysinh(Bxs) — Iy (4.32)

Here, w; indicates the equilibrium solution for w;. The direct linearization method
can now be applied by calculating the partial derivative coefficients for each elastic
domain. The following nonzero coefficients for each of the three beams can then be
computed.

e First Beam:

Li=p 5 Ly=p ; Lg=-El (4.33)
e Second Beam:
LY = poQ¥* p Li=p2 3 Li=-Exly 3 Lij=—pQ
D= —ph+20pwi 5 Dh=p® o Lh=-ph0 5 L= pm
(4.34)
e Third Beam:
L3 = ps® ; Li=ps . Li=—FEsl; ; L} = psQ (4.35)

LY = pshiQ+2p3Qws 5 Liz=—psQ 5 Lz =pshQ 5 Lig= psws

These coefficients can be directly substituted into Eq. (4.23) to find the three equa-

tions of motion. The equations of motion are then the following.
p1wi — p1QPwy + EyLw(” =0 (4.36)
paWy — PP wWy + Eylbowhy” + 20201 (1) — 2020w’ (I1) + poxaW’ (1) =0 (4.37)

psw3 — p3Q°ws + E3lyws” — 2p3Qy (1) — 2p3Qwiw’ (1) 4 pszsw'(I) =0 (4.38)

In addition to highlighting the interaction between the multiple elastic domains, this
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example showcases how the direct linearization method presented here can reduce
the effort required to obtain the linearized equations of motion for more complex
continuous systems. The alternative would require one to first generate the complete
set of nonlinear equations of motion for the system and then linearize, which can be

difficult and prone to error.
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CHAPTER V

DIRECT LINEARIZATION OF HYBRID SYSTEMS
The Lee and Junkins extension of Lagrange’s equations to hybrid systems now follows
[3]. First note that the Lagrangian is constructed in three parts grouped by the
type(s) of coordinates present (finite, infinite, and/or boundary). Here, the class of

systems of interest are assumed to have a Lagrangian with the general form L =

"

I(z,t), again

L(gi, Gi, wj, wj, wj, w7, x;,t), and the strain energy terms, w’(z,t), w

belong only to the potential energy function.

l
(a) L=Lp +/ Ldz + Lg Single Elastic Domain (5.1)

lo

(b) L=Lp+Lp Multiple Elastic Domains (5.2)

Unlike in the discrete and continuous cases, equations of motion for the hybrid case
are governed by two distinct expressions. Whereas one expression involves the full
hybrid Lagrangian, £, the other uses only the integrand, L. The components of the

full hybrid Lagrangian are defined using the following notation and argument lists.

Lp=Tp—-Vp=1Lp(q,q,t) Discrete Lagrangian
L=T-V= E(q, qgw,w,w w' xt) Single Elastic Domain
Continuous Lagrangian
Li=T —Vi= Multiple Elastic Domain
L(w;,w;, w;' w;" w(l),w(l),w'(l),w'(l), z;,1t) Continuous Lagrangian
Lg=Tp — Vg = Lg(q,q,w(l),w(l),w'(l),w(l),t) Single Elastic Domain

Boundary Lagrangian

n L
CB = LB(q’ q: ﬂ(!)7 ﬂ(!)) ﬂ/ (L)v ﬂ%!)? t) + Z / dexl MU-ltlple Elastic Domains
1=1

fos Boundary Lagrangian
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The first expression of Lagrange’s equations for hybrid systems is the following.

d foL oL

This expression is very similar to the familiar discrete case version of Lagrange’s

equations. Likewise, the second expression is akin to the continuous case of Lagrange’s

equations.
d (oL\ 8L d (0L e (oD
(a) dt (a_w> - E)_w+£ <8w’> T 12 <8w"> =f (5.4)
d (oL'\ oL*  a (oL'\ & (0L'\ 4
®) 5 (awi> ~ow o (aw;> " awg/) = (5.5)

Again, boundary conditions must be considered.

oL d ([ oL
(a) {GW’ dx <8W”>}5W

+ £l ow(l) = (5.6)
3W” . T (%) } ow'(l) + £ 0w'(1) = 0 (5.7)

v {35 di }M . Aawits i (Gt o0
+Hi owi(l) = (5.8)

Note the distinction here between systems with a single elastic domain (a) or multiple
elastic domains (b). The applicable form of this second expression, Eq. (5.4) or (5.5)
and the related boundary conditions, together with Eq. (5.3) are Lagrange’s equations

for a hybrid system.
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A.  Equilibrium Configuration Solutions

For the hybrid class of systems, the equilibrium results from both expressions of
Lagrange’s equations must be considered. Again the Lagrangian, £, is partitioned
into kinetic and potential energy components 75, 77, 7y, and V, with the dynamic
potential defined as U =V — 7. Likewise, the continuous part of the Lagrangian, E,

and boundary part of the Lagrangian, Lg, can be expressed in the same manner. We

can then write the equilibrium conditions as follows.

T U
550 " 30 (5.10)
o (oTy\ oU d (oU)\ & (o0 )\ _
) (a_w) Tow (aw) I (aw) -0 6l
o (oTi\ oU' 4a [oU a2 ( oU
®) 5 <6v'vi> T ow (awg) T3z (aw) =0 (5.12)

The partial differential equations also have additional boundary equations that must

be satisfied.

(a) {% (55//) - 35/ } ow i - {af;g?o - aawU(i) } ow(l) =0 (5.13)
- gvlz" / jo {af;gﬁo N @?,V({Z) } ow'(l) =0 (5.14)
(®) {5%<§g>'_§Z}5WJ;+{m§za)_azﬁg}&“@)zo(5w)
"§§Z5W/Zi {a£i$5h>-gﬁzﬁy}5wﬂh>=0 (5.16)

Both expressions of the equilibrium equations, Eq. (5.10) and Eq. (5.11) or (5.12),
must be satisfied simultaneously in order to find an equilibrium configuration. If

several solutions exist, one must choose a target equilibrium configuration about
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which to linearize the equations of motion.

B. Direct Linearization: Single Elastic Body

As one might expect, the direct linearization method for hybrid systems must be
developed in a hybrid manner. First, Lagrange’s Equations for infinite-dimensional
systems will be considered, Eq. (5.4). Taking a second order Taylor series expansion,
additional contributing terms must be added to Eq. (4.17) to account for the presence
of finite-dimensional coordinates. The coefficients for the resulting set of terms will

be defined as follows, renumbered for clarity.

2L ) _ 8L . _ _0°L
Ly = 553 ;L= awaw‘ ;o Ls= 8w8w"
(eq) (eq) (eq)
27 27 27
Owow (eq) ow (eq) o(w’) (eq)
27 27 . 27
Li=giks| 3 Ls=gikm| 3 L=k (5.17)
9 )
OOV | (eq) P (ea) 04:0% | eq)
i _ 9L .= 2L ‘ .oi— 2L
10 — - OW ) 11 — ) 7 9 12 — ) 17
04:0% |eq) 04OV | (eq) 04OV | (e
. 27 . 27
Li, = 2k Li, = 2k
13 . 14 ,
9q; 0w (eq) 9G; 0w (eq)

Applying Lagrange’s equations (5.4) to the resulting Taylor series yields the following

linearized equation.

Lsw + Lsw — (L1 + Ly + Ls' + Ly")w — (2L — L' + L;")w'
_ (2L4 _ LG + L7l + L8”)W” _ 2L8/W/l/ _ LSWIIII
i i PN i % i ! i -~
+ (Lig — Lis + Liy)di — (Lg — Lig — LYy + Ly )gi =1£ (5.18)
Again, thinking in terms of a hybrid approach, we now consider the expression of

Lagrange’s equations akin to those for discrete systems, Eq. (5.3). As before, we

construct a Taylor series using the following coefficients. Those that are eventually
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found to be non-contributing are omitted for brevity.

[ _ 0L .ol 0L ij 2L
1 0q;0q; (eq) ’ 2 0q;0q; (eq) ! 3 0q;0q; (eq)
Ei — 9L Ez _ 9L i 0L
L OWOhi| (o) P Owlai| (o) PO OWOG | (o)
i _ _9*%L . opio_ _9%L i _ 9L
S R I I (5.19)
i _ L i _ &L i _ L '
10 = aw()dg; (cq) 11 = aw()dg: (cq) 12 = aw(1)d¢ (cq)
i o _0°L Lo 9L [i — 0L
13 = aw(1)og; (eq) ) 14 = aw/(1)dg; (eq) ) 15 ow’(1)0q; (eq)
i . 0°C .ol 0L
16 — aw/ (1) (cq) 17 = aw'(1)dq (eq)

The following linearized equations of motion result when Lagrange’s equations (5.3)

are applied.
(L5 = LY )ay + (L5 + L5 — LF)d; + (L) + (L — LW + (L§ + L4 — L)W
+ (Lo)W — (L)W' — (Lo)w" + (Lig — L1)w () + (Liy + L1y — Liz)W(])
+ (L = L)W' (1) + (Lig + L1y = Li)W' (1) + (L)W (D) + (Lie) W' (1) = Qi
(5.20)
Egs. (5.18) and (5.20) together are the linearized equations of motion for a hybrid
system. Note that coefficients containing an integral operator also act on the suc-

ceeding variable if the related partial differentiation occurs in the integrand. This

concept is applied in the example at the end of the chapter.

C. Direct Linearization: Multiple Elastic Bodies

It is straightforward to extend these results to hybrid systems with multiple elastic
domains. Lagrange’s Equations for infinite-dimensional systems with multiple elastic
domains will now be considered, Eq. (5.5). Again, terms must be added to the Taylor

series expansion to account for the presence of finite-dimensional coordinates. The



coeflicients for these terms can be defined as follows.

i _ 9L
i l(eq)

i 9L
Ly = wioW] | (e

i 9L
L7 T owiow! (cq)
Lij — 92L¢

10 A(w4)ow; (1) (eq)
Lij _ 92L¢

13 O(wi)ow;(l;) (eq)
Lij — 92L¢

16 8(Wi)8wg(lj) (eq)
L — L

197 9w oW (1) | (oq)
Lij _ 2Lt

27 oW )W (1) | (oq)

ki _ _8°L
Las = 99KV | (oq)

ki _ 0L
Lo = 92.W} | (oq)

2Lt
oW
a(wy')?
- O(wi)ow’ (1)
T O(Wy)ow;(15)
T o(w')ow;(l5)

= oW )ow (1))

o(wi)ow! (1)

T Oqrow;

OqrOw;

82 Ez

(eq)

(eq)
92 Zz

(eq)
92 Ez

(eq)
92 Ez

(eq)
92 Ez

(eq)
2Lt

(eq)
2L}

2L

(eq)
2L

(eq)

(eq)

35

Li — 2L i
3 8W18WZ (eq)

Li _ 822}1
O A eq)
ij azii

Lg - O(wi)ow; (1) (eq)
ij aQiz‘

L12 o B(Wi)a""’;’(lj) (eq)
ij o QQZi

L15 o 3(‘*’1‘)8“’;‘(@) (eq)
i 32ii

ng T o(w)ow; (1) (eq)
iy 82Ei

L21 T o(w'y)ow;(ly) (eq)
ij _ 2L

L24 o 8(W//i)a""’§'(lj) (eq)
ki _ _9°L

L27 - 6qk8w; (eq)
ki _ _ 9L
307 00k0W | (o)

(5.21)

When Lagrange’s equations (5.5) are applied, the following governing equations of

motion result.

LN, + Liw, — (L4 + Ly + Ly + L3 yw; — 2L} — L&' + L")w]

— 2L — Li+ L¥ + L yw! — 2L 'w!" — Liw

7

PR S o . P o o
—(L§ — LYy — LYy + Ly )wj(l;) — (Ljp — Ly — LY, — Lig + Ly )w;(1)

ij Fij ij ! ig !
— (LY, — Lis — Liy + L3y )

+ LY (1) + Lygw' () + (L5 — L5 + LA

ki ki kil kil i
- (L25 - Lgﬁ — Ly; + Lig )Qk =f

. P S e
(1;) = (Liy — Ly — L — Ly + L3, )Wwi(ly)

J

(5.22)

The expression of Lagrange’s equations similar to those for discrete systems, Eq. (5.3),

must also be examined. We again construct a Taylor series and apply Lagrange’s
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equations, resulting in the following contributing coefficients.

- 5
L9 — 0°L
1 -
093941 | (cq)
. 2
E’Lk _ _0 L.
Owrddi | (oq)
. 2
Lik — 9L
7 )
oWk | (oq)
im %L

107 Bwr (00

im __ 9L

13 7 9w (lm)04s

im 92L

16 7 0w, (lm)0d:

(eq)

(eq)

(eq)

. ,
LY = L
03394 | (q)

ik 9L

L5 = OWEDGi | (o)
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The following linearized equations of motion result when Lagrange’s equations (5.3)

are applied.

(L9 = LTV + (L5 + £F — £3)d; + (LD + (LF — LFYwy

(L 4 L — L)Wy, + (L), — (LEYW), — (LFYW + (L — L)W (L)

+ (L1 + L15 —

+ (L5 (Im) + (

im

W;n<lm> = Qz

im

15

W

(In) + (L5 + L7 — L17) W, ()

(5.24)

Again, note that coefficients containing an integral operator act on the succeeding

variable. Together, Eqs. (5.22) and (5.24) are the linearized equations of motion for

a hybrid system with multiple elastic domains.

D. Example: Rotating Hub with Flexible Arm

Consider a simple hybrid system with a flexible beam fixed to a rotating hub with

radius R and inertia Iy, driven by a control torque u as shown in Figure (4). The

angular position of the hub is described by the discrete generalized coordinate 6(t).

The beam position is described with the coordinates x and w(x,t).
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w(x,t)

Fig. 4. Rotating Hybrid Structure

The Lagrangian for this system is constructed from the kinetic and potential

energy functions.

1 1 [ : . . 1/
L= §[hub92 + 5/)/ <v‘v2 + (R+2)%0* + 2(R+ z)wl + w202> dz — 5 / EI(w")’dz
0 0

(5.25)

The equilibrium equations can be determined by applying Eq. (5.10) and Eq. (5.11)

with (5.13) and (5.14) to the proceeding equation.

oU/00 =0 (Satisfied for all values of 0) (5.26)

EIw" =0 ; w(0)=0 ; w(0)=0 ; w'()=0 ; w"()=0

A solution to the infinite dimensional partial differential equation can be found by
assuming a solution of the form w(z) = c12® + 22 + 37 + ¢4 and using the four

boundary conditions to determine the constants c;.

1 111 1

6/ 2 0 0 C3

o o o O

6 0 0 0 ¢y
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Each row of the matrix equation represents a boundary condition. Here, equation
(5.27) is satisfied with ¢; = 0. Using this equilibrium configuration, we can find the

nonzero direct linearization coefficients.

Li=p® ; Ly=p : Ly=—FEI ; Ly=pR+z) (5.28)

Ls=Inw+ =p /l (2R+2)*)dx ; Lo= l/l (2(R+z))dx (5.29)

The coefficients L3 and Lg are examples of partial differentiation in the integrand.
When placed in the directly linearized equations, the integrals in these coefficients
will also act on the variable succeeding the coefficients as shown below. Substituting
all of the coefficients into Egs. (5.18) and (5.20), we have the following linearized
equations of motion.

pW + EIw" + p(R+x)0 =0 (5.30)

Tnad + p/l ((R +a)w+ (R+ l’)QQ) dr =0 (5.31)

If one were to find the equations of motion by applying Lagrange’s equations directly
to the full Lagrangian, the same equations would actually result. That is, the full
nonlinear equations of motion for this system were, in fact, already linear. This

example then provides a nice “sanity check” for our results.
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CHAPTER VI

DISCUSSION

The direct linearization method presented shows how the linearized equations of mo-
tion for continuous and hybrid systems can be constructed in a straightforward man-
ner. The development first utilizes a quadratic Taylor series expansion of the La-
grangian. Partial differentiation of the resulting expression via Lagrange’s equations
is then used to identify a contributing set of partial derivative coefficients. These
terms are important for directly constructing the linearized equations describing the
departure motion from the target equilibrium configuration. Note that the result
of this development, not the development itself, is direct linearization. That is, de-
pending on the number and types of dependent variables present, one of these four
equations/equation sets, Eq. (4.21), (4.23), (5.18) and (5.20), or (5.22) and (5.24),
is employed to directly construct the equations of motion for a continuous or hybrid
system.

Because the method relies on partial derivatives, it is a prime application can-
didate for software programs that utilize processes such as operator overloading and
automatic differentiation. The Object Oriented Coordinate Embedding Algorithm
(OCEA) program is one such software implementation [10]. A software solution could
provide a means for automatically generating the partial derivative coefficients and
resulting linearized equations of motion from a given Lagrangian function and target
equilibrium configuration. Moreover, the development presented in this thesis could
be further generalized to allow for the automatic generation of equations of motion
with quadratic, cubic, and even higher-order terms. That is, it could be extended to
find the equations of motion of a higher-order about a point of interest.

One idea central to linearization, whether direct or indirect, is the calculation of
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equilibrium configuration solutions. It is noted that systems with continuous general-
ized coordinates may have an infinite number of possible equilibrium solutions or have
an eigenvalue-related constraint for finding a unique solution. Numerical approaches
are also viable methods for calculating equilibrium configurations, regardless of the
linearization method utilized. However, the generation of the linearized equations of
motion are not limited to motion about an equilibrium configuration. As an alter-
native, one might be interested in departure motion from a reference trajectory and
could use these developments to directly construct the linearized equations of motion
to approximate this departure motion.

Thus far, the direct linearization approach has only been discussed within the
Lagrangian framework. In the Lagrangian view, the governing equations are the
result of the Euler-Lagrange differential operator acting on a first principle function.
But the governing equations for a finite-dimensional system may be generated by
other operators acting on other first principle functions: for example, an appropriate
operator acting on the Hamiltonian function; or an appropriate operator acting on the
Gibbsian-Appellian function. A full discussion of these functions is outside the scope
of this thesis. However, a brief digression to look at the linearization of Hamilton’s
equations is of interest.

The Hamiltonian, H(q;,p;,t), is a scalar function closely related to the La-
grangian [4]. Whereas the Lagrangian is explicitly a function of the generalized
velocities, coordinates, and time, the Hamiltonian is a function of a variable set
consisting of the conjugate momenta, p;(¢;, G;,t), the generalized coordinates, ¢;(t),
and time, t. Hamilton’s equations are similar to Lagrange’s equations in that they
both employ partial derivatives of their respective scalar functions with respect to the
dependent variables in their argument lists. Rather than produce i = 1,...,n second-

order differential governing equations, Hamilton’s equations are used to construct 2n
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first-order differential governing equations of the following form.

) ) |
Q’L_apl ’ pZ_ aql

+ Qi (6.1)

This partial differential form allows us to follow the direct linearization development
previously discussed: perform a Taylor series expansion about the equilibrium point,
retain terms second order or lower, and then apply Hamilton’s equations to produce
the directly linearized equations of motion. The contributing terms and resulting
equations of motion follow.

O?H

0*H 0*H

HY = . HY = . HY = (6.2)
b 0qig; > Opipj 5 Oqip;
pi=—HYq;— HYp; ; d¢=Hp;+ Hyq (6.3)

Here, 0U/0q; = 0 again defines the equilibrium point.

That this result is derived from a non-Lagrangian framework begs the question:
can one construct a generalized framework for understanding linearization outside of
classical mechanics? This idea encompasses developing a mathematical process that
could be applied to any system whose evolution is captured by a differential operator
acting on a nonlinear function of system variables. An encouraging response to this
question is that the governing equations for simple electrical circuits can be generated
using Lagrangian and Hamiltonian methods [11].

One final question that arises is this: how does one know that this method gen-
erates the correct linearized equations of motion? That is, are the directly linearized
equations of motion the same that one would obtain by first forming the full nonlinear
equations of motion and then linearizing them with a Taylor series expansion that
retains terms first order and lower? The answer is yes, and the reason traces back

to partial derivatives. The commutative property of partial derivatives allows one to
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either first apply the ‘dynamic’ differential operator and then linearize via a Taylor
series expansion, or first take a Taylor series expansion, instead retaining second order
terms, and then apply the operator. Both operations involve partial differentiation
at their core, and a change of variables eases comparison between the two methods.
In fact, one can arrive at the final results presented in this thesis by first applying
Lagrange’s equations and then linearizing about the equilibrium, but as previously
noted, this approach can be a long, arduous process. This verification is left to the

reader, should he decide to get directly involved.
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