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Abstract. Centrifugal pendulum absorbers are passive dampers mainly employed nowadays to 
attenuate torsional vibrations in modern drivetrains to reduce fuel consumption and CO2 
emissions. The absorber is linked to the drivetrain by means of a higher kinematic joint composed 
of slots and rollers, termed caged-roller joint. This work aims to investigate the contact between 
the rollers and the slots through multibody dynamics simulations. As a result, the sliding between 
the profiles, usually neglected in the design model of the caged-roller joint, is assessed and an 
estimate of the power loss is provided. 
Introduction 
Current trends for internal combustion engines (ICEs) suggest operation just above the idle-speed 
range to reduce fuel consumption. This generates low-frequency and high-amplitude oscillations. 
On the other hand, to avoid a drop in performance, high driving torque levels should be ensured. 
modern drivetrains require more effective torsional vibration isolation. The class of centrifugal 
dampers constitutes a widespread industrial solution adopted by many car manufacturers [1]. 
Centrifugal pendulum vibration absorbers (CPVAs) are order-tuned passive devices [2,3]. The 
absorbers counteract the torsional disturbance through their oscillations along a prescribed path 
within a centrifugal force field. The distinctive feature of CPVAs is that the absorber frequency of 
oscillation matches, for any rotor speed, the one of the torque to be damped. This is realized by 
selecting the absorber center of mass (COM) path curvature according to a design equation termed 
tuning condition. The classical approaches for the study of CPVAs nonlinear dynamics (e.g. [4-
10]) are based on perturbation methods. To offer holistic modeling of these devices, the dynamic 
behavior of this device is herein explored through multibody techniques (e.g. [11]). The damper 
architecture herein portrayed is the parallel bifilar pendulum, where the absorbers are constrained 
to translate w.r.t. the rotor by two higher kinematic pairs, each constituted by a roller mating with 
two slots, denoted as caged-roller joint [12-14]. The ideal design of the slot profiles, needed as a 
constraint to enforce the tuning condition, requires the assumption of pure-rolling between the 
mating elements. However, this condition heavily depends on normal contact force amplitude 
throughout the absorbers oscillations. Hence, this paper focuses on analyzing the sliding and the 
power losses estimation due to the contact between the roller and the slot by means of multibody 
dynamics simulations.  
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Figure 1: Parallel bifilar CPVA 
Damper device modeling 
The model kinematic structure is represented in Figure 1 in the reference configuration. Four 
absorbers of total mass m  are linked to the rotor, characterized by a moment of inertia I  through 
eight caged-roller joints. Each one of these joints is composed of a roller and two slots carved on 
the rotor and on the absorbers, respectively. A 2D circle-to-curve contact is established between 
the conjugate profiles1. The rotor is free to rotate w.r.t. the ground with an initial speedΩ  and is 
subjected to the cubic ramp harmonic torque disturbance:  
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where Θ  is the rotor rotation angle, n  is the harmonic order to be damped and ft is the end-time 
of the simulation. The CPVA conceptual design is hinged on the following requirements: 
• the tuning condition governs the absorber COM path curvature for small oscillations [2-4]: 
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where 0ρ is the absorber COM radius of curvature, 0r denotes the rotor-absorber COM center 
distance, the subscript (0) indicates that the variable is evaluated at the reference position, and 
σ is the detuning, namely the difference between the disturbance and the absorber tuned orders. 

• the damper dynamic behavior for large oscillations is controlled by the full absorber COM 
path. This trajectory, in intrinsic coordinates ( ), sρ , is usually selected from the epicycloid 
family of curves [4-7]: 

2
0 2( )s sρ ρ λ= + , (3) 

where s is the absorber curvilinear abscissa and 2λ is the second curvature ratio of the path
( ),sρ which is constant for epicycloids2. Since the absorbers undergo a relative translation w.r.t. 

the rotor, the roller center relative paths ( ),R Rsρ , are obtained by halving Eq.(3): 

 
1 Contact force models for multibody systems have been analyzed e.g. by Flores [15] and Pereira et al. [16]. 
2 For further details on higher path curvature analysis and CPVA design procedures, refer to [4-9,14,17]  
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Then, the rotor and absorber slots paths are identical and can be computed as parallel curves of the 
roller paths ( ),S Ssρ [14,17]: 
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where rr  is the roller radius. 
The roller-slot contact detection is based on an algorithm with a pre-search to identify contact 
zones and a detailed-search to find the penetration depth [19]. The contact normal behavior is 
governed by the Johnson model [16] for the elastic contribution: 
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where δ  is the penetration, P  is the load per unit length, ( ) 0
0 2S r s

R r ρρ
=

∆ = − = , and ( ),E ν  are 

the elastic properties of the steel. This model is fitted with MATLAB fit routine to compute the 
normal force as follows: 

1
31 ,
2

m
nF kδ αδ = + 

 
  (7) 

where the damping term 1
3
2

mkα δ δ 
 
 

  is expressed according to Hunt and Crossley [19] model. 

On the other hand, the tangential behavior follows a stick-slip dry friction portrayed in the 
investigations of Cha et al. [20] and Pennestrì et al. [21]:  
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This model, and in particular the terms ,  ,  ,  vβ µ µ µ∆ , depend on five parameters, namely: 

,  s dµ µ (static and friction coefficients), ,  s dv v  (static and dynamic threshold velocity) and max∆  
(max stiction deformation). For the further details, refer to the cited works. The data of the system’s 
geometry and inertia, as well as the contact parameters, are reported in Table 1. 

 
Table 1: systems data and parameters 

n  σ  2λ  Ω [rpm] m [kg] 0r [m] 0T [Nm] I [kg m^2] 
2 0.01 -0.84 1000 0.3 0.06 21 0.04 
k [N/m^m1] 1m  α  sv [m/s] dv [m/s] sµ  dµ  max∆  
6.874e9 1.072 0.08 0.15 0.1 0.05 0.04 0.1 

Results analysis  
The first result needed to assess the CPVA dynamics behavior is the relationship between the 
torque amplitude and the absorber COM oscillation amplitude, depicted in the plot of Figure 2. 
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Figure 2: absorber oscillation amplitude .vs. torque amplitude. 

For low torque levels, the device response is quasi-linear, whereas for large oscillations the 
resulting behavior is hardening. This feature depends on the selected value of the curvature ratio

2λ . Then, in Figure 3 are represented the friction coefficient and sliding velocity curves with 
respect to the torque amplitude. In particular, the gray line is for the interaction between the 
absorber slot and the roller, whereas the black line is for the rotor slot-roller contact. Moreover, 
the dashed lines indicate the threshold values sv , dv , sµ , dµ , respectively. 

 
Figure 3: sliding velocity (left) and friction coefficient (right) .vs. torque amplitude . 

From these plots, the following considerations arise: 
• For low torque values, the sliding velocity is close to zero, which means that the pure-

rolling condition is satisfied completely, due to stiction.  
• For medium torque levels, there is a finite sliding velocity, but its value is less than the 

threshold velocity. Hence, the rolling condition is still valid. 
• For high torque amplitudes, the sliding velocity is greater than the threshold and the friction 

coefficient reaches the dynamic value. In these cases, there is slipping between the roller 
and the slot. 

However, observing Figure 5, which is the zoom versions of Figure 3, the slipping is only localized 
at the end of the time period of oscillation.  

 
Figure 5: sliding velocity and friction coefficient .vs. torque amplitude (zoom version)   
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To assess the power losses due to the roller-slot slipping, the ratio between friction power loss of 
all the caged-roller joints and disturbance power FP/DP: 
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averaged over a period is computed. This ratio is plotted with respect to the torque amplitude in 
Figure 6. As expected, since the slipping is very limited, the power loss is negligible even for large 
oscillations. 

 
Figure 6: ratio FP/DP .vs. torque amplitude 

Conclusions 
In this investigation, the internal dynamics of the caged-roller joints of a centrifugal pendulum is 
analyzed by means of the multibody environment. In the caged-roller joints, the pure-rolling 
between the mating elements is required. However, as observed in the multibody dynamics 
simulations, there could be slipping for large absorber oscillations. This occurs mostly for low 
rotor speed, when the centrifugal force field amplitude is not enough to guarantee a sufficient 
normal force between the roller and the slot throughout the entire oscillation. To assess the power 
losses associated with this phenomenon, the ratio between the friction and the disturbance powers 
is computed. From this comparison, the friction power losses are negligible for any oscillations. 
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