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Review of (our own) belt drive modeling 

• Belt drive rotational vibrations 
 
• Transverse vibrations of belt spans 
 
 
• Modeling of belt drive mechanics using 3-D finite elements 
• Belt drive modeling using multibody system 
    dynamics 
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Objectives 

• To develop an efficient and accurate contact model 
between flexible bodies 

• To apply the discontinuous Coulomb friction law to the 
contact between belt and pulley 

• To predict the belt drive dynamics at various operational 
conditions, in non-steady motion 

• To model belt deformations exactly at arbitrary rigid body 
motion including the belt elastic and dissipative 
properties 
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Belt drive model 

Tensioner model 
Pulley model 

Belt model (ANCF) 
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Presenter
Presentation Notes
We concentrated to planar belt drive motion. Tensioner differs in respect to pulley only in a boundary conditions towards environment. Pulley and tensioner are within the dynamics of rigid bodies theories. Dynamics of pulley is fully described with its mass matrix, Jacoby matrix of constraints, vector of quadratic velocity terms and vector of generalised forces.



Belt model (1) 

• Flat and poly-V belts 
 
• Viscoelastic belt material 

 
 

• Lagrangian strain 
 

• Equations of motion 
 

 
 

cord 

rubber layer 

Protective 
coating 
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Presenter
Presentation Notes
Belt is considered as homogenuous beam with axial and bending stiffness. Belt segment is modelled within ANCS. So far our model is developed for flat end poly-v belts. Final number of belt elements is conected to closed loop. Equations of kinematic constraints assure to connect belts elements properly. Jacobian matrix results by deriving kinematic constraints over generalised coordinates. Jacobian of constraints is constant and thus it is neded to compute it only once, which considerably reduces the computational time. Further applying the QR decomposition we eliminate the Lagrangian multipliers from the governing equations.
Belt material properties are defined based on Kevin-Voight viscoelastic rheological model in the axial direction. Energy dissipation in bending is considered with Rayleigh proportional damping. Lagrangian strain is a axial deformation at a choosen shape function S. 
Equations of motion: CsubeB is a Jacobian matrix of constraints betwen elements, e is a vector of nodal coordinates in a system. On the right hand of equations there are forces acting on a system.



Belt model (2) 

• Describing flexible elements using absolute nodal 
coordinate formulation (A. Shabana 1996) 
 
 
 
 

• Nodal coordinates 
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Presenter
Presentation Notes
R dot and r double dot are velocity and acceleration of points on a flexible body. S is global shape function of element j of the belt, ssub1,2 etc are shape  functions. X is spatial coordinate along the length of a beam. e1, e2, e5 ter e6 are global coordinates in absolute coordinate system, the rest are global gradients in nodes. The damping and stifness matrices were developed for beam elements



Verification of belt drive model 

• Initial belt configuration 
 

 
• The belt response in time 

 
 
 
 

belt 
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Presenter
Presentation Notes
Belt is in a horizontal plane. Initially the belt is wraped around two circles, then it is released to come onto circular shape.  After some time the belt settles into circular shape, as dissipative elements ‘eat’ energy



Model of pulley and tensioner 

• Pulley model 
 
 
 

• Tensioner model 
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Presenter
Presentation Notes
The pulley is modelled as rigid cylinder where we account of translational and rotational coordinates. We write equations of motions for all pulleys as well as tensioners. Csubq,j represent Jacobi constraint matrices. Additionaly mass matrix, vector of generalised forces and vector of generalised coordinates define the dynamic formulation completely.



Contact formulation between belt and pulley 

• Contact kinematics 
 
 
 
 
 
 

• Equation of motion including contact forces 
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Presenter
Presentation Notes
Distances, relative velocities and changes in relative velocities are determined by means or relative kinematics. Gdouble dot sub n and subt are relative accelerations in normal and tangential directions, acc to Pfeiffer –Glocker. Qdouble dot sub r represents equation of motion including the belt, the pulley and the contact forces. Vector qsubr includes pulley coordinates and independent belt coordinates. Contact forces include the components of the normal and tangential forces, which are combined in vectors of Lagrange multipliers lambda subn and lambda subt. After using constraint matrices 



 Normal contact force 

• Formulation of contact problem as LCP together with penalty       
method 

 

 
     Impact contacts (          ) 

  
   
       

0Ng ≠

N N NF kg dg= + 

0Ng =

Penalty method: 
Contact law: 

0, 0, 0N N N N≥ ≥ =gλ g λ

Normal Force 

 Continuous contacts (LCP) (           ) 
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Presenter
Presentation Notes
Our approach is event driven, so we monitor the contact forces and relative accelerations. We are able to tackle also non-steady belt-drive operations.



Frictional contact force 

• Using discontinuous Coulomb friction law 
 
 
 

• Using LCP in order to compute frictional forces of possible 
sticking contacts  

sticking: 0
sliding: 0

T N T

T N T

g
g

λ µλ
λ µλ

 < ⇒ =
 = ⇒ >




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Presenter
Presentation Notes
In tangential direction discontinuous Coulomb friction law is adopted. One can have sticking or sliding in two directions. With known matrix A and vector b one must compute vectors y and x, par ex. using Lemke algorithm. From y and x we can further predict normal contact forces.



Capabilities of presented contact model 

•The contact sets in the case of 
steadily operating belt drive 

 

 

 

•Prediction of contact forces and the 
response of entire belt drive in the 
case of non-steady belt drive 
operational conditions 
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Presenter
Presentation Notes
In the case of steady-state operation: one can define four different contact sets:
Normal contact: IsubS is the set of impact contacts with penalty method, allowing for compression and dissipation during the impact; relative normal velocity not equal zero, and subset IsubN are continuous contacts with relative normal velocity equal zero.
Tangenial contact: IsubH includes possible continuous sticking contacts as well as possible impact contacts with zero relative tangential velociy. And the last set we have sliding part IsubN/IsubH.
But our model is not restricted to steadily operating belt drives.




Two-pulley belt drive example (steady operation) 
Dynamics response of belt drive Angular velocity 

Normal force Friction force 
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Presenter
Presentation Notes
On right is driver pulley, on the left is driven pulley. Analytical angular velocity speed loss is 0.82 rad/s, our model gives practically the same loss.
Analytical solution has several assumptions: steady motion, normal belt acc is always zero, tension and velocity of belt spans are constant, belt stifness is neglected, no sliding of the belt in the no-slip zone.
Normal and frictin forces for the driver pulley are shown in the interval between 1 and 1.5 sec., as the convergence is reached when the time is greater that 0.6 sec. Our model predicts some peaks at the entry and exit sections of the belt, due to bending stiffness of the belt.



 Two-pulley belt drive example (non-steady operation)  
Dynamics response of belt drive Angular velocity 

Normal force Friction force 
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Presenter
Presentation Notes
Normal and friction forces oer unit lenght on the driver pulley are not constant; time interval is between 1 and 1.5 sec. Frictional forces in the sticking zone are not zero but vary between -2 to +2 kN/m. This means that frictional forces are not zero at zero relative velocities, which implies one can not use the aproximate friction law.



Comparison between friction laws 

• Approximate friction law 
 
 

• Relative tangential velocities and frictional forces 
 
 
 
 
 

•  Computational time 
 
 

wrapping angle [rad] wrapping angle [rad] 
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Presenter
Presentation Notes
Ni = 50 is blue line and ni equals 20 is red line. The greater the ni, the closer to discontinuous Coulomb law, the greater are numerical difficulties.



Applicability of belt drive model 

• Numerical belt drive model 
 
 
 
 
 

•   Angular velocities 
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Conclusions 

• Belt was modeled as planar beam element in 
ANCS 

• Viscoelastic material for longitudinal direction  
• Rayleigh damping for transverse direction 
• Belt-pulley contact was modeled with LCP 

including penalty method 
• Comparison to analytical solutions 
• Ability to predict non-steady operations of the 

belt drive 
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Thank you for your attention 
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