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Chapter 1

Equations of motion for discrete
systems






Introduction

In this chapter we will discuss several different approaches for obtaining the equations of motion
(EOM’s) of systems for which the mass, damping and stiffness components appear in discrete
components. These EOM’s will be ordinary differential equations which describe the motion of the
system. For the most part, we will be interested in describing small-amplitude motion. Because
of this, we will be able to deal with a linearized form of these differential equations, where the
linearization is performed about equilibrium states.

We will be considering a number of approaches in deriving the EOM’s:
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o Newton-Fuler formulation — This is a vector-based approach beginning with forces and ac-
celerations written in vector form. In doing so, we will need to deal with all of the forces
acting on the system. In particular, we will include forces of reaction and forces of constraint
along with the applied forces. It is often the case that we will not care about quantifying
the reaction and constraint forces, and consequently, we will eliminate these forces from the
EOM’s before attempting to solve the EOM’s. This elimination can be a tedious task.

e Power equation — The power equation, as we will see, is based on a work/energy (scalar)
description of the motion. An important consequence of this is that many of the forces of
reaction and constraint will naturally not appear in the energy equation. However, since we
will start with a single work/energy equation for the system of interest, we will obtain only
a single EOM regardless of the number of coordinates needed to completely describe the mo-
tion. Hence, the power equation will be useful to us only for systems having a single degree
of freedom (DOF), that is, systems for which only one coordinate is needed to describe the
motion.

e Lagrange’s equations — The Lagrangian formulation is a means by which we will be able to
separate out from the power equation the correct number of EOM’s needed to describe the
motion of the system. That is, for a system having N DOFs, the Lagrangian formulation will
produce N EOM’s.

e Linearized equations of motion — For small amplitude oscillations about an equilibrium state,
we will be able to replace nonlinear terms appearing in the EOM’s obtained from the La-
grangian approach by their linearized approximations. This will produce a set of linear
ordinary differential equations that we will use later on for determining the response of the
system. We will be able to obtain these linear EOM’s directly from the kinetic energy, poten-
tial energy and Rayleigh dissipation functions without directly using Lagrange’s equations.
This formulation will allow us to observe symmetry properties of the mass and stiffness ma-
trices. These symmetry properties will prove useful to use later on in the course in when we
use orthogonality properties of the modal vectors of the problem.

o Flexibility matriz and influence coefficients — Later on in the course we will need to use the in-
verse of the stiffness matrix (called the flexibility matrix) for some of the numerical eigenvalue
extraction methods. Here we will discuss a direct approach for finding the flexibility matrix
using the so-called ’influence coefficients. These influence coefficients are generally easier to
find than the inverse of the stiffness and will provide some physical insight into the problem.



I.1 EOM’s: Newton-Euler equations

Background

For a single rigid body executing planar motion, we have the following set of Newton-Euler equa-
tions:

Z F= mag
> Ma=14d
where
G = center of mass of the body
A = EITHER the center of mass OR a fixed point on the rigid body
Z F = the resultant force acting on the body
Z M 4 = the resultant moment about point A acting on the body
14 = the mass moment of inertia of the body about point A

dg = the acceleration vector for the center of mass G

& = the angular acceleration vector for the body

Remarks:

e ALWAYS draw appropriate free body diagrams (FBD’s) before you attempt to develop the
EOM’s for the system.

e Carefully consider the coordinates used (such as sign conventions, whether measured from
fixed reference or moving reference, whether measured from equilibrium or unstretched posi-
tions) before drawing FBD’s.

e You need to include ALL of the forces acting on the body when writing down the EOM’s
(including forces of reaction). Later on when we use the power equation and Lagrange’s
equations we will be able to ignore forces that do no virtual work when deriving EOM’s.



e In the end, you should have exactly N EOM’s for a system having N degrees of freedom (we
will discuss the concept of number of degrees of freedom in a later lecture). Typically you
will have more than N Newton/Euler equations at the start; however, you will be able to
eliminate forces of constraint (reaction forces) and enforce kinematic constraints to reduce
this number of EOM’s to N.

e Never attempt to write down the EOM’s by inspection.
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Example 1.1.1

A homogeneous cylinder having a mass of M and radius r rolls without slipping on an inclined
surface. A spring having a stiffness of k is attached between the center G of the cylinder and ground.

e Determine the equation of motion (EOM) corresponding to the coordinate z, where = de-
scribes the position on the incline for point G with x being measured from the position
of G when the spring is unstretched.

e Determine the EOM corresponding to the coordinate z, where z describes the position on
the incline for point G with z being measured from the equilibrium position of G.

unstretched position

equilibrium position

figure a) figure b)






Example 1.1.2

Two particles, 1 and 2, (each of mass m) are interconnected by a set of three springs (each of stiff-
ness k) and three dashpots (each having a damping constant of ¢) and slide on a smooth horizontal
surface. A force f acts on particle 2.

Find the equations of motion (EOM’s) for this problem corresponding to three different sets of
coordinates:

e Using x1 and xo with both x; and 2 being measured positive to the right from fixed reference
points with the springs being unstretched when x; = 29 = 0.

e Using y; and y2 with y; being measured positive to the right from a fixed reference point, yo
being measured positive to the left from a fixed reference point and with the springs being
unstretched when y; = y2 = 0.

e Using z; and zo with z; being measured positive to the right from a fixed reference point,
z9 representing the stretch/compression of the middle spring (z2 > 0 when the spring is
stretched) and with the springs being unstretched when z; = z9 = 0.
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Example 1.1.3

Particle A (having a mass of m) slides on a smooth horizontal surface with a thin homogeneous bar
(having a length of L and mass M) being attached to A with a smooth pin, as shown. A spring and
dashpot connect A to ground. The coordinate = describes the motion of A (x is measured positive
to the right and z = 0 when the spring is unstretched). The coordinate 6 describes the orientation
of the bar, with 6 being positive for a counterclockwise rotation from the vertical.

Find the EOM’s of the system using the coordinates of x and 6.







I.2 EOM’s: Power equation

Objectives

It is desired to be able to obtain the differential equation of motion for a single degree-of-freedom
system without having to account for “workless” forces acting on the system.

Background

The work-energy equation for a system of n rigid bodies is given by:

T+U=Ty+ U+ W

where

1 1
T; = kinetic energy of the jth body = §vaj2 + ijAjWQ

n
T = kinetic energy of the system = Z T;
i=j

U = potential energy due to conservative forces
2
W) = work done by nonconservative forces = Z / FO) . dp;
7 /1
A; = EITHER a fixed point OR the center of mass of the jth body
va; = speed of point A;

w = angular speed of the body

To, Uy = initial values for the kinetic and potential energies, respectively

path of point j

df)]. (tangent to path)

O (fized point)



Results

The “power equation” results from taking a time derivative of the work-energy equation:

AW 4T dU

Power = 7 _E+E

Remarks

e As we will see in the following examples, the power equation will produce a second-order dif-
ferential EOM for a system for which only a single coordinate is needed to describe its motion
(i.e., systems having a single degree of freedom). The power equation has the advantage over
the Newton-Euler approach in that one can ignore forces that do no nonconservative work on
the system.

e A particle is a rigid body for which either the dimensions are small (I ~ 0) or is under pure

translation (w = 0). Therefore, the kinetic energy for a particle is given by T' = %mUGQ.

e Note that the initial values for the kinetic and potential energies (T and Uy, respectively)
drop out when differentiating the work-energy with respect to time.
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Example 1.2.1

A homogeneous thin bar of mass M and length L is pinned to ground at point O. Using the power
equation, find the equation of motion (EOM) for the bar corresponding to the coordinate of 6 where
f is measured counterclockwise from the vertical.






Example 1.2.2

Use the power equation to find the EOM for the system shown corresponding to the coordinate x,
where the coordinate x is defined such that x = 0 when the spring is unstretched.
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Example 1.2.3

Use the power equation to find the EOM of the system shown corresponding to the coordinate ¢.
The mass of the particle is M, and the mass of the homogeneous cylinder (outer radius r) is m.
The bar connecting the particle and the center of the cylinder has a mass that is negligible. The
spring is unstretched when ¢ = 0.

negligible mass

smooth







I.3 EOM’s: Generalized coordinates, generalized forces and gen-
eralized mass coefficients

Objectives

Here we will rewrite the power equation from the last section in a way that the set of chosen
coordinates and their time derivatives are explicitly apparent. In this form, sets of “generalized
forces” and ”generalized mass coefficients” are introduced. The results of this section will lead us
directly in the Lagrangian formulation of the EOM’s found in the next section.

Background

3

O (fized point)

e For a system of n planar rigid bodies, let Ay be either the center of mass or a fixed point on
the kth body. Assume that the position vectors, 7, and angular rotations, 0, are written
in terms of a set of N generalized coordinates ¢; (i = 1,2,...,N). It is assumed that these
generalized coordinates completely describe the configuration of the system for all time. It is
also assumed that 7, and 65 are not explicit functions of time. From this, we can write for
k=1,2,...,n:

—

T = Fk (QL q2, ..., QN)

ek = ek‘ (Q1,(I27 ceey C_IN)

e For a function b = b (q1, g2, ..., qn), we have the chain rule of differentials:

N
0b 0b 0b 0b
i=1 1!

dg;
on 0q2 Oqn 4

e For a function b = b (q1, g2, ..., qn), we have the chain rule of differentiation:

b .
— b=

db .0 b
dt_ 8q1 ’



Results

N
oT\ OT
aT = ) - 2| dgs
; dt <aql-> aql] 1
N
oU
av = 8qidql
=1
N

where ); = “generalized force” corresponding the generalized coordinate ¢; and m;; = “generalized
mass coefficient”, each corresponding to the generalized coordinates ¢; and g and given by:

M o7
=N F O
@ ]Z::l 7 g

a6, 99,

- or; 0r;
= R A BT
ik Z [m] 0q;  Oqy T4 0q;

where M is the number of applied forces on the system.
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Derivation

Recall the following set of Newton-Euler equations for planar motion of a rigid body:

—

Iy =mjagj = m;r;
M; = Loy = Lif;
where

F} = the resultant force acting on the jth body

M; = the resultant moment about point A; acting on the jth body
Gj = center of mass of the jth body
A; = EITHER the center of mass OR a fixed point on the jth rigid body

Say we take the dot product of the first equation with 7;, multiply the second equation by df;, sum
those results over all n bodies and add the results, producing:

n n

Z |:m]7?] . dT?J + Ijéjdﬁj} = Z [ﬁ] . d?r‘] + de@j
j=1 j=1

We recognize the right hand side of the above equation as being the total differential work done
on the system. Alternately, we can write this right hand side of the equation as the difference
between the differential work done by nonconservative forces and the differential of the potential
of conservative forces:

3 [ﬁ] A7+ M;do;| = dw®™) — qU
j=1

Therefore, the left hand side of this equation, according to the work-energy equation,
AT 4 dU = dw ()
must be the differential kinetic energy for the system:
n .. .
AT =" [myf - diy + L6,
j=1

In this section of the notes, we will work to simplify the expressions for the three terms of dT', dU
and dW(°) . Consider the following steps:

e From the chain rule of differentials:

s
iy =Y 6—;dqi
i=1

1

N
90,
do; =" 8; dg;
=1



Substituting these expressions into the expression for d7" gives:

. 9 0
mﬁ-(Z ”dqz>+19 ( aw)]

n

ar =Y

j=1 L
N [ n

= 0T 86
i=1 [ j=1 ( 9qi 8

Note that through the product rule of differentiation:

g 0% _d (0T _;..i or;

7 0q At \'7 Og ! dq;
- d .y 87_'} ;,' 87“]
_dt<7’]'aqi>_rj 8(]1

It can be shown that (see Appendix I):

—

or;  or;
dgi g

Substituting into the above gives:

2 OF _d (. 0\ . 0
" 6q2- N dt " aql I

T 24t |9¢
In a similar way, it can be shown that:

14 [062
T 24t | 9g;

1 862
2 aqz

. 00;
0. —2
ja%‘

Substituting these two results into the above equation for dT' gives:

N a 1 1 Yo

dT’ = Z @ | 96, Z <2mjrj T+ QIjGj) dg; — Z o0 Z
i=1 =1 =1 | =1
al or\ oT
; [ <3qz> - 3%}

where:

- 1
T = < mjrj r]+ 10 >
7=1

(

—

myry - TJ

+ Iﬁ?) dgi
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e Using the chain rule of differentiation:

1 n ) ) n
TZQZmJ'Fj'FJ+ ZIJQJQ

7j=1 7j=1

1 N o7 N or, 18 N 99 NPT
= 22 J <Z 87(;%) (Za;]q}c> +§ZIJ (Z 9 j‘]z) (Z (]lijk>

j=1 i=1 j=1 i=1 k=1

T I (& a7 o) .. 1L [ 0000,
—2;; ; ]87]387(]; Qiqlc-l-Q;kZ:l jz_:l jafqzaiqi idk

1 N N
:izzmik(ji(ﬁc

=1 k=1

where

“ToF OF, - 06; 00
S R A4 R “Y5
ik ; {mj g Oqr 7 0q; Oy

are the “generalized mass coefficients”. Two things to note from the above. First, the kinetic
energy expression T is a function of both the N generalized coordinates g; (through the m;y
coefficients) and their time derivatives ¢;. Secondly, the coefficients m;; are “symmetric”;
that is, m;, = my;.

e The potential energy is a function of only the spatial configuration of the system. Therefore,
U can be expressed completely in terms of the generalized coordinates ¢; and will not involve
their time derivatives ¢;: U = U (q1,q2, ..., qn). Using the chain rule of differentials, we can
therefore write:

—

e Suppose that we have M nonconservative forces F; (j = 1,2,..., M) acting at the following
M locations within the system: pj = f; (¢1,¢2,...,qn). Using the chain rule of differentials
gives us:

N -
7= 3 ol
P; = dq; qi

i=1 1



Using this in the differential work term produces:

M
daw" =N " F; - dp;
j=1

[
M N -~
o p; Q
=55 (S 0] a
7=1 =1 'Css
=D (252 | da
° - qi
=1 7j=1

where
M
L 9p;
Q; = ZFJ il
= dqi

= “generalized force” corresponding to the generalized coordinate g;

e In summary, the differential form of the power equation:
AT + dU = dw ()

can be written in the following explicit form:
N

d (0T or oU
>[5 (5) -7 o @ an=c

i=1



Example 1.3.1

Forces f1, fo and f3 act on the three-particle system shown. Generalized coordinates x1, x5 and
xg are used to describe the motion of these particles, where xo and 3 are relative coordinates.
e Find the generalized forces corresponding to the generalized coordinates x1, x2 and z3 for the
forces f1, fo and f3 .
e Find the generalized mass coefficients corresponding to the generalized coordinates x1 , =2
and z3 .







I.4 EOM’s: Lagrange’s equations

Objectives

Our goal here is to develop a systematic method for deriving the equations of motion for a system
having N degrees of freedom. We will start with the explicit form of the power equation derived
in the last section. From the power equation we will obtain a set of N EOM’s for the system.

Background

In the last section of the notes, we saw that the power equation for a system described by N
generalized coordinates ¢; (i = 1,2, ..., N) can be written as:

d (0T oT oU
Z[&(aq’i)‘aqﬁaq-‘@ 44 =0

=1 v
where T and U are the kinetic and potential energies for the system, and @); is the generalized force
corresponding to the coordinate ¢;:

M op;
=S F .
@ JZ_; ! 0g;



Derivation and results

It is assumed that the generalized coordinates ¢; (i = 1,2, ..., N) used above completely describe the
configuration of the system at all instances in time. However, we have said nothing at this point
as to whether the coordinates chosen are independent. That is, some of the coordinates could be
related by constraints that have not yet been enforced, and as a result, the coordinates are not
independent.
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Consider an example of the simple pendulum shown below. The kinetic and potential energies for

this system in terms of the (z,y) coordinates for the particle P are given by:
1

T = %m (&% +9%) = =m (¢f + d3)

[\

U= —mgy =—mgq

where ¢; = z and ¢2 = y. Note that the chosen generalized coordinates are related by the constraint
¢? + ¢ = L?, which by differentiating with respect to time produces: ¢? = 343/ (L2 — q%) Al-
though ¢ and ¢o completely describe the configuration of the system, they are NOT independent.
If we enforce the above constraint, 7" and U can be written in terms of ¢ alone as:

1 q% -2
T=gm [LQ—qg +1] e
U=-mgq

This single degree-of-freedom system is now described in terms of a single coordinate.

An alternate (and better) choice of coordinates would be to describe the system in terms of the
angle 0. From the figure we see that we have the following constraints: x = Lsinf and y = Lcos#.

Substituting these constraints into the original 7" and U gives:
1 242, .2 242, 2 Loom 1 9.5
Tzim L=0%cos”8 + L“07cos*0 :imLeziquS

U = —mgLcosd = —mgLcosqs



where g3 = 0. Again, we have used a single coordinate in describing the motion of a single degree-
of-freedom system.

At this point, let us assume that all of the generalized coordinates are independent: any given
coordinate cannot be expressed in terms of the remaining N-1 coordinates. With this being the
case, N now represents the total number of degrees of freedom in the system. Since the coordinates
are independent, the general form of our power equation:

N
;[dt (%) ~ o T ag Widu=0

becomes N independent EOM’s of the form:

d (0T or  oU
) et a =

dt \ 9g; 9qi  Oq;

for : = 1,2,..., N. The above are known as the set of Lagrange’s equations for an N degree-of-
freedom system.

Recall that the potential energy term U includes the work done by conservative forces (such as
gravitational and spring forces). The generalized force terms @; includes the work done by all other
forces. The contribution of damping terms naturally appears within the generalized force terms.
It is possible to make the contribution of damping forces more explicit in Lagrange’s equations
through a so-called Rayleigh dissipation function R. The Rayleigh dissipation function for a single
linear dashpot can be written as:

1 )

where ¢; is the damping coefficient and Aj is the relative speed across the two ends of the dashpot.
If the system has r dashpots, then the total Rayleigh dissipation function is:

r 1 r .
R=) R;= §ZCjA§
j=1 j=1

Including damping produces the following modified form of Lagrange’s equations:

d<6T) oT OR OU _

at\og:) " 0q " 0q " oq

for i =1,2,...,N. Here, the generalized forces ; include all nonconservative forces except those
from the damping terms included in R.



Steps in using Lagrange’s equations

1. Number of degrees of freedom (DOFs) Determine the number of degrees of freedom
(DOEF’s) in the problem. To do so, carefully consider the least number of generalized coor-
dinates N that are needed to completely describe the configuration of the system at any time.

2. Generalized coordinates. Choose your set of generalized coordinates ¢;(t) for j = 1,2, ..., N.

Be sure that you have chosen an independent set of coordinates. (Ask the question: Can you
change each coordinate individually while holding the other coordinates fixed and not violate
any motion constraints on the system?) If your coordinates are not independent, there are
constraints that must exist among your coordinates. Enforce the constraints at this point
before proceeding. Also, reconsider your decision on the number of DOF’s in 1. above before
continuing: What is the correct number of DOFs?

3. Free body diagrams. Draw free body diagrams (FBD’s) for all bodies in your system.
These FBD’s will be necessary later on when you derive the generalized forces acting on the
System.

4. Kinetic energy expression, T.
e Write down the velocity vector corresponding to point A; (either center of mass or fixed
point) for each body (5 =1,2,...,n):
L dF
= —2
T dt
If A; is a fixed point, then, of course, v; = 0.
e Write down the angular velocity corresponding to each body (j = 1,2,...,n):
do;
YT

e Form the kinetic energy expression for each body:

1
2

—

— - 2
Tj—gm]v] v + I]wj

(Note that the first term in the above expression is a dot product of the velocity vector
with itself. Take care to write down the vector expression for velocity before writing
down the kinetic energy expression. Also, I; is the mass moment of inertia of the jth
body for point the choice of point A;. If the body is to be treated as a particle, then
I; =0.,)

e Form the total kinetic energy for the system by summing up the kinetic energy expres-
sions for the n rigid bodies:

T:Zn:Tj
j=1
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e Expand the expression for T to explicitly show the appearance of the ¢; terms:

LN
T= izzmiinQk

i=1 k=1

From this, identify the mass matrix elements m;;. This step will help to simplify the
differentiation process later on.

5. Potential energy expression, U.
e Write down the potential energy for each spring in the system:

1 2
Usp); = 5kiA;
e Write down the gravitational potential energy for each body in the system:

(Ugr)j = mjgh;

where h; is the elevation of the center of mass of the body above the datum line that
you have chosen. Please note that if h; > 0, the center of mass is above the datum line,
whereas h; < 0 corresponds to the center of mass below the datum line.

e Form the total potential energy for the system:

U= (Usyp); + Y Uy),
j=1

6. Rayleigh dissipation expression, R.
e Write down the Rayleigh dissipation for each dashpot in the system:
1 .2

Rj = §CjAj

Form the total Rayleigh dissipation function for the system:

R= iRj
j=1

7. Generalized forces, @;.
e Reconsider your FBD’s of the system. Determine which forces that do virtual work on
the system. A reminder of some forces that you will NOT include:

— Forces due to springs, gravitation attraction and dashpots (since you have already
included these in U and R).

— Contact forces at smooth interfaces. These will do no work on the system.

— Frictional forces required for rolling without slipping. These do no work on the
system.



— Constraint forces due to rigid connections between bodies. These do work on the
individual bodies but NOT on the entire system.
e Write down position vectors for the point of application of forces that do virtual work
on the system:

ﬁj = ﬁj(QIaQ27-~-7QN)

e Find the differential change in the position vectors for the point of application of the
forces:

N -
Pj = Z qi
=1

Chapter 1

0q;

e Find the differential work for each force:

N
o, R " 00
dW; = Fj -dp; = F) - E 8Z]d(h
i=1

e Find the differential work for entire system, expand and identify the generalized forces
Q; (i =1,2,,N) as the coefficients of the individual dg; terms in the following expression
for dW:

M N
dW =Y W= Qidg
j=1 i=1

8. Equations of motion.

e Form the partial derivatives of T" with respect to ¢; and ¢; (i = 1,2,, N) . Recall that in
forming the partial derivatives with respect to variables ¢; and ¢;, only the EXPLICIT
appearance of the variables are affected by the partial differentiation.

e Form the total time derivative for the terms:

d (0T
i (1)
Here, when finding the total time derivative, both EXPLICIT and IMPLICIT (through
the ¢; and ¢; terms) appearance of time ¢ is affected by the differentiation.
e Form the partial derivatives of U and R with respect to ¢; and ¢;, respectively
e Combine results to form the N Lagrange’s equations for the system (i = 1,2,..., N):

= Qi

4 (or\_or or U
dt \ 9g; 0gi  0q¢;  0Og;

where N is the number of DOF’s in the system.



Concluding remarks on Lagrange’s equations: some advanced ideas

Recall that we made two important assumptions in deriving the preceding form of Lagrange’s equa-
tions: i) the position vectors and rotation angles are not explicit functions of time (“scleronomic”
systems), and ii) we have chosen an independent set of coordinates. The following discusses the
consequences of these assumptions and what needs to be done when the assumptions are not valid
for a particular system of interest.

Rheonomic systems. “Rheonomic” systems are those for which the position vectors and rotation
angles are explicit functions of time: 7; = 7 (q1, g2, ..., qn, t) and 6; = 0; (q1, g2, ..., qn, ). With the
explicit time dependence, the chain rule of differentials gives us:

N
oF; . OF
dFy = 8—7;dq- St
i=1 1

With this, we see that the differential work for an applied force includes an additional term due to
this explicit time dependence:

N 7

=1

For rheonomic systems, Lagrange’s equations are typically developed in terms of “virtual” displace-
ments 07, where:

orj
0T = Z aqz 0q;

Note that virtual displacements are differential displacements where the explicit time dependence
is frozen while applying the chain rule. In fact, for scleronomic systems, virtual and differential
displacements are exactly the same: 7 = dr;.

Using virtual displacements gives us “virtual work”, dW;:

N o5 Noroog
> £5q1~] =y [Fj pﬂ 8q; = ZQ]S%
. (3

=1

SW; = F;-0p; = F; -

and, as a result, the generalized forces @); are the same as before. Therefore, the Lagrangian formu-
lation developed in this section for scleronomic systems are still applicable for rheonomic systems
provided that we use virtual work (rather than differential work) in finding our generalized forces.

Example of a rheonomic system

One of the most common instances of rheonomic systems are those on which “base excitation” is
applied. Consider the two-DOF system shown below where the base “B” of the system is given a
prescribed motion of y(t) = ypsinwt. The motion of particles 1 and 2 is described by the relative
coordinates x1 and xo. With that, the position vectors for these two particles are given by:

—

™ = [yosinwt + xl] 7 (z1,1)



—

5 = [yosinwt + x1 + x9] i = (x1,x2,1)

where we see here that due to the prescribed motion of base B, the position vectors for the two
particles are explicit functions of time.

[
)
y(#) Xy X R 8
—> &—>] f«——> j %
1 >h 2 >z -~
@)

i

B

Using the chain rule of differentials:
dify = [yowcoswtdt + dx1]i

dry = [yowcoswtdt + dxy + dxs] i

and the definition of a virtual displacement:
oF = [0x1] 1
67y = [dx1 + 6x9) 4
we can write the work and virtual work done by the applied forces:
AU = fi - diy + fo - diiy = (yowcoswt) (fi + fa) dt + (f1 + fo) da1 + fadas

SU = f1-0F1 + fo- 67 = (f1 + fa) 01 + fobig

The difference between the work and virtual work expressions above is that virtual work does
not include the influence of the prescribed displacement of the base within the work expression,
whereas it must be included in the work expression. This is how using virtual displacements in
the Lagrangian formulation simplifies the EOM’s and is the recommended formulation for deriving
EOM’s for rheonomic systems.



Nonholonomic systems. Consider the following system made up of particles A and B. Particle

B

<l

smooth knife — edge

side view top view

A moves within a slot cut into cart C (of mass M), as shown, where C is moving with a prescribed
speed (ve) and direction (X). The slot is perpendicular to the prescribed direction of motion for
C. Particle B is attached to A with a massless, rigid rod of length L. B rides along on the same
horizontal surface as C on a knife-edge support. This support allows for smooth sliding of B along
the direction of the rod but does not allow slip perpendicular to the rod. Rotation about the
contact point of the knife-edge with the ground is possible. Enforcing these constraints on a rigid
body kinematics equation relating the velocities of A and B gives:

Up = Ua+W X Tp/a
gt = Xal +Val + (9‘1%) X (—L%)
= XAl 4 Yl — L6

From the figure we see that:

I = costi — sinfj

J = sinbi + cosf]
Therefore:

Vgl = (XA0039 + YAsinQ) i+ (—XAsinH + Yacosh — LH) J
Balancing coefficients gives the following two constraints:

vp = Xaco088 + Yasind = vocosd + Yasind

0= —XASinH + YACOSH — Lo = —vosind + YACOSG — Lo

Using the first constraint equation above in the kinetic energy expression for the system gives:

1 1 1
T = §mv§1 + imv% + §M’U%

1 . 1 . 1
=5m (U%« + Yj) + 3™m (v%cosQQ + YjsinQH) + in%



From this we see that the kinetic energy is a function of both coordinates Y4 and 6. The second
constraint above shows that these coordinates are NOT independent; however, due to the nature
of this constraint, we are not able to enforce it. (Do you see the problem? The constraint is
non-integrable; that is, we cannot relate 6 to Y4 without actually solving the problem first.) The
Lagrangian formulation developed here relies on independent coordinates, and therefore we cannot
use this form of Lagrange’s equations to develop the EOM for this single DOF system.

Systems having non-integrable constraints (such as the example above) are known as “nonholo-
nomic”. Since we cannot enforce these constraints apriori, Lagrange’s equations cannot be applied
to such systems. There are a number of ways to modify Lagrange’s equations to handle nonholo-
nomic systems. We will not pursue that here. You are encouraged to read advanced dynamics
textbooks if you are interested in learning more. Should we encounter such systems in this course,
we will avoid this complication and develop the EOM’s through the Newton-Euler formulation.
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Example 1.4.1

Find the EOM for the simple pendulum using 8 as the generalized coordinate.

negligible mass






Example 1.4.2

Particles 1 and 2 (having masses of m and M, respectively) move in a HORIZONTAL plane.
Generalized coordinates x1 and z9 describe the position of the system where xo is measured relative
to particle 1. Forces f and F' act in the x-direction on particles 1 and 2, respectively. The springs
are unstretched when x; = zo = 0. Find the EOM’s of the system using generalized coordinates
x1 and xo. Ignore gravity. Consider all of the surfaces to be smooth.

X1







Example 1.4.3

Find the EOM’s of system shown below using z, ¢ and 6 as generalized coordinates. The spring
is unstretched when z = ¢ = 0. All three bodies are to be considered to be homogeneous in their
mass distribution, with each body have a mass of m.







Example 1.4.4

If particle 0 is given a prescribed motion of y(t) = yosinQt, find the EOM’s for the system. Note
that z; and x2 are relative coordinates. The springs are unstretched when y = 27 = 22 = 0.

Wt X, X,
> [«—> >







1.5 EOM’s: Linearization

Objectives

The EOM’s for a system are typically nonlinear, with the nonlinearities arising from geometric and
material effects. In this course, we will study small oscillations of systems. For this, we will use
a linearized set of free response EOM’s arising from Lagrange’s equations. In this section of the
notes, we will develop a systematic approach for this linearization process for free motion of the
system.

Background
e The kinetic energy for discrete models is of the form:
1 N N o
T= 3 ; ; Mikqiqk

where the symmetric mass coefficients m;; are given by:

"T O oF oF, . 00 00
= Rt A RN St It}
mix = ) [mj 9g; Oqr 7 qi Oq

j=1

e For free response, the system is at an equilibrium state ¢y when (i = 1,2, ..., N):

<0U> _o
0q; @

e The Taylor series expansion of a function g(¢) about the point ¢ is given by:

N N N 2
9(q) Zg(%)+Z; [gji]% (¢ — q0i) +%ZZ { 0% LO (¢ — q0i) (a1 — qor) + ---

= = 19gian

Results

Small motion about an equilibrium state of a free system is governed by the following linearized
EOM’s:

M = (mik) g, = M
2
clk:< OR ) — O
0q;0qy; o
O*U
Kir = — Ky
g <8Qi8Qk> - g



Derivation and remarks
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Example 1.5.1

In the system shown, the springs are unstretched when z; = z9 = 0. Find the mass, damping and
stiffness matrices for small motion about the equilibrium state corresponding to the generalized
coordinates shown. Note that x5 is a relative coordinate.

x12_n1 X2
A A m2 8

negligible mass

Fl = Ili‘li

—

Ty = (CEl + mg)%

= (21 + 22 + Lsinf)i + (—Lcosh)j

w

A~

U1 = 211
Ty = (&1 + 29)i

U3 = (&1 + @9 + LbcosO)i + (LOsind)j






I.6 EOM’s: Influence coefficients and the flexibility matrix

Objectives

Later on in our investigation of approximate methods for finding natural frequencies and modal
vectors, we will find it necessary to obtain the inverse of the stiffness matrix [K]. This inverse,
[K ]_1, is known as the “flexibility matrix”. In this section, we will explore a method for obtaining
the flexibility matrix directly without the need for performing the inversion of an N x N matrix.

Background

e Consider a generalized force Q; = 1 (unit magnitude) corresponding to generalized coordinate
gj. Let g; be the displacement of the ith generalized coordinate as a result of the applied force
Q@j. The “influence coefficient” a;; is defined as displacement of the generalized coordinate g;

A

P

Q\ -, -, -, -, -, ﬁ\m\m\m\ﬁ -,
: " " " " " " " " " "

due to the application of a unit magnitude generalized force Q;.

e We have seen that the stiffness matrix for a conservative system obtained from the Lagrangian
formulation is symmetric; that is, [K]” = [K]. Since the order of the transpose and inverse
operations on a non-singular matrix is reversible, it can be seen that [K ]71 is also symmetric:

(1) = (1)) = (5

Results

e The influence coefficients a;; form the elements of the flexibility matrix; that is, ([K ]71) =
ij

Aij.

e For a linearly elastic system, the influence coefficients a;; defined above are symmetric: a;;.
In words, this says that a unit force applied at j will produce the same displacement at ¢
as the displacement at j due to a unit force at ¢. This is known as “Maxwell’s reciprocity
theorem”.



e Method for determing the influence coefficients:
— Apply a unit generalized force @); with Q; = 0 for k£ # j.

— Calculate/measure the change in the displacements of the generalized coordinates ¢;(i =
1,2,...N). These displacements are the influence coefficients a;;(i = 1,2, ...N).

— Use the symmetry of a;; to simplify your calculations; that is, although a symmetric
N x N matrix has N? terms, it has only N(N + 1)/2 unique terms. Furthermore, a;;
may be easier to compute than aj; in some instances.

Chapter 1
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Example 1.6.1

Consider a homogeneous, clamped beam having a length of L and flexural rigidity of EI. Find the
flexibility matrix for the beam using the transverse deflections at the three particles as generalized
coordinates. Note that from mechanics of materials, we know that the deflection at z, u(x), due to
a force F applied at location a¢ > x is given by:

F
u(z) = 6Bl 2a® — 3a% (a — z) + (a — x)?

L/3 L/3 L/3

A
®
®
®

wa&w







Example 1.6.2

Find the flexibility matrix for the three-DOF system using the absolute coordinates shown. The
springs are unstretched when x; = x92 = x3 = 0.

smooth






1.7

EOM’s: Summary

Newton-Euler formulation

Vector approach dealing with each body individually.

Must deal with ALL forces acting on each body.

Often times the reduction of the equations to a number equal to the number of DOF’s can
be tedious.

Dealing with the signs and direction of spring forces can be tedious.

Power equations

Scalar approach dealing with the system as a whole.

Need not deal with forces which do no work on the system as a whole.
Dealing with the signs and direction of spring forces is more straight-forward.
Useful for single-DOF systems only.

Lagrange’s equations

Scalar approach dealing with the system as a whole.
Need not deal with forces which do no virtual work on the system as a whole.
Dealing with the signs and direction of spring forces is more straight-forward.
Valid for systems with any number of DOF’s provided that one uses independent generalized
coordinates.
Development of generalized forces is a straight-forward procedure when using expressions for
virtual work:
— write down a vector expression for each force, F;
— write down a vector expression for the differential (or virtual) displacement for the point
of application of each force, dpj
— then from

M M
dW = " Fy-dp; = Qydg;
j=1 j=1

we can identify the corresponding generalized forces ;.

Linearized EOM’s

General form of the linearized EOM’s for free response: [M]Z+ [C]Z+ [K]Z=0

The mass and stiffness matrices are always symmetric (unlike those found from Newton-
Euler).

These EOM’s describe small motion about an equilibrium state: Z(t) = ¢(t) — Go.



