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An Investigation of the Influence of Inter-Wheel Differentials on the Kinetic
and Dynamic of 4WD Vehicle
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Thai Nguyen 23000, Vietnam.

This work proposed the simulation model of 4WD vehicle that
takes into account the influence of structure of inter-wheel
differentials. The main contribution of this work is to expand
previous simulation models to study the effects of conventional
open differential and Torsen differentials on the kinetic and
dynamic of 4WD vehicle.

Abstract
In this paper, the influence of inter-wheel differentials on the
kinetic and dynamic of vehicle is investigated. A simulation
model of 4WD vehicle including submodules of engine, vehicle
body, tires, inter-wheel differentials and other components of
transmission system was built in Matlab Simulink
environment. The vehicle speed, acceleration and tractive force
were chosen as the criteria to analysis the impact of inter-wheel
differentials on the vehicle kinetic and dynamic. The
performance of vehicle using open and Torsen differentials for
different transmission layouts was simulated and analyzed. The
results show that, when vehicle accelerates from rest on the
translational friction surface, the kinetic and dynamic
parameters of the vehicle using open differential are almost the
same as vehicle equipped with Torsen differential. However,
on the road with split friction coefficient between left and right
wheels, the performance of vehicle using Torsen differentials
is much better than vehicle equipped with open differentials.

2. VEHICLE MODEL
In order to build the model of a complex system using
Matlab/Simulink software, the system is usually divided into
subsystems. For the 4WD vehicle model (figure 1), we divided
the vehicle into the following subsystems: engine, torque
converter, gearbox, transfer box differential, drive shaft, interwheel differentials, tires in front and rear axles and vehicle
body.

Keywords: transmission, inter-wheel differential, kinetic,
dynamic, vehicle.
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In automotive transmission system, the differential is a
particular type of gear set which is widely used. Due to the
differential, the two driving wheels of a car can rotate at
different speeds as they follow different ways around a corner.
These axle differentials usually split the torque symmetrically
to both driving wheels. The differentials can be used either to
divide the drive torque into equal parts acting on the traction
wheels of the same axle, or to separate the output torque from
the gearbox between the two axles of four-wheel drive vehicles
(4WD). This second application is often called the transfer box
differential or central differential.

Inter-wheel
differential

Drive shaft
Inter-wheel
differential

Figure 1. Layout for 4WD vehicle

2.1. Model of components
a.

The differential plays an important role in the overall
performance of transmission system and vehicle. Especially, it
has a significant influence on the dynamical characteristic, fuel
consumption and stability of the vehicle [1,6,9,13]. So far, there
have been a number of publications related to transmission
system [1,2,5,10,12-14]. However, these works mainly focus
on studying dynamic loads appearing in transmission system
[1,10,12] or investigating characteristics of acceleration [1,11]
and the fuel consumption of vehicles with different powertrain
structures [1,4,5,13]. Literatures showed very few published
works which are concerned with the influence of inter-wheel
differential on vehicle kinetic and dynamic.

Differential

Open differential model. An open diﬀ erential is the most
common type which mainly consists of 3 parts: the pinion gear,
the ring gear and the planet gear [1, 6]. The pinion gear transfers
the power from engine to the ring gear. The planet gear lies at
the inner edge of the ring gear. The planet gear is free to rotate
on 2 axes: along with the rotation of ring gear and on its own
axis(spin). The planet gear is also connected to more than two
side gears. Therefore, the power is first transferred from
engine’s drive shaft to pinion gear, since the pinion gear and
ring gear are meshed, power flows to ring gear. As the planet
gear is connected with the ring gear, power flows to it. Finally,
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In order to model open differential, components from the Gears
library are used in Simulink Simscape Driveline [8].

from the planet gear, power gets transferred to both the side
gears. Figure 2 represents the differential which is arranged as
a planetary bevel gear train equipped with an additional bevel
gear transmission between the driveshaft and the carrier. The
pinion gear of this transmission is attached to the driveshaft
while the large bevel crown gear is affixed to the carrier.

Torsen differential model. The Torsen differential has a pair
of worm gears, the left hand haft shaft is splined to one of these
worm gears while the right hand haft shaft is splined to the other
hand. Meshing with each worm gear on each side is a pair of
worm wheels (from two to three pairs, depending on the size of
the differential). At both ends of each worm wheel are spur
gears which mesh with adjacent spur gear. Hence, both worm
gear and half shafts are indirectly coupled together.

The differential equations describing the mechanical dynamic
response for the crown gear, left axle, and right axle of open
differential are:
𝜔̇ 𝑑 𝐼𝑑 = 𝑇𝑑 − 𝜔𝑑 𝑏𝑑 − 𝑇𝑖

(1)

𝜔̇ 1 𝐼1 = 𝑇1 − 𝜔1 𝑏1 − 𝑇𝑖2

(2)

𝜔̇ 2 𝐼2 = 𝑇2 − 𝜔2 𝑏2 − 𝑇𝑖2

(3)

Normally, with a worm gear and worm wheel combination, the
worm wheel is larger than the worm gear, but with the Torsen
system the worm gear is made larger than the worm wheel. The
important feature of any worm gear and worm wheel is that the
teeth are cut at a helix angle in such a way that the worm gear
can turn the worm wheel but the worm wheel cannot rotate the
worm gear. This is achieved with the Torsen differential by
giving the worm gear teeth a fine pitch while the worm wheel
has a coarse pitch [6,7,15]

The open differential block assumes rigid coupling between the
crown gear and axles. These constraint equations apply.
𝑁

𝑇1 = 𝑇2 = 𝑇𝑖 ;
𝑁

(4)

2

𝜔𝑑 = (𝜔1 + 𝜔2 )

(5)

2

Where: N-carrier to driveshaft gear ratio; Id- rotational
inertia of the crown gear assembly; bd -crown gear linear
viscous damping; ωd -Driveshaft angular speed; η-Differential
efficiency; I1-axle 1 rotational inertia; b1-axle 1 linear viscous
damping; ω1 -axle 1 speed; I2- axle 2 rotational inertia; b2 -Axle
2 linear viscous damping; ω2 - axle 2 angular speed; Tddriveshaft torque; T1-axle 1 torque; T2 - axle 2 torque; Ti driveshaft internal resistance torque; Ti1 - axle 1 internal
resistance torque; Ti2 - axle 2 internal resistance torque;

Figure shows the schematic of Sun-planet worm gear using in
Torsen differential inter-wheel type. The relationship between
angular speeds of sun gear, planet gear and carrier is expressed
by:
𝜔𝑠 =

𝜔𝑝
𝑅𝑊𝐺

+ 𝜔𝑐

(6)

The torque transfer is:
𝑅𝑊𝐺 𝜏𝑃 + 𝜏𝑆 − 𝜏𝑙𝑜𝑠𝑠 = 0;

(7)

𝜏𝐶 = −𝜏𝑙𝑜𝑠𝑠
With 𝜏𝑙𝑜𝑠𝑠 = 0 in the ideal case
In a nonideal gear, the angular velocity and geometric
constraints are unchanged. However, the transferred torque and
power are reduced by: (i) Coulomb friction between thread
surfaces on W and G, characterized by friction coefficient k or
constant efficiencies WG, GW; (ii) viscous coupling of
driveshaft with bearings, parametrized by viscous friction
coefficients SC and WC.

(a)

Since the transmission incorporates a worm gear, the
efficiencies for the direct and reverse power transfer are
different. Table 1 shows the value of the efficiency for all
combination of the power transfer.
Table 1. Value of the efficiency for all combination of the
power transfer
Driving shaft

(b)

Planet

Driven shaft
Planet
n/a

Sun

WG

WG
n/a

Carrier

WG

No loss

Sun

Carrier
WG
No loss
n/a

In the contact friction case WGand GW are determined by: (i)
the worm-gear threading geometry, specified by lead angle

Figure 2. Construction schematic (a) and simulation model
(b) of an open differential
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and normal pressure angle ; (ii)The surface contact fiction

The system of differential equations describing the vehicle
dynamics is written as follows

coefficient k.

(𝑐𝑜𝑠𝛼−𝑘.𝑡𝑎𝑛𝜆)

𝜂𝑊𝐺 = (𝑐𝑜𝑠𝛼+𝑘/𝑡𝑎𝑛𝜆)
𝜂𝐺𝑊 =

(𝑐𝑜𝑠𝛼−𝑘/𝑡𝑎𝑛𝜆)
(𝑐𝑜𝑠𝛼+𝑘.𝑡𝑎𝑛𝜆)

(8)

𝑉𝑥 = 𝐹𝑥 − 𝐹𝑑 ̇− 𝑚. 𝑔. 𝑠𝑖𝑛𝛽
𝐹𝑥 = 𝑛(𝐹𝑥𝑓 + 𝐹𝑥𝑟 )

(9)

𝐹𝑑 = 𝐶𝑑 𝜌. 𝐴(𝑉𝑥 + 𝑉𝜔 )2 𝑠𝑔𝑛(𝑉𝑥 + 𝐹𝜔 )

1
2

𝐹𝑧𝑓 =
𝐹𝑧𝑟 =

̇ )+𝑏.𝑚.𝑔.𝑐𝑜𝑠𝛽
−ℎ(𝐹𝑑 +𝑚.𝑔.𝑠𝑖𝑛𝛽+𝑚.𝑉𝑥

(10)

𝑛(𝑎+𝑏)
̇ )+𝑎.𝑚.𝑔.𝑐𝑜𝑠𝛽
ℎ(𝐹𝑑 +𝑚.𝑔.𝑠𝑖𝑛𝛽+𝑚.𝑉𝑥
𝑛(𝑎+𝑏)

Where: g - gravitational acceleration; β- incline angle; m:
mass of the vehicle; h- height of vehicle center of gravity (CG)
above the ground; a, b-distance of front and rear axles,
respectively, from the normal projection point of vehicle CG
onto the common axle plane; Vx-velocity of the vehicle; Vwwind speed; N- number of wheels on each axle; Fxf, Fxr:
longitudinal forces on each wheel at the front and rear ground
contact points, respectively; Fzf, Fzr- normal load forces on each
wheel at the front and rear ground contact points, respectively;
A-eﬀ ective frontal vehicle cross-sectional area; Cdaerodynamic drag coeﬀ icient; ρ- mass density of air; Fdaerodynamic drag force.

a. schema of a Sun-planet worm gear

(a)

b. Simscape model
Figure 3.Torsen differential

In order to model Torsen differential, the components from the
Gears library in Simscape Driveline were used [8]. Slip is
limited in the Torsen differential because it uses nonbackdrivable worm gears, which are modeled by Sun-Planet
Worm Gear components (Figure 3b)
(b)

Vehicle body model. The vehicle motion is a result of the net
eﬀ ect of all the forces and torques acting on it. The longitudinal
tire forces push the vehicle forward or backward. The weight
mg of the vehicle acts through its center of gravity (CG).
Depending on the inclination angle, the weight pulls the vehicle
to the ground and pulls it either backward or forward. Whether
the vehicle travels forward or backward, aerodynamic drag
slows it down. For simplicity, the drag is assumed to act
through the CG.

Figure 4. Vehicle dynamics and motion (a) and Simscape
block for vehicle body (b)

In order to model vehicle dynamics and motion, a Simulink
model was built (figure 2b), with six ports, two input ports:
W -Headwind speed, β- Road incline angle; three output ports:
V - longitudinal velocity, NF - Front axle normal force,
NR - Rear axle normal force and a conserving port H associated
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Table 2. The values of constant Magic Formula coefficients
for common road conditions

with the horizontal motion of the vehicle body. Connect tire
traction motion to H port.
Tire model. Since the relationship between traction and slip is
complicated, it is often used to approximate formulas to
describe this relationship in simulated calculations.
Expressions showing the relationship between traction and slip
are called tire models. Nowadays there are many different tire
models for vehicle dynamic analysis. The Pacejka Magical
Formula [2] is a standard method widely used in vehicle
dynamics studies and throughout industry to describe the tireroad interaction at the contact patch. This model is based on
conducting real tests with the tires to fit the formula coefficients
to the test data. After fitting coefficients of the equations,
longitudinal and lateral forces can be estimated for pure and
combined slip conditions. In this work, this tire model is used
to obtain the friction coefficient between the tire and the road.

Surface
Dry tarmac
Wet tarmac
Snow
Ice



C
1.9
2.3
2
2

D
1
0.82
0.3
0.1

E
0.97
1
1
1

In order to model the tires in front and rear axles, block Tire is
used (magic formula) from the Tires & vehicle library in
Simscape Driveline []. Each tire block including 5 connections:
connection A is the mechanical rotational conserving port for
the wheel axle. Connection H is the mechanical translational
conserving port for the wheel hub through which the thrust
developed by the tire is applied to the vehicle. Connection N is
a physical signal input port that applies the normal force acting
on the tire. The force is considered positive if it acts
downwards. Connection S is a physical signal output port that
reports the tire slip. Optionally expose physical signal port M
by right-clicking on the block and selecting Simscape block
choices to switch between variants. Physical signal port M
accepts a four element vector corresponding to the B, C, D, and
E Magic Formula coefficients are shown in Table 2[2,8].

The general form of the Magic model is:

 (11)

y  D sin C arctan Bx  E  Bx  arctan Bx  


B
10
12
5
4

Where 𝑥 = 𝑋 + 𝑆𝐻 ; 𝑌(𝑋) = 𝑦(𝑥) + 𝑆𝑉 ; SH - horizontal shift;
SV - vertical shift.
In this case Y is either the side force Fy, the aligning moment
Mz or the longitudinal force Fx and X is either the slip angle a
or the longitudinal slip, for which Pacejka uses . For lateral
force or aligning moment the offsets Sv and Sh arise due to
adding camber or physical features in the tire such as conicity
and plysteer. For the longitudinal braking force this is due to
rolling resistance. Working from the offset XY axis system the
main coefficients are: D - is the peak value; C - is a shape factor
that controls the ‘stretching’ in the x direction; B - is referred
to as a ‘stiffness’ factor; E- is a ‘curvature’ factor

Engine model. In this paper the Generic Engine model [2] was
used to model internal combustion engine (figure 7). By
default, the Generic Engine model uses a programmed
relationship between torque and speed, modulated by the
throttle signal.
The engine model is specified by an engine power demand
function g(Ω). The function provides the maximum power
available for a given engine speed Ω. The block parameters
(maximum power, speed at maximum power, and maximum
speed) normalize this function to physical maximum torque and
speed values. The normalized throttle input signal T specifies
the actual engine power. The power is delivered as a fraction of
the maximum power possible in a steady state at a fixed engine
speed. It modulates the actual power delivered, P, from the
engine: P(Ω,T)= T·g(Ω). The engine torque is τ = P/Ω.

2.2. Vehicle model
Based on the models of subsystems such as vehicle body,
internal combustion engine, tire, differential and other
powertrain components ... were built in the previous section.
We can build a full vehicle model with different type of interwheel differential (figure 6). Using this model allows us to
study the influence of inter-wheel differentials on the kinetic
and dynamic parameters such as velocity, acceleration, traction
force etc. of 4WD vehicle.

Figure 5. The tire block model
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Figure 6. Simulink model of 4WD vehicle with open differential in front and rear axle

3. RESULT AND DISCUSSION

Analysis of simulation results when vehicle accelerates from
rest in case 1 (figure 9) shows that, in the first 3 seconds
(time=0-3 s), there is a large difference between speeds of
driving wheels and the vehicle speed for both configures using
Torsen and open inter-wheel differentials in rear and front
axles. That is, when the vehicle moves on the road with a low
coefficient of friction, it occurs the sliding of the driving wheel
for both cases using differentials open and Torsen. However,
the slip speed of vehicle equipped with Torsen differential is
smaller than the case of using open differential. The figure 9
also shows that the slip finish when the vehicle reaches a road
with a higher coefficient of adhesion (time> 3s) and the speed
achieved after the sliding phase of the vehicle using Torsen
differential is higher compared to the case of using open
differential.

In order to study the effect of inter-wheel differential on the
vehicle kinetic and dynamic, the authors used the simulation
model of 4WD vehicle shown in Figure 6. The input module to
the model is created using the Signal Builder. The inputs to be
set are wind speed, inclination of the road and the throttle.
Technical specification of the vehicle is shown in Table 3. The
simulation was conducted with different transmission layouts
using open and Torsen types of inter-wheel differential in two
following cases:
Case 1. The vehicle accelerates from rest on the translational
road surface, in the first 2 m, the road has a low coefficient of
friction and the remaining road segment with a high coefficient
of friction.
Case 2. The vehicle accelerates from rest on the road with split
friction coefficient, the icy patch hit by the left wheels and
tarmac on the right wheels.
Table 3. Specification of the vehicle
Horizontal distance from 1,5
CG to front axle (m)
Horizontal distance from 1,7
CG to rear axle(m)
CG height above ground 0,45
(m)
Engine Maximum power 160
kW
Speed at maximum
4600
power (rpm)
Engine stall speed (rpm) 550

Vehicle Mass (kg) 1450
Frontal area (m2)

2,6

Drag coefficient

0,4

Air density (kg/m3) 1,18
Rolling radius (m)

0,28

Rolling resistance

0,018

Figure 7. Simulink model for engine
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Figure 8. Input to the model

The simulation results are shown in figures 9-12.

a)

b)
Figure 9. Speed vs time response in case 1

a)

Using open differential in both axles
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b) Using Torsen differential in both axles
Figure 10. Speed vs time response in case 2

For case 1, the maximum traction of vehicle equipped with
open differentials is nearly equal to the vehicle using Torsen
differential. However, when using Torsen differential, the
maximum speed is vmax = 9,4m/s larger than open type
differential (vmax =9m/s).

Figure 10 shows the result of simulation of vehicle speed in
case 2 . The simulation is carried out twice with different
configurations for the front and rear differential. Obviously, for
the vehicle using open inter-wheel differential on both left and
rear axles, the speed of the right wheels is nearly equal to the
speed of the vehicle, while the left wheel speed is much higher
than the speed of the vehicle, resulting in the left wheel being
slip. However, for the vehicle using Torsen differential, the
speed of the left and right wheels is close to the vehicle speed,
this is due to Torsen differential automatically locks under the
split surface condition, resulting in the speed of the wheels the
same.

For the second case, the calculation of the tractive effect
characteristic shows a large difference in speed and traction
value. When using Torsen differential in both axles, the
maximum traction is 4050 (N), and the maximum speed of
vehicle is 10.7m/s. Meanwhile, if open type differential is used,
the maximum tractive force is 1410(N) and the maximum speed
vmax equal to 5m /s.

The simulation results of tractive effort characteristics of
vehicle in the above two cases are shown in the figure 11.

a)

Case 1

b) case 2

Figure 11. Tractive effort curve of vehicle
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Figure 12. Acceleration test for different driveline layouts

iii) On a split friction surface between the left and right wheels,
vehicles using Torsen differentials have the best kinetic and
dynamic parameters, and the vehicle equipped with open
differential on both driving axles have the worst kinetic and
dynamic parameters.

The figure 12 illustrates the results of calculating the average
acceleration value of the vehicle (aave) in two cases mention
above. The results show that, the vehicle using Torsen
differential in two axles has the highest aave (in case 1 aave= m/s2
and in case 2 aave = m/s2). For the first case, when accelerating
from rest on the road with the same coefficient of friction
between the left and right wheels, vehicle using open
differentials in both axles has aave is about% lower than with
Torsen differentials. For the driveline layouts combining open
differential in the front and Torsen differential in the rear axle
or vice versa, all have aave smaller than the layout using the
same type of differential in both axles. For the second case,
when vehicle accelerating on the road with different coefficient
of friction between the left and right wheels, the vehicle
equipped with open differential in both axles has the highest
aave. The remaining driveline layouts with Torsen differential in
front or rear axle or in both axles all have aave higher.
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