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Abstract. A certain type of gearbox is investigated for the problem that the stiffness and damping 
of bearings are difficult to be accurately determined and then affect the analysis of vibration and 
noise of gearbox. Firstly, a coupled dynamic lumped parameter model of three-stage helical gear 
system with consideration of bearing stiffness, bearing damping, and transmission error is 
established. The modal parameters of gear system are obtained by using the experimental modal 
analysis method with single-input and multiple-output. The equation for joint parameter 
identification of gearbox is established which is based on the experimental modal analysis theory 
and the dynamic lumped parameter model, and subsequently the parameters of the joint are 
obtained by the least square method. Then, a gear-shaft-bearing- housing coupled dynamic finite 
element model is developed on the basis of the identified parameters, and after that the dynamic 
response results of gearbox are solved by using the modal superposition method and compared 
with the vibration test results. Finally, an acoustic boundary element model of gearbox is 
established by taking the dynamic response results as the acoustic boundary condition, and the 
surface sound pressure and radiation noise of gearbox are solved by the boundary element method 
(BEM), and then the results are compared with the noise test. The results show that the simulation 
laws and test laws are in good agreement, and thus the method of joint parameter identification, 
vibration and noise analysis of gearbox is feasible. 
Keywords: gearbox, joint parameter identification, dynamic response, radiation noise. 

1. Introduction 

The dynamic performance of gearbox is an important index to evaluate the characteristics of 
running gearbox. The structure of gearbox is complex and therefore the joint parameters of 
gearbox are the key factors that affect the dynamic performance. At present, the joint parameters 
of gearbox are obtained through empirical values or the numerical and simulation analysis 
methods due to the installation characteristics of bearings. However, the parameters obtained in 
this way are difficult to reflect the actual situation and thus affect the results accuracy of vibration 
and noise for gearbox. Therefore, it is necessary to study the joint parameter identification, 
vibration and noise analysis of gearbox. 

Experimental modal analysis is the basis of parameter identification, many scholars have 
carried out a great deal of modal analysis for structural system [1-3]. At present, many researchers 
have carried out a lot of researches on parameter identification of mechanical structure systems 
about machine tool, bolt and bearing. Cai [4] proposed an identification method for machine-tool 
dynamics under machining based on the active excitation modal analysis and verified the 
feasibility of the method by test. Iranzad [5] established a nonlinear bolted lap joint model and 
identified the nonlinear dynamic behavior of the model at different load levels. Sun [6] established 
the transfer function matrix model of the active magnetic bearings system and proposed a method 
to estimates the unknown parameters. In recent years, many scholars developed the researches on 
modal analysis of gear system by finite element method and analytic method. The parameter 
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identification researches of gear system mainly focus on the extraction of vibration signal, the 
identification of meshing frequency and the fault diagnosis [7, 8], etc. 

The vibration of gearbox is a difficult and hot spot in the research field of mechanical system 
dynamic, and many scholars have carried out a lot of related researches. The influence of 
time-varying meshing stiffness, comprehensive gear error, and piece-wise backlash on the 
vibration characteristics of gear system were investigated extensively [9-12]. Zhang [13] analyzed 
the dynamic characteristics of planetary gear transmission system by using the shafting element 
method and Runge-Kutta numerical method respectively. Most of the analysis objects are only 
confined to gear transmission system, without coupling analysis of the transmission and structure 
system of gearbox, which will be bound to affect the accuracy of dynamics analysis results of 
gearbox. The vibration will produce noise pollution and even result in the fatigue failure of the 
structure for gearbox. In recent years, many researchers have carried out the noise research of 
gearbox. Kadmiri [14] and Barthod [15] investigated the effects of unselected gear ratios, gearbox 
parameters and excitation parameters on the rattle noise of gear system. Abbes [16] established an 
acoustic-structural interaction model and used the Rayleigh integral method to evaluate the 
gearbox-radiated noise. Fietkau [17] revealed the influence of different parameters on lubrication 
conditions and structure-borne noise of gear transmissions. 

In conclusion, many scholars have investigated researches in one or two aspects of parameter 
identification, vibration and noise in mechanical system and achieved many valuable results. 
However, the study on joint parameter identification for stiffness and damping, and 
simultaneously considering vibration analysis and noise prediction of gearbox is rarely reported. 
Therefore, the main research objective of this paper is to develop a method for joint parameter 
identification, vibration and noise analysis of gearbox. Firstly, the joint parameters are identified 
by using the experimental modal analysis method. Secondly, the coupled dynamics analysis of 
gearbox is developed by the modal superposition method. Then, the BEM is used to calculate the 
surface sound pressure and radiation noise. Finally, the simulation results are compared with the 
test results to verify the feasibility of the approach. 

2. Joint parameter identification of gearbox 

2.1. Experimental modal analysis theory 

The experimental modal analysis theory is the basis of parameter identification. The modal 
parameters of gear system are obtained by establishing the correlation relationship of frequency 
response function (FRF) and modal parameters considering the relationship between input and 
output of the system, which is based on the frequency response function of the system. The gear 
system can be represented as a system with 𝑛 degrees of freedom (DOF) after the system is 
discretized [18], the dynamic equation can be expressed as: 𝐌𝐱ሷ + 𝐂𝐱ሶ + 𝐊𝐱 = 𝐅, (1) 

where 𝐌, 𝐂 and 𝐊 are the mass, damping and stiffness matrices of the gear system respectively; 𝐱ሷ , 𝐱ሶ , 𝐱 are time functions organized in column vectors that characterize the evolution of the 
acceleration, velocity and displacement, respectively; and 𝐅 is a column vector with the excitation 
force applied to the gear system. By taking the Fourier transform of Eq. (1), the frequency domain 
dynamic equation is expressed as: (𝐌𝑠ଶ + 𝐂𝑠 + 𝐊)𝐗(𝑠) = 𝐅(𝑠), (2) 

where 𝐙(𝑠) = 𝐌𝑠ଶ + 𝐂𝑠 + 𝐊, 𝐙(𝑠) is the dynamic stiffness matrix. When 𝑠 = 𝑗𝜔, the relation 
expression of input and output in the frequency domain of gear system can be obtained by the 
reciprocal relationship of 𝐇(𝑠) and 𝐙(𝑠). 𝐇(𝑠) is the FRF matrix and the expression of 𝐇(𝑠) is: 
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𝐇(𝜔) = 𝐗(𝜔)𝐅(𝜔). (3) 

The orthogonal mass matrix, stiffness matrix and damping matrix are obtained respectively 
based on the weighted orthogonal of the real symmetric matrices, then the 𝐇(𝜔)  can be 
expressed as: 

𝐇(𝜔) =
⎣⎢⎢
⎢⎢⎢
⎢⎢⎢
⎡෍ 𝜑ଵ௥𝜑ଵ௥𝑧௥

ே
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⎥⎥⎥
⎥⎥⎥
⎤
, (4) 

where 𝑧௥ = (𝑘௥ − 𝜔ଶ𝑚௥) + 𝑗𝜔𝑐௥. 
The frequency response function between the excitation point 𝑖 and the response point 𝑘 can 

be obtained through the following equation: 

𝐻௜௞(𝜔) = ෍ 𝜑௜௥𝜑௞௥𝑘௥(1 − 𝜆௥ଶ + j2𝜁௥𝜆௥)௡
௥ୀଵ , (5) 

where 𝜔௥ = ඥ𝑘௥ 𝑚௥⁄ ,  𝜆௥ = 𝜔 𝜔௥⁄ ,  𝜁௥ = 𝑐௥ (2𝑚௥𝜔௥)⁄ ; 𝜔௥,  𝜁௥,  𝜆௥  are the 𝑟  order modal 
frequency, the 𝑟 order modal damping ratio and the 𝑟 order modal frequency ratio respectively; 𝑚௥, 𝑘௥, 𝜑௥ are the 𝑟 order modal mass, the 𝑟 order modal frequency and the 𝑟 order modal shape 
respectively. 

The Eq. (5) shows that the frequency response of the 𝑛 DOF gear system is equal to the linear 
sum of the frequency response of the 𝑛 single DOF gear systems. Therefore, in order to determine 
all the modal parameters about 𝜔௥, 𝜁௥ and 𝜑௥ of gear system, only one column or one row of the 𝐇(𝜔) is needed to be measured. 

2.2. Vibration differential equation of gearbox transmission system 

The gearbox transmission system is composed of three stages of helical gear, shafts and 
bearings. The input speed of gearbox is 1300 r/min, and the input power is 400 kW. The gear 
parameters of transmission system are shown in Table 1, the rotating frequency and meshing 
frequency of gearbox are shown in Table 2. The schematic diagram of transmission system is 
shown in Fig. 1. The number 1-12 represent bearings separately, the number I-IV represent input 
shaft, ahead shaft, astern shaft and output shaft respectively, and the number V and VI represent 
the ahead clutch and astern clutch respectively in Fig. 1. 

The helical gears are simulated by the lumped mass and moment of inertia, which are based 
on the lumped-mass method. The transmission shafts are simplified into the massless shafts, and 
the gear pairs and bearings are simulated with springs and dampers. A dynamic lumped parameter 
model for coupled bending-torsion-axis transmission system with consideration of the torsional 
vibration between the shaft 2 and the shaft 3 is established, as shown in Fig. 2. The equivalent 
mass, damping and stiffness in the model are determined by the structural size and material of 
gears, shafts and bearings. 
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Table 1. Gear parameters of transmission system 
Items Input stage Astern stage Output stage 

Module (mm) 14 12 12 
Number of teeth 42/48 48/48 21/86 

Pressure angle 𝛼௡ (deg) 20 20 20 
Helix angle 𝛽 (deg) 12 12 8 
Tooth width (mm) 146 140 320 

Table 2. The rotating frequency and meshing frequency 
Items Input shaft (𝑓௥ଵ) Middle shaft (𝑓௥ଶ) Output shaft (𝑓௥ଷ) 

Rotating frequency 𝑓௥ (Hz) 21.7 19.0 4.6 
Items Input stage (𝑓௠ଵ) Astern stage (𝑓௠ଶ) Output stage (𝑓௠ଷ) 

Meshing frequency 𝑓௠ (Hz) 910 910 398.1 
 

 
Fig. 1. Schematic diagram of transmission system 

 
Fig. 2. Dynamic lumped parameter model 

In Fig. 2, the shaft 1 is input shaft, the shaft 4 is output shaft, 𝑘௜௫, 𝑘௜௬, 𝑘௜௭, 𝑐௜௫, 𝑐௜௬, 𝑐௜௭ (𝑖 = 1-6) 
are stiffness and damping of bearings respectively, 𝑇௜௡ and 𝑇௢௨௧ are the input and output torque, 𝑘ூ-𝑘ூூூ, 𝑐ூ-𝑐ூூூ are the meshing stiffness and damping of gear pairs respectively. The vibration 
differential equation of transmission system with 24 degrees of freedom is established by using 
the lumped parameter method. The vibration differential equation of three-stage gear pairs can be 
expressed by the following equations. 

(1) The first-stage gear pair: 

⎩⎪⎪
⎪⎨
⎪⎪⎪
⎧𝑚ଵ𝑥ሷଵ + 𝑐௫ଵ𝑥ሶଵ + 𝑘௫ଵ𝑥ଵ = 𝐹௡ூcos𝛼௡ூcos𝛽ூ,𝑚ଵ𝑦ሷଵ + 𝑐௬ଵ𝑦ሶଵ + 𝑘௬ଵ𝑦ଵ = 𝐹௡ூsin𝛼௡ூ,𝑚ଵ𝑧ሷଵ + 𝑐௭ଵ𝑧ሶଵ + 𝑘௭ଵ𝑧ଵ = 𝐹௡ூcos𝛼௡ூsin𝛽ூ,𝐽ଵ𝜃ሷଵ = −𝐹௡ூcos𝛽௕ூ𝑟௕ଵ + 𝑇௜௡,𝑚ଶ𝑥ሷଶ + 𝑐௫ଶ𝑥ሶଶ + 𝑘௫ଶ𝑥ଶ = −𝐹௡ூcos𝛼௡ூcos𝛽ூ,𝑚ଶ𝑦ሷଶ + 𝑐௬ଶ𝑦ሶଶ + 𝑘௬ଶ𝑦ଶ = −𝐹௡ூsin𝛼௡ூ,𝑚ଶ𝑧ሷଶ + 𝑐௭ଶ𝑧ሶଶ + 𝑘௭ଶ𝑧ଶ = −𝐹௡ூcos𝛼௡ூsin𝛽ூ,𝐽ଶ𝜃ሷଶ + 𝑐ଶଷ൫𝜃ሶଶ − 𝜃ሶଷ൯ + 𝑘ଶଷ(𝜃ଶ − 𝜃ଷ) = 𝐹௡ூcos𝛽௕ூ𝑟௕ଶ.

 (6) 

(2) The second-stage gear pair: 
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⎩⎪⎪
⎪⎨
⎪⎪⎪
⎧𝑚ଷ𝑥ሷଷ + 𝑐௫ଷ𝑥ሶଷ + 𝑘௫ଷ𝑥ଷ = 𝐹௡ூூcos𝛼௡ூூcos𝛽ூூ,𝑚ଷ𝑦ሷଷ + 𝑐௬ଷ𝑦ሶଷ + 𝑘௬ଷ𝑦ଷ = 𝐹௡ூூsin𝛼௡ூூ,𝑚ଷ𝑧ሷଷ + 𝑐௭ଷ𝑧ሶଷ + 𝑘௭ଷ𝑧ଷ = 𝐹௡ூூcos𝛼௡ூூsin𝛽ூூ,𝐽ଷ𝜃ሷଷ − 𝑐ଶଷ൫𝜃ሶଶ − 𝜃ሶଷ൯ − 𝑘ଶଷ(𝜃ଶ − 𝜃ଷ) = −𝐹௡ூூcos𝛽௕ூூ𝑟௕ଷ,𝑚ସ𝑥ሷସ + 𝑐௫ସ𝑥ሶସ + 𝑘௫ସ𝑥ସ = −𝐹௡ூூcos𝛼௡ூூcos𝛽ூூ,𝑚ସ𝑦ሷସ + 𝑐௬ସ𝑦ሶସ + 𝑘௬ସ𝑦ସ = −𝐹௡ூூsin𝛼௡ூூ,𝑚ସ𝑧ሷସ + 𝑐௭ସ𝑧ሶସ + 𝑘௭ସ𝑧ସ = −𝐹௡ூூcos𝛼௡ூூsin𝛽ூூ,𝐽ସ𝜃ሷସ + 𝑐ସହ൫𝜃ሶସ − 𝜃ሶହ൯ + 𝑘ସହ(𝜃ସ − 𝜃ହ) = 𝐹௡ூூcos𝛽௕ூூ𝑟௕ସ.

 (7) 

(3) The third-stage gear pair: 

⎩⎪⎪
⎪⎨
⎪⎪⎪
⎧𝑚ହ𝑥ሷହ + 𝑐௫ହ𝑥ሶହ + 𝑘௫ହ𝑥ହ = 𝐹௡ூூூcos𝛼௡ூூூcos𝛽ூூூ,𝑚ହ𝑦ሷହ + 𝑐௬ହ𝑦ሶହ + 𝑘௬ହ𝑦ହ = 𝐹௡ூூூsin𝛼௡ூூூ,𝑚ହ𝑧ሷହ + 𝑐௭ହ𝑧ሶହ + 𝑘௭ହ𝑧ହ = 𝐹௡ூூூcos𝛼௡ூூூsin𝛽ூூூ,𝐽ହ𝜃ሷହ − 𝑘ସହ(𝜃ସ − 𝜃ହ) − 𝑐ସହ൫𝜃ሶସ − 𝜃ሶହ൯ = −𝐹௡ூூூcos𝛽௕ூூூ𝑟௕ହ,𝑚଺𝑥ሷ଺ + 𝑐௫଺𝑥ሶ଺ + 𝑘௫଺𝑥଺ = −𝐹௡ூூூcos𝛼௡ூூூcos𝛽ூூூ,𝑚଺𝑦ሷ଺ + 𝑐௬଺𝑦ሶ଺ + 𝑘௬଺𝑦଺ = −𝐹௡ூூூsin𝛼௡ூூூ,𝑚଺𝑧ሷ଺ + 𝑐௭଺𝑧ሶ଺ + 𝑘௭଺𝑧଺ = −𝐹௡ூூூcos𝛼௡ூூூsin𝛽ூூூ,𝐽଺𝜃ሷ଺ = 𝐹௡ூூூcos𝛽௕ூூூ𝑟௕଺ − 𝑇௢௨௧,

 (8) 

where 𝐹௡ூ, 𝐹௡ூூ, 𝐹௡ூூூ are the internal excitation of gear pairs, which can be expressed as: 

ቐ𝐹௡ூ = 𝑘ூ𝛿௡ூ + 𝑐ூ𝛿ሶ௡ூ,𝐹௡ூூ = 𝑘ூூ𝛿௡ூூ + 𝑐ூூ𝛿ሶ௡ூூ,𝐹௡ூூூ = 𝑘ூூூ𝛿௡ூூூ + 𝑐ூூூ𝛿ሶ௡ூூூ, (9) 

where 𝛿௡ூ , 𝛿௡ூூ , 𝛿௡ூூூ  are the relative displacements on the meshing line of gear pairs, the 
formulation of relative displacements can be expressed as: 

⎩⎪⎪⎨
⎪⎪⎧𝛿௡ூ = (𝑥ଵ − 𝑥ଶ)cos𝛼௡ூcos𝛽ூ + (𝑦ଵ − 𝑦ଶ)sin𝛼௡ூ + (𝑧ଵ − 𝑧ଶ)cos𝛼௡ூsin𝛽ூ     +(𝑟௕ଵ𝜃ଵ − 𝑟௕ଶ𝜃ଶ)cos𝛽௕ூ + 𝑒ூ,𝛿௡ூூ = (𝑥ଷ − 𝑥ସ)cos𝛼௡ூூcos𝛽ூூ + (𝑦ଷ − 𝑦ସ)sin𝛼௡ூூ + (𝑧ଷ − 𝑧ସ)cos𝛼௡ூூsin𝛽ூூ     +(𝑟௕ଷ𝜃ଷ − 𝑟௕ସ𝜃ସ)cos𝛽௕ூூ + 𝑒ூூ,𝛿௡ூூூ = (𝑥ହ − 𝑥଺)cos𝛼௡ூூூcos𝛽ூூூ + (𝑦ହ − 𝑦଺)sin𝛼௡ூூூ + (𝑧ହ − 𝑧଺)cos𝛼௡ூூூsin𝛽ூூூ     +(𝑟௕ହ𝜃ହ − 𝑟௕଺𝜃଺)cos𝛽௕ூூூ + 𝑒ூூூ,

 (10) 

where 𝑥௜, 𝑦௜, 𝑧௜, 𝜃௜ are the translational and rotational displacement of gears in the direction of 𝑥, 𝑦, 𝑧 and 𝜃, 𝑟௕௜ is the radius of base circle (𝑖 = 1-6), 𝑒௝ is the static transmission error, 𝛼௡௝, 𝛽௝ and 𝛽௕௝  are the normal pressure angle, helix angles of pitch circle and base circle ( 𝑗 =  1-3), 
respectively. 

2.3. Solution of gearbox joint parameters 

Eq. (6)-(8) can be written as the form of Eq. (1), and the dynamic stiffness matrix 𝐙ଶସ×ଶସ can 
be obtained according to the Eq. (2). The expression of 𝐙ଶସ×ଶସ can be written as: 𝐙(𝜔)ଶସ×ଶସ = −𝜔ଶ𝐌ଶସ×ଶସ + 𝑗𝜔𝐂ଶସ×ଶସ + 𝐊ଶସ×ଶସ, (11) 
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where 𝐌ଶସ×ଶସ , 𝐊ଶସ×ଶସ  and 𝐂ଶସ×ଶସ  are the mass, stiffness and damping matrices respectively, 𝑥ଶସ×ଶସ is the displacement vector. 
According to the reciprocal relationship of the 𝐇(𝑠) and 𝐙(𝑠), the Eq. (12) can be obtained as: 𝐙(𝜔)ଶସ×ଶସ𝐇(𝜔)ଶସ×ଶସ = 𝐄ଶସ×ଶସ. (12) 

From Eq. (4), the relationship of 𝐇′(𝜔) and 𝐄′ can be formulated as: 𝐙(𝜔)ଶସ×ଶସ𝐇ᇱ(𝜔) = 𝐄ᇱ, (13) 

where 𝐇ᇱ(𝜔) is the 𝑗th column of 𝐇(𝜔)ଶସ×ଶସ , 𝐇ᇱ(𝜔) = ൣ𝐻ଵ௝(𝜔), 𝐻ଶ௝(𝜔), … , 𝐻ଶସ௝(𝜔)൧் , 𝐄ᇱ  is 
the 𝑗th column of, 𝐄ଶସ×ଶସ, 𝐄ᇱ(𝜔) = ሾ0, … ,1,0, … ሿ் (𝑗 = 1, 2, …,24). 

Each column in the unit matrix 𝐄ଶସ×ଶସ  is linearly independent, so the value of j can be 
arbitrarily taken from 1 to 24. In this paper, the value of 𝑗 is 6 and then making 𝐻ଵ(𝜔) = 𝐻ଵ଺(𝜔), 𝐻ଶ(𝜔) = 𝐻ଶ଺(𝜔), … , 𝐻ଶସ(𝜔) = 𝐻ଶସ଺(𝜔). An equation set which contains 24 equations can be 
obtained through the expansion of Eq. (13) according to the multiplication rule of the matrix. Then 
the equation set can be written into a matrix form including 36 joint parameters which are needed 
to be identified. The expression can be written as: 𝐀(𝜔)ଶସ×ଷ଺𝐗ଷ଺×ଵ = 𝐁(𝜔)ଶସ×ଵ, (14) 

where: 𝐗ଷ଺×ଵ = ൣ𝑘௫ଵ, 𝑐௫ଵ, 𝑘௬ଵ, 𝑐௬ଵ, 𝑘௭ଵ, 𝑐௭ଵ, 𝑘௫ଶ, 𝑐௫ଶ, 𝑘௬ଶ, 𝑐௬ଶ, 𝑘௭ଶ, 𝑐௭ଶ, 𝑘௫ଷ, 𝑐௫ଷ, 𝑘௬ଷ, 𝑐௬ଷ, 𝑘௭ଷ, 𝑐௭ଷ, 𝑘௫ସ,      𝑐௫ସ, 𝑘௬ସ, 𝑐௬ସ, 𝑘௭ସ, 𝑐௭ସ, 𝑘௫ହ, 𝑐௫ହ, 𝑘௬ହ, 𝑐௬ହ, 𝑘௭ହ, 𝑐௭ହ, 𝑘௫଺, 𝑐௫଺, 𝑘௬଺, 𝑐௬଺, 𝑘௭଺, 𝑐௭଺൧்.  

In this paper, the 𝐇ᇱ(𝜔) is obtained by using the experimental modal analysis method with 
single-input and multiple-output [1, 4]. Firstly, the powerful hammer of the type DFC-2 is used to 
generate impulse excitation signal. The signal is measured by the force sensors of the type 
YFF-6-025, then amplified through the signal amplifier of the type DLF-8, and finally collected 
by the intelligent signal collection analyzer of the type INV306U-5260, as shown in Fig. 3. 
Secondly, the output response signal is measured by the acceleration sensors of the type 
B&K4382, and is amplified through the charge amplifier of the type B&K2635, then collected by 
using the intelligent signal collection analyzer, as shown in Fig. 4. In order to ensure the accuracy 
of the test, the input excitation signal and the output response signal are repeatedly measured 
several times. Thirdly, the transfer function and coherence coefficient are obtained through 
analyzing and processing the tested data by the DASP software, as shown in Fig. 5, 6. From Fig. 6, 
the coherence coefficient values are nearly 1 in 0-2000 Hz, so the modal parameters obtained by 
experimental analysis will be highly reliable in the range, when compared to the frequency range 
of 2000-3000 Hz. Finally, the modal parameters are obtained by the complex modal GLOBAL 
method. The FRF curve with reference level of 1.0 m/s2/N in the range from 0 to 2000 Hz is 
obtained by the ensemble average approach, as shown in Fig. 7. 

 
Fig. 3. Input excitation signal 

 
Fig. 4. Output vibration response signal 

 



JOINT PARAMETER IDENTIFICATION, VIBRATION AND NOISE ANALYSIS OF GEARBOX.  
TENGJIAO LIN, DAOKUN XIE, QUANCHENG PENG, SONGLING GUO, HESHENG LV 

782 JOURNAL OF VIBROENGINEERING. MAY 2019, VOLUME 21, ISSUE 3  

 
Fig. 5. Transfer function 

 
Fig. 6. Coherence coefficient function 

 
Fig. 7. The FRF curve obtained by the ensemble average approach 

In order to make the identification results more accurate, the frequency response functions at 
different frequencies are considered. The 𝜔ଵ =  33.5, 𝜔ହ =  151.1, 𝜔଼ =  199.5 and the 
corresponding FRF are substituted into the Eq. (14), and the equation is solved by the least square 
method [1]. The stiffness and damping of bearings are achieved through the average value 
calculation to the identified stiffness and damping values which obtained at 𝜔ଵ , 𝜔ହ  and 𝜔଼ 
respectively, as shown in Table 3. As low order modal parameters in frequency range 0-2000 Hz 
are adopted, identified joint parameters are expectedly reasonable, and the identification 
effectiveness is further verified through taking joint parameters into gearbox dynamic model. 

Table 3. The stiffness and damping of bearings 

Bearing Stiffness 𝑘 (×108 N/m) Damping 𝑐 (×102 N·s/m) 𝑥 𝑦 𝑧 𝑥 𝑦 𝑧 
1 4.06 2.08 8.74 2.60 7.16 3.49 
2 7.46 3.51 5.22 7.84 1.47 2.22 
3 2.99 0.983 18.9 8.67 2.25 4.95 
4 4.08 6.29 5.03 8.74 1.84 5.84 
5 4.48 5.82 19.9 9.34 2.64 10.1 
6 14.6 11.3 20.0 1.74 8.94 7.97 

3. Dynamic response simulation and test analysis of gearbox 

3.1. Flow chart of vibration and noise analysis 

The dynamic finite element model of gearbox is developed according to the identified values 
of stiffness and damping from Table 3. The dynamic response results of the model are calculated 
and then compared with the results of vibration test. Subsequently, the acoustic boundary element 
model is established based on the dynamic response results. The acoustic results are solved and 
compared with the radiation noise test. The flow chart of vibration and noise analysis of gearbox 
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is shown in Fig. 8. 

 
Fig. 8. Flow chart of vibration and noise analysis 

3.2. A coupled dynamic finite element model of gearbox 

The vibration displacement, velocity and acceleration of gearbox will be generated by the 
internal dynamic excitation under working condition. The internal dynamic excitation of gearbox 
is produced by the meshing process of gear pair, which is composed of the meshing stiffness, 
transmission error and meshing impact [19]. The expression is shown as: 𝐹(𝑡) = Δ𝑘(𝑡) ⋅ 𝐸(𝑡) + 𝐹௠, (15) 

where ∆𝑘(𝑡) is the meshing stiffness, 𝐸(𝑡) is the transmission error, 𝐹௠ is the meshing impact. 
The meshing stiffness is achieved through the superposition of the single tooth stiffness 

according to the meshing period. The error excitation is a kind of displacement excitation which 
is related to the machining precision grade of gear [20]. The meshing impact can be obtained by 
the three-dimensional impact dynamic contact finite element method. The curves of internal 
dynamic excitation in time and frequency domain of gear pairs are shown in Fig. 9 and Fig. 10. 

 
a) Input stage 𝐹ூ  

b) Astern stage 𝐹ூூ  
c) Output stage 𝐹ூூூ 

Fig. 9. The time domain curve of internal dynamic excitation 

The three-dimensional solid model of gearbox containing transmission system is built by UG 
software and then imported into ANSYS. The solid45 element is used to divide mesh of the model, 
the spring-damper is used to simulate the supporting relationship between the inner and outer rings 
of bearings, and the stiffness and damping in Table. 3 are added to corresponding spring-dampers. 
The obtained meshing stiffness of gear pairs are added to the corresponding springs respectively 
to simulate the meshing relationships between the gear pair. Then the bottom of housing base is 
fully constrained, and the calculated internal dynamic excitations are applied to the nodes on the 
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meshing lines. Finally, the gear-shaft-bearing-housing coupled dynamic finite element model with 
a total of 832283 elements and 251509 nodes is developed eventually, as shown in Fig. 11. 

 
a) Input stage 𝐹ூ  

b) Astern stage 𝐹ூூ  
c) Output stage 𝐹ூூூ 

Fig. 10. The frequency domain curve of internal dynamic excitation 

 
a) Transmission system  

of gearbox 

 
b) The hosing and base  

of gearbox 
c) The dynamic excitation  

and full constraint 
Fig. 11. The coupled dynamic finite element analysis model 

3.3. Dynamic response calculation and test analysis of gearbox 

The Block Lanczos method is applied to analyze the vibration modes of gearbox, and then the 
dynamic response is calculated by the modal superposition method. The total response calculating 
time is chosen to be 200 ms with the time step of Δ𝑡 = 0.01 ms. In order to verify the accuracy of 
the simulation results, the vibration and noise test platform of the gearbox is built, as shown in 
Fig. 12. The test conditions are consistent with the simulation. The evaluating points are 
distributed on the mounting base and the top of housing [21], as shown in Fig. 13. Vibration 
acceleration signals are measured by acceleration sensors and amplified by charge amplifier, then 
collected by signal acquisition instrument, and processed by the DASP software finally. 

 
Fig. 12. The vibration and noise test platform 

 
Fig. 13. The evaluating points of gearbox 
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The RMS values of vibration acceleration (0-8 kHz) in the 𝑋, 𝑌, 𝑍 direction of the evaluating 
points are listed in Table 4. By comparison, the simulation values are basically in good agreement 
with the measured values, and the maximum relative error is 16.94 % at point3 in the 𝑍 direction. 
The maximum RMS value of vibration acceleration occurs at points 4 in the 𝑌 direction. The 
maximum simulation and measuring RMS values are 10.68 m/s2 and 11.89 m/s2, and the relative 
error is 10.18 %. From Fig. 9, the maximum value of internal dynamic excitation appeared at 
output stage, which would cause the most intense vibration. Point 4 is in the vicinity of housing 
bearing seat hole in the output stage, therefore the vibration at point 4 is the largest. 

Table 4. The simulation and measuring RMS values of vibration acceleration 
Evaluating point 1 2 3 4 5 6 7 8 𝑋 

Simulation value (m/s2) 5.74 5.32 4.85 4.83 4.11 5.87 4.37 4.06 
Measuring value (m/s2) 5.11 4.94 4.39 5.25 4.59 5.48 4.13 3.57 

Relative error 12.33 % 7.69 % 10.48 % 8.00 % 10.46 % 7.12 % 5.81 % 13.73 % 𝑌 
Simulation value (m/s2) 7.25 8.81 7.61 10.68 6.68 7.65 7.68 3.86 
Measuring value (m/s2) 6.85 8.03 7.05 11.89 7.23 7.05 7.31 4.24 

Relative error 5.84 % 9.71 % 7.94 % 10.18 % 7.61 % 8.51 % 5.06 % 8.96 % 𝑍 
Simulation value (m/s2) 4.68 4.81 4.28 6.97 6.52 6.31 3.39 4.75 
Measuring value (m/s2) 4.23 5.13 3.66 7.43 6.91 5.43 3.75 5.12 

Relative error 10.64 % 6.24 % 16.94 % 6.19 % 5.64 % 16.21 % 9.60 % 7.23 % 

The acceleration simulation and test curves of point 4 and point 5 in the 𝑌 direction is shown 
in Fig. 14-17 respectively. The main peaks of the vibration acceleration frequencies for the 
simulation and test occur at 398.1, 796.2, 910, 1194.3, 1592.4 and 1820 Hz. Compared with the 
meshing frequencies and rotation frequencies in Table. 2, the frequencies mainly occur in the 
meshing frequency and octave frequencies of gearbox. From the figures, it can be known that the 
simulation laws are consistent with the test laws, the maximum peak of the frequency curve for 
the simulation and test all appeared in the output stage meshing frequency. The result shows that 
the meshing frequency has a great influence on the vibration of gear system. 

 
a) Time domain 

 
b) Frequency domain 

Fig. 14. The acceleration simulation curves of point 4 in the 𝑌 direction 

 
a) Time domain 

 
b) Frequency domain 

Fig. 15. The acceleration test curves of point 4 in the 𝑌 direction 
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a) Time domain 

 
b) Frequency domain 

Fig. 16. The acceleration simulation curves of point 5 in the 𝑌 direction 

 
a) Time domain 

 
b) Frequency domain 

Fig. 17. The acceleration test curves of point 5 in the 𝑌 direction 

4. Radiation noise prediction and test analysis of gearbox 

4.1. Radiation noise analysis method 

The radiation noise prediction approach of gearbox usually contains the simulation and test 
analysis method. The simulation analysis method mainly includes the BEM and finite element 
method, which mainly differs in the boundary conditions and mesh requirements [22]. 

The BEM is used to predict the radiation noise of gearbox in this paper. The Helmholtz wave 
equation and the boundary condition of the external sound field are the theoretical basis for solving 
the acoustic radiation problem. The expression can be written as: 

ቐ∇ଶ𝑝(𝑥, 𝑦, 𝑧) − 𝑘ଶ𝑝(𝑥, 𝑦, 𝑧) = 0,lim௥→ஶ𝑟 ൬∂𝑝(𝑟)∂𝑟 + 𝑗𝑘𝑝(𝑟)൰ = 0,  (16) 

where 𝑝(𝑥, 𝑦, 𝑧) is acoustic pressure at the arbitrary point 𝑎 on the external sound field structure 
surface Ω, 𝑘 is wave number and 𝑘 = 𝜔/𝑐, 𝑐 is the speed of sound, 𝜔 is circular frequency and 𝜔 =2𝜋𝑓, 𝑓 is frequency, 𝑟 is the distance between the point 𝑎 and the acoustic source point. 

The basic equation of radiation sound field is gained on the basis of BEM and it can be 
represented in the form of matrix: 𝐀{𝑝௜} = 𝑗𝜌𝜔𝐁{𝑣௡௜}, (17) 

where {𝑝௜} is sound pressures at the node 𝑖 on boundary element surface, {𝑣௡௜} is the normal 
vector of the node 𝑖, 𝜌 is the medium density of sound fluid, 𝐀, 𝐁 are the coefficient matrices. 

Then the radiated sound pressure of the arbitrary point 𝑎 on external acoustic field can be 
achieved by integration: 
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𝑝(𝑎) = {𝐶௜}்{𝑝௜} + {𝐷௜}்{𝑣௡௜}, (18) 

where {𝐶௜}, {𝐷௜} are the coefficient matrix vectors. 

4.2. Radiation noise calculation and test of gearbox 

The nodes of the acoustic model are the same to the external surface nodes of housing for the 
dynamic finite element model, thus the vibration displacements of the external surface nodes are 
the acoustic boundary conditions. The acoustic boundary element analysis model with a total of 
67254 elements and 33625 nodes is shown in Fig. 18. The computation time and simulation 
accuracy are needed to be taken into account at the same time, thus the calculated frequencies are 
set from 31.5 Hz to 4000 Hz according to octave frequency. The radiation noise test platform is 
shown in Fig. 12, and the 6 test field points are shown in Fig. 19. The distance between the test 
point and the external surface of gearbox is about 1 m. And the positions of test point are chosen 
based on the relative acceptance codes for gear units and the construction specifications of steel 
marine boat [23]. 

 
Fig. 18. Boundary element analysis model 

 
Fig. 19. The test points of radiation noise 

 

 
a) 63 Hz 

 
b) 125 Hz 

 
c) 250 Hz 

 
d) 500 Hz 

 
e) 1000 Hz 

 
f) 2000 Hz 

Fig. 20. Surface sound pressure contour of gearbox 

The BEM is used to solve the acoustic boundary element model, and the surface sound pressure 
values of gearbox at the eight calculated frequency bands are achieved. The surface sound pressure 
contours at the frequency from 63 Hz to 2000 Hz are shown in Fig. 20. The output stage meshing 
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frequency (398.13 Hz) and the input stage meshing frequency (910 Hz) are near to the frequencies 
500 Hz and1000 Hz respectively, so the surface sound pressure values at the 500 Hz and1000 Hz 
are larger than the other frequencies. 

For predicting the radiation noise of gearbox, a rectangular radiation noise field point mesh 
model is built at the outside of gearbox, and the distance between each rectangular surface and the 
external surface of gearbox is about 1 m, as shown in Fig. 21. The radiation noise pressure values 
at the eight calculated frequencies based on the results of the surface sound pressure results are 
solved. The radiation noise pressure contours at the frequency from 63 Hz to 2000 Hz are shown 
in Fig. 22. The maximum value is 89.96 dB, which appeared at the 500 Hz. 

 
Fig. 21. Radiation noise field point analysis model of gearbox 

 
a) 63 Hz 

 
b) 125 Hz 

 
c) 250 Hz 

 
d) 500 Hz 

 
e) 1 kHz 

 
f) 2 kHz 

Fig. 22. Radiation noise pressure contour of gearbox 

4.3. Discussion of simulation and test results for radiation noise 

The comparison curves of the simulation values and test values for radiation noise are shown 
in Fig. 23. From the figures, the maximum simulation value and test value is 89.96 dB and 89.3 dB 
respectively, which all appear at the point 4 in the 500 Hz. The largest relative error of radiation 
noise between the test and simulation point is 17.38 % at the point 6 in 31.5 Hz, which is within 
the allowable error range. Comparing the simulation and test results, it can be known that the law 
between the simulation and test curve for radiation noise at the filed point is basically similar, 
which shows that the acoustic boundary element analysis model is accurate. However, the 
simulated radiation noise pressure level is slightly lower than the test results in the frequency range 
below 63 Hz. The reason is likely to be that the background noise of engine and other running 
equipment nearby to gearbox are dominant at the lower frequencies, which make influence in the 
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test results. In the higher frequencies, the simulation results tend to be over to the test results. This 
is due to the higher errors is generated when predicting radiation noise at the high frequency owing 
to the inherent limitations in BEM. 

 
a) Point 1 

 
b) Point 2 

 
c) Point 3 

 
d) Point 4 

 
e) Point 5 

 
f) Point 6 

Fig. 23. The comparison curves of simulation results and test results for radiation noise 

Tengjiao Lin is mainly responsible for the guide to the full text content writing and the revision 
of the manuscript. Daokun Xie is responsible for the parameter identification, vibration and 
radiation noise analysis of gearbox. Quancheng Peng is responsible for the language of the 
manuscript and the modeling of gearbox. Songling Guo is mainly responsible for the internal 
dynamic excitation calculation. Hesheng Lv is responsible for the vibration and noise test of  
gearbox. 

5. Conclusions 

1) The modal parameters of gear system are obtained by using the experimental modal analysis 
method with single-input and multiple-output. The joint parameter identification equation of 
gearbox is set up and solved by the least square method. 

2) A gear-shaft-bearing-housing coupled dynamic finite element model is developed on the 
basis of the identified parameters and solved by using the modal superposition method. The 
dynamic response results and the vibration test results are in good agreement. 

3) An acoustic boundary element model of gearbox is established by taking the dynamic 
response results as acoustic boundary condition and calculated by the boundary element method. 
The simulation values of radiation noise essentially agree with the test values. 

4) The comparison analysis of results show that the simulation laws are consistent with the test 
laws, the identified joint parameters are precise, and the vibration and noise analysis models built 
based on the joint parameters are accurate. Therefore, the approach of joint parameter 
identification, vibration and noise analysis of gearbox is feasible. 
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