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ABSTRACT 

 
Three tire models, namely Dugoff, Calspan, and Magic Formula are used in this paper. The 

models are developed based on their equations in Matlab/Simulink and verified using CarSim 

software through the standard double lane change (DLC) test. The comparison of their 

performances is carried out on three different vehicles namely the sedan, the sports car, and the 

sport utility vehicle (SUV) and at three different speeds. Further analyses are performed on the 

lateral and longitudinal tire forces performances of the vehicles at different speeds on the DLC 

test. It can be observed that the DLC test is best carried out at low speed and with a less heavy 

vehicle. The tire models can be used for future analysis of vehicle lateral and longitudinal 

dynamics. 
 
KEYWORDS: Double lane change, tire models, vehicle dynamics, tire dynamics, tire model 

verification. 

 
1.0 INTRODUCTION 

 
The vehicle dynamic can be modelled and simulated for the purpose of study and analysis. 
Vehicle dynamics are concerned with the movements of vehicles, which including 
acceleration, braking, ride, and cornering. The dynamic behaviour, which is determined 
by the forces imposed on the vehicle from the tires, gravity, and aerodynamics also can 
observe through simulation [1-17]. These methods are used in analyzing and studying the 
dynamics performances of vehicles due to the constraints such as cost, time, and safety 
of other approaches. The vehicle dynamics system interaction consists of the input by 
visual (from the driver camera), ground elevations and surface irregularities which act on 
the tires and aerodynamic loads which act on the body of the vehicle. The outputs 
evaluation of the vehicle is measured in terms of performance, handling, and ride [18-
42]. The vehicle and its components are studied to determine what forces will be produced 
by each of these sources at a particular manoeuvre and how the vehicle will respond to 
these forces. Forces and moments from the road act on each tire of the vehicle and highly 
affected the vehicle’s dynamic. The tire deforms due to the vertical load on it and makes 
contact with the roads over a non-zero footprint area, which is called as contact patch. 
Forces and moments from the road act on each tire of the vehicle and highly influence the 
dynamics of the vehicle. The forces acting on the tire are assumed to be at the centre of 
the contact patch and these forces can be composed along 3 axes (Figure 1), which are: 
X-axis: longitudinal tire force, Fx, Y-axis: lateral tire force, Fy, and Z-axis: normal to 



Journal of Mechanical Engineering and Technology  

 

ISSN 2180-1053  Vol. 13 No. 1       June – December 2021 
 
 

26

vertical tire force, Fz. Besides that, the moments acting on the tire can be decomposed to 
3 axes too, which are: X-axis: overturning moment, Mx, Y-axis: rolling resistance 
moment, My, and Z-axis: aligning moment, Mz. Longitudinal tire force at small slip ratio 
is in the forward direction in case of a driving wheel and proportional to the slip ratio, 
which means, longitudinal tire force at small slip ratio will increase as the slip ratio is 
increased. The slip ratio is the difference between theoretically calculated forward speed 
based on angular speed of the rim and rolling radius, and actual speed of the vehicle, 
expressed as a percentage of the latter. Longitudinal tire force generated by each tire 
depends on slip ratio, vertical forces on the tire, and friction coefficient of the road 
surface. The lateral tire force at a small slip angle is proportional to the slip angle. The 
lateral tire force at a small slip angle is increases as the slip angle is increased. The slip 
angle of the tire is an angle between the direction of heading and direction of travel of the 
wheel. In this study, the tire dynamic equations for the sedan car, sports car and SUV are 
modeled using Magic, Calspan and Dugoff tire formulae in Matlab/Simulink and 
simulated to study their performance. The models are verified through double lane change 
(DLC) test using commercial software CarSim. 
 

 
Figure 1: Tire forces and moments 

 
In the Magic tire model, the lateral tire force derivation requires tire slip angle and the 
longitudinal tire force derivation requires longitudinal tire slip ratio [43-51]. The lateral 
tire force, Fy is calculated by, 
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�� = � sin�	 tan������ + �� (1) 
where, 
 � = ���� + ���� (1) 
  	 = 1.30 (2) 
  � = � + ∆� (3) 
  

� = �1 − ���� + ��� + �� tan����� + ���  (4) 

 
and, 
 �� = ��!��� + ����" (5) 
 
The vertical tire force, Fz in Eqn(2) is the input from the simulation results in the unit of 
kN. The values of B1 and ∆B1 in Eqn(3) are calculated by, 
 � = �#$	�  (6) 

  ∆� = −��|"|� (7) 
 
The values of E and Sh in Eqn(4) are calculated by, 
 � = �&��� + �'�� + �( (8) 
  �� = �)" (9) 

 
The tire slip angle, α in Eqn(4) is the input from the simulation results in the unit of 
degree. The camber angle, γ in Eqn(5) is in the input in the unit of degree. The value BCD 
in Eqn(6) is calculated by, 
 �#$ = �* sin��+ tan���,���  (10) 
 
The longitudinal tire force, Fx is calculated by, 
 �- = � sin�	 tan������ (11) 
 
where C = 1.65 and D is the same as in Eqn(2). The value B and φ are calculated by, 
 � = �#$	�  (12) 

  

� = �1 − ��. + �� tan���.� (13) 
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The value BCD in Eqn(12) is calculated by, 
 

�#$ = �*��� + �+��/0123  (14) 

 
The longitudinal tire slip ratio, σ in Eqn(13) is the input from the simulation results. The 
value E in Eqn(13) is calculated by, 
 � = �&��� + �'�� + �( (15) 
 
The constants a1, a2, a3, a4, a5, a6, a7, a8, a9, a10, a11, a12 and a13 are tabulated in Table 1 
and 2 [45, 48, 49, 51].   
 

Table 1: Constants a1 to a8 

Force a1 a2 a3 a4 a5 a6 a7 a8 

Fy -22.1 1011 1078 1.82 0.208 0.000 -0.354 0.707 
Fx -21.3 1144 49.6 226 0.069 -0.006 0.056 0.486 

 
Table 2: Constants a9 to a13 

Force a9 a10 a11 a12 a13 

Fy 0.028 0.000 14.8 0.022 0.000 
 
In Calspan tire model, the lateral and longitudinal tire forces are derived from the 
combination of tire slip conditions [52-60]. The lateral and longitudinal tire forces, Fy and 
Fx are calculated by, 
 

�� = 4�.�	5 tan �
6	5� tan� � + 	789�.-�

:�� 
(16) 

  

�- = 4�.�	789 .-
6	5� tan� � + 	789�.-�

:�� (17) 

 
where, 
 

4�.� = �;:�� = 	.* + 	�.� + <4>? .	.* + 	*.� + 	+. + 1 (18) 

  	789 = 	78 + @	5 − 	78ABsin� � + .-� cos� � (19) 
  : = :E + <1 − FGBsin� � + .-� cos� �? (20) 
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The lateral and longitudinal tire stiffnesses, Cα and Cσx, in Eqn(16) and Eqn(19) are 
calculated by, 
 	5 = 2@�IEA� JKE + K�� − KK� ���L (21) 

  	78 = 2@�IEA� ���	� �M⁄ � (22) 

 
The values of tire slip angle, α, vertical tire force, Fz, and longitudinal slip ratio, σx are 
the inputs from the simulation results. The combined slip, σ in Eqn(18) is calculated by, 
 

. = >�I�8:E�� P	5� tan� � + 	78� J .-1 − .-L�
 (23) 

 
The original contact length, apo, in Eqn(21) and Eqn(22) is calculated by, 
 

�IE = 0.0768B���STUV@UI + 5A  (24) 

 
The value of tire contact patch, ap, in Eqn(23) is calculated by, 
 �I = �IE J1 − F0 �-��L (25) 

 
All the constants in Eqn(18) and Eqn(20) to (25) are tabulated in Table 3 [99]. 
 

Table 3: Constant for Calspan tire model 
Parameters RWD radial RWD bias ply FWD radial FWD radial 

Tire Designation 155SR13 P155/80D13 P185/70 R13 P185/70 R13 
Thread Width, Tw 6 6 7.3 7.3 
Tire Pressure, Tp 24 24 24 24 
FZT 810 900 980 980 
C1 1.0 0.535 1.0 1.0 
C2 0.34 1.05 0.34 0.34 
C3 0.57 1.15 0.57 0.57 
C4 0.32 0.8 0.32 0.32 
A0 914.02 1817 1068 1068 
A1 12.9 7.48 11.3 11.3 
A2 2028.24 2455 2442.73 2442.73 
A3 1.19 1.857 0.31 0.31 
K4 0.05 0.2 0.05 0.05 
CS/FZ 18.7 15.22 17.91 17.91 
μo 0.85 0.85 0.85 0.85 
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In Dugoff tire model, the lateral and longitudinal tire forces are derived from lateral and 
longitudinal tire stiffness values [61-73]. The lateral and longitudinal tire forces, Fy and 
Fx are calculated by, 
 �� = 	5 J tan �1 + .-L 4��� (26) 

  �- = 	7 J .-1 + .-L 4��� (27) 

 
where, 
 

� = :���1 + .-�2@B�	7.�� + �	5 tan ���X A (28) 

  

4��� = Y�2 − ���    [4 � < 1 
  1               [4 � ≥ 1  

(29) 

 
 
The tire slip angle, α, tire longitudinal slip ratio, σx and tire vertical force, Fz are the inputs 
from simulation results. The constants in Eqn(26) to (28) are tabulated in Table 4 [61, 62, 
64, 65, 66, 67, 70]. 
 

Table 4: Dugoff tire constants 
Parameters Value 

Cα -1.56 x 105 
Cσ 2.37 x 105 
μ 0.99 

 
2.0 METHODOLOGY 

 
Three different vehicles namely the sedan car, the sports car and the sport utility vehicle 
(SUV) are used in the simulation of DLC (Figure 2). The test is carried out at 3 different 
speeds of 80, 100, and 120 km/h. Figure 3 shows the standard dimension of the DLC route 
[74-88]. The simulation of DLC produces the vertical tire force, Fz, longitudinal tire force, 
Fx, lateral tire force, Fy, tire slip angle, α, and tire slip ratio, σ. The Fz, α and σ are used 
as the inputs for the tire models. The outputs of the tire models, Fx and Fy are compared 
with the Fx and Fy from the simulation. Figures 4 and 5 show the Simulink subsystem 
models of Fy and Fx developed from Eqn(1) and Eqn(11) respectively. Figure 6 shows the 
Simulink subsystem model of Calspan tire model for Fy and Fx developed from Eqn(16) 
and Eqn(17). Figure 7 shows the Simulink subsystem model of Dugoff tire model for Fy 

and Fx developed from Eqn(26) and Eqn(27). The ‘miew’ in Figure 7 is the constant µ in 
Table 4. 
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(a) 

 

 
(b) 

 

 
(c) 

 
Figure 2: DLC simulation in CarSim software (a) sedan car, (b) sports car and (c) SUV 
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Figure 3: Standard DLC procedure route (ISO 3888 Part 2) 

 

 
Figure 4: Magic tire Simulink model to find Fy 
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Figure 5: Magic tire Simulink model to find Fx 

 

 
Figure 6: Calspan tire Simulink model to find Fy and Fx 
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Figure 7: Dugoff tire Simulink model to find Fy and Fx 

 
The verification of the models is carried through the root mean square (RMS) value of 
the difference between the tire forces from the model to the tire forces from the 
simulation. The equation of the RMS is shown in Eqn(30) with n is the number of data. 
The lower the value of RMS, the better the tire model performance. Figure 8 shows the 
comparison flow of the tire forces. The vertical tire force, Fz, tire slip angle, α, and tire 
slip ratio, σ, from the results of the simulation are used as the inputs for the model. The 
longitudinal and vertical tire forces from both simulation (xsim,i) and model (xmodel,i) results 
are compared using RMS values [89-98].  
 

^_� = 6̀ ∑ @bcde,d − beEghi,dA�d̀j         (30) 

 

  
Figure 8: Comparison between simulation and model 
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3.0 RESULTS AND DISCUSSION 

 
Figure 9 to 17 show the longitudinal and lateral tire forces from simulation and models 
for the sports car, sedan, and SUV at speeds of 80, 100, and 120 km/h DLC test. It can be 
observed that the shape and pattern of the graphs from the models are almost identical to 
the results from the simulation. At 80 km/h (Figure 9), the longitudinal and lateral tire 
forces from the Calspan tire model are about the same as the result from simulation for 
the sports car. However, only longitudinal tire forces of the Calspan tire model are about 
the same as in the simulation for DLC test at 100 and 120 km/h presented in Figure 10 
and 11 respectively. The best graph fitting for longitudinal tire forces is from the Magic 
tire model at these speeds. As for the sedan type of car, at all speeds, the best tire model 
is Calspan where all the longitudinal and lateral tire forces are very nearly alike as the 
simulation as shown in Figures 12 to 14. The tire models however perform randomly for 
SUV (Figure 15 to 17). At 80 and 100 km/h, longitudinal tire forces from Calspan tire 
models are the best. But at 120 km/h, longitudinal tire force from the Magic tire model is 
the finest. The Magic tire model also contributes in producing the unsurpassed lateral tire 
force for the SUV at 80 km/h (Figure 15). At 100 and 120 km/h (Figure 16 and 17), the 
best tire model matching the simulation results for lateral tire forces is the Dugoff tire 
model. 
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(a) 

 
(b) 

Figure 9: Comparison of (a) Fx and (b) Fy for sports car at 80 km/h 
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(a) 

 
(b) 

Figure 10: Comparison of (a) Fx and (b) Fy for sports car at 100 km/h 

F
o
rc
e
, 
N



Journal of Mechanical Engineering and Technology  

 

ISSN 2180-1053  Vol. 13 No. 1       June – December 2021 
 
 

38

 
(a) 

 
(b) 

Figure 11: Comparison of (a) Fx and (b) Fy for sports car at 120 km/h 
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(a) 

 
(b) 

Figure 12: Comparison of (a) Fx and (b) Fy for sedan car at 80 km/h 
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(a) 

 
(b) 

Figure 13: Comparison of (a) Fx and (b) Fy for sedan car at 100 km/h 
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(a) 

 
(b) 

Figure 14: Comparison of (a) Fx and (b) Fy for sedan car at 120 km/h 
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(a) 

 
(b) 

Figure 15: Comparison of (a) Fx and (b) Fy for SUV at 80 km/h 
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(a) 

 
(b) 

Figure 16: Comparison of (a) Fx and (b) Fy for SUV at 100 km/h 
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(a) 

 
(b) 

Figure 17: Comparison of (a) Fx and (b) Fy for SUV at 120 km/h 
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In order to verify the models, the RMS values are generated. The lower the value of RMS, 
the better the performance of the models. Table 5 tabulated the RMS results comparison 
among the tire forces from the models to the simulation. From the table, at all speeds, 
using the Magic tire model, the best vehicle performance is a sports car for both 
longitudinal and lateral tire forces. Using the Calspan tire model, the best vehicle is the 
sports car for longitudinal tire force and the sedan car for lateral tire force. As for the 
Dugoff tire model, the SUV is the best for longitudinal force and the sedan car is the best 
for lateral force. With average RMS of 30.03 and 80.31 for longitudinal and lateral tire 
forces respectively, the best speed for DLC test is at the lowest speed of 80 km/h. 
Comparing all tire models at all speeds, the sports car and sedan car are good using the 
Calspan tire model for both Fx and Fy. The SUV however is good using the Calspan tire 
model for Fx and Magic tire model for Fy. Among all tire models, it is observed that the 
Calspan tire model is the best in mimicking the result from the simulation.  
 

Table 5: RMS values 

Tire 
model 

Speed 
(km/h) 

80 100 120 

 RMS value 
Vehicle 
type Fx Fy Fx Fy Fx Fy 

Magic 
Sport car 9.79 46.77 17.11 49.38 45.29 72.37 
Sedan 27.73 41.80 42.27 41.12 78.99 121.90 
SUV 33.63 3.21 63.07 428.30 123.80 2163.00 

Calspan 
Sport car 4.51 21.46 11.04 213.70 20.21 141.00 
Sedan 11.87 15.71 20.27 36.63 33.23 12.61 
SUV 15.31 31.19 28.38 905.20 125.60 3640.00 

Dugoff 
Sport car 59.20 273.60 126.10 856.90 269.50 158.40 
Sedan 74.41 268.70 136.80 54.40 205.50 534.60 
SUV 33.84 20.32 47.58 286.40 124.70 1919.00 

 
Figures 18 to 20 show the simulation results from CarSim software of Fx and Fy for all 
vehicles at different speeds. The longitudinal forces are different among all vehicles. 
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(a) 

 
(b) 

Figure 18: Comparison of (a) Fx and (b) Fy for all vehicles at 80 km/h 
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(a) 

 
(b) 

Figure 19: Comparison of (a) Fx and (b) Fy Fy for all vehicles at 100 km/h 
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(a) 

 
(b) 

Figure 20: Comparison of (a) Fx and (b) Fy for all vehicles at 120 km/h 
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Figures 21 to 23 show the comparison of the y-coordinate of all vehicles to the targeted 
route. At 80 and 100 km/h, the y-coordinates of SUV are quite offset compared to the 
other vehicles. This is merely due to the lateral acceleration and lateral force. Since SUV 
is the heaviest vehicle, the lateral force is the highest. At zone A when the SUV arrives, 
due to the momentum, the vehicle tends to go further, however, the counter-steering 
wheel action returns the SUV to the targeted path. The path of the sports car is the best 
matching the targeted paths. This is proven by the RMS values of 0021 and 0.0927 (Table 
6). At 120 km/h, the best vehicle is the sedan since its RMS value is 0.8711. According 
to the table, the best performance for DLC is at the lowest speed of 80 km/h since its RMS 
is the lowest in average for all vehicles. This is logically right. At low speed, the lateral 
acceleration is low. Therefore, it produces low lateral force and low lateral motion, and 
eventually, the vehicle can follow the targeted path. In terms of the weight of the vehicle, 
the lightest vehicle performed the best in DLC test. Low weight means low lateral force 
at easier for the vehicle to counter lateral motion to follow the targeted path. Additionally, 
the lowest COG of the vehicle is the best is following the targeted path. This is due to the 
roll moment. At low COG, the roll moment is low. Therefore, low moment compensation 
is needed to follow the path.   
 

 
Figure 21: Y coordinate of all vehicles compared to target at 80 km/h 

 
Tabel 6: RMS values comparison between the vehicle y-coordinate and target 

Speed (km/h) 80 100 120 
Vehicle Weight (kg) COG (m) RMS 
Sport car 1360 0.375 0.0021 0.0927 0.8818 
Sedan 1650 0.530 0.0026 0.0946 0.8711 
SUV 2257 0.781 0.0507 0.8651 2.0110 

A 
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Figure 22: Y coordinate of all vehicles compared to target at 100 km/h 

 

 
Figure 23: Y coordinate of all vehicles compared to target at 120 km/h 
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4.0 CONCLUSION 

 
The common models in analyzing the tire behaviours in terms of longitudinal and lateral 
forces have been studied. The Simulink models of the Magic, Calspan, and Dugoff tire 
models have been developed. The models have been verified by the simulation results of 
three different vehicles at three different speeds through DLC test. It can be concluded 
that the best DLC test is performed at low speed and the best tire model is the Calspan 
tire model. In term of vehicle, the lower the COG and weight, the better the performance 
of the vehicle. The Simulink models of the tires can be used for further analysis on 
longitudinal and lateral dynamic control of a vehicle. Based on the results and 
observations, with the same tire size, the performance of different vehicles can be studied 
and analyzed.    
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