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Abstract. This paper deals with the problem of getting dynamic characteristics in complex 
mechanical multi-body system. Based on the MFBD (Multi-Flexible-Body Dynamics) 
technology, the rigid-flexible coupling dynamic simulation method is proposed, and then the 
method is applied to the planetary gear transmission. The results show that the dynamic stress 
distribution of planetary gear can be obtained to determine the dangerous location, and the 
dynamic response characteristics are more obvious. Then the simulation model of planetary gear 
transmission with broken tooth is established, the fault feature extraction in time-frequency 
domain is carried out using the acceleration signal. In addition, industrial data is also used to 
validate the effectiveness of the proposed method. 
Keywords: MFBD, rigid-flexible coupling simulation, planetary gear transmission, RecurDyn. 

1. Introduction 

Acquisition of state information is a key aspect in PHM (Prognostics and Health Management), 
but it is difficult to acquire the dynamical characteristics of key components in the large-scale, 
complex equipment [1, 2]. Development of virtual prototype technology has greatly improved the 
status. Compared with the traditional multi-rigid body model, the description of component status 
in multi-flexible body system can be more accurate, but the high nonlinear and complex coupling 
characteristics also lead to difficulties of the dynamic modeling and solving, therefore it remains 
need to be further studied on the theory and application [3-5]. 

The traditional research of rigid-flexible coupling modeling is mainly on the modal reduction 
method which the stiffness of flexible structure is expressed by the modal by finite element 
calculation in advance, but the method is limited because it can’t solve the large deformation and 
the nonlinear problems [6-8]. Based on the MFBD technology, the modal reduction method is 
extended by using the node method which put the finite element analysis and multi-body dynamics 
analysis in the same solver, therefore it can directly obtain structure characteristics and effectively 
solve large deformation and nonlinear problems [9-11]. 

The remaining sections of this paper are organized as follow. In Section 2, the theory of 
rigid-flexible coupling dynamics was illustrated. In Section 3, the framework of simulation 
method was proposed and the rigid-flexible coupling model of the planetary gear transmission is 
established. In Section 4, the simulation results were analyzed. Section 5 validated the proposed 
method using industrial data. Finally, the conclusions were drawn in Section 6. 

2. Rigid-flexible coupling dynamics theory [12, 13] 

2.1. Multi-body dynamics theory overview 

The object speed in absolute coordinate system can be defined as Eq. (1): ܻ = ( ଴்ܻ , ଵ்ܻ , ଶ்ܻ , . . . , ௡ܻ೎்)், (1)

wherein, ݊௖ is the number of coordinates in the absolute coordinate system.  
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The object speed in relative coordinate system can be defined as Eq. (2): ݍሶ = ( ଴்ܻ , ,ሶ଴ଵ்ݍ ,ሶଵଶ்ݍ . . . , ሶ(௡ೝିଵ)௡ೝ்ݍ )், (2)

wherein, ݊௥ is the number of coordinates in the relative coordinate system.  
Thus, the Cartesian speed of all objects can be denoted as Eq. (3): ܻ = ሶ.ݍܤ  (3)

The coefficient matrix ܤ can be denoted by relative coordinates. 
The system motion equations can be derived by the first kind Lagrange equation as Eq. (4): ܨ = ሷݍܤܯ்ܤ + ሶܤܯ்ܤ ሶݍ + ߣݍΦ்்ܤ − ்ܳܤ = 0, (4)

wherein, ܯ is mass matrix, ݍሷ  is acceleration vector, ܤሶ  is derivative of coefficient matrix ܤ, Φ is 
cutting joints constraint, ߣ is Lagrange multipliers, ܳ is force vector. 

2.2. Motion equations of flexible bodies 

As shown in Fig. 1, position vector of any point P can be defined as Eq. 5:  ݎ = ଴ݎ + ௣ݏ൫ܣ + ௉൯, (5)ݑ

wherein, ݎ is ܲ point vector in inertial coordinate system; ݎ଴ is the origin vector of the relative 
coordinate in the inertial coordinate system; ܣ is direction cosine matrix; s௣ is ܲ point vector in 
relative coordinate system while flexible body is undeformed; ݑ௉ is relative deformation vector, 
the following equation shows that ݑ௉ can be denoted by the modal coordinates as Eq. (6): ݑ௉ = Φ௣ݍ௙. (6)

wherein, Φ௣  is deformation modal matrix, ݍ௙  is generalized coordinates of deformation. 
Therefore, the velocity vector and acceleration vector of any point at Flexible body can be denoted 
as Eq. (7-8): ݎሶ ௣ = ሶ଴ݎ + ௣ݏሶ൫ܣ + ௣൯ݑ + ሷݎሶ௙, (7)ݍ௣ߔܣ ௣ = ሷ଴ݎ + ௣ݏሷ൫ܣ + ௣൯ݑ + ሶ௙ݍ௣ߔሶܣ2 + ሷ௙. (8)ݍ௣ߔܣ

 
Fig. 1. Deformation model of flexible body 

2.3. Dynamics equations of flexible body 

Considering position, direction and modal of the node ܲ with the deformation, generalized 
coordinates of flexible body can be defined as Eq. (9): 
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ߦ = ݅)  ௜ݍ    ߮    ߠ    ߰    ݖ    ݕ    ݔ] = 1, ⋯ , ்[(ܯ = (9) .[ ݍ    ߰     ݎ]

Dynamics equation of flexible body is derived by the Lagrange equation as Eq. 10: 

ቐ ݐ݀݀ ቆ߲ߦ߲ܮሶቇ − ߦ߲ܮ߲ + ∂Γ∂ߦሶ + ൤߲Ψ߲ߦ ൨் ߣ − ܳ = 0,Ψ = 0  (10)

wherein, Ψ  is constraint equation, ߣ  is Lagrange multiplier corresponding to the constraint 
equation, ߦ is generalized coordinates as Eq. (9) defined, ܳ is generalized force projected to ܮ ,ߦ 
is defined as ܮ = ܶ − ܹ, ܶ is kinetic energy and ܹ is potential energy, Γ is energy loss function, 
the differential equations of motion can be denoted as Eq. (11): 

ሷߦܯ + ሶܯ ሶߦ − 12 ൤∂ߦ∂ܯ ሶ൨்ߦ ሶߦ + ߦܭ + ߦܹ∂∂ + ሶߦܦ + ൤∂Ψ∂ߦ ൨் ߣ = ܳ, (11)

wherein, ߦ ,ߦሶ, ߦሷ is generalized coordinates time derivatives of flexible body, ܯ ,ܯሶ  is the mass 
matrix of the flexible body and its time derivative. ܭ is stiffness Matrix, ܦ is damping matrix. The 
differential Eq. (11) is solved and imported into the Eq. (7-8), all generalized velocity and 
acceleration can be obtained. 

3. Method and case simulation 

3.1. Method and application object  

In this paper, based on 3-D modeling software SolidWorks, finite element analysis software 
ANSYS and multi-body dynamics software RecurDyn, a method to build rigid-flexible coupling 
simulation model is proposed, the framework is constructed as shown in Fig. 2, the model could 
be effectively built with interface between these software programs. 

 
Fig. 2. Framework of rigid-flexible coupling simulation 

 
Fig. 3. Working principle of integrated transmission device 
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As shown in Fig. 3, the integrated transmission device is dual-power flow form, the power is 
input from the engine, the direct-flow power flow is transmitted to the ring gear of planetary gear 
transmission through the gear shift mechanism; while the steering power flow is transmitted to the 
sun wheel of planetary gear transmission through the steering control mechanism, and the two 
power streams converge and output at the planetary gear transmission to drive the vehicle to 
realize direct-driving and steering working condition. 

Planetary gear transmission is a key subsystem in the integrated transmission device and its 
operation reliability directly affect the whole system performance. But in actual using process, 
due to its complex structure, heavy workload, closed and bad operating environment, it is found 
of highly failure such as wear, ablation and other faults. Therefore, the dynamic characteristics, 
fault mechanism, fault diagnosis and feature extraction of the planetary gear transmission should 
be paid more attention [14-16]. 

In order to get the dynamic response characteristics considering the effect of elastic 
deformation. In the case, based on the MFBD technology, the rigid-flexible coupling dynamic 
model of the planetary gear transmission is studied by using the method proposed. 

3.2. Calculation of planetary gear transmission  

In the direct-driving conditions, the DOF of planetary gear transmission system is 1, and in the 
steering conditions, the DOF of planetary gear transmission system is 2. In this paper, the dynamic 
characteristics of the steering status are simulated. The ring gear and sun gear are used as input 
and the planet carrier is output. 

 
Fig. 4. Epicyclic gear structure  

In essence, the planetary gear transmission studied is an epicyclic gear structure as shown in 
Fig. 4, while the 1th component is the sun gear, the 2th component is the planetary gear, the 3th 
component is the ring gear, the component ܪ is the planet carrier. 

According to actual working conditions, while the engine input speed is 162.2 rad/s, the speed 
of the direct-driving output (the ring gear rotation speed) is 80.6 rad/s, and in order to make the 
results more convincing, the input rotation speed (the sun wheel rotation speed) is set in two cases, 
the first case is 10 rad/s, the second case is 30 rad/s. According to the transmission principle and 
the gear parameters, the follow results can be calculated as Table 1 shows. 

Table 1. Calculation values of different case 
 Case 1 Case 2 

Ring gear ߱31 = ߱32 = 80.6 rad/s 
Sun wheel ߱11 = 10 rad/s ߱12 = 30 rad/s 

Planet carrier 
1ܪ߱ = 52.8 rad/s ߱2ܪ = 46.8 rad/s ݂1ܪ = 8.42 Hz ݂2ܪ = 7.45 Hz 

Planetary gear 
߱21 = 151.7 rad/s ߱22 = 167.5 rad/s ݂21ܪ = ݂21 − 1ܪ݂ = 15.74 Hz ݂22ܪ = ݂22 − 2ܪ݂ = 19.22 Hz 

Planetary system ݂݉1 = 220.3 Hz ݂݉2 = 269.1 Hz 
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3.3. Multi-rigid-body model 

After adding constrains and contacts of the components, the driving speed of ring gear and sun 
gear is set as Table 1 shows, the load torque is set to the output planet carrier as 6000 N·m, the 
simulation time is set as 1 second, the simulation step is set as 2000. 

 
Fig. 5. Multi-rigid-body model  

 
a) 

 
b) 

Fig. 6. Speed values of planetary gear transmission 

The speed values of simulation can be seen in Fig. 6, both in the different case, each component 
gradually increases to stable condition at about 0.02 s and the rotational speed of the planet carrier 
and the planetary gear fluctuate in a small range between the calculated value. Compared with the 
calculation values, the accuracy of the multi-rigid-body model is proved. 

3.4. Rigid-flexible coupling model 

The finite element model of the planetary gear is built in ANSYS as Fig. 7 shows, then the 
corresponding model file is generated and exported to RecurDyn. 

After importing the finite element model of planetary gear to replace original member, the 
contact relationship and the original constraints disappear so that the finite element model should 
be modified [9], as shown in Fig. 8. 

(1) A set of nodes and rigid FDR unit is set to replace rotating pair between the planetary gear 
and planet carrier. 

(2) The surface of planetary gear tooth surface is defined as “patch” unit, then the contacts 
between planetary wheel and contacted parts are built using the finite element flexible body 
contact module (Surface to Fsurface) in FFLex.  

Then contact force parameters are added and then the rigid-flexible coupling model is 
established as shown in Fig. 9. 
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Fig. 7. planetary gear finite element model 

 
Fig. 8. Modification in FFLex 

 
Fig. 9. Rigid-flexible coupling model of planetary gear transmission 

4. Simulation results analysis 

4.1. Analysis in normal state 

The dynamic stress distribution of planetary gear can be obtained in the post-processing 
module in RecurDyn. As shown in Fig. 10, the maximum stress of the planetary gear occurs in the 
red area which is in the end of the planetary gear wheel tooth. 

 
Fig. 10. Stress distribution of planetary gear with max stress 

The contact force between planetary gear and sun gear in time domain is shown in Fig. 11. 
The dynamic contact force in the rigid-flexible coupling model is larger than in the rigid body 
model, but the calculation values show the average dynamic contact force in the rigid-flexible 
coupling model is less than in the rigid body model. Fig. 12 is comparison of the contact force in 
frequency domain, both the meshing frequency of planetary system ( ௠݂ଵ =  220.3 Hz,  ௠݂ଶ = 269.1 Hz) and the frequency multiplier appear in the figure, and compared with the rigid 
model, the response of the flexible body model in time domain and frequency domain is more 
obvious. 

Compared with the rigid model, the results show that the dynamic stress distribution and 

 

max 298MPa 
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dangerous position of the component can be obtained in the rigid-flexible coupling model, and the 
response characteristics in time domain and frequency domain are more obvious. Therefore, the 
proposed method can reflect the dynamic response characteristics better. 

 
a) 

 
b) 

Fig. 11. Comparison of contact force in time domain  

 
a) 

 
b) 

Fig. 12. Comparison of contact force in frequency domain  

4.2. Analysis in fault state 

Fig. 13 shows the rigid-flexible coupling model with broken tooth. According to the previous 
analysis, the maximum stress occurs in the end of the planetary gear wheel tooth. In actual using 
process, the gear tooth is prone to fracture after repeated fatigue deformation. 

 
Fig. 13. Establishment of planetary gear with broken tooth 
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By using the proposed method, the rigid-flexible coupling model with broken fault is analyzed. 
In engineering practice, it is difficult to test the contact force between the components so that the 
acceleration signal is used to analysis. As shown in Fig. 14, the acceleration time-domain signal 
on planetary gear is compared. As Fig. 15-16 show is the frequency-domain signal comparison 
after FFT transform. 

 
a) 

 
b) 

Fig. 14. Comparison of acceleration in time domain 

 
a) 

 
b) 

Fig. 15. Comparison of acceleration in frequency domain 

 
a) 

 
b) 

Fig. 16. Comparison of acceleration in partly frequency domain 

In the time-domain comparison (Fig. 14), there are larger loads after the broken tooth failure 
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compared with the normal state, but its periodicity is not obvious. In the frequency domain 
comparison (Fig. 16), the meshing frequency of planetary system ( ௠݂ଵ =  220.3 Hz,  ௠݂ଶ = 269.1 Hz) can be seen in normal state, and the sidebands ( ଶ݂ଵு = 15.74 Hz, ଶ݂ଶு = 19.22 Hz) 
are irregularly distributed on the sides. However, due to the aliasing of the frequency, the 
frequency multiplier and sidebands are not obvious. The amplitude of main frequency and its 
frequency multiplier increase while the occurrence of broken teeth, and the frequency components 
and amplitude also increase significantly on both sides of meshing frequency. 

5. Experimental validation 

On the viewpoints described above, an industrial data is analyzed to validate the proposed 
method, and the data is acquired from wind turbines. The type of wind turbine is FL600 and it has 
been reaching to examine and repair deadline. The detail data of can be seen in document [17]. 
The wind turbine and its internal structure can be seen in Fig. 17-18. In the unpacking process, the 
planetary gear is found of damage as the Fig. 19 shows. Then the acceleration signals under fault 
state are compared with the normal state to validate the effective of the proposed method. 

According the parameters and test conditions, the gear-mesh frequency of planetary system is 
203.9 Hz, and the gear-mesh frequency of is 40.6 Hz. The data in normal and fault state is analyzed 
in time and frequency domain, the results are as Fig. 20 show. In time domain, there are larger 
value of the shock-type vibrations under the fault state; and in the frequency domain, the frequency 
composition and amplitude increase obviously. The results prove the effectiveness of the method 
this paper proposed. 

 
Fig. 17. FL600 wind turbine gearbox 

 
Fig. 18. The internal structure 

 
Fig. 19. The damaged planetary gear 

6. Conclusions 

In this paper, the rigid-flexible coupling dynamics simulation method was proposed based on 
the MFBD technique, and then the planetary gear transmission was analyzed by using the method. 
The simulation results showed that that the dynamic stress distribution could be obtained to 
determine the dangerous location and the dynamic response characteristics of rigid-flexible 
coupling model were more obvious than the rigid model.  
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a) Comparison of acceleration in time domain 

 
b) Comparison of acceleration in frequency domain 

 
c) Comparison of acceleration in partly frequency domain 

Fig. 20. Comparison in time and frequency domain 

Then a fault model with the broken gear was established, the feature of the broken tooth of the 
planetary transmission gear system was extracted by using the time-frequency domain analysis of 
acceleration. In time domain, there were larger value of the shock-type vibrations; in the frequency 
domain, the amplitude modulation and frequency modulation were generated near the meshing 
frequency, the frequency components and amplitude increased obviously on both sides. 
Additionally, industrial data was used to validate the applicability of the proposed method to the 
practical environment. The results showed that the method this paper proposed still has good 
performance.  
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