Nonlinear dynamic analysis of GTF gearbox
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Abstract. Considering multiple nonlinear parameters, a nonlinear dynamic model of star
gear-rotor-bearing transmission system of GTF (Geared Turbofan Engine) gearbox is established.
The dynamic responses are obtained through Runge-Kutta numerical integration method, and the
responses with the variation of input rotational speed are analyzed and illustrated. The abundant
nonlinear characteristics are presented in the results, which could be guidance to avoid undesirable
nonlinear motion, and provide a reference for the design and control of the transmission system
in GTF gearbox.
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1. Introduction

As the widely application of gearbox in wind turbine and aero industry, the nonlinear analysis
for the gearbox, especially for those composed of planetary gears were studied. Zhou et al. [1]
built dynamic model of the spur gear-rotor-bearing system with multiple nonlinear parameters,
with the coupled lateral-torsional vibration considered. Tao et al. [2] developed a nonlinear model
of a planetary gear system with multiple backlashes. Guo et al. [3] studied the nonlinear behavior
of wedge teeth related to the bearing force of planetary gear system, and conducted the dynamic
analysis of planetary gears considering bearing clearances [4], then studied the maximum load of
planetary gears in the wind turbine drive system [5], and studies nonlinear behavior of planetary
gear system in wind turbine under gravitational effects [6]. Kim et al. [7] proposed a new dynamics
model for a gear set, which takes into account the torsional motion with time-varying meshing
parameters. Bahk and Parker [8] conducted a dynamic analysis of the planetary gears, the resulting
nonlinear behavior showed jumping phenomenon and subharmonic vibration at resonance.
Liet al. [9] analyzed the nonlinear phenomena of the multi-stage planetary gear system. Zhao and
Ji [10] proposed a nonlinear torsional model of gearbox in wind turbine multi-stage of planetary
gear. Xiang et al. [11, 12] studied the nonlinear dynamics of multi-stage gears, which considered
the multi-clearance of the system. Hou et al. [13] established a pure rotational model of the
planetary gear-rotor system of the geared turbofan engine, and conducted a nonlinear dynamic
analysis to obtain the torsional vibration response between the gear and the rotor. Wang et al. [14]
proposed a dynamic model of GTF gearbox with elastic support of planet carrier, then [15]
established nonlinear torsional model of GTF transmission system, and obtained nonlinear
characteristics under excitation of important parameters.

In this paper, a coupled lateral-torsional nonlinear dynamic model of GTF gearbox is proposed,
the influence of input rotational speed on the vibration response of the system is explored and
quantified, then the nonlinear behavior is studied by analyzing the states of motion, mechanisms
of bifurcation, and roads to chaos.

2. Dynamic model of GTF gearbox

Fig. 1(a) and (b) show the physical structure and schematic diagram of star gear-rotor-bearing
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transmission system of GTF gearbox, which is composed of star gearing system, input shaft (the
rotor between low-pressure compressor and sun gear), output shaft (the rotor that connects ring
gear and fan), and bearings that support input and output rotor. The star gearing system is
composed of sun gear, star gear, ring gear, and planet carrier, among which, the star gears are
supported by bearings, and meshed with sun gear and ring gear, both of which are semi-floating
components that splined with input and output shaft, respectively.
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a) Physical model b) Schematic diagram
Fig. 1. Structure of GTF gearbox

2.1. Dynamic model of star gearing system

The globe coordinate system OXY is established, base on the fixed-axis rotation of the gear
components in the system. Fig. 2(a) and (b) show the model of the system, respectively. Three
DOFs were considered for each components, including translational displacements and torsional
displacements. The main gear components in the star gearing system were represented by the
subscripts s, p, 1.

a) Physical model b) Dynamic model
Fig. 2. Modelling of star gearing system in GTF gearbox

In which, kg, ¢sp, krp, ¢pp indicate the meshing stiffness, and damping of external and
internal meshing pairs, the value of stiffness are calculated by the formulas [16]. Then the meshing
forces can be calculated by the following equations:

{Fmsp(i) = kepyf Kspiy bsp) + spf (Xspciys bsp),
Fm_rp(i) = krp(i)f(er(i)' brp) + Crpf(er(i)' brp)'

where f(Xsp, bsp), f (Xrp, brp) is the nonlinear function of backlash.

(1
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2.2. Mathematical model of GTF gearbox

The system has a total of 5N + 12 DOFs, where N is the number of star gears, then the overall

arrays of displacement can be expressed as:

X = {Uin' Hbl! Vbl: Us: HSJ Vs i Up(i)' Hp(i): Vp(i)! L] Ur: Hrt Vr: HbZ' Vb2' Uout}:
i=12,...N.

2)

The dynamic equations of the transmission system in GTF gearbox can be derived as follows:

H Ct in Uin Us kt_in Uin Us Tin
Myl +—={ == |+ === =) =,
in Tin Tps Tin Tin Tbs Tin

My, Hyy + Csx(_H + Hyy) + kox(=Hs + Hy1) + Cp1Hpy = Fyya,
Mp1 Vs + Coy (=Vi + Vi) + ks (= Ve + Viyy) + Cb1Vb1 = Fpy1 — Gp1s

. Ctin U U ktin U U . .
S AN S T |

Tps Tps =1
N

i=1
N

i=1
my,Up; = [ka o@D + Fem_sp D] = [Fiem_rp @ + Fem_rp (D],
Myl + oty = [Fm, (D) + Fom, ()] cos03 (0)
= [Fomy © + oy, O] co307p 0 + By
Mptht +cpyV pi = [Fim. sp(D) + Femm sp(l)]Sln‘Psp ®
[Py @ + Fomyy )] sinpry (0) + By = G,
Ct—out <ﬂ _ Uout) n ke—out (& _ Uoue
Tor

)= i[&m @ + Fon @),

i=1

m,.U, +
Tor Tout

N

Tpr Tout Tpr

i=1
N

i=1
MpoHpy + Crx(_H + Hbl) + kypx(—H, + Hpy) + CpyHps = Fpyo,
Mpz Vi + Cry( r+ Vbl) + kpy (Vo + V1) + Ch2Via = Fyyz — Gpa,
Ct—out <U Uout) ki—out (Ur Uout) _ Tout

Mout Uout -
Tout

)
Tor Tout Tout Tor Tout Tout

MSHS + Csx(Hs - Hbl) + ksx(Hs - Hbl) = _Z [kasp(i) + chsp(i)] COS(psp(i):

MSVS + Csy(Vs - Vbl) + ksy(Vs - Vbl) == Z [kasp(i) + chsp(i)] Sinq)sp(i) - Gs

MrHr + Crx(Hr - Hbl) + kyx(Hy — Hyy) = Z[kajp @)+ Fom rp (l)] COSPrp @,

MrVr + Cry(Vr - Vbl) + kry(Vr - Vbl) = Z[kajp (l) + ch,rp (l)] Sin(prp (l) - Gr:

3)

where m; is the equivalent mass in rotational direction, M; is the mass of components, U is
rotational displacement around Z direction, H and V are translational displacement in X and Y
direction. T; represents the input or output torque, c; represents torsional damping or support

stiffness, k; represents torsional stiffness or support stiffness.
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In order to eliminate the rigid body displacement, the following dimensionless variables are
introduced for rotational displacement of each member. The dimensionless time parameter T can
be expressed by:

T=tw,=t \/Ksplslp/(ISRﬁp + I,R%), 4)

where, [; is the moment of inertia, Ry,; is the radius of base circle.
Then the derived dimensionless parameters can be defined as:

X=X/b, X=2X/(bw), X=X/(bw}), b=b/b., &=e/b, 5)
where, b, is the dimensionless parameter of displacement.
3. Results and discussion

The basic parameters used for calculation of the nonlinear vibration response of the GTF
transmission system are shown in Table 1.

Table 1. Parameters of the GTF transmission system

Value .
Parameters Sun gear | Star gear | Ring gear Unit
Number of teeth 43 42 127 -
Helical tooth width 60 mm
Normal modulus 3.5 mm
Normal pressure angle 22.5 degree
Helical angle 27 degree
Damping ratio of meshing stiffness 0.02 -
Comprehensive meshing error 15 um
Half gear backlash 10 pum
- Star bearing —
Bearing stiffness 1.3e8 N/m
Bearing damping 1.2e4 Ns/m
Bearing clearance 5 um

The vibration response of the system were conducted as the variation of input rotational speed,
while other parameters are being constant. The bifurcation diagram of lateral displacement of star
gear is shown in Fig. 3. Here, the input rotational speed (r/min) is control parameter, which varied
between n € [8000, 18000]. As the input rotational speed increases, the system experiences
periodic motion, quasi-periodic motion, and chaotic motion, successively, finally the system turns
back to periodic motion through inverse bifurcation by period-doubling scenario. The nT-periodic
motion is illustrated when n < 9000, for lateral displacement of star gear, as the input rotational
speed increases from n = 9000 to n = 10000, the peiodic motion is turned into quasi-periodic
motion, while the speed further increases, the chaotic motion is indicated in the system through
quasi-periodicity until the speed arrives at 11500 rpm. As the further increasing of input rotational
speed, the system turns back to nT-periodic motion while the input rotational speed varying from
n = 11500 to n = 11900, finally the system performs periodic motion as n > 11900.

The vibration response of the gear system in the lateral displacement of star gear were analyzed
at three input rotational speeds of n = 81000, n = 9300, and n = 10800, the results are shown in
Fig. 4, from which different dynamic characteristics in various speed can be observed. When the
control parameter n = 8100, the system response is dominated by the meshing frequency f,,, the
amplitude of which is much bigger than the response of other orders of meshing frequency, besides
the meshing frequencies, the variable bearing stiffness frequency 2f;, appears. The Poincare map
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that obtained shows a cluster of concentrated points when n = 8100, while several coincident
circles are illustrated in the corresponding phase diagram, therefore, the nT-periodic motion is
indicated for the system. As the control parameter n = 9300, although meshing frequency f,, is
still the dominant response, the multiplication frequency components of variable bearing stiffness
frequencies as fy, 2f},, 5f, 9f, can be observed. The Poincare map turns to be a phase-locked
loop, and a trajectory torus is presented in phase diagram. The characteristic demonstrate that the
gear system turned into quasi-periodic motion. As the control parameter arrives at n = 10800, a
disordered set is shown in the Poincare map, and the corresponding phase diagram becomes a
chaotic attractor with a random crew, thus, the chaotic motion is indicated for the system. In this
situation, the meshing frequency is no longer the dominant response, which is replaced by the
bearing stiffness frequencies f; and 5f;, then the multiplication of bearing frequency components
2fy, 10f, also appears with more obvious amplitudes.

20

A: nT-periodic motion

B: quasi-periodic motion
C: chaotic motion
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Fig. 3. Bifurcation diagram of system with varying input rotational speed
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Fig. 4. Vibration response of sun gear and star gear meshing pair: a) n = 8100, b) n = 9300, ¢c) n = 10800

ISSN PRINT 2345-0533, ISSN ONLINE 2538-8479, KAUNAS, LITHUANIA 115



NONLINEAR DYNAMIC ANALYSIS OF GTF GEARBOX.
S1YU WANG, RUPENG ZHU

4. Conclusions

In this paper, the dynamic model of the transmission system in GTF gearbox is established,
based on which the coupled bending-torsional nonlinear dynamic analysis was conducted, then
the influences of input rotational speed on the nonlinear dynamic response were studied. As the
input rotational speed increases, nT-periodic motion, quasi-periodic motion and chaotic motion
are indicated successively, however, the system finally turns into nT-periodic motion through
inverse bifurcation. The nonlinear dynamic characteristics such as appearance of combination
frequency components and continuous frequency components due to the increase of input
rotational speed, therefore, the system should be well controlled under certain range of input
rotational speed in order to avoid the chaotic motion.
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