2.004 MODELING DYNAMICS AND CONTROL II Spring 2003

Solutions to Problem Set No. 7

Problem 1. Pendulum mounted on elastic support. This problem is an execise in
the application of momentum principles. Two possible solutins are described.

(a) The system consists of two rigid bodies in plane motion. Without constraints there
would be six degrees of freedom. However, the carriage m is constrained to slide along
the rod, so it has only the single degree of freedom indicated by the displacement z,
and the pendulum M is constrained to have its top end connected to the pivot B on
the carriage so it has only the single additional degree of freedom indicated by the
angle 6.
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Figure 1: Generalized coordinates x and 6.

The displacements of the mass center C of the pendulum are described with respect to
the fixed XY reference frame whose origin is at the equilibrium position of the pivot
center B.

L L
xczx+§sin0 and yC:—5c059
The linear momentum components of the pendulum are
. . L, . L. .
px:MxC:M(m—i—EHcosO) and py:MyC:M§951n0

The angular momentum of the pendulum about its mass center is

L?.
f@:@:Mﬁa
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The constraints on the carriage m prohibit the existence of angular momentum, or
linear momentum in the Y-direction. The linear momentum of the carriage in the
X-direction is mz.

Equations of motion for the generalized coordinates x and 6 are obtained by apply-
ing momentum principles to suitable free-body diagrams of parts of the system. In
the first approach, four momentum equations are written which include the two gen-
eralized coordinates and two internal reaction forces. The reaction forces are then
eliminated by algebraic manipulation to get two simultaneous differential equations
for the coordinates x and 6. In the second approach two independent equations of
motion for z and 6 are obtained directly by careful choice of free bodies and momen-
tum principles. In the second procedure it is necessary to use the generalized angular
momentum equation

. dHp . _ =
ZTB:d—-tB+UBXP (].)

which applies when the moving moment center B is not the mass center of the system
under consideration.

(i) The first approach is more straightforward but may involve considerably more
algebraic manipulation. Each mass in the system is isolated in a separate free-
body-diagram and as many momentum equations written as there are indepen-
dent momentum components for that mass. Free-body-diagrams for the carriage
(a) and the pendulum (b) are shown in Fig.2. Note that the internal force reac-
tion components N and T at the pivot B in (b) are equal and opposite to those
in (a). The external reaction N; on the carriage m is applied by the rod which
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Figure 2: Free-body diagrams.

supports the carriage. Applying the linear momentum principle in the horizontal
direction to the free body in (a) yields

dpy ,
T—2kx:%:mx (2)



Since the carriage has no vertical momentum the momentum principle in the
vertical direction reduces to the equilibrium relation

Ny =mg+ N

which permits determination of the external reaction force after the internal
reaction forces have been found. Turning next to the free-body diagram in (b)
of Fig.2 where there are three momentum components: horizontal, vertical, and
angular momentum about C, we apply the linear momentum principle in the
horizontal direction to get

_ dpy d

L. L. o
—T—E—%M(J?-i—ggcosg)—M[IL‘+5(0C089—0 sin )] (3)

and the linear momentum principle in the vertical direction to get

d d L. L - .
N—Mg:%:%(MEOSinH):M§(9sin9+9200s0) (4)

and the angular momentum principle about C to get

L L . dHo MIL?.
T— —_ —_ = — =
5 cos® — N 5 sin 6 g D 0 (5)

At this stage there are four equations [(2), (3), (4), and (5)] for z, #, N and
T. It remains to eliminate the internal reaction forces N and T from these four
equations to obtain two independent equations for the generalized coordinates x
and 6. One equation is produced by inserting 7" from (3) into (2) to get

L. L.
(M+m)i+2km+M§9c089—M§92 sinf = 0 (6)
A second equation is obtained by inserting the values of T and N provided by
(3) and (4) into (5) to get, after considerable cancellation,
L L? L
MiiCOSO—i-M?OwLMggsinQ:O (7)

Equations (6) and (7) are the desired equations of motion for z and 6.



(ii) One way to eliminate the internal force reactions is to consider the entire system
as a free body. The internal reactions appear as equal and opposite pairs of
forces and hence have no net effect on the dynamics of the whole system. A free-
body diagram of the entire system is shown in Fig. 3. The equation obtained by
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Figure 3: Free-body diagram of carriage plus pendulum.

applying the linear momentum principle in the horizontal direction to the free
body in Fig.3 is

d d L. L . .
—2kz = —(m-+py) = —[ma+M(i+50 cos0)] = (M+m)i+M (6 cos 0—0%sin 0)
which is equivalent to Eq.(6) above.

A second method of eliminating the internal reaction forces N and T is to return
to the free-body diagram of the pendulum M in (b) of Fig.2 and observe that
these reaction forces have no torque about their point of application B. We
therefore consider application of the generalized angular momentum equation
(1) to (b) in Fig.2. The only torque about B is due to gravity.

L
B = —MgE sin 04,

The angular momentum of the pendulum about B is

. — . L?. L
Hp = Is0i,+ BC xP = MEOUZ + g(sinOE[I — c08 Biiy) X (pyliy + pyliy)
L?. L L, L.
= Mﬁt%'z + E(sin O, — cos Oy) x M[(& + 59 cos 0) i, + (59 sin 0) )]

11 1 L L? L
= MLQO(E + Zsin20+ ZCOSQH) —i—MEm'COSO] U, = lM?9+M§icos0 a,
and the additional term in Eq.(1) is

=L, . . . L. .
U X P = &ty X (ppiy + pyly) = Epy, = M§0£E sin 01,
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Finally inserting these terms in Eq.(1) yields

L?.

L?. . L
L* L.
3 0+M2xcost9

L L L -
—Mggsin9: M?0+M§:bc059 +M§9:fcsin0:M

dt

which is equivalent to Eq.(7) above.

Comparison of procedures (i) and (ii). The first method is straightforward, but the
elimination of the superfluous reaction forces can be tedious if the system has many rigid
bodies and only a few independent generalized coordinates. The second method requires
individual analysis of each new system geometry in order to identify the free bodies and mo-
mentum principles which don’t introduce any superfluous reaction forces. Much less algebra
is required, but every time the generalized angular momentum equation (1) is employed,
it is necessary to calculate two vector cross-products: the angular momentum about the
moving point B is Hp=He+ I?C x P and the additional term in (1) is g x P. Depending
on the system and on one’s experience, these cross-product calculations can be more , or
less, time consuming than the algebraic eliminations required in the first procedure.

Problem 2. Stabilization of rocker. The rocker is a single rigid body, but it may
be considered to be made up of three parts: two semicicular shapes of mass m; and a
rectangular shape of mass mso as shown in Fig.1.
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Figure 1: Rocker is made up of three parts.

(a) The mass of the semicircular part is m; = phmR?/2 and the mass of the rectangular



part is my = 2phR? so the total mass of the rocker is
R’ 2 2
M =2m; + my :ph(2-7r7+2R ) = phR*(m + 2)
Similarly the total moment of inertia of the rocker about its mass center C is

I =20 + I, (1)

where I is the moment of inertia of one of the semicircular parts about C, and I5 is
the moment of inertia of the rectangular part about C. For the rectangular part, the
centroid of the rectangle is C itself, so
R+ (2R)?> 5 s b 4
I =myg———— = —moR" = —phR 2

T 12" TP 2)
For the semicircular parts, their centroids C; are separated from the rocker centroid
C by the distance R/2 + 7 as shown in Fig.2. The calculation of I; is an exercise in

C. —

Figure 2: I is the moment of inertia of the semicircular part about C.

the use of the parallel-azis theorem. From Fig.2 it follows that

R
I =1I¢, +m1(5 +7)?

where I, is the moment of inertia of the semicircular part about its own centroid
Cq, and 7 is given as 4R/3w. The calculation of I, by direct integration is quite
tedious. An alternative procedure is to use the parallel-axis theorem again to relate
I, to the easily evaluated moment of inertia I,, which is the moment of inertia of the
semicicular part about the center O of the circle. The parallel-axis theorem says that

I, = I, +mig° or Ic, = I, — mig°

Now I, is one half the moment of inertia of a full circular disk of radius R whose mass
is 2myq, so

1 R? R?
Io = 5(2’/7’1,1)7 = m17
Working backwards through the previous equations , one finds
R2
I, = ml(? - y2)



and then

R> _, R? I 3 4 3r 2
L = m1(7 -7+ T +Ry+7°) = mlRZ(Z + g) (? + g)th4 (3)

Finally, inserting (2) and (3) into (1) yields

3t 2. 5 97 + 26 97 + 26
Ioe =2 (= +2)+ | phR* = hBRY= = T2
¢ (T +3)+5]° 12 " 12(m +2)

MR? = 0.88M R?

(b) If the rocker is rolled through a small angle away from the equilibrium position and
then released from rest the forces acting will be as shown in Fig.3.
It can be seen that the gravity force M g exerts an upsetting torque about the contact
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Figure 3: Upright equilibrium position is unstable.

point B. The equilibrium is not stable.



(c) To derive a differential equation which describes the response 0(t) to the excitation
f(t), we begin by studying the rolling motion. See Fig.4. Because of the no-slip

Y

Figure 4: Free-body diagram of rocker rolling without slip.

constraint, only the single generalized coordinate 6 is required to completely describe
the position of the rocker. Note that the rocker is in the upright equilibrium position
when # = 0. The distance AB rolled along the floor is equal to the arc A’'B = R on
the rocker. The displacement components of the mass center C are

R R
x:RO—i—EsinO and y:R—i-?cosH
and the linear momentum components of the rocker are
. - R . R. .
Pm:M:L‘:M(RQ—l—EQCOSQ) and Py:My:—M§0s1n9
The angular momentum of the rocker about its mass center C is
He = Iow =100

in the clockwise direction. The forces acting on the rocker are shown in Fig.4: The
control force f(t) and the gravity force Mg, acting at the mass center C, and the floor
reaction force components N and T. Two procedures for obtaining the equation of
motion are explained:

(i) In the first procedure three momentum equations are written containing the
unknown quantities #, NV, and T, and then the reaction forces are eliminated



by algebraic elimination. The three equations represent the linear momentum
principle applied in the horizontal direction,

dP;
dt

fO)+T= = M(R+§cos0)é—M§92sin9) (4)

the linear mmomentum principle applied in the vertical direction,

P ; .
N—Mg:u:—Mg(QsiHO—i-QQcosQ) (5)

and the angular momentum principle applied about the mass center C (in the
clockwise direction),

R R CdHe
NS sm@—T(R%—ScosH) = = I (6)

It remains to eliminate the floor reaction forces N and T from these three equa-
tions. Eq.(4) is easily solved for T', and Eq.(5) is easily solved for N. When these
values are inserted in the left-hand side of (6), a single long equation is obtained,
which simplifies considerably, on canceling terms proportional to sin 6 cos #, and
using the identity sin? @ 4 cos?§ = 1. The simplified result is

.. 2 .
Ic+ MRZ(Z + cos 6)]6 — M%02 sinf — Mgg sinf = f(¢)(R + ?cos 0) (7)

This is the desired equation of motion.

In the second procedure only one momentum principle is applied. From Fig.4, it
is seen that the floor reactions IV and 7' will not enter if the angular momentum
principle is applied about the contact point B. Since B has the velocity v = RO,
it is necessary to use the generalized angular momentum equation

. dHg , 5
ZTB:d—tB—i_UBXP (].)

The torque about B is
R R
ZFB =—f(t)(R+ 3 cos 0)ii, — Mg§ sin 01,
The angular momentum about B is
- - —
Hp = Hco+ BC xP
where
— R . R . = . .
BC= 5 sin O, + (R + 5 ¢os 0) iy and P = Pyiiy + Pyt
SO
— o R R - R R
BC xP = [P, 7 sin — Py(R+ 3 cos )iz = M[—(5 sinf)? — (R+ 5 cos 0))i,
Thus, the angular momentum of the rocker about B is

Hp=—[Ic6 + MR%(Z + cos 0)]i,



and its derivative is

H
dd—tB: —{[I¢c +MR( +c059)]9 MR20251n9}uz

The extra term in Eq.(1) is
o . . R?.
g x P = RO, x (Pyiiy + Pyiiy) = ROP,i, = —M702 sin 01,
Finally, insertion of these terms in Eq.(1) yields
R N R . 9 242 R? .
—f () (R+5 cos 0)uz—Mg§ sinf = —{[Ic+MR ( +cos 0)]0—M R?6? sin 0} — M—H sin 6
which is equivalent to the equation of motion (7) obtained by procedure (i).
2 R? ., R R
Ic+ MR ( + cos 0)]0 — M—0 sinf — Mg; sinf = f(t)(R + 2 cos) (7)

(d) The nonlinear differential equation (7) can be linearized in the neighborhood of the
equilibrium position § = 0 by setting sinf = 6 and cosf = 1 and neglecting higher-
order terms in 6 and 6. For example, the term proportional to 62 sin @ in (7) is of third
order in comparison with the first-order terms proportional to 8 and 0 and is thus
omitted from the linear approximation. The linearized approximation to (7) is

(e + SMR) ~ Mo'on = 225 (1) (8)

Note that the coefficient of 6 can be interpreted, via the parallel-axis theorem, as the
moment of inertia of the rocker about its extreme bottom point A’.

3R o
IA/—Ic—l-M( )

The linearized differential equation in the time domain can be transformed to the
Laplace s-domain by making the following sustitutions:

d
0(t) — O(s), ft) — F(s), and P
The transform of Eq.(8) is
R 3R
(Los” - Mgy0(s) = 2 () )
and the transfer function from F'(s) to O(s) is
3R
O(s) _ 2
F(s) Iys? Mg§
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(e) The control force f(t) is described in the time domain as
f(t) = K[0q(t) — 6(2)]
In the s-domain this becomes
F(5) = K[O4(s) — O(s) (10)
The control force is coupled to the rocker by inserting F'(s) from (10) into (9) to get

(L = My )O(s) = KX [0uls) - O(s)

Ty0(s) = K2 0,

The transfer function from the desired angle to the actual response angle is

3R
(IA182+K7—MQ

3R
o(s) _ 5
Oa(s) 3R R

Tys?+K— — Mg—
A18° + 2 g 9
The poles of the transfer function are the roots of the equation

R
) (3K—Mg)5

Iy

If 52 is negative the poles lie on the imaginary axis of the s-plane, and the natural
motions of the system are bounded oscillations. However, if s? is positive, one of
the poles is real and positive, indicating that one of the natural motions involves
exponential growth. The borderline between stabilty and instability is at s* = 0,

when the gain K has the value
Mg
K=—
3

For smaller values of K, the system is unstable; for larger values the system is stable.
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Problem 3. Eigenvalue Problem

The equations of motion are obtained by applying the linear momentum principle to each
of the masses in turn. The mass 3m is acted on by the tension kx; to the left, and by the
tension k(xz2 — x1) to the right, so

d
—kxl + k($2 — .%'1) = E(Bmi’l) = 3m9’v'1

The mass 2m is acted on by just the tension k(ze — 1) to the left, so

—]{3($2 — .’ﬁl) = £(2mx2) = Qm.fg

(a) These equations may be written in matrix form as

O R w

(b) The undamped free vibrations are expected to have the form

{ o } = { “ }sin(wt—f—(;S)
T2 as

When this trial solution is inserted in (1), the result is the eigenvalue problem

I ST RN |

for the natural mode shapes {a; a2}” and the natural frequencies w?.

—~
\V)
~

(¢) The analytical solution of the eigenvalue problem is obtained by moving all the terms
in (2) to the left-hand side of the equation,

2k — 3mw? —k ar | 0 5
l —k k—2mw21{a2}_{0} ®)

and setting the determinant of the matrix equal to zero to get the characteristic
equation

2k% — Tkmw? + 6m>w? — k? = k? — Tkmw? + 6m2w* = (k — mw?)(k — 6mw?) = 0
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The roots of the characteristic equation are the eigenvalues

1k k
w%zaE and w%:E

The corresponding natural modes are obtained by back-substituting the eigenvalues

1k
in (3). When w? = 6m is inserted in (3) the result is
m
3
“k —k a1 0
2 2
—k gk as 0

which indicates that the first mode-shape can be represented by the modal vector

al 2/3
o)A
a9 1 1

k
When w3 = P is inserted in (3) the result is
-k -k ai 0
%k k| laf lo
which indicates that the second mode-shape can be represented by the modal vector
al —1
{G}Q = =
a J, 1
The modal matrix [®] has the individual modes as columns, so
2/3 —1
(@] =
1 1
MATLAB does not do dimensions. In order to use MATLAB the eigenvalue problem

(2) must be be put in dimensionless form by collecting all the dimensional parameters
into a non-dimensional parameter \ to get

I ER S O

To have MATLAB solve the eigenvalue problem it is only necessary to tell it the non-
dimensional [K] and [M] matrices and then type the command [V, D] = eig(K, M).
The complete MATLAB session is copied below:
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K=[2-1;-1 1]1; M=[3 0;0 21 ;
[V, D] = eig( K, M)

V=
0.7071 0.5547
-0.7071 0.8321
D =
1.0000 0
0 0.1667

Note that MATLAB lists the largest eigenvalue first. This is opposite to the usual
engineering convention which calls the mode with the lowest natural frequency the
first mode. Note also that MATLAB scales its modal vectors so that the sum of the
squares of all the elements is unity. This is different from the common engineering
tradition of scaling the modal vector so that the largest element is unity.
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