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Abstract lossyGear=i

Two elastic gearbox models with friction losses are ksfrm?a [ 'j
presented; a 1-Degree Of Freedom (DOF) and a 3- c=c ' T 07

DOF model. °

The presented models have advantages over the exist- (a) asymmetric elastic gear

ing lossy gear model [7] of the Modelica Standard Li- lossyGear=i

brary when gear vibrations are of interest. Care has | [

been taken that also in the case of gear locking, the spring_A _I._l B

elasticity effects are treated adequately. LAVAVE - = ©
In addition to external excitations, it is now also possi- e T—"—T

ble to model internal excitations of the gearbox caused
by the varying stiffness and/ or damping. This vary-

ing stiffness can be specified by the user for each gegt ,re 1: Lossy gear from the Modelica Standard Li-

wheel. This feature can for instance be used to mogel . extended with springs to create an elastic gear
tooth interaction or broken gears. model

Furthermore, the 3-DOF elastic model can simulate

the elasticity of the support bearings in the load di-

rection, which is impossible in the standard lossy gedr Overview of Available Models

model.

Keywords: Elastic Gearbox, Efficiency, Gearbox  The lossy gear model can simulate the efficiency of the
gearbox depending on load direction and speed as well
as stick slip effects. Bearing friction effects are also

1 Introduction included in the model. The standard lossy gear model
is a rigid model. When elastic effects are needed for

Gearbox vibrations and losses can affect the perfégrrect modelling, constructions as in Figure 1 can be

mance of a mechanical system as a whole. For gnade to simulate elasticity. Figure la yields in the

ample in wind turbines, vibrations of gearboxes o¢ase of a locked gear a non-symmetric model since the
ten cause undesired behaviour or even fatigue fdlasticity is lumped on one side. In many cases this
ures. Moreover, in other applications elastic effed@ads to non-realistic model behaviour.

of the gearbox can influence the performance of the model shown in Figure 1b has problems to be sim-

system, especially in low weight - high gear ratiblated at all. See Appendix A for an in-depth analysis

applications, such as lightweight robots and aircraft this problem.

applications. In this article it is presented how th®ing and Houser [8] have developed an elastic gear

lossy gear model from the Modelica Standard Librargodel that can simulate torsional as well as transverse

Modelica.Mechanics.Rotational addressed byvibrations. Mesh- and bearing losses, however, are not

Pelchen et al. [7] is extended to a full elastic modegken into account. Howard et al. [1] have been work-

without losing the symmetry of the model. Two modng with FEM models. These models are highly com-

els have been developed; a 1-DOF model and a 3-D@IEx and the simulation times are high. Moreover the
model. geometry and material properties have to be known,

(b) symmetric elastic gear
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which is usually not the case.

In this report, the work of Pelchen et al. [7] on th

e

standard lossy gear model is combined with the work
of Sing and Houser [8]. The goal of this paper is to
present a low order symmetric model that can SimSymbol H Description
ulate mesh- and bearing losses as well as an elaspﬁ:f

contact. The parameters needed for the model can
ther be found in vendor catalogues or can be measur qa

without spending much time and resources.

3 The Elastic Lossy Gear Model

‘?"

Mass wheel¥
Radius of wheel?
Mass moment of inertia of wheef

khﬂ
Kn
Kp.s
Dk s

Two elastic gear models are developed; a torsiondhbase

elastic model (Figure 2a, 1-DOF) and a translation

torsional model (Figure 2b, 3-DOF). With the first

model the effect of elastic teeth in a gearbox can
simulated. The second model adds elasticity of t
bearings in the direction of the gear load.

Gear contact spring constant whegl
Total gear contact spring constant
Bearing stiffness whee¥
normalized stiffness profile

I<h = kh,baseAkhJ

AlCh.~

bén

héb.s
Ach s

A schematical overview of the power flow through theCh base
lossy gear model is shown in Figure 3. The symboly.»

and their description are listed in Table 1.

Gear contact damping constant
wheel .

Total gear contact damping constan

Bearing damping whee¥

normalized damping profile

Ch = ChbaseAChs#

Ym.s

The mesh is modelled using a spring and a dampé&fnesh

on each side of the contact positignesn The mesh
forcesFna andFyg are related to the mesh torqueg,

andtyg as:
TmA TgA — TiossA
Foa= —= ————— (1)
ra ra
TmB TgB — TiossB
Frog = — 2 = 08 Toset 2)
e s

Displacement of wheelV

Ys+1s6s

Displacement in load direction of
the contact point

And the resulting driving forces are (These are thdiossmaxs

forces left after all friction losses):
®3)

FgA = )

The spring forcema andFygin the load direction are

for the 1-DOF model (see Figure 2a):
Fma = Kna (Ymesh— raBa) + Cha (Vmesh_ rAGA) (4)
Fmg = kng (r868 — Ymesh + Ch (rBéB - Vmest) (5)
For the 3-DOF model (see Figure 2a) it results:
Fma = Kna (Ymesh— (raBa+Ya)) + (6)
ChA (Vmesh (raba+ YA))
Fmg = Kng ((re68 +YB) — Ymesh + )
cng ((reBs +Ya) — Vmesh)

Vmesh Ymesh

6, Angular position of wheel?

Ty Input torque on shaft?

Ty Mesh torque of shaft?

Tg.r Resulting driving toque of shaf#
Tiosss Mesh loss torque on shaft

Tot.s Bearing friction torque on shaf¥

Maximal loss torque of gea¥

Tiossming || Minimal loss torque of geay

Fns Mesh force of gear whee¥

For Resulting driving force of geay

Flosss Mesh loss force on shaff: Trg—j

Fo.s Bearing force wheel?

AR, Force difference over the mesh
AFy = Fgg — Fga

Rossmaxs || Maximal loss force of geay’

Rossmins || Minimal loss firce of gear/

Ross Power loss of the gear mesh

Posss Power loss of the gea#

Pns Power flow into mesh?

# can be substituted for respectivélyor B to
indicate a certain gear wheel

Since in a gear mesh the gear moduli of the mesh-
ing teeth have to be equal, the following assumption

is postulated:
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Table 1: List of symbols.
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Figure 3: Forces and moments on the gearbox. The
Torque/ Force convention is also shown.

tion can be obtained.

Tao— Thfa— lgaBa — Tiossa+ Tga =0 (12)
T8 — TofB — lg86B — TiossB+ Tgg =0 (13)

Figure 2: The One Degree and the Three Degrees of Foa—MaYa — Fossat Fga =0 (14)
Freedom Elastic Gear Models Fos—MBYs + Fosss—Fgg =0  (15)

(b) 3-DOF Elastic Gear

Equations 14 and 15 reduce for the 1-DOF model to:

Assumptlon 1 The mesh stiffness and the mesh damp- Fossa— Fga = 0 (16)
ing are equal on both gear wheels
—Fosse+Fgg =0 (17)

This leads to: For a moving gear (not stuck) this coupling equation

between hullA andB is defined by the resultant drive
kn =2kna = 2knp (8) forces:

Ch ZZChA = 2Chb (9) I:gA = I:gB (18)

In stuck mode though, hul\ and B are uncoupled.

The bearing forces are given by: Since the gear is stuck, the constraint equation is:

Foa = — (KoaYA + CoaYa) (10) Vmesh= 0 (19)
Fos = — (KoY + CoBYB) (11)

' 1 r Mesh L
In Figure 3 the torques and forces on both gear whegls Gear Mesh Losses
are shown. Using the sign conventions from this figror the gear mesh efficiency it is important to identify

ure, the rotational and translational equations of mifve power in- and outflows of the gear mesh. These
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| Fy>0 | Fwy<0 Combining Assumption 2 with Definitions 1 and 2, the
Vmesh> 0 || Quadrant 1| Quadrant 2 friction moment on the axis for quadrant 1 and 3 is for
Vmesh< O || Quadrant 4 Quadrant 3 6 #0:
Table 2: Ge_ar operational mode_s and quadrants. The Tossp= — 1-m Tgn @7)
power flow in quadrant 1 and 3 is from Gearwhéel 14+m
to GearwheeB, in quadrant 2 and 4 from Gearwheel 1- %
B to Gearwheeh TlossB= —77 1 ToB (28)

m

powers can be obtained by rearranging Equation fT@r quadrant 2 and 4 the power loss and friction mo-
and 13 and multiplying them by the rotational velocityn€nt on the axis is:

The power that flows into the gear hull is therefore: 1
n2
Pna= (Ta—Tora—loabh) a0 AT L =
= (TiossA— TgA) Oa 1-ns
PN TlossB= — IgB (30)
Png = (T8 — Tore — IgabB) 8 21) 1+n2
= (Tiossz— Tga) OB For Vmesh= 0 (gear mesh can get stuck), the loss mo-
The total mesh loss is: ment working on the gear wheel is set to zero, since
the position where the loss is generated is fixed. This
Ross= Hossa+ Foss (22) leads to:
To distribute the losses over both gear wheels the fol- Tiossa= 0, Tiossg= 0 (31)

lowing assumption is made:

Assumption 2 The mesh power losses are equalf.2 State Switching

distributed over both gear wheels.
g In order to define in which quadrant the gearbox is op-

This assumption leads to: erating or if the gearbox is stuck, a state machine is de-
A veloped. It switches based on the mesh velogitysn
TiossAlA = ;SS = TjossBB (23) the sum of the total mesh loss forces and the force dif-

ference over the mesh.
Using the sign conventions from Figure 3 this leads e total mesh loss force depends on the operational
the conclusion that a power flow into the gearboX ¢fiadrant. Since fofmesh= 0, it is unknown if the gear-
positive. Therefore the power loss is defined as: box is operating in quadrant 1 or 3 (motor mode) or in
guadrant 2 or 4 (generator mode). As the mesh forces
Rloss = Fna+ Pns (24) (Fya and Fyg) are known it is possible to develop a

Gearbox efficiencyn depends on the power flowmaximum and minimum loss torque for each hull. The
through the gedr Using operational quadrants (se@uadrants 1 and 2 lead fssmax Using quadrant 1 for

also Table 2), the efficiency in each quadrant is definfg™> 0 @and quadrant 2 fdf, < 0. The quadrants 3 and
by following definitions: 4 Tiossmin USing quadrant 4 foF, > 0 and quadrant 3

for |, < 0. This leads to the total loss forces:
Definition 1 The efficiency of the gearbox in quadrant

1and3is: b Flossmax = TIossmaxA+ TlossmaxB (32)
= _PL‘B =M (25) FgA rgs
mA Flossmin _ Io?smlnA + IoismlnB (33)
Definition 2 The efficiency of the gearbox in quadrant gA 9B
2and 4is: Poa The force difference over the mesh is:
n=—g==n (26)
mB

Tgn | TgB
: . . AFg = — (g + g) =Fg—Fga  (34)
1A good example is a worm wheel drive. In such a drive the fga  TIgB

efficiency from worm to gearwheel is usually > 0.5. However, the

efficiency from gearwheel to worm is in some cases zero. Figure 4 shows how the mode switching takes place.

© The Modelica Association, 2009 273



Proceedings 7th Modelica Conference, Como, Italy, Sep. 20-22, 2009

Stiffness profiles of gearwheglandB

AFh < Hossmin AI:h > |:Iossmax

v Vmesh< 0 Vmesh> 0 '
Backward ‘ Stuck ‘ Forward
[}
| < 8
<
Vmesh= 0 Vmesh=0

Figure 4: Mode switching of the elastic gearbox

3.3 Mesh Stiffness- and Damping Variations

Kar and Mohanty [3], Li et al. [4] as well as Kahra-
man and Singh [2] report that internal gearbox vibra-
tions are caused by the variation of the mesh stiffness _
between two adjacent teeth in contact. Nevzat et ak| £

[5] report that also damping is an important factor in < e N ki fori =1

gear vibrations. Moreover Li et al. [4] note that gear _

root cracks lead to a lower local stiffness. 067 —kafori=2

To model these variations, a normalized gear stiffnes- 0 02 04 06 o8 1
and damping profileAkn, Acy) is introduced for each Ors

gearwheel that specifies the local stiffness and damp- 2m

. : . b
ing over the circumference of each gear wheel. Using ()

this profile the stiffness and damping of the contaglgure 5: Local stiffness of two contacting gear wheels
point is calculated using: for gear ratios = 1 andi = 2

Kn =Kn base' Akna (6a) - Akng (6s) (35) 4 Modelica Model
Ch =Ch,base' AChA (6a) - Achs (6B) (36)
The elastic lossy gear model as developed in Section

. _ 3 can be implemented straightforward into a Modelica
In Figure 5 an example of the two normalized stiffneggodel. The parameters for the simulation of a 1-DOF

profiles and the total local stiffness is given for twgodel are the gear wheel radjj andrg, the moments
gear ratios = 1 andi = 2. of inertia of the gearwheelga andlgg and the nomi-
nal stiffness, and dampingy, of the mesh. Tabulated
values offn1, Nn2 as a function ofimesh Thra @Nd Tyt
have to be given as a function 6f respectivelyfs.
The last inputs are the profile tablakya, Akng, ACha

andAcng Which are a function of the normalized cir-
In the elastic lossy gear model it is possible to have-amference of the gear wheel.

stuck mesh and at the same time moving gearwheels.

Therefore the mesh- and bearing losses cannot be

lumped like Pelchen et al. [7] do. Instead two bedd Simulation Results

ings are modelled, one on each gear wheel side. Since

usually the bearings from gearboxes are not identicab, check if the simulation results of the elastic lossy

each bearing can have individual friction characterigear model correspond with the simulation results of

tics. The same approach as Otter et al. [6] is usecdtive standard lossy gear model (extended with a dummy
model the bearing friction (this is in fact the bearinmass and two spring and damper elements) a sim-
friction model from the Modelica Standard Library). ulation is executed with both models. A schematic

3.4 Bearing Losses
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Gear Locking Simulation

b
i " —— 1-DOF LGA
oV o e e o VY Yol e A Ao |
g T Vi | | 3-DOFLGA
L IR LG + springsA
Figure 6: Elastic 1-DOF lossy gear model and stai \ ‘ :
dard lossy gear model extended with dummy mass a \ ‘ : 1-DOF LGB
two spring- damper combinations. 10 \ \‘ : 3-DOF LGB
' SRR
% \ !‘ . | = = = LG + springsB

overview of the models can be found in Figure 6. Botg,
gears are driven by a sinusoidal torque (left). The Ioag
ing of the gearbox takes place by a spring (right) witg St
very low stiffness (1N/m). Note that this dummy mag”
is a work-around to avoid simulation problems. It in.

troduces higher dynamics and moreover increases 1

simulation order. For a smooth simulation, the star Or
dard “Dassl” integrator requires the dummy mass 1
be maximal 16 times smaller than the main masses
Implementing a 3-DOF system using the Modelic
Standard Library is hardly possible and therefore n
worked out. : ' ' : :

Time [ms]
5.1 Gearbox Sticking

Figure 7: Simulation of the elastic 1-DOF and 3-DOF
The simulation results of the gearbox getting stugkssy gear model together with the standard lossy gear

are shown in Figure ? This figure demonstrateﬁ'node| extended with dummy mass and Springs_
that the simulation results are almost identical for both

torsional models, leading to the conclusion that the

1-DOF elastic lossy gear model delivers the right rg; the eigenfrequency of whealis \/% = % =15
sults. The simulation results also show that the eig&fines higher than whed.

freuquency of the 3-DOF model is lower than the 1-

DOF model. This can be explained by the lower stiff- _ _

ness and damping of the 3-DOF model than the 22 Internal Gearbox Vibrations

DOF model, caused by the extra spring-damper co s concluded in Section 3.3 the stiffness variation of

binatipn at the bearings. Note that th? bearing sti e gear mesh between the gear teeth is an important
ness is set to a low value to make the differences exéro%rce of gearbox vibrations. To simulate this be-

clear. » . . haviour a gearbox is modelled using realistic param-
In addition the simulation results show clearly that iy < tor radii. stiffness and damping. The mesh stiff-

the case of a bIock_ed gearbox, both sides of the 9&3tzq yariation is modelled by using the stiffness profile
bpx are uncoupled; the e_lgenfrequency O_f Wh@@ from Section 3.3. To simulate two gear wheels with
higher than of wheeB. This seems not logical at firslgg taeth hoth gearwheels are given a stiffness varia-

sight, since the in_ertia of wheé\ is higher than of tion profile (\kna andAkng) with a sinusoidal variation
wheelB. Yet the stiffness of a gearbox has a quadratig, g0 periods and an amplitude of 2.5% kofyase

relation with the gear ratio, leading to a 9 times highg§, 5y erage of the profile is one. Combining both gear
stiffness of wheeh with respect to whed. Since the 615 jead to a 10% fluctuation of the gear stiffness

inertia of wheelA is only 4 times higher than of Wheek/arying 60 times each rotation.

3 - , B 1 _ The simulation setup is shown in Figure 8. In this fig-
The simulation parameters arek, = 1e6Nm *, c, = i .

10NSNTL, Ny = N2 = 05, Igs = 4e— 3kgn?, lgp = 1e— 3kgn?, Ure the gear is driven by a constant speed block (left)

rga=0.3mandrgg = 0.1m. and loaded by a constant load block (right). The elas-
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6 Conclusion

The lossy gear model of the Modelica Standard Li-
brary is extended with two models; a 1-DOF model,
simulating tooth stiffness and a 3-DOF model, sim-
ulating tooth and bearing stiffness. Elasticity of the

Figure 8: Simulation environment for the internal gegearbox is dealt with in an appropriate way without the

vibration test.

Rotational velocity of gear wheé&

2010y — 1-DOF Lossy Gear
= — 3-DOF Lossy Gear
o 2005¢
e
()
g
o 2000y
1995 : ; ; :
0 1 2 3 4 5
Time [ms]
(a)
Mesh forceFa [N]

Time [ms]
(b)

need for dummy masses. Just like the standard lossy
gear model, chattering is avoided in this model by the
state switching algorithm.

With the 1-DOF and 3-DOF elastic lossy gear mod-
els it is now possible to model the torsional as well as
the translational (in load direction) vibrations of gear-
boxes. In addition it is possible to simulate the change
of stiffness and/ or damping between the two adjacent
teeth of a gear. This facilitates the modelling of vibra-
tions that are internally generated. Furthermore, the
3-DOF model can simulate the effect of elastic bear-
ings. The extra elasticity caused by the bearings will
decrease the lowest eigenfrequency, which can cause
huge problems in high velocity gear applications. The
possibility to easily simulate these problems makes it
possible to identify problems in an early design stage.

Figure 9: Simulation of the Elastic lossy gear model
with a varying tooth stiffness at 2000 RPM:

tic gearbox is coupled using two relatively stiff cou-
plings of 20kNM/rad to a constant speed and a con-
stant torque block. The simulation results for the gear
running stationary at 2000 RPM are illustrated in Fig-
ure 93. The extra elasticity of the bearings lowers the
eigenfrequency of the vibrations (2000 RPM is close
to the eigenfrequency of the 3-DOF lossy gear model).
Just like in Section 5.1, the bearing stiffness and damp-
ing is chosen relatively low to show the effect of bear-
ing stiffness.

3kq = 1e8NM L, ¢y = 50NsnT, na = = 0.9 ga = % —
5kgn?, lgs = 9e— 5kgn?, rga = 30mmandrgg = 30mm
The extra parameters for the 3-DOF model are:
ma = 0.3kg, ma = 0.5kg, ka = kg = 1eé8Nm 1, cy = cg = 5Nsnt!
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Appendices

A Lossy Gear Simulation Problems

The lossy gear model from the Modelica Standard LI-

A method to fix this problem would be to replace
6, = 0 from Equation 42 by, = 0, yielding a model
that does not change states. However this is non-trivial
because all switching conditions (how to switch be-
tween sliding and stuck mode) would change.

brary can not simulate when it is directly coupled with
two springs. In this appendix an example will be usddeferences
to demonstrate where the simulation problems origi-

nate.

lossyGear=i
C ]

spring_A :| spring_B

6 spne-A 9a_]. _ B PR 6

® . /\/ 0O e =m0 o /\/" 0
c=c Ta L T Ty c=c
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