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Abstract 
The present work describes an experimental method that aims at providing a description of the dynamic and 

vibratory behavior involved by non-circular pulleys in timing belt drives. The experiments are carried out 

on an simple two-pulley transmission. The very simple architecture of this transmission offers an easy 

analysis of the phenomena. Two setups of the transmission are tested: one configuration comprising two 

circular pulleys (reference case) and the other one for which the driving pulley is substituted by an oval 

sprocket. The study focuses particularly on the pulley rotational vibrations by measuring rotational motion 

and torques. A comparative analysis is performed between experimental results obtained on the two setups 

enabling to point out the dynamic effect of the oval pulley. Finally, these results are compared with 

simulation results obtained from a numerical model developed in parallel of this work. 

1 Introduction 

In an automotive engine, the timing belt is a key component in charge of synchronizing the valve train 

system and the crankshaft (Figure 1). This synchronization constitutes one of the essential functions of the 

engine. It insures the correct timing of the valves opening and closing with respect to the piston movement 

and prevents the risk of piston-valve clash that can cause severe damages to the engine. 

In running conditions, timing belt drives can be subjected to vibrations due to the belt elasticity and several 

excitation sources such as variable load torques and crankshaft velocity. Excessive vibrations can cause belt 

fatigue and wear, leading to a decrease of the belt life. These vibrations can also induce other undesirable 

phenomena such as noise, overconsumption, and instantaneous desynchronization of engine components 

that can degrade the global engine efficiency. 
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Within the objective of reducing these phenomena, car manufacturers have recently introduced non-circular 

pulleys in timing belt transmissions. When they rotate, such pulleys cause periodic elongation of their 

adjacent belt spans. According to a patent owned by the car equipment supplier Litens Automotive [1], this 

periodic elongation is assumed to generate a fluctuating corrective torque on the driven pulleys. Directly 

dependent on the pulley geometrical profile and its phasing in the transmission, this corrective torque can 

be set to counteract the excitation sources causing rotational vibrations of the driven pulleys. Thus, with 

optimal profiles and phasing, the non-circular pulleys may enable a significant reduction of these vibrations. 

Determining the optimal design parameters of a non-circular pulley to obtain an efficient design of the 

transmission is not easy to accomplish. To achieve this, it is important to clearly understand and identify the 

impact of such pulleys on the dynamic behavior of a timing belt drive. 

The literature concerning the use of non-circular pulleys and their dynamic impact is relatively poor. Most 

works focus only on kinematic and quasi-static analyses [2,3]. Recent papers referenced in [4] and [5], 

propose numerical models developed to predict the dynamic behavior of a transmission comprising non-

circular pulleys. Using these models, the authors perform numerical studies that show how an oval 

crankshaft pulley can significantly reduce the rotational vibrations of a camshaft pulley in a four-cylinder 

engine (fourth order periodic load torque on the camshaft). The models are based on discrete approaches 

similar to that implemented by Hwang et al. [6] for poly-V belt transmissions comprising circular pulleys. 

In his model, Hwang considers the belt spans as linear spring-damper elements connected to the pulleys 

represented by rotational inertias. 

The present work is an extension of the study presented in [5]. It aims at proposing an experimental method 

for characterizing and understanding the impact of a non-circular pulley on the dynamics of a timing belt 

transmission. Here, the study focuses on the effect of a marketed oval pulley. Nowadays, this kind of profile 

is commonly used in four-cylinder engines. The experiments are conducted for a simple two-pulley 

transmission offering an easy analysis of the system. The transmission is mounted on a test stand fully 

instrumented that is described in section 2. Two different setups of the transmission are studied: 

• The circular setup (C-C): the driving and driven pulleys are both Circular (reference case), 

• The oval setup (O-C): the driving pulley is Oval and the driven pulley is Circular. 

In section 3, the results obtained for both setups are analyzed. In particular, a comparison analysis between 

the two considered transmission setups, points out the effect of the oval pulley on the dynamics of the 

system. Finally, in section 4, these experimental results are compared with some preliminary numerical 

Figure 1 : Valve train system of a car engine with a 

timing belt drive 
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results obtained from the model developed in [5]. This comparison enables to assess the modelling validity 

and to interpret the phenomena observed experimentally. 

2 Test stand 

The experiments are conducted on a simple two-pulley transmission. The transmission is composed of one 

driving pulley (1) whose motion is imposed and one driven pulley (2) subject to a constant load torque.  
 

 

Figure 2: Test setups of the transmission. 

As illustrated in Figure 2, two configurations of transmission are considered: 

• The circular setup (C-C): pulley 1 Circular – pulley 2 Circular. 

• The oval setup (O-C): pulley 1 Oval – pulley 2 Circular. 
 

The oval profile has a geometrical periodicity of 0.5 over the pulley circumference. When the pulley is 

mounted on the transmission and rotates, this geometrical periodicity induces periodic length fluctuations 

of the belt spans with a frequency of 2 events per revolution of the oval pulley (see Figure 3). These 

fluctuations affect the dynamic behavior of the transmission. 

For confidential reasons, the detailed characteristics of the transmission components (pulleys and belt) are 

not presented in this paper. 
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Figure 3: Length variations of belt spans caused by an oval profile 

(geometrical periodicity of second order). 

2.1 Architecture 

The global architecture of the test stand is illustrated in Figure 4 and Figure 5. The bench comprises two 

rotary shafts on which the pulleys of the test transmission are mounted: 

• The driving shaft (1) is coupled with a speed-controlled electric brushless servomotor (51.3 kW) in 

charge of imposing the rotational motion of the driving pulley with a maximum speed of 2000 rpm. 

• The driven shaft (2) is coupled with a torque-controlled electric brushless servomotor (11.03 kW) 

that applies the load torque on the driven pulley. 

The center distance between the two shafts is adjustable, enabling a custom setting of the initial belt tension. 
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Figure 4: Face view of the test stand. 

 

 

Figure 5: Diagram of the global test stand architecture. 

2.2 Measurement devices 

The instrumentation of the bench is similar to usual devices employed for experimental investigations on 

gear transmission error [7] and belt transmissions [8,9]. It enables measuring all the quantities depicting the 

transmission rotary dynamics. Pulley rotations are measured by means of optical encoders (2500 pulses/rev). 

Torque meters are mounted on both shafts (see Figure 6) to measure the driving and load torques with 

respective ranges of 20 and 50 N.m. When the driving pulley is oval, a laser proximity sensor (0.1 mm/V) 

is used to measure the variation of its pitch radius. The orientation of the non-circular pulley is deduced 

from this measurement (see Figure 7). 
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Figure 6: View of the driven shaft and its instrumentation. 
 

The data acquisition system is custom made within a N.I. PXI frame including classical data acquisition 

boards and a four-channel counter board permitting the use of the pulse timing method [7]. Each optical 

encoder delivers a square signal (TTL) as it rotates. Between two rising edges of this signal, a counter 

records the number of pulses given by a high frequency clock (80 MHz), see Figure 9. For each encoder, it 

is therefore possible to build a time vector that contains the times of occurrence of the TTL signal’s rising 

edges. Hence, the total rotation angle of each shaft is determined and instantaneous rotation speed and 

acceleration are deduced. In this application, the measurement is triggered on the reference encoder mounted 

on the driving shaft. The analog signals (torque meters and laser sensor) are recorded at a sampling 

frequency of 1 kHz. 
 

 

Figure 7: Principle of the measurement of the oval profile orientation. 
 

 

Figure 8: Laser proximity sensor. 
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Figure 9: Pulley rotation measurement principle. 

3 Experimental analysis 

For both transmission configurations C-C and O-C, the following measured quantities are observed and 

compared: 

• Instantaneous driven pulley rotation speed, 

• Instantaneous driven pulley angular acceleration, 

• Instantaneous Transmission Error (TE), 

• Torque applied by the belt to the driven pulley. 

The analysis is performed in the angular and angular frequency domains, where the reference is the driving 

pulley rotation angle. The comparison is made for constant average driving rotation speed (1000 rpm) and 

resisting torque (10 N.m). 

3.1 Kinematic analysis 

Instantaneous angular speed and acceleration variations of pulley 2 (driven) are plotted in Figure 10 and 

Figure 12 versus the pulley 1 (driving) number of revolutions for the two transmission configurations C-C 

and O-C. It can be seen that for the O-C transmission, the speed and acceleration fluctuation amplitudes for 

the driven pulley are amplified by a factor seven compared to the C-C configuration. 

The spectral representations of the speed and acceleration fluctuations are plotted in Figure 11 and Figure 

13. In the C-C case, the fluctuations are modulated by harmonics corresponding to the meshing frequency 

and disturbing excitation sources such as misalignments in the rotary assemblies or geometry faults on the 

pulleys. These harmonics are still present in the O-C configuration but are dominated by a second order 

harmonic with amplitude of 10 rpm. This harmonic corresponds to the oval profile effect. 

Another important characteristic of timing belt drives is the Transmission Error (TE) that has to be minimum 

for efficient engine operation and synchronization of the valve train with the crankshaft. The use of non-

circular pulley may affect the amplitude of the TE. The TE is plotted in Figure 14 for the C-C and O-C 

configurations. The fluctuation amplitude is multiplied by two with an oval pulley. The frequency content 

(see Figure 15) of the TE is dominated by the harmonic corresponding to the oval pulley in the O-C case. 
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Figure 10: Instantaneous angular velocity fluctuations of pulley 2  

vs. driving angle for C-C and O-C setups. 
 

 

Figure 11: Frequency content of the instantaneous angular velocity fluctuations 

of pulley 2 for C-C and O-C setups. 
 

 

Figure 12: Instantaneous angular acceleration fluctuations of pulley 2 

vs. driving angle for C-C and O-C setups. 
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Figure 13: Frequency content of the instantaneous angular acceleration fluctuations 

of pulley 2 for C-C and O-C setups. 

 

 

Figure 14: Transmission Error vs. driving angle for C-C and O-C setups. 

 

 

Figure 15: Frequency content of the Transmission Error for C-C and O-C setups 
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3.2 Driven pulley torque analysis 

As shown in the previous section, the use of an oval driving pulley in a two-pulley transmission induces 

some second order angular oscillations of the driven pulley. These angular oscillations are related to 

fluctuations of the torque 𝐶𝑝 generated by the belt span tensions applied to the driven pulley. This torque is 

deduced from the torque measured on the driving and driven axes of the test bench. 

Figure 16 and Figure 17 show the torque 𝐶𝑝 fluctuations and frequency content in both C-C and O-C cases. 

When using two circular pulleys, the fluctuations of the torque 𝐶𝑝 are mainly governed by the harmonics 

corresponding to the tooth meshing and the disturbing excitation sources (misalignment, pulley geometrical 

faults …). In the O-C configuration, the torque is additionally modulated by a dominant harmonic of order 

2 corresponding to periodic belt span length variations induced by the oval profile. 

 

 

Figure 16: Fluctuations of the torque 𝐶𝑝 for C-C and O-C transmissions. 

 

 

Figure 17: Frequency content of the torque 𝐶𝑝 fluctuations for C-C and O-C transmissions. 
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4 Comparison with numerical results 

In this section, the modeling method presented in [5] is applied to the O-C setup. The transmission is 

considered as a discrete 2D-system. The belt is represented by a linear elastic wire related to rotating rigid 

bodies representing the pulleys (see Figure 18). 

 

 

Figure 18: Modelling principle of a belt transmission. 

 

The motion of the driving pulley 𝜃1 is imposed and the rotation of the driven pulley 𝜃2 is actuated by the 

effect of the belt span tensions 𝑇𝑎 and 𝑇𝑏 applied at the seating/unseating points (see Figure 19). The angle 

𝜃2 is the degree of freedom of the system governed by the equation of motion (1) obtained by applying the 

fundamental principle of the dynamics on the driven pulley rotation: 

𝐼2𝜃2̈ = 𝐶𝑝 − 𝐶2 (1) 

Where 𝐼2 is the rotational inertia of the pulley 2 and its shaft, 𝐶2 is the constant load torque and 𝐶𝑝 is the 

torque resulting from the belt tensions applied to the driven pulley given by: 

𝐶𝑝 = 𝑅2(𝑇𝑎(𝑡) − 𝑇𝑏(𝑡)) (2) 

 

 

Figure 19: Modeling of the O-C setup. 
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Figure 20 shows a comparison of the instantaneous rotational speed variations of the driven pulley for the 

O-C transmission obtained from experiments and simulation. Second order variations due to the oval effect 

are present on both cases and have the same phase and amplitude. However, the fluctuations of other 

frequencies visible on the experiments (pulley eccentricity, meshing frequency, etc.) do not appear in the 

simulation results. Indeed, these phenomena are not taken into account in the current model. Similar 

comments can be made for the TE plot in Figure 21. 

The simulated and experimental fluctuations of the torque 𝐶𝑝 are plotted versus the driving angle in Figure 

22. It can be seen again that the second order fluctuation caused by the oval pulley is well described by the 

model. From these observations, one can deduce that the model is able to predict rather well the dynamics  

of a two-pulley transmission comprising an oval pulley. 

 

 

Figure 20: Simulated and experimental instantaneous angular velocity fluctuations of pulley 2 vs. driving 

angle (O-C transmission). 

 

 

Figure 21: Simulated and experimental transmission error vs. driving angle (O-C transmission). 
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Figure 22: Simulated and experimental torque 𝐶𝑝 (O-C transmission). 

5 Conclusion 

The experiments presented in this paper enable highlighting the effect of an oval pulley on a two-pulley 

transmission dynamics. The experimental analysis has been conducted for two transmission setups: one 

reference setup comprising circular pulleys only (C-C) and the other setup comprising an oval driving pulley 

(O-C). The comparison between the results obtained for the C-C and O-C setups clearly shows that the 

periodic belt span elongations generated by the oval profile, cause fluctuations of the torques applied to the 

pulleys. These torque variations induce rotational acceleration and speed fluctuations on the driven pulley 

with a frequency of two events per non-circular pulley revolution. These fluctuations lead to instantaneous 

desynchronization of the transmission quantified by periodic TE variations with the same angular frequency. 

These experiments have also confirmed the relevance of the model developed by Passos et al. [5]. 

Future works will concern the enrichment of the test stand in order to perform experiments on belt 

transmission setups fully representative of real running conditions encountered in a combustion engine. It 

is planned to study transmissions equipped with a dynamic tensioner pulley for higher rotational velocities 

(till ~5000 rpm on the driving pulley). Also, fluctuating load torque and driving speed acyclism will be 

introduced in order to test the non-circular pulley capability of counteracting these excitation sources. 
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