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Dynamics of High-Speed Planetary Gears with a Deformable Ring
Chenxin Wang

ABSTRACT

This work investigates steady deformations, measured spectra of quasi-static ring de-
formations, natural frequencies, vibration modes, parametric instabilities, and nonlinear
dynamics of high-speed planetary gears with an elastically deformable ring gear and equally-

spaced planets.

An analytical dynamic model is developed with rigid sun, carrier, and planets coupled
to an elastic continuum ring. Coriolis and centripetal acceleration effects resulting from
carrier and ring gear rotation are included. Steady deformations and measured spectra of
the ring deflections are examined with a quasi-static model reduced from the dynamic one.
The steady deformations calculated from the analytical model agree well with those from a
finite element/contact mechanics (FE/CM) model. The spectra of ring deflections measured
by sensors fixed to the rotating ring, space-fixed ground, and the rotating carrier are much
different. Planet mesh phasing significantly affects the measured spectra. Simple rules are
derived to explain the spectra for all three sensor locations for in-phase and out-of-phase
systems. A floating central member eliminates spectral content near certain mesh frequency

harmonics for out-of-phase systems.

Natural frequencies and vibration modes are calculated from the analytical dynamic
model, and they compare well with those from a FE/CM model. Planetary gears have struc-
tured modal properties due to cyclic symmetry, but these modal properties are different for
spinning systems with gyroscopic effects and stationary systems without gyroscopic effects.
Vibration modes for stationary systems are real-valued standing wave modes, while those

for spinning systems are complex-valued traveling wave modes. Stationary planetary gears



have exactly four types of modes: rotational, translational, planet, and purely ring modes.
Each type has distinctive modal properties. Planet modes may not exist or have one or more
subtypes depending on the number of planets. Rotational, translational, and planet modes
persist with gyroscopic effects included, but purely ring modes evolve into rotational or one
subtype of planet modes. Translational and certain subtypes of planet modes are degenerate
with multiplicity two for stationary systems. These modes split into two different subtypes

of translational or planet modes when gyroscopic effects are included.

Parametric instabilities of planetary gears are examined with the analytical dynamic
model subject to time-varying mesh stiffness excitations. With the method of multiple
scales, closed-form expressions for the instability boundaries are derived and verified with
numerical results from Floquet theory. An instability suppression rule is identified with the
modal structure of spinning planetary gears with gyroscopic effects. Each mode is associated
with a phase index such that the gear mesh deflections between different planets have unique
phase relations. The suppression rule depends on only the modal phase index and planet

mesh phasing parameters (gear tooth numbers and the number of planets).

Numerical integration of the analytical model with time-varying mesh stiffnesses and
tooth separation nonlinearity gives dynamic responses, and they compare well with those
from a FE/CM model. Closed-form solutions for primary, subharmonic, superharmonic,
and second harmonic resonances are derived with a perturbation analysis. These analytical
results agree well with the results from numerical integration. The analytical solutions show
suppression of certain resonances as a result of planet mesh phasing. The tooth separation
conditions are analytically determined. The influence of the gyroscopic effects on dynamic

response is examined numerically and analytically.
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GENERAL AUDIENCE ABSTRACT

Planetary gears in aerospace applications have thin ring gears for reducing weight. These
lightweight ring gears deform elastically when transmitting power. At high speed, Coriolis
and centripetal accelerations of planetary gears become significant. This work develops an
analytical planetary gear model that takes account of an elastically deformable ring gear
and speed-dependent gyroscopic (i.e., Coriolis) and centripetal effects. Steady deformations,
measured spectra of quasi-static ring deformations, natural frequencies, vibration modes,
parametric instabilities, and dynamic responses of planetary gears with equally-spaced plan-

ets are investigated with the analytical model.

Steady deformations refer to quasi-static deflections that result from applied torques
and centripetal acceleration effects. These steady deformations vary because of periodically
changing mesh interactions. Such variation leads to cyclic stress that reduces system fatigue
lives. This work evaluates planetary gear steady deformations with the analytical model and

studies the effects of system parameters on the steady deformations.

Ring deflections measured by sensors fixed to the rotating ring gear (e.g., a strain
gauge), space-fixed ground (e.g., a displacement probe), and the rotating carrier have much
different spectra. The planet mesh phasing, which is determined by gear tooth numbers
and the number of planets, significantly influences these spectra. Simple rules are derived
that govern the occurrence of spectral content in all the three measurements. Understanding

these spectra is of practical significance to planetary gear engineers and researchers.

Planetary gears have highly structured modal properties due to cyclic symmetry. Vi-

bration modes are classified into rotational, translational, and planet modes in terms of the



motion of central members (sun and carrier). The central members have only rotation for a
rotational mode, only translation for a translational mode, and no motion for a planet mode.
Translational modes have two subtypes, rotational modes have only one subtype, and planet
modes may not exist or have one or more subtypes depending on the number of planets.
For each subtype of modes, all planets have the same motion with a unique phase relation
between different planets and the elastic ring gear has unique deformations. Understand-
ing this modal structure is important for modal testing and resonant mode identification in

dynamic responses.

Sun-planet and ring-planet mesh interactions change periodically with mesh frequency.
These mesh interactions are modeled as time-varying stiffnesses that parametrically excite
the planetary gear system. Parametric instabilities, in general, occur when the mesh fre-
quency or one of its harmonics is near twice a natural frequency or combinations of two natu-
ral frequencies. Closed-form expressions for parametric instability boundaries that bound the
instability region are determined from the analytical model. Certain parametric instabilities

are suppressed as a result of planet mesh phasing.

Near resonances, vibration can become large enough that meshing teeth lose contact.
The analytical model is extended to include the tooth separation nonlinearity. Closed-form
approximations for dynamic responses near resonances are determined from the analytical
model, and these analytical results compare well with those from numerical simulations of the
analytical model. Tooth separation conditions are analytically determined. The influences
of planet mesh phasing and Coriolis acceleration on dynamic responses near resonances are

investigated numerically and analytically.
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Chapter 1

Introduction

1.1 Motivation

Planetary gears in aerospace applications have thin ring gears for the purpose of weight
savings. These thin ring gears experience significant elastic deformations under large torque
and high speed. Coriolis and centripetal acceleration effects that arise from carrier or ring
rotation become significant at the high speed of aerospace applications. These high-speed
planetary gears with lightweight ring gears have high risk of noise and vibrations. Planetary
gear models that consider both ring gear elastic deformations and high-speed gyroscopic
(i.e., Coriolis) and centripetal effects are rare, let alone the study of vibrational behaviors
of planetary gears with such features. This work aims to develop an analytical model of
planetary gears with an elastic ring and gyroscopic and centripetal effects. We use the model
to study steady deformations, measured spectra of quasi-static ring deformations, natural
frequencies, vibration modes, parametric instabilities, and dynamic responses of planetary

gears.



Planetary gear deformations compose of steady deformations and vibrations about the
steady deformed configurations. The steady deformations refer to quasi-static deflections
resulting from applied torque excitations and centripetal excitations of carrier-planet or/and
ring rotation. These steady deformations vary with periodically changing mesh interactions.
Cyeclic stress resulting from such variation accelerates damage to the system. Although the
vibrations concern engineers and researchers, the steady deformations should get attention
as well because they dominate in non-resonant speed regions where the system is designed
to operate. Planetary gear steady deformations include elastic ring deformations as well as

rigid-body motions of the sun, carrier, and planets.

Some experimental measurements [1-3] of ring deformations demonstrate sidebands
near, but not necessarily at, the mesh frequency harmonics. The occurrence of these side-
bands varies for different planet mesh phasing and depends on whether the sensor is fixed
to the rotating ring, the rotating carrier, or ground. Understanding these sidebands is of

practical significance to planetary gear engineers and researchers.

Vibrations become large when the operating speed approaches resonant speeds. Modal
analysis is essential to understand the resonant behavior. To be specific, modal analysis can
be used to identify which modes are excited for a given resonant peak. Modal analysis also
helps identify critical modes having high sun-planet or ring-planet mesh deflections. These
critical modes have more potential to damage the planetary gear system when excited. An
understanding of planetary gear modal properties is useful for modal test. For example, if
an impulse excitation is orthogonal to a vibration mode, that mode is not going to respond.
Therefore, the impulse test cannot capture the natural frequency of that mode. Modal anal-
ysis is the prerequisite for the study of parametric instabilities and derivation of analytical
solutions for the dynamic responses near resonances. The gyroscopic and centripetal effects

on the modal properties of planetary gears with an elastic ring are unknown.



The time-varying sun-planet and ring-planet mesh stiffnesses are the source of the vi-
bration. They change periodically with mesh frequency. When the mesh frequency or one of
its harmonics is near twice a natural frequency or combinations of two natural frequencies,
parametric instabilities in general occur. Large parametric instabilities can severely damage
the planetary gear system. Suppression of certain critical parametric instabilities motivates
the study of this behavior. Again, the gyroscopic and centripetal effects on the parametric

instabilities of planetary gears with an elastic ring are unknown.

Planetary gear dynamics are of primary concern in this work. At large resonances,
tooth contact loss can occur. The tooth separation nonlinearity may lead to jump, period
doubling, or chaos. These nonlinear behaviors are more dangerous than a resonance without
tooth contact loss because of tooth impact. The gyroscopic and centripetal effects on the
planetary gear dynamics are rarely touched. Whether these effects are significant or not is
unresolved. This work is going to study the dynamics of planetary gears with gyroscopic
and centripetal effects, and identify their influences on the dynamic responses. This work
also aims to find closed-form solutions for the dynamic responses near resonances. The
analytical solutions permit quick estimates of the influences of system parameters on the

dynamic responses.

1.2 Literature Review

1.2.1 Planetary Gear Modeling

Various planetary gear models have been used for the study of planetary gear dynamics
and vibration. Many papers [4-11] adopted lumped-parameter models where each of the

sun, carrier, planets, and ring is treated as a rigid body. The elastic deformation of each



member is ignored. Gear contact is modeled as a stiffness connecting two gear bodies.
A finite element/contact mechanics (FE/CM) software developed by Vijayakar [12] allows
elastic deformation of each member and models gear contact with a specialized algorithm
that does not require any external specification of mesh stiffnesses. Many studies have used
the FE/CM approach for planetary gear quasi-static analysis [13], dynamic analysis [14-16],
and load sharing behaviors[17, 18]. Although the FE/CM approach is multi-functional, it
has several limitations. First, it is time-consuming for dynamic simulations of planetary
gears. Second, it neglects gyroscopic and centripetal effects that are significant for high-
speed systems. Third, it does not provide analytical understanding. A few researches [19-
22| have developed lumped-parameter planetary gear models coupled with elastic ring or
carrier. Among them, Abousleiman and Velex [19] presented a hybrid planetary gear model
that combines rigid-body models of the sun, carrier, and planets with a finite element ring
gear. Ref. [20] extended the hybrid model [19] to include a finite element carrier instead
of the rigid one. Instead of using finite element modeling, Wu and Parker [21] employed an
analytical elastic ring model with partial differential equations coupled to rigid sun, carrier,
and planets. This model, however, does not include gyroscopic and centripetal effects. The
elastic ring is inextensional without extensional deformation , shear deformation or rotary
inertia. Each planet connects the elastic ring through a discrete mesh stiffness directly
attached to the ring neutral axis, and a concentrated tooth bending moment resulting from

the mesh force on the elastic ring is ignored.

1.2.2 Planetary Gear Steady Deformations

Planetary gear steady deformations refer to quasi-static deflections of the system. One
aspect of quasi-static study is the load sharing behaviors of planetary gears subject to

manufacturing or assembly errors. Planet load sharing has been studied extensively in



[13, 17, 18, 23-29]. Approaches to improve load sharing include floating a central mem-

ber, flexible planet pin, and compliant ring gear.

Only a few studies [13, 19, 20] exist on the quasi-static deflections of planetary gears.
Kahraman [13] demonstrated that ring gears with thin rims deflect significantly in a quasi-
static analysis. Abousleiman and Velex [19] presented quasi-static deflections of a lumped-
parameter helical planetary gear model coupled with a finite element ring gear. In an another
study, Abousleiman et.al. [20] extended the model in [19] to include a finite element carrier
and presented quasi-static deflections of an example planetary gear system. They showed

that the carrier elastic deformation is not as significant as the ring elastic deformation.

1.2.3 Planetary Gear Sideband Behavior

A few papers [1-3, 19, 30] have investigated the sidebands near mesh frequency harmon-
ics in measured spectra of ring gear deformations. Abousleiman and Velex [19] demonstrated
the sideband behavior of ring displacements at a finite element node in quasi-static and dy-
namic simulations; no analysis is provided. McFadden and Smith [1] explained that the
sideband behavior is an artefact of vibration measurements at a fixed point on the sta-
tionary ring gear instead of a feature of planetary gear vibrations. The motion of planets
relative to the sensor causes the sideband behavior. They also showed that planet mesh
phasing significantly influences the sideband behavior. McNames [2] predicted the locations
of the dominant sidebands with a continuous-time Fourier series. Inalpolat and Kahraman
[3] investigated sideband behaviors for planetary gears of any planet spacing condition and
any planet phasing condition with theoretical analysis and experimental validations. Zghal
et.al. [30] developed a lumped parameter model of planetary gears in the stationary ring

reference frame to examine the sideband behavior. All of these studies [1-3, 30] focused on



the spectra of ring deflection at a fixed point for planetary gears with a stationary ring gear.
The spectra of ring deflections for planetary gears where all or any two of the sun gear,
carrier, and ring gear can spin measured by sensors fixed to the rotating ring, the rotating

carrier, or ground have not been fully examined.

1.2.4 Planetary Gear Modal Properties

Planetary gears have highly structured modal properties due to their cyclic symmetry.
Botman [5] identified the modal structure in a study of free vibrations for a three-planet
system, where each of the sun, carrier, planets, and ring has two in-plane translational and
one rotational degrees of freedom. He categorized the vibration modes into axisymmetric
and nonaxisymmetric modes. In the axisymmetric modes, all planets have the same motion
and the other components have only rotational motion, while in the nonaxisymmetric modes,
the planets do not have the same motion and at least some of the other components have
translations. Kahraman[6] classified vibration modes of a four-planet system into in-phase
modes, sequentially-phased modes, and counter-phased modes according to whether they are
excited under the corresponding mesh phasing conditions. For example, the in-phase modes
are excited only under in-phase mesh conditions. Although Botman [5] and Kahraman|6]
identified the modal structure for three-planet or four-planet systems, no general conclusions

were given.

Lin and Parker[9] identified the modal structure for planetary gears with equally-spaced
planets and proved there are exactly three types of modes: rotational, translational, and
planet modes. The rotational modes are the same with the axisymmetric modes in [5] and
in-phase modes in [6], and the translational modes are the same with the nonaxisymmetric

modes in [5] and sequentially-phased modes in [6]. The counter-phased modes in [6] belong



to planet modes. Planet modes only exist for systems with four or more planets. Each type
of modes has unique properties. For a rotational mode, the central components (the sun,
carrier, and ring) have only rotations, and all planets have the same motions that are in-
phase. In a translational mode, the central components have only translations. In a planet
mode, the central component have no motions, and only the planets vibrate. Ericson and
Parker [31] confirmed this modal structure in experiments. Cooley and Parkers [10] showed
the modal structure persists for planetary gears with gyroscopic effect, but the real-valued

standing wave modes become complex-valued traveling wave modes.

The aforementioned studies [5, 6, 9, 10] focused on lumped-parameter planetary gear
models, where the sun, carrier, planets, and ring are treated as rigid bodies. Wu and Parker
[21] incorporated an elastic ring into a lumped parameter model from [9]. They grouped
vibration modes of the elastic-discrete system into rotational, translational, planet, and
purely ring modes. The discrete motions for the rotational, translational, and planet modes
are similar to those in [9], and the elastic ring has unique deformations associated with each
of the three types of modes. The purely ring modes have only ring deformations, and all the

discrete motions vanish.

There exist studies on modal structures of helical planetary gears or compound planetary
gears. For helical planetary gears, out-of-plane motions need to be taken into account.
Eritenel and Parker [32] derived modal structure for planetary gears with three-dimensional
vibrations. Compound planetary gears are used in applications where large reduction ratios

are demanded. The modal structure for compound planetary gears was studied in [33-35].



1.2.5 Planetary Gear Parametric Instabilities

The primary source of gear vibration is changing mesh interaction as gear rotates.
This change is modeled as time-varying mesh stiffness that parametrically excites the gear
system. The study of parametric instability not only identifies regular resonances where the
excitation frequency or one of its harmonics coincides with a natural frequency, but also
identifies resonances where the excitation frequency or one of its harmonics is near twice a

natural frequency or combinations of two natural frequencies.

The parametric instabilities for single or two-stage gear pairs have been investigated
in [36-41]. Only a few studies [42-45] have focused on parametric instabilities of planetary
gears. Velex and Flamand [42] simulated dynamic response of a three-planet system with
time-varying mesh stiffness excitations and found substantial influences of mesh stiffnesses on
dynamic tooth loads. Lin and Parker [43] investigated parametric instabilities of planetary
gears from mesh stiffness variations with a purely rotational model and derived closed-form
expressions for instability boundaries. They concluded that certain parametric instabilities
vanish under particular mesh phasing conditions, regardless of any form of mesh stiffness
variations. Parker and Wu [44] determined parametric instability boundaries for planetary
gears with an elastic ring. An instability existence rule that depends on only planet mesh
phasing was derived for any two given modes by using the modal structure defined in [21].
Qiu et.al. [45] investigated planetary gear parametric instabilities with time-varying mesh
stiffnesses modulated by speed fluctuations. Sideband instabilities occur due to speed fluc-

tuations.



1.2.6 Planetary Gear Dynamics

Gear may lose contact at large resonances. The tooth separation introduces a softening
nonlinearity to the gear system, which has been observed in experiments of spur gear pairs

[46, 47] and planetary gears [48].

Planetary gear dynamics with tooth separation nonlinearity were studied numerically
with numerical simulations or harmonic balance method or analytically with the method of
multiple scales. Ambarisha and Parker [16] simulated nonlinear dynamics of planetary gears
with a lumped-parameter model and a finite element/contact mechanics model. Successful
correlations between the dynamic responses from these two models were achieved. Rich non-
linear behaviors including jumps, period-doubling bifurcations, and chaos occur in their sim-
ulations. Masoumi et.al. [11] demonstrated symmetry breaking induced by chaotic responses
in planetary gears. Li et.al. [49] analyzed the bifurcations and chaos in a two-stage planetary
gear train and demonstrated high damping coefficients suppress chaotic behaviors while high
value of backlash leads to chaotic responses. Sun and Hu [50] studied nonlinear dynamics
of planetary gears with harmonic balance method. Double-sided impact vibration was ob-
served at large resonances. Al-Shyyab and Kahraman [51] used harmonic balance method to
investigate nonlinear dynamics of planetary gears. The solutions from the harmonic balance
method agreed well with those from numerical integration and finite element simulations. In
an another study, Al-Shyyab et.al. [52] extended the model in [51] to multi-stage planetary
gear trains. Guo and Parker [53] investigated dynamics of planetary gears with tooth contact
loss, bearing clearance, and mesh stiffness variations using harmonic balance methods. A
hardening effect caused by the transition from no bearing contact to contact was observed
in the dynamic responses. The hardening effect is significant in wind turbine planetary gear
sets where gravity plays a dominant role over mesh stiffness fluctuations, as shown by Guo

et.al. [54]. Zhu et.al. [55] investigated nonlinear dynamic characteristics of compound plan-
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etary gear sets with harmonic balance method. Time-varying mesh stiffness, transmission
error, and backlash were considered in their model. Bahk and Parker [56] derived closed-
form approximations for the nonlinear dynamics with the method of multiple scales. Their
analytical solutions compared well against the solutions from harmonic balance methods,
numerical integration, and finite element simulations. From the analytical solutions, they
concluded tooth separation occurs even under large torques, which differs from conventional
thinking that large torques suppress contact loss. In an another study, Bahk and Parker
[57] investigated the effects of tooth profile modification on planetary gear dynamics with a
perturbation method. Analytical solutions for the dynamic responses near resonances were
derived such that an optimal tooth profile modification can be quickly identified to minimize

the vibration.

Planetary gears may have manufacturing or assembly errors such as eccentricity, planet
position errors, and tooth profile errors. These errors may drastically alter planetary gear
dynamic loads and deflections. The dynamic behaviors of planetary gears with manufactur-
ing and assembly errors were studied in [8, 58-65|. Elastic components, such as thin ring
gears, affect planetary gear dynamics as well. Dynamic responses of planetary gears with
deformable ring gear or carrier were investigated in [15, 19, 20, 22|. There exist other studies
of planetary gear dynamics that focus on time-varying pressure angles and contact ratios
[66], statistic dynamics of wind turbine planetary gears subject to random excitation [67],
planetary gear dynamics with tooth root crack [68-70], and dynamic load sharing under the

effect of gravity [71].
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1.3 Scope of Investigation

Chapter 2 develops an analytical dynamic model of planetary gears that combines
lumped-parameter models of the sun, carrier, and planets with an elastic continuum ring
having bending, extensional, and shear deformations as well as rotary inertia. Coriolis and
centripetal accelerations resulting from carrier or/and ring rotation are included. Each ring-
planet mesh force acts at a contact point radially away from the neutral axis, creating a
concentrated tooth bending moment on the elastic ring. The equations of motion for the
hybrid elastic-discrete system are cast into a matrix operator form and then discretized
with Galerkin method. Steady deformations are numerically calculated from a quasi-static
model reduced from the dynamic one, and they are compared with those from a finite
element /contact mechanics model for verification. The effects of the ring extensional de-
formations, shear deformations, and the concentrated tooth bending moment on the steady
deformations are evaluated. Spectra of ring deflections measured by sensors fixed to the
rotating ring, the rotating carrier, and ground are examined for in-phase and out-of-phase
systems with the quasi-static model. Simple rules are derived that govern the occurrence of
spectral content in any measured spectra including the three specific cases listed above for
in-phase and out-of-phase systems. Influences of floating a central member on the measured

spectra are demonstrated numerically and examined analytically.

Chapter 3 examines natural frequencies and vibration modes of spinning planetary gears
with equally-spaced planets using the hybrid elastic-discrete model with gyroscopic effects.
Natural frequencies and vibration modes calculated from the analytical model are compared
against those from a finite element/contact mechanics model [12, 72, 73| for verification.
As mentioned in section 1.2.4, Wu and Parker [21] determined modal structure for station-
ary planetary gears without gyroscopic effects. This work compares the modal structure

between stationary and spinning systems with a numerical example. Mathematical justifi-
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cation of the modal structure is presented for spinning systems with gyroscopic effects. A
perturbation analysis details the evolution of vibration modes from stationary to spinning
systems. Influences of the concentrated tooth bending moments, extensional deformation,

shear deformation, and rotary inertia on the natural frequencies are evaluated.

In Chapter 4, parametric instabilities of planetary gears with gyroscopic effects are an-
alyzed with parametric excitations of sun-planet and ring-planet mesh stiffness variations.
The governing equations for the analytical planetary gear model are put in a state-space form
and then cast into modal equations. Closed-form expressions for instability boundaries are
derived from the modal equations with a perturbation analysis. The analytical results are
compared against numerical results from Floquet theory for verification. Using the modal
structure for spinning planetary gears with gyroscopic effects in the analytical instability
boundary expressions leads to an instability suppression rule. This work compares the sup-
pression rule for spinning systems and that for stationary systems derived by Parker and
Wu [44]. Numerical examples illustrate the application of the suppression rule for spinning

systems.

In Chapter 5, dynamic responses of planetary gears with gyroscopic effects are numeri-
cally simulated with the analytical model considering time-varying mesh stiffness excitations
and tooth separation nonlinearity. These results are compared against those from a finite
element/contact mechanics simulation [12, 72, 73] for verification. Linear resonances without
and nonlinear resonances with tooth contact loss in these numerical simulations are analyzed
with knowledge of the modal properties and parametric instabilities. Closed-form expres-
sions for dynamic responses near resonances are derived from the analytical model with the
method of multiple scales. The analytical results are compared against results from numer-
ical simulations of the analytical model for verification. Influences of the gyroscopic effects

and planet mesh phasing on the dynamic responses are studied numerically and analytically.



Chapter 2

Dynamic Modeling and Mesh
Phasing-Based Spectral Analysis of
Quasi-Static Deformations of
Spinning Planetary Gears with a

Deformable Ring

2.1 Introduction

Thin planetary ring gears are desirable in aerospace applications. When transmitting
loads, these ring gears experience elastic deformations that consist of steady deformations
and vibrations about the steady deformed configurations. The steady deformations in this

work refer to quasi-static deflections that arise from transmitted torque and centripetal

13
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acceleration effects rather than from vibration. Such quasi-static deformations are time-
dependent, however, because of the fluctuating tooth mesh stiffnesses, mesh phase relations
between the multiple tooth meshes, and possibly fluctuating torque and speed. Steady
deformations require attention because they lead to cyclic stresses that can cause fatigue.
Vibration that involves inertial effects is likewise damaging, but steady deformations domi-
nate in non-resonant speed regions where the system is designed to operate. Planetary gear
steady deformations include elastic ring deformations as well as motions of the sun, carrier,

and planets, which are regarded as rigid bodies.

In order to investigate the steady deformation, this paper first develops an analytical
planetary gear dynamic model that includes an elastic ring and gyroscopic and centripetal
effects arising from carrier and ring rotation. The elastic ring has bending, extensional,
and shear deformations. The ring-planet mesh load acts at a contact point away from
the ring neutral axis, creating a concentrated tooth bending moment on the ring. The
dynamic model is reduced to a quasi-static one to determine steady deformations, and the
important centripetal accelerations are retained. We compare the steady deformations from
the analytical model to those from a commercial finite element/contact mechanics (FE/CM)
software [12, 72, 73] for verification. Ring tooth bending, extensional, and shear effects on

the steady deformations are evaluated.

Some experimental measurements [1-3] of ring deformations demonstrate sidebands
near, but not necessarily at, the mesh frequency harmonics, while others just show spectral
content at the mesh frequency harmonics. These differing behaviors depend on whether the
sensor is rotating with the ring, with the carrier, or fixed to ground. Planet mesh phasing
plays a critical role. Understanding these different spectra is of practical significance to
planetary gear engineers and researchers. This work demonstrates and explains the differing

spectra for quasi-static ring deformations measured by sensors fixed to a material point on
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the rotating ring, space-fixed ground, or the rotating carrier for in-phase and out-of-phase
planet meshes. Simple rules are derived that govern the occurrence of frequency content
in any measured spectra including the three specific cases listed above for in-phase and

out-of-phase systems.

Steady deformations can be calculated from different planetary gear models, such as
lumped parameter models [4-11], FE/CM models [12, 72, 73], and lumped parameter models
with elastic components [19-22]. Lumped parameter models [4-11] provide a quick estimate
of steady deformations. They need fewer input quantities and can be solved easily. These
models, however, do not consider elastic ring deformations. The FE/CM software developed
by Vijayakar [12] overcomes the limitations of the lumped-parameter models by modeling
each gear as a deformable body with specialized modeling of the tooth contact forces. The
FE/CM approach is suitable for steady deformation analysis of one or a few planetary gear
configurations, but it does not provide analytical understanding, uses proprietary modeling,
and is not suitable for parametric studies that require many parameter variations. A few
papers [19-22] have developed hybrid models that combine lumped-parameter models for
sun and planet deflections with an elastic ring or carrier. Among them, Abousleiman and
Velex [19] presented quasi-static deflections of a lumped-parameter planetary gear coupled
with a finite element ring gear. Ref. [20] extended the elastic-discrete model [19] to include
a finite element carrier. Instead of using a finite element approach, Wu and Parker [21]
incorporated an analytical deformable ring with partial differential equations into a model
with rigid sun, carrier, and planets. The model in [21], however, has limitations: the elastic
ring is inextensional without extensional or shear deformations; the ring-planet mesh load
is applied on the ring neutral axis such that the concentrated tooth bending moment is
ignored; the model is stationary without any rotational effects. The current work removes

these limitations.
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Ring deformations generate unusual sideband behavior near harmonics of mesh fre-
quency that has important implications in practice and for understanding measured spectra.
Abousleiman and Velex [19] showed ring displacements at a finite element node have low-
frequency fluctuations associated with the frequency at which planets pass the node as well
as asymmetric sidebands near mesh frequencies. McFadden and Smith [1] explained the side-
band behavior as an outcome of vibrations excited by planets as they move relative to a point
on the stationary ring. They identified where the sideband frequencies occur using phaser
sums, but did not address sideband amplitudes. McNames [2] employed a continuous-time
Fourier series to study the sideband behavior and predicted that dominant sidebands only
occur at frequencies that are integer multiples of planet pass frequency relative to a point
on the stationary ring. McNames’ analysis gives general representations of the sideband am-
plitudes but does not reveal the ring deformations associated with each sideband, nor does
it reveal sideband amplitudes. Inalpolat and Kahraman [3] analytically and experimentally
investigated sideband behaviors for planetary gears of any planet spacing condition and any
planet phasing condition. All of these studies [1-3] focused on the spectra of ring deflection
at a fixed point for planetary gears with a stationary ring gear. In contrast, the present
work examines epicyclic/planetary gear systems where any two or all of the ring, carrier,
and sun rotate. Furthermore, we explain the differing spectra (including sideband locations,
sideband amplitudes, and ring deformation associated with each sideband) of ring deflection
measured by sensors fixed to any one of: a material point on the rotating ring (e.g., a strain
gauge), space-fixed ground (e.g., a displacement probe), and the rotating carrier. The ana-
lytical predictions apply to systems with a stationary carrier or ring gear by specifying zero

carrier or ring gear speed.
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2.2 Analytical Dynamic Model

2.2.1 Model Description

Figure 2.1 shows the elastic-discrete planetary gear model for motions confined to the
plane. The sun, carrier, and N planets are treated as rigid bodies while the ring is elastically
deformable. Each of the sun, carrier, and planets has three degrees of freedom: two in-plane
translations and one rotation. The supports or bearings for the sun, carrier, and planets are
modeled as linear stiffnesses. The sun-planet and ring-planet tooth mesh interactions are
represented as linear stiffnesses along the line of action. The carrier and ring have speeds (2.

and ()., respectively. Speeds of the sun and planets can be derived from kinematics.

‘ys,yc
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Figure 2.1: Schematic of a planetary gear model with a deformable ring.

A schematic of the elastic ring is shown in Fig. 2.2. The ring is uniform along the

circumferential direction with neutral axis radius R and cross-sectional area A. The ring
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neutral axis is defined by the circle that passes through the centroid of each ring cross
section. The ring density, Young’s modulus, and shear modulus are p, E, and G, respectively.
The elastic ring has a rigid body at its center to accommodate an input or output member
attached to the ring. The circumference of this circular ring rigid body connects to the
ring neutral axis through a uniform elastic foundation with radial (k,) and tangential (k,)
distributed stiffnesses per unit arclength of ring neutral axis. The ring rigid body has one
rotational and two in-plane translational degrees of freedom that are connected to ground

by rotational stiffness kj;, and isotropic translational stiffness k;, respectively.

Elastic
foundation

Ring rigid
body

Figure 2.2: Schematic of the rotating ring.

The coordinates are illustrated in Fig. 2.1 and Fig. 2.2. The sun, carrier, and ring
rigid body have translations zj, yn, h = s, ¢, b, with respect to the basis {E, Ey, E3} that is
fixed to the carrier and rotates with speed €2.. Planet translations are described in the radial
and tangential directions as (,,n,, n = 1,2,--- N, as shown in Fig. 2.1. The rotational

displacements u; for j = 1,2,--- , N, s,c,b are the rotations in radians times the gear base
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radii R, and R,, the center distance R, for the carrier, and the radius R, for the ring rigid
body. The circumferential planet locations v, are measured with respect to the rotating

basis vector E;. Without loss of generality, 11 = 0.

The elastic deformations of particles on the ring neutral axis are represented by radial
(u(0,t)) and tangential (v(0,t)) deflections, where § defines a fixed angular position relative
to the rotating basis vector E; attached to the carrier. The term material point refers to a
particle of the elastic ring. Because the ring has a rotation speed relative to the carrier, and
so also relative to Eq, the specific ring particles (or material points) instantaneously located
at a given value of § (which include all material points on a radial cross section) change with
time. Likewise, the angle # at which a given material point is located changes with time.
The radial and tangential deflections of the material point that is instantaneously located at

a specified angular position 6 with a radial distance r from the ring neutral axis are

Ud,r,t) =u(0,t), V(@,r,t)=v(0,t)+r5(0,1), (2.1)

where (6, ) is the cross-sectional rotation angle [74]. This $ is introduced to account for the
ring shear deformation. The ring shear angle at the neutral axis is (v—0u/00)/R— . When
the shear deformation is neglected, then § = (v — du/06)/R. The extensional deformation
at the neutral axis is u + Jv/00. When the ring neutral axis is assumed to be inextensible,
the ring radial and tangential deflections satisfy u = —0v/06. The ring has only inextensible
bending deformation when both of the shear and extensional deformations are neglected. If
not otherwise indicated, the ring radial and tangential deflections refer to those of the ring

neutral axis.
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2.2.2 Dynamic Model Derivation

To expand its applicability, the following derivation is for a dynamic model that captures
steady deformation and vibrations. Later steady deformation results focus on a quasi-static
model reduced from the more general dynamic one. The equations of motion for the elastic-
discrete system are derived using Hamilton’s principle. Energy expressions for the sun,
carrier, planets, ring rigid body, and sun-planet meshes are shown in Appendix A.1, while
expressions for ring kinetic energy, ring strain energy, strain energy in the elastic foundation,

ring-planet mesh energy, and virtual work are derived below.

Ring Kinetic Energy

The deformed state position of the material point on the ring that is instantaneously

located at a given  and radial distance r from the neutral axis is

r, = [R+r+u(dt)e +[vbt)+1r5(0,t)es, (2.2)

where {e,, ey, €.} is a cylindrical basis defined by the coordinate 0 (Fig. 2.2), and this basis
rotates with speed .. The velocity of the material point is given by the material time
derivative of the position vector that accounts for the fact that the angle 6 at which the
material point is located changes with time because of the relative angular speed (£, — Q)
of the ring relative to the carrier-fixed {e,, ey, e.} and {Ej, Ey, Es3} bases. The following

examples illustrate material time derivatives:

du/dt = Ou/0t + (0u/06)(06/0t) = du/ot + (2, — Q) (Ou/08),
de,/dt = Oe, /0t + (De,/00)(00/0t) = Q.ep + (2, — Q)ey = Q ey,

dep/dt = Oey /0t + (0ey/00)(00/0t) = —Qe, — (. — Q. )e, = —Qe,.
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The material time derivatives of v(0,t) and (6, t) are similar. For compact notation, du/0t

and Ju/00 are subsequently replaced by u; and uy, and €, = €, — Q.. Thus, the time
derivative of Eq. (2.2) is

Iy =[us+ Qg — Q. (v+16)e,

+ e+ 1B+ Qe(ve+189) + (R + 1+ u)lep.

The kinetic energy of the elastic ring is

1 2m

K. :—/ / p(R+r)i, -1, dAd
2 0 A
1 2

5 / {Jo [th + v?t + 20 (viu — usv) + 2Q(uug + v40y0)
0

+ Q2 (v* 4+ u® + 2Ru) + QF (v + v5) + 20,0 (vu — upv)]
+ 1208, — 2Qu B+ 2 (v + Bive) + 20,8 ,u (2.4)
+ 20208 + 2Q0%u + 202,008 + 20 Qre(Bou — Buyp)]

BB+ 20,880 + RF° 1 Q25 + / o0, (R +1)2/R
A

204 +78,) + 20e(vg +780) + Q(R +7)] dA} Ra,

Joz/p(R+7’)/R dA, le/p(R+7“)r/R dA,
A A
ng/p(R+T)7”2/R dA,
A

where Jj is the mass per unit arclength of the ring neutral axis, and J; and J, are the first
and second mass moments of inertia about the ring neutral axis per unit arclength of the ring
neutral axis, respectively. .Jo is also referred to as rotary inertia [74-76]. Terms associated
with Jy, Ji, and Jy survive the energy variation d K, to yield terms in the final equations of

motion, while the terms that do not contribute to the equations of motion are collected into
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the last term of Eq. (2.4).

Ring Strain Energy

The extensional and shear strains are [74]
en=(u+vg+rBe)/(R+7r), €= (ug—v+RB)/(R+T). (2.5)

A nonlinear extensional strain-displacement relation from Ref. [77] was used in an initial
ring model that did not include shear deformations (i.e., ¢, = 0). For that model, the
nonlinear terms had negligible effects on the steady deformations of planetary gears for
practical torques and speeds. When shear deformations are considered, introducing the
second-order nonlinear terms (ug—v—rf3)?/[2(R+7)? and (v+rS—uy)(u+ve+rBy)/(R+r)?
[74] to the extensional and shear strains, respectively, results in cumbersome ring equations
that we expect to yield similarly negligible differences compared to those obtained using Eq.

(2.5). Therefore, these nonlinear strain terms are neglected.

The stresses and strains are related by o, = Fe, and o, = kGe,, where k is a shear
correction factor [78] that depends on the geometry of the ring cross section. The strain

energy of the elastic ring is

1 27
V, == / /(O'nGn + os65)(R+ 1) dAdO
2)o Ja

: (2.6)

2w
:5 / {[Ofl(u + 079)2 + as(u+ vo)RB o+ kﬂ(R679)2] +ag(ug — v+ 35)2} .
0

oy =Ely, ay=FEL/R, ks=FEL/R* a3=rGI,

10:[41/(R+r) dA, le/Ar/(R+r) dA, 12:/Ar2/(R+r) dA.
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Strain Energy in the Elastic Foundation

The elastic foundation connects the ring neutral axis to the circumference of the ring

rigid body. The strain energy in the elastic foundation is

2m
Vf = / [ku(u — xpcos 6 — Yp SIN 9)2
0

1
2 (2.7)

+ ky(v + 23 8in 0 — y, cos 0 — Ruy/Ry)*] RA6.

Ring-Planet Mesh Energy

The ring gear tooth contact is shown in Fig. 2.3. The radial distance from the contact
point to the ring neutral axis is denoted as I'. Although I varies over a mesh cycle, the
value of I is approximated as a constant equal to the radial distance from the pitch contact
point to the ring neutral axis. The tooth mesh force acting at this contact point, as opposed
to acting directly on the neutral axis as done in [21], creates a concentrated moment on the

ring neutral axis, in addition to the action of the mesh force itself.

. D A
Ring neutral axis, s Line of
., action

Figure 2.3: Ring gear tooth contact.

The ring-planet mesh deflection is the relative displacement between the ring and planet
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contact points along the line of action. The expression for the n-th planet is

Ay =(Cp sin . — my, cOS . — Uy
(2.8)
+ [~usina, +vcosa, — ['Beosay)p—y,, n=1,2,--- N,

where «,. is the ring-planet pressure angle. The last term represents ring gear tooth bending
mesh deflection, that is, the displacement of the ring contact point P; relative to the point

P, along the line of action (Fig. 2.3). The ring-planet mesh energy for the n-th planet is

‘/r = 1k7"nA2

n=3 n=1,2--,N. (2.9)

™m?

Virtual Work

The virtual work done by external torques is

oW = (Ts/Rs)éus + (Tc/Rc)(guc + (Tb/Rb)5Ub7 (210)

where T}, for h = s, ¢, b represents the torque applied to the sun, carrier, and ring rigid body.

2.2.3 Dimensionless Equations of Motion

Use of the energy and virtual work expressions in Hamilton’s principle leads to ordinary
differential equations for the discrete motions of the sun, carrier, planets, and ring rigid

body as well as three partial differential equations for the ring elastic deformations. These
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equations are non-dimensionalized with the quantities

f=t\/ke/(mpR), Q. Q0= Qu\/myR/ke, ki = ki/ke,

ky= Rky/ke, ko= Rky/ke, &1 =ar/ke, Gy = ayg/ke,

dg=asfke, @0 =uv/R. Gull e = Gus s tn/ R,
(2.11)
Thy Uy Un = Thy Yy un/ Ry Th = (Tn/Ry)/(k¢R), I'=T/R,
j() = Jo/mp, jl = Jl/(mpR), jz = Jg/(mpRQ),
me =me/(myR), fc = ]c/(mpRRi>a Rc = R¢/R,
where the subscripts are
i:S,SU,7C,CU,b7bU,C,T]7TTL,Sn,ﬁ, n:172;"'7N7
h=s,cb, s =s,¢bp.
In what follows, the hats on all dimensionless variables are dropped.
The ordinary differential equations for the discrete motions are
qu + QCqu + qu — Qngq + (Km + Kf)w = fd, (212&)
T T
q= [pga pZ7 pz7 p{u ) p%:| ’ w = |:U, v, ﬁ:| ’ (212b)
T T
Pn = |:§nv Mns un:| ’ Pr = |:$h, Yh, Uh:| , h = S, C, b. (212C)

M, and K, are non-dimensional mass and stiffness matrices. G, and C, are non-dimensional
gyroscopic and centripetal matrices. Details of these four matrices can be found in Appendix
A.2. The vector f; represents torque excitations and a constant vector of centripetal accel-

eration terms acting on the planets from carrier rotation (see Appendix A.2 for detail).
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The stiffness coupling terms where the ring elastic deformations influence the discrete
motions come from the ring-planet meshes as K,,w and the connection of the elastic ring to

the ring rigid body through the elastic foundation as Kyw. The expressions for K,,,w and

Kyw are
T
K,w= [O, 0, O, (Kmlw)T7 o (Kme)T:| ’
T
Konw = k,A, {sinar, — COS O, —1} , (2.13)
A, = [—usina, +vcos a, — I cos a,)g—y,,
T
Kiw = {(bew)T7 0, 0, 0, -, 0} ,
J7(—kyucos 6 + kyvsin ) df 2.14)

Kpw = fo%(—kuu sin® — k,v cosf) df

J2T —k,v/Ry df

Correspondingly, the equations for the ring elastic deformations incorporate coupling
with the discrete motions, which is evident from the presence of xy, y,, and A,,, defined in

Eq. (2.8). These equations are

Jow s + 2Jo(rcti g — Qvy) — 2J10,.81 + ar(u+vg) + asfly
+ky(u — xpcosl — ypsind) — as[Bo — (v — upp)]

—J()(Qzu + QQTQTCUﬁ — Qgcwgg) — 2J19TQT6579
N

+ 3 kA (—sin o, )8(0 — ¥,) = (Jo + J1)2, (2.15a)
n=1

JOU,tt + Jlﬂ,tt + 2J0<Q7‘cv,t9 + Qru,t) + 2JIQ7‘06,975 - 0[25799
—aq(ug+ vgg) + ky[v 4+ xpsind — y, cos 6 — w,/ Ry

_QB[ﬁ - (U - u,@)} - JO(QzU - 2QrQrcu,6 - chv,%)



27

N

— T (2B = QBos) + Y kenArn(cos ar)3(0 — 1b,) =0, (2.15b)

n=1

JoBat + J1v g + 201 (Qcvor + Qi) + 2580 Bag — ca(ug + v gp)

_B,% +as [5 - (U - u,H)] - Jl (QEU - 2QTQTCU,0 - Q2 UOG)

rTCT)

N
— T (28— Q2 Boo) + Y ke (—I cos a,)8(0 — ) = 0, (2.15¢)

n=1

where §(-) is the Dirac delta function. The last term on the left side of Eq. (2.15¢) is the

concentrated tooth bending moment mentioned in section 2.2.2.

Terms associated with the relative speed €., appear in Eq. (2.15) because the rotating
ring is modeled in the rotating carrier reference frame. These terms would not appear if
the rotating ring was modeled in its own reference frame, as evident in [74]. In order to
confirm these terms associated with €2,.., we re-derived the same rotating ring model in the
rotating carrier reference frame by applying the transformation 6 = 6 + Q,.t to the rotating
ring model in its own reference frame [74], where 6 denotes a fixed angular position in the
rotating ring reference frame. In addition, the reverse transformation § = 6 — Q,.t of the
current model (Eq. (2.15)) to the rotating ring model in its own reference frame eliminates
these terms. Such a reference frame transformation has been done in Ref. [79] for an
inextensional ring without shear deformation, which inspires the idea of using the reference

frame transformation to confirm the terms associated with €2,..

Focusing on the rotating ring as a component separated from the planetary gear, the
present model derived in the rotating carrier reference frame differs from ring models in the
literature. Refs. [74, 76, 79-83] presented rotating ring models in the rotating ring reference
frame. Some other works [77, 84, 85] formulated rotating ring models in the stationary
reference frame. The differences between the three types of rotating ring models lie in the

speed-dependent gyroscopic and centripetal terms. The current rotating ring model can be
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generalized to a rotating ring model in a reference frame with arbitrary rotation speed €2,
by simply replacing the carrier speed (). with Q,. If Q, = €., the current rotating ring
model reduces to a rotating ring model in the rotating ring reference frame. A rotating ring
model in the stationary reference frame results from €2, = . = 0 in the current rotating

ring model.

The rotating carrier reference frame has advantages over others as the basis for planetary
gears. In any other reference frame, the sun-planet and ring-planet mesh locations are not
fixed; instead, their circumferential locations vary with time. Such a change of mesh locations
leads to time-varying coefficients in the system equations even if the mesh stiffnesses are
constants. Developing the system model in the rotating carrier reference frame avoids this

problem.

The complete elastic-discrete model for a spinning planetary gear consists of Eq. (2.12)
for the discrete motions and Eq. (2.15) for the ring elastic deformations. With the freedom
to independently specify the carrier and ring speeds, the model covers planetary gears of
any combination of fixed and/or rotating carrier, sun, and ring gears. This model applies
for systems with any planet spacing by simply changing the planet position angles 1, but

this work focuses on equally-spaced systems.

The current model has substantial differences compared to the elastic-discrete model in
[21]. The model in this work connects the elastic ring to a vibrating ring rigid body, which
allows more accurate representation of the total inertia of the ring and any attached input
or output member, rather than connecting the elastic ring directly to ground as in [21].
Ref. [21] presents a stationary model that neglects speed-dependent gyroscopic (Coriolis)
and centripetal effects that result from carrier and/or ring rotation speeds. The elastic
ring in [21] considers only inextensible bending deformation. The present work models

bending, extensional, and shear deformations, and later results show extensional deformation
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is important. Furthermore, the present model includes ring rotary inertia. Ref. [21] neglects
the concentrated moment on the ring at the tooth contact point from the mesh force (Fig.
2.3) and the resulting tooth bending mesh deflection (the last term in Eq. (2.8)) because it
attaches the ring-planet mesh stiffness directly to the ring neutral axis. These features can

be significant for high-speed, lightweight (i.e., thin) gears such as those in aircraft engines.

2.3 Matrix Operator Form and Galerkin Discretization

The coupled partial and ordinary differential equations for the hybrid continuous-discrete
system can be collected into a compact form using extended matrix operators similar to what
was done in [21]. The vector x contains all motions of the system, both elastic and discrete.

The extended matrix operator form is

Myx + (.G, + Q.G )x + (K — Q*C, — Q*C, — 2Q,9.C,.)x = f, (2.16a)
w(6, 1) Mw G,w
X = : Mx = : G, x = 7 (2.16b)
q(t) M.uq 0
G w Lw+ (L, + Lf)q C,w
Gx = , Kx= , Cx = : (2.16c¢)
qu qu -+ (Km + Kf)w 0
ch Crcw f
CCX = 5 CTCX = ) f= 3 (216d)
qu 0 fd
T

Mw = | jou, Jov+ 1B, Jf+ 0| (2.17a)
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Jo(u’g — U) — :]15 —J()Uﬂ
Grw=2|Jy(vg+u)+J1Bg|, Gw=2|—-Jovy— JiBs] " (2.17Db)
JoBg+ Ji(u+vyp) —JoBo — Jivyg

a1 (u+vyg) +azBy — as[Be — (ve — ue)| + kuu
Lw = | —aq(ug 4 v99) — 22899 — a3[B — (v — ug)] + kv

—Bog — aa(ug +vge) + 3B — (v —1uy)]

N T
+ Z Ern N 0(0 — ) [— sin oy, cosca,, —I'cos arl ) (2.17c)
n=1
N . T
Lnq= Z krn AR 6(0 — aby,) [— sin ., cosa,, —I' cos ar} ) (2.17d)
n=1
A, = ¢, sina, — M COS QU — Uy, (2.17e)

ky(—xpcos — y, sin @)
Liq = |k,(zysin® — y,cos 0 — up/Ry) | (2.17f)
0
Jo(u+2vg —ugg) + 215,
Crw = | Jo(v —2ug —vgg) + J1(B — Bea) | - (2.17g)
Ji(v—2ug —vgp) + J2(B — Boo)

—Jou g9, Jo(—vg+uge) — 1By

Cew = | —Jyvgs — J1Bga, | » Crew = | Jo(ug+vgp) + J1800 | - (2.17h)
—J1v g9 — J2B.00 Ji(wg +v.9) + J28.00

f = |:<J0 + Jl)Qz, 0, 0:| . (2.171)

The operators M, K, C,., C., and C,.. are self-adjoint with the inner product
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(X1, X2) = [ W] wydf +qj qa, (2.18)
0
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where the overbar denotes complex conjugate. The gyroscopic operator G, is skew self-

adjoint with (x1, G,x2) = —(G,Xx1, X2), and so is the gyroscopic operator G..

Casting the hybrid model in the operator form of Eq. (2.16) with the inner product
in Eq. (2.18) allows straightforward application of the Galerkin method to discretize the

model. The solution of Eq. (2.16) is approximated with a series of linearly independent

vectors as
Ly Ly M,
Xa(‘ga t) = Zacl(t)XU(@) + Z asl(t)x2l(9) + Z bcm(t)x3m(6)
=0 =1 m=0
My, P,
+ D ban () Xam(0) + Y cep(t)X5(0)
m=1 p=0
= 3N+9
+> cap()x6p(0) + Y di(t)x7i(6), (2.19a)
p=1 k=1
coslf sin 16 0
0 0 cosmb
Xu = ) Xa21 = ) X3m = )
0 0 0
0 0 0
0 0 0 0
sin m# 0 0 0
X4am = y Xbp = y Xép = y X7k = ) (219b)
0 cos pf sin p# 0
0 0 0 eL

where the vector ey, which has dimension equal to the number of discrete degrees of freedom
(B3N +9), is a unit vector with the k-th element equal to one and all others zero. The
X1, s X7k in Eq. (2.19b) form a complete set of basis functions, so the approximate
solution x, converges to the true solution x as Ly, M,, and P, approach infinity. All these

basis functions are orthogonal to each other in terms of the inner product in Eq. (2.18). The
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basis functions xi,- -, Xep are different nodal diameter (i.e., Fourier series) components
of the total ring deformation. The coefficients (a.;, as;), (bei,bsi), and (ce, cs;) represent
the magnitude of contribution of the ¢-th nodal diameter component to the total radial

deformation, tangential deformation, and cross-sectional rotation angle, respectively.

Substitution of the approximate solution x, into Eq. (2.16) gives the residual
£(0,t) = Mx, + (2,G, + Q.G xa + (K — Q2C, — Q*C, — 20,9.C,o)xa — f. (2.20)

Requiring the residual to be orthogonal to each basis function in Eq. (2.19b) using the inner
product in Eq. (2.18) (for example, (&, xyu) = 0 for | = 1,2,--- L) gives the matrix

equation

Mz + (Q,.[G,] + Q[G))z + (K] — Q*[C,] — Q2[C.] — 202,Q.[C,])z = f, (2.21a)
z = [aco, Tty Qe Qsly 5 Qs b007 te 7bch7

b817 e 7bsMb> Ce0,y 7CCPb7 Cs1, """ 7cst7 dl? T 7d3N+9]T7 (221b)
where z has dimension 2L, + 2M, + 2P, + 3N + 12. Once z is determined, the approximate
solution x, can be recovered from Eq. (2.19a).
2.4 Steady Deformations

The planetary gear system deflects into a steady configuration due to applied torques
and centripetal excitations. The discretized governing equations for steady deformations z,

are obtained by eliminating time derivative terms in Eq. (2.21a) to give

([K] - Q%[Cr] - Qi [CC] - ZQTQC[CT’C])ZS = f. (222)
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Numerically solving Eq. (2.22) and using the resulting z; in Eq. (2.19a) gives the steady

deformation.

2.4.1 Steady Deformation Benchmark Comparisons

This section compares the steady deformations calculated from the analytical model with
those from two-dimensional finite element /contact mechanics (FE/CM) software [12, 72, 73].
Figure 2.4 shows the FE/CM model. The carrier (not shown) is modeled as a rigid body.
For this comparison, the inner surfaces of the sun and planet gears are constrained to remain
circular (in practice, stiff bearings and shafts occupy the gear interiors in Fig. 2.4), while

the outer surface of the ring gear can deform elastically.

'y
i

Wik,

Figure 2.4: FE/CM model

In the FE/CM model, it is not possible to specify a ring rigid body that connects to

the ring gear through an elastic foundation as done in the analytical model. Instead, the
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FE/CM software admits rigid-body motions of the ring gear according to the definitions

2m 2
T, = / 2u,(0) cos O do, Y = / 2u,(0) sin 6 d6,
0 0 (2.23)

u, = (Re/Ry) / "u,(6) do,

where u, represents the rigid rotation in radians times the ring gear base radius R,. u, and
v, denote the radial and tangential deflections of the ring outer surface, and R, is the radius
of the ring outer surface. The FE/CM model allows that the two translations (x, and y,.) are
resisted by translational stiffnesses and the rotation (u,) is resisted by a rotational stiffness,

but the present example constrains these motions to be zero.

The analytical model must be adjusted to facilitate the comparison because of the
above modeling differences. The elastic foundation and ring rigid body are removed. We
define rigid-body motions for the analytical ring in the same way as the FE/CM model
does in Eq. (2.23) and constrain them to be zero. The analytical model has its speed-
dependent centripetal terms in the left side of Eq. (2.22) removed because these terms are
not considered in the quasi-static analysis of the FE/CM model. These adjustments apply

only for this benchmarking section.

The comparison is conducted on a three-planet system with equal planet spacing. The
sun-planet and ring-planet tooth meshes at the three planets are out-of-phase. Table 2.1
shows the parameters for the FE/CM model. The carrier parameters are not shown because
it is stationary and fixed to ground. The sun gear is the input, and the ring gear is the output.
The input torque and speed are 600 N-m and 10,000 rpm, respectively. The analytical model
takes the parameters in Table 2.1 as well as the following parameters. The sun-planet and
ring-planet mesh stiffnesses are listed in Table 2.2. They are calculated from single-pair

sun-planet and ring-planet FE/CM models using an average slope method [86] at the same
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Table 2.1: Parameters of a three-planet FE/CM planetary gear model.

Sun Planets Ring
Number of teeth 29 34 97
Module(mm) 2.868 2.868 2.868
Inner diameter (mm) 60.00 72.00 2724
Root diameter (mm) 77.14 90.13 284.4
Outer diameter (mm) 89.64 100.9 300.4
Facewidth (mm) 25.40 25.40 25.40
Pressure angle (deg) 24.60 24.60 24.60
Young’s modulus (GPa) 202.1 202.1 202.1
Poisson’s ratio 0.3 0.3 0.3
Translational stiffness (N/m) 10 x 10° 10° 00
Rotational stiffness (N/m) 0 0 00
Center distance (mm) 90.33

Table 2.2: Sun-planet and ring-planet mesh stiffnesses.
Planet 1 Planet 2 Planet 3

Sun-planet mesh stiffness (N/m) 409.0 x 10° 425.9 x 10° 641.6 x 10°
Ring-planet mesh stiffness (N/m) 769.3 x 10° 516.9 x 10° 773.3 x 108

mesh cycle instance where the FE/CM planetary gear steady deformations are evaluated.

The ring inner diameter of the analytical model is a tunable parameter that is in between

the ring gear inner and root diameters of the FE/CM model. For the FE/CM model, ring
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gear deformations are measured along a circle that has the same radius as the analytical ring

neutral axis.

Figure 2.5 and Table 2.3 show steady deformations predicted by the analytical and
FE/CM models. When the ring inner diameter of the analytical model is set to the ring
gear root diameter (i.e., 284.4 mm), the elastic ring deformations (overall magnitudes) as

well as the sun and planet rotations (absolute values) calculated from the analytical model

800

m)
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-400
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— 300
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Figure 2.5: Ring (a) radial and (b) tangential deflections for the three-planet system in
Table 2.1. The (blue) circles represent the results from the FE/CM model, and the (black)
dotted line and (red) solid line represent the results from the analytical model with ring

inner diameter equal to 284.4 mm and 282.2 mm, respectively.
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Table 2.3: Discrete motions (unit: um) of the same system used in Fig. 2.5 calculated from
the FE/CM model (first row) and analytical model with ring inner diameter equal to 284.4

mm (second row) and 282.2 mm (third row).

Ts Ys Us G T (51 G2 M2 Ug (3 13 us

—258 —1.13 324 0 9.65 =302 0.0215 9.60 —-307 —0.0177 9.62 —307

—-0.991 0.572 474 0 9.62 —452 0 9.61 —454 0 9.63 —456

—-1.29 0.745 327 0 9.62 —-305 0 9.60 —307 0 9.64 —308

are larger than those from the FE/CM model. This difference comes from selecting the ring
inner diameter to be the root diameter, which neglects ring stiffness from the teeth. This
stiffness underestimation leads to an increase of steady deformations. By compensating for
the omitted tooth geometry with a smaller ring inner diameter (282.2 mm), the elastic ring
deformations, sun rotation, and planet rotations predicted by the analytical model match
well with those from the FE/CM model, as shown in Fig. 2.5 and Table 2.3. We do not
compare the sun and planet translations between these two models because their values are

small relative to the sun and planet rotations, but the quality of the agreement was similar.

For a three-planet system with equal planet spacing, identical bearing stiffnesses for all
planets, and in-phase tooth meshes, steady deformations are cyclically symmetric: the sun
gear has only rotation, all planets have the same deflections, and the ring elastic deflections
are periodic with N = 3 periods. The steady deformations for the out-of-phase system in
Figure 2.5 and Table 2.3 are not cyclically symmetric due to unequal tooth mesh stiffnesses
among the planets. The deviation from cyclical symmetry, however, is small despite the
significant differences of the sun-planet and ring-planet mesh stiffnesses among the three
planets (Table 2.2). Small differences of the sun-planet and ring-planet mesh loads among

the three planets (not shown) account for this small deviation.
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2.4.2 Steady Deformation Results and Discussion

This section studies steady deformations of a planetary gear with dimensional param-
eters shown in Table 2.4. Torque flows into the planetary gear through the carrier and out
from the ring. The sun is stationary and fixed to ground. The stiffness k., vanishes. The
ring rigid body is fixed (ky, ky, — o0) such that it neither translates nor deviates from its
angular orientation determined by its rotation speed. The elastic ring has a rectangular

cross-section with radial thickness H and axial thickness B.

Table 2.4: Dimensional parameters of an example planetary gear system with an elastic ring.

Stiffness (N/m) ke =1.00x10% ke, = 0, ke =200x10°, k, = 1.00x 10°, Rk, =
Rk, = 200 x 10°

Dimensions (mm) Rs=239.1, R.=90.3, R=147, I' =9.55, H =12.0, B =254

Mass (kg) m. = 5.00, m, = 0.640

Elastic modulus (GPa) FE =202, kG = 59.1
Density (kg/m?) p=7.85x10°
Pressure angle (deg) as = o = 24.6
Carrier torque (N-m) 7T, = —1500

Speed (rpm) Q. = —1600, ©, = —2100

Tooth Bending Effects on Steady Deformations
The tooth bending effect relates to the radial distance (I") from the ring contact point
to the ring neutral axis (Fig. 2.3). Use of I" = 0 indicates no consideration of tooth bending.

Figure 2.6 shows the elastic ring radial and tangential deflections for an out-of-phase

system with and without tooth bending. In both cases, the maximum radial deflections
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occur at the clockwise sides of the contact points for planet mesh forces acting clockwise
on the ring, while the maximum tangential deflections occur at the counter-clockwise sides.
Neither of the maxima occur at the contact locations. When tooth bending is considered,
the radial and tangential deflections (overall magnitudes) increase due to the concentrated
moment on the ring at the tooth contact point from the mesh force (Fig. 2.3). Figure 2.6
shows a clockwise shift of the ring radial and tangential deflections from the tooth bending

for clockwise mesh forces acting on the ring.

%10
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Figure 2.6: Ring radial (upper) and tangential (lower) deflections for a three-planet out-of-
phase system with nominal value of I" (dashed line) from Table 2.4 and zero value of I" (solid
line). The ring-planet contact locations are 0, 27/3, and 47 /3. Mesh stiffnesses have the

values in Table 2.2, and all other parameters are given in Table 2.4.

The ring deformations in Fig. 2.6 are the superposition of several nodal diameter com-
ponents from a Fourier series, while those in Fig. 2.5 look like nearly pure three nodal

diameter sinusoidal deformations. The elastic foundation causes this difference. When the
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elastic foundation stiffnesses (ky, k,) are reduced to 10% of the values in Fig. 2.6, the ring
deformations look like those in Fig. 2.5. The elastic foundation stiffnesses are determined
by the physical connection of the elastic ring to the ring rigid body or housing. With a
weaker connection, the elastic foundation stiffnesses are smaller, and the ring deformations

look more like single nodal diameter sinusoidal deformations.

The carrier rotation and planet 1 motions of the system with and without tooth bending
are shown in Table 2.5. Introducing tooth bending to the system does not alter the planet
radial deflection much because it is mainly determined by the centripetal acceleration of the
planet center of mass. The carrier rotation, planet tangential deflection, and, especially, the

planet rotation (absolute values) increase due to the tooth bending.

Table 2.5: Dimensionless carrier rotation and planet 1 motions of the same system used in

Fig. 2.6 with and without tooth bending.

Ue G m Uy
Without tooth bending (x1079) —132 57.8 —94.8 —11.8
With tooth bending (x1079) —146 57.6 —109 —25.0
Difference (%) 10.6 —0.346 15.0 112

Tooth bending meaningfully influences the steady deformations, which is evident in Fig.
2.6 and Table 2.5. Additional numerical experiments show that an increase of I’ magnifies
the effect of tooth bending on the steady deformations. For systems with high value of I

and a compliant ring, inclusion of tooth bending in the modeling is necessary.
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Ring Extensional and Shear Effects on Steady Deformations

The full elastic ring model considers bending, extension, and shear effects. A simpler
bending-extensional ring model (subsequently called the extensional model) results from
assuming the shear strain €; in Eq. (2.5) vanishes, that is, § = (v — uyp)/R. Further

imposing the inextensional assumption u = —vy leads to a model with only ring bending.

Numerical experiments on an out-of-phase stationary planetary gear system (mesh stiff-
nesses in Table 2.2 and other parameters in Table 2.4) show that the steady deformations
predicted by the three models are close to each other for a range of input torques up to
150,000 N-m, and a range of ring thicknesses (0.05 < H/R < 0.35). For these cases, the ex-
tensional and shear effects on steady deformations are minimal, and the inextensional model

is sufficient.

This result does not apply for the spinning planetary gear system. Results from the
extensional and full ring models have negligible differences for a range of thickness ratios at
either half (Fig. 2.7a) or four (Fig. 2.7b) times the nominal speeds in Table 2.4. Results of the
inextensional model have small but noticeable differences from those of the extensional and
full models at half nominal speed (Fig. 2.7a) and large differences at four times nominal speed
(Fig. 2.7b). The ring speed causes the large differences because the inextensional model
cannot capture the uniform expansion caused by high-speed ring rotation (Eq. (2.17i)).
Increasing the ring thickness ratio stiffens the system, yet the maximum ring radial deflection
increases for higher thickness ratio at high speed (Fig. 2.7b). This occurs because the
centripetal excitation (Eq. (2.17i)) simultaneously increases with the ring thickness through

the inertia quantities Jy and J;.

The results in Fig. 2.7 show that shear effects in the full model yield negligible differences

compared to the extensional model for steady deformations of the present system. The
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impact of shear effects in dynamic vibrations is not yet known.
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Figure 2.7: Maximum ring radial deflection for a three-planet in-phase system with a range
of H/R. The value of H is varied, and R is a constant. The results from the system with
inextensional, extensional, and full ring model are shown at (a) half and (b) four times of
nominal speeds in Table 2.4. Mesh stiffnesses have the values in Table 2.2, and all other

parameters are given in Table 2.4.

2.5 Spectral Analysis

The previous section focuses on steady deformations evaluated at one mesh instance.
The quasi-static steady deformations fluctuate over a mesh cycle, however, because the sun-
planet and ring-planet mesh stiffnesses vary periodically at the mesh frequency w,,. These
mesh stiffness variations are shown in Fig. 2.8. All the sun-planet mesh stiffnesses have

the same variations over a mesh cycle, but these variations may be in- or out-of-phase (and
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similarly for the ring-planet meshes).
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Figure 2.8: Dimensional sun-planet (solid line) and ring-planet (dashed line) mesh stiffnesses.

The phase difference between the sun-planet mesh stiffness for the n-th planet (ks (¢))
and that for the first planet (kg (¢)) is represented by s, such that kg, (t) = ke (t—27sn /Wi )-

Similarly, k.,,(t) = k. (t — 277y, /wm). Ref. [87] gives

VYsn = stn/@ﬂ-)? Yrn = _Zﬂ/}n/(%r) (2'24)

for clockwise planet rotation and

Vsn = _stn/(QTr)v Yrn = Zr¢n/(27r) (2~25)

for counter-clockwise planet rotation, where Z, and Z, are the sun and ring gear tooth
numbers. Ref. [87] presents Eqs. (2.24) and (2.25) under the assumption that one of the
sun, carrier, and ring is fixed. For general cases where all of the sun, carrier, and ring can

rotate, Eq. (2.24) is valid when Q. > 2, and Eq. (2.25) is valid when Q. < Q,. Here and
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in all subsequent and prior results, €2, and €, are positive in the counter-clockwise direction

and negative otherwise.

The ring-planet mesh phase in Eq. (2.24) for Q. > Q, and Eq. (2.25) for Q. < Q, is
illustrated as follows. In one complete revolution of a planet gear center around the ring gear,
Z, tooth mesh cycles are completed. In other words, when a planet gear center revolves by an
angle of 27 as seen by an observer fixed to the ring gear, the tooth mesh advances by a phase
of 2nZ,/(2m). Accordingly, when a planet gear center revolves by an angle of v, as seen by
an observer on the ring, the tooth mesh advances a phase of ¢, Z,./(27). This establishes the
magnitudes of v,, in Egs. (2.24) and (2.25). For Q. > Q, where the planet centers revolve
counter-clockwise relative to the ring (i.e., the carrier rotates counter-clockwise as seen by
an observer on the ring gear), the ring-planet mesh for the n-th planet has a phase lead of
nZ,/(2m) relative to that for the first planet. This yields the minus sign for 7., in Eq.
(2.24). For Q. < Q, where the carrier rotates clockwise as seen by an observer on the ring
gear, the ring-planet mesh for the n-th planet has a phase lag of 1,,Z,./(27) relative to that
for the first planet, so no minus sign appears for ,,, in Eq. (2.25). Similar arguments result
in the sun-planet mesh phase in Eq. (2.24) for Q. > €, and Eq. (2.25) for Q. < €,. The
special case 2. = (2, represents a trivial transmission system and is not addressed in this

work.

Two mesh phases are identical if their difference is an integer number of mesh cycles. The
relation v, = 7, holds for equally-spaced systems because of the conditions (Z; + Z,)/N =
integer and v, = 27(n — 1)/N. According to Eqgs. (2.24) and (2.25), vsn = 7 = 0 when
Zs/N and Z,/N are both integers. In this case, all of the sun-planet (ring-planet) mesh
stiffnesses are in-phase and have the same values at each instant over a mesh cycle. All other

cases are out-of-phase.

Two example three-planet systems are used in the following section with one having in-
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phase tooth meshes and the other having out-of-phase tooth meshes. The in-phase system
has Z, = 30 and Z, = 96. Sun-planet and ring-planet mesh stiffnesses for the first planet
are shown in Fig. 2.8, and all other parameters are given in Table 2.4. The out-of-phase
planetary gear results from simultaneously increasing the sun tooth number and decreasing
the ring tooth number by one relative to the in-phase system (i.e., Z; = 31 and Z, = 95).

All other parameters stay the same.

2.5.1 Spectra of Ring Deformation Measured in Different Refer-

ence Frames

This section focuses on ring deformation measured by sensors in different reference
frames with special attention to the differing frequency content. A sensor attached to the
rotating ring, as shown in Fig. 2.9, measures deflection of the material point to which it is
attached. One example is a strain gauge fixed to the ring. Ring fatigue lives are related to
the deflection or strain at a material point. A sensor fixed in space (on a gearbox housing,
for example) and directed at a spinning ring measures deflections of different material points
as they pass a fixed spatial location with speed €2,.. Finally, a sensor rotating with the
carrier and directed at the ring captures deflections of different material points passing a

carrier-fixed location with speed (2,..

Subsequent results examine the spectra of these three possible sensor locations for sys-
tems with in-phase and out-of-phase tooth meshes. To illustrate these spectra, we define
the following frequencies. The frequency at which the planets pass a fixed material point
on the ring is N|Q,.|, where [Q,.| is the absolute value of €2,.. The frequency at which the
planets pass a fixed spatial angular location is N|Q.|. Low-frequency content is defined as

that involving integer multiples of carrier speed or relative ring-carrier speed; high-frequency
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Ring neutral axis

Figure 2.9: Measuring ring deflection with a sensor rotating with the ring.

content is near multiples of the mesh frequency w,, = Z,.||.

Figure 2.10 shows spectra of the ring tangential deflection (from the discretized model
in Eq. (2.22)) measured by sensors in the three different reference frames for the in-phase
system. The measurement in the rotating ring reference frame contains only low-frequency
content at multiples of N|2,..|, where N = 3 for the present example. The measurement in
the stationary reference frame has only low-frequency content at multiples of N|{2.|. Only
a zero-frequency mean value appears when the ring deflection is measured by a sensor fixed
to the rotating carrier. For all three measurements, no high-frequency content occurs. In

particular, spectral lines at harmonics of mesh frequency are absent.

Figure 2.11 shows spectra analogous to Fig. 2.10 but for the out-of-phase system. The
low-frequency spectral content for all three measurements is nearly identical to that of the
in-phase system in Fig. 2.10 except for trivial differences in amplitudes. In the out-of-phase
case, however, high-frequency content occurs for all three measurements. For the measure-
ments in the rotating ring and stationary reference frames, sidebands occur near the first,

second, and fourth mesh frequency harmonics, while the mesh frequency harmonics them-
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Figure 2.10: Spectra of ring tangential deflection measured by sensors fixed to three different
reference frames for the three-planet in-phase system (Z; = 30 and Z, = 96) with Q, < Q. <
0. Sun-planet and ring-planet mesh stiffnesses for the first planet are shown in Fig. 2.8, and

all other parameters are in Table 2.4.

selves are suppressed. No spectral content occurs near the third mesh frequency harmonic.
The high-frequency content for the measurement in the rotating carrier reference frame has
only the first, second, and fourth mesh frequency harmonics but with no sidebands near
them; again the third mesh frequency harmonic is absent. To explain the phenomena in

Figs. 2.10 and 2.11, a spectral analysis is conducted subsequently.

The quasi-static ring-planet mesh loads vary periodically at the mesh frequency w,,.

Similar to mesh stiffnesses, all ring-planet mesh loads at the different planets have the same
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Figure 2.11: Spectra of ring tangential deflection measured by sensors fixed to three different

reference frames for the three-planet out-of-phase system (Z; = 31 and Z, = 95) with

Q, < Q. < 0. Sun-planet and ring-planet mesh stiffnesses for the first planet are shown in

Fig. 2.8, and all other parameters are in Table 2.4.

variations, but these variations may be in- or out-of-phase depending on the phase difference

Yrn, Which has the expression in Eq. (2.24) for Q. > €, and the expression in Eq. (2.25)

for 2. < ©,. We first focus on the case 2. > €).. The ring-planet mesh load for the n-th

planet reaches the same value as that for the first planet after a time interval of 277, /w,.

The Fourier representation of the quasi-static ring-planet mesh load for the n-th planet is
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therefore

Fn(t) = Fra(t — 27 /wm)

~ (2.26)
:Zchos[jwm(t—QW%n/wm)+gz§j], n=12--- N
§=0

where ¢y = 0 for the mean mesh load and D; and ¢; for j > 0 are the amplitude and
phase angle of the j-th mesh load harmonic for the first planet. The term in the parentheses
accounts for the phase difference between the mesh load for the n-th planet and that for
the first planet. The mean mesh load Dy, the mesh load harmonic amplitudes D;, and the
phases ¢; (which would in practice be numerically calculated from F,1(t)) are the same for

each ring-planet pair (i.e., for each n).

For a unit discrete load applied along the line of action at the contact point at the first
planet angular position ¥, = 0, the tangential deflection of the ring neutral axis is given as

the Fourier series

Vi(0) = Cicos(if + 1), (2.27)
=0

where C; and ¢; are the amplitude and phase angle of the i-th nodal diameter component.
Because of ring axisymmetry, a unit discrete load applied at 1, results in the same ring
deformation as for a unit discrete load at 1y = 0, but with the deformed shape rotated by

U, i.e.,
Vi(0) = Vi(0 —y,) = i Cicosli(0 —¥n) + @i, n=1,---,N. (2.28)

i=0

The total ring tangential deformation is the superposition of deflections from all the
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ring-planet mesh loads, which gives

v(t,0) = F(t)Va(0). (2.29)

Substitution of Egs. (2.26) and (2.28) into Eq. (2.29) and invoking the mesh phase 7, in
Eq. (2.24) for Q. > Q, results in

o oo N
v(t,0) = % Z Z Z CiDj{ cos[jwmt — 10 + ¢; — @;] cos(§ Z, + i),

— sinfjwmt — 0 4+ ¢; — ;] sin(jZ, + i), (2.30)
+ cos[jwmt + 10 + ¢; + @;] cos(jZ, — i)y,

— sin[jwmt + 30 + ¢j + %] Sin(jZ’l‘ - Z)wn}

Ring radial deformation (u(t,#)) and cross-sectional rotation angle (3(t,#)) have this same
form except the numerical values of the Fourier coefficients analogous to C; and ¢; are
different. Therefore, conclusions regarding spectral content of v(¢,60) in Eq. (2.30) also

apply to u(t,0) and 5(t,0).

We now analyze Eq. (2.30) for values of 6 corresponding to different sensor locations.
Throughout this work, the angular coordinate # is measured relative to the rotating base
vector E; fixed to the carrier. Thus, the angular position of a sensor fixed to the ring,
as shown in Fig. 2.9, is given in terms of the speed of the ring relative to the carrier
as 6 = Q,..t + 0p. Similarly, the angular position of a sensor fixed in space is given by
0 = —Q.t + 0. For a sensor fixed to the carrier, § = ,. In all three cases, we choose 6y = 0

without loss of generality in what follows.

For the ring deflection at a material point (measured by a sensor fixed to the rotating
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ring), substitution of § = €,.t into Eq. (2.30) gives

oo oo N
V(t)]ring = % DD D Cily{ cos|(jewm — i)t + &5 — i) cos(i 2y + i)

— sin[(jwm — 1)t + ¢ — @il sin(§ Z, + i)y, (2.31)
+ COS[(jwm + iQTC)t + qu + Qpi] COS(jZT - Z)@Z)n

where ,. < 0 because . > Q, was used to obtain Eq. (2.30). Eq. (2.31) shows that
the deflection at a material point is a superposition of different frequency components that
depend on w,, and €2,.. Each frequency component is associated with a specific harmonic of
mesh frequency (i.e., j) and a specific nodal diameter . This nodal diameter can be quickly
identified from Eq. (2.31). For example, a measured frequency component w = jw,, — i€
near the j-th mesh frequency harmonic has the associated nodal diameter i = (w—jwy,) /|2l
The amplitudes of the frequency components jw,, £i€,. depend on the product C;D;, where
the meanings of C; and D, are evident in Eqgs. (2.26) and (2.27). The frequencies at which
the frequency components appear do not depend on C; and D;, however, but rather depend

on only w,, and £,..

Most frequency components in Eq. (2.31) are not present and would not be measured

by the sensor because the following identities hold for integer values of I:

N N, [/N = integer N
Z cos Y, = / & : Z sin Iy, = 0. (2.32)
n=1 0, [/N # integer n=1

According to Eq. (2.32), the frequency component jw,, — i€).. in Eq. (2.31) is present (in
general) if (jZ, 4+ i)/N = integer, and the frequency component jw,, + i€),.. is present (in

general) if (jZ, —i)/N = integer. Other frequency components are suppressed.
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When j = 0 and ¢ # 0, jw,, + i€, as given above is negative. In such cases, the
associated frequency component in the measured spectrum is |jw,, +i€2.|. This prescription

applies whenever a frequency component has a negative value.

This frequency occurrence rule explains the spectral content for the in-phase system in
Fig. 2.10a and out-of-phase system in Fig. 2.11a. The low-frequency content in Figs. 2.10a
and 2.11a are associated with j = 0. For j = 0, a frequency component i|{2,.| can occur
only if 7 is an integer multiple of N = 3. The two sidebands w,, + 5¢2,. and w,, + 2€2,.. on
the left side of the first mesh harmonic (j = 1) for the out-of-phase system (Z, = 95) in
Fig. 2.11a are associated with ¢ = 5 and ¢ = 2, respectively. They satisfy the condition
(jZ, —i)/N = integer. The two sidebands w,, — . and w,, — 4€,. on the right side of
the first mesh harmonic are associated with ¢ = 1 and 7 = 4, respectively. They satisfy the

condition (jZ,+14)/N = integer. All other frequency components can be explained similarly.

Substitution of w,, = Z,.|Q,..| and —Q,.. = |Q,.| into the frequency occurrence rule gives
that the frequency component (jZ, + i)|Q,.| can occur only if (jZ, + ¢)/N = integer, the
frequency component (jZ, — 1)|€,.| can occur only if (jZ, — i)/N = integer, and other
frequency components are suppressed. In other words, the frequency components can only
occur at integer multiples of N|Q,.|. For the special case where €2, = 0, this rule agrees
with that in Refs. [2, 3| stating the sidebands (or frequency components) only occur at
integer multiples of N|{2.| for planetary gears with a stationary ring. The present work is

not restricted to a stationary ring.

According to the frequency occurrence rule, sidebands near the j-th mesh frequency

harmonic have the associated nodal diameters

i =|sN +mod(jZ., N)|, s=0,1,2,---, (2.33)
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where mod(A, B) represents A modulo B. Eq. (2.33) gives a rule of which nodal diameters
can be measured for a certain mesh frequency harmonic. For example, the sidebands w,, +
5e, Win + 200, Wi — Qpe, and wy, — 4. near the first mesh frequency harmonic (j = 1)
for the three-planet (N = 3) out-of-phase system (Z, = 95) in Fig. 2.11a are associated
with the nodal diameters 5, 2, 1, and 4, respectively. All of them satisfy Eq. (2.33). The
sideband at w,, — £,. has the highest amplitude among the four sidebands, indicating the
ring tangential deflection excited by the first mesh load harmonic is dominated by one nodal

diameter deformation.

Eq. (2.31) reveals that the amplitudes of the frequency components jw,, + i€),. are
determined by the product C;D;. Tables 2.6 and 2.7 show the amplitudes of D; and Cj, as
determined from the analytical model in Eq. (2.22). The mean mesh load Dy has the same
value for the in-phase and out-of-phase systems. As a result, amplitudes of the low-frequency
content (j = 0) are identical for the in-phase (Fig. 2.10a) and out-of-phase (Fig. 2.11a)
systems. The spectral line at 6|Q,.| for the out-of-phase system, although its associated
nodal diameter amplitude Cj is small (Table 2.7), has relatively higher amplitude than the

high-frequency sidebands because the mean mesh load Dy is large compared to D; for j > 0.

Table 2.6: Dimensionless amplitudes of ring-planet mesh load harmonics for the in-phase
system in Fig. 2.10 and the out-of-phase system in Fig. 2.11. They are determined from the
analytical model in Eq. (2.22).

DO D1 D2 D3 -D4
In phase (x1076) 103 0 0 0 0
Out-of-phase (x107°) 103 5.99 2.96 0 1.39

Table 2.6 shows that all mesh load harmonics vanish for the in-phase system, which

eliminates all high-frequency content for the in-phase system in Fig. 2.10a. Because the
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Table 2.7: Dimensionless nodal diameter amplitudes (unit: 107?) of ring tangential deflection
along the neutral axis for an elastic ring (separated from the planetary gears) subject to a
unit discrete load applied at only one mesh along the line of action. The elastic ring is from
the system used in Fig. 2.10 and 2.11, and its parameters are assumed to have negligible

change for different phasing conditions.

C 0 Cl 02 C 3 04 05 CG

135 177 98.6 62.7 41.5 26.8 16.8

out-of-phase system has zero amplitude for the third mesh load harmonic (i.e., D3 = 0),
sidebands near the third mesh frequency harmonic are absent in Fig. 2.11a. Two sidebands
near the fourth mesh frequency harmonic are observed for the out-of-phase system in Fig.
2.11a. The sideband at 4w, — Q.. (associated with C) has higher amplitude than the
sideband at 4w, + 2Q,. (associated with Cy) because C; > Cy, as shown in Table 2.7. All

other sideband amplitudes can be explained similarly.

The reason why certain mesh load harmonics for the in-phase and out-of-phase systems

in Table 2.6 vanish is given as follows. Moment balance for the carrier gives

> Fu=T., (2.34)

where F;,, is the bearing force for the n-th planet in the tangential direction. Force balances

of the planets in the tangential direction yield
Fy, cos o + Frp cosa, = Fyy, (2.35)

where [, is the sun-planet mesh force for the n-th planet. Moment balances at the planets
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give

Fy, = F,, cos a,./ cos ag, n=12---,N. (2.36)

Substitution of Egs. (2.35), (2.36), and (2.26) into Eq. (2.34) leads to

oco N

2 ¢os Z Z Djlcos(jwmt + ¢;) cos j Z,1p, — sin(jwpt + ¢;) sin jZ,4,| = Te. (2.37)

j=0 n=1

Applying Eq. (2.32) to Eq. (2.37) gives that the net torque components for the j-th mesh
frequency harmonic in Eq. (2.37) vanish for jZ./N # integer. The amplitude of the j-th

mesh load harmonic
D; =0, for jZ,/N = integer and j > 0 (2.38)

to satisfy Eq. (2.37). Therefore, Dy = Dy = D3 = D, = 0 for the three-planet in-phase
system (Z, = 96) and D3 = 0 for the three-planet out-of-phase system (Z, = 95), as given
in Table 2.6.

For the deflection measured by a sensor fixed in space, § = —€.t is substituted into
Eq. (2.30). The result is the same as Eq. (2.31) except €2, is replaced by —€., and, after
using Eq. (2.32), gives the following frequency occurrence rule: the frequency component of
Jwm — 182 can occur only if (jZ,—1)/N = integer, and the frequency component of jw,, +i€2.
can occur only if (jZ, 4+ i)/N = integer. Other frequency components are suppressed.
This frequency occurrence rule applies to systems with any value of €. under the condition
Q. > ,. This frequency occurrence rule, the amplitudes D; in Table 2.6, and the amplitudes
C; in Table 2.7 explain the spectral content of the measurements in the stationary reference
frame for the in-phase system in Fig. 2.10b and out-of-phase system in Fig. 2.11b. These

explanations are similar to those given for Fig. 2.10a and 2.11a.
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For the deflection measured by a sensor fixed to the rotating carrier, substitution of
0 = 0 into Eq. (2.30) gives the expression in Eq. (2.31) but with €2,. = 0. Consequently,
the measurement will have frequency content only at integer multiples of mesh frequency.
There will be no sidebands near these mesh frequency harmonics. Because the mesh load
harmonics D; for the in-phase system vanish for j > 0 (Table 2.6), no non-zero frequencies
are present in Fig. 2.10c. The third mesh frequency harmonic does not appear in Fig. 2.11c

for the out-of-phase system because D3 = 0 (Table 2.6).

Sidebands appear in the spectra of the measured deflection in the rotating ring and
stationary reference frames, but do not appear for a sensor in the rotating carrier reference
frame. This phenomenon is shown in Fig. 2.11 and confirmed by the foregoing spectral
analysis. Generalizing the spectral analysis answers the question: If a sensor rotating with
an arbitrary speed €2, measures ring deflection, what frequency content is possible in the
measurement? Substitution of § = Qu.t, where Q,. = Q, — Q,, into Eq. (2.30), and
invoking Eq. (2.32) yields the following generalized frequency occurrence rule: the frequency
component of jw,, + i€, can occur only if (jZ, —i)/N = integer; the frequency component
of jwm, — Q. can occur only if (jZ, + i)/N = integer; other frequency components are

suppressed. This occurrence rule applies to systems with €2, > €Q,.

For systems with €. < €2,, substitution of Eq. (2.26), Eq. (2.28), the mesh phase ,,
in Eq. (2.25), and 0 = Q,t into Eq. (2.29) gives

==y > Z C;D;{ cos|(jwnm + Qe )t + ¢ + @3] cos(j Zy + )by

i=0 j=0 n

l\DI»—

+ sin[(jwm + 1Qe)t + ¢; + @i] sin(j Z, + i)y (2.39)
+ cos[(Jwm — 1Qac)t + ¢; — pi] cos(jZ, — i)y

+ sin[(jwp, — iQac)t + ¢ — il sin(§Z, — i)y, }.
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For a sensor rotating with an arbitrary speed €2, the measured spectra follow the rule: the
frequency component of jw,, — i€, can occur only if (jZ, —i)/N = integer; the frequency
component of jw,, +i€),. can occur only if (jZ,414) /N = integer; other frequency components

are suppressed.

The frequency occurrence rules for the frequency components jw,, — i€, and jw,, + 24

under Q. > Q, and Q. < €, are summarized in Table 2.8.

Table 2.8: Summary of the frequency occurrence rules of the frequency components for the
ring deflection measured by a sensor rotating with speed §2,. The frequencies in the upper
row are the only possible frequency components, and they occur only when the conditions

in the table hold.

JwWm — 18 JWm + 18,
Systems with Q. > Q, (jZ, +1)/N = integer (jZ, —1i)/N = integer
Systems with Q. < Q, (jZ, —i)/N = integer (jZ, +1i)/N = integer

2.5.2 Floating Central Members

Central members (sun, carrier, and ring rigid body) have no translations for in-phase
planetary gears. Thus, whether a central member floats (very low or zero translational
bearing/support stiffnesses) or not does not affect ring elastic deformations for in-phase
systems. Considering out-of-phase systems, this section investigates the effects of a floating
central member on the spectral content of measured ring deflection for sensors attached to

the rotating ring, stationary, and rotating carrier reference frames.

Figure 2.12 shows spectra of ring tangential deflection measured by sensors in the three

different reference frames for the same out-of-phase system in Fig. 2.11 but with a floating
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carrier (k. = 0). All the low-frequency spectral lines for the three different measurements
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Figure 2.12: Spectra of ring tangential deflection measured by sensors fixed to three different
reference frames for the same out-of-phase system (Z; = 31 and Z,. = 95) used in Fig. 2.11,

but with a floating carrier.

have trivial changes compared with Fig. 2.11, but all the high-frequency spectral lines

disappear. Similar behavior happens for the out-of-phase system with a floating sun or ring.

Force equilibrium balances for a floating carrier give

N N
D Fasin(tn, — an) + Y Fsin(y, + ar) =0, (2.40a)
n=1

n=1

N N
Z Fy, cos(v, — ai) + Z F,, cos(, + ;) = 0. (2.40Db)
n=1 n=1
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Substitution of Eqs. (2.36) and (2.26) into Eqgs. (2.40) and considering the mesh phase 7.,
in Eq. (2.24) for Q. > Q, gives

—_

o N
cosa, . . ‘
- E E {[sin(jwmt + ¢; — aS)COSOé + sin(jwmt + ¢; + a,)] cos(j Z, + 1)y,
=0 n=1 s

l\’)

CoS (v, , o
+[cos(jwmt + ¢ — as)cosa + cos(Jwmt + ¢j + )] sin(j Z, + 1),

ar + sin(jwmt + ¢; — )] cos(jZ, — 1),

s
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Considering Eq. (2.32), the net force components for the j-th mesh frequency harmonic in
Eq. (2.41) vanish for (jZ, & 1)/N # integer. For values of j where (jZ, +1)/N = integer,
the amplitude of the j-th mesh load harmonic D; must vanish to satisfy Eq. (2.41). The
same conclusion results for the case 2. < €2,.. Similar analyses for a floating sun or ring lead

to the same conclusion as for a floating carrier.

The foregoing analysis yields Dy = Dy = Dy = 0 for the three-planet system with
Z,. = 95. Therefore, the spectral content near and including the first, second, and fourth
mesh frequency harmonics disappear for all three measurements in Fig. 2.12. No spectral

content near the third mesh frequency harmonic could occur no matter whether any of the
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carrier, sun, and ring float or not (Figs. 2.11 and 2.12) because D3 = 0 (Eq. (2.38)).

Because the ring deflection at a material point (measured by a sensor fixed to the
rotating ring) affects ring fatigue life, a floating central member design can reduce fatigue

failure by eliminating some of the high-frequency fluctuations in a quasi-static view.

2.6 Conclusions

This paper investigates steady deformations and measured spectra of spinning planetary
gears with a deformable ring and equally-spaced planets. A dynamic model is derived in the
carrier reference frame with gyroscopic and centripetal effects from carrier and ring rotation.
The elastic ring model includes bending, extensional, and shear deformations. Fach ring-
planet mesh force acts at a contact point radially away from the ring neutral axis and thus

imposes a concentrated tooth bending moment on the elastic ring.

Steady deformations are numerically calculated from a quasi-static model reduced from
the dynamic one, and the results match well with those from a finite element/contact me-
chanics model. The concentrated tooth bending moments can significantly influence the
steady deformations depending on the radial distance from the ring contact point to the ring
neutral axis and on ring compliance. Ring extensional effect on steady deformations can be

significant at high-speed ring rotation, while ring shear effect is minimal in this study.

In-phase and out-of-phase systems have much different spectral content for the ring
deflection measured by sensors fixed to one of: a material point on the rotating ring, space-
fixed ground, or the rotating carrier. For all three measurements, an in-phase system has
only low-frequency content associated with the mean value of the ring-planet mesh load.

In contrast, an out-of-phase system has high-frequency spectral lines near multiples of mesh
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frequency in addition to the low-frequency content. For an out-of-phase system, sidebands in
the measured spectra occur near harmonics of the mesh frequency for a sensor fixed to a point
on the rotating ring or fixed to ground. In contrast, spectra of the ring deflection measured by
a sensor fixed to the rotating carrier have only mesh frequency harmonics and no neighboring
sidebands. Simple rules are derived that govern the occurrence of all frequency components
(including low-frequency and high-frequency content) of the ring deflection measured by a
sensor rotating at an arbitrary speed (which includes the three specific cases listed above)

for in-phase and out-of-phase systems.

A floating central member eliminates high-frequency content associated with certain

mesh frequency harmonics for out-of-phase systems, potentially reducing fatigue failure.



Appendix A

A.1 Energy Expressions for the Sun, Carrier, Planets,

Ring Rigid Body, and Sun-Planet Meshes

The kinetic energies for the sun, carrier, and ring rigid body are
Ky, = L tn — Qoun)? In + Qerp)? E I,JR)Z, h= b
h= 2mh[(£1?h Un)” + (Un + Qexn)”] + 2( n/ B, =3$,60,

where my, and I, represent mass and moment of inertia.
The kinetic energy of the n-th planet is

1 . .
Kn :émp{(Cn - Qc77n)2 + [nn + QC(RC + C")]2}
1
S Ry w120 N

where m,, and I, are planet mass and moment of inertia.

The strain energies in the sun, carrier, and ring rigid body supports/bearings are

1
Vh = é[kih(l’i + yi) + k‘huui]’ h= S, C, b.
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The strain energy in each carrier-planet bearing is

1
-2

+ ky (0, + z.sin 1, — yecosh, — uc)Q], n=1,2---,N.

Vi (ke (G — zecosthy, — yesin n)?

The sun-planet mesh stiffness strain energy for the n-th planet is

1
VsnzéksnAz n=1,2---,N,

sn?

Agp = (—xssin g, + ys cos g, + us) + (=, sin ag — 0y, cOS ag + Uy,

where «; is the sun-planet pressure angle and v, = ¥, — a.

A.2 Nondimensional Matrices and Vectors: M,, G;, K,

Cd, and fd

Md = diag(Mba Mc: Msa Mh e 7MN)

M]:dlag(mj,m]7[])7 j:S,C,b,l,-.. ’N

Gd = diag(Gln G07 G87 G17 T 7GN)
0 —Qmj 0
G]: QmJ 0 0], j:S,C,b,l,"',N

0 0 0



K, 0 0 0 0
> Ki + K 0 K., K
> K+ K, K, K
Kq= K, 0
K
_symmetric

N
Kc2
N
Ks2

KN

pp

K, = diag(kb 4 (b K), ey (e  Ke), e kav/Rg)

Kh - diag(kha kh7 khu)7 h = 5,C

K;p = K?:a + K?s + K:l:s

ke cos® iy, + kysin® by, (ke — k) sint, costy, —k, sin1,

K}, = ke sin® i, + k, cos® 1, k, cos i,

symmetric Ky,

—kecosp,  kysiney, 0
K& = | —kesing, —k,cost, 0
0 —ky, 0
K, = diag(k, k), 0)
sin? o, —sina, cosa, —sinaq,

n
K5 =k, cos? a COS (v

symmetric 1
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Sin2 zﬂsn —sin 2ﬂsn COS wsn —sin wsn
K}, = ke cos? gy, COS Ygn
symmetric 1
Sin g, Sin o Sin g, COs g — SN Yy,

n .
K5 = ksn | —costhgnsina,  — costhy, cosay  €OS Y

— sin oy, — COS (g 1
sin? oy Sin g COS vy — SIN Qg
n
K = kg cos? oy — COS (g
symmetric 1

Cd = diag<cb7 Cca CS7 Cl7 e 7CN)

C] = dlag(mj,m],()), j: S, C, b717“' 7N
T
£, = {be, £, f7, f7, ... f]ﬂ
T
fh:|:0 0 Th:| ) h:S7C,b

T
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Chapter 3

Free Vibrations of Spinning
Epicyclic/Planetary Gears with a

Deformable Ring

3.1 Introduction

Throughout this work, the term planetary gear is used even though the model and
analysis allow for arrangements where all or any two of the sun gear, carrier, and ring gear

spin.

Planetary gears in aerospace applications have thin ring gears to reduce weight. These
thin ring gears, as demonstrated in experiments [88-91], deform elastically when transmitting
power. Gyroscopic and centripetal effects that arise from carrier and/or ring gear rotation
become significant at the high speeds of aerospace applications. This work investigates the

natural frequencies and vibration modes of planetary gears with an elastic ring and gyroscopic
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(i.e., Coriolis) and centripetal acceleration effects.

Planetary gears have highly structured modal properties due to their cyclic symmetry.
The modal structure was observed first from lumped-parameter models where the sun, car-
rier, planets, and ring are treated as rigid bodies. Botman [5] and Kahraman [6] identified
modal structures for three-planet and four-planet systems, respectively. No general conclu-
sions were derived. Lin and Parker [9] identified the modal structure for planetary gears
with equally-spaced planets and proved there exist exactly three types of modes: rotational,
translational, and planet modes. Planet modes do not occur for three-planet systems. For a
rotational mode, the central components (the sun, carrier, and ring) have only rotations, and
all planets have the same motions that are all in-phase. In a translational mode, the central
components have only translations, and the planets vibrate with a known phase relationship.
In a planet mode, the central components have no motions, and only the planets vibrate,
again with a specified phase relationship but different than that for translational modes.
Ericson and Parker [31] confirmed this modal structure in experiments. Cooley and Parker
[10] proved that the modal structure persists for planetary gears with gyroscopic effects, but
the real-valued modes evolve into complex-valued ones. Shi and Parker [92] derived modal
properties of general cyclically symmetric structures with central components having planar
vibrations, which include planetary gears. Dong and Parker [93] extended that derivation
[92] to cyclically symmetric systems with central components vibrating as three-dimensional

rigid bodies.

The modal properties of planetary gears that have lumped-parameter sun, carrier, and
planets coupled to an elastically deformable ring gear were investigated by Wu and Parker
[21]. They grouped vibration modes of the elastic-discrete system into rotational, transla-
tional, planet, and purely ring modes. The discrete motions for the rotational, translational,

and planet modes are similar to those in [9], and the elastic ring has unique deformations
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associated with each of the three types of modes. The purely ring modes have only ring
deformations, and all the discrete motions vanish. Ref. [21], however, ignored the gyro-
scopic and centripetal effects that make the vibration modes complex-valued. The elastic

ring model has only inextensible bending deformation.

An elastic-discrete planetary gear model developed in Chapter 2 is adopted in this study.
Gyroscopic and centripetal effects are included for all spinning components. The elastic ring
model includes bending, extensional, and shear deformations as well as rotary inertia. Some
studies [21, 80, 94, 95] considered only the inextensible bending deformation for an elastic
ring, and a few studies [77, 82] employed extensional ring models that have bending and
extensional deformations. Fewer studies [74] considered all three deformation components.
For planetary gears with an elastic ring, whether the ring extensional deformation, shear

deformation, and rotary inertia change the modal structure or not is unknown.

The model in Chapter 2 includes a concentrated tooth bending moment on the ring
resulting from the ring-planet mesh forces acting at a contact point radially away from the
ring neutral axis. Most literature [21, 77, 79, 96-98] that modeled gears as elastic rings
ignored this concentrated tooth bending moment by applying the mesh force directly on
the ring neutral axis. The effects of the concentrated tooth bending moment on the modal

structure are unknown.

This work investigates free vibrations of spinning planetary gears with a deformable
ring. The eigenvalue problem of the elastic-discrete model from Chapter 2 is solved for the
natural frequencies and vibration modes. Predictions from the analytical model are compared
against those from a finite element/contact mechanics model [12, 72, 73] for verification.
A numerical example illustrates the modal structure, followed by a generalization of the
structured modal properties to planetary gears with an arbitrary number of equally-spaced

planets. A perturbation analysis illustrates the evolution of vibration modes from stationary
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to spinning planetary gears.

3.2 Model Overview and Eigenvalue Problem

Figure 3.1 shows the elastic-discrete planetary gear model for planar motions from
Chapter 2, which is summarized below. The ring gear is modeled as an elastic ring with
neutral axis radius R, cross-sectional area A, density p, Young’s modulus F, shear modulus
G, and shear correction factor x [78]. The sun, carrier, and N planets are treated as rigid
bodies with masses mg, m., and m, and moments of inertia I, I., and I,. The elastic
ring has a rigid body (mass m;, and moment of inertia [,) at its center to accommodate an
input or output member attached to the ring. This ring rigid body is depicted by the large,
shaded circle in Fig. 3.1. The ring rigid body connects to the ring neutral axis through
a uniform elastic foundation with radial (k,) and tangential (k,) distributed stiffnesses per

unit arclength of ring neutral axis.

Each of the central components (sun, carrier, and ring rigid body) has one rotational and
two in-plane translational degrees of freedom that are constrained by rotational and isotropic
translational stiffnesses representing the bearings and supporting structures. All planets are
identical and equally spaced, and each of them has one rotation and two translations, which
are constrained by two radially and tangentially oriented linear stiffnesses that are identical
for all planets. The sun-planet and ring-planet mesh interactions are modeled as linear
stiffnesses along the line of action. Although these mesh stiffnesses change periodically over
a mesh cycle, the free vibration (i.e., eigenvalue) analysis uses the average values of the mesh
stiffnesses over a mesh cycle. These constant mesh stiffnesses kg, and k,, are the same for
all planets (but kg, # k). The sun-planet and ring-planet pressure angles are denoted as

as and «,. Each ring-planet mesh force acts at a contact point with a radial distance I’
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Figure 3.1: Schematic of a planetary gear model with a deformable ring.

away from the ring neutral axis, creating a concentrated moment on the ring neutral axis,
as shown in Fig. 2.3 in Chapter 2. The carrier and ring have speeds (2. and €2,., respectively.

Speeds of the sun and planets can be derived from kinematics. There is no constraint that

any central component be stationary.

The elastic ring has the inertia quantities

Joz/Ap(R—H‘)/R dA, le/Ap(Per)r/R dA,

(3.1)
Jo :/p(R+r)r2/R dA
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and stiffness quantities

a1 = E[(b Qg = EIl/R, kﬁ = E[Q/RQ, Q3 — /iG[Q,

3.2
10:/1/(R+r) dA, Ilz/r/(R+r) a4, 12=/r2/<R+r> dA, 32

where r is the radial distance from the ring neutral axis to a material point on the ring.

The deflection of the whole system is represented by the vector x(6,t) that combines
the elastic ring deformations u(#,t), v(0,t), and §(6,t) and the discrete motions q(t) of the

sun, carrier, planets, and ring rigid body as

T
e for ] s
T T
wZ[u v 6} : q:{pr p. pl p{ ... PL| - (3.3b)
T
pr = |:~Th Un Uh} , h=s,c,b, (3.3¢)
T
D = [Cn m un} . n=1,...,N. (3.3d)

All the coordinates in x are described in the rotating carrier reference frame with speed €2..
{E1, Eo, E;3} (Fig. 3.1) defines the carrier-fixed basis. The vector w(f,t) contains the elastic
ring deformations consisting of the radial (u(0,t)) and tangential (v(6,t)) deflections of the
ring neutral axis and its cross-sectional rotation angle (3(0,t)), where 6 defines an angular
position relative to the rotating basis vector E;. A given value of 6 defines an angular
orientation in the carrier reference frame but not a specific point on the ring gear; because
the ring rotates relative to the carrier, different points on the ring rotate past an angular
orientation defined by a given value of 6. The translations of the central components are
represented by xp,y, for h = s,¢,b in the E; and E, directions. Planet translations are

described using radial (¢,) and tangential (7,) coordinates. The rotational displacements



72

uj for 5 =1,...,N,s,c,b are the rotations in radians times the gear base radii i, and R;,
the center distance R, for the carrier, and the radius R, for the ring rigid body. The planets
are positioned at 1, with respect to the rotating basis vector E;. Without loss of generality,

the first planet has angular position ¥ = 0.

Nondimensionalization of the system deflections and parameters follows that in Chapter
2. The dimensionless eigenvalue problem of the elastic-discrete model is written in extended

operator form as

MMy + A\(Q,G, +Q.G.)x + (K — Q*C, — Q2C, — 20,9.C,.)x = 0, (3.4)

where A is the eigenvalue; M and K are extended mass and stiffness operators, respectively;
G, and G, are extended gyroscopic operators; and, C,., C,, and C,.. are extended centripetal
operators. All these operators are identical to those in Chapter 2. The operators M, K, C,.,

C., and C,. are self-adjoint with the inner product

2

(X1, X2) = w, wydf + q; qo, (3.5)
0

where the overbar denotes complex conjugate. The gyroscopic operators G, and G, are

skew self-adjoint with the inner product in Eq. (3.5).

The model in Eq. (3.4) differs from the elastic-discrete model in [21]. The current
model has a vibrating ring rigid body that models an additional component connecting
to the elastic ring, while Ref. [21] just connects the elastic ring to ground. Gyroscopic
and centripetal effects are present in Eq. (3.4) for spinning systems, but these effects are
not considered in [21] for stationary systems. The present model considers ring bending
deformation, extensional deformation, shear deformation, and rotary inertia as well as a

concentrated tooth bending moment resulting from each ring-planet mesh force acting at a
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contact point radially away from the ring neutral axis. In contrast, Ref. [21] considers only
inextensible bending deformation and neglects the other features listed above.

Galerkin’s method is used to discretize the eigenvalue problem in Eq. (3.4). The eigen-

mode x is approximated as a truncated series of basis functions as

Ly My Py 3N+9
@ = axu@®+ > buxen®+ S oxa@+ . dxald),  (36a)
l=—1Ly m=—Mj p=—PF, k=1
e 0 0 0
0 eimo 0 0
X1 = y X2m = y X3p = ) y Xak = ) (36b)
0 0 eIPY 0
0 0 0 e

where ey, is a unit vector of dimension 3N +9 (i.e., the number of discrete degrees of freedom)
with the k-th element equal to one and all others zero. The ring radial deflection, tangential
deflection, and cross-sectional rotation angle have the complex-valued nodal diameter (i.e.,

Fourier series) expansions

Ly M, P,
w@) =Y e, w@) = Y bad™ B0 = D e (37)
I=—1Ly m=—M, p=—"

The discretization error in Eq. (3.6a) approaches zero as the integers Ly, M,, P, — cc.

Substitution of Eq. (3.6a) into Eq. (3.4) and requiring that the inner product of the
residual (i.e., the result of the substitution) with each of the basis functions in Eq. (3.6b)

vanishes gives the matrix eigenvalue problem

VARS [CL,Lb <. ap, b*Mb be C-p, --- Cp d1 dgNJrg]T (38b)
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where the eigenvector z has dimension 2L, + 2M;, + 2P, + 3N + 12. Numerically solving the
discretized eigenvalue problem yields the natural frequencies w; = Im()\;) (imaginary part of
A;) and eigenvectors z;. Vibration modes are determined by substitution of the corresponding

elements of z; into Eq. (3.6a). The dimensionless natural frequencies w; are related to the

dimensional natural frequencies @; according to @; = w;+/k¢/(m,R).

3.3 Verification of the Free Vibration Model

This section compares natural frequencies and vibration modes calculated from the an-
alytical model with those from two-dimensional finite element/contact mechanics (FE/CM)
software [12, 72, 73]. In general, the sun, carrier, ring, and planets can all deform elastically
in the FE/CM approach, but this work only allows elastic deformation of the ring and re-
stricts the sun, carrier, and planets to have only rigid-body motions. The sun and planet
gears have rigid inner circles at a diameter close to the root diameter with the FE/CM mesh

being used only for the gear teeth and tooth root regions.

Chapter 2 successfully compared steady deformations from the analytical model to those
from the FE/CM model. Because of the difference between the analytical and FE/CM
models, the analytical model was adjusted for that comparison. Steady deformations are
independent of inertia terms. Difference of the inertia terms between these two models is
not discussed in Chapter 2. This work details both the difference in Chapter 2 and that of

inertia terms between these two models.

The FE/CM model does not allow a ring rigid body or an elastic foundation. Instead,
the ring gear can have a lumped mass/moment of inertia attached to it, and motions of the

lumped inertia equal the rigid-body motion components of the elastic ring gear having the
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expressions

2w 2m
x.(t) = / 2u,(0,t) cos 6 db, yr(t) = 2u, (0, t) sin @ do,
0 (3.9)
Vo

u(t) = (R,/R.) / " 0,(0,1) d6,

where u, represents the rigid rotation in radians times the ring gear base radius R,. u, and
v, denote the radial and tangential deflections of the FE/CM model’s ring outer surface,
and R, is the radius of the ring outer surface. The two translations are resisted by isotropic

translational stiffness k., and the rotation is resisted by a rotational stiffness k,.,,.

To facilitate the comparison of natural frequencies and mode shapes, the analytical
model is adjusted because of the above modeling differences. The elastic foundation is
removed, and motions of the ring rigid body (which resembles the lumped inertia attached
to the FE/CM ring gear as discussed above) equal the rigid-body motions for the analytical
ring that are defined in the same way as the FE/CM model does in Eq. (3.9), i.e., x, = x,,
Y = Yr, and up/Ry = u,/R,. The support/bearing stiffnesses k, and ki, /Ry of the ring
rigid body equal the stiffnesses k, and k,,/R, for the FE/CM model, respectively. These

adjustments apply only for the present section.

We adopt Eq. (3.9) to compare with the FE/CM software. If the rigid-body motions of
the elastic ring are instead defined as the translations of the center of mass of the ring and

the average rotation of all ring particles, the alternative relations are

9 2m
= R 0 — inf] dAdf R dAdd,
x /0 /Ap( + 7)[ucos (v+7rpB)sind] //0 /Al)( +r)
o 2
Yy = /0 /Ap(R + 7)[usinf + (v + ) cos b] dAdH//O /AP(R + 1) dAdf,

B 2m ) / 2m 5
Uy = RT/O /Ap(R +r)* (v +rp) dAde /0 /Ap(R +r)” dAd6.
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The comparison is conducted on a three-planet system with equal planet spacing. The
sun-planet and ring-planet tooth meshes at the three planets are in-phase. The parameters

of the FE/CM model are shown in Table 3.1. Natural frequencies and vibration modes of

Table 3.1: Parameters of a three-planet FE/CM planetary gear model.

Sun Planets Ring Carrier
Number of teeth 30 33 96 -
Module (mm) 2.868 2.868 2.868 -
Inner diameter (mm) 63.00 69.00 271.4 -
Root diameter (mm) 79.14 86.13 282.4 -
Outer diameter (mm) 91.14 99.13 326.4 -
Facewidth (mm) 25.40 25.40 25.40 -
Pressure angle (deg) 24.60 24.60 24.60 -
Young’s modulus (GPa) 202.1 202.1 202.1 -
Poisson’s ratio 0.3 0.3 0.3 -
Mass (kg) 1 2 15 20
Moment of inertia (kg-m?) 2x 1073 5x 1073 160 x 1072 200 x 1073
Translational stiffness (N/m) 50 x 103 ¢ :200 x 10° 200 x 10° 2 x 10°

n:1x10°

Rotational stiffness (N/m) 6.537 x 10° 0 63.84 x 10 612.7 x 10°
Center distance (mm) 90.33

Note: sun, carrier, and ring translational stiffnesses are specified in X and Y direction, while planet
translational stiffnesses are in radial and tangential directions.

the FE/CM model are obtained from impulse tests, which are conducted at zero speed so
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that the impulse test response is free from the contamination of tooth mesh excitations.
For a stationary planetary gear, four types of modes exist: rotational, translational, planet,
and purely ring modes [21]. Planet modes do not occur for three-planet systems. Two
different impulse tests are conducted, with a torque impulse on the sun gear capturing the
rotational modes of the three-planet system and a force impulse on the sun gear capturing
the translational modes. Purely ring modes are not captured in the impulse tests. LMS
Test.Lab [99] is used to process the impulse responses and generate natural frequencies and

mode shapes.

The analytical model takes the parameters in Table 3.1 as well as the following param-
eters. The sun-planet and ring-planet mesh stiffnesses are 400.6 x 10° N/m and 457.4 x 10°
N/m, respectively. They are calculated from single-pair sun-planet and ring-planet FE/CM
models using a local slope method [86] at the same mesh cycle instance where the FE/CM
planetary gear impulse tests are conducted. The ring inner diameter of the analytical model
is a tunable parameter that is bounded between the ring gear inner and root diameters of
the FE/CM model. Gyroscopic and centripetal effects vanish for the analytical model at

zero speed.

Three different values of the ring inner diameter of the analytical model were considered:
(a) ring gear root diameter, (b) ring gear inner diameter, and (c¢) mean value of ring gear
root and inner diameters of the FE/CM model. Case (a) gives the best comparison with the

FE/CM model in terms of natural frequencies among the three cases.

Table 3.2 shows natural frequencies from the analytical model of case (a) and the FE/CM
model for the first nineteen modes occurring in the impulse tests. The analytical model
captures the first eighteen modes with errors less than 6%, most of which are less than 1%.

The error of the last mode reaches 10%.
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Table 3.2: Natural frequencies of the FE/CM model and analytical model (case (a)) with

parameters in Table 3.1.

Frequency index Mode type FE/CM (Hz) Analytical (Hz) Multiplicity Error (%)

1 Rotational 293.3 293.5 1 0.068
2 Translational 386.4 369.0 2 -4.5
3 Translational 586.7 582.9 2 -0.65
4 Rotational 651.2 649.9 1 -0.20
5 Translational 1152 1155 2 0.26
6 Rotational 1202 1144 1 -4.8
7 Rotational 1571 1573 1 0.13
8 Translational 1582 1574 2 -0.51
9 Translational 2175 2118 2 -2.6
10 Rotational 2858 2869 1 0.38
11 Translational 3157 3183 2 0.82
12 Translational 3990 3937 2 -1.3
13 Rotational 4297 4331 1 0.79
14 Translational 4951 4990 2 0.79
15 Rotational 5166 5457 1 5.6
16 Translational 5231 5302 2 1.4
17 Rotational D776 5930 1 2.7
18 Translational 6038 6211 2 2.9

19 Rotational 6834 7539 1 10
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Figure 3.2 and Figure 3.3 compare a rotational mode (mode 10 in Table 3.2) and a
translational mode (mode 11 in Table 3.2) from the analytical model with the corresponding
modes from the FE/CM model. The analytical predictions match those from the FE/CM

model in both comparisons.

Figure 3.2: Rotational mode shapes (mode 10 in Table 3.2) from (a) the FE/CM model and

(b) the analytical model. The dotted lines represent undeformed positions.

3.4 Natural Frequencies and Vibration Modes of Gy-

roscopic Planetary Gears

Numerical experiments on the discretized eigenvalue problem in Eq. (3.8a) show that the
gyroscopic effects alter the modal structure of planetary gears with equally-spaced planets.
The vibration modes of stationary planetary gears without gyroscopic effects, presented by
Wu and Parker [21], are real-valued and fall into four categories: rotational, translational,
planet, and purely ring modes. The gyroscopic effects considered in the current model render

the vibration modes as complex-valued quantities, and these modes fall into three categories:
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(a) (b)

Figure 3.3: Translational mode shapes (mode 11 in Table 3.2) from (a) the FE/CM model

and (b) the analytical model. The dotted lines represent undeformed positions.

rotational, translational, and planet modes. Purely ring modes do not appear. In addition
to the gyroscopic effects, the current model includes centripetal effects, ring extensional
and shear effects, effects of ring rotary inertia, and effects of concentrated tooth bending
moments, all of which do not exist in [21]. These effects, however, do not alter the modal

structure.

For stationary planetary gears, the mass (M) and stiffness (K) operators in Eq. (3.4) are
self-adjoint. Thus, all vibration modes are real-valued. When gyroscopic effects are included,
the skew self-adjoint operators G, and G, in Eq. (3.4) lead to complex-valued modes [100].
Complex-valued modes are those where different degrees of freedom vibrate out-of-phase
with each other; different points achieve their maximum displacements at different times

over an oscillation at the corresponding natural frequency.

Real-valued modes are standing wave modes. For the response of a single real-valued
mode, the ring radial deflection can be expressed as u(6, ) = [ag+ Y, (a;e7 +c.c.)] cos(wit+

¢;), where ag is real-valued, w; is the natural frequency, and ¢; is the phase angle. The mo-
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tions of different points on the ring are either in-phase or 180 degree out-of-phase. Complex-
valued modes are traveling wave modes [77, 85]. The ring radial deflection for the response
of a single complex-valued mode has the expression u(6,t) = S L, (et +ce) =
Zlebbe 2]ay| cos(10 + w;t + ¢;), where ¢; = tan~!(Im(a;)/Re(q;)) is the phase of a;. In gen-
eral, a; # a_;. The positive [ nodal diameter component is a backward wave that travels in
the negative 6 direction, while the negative [ nodal diameter component is a forward wave
that travels in the positive 8 direction. The ring deflection is a summation of backward and

forward waves.

An example planetary gear with six equally-spaced planets illustrates the gyroscopically-
altered modal structure. The system parameters are listed in Table 3.3. The carrier is
stationary (i.e., 2. = 0) while the ring rotates. The elastic ring has a rectangular cross-section
with radial thickness H and axial thickness B. Table 3.4 gives the natural frequencies of the
system without gyroscopic effects (2, = 0) for each type of modes appearing in Ref. [21] and
their counterparts of the same system with gyroscopic effects at dimensionless ring speed
Q, = —0.05, which corresponds to a dimensional speed of —11,414 rpm. Figure 3.4 shows
representative mode shapes for the system with gyroscopic effects. The following paragraphs
summarize the observations from the numerical experiments on spinning planetary gears with

gyroscopic effects and the modal properties of stationary planetary gears from Ref. [21].

Rotational modes. Because the central components have only rotations for this type
of modes, they are called rotational modes. Rotational modes are, in general, distinct for
spinning systems with gyroscopic effects. All planets have identical motions that are in-
phase, i.c., p, = p1e/®". The individual components in p,, for the planet n, however, are
out-of-phase with each other. The ring deformations contain only sN + 0 nodal diameter
components, where s = 0,41, £2,.... In other words, all coefficients a;, b,,, and ¢, vanish

except for [,m,p = sN for integer s. The rotational modes are also called type 0 modes.
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Table 3.3: Dimensional parameters of an example planetary gear with an elastic ring.

Stiffness (N/m) ks = ksy = 100 x 10°, k. = ko = Ky = kpy = 1012, ke = 200 x
106, ky = 10°, Rk, = Rk, =20.0 x 10%, kg, = k,, = 500 x 10°

Inertia (kg) I./R? = 0.654, I,/R2 = 0.490, I,/R? = 4.69, I,/R2 = 9.7

Mass (kg) ms = 0.640, m, = 0.350, m, = 3.00, my, = 3.20

Dimensions (mm) R,=64.0, R=148, ' =104, H =12.0, B=25.4

Elastic modulus (GPa) FE =202, kG = 61.3
Density (kg/m?) p=T7.85x10°

Pressure angle (deg) as = a, = 24.6

Rotational modes for stationary systems have the same properties with those for spin-
ning systems except that stationary systems have real-valued rotational modes while spinning

systems have complex-valued ones.

Translational modes. For this type of modes, the central components have only
translations. Translational modes for spinning systems with gyroscopic effects are distinct.
These gyroscopic translational modes are classified into two subtypes with one designated
as type 1 modes and the other called type N — 1 modes. For a type 1 mode, the two

translations of the central components are related by vy, = jx, (h = s,¢,b), the planet

motions are related by p,, = p1e/¥" for n = 1,2, ..., N, and the ring deformations have only
sN + 1 nodal diameter components, where s = 0,+1,£2,.... In contrast, a type N — 1
translational mode has y, = —jzn, Pn = Pie %", and only sN — 1 nodal diameter ring
deformations.

Translational modes for spinning systems differ significantly from those for stationary
systems. Translational modes for stationary systems are degenerate with multiplicity two.

The two translations of the central components in a single translational mode have no special
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Table 3.4: Dimensionless natural frequencies of a planetary gear with six equally-spaced
planets. The system parameters are listed in Table 3.3. Example natural frequencies are
shown for different mode types at €2, = 0, and the counterpart natural frequencies at €2, =

—0.05 follow those at €2, = 0 in each row.

Q. =0 Q. =-0.05

Mode type Natural frequency Mode type Natural frequency
Rotational wig = 1.04 Rotational wig = 0.996

wg = 0.716 Translational wy; = 0.613
Translational

wg = 0.716 Translational w1 = 0.755

wio = 0.718 Planet wg = 0.633
Degenerate planet

wip = 0.718 Planet wio = 0.807
Distinct planet wy = 0.638 Planet wg = 0.676
Type 0 purely ring wop = 1.32 Rotational wog = 1.23
Type 3 purely ring wy = 0.413 Planet wy = 0.363

relations. Translational modes cannot be further classified into different subtypes. The
motion of each planet in two orthogonal (with respect to M) degenerate modes is related to
the motion of the first planet by a rotation matrix [21]. The ring deformations contain only

sN + 1 nodal diameter components, where s = 0,+1, 42, .. ..

Planet modes. No central components vibrate in a planet mode. Planet modes exist
only for systems with N > 3 planets. All planet modes, in general, are distinct for spinning
systems with gyroscopic effects. The gyroscopic planet modes are classified into (N — 3)

subtypes. Each subtype is associated with an integer d € {2,3,..., N —2} and called a type
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I I I I . I I I I
6-5-4-3-2-10123 456
Nodal diameter, {

(a) Rotational mode, wig = 0.996

6-54-3-2-10123 456
Nodal diameter, [
(b) Translational mode, w19 = 0.755

6-5-4-32-10123456
Nodal diameter, [

(¢) Planet mode, wg = 0.633

Figure 3.4: Real part (left), imaginary part (middle), and ring radial nodal diameter ampli-
tudes a; from Eq. (3.7) (right) of vibration modes for a six-planet system with parameters
in Table 3.3 at non-dimensional speed €2, = —0.05. The dotted lines represent undeformed
positions. The ring rigid body is not shown. The ring radial nodal diameter amplitudes
are normalized by their maximum value. The ring tangential deflection and cross-sectional
rotation angle (not shown) have the same non-trivial nodal diameter components but with

different amplitudes.
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d mode. For that subtype, the elastic ring deformations contain only s/N + d nodal diameter
components, where s = 0,41, 42, ..., and planet motions are related by p,, = p1e?¥ for

n=12...,N.

Substantial difference exists between planet modes for spinning and stationary systems.
Planet modes in stationary systems are classified into two sub-categories according to the
degeneracy of their natural frequencies. Degenerate planet modes appear in systems with
five or more planets, and their multiplicity is two, while distinct planet modes exist only for
systems with an even number of planets. For all planet modes, the motion of each planet
is a scalar multiple of any other planet’s motion. Each of the degenerate planet modes is
associated with a particular integer d € {2,3,...,int((N —1)/2)}. For that particular d, the
ring deformations contain only s/N 4+ d nodal diameter components, where s = 0, +1,4+2,.. ..
All distinct planet modes are associated with an integer N/2 for even N, and the ring

deformations contain only sN + N/2 nodal diameter components, where s = 0,+1,+2, .. ..

Purely ring modes. For this type of modes, all discrete motions vanish and only
the elastic ring vibrates. Purely ring modes do not occur in spinning systems, but exist in
stationary systems. Purely ring modes are distinct. The real-valued elastic ring deformations

contain only a single complex conjugate pair of nodal diameter components, i.e.,

u(f) = a,e’ + c.c., v(0) = bel? + c.c., B(0) = c,e’ + c.c.. (3.10)

The purely ring modes have two subtypes. In one subtype (type 0), g = sN for s =1,2,....
In the other subtype (type N/2), g = sN + N/2 for s = 0,1,2,.... The latter ones occur
only for systems with an even number of planets. Table 3.4 shows that the type 0 purely
ring modes evolve into rotational modes and the type N/2 purely ring modes evolve into

planet modes when gyroscopic effects are introduced. Section 3.6.2 details this evolution of
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purely ring modes.

3.5 Generalization of Modal Properties to Planetary
Gears with Arbitrary Number of Equally-Spaced

Planets

The gyroscopic rotational, translational, and planet modes result from the cyclic sym-
metry of planetary gears. Shi and Parker [92] proved the modal structure for general lumped-
parameter cyclically symmetric systems with central components having planar vibrations.
That derivation was extended to central components with general rigid-body motions [93].

This work applies their proof to planetary gears with an elastic ring.

Figure 3.5 shows decompositions of a planetary gear into substructures and central
components. The elastic ring is divided into NV identical sectors such that the n-th sector
has the domain D,, = {0(0y + ¥, < 0 < 0y + V¥p1}. Without loss of generality, 6y = 0.
Each ring sector, its connecting planet, and the ring-planet mesh stiffness connecting them
compose of a substructure (Fig. 3.5b). The first substructure is the one that has the first
planet and ring sector in it. The sun, carrier, and ring rigid body are central components.
Substructures connect to the central components through sun-planet mesh stiffnesses for the
sun, carrier-planet bearing stiffnesses for the carrier, and elastic foundation stiffnesses for

the ring rigid body.

To use the proof in [92], all ring sectors are identically discretized with an arbitrary

discretization method (Fig. 3.5). An example uniform finite difference discretization of the
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Discretization

Ring sector

(1/N ring)
Planet
FElastic
foundation body
(@) (b)

Ring sector
(1/N ring)

iv Planet

Elastic i Ring rigid
foundation body

(d)

Figure 3.5: Planetary gears as a cyclically symmetric structure with central components in
(a). The substructure, central components, and coupling between them are illustrated in

(b-d), respectively.
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first and second derivatives of u(f) with respect to € is given as

00 Af ’ 002 AB? ’ '

where A is the step size. The finite difference discretization of the first and second deriva-
tives of v(#) and 5(6) with respect to @ is similar. For compact notation, u(;) is subsequently

replaced by u;.

The eigenvalue problem of discretized equations for the elastic ring together with equa-

tions for the sun, carrier, ring rigid body, and planets, is represented as

N [MJ"¢ + A[G]*¢ + ([K]* — [C]")¢p = 0 (3.12a)
M, [M,, G, Ges
M = [M.] | ]7 Q= G | ]7
[MCS]T [Ms] [GCS]T [Gs]
x| K K)o 6] [Call (3.12b)
[Ke|"  [K,] [Cee]” [Cy]

* *

The mass matrix [M]* and stiffness matrix [K]* correspond to the mass operator M and
stiffness operator K in Eq. (3.4), and the gyroscopic matrix [G]* and centripetal matrix
[C]* correspond to the gyroscopic operator Q,G, + Q.G, and centripetal operator Q*C, +
02C, + 20,9.C,.. The subscripts ¢ and s indicate that the submatrices associate with the
central components, substructures or both of them. The eigenvector ¢ associated with the

eigenvalue A is

T
¢ = {(ch ¢3T} , (3.13a)

T
b = {pST p. pr} B |:513h Un uh} , h=scb (3.13b)
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T
bn = {pf (P (T .. (cng))T} . n=12..,N,
T T
Pn = [Cn Mn un:| , Soglm) — [u%m) U7(1m) ﬁém):| , m=12,...,M, (3.13C)

where M is the total number of discretized points in each ring sector. The vector 9052”)

includes radial deflection (u%m)), tangential deflection (vﬁm)), and cross-sectional rotational

angle (,B,Sm)) at the m-th discretized point in the n-th ring sector.

A compact form of Eq. (3.12) is

A*¢p =0, (3.14a)

A" = = N[MJ* + A[G]* + ([K]* — [C]*). (3.14b)

We now demonstrate the submatrices A., A, and A, in Eq. (3.14) have the structure

considered in [92].

The matrix A, is only associated with the translations and rotations of the sun, carrier,
and ring rigid body. No discretized ring deflections are involved. Therefore, the property of

A, discussed in [92] holds here.

The substructure system (which includes the discretized ring and all the planets) is

cyclically symmetric. The matrix Ay has the same block circulant structure as that in [92].

The matrix A, can be expressed as

A=A AD . Al (3.15)
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where each 9 x 3(M + 1)-dimensional matrix AW captures the coupling between the central

components and n-th substructure. The submatrix AEZ) has the form

By B™ .. B

AW =|BW BY .. BWI|, (3.16)
() R® (n
B, B’ ... B}

where Bg;) and BE:Z for h = s, ¢, b represent the coupling of each central component (the
sun, carrier, and ring rigid body) with the n-th planet and the m-th discretized point in the
n-th ring sector. We now show the following property in [92]

A = diag(R,, Ry, ..., R,)AL) (3.17a)

cosy, —sinvy, 0
R, = |sinvy, cosvy, 0O (3.17b)
0 0 1

still holds here.

Ref. [92] presented the following property

B, =R,B}), h=s,cb (3.18)

The sun and carrier do not directly interact with the elastic ring, indicating B{) =B =0

form =1,2,... N. The matrix Béfrz is expressed as

B = \>M" + AG" 4 (KW — ¢y (3.19)

bm bm

where Mé") G™ = C!™ = 0 because the motion of the ring rigid body does not couple

m bm bm
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the elastic ring deformation in the mass, gyroscopic, and centripetal operators in Eq. (3.4).

The matrix Kl()zz has the expression

—k,, cos 97(77 ) k, sin 97(7? )
Kz()nm) = | —kysin65) —k,cos6%) 0f - (3.20)
0 —ky/Ry 0

This matrix satisfies Kl():z = RnKZ(”lT)L with 05 = o)) + ¥,. Therefore, the property of A, in
Eq. (3.17) holds.

The matrices A., A,, and A, have the same properties as those in [92]. The vibra-
tion mode structure for general lumped-parameter cyclically symmetric systems with central
components derived in [92] applies, therefore. According to Ref. [92], rotational modes with
type (or phase index [92]) d = 0, translational modes with type d = 1 and d = N — 1,
and substructure (planet) modes with type d = 2,3,..., N — 2 result for the planetary gear

system. For each phase index d, the substructure degrees of freedom have the form

T
jdyy 1T jdio 1T jdin 1T
¢ _ eJ w1¢s el 1/J2¢S el ¢N¢S (3 21)
s —— N — —— ) :
b1 b2 N

where ¢, is a vector of the degrees of freedom for the n-th substructure, g{A)s has dimension

equal to the number of degrees of freedom for a single substructure, and (ﬁs = ¢; due to

b, =2m(n—1)/N.

Therefore, the radial deflection at 6 + 1, in the n-th ring sector relates to that at 6 in
the first sector according to

w(f + ) = 7 ru(0). (3.22)
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Use of Eq. (3.7) gives

Lb Lb
u(f) = Z a;e’? w(@ + hy,) = Z a0 (3.23)
I=—Ly l==Ly

Substitution of Eq. (3.23) into Eq. (3.22) yields
a; =0, for [ # sN +d, (3.24)

where s = 0,£1,+2,.... Thus, for type d gyroscopic modes, the ring radial deflection u(6)
has only sN + d nodal diameter components. The same conclusion results for the ring
tangential deflection v(f) and cross-sectional rotation angle 5(6). A modal combination of
the discrete motions of the sun, carrier, ring rigid body, and planets (resulting from the
proof in Ref. [92]) and the elastic ring deformations for each phase index d gives the modal
structure for the gyroscopic elastic-discrete system. A summary of the modal structure is

given in Table 3.5.

The distinctive modal properties can be used for mode identification in dynamic re-
sponses. For example, if a resonant mode for a five-planet system has dominant four nodal
ﬁ:j40)

diameter ring deformation (i.e., e , this mode is a translational mode with phase index

d =1 or d =4. Zero amplitudes of the rotations for the central components are expected.

3.6 Evolution of Vibration Modes due to Gyroscopic

Effects

Purely ring modes of stationary planetary gears disappear when gyroscopic effects are

introduced. Degenerate translational and planet natural frequencies (multiplicity two) of
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Table 3.5: Modal structure of gyroscopic planetary gears with an elastic ring and N equally-
spaced planets. The subscripts h = s,¢c,band n =1,2,..., N, and the deflection for the first

planet p; = [¢; m1 uy]T. All the modal deflection quantities are in general complex-valued.

Mode type Phase index Modal representation
. T
w = z Qg bs Cg :| ejSN07
Rotational 0 s=—00 [ N TsN o TN
T
Pr = [O 0 uh] ) Pn = P1
o T
1 w = _Z_: |:asN+1 bsn+1 CsN+1] eI (N FL)0
T
Translational Pn = {xh Jxh 0] ) P, = €V py
o T
w= S VI W ] eI (sN=1)0
N1 s:_oo{ N—1 OsN—1 CsN-1
T
Pr = [Z’h —JTh O} ) Pn = e_ﬂl}npl
o T
w = Z a, bs cs :| ej(sN—I—d)@
Planet d e {2, ey N — 2} s=—00 |: N+d N+d N+d
T
Ph = {o 0 o} : pn = /%mp,

stationary planetary gears split due to the gyroscopic effects (Fig. 3.6). The degenerate
translational modes for stationary systems have only one type that is associated with both
phase indices 1 and N — 1, while the gyroscopic translational modes have two different

subtypes with each of phase index 1 or N —1, not both of them. Whether a pair of degenerate
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Figure 3.6: Eigenvalue loci of a six-planet system with parameters in Table 3.3 for varying
ring speed. The dashed, dotted, and solid lines represent rotational, translational, and planet

natural frequencies, respectively.

translational modes splits into two modes of the same subtype or different subtypes is unclear.
The same question arises for the splitting of the degenerate planet modes. This section
discusses the evolution of these distinct modes and degenerate modes with multiplicity two

using eigenvalue perturbation approaches from Ref. [101, 102].
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3.6.1 Perturbation Analysis

Considering evolution from zero to non-zero speeds, we let €2, = €Q). and €2, = €,,

where € is a small parameter and €2, and €, are O(1). Eq. (3.4) becomes
MMy + eAGx + Kx — 2Cx = 0, (3.25)
G=0G,+QG., C=0Q¢C,+0%C, +200Q.C,..
The eigenvalues and eigenvectors of Eq. (3.25) are expressed as
N=N+eu+06),  xi=x"+exV+0(?), i=1,2,.... (3.26)

Solving Eq. (3.8) with Q, = Q, = 0 (i.e., e = 0) gives the eigenvalue \; and real-valued

0

%

). We normalize XZ(O) with (XEO), MX(O)> =1

%

eigenvector x

Following the perturbation approach in [101, 102], the first-order eigenvalue and eigen-

vector perturbation (u;, XE”) for a pair of distinct eigenvalue and eigenvector (5\2, XEO)) is

given as

1
=5 0", Gx.”) (3.27a)
=S v, (3.27b)
ki
Ai .
i =5 Gxd), kA (3.27c)
k %

For a degenerate eigenvalue N\ = ;\i+1 with multiplicity two, the unperturbed eigenvec-

(0)

© and ngr)l are linear combinations of any set of linearly independent eigenvectors

tors x;

1

(I = 1,2) associated with this degenerate value. In addition to the normalization mentioned
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©) are made orthogonal with respect to M such that (XE?), MXE?) = 0. Using

above, these x
the perturbation approach for degenerate eigenvalues in [101, 102] gives the first order eigen-
value perturbations p; and p;y;1 , the unperturbed eigenvectors Xz ) and Xz +1 , and the first

order eigenvector perturbations X ) and X associated with this degenerate eigenvalue Ai.

They are
1 1
i = j2<Xz(?)7 Gxﬁg)% Hit1 = —]§<X§$)a GXZ(S))v (3.28a)
V2 V2 .
X" =50 —ixe). xith =5 i), (3.28b)
i+1
(1) — Vm + Z Vkak s m = Z’Z —I— 1’ (3280)
k=i#m
S vxl, m=ii+1, (3.28d)
ki i1
Am
Vigm = 5\2 5\2 <X](€0)’ GXS?% m=ii+1, k 7é i1+ 1, (3'286)
—>\m s va —|— s C m ..
Ve (x” 4A> (xis Cxi > mik =i+l mAk (3.281)
mﬂm

We now analytically evaluate Egs. (3.27) and (3.28) to determine the evolution of dis-
tinct and degenerate modes when gyroscopic effects are introduced. This evaluation requires
general representations of rotational, translational, planet, and purely ring modes for sta-
tionary planetary gears without gyroscopic effects from Ref. [21]. For distinct modes (i.e.,
rotational, distinct planet, and purely ring modes), these representations serve as general

(0)

forms of the unperturbed eigenvectors x; '. For degenerate modes (i.e., translational and

degenerate planet modes), use of Eq. (3.28b) together with the representations from [21]

leads to general forms of the unperturbed eigenvectors X(O) and ng)r)l.

For the unperturbed distinct eigenvectors, rotational modes have phase index 0, distinct

planet modes (which exist for even number of planets N) have phase index N/2, and, purely
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ring modes are associated with either phase index 0 or N/2 for even N. For the unperturbed
eigenvectors for a pair of degenerate translational modes, one is of phase index 1 and the
other is of phase index N — 1. Similarly, one of the unperturbed eigenvectors for a pair of
degenerate planet modes is associated with phase index d € {2,3,...,int((N —1)/2)} and

the other is associated with phase index N — d.

Each unperturbed eigenvector is associated with a phase index d € {0,1,2..., N — 1}.
The coefficients vy; in Eq. (3.27c¢) for distinct mode perturbation vanish when X,(go) and Xl(p)
have different phase indices. Similarly, the coefficients vy, in Eqs. (3.28¢) and (3.28f) for

degenerate mode perturbation vanish when X,(CO) and ng) have different phase indices.

3.6.2 Evolution of Purely Ring Modes

The evolution of purely ring modes from the stationary to spinning systems follows Eq.
(3.27) because they are distinct modes. Purely ring modes of phase index 0 and those of

phase index N/2 evolve differently.

For a purely ring mode XZ(»O)

with phase index 0, the coefficients vg; in Eq. (3.27c¢)
vanish for X,(CO) being any of a translational, planet, or purely ring mode of phase index N/2.
Nontrivial v; is possible only for ngo) being a rotational mode or another purely ring mode of

phase index 0. Therefore, the linear combination in Eq. (3.27b) that defines the eigenvector
(1)

perturbation x, ' contains only contributions from rotational and purely ring modes of phase

index 0. The perturbed eigenvector x;, as a linear combination of the unperturbed purely

) with phase index 0 and the eigenvector perturbation xl(-l), has the structure

ring mode XEO
of rotational modes in Table 3.5. Therefore, this purely ring mode of phase index 0 evolves

into a rotational mode. Figure 3.7 shows an example of this evolution.

For a purely ring mode XZ(-O) with phase index N/2 (N even), the coefficients vy; can be
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Figure 3.7: (a) Purely ring mode with natural frequency wy; at €2, = 0 (without gyroscopic
effect) in Table 3.4. (b) Real part of rotational mode with natural frequency wyy at €2, =
—0.05 (with gyroscopic effect) in Table 3.4. The dotted lines represent undeformed positions.
The ring rigid body is not shown. For visualization, the discrete deflections are amplified 20

times relative to the elastic ring deflections in both (a) and (b).

non-trivial only for X,(CO) being a distinct planet mode or another purely ring mode of phase

(1)

index N/2. The eigenvector perturbation x;’ in Eq. (3.27b) contains only contributions
from distinct planet or purely ring modes of phase index N/2. The linear combination of the
unperturbed purely ring mode XEO) with phase index N/2 and the eigenvector perturbation
XZ(»I) in Eq. (3.26) yields the perturbed eigenvector x; that has the structure of a planet
mode with phase index N/2 in Table 3.5. Thus, this purely ring mode become a planet

mode with phase index N/2 when gyroscopic effects are introduced. Figure 3.8 illustrates

this evolution.

Physically, purely ring modes, in which the ring has fixed nodes at all ring-planet mesh
locations [21], cannot exist in the gyroscopic system. Vibration modes of gyroscopic systems

are traveling waves [77, 85], in which purely ring modes with fixed nodes cannot stand.
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Figure 3.8: (a) Purely ring mode with natural frequency wy at Q, = 0 (without gyroscopic
effect) in Table 3.4. (b) Real part of planet mode with natural frequency wy at €2, = —0.05
(with gyroscopic effect) in Table 3.4. The dotted lines represent undeformed positions. The
ring rigid body is not shown. For visualization, the discrete deflections are amplified 20

times relative to the elastic ring deflections in both (a) and (b).
3.6.3 Evolution of Degenerate Modes

Translational modes and planet modes with phase index other than N/2 are degenerate
with multiplicity two for stationary systems. The evolution of these degenerate modes follows
Eqgs. (3.28¢) — (3.28f). This section discusses first the evolution of a pair of translational

modes and then the evolution of a pair of planet modes.

(0)

i

0)

For a pair of degenerate translational modes x; ’ (phase index 1) and Xz( +1 (phase index

N —1), only translational modes of phase index 1 contribute to the eigenvector perturbation
XZ(»I) and only translational modes of phase index N — 1 contribute to ngl because the
coefficients vk, in Eqs. (3.28e) and (3.28f) vanish when Xl(€0) and ng) have different phase
indices. The linear combination of XEO) and Xl(l) in Eq. (3.26) gives the perturbed eigenvector

X having phase index 1. According to the modal structure in Table 3.5, x; is a translational
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mode of phase index 1. Similarly, the linear combination of XZ(-E)F)l and ngl in Eq. (3.26)
results in a translational mode x;.1 of phase index N — 1. Figure 3.6 shows a pair of
degenerate translational modes splits into two gyroscopic translational modes with one of

type 1 (i.e., phase index 1) and the other of type 5 for a six-planet (N = 6) system.

A similar analysis as for the degenerate translational mode evolution works for the
evolution of degenerate planet modes. For a pair of degenerate planet modes, the unper-

)

© and XE?H are of phase indices d and N — d respectively, where

turbed eigenvectors x;

de{2,3,...,int((N —1)/2)}. The unperturbed eigenvector XEO) evolves into a planet mode
X of phase index d, and Xﬁ)l evolves into a planet mode ;.1 of phase index N —d. Figure

3.6 demonstrates a pair of degenerate planet modes splits into two gyroscopic planet modes

with one of type 2 and the other of type 4 for a six-planet (N = 6) system.

3.7 Conclusions

This paper investigates the natural frequencies and vibration modes of spinning plane-
tary gears with equally-spaced planets and a deformable ring. An analytical model is used
with the sun, carrier, and planets modeled as rigid bodies coupled to an elastic ring hav-
ing bending deformation, extensional deformation, shear deformation, rotary inertia, and a
concentrated tooth bending moment resulting from each ring-planet mesh force acting at a
contact point radially away from the ring neutral axis. Gyroscopic and centripetal effects
from carrier and ring rotation are included. Any of the sun, carrier, or ring can be stationary,
or all three can spin. Natural frequencies and vibration modes are numerically calculated
from the analytical model, and the results agree well with those from a finite element/contact

mechanics model.

The centripetal effects, ring extensional and shear effects, effects of ring rotary inertia,
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and effects of concentrated tooth bending moments do not alter the modal structure of
planetary gears defined in [21], but the gyroscopic effects do. Vibration modes for stationary
systems without gyroscopic effects are real-valued standing wave modes, while those for
spinning systems are complex-valued traveling wave modes. There exist only four types of
modes for stationary systems, i.e., rotational, translational, planet, and purely ring modes,
while only three types of modes exist for spinning systems: rotational, translational, and
planet modes. Planet modes only exist for systems with four or more planets no matter the

systems are stationary or spinning.

Rotational modes for stationary and spinning systems are similar except that rotational
modes for stationary systems are real-valued while those for spinning systems are complex-
valued. Translational modes for stationary systems are degenerate with multiplicity two and
cannot be classified into different subtypes. In contrast, translational modes for spinning
systems are distinct in general and can be classified into two different subtypes. Both
distinct and degenerate (multiplicity two) planet modes can exist for stationary systems.
The distinct planet modes exist only for systems with even number of planets and they have
only one type. The degenerate planet modes exist only for systems with five or more planets
and they can have different subtypes depending on the number of planets. Planet modes for
spinning systems are distinct in general and different subtypes can exist depending on the

number of planets.

For spinning systems, each type/subtype of modes are associated with a phase index.
The elastic ring deformation has unique nodal diameter components associated with each
phase index. The planet deflections have unique phase relationships between different planets

for each phase index.

Purely ring modes, present in stationary planetary gears, evolve into rotational or one

subtype of planet modes when gyroscopic effects are introduced. Degenerate translational
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or planet modes with multiplicity two for stationary planetary gears split into two different

subtypes of translational or planet modes, respectively.



Chapter 4

Parametric Instability of Spinning
Planetary Gears with a Deformable

Ring

4.1 Introduction

The primary source of gear vibration is changing mesh interaction as gear rotates. This

change is modeled as time-varying mesh stiffness that parametrically excites the gear system.

Parametric instabilities, in general, occur when the excitation frequency or one of its
harmonics is near twice a natural frequency or combinations of two natural frequencies.
Not every pair of modes can cause parametric instabilities in planetary gears, however.
Lin and Parker [43] revealed that certain parametric instabilities vanish under particular
mesh phasing conditions regardless of any form of mesh stiffness variations when analyzing

parametric instabilities of lumped-parameter planetary gears with a purely rotational model.

103



104

Parker and Wu [44] derived an instability existence rule for any two modes (which can be
the same) in their study of parametric instabilities of planetary gears with an elastic ring.
The instability existence rule depends only on mesh phasing parameters (i.e., sun/ring tooth
number and number of planets) and the mode types defined in [21] for stationary planetary
gears with a deformable ring. Both of these two studies [43, 44] used stationary models
without gyroscopic (i.e., Coriolis) and centripetal effects that arise from carrier and/or ring

gear rotation.

This work investigates parametric instabilities of spinning planetary gears with an elas-
tic ring and equally-spaced planets. We adopt the elastic-discrete model from Chapter 2
that includes gyroscopic and centripetal effects from carrier and ring rotation. By using the
method of multiple scales and the structured modal properties defined in Chapter 3 for spin-
ning planetary gears with an elastic ring, closed-form expressions for instability boundaries

are derived, and an instability existence rule is revealed.

4.2 Mathematical Formulation

Details of the model in Fig. 4.1 including dimensional parameters and variables, non-
dimensionalization, and equations of motion are given in Chapter 2 and adopted here. The
elastic ring has radial (u(f,t)) and tangential (v(6,t)) deformation of the ring neutral axis
and cross-sectional rotation angle (5(6,t)). These ring deformations are collected into a

vector as w = [u v B]T.

The deflection of the whole system is represented by the extended vector

x(0,) = [w(0,t)", a(t)] (4.1)
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with the vector q(t) given as

Q=2 Yp Uy Te Yo Ue T Ys Us G1 T UL - (N N UN T
—_—— ——— = — N — —_—
Py Pe Ps pP1 PN
where p; for [ = b,¢,s,1,..., N represent discrete motions of the ring rigid body (which is
depicted by the largest circle in Fig. 4.1), carrier, sun, and planets. Refer to Chapter 2
for more details of this ring rigid body. The carrier and ring gear have speeds 2. and §2,,
respectively. Speeds of the sun and planets can be derived from kinematics. The N planets
are identical and equally spaced. Without loss of generality, the first planet is positioned
at 11 = 0 relative to the rotating basis vector E; fixed to the carrier (Fig. 4.1). The n-th

planet has an angular position of ¥,, = 2w(n — 1)/N, therefore.

The sun-planet and ring-planet mesh stiffnesses change periodically with mesh frequency
wm- They parametrically excite the planetary gear system. Dimensionless sun-planet and

ring-planet mesh stiffnesses for the n-th planet are represented as
ksn(t) = ksp + kin(2), ki (t) = krp + kon(2), (4.2)

where kg, k,, are mean values and ky,(t), ko,(t) are mesh stiffness variations with zero

means. Fourier series representations of ki, (t), ko, (1) are

kin(t) = 2pkg, Yy _[CHer™m! 4 c.c] (4.3a)
L=1

Fan(t) = 2eky, Y [CI e mt 4 c.c] (4.3b)
L=1

where 2uk,, and 2¢k,, are peak-to-peak values of k1, (t) and ko, (t). The complex-valued

Fourier coefficients C{% and C'%) are the L-th harmonics of the sun-planet and ring-planet
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Figure 4.1: Schematic of a planetary gear model with a deformable ring.

mesh stiffnesses for the n-th planet normalized by the peak-to-peak values, respectively. The

term c.c. represents the complex conjugate of its preceding term.

The sun-planet and ring-planet mesh stiffnesses between planets differ only by a time

translation, that is,

ksn(t) = ksl (t - VsnTm)u krn(t) = krl (t - fyTnTm)v (44)

where T,,, = 27 /w,, denotes mesh period and s, (7V,,) is the mesh phase between the n-th
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and first sun-planet (ring-planet) meshes. In Chapter 2, we show

Yon = Zstn/(27), Yo = —Zptbn/(27) (4.5)

for counter-clockwise rotation of the carrier relative to the ring gear (i.e., 2. > €2,) and

VYsn = _Zs¢n/(27r)7 Yrn = Zﬂ/}n/(%r) (4'6>

for clockwise rotation of the carrier relative to the ring gear (i.e., Q. < ,), where Z; and

Z, are the sun and ring gear tooth numbers. The relation vy, = ,,, holds for equally-spaced

systems [87]. With the phase relations in Eq. (4.4), the Fourier coefficients C’gﬁ), oty
between different planets are related by

C = oe i, o) = Cfer i, (4.7)

The ratios of the amplitudes of sun-planet and ring-planet mesh stiffness variations

to their mean values are p and e. We assume g is of the same order as €, i.e., u = ge,

where g = O(1). To facilitate the following perturbation analysis, € is assumed to be small.

This assumption is verified by comparing the analytical perturbation results with numerical

results.

The dimensionless equation of motion for the time-varying planetary gear system from

Chapter 2 is

MX + (QTGT + QCGC)X + (K(t) - chr - Q?:Cc - 2QTQCCTC)X = 0, (48>

where M is extended mass operator; G, and G, are extended gyroscopic operators; K(t) is
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extended stiffness operator; and, C,, C., and C,. are extended centripetal operators. The
operators M, G,., G., C,, C., and C,. are identical to those in Chapter 2. The operator
K(t) is the same with K in Chapter 2 with kg,, k., replaced by the time-varying sun-planet
and ring-planet mesh stiffnesses (ks,(t), kn(t)). The operators M, K(t), C,, C,., and C,.

are self-adjoint with the inner product

21
s xa) = / W w,dd + G s, (4.9)
0

where the overbar denotes complex conjugate. The gyroscopic operator G, and G, are skew

self-adjoint with respect to Eq. (4.9).

Separation of the stiffness operator K(¢) into time-varying and time-invariant parts gives

K(t) = Ko+ 2¢ Y [(K{ + K)elhom! 4 cel, (4.10)
L=1

where Kj is the same with K(¢) with &y, (t), k.,,(t) replaced by the mean values of sun-planet
and ring-planet mesh stiffnesses (ksp, k). The Fourier coefficient operators Kg,L)) and K%)
have the same form as K(t) with substitutions that all stiffnesses other than mesh stiffnesses

are zero and that sun-planet and ring-planet mesh stiffnesses for the n-th planet in K(¢) are

substituted by gksp0£f)e—j2”L“frn and krpC,ElL)e_ﬂ”L%n,

Natural frequencies and vibration modes of the unperturbed time-invariant system are
necessary for the parametric instability analysis. The eigenvalue problem for the unperturbed

(e = 0) system of Eq. (4.8) is
MMx + (.G, + Q.G xr + (Ko — Q2C, — Q2C, — 292,9.C,.)xx = 0, (4.11)

where )\, and x(0) are the eigenvalue and eigenfunction of the k-th mode. The gyroscopic
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system gives purely imaginary eigenvalues (i.e. Ay = jwy) and complex-valued modes x(0)
when operating at speeds below the first critical speed [100]. The eigenvalue problem in Eq.
(4.11) is solved in Chapter 3.

Substitution of Eq. (4.10) into Eq. (4.8) and putting the resulting equation into state

space form give

1T
Ap+Bop+2D(t)p=0, = |xT xT| . (4.12a)
M 0
A — , (4.12Db)
0 K,-Q2C,-0C, - 20,9.C,.
.G, + Q.G, K - Q2C, — 02C, — 20,9.C,.
B = , o (4.12¢)
—(K - Q*C, — Q2C, — 20,9.C,.) 0
0 © (KL + KB eitwmt 4 cc.
Df) - > (K v a (4.124)
0 0
An inner product defined in the state space is
(a, b) = <a1, b1> + (aQ, b2>, (413)

T T
where a = [a”{ ag] and b = [blT bg} are two elements in the state space, and a; and
b; (i = 1,2) are extended vectors having the same form of x in Eq. (4.1). The state space
formulation in Eq. (4.12) gives the advantage that the eigenfunctions ¢y (6) of the state

space eigenvalue problem

T
JwurAg, +Boy, =0, o = [jwkxf ka} ; k=1,2,--- (4.14)
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are orthogonal with respect to A and B such that

(¢, Aopr) = o, (¢1, Bor) = —jwidu, (4.15)

where 0, is the Kronecker delta.

The state space formulation in Eq. (4.12) and the eigenfunction orthogonality in Eq.
(4.15) facilitate a perturbation analysis that yields closed-form expressions for parametric

instability boundaries. The derivation is not shown because it is similar to that in Ref. [103].

Parametric instabilities occur when a mesh frequency harmonic is close to the sum of

two natural frequencies, that is,

Lw,, = wy + wy, + €0, L=1,2,..., (4.16)

where 0 = O(1) is a real-valued detuning parameter and [ and k can be the same. When a
mesh frequency harmonic is close to the difference of two natural frequencies, i.e., Lw,, =

w; — wy + €0, it can be shown that difference type parametric instabilities cannot occur.

Following the perturbation approach in Ref. [103], we derive instability boundaries for

the two modes ¢; and ¢, as

de /R
o = L e SV AR ) (4.17a)
L I
N
DY =37 (ghoCPADAY + by O ADAR) ) ems2rta, (4.17b)
n=1

where Al) and AY) are the sun-planet and ring-planet mesh deflections for the n-th planet

for the mode x;, and A and A% are for the mode Xt- These mesh deflections for a given
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mode xj are given as

AP® =~z sin b, + y*) cos g, + u®)

sn

+ (=¢W sin ay — n® cos oy + ul), (4.18a)
Aff;) :[—u(k) sin o, 4+ v™® cos a,, — TB% cos o P
+ (W sin a, — ™ cos o, — u®), (4.18b)

where a, and «, are the sun-planet and ring-planet pressure angle and v, = ¥, — as. T’
is the radial distance from the ring contact point to the ring neutral axis (see Fig. 2.3 in

Chapter 2).

Eq. (4.17a) gives the upper and lower boundaries of mesh frequencies for the parametric
instability between the modes x; and x} induced by the L-th harmonic. The mesh frequency

bandwidth between the two boundaries is

N
8 N - N - )
Aoy = NS (ghoy COROAE + by O ADAR o770 (4.19)
n=1
Eq. (4.19) shows the instability bandwidth depends on the natural frequencies, mesh stiff-
ness Fourier coefficients, mesh phase, and modal gear mesh deflections. We now simplify
Eq. (4.19) by studying the modal gear mesh deflections with the modal properties of the

gyroscopic planetary gear system in Chapter 3.

4.3 Modal Properties and Gear Mesh Deflections

Chapter 3 shows the gyroscopic system has only three types of modes: rotational,

translational, and planet modes. Planet modes exist only for systems with N > 3 planets.



112

Each mode is associated with an integer or phase index d € {0,1,2,..., N —1}. A rotational
mode has phase index 0; a translational mode is associated with phase index 1 or N — 1;
and, a planet mode is of phase index d € {2,3,..., N — 2}. We will show the gear mesh

deflections for a mode x satisfy

N R S (a0
where T}, is its phase index.
A rotational mode (phase index 0) has the form
T
Xk = {w;:';t quot} ; (4.21a)
00 T .

= 3 [l oy ] (1.210)

- T
Qrot = [ 00w 00u 00w ¢ g™ o Bk u@] . (4.21¢)

According to Egs. (4.21b) and (4.21c), the central components (sun, carrier, and ring rigid
body) have only rotation, all planets have identical motions, and the elastic ring deformations
contain only sN nodal diameter components. Substitution of Eqs. (4.21b) and (4.21c) into
Eqgs. (4.18a) and (4.18b) yields

Ak — Agli) —uh) — ka) sin g — n%k) cos ag + ugk), (4.22a)
Ag’;) = Afﬁ) = Z (—ag;\), sin o, + bgj\), cos a, — chj\), cos ;)

s=—00

+ (P sina, — ™ cosa, — ulM). (4.22b)

Therefore, Eqs. (4.22a) and (4.22b) satisfy Eq. (4.20) with T}, = 0.
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For a translational mode x; = [w/.,,, q.,,]" of phase index 1, the elastic ring de-

formations wy,,,; contain only sN + 1 nodal diameter components, the central components
have deflections p;, = [xék) jxglk) 0] for h = s,¢,b, and the motions for the n-th planet relate
to those for the first planet as p, = pi1e/¥". These properties ensure the sun-planet and
ring-planet mesh deflections satisfy Eq. (4.20) with 7, = 1. In contrast, a translational
mode x; of phase index N — 1 has p;, = [mg) — jxgl) 0], p, = pie %", and only sN — 1
nodal diameter ring deformation. The mesh deflections for this mode satisfy Eq. (4.20) with

7, =N—-1.

A planet mode of phase index d € {2,3,..., N — 2} has the structure

T
Xk = {prlt qglt} ; (4.23a)
e’} T
Wpit = Z {aglj\)f+d bgj\)wd CSJC\)Hrd} TN, (4.23b)
T T
Qpit = {0 0 0 /pl ... ejdlljzvp{} ) (4.23¢)

Substitution of Eqs. (4.23b) and (4.23¢c) into Eqgs. (4.18a) and (4.18b) gives

Ag? = ejdw”Agf) :(—dk) sin oy — nik) Cos avg + ugk))ejdw", (4.24a)
(k) _ g A(R) _ O (k) oW
Ay =AY = Z (=g gsina, + by, scosa, — ey, cosa,)
+ (Cl(k) sin o, — ngk) CoS Qv — ugk)) eI n (4.24Db)

The sun-planet and ring-planet mesh deflections in Eqs. (4.24a) and (4.24b) satisfy Eq.
(4.20) with T = d.
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4.4 Parametric Instabilities

The mesh phase ,,, affects the instability bandwidth, as shown in Eq. (4.19). This 7.,
has different expressions in Eqgs. (4.5) and (4.6) for Q. > Q, and €. < Q,, respectively. We

proceed with Q. > €),., and discuss the other case later.

Substitution of Eq. (4.20) into Eq. (4.19) and simultaneously invoking ~,., in Eq. (4.5)

for €2, > €, lead to
N
Ken/ - - .
B = =2 (ghy, CPADAY + b, CPANAR) 7 etz (4.25)
n=1

The parametric instability between the modes x; and xj for the L-th harmonic may not

occur because the following identities hold for integer values of m:

N N, m/N = integer
D eimin = / s (4.26)
n=1 0, m/N # integer

According to Eq. (4.26), the instability bandwidth Aw,, vanishes when

(T, + Ty, — LZ,)/N # integer, (4.27)

which indicates a suppression of the parametric instability between the mode x; and x for

the L-th mesh harmonic.

The suppression rule in Eq. (4.27) applies to both in-phase (Z, Z./N = integer) and
out-of-phase (Z, Z,/N # integer) planetary gears. For in-phase systems, the suppression
rule in Eq. (4.27) reduces to (T} + T;)/N # integer, independent of the harmonic number
L. Parametric instabilities can only occur between two rotational modes, between two

translational modes with one of phase index 1 and the other of phase index N — 1, and
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between two planet modes with one of phase index d and the other of phase index N — d,
where d € {2,3,---, N — 2}. Parametric instabilities between two modes of different types
(for example, a rotational mode and a translational mode) are not possible. For out-of-phase
planetary gears, there is no simple reduction of Eq. (4.27). The suppression rule depends

on which mesh frequency harmonic L drives the parametric instability.

When (17} + T}, — LZ,)/N = integer, the instability bandwidth in Eq. (4.25) are
8 — =
Aw, — G_VZ’M ]N<gkspcgf>A§?Ag’; 4k, CPAVA )‘ (4.28)

The mesh stiffness Fourier coefficients C'F 1 ) and C(l and the gear mesh deflections Asl , Agl,

Aglf), and Aff;) are in general complex-valued quantities. Both the amplitudes and phases of

these complex-valued quantities affect the instability bandwidth.

For systems with Q. < .., substitution of Eq. (4.20) and the mesh phase ,, in Eq.
(4.6) into Eq. (4.19) yields

8e/
A = — wlwk‘( ko OV AYAY 1k, 0P AN A )Ze‘ﬂ (ATt Lznin|  (4.29)

n=1

The parametric instabilities between the mode x; and x; for the L-th mesh harmonic are
suppressed when

(T} + Ty + LZ,.)/N # integer. (4.30)

A summary of the parametric instability suppression rules for systems with 2, > €0,

and €2, < €, is given in Table 4.1.
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Table 4.1: Summary of the suppression conditions for parametric instabilities between two

modes x; (phase index 7;) and xj (phase index T}) for the L-th harmonic.

Systems with . > €, Systems with . < €,

(T} + Ty — LZ,)/N # integer (Ty+ Ty + LZ,)/N # integer

4.5 Comparison of Instability Suppression Rules for

Stationary and Spinning Systems

Parker and Wu [44] derived an instability suppression rule for stationary planetary gears
without gyroscopic effects. Their derivation depends on the modal structure for stationary
planetary gears defined in [21]. Four types of modes exist for stationary planetary gears:
rotational, translational, planet, and purely ring modes. Purely ring modes cannot cause
parametric instabilities because they have trivial mesh deflections [44]. Each mode x (purely
ring modes excluded) is associated with an integer T}, € {0,1,...,int(N/2)} such that its
mesh deflections for the n-th planet satisfy [44]

AB _

n = j’;) cos Ty, + cy;) sin Ty, j=s,m, (4.31)

where cyf)

and cg-];) are coefficients independent of the planet index n. Mesh deflections of

this form are called type T} deflections. These type T} mesh deflections are associated with
phase indices Ty and N — Ty if T, # 0 and only T}, otherwise. A rotational mode has type
0 mesh deflections (phase index 0), a translational mode has type 1 (phase indices 1 and
N — 1), and a planet mode has type d (phase indices d and N — d), where d is an integer
from {2,3,...,int(N/2)}.

The suppression rule for stationary planetary gears [44] gives that parametric instabili-



117

ties between two modes x; and x; for the L-th harmonic are suppressed when

(T, + Ty, = LZ,)/N # integer. (4.32)

This instability suppression rule in Eq. (4.32) are different from those for spinning systems
with either Q. > €, or ., < €, in Table 4.1 because of different modal structures for sta-
tionary and spinning systems. The following two examples illustrate the differences between

the instability suppression rules for stationary and spinning systems.

The first example is an in-phase system where Z;, Z./N = integer. The suppression rule
in Eq. (4.32) predicts that only two rotational, translational, or planet modes having the
same type of mesh deflections can cause a parametric instability. In contrast, the suppression
rules in Table 4.1 for systems with either Q. > Q. or Q. < Q, (they are the same for in-
phase systems) give that parametric instabilities between two translational or planet modes
having the same phase index (except for planet modes with phase index N/2 for even N)

are suppressed.

The second example is a six-planet (N = 6) system with out-of-phase tooth meshes. The
sun and ring tooth numbers are Z; = 6n, — 2 and Z, = 6n, + 2 respectively, where n, and n,
are integers. According to Eq. (4.32), parametric instabilities for the first harmonic (L = 1)
can occur between one rotational mode and one planet mode having type 2 mesh deflections
(phase indices 2 and 4), two translational modes (phase indices 1 and 5), one translational
mode (phase indices 1 and 5) and one planet mode having type 3 mesh deflections (phase
index 3), and two planet modes both having type 2 mesh deflections (phase indices 2 and 4).
The suppression rule for systems with 2. > €, in Table 4.1 predicts existence of instabilities
for the first harmonic (L = 1) between one rotational mode and one planet mode having

phase index 2, two translational modes both having phase index 1, one planet mode of phase
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index 3 and one translational mode of phase index 5, and two planet modes both having
phase index 4. According to the suppression rule for systems with €. < €0, in Table 4.1,
the instabilities for the first harmonic (L = 1) between one rotational mode and one planet
mode having phase index 4, two translational modes both having phase index 5, one planet
mode of phase index 3 and one translational mode of phase index 1, and two planet modes

both having phase index 2 can exist.

4.6 Results

This section investigates the parametric instabilities of a planetary gear with dimensional
parameters in Table 4.2. The carrier is stationary (i.e., 2. = 0), and the ring gear rotates.
The periodically changing sun-planet and ring-planet mesh stiffnesses are calculated from a
single pair of sun-planet/ring-planet finite element/contact mechanics models [12] using a
local slope method [86]. Figure 4.2 shows these sun-planet and ring-planet mesh stiffnesses

within one mesh cycle.

Table 4.2: Dimensional parameters of an example planetary gear with an elastic ring.

Stiffness (N/m) ke = kew = 10%) kg = kg, = kp = kpy = 10", ke = 200x10%, K, =
10°, Rk, = Rk, = 20.0 x 106

Inertia (kg) I./R? = 0.654, I,/R2 = 0.490, I./R? = 4.69, I,/R2 = 9.7

Mass (kg) ms = 0.640, m, = 0.350, m. = 3.00, my, = 3.20

Dimensions (mm) R,=64.0, R=148, '=104, H =14.0, B=25.4

Elastic modulus (GPa) FE =202, kG = 61.3
Density (kg/m?) p="T7.85x10°

Pressure angle (deg) as = a, = 24.6
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Figure 4.2: Dimensional sun-planet (solid line) and ring-planet (dashed line) mesh stiffnesses.

Two five-planet systems with different planet phasing conditions in Table 4.3 are con-
sidered. Case I has in-phase tooth meshes because Z;, Z./N = integer, and Case II has
out-of-phase tooth meshes. The two systems have the same parameters in Table 4.2 and
mesh stiffness variations for the first planet in Fig. 4.2. In other words, the two systems are

identical except for a small change of gear tooth numbers.

Table 4.3: Selection of different planet phasing conditions (i.e., different gear tooth numbers)

to examine the parametric instability suppression rules in Table 4.1.

Case | Case 11

Z, =40, Z, =80 Z, =39, Z, =81

Figure 4.3 shows the natural frequencies w9 ~ woy for the five-planet system in Table
4.2 over a range of negative ring speeds. The negative ring speeds means clockwise rotation
of the ring. In this case, Q. > €2, because (. = 0. The maximum dimensionless ring speed
Q, = —0.05 in Fig. 4.3 corresponds to a dimensional speed of —11,414 rpm. The natural

frequencies are calculated from the eigenvalue problem in Eq. (4.11) using the average sun-
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planet (ks,) and ring-planet (k,,) mesh stiffnesses in Fig. 4.2. Table 4.4 shows the phase

indices for the natural frequencies wig ~ woy.

—_ —_
(o] oo

Dimensionless natural frequency, wg
—
N

—_
N

0 0.01 0.02 0.03 0.04 0.05
Dimensionless ring speed, —f2,

Figure 4.3: Dimensionless natural frequencies of a five-planet system in Table 4.2 for a range
of ring speeds. The sun-planet and ring-planet mesh stiffnesses take the mean values in
Fig. 4.2. The dashed (w9, wsg), dotted (wap, wa1), and solid lines (wag, woy) represent natural

frequencies of rotational, translational, and planet modes, respectively.

A pair of degenerate translational or planet modes (multiplicity two) splits into two
translational or planet modes with one of phase index d € {1,2,...,int((N —1)/2)} and the
other of phase index N — d from stationary to spinning planetary gears, as shown in Chapter
3. The frequency splitting phenomenon is demonstrated in Fig. 4.3 as the degenerate
translational mode frequencies wyg and ws; and planet mode frequencies woz and way split
at non-zero ring speed. The phase indices for the split natural frequencies wyy and wy; are

different and similarly for wo3 and wyy (Table 4.4).
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Table 4.4: Phase indices for the natural frequencies w9 ~ woy in Fig. 4.3. The system has

speed €2, > €),.

Natural frequency W19 Wap Wa1 W9 Wa3 Way

Phase index 0 4 1 0 3 2

Figure 4.4 shows the instability region boundaries from the analytical solution in Eq.
(4.17a) and numerical solutions from Floquet theory for Case I. For a range of peak-to-peak
amplitudes of the mesh stiffnesses (i.e., €), the analytical and numerical predictions match

well. When the mesh frequency w,, lies within an instability region, responses for this linear
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Figure 4.4: Instability regions for Case I at dimensionless ring speed €2, = —0.05. The solid
lines are perturbation solutions from Eq. (4.17a), and the asterisks are numerical solutions

from Floquet theory. (a) L =1, (b) L = 2.

undamped system will go unbounded. In practice, damping and nonlinearities would bound
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the responses as resonant vibrations.

For this in-phase system (i.e., Case I), single mode parametric instabilities occur only
for rotational modes, such as 2wy and 2wy for the first harmonic (L = 1) and w9 and wsy for
the second harmonic (L = 2). The parametric instabilities for a single translational or planet
modes are suppressed. For example, the instability regions for 2wsy and 2wsy3 are absent in
Fig. 4.4a. This occurs because only the rotational modes x with phase index T}, = 0 satisfy
2T, /5 = integer. For an in-phase system having an even number of planets, single mode
parametric instability can occur for planet modes x; having phase index T, = N/2 as well
because 27, = N. This result is different from the instability suppression rule for stationary
planetary gears in Eq. (4.32) that gives parametric instabilities can occur for a single mode

for in-phase systems no matter this mode is a rotational, translational, or planet mode.

Figure 4.4 shows combination parametric instabilities for two split translational (wag, wa1)
or planet (wa3,wqq) modes for both the first and second harmonics. For in-phase systems,
a pair of split modes interact with each other to cause a parametric instability because the
sum of their phase index equals the number of planets N. Single one of them cannot cause

parametric instabilities because twice of their phase index cannot equal integer multiples of

N.

Figure 4.5 shows the instability regions analogous to Fig. 4.4 but for Case II. This
out-of-phase system has sun and ring tooth numbers Z;, = 39 and Z, = 81, respectively.
The instability suppression rule for €2, > €2, in Table 4.1 gives that parametric instabilities
between two modes x; and x can occur only if their phase indices satisty (T;+ T} +81L)/N =
integer. This suppression rule and the phase indices for the natural frequencies w9 ~ woy in
Table 4.4 explain the occurrence of parametric instabilities in Fig. 4.5a for L = 1 and Fig.

4.5b for L = 2.
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Figure 4.5: Instability regions for Case II at dimensionless ring speed €2, = —0.05. The solid
lines are perturbation solutions from Eq. (4.17a), and the asterisks are numerical solutions

from Floquet theory. (a) L =1, (b) L = 2.

For an out-of-phase system, combination instabilities between a pair of split modes x;
and xy are suppressed for the L-th harmonic with L/N # integer because the condition
(T, + T, + LZ,)/N # integer holds. Absence of the parametric instabilities weg + wo; and
waz +way in Fig. 4.5a and (wag +wo1)/2 and (weg + weq)/2 in Fig. 4.5b confirms the foregoing

statement.

Single mode parametric instabilities for the mode xj for the L-th harmonic can occur
when (27, — LZ,)/N = integer according to the instability suppression rule for 2. > €,
in Table 4.1. These parametric instabilities are not possible for L = 1 even N and odd Z,
because (2T}, — Z,)/N # integer for any integer Tj. Single mode parametric instabilities for

L = 2 always exist for modes having phase index mod(Z,, N) or mod(Z, + N/2, N) for even
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N, where mod(A, B) represents A modulo B. Parametric instabilities of w9 and wey in Fig.
4.4b for the in-phase system of Case I and wq; in Fig. 4.5b for the out-of-phase system of

Case II agree with the foregoing prediction.

According to the instability suppression rule for 2. > €, in Table 4.1, only one of
a pair of split modes x; and xj can interact with a mode x, (which can be the same
with x; or x) to cause parametric instabilities for the L-th harmonic because their phase
indices cannot satisfy the conditions 7; + T, = N, (1} + T, — LZ,)/N = integer, and
(T, + T, — LZ,)/N = integer simultaneously. This applies for both in-phase and out-of-
phase systems. For example, the parametric instabilities for wgy + woy occur in Fig. 4.4a,
but 2wy or 2ws; are suppressed for the in-phase system of Case I, where wyy and woy; are a
pair of splitting frequencies (Fig. 4.3). Similarly, instabilities occur for wig + wey but not for

w19 + wyg in Fig. 4.5a for the out-of-phase system of Case II.

Figure 4.4 and Figure 4.5 show completely different behaviors of parametric instabilities
for Case I and II although these two systems are nearly identical with minimal difference
of gear tooth numbers (Table 4.3). This provides a way to suppress some large-bandwidth
parametric instabilities occurring at operating speeds by slightly changing the gear tooth

numbers with the natural frequencies and mesh frequency minimally changed.

The parametric instabilities for Case I in Fig. 4.4 and Case II in Fig. 4.5 follow the
suppression rule for systems with . > Q,. in Table 4.1. If the planetary gear system reverses
rotation but with all other parameters unchanged, the parametric instabilities for Case I and
IT stay the same with those in Fig. 4.4 and Fig. 4.5. The natural frequency loci for the
reversed rotation are identical to those in Fig. 4.3, except that a translational or planet mode
natural frequency that has phase index d becomes a translational or planet mode natural
frequency with phase index N — d for the reversed rotation (Table 4.5). Because of Q. < Q,

for the reversed rotation, the suppression rule for systems with 2. < €2, in Table 4.1 applies.
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Table 4.5: Phase indices for the natural frequencies wig ~ woy in Fig. 4.3 with reversed

rotation of the system (i.e., Q. < ).

Natural frequency W19 Wap Wa1 W9 Wa3 Way

Phase index 0 1 4 0 2 3

4.7 Conclusions

This paper investigates parametric instabilities of spinning planetary gears with a de-
formable ring and equally-spaced planets. Closed-form expressions for instability boundaries
are derived with the method of multiple scales. Instability suppression rules are identified

with the structured modal properties for spinning planetary gears with gyroscopic effects.

The instability suppression rules for counter-clockwise and clockwise rotation of the
carrier relative to the ring gear are different. Both of them differ from the instability sup-
pression rule for stationary planetary gears. Each mode is associated with a phase index.
For counter-clockwise rotation of the carrier relative to the ring gear, parametric instabilities
between two modes x; andxy for the L-th harmonic are suppressed when their phase indices
satisfy (17 + Ty, — LZ,)/N # integer. For clockwise rotation of the carrier relative to the ring

gear, the parametric instabilities are suppressed when (7; + T}, + LZ,)/N # integer.

A pair of degenerate translational or planet modes (multiplicity two) splits into two
translational or planet modes having different phase indices from stationary to spinning
planetary gears. For in-phase systems, instabilities can occur for combinations of a pair of
split modes, but single one of them cannot cause parametric instabilities. For out-of-phase
systems, combination instabilities between a pair of splitting modes are not possible for the
L-th harmonic unless L/N = integer. For both in-phase and out-phase systems, only one in

a pair of split modes can interact with a mode (which can be the same with one of the split
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modes) to cause parametric instabilities for a given harmonic.

For in-phase systems, single mode parametric instabilities are possible only for rotational
modes or planet modes having phase index N/2 (N even) for any harmonic. For out-of-
phase systems, single mode parametric instabilities for the first harmonic are not possible
for even number of planets and odd number of ring gear teeth. Single mode parametric
instabilities for the second harmonic can occur only for modes having phase index mod(Z,., N)

or mod(Z, + N/2,N) for even N.

Planetary gears with different planet phasing conditions (which depend on sun and
ring tooth numbers and the number of planets) can have significantly different behaviors
of parametric instabilities. Slightly changing the gear tooth numbers can suppress certain

parametric instabilities with minimal change in the natural frequencies and mode shapes.



Chapter 5

Nonlinear Dynamics of Spinning
Planetary Gears with a Deformable

Ring

5.1 Introduction

Planetary gears are widely used in aerospace systems due to their compactness, high
power density, and large transmission ratio. Their vibrations lead to larger dynamic tooth
mesh and bearing loads than the quasi-static ones, influencing fatigue lives of gears and
bearings negatively. The periodically changing sun-planet and ring-planet mesh stiffnesses
are the vibration source. Near resonances where a harmonic of the time-varying mesh stiff-
nesses coincides with a natural frequency or twice a natural frequency, vibrations can become
large enough that gear teeth that are normally in contact separate. Tooth contact loss is
a strong nonlinearity that can induce jump, period-doubling, and chaos in the dynamic re-

sponse. Such nonlinear behaviors have been demonstrated in experiments and finite element

127
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simulations [16, 48].

Most literature [11, 16, 49-52, 55-57] studied the nonlinear dynamics of planetary gears
using lumped parameter models where the sun, carrier, planets, and ring gear are treated
as rigid bodies. The elastic deformations of each component including the thin ring gear
are ignored. A few studies [15, 19, 20, 22] considered elastic ring or carrier in the dynamic
simulations of planetary gears, but nonlinear behaviors due to gear tooth contact loss are

not investigated in these studies.

Coriolis and centripetal acceleration effects arise from carrier or ring rotation. They alter
natural frequencies and vibration modes of planetary gears [10]. Real-valued standing-wave
modes become complex-valued traveling-wave modes due to the gyroscopic (i.e., Coriolis)
effects. Degenerate natural frequencies split for planetary gears with an elastic ring, as
shown in Chapter 3. At high speed, divergence and flutter instabilities can occur [104]. The
gyroscopic and centripetal effects on the nonlinear dynamics of planetary gears are rarely
touched, however. Most literature [11, 15, 16, 19, 49-52, 55-57] ignored them without any
justification. Whether these effects have meaningful influences on the nonlinear dynamics of

planetary gears or not needs investigation.

Planet mesh phasing plays an important role in planetary gear dynamics. A few papers
[6, 105-110] have used the planet mesh phasing to suppress translational and rotational vi-
brations of central members (the sun gear, carrier, and ring gear). Among them, Parker [110]
identified mesh phasing rules to suppress certain harmonics of translational and rotational
vibration modes [9]. Ambarisha and Parker [111] extended the mesh phasing rules in [110]
to suppress certain harmonics of planet mode responses [9]. Planet mesh phasing can also
suppress parametric instabilities [43, 44]. The above studies [6, 43, 44, 105-111], however,

did not consider the gyroscopic effects.
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Numerical simulations and harmonic balance method with arclength continuation are
two common approaches to solve the nonlinear dynamics of planetary gears. Ambarisha and
Parker [16] simulated nonlinear dynamics of planetary gears with an analytical model and
successfully correlated them to those from a finite element /contact mechanics model. Jumps,
period-doubling bifurcations, and chaotic behaviors occur in their simulations. Masoumi
et.al. [11] demonstrated symmetry breaking induced by chaotic response in their simulations.
Li et.al. [49] numerically simulated the nonlinear dynamics of a two-stage planetary gear
train. Numerical simulations give only stable solutions, while harmonic balance method
with arclength continuation yields both stable and unstable solutions. Sun and Hu [50]
studied nonlinear dynamics of planetary gears with single-term harmonic balance method.
Al-Shyyab and Kahraman [51] investigated nonlinear dynamics of planetary gears using
multi-term harmonic balance method. The harmonic balance solutions agreed with those
from numerical integration and finite element simulations. Ref. [52] extended the model
and solution method in [51] to multi-stage planetary gear trains. Zhu et.al. [55] investigated
nonlinear dynamic characteristics of compound planetary gear sets with single-term harmonic
balance method. Neither of numerical simulations or harmonic balance method gives closed-
form solutions that explicitly show parameter dependence of the nonlinear dynamic response.
Bahk and Parker [56] derived closed-form approximations for the nonlinear dynamics of
planetary gears with the method of multiple scales. Their analytical solutions compared
well against the solutions from harmonic balance methods, numerical integration, and finite
element simulations. From the analytical solutions, they concluded tooth separation occurs
even under large torques, which differs from conventional thinking that large torques suppress
contact loss. In a different study, Bahk and Parker [57] investigated the effects of tooth profile

modification on the nonlinear dynamics of planetary gears with analytical solutions.

This work investigates nonlinear dynamics of spinning planetary gears with a deformable
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ring and equally-spaced planets using the dynamic model from Chapter 2. Speed-dependent
gyroscopic and centripetal effects are included. The sun-planet and ring-planet meshes in-
clude time-varying mesh stiffnesses and tooth separation nonlinearity. Numerical integration
of the model gives the dynamic response. We compare the dynamic response to those from a
commercial finite element/contact mechanics (FE/CM) software [12, 72, 73] for verification.
Use of the method of multiple scales yields closed-form approximations for the frequency re-
sponse functions near resonances. The analytical results are compared against results from
numerical integration for verification. Influences of the planet mesh phasing and gyroscopic

effects on the dynamics are studied numerically and analytically.

5.2 Modeling of Planetary Gear Dynamics

The two-dimensional planetary gear model developed in Chapter 2, extended to include
tooth separation nonlinearity, is adopted here. Figure 5.1 shows the hybrid elastic-discrete
model that includes an elastic ring, rigid bodies of the sun, carrier, and planets, and a circular
rigid body (which is depicted by the largest circle in Fig. 5.1) that connects the elastic ring
through a uniform elastic foundation. The gear mesh is modeled as a periodically changing
stiffness in the line of action. The tooth separation nonlinearity is included such that the
mesh stiffness acts only when compressed and exerts no force when the mesh separates. All
other stiffnesses in Fig. 5.1 are linear. All components can rotate. The carrier and ring have

speeds (). and €2, respectively. The sun and planet speeds can be derived from kinematics.

The dimensional equation of motion for a planetary gear with N planets from Chapter

218

Mx + (.G, + QGo)x + [K(x, 1) — Q2C, — Q2C. — 20,Q.C,.)x = f, (5.1a)
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(5.1b)

(5.1c)

(5.1d)

The extended vector x includes both elastic (w(0,t)) and discrete (q(t)) motions. These

coordinates are described in the rotating carrier reference frame with speed €2.. xj, yp, for h =

s,c, b represent the translations of the sun, carrier, and ring rigid body in the E; and E,

directions, where {E;, Eo, E5} (Fig. 5.1) is a carrier-fixed basis. (,,n, are the radial and

tangential deflections for the n-th planet at an angular position 1, with respect to the
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rotating basis vector E;. Without loss of generality, ¢y = 0. w; for j = 1,2,--- ,N,s,c,b
are the rotational deflections (rotation in radians times the gear base radii R, and R,, the
center distance R. for the carrier, and the radius R for the ring rigid body). The elastic
ring deformations w(#, t) include the radial (u(6,t)) and tangential (v(#,t)) deflections of the
ring neutral axis and its cross-sectional rotation angle (5(6,t)), where € defines an angular

position relative to the carrier-fixed basis vector E;.

The extended mass (M), gyroscopic (G, and G.), and centripetal (C,, C., and C,.)
operators and also the forcing vector f in Eq. (5.1a) are identical to those in Chapter
2 except that Chapter 2 presented them in dimensionless form. The extended stiffness
operator K(x,t) is the same with the dimensional form of K in Chapter 2 with ks,, k., in

K substituted by the nonlinear, time-varying mesh stiffnesses

kan(X:t) = ken(t)H(Asn) =

krn (X 1) = ken () H (D) = (5.2)

Ay = (—xssin g, + ys cos g, + ug) + (—(, sin oy — ), cOs g + Uy ),
Ay = (Gusinay. — 1, cOs . — uy,)

+ [~usina, +vcosa, — I'ff cos o, lg—y,, n=12,...,N,

where o, and «, are the sun-planet and ring-planet pressure angle, v, = ¥, — a,, and I’
is the radial distance from the ring contact point to the ring neutral axis (See Fig. 2.3 in

Chapter 2).

The nonlinear stiffness operator K(x,t) in Eq. (5.1) is separated into linear time-



133

invariant and nonlinear time-varying parts as

N

K(x,t) =Ko+ 3 [hon(OKanH (Do) + o (K H(A,0) . (5.3)

n=1

where Ky is the same with K(x,t) with vanishing sun-planet and ring-planet mesh stiff-
nesses for all planets. The linear mesh stiffness operator Ky, (K,,) has the same form with
K(x,t) with all stiffnesses other than kg, (t)H(As,) (km(t)H(A,,)) vanishing and the mesh
stiffnesses kg, (t)H(Agy) (kpn(t)H(A,,)) replaced by one.

The mesh stiffnesses kg, (t) and k., (t) vary periodically with mesh frequency w,,. Fourier

representations of the mesh stiffnesses are

[P edlemt 4 ccl, (5.4a)

(kD eilemt 4 cc], (5.4b)

where c.c. denotes the complex conjugate of the preceding term. Chapter 4 shows the Fourier
coefficients k{5 and k'%) are related to kéf) and kﬁf) by

kﬁﬁ) _ ki?eiﬂﬂL%", kﬁﬁ) _ kif)efj%erm’ (5.5)
where 7,, and 7,, are the mesh phases between sun-planet and ring-planet meshes for the
n-th planet and those for the first planet, respectively. For equally-spaced planets, Chapter

2 gives

Yon = Von = ZsPn/(27) = —Zp1by [ (2) (5.6)

for counter-clockwise rotation of the carrier relative to the ring gear (i.e., 2. > €2,.), where

Zs and Z, are the sun and ring gear tooth numbers. The signs of ~,, and 7,, are reversed
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for systems with clockwise rotation of the carrier relative to the ring gear (i.e., 2. < €2,).

The eigenvalue problem of Eq. (5.1) with linear time-invariant mesh stiffnesses ks, and

kyp is
AMx; 4+ Mi(Q.G, + Q.G )x: + (K — Q2C, — Q*C, — 20,Q.C,.)x; = 0, (5.7a)
N N
K=K+ > koKon+ > kKo (5.7b)
n=1 n=1

where the eigenvalue \; = jw; is purely imaginary and the vibration mode x;(6) is complex-
valued when the gyroscopic system operates at speeds below the first critical speed [100].
When the gyroscopic effects are neglected, x;(f) is real-valued. The inner product of two

arbitrary extended vectors x; = [w! qf]? and xo = [wl ql]" is defined as

2

(x1, xX2) = | Wi wsdf +7q] qo, (5.8)
0

where the overbar denotes complex conjugate. The linear operators M, K, C,., C,., and C,.
are self-adjoint and G, and G, are skew self-adjoint with respect to the inner product in Eq.

(5.8).
The discretization method from Chapter 2 is adopted here to discretize Eq. (5.1a) to
give

Mz + (]G] + QG2 + (Kl(z.1) - 22[C,] - Q2[C] — 20, 2[Co))z =, (5.9)

where z is the discretized coordinates. The discretized matrices [M], [G,], [G.], [K](z, 1),
[C,], [C.], and [C,.] and vector f correspond to the extended operators M, G,., G., K(x, 1),

C,, C., and C,. and vector f in Eq. (5.1a), respectively. The corresponding discretized
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eigenvalue problem of Eq. (5.9) is
M M]z; + M(Q[G,] + QG z: + ([K] — Q2[C,] — Q2[C.] — 2Q,Q.[C,])z; =0, (5.10)

where the discretized matrix [K] corresponds to the extended operator K in Eq. (5.7b).

A damping matrix [D] is introduced to the discretized model in Eq. (5.9) with [D] =
(W) Tdiag(2vw;)[®]~!, where [®] is the orthonormalized modal matrix with respect to [M]
from the eigenvalue problem in Eq. (5.10) without gyroscopic and centripetal terms and v;
is the modal damping ratio. The final equation including damping for numerical simulation

is

MJz + (2[G,] + Q[G.] + D))z + ([K](z,t) — Q7[C,] — Q[C.] —22,92,[C,])z = f. (5.11)

5.3 Nonlinear Dynamics Benchmarking Comparisons

The analytical model has been successfully compared to a finite element/contact me-
chanics (FE/CM) model [12, 72, 73] on natural frequencies and vibration modes in Chapter 3.
Because of the differences between the analytical and FE/CM models, the analytical model
was adjusted for that comparison. This work makes the same adjustment of the analytical
model to compare the nonlinear dynamics from the analytical and FE/CM models. For this
comparison, the gyroscopic and centripetal terms in Eq. (5.11) are eliminated because these

terms are not considered in the dynamic analysis of the FE/CM model.

The comparison is conducted on the same three-planet in-phase system with equal planet
spacing used in Chapter 3. Refer to Table 3.1 in Chapter 3 for detailed system parameters.

The input and output members are the sun and ring gears, respectively. The carrier is
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stationary. The input torque on the sun is 300 N-m. The time-varying sun-planet (ks (t))
and ring-planet (k,.,(t)) mesh stiffnesses for the analytical model are calculated from single-
pair sun-planet and ring-planet FE/CM models using a local slope method [86]. Figure 5.2
shows the mesh stiffnesses for the first planet over one mesh cycle. Because the present
example has in-phase tooth meshes, all of the sun-planet (ring-planet) mesh stiffnesses have

the same values at each instant over a mesh cycle.
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Figure 5.2: Dimensional sun-planet (solid line) and ring-planet (dashed line) mesh stiffnesses.

Non-gyroscopic planetary gears with equally-spaced planets and a deformable ring in
general have four sets of natural frequencies and vibration modes: rotational, translational,
planet, and purely ring modes [21]. Planet modes exist only for systems with N > 3 planets.
The first thirty-one natural frequencies for the present three-planet example system, grouped
into rotational, translational, and purely ring modes, are shown in Table 5.1. These natural
frequencies are calculated from the analytical discretized eigenvalue problem in Eq. (5.10)
without gyroscopic and centripetal terms, and they match those from the FE/CM model

except that the two purely ring mode natural frequencies w3, wso are not captured from
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Table 5.1: Natural frequencies of the example system from Chapter 3.

Mode types  Natural frequencies (Hz)

Rotational w1 = 293.8, weg = 650.6, w; = 1156, wiy = 1574, wig = 2981, wo =
4543, Waoq = 5522, Wog9 — 6705, w31 = 7827

Translational wy,w3 = 3704, w4, w5 = 582.9, wg,wg = 1160, wi1,wis =
1595, W14, W15 = 2173, W17, W18 = 3216, W19 = Wy = 4071, W9, Wo3z =
5013, Was, Wog = 5918, Wa7,Wog = 6554

Purely ring w1z = 1636, w3y = 6858

impulse tests of the FE/CM model. Higher natural frequencies are not concerned in the

nonlinear dynamics comparison because they are hardly excited.

The FE/CM model uses Rayleigh damping [D]s. = af.[M]se + Bre[K]ye for the finite
element mesh and 3 x 3 viscous damping matrix for bearings. For the present example,
the damping matrix for each bearing has only diagonal components. Table 5.2 shows the

damping values for the FE/CM model. Processing the impulse responses of the FE/CM

Table 5.2: Bearing damping and Rayleigh damping for the FE/CM model.

Bearing damping Translational (N-s/m) Rotational (N-m-s)
Sun-ground 1 5
Carrier-ground 8 20
Ring-ground 5 20
Planet-carrier radial: 2 5

tangential: 8

Rayleigh damping ape =479 s, Bre=12x10""7 57!
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model with LMS Test.Lab [99] gives modal damping ratios associated with each of the
rotational and translational natural frequencies in Table 5.1. These modal damping ratios
were used in the analytical model. Modal damping ratios for the two purely ring natural
frequencies are arbitrarily chosen. They do not affect the dynamic response of the non-
gyroscopic planetary gear much because these two purely ring modes are hardly excited by
the mesh excitations in the analytical model. Table 5.3 shows the modal damping ratios for

all the natural frequencies in Table 5.1.

Table 5.3: Modal damping ratios for the analytical model.

Rotational V1 = 257%, Vg — 693%, Vr = 372%7 Vg = 500%, Ve — 550%, Vo1 =
3.60%, vy = 0.990%, 199 = 3.75%, vay = 1.30%

Translational V9, V3 = 182%, Vy, V5 = 655%, Vg, Vg = 362%, V11,V12 = 544%, V14, V15 =
363%, V17, V18 = 361%, V19, V9p = 305%, V99, Vo3 = 0980%, Vo5, Vog —
344%, Vo7, Vg = 103%

Purely ring vz = 5.48%, 39 = 1.30%

Figure 5.3 shows the rms (mean-removed) values of steady-state planet 1 tangential
deflection from the FE/CM model and numerical integration (NI) of the analytical discretized
model in Eq. (5.11). The results from NI agree well with those from the FE/CM model.
The spectra of the planet 1 tangential deflection for decreasing speed sweeps from FE/CM
and NI in Fig. 5.4a and 5.4b show agreements between these two solutions at each mesh

frequency harmonic.

A nonlinear jump occurs at the resonance of 2w,, ~ wyy = 6705 Hz. Bending of the
rms resonance curve to the left indicates softening nonlinearity induced by tooth contact
loss. The rms response jumps up for increasing mesh frequency and jumps down at a lower
frequency for decreasing mesh frequency. Multiple steady-state solutions are possible in

between the jump up and jump down frequencies. A resonance at w,, ~ wig = 2981 Hz
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Figure 5.3: Steady state rms values (mean removed) of planet 1 tangential deflection for
increasing and decreasing speed sweeps for the example system from Chapter 3. (———)

FE/CM model; ( ----- ) analytical model.

coincides with the jump zone (Fig. 5.3). Because of the contribution of the resonance of
w16, the rms curve reaches a peak before jumping up and down for increasing and decreasing
mesh frequency, respectively. Another jump occurs at the resonances of 2w,, ~ w3, = 7827
Hz for the FE/CM solution. The mesh frequency range between the jump up and jump down
frequencies is small. At the jump down frequency, the system experiences quasi periodic-37;,
vibrations (Fig. 5.4a), where T, = 27 /wy, is the mesh period. The analytical model predicts

sharp amplitude change for this resonance instead.

Tooth separation starts from 3400 Hz and 3975 Hz (indicated by the open circles in Fig.
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Figure 5.4: Waterfall spectra of planet 1 tangential deflection for decreasing speeds in (a)

FE/CM and (b) analytical models for the same system used in Fig. 5.3.

5.3) and continues for decreasing mesh frequency until the amplitude jumps down. Figure
5.5 and Figure 5.6 show the mesh forces at the mesh frequencies 3200 Hz and 3900 Hz for

the two zones of tooth separation, respectively. At w,, = 3200 Hz, the sun-planet 1 mesh
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loses contact while the ring-planet 1 mesh does not. In contrast, the ring-planet 1 mesh
loses contact while the sun-planet 1 mesh keeps in contact at w,, = 3900 Hz. This difference
is related to the resonant modes at the two mesh frequencies. The resonant mode wqg (n0t
shown) at 3200 Hz has much higher sun-planet 1 mesh force than ring-planet 1 mesh force,
while the ring-planet 1 mesh force is much higher for the resonant mode ws; (not shown) at
3900 Hz. The mesh forces for the analytical and FE/CM models in Fig. 5.5 and Fig. 5.6

match well with each other.
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Figure 5.5: Steady state (a) sun-planet 1 and (b) ring-planet 1 mesh loads at mesh frequency
3200 Hz for the same system used in Fig. 5.3. The solid and dashed lines represent results

from the FE/CM and analytical models, respectively.

Figure 5.4 shows the resonances of wig and ws; excited by the first harmonic of mesh
frequency, wyy and wsyg by the second harmonic, and ws; by the second and third harmonics.
All of these excited modes are rotational modes. No resonances of the translational modes
(for example, wy7 and wig) occur. This agrees with the mesh phasing rule in [110, 111] that
gives only rotational modes are excited by all harmonics of mesh frequency for an in-phase

system with period-T,, vibrations.
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Figure 5.6: Steady state (a) sun-planet 1 and (b) ring-planet 1 mesh loads at mesh frequency
3900 Hz for the same system used in Fig. 5.3. The solid and dashed lines represent results

from the FE/CM and analytical models, respectively.
5.4 Analytical Solutions for Nonlinear Dynamics near

Resonances

Numerical simulations provide limited understanding of the nonlinear dynamics. For
example, one may not be able to find the answer from numerical results to the question why
tooth separation occurs for certain resonances but does not for some others. Conclusions
derived from numerical simulations of several cases may not generalize well to other cases.
Refs. [56, 112] derived analytical solutions for the dynamics of idler gears and planetary gears
using the method of multiple scales. These analytical solutions reveal how system parameters
(for example, mesh stiffness variations) affect the nonlinear dynamics. Lumped-parameter
models without speed-dependent gyroscopic effects are used in these two studies [56, 112],
however. This work derives closed-form approximations for the dynamics of planetary gears

with an elastic ring and gyroscopic and centripetal effects using multiple scale perturbation
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method.

We define two small parameters € = |k:g)| [kyp and p = |kzg)| /ksp With 1 = ge, where
g =0O(1). Use of € and p in Eq. (5.4) yields

Fan(t) = ki + pihgy Y_[CIRm 4 cc], (5.12a)
L=1

Fopn(t) = kpp + €hipy Y [CEeIEomt e e ], (5.12b)
L=1

Cod =KW, Ol = K Ik (5.12)

The time of tooth separation is small, i.e., O(¢€), compared to one mesh period, as shown

in Fig. 5.5 and Fig. 5.6. As a result, the tooth separation functions can be expressed as

H(Ag) = 14 phgy, H(A,) =14 €hyy,. (5.13)

Substitution of Eq. (5.3) into Eq. (5.1a) and invoking Eqgs. (5.12) and (5.13) give

N
MX + GxX + [Ko+ Y k(1 + p1Qun) K (1 + pihe,)
n=1
N
+ 3 k(1 + €Qun) Ky (1 + €hy) — Clx =1, (5.14a)
n=1
G=(2G, +2G,), C=QX%C,+QC.+202.C,., (5.14b)
Qo =Y [CPmt fcc), Q=D [CPn 4 ccl. (5.14¢)
L=1 L=1
The state space form of Eq. (5.14a) is
. N ~
Ad+ B+ €D | ghopQunBan + kepQuuBra| ¢+ O(e) = 1. (5.15a)

n=1
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T
¢ = {XT XT} , (5.15b)
M 0 G K-C
A= . B= , (5.15¢)
0 K-C “(K-C) 0
0 Ksn 0 Krn
Esn = ) Ern = > (515d)
0O O 0O O
. T
f= [fT 0} ; (5.15¢)
an = an + hsnu an = an + hrn- (515f)

T

T
We define the inner product of two elements a = [alT aQT] and b = [blT sz] in the

state space as

(a, b) = (a1, b1) + (az, by, (5.16)

where a; and b; (i = 1, 2) have the same form of x in Eq. (5.1b) and (-, -) is the configuration
space inner product defined in Eq. (5.8). The eigenvalue problem of Eq. (5.15a) considering

linear time-invariant mesh stiffnesses is

T

The eigenfunctions ¢;(6) are orthogonal with respect to A and B such that

(¢, Ad;) = du, (¢, Bopi) = —jwid, (5.18)

where d;; is the Kronecker delta.



145

The solution of Eq. (5.15a) is expanded in modal coordinates as
P(0.t) = Y _lai(t)i(8) + (1) pi(6)]: (5.19)

i=1

Substitution of Eq. (5.19) into Eq. (5.15a), taking the inner product of the resulting equation

with the eigenfunctions ¢;(#), and invoking the orthogonality conditions in Eq. (5.18) give

co N
al + eEpa; — jwlal + € Z Z {gksstn [(d)h Esnd)i)ai + (d)l; Esnéz)az}

i=1 n=1

+krpan [(¢l7 Ernd)i)ai + (d)l, EMLQZ),) (_li] } = fl, l = 1, 2, N (520&)
fi= (¢, £), (5.20b)

where modal damping ep; = 2yw; is introduced.

By introducing the multiple time scales t,, = €"t, we expand the modal coordinates in

an asymptotic power series of € as
al(t; 6) = alo<t0,t1)+€a11(t0,t1) +O(€2), = 1,2,.... (521)

Substitution of Eq. (5.21) into Eq. (5.20a), using d/dt — 0/0ty+ €0/0t;, and collecting like

powers of € give

0
aitl; — Jwiao = fi, (5.22a)
%—'wa __Ouo a —ii{k Qun[(P1, Esndi)a;
8750 Jwiapn = 8t1 P10 L L GRspled sn, s snWi ) Wi0
+(¢l7 Esnd_)z)azO] + krpan [(¢l7 Ernd)i)aio + (¢l> Ernéz)az()} } (522b)

Substitution of Eq. (5.15d) into (¢, Esnep:), (é1, Esni), (¢1. Ernh;), and (éy, E,hi)
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and expansion of these four quantities give

(¢1. Egnepi) = —jw ALAL (¢1, Eups) = —jw ALAL (5.23a)
(¢1, Ernpi) = —jw Al Al (¢1, Ernps) = —juw AlLAIT (5.23b)
Al = (=l sin gy + g cos thyn + ull)
+ (=W sin oy — l cos arg + ullh), (5.23¢)
Al = (U sina, — n cos a, — ulll

+[—ul sin . + v cos o, — TBY cos a,]g—y, (5.23d)

where A and Al are the n-th sun-planet and ring-planet mesh deflections for the mode

Xi- Chapter 4 shows these modal mesh deflections satisfy
Al = oAl Al = e Al (5.24)

where T; € {0,1,2,..., N — 1} is an integer or phase index associated with the mode ;.
Planetary gears with gyroscopic effects have three types of modes: rotational, translational,
and planet modes. Planet modes only exist for systems with N > 3 planets. All rotational
modes have phase index 0. A translational mode is associated with phase index 1 or N — 1

(not both), and a planet mode has phase index d € {2,..., N — 2}.

We assume that a single mode dominates the response near resonances. The response

is nearly harmonic [16, 113, 114] and has the form
X = X+ laxie’" +c.cl, (5.25)

where w =~ w; is the response frequency. For primary resonances, the response frequency

equals the mesh frequency, i.e., w = w,,. For subharmonic, superharmonic, and second
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harmonic resonances, w = wy,/2, w = 2w,,, and w = 2w,,, respectively. The limitations of

the assumption of single mode dominance are discussed later.

5.4.1 Primary Resonance

Primary resonance occurs when the mesh frequency is close to a natural frequency, i.e.,

Wm = wi + €0, where o is a detuning parameter. The solution of Eq. (5.22a) is
ay = Aj(t)e?™ + jf/w, 1=1,2,.... (5.26)

Substitution of Eq. (5.26) into Eq. (5.22b) and vanishing the secular terms on the right

hand side of the resulting equation lead to

N
a"éll/gtl + PAl + Z [gksphsn(q’)h Esn¢l) + +k7"ph7‘n (d)h Ern¢l)i| Al =0 (527)

n=1

for [ # k. According to Ref. [56], the steady state solution of Eq. (5.27) is A; = 0. The
solution for | = k in Eq. (5.26) is

aro = Ak(tl)ej(wm_€g)t0 +jfk/wk = Bk(tl)ejwmto +jfk/u)k, (528)

where By(t1) = Ag(ti)e 7%, Therefore, the leading order solution is periodic with mesh

frequency. Substitution of Ay (t;) = 1/2dx(t,)e’?®) into Eq. (5.28) yields
ago = 1/2dy, ()0 D) ify fuoy (5.29)

where ;. (t1) = ot1 — ¢i(t).
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The sun-planet and ring-planet mesh deflections are

Agn = Agno + 1/2d (AH I @mto=m) ¢ ¢
= Ao+ dk|A ] cos(wmto — Yk + 9 ) (5.30a)

A = Ay + 1/2d (AM i @mto=m) ¢ ¢ )

- A7’n,0 + dklAyi“ COS(WmtO Tk + Q[k]> (530b)
Agpo = Z(jfi/wi)ﬁ[;l +c.c., Ao = Z(]fz/wz) T C.C., (5.30¢)

i=1 =1

where 0% and 0% are the phase angles of the complex-valued modal mesh deflections A" and
Ayﬁ, respectively. In general, Al + AX for complex-valued gyroscopic modes. Therefore,
the sun-planet and ring-planet mesh deflections for a single planet are out-of-phase. This
differs from the case for non-gyroscopic planetary gears where the sun-planet and ring-planet

mesh deflections for a single planet are either in-phase or 180 degree out-of-phase.

Figure 5.7 depicts the relationship between the tooth separation function H(Aj,) and
the corresponding mesh deflection Aj,, where j = s,7. They are in-phase with each other.

Fourier expansions of the tooth separation functions are

H(Ag) = 14 p{ B + - [plaerntentoitti) 4 .11 (5.31a)
q=1
H(Ay) =1+ e{n) }: Desonta=ntd) 4 ¢ ]}, (5.31b)

The time of separation during one period of response is denoted by &j,/wy,. The Fourier

coeflicients in Eq. (5.31) in terms of §;,, are

Ssn STTL
MY =g Y=g (5.32a)
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Figure 5.7: Tooth separation function and mesh deflection.

(¢) sin q(ﬂ- - gsn/Q) (@) _ sin q(7r — &n/Q)
hl) = hla) — ’

sn g ) rn qme

g=1,2,.... (5.32b)

Substitution of Egs. (5.26) and (5.31) into the k-th modal equation of Eq. (5.22b) and

use of w,, = wy + €0 yield the solvability condition

0A

8t =k + pkAk: + ; krp ej20't1 (¢k> rn(i)k)Ak
]O‘t1 fl g f’L
+ szrp 6 ¢kza 7"7l¢l) (]_) <¢ka Ern(pz)(_]w_)}
i=1 n=1 %
+ Z Z k’rph 63 (oti=rn) |:(¢ka rn¢z)( fl ) (¢k7 rn¢z) ( C.]:l )} (533>

i=1 n=1 Wi 7

+ Z kTP [hg‘(’r)l,) <¢k7 Ernq’)k)Ak + hﬂ(s%z)ejQ(Utli(prn) (q’)k; Ernd_)k)Ak]
n=1

+ (r—s)=0,
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where » — s denotes corresponding terms for the sun-planet mesh with k,, replaced by
gks,. Substitution of Ay(t;) = 1/2dx(t,)e’***) into Eq. (5.33), separation of the resulting
equation into real and imaginary parts, considering only the first mesh stiffness harmonic

terms, and invoking Eqgs. (5.23) and (5.30c) give

ad L
6?_tk = —prdi — 2wi| Rs| sin(yg + 1), (5.34a)
1
dy, gzk = ody — 2wp Ry — 2wy, Rody, — 2wy| Rs| cos(vi + 1), (5.34b)
1
Z krph O ABA o + (r = 5), (5.34c)
N
Z 7” (R + R AR + (r — 5), (5.34d)
Z bk COAEIA L o+ (1 — 5), (5.34¢)

where 1) is the phase angle of Rs. We discuss the error of neglecting the second and higher

mesh stiffness harmonic later.

For steady state periodic response, ddy/0t; = Oy, /0t; = 0 in Egs. (5.34a) and (5.34b)

yields the frequency response function

2
W = Wi + % [Ry + Rad + /TR~ (d)?). (5.350)
N
Z [’k VRQNAR A + (K PG AR A, 0} (5.35b)
N 1 -
=22 5 WA + EDIARI + DI+ BDIARE], (5350
B N
Ry=) [’fﬁ?NﬁA 0+ kR ANA, 0] (5.35d)

n=1
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The steady state phase v is

d
I — . (5.36)
2ka1 + 2ka2dk — Udk

Ve = tan™*

Requiring Ay, = A,,, = 0 in Eq. (5.30) leads to the tooth separation angle

Ajno

dk|Agﬂ|

1

, j=s,r. (5.37)

Ejn = 2c0s™

The quantities Ay, o and A, in Eq. (5.30c) are identical for different planets (i.e., different
n) because the modal external force f; # 0 only for modes with phase index T; = 0 and
modes of this type have identical mesh deflections for each planet (Eq. (5.24)). According
to Eq. (5.24), the amplitudes of the mesh deflections for an arbitrary mode x; are identical

for each planet, i.e., |A£’:1

| = \Agkl” for j = s,r. Therefore, the tooth separation angles ¢,
in Eq. (5.37) are independent of the planet index n. With ;, = &;1, the tooth separation
Fourier coefficients hﬁ) in Eq. (5.32) for j = s,r and ¢ = 0,1,2,... are identical for different

n.

Following the above discussions and using Eq. (5.5) with the mesh phase in Eq. (5.6)
for Q. > Q, and Eq. (5.24), the R, in Eq. (5.35) are

By = N[k 1A A0 + 6 11 1AK] A1), (5.382)
N
Ry = [P () + AENAK? + [k (B + hD)IARE] (5.38D)
N
Ry = [k AN Ao + KV ARA, o] ST /@t (5.38¢)

n=1
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Because the identity

N N, m/N = integer
D eimn = / (5.39)
n=1 0, m/N # integer

holds for integer value of m, R3 vanishes for (Z, — T})/N # integer. From Eq. (5.35), the

peak resonant amplitude for the k-th mode is
d** = |Rs| /vy (5.40)

Because R3 = 0 for the mode xj, with its phase index satisfying (Z, — Ty)/N # integer, no

resonance occurs for the mode x.

Eq. (5.38) applies to systems with Q. > Q,. For systems with Q. < Q,, use of —7,,
from Eq. (5.6) as the mesh phase in Eq. (5.35) leads to the same R; and Rj as those in Eq.
(5.38) but a different R; as

=

Rs [kﬁ AN+ EYANA, 0] Y eI, (5.41)

n=1

From Eq. (5.41), the primary resonance of the mode xj is suppressed if its phase index

satisfies (Z, + T})/N # integer.

If (Z, —Ty)/N = integer for systems with Q. > Q.. or (Z, +T})/N = integer for systems

with €, < €,., the term R3 has the expression
Rs = N|EDAMA o + KV ANA, o). (5.42)

According to Egs. (5.40) and (5.42), the peak amplitude depends only on known quantities
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and is immediately calculable. From Eq. (5.35), the peak frequency is

wpeak = W + — |R | (Vle -+ R2|R3|) (543)
3

To calculate this quantity, we determine the tooth separation angle &;,, using Eq. (5.37) and
calculate tooth separation Fourier coefficients hﬁ) for ¢ = 0,1,2 using Eq. (5.32) so that R

and Ry can be computed.

The condition §;,, = 0 marks the onset of contact loss for sun-planet (j = s) and

ring-planet (j = r) meshes. The amplitudes for the contact loss initiation points are

Ajio

ko = Ll
Al

Jj=-s,r. (5.44)

The corresponding frequencies that bound the range of contact loss are determined from Eq.

(5.35) as

2
Wn,j = Wk £ %\/]Rgﬁ — (vkd 5)?, Jj=s,r (5.45)
k.j

Whether contact loss occurs or not depends on the peak and contact loss initiation

peak

point amplitudes. When d; " > max(dy s, di), contact loss occurs for both sun-planet and
ring-planet meshes. When dieak < max(dy s, dy,r) and dzeak > min(dy,s, di), only one of the
two meshes that has lower contact loss initiation point amplitude experience contact loss.

Otherwise, no contact loss occurs.

Stability of the analytical solution in Eq. (5.35) is determined by the eigenvalues of Egs.

(5.34a) and (5.34b) linearized about an equilibrium.
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5.4.2 Subharmonic Resonance

Subharmonic resonance with period-27;, motion occurs when the mesh frequency is
close to twice a natural frequency, i.e., w,, = 2wy + €. A similar procedure as for primary

resonance gives the frequency response relation for subharmonic resonance as

Wi = 2wy + 4wy, %+R2:I: \/|Rs|? — V], (5.46a)
Ry = N0 05188 A0 + KD A 1AN A1), (5.46b)
Ry = [|k<”|<h§?> + A AKE + KD R + n G aKE] (5.46¢)
Ry = L [KOBAK + K AHAL] 3 o (60
n=1

According to Eq. (5.39), R3 = 0 for modes xj with phase index satisfying (Z, — 2T})/N #

integer, and, therefore, subharmonic resonance does not occur. Otherwise,
N L RF AR () R 1K A M
R3 = 5 ksl Asl Asl + krl A7”1 Arl : (547>

If the absolute value of Rj3 is smaller than the modal damping ratio v, subharmonic res-
onance is suppressed by the damping. Otherwise, subharmonic resonance occurs. Because
R3 depends on only the number of planets, mesh stiffness variations, and modal deflections,

the occurrence of subharmonic resonance can be quickly identified.

The mesh phase 7, in Eq. (5.6) for . > €, is used in the derivation of Eq. (5.46).

For systems with Q. < Q,, the term R3 in Eq. (5.46) becomes

N
R = 3[RV BHAY + KDANAY) S e, (5.48)

n=1
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while other terms in Eq. (5.46) stay the same. Eq. (5.48) yields the suppression of the

subharmonic resonance for the mode x; with phase index satisfying (Z, +27})/N # integer.

5.4.3 Second Harmonic Excitation and Superharmonic Resonances

When twice the mesh frequency is near a natural frequency w,, = wg/2 + €0, second
harmonic excitation and superharmonic resonances can occur. The former one (i.e., second
harmonic excitation resonance) is similar to the primary resonance case except the second
harmonic of the mesh stiffnesses is the excitation, and the latter one (i.e., superharmonic res-
onance) results from the first harmonic of the mesh stiffnesses. It is difficult to identify their
separate contributions to the dynamic response from numerical results. This work inves-
tigates the second harmonic excitation and nonlinear superharmonic resonances separately

using perturbation analysis instead.

Using a similar procedure as for primary resonance but considering the second harmonic
of mesh stiffnesses gives the frequency response function for second harmonic excitation

resonance as

W = % + Z_: [Rl 4 Rody + /[ Rs)? — (ykdm], (5.492)
By = N[ 1A A0+ 6D 115 1AK]1 A1), (5.49b)
Ro = 5 (P10 + KDY + kD1 + HDIa], (5.49¢)
Ry = [k AN A0+ KD AN A o] fj eI 2T (5.49d)
n=1

According to Eq. (5.39), the second harmonic excitation resonance is suppressed when

(2Z, — Ty)/N # integer.

The analytical solution in Eq. (5.49) applies to systems with Q. > €2,.. For systems with
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Q. < Q,, the analytical solution is the same with that in Eq. (5.49) except that R3 becomes
N

Ry = [k A A0+ K ANA | D7 ez T, (5.50)
n=1

From this equation, the second harmonic excitation resonance of the mode x, is suppressed

when its phase index satisfies (27, + T)/N # integer.

For the superharmonic resonance, substitution of w,, = wy/2 + €o into Eq. (5.22b) but
only including the first harmonic of mesh stiffnesses yields Ag(t;) = 0. Therefore, the leading

order solution of Eq. (5.22a) is
alozjfl/wl, = 1,2,.... (551)

With substitution of Eq. (5.51) into Eq. (5.22b), the solution of Eq. (5.22b) for systems

with €. > Q, is

N
jw plfl W t (Z _T)w
ann = Bi(ty)e"" + =5 + (Spe’m eI\ o= i)en
(t1) " ( )n;
N
) A =1 -
n=1
w — _
Sll - w. _l wy [gksPCﬁi)Ag}lAsLo + kTpOT(’i)A'E‘l]IATLO} ) (552b)
—Ww _ _ _ _
Stz = w +lw1 [gkspcs(i)AﬂASLO + k’“pcg)Ag}lArl,O]- (5.52¢)

From Eq. (5.39), S;i and Sj, contribute to the first order solution a;; only for (Z, —T;)/N =

integer and (Z, + T;)/N = integer, respectively. The equation for the second order pertur-
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bation is necessary for the perturbation analysis and it gives

Dayy o Oapy  Oay a
oty MR T T T o, P

oo N
o Z Z {gksl’an d)la sn¢i)ai1 + (¢l7 Esnd_)z)azl]

i=1 n=1

+krpan [(d)l; Ernd)i)ail + (¢l> Ern(ﬁz)azl]}

N
- Z Z {g2ksstnhsn [(¢l7 Esnd)i)aiO + <¢l7 Esn(ﬁz) dio}

i=1 n=1
+krpanhrn [(d)la Ernd)i)aio + (¢l7 Ern(ii)dio} }7

[=1,2,....

(5.53)

With substitution of Egs. (5.51) and (5.52) into Eq. (5.53) for [ = k, the solvability condition
for the resulting equation with w,, = wy/2 + €0 yields the frequency response function for

superharmonic resonance for systems with €. > €, as

) — % + ‘;_: [Rldk + /|Ra? — (ukdk)ﬂ, (5.54a)
N 1 0 2 k 1 0 2 k
Ry = [P + AN + kD (B + hDIAKE] (5.54D)
[e%S) N N
Ry = Z [(kS)Agﬂl} A[ﬁ + kS)AL@A{:}I)Sﬂ Z o3 (Zr =T+ T bn Z o3 (Zr=Ti)vn
=1 n=1 n=1

N
+(kS)A[sk1]Asl kg)Arl A[l] Z ej(Zr—Tk—Ti)wn Z 6j(ZT+Ti)zpn:| . (5.540)

According to Eq. (5.39), the contribution from S;; to Ry can be nontrivial only for (Z, —
T;)/N = integer and (Z, — T}, + T;)/N = integer, and Sj; can contribute to Ry only for
(Z.+T;)/N = integer and (Z, — T}, — T;) /N = integer. In other words, Ry can be nontrivial
only for (2Z, — T})/N = integer, and the contribution from S;; and Sj to R, can be

nontrivial only for (Z, — T;)/N = integer and (Z, + T;)/N = integer, respectively. For the
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case (27, — Ty)/N # integer, Ry = 0 and the superharmonic resonance is suppressed. This

suppression rule applies to systems with 2. > €,.

For systems with 2. < €2,., superharmonic resonance is suppressed for the mode x with
phase index satisfying (27, + Ty)/N # integer. The derivation for this suppression rule is

similar to that for systems with €. > €2, discussed above.

5.5 Results and Discussions

This section discusses the results from the analytical frequency response functions de-
rived in the previous section and numerical simulations with a five-planet planetary gear in
Table 5.4. The sun and ring gears are the input and output, respectively. The carrier is
stationary and fixed to ground. The ring rigid body is fixed such that it cannot deviate from
the position determined by its kinematics. Planet bearing stiffnesses k¢, k,, are infinitely high

such that planets cannot translate. The input torque on the sun gear is 500 N-m.

Table 5.4: Dimensional parameters of an example planetary gear with an elastic ring.

Stiffness (N/m) ks = kg = 0, Rk, = Rk, = 10.0 x 105, ky, = 529 x 10°, k,, =
647 x 10°

Inertia (kg) I,/R? = 0.654, I,/R2 = 0.490

Mass (kg) ms = 0.640

Dimensions (mm) R=150, ' =124, H=18.0, B=254

Elastic modulus (GPa) F =202, kG = 62.4
Density (kg/m?) p=7.85x10°

Pressure angle (deg) as = o = 24.6

Two different planet phasing conditions are considered. One has in-phase tooth meshes



159

with sun and ring tooth numbers Z, = 30 and Z, = 100, and the other has out-of-phase
tooth meshes with Z; = 29 and Z, = 101. These two cases have identical parameters in
Table 5.4 and identical mesh stiffness variations for the first planet in Fig. 5.2. The Fourier

coefficients of these mesh stiffness variations are given in Table 5.5.

Table 5.5: Fourier coefficients of sun-planet and ring-planet mesh stiffnesses in Fig. 5.2.

Harmonics, L kL (10% N/m) kE (106 N/m)
1 -64.2 +j15.3 -85.1+j36.8
2 23.0 -j10.4 16.8-j11.9
3 7.99-j7.57 7.64 -j23.2
4 -9.97+i14.6 -0.146+j11.9
) 0.675 -j0.148 4.86+j11.9

Figure 5.8 shows the natural frequencies wy; ~ was for the five-planet in-phase system
over a range of mesh frequencies. They are calculated from the discretized eigenvalue problem
in Eq. (5.10). The natural frequencies for the out-of-phase system are slightly different from
those in Fig. 5.8, and this small difference is neglected in the following study. Table 5.6 shows
the phase indices for the natural frequencies wy; ~ was for the system with counter-clockwise
rotation of the carrier relative to the ring gear (i.e., 2. > €,). If not otherwise indicated,

the carrier rotates counter-clockwise relative to the ring gear in the following results.

Table 5.6: Phase indices for the natural frequencies wy; ~ wqo in Fig. 5.8. The system has

counter-clockwise rotation of the carrier relative to the ring gear (i.e., Q2. > Q,).

W11 W12 W13 Wi4 Wis W16 W17 wis W19 W20 Wa1 W22

1 4 2 3 0 4 1 0 0 4 1 0
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Figure 5.8: Natural frequencies of a five-planet system in Table 5.4 for a range of mesh
frequencies. The dashed, dotted, and solid lines represent natural frequencies of rotational,

translational, and planet modes, respectively.
5.5.1 Comparison of numerical and analytical results

Figure 5.9 shows the primary resonance of mode w;g from numerical integration (NI)
with the first and full mesh stiffness harmonics and multiple scale perturbation for the in-
phase system. The mode wig has damping ratio vz = 2.40%, and all other modes are
suppressed by high damping. The results from NI with the first harmonic have slight dif-
ference from those from NI with full harmonics, justifying the truncation of mesh stiffness
harmonics to the first order in the perturbation analysis. The analytical solutions from per-
turbation agree well with those from NI with the first harmonic except for large amplitudes

where tooth contact loss is so significant that the first order perturbation is not sufficient.
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Figure 5.9: RMS of sun rotation for the primary resonance of mode wg from numerical inte-
gration (NT) with full and the first mesh stiffness harmonics and the analytical approximation

in Eq. (5.35) for the in-phase system. The dashed line represents unstable solutions.

Extending to higher order perturbation might increase the accuracy of the analytical solu-
tions but with increased complexity. The sun-planet meshes lose contact, and the ring-planet

meshes do not. The analytical and numerical solutions agree on this point.

The subharmonic resonance of mode wyg from NI and perturbation is shown in Fig. 5.10
for the in-phase system. The modal damping ratios are the same with those for Fig. 5.9. For
increasing mesh frequency, the numerical result follows the period-T;,, solution branch, jumps
up at 9700 Hz, follows the period-27,, solution branch, and jumps down to the period-T,,
solution at 10100 Hz. For decreasing mesh frequency, the numerical result jumps up at 10200
Hz, follows the period-2T}, solution branch, and jumps down to the period-T,, solution at

the peak frequency. The analytical solution successfully captures the vertical jumping up
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Figure 5.10: RMS of sun rotation for the subharmonic resonance of mode w;g from NI and the
analytical approximation in Eq. (5.46) for the in-phase system. The dashed line represents

unstable solutions.

and down branches for increasing mesh frequency. For decreasing mesh frequency, the jump
up and stable period-27T,, solution branches are successfully identified by perturbation, but
it does not capture the jumping down branch at the peak frequency. The analytical solution
yields open solution branches because of absence of the amplitude d; in the square root
in Eq. (5.46). The mesh frequency interval bounded by the two vertical branches from
perturbation is the parametric instability region for the corresponding linear system. From

Eq. (5.46), this instability interval is

Aw,, = 8wi/|R3|? — V2. (5.55)
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Eq. (5.55) shows an increase of damping can narrow the instability region and even eliminate
it.

Figure 5.11a and Figure 5.11b show the second harmonic excitation and superharmonic
resonances of mode wyg from NI and perturbation for the in-phase system. The damping ratio
for this mode is 2%. Only the second harmonic of mesh stiffnesses is considered for the NI
solution in Fig. 5.11a, while only the first harmonic is included in Fig. 5.11b. This separates
the contributions from different sources to the resonance. The response components at twice
mesh frequency from NI are compared to the analytical solutions from perturbation in Fig.
5.11a and Fig. 5.11b. The analytical solutions agree well with the numerical ones for both
the second harmonic excitation and superharmonic resonances. The larger amplitude of the
second harmonic excitation resonance relative to the superharmonic resonance indicates the

second harmonic excitation contributes more to the resonance at twice mesh frequency.
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Figure 5.11: RMS of sun rotation for (a) second harmonic excitation and (b) superharmonic

resonance of mode wyg from NI and perturbation for the in-phase system.
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5.5.2 Mesh Phasing Effect

Figure 5.12a and Figure 5.12b show the dynamic response in the mesh frequency range
6000 ~ 8000 Hz from NI and perturbation for the in-phase and out-of-phase systems, re-
spectively. The natural frequencies wyg ~ woy fall into this frequency range, as shown in Fig.
5.8. The damping ratios for these three modes are voy = v91 = 0.5%, and 9y = 1%. All

other modes are suppressed by high damping. Figure 5.8 shows the natural frequencies wy;
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Figure 5.12: RMS of ring radial deflection at § = 0 for the (a) in-phase and (b) out-of-phase

systems from NI and perturbation.

and wgs are close to each other. If resonance occurred for both wy; and wyy simultaneously,
the assumption that one mode dominates the response near a resonance was not valid and

the analytical solutions would not work.

The numerical results in Fig. 5.12a show that resonance occurs only for the rotational

mode wyy for the in-phase system. For the out-of-phase system in Fig. 5.12b, only the
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translational mode wo; with phase index 1 causes a resonance. As a result, the assumption
that one mode dominates the response near a resonance holds. The agreements between the

analytical and numerical results in both Fig. 5.12a and Fig. 5.12b confirm this point.

From the analytical solution in Section 5.4.1, a primary resonance occurs only for the
mode xj with phase index satisfying (Z, — T)/N = integer. For the in-phase system,
only rotational modes with phase index 0 can cause resonances. Therefore, the resonances
for the translational modes woy and wy; are suppressed in Fig. 5.12a. For the five-planet
(N = 5) out-of-phase system with Z, = 101, resonance occurs only for translational modes
with phase index 1. This explains the resonance only for the mode ws; in Fig. 5.12b. This
mesh phasing effect leads to suppression of certain modes, making the assumption that one
mode dominates the response near a resonance still valid for the case where multiple natural

frequencies are close to a primary resonant frequency but have different phase indices.

The above discussion is limited to primary resonances. In general, the assumption that
one mode dominates the response is not valid when multiple modes are excited to resonances
simultaneously. For example, a primary resonance of one mode coincides with a subharmonic
resonance of another different mode. Neither the analytical solutions for primary resonances
in Eq. (5.35) nor those for subharmonic resonances in Eq. (5.46) work for this case. If
one of the two resonances (for example, the primary resonance) is suppressed by the mesh
phasing effect, the assumption that one mode dominates the response holds and the analytical

solutions in Eq. (5.46) works for this case.

The results for the in-phase system in Fig. 5.12a and out-of-phase system in Fig.
5.12b follow the suppression conditions for systems with Q. > .. If the planetary gear
system reverses rotation but keeps all other parameters unchanged, the dynamic response
for the in-phase and out-of-phase systems stay the same with those in Fig. 5.12a and Fig.

5.12b. The natural frequency loci for the reversed rotation are identical to those in Fig.
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5.8, except that a translational or planet mode natural frequency that has phase index d
becomes a translational or planet mode natural frequency with phase index N — d for the
reversed rotation (Table 5.7). Because of Q. < €2, for the reversed rotation, the suppression

conditions for systems with €. < €2, apply.

Table 5.7: Phase indices for the natural frequencies wy; ~ wyy in Fig. 5.8. The system has

clockwise rotation of the carrier relative to the ring gear (i.e., Q. < Q,).

w11 W12 w13 W14 W15 W16 w1t w18 W19 W20 W21 W2

4 1 3 2 0 1 4 0 0 1 4 0

5.5.3 Gyroscopic Effects

Figure 5.13 shows the dynamic response near wys from NI for the in-phase system with
and without gyroscopic effects. The damping ratio for the mode w5 is 0.65%. Resonance
occurs for the system with gyroscopic effects but is suppressed for the case without gyroscopic
effects. The mode wy5 for the non-gyroscopic system is a purely ring mode where sun-planet
and ring-planet mesh deflections vanish [21]. Therefore, the term R; = 0 in Eq. (5.35),
leading to the suppression of the resonance of mode w5 for the non-gyroscopic case. Non-
gyroscopic systems with odd number of planets (for example, the current five-planet system)
have only one type of purely ring modes that are associated with phase index 0 [21]. A
purely ring mode of this type (for example, the mode w;5) evolves into a rotational mode
when gyroscopic effects are introduced, as shown in Chapter 3. The nontrivial sun-planet
and ring-planet modal mesh deflections lead to non-zero R3 for the rotational mode ws.

Thus, resonance of mode w5 occurs for the system with gyroscopic effects.

For non-gyroscopic systems with even number of planets (i.e., even N), a different
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Figure 5.13: RMS of ring radial deflection at § = /5 for the primary resonance of mode
wys from NI for the in-phase system with (solid line) and without (dashed line) gyroscopic

effect.

type of purely ring modes with phase index N/2 exist in addition to those of phase index
0 [21]. Chapter 3 shows a purely ring mode of phase index N/2 becomes a planet mode
having phase index N/2 when gyroscopic effects are introduced. This planet mode for the
gyroscopic system can be excited, while the corresponding purely ring mode is suppressed

for the non-gyroscopic system.

Figure 5.14 shows the influence of the gyroscopic effects on the resonance of the trans-
lational modes wyg, wo;. The damping ratios for these two modes are v9 = 19 = 0.5%, and
all other modes are suppressed by high damping. The modes wsg, wy; are degenerate for the
case without gyroscopic effects, as shown in Fig. 5.8 at zero mesh frequency where the speed-
dependent gyroscopic effect vanishes. Therefore, only one resonant peak occurs for this pair
of degenerate modes in Fig. 5.14. When the gyroscopic effects are introduced, the degener-

ate modes wayg, woy split (Fig. 5.8). The mode wqy causes the resonance in Fig. 5.14, but no
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resonance occurs near wsg. As shown in Table 5.6, the two modes woy and wy; have phase
indices Tpy = 4 and T = 1, respectively. Because (Z, — Ty)/N = (101 — 4)/5 # integer,
the term Rz in Eq. (5.38¢) vanishes for wyy. Thus, no resonance occurs near wsy. The reso-
nance near wy; occurs because (Z, — Ty;)/N = (101 — 1)/5 = integer. The peak amplitude
for the case with gyroscopic effects is smaller than that without gyroscopic effects in Fig.
5.14. From Egs. (5.38¢) and (5.40), the gyroscopic effects alter the peak amplitude through
changing modal mesh deflections. For the case in Fig. 5.14, the modal mesh deflections for
the gyroscopic system results in smaller amplitude of R3 than those for the non-gyroscopic

system.
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Figure 5.14: RMS of ring radial deflection at § = 7/5 for the dynamic response near wyg, way
from NI for the out-of-phase system with (solid line) and without (dashed line) gyroscopic
effect.

Chapter 3 gives a pair of degenerate planet modes with multiplicity two splits into two
planet modes having different phase indices when gyroscopic effects are introduced. For

example, the planet modes w3 and wyy in Fig. 5.8 are degenerate at zero mesh frequency



169

and split for non-zero mesh frequency. The mode w;3 has phase index 2, and w4 has phase
index 3 (Table 5.6). Similar to the translational mode resonance for wyy and ws;, only one of
the modes wy3 and wyy can cause resonance because the conditions (Z, — T13)/N = integer

and (Z, — T14)/N = integer cannot hold simultaneously.

5.6 Conclusions

This paper investigates nonlinear dynamics of planetary gears with an elastically de-
formable ring and equally-spaced planets. An analytical model with rigid sun, carrier, and
planets coupled to an elastic ring is used. The model includes gyroscopic and centripetal
effects from carrier and ring gear rotation. The sun-planet and ring-planet mesh interac-
tions are modeled as time-varying stiffnesses with tooth separation nonlinearity. Numerical
integration of the model gives the dynamic responses and they agree well with those from a

finite element/contact mechanics model.

With the assumption that one mode dominates the response near resonances, the
method of multiple scales yields closed-form solutions for primary, subharmonic, superhar-
monic, and second harmonic resonances. The analytical solutions are verified against the
solutions from numerical integration. These analytical solutions explicitly show the param-

eter dependence of the dynamic responses. The main conclusions are :

e Planet mesh phasing, determined by the sun and ring gear tooth numbers (Z; and Z,.)
and the number of planets N, plays an important role in the occurrence of resonances.
For systems with counter-clockwise rotation of the carrier relative to the ring gear,
primary resonance can occur only for modes with phase index T} satisfying (7, —

Ty)/N = integer; subharmonic resonance can occur only for modes satisfying (7, —
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2Ty)/N = integer; and, superharmonic and second harmonic excitation resonances can
occur only for modes satisfying (27, — Ty)/N = integer. In contrast, systems with
clockwise rotation of the carrier relative to the ring gear can have primary resonance
only for modes satistying (Z,+1},)/N = integer, subharmonic resonance only for modes
satisfying (Z, + 2T})/N = integer, and superharmonic and second harmonic excitation

resonances only for modes satisfying (27, + Ty)/N = integer.

The assumption that one mode dominates the response is in general not valid when
multiple modes are excited to resonances simultaneously. The mesh phasing effect can
suppresses certain resonances, making this assumption and the analytical solutions still

valid.

Different from non-gyroscopic planetary gears where the sun-planet and ring-planet
mesh deflections for a single planet are either in-phase or 180 degree out-of-phase,
those for gyroscopic planetary gears are in general out-of-phase. Purely ring modes
for non-gyroscopic systems are not excited. When gyroscopic effects are included,
these modes become rotational or planet modes and can cause resonances. Degenerate
translational or planet modes with multiplicity two for non-gyroscopic systems split
with gyroscopic effects introduced. Only one of the split modes can cause primary
resonances. The gyroscopic effects alter the resonant amplitudes through changing

modal mesh deflections.



Chapter 6

Future Recommendations

6.1 Mesh Phasing Rule for the Dynamics of Planetary

Gears with a Deformable Ring Gear

Numerical experiments show the elastic ring has only certain nodal diameter (ND)
deformation for a specified harmonic of periodic responses with mesh frequency w,,. Take a
five-planet (N = 5) system with sun and ring tooth numbers Z, = 28, Z, = 92 for example.
When its carrier rotates counter-clockwise relative to its ring gear (i.e. Q. > €,.), the system
has only sN 42 ND (i.e., e/¥+29) ring deformation for the first mesh frequency harmonic
(i.e., e?mt) sN + 4 ND for the second harmonic, and sN + 1 ND for the third harmonic,
where s = 0,£1,4+2.... If the five-planet system reverses its rotation (i.e., its carrier rotates
clockwise relative to its ring gear), the ring deformation contains only sN+3 ND components

for the first harmonic, sIN+1 ND for the second harmonic, sN +4 ND for the third harmonic.

The modal structure defined in Chapter 3 gives that a mode with phase index d &

{0,1,..., N — 1} contain only sN + d ND ring deformation. Therefore, the five-planet

171
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system has only modes with phase index d = 2 excited for the first harmonic, d = 4 for
the second harmonic, and d = 1 for the third harmonic when €. > €2,.. In contrast, the
five-planet system has only modes with phase index d = 3 excited for the first harmonic,

d =1 for the second harmonic, and d = 4 for the third harmonic when Q. < €Q,.

The excited ring deformation and modes for any harmonic and any planet mesh phas-
ing are summarized in Table 6.1. These rules are observed from numerical simulations.

Mathematical justification is necessary.

Table 6.1: Summary of the rules of the excited ring deformation and modes by the [-th mesh

frequency harmonic.

Systems with €, > €, Systems with €, < €2,
Excited ND ring deformation sN +mod(lZ,, N) sN +mod(lZs, N)
Phase index of excited modes mod({Z,, N) mod(lZs, N)

6.2 Three Dimensional Vibrations of Helical Planetary

Gears with a Deformable Ring Gear

The analytical model in this work only considers in-plane vibration for each component
in a planetary gear system. This model applies to spur planetary gears. For helical planetary
gears, both in-plane and out-of-plane motions are significant. The sun, carrier, and planets
should be modeled as rigid bodies with each having six degrees of freedom: two in-plane
translations, one in-plane rotation, one axial translation, and two tilting motions. The elastic
ring gear should have radial, tangential, axial, in-plane bending, out-of-plane bending, and

twisting deflections (Fig. 6.1). The mesh interaction can be modeled as a stiffness normal
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to the tooth profile.
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Figure 6.1: Schematic of an elastic ring with three dimensional motions.

Because of cyclic symmetry, helical planetary gears are expected to have structured
modal properties like spur planetary gears do. Vibration modes can be classified into different
types, but the modal properties for each type need to be investigated. In particular, how out-
of-plane motions couple with in-plane motions for each type of modes is unknown. Parametric
instabilities of helical planetary gears can be investigated with the three dimensional model.
An instability suppression rule is expected to exist. Dynamic responses can be numerically

simulated, and analytical solutions for dynamic responses near resonances can be derived.

6.3 Nonlinear Dynamics of Compound Planetary Gears

with a Deformable Ring Gear

The current work deals with single-stage planetary gears where sun-planet and ring-

planet meshes have the same frequency. For a compound planetary gear in Fig. 6.2, the
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mesh frequency of the sun and stage-1 planet differs from that of the ring and stage-2 planet.

Both frequencies parametrically excite the compound planetary gear system.

Figure 6.2: Schematic of a compound planetary gear with two stages of planets.

The current analytical model can be extended to include parametric excitations and
tooth separation nonlinearity of sun-planet and ring-planet meshes with different mesh fre-
quencies for compound planetary gears. Nonlinear dynamic responses can be simulated with
numerical integration of the analytical model. Analytical solutions for dynamic responses
near resonances can be derived with the method of multiple scales. How the two stages
of mesh excitations interact with each other under resonant conditions needs investigation.
The ratio of the two mesh frequencies may significantly influence the two stage mesh interac-
tions. When this ratio is not an integer or its reciprocal, only one stage of mesh excitations
is expected to drive a resonance. In contrast, the two stages of mesh excitations may jointly
drive a resonance for the case where this ratio is an integer or its reciprocal. How planet

mesh phasing influences the dynamic responses is unknown.
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