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Abstract 
 

The current research presents a novel non-linear method for optimizing headlight adjustment using vehicle dynamic modeling. 
The study describes the vehicle models and gives a MATLAB-based mathematical model that is used to control the headlight 
adjustment. The dynamic vehicle-based model employs a slip angle evaluation technique to create a state space model that 
accurately determines the difference between the vehicle's position and the location of the headlight. The calculation of 
longitudinal and lateral velocity, and the yaw rate around the Center of Gravity, is critical to the model's capacity to predict 
the slip angle and, thus, govern the headlight angle. The model is deduced from differential equations and governed by 
Newton’s law of motion. Furthermore, the study examines the effect of body stiffness, which is a crucial factor to consider 
when cornering, and the model achieves acceptable results within the allowable stiffness range for passenger vehicles. The 
simulation of the model against the car body angle shows the effective adjustment of the headlamp according to the varying 
degree of cornering, thus assisting in headlamp adjustment to improve ride comfort, providing strong evidence for its 
potential to significantly improve driving safety and comfort by optimizing headlamp adjustment. The model's consideration 
of body stiffness also ensures that it will contribute to the improvement of steering and vehicle handling. 
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1. Introduction 

Driving at night or in adverse weather can be arduous owing 

to the limited vision which can compromise driving safety. 

The primary source of visibility while driving is headlamps, 

which illuminate the road ahead and allow drivers to anticipate 

and react to obstacles. Conventional headlamp systems are 

meant to offer a fixed beam pattern, but they fail to adjust to 

varying driving conditions, such as turns, slopes, and 

oncoming traffic, leading to potential hazards. Consequently, 

adaptive headlamp systems have emerged as a potential 

solution to enhance driving safety and comfort.[1] Adaptive 

headlamps utilize advanced sensing technologies, such as 

cameras and radar, to evaluate driving conditions and modify  

 

 

 

 

 

 

 

 

 

the light beam pattern accordingly. They can adjust the 

headlamp's direction, intensity, and spread to illuminate the 

driver's path optimally, irrespective of driving conditions. 

Such systems have been shown to enhance visibility, reduce 

glare, and improve reaction times, all of which contribute to 

safer driving. The need for adaptive headlamp systems is 

further emphasized by research on driving safety, which 

indicates that inadequate visibility is a significant contributor 

to road accidents, especially during nighttime or adverse 

weather conditions. Therefore, the incorporation of adaptive 

headlamps in vehicles is crucial to ensure driving safety and 

reduce the risk of accidents.[1] Time gap platooning systems 

for vehicle transportation also offer a promising capability for 

communicating between cars and adjusting headlamps 

accordingly.[2-4] 

Vehicle mathematical modeling is predominantly used in 

the design of adaptive headlamp controllers and it is diverse: 

geometric path tracking,[5] Kinematics and extended 

kinematics model,[6-13] Pure pursuit model,[14-18] Vector pursuit 

model,[19] Clothoid Curve method.[20] Without the requirement 

for factors like velocity or other external variables, geometric 

path tracking models a vehicle by using its position, size, look 

ahead of the trajectory, and orientation. This model has a 
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complexity in the look-ahead-distance selection, which, at a 

greater distance, bypasses the path's corners and ends up at the 

new location directly. The Kinematic model does not require 

consideration of internal or external forces but instead makes 

use of the vehicle's location and acceleration with respect to 

the coordinates (local and global). The front steerable wheels 

are taken into account as fixed coordinates in the absolute 

model using the bicycle model, with the front axle serving as 

the origin.[6-9] To make the model suitable for linear and 

rotational motion with substantially improved stability, many 

controllers were devised.[10,11] In contrast to the earlier model, 

the extended Kinematic model also takes tire slip, coupling,[12] 

and coefficient of friction into account.[13] The pure pursuit 

model defines a circular arc between the location where the 

vehicle is currently located and the eventual destination 

indicated by the look ahead to determine the error between the 

goal of the direction in which the vehicle is traveling.[14] The 

dependence on look-ahead distance limits its usage for 

adaptive headlamp vehicle model design. The vector pursuit 

takes advantage of the coordinate system to forecast the 

orientation needed to reach the endpoint, which might be 

employed in adaptive headlights, but its usage is limited by the 

computing cost. The Clothoid Curve approach avoids the arc, 

operates in real-time, and offers more consistent 

performance.[19] The force acting owing to ground and tire 

contact, as well as the longitudinal and lateral forces acting on 

the wheel, are also used in the dynamic route tracking 

approach.[21] 

 

1.1 Slip angle assessment to determine the deviation 

between the vehicle's position and the headlamp's location 

Slip angle is the difference between the true heading (the 

direction in which the vehicle's body is pointing) and the 

direction in which it is moving (also referred to as true heading 

or course over). A positive slip angle refers to a tire moving to 

the right as it advances in the positive direction. The SAE Tire 

Axis system depicts the slip angle (α) and its indication of the 

desired and the true heading of the vehicle's body,[22] and Fig. 

1 depicts how the slip angle is the measure of this difference. 

As seen in Fig. 1, even if the wheel is turned to make the turn, 

the body of the vehicle is still pointed away from the intended 

trajectory. The headlamp will also illuminate the true heading 

rather than the actual direction of travel as a result of this.  

Since the slip angle is a clear indication of this variance, it 

can be used to calculate how much the vehicle is deviating 

from its intended course and to adjust for the direction of the 

headlamps. When a car is turning, it can either perform a 

regular maneuver or oversteer or understeer. In each of these 

three scenarios, the body slip angle continues to be a reliable 

indicator of the difference between the true heading and the 

direction of travel; therefore, this was taken into account while 

designing the model to modify the headlight adjustment in this 

study to enhance road lighting when turning. Slip angle has 

been found effective in predicting the vehicle trajectory where 

the error of prediction is as low as 0.3 m.[23] It is known that as 

a vehicle rotates, there is a mismatch between the velocity 

vector's directions and the heading angle, which is the slip 

angle. This serves as a gauge for determining the vehicle 

traversal path. Typical techniques for the traditional 

calculation of the slip angle include the direct integration 

method and the linear observer estimation method.[24-27] These 

studies have referred to the effective calculation of slip angle, 

which can aid in predicting the difference between the actual 

and required path and hence, adjust the headlamp. 

 

Fig. 1: Slip angle at the front and rear wheels as vehicle performs a cornering where 𝛼𝑓 represents the front slip and 𝛼𝑏the back/ rear 

slip. When 𝛼𝑓>𝛼𝑏 vehicle undergoes an understeer, when 𝛼𝑓<𝛼𝑏 vehicle is oversteering and 𝛼𝑓 = 𝛼𝑏 represents a neutral state. 
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This work discusses vehicle mathematical modeling using 

dynamic vehicle modeling, which is appropriate for analyzing 

slip angles. It allows for the examination of it and the stiffness 

of a vehicle at any time throughout its operation. The stiffness 

and/or tilt of a vehicle can be represented as a function of 

speed using dynamic vehicle modeling. The primary 

advantage of dynamic modeling is its inherent ability to 

analyze the performance of different tires under various types 

of driving conditions by changing either the angle or stiffness, 

as well as the ability to determine the vehicle response to 

dynamic loadings such as acceleration and cornering. The 

purpose of this work is to create a state space model for 

adaptive headlight systems in vehicles using dynamic 

modeling in MATLAB. This has the potential to substantially 

improve driving safety and comfort. The mathematical model 

is designed largely with the vehicle slip angle and stiffness in 

mind, which can contribute to the improvement of vehicle 

engineering and lead to the construction of technologies that 

assure safe driving. 

 

2. Mathematical modeling 

2.1 Mathematical model for measuring the body slip angle 

and headlamp adjustment 

The model employs the law of motion (Newton’s) and basic 

geometric relations to express the longitudinal velocity, the 

lateral velocity, and r(t), the yaw rate, which are measured with 

respect to Center-Of-Gravity (COG), via three differential 

equations.[28] The paper also investigates the impact that body 

stiffness has on steering, handling, and ride comfort. Dynamic 

Vehicle model is used to design the model.[29] The steering 

wheel's rotation is transformed into a linear motion that turns 

the wheels and directs the trajectory. Based on these, the 

directions can be divided into three categories: front, center, 

and back, and the angles are predicated on each of them, and 

then the body slip angle for each category. 

 

2.2 Methodology 

The Lateral and longitudinal velocities and the yaw rate, 

which depend on the front, the center, and the rear angles of 

the vehicle, enable the body slip-angle computation. While 

designing the state space model that predicts the body-slip 

angle, the paramount is on these parameters. The headlamp 

adjustment is completed by calculating the actual deflection of 

the right and left headlamp and adjusting it according to the 

slip angle as depicted in the workflow in Fig. 2. The body 

stiffness (B) of a vehicle influences the slip angle during 

cornering, whether the vehicle is experiencing normal, under, 

or oversteering. Hence, the work has a state space model that 

considers the body stiffness factor. This model can be used for 

controller development. 

 
Fig. 2: The flow of slip angle-based headlamp adjustment. 
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2.3 The body slip angle and headlamp adjustment model 

Dynamic vehicle models are reasonable and applicable 

approximations for passenger cars and the research work has 

developed the slip angle-based headlamp control (non-linear, 

grey-box) using this model. Here the tire forces are considered 

to be linear and the stiffness parameter, both longitudinal and 

lateral for all four tires are assumed to be the same. The slip at 

the front wheel is calculated considering the slip at the rear to 

be non-existent because the model intends to calculate the 

front slip and hence predict the headlamp deviation from the 

actual path. The model considers the impact of Body Stiffness 

of the passenger vehicle whose effect becomes pronounced 

during cornering. 

 

Notations 

θf: Car front angle 

θc: Car center angle 

θb: Car back angle 

v: Speed of the Car 

COG: Center of Gravity 

BSf: Body Slip Angle, Front 
BSc: Body Slip Angle, Center 

BSb: Body Slip Angle, Back 

y(t): lateral velocity 

x(t): longitudinal velocity 

r(t): Yaw rate 

CA: Air Resistance Coefficient= 0.5 

m: mass =1292.2 kg 

J: Moment of inertia= 2380.7 kgm2 

a and b: distances from the Center of Gravity to the front and 

rear axles= 1.5 m 

t: turning angle 

S: Radiation distance  

R: Turning radius 

D: Vehicle wheelbase 

δl andδr: Turning angle of left and right, respectively 

HLl  and 

HLr: headlamp left and right adjustments, respectively 

B: Car body stiffness 
dvx(t)

dt
,

dvy(t)

dt
,

dr(t)

dt
:  first order differential equation in 

longitudinal, lateral, and yaw. 

The slip angle is proportional to the ratio of lateral velocity 

and longitudinal velocity. These are dependent on the velocity 

of the vehicle and the vehicle’s body angle. The longitudinal 

velocity, lateral velocity, and yaw rate observed around the 

Center of Gravity (COG) of the vehicle may be described by 

three differential equations using Newton's law of motion and 

certain fundamental geometric relationships as depicted in 

equations 1 through 3. Considering the Mass = 1292.2 kg, 

Inertia =2380.7kgm2,[9] and an Air resistance coefficient 

CA=0.5, the differential values are computed. The drag 

coefficient of the typical modern car ranges from 0.25 to 0.3. 

Due to their often boxy forms, sport utility vehicles (SUVs) 

typically achieve a coefficient of 0.35-0.45. The body design 

of a vehicle has an impact on its drag coefficient. While 

research on Indian budget automobiles reveals that this 

number can reach as high as 0.7 for a few, it often ranges 

between 0.4 and 0.7, contrary to what the automotive industry 

typically claims for a drag coefficient of 0.3 and below.[30-33] In 

this paper, a nominal value of 0.5 is used in consideration of 

Indian subcontinent passenger cars. 

dv_x(t)

dt
= y(t)f × r(t) +

1

m
[(x(t)f × cos(t)) − (y(t)f ×

sin(t))] + x(t)b − CA × x(t)f
2                                                  (1) 

dv_y(t)

dt
= −x(t)f × r(t) +

1

m
[(x(t)f × sin(t)) − (y(t)f ×

cos(t))] + y(t)b                                                                      (2) 

dr(t)

dt
=

1

J
∗ [a(x(t)f) × sin(t)] − [(y(t)f × cos(t))] − b ×

y(t)b                                                                                         (3) 

where t is the steering angle (0⁰ to 30⁰), v_x(t) denotes that the 

force along the longitudinal direction acts on the x-axis, while 

v_y(t) denotes that it is along the y-axis. x(t)f, y(t)f represents 

the car front longitudinal and lateral components respectively. 

The air resistance term, which is considered to be a quadratic 

function of the longitudinal vehicle velocity v_x(t), is included 

in the first equation that describes the longitudinal acceleration. 

The state space matrix for calculating the body slip angle is 

derived and represented by equations 4 and 5. The State Space 

Model structure, along with the impact of the Body Stiffness 

factor, is derived from solving the differential Eqs. 1-3 and 

represented using Eqs. 4-8. 

[

ẋ(t)
ẏ(t)
ṙ (t)

] = [
0 1 1

−1 0 1
α 0 0

] [

x(t)f

y(t)f

r(t)f

] +

[
1

m
cos (t)

1

m
sin (t)

1

J
] [

x(t)f

y(t)f

r(t)f

]                                                (4) 

Y = [1 −b 0] [

x(t)b

y(t)b

r(t)b

] + [CA 0 0] [

x(t)f

y(t)f

r(t)f

]                           (5) 

dx1(t)

dt
=

dv_y(t)

dt
×

dr(t)

dt
+

1

m
[B(BSf × cos(t))] − 2 × [B ×

(t−(
dv_y(t)

dt
+a×

dr(t)

dt
))

(
dv_x(t)

dt
×sin(t))

] + B × (BSc) − CA ×
dv_x(t)

dt

2

                     (6) 

𝑑𝑥2(𝑡)

𝑑𝑡
 =-

𝑑𝑣_𝑥(𝑡)

𝑑𝑡
×

𝑑𝑟(𝑡)

𝑑𝑡
+

1

𝑚
[𝐵(𝐵𝑆𝑓 × 𝑠 𝑖𝑛(𝑡))] + 2 × [𝐵 ×

(𝑡−(
𝑑𝑣_𝑦(𝑡)

𝑑𝑡
+𝑎×

𝑑𝑟(𝑡)

𝑑𝑡
))

(
𝑑𝑣_𝑥(𝑡)

𝑑𝑡
×𝑐𝑜𝑠(𝑡))

] + 2 × 𝐵 × (𝐵𝑆𝑐) − 𝐶𝐴 ×
𝑑𝑣_𝑥(𝑡)

𝑑𝑡

2

            (7) 

dx3(t)

dt
=

1

((0.5×(a+b)))
2

×m
(a × (B × (BSf × sin (t))) + 2 ×
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B ((t − (
dv_y(t)

dt
+ a ×

dr(t)

dt
) /

dv_x(t)

dt
))) × cos(t) − 2 × b ×

B (b ×
dr(t)

dt
− (

dv_x(t)

dt
/

dv_y(t)

dt
))                                               (8) 

Using the state space model equations, the Body slip angle is 

calculated using Eqs. 9-14. 

 𝑦1(t) = 𝑥1(t)                                    (9) 

𝑦2(t) =
1

m
(B × (

dvx(t)

dt
× sin(t))) + 2 × B (t − (

dv_y(t)

dt
+

a ×
dr(t)

dt
)) /

dv_x(t)

dt
                                                 (10) 

𝑦3(𝑡) = 𝑥3(𝑡)                                 (11) 

BSf =  
y(t)f

x(t)f
                                      (12) 

BSc =   
y(t)c

x(t)c
                                     (13) 

BSb =  
y(t)b

x(t)b
                                     (14) 

The Body slip gives an estimate of the intended path to 

travel, and it is important for us to calculate the current 

position of the headlamp, which is calculated in the next 

section. The radiation distance and the turning angle, in turn, 

decide this angle. The calculations are defined through Eqs. 

15-18 where v is the velocity, 𝛿𝑙  & 𝛿𝑟  are the left and right 

turning angle, and D is the vehicle wheel base.  

The Radiation distance is computed taking into account the 

vehicle speed as 

S=0.0094v2 + 0.6057v + 3.1730     (15) 

The turning radius of a car depends on the wheel and is 

computed as  

Rl = D/sin𝛿𝑙                             (16) 

Rr = D/sin𝛿𝑟                            (17) 

The deflection of the headlamp angle is computed as  

ϴ = arcsin(S/2R)                    (18) 

Based on the deflection angle both left and right headlamps 

are adjusted. The head lamp adjustments are represented as 

shown in Eqs. 16 and 17. 

HLl = BSf - ϴl                            (19) 

HLr = BSf - ϴr                           (20) 

The state space equations for the headlamp adjustment are 

derived through Eqs. 18-23 as follows:  

dx[0] =
dx2(t)

dt
×

dx3(t)

dt
+

1

m
× B × BSf × cos(t) − 2 × B × ((t −

(
dx2(t)

dt
+ a ×

dx3(t)

dt
))) / (

dx2(t)

dt
) × sin (t)                             (21) 

dx[1] = −
dx1(t)

dt
×

dx3(t)

dt
+

1

m
× (B × BSc) × sin(t) + 2 × B ×

((t −
dx2(t)

dt
+ a ×

dx3(t)

dt
) /

dx1(t)

dt
) × cos(t) + 2 × B × ((t −

dx1(t)

dt
+ a) ×

dx3(t)

dt
/

dx1(t)

dt
) × cos(t) + 2 × B × b × (

dx3(t)

dt
−

dx2(t)

dt
) /

dx1(t)

dt
                                                                        (22) 

dx[2] = 2
(a+b)

2 × m × (a × B × BSf × sin(t)) + 2 × B × (t −

(
dx2(t)

dt
+ a) ×

dx3(t)

dt
/

dx1(t)

dt
) × cos(t) − 2 × b × B × (b ×

dx3(t)

dt
/

dx1(t)

dt
)                                                                        (23) 

y[0] = x[0]                                 (24) 

y[1] =
1

m
× B × BSf × sin(t) + 2 × B × (t − (

dx2(t)

dt
+ a) ×

dx3(t)

dt
/

dx1(t)

dt
) × cos(t) + 2 × B × (b ×

dx3(t)

dt
−

dx2(t)

dt
) /

dx1(t)

dt
       

                                                                                            (25) 

y[2] = x[2]                                (26) 

3. Results and discussion 

The state space model is designed to improve the illumination 

of the intended path of travel during cornering which 

otherwise leads to over or under-steer due to errors in 

judgment on the angle of cornering. The model primarily 

depends on the prediction of the angle at which the vehicle is 

turning. An effective metric to calculate the desired path travel 

is the Body Slip angle. The calculation of the body slip angle 

to differentiate between the vehicle's true heading and that of 

the direction in which the body is pointing involves the 

retrieval of the car front, center and back angle to define the 

longitudinal and lateral velocities.[26] These calculations aid in 

determining the actual headlamp position and the intended 

position and hence can be compensated.  

Another important metric to be considered for the 

effectiveness of the developed model is the performance 

against the body stiffness of the vehicle.[33-35] This is crucial as 

the stiffness factor has a predominant effect during vehicle 

cornering and the model is developed for headlamp 

adjustment during the cornering.  

 
Fig. 3: The range of steering angle for a right and left cornering. 

 

The headlamp adjustments are evaluated on multiple cases: 

a left turn and a right turn. The steering angle limit is 0.5 radian, 

which is a maximum of 30°. The left turn from the COG is 

considered 90° to 60° while the right turn is 90° to 120° as 

shown in Fig. 3. The effectiveness of the model is in detecting 

the corresponding slip angles and adjusting the headlamp 

beams. The model developed shows promising results in this 

range for the body stiffness in the range of passenger cars. The 

complete range of simulation values can be found in Table S1 

of the supplementary files. The longitudinal and lateral 

velocities of front, back and center are determined and the slip 

angle is tabulated using the State space model designed in 

Section 2. Based on the slip angle the car headlamp is adjusted 

with respect to the car body direction. 
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(a) 

 

(b) 

 

(c) 

 

Fig. 4: Body slip angle of (a) front, (b) center, and (c) back. 

 

3.1 Case 1: Vehicle taking a right turn (from the center to 

the right side (90o to 120o) 

Fig. S1 displays the analysis of the lateral velocity of the car’s 

front direction, as it turns from 90 to 120 degrees to the right,  

with each degree of lateral velocity being measured. Similarly,  

Fig. S2 illustrates the analysis of longitudinal velocity from 90 

to 120 degrees of turning. Based on the front lateral and 

longitudinal values, the slip angle of the car body is analyzed 

and tabulated from 90 to 120 degrees of turning, as illustrated 

in Fig. 4(a). Furthermore, the car center lateral velocity is 

determined and plotted from the turning angle of 90 to 120 

degrees in Fig. S3, while the corresponding longitudinal 

velocity is computed and plotted in Fig. S4 for the turning 

angle of 90 to 105 degrees.[20,21] Using the lateral and 

longitudinal velocities of the car's center velocity, the body 

slip angle is determined, and the observed values are 

graphically represented in Fig. 4(b). 

Similarly, the back lateral velocity is computed at the 

turning degree of 90 to 30 degrees, and it is illustrated in Fig. 

S5. The respective formula examines the longitudinal velocity 

of the car's back for the turning degree of 90 to 30 degrees and 

the graphical representation of the backside longitudinal 

velocity is depicted in Fig. S6. The car’s back slip angle is 

computed using both the lateral and longitudinal velocities, 

and it is illustrated in Fig. 4c. Subsequently, the longitudinal, 

lateral, and yaw rate values are differentiated with respect to 

time. The longitudinal, lateral, and yaw rate of the car when 

turning to the right is depicted in Figs. S7-S9, respectively. 

Finally, the deflection of the headlamp is determined using 

radiation distance and turning radius. The deflection of both 

the right and left headlamps is different and is illustrated in 

Figs. 5(a) and 5(b), respectively. The headlamp is adjusted 

separately using the deflection angle of the lamp and the body 

slip angle. As the values of deflection are dissimilar, the 

adjustment of the lamp is not the same for both lamps. The 

adjustments of the right and left side lamps are shown in Figs. 

6(a) and 6(b), respectively. However, upon analysis, it is 

observed that the variation between the left and right headlamp 

position adjustments is minimal and almost negligible, making 

the transition on both ends almost identical.

(a) 

 

(b) 

 

Fig. 5: (a) Right side deflection angle of headlamp and (b) left side deflection angle of headlamp. 

 

(a) 

 

(b) 

 

Fig. 6: (a) Right headlamp adjustment and (b) left headlamp adjustment. 
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(a) 

 

(b) 

 

(c) 

 

Fig. 7: Body slip angle of (a) front, (b) center, and (c) back. 

 

3.2 Case 2: Vehicle taking a Left turn (from the center to 

the left side (90o to 60o) 

Let us assume the turning angle of the car (left side).[36,37]  

θf = 90o to 60o, ϴc = 90o to 45o, and ϴb = 90o to 100o 

Turning angle: Left = 90 to 30.68oand Right = 90 to 42.65o 
 In this study, the determination of the lateral, longitudinal, 

and yaw rate of a vehicle is investigated using a specified 

parameter value. Based on these parameters, the slip angle of 

the vehicle (Fig. 7) and the deflection of a lamp are computed 

and used to adjust the headlamp. The results are presented in 

Figs. S10 and S11 and Fig. 8(a), which illustrate the lateral 

velocity, longitudinal velocity, and slip angle of the car's front. 

The lateral and longitudinal velocities are calculated by 

substituting the vehicle speed and direction into a specified 

formula. Using these values, the slip angle of the vehicle is 

determined, as depicted in Fig. 7 for left-side turns. Similarly, 

the lateral velocity, longitudinal velocity, and yaw rate of the 

car's center section are computed, with this section varying 

from 90 degrees to 45 degrees. From these degrees, the slip 

angle of the vehicle is calculated, as shown in Figs. S12, S13 

and Fig. 7. The lateral and longitudinal velocities of the car's 

rear section are also computed, with this section turning from 

90 degrees to 100 degrees during left-side turns. The results 

are plotted in Figs. S14, and S15. Finally, the body slip angle 

of the vehicle is determined and presented in Fig. 7. 

Upon determining the slip angle, the differentiation of 

lateral, longitudinal, and yaw rates is computed using 

 

Newton's law. The observed values of these parameters are 

plotted in Figs. S16-S18. Subsequently, the headlamp 

deflection is computed using the differentiation values of 

lateral, longitudinal, and yaw rates. Both left and right-side 

headlamp deflections are determined and provided in Fig. 8(a) 

and 8(b), respectively. The headlamp of the car is then adjusted 

using the deflection and slip angle of the front part of the 

vehicle. The lateral and longitudinal velocities are updated 

every second, and the slip angle of the car is computed at the 

specified time period using these values. Both the slip angle 

and deflection angle of the car are used to adjust the headlamp 

with respect to the car direction. The adjustments of the right 

and left side headlamps are plotted in Figs. 9(a) and 9(b), 

respectively. 
 

3.3 Adjustment versus direction of a car 

This section presents the comparison between the degree of 

car headlamp adjustment and the direction of car movement. 

Specifically, the adjustment of the car headlamp during a left 

turn, ranging from 90° to 60°, and a right turn, ranging from 

90° to 120°, is examined. The corresponding values of 

headlamp adjustment against the vehicle front angle for left 

cornering are depicted separately in Fig. 10(a) and Fig. 10(b), 

while the right turn in Fig. 11(a) and Fig. 11(b), respectively. 

Fig. 12(a) and Fig. 12(b) provide a combined representation of 

the adjustment degree of the left and right headlamps and the 

(a) 

 

(b) 

 

Fig. 8: (a) Right side deflection angle of headlamp and (b) left side deflection angle of headlamp. 
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(a) 

 

(b) 

 

Fig. 9: (a) Right headlamp adjustment and (b) left headlamp adjustment. 

 

car's front angle against the slip angle that is calculated using 

the lateral and longitudinal velocities and the yaw rate of the 

vehicle, respectively. Table S1 tabulates the right and left 

headlamp adjustments based on the vehicle front angle, which 

is, in turn, deduced through the slip angle. 60° represents the 

left extreme turn, while 120° represents the right extreme. The 

values from the left extreme to the right extreme with an 

increment of 0.5° are shown in Table S1. From these plots, it 

can be observed that the adjustment degree of the headlamps 

is synchronized with the slip angle of the vehicle.  

This suggests that the headlamp adjustment mechanism is 

designed to compensate for any deviation between the actual 

position of the vehicle and the location of the headlamps, 

thereby ensuring that the road ahead is illuminated effectively. 

This synchronization between the headlamp adjustment and 

the slip angle calculation is vital for safe and efficient driving, 

especially in low light or adverse weather conditions where 

proper illumination of the road is critical for maintaining 

visibility and avoiding accidents. The results presented in 

these figures demonstrate the effectiveness of the proposed 

method for adjusting the headlamp position in response to 

changes in the vehicle's position and direction, thereby 

improving the overall safety and performance of the vehicle. 

 

3.4 Body stiffness (B) and its effect on the model 

Predominantly important specification of the passenger car, 

which affects not just the weight but also the fuel consumption 

along with its handling, steering, and ride characteristics, is 

Body Stiffness.[33] Research has shown that as the body 

stiffness (B) increases, the flexibility of the car body becomes 

the primary factor affecting the ride. This influence is more 

related to geometry-based filtering than the natural frequency 

(bogie), which can lead the vehicle into resonant vibrations 

that may be catastrophic.[37] Flexural-mode shapes of the body 

are found to have an effect on comfort at lower frequencies.[38] 

Studies prove the fact that both the stiffness and the damping 

parameters of the vehicle suspension greatly influence ride 

comfort.[39] A stiffer body aids in keeping the wheels aligned 

during cornering. By reducing the chassis' flexing and twisting, 

it enables more direct steering input transmission to the wheels. 

As a result, the steering system is more accurate and sensitive, 

giving the driver greater control of the car. Studies suggest that 

body stiffness affects vehicle steering by influencing on-center 

handling, steering response, suspension geometry, and 

steering return ability, with factors such as torsion bar stiffness, 

cornering stiffness, and steering system parameters playing 

significant roles.[40,41] 

 

(a) 

 

(b) 

 
Fig. 10: For left turn (a) front angle versus left headlamp adjustment and (b) front angle versus right head lamp adjustment. 
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(a) 

 

(b) 

 

Fig. 11: For right turn (a) front angle versus left headlamp adjustment and (b) front angle versus right head lamp adjustment

Body stiffness is essential for preserving a vehicle's stability 

and control (handling) during cornering and other dynamic 

maneuvers. Body roll, the sideways tilting motion of the 

vehicle during corners, is reduced with a stiffer body 

construction. Body roll is decreased to keep the car more level 

and to preserve the best tire contact with the road, which 

enhances traction. This improves the car's general handling 

and cornering capabilities. Studies suggest that increased body 

stiffness positively affects vehicle handling, ride quality, and 

stability performance, but there may be an optimal level of 

stiffness for injury-free performance.[33,34,37,42-44] The 

relationship between body stiffness and ride comfort is 

complex. While a stiffer body can improve handling, it can 

also cause a potentially rougher ride by transferring more road 

vibrations and impacts to the cabin. However, this can be 

reduced by carefully planning and fine-tuning the suspension 

system. The vibrations are absorbed and dampened by a well-

designed suspension system, which includes shock absorbers 

and other parts, resulting in a smoother and more comfortable 

ride. In order to get the ideal ride comfort, it is essential to 

balance the body's rigidity with the suspension tune. Studies 

suggest that body stiffness, flexural mode shapes, and 

suspension parameters all significantly affect ride comfort, 

especially in low-frequency ranges.[39,45]  

Thus, the model is analyzed by varying the body stiffness 

(B). Differentiation of lateral, longitudinal, and yaw rates 

against body stiffness values of 18.6, 28.6, and 48.6, 

respectively, is observed and depicted in Figs. S19-S21 for a 

right cornering. Typical passenger vehicles’ body stiffness 

varies between 12 and 30, and hence, the above values are 

chosen.[30] The longitudinal component shows variations for 

higher values of B while it remains consistent for the ideal 

passenger car ranges, and the lateral velocities show variations 

in the mid-range. The yaw rate has shown consistent and 

comparable variations for all the values of B, as shown in Fig. 

S22. Owing to this, the body slip angle plotted against the front 

angle depicted in Fig. 13 has shown a consistent response in 

both B=18.6 and 28.6, which is the range of interest. The slip 

angle has shown variation in its response for large values of B, 

hinting at the fact that the model is sensitive to higher stiffness 

values. 

 

4. Conclusion 

The designed non-linear, slip-angle-based dynamic vehicle 

model presents a promising solution for improving on-road 

illumination, which can ultimately result in improved driving 

experience and increased safety. The state space model 

considers the maximum turn angle for both right and left turns 

to design a compensatory headlamp adjustment model. 

Although independently designed, the results show that the 

correction angle for both headlamps is similar, which makes 

the processing of the model easier. In the permitted body 

stiffness range for passenger cars, the model exhibits an 

acceptable response. It should be highlighted, however, that  

 

(a) 

 

 

(b) 

 
Fig. 12: Right and left headlamp adjustment with respect to Car front angle, calculated slip angle when the vehicle is subjected to a 

(a) Right turn (b) Left turn. 
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Fig. 13: Body Slip Angle for B=18.6, 28.6 and 48.6. 

 

the model requires more refining to fully capture the 

complexities of real-world driving conditions, such as 

variations in weather, road conditions, vehicle load, and driver 

behavior. Future study can concentrate on investigating these 

aspects and their possible impact on the model's effectiveness. 

This will aid in the construction of a more robust and 

consistent model that can better serve the demands of drivers 

and improve their road safety. 

In addition to the aforementioned considerations, variables 

such as vehicle speed and suspension system can be 

investigated for their impact on slip angle computation and, 

subsequently, headlamp adjustment. These variables could be 

considered to the model to make it more complete and useful 

in real-world driving circumstances. In addition, the model 

might be validated by experimentation and field testing to 

confirm its robustness and reliability in a variety of 

configurations. Overall, the dynamic vehicle model based on 

slip angle has the potential to considerably improve driving 

safety and comfort by assuring optimal light adjustment and 

road illumination. The study presented here establishes a 

foundation for future work aimed at designing and developing 

an integrated controller that employs sensor technologies for 

front, center, and rear angle detection, as well as longitudinal 

and lateral velocity component detection. The model can be 

modified by taking into account the dynamic load of the 

vehicle as well as the effect of tire stiffness. The controller 

predicts body slip angle, allowing for precise headlight beam 

modulation for increased visibility and vehicle safety. 

Multiple on-road tests are necessary to confirm the model's 

effectiveness in real-world scenarios. Future study into the 

possibility for merging these components into a cohesive 

controller is an interesting avenue to follow in order to 

improve vehicle safety and produce more effective and 

efficient headlight beam adjustment systems. 
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