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ABSTRACT

GRAVITATION EFFECTS ON CENTRIFUGAL PENDULUM VIBRATION ABSORBERS
LINEAR ANALYSIS

By

Ming Mu

This work investigates the effects of gravity on the dynamic response of centrifugal pendulum
vibration absorbers (CPVAs). This analytical study considers small amplitude motions of the ab-
sorbers so that linear vibration tools can be applied. The motivation of the study is to determine the
behavior of CPVAs at low rotor speeds, where gravity effects can be comparable to those of rota-
tion. The main goal of the present study is to predict patterns that were observed in the response of
systems with several symmetrically placed absorbers [10], and to use more sophisticated analysis
tools for symmetric systems, namely circulant matrices, to investigate the linearized version of the
model. A mathematical model is developed using Lagrange’s equations for a disk rotating about
a fixed horizontal axis and N point masses cyclically arranged on the rotor that can move along
paths relative to the rotor. Gravity provides both direct and parametric excitation to these pendu-
lum masses at order one, whereas the torque applied to the rotor is at order n. The equations are
linearized and non-dimensionalized for analysis. The number of distinct groups of absorbers with
identical but phase-shifted waveforms is considered, and it is shown that this grouping behavior
depends on the engine order n and the ratio % Models with and without the effects of parametric
excitation are considered, and it is shown that parametric excitation leads to resonant effects when
n=1and n = 2. It is shown that the rotor is affected only by the order n component of the absorber
responses, because of the symmetries of the response at order one from gravity. These results pro-
vide useful information about absorber behavior and can be used to assess potential problems that

may arise from gravitational effects.
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CHAPTER 1

INTRODUCTION

1.1 Background and Motivation

Torsional vibration is a major concern in power transmission systems that have rotating compo-
nents such as shafts or couplings. Not only can torsional vibration compromise the integrity of the
structure of those components, it can also affect the performance and robustness of other mechani-
cal parts either directly or indirectly, producing noise, or in the worst case, system failure. Ideally,
the torque will be generated and transmitted "smoothly" throughout the whole system, thus ensur-
ing that the rotational speed is constant. However, in reality, the generated torque is usually not
smooth, but has fluctuations, and often these are order based, that is, their frequency is proportional
to the rotation rate. A common example of this is in internal combustion engines, where the in-
cylinder gas pressure varies substantially over each cycle [9]. In a four-stroke engine the excitation
order is the half of the number of cylinders, since each cylinder fires ones per two revolutions of
the crank. Additionally, the connected parts such as reduction gears, drive shafts, couplings, etc.,
can increase torsional vibration. These vibrations usually appear throughout the whole operating
range at all operating speeds, and cause particular problems in resonance conditions.

Traditional methods that have been used to mitigate torsional vibration in internal combustion
engines include the use of torsional friction dampers, large inertia flywheels, and so-called har-
monic balancers, which are simply frequency tuned torsional vibration absorbers. However, those
methods have trade-offs such as engine performance, engine efficiency, and limited speed range.

Another solution to reduce torsional vibrations is by adding order-tuned vibration absorbers,
namely, centrifugal pendulum vibration absorbers (CPVAs). The CPVA was first utilized in geared
radial aircraft-engine-propeller systems during World War II [12]. Early designs of CPVAs used a

circle for the path followed by the center of mass of the absorbers, due to the ease of manufacture



and the use of bifilar (two point) suspensions for the absorber mass, which is convenient design be-
cause of its compactness (see Figure 1.1). However, Newland [6] showed an instability could arise
from nonlinear effects, resulting in a jump in phase that made the CPVA into a vibration amplifier.
The traditional remedy for this was to overtune the absorbers, which enhanced robustness at the
expense of performance. Later, this led to the development of alternative paths that circumvent,
to a large extent, this nonlinear behavior. Along these lines, Madden [3] patented the bifilar sus-
pension absorber design with a cycloidal path, similar to that shown in Figure 1.1, for application
to helicopter rotors. Later, Denman [2] introduced the tautochronic path, which makes the tuning
order constant at all amplitudes. He also built a model that included the influence from the rollers

used in the bifilar suspension.

T
(F

nAbsorber

Figure 1.1: Bifilar design of CPVA.

The main advantage of a CPVA is that it is driven by the centrifugal forces and torsional vibra-
tions, so it does not require extra energy input and acts as a passive device. The CPVA’s natural
frequency is proportional to the mean rotating speed of the crankshaft, which plays an essential
role in their tuning. The constant ratio is called the absorber order, which is set by its design pa-
rameters, specifically, the radius of the holes and rollers in the bifilar design, and can be tuned to
match the engine excitation order. Automotive companies have recently been doing research on the
implementation of CPVAs in car engines and other powertrain components because they believe

CPVAs will help decrease fuel consumption by reducing torsional vibrations, thereby allowing en-



gines to run at lower speeds, where pumping losses are reduced [5, 1]. In fact, CPVAs are already
in production for use in torque converters and dual mass flywheels [8].

However, a concern when implementing CPVAs in engines is that the rotational axis is hori-
zontal and, thus, the rotating plane is vertical, thereby causing gravitational forces to act on the
rotor-absorber system in addition to the engine torque. In fact, these effects come into play at low
engine speeds, in particular, at idle. The interplay of gravity, which has order one (one cycle of
forcing per revolution) and subjects the absorbers to both direct and parametric excitation, and the
order n engine torque acting on the rotor, can have interesting consequences, as described below.

An investigation of the general effects of gravity on the dynamics of CPVA systems with mul-
tiple absorbers placed cyclically around a rotor was done by T. Theisen [10], who used the method
of multiple scales to investigate the nonlinear response of CPVA systems with gravity. One of the
results from Theisen’s work shows that with different engine orders and number of absorbers, in
some cases the absorbers all behave identically, with a phase shift due to their placement around
the rotor, but in other cases they behave differently. This so-called grouping behavior was observed
and analyzed in terms of possible resonance conditions, but not examined from a general point of
view. The present work was motivated by Theisen’s results, with a goal of understanding the role
of the gravitational parametric excitation, to take advantage of some of the special properties of
cyclic systems, and to uncover the fundamental reasons behind the observed grouping behavior.
These goals can be met by considering the linearized equations of motion which are valid for small

absorber amplitudes, and that is the model used in the present study.

1.2 Thesis Outline

The remainder of this thesis is arranged as follows: In Chapter 2, the mathematical modeling for
a rotor/absorber system is conducted, and the nonlinear equations of motion (EOM) with gravity
terms are obtained by using Lagrange’s equation. Then, a linearization version of the EOMs is
obtained by assuming small absorber motions and small rotor speed fluctuations. In previous

works several different types of absorber paths are considered, but in the linear theory only the



small amplitude absorber tuning affects the equations, as the movement of absorbers is assumed to
be small. At the end of Chapter 2 we anticipate what the form of the absorber response, in terms of
its harmonic content, and use that form to derive a general theory for the grouping results observed
by Theisen, which are confirmed in this work. In Chapter 3, a preliminary study is considered
in which the parametric term, that is, the time-varying gravity stiffness term, is omitted, giving
a simple model that provides insight for the rest of the investigation. In this analysis, the rotor
equation is expanded and substituted into the absorber equations, and the latter are transformed
into matrix form. Since the parametric term is omitted, it is easy to perform diagnolization of the
system by introducing Fourier matrices, as the coefficient matrices are circulant [7], and an exact
form for the steady-state solutions is found. In Chapter 4, a perturbation analysis is performed
to the linear equations in which the parametric term from gravity is included. The equations are
scaled so that the Method of Multiple Scales can be used. From the scaled linear equations, there
is only one special case (engine order n = 2) in which the absorbers resonantly interact with the
parametric excitation from gravity and the applied torque. The analysis in this chapter is first done
without damping for simplicity, after which the effects of damping are considered. In the last part
of this chapter, the rotor behavior is recovered and analyzed using the solutions from the analysis
of the absorber response. The results are shown in the form of plots for some specific cases that
may be of interest for industrial applications. The analytical results are compared with numerical
simulations of the linear and nonlinear equations of motion, and good agreement is found. Chapter

5 provides the conclusions of this thesis and outlines future work on this topic.



CHAPTER 2

MATHEMATICAL MODELING

2.1 Equations of Motion

In this thesis, a simplified version of a model for a rotor fitted with multiple CPVAs is used, since
this will suffice for determining the essential system dynamics. The model is shown in Figure 2.1,
which consists of a rotating rigid disk (the rotor), with its axis of rotation pointing out of the page,
and gravity acting normal to that axis, as shown. Although there is only one absorber shown,
the equations of motion are established with the assumption of several absorbers being equally

spaced around the rotor. The gravitational field is uniform in the downward vertical direction. The

~_ __~_~Torque
—_ T~
—

Figure 2.1: Modeling diagram.

symbols used in Figure 2.1 are listed in Table 2.1, along with their physical descriptions.
The rotor angle is given by 6 and is rotating with a mean speed < 8 >= Q, with small fluctua-

tions given by 6 — Q. The fluctuations arise from a fluctuating torque, which can be modeled as a



Symbols

Description

0

Center of rotor

C

Center of the absorber path; its vertex

Ro

Distance between O and C

Distance between O and the absorber COM at position S

Arc length position of absorber mass

Absorber point of mass

Mean rotational speed of rotor

| D IR |

rotor crank angle

Gravity

horizontal coordinate fixed in space

vertical coordinated fixed in space

Table 2.1: Symbols and descriptions from Figure 2.1.

function of 0, as Tysin(n6 + 1) where Ty is the amplitude of the torque, n is the engine order, and
T is a phase needed to orient the torque relative the graviational direction. It is assumed that the
absorbers do not rotate relative to the rotor, thus, each of them can be treated as a point mass and
their moments of inertia about their centers of mass can be incorporated into that of the total rotor
inertia. The displacement of an absorber is thus determined by the position of its center of mass

(COM), whose locations is denoted by S, which is the generalized coordinate for the absorber,

measured as the arc length along the absorber path away from the vertex.

The equations of motion (EOMs) of the system are obtained by using Lagrange’s equations. A

step-by-step computation is very similar to the one provided in previous works, for example [10],

so it is not necessary to repeat it here. The rotor EOM is found to be,

N
=1

J

dR(S)) ., . . dG(S)) .2
s Sj9+G(Sj)Sj+ S

ds 7/

+Y,(S;)sin(6;))] = —cob + Ty + Tg sin (n6 + 1)

—8(Xp(Sj)cos (6))



and the EOM for the I absorber is expressed as,

. . 1dR%(S;) .
mp, S+ G(S))8 3 =450 +e-—

— —caS; 22)

where m, j is mass of the jth absorber, J;o is the rotor moment of inertia, X, and Y, are the x and y
components of the location of R(S;), ¢4 is the damping coefficient for the jth absorber, and G(S ;)

is a function of the path, given by

2(¢.
G(Sj) — \/RZ(S]') B %(deéSj))Z,

which is a path function, represented as a part of kinetic energy. These equations are the basis for
the analysis and simulation of CPVA systems, however, they are fully nonlinear. A first step in
understanding the system dynamics is to consider the dynamics of the linearized model in which

the absorbers and rotor undergo small amplitude oscillations.

2.2 Nondimensionalization and Linearization

The EOMs are formulated in terms of time dependent generalized coordinates 6 and the S;s.
However, the fluctuating torque is a function of the rotor angle, 6, which is a monotonic function
of time, and so it is convenient to convert the independent variable from time to 6, which renders
the torque as a periodic excitation. This is done by first introducing non-dimensional variables v

and  as,

6
=—=1 2.
\% 0 + o (2.3)

where v is the non-dimensional rotor speed and @ describes normalized speed fluctuations about
Q, which are generally small, that is, |®| << 1. We will express both v and @ as functions of 6,

rather than time.



The transformation from time dependent derivative to 8 dependent derivative is done by using

the chain rule and using the definition of v. This formulation for derivatives is given by

(5) = d(x) _d(x)d6 _d(x)
dt ~ de dt  de
_d%(x),de .,  d(x) d*0

()= 27 (@) + 2 Gz

vQ = Qv(x) (2.4)

) = v2Q2 () + v Q2 (%), (2.5)

so that the primes are dimensionless derivatives.

By using Equation 2.4 above, Equation 2.1 and Equation 2.2 are transformed as

N dR%(S;
Jron Qv+ Y mp [RP(S/) Qv + %vzgzs G,V + Q2vv'S
j=1
dG(S;) 2
+— SJ vZQ2S" — g(X,(S;) cos (6))
+Yp(S;)sin(0;))] = —covQ+ Ty + Ty sin (n6 + 1) (2.6)
1dR?(S))

202¢ 2,4,/ c ! 21,2 J’ 02,2

mpj[v Q=S+ QvV'S; +G(S;)Qvv _ETQ v

dX,(S;) . dY (S
+g(—Z—S’) sin (6)) +%ces(ej))] = —cqvOS/ 2.7)

which represent the fully nonlinear equations expressed with 0 as the independent variable.

To formulate the EOM one must specify the path of the absorber, which is captured in the
function R(S), which then dictates X (S),Y (S), G(S). The details of different path formulations can
be found in Denman’s work [2], but here only the small amplitude nature of the path is important,
namely the curvature at the vertex. The parameters and their expressions are given in Table 2.2,
as functions of the arc-length variable S, where pg is path radius of curvature at the vertex (that
is, at $ = 0), A € [0,1] is a characteristic parameter dictating the nonlinear nature of the path,
and the angle ®; is an effective angular position of absorber j from its vertex, given by ®; =
%arcsin (l;—{)) [2, 10]. Note that the radius of curvature p dictates the small amplitude (linear)
absorber tuning order, 7i, which is purely geometry-dependent and given by the relation

Ro
2 +1

pPo =



Term Nonlinear Expression from Denman

, 225 ;
Xp(S;) lfgz(sm (D) cos (AD;) — chos (@)

225
Yp(S;) | Ro+ 1fg{z(cos (Pj)cos (AD;) + P()J sin (®;) — 1)
R*(S)) Xp* +Yp*
DR2(S )

G(Sj> \/R (S])_zl;( DS)] )2

Table 2.2: Path functions from Denman [2].

To proceed with linearization of the EOM we first nondimensionalize the absorber variable by
defining s; = ;—é, and note that |s;| << 1 for realistic motions. Therefore, terms that depends on
s j are linearized by keeping only the constant and linear terms from their Taylor series expansions
about s; = 0. Also, since VV' = (1+ @)@’ where @ is assumed small, it follows that vv'=@’

and v2=1 4+ 2®. Terms involving vv's/, s’2

, and other products of small terms are ignored. The
linearized and non-dimensionalized parameters are listed in Table 2.3. Note that derivatives of

some terms are needed in the EOM, so that quadratic terms in some expansions are reserved.

Non-dim. Term | Definition | Required Expansion
wls) | Tl ;
yp(sj) Yp]gjj) 1—%(1—|—ﬁ2)5j2
rz(sj) xp2+xp2 1—ﬁ2sj2
a(s;) %;J) 1= L (@2 4 i%)s 2

Table 2.3: Path variables and required expansions.

With these expressions, the non-dimensional version of the derivatives needed in the EOM can



be expressed as

dxp(Sj)
ds

dyp(s;)
ds

drz(Ssj)

ds

dg(s)

ds

I

1

K

— (1+l7l2)Sj

Ill

2n s

Il

— (@ +i")s;
The resulting equations of motion, linearized for small absorber motions and rotor speed fluc-

tuations, are then given by

(1 —l—bo

Zlo

N
Z =Tgsin(n6+1) (2.8)

S,j/+ (1)/ + (ﬁ2 o )/(1 —|—fl2)COS (9})) ’}/sln(e ) ‘uasj (2.9)

2

mRy . N o .
where by = 0 js the ratio of total absorber inertia to the rotor inertia, y = —5— is the non-
0= Tror RyQ2

dimensional gravity coefficient, I'g = 0 5 1s the non-dimensional fluctuating torque amplitude,

rot
Ua Q is the non-dimensional damping coefficient, and 6; = 6 + M

is the angle of the
vertex of the path of absorber j on the rotor. It is also assumed that all absorbers are geometrically
and materially identical, that is, mp j=m and all path parameters are the same. However the
absorbers have distinct displacements during the system response, so we do not assume that the
s js are equal.

In order to solve Equation 2.8 and 2.9, it is convenient to uncouple the rotor dynamics from the
absorber dynamics. This is accomplished by first solving Equation 2.8 for @', which is given by

1
o — oo (Tgsin (n@ +1) — Z s/ (2.10)

and then insert this expression into Equation 2.9, resulting in an equation for the dynamics of the

absorbers that is uncoupled from the rotor, given by

(14bg)s’ Z + (1 +bo)tas; + (1+b0)(ﬁ2—y(1+ﬁ2)cos(e+w»sj
:(1+b0)}/sin(9+w)—l“gsin(ne%—f). (2.11)

10



This reduced model is the basis for our investigation of absorber behaviors.

After solving for the steady-state absorber responses using Equation 2.11, the rotor response
can be obtained using Equation 2.10. Note that the rotor angular acceleration, 6, is a good measure
for the rotor torsional vibration, since, when it is zero the rotor runs at a constant speed, and this is

given by
6 = Q*vv/=Q%0'

Note that the absorbers are subjected to order n direct forcing, caused by the rotor angular
acceleration, as well as by order 1 direct and parametric excitation from gravity. The order n
excitation is equal for all absorbers, since they are connected identically to the rotor. However,
the order 1 excitation is cyclic in nature, since the forces on absorber j depend on its position on
the rotor, and these are assumed to be placed symmetrically around the rotor center. Therefore,
the expected response of the absorbers will have order 1, cyclically shifted by index j around
the rotor, and n, which is identical for all absorbers, plus possible linear combinations of these
from the parametric excitation. This leads to some interesting consequences, the first of which
is an observation about the rotor response, which depends on the absorber responses. When the

w at order 1, the effects of

absorber responses are identical and order n and phase shifted by
the absorbers on the rotor at order n add directly, while those of order 1 sum to zero due to their

cyclic nature. The second consequence is the grouping behavior described in the next section.

2.3 Grouping Behavior Analysis

As seen in the subsequent analysis and simulations, in some cases all the absorbers have the same
waveforms with a simple cyclic phase shift, while in other cases all absorber waveforms are dis-
tinct, and in other cases there are subgroups of absorbers with mutually identical but phase shifted
waveforms. We refer to this behavior as absorber grouping, and this can be analyzed without

solving the equations of motion, as described in this section.

11



In order to predict which absorbers will group together, it is convenient to express the general
form of the response of the i absorber, with a cyclic order 1 component of amplitude A and an

order n component of amplitude B, as

2n(i—1)

5;(0) = Asin(n6 + 1)+ Bsin (0 + N

) (2.12)

where 7 accounts for the phase shift between the orders. We now consider another absorber, s;(0),
where j =i+, that is, the absorber that is / sections away from the i absorber, and express its

response as
2n(i+1-1)

5;(0) = Asin(n6 + 7) + Bsin (6 + N

) (2.13)

noting that the order n response is the same for all absorbers and that the order one component is

phase shifted by the sector angle between the absorbers. Note that form holds for / = 1,2,..., (N —

1).

2rt/N

;
=i+l \

Figure 2.2: Layout of ith and jth absorber.

We next consider the conditions under which the waveform of absorber j will be identical to
that of the i absorber, but with a different phase. To this end, we add a dummy phase y to both
components of absorber i and examine the conditions for which 5;(8) = s;(6 + y). The following

expansion of 5;(6 + y) is used to compare it with s :

2n(i—1)

5i(0+y) =Asin(n@ +ny+ 1)+ Bsin (0 + N

+v). (2.14)

12



Since there are two sine functions with different orders in the steady-state response of each ab-
sorber, in order to have s; and s; equal, it is necessary to have ny = 2wk, k = 1,2,3,... and
v — % =2nq, g =1,2,3,.... Thus, the condition for identical absorber waveforms can be ex-
pressed by eliminating ¥ from these two conditions, resulting in the following condition on / as a

function of indices k and ¢,

/= %(k—nq). (2.15)

For given number of absorbers, N, and engine order n, the waveforms of s; and s j absorbers

will be identical if one can find integers [ if k and ¢ that satisfy this condition. Some examples are

"nn

shown in Table 2.4, where means "no solution", which means the selected waveforms will be

different,

(d)N=6,n=2

(c)N=5,n=25
b)N=4,n=2 I |k|gq

(@ N=3,n=2 I |k q
[ | k|qg 1]-]-

[ |k|gq 113

1]-1- 20 -] -

1]-1- 21612
21311 31311

20 -1- 31411
30-1|- 4| -1 -

41712
51 -1 -

Table 2.4: Examples of /, k and g with different values of N and n.

In Table 2.4b, with N = 4 and n = 2, the only solution for / is / = 2, and therefore absorber
3 will have the same waveform as absorber 1, and from symmetry considerations absorbers 2 and
4 must also match, and so there are two groups of absorbers, which is seen in Figure 3.1b in the
next chapter; more about this follows below. In Table 2.4a, with N = 3 and n = 2, there is no
solution for any value of /, so that all absorbers have distinct responses and there are 3 (N) groups.
This corresponds to the case in Figure 3.1a in the next chapter. In Table 2.4c, with N = 5 and
n =2.5, there is a solution to Equation 2.15 for every value of /, so that all absorbers have the same
waveform and there is only one absorber group. This corresponds to the case in Figure 3.1c in the

next chapter. In Table 2.4d, with N = 6 and n = 2, the only solution is for / = 3, so that absorbers 1

13



and 4 match, as do absorbers 2 and 5 and absorbers 3 and 6, that is, there are three absorber groups.
This is the case shown in Figure 3.1d in the next chapter.
Table 2.5 shows more examples with a matrix of the number of groups for more different values

of N and n.

n/N| 2 | 3|4 |5 6
1.5 || 2G| 1G | 4G | 5G | 2G
2 1G | 3G | 2G | 5G | 3G

25 112G | 3G | 4G | 1G | 6G
3 112G |1G | 4G |5G | 2G

Table 2.5: Number of groups with different values of N and n.

From Table 2.5, it is seen that the number of groups can be determined by whether %V and/or
n are integers. The final summary result is given in Table 2.6, which allows one to predict the

number of groups based on the engine order n and the number of cyclically placed absorbers N.

N
o n number of groups
. . N
Integer Integer ﬁ
. . N
integer | not integer o
not integer either N

Table 2.6: Summary of grouping with different N and n

The analysis above is general for all N, since the steady-state forms assumed are valid in these

cases.
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CHAPTER 3

LINEAR MODEL WITHOUT PARAMETRIC EXCITATION

In Equation 2.11, the parametric excitation term, (1 + ﬁz) cos 0, makes the stiffness time depen-
dent. That creates a problem when decoupling the original equations. However, for small-amplified
linear analysis, the parametric term in not considered to have huge impacts on the general behavior

of absorbers, which is why in this chapter it is omitted.

3.1 Steady-state Damped Response
Without the parametric excitation term, Equation 2.11 can reduced to

(1+bo)s; — Zsk—{— 14 bo)tasf + (1+bo)ii*s j = (1 +bg)ysin (8;) — Tgsin (n0 +7)
(3.1)

We first rewrite Equation 3.1 in matrix form:

Ms" +Cs' +Ks=F (3.2)
where the mass matrix is
b b
(1+5y—5) - -
b b
- (I+bo—x) -
M=
b b
- - (1+bo— )

15



the stiffness matrix is diagonal and given by

(1+bg)ii? 0 0
0 (1+by)a ... 0
K:
0 0 oo (14bg)ii?

and the damping matrix is in the form of

(14 bo)ta 0 0
O (1+b0)“a oo O
g:
0 0 ... (14+bp)ka

This is a linear time-invariant system that can be solved in many ways. Here we use a com-
plex variable approach and take advantage of the special cyclic nature of the coupled system of
absorbers and the gravity forces acting on the absorbers. By assuming s; = Im(r;) where r; is

complex, Equation 3.2 can be transformed into
Mr" + Cr' + Kt = Fyrayity + Forque (3.3)

Each component of the excitation forces is expressed as the imaginary part of its exponential
forms as

Foravity = ImlePe N ]

Ftorque = Im[ei(ne—i—f)]

Then the steady-state solutions will be in the form of s; = Im(z; )
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3.2 Diagonalization and Steady-State Solution

Matrices M, C and K are symmetric and circulant, so in order to decouple the equations, the (N x N)

Fourier matrix is introduced as mentioned in [7], in the form of

1 1 1 1
oW W2 wN=D
1 N N N
EN—W
(N=1) < 2(N—1) (N—1)2
1 Wy Wy Wy

2T
where Wy = ¢'N  and the elements of Fourier matrix can be written as (Ey) jk =

DT
3R (G-1)(k-1) -
\/Ne , where j,k=1,2,...,N.
The Hermitian of the Fourier matrix is
1 1 1 1
—1 -2 —(N-1)
ot | 1 Wy Wy e Wy
=NVTUN
—(N—1) ,—2(N—1) —(N-1)2
1 WN WN CEEEEY WN

where the "()T" is the Hermitian operation. It can be shown that £y E_Jr N =1 [7], thatis, Ep 1s

unitary.
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Note that W provides a convenient way to express the complex excitation force. Specifically,

1 1
S . 1
F=(1 —|—b0)’)/619 o reez(ne—l—f)
(N—1)
Wy 1

We define complex modal coordinates ¢ for this system using E as
r=Enq (3.4)
Substituting Equation 3.4 into Equation 3.3 and multipling the equation by ET N> we have,
E'NMENq" +E'NCENq' + E'NKENq =E'\F (3.5)

which are uncoupled.
The diagonal stiffness and damping matrices are unchanged by this transformation, K =

ﬂ NKEN =K and C= E_Jr NCE N = C. The diagonalized mass matrix is obtained as

1 0 0
5 0 (1+bp) 0
M=E"wMEy =

0 0 ... (1+bp)

18



The modal excitation term is given by ET NF as

0 1

1 0
ETNF = (14bg)ye® VN —Tyel"0+7) /N

0 0

which shows that, for these modal coordinates, gravity excites only the second mode and the
fluctuating torque excites only the first mode.
Thus, for steady-state study, there are only two modal equations that need to be solved, specif-

ically,

)+ (14+bo)ttaqi’ + (1 + bo)ii*q, = —Tge 07N (3.6)

¢y + (1 4+ bo)aqs' +7%qy = v VN 3.7)

The steady-state solutions in model coordinates are
VN i (n0+7)
n% — (14 bg)ii2 — inpy (1 + by)
V/Net®

q1s = FG (3.8)

q2s = (3.9

Then, the steady-state solution in original coordinates, sg, is obtained by multiplying qs by the
Fourier matrix, E, and taking the imaginary parts of the result.

Figure 3.1 shows the absorber steady-state response peak amplitudes with increasing torque for
several sample cases.

As can be seen in Figure 3.1, for some given N and n, some absorbers, or in some case all of
them, have the same amplitude. In order to explain such interesting behavior, it is convenient to
find a general response expression for each absorber. However, in expression 3.8, since g, and
q>, both have complex denominator, the expressions for ss become very complicated to obtain by

hand. Thus, a simpler case, where the damping is omitted, is considered next.
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(a) Steady-state peak amplitudes of 3 CPVAs, n =2 (b) Steady-state peak amplitudes of 4 CPVAs, n =2
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50010
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(c) Steady-state peak amplitudes of 5 CPVAs, n = 2.5 (d) Steady-state peak amplitudes of 6 CPVAs, n =2

Figure 3.1: Steady-state response peak amplitudes of a system of N CPVAs with increasing torque
amplitude I'g; for y = 0.05, with damping.

3.3 Steady-state Undamped Response
Since the damping is omitted here, Equation 3.6 can be reduced to

¢+ (14 bo)ii*q, = —Tpe"OFT7 VN (3.10)

43 +itqr = ye'O VN (3.11)

and the steady-state solutions are

\/Nei(n9+r)
q1s=—> — T (3.12)
n=—(1+bo)7
V/Ne®
92s = — Y (3.13)
- —1
By using the same coordinate transformation procedure described before, that is
SSS — Im(rss) - Im(rss) - Im(ENq) (3.14)
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the steady-state response of the absorbers can be obtained as

VN —~Lgsin(n0 +1)+ ﬂ}/sin(@)

n2—(1+bg)i i2—1
VN ; VN o 2m
n2—(1+b0)ﬁ2F6 sin (n6 + 1) + S ¥sin (0+%)
5 = : (3.15)

VN VN e 2N
nz—(1+b0)ﬁ2F9 sin(n@ + 1) + ﬁ2_1}/sm(9+ v (N—1))

Equation 3.15 shows that each absorber response has an order n response with a common
amplitude, and an order 1 response with a common amplitude. This is a key to the assumption of

the general CPVA response formulation in the grouping analysis in Section 2.3.
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CHAPTER 4

ACCOUNTING FOR GRAVITATIONAL PARAMETRIC EXCITATION -
PERTURBATION ANALYSIS

When the parametric excitation from gravity is kept in the model, the equations are linear with
time-periodic coefficients. While the steady-state responses can be expressed in terms of integrals,
a convenient way to obtain approximations of these is to employ perturbation methods; here we
use the method of multiple scales (MMS). To this end we need to introduce a small parameter
€ to be used in the expansions. For simplicity in development, we begin with an analysis of the
undamped system with one and then N absorbers, and then consider the effects of damping at the

end of the chapter.

4.1 Scaling
There are several terms in Equation 2.11 that are scaled by &, namely
by =£865.88p,s" =Py’ 0 =&

Wel y=803Tg=28Tg,i=n(1+8%). (4.1)

These are consistent with applications, as the parameters and variables above are assumed small.
Note that J is a variable that is used to trace the inertia ratio b in the scaled equations, and it can

be taken to be unity so that &8 becomes the inertia ratio.

4.2 Single Absorber Case

The perturbation analysis is based on the linearized, non-dimensional equation with the parametric
excitation term present. The simplest system to analyze is a single absorber attached to the rotor,

as the cyclic phase has no effect in this case. The equation is formulated as

s+ (1 +b0)(ﬁ2 —(1 +ﬁ2)}/cos (0))s =—Tgsin(n6+ 1)+ (14 bgy)ysin(6) 4.2)

22



By using the scaling in Equation 4.1 in 4.2, the equation of motion becomes

elp" +n?(ePTBs + 8PV p+ 20?0 (82HPHBS 1+ 80P p— (1 4-n%)Fcos (0) (0BT § 80+

— 20?0 §cos (0)(80TBTPHCE 4 gCHPH0Y, — el sin (6 + 1) + (8¢ + 8918 5)7sin (0)
(4.3)

In Equation 4.3, in order to keep the parametric term at leading order, along with the other effects

,P= %, and I'= 1. Thus, Equation 4.3, when expanded

Df—

of interest, we choose G = %, B= %, 0=

to leading order in &, becomes

—_

P+ n?p+82[n?8 +2n%0 — (14+n?)7cos(0)]p

1 -
=82(—T'gsin(n@+ 1)+ 0¥sin(0)) + §sin(6) + HOT (4.4)

where HOT refers to higher order terms.

1
It is convenient to define £2 = g, so that Equation 4.4, with removal of the HOT, is given by

P+’ p+e[n?8+2n°6 — (1+n>)fcos (0)]p = e(—Tgsin (n6 + t) + 87sin (8)) + 7sin (6)
4.5)

Note that, according to the terminology in [4], this is a case of hard non-resonant and weak
resonant excitation (assuming n # 1, which is consistent with cases of practical interest).

Following the standard procedure for the MMS, the absorber response can be expressed as an
expansion of p:

pP=po+Epr+..

where both p and p; are depend on scales 6y = 0 and 6] = €6.

Gathering €0 and e! terms separately provides the following two equations

el D%po +n’py = ¥sin (6p) (4.6)

el D(z)pl +n’p) = —2DyD; po — [n*8 +2n*0 — (1 +n?)Fcos (6g)]po + 67sin (6y) — Ly sin (n6y + T)
4.7)

where Dy is the partial derivative respect to the rotor angle scale 6y and D is the partial derivative

respect to the scale 0.
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From the £¥ equation, the solution for p( is given by

po =Ae™%0 + Ae'% 4 c.c. 4.8)

Y
2i(n2—1)
Inserting Equation 4.8 into the el equation in Equation 4.6 and expanding, we find the follow-

where A =

and it is convenient to express A = %aeiﬁ , which is a function of 0.

ing equation for p;:

el :Dy?p; +n’py = —2DoD1 (A0 4+ A0 4 c.c.) 4.9)
—n28(Ae"% + Ae'% + c.c.) — 2n% 5 (A% + Ae'% 1 c.c) (4.10)
1 . . . . 1 . .
- 537(1 +1%)(e% 4 ¢7790) (4600 + A0 + c.c.) + 5517(6190 — e %) 4.11)
i
1. . .
. 2_11—‘6 (ez(nGO—i-r) _ e—l(n60+f)) (412)

It can be seen that in some cases there are some terms in Equation 4.9 leads to unbounded as
6y evolves. These terms are called secular terms, which can vary depending on the value of n.
According Equation 4.9, the possible cases are: n =1, n =2, and n # 1,2. In this chapter, cases
n =2 and n # 1,2 are considered as, when n = 2, both torque gravity parameters contribute to
resonating order n response of abosorber. n = 1 case is recommended for future work.

For the case n = 2, the slow flow equation is obtained by equating the secular terms to zero. In

other words,
1 1 ~ . .
(=2inA’ — (n*6 +2n*0)A + SH1+ n?)A— 2—ir9e”)e’”90 =0 (4.13)

The following equations below are obtained by taking the real and imaginary parts of Equation

4.13:
1 1 (14+n%)7? 1.~
Re:af’ — (Eéna—i—naa) - E% sin(B) + %Fe sin(B—17)=0
1 (14127 1.
! _
Im:a +Em os(ﬁ)—ﬁfgcos(ﬁ—r)—o (4.14)
2
It is convenient to use A = ﬁffz, which contains the parametric effect, for all of the rest of
n\n<—

analysis. (Note: n is kept here just to show the general formulation).
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In order to solve Equation set 4.14 for the steady-state solution, the terms @’ and 8’ are set to
zero, which indicates a constant phase and amplitude for A. From the imaginary part of Equation
4.14, if and only if T = 0, the only value for  to make it valid is f = Z. Thus, a is solved after

substituting 8 value into the real part of Equation 4.14

b e oA
T2 120) ? n(s+20)

(4.15)

For n # 1,2, the only difference from Equation 4.13 is that the term %}7(1 + nz)A is excluded. So

the slow-flow equation in the form of imaginary and real parts are
;1 1. .
Re:af’ — (=0na+noca)+ —Tgsin(f—1)=0
2 2n
1 -
Im:a'—z—Fgcos(ﬁ —17)=0 (4.16)
n

and the steady-state solution for Equation 4.16 is

a=————Tg (4.17)

4.3 Multiple Absorbers Case

Using the same scaling method from Section 4.1 on the linearized equations for multiple CPVAs,

1
namely Equation 2.11, with an additional s;” = &2 p;”, the following equation is obtained

1
(P} +n’pj—Tsin () +& N Zp )8+ (n?8 +2n°0 — 7(1 +n*)cos (6)))p;

— 87sin(6,) +gsin(n6 + 1)+ HOT =0 (4.18)

where 6; = 6+ (] 1) and j = 1,2,...,N. From the leading order part, p ! +n? pj—¥sin(6;) =
0, it can be seen that the term p}’ is replaceable with —n?p j+¥sin(8;) in the summation. In

addition, the terms n28 pjand §¥sin ( J) can also be canceled by the term & p’ p Those are the main

—_—

differences from the equation for the single absorber case. It is also convenient to use € = £2.In
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this case the equations at orders €0 and ¢! are given by
0.pn2 2 Sl
€ -D0P0j+n Poj = 751n(9j)

1 N
e' : Dipy j+n*p1j=—2DD1po; — ]—V5n2 Y pox (4.19)
k=1

—[2n*6 — (1+n*)¥cos (8;)]po ; — Lo sin (ny + 7).
The solution of the ° equations are

poj=A;e"0 + A 4 e (4.20)

where A = — %’ and the A ; are to be determined.
2i(n=—1)

By replacing py ; in the el equation with the expression in Equation 4.20, the following equa-

tion is obtained for py ;:
el :D02p1j+n2p1j = —2DyD, (Ajeineo —I—Aei(GOH)j) +c.c.)
J

1 N . . : - ,
— N5n2 Y (Age™00 + A 0T9%) 1 ¢ 0} —2n%6 (A ;600 + AL 0T c.c.)
k=1

14200 4 OO (000 4 £SO ) g (D) il )

[\

Just as mentioned in Section 4.2 for single absorber, n = 2 and n # 1,2 cases are considered,
because both gravity and torque are involved in order n response when n = 2, while for other value
(not 1) of n there is only torque.

For the case when n = 2, by gathering the secular terms and setting them equal to zero, we find

the following slow flow equation for the complex amplitudes A ;:

| =

1. pe S 2 N
2indj+ 20764+ -Loel” = 2¥(1 )N 4 % Y Ay =0 4.21)
k=1

For other cases where n # 2, by equating all the secular terms to zero, the following slow flow

equation is obtained:

. 2 1o iz on?
2inA’;+2n"cA;+ —l'ge’" + — A =0 (4.22)
J DY N &
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Y
2i(n2—1)"
A convenient form for Equation 4.21 and Equation 4.22 is obtained by introducing A; =

where A is a function of 60y, and A =

%a jeiﬁ J and separating the real and imaginary parts, resulting in the following slow flow equa-
tions for the amplitude and phase
n=2:
/ Iy . ) on Y
Re : —ajﬁj +noaj— Esm(ﬁj — 1) —Asin(2¢; — [3]) 2N Z [ag cos (B — [3])] =0
r on

Im: alj— 2—Zcos (Bj —t)+Acos (2¢; — ;) +%k§] [ag sin (B — Bj)] =0 (4.23)

(Note: n is kept here so that a general formulation can be presented)

n#1,2:
Lo N
Re: aJB —i—ncraj—z—sm E lagcos (Bx — Bj)] =0
| N
Im: aj—ﬂcos E lagsin (B — B;)] =0 (4.24)

From Equation 4.23 and 4.24, it is seen that the phases of the absorbers are coupled, which
makes it hard to solve for a j and 3 ;. However, since it is linear, it is convenient to express the A j

in terms of Cartesian coordinates.

4.4 Slow Flow in Cartesian Coordinates

The form A ; = %a jelB J is a common expression in polar coordinate in real-imaginary coordinates.

It can also be expressed in Cartesian coordinates, as in the form of
1 :
Aj= E(uj—f— iv;) (4.25)

where u; = ajcos(f;), and v; = a;sin(B;). Thus, the amplitude a; can be expressed by

\/u;>+v;j?, and the phase = arctan(%) :
J
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By substituting the form of 4.25 into Equation 4.21 for n = 2 case and Equation 4.22, n = 2:

on X 1.
Im: uj/ = —%kglvk—ncvj—Acos(Z(Dj)%—%Fgcos(r)

on ¥ 1.
Re:vi' =22 Y w+nouj—Asin(2) + g sin (1) (4.26)
2N /= 2n
n#1,2:
on Y 1 -
o —
Im:uj ——ﬁkzlvk—nGVJ+%F9cos(T)
L N 1. .
Re:v; =N Z uk-l-ncuj—i-%l"g sin () (4.27)

k=1

It can be seen that equations 4.26 and 4.27 are both linear in v; and u; and therefore solvable
in a quite straightforward manner.

The steady-state solutions are found by setting u j/ and v j’ equal to zero. The resulting versions

of Equations 4.26 and 4.27 can be expressed in a matrix form as

Az =F (4.28)

where A is the (2N x 2N) coefficient matrix, which is also a block-circulant [7] of N 2 x 2 matrices,

in the form of

J L ... L
LJ .. L
A=
L L J
where J and L are
no + 550 0 w0 0
l: ) L=
0 no + 556 0 550
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and z = [uy,vy,up,vy,...,uy,vn|!. The A matrix is the same for all .

For other n # 1,2, the force vector contains only the applied torque and is given by

—sin (1)
cos (1)
|
F=Fr= -l
—sin(7)
cos (1)

For n = 2 the force vector is a combination of the applied torque and the gravitational paramet-

ric excitation force, in the form

—sin(7) sin (29

cos (7) —cos (2¢;)
F:FT+FG:%I~“9 : +A

—sin(7) sin (2¢y)

cos (1) —cos (2¢y)

which shows why the n = 2 case stands out.

It is clear to see that matrix A is a circulant matrix, which, by introducing Fourier matrix, can
be diagonalized, as seen in Section 3.2. In this way, the solutions for z can be easily solved in
closed form, as follows. The diagnoalized version of A is represented by A = ET yNAE >y, which

is a block matrix with two D (N x N) arranged diagonally, given by

Q QNXN

2>
I

Ovxy D
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where

Since the torque excitation part in the force vector F is the same for all n # 1, then the trans-

formed form is also the same, which can be treated as two N x 1, Fpq and Fp,, vectors joined

together,

where

Fry=

When n = 2, the phases in the gravity part in the force vector, Fg makes the transformation pro-
cedure more complicated and the transformed expression, F(;, varies with the number of absorber,
N. Thus, the form FG will not be presented.

The problem with these undamped cases is that, when the absorbers are perfect tuned, o =0,
the coefficient matrix, either the original or diagonalized, becomes singular. This makes the system

unsolvable. Thus, for the perfectly tuned absorber cases, it is necessary to add damping.

IS
I
o

0

. VN
Fr=E"\Fr= EFG

—sin () +cos (1)

0

no 0
0 no
0 O
0 O

s FT2 =

30

no

—sin (1) —cos (1)
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4.5 Analysis with Damping Effects

Equation 2.11 is used in this section. For the perturbation analysis, the scaling factors are the same

with an additional term fi, = €fu,, and L = % Along with other scaling factors from Section

4.1, after omitting higher order terms, the gY equation is, of course, unchanged, and the new el

equation is expressed as

. . _ 1 N . .
el Dozplj —I—n2p1j = —2DyDy (Ajemeo + A B0t +c.c.)— N5n2 Y (Age0 + A0 T0%) 1 ¢ )

k=1
. i . 1 ; . _j . . ; .
- 2n26(Ajem90 1AL c.c.)+ 517(1 +n2)(el<90+¢J) +e l<60+¢J))(Ajem60 1AL c.c.)
1. . | o
— 5T (0D — T+ 7)) — i (in je 0 + ine' 0t9) ¢ e (4.29)
1

The Cartesian slow flow is again applied. The slow flow equations have the same forcing
vectors in this case, given by Equation 4.26 and 4.27. Damping alters the A matrix and the the

EOM can be expressed as

Apz=F (4.30)

where Ap is a block circulant matrix where each row and column are formed by N 2 x 2 matrices

arranged as,
B L L
L B .. L
Ap =
L L B

where B and L (same as in the undamped case) are

no + 4 —Ea A0
B= , L=
Ea no + 4.8 0 6
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The diagonalization method for block-circulant matrices is described in [7]. The transformation
of coordinate z is carried out using the ?? Kronecker product Ey @1, where Ep is the N x N

Fourier matrix and /, is the 2 x 2 identity matrix. This is mathematically represented by

z=EyQ) LK (4.31)

where k are the modal coordinates which will block decouple the system. The system Apz = F is

thus transformed as
E'NRL)ApENR L)k = (E yR)I)F
or, in compact form
Apk =TFp. (4.32)

where matrix Ap, is block diagonalized with N 2 x 2 matrices along its diagonal, which occurs

since B is not symmetric. These matrices are given by

X 0 ... 0
ooy o
Ap =
0 0 Y
where

%5—1—116 —ﬂ—za nod —ﬂ—z"

X = , Y=
% 56 +no % nod

From this point of view, Equation 4.32 can be treated as N separate coupled equations, each with
2 unknowns, which are solvable by using a symbolic mathematics software.
From Section 4.4, the diagonalization transformation on the gravity part (Fg) of vector F when

n =2 is complicated since the phases in Fg depend on the number of absorbers. This also occurs
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here in this section. However, as similar to the torque part ,F, in F, the diagonalized torque force

vector, FTD’ has a clean expression, as

—sin (1)
cos (1)
B (gt _VN;
Fry = (E'NyQL)Fr = 5, 16 0
0

For the single absorber case, N = 1, the linear equation is expressed as

5" 4+ (14 bg) as’ + (1 +bo) (7% — (14 7%)ycos (0))s = —Lg sin (n0 + 1) + (14 bg) ysin (6)
(4.33)
With the same process of gathering the secular terms for different cases of n, the slow-flow
equations are put into Cartesian coordinates. For the special case of interest, n = 2, the slow flow

equations become

o (i 1.
Im:u/:—(nG—f—%)v—%u—A%—EFgcos(r)
o [ 1.
Re:v = (no + %)u _ %wf S-Losin(7) (4.34)

For n # 1,2, the slow-flow equation is expressed as

no ‘ag |
I N / = — -_— - _F
m:u (no + > v 5 u+2n g cos (7)
0 [ 1.
Re:V = (no+ %)u — %v%— EF@ sin (1) (4.35)

The solutions to Equation 4.34 and Equation 4.35 at steady state can be obtained by equating

u' and V' to zero. The result in « and v for n = 2 case (n is kept as a symbol) is

_ Tgfigcos (1) — 2nAfiy —n(8 +20)T g sin(7)
‘= nfi2 +n3(8 +20)?2
fig +n°(6+20)
_ Tgfiasin(t) +n(8 +20)Tg cos (1) — 2n2A(8 +20)
B nfiz +n3(8+20)?

% (4.36)
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Then order n response amplitude is obtained as

o \/ [2 +4n2A2 — 4nT'gAcos (1)

4.37
nz(ﬁ3+n2(5+26)2) ( )
and when T = 0, a can be rewritten as
(Fg —2nA)2 4.38)
a= .
nz(ﬁ3+n2(5+26)2)

It can be seen that, when 7 = 0, if the non-dimensional gravity term, ¥, is constant, then there will
be a critical value for fg that will kill order n (in this case, n = 2) response.

For n # 1,2, the solutions for # and v have the same denominator, and there is no A, such that

_ Tgfigeos(t) —n(8+20)gsin(7)

u

niiz +n3(8 +20)?2
b Lo figsin(t) +n(8+20)gcos (1) 4.39)
nii2 +n3(8+20)?2 '
and the order n amplitude is expressed as
Lo
a = (4.40)
ny/ (iz +n%(8+20)2)

For the multiple absorber cases, the transformation from coordinates x back to z is very messy.
Thus, the expressions are not presented in this paper.
We present results from this analysis after considering how these absorber responses affect the

dynamics of the rotor, which is the ultimate motivation for using CPVAs.

4.6 Rotor Behavior Analysis

The overall goal for CPVAs is to reduce torsional vibrations on the rotor, so in this section the
rotor perturbation equation is formulated. The rotor analysis is based on the solutions from the
absorbers’ perturbation analysis. By substituting scaling factors and their values from Equation
4.1 into Equation 2.8, the rotor equations can be expressed as

1 ~
éW§/+N§1 Z ij”+HOT = é‘ll“g sin(n@ + 1)
j=1
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where W = 1 in order to cancel € from both sides of the equation. Thus, the scaled version of the

rotor equation is in the form of

_ 1 N _ 2 N
gl =Ty sin(n6+’c)+ﬁjgl(n2pj_7sin9j) =TIy sin(n@—i—r)—l—%ngpj

Then, the non-dimensional rotor angular acceleration, @' from the Equation 4.1, is formulated

as

2 N
o =&(Ty sin(n9—|—7:)—l—% Y p)) (4.41)
j=1

and pi=pg jaspij is considered to be very small. Thus, p; is in the form of

P v + AT e (442)

7
2i(n?—1)

Because of the summation, the order 1 response from gravity of the absorbers is canceled in

where A =

the rotor response. The only effects from gravity come from the parametric excitation when n = 2,

which can be seen in the results in the next section.

4.7 Results and Discussions

Previously in this chapter, the analysis is based on linear theory, and it shows that for the absorbers
there are two-order responses: order 1 and order n. Thus, even when there is no fluctuating torque,
there should still be response from the gravity, from the assumed form in Equation 4.42. From the
single absorber case, it can be seen that for order n responses, the amplitude is proportional to the
torque I'g for all of n, yet in the n = 2 resonant case, there is an additional term that is proportional
to )72.

There are two cases with different engine orders that are used for numerical results in this
section. The first case is for n = 2, which corresponds to a four-stroke four-cylinder engine. The
other case is n = 1.5, relevant to four-stroke three-cylinder engines. In both cases different numbers

of absorbers N are considered. The difference of these two cases, as mentioned in Section 4.4, is
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the appearance of the parametric term when n = 2. In fact, these parametric resonance terms appear
only when n = 1,2, and n = 1 is not of much practical interest, so we select n = 2 to demonstrate
the effects of parametric resonance.

The simplest system that demonstrates the effects of the parametric effects on the absorbers
from gravity is that with a single absorber, N = 1. The numerical simulation of Equation 2.11 with
a single CPVA is conducted in MATLAB with parameters 6 = 1, € = 0.0355, y=0.05, 1 =0
and I'g in the range from O to 0.01, at a mean speed of 400 rpm, the damping ratio is set to be
¢ =0.01, so that u, varies with different values of n. For n = 2 the damping coefficient u, = 0.04
and for n = 1.5, y,; = 0.03. In order to see the relationship between the absorber response and
the amplitude of the fluctuating torque, the peak amplitude of the absorber response at each torque

level is plotted.

0.0g T . . : : | | |
o FFT Order 1 Amp Simul
—— Order 1 Armp Analysis
posH O FFTOrdern=2Amp Simul ¥ |
— - — Order n=2 Armp Analysis e
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s
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Figure 4.1: Steady-state response amplitudes of a single (N = 1) CPVA with increasing torque,
I'g; fory=0.05,n=2, u; =0.04, and o = 0.

The results from analysis and simulation match well, as can be seen in the plots shown below.
In Figure 4.1, with the amplitude of the fluctuating torque increasing, the absorber amplitude goes

down at first and then increases, which is caused by order n response in this case, supported by
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Equation 4.38. This behavior comes from the parametric excitation effects from gravity. A time-
trace plot of this case n = 2 is provided in Figure 4.2b at the critic torque (1"92 from Figure 4.1).

It clearly shows that the absorbers have only one harmonic response. Figure 4.2 also shows the

Figure 4.2: Steady-state response amplitudes of a single (N = 1) CPVA time-trace plot at various
torque level, for y =0.05,n =2, u, = 0.04, and 6 = 0.

transition of absorber behaviors from less torque levels (1"91 from Figure 4.1) to the higher torque
levels (I 63 from Figure 4.1).

Figure 4.3 shows the absorber response for n = 1.5, in which case parametric term is not reso-
nant and the absorber amplitude grows linearly at the torque increases. An interesting observation
from these two figures is that when there is no fluctuating torque, I'g = 0, the absorber has a

non-zero response due to the direct excitation from gravity, with amplitude given by Equation 4.8.

From the solution expressions of order n amplitudes for the undamped case, Equation 4.15 and
Equation 4.17, it is clear to see the difference from the ones of the damped cases, specifically in
Equation 4.37 and Equation 4.40. Then it is more visual to see the effects of the damping in graphic
forms. The results of the undamped response and those with damping of { = 0.01 are plotted in
Figure 4.4 and Figure 4.5 for n = 2 and n = 1.5, respectively.

In Figure 4.4, it is clearly shown that the "dip" occurs with or without damping. Also, when the
torque amplitude is small, the damping does not have much influence on the absorber amplitude.
However, as the torque increases, the damped and undamped response amplitudes start to differ.
This separation also occurs in the n = 1.5 case, as shown in Figure 4.5. In addition, as expected,

the response amplitudes at moderate and large torques are smaller in the damped cases.
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Figure 4.3: Steady-state response amplitudes of a single (N = 1) CPVA with increasing torque,
I'g; fory=0.05,n=1.5, u; =0.03, and o = 0.

The cases shown next are for multiple absorbers. Four absorbers with damping are investigated.
Here the inertia ratio is taken to be € = 0.1419 and the other parameters are the same as for the

single absorber example above. For n = 2, according to the grouping analysis of Section2.3, there

N

should be two absorber groups since - = % =2; see Table 2.6. This can be seen in both Figures 4.6
and Figure 4.7. Figure 4.6 shows the waveforms of the four absorbers, as predicted from analysis,
specifically using Equation 4.42. It is clear to see that Absorber 1 and Absorber 3 share the same
wave form with a 7 phase difference, and similarly for Absorbers 2 and 4. The phase differences
come from the cyclic positions of the absorbers, and there are indeed two groups.

Figure 4.7 contains a detailed comparison between the analytic results and linear simulation
results. Because the equation is linear, there are only two orders with clear peaks in the Fast
Fourier transform (FFT) of the simulated response: order 1 and order n = 2. The order 1 amplitude
comes from gravity, in the form of A = Zz(Ty—l)
solving Equation 4.30 or Equation 4.32.

, and order the order n amplitude is obtained from

From each order plot in Figure 4.7, it is clear to see the influence from the parametric term.
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Figure 4.4: Damped, u, = 0.04, versus undamped steady-state response amplitude of 1 CPVA
with increasing I'g, ¥ = 0.05, n =2 with 6 = 0.

The amplitude of order 1 response is constant, because A is not a function of I'g. However, order
n response amplitude is increasing while separating into two groups, which then result in grouping
behavior in the total peak amplitude plots. By utilizing a symbolic computing software, it can be
shown that order n amplitude expressions have a similar form to the single absorber case, which
means it is not linearly dependent on I'g. It also can be seen that the total peak amplitudes are the
sum of order 1 and order n amplitudes.

Figure 4.8 and Figure 4.9 show the steady-state response of four absorbers and their peak vs
torque plots, respectively, for n = 1.5 case. From the time-traces, the peak amplitudes of each
absorber are distinct, which is expected according to the grouping results in Table 2.6. However,
an interesting observation shows that the absorbers with 7 difference in position have similar wave
forms but are "flipped” about the 6-axis relative to each other, indicating that additional symmetry
considerations should be investigated.

Figure 4.9 shows that the order n = 1.5 amplitudes increase linearly with torque in a same rate
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Figure 4.6: Steady-state time traces of 4 CPVAs, I'g = 0.01, ¥y =0.05, n = 2, with u, = 0.04 and
o=0.

and order 1 amplitudes are the same. Yet, the total peak amplitude of each absorber is different
from the others. One reason for this scenario is that the amplitudes of two harmonic responses
cannot be simply added together due to phase differences.

All of the results above are comparisons between analysis and linear simulations. It is also

40



0.05 . . . : : T - : T
0.045 - . * —

0.04 .

0.035 - .||— Peak Amp Analysis

0ol IR || * Peak Amp Simul

o caqureseess sttt waress=*t [ o- Order n=2 Amp Analysis

B e - = FFT Order n=2 Amp Simul
---Order 1 Amp Analysis

002k || © FFT Order 1 Amp Simul

%0

0.015 ) - N N c “ c .

Abs 2 & 4

0.01F ~

0.005 .

! | I I I 1 1 1 I
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01

L,

Figure 4.7: Steady-state response amplitudes of 4 CPVAs with increasing I'g, ¥ = 0.05, n = 2,
with u, =0.04 and o = 0.

- n
006 -
g N
#'. ! ‘\
004 fo=o / \
A i B -
o02f o ! ! :
P ! TN . s
. I} ! ! “
Fe_ =" ‘-“. "‘f-'_~' B
; \ 72 2 -
. N / ’ \
\ \ - ’
002t / 4
1 L4
’
. y
\ ! / 4 4
-004f / /
Y/ ;
-006 " ¥
g
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c=0.
important to ensure they also match with nonlinear equations. One case chosen for such a com-
parison is four absorbers with n = 1.5 because of the distinct response of each absorber. The peak
amplitudes versus torque are shown in Figure 4.10, showing that the linear analysis, the linear
simulations, and the nonlinear simulations all match quite well over the torque range shown. As
expected, the results begin to deviate as the torque amplitude increases.

In order to get solutions for the resonant case n = 2 without damping, as seen from Equation

4.28, it 1s necessary to detune the absorbers. Figure 4.11 shows analytical results of comparison
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Figure 4.10: Steady-state response peak amplitudes plots of 4 CPVAs between non-linear simu-
lation, linear simulation and analysis, with increasing I'g, ¥ = 0.05, n = 1.5, with u, = 0.03 and
o =0.

for n = 2 with damping and without damping, for 0.02 detuning. In general, damping makes the

absorber steady-state response amplitude change more slowly as the torque increases. This is true
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I'g, y=0.05,n =2 with 6 =0.02.
for a single absorber (see Figure 4.4), as well as the present case with N = 4 shown in Figure 4.11
as well, which shows that the separation of the two groups is also decreased with damping.
Equation 4.41 is used to predict the rotor response for the linear absorber model. Due to the
summation, the order 1 effects from the absorbers cancel each other, a result that follows from
their cyclic placement around the rotor. Thus, in linear analysis, the rotor response has only an
order n component. In Figure 4.12, the rotor peak amplitude versus torque amplitude is plotted
along with nonlinear simulation results for n = 1.5. The reason for comparing linear analysis with
nonlinear simulations is that, since the rotor response is relatively small, higher order components
of the responses can, in fact, have significant influence on the rotor response. Figure 4.12 shows
that the analytical predictions of the peak rotor amplitude aligns with the order n component from
simulations, computed by an FFT, very well. It also shows that there is no order 1 response.
However, the total amplitude result shows a growing separation as the torque gets larger, showing
the influence from the higher order responses generated by nonlinearity. As the fluctuating torque

increases, these higher order response components begin to dominate the order n response.
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Figure 4.12: Rotor peak amplitude plot with 4 CPVAs with increasing I'g, ¥ = 0.05, n = 1.5 with
o = 0, analysis versus nonlinear simulation.

This can also be seen for n = 2 case. Figure 4.13 shows the rotor result for the case n = 2. In
Figure 4.13, the analytical result is compared with linear simulation results for n = 2. It can be
seen that the amplitudes grow linearly with increasing torque. At I'g = 0, both the analytical and

simulation rotor amplitudes are 0.
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CHAPTER 5

CONCLUSIONS AND FUTURE WORK

5.1 Summary and Conclusions

The purpose of this work was to continue the investigation of the effects of gravity on rotor sys-
tems fitted with centrifugal pendulum vibration absorbers (CPVAs), as initiated by Theisen [10].
The main goals of the work were: (i) to investigate the specific effects of graviational parametric
excitation on the system, (ii) to exploit the cyclic nature of the gravitational excitation, and (iii) to
analyze the grouping behavior of absorbers for a given number of CPVAs, N and engine order, n.
These were done using a linearized mathematical model and numerical simulations.

A brief background of torsional vibrations and CPVAs was provided first. The equations of
motion for an idealized model were derived, linearized, and non-dimensionalized, which forms the
basis for the analysis. A general form of the absorber response at orders 1 and n was used to analyze
the grouping behavior of the absorbers. The grouping analysis was conducted by adding a dummy
phase variable into a general form of the jth absorber’s steady-state response and comparing that
with the ith absorber’s steady-state equation, to determine the conditions under which these two
absorbers would have identical waveforms. The answer to whether absorbers would behave in
groups was determined by whether %’ and n are integers, as summarized in Table 2.6. The results
from simulations showed that damping made the grouping more distinct, at least for some cases.

In the analysis, both resonant (n = 2) and non-resonant (n = 1.5) cases of practical interest
were studied. Models with and without parametric excitation, and with and without damping,
were considered. Expressions for the steady-state solutions for the absorbers were obtained and the
results showed that, without the parametric excitation term, solution of the system model could be
reduced to the diagonalization of a circulant matrix. This was achieved using the Fourier matrix [7]

to transform the system, and the transformed version of the excitation forces showed that gravity
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excited only a single mode (an order one traveling wave mode) and the torque excited only another
single mode (the unison mode). This approach allows for an exact solution of the EOM in this
case.

For the linear steady-state response with parametric excitation, the equations were rescaled
so that a multiple time scales perturbation method was able to be conducted. A set of Cartesian
coordinates (# and v) was used for the order n amplitudes and phases instead of traditional polar
coordinates, since it transformed the slow-flow equations into linear functions of # and v. It was
shown that the order 1 amplitudes (from direct excitation from gravity) for all cases were constant
for a given mean rotor speed, as expected. For the steady-state solutions of the order n amplitudes,
it showed that the coefficient matrices were block-circulant, and the parametric term from gravity
only appeared in resonant n = 2 case. One note from the analysis was that when damping was
considered, the coefficient matrix could not be fully diagonalized, however, there were N sets
of two-by-two linear equations that could be solved in closed form. The analytic results were
compared with numerical simulations of both the linear and nonlinear model equations, showing
that the analytical predictions are accurate for small absorber amplitudes. A single-absorber case
was studied first in order to understand the effects of gravity for resonant, n = 2, and non-resonant,
n = 1.5, cases. In the non-resonant case (n = 1.5) it was seen that the absorber amplitude grows
linearly with increasing torque, as the order n response was not affected by the gravity. For the
resonant case (n = 2) the results show that, for a given value of 7y, there was a critical torque
level where the parametric excitation from the gravity cancels the fluctuating torque, which left
only the order 1 response from the gravity at that point. For the case of multiple absorbers, the
results show that for both resonant and non-resonant cases, the order 1 component of the response
had a common amplitude for all absorbers. For n = 2, the order n response amplitude grows non-
linearly with the torque, due to the resonant interaction, and there was no scenario when the gravity
canceled the torque, as was the case with a single absorber. For n = 1.5, the results show that the
order n component of the absorbers’ responses have the same amplitude which grows linearly

with torque, similar to the single absorber case. However, because of the phase differences, the
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peak amplitudes of the combined harmonics for each absorber can be different. From comparisons
between the damped and undamped cases, it was observed that damping does not change the
grouping behavior, but does affect the response of the absorbers in the expected manner, reducing
response amplitudes.

The response of the rotor was reconstructed using Equation 4.41 and the steady-state absorber
response. It was shown that, for multiple absorber systems, the effects of the order 1 responses on
the rotor cancel each other out in a summation, due to the cyclic nature of the order 1 response.
Thus, the rotor response includes only the order n absorber responses. It was also shown, using
simulations of the nonlinear equations, that nonlinear effects come into play at moderate ampli-
tudes, resulting in higher order harmonics in the rotor response, which are important since the
order n component is largely eliminated by the absorbers; this is consistent with previous observa-

tions [11].

5.2 Recommendations for Future Work

Information from the results of this study offer opportunities to examine other topics beyond the

conclusions of the study. These include:

e The effects of gravity on multiple absorber systems with general order torques, including the

resonant case n = 1.
e Analysis of nonlinear system models with gravity and near-tautochronic absorber paths.
e Analysis of models in which the inertia ratio is not small.

e Re-examination of the grouping behavior and analysis of higher order harmonics in the re-
sponse in light of nonlinear effects. As an example, it is noted from Figure 5.1 that the rotor
amplitude peak, from simulations of the nonlinear EOM, has a non-zero value when the or-

der n torque is zero. It is clear from the plot that this non-zero response comes from an order
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4 gravitational component, which is ignored in linear analysis. In fact, Theisen noted that

this behavior stems from nonlinear effects [10], which are clearly important for this case.
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Figure 5.1: Nonlinear simul rotor peak amplitude plot with 4 CPVAs with increasing I'g, ¥ = 0.05,
n = 2 with 0 detuning.

e Experimental investigations of CPVA systems with horizontal axes, for which gravity comes

into play.
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