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ABSTRACT 

Powertrains for vehicles are transitioning from the internal combustion engine to electric motors. Electric 
motors have the ability to both output traction and generative braking torque. Furthermore, electric motor 
powertrains have a smaller size compared to the internal combustion engine powertrain. This opens up the 
possibility of different configurations of powertrain layouts. This paper explores an electric vehicle model 
with motors on both the front and the rear axles. The planar vehicle model with varying motor torque dis-
tribution is simulated to validate its handling dynamics. 

Keywords: vehicle dynamics, electric vehicle, torque distribution. 

1 INTRODUCTION 

With environmental concerns becoming more and 
more important, the automobile industry has in-
vested in vehicles that use an electric powertrain. 
The electric vehicle(EV) has a smaller powertrain 
size compared to the internal combustion engine. 
Additionally, regenerative torque from the electric 
motor can be used as a braking torque. Vehicle 
manufacturers test different powertrain layouts 
with these advantages. Many researchers suggest 
the in-wheel motor system and study the ad-
vantages of that system on handling perfor-
mance(Osborn, Russell P., and Taehyun Shim 

2006; De Novellis et al. 2013). However, the in-
wheel motor system has restrictions and disad-
vantages in a mass-produced vehicle. Therefore, a 
two-traction motor system is adapted by vehicle 
makers in an all-wheel drive design(De Novellis et 
al. 2013). This two-traction motor system is simi-
lar to existing all-wheel drive systems. However, 
the two-traction motor system has its own ad-
vantage, where the motors can be controlled inde-
pendently. This paper establishes a planar vehicle 
model and simulates a handling maneuver to 
demonstrate the advantages of the two-traction 
motor system. 
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2 MODELING OF THE PLANAR 
VEHICLE  

2.1 Schematic of the planar vehicle 

There are many all-wheel drive systems that can 
be used. In this paper, an all-wheel drive system 
which has two traction motors is studied. One mo-
tor is located on each of the front and rear axles. 
This electric power train layout allows independ-
ent traction torque control for each axle. Figure 1 
shows a schematic of a powertrain layout for an 
electric vehicle. 

 

 

Figure 1: Powertrain layout of electric vehicle for 
AWD. 

A planar vehicle model has three body degrees-of-
freedom; longitudinal, lateral and rotational yaw 
motion. The model has 4 tires, each generating 
longitudinal and lateral forces. The vehicle has a 
steering angle as the input on the front wheels. Fig-
ure 2 and figure 3 show velocity and force dia-
grams for the planar vehicle model, respectively. 

 

Figure 2: Velocity diagram of planar vehicle 
model 

 

Figure 3: Force diagram of planar vehicle model. 

The vehicle parameters are described in the appen-
dix. In figure 2, U is the longitudinal velocity, V is 
the lateral velocity V and ω is the yaw rate. The 
longitudinal and the lateral velocity of each tire, as 
well as the longitudinal and the lateral acceleration 
of the vehicle are derived with body fixed coordi-
nate. 

𝑈𝑈𝑓𝑓𝑓𝑓 = 𝑈𝑈𝑟𝑟𝑟𝑟 = 𝑈𝑈 −  
𝑡𝑡
2
𝜔𝜔 

𝑈𝑈𝑓𝑓𝑓𝑓 = 𝑈𝑈𝑟𝑟𝑟𝑟 = 𝑈𝑈 +  
𝑡𝑡
2
𝜔𝜔 

𝑉𝑉𝑓𝑓𝑓𝑓 = 𝑉𝑉𝑓𝑓𝑓𝑓 = 𝑉𝑉 +  𝑎𝑎𝑎𝑎 

𝑉𝑉𝑟𝑟𝑟𝑟 = 𝑉𝑉𝑟𝑟𝑟𝑟 = 𝑉𝑉 –  𝑏𝑏𝑏𝑏 

𝑎𝑎𝑥𝑥 = 𝑈̇𝑈 –  𝜔𝜔𝜔𝜔 

𝑎𝑎𝑦𝑦 = 𝑉̇𝑉  +  𝜔𝜔𝜔𝜔 

2.2 Wheel and tire dynamics 

Each tire has its own wheel dynamics that yields 
the rotational speed of the wheel ωw. Figure 4 
shows a schematic of the wheel. 

 

Figure 4: Schematic of wheel dynamics  
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𝐽𝐽𝑤𝑤𝜔̇𝜔𝑤𝑤 =  𝜏𝜏 − 𝑅𝑅𝑤𝑤𝐹𝐹𝑥𝑥 

The input torque (τ) comes from the traction motor. 
The motor torque is applied to both wheels equally. 
Each wheel speed is independent. 

This paper uses the Dugoff Tire Model(Dugoff et 
al. 1970) for the tire force calculation which uses 
the slip ratio of the tire sx and the side slip angle of 
the tire α. μ is the friction of the surface (μ≤1) 

𝐹𝐹𝑥𝑥 = 𝑓𝑓(𝜇𝜇,𝑁𝑁, 𝑠𝑠𝑥𝑥 ,𝐶𝐶𝑥𝑥) 

𝑠𝑠𝑥𝑥𝑥𝑥𝑥𝑥 =
𝑅𝑅𝑊𝑊𝜔𝜔𝑤𝑤𝑤𝑤𝑤𝑤 − 𝑈𝑈𝑖𝑖𝑖𝑖

�𝑈𝑈𝑖𝑖𝑖𝑖�
, 

𝑖𝑖 = 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓, 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟, 𝑗𝑗 = 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙, 𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑡𝑡 

𝐹𝐹𝑦𝑦 = 𝑓𝑓(𝜇𝜇,𝑁𝑁,𝛼𝛼,𝐶𝐶𝛼𝛼) 

𝛼𝛼𝑓𝑓𝑓𝑓 = 𝛿𝛿 −
𝑉𝑉𝑓𝑓𝑓𝑓
𝑈𝑈𝑓𝑓𝑓𝑓

, 𝑗𝑗 = 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙, 𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑡𝑡 

𝛼𝛼𝑟𝑟𝑟𝑟 =
𝑉𝑉𝑟𝑟𝑟𝑟
𝑈𝑈𝑟𝑟𝑟𝑟

, 𝑗𝑗 = 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙, 𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑡𝑡 

The steering angle (δ) is considered to be very 
small, such that small angle approximations are 
valid. 

The Dugoff Tire Model requires the normal force 
N of each tire. The normal force of each tire is cal-
culated with the acceleration and the roll stiffness 
of the vehicle (krf, krr) (Dugoff et al. 1970; Margo-
lis, Donald L., and Jahan Asgari 1991). The nor-
mal force of each wheel is derived with assuming 
a quasi-static load transfer condition. 

𝑁𝑁𝑓𝑓𝑓𝑓 =  
𝑏𝑏

2(𝑎𝑎 + 𝑏𝑏)
𝑀𝑀𝑀𝑀 −

𝑘𝑘𝑟𝑟𝑟𝑟
𝑡𝑡(𝑘𝑘𝑟𝑟𝑟𝑟 + 𝑘𝑘𝑟𝑟𝑟𝑟)

𝑀𝑀ℎ𝑐𝑐𝑐𝑐𝑎𝑎𝑦𝑦

−
1

2(𝑎𝑎 + 𝑏𝑏)
𝑀𝑀ℎ𝑐𝑐𝑐𝑐𝑎𝑎𝑥𝑥  

𝑁𝑁𝑓𝑓𝑓𝑓 =  
𝑏𝑏

2(𝑎𝑎 + 𝑏𝑏)𝑀𝑀𝑀𝑀 +
𝑘𝑘𝑟𝑟𝑟𝑟

𝑡𝑡�𝑘𝑘𝑟𝑟𝑟𝑟 + 𝑘𝑘𝑟𝑟𝑟𝑟�
𝑀𝑀ℎ𝑐𝑐𝑐𝑐𝑎𝑎𝑦𝑦

−
1

2(𝑎𝑎 + 𝑏𝑏)𝑀𝑀ℎ𝑐𝑐𝑐𝑐𝑎𝑎𝑥𝑥  

𝑁𝑁𝑟𝑟𝑟𝑟 =  
𝑎𝑎

2(𝑎𝑎 + 𝑏𝑏)𝑀𝑀𝑀𝑀 −
𝑘𝑘𝑟𝑟𝑟𝑟

𝑡𝑡�𝑘𝑘𝑟𝑟𝑟𝑟 + 𝑘𝑘𝑟𝑟𝑟𝑟�
𝑀𝑀ℎ𝑐𝑐𝑐𝑐𝑎𝑎𝑦𝑦

+
1

2(𝑎𝑎 + 𝑏𝑏)𝑀𝑀ℎ𝑐𝑐𝑐𝑐𝑎𝑎𝑥𝑥  

𝑁𝑁𝑟𝑟𝑟𝑟 =  
𝑎𝑎

2(𝑎𝑎 + 𝑏𝑏)
𝑀𝑀𝑀𝑀 +

𝑘𝑘𝑟𝑟𝑟𝑟
𝑡𝑡�𝑘𝑘𝑟𝑟𝑟𝑟 + 𝑘𝑘𝑟𝑟𝑟𝑟�

𝑀𝑀ℎ𝑐𝑐𝑐𝑐𝑎𝑎𝑦𝑦

+
1

2(𝑎𝑎 + 𝑏𝑏)
𝑀𝑀ℎ𝑐𝑐𝑐𝑐𝑎𝑎𝑥𝑥  

The tire lateral force increases as side slip angle is 
increased. However, the maximum force of tire 
cannot exceed μN. Therefore, a lateral force is sat-
urated at some point. Figure 5 shows the lateral tire 
force-side slip angle for varying Fx values while 
maintaining the same normal force using the 
Dugoff Tire Model. 

 

Figure 5: Lateral tire force of Dugoff’s tire model 

The lateral force in the Dugoff Tire Model has lin-
ear characteristic with small side slip angle. How-
ever, it displays a non-linear behavior as side slip 
angle is increased. this non-linearity makes differ-
ent vehicle motion with respect to Fx in the same 
longitudinal velocity and steering input. 

2.3 Bond graph for vehicle model 

The bond graph with all the above dynamic equa-
tions and tire model is presented in Figure 6. 
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Figure 6: The bond graph for planar vehicle 

Equations of motion are derived from above bond 
graph. 

𝑈̇𝑈 = 𝜔𝜔𝜔𝜔 +
1
𝑀𝑀
�𝐹𝐹𝑥𝑥𝑥𝑥𝑥𝑥 + 𝐹𝐹𝑥𝑥𝑥𝑥𝑥𝑥 + 𝐹𝐹𝑥𝑥𝑥𝑥𝑥𝑥 + 𝐹𝐹𝑥𝑥𝑥𝑥𝑥𝑥 − (𝐹𝐹𝑦𝑦𝑦𝑦𝑦𝑦
+ 𝐹𝐹𝑦𝑦𝑦𝑦𝑦𝑦)𝛿𝛿� 

𝑉̇𝑉 = −𝜔𝜔𝜔𝜔 +
1
𝑀𝑀
�𝐹𝐹𝑦𝑦𝑦𝑦𝑦𝑦 + 𝐹𝐹𝑦𝑦𝑦𝑦𝑦𝑦 + 𝐹𝐹𝑦𝑦𝑦𝑦𝑦𝑦 + 𝐹𝐹𝑦𝑦𝑦𝑦𝑦𝑦 + (𝐹𝐹𝑥𝑥𝑥𝑥𝑥𝑥
+ 𝐹𝐹𝑥𝑥𝑥𝑥𝑥𝑥)𝛿𝛿� 

𝜔̇𝜔 =
1
𝐽𝐽
�𝑎𝑎�𝐹𝐹𝑦𝑦𝑦𝑦𝑦𝑦 + 𝐹𝐹𝑦𝑦𝑦𝑦𝑦𝑦� − 𝑏𝑏�𝐹𝐹𝑦𝑦𝑦𝑦𝑦𝑦 + 𝐹𝐹𝑦𝑦𝑦𝑦𝑦𝑦�

+
𝑡𝑡
2
�𝐹𝐹𝑥𝑥𝑥𝑥𝑥𝑥 − 𝐹𝐹𝑥𝑥𝑥𝑥𝑥𝑥 + 𝐹𝐹𝑥𝑥𝑥𝑥𝑥𝑥 − 𝐹𝐹𝑥𝑥𝑥𝑥𝑥𝑥�� 

𝜔̇𝜔𝑖𝑖𝑖𝑖 =
1
𝐽𝐽𝑤𝑤
�𝜏𝜏𝑖𝑖 − 𝑅𝑅𝑤𝑤𝐹𝐹𝑥𝑥𝑥𝑥𝑥𝑥� 

  𝑖𝑖 = 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓, 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟, 𝑗𝑗 = 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙, 𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑡𝑡 

3 HANDLING SIMULATION AND 
RESULT 

When the driver turns the steering wheel, the vehi-
cle will change its direction. However, the charac-
teristics of the tires and vehicle can affect how the 
vehicle moves, sometimes in an unexpected way. 
When a vehicle turns less than expected, it is called 
induced understeer. If a vehicle turns more than 
expected, it is called induced oversteer. Most of 
the produced vehicles have an understeer tendency. 
This understeer tendency usually becomes bigger 

and bigger with greater longitudinal velocity and 
greater steering angle. 

On the other hand, literature shows that vehicles 
can have different steering tendencies as the drive 
torque distribution is changed (Klomp, Matthijs, 
and Robert Thomson 2011). Vehicles with traction 
torques on the rear wheels have larger yaw rates 
compared to vehicles driven by the front wheels, 
for similar levels of vehicle speed. As Fx is in-
creased or decreased, the tire characteristic makes 
this change. 

The actual meaning of understeer is rather compli-
cate. Yaw rate is one of the dominant indicators 
which affect understeer. Therefore, yaw rate is 
used as the variable which decide the understeer in 
this paper. Yaw rate data from the planar vehicle 
model with a linear tire model is considered as the 
nominal yaw rate response. If the yaw rate output 
is lower than this, this paper refers to this as under-
steer. Figure 7 shows an example of that difference 
of yaw rate magnitude with respect to the drive ax-
les types at 500Nm traction torque.  

 

Figure 7: Difference of Yaw rate with respect to 
torque distribution 

This paper simulates the planar vehicle model 
which has two traction motor to investigate the 
steering tendency with respect to various drive 
torque distributions. Furthermore, this torque dis-
tribution is simulated with not only traction tor-
ques but also regeneration torques which is a ma-
jor advantage of the electric motor powertrain 
system, allowing for less understeer at the same 
speed.  
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The results are simulated with U = 80kph and with 
the parameters given in the appendix. 

The steering input applied is 2 degrees on front 
wheels as shown in Figure 8. The total traction 
torque applied on front and rear axles are the same. 
Figure 10 shows how the total traction torque is 
distributed. The dotted line represents rear wheel 
drive vehicle. The total traction applied on only the 
rear axle. There is no traction torque on the front 
axle. On the other hand, the dashed line shows the 
motor torque of torque distribution control vehicle 
which is applied on front and rear opposite side. 
The total traction is similar at 200Nm. But the 
front has regenerative torque at -1100Nm. The rear 
has a traction torque of 1300Nm. 

Figure 9. shows that vehicle driven only with rear 
wheel (dot), it has less yaw rate than nominal yaw 
rate(line). However, vehicle with distributed 
torque on front and rear opposite side (dash), 
shows similar levels of yaw rate compared with 
the nominal yaw rate. This indicates that motor 
traction control could make the vehicle have less 
understeer tendency. 

 

Figure 8: Steering input angle on Front wheel 

 

 

Figure 9: Yaw rate of the vehicle 

 

Figure 10: Traction and regeneration braking 
torque of front and rear motor 

4 CONCLUSION 

This paper presents a model of the planar vehicle 
with two traction motors, one on the front and one 
on the rear for simulating a handling maneuver. 
The simulation results show that the vehicle steer 
tendency is changed as torque distribution is 
changed. The results also can be controlled with 
appropriate torque distribution control. Further re-
search will study the torque distribution controller 
with this model.. 

A APPENDICES 

parame-
ters Description Values 

a Length from C.G to front 
axle [m] 1.44 
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b Length from C.G to rear 
axle [m] 1.56 

t Track width of the vehi-
cle [m] 1.64 

M Mass of the vehicle [kg] 2,250 

J Moment of the inertia of 
the vehicle [kg·m2] 3,445 

g Gravity [m/s2] 9.81 
Rw Radius of the wheel [m] 0.33 

Jw Moment of the inertia of 
the wheel [kg·m2] 1.7 

Hcg 
Height of the vehicle 
mass center 0.51 

krf 
Front roll stiffness of the 
vehicle 1,185 

krr 
Rear roll stiffness of the 

vehicle 932 

Cx Stiffness of the longitu-
dinal tire force 105,000 

Cα Stiffness of the lateral 
tire force 40,800 

.  

REFERENCES 

Osborn, R.P. and Shim, T., 2006. “Independent 
control of all-wheel-drive torque distribution.” 
Vehicle system dynamics, 44(7), pp.529-546. 

De Novellis, L., Sorniotti, A. and Gruber, P., 2013. 
“Optimal wheel torque distribution for a four-
wheel-drive fully electric vehicle. SAE Inter-
national Journal of Passenger Cars-Mechani-
cal Systems,” 6(2013-01-0673), pp.128-136.  

De Novellis, L., Sorniotti, A. and Gruber, P., 2013. 
“Wheel torque distribution criteria for electric 
vehicles with torque-vectoring differentials.” 
IEEE Transactions on Vehicular Technology, 
63(4), pp.1593-1602.  

Dugoff, H., Fancher, P.S. and Segel, L., 1970. “An 
analysis of tire traction properties and their in-
fluence on vehicle dynamic performance.” 
SAE transactions, pp.1219-1243.  

Margolis, D.L. and Asgari, J., 1991. “Multipur-
pose models of vehicle dynamics for control-
ler design” (No. 911927). SAE Technical Pa-
per. 

Klomp, M. and Thomson, R., 2011. “Influence of 

front/rear drive force distribution on the lateral 
grip and understeer of all-wheel drive vehi-
cles.” International journal of vehicle design, 
56(1-4), pp.34-48. 

AUTHOR BIOGRAPHIES 

DONGHUN LEE is a vehicle test engineer at 
Hyundai motor company. His research interests in 
vehicle chassis control for handling and braking. 
His email address is a.dhoonil@hyundai.com.  

JONATHAN LOYOLA is a Ph.D. candidate and 
a graduate student researcher working at the Hyun-
dai Center of Excellence in Vehicle Dynamic Sys-
tems & Control located at the University of Cali-
fornia, Davis. He holds a master’s degree from 
Davis in mechanical engineering. His research in-
terests lie in system modeling, vehicle dynamics, 
and controls.  His email address is jonloy-
ola@ucdavis.edu. 

JORDAN MCCRONE is a graduate student re-
searcher in the Hyundai Center of Excellence at 
UC Davis, a collaborative venture between student 
and faculty at UC Davis and visiting engineers 
from Hyundai in Korea. His research interest is in 
vehicle dynamics modeling and control. His email 
is djmccrone@ucdavis.edu. 

DONALD L. MARGOLIS is a professor of me-
chanical engineering and director of the Hyundai 
Center of Excellence in Vehicle Dynamics Sys-
tems & Control at UC Davis. He has extensive ex-
perience in teaching system dynamics at the grad-
uate and undergraduate levels, consultation in 
vibration controls, and has published numerous 
papers on the industrial applications of dynamics. 
His email is dlmargolis@ucdavis.edu. 

 

mailto:jonloyola@ucdavis.edu
mailto:jonloyola@ucdavis.edu

	1 INTRODUCTION
	2 Modeling of the Planar vehicle
	2.1 Schematic of the planar vehicle
	2.2 Wheel and tire dynamics
	2.3 Bond graph for vehicle model

	3 Handling simulation and result
	4 Conclusion
	A APPENDICES

