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Abstract

:

The use of Light-emitting diodes (LEDs) in automobile headlamps began two decades ago. Since then, several design and efficiency improvements have been made. However, the reliability and durability of these LED systems remain uncertain. There are several approaches for reliability analysis, e.g., thermal, electrical, optical, or structural. The first three issues have been studied in the past, but there has been minimal focus on structural and dynamic durability. Uneven road conditions and impact forces acting on the headlamp module can damage components and misalign the aiming mechanism. Moreover, the functionality could be disturbed, thereby decreasing the efficiency of the system. To determine the forces acting inside the module on each component, this study proposes a simulation technique for predicting the magnitude of forces transmitted from the automobile chassis to the headlamp module under even and uneven road conditions. A vibration system with 23 degrees-of-freedom is developed and equations of motion are derived using Newton’s second law of motion. Solving this system of equations with Simulink and MATLAB provided the linear and angular displacements of each element, which were then utilized to calculate the forces transmitted through these elements. Two forcing conditions were compared and the locations with maximum forces are highlighted.
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1. Introduction


The widespread manufacturing of automotive lighting systems using LED technology has yielded products that are energy efficient, durable, environment-friendly, and with long service life. The visual assistance that a headlamp provides the driver, especially at night, makes it an important safety component in a vehicle. It has also been reported that approximately 40% of fatal accidents occur at night, primarily due to diminished visual performance [1,2]. When driving at night, driver’s eye wants to see the cut-off line of the headlamps to obtain further visibility of night road. It is called kink point. While passing through a curved path, swiveling occurs at the headlamps [3]. Higher the speed, more swiveling angle is needed. Therefore, the illumination quality and durability of the lighting module must be considered by manufacturers. The major advantages of LED lamps over incandescent lamps are higher mean time between failure, high service life and the brightness (up to 15,000 mcd and above). Additionally, LEDs are energy efficient with the consumption reduced to 87% compared to an incandescent lamp [4,5]. An LED system comprises a large number of small and important equipment that must be carefully studied and manufactured with the best design configurations. Modifications in the design can change the natural frequencies of the device and hence it can lead to the resonance of the whole structure [6,7,8]. A vibration analysis was conducted on the MCM 300 headlamps to identify natural frequencies of the system [9]. As light beams are generated by a semiconductor chip, heating problems commonly occur in such systems. Additionally, the maximum optical efficiency and uniform light distribution is also a significant field. Thus, the thermal management and optical aspects of the equipment have been studied deeply. Multiple solutions to these issues have been proposed and successfully implemented by manufacturers. However, products should also be tested under severe dynamic conditions that may occur on the road. If the vehicle encounters uneven road surface conditions, then the headlamp assembly must be able to withstand the random forces acting on it from the automobile chassis. The effect of such sudden force conditions can displace the small components inside the module. Moreover, the aiming mechanism could shift from its original position, thus reducing the reliability and durability of the equipment. The vibration in the headlamp can be verified by performing several tests like MAC correlation between experimental and modal analysis [10]. There are several regulations aimed at ensuring that lighting products meet durability requirements. These include vibration endurance testing in Europe (EU3947e), and SAE (Society of Automotive Engineers) regulations in the United States and Europe [11]. According to United Nations (UN) Regulations 112 and 113, mechanical, electromechanical, and other devices for headlamps must withstand endurance and function failure tests [12,13].



Because the use of LEDs for lighting purposes began only recently, most of the available research was conducted on conventional headlamps, such as halogen, xenon, and high-intensity discharge lights. Some researchers applied simulation methods to three-dimensional (3D) models of headlamps under random vibration to determine the stresses [14]. Some work on the life prediction for lighting bulb subjected to random vibrations is done in the past [15]. FRF, frequency response functions were compared at different levels in harmonic with experimental results on different assemblies [16]. This study depended on the gaps present in the assembly and damping behavior. The automotive industry is rapidly shifting toward LED technology, and some cars have been equipped with LEDs as dashboard lights. With the increasing demand for LEDs, a reliability study should be considered significant. There is no specific positioning criteria for the headlamps. This may cause excessive vibration on the module and the bolts could be loosened [17]. This can cause the change of aiming and adjustment. Hong et al. [17] has used lumped parameter modeling to study the bolt loosening criteria. Headlamps present a nonlinear behavior, especially for excitation levels representing the worst driving condition on paved road [18]. This is due to the complexity of their assemblies.



This paper proposes a methodology to predict the force transmitted through the headlamp module. The equipment is modeled as a multi-degree-of-freedom (DOF) system, and the equations of motion are derived. These equations are solved on Simulink, and the results are utilized to predict the magnitude of forces. In addition, a graphical user interface (GUI) is developed in MATLAB to determine the random boundary conditions of the system, and locations with higher magnitudes of force are highlighted. The remainder of the paper is organized as follows. Section 2 describes the proposed method. Section 3 explains the vibration analysis procedure, including the details of model being studied. Section 4 compares the results from the GUI. Finally, Section 5 presents the conclusions and discusses the future scope of the study.




2. Proposed Method


The headlamp is an essential part of the vehicle; hence, its proper functioning is vital. To achieve highly reliable products that can withstand various types of applied forces, the real-life conditions occurring in the headlamp assembly inside the system must be observed. In the past, research is done on the 3D models of headlamps and analyzed using ANSYS. Modal analysis and PSD results are commonly used for durability and deformation prediction inside the assembly. These studies have not briefly described the inner mounting conditions of different components and their stiffness. The proposed work has discussed the components separately and all the supports are modeled by considering three dimensional effects. It helps achieve better results close to the real conditions. As mentioned in the literature background, natural frequencies of the system are mostly calculated for dynamic study of the assembly. Then the obtained values are compared to the vibration frequency of the engine. Then resonance between the headlamp and engine is focused. However, in the presented article, the effect of road surface oscillations is studied which have higher magnitude as compared to the ones produced by the engine. Hence, the study provides more useful results for headlamp mountings design. A simulation technique is proposed based on the vibration analysis of the equipment. The system is modeled in terms of the equations of motion, and then the displacements of the components of the headlamp assembly are solved. Owing to the difficultly of conducting experiments on an actual model in the laboratory, the exact boundary conditions and real-life excitation force must be applied to obtain accurate displacement values.



The headlamp model studied contains many small components, such as controller chips and wires; and thermal management equipment, such as a heat sink and fan. The major parts are the main projection unit, aiming unit, bracket unit, and outer housing. These four parts are considered in this analysis. The actual model could not be presented because of the manufacturer’s copyright restrictions. Figure 1 shows the assembly of these components in three dimensions.



The projection unit    M 1    is the main component, which consists of a semiconductor light source and an arrangement of lenses to aim the light beam toward the required area on the road. It is connected to three other components with fixed and rotational supports. Each contact point has a stiffness value in every axis. A total of four components are studied with three-dimensional stiffness supports, which contribute 12 DOFs.



Figure 1 shows that each component has an origin of rotation. The points a, b, c, d, and e are the locations where the main projection unit, aiming unit, bracket unit, and housing have rotational DOFs, respectively. Because these are three-dimensional rational supports, there will be 12 additional DOFs included in the system, for a total of 24 DOFs; the developed model has 23 DOFs, only in the case of rotation where no moment was applied to the body. The equations of motion for each DOF were derived and modeled in Simulink. The obtained linear and angular displacements were used to calculate the transmitted force. The different parameters used in the analysis, such as mass, length, and angular moments of inertia, are listed in Table 1.




3. Vibration Analysis


The vibration analysis procedure includes mathematical modeling, derivation of the governing equations, solution of the equations, and interpretation of the results [19].



3.1. Mathematical Modeling and Derivation of Equations


Mathematical modeling is the foremost step, which requires drawing the free-body diagrams of the masses under study. A free-body diagram is a graphical illustration used to visualize the magnitude and direction of all forces acting on an object, and the resulting reactions in a given situation [20]. It is a 2D figure often in the form of a box with the forces shown as straight arrows and moments as round arrows, with arrowheads showing the directions. Each mass should be illustrated in three planes separately. The headlamp assembly comprises four components; hence, there will be 12 free-body diagrams showing the forces and moments.



The second step is modeling the motion of a dynamic system in terms of the equations of motion. The number of equations that can completely define the system must be equal to the total number of DOFs considered. This paper proposes a 23 DOF system; therefore, 23 equations are derived using Newton’s second law of motion. A standard equation of motion for a single DOF system is shown below.


  m  x ¨  + c  x ˙  + k x = F  ( t )   



(1)







As no damping element is considered in this study, the term containing the damping coefficient will be excluded. The term    F T    is defined as the applied excitation to the system. In the present case, the excitation force was applied to the outer housing because external forces were applied by the automobile chassis to the headlamp module through the housing.



In Figure 2,    M 1    is shown in terms of the free-body diagrams in three planes. Each set of diagrams shows the direction of linear displacements and their reactions. The restoring forces or reactions of the linear displacements are shown by the arrows in red, with the arrowheads pointing toward the direction of the forces. These can also be referred to as the restoring forces of stiffness elements. The components before and after the displacement are highlighted in blue and red boxes, respectively.



There are a large number of stiffness elements in the model; hence, each k value is numbered for reference. The applied angular displacements are also shown as round arrows in black, about the points of rotation of each component. The direction of rotation is both clockwise and counter-clockwise, depending on the conditions. The letters in subscripts of the terms like    θ  b , x     provide information on the axis and point of rotation. For example, in    θ  b , x    , the rotation is about the x-axis and occurs at point b. The corresponding equations of motion for the projection unit are as follows:


   M 1     z ¨   1  +  k 2   (   z 1  −  z 3  −  l 1   θ  b , x    )  +  k 3   z 1  +  k 6   (   z 1  −  z 2  +  l 2   θ  b , x    )  = 0  



(2)






   M 1     y ¨   1  +  k 1   (   y 1  −  y 3  +  l 1   θ  b , x    )  +  k 4   y 1  +  k 5   (   y 1  −  y 2  +  l 2   θ  b , x    )  = 0  



(3)






   M 1     x ¨   1  +  k 7   (   x 1  −  x 3   )  +  k 8   x 1  +  k 9   (   x 1  −  x 2  −  l 2   θ  b , y    )  = 0  



(4)







The set of governing equations for angular motion are as follows:


   J 1     θ ¨    b , x   +  k 2   (   z 1  −  z 3  −  l 1   θ  b , x    )   l 1  −  k 5   (   y 1  −  y 2  +  l 2   θ  b , x    )   l 2  = 0  



(5)






   J 1     θ ¨    b , y   +  k 9   (   x 1  −  x 2  −  l 2   θ  b , y    )   l 2  = 0  



(6)






   J 1     θ ¨    b , z   +  k 7   (   x 1  −  x 3  +  l 1   θ  b , z    )   l 1  = 0  



(7)







In this study, the effect of rotation on each stiffness element was considered, thereby including terms like    l 2   θ  b , x     in the equations. Here, the arc length is measured when a body rotates at an angle  θ . If the angle of rotation is very small, then the arc is considered as a straight line. At the locations where the contact support is mutual between two components, relative displacement is assumed. In Figure 3,     M 2    is shown in terms of the free-body diagrams in three planes.



Based on the figures above, the equations of motion of the aiming unit are expressed as follows:


   M 2     z ¨   2  +  k 6   (   z 2  −  z 1   )  +  k  11    (   z 2  −  z 4  −  l 3   θ  c , x    )  = 0  



(8)






   M 2     y ¨   2  +  k 5   (   y 2  −  y 1   )  +  k  10    (   y 2  −  y 4   )  = 0  



(9)






   M 2     x ¨   2  +  k 9   (   x 2  −  x 1   )  +  k  12    (   x 2  −  x 4   )  = 0  



(10)






   J 2     θ ¨    c , x   +  k  11    (   z 2  −  z 4  −  l 3   θ  c , x    )   l 3  +  k  10    (   y 2  −  y 4   )   l 3  = 0  



(11)






   J 3     θ ¨    c , z   −  k  12    (   x 2  −  x 4  +  l 3   θ  c , z    )   l 3  = 0  



(12)






   J 2     θ ¨    c , y   = 0  



(13)







Similarly, the free-body diagrams of the bracket unit are shown below in Figure 4.



The equations of motion for bracket unit    M 3    are as follows:


   M 3     z ¨   3  +  k 2   (   z 3  −  z 1  −  l 4   θ  d , x    )  +  k  13    (   z 3  −  z 4   )  = 0  



(14)






   M 3     y ¨   3  +  k 1   (   y 3  −  y 1  +  l 4   θ  d , x    )  +  k  14    (   y 3  −  y 4   )  = 0  



(15)






   M 3     x ¨   3  +  k  15    (   x 3  −  x 4   )  +  k 7   (   x 3  −  x 1  −  l 5   θ  d , y    )  = 0  



(16)







The equations for angular displacement are expressed as:


   J 3     θ ¨    d , x   +  k 2   (   z 3  −  z 1  −  l 4   θ  d , x    )   l 4  = 0  



(17)






   J 3     θ ¨    d , z   −  k 7   (   x 3  −  x 1  +  l 4   θ  d , z    )   l 4  −  k 1   (   y 3  −  y 1  +  l 5   θ  d , z    )   l 5  = 0  



(18)






   J 3     θ ¨    d , y   +  k 2   (   z 3  −  z 1  −  l 4   θ  d , y    )   l 4  +  k 7   (   x 3  −  x 1  −  l 5   θ  d , y    )   l 5  = 0  



(19)







Figure 5 shows the forces acting on the housing. Because this part is connected to the automobile chassis, it is under the influence of random forces.



In the proposed method, forcing conditions were applied to the housing in the vertical (z-axis) direction. The governing equations for    M 4    are as follows:


   M 4     z ¨   4  +  k  19    z 4  +  k  11    (   z 4  −  z 3  +  l  10    θ  e , x    )  +  k  16    (   z 4  −  l 6   θ  e , x    )  +  k  13    (   z 4  −  z 1  −  l 8   θ  e , x    )  = F  



(20)






   M 4     y ¨   4  +  k  17    (   y 4  +  l 6   θ  e , x    )  +  k  14    (   y 4  −  y 1  +  l 6   θ  e , x    )  +  k  20    y 4  +  k  10    (   y 4  −  y 3  +  l  10    θ  e , x    )  = 0  



(21)






   M 4     x ¨   4  +  k  21    (   x 4  +  l 7   θ  e , y    )  +  k  18    x 4  +  k  15    (   x 4  −  x 1   )  +  k  12    (   x 4  −  x 3  +  l  10    θ  e , y    )  = 0  



(22)







This is the largest part of the headlamp assembly, and each component is connected to it. It is attached to the chassis through fixed connections at multiple points. In the developed model, two supports were selected for analysis. In addition, there is an origin of rotation at the middle corner, expressed as point e in Figure 1. The equations for rotation are expressed as follows:


   J 4     θ ¨    e , y   +  k  19    (   z 4  −  l 7   θ  e , y    )   l 7  +  k  11    (   z 4  −  z 3  −  l 7   θ  e , y    )   l 7  −  k  12    (   x 4  −  x 3  +  l  10    θ  e , y    )   l  10   = 0  



(23)






   J 4     θ ¨    e , x   +  k  16    (   z 4  −  l 6   θ  e , x    )   l 6  +  k  13    (   z 4  −  z 1  −  l 8   θ  e , x    )   l 8  −  k  10    (   y 4  −  y 3  +  l  10    θ  e , x    )   l  10   = 0  



(24)






    J 4     θ ¨    e , z   −  k  18    (   x 4  +  l 6   θ  e , z    )   l 6  −  k  15    (   x 4  −  x 1  +  l 8   θ  e , z    )   l 8     −  k  20    (   y 4  +  l 7   θ  e , z    )   l 7  −  k  10    (   y 4  −  y 3  +  l 7   θ  e , z    )   l 7  = 0   



(25)







3.1.1. Forcing Conditions


The proposed method aims to predict the force transmitted through the headlamp assembly. The assembly must be excited by external forces at one end to obtain the value of the force transmitted to the other end. In actual driving conditions, the vehicle moves across several even and uneven road surfaces. A series of random excitation forces is applied to the headlamp every second; thus, it is challenging to find a trend in the values. To reproduce the actual driving conditions in the simulation, an experiment was conducted using an accelerometer mounted on the dashboard of a vehicle. The accelerometer could not be mounted at the back side because the readings were to be obtained for the headlamps. There was a possibility to mount it right above the headlamp but it could not be fixed there properly. While driving through the non-uniform surfaces, it may get loose and record false readings. It should be as much near to the center of the vehicle as possible, so that the pitch of vehicle has minimum effect on the vertical acceleration readings. Other factors that could influence the accelerometer sensitivity are temperature and mount type. A DC-response accelerometer was used because it can perform well in shock applications where we need to integrate the acceleration data. Other types will have an intrinsic decay function that can result in significant error. An accelerometer with sensitivity of 10 mV/g and frequency range of 1 to 10,000 Hz (−5%) was used in this experiment. The vehicle was driven through even and uneven roads, and two sets of time-acceleration data were collected in each case (case I and case II). The following directions were assumed: vertical to the road surface (z-axis), direction of vehicle travel (x-axis), and direction transverse to vehicle travel (y-axis). The data were collected in seconds, and the duration of the experiment varied for each case. Figure 6 illustrates the road surface conditions for the even and uneven cases.



The data obtained for case I is shown in Figure 7. Figure 7a plots the magnitude of acceleration with respect to time, with values ranging between 9.9 and 10.2   m /  s 2   . The total mass of the four components under study is approximately 3 kg. The product of the total mass and acceleration provides the magnitude of the force applied. The obtained magnitude of force in case I reached 31 N, with the experiment lasting for 300 s and the vehicle driven along an even road at constant speed; the plot of the data is shown in Figure 7b.



The data for case II is shown below in Figure 8. In case II, the acceleration reached a maximum of 20.72   m /  s 2   . The vehicle was driven across bumps and potholes, which led to this abrupt increase in magnitude. Figure 8b shows the force applied in case II. The maximum amplitude of the force is approximately 63 N, which is double than that in case I. The data for case II is shown below.




3.1.2. Force Transmission


The amount of force transferred from the automobile chassis to the headlamp module is measured in terms of force transmission. The standard equation for force transmitted is [21].


   F T  = c  (   x ˙  −  y ˙   )  + k  (  x − y  )  = − m  x ¨   



(26)







Damping was not considered, and the term   k  (  x − y  )    was calculated using MATLAB GUI. In Figure 3, the displacement of the housing along the z-axis was multiplied by the stiffness to obtain the magnitude of the force transmitted. Similarly,    F T    was obtained by 12 linear displacement values of the components in three dimensions.





3.2. Solution of Equations


Vibration analysis was conducted to determine the mass displacements in the system. This provides an understanding of how the internal components are affected by the external forcing conditions. To obtain the linear or angular displacement values from the above equations, MATLAB was utilized. First, the equations were rearranged in the following form (Equation (2) has been changed to the following form, for example.)


     z ¨   1  =   −  k 2   (   z 1  −  z 3  −  l 1   θ  b , x    )  −  k 3   z 1  −  k 6   (   z 1  −  z 2  +  l 2   θ  b , x    )     M 1     



(27)







After the double integration of the above equation, linear displacement of the projection unit along the z-axis can be obtained. The Simulink model for this equation is shown below in Figure 9.



All the terms were added and divided by the mass, and then two integration blocks were used to obtain the displacement. For the other equations, models were developed and solved to determine the response of the system. Because the system is coupled, the output of one equation affects other linked equations. A small change in variables, such as mass or stiffness, at one point can alter the solution of some other blocks.



In the case of angular displacement, mass  M  was replaced by the angular moment of inertia  J  and linear displacement by  θ . The equation used to develop Simulink model for the rotation is expressed as follows (Equation (25) has been changed to the following form, for example.).


     θ ¨    e , z   =   +  k  18    (   x 4  +  l 6   θ  e , z    )   l 6  +  k  15    (   x 4  −  x 3  +  l 8   θ  e , z    )   l 8  +  k  20    (   y 4  +  l 7   θ  e , z    )   l 7  +  k  10    (   y 4  −  y 2  +  l 7   θ  e , z    )   l 7     J 4     



(28)







After the equation is integrated twice, the value of the angle of rotation is obtained for the housing at point e, about the z-axis. All the equations of rotation were simulated the same way as above, and angles of rotation were obtained.



Developing the GUI


A GUI is an application of MATLAB used to develop a user-friendly solution environment. It is very convenient for solving a system when the input variables need to be varied for analysis. For the headlamp assembly, the developed Simulink model was linked with the GUIDE (Graphical User Interface Development) application to create the GUI. Force transmission plots were added in the “.fig” file. Several variables, such as mass, length, stiffness, and moment of inertia were also added (see Table 1). Stiffness magnitudes values used in the GUI ranged from 15,000–18,000   N / m  . These can be varied and any required value can be used to run the solution. Angular moments of inertia were calculated by assuming each body as a sphere. A time function is included in the GUI, which can be utilized to alter the solution time of the model. When the “Simulate & Plot” button (Figure 10) is pressed, Simulink runs the solution and plots the results on the GUI. All variables shown on the interface can be varied with just one click, and system can be solved again. The developed GUI is demonstrated below.






4. GUI Results


Since there are two cases of forcing conditions applied, there are also two sets of solutions from the equations of motion. First, the acceleration data from the even road surface (case I) was applied to the Simulink model and solved. Stiffness values at different locations were chosen randomly. For a fixed support, higher stiffness values are often considered; therefore, stiffness magnitudes are in the thousands. However, it can be any number above or below those used in the GUI. Then, the acceleration data obtained from uneven road surface (case II) was applied and simulated. The results from the GUI were compared for each of the components under both excitation conditions.



Projection Unit


Figure 11 compares the values of force in    M 1    in both cases. The plots on the left and right side are for case I and case II, respectively. It is clear from the figure that the projection unit encountered greater force in case II because of the higher peaks of vertical acceleration. The simulation was conducted for the whole input force data for up to 300 s and 2000 s for case I and case II, respectively. A significant amount of time was required to completely solve the system.



Based on the above results, the magnitudes of force are approximately 29.12 N, 6.69 N, and 23.48 N for the x-, y-, and z-axis in case I, and 94 N, 9 N, and 65 N in case II, respectively. For the projection unit, the force transmission in case II is very high, approximately three times greater along the x- and z-axis. However, the variation in amplitude is minimal along the y-axis.



The GUI results for    M 2    are shown below in Figure 12. This figure compares the force transmitted through the aiming unit in both cases. A significant increase can be observed in the values for case II. The magnitudes of force along the x-, y-, and z-axis were 41 N, 37 N, and 27 N in case I, and 132 N, 107 N, and 71 N in case II, respectively. There was a considerable increase in force amplitudes in all the axes compared with the projection unit. One reason could be the effect of rotation of    M 1    on the aiming unit. Because the aiming unit also has its own origin of rotation at point c, this relative rotation between two masses increased the displacements in    M 2   , and hence the values of    F T   .



Figure 13 shows the plots comparing    F T    magnitudes in the bracket unit. The amplitude of    M 3    increased by more than three times in case II when compared with case I. The values were 67 N, 10 N, and 53 N in the direction of the x-, y-, and z-axis, respectively, and the values were 222 N, 33 N and 181 N in case II, respectively.



The force transmitted through the outer housing is shown in Figure 14. It gained the amplitude of 46 N, 39 N, and 49 N in the x-, y-, and z-direction, respectively. The magnitude was lower compared with the bracket unit. Because the bracket unit has lower mass, higher displacement values were obtained by Simulink; hence, additional force was transmitted compared with the housing, aiming unit, or projection unit.



The above results show a significant increase in the force transmitted in case II, except for the projection unit in the y-axis direction. The maximum force was transmitted through the bracket unit in the x-axis direction. The minimum amount of force was gained by the projection unit in the y-direction. These results are summarized in Table 2.





5. Conclusions and Future Plans


In this study, a multi-DOF modeling procedure for an automotive LED headlamp assembly was proposed. This technique was utilized to predict the force transmitted through the headlamp under severe conditions when a vehicle moves across uneven road surfaces. The major contributions of this paper are as follows:




	1.

	
A new concept for the multi-DOF modeling of an automotive LED headlamp assembly was introduced. This type of study on vibration and dynamics has not been performed on an LED headlamp; thus, a vibration model for the headlamp module was proposed to simulate the system under the desired boundary conditions. Using LEDs in automotive lighting is an emerging concept that requires additional validation and standardization studies;




	2.

	
The proposed methodology provides an understanding of the dynamics of each component of the system. In the present work, an effort has been made to determine the dynamics of the LED headlamp module to determine whether the system can withstand the forcing conditions applied by the vehicle moving across an uneven road to ensure the reliability of the equipment. Linear and angular displacements of the components of the headlamp were determined using Newton’s second law, and then the force transmitted through each body was calculated using MATLAB;




	3.

	
A 3D model of the system was developed. Each mass component was considered as a cube with realistic parameters, the same as the actual device. There were four main components considered in the system: projection unit, aiming unit, bracket unit, and outer housing. The motion of each component was considered in three dimensions including a rotation point for each. A vibration model with 23 DOFs was developed, and a system of equations of motion was obtained. These equations were solved in Simulink, and the linear and angular displacements were calculated using a GUI application in MATLAB;




	4.

	
The GUI was developed to simulate the system under several conditions. The GUI provides a user-friendly interface that can be used to solve the model with just one click. Even a basic knowledge of MATLAB is sufficient to obtain results. Simulink was linked with the GUIDE application of MATLAB to obtain a UI environment. Parameters such as stiffness, length, and mass were included in this application, which can be altered to observe the behavior of the system;




	5.

	
An experiment was conducted to apply the forcing conditions that actually occur in an automobile chassis. The acceleration data in each axis was obtained using an accelerometer mounted on the vehicle. Applying this data to the developed model provided the fluctuations of the system that occur on the road. Then, the forces transmitted from the automobile chassis to the headlamp components were compared for the two cases of automobile movement. In addition, using the real data from road provided approximately the real road conditions to the simulation; hence, extensive experimental work could be avoided, and authentic anticipation of results can be achieved









This analysis successfully identified the locations in the system with higher displacements and forces. The results can be used for dynamic analysis of automotive lighting systems equipped with sensitive LEDs, and to identify the components that are most affected in uneven road conditions to help manufacturers in dynamic stiffness optimization. In the past, FRF, frequency response functions were calculated and compared for different assemblies. This technique has a drawback because gaps between components were considered. In contrast, this paper has successfully obtained beneficial outcomes by considering stiffness supports between headlamp assembly components.



This article has developed a new model using. The projection unit is the main component that can be assembled with more stiff supports than the housing to prevent damage and improve the reliability of the system. In particular, it can be used for the analysis of the bolt-loosening phenomenon and the design of an automotive LED headlamp-aiming mechanism focused on vibration and durability. Future work includes the optimization of the proposed model by including more components of the headlamp assembly, such as electronic controllers and thermal management equipment to develop a complete setup for simulating the whole assembly simultaneously.
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Figure 1. Demonstration of four components. 
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Figure 2. Free-body diagrams of the main projection unit. 
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Figure 3. Free-body diagrams of the aiming unit. 
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Figure 4. Free-body diagrams of the bracket unit. 
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Figure 5. Free-body diagrams of the housing. 
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Figure 6. Images from video recording of data collection experiments: (a) case I; (b) case II. 
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Figure 7. Input data for case I: (a) acceleration data; (b) excitation force. 
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Figure 8. Input data for case II: (a) acceleration data; (b) excitation force. 
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Figure 9. Simulink model for force transmission. 
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Figure 10. Demonstration of the developed graphical user interface (GUI). 
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Figure 11. Force transmission results for projection unit from GUI: (a) results for case I; (b) results for case II. 
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Figure 12. Force transmission results for aiming unit from GUI: (a) results for case I; (b) results for case II. 
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Figure 13. Force transmission results for bracket unit from GUI: (a) results for case I; (b) results for case II. 
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Figure 14. Force transmission results for bracket unit from GUI. (a) Results for case I; (b) Results for case II. 
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Table 1. Input parameter values from real LED assembly.
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	Parameter
	Value

(±0.01)
	Parameter
	Value

(±0.01)
	Parameter
	Value

(±0.01)





	    M 1    
	0.5 kg
	    J 3    
	0.00192 kg·m2
	    l 5    
	0.07 m



	    M 2    
	0.3 kg
	    J 4    
	0.008 kg·m2
	    l 6    
	0.23 m



	    M 3    
	0.2 kg
	    l 1    
	0.15 m
	    l 7    
	0.17 m



	    M 4    
	2 kg
	    l 2    
	0.11 m
	    l 8    
	0.16 m



	    J 1    
	0.00098 kg·m2
	    l 3    
	0.07 m
	    l 9    
	0.12 m



	    J 2    
	0.000147 kg·m2
	    l 4    
	0.08 m
	    l  10     
	0.09 m
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Table 2. Comparison of force transmission results from GUI for case I and case II.
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Component

	
Force Transmitted

(±5)

	
Case I

	
Case II

	
Increase






	
Projection Unit

   M 1   

	
FX1

	
−29

	
−94

	
65 (224%)




	
FY1

	
6

	
9

	
3 (150%)




	
FZ1

	
23

	
65

	
42 (282%)




	
Aiming Unit

   M 2   

	
FX2

	
−41

	
−132

	
91 (321%)




	
FY2

	
−37

	
−107

	
70 (289%)




	
FZ2

	
27

	
71

	
44 (262%)




	
Bracket Unit

   M 3   

	
FX3

	
−67

	
−222

	
155 (331%)




	
FY3

	
10

	
33

	
23 (330%)




	
FZ3

	
53

	
181

	
128 (341%)




	
Housing

   M 4   

	
FX4

	
−47

	
−155

	
108 (329%)




	
FY4

	
−39

	
−127

	
88 (325%)




	
FZ4

	
49

	
150

	
101 (306%)
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