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Abstract.  The conventional power transmission system of electric vehicles typically distributes driving torque equally  between

the left and right wheels, which restricts the potential  to  enhance  the  vehicle’s  chassis dynamic performance. To solve  this

problem, a novel torque vectoring drive-axle (TVDa) is proposed, it can achieve the driving torque precise distribution between

the  two-side wheels,  thereby effectively improving the vehicle's active safety and handling stability. First, the structure design

principle and torque distribution mechanism of the novel TVDa is theoretically analyzed in this paper,  and establishes the design

criteria for key structural parameters. Second, the motor parameters of  the  TVDa are systematically matched to meet  the practical

application requirements of the vehicle. Next, a virtual prototype model of  an  electric vehicle equipped with  the  TVDa is built,

and the functional feasibility of  the  TVDa impact on vehicle dynamic performance has been verified. Finally, simulation results

demonstrate that the novel TVDa can significantly improves the vehicle’s maneuverability and trafficability through distributing

driving torque between  the  two-side wheels, while maintaining low energy consumption in the torque vectoring motor,  indicating

strong  potential for engineering applications.

Key words:  Electric vehicle; torque vectoring; Electric drive-axle; Virtual prototype; Vehicle dynamic  performance.  

1. INTRODUCTION 

At present, the active safety and handling stability of vehicles 

are increasingly concerned by people, and utilizing additional 

yaw moment is the main way to achieve vehicle electronic 

stability control. For example, the Bosch's Electronic Stability 

Control (ESC) System and Nissan’s Vehicle Dynamics Control 

(VDC) System. However, the ESC and VDC can effectively 

enhance the vehicle's driving safety and handling stability 

mainly through independent control of braking force for each 

wheels [1,2]. Due to the decrease in vehicle power and increase 

in frictional energy consumption during the braking process [3], 

such system is only suitable deceleration or extreme cornering 

situation, which affects the maneuverability and driving 

pleasure of vehicles under constant speed and acceleration 

cornering conditions [4]. 

In recent years, the wheel torque vectoring (TV) as an 

advanced emerging technology, received increasing attention in 

the automotive industry. The TV technology can achieve 

arbitrary transfer and distribution of driving torque on each 

wheels according to the actual needs of the vehicle, thus 

effectively improving the active safety and "fun-to-drive" 

qualities of the vehicle [5,6]. Compared with the traditional way 

of achieving stability control through braking force, the TV 

drive technology transmits torque instead of reducing torque 

between the inter-wheels, so it can achieve higher system 

control efficiency and better vehicle driving pleasure. The 

distributed drive electric vehicle (DDEV) equipped with a 

motor on each wheel, which has advantages of independent and 

precise control of wheel torque. Therefore, the DDEV is 

inherently suitable for TV drive technology implementation, 

and also considered to be the best driving form of the future 

automobile chassis [7,8]. However, due to the limitation of key 

technical problems such as the in-wheel motor heat dissipation, 

high manufacturing cost, and the increase of unsprung mass that 

are difficult to solve, the DDEV has not been widely applied at 

present [9]. Therefore, how to implement TV drive technology 

on the basis of traditional electric vehicle drive system, is a 

problem worth studying. 

Nowadays, the electric vehicles drive system commonly 

employs the form of motors centralized arrangement, and 

distribute the power source motor output torque to the left and 

right wheels through open differential device [10]. However, 

the open differential always distribute the driving torque 

equally to the two-side wheels, when the vehicle is driving on 

the uneven roads or off-road surface, it is prone to cause the low 

adhesion side wheels slipping while the high adhesion side 

wheels lose power [11,12]. This type of working characteristic 

is not conducive to improving the passing ability of the vehicle *e-mail: hujianlong163@163.com 
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on bad roads and the handling stability under turning conditions. 

Therefore, the drive system based on the open differential 

cannot meet the technical requirements for developing high-

performance electric vehicles in the future. 

To overcome the technical constraints of conventional open 

differential while achieving controlled torque distribution 

across wheels, many automobile enterprises have developed 

differential with driving torque transfer function, such as 

TORSEN differential [13] and passive limited slip differential 

[14,15], etc. When the speed difference between the inter-

wheels exceed a definite threshold, this type of differential can 

transform the driving torque from the high-speed side to the 

low-speed side through the locking force generated internally, 

thereby preventing excessive slippage of the wheels on low 

adhesion side and promote the vehicle’s power performance. 

However, such passive differentials permit only unidirectional 

torque transmission-specifically from the wheel with higher 

rotational speed to that with lesser speed. According to the 

Ackerman steering principle, at the time of vehicle is turning, 

the rotational speed of the outer wheels is usually higher than 

that of the inner wheels. Therefore, the driving torque of the 

vehicle is always transferred from the outer wheels to the inner 

wheels, which would generate an additional moment that is not 

conducive to the yaw motion and affects the steering 

maneuverability of the vehicle.  

To achieve bidirectional controllable distribution of driving 

torque in a centralized electric drive system, Torque Vectoring 

Differential (TVD) have been increasingly adopted in high 

chassis dynamic performance vehicles in recent years. The 

representative technology schemes include Super All Wheel 

Control (S-AWC) of Mitsubishi [16], Super Handling-All 

Wheel Drive (SH-AWD) of Honda [17], Sports Differential of 

Audi [18] and Torque Vectoring Drive-axle of BWM [19]. 

Many experts also studied the innovative structural 

configuration and vehicle application technology of TVD. Yu 

et al [20] designed a novel torque vectoring electric drive 

system utilize the ravigneaus gearset mechanism, and the 

working principle and function are simulated and verified based 

on SimulationX software. Lin et al [21] proposed a hybrid 

torque-vectoring differential (H-TD), the H-TD adds a motor 

and clutch device on the basis of the traditional internal 

combustion engine drive system. By controlling the clutch 

working state, the torque coupling or torque vectoring function 

of the motor output power between the two-side wheels can be 

achieved. Diachuk et al [22] presented an alternative 

mathematical method, the differential dynamic equation of the 

Audi Sport Differential mechanism was established, and its 

dynamic characteristics was numerically calculated and 

analyzed. Amin et al [23] developed a vehicle integrated control 

system using TVD and ESC to improve the vehicle’s active 

safety and steering ability, the research indicates that the 

designed control strategy can significantly enhance the 

vehicle’s turning maneuverability at low speeds and the driving 

stability at high speeds. 

In summary, the TVDs mentioned above literature generally 

adopts friction components such as brakes or clutches to realize 

the distribution of wheel driving torque, the typical TVDs 

structure scheme are shown in Fig. 1. This kind of TVDs have 

technical weaknesses in the following two aspects: 1) During 

the operation process, the clutch is subject to slipping and 

heating, resulting in more energy loss, which would affect the 

transmission efficiency of TVDs system. 2) Due to the torque 

one-way transmission characteristics of clutch, that is the torque 

can only be transmitted from the high-speed side to the low-

speed side, this type of TVDs usually install two identical 

actuators on both sides of the differential to achieve torque 

distribution function, it significantly increasing the cost and 

weight of the drive-axle. 

ωin - input shaft speed; ωw - output shaft 

speed; C1-left side clutch; C2-right side 

clutch; G0-reducer; G1-left gear pairs; 

G2-right gear pairs; DG-differential   

ωin - input shaft speed; ωw - output shaft 

speed; B1-left side braker; C2-right side 

braker; G0-reducer; G1-left gear pairs; 

G2-right gear pairs; DG-differential  
(a) Mitsubishi S-AWC [16]            (b) Honda SH-AWD [17] 

    

1- reducer; 2- differential; 3-left 

gear pairs; 4-left gear pairs; 5-left 

side clutch; 6-right side clutch

1

23 4

5 6

   

in


C1 C2 2

ωin- input shaft speed; ω1- left half 

shaft speed;ω12- right half shaft speed; 

C1-left side clutch; C2-left side clutch  
(c) Audi Sports Differential [18]    (d) BMW Drive-axle [19] 

Fig. 1. The typical TVDs schematic structure 

 

To solve the above problems existing in TVDs, a novel type 

of TVDa is proposed in this paper, and its principle and function 

are analyzed and verified. Specifically, the major innovations 

or contributions of the paper are as below. 

1) A novel TVDa structure scheme is proposed, which can 

distribute driving torque between the two-side wheels 

according to the vehicle's dynamic control requirements. 

Furthermore, the design methodology for its structural and 

motor parameters is established. 

2) A virtual vehicle simulation platform incorporating the 

TVDa was developed. Using this platform, the operating 

mechanism and functional feasibility of the novel TVDa impact 

on vehicle dynamics were verified. 

The rest of paper is organized as follows. In Section 2, the 

structure design principle and working mechanism of TVDa is 

analyzed. The motor system parameters are matched in Section 

3. In Section 4, the vehicle virtual simulation platform is built. 

The working mechanism and function of TVDa are verified in 

Section 5. Finally, the research conclusions are presented in 

Section 6. 
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2. STRUCTURE DESIGN PRINCIPLE AND WORKING 
MECHANISM ANALYSIS OF TVDa  

On the basis of the traditional electric drive system structure, 

a novel TVDa that can achieve controllable torque distribution 

between wheels is proposed, and the structural design 

principle and working mechanism of TVDa are analyzed in 

detail. 

2.1. Structural design principle analysis of TVDa 

The traditional electric vehicles adopt a centralized layout drive 

system, with its structural representation depicted in Fig. 2(a), 

which primarily consists of main drive motor, main reducer, 

open differential, left-half shaft and right-half shaft. The main 

drive motor output torque is first goes through the speed 

deceleration and torque increasing effect of the main reducer, 

and finally is evenly distributed to two-side half shafts by the 

open differential configuration. To overcome the disadvantage 

of open differential driving torque always being evenly 

distributed. Retaining the fundamental structure of traditional 

electric drive system, a novel TVDa structure scheme is 

proposed, which mainly increase the TV motor, planetary gear-

set and TV gear unit, so as to achieve the torque vectoring 

function between two-side wheels, and the structure schematic 

diagram of TVDa is displayed in Fig. 2(b). 

Main drive motor

I axle

II  axle

Main reducer

Right-half shaft

Differential

Left-half shaft

Main reducer

Planetary

gear-set
 

(a) Traditional electric drive system 

Left-half

shaft

TV motor

Main drive motor

I axle

II  axle

Main reducer

Planetary

gear-set

TV gear unit

Right-half shaft

Differential

 
(b) Novel TVDa 

Fig. 2. Structure schematic diagram of electric drive system 

 

As depicted in Fig. 2, the novel TVDa utilizes an inner-rotor 

hollow-shaft permanent magnet synchronous motor (PMSM) 

as TV motor, and its output shaft is directly connected with the 

sun gear of planetary gear-set. The planet carrier links to the 

left-half shaft of TVDa. The TV gear unit's driving gear is 

mounted concentrically outside the planetary ring gear, with its 

driven gear fixed to the main reducer's II axle. 

2.2. Working mechanism analysis of TVDa 

(1) Speed transmission relationship analysis 

The speed of all the rotational elements of planetary gear-set, 

TV gear unit and differential gear unit can be visualized in the 

velocity diagram as described in Fig. 3. According to the 

proportional relationship of each node in Fig. 3, the speed of 

TVDa components during the vehicle driving process can be 

intuitively obtained. 

Differential gear unit

TV gear unit

Planetary gear-set

Speed ratio

Speed 

SN

left PN N、

IN
RN

rightN

1 1

k 1 2 3
i i

 

Fig. 3. TVDa velocity diagram 

 

Assumed that the speed difference between the inter-wheels 

during the turning process of the vehicle is N , then the two-

side half shafts speed can be calculated as: 

1 2

2

2

right I

left I

m

I

N
N N

N
N N

N
N

i i

 
= +




= −



=


                                 (1) 

where, IN  is the differential housing speed; mN  is the main 

drive motor speed; 1i  and 2i  are the two-stage reduction ratios 

of the main reducer. 

The ring gear speed can be obtained by using the lever 

balance principle in the velocity diagram, which can be 

expressed as: 

3

3 2

1

m

R I

i N
N i i N

i
= =                              (2) 

where, 3i  is the transmission ratio of TV gear unit. 

Consequently, based on the kinematic relationship among 

system components, the TV motor rotational speed is derived 

as: 

2 3

1 2

(1 ) 0

(1 ) (1 )
=

2

S R P

p left

m

S tv

N kN k N

N N

k i i k N k
N N N

i i

+ − + =


=

 + − +

= − 


        (3) 

where, SN  represents the speed of the sun gear in the planetary 

gear-set; pN  is the speed of the planet carrier in the planetary 

gear-set; k  is the characteristic parameter of the planetary 
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gear-set, it represents the ratio of the number of ring gear teeth 

to the number of sun gear teeth. 

(2) Driving torque distribution principle analysis 

When two power source motors output torque 

simultaneously, the torque flow direction of the TVDa is shown 

in Fig. 4. According to the torque transfer relationship of each 

component, the driving torque transfer amount between the 

inter-wheels can be obtained. 

Main drive motor

input torque flow 

TV motor input 

torque flow 

m
T

tv
T

T1T1

T3T3T2

 

Fig. 4. Torque flow of TVDa 

 

Under the TV motor non-operational conditions, the torque 

transmitted from the main drive motor output torque mT  to the 

two-side half shaft is expressed as follows: 

1 2

1
2

mi i T
T =                                      (4) 

The torque transmitted from the TV motor output torque tvT  

to the left-half shaft through the planetary carrier of planetary 

gear-set is defined as 2T , which can be calculated as: 

2 (1 ) tvT k T= +                                   (5) 

The TV motor output torque tvT  passes through the ring gear 

of planetary gear-set, TV gear unit and differential gear unit in 

sequence and is finally transmitted to the two-side half shafts, 

which is defined as 3T , and can be expressed as: 

3 2

3
2

tvki i T
T = −                                  (6) 

Therefore, during two power source motors synchronous 

operation, the distributed output torques on the half shaft is 

derived as: 

1 2 2 3

1 3

1 2 2 3

1 2 3

2 2

(1 )
2 2

m tv

right

m tv

left tv

i i T ki i T
T T T

i i T ki i T
T T T T k T


= + = −


 = + + = + + −


         (7) 

From the above equation, it can be seen that if the TV motor 

operation does not affect the main drive motor output torque, 

the following conditions should be satisfied: 

1 2

2 3 2 3(1 )
2 2

right left m

tv tv

tv

T T i i T

ki i T ki i T
k T

+ =



+ − =


                          (8) 

From the above equation, if 3 2(1 ) / ( )i k ki= + , the two-side 

half shafts output torque can be re-expressed as: 

1 2

1 2

(1 )

2 2

(1 )

2 2

m tv

right

m tv

left

i i T k T
T

i i T k T
T

+
= −


+ = +



                               (9) 

At this time, according to Eq. (3), the TV motor speed can be 

obtained: 

(1 )

2
S

k N
N

+ 
= −                               (10) 

To summarize, the total driving torque and differential torque 

of TVDa are defined by: 

1 2

(1 )

left right m

left right tv

T T T i i T

T T T k T

= + =


 = − = +

                   (11) 

Based on the above theoretical analysis, the proposed novel 

TVDa demonstrates two distinct advantages. 

i) The TVDa employs a fully mechanical transmission design, 

eliminating the clutches and brakes required in conventional 

TVD system. This innovative architecture offers superior 

transmission efficiency, enhanced reliability, improved 

integration, and significant engineering application value. 

ii) Through reasonable design of the TV gear unit’s 

transmission ratio, the novel TVDa enables arbitrary torque 

transfer with both in magnitude and direction, between the 

bilateral wheels while maintaining constant total driving torque. 

Crucially, the system decouples control of the total driving 

torque (managed by the main motor) and differential torque 

(regulated by the TV motor), achieving independent and precise 

coordination of the vehicle’s longitudinal and lateral dynamics, 

it significantly enhances the controllability compared to 

conventional TVDs. 

2.3. The working mechanism of TVDa simulation 
verification 

(1) Speed transmission relationship verification 

To verify the correctness of the speed relationship of TVDa 

components based on theoretical analysis, the TVDa virtual 

prototype model is built in SimulationX software. The 

SimulationX is a physics system simulation software that 

support multiple disciplines, and it provides comprehensive 

solutions from conceptual design to verification, which can 

improve system development efficiency and reduces 

development costs [24,25]. In Fig. 5, the two-half shafts input 

pre-determined target speed, and the speed change of TV motor 

and main drive motor is measured through the speed sensor. 

The structural parameters of TVDa are illustrated in Table 1. 

 

Fig. 5. Virtual simulation model of TVDa speed principle verification 
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The Fig. 6 shows the TVDa speed principle simulation 

results. During synchronous rotation of the two-side half shafts, 

the TV motor speed is zero. When the two-side half shafts speed 

difference is 50rpm, that is, 50rpmN = , the TV motor speed 

is -125rpm, indicating the simulation results are consistent with 

Eq. (10). 

 

Fig. 6. The speed principle simulation results 

 

(2) Driving torque distribution principle verification 

To validate the torque distribution principle between wheels 

of TVDa, a virtual prototype simulation model is developed as 

shown in Fig. 7. The motors are used as power source input 

torque of TVDa, and the output torque is measured by the 

torque sensor. 

 

Fig. 7. Virtual prototype model of TVDa torque distribution principle 
verification 

 

The simulation results of torque distribution principle of 

TVDa is illustrated in Fig. 8. When only the main drive motor 

is working, the left- and right-half shaft output torque remain 

consistent. At the third second, the TV motor starts to work and 

outputs torque, the wheel driving torque is transferred and 

distributed at this time, but the total driving torque remains 

unchanged. The simulation results are consistent with Eq. (11), 

which indicates the correctness of the above theoretical analysis. 

 

Fig. 8. The torque distribution principle simulation results 

3. MOTOR PARAMETER MATCHING OF TVDa 

To better satisfy the requirements of vehicle application, this 

section presents a matching design for the motor system 

parameters of the proposed novel TVDa. 

3.1. Parameter matching of main drive motor 

This paper takes B-class electric vehicle with rear axle drive 

system as the target model for the application of novel TVDa, 

and the basic parameters and performance indicators can be 

found in Table 1. 

TABLE 1. SPECIFICATIONS OF THE VEHICLE [26] 

Parameter  Value 

Mass (m /kg) 1560 

Wheelbase (L /m) 2.68 

Wheel track (b /m) 1.68 

Wheel rolling radius (Rw /m) 0.30 

Yaw moment of inertia (I /kg.m^2) 1530 

Center of mass height (h /m) 0.55 

First reduction ratio of main reducer (i1) 3 

Second reduction ratio of main reducer (i2) 3 

Transmission ratio of TV gear unit (i3) 0.42 

Planetary gear-set characteristic parameters (k) 4 

Frontal area (A /m^2) 2.1 

0 to 100km/h acceleration time (t100 /s) 6-8 

Maximum climbing gradient (αmax/%) ≥30 

Maximum speed (Vmax/km·h-1) ≥150 

 

The main drive motor maximum output power of TVDa must 

be met the need of vehicle power performance requirements. 

The vehicle power requirements under the condition of meeting 

the maximum speed is calculated as [26]: 

3

max max max
3600 76140

D
V

mgf C A
P V V +                     (12) 

where, f represents the rolling resistance coefficient; DC  

denotes the air resistance coefficient. 

To satisfy the vehicle's maximum gradeability requirement, 

the power demand of main drive motor is formulated as [26]: 

3max max
max

cos sin

3600 3600 76140

D
i i i

mgf mg C A
P V V V

 
 + +      (13) 

where, iV  represents the stable vehicle speed, usually set to 30 

km/h. 

To satisfy the vehicle's maximum acceleration requirement, 

the power demand is given by [26]: 
2 0.5

max 0.50

1.5
3

1.50

1

3600 2 3.6

21.5

m

m

t
m

i m

m m

t
D

m

m

mV t
P mgf V dt

t t

C A t
V dt

t

  
 +  

   

 
+   

  





          (14) 

where, mt  represents the vehicle 0-100km/h acceleration time; 

mV  represents the vehicle target speed. 

The maximum output torque of main drive motor should be 

met the requirement of the vehicle maximum gradeability [26]. 

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication.



6 

2

_ max max max

0

sin cos
21.15

D

m i

C AR
T mg mgf V

i
 

 
 + + 

 
   (15) 

where, 0i  represents the transmission ratio of the main reducer. 

The main drive motor peek speed must be met the 

requirements of the vehicle maximum vehicle speed [26]. 

max 0

_ max
0.377

m

w

V i
N

R
                                (16) 

3.2. Parameter matching of TV motor 

To maximize vehicle dynamic performance enhancement, the 

proposed novel TVDa system must be able to completely 

transfer the torque from one side wheels to the other side wheels. 

Consequently, the TV motor's peak torque output requirement 

is given by: 

1 2

_ max _ max
1

tv m

i i
T T

k
=

+
                                (17) 

During the steering process, assuming that electric vehicle 

equipped with TVDa is a rigid body, that is, ignoring the tilting 

or pitching motion caused by suspension and other components. 

To guarantee stable cornering performance of vehicle, the 

rotational speed of four wheels should meet the Ackermann 

steering geometry relationship [27], the vehicle ideal steering 

kinematic model as shown in Fig. 9. 

As displayed in Fig. 9, during the turning process of vehicle, 

the wheels rotational speed is derived as: 

( )

( )

( )
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L b
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v
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




 
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  
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

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 −
 =

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


+
 =
 +



= +

 

(18) 

where, v  is the vehicle centroid velocity;   is the average 

steering angle of front wheels; flv , frv , rlv , rrv  is the wheel 

rotational speed of left front, right front, left rear and right rear, 

respectively; R  is the turning radius; rL , fL  are the center of 

mass location from the front and rear axles, respectively. 

Therefore, the maximum speed difference of the left and 

right rear wheels can be obtained: 

max
max

min

60

3.6 2
rr rl

w

V b
N v v

R R
 = − =                (19) 

where, minR  represents the vehicle's minimum turning radius. 

 

vfl
vfrδ

Lf

Lr

b

v

R

vrl vrr

 

Fig. 9. Ackermann turning geometric model 

 

By combining Eq. (10) and (19), the peak operational speed 

requirement of TV motor is formulated as: 

_ max max(1 ) / 2tvN k N= − +                       (20)

 Based on the above theory calculated, the motor parameters 

of the novel TVDa are shown in Table 2. 

TABLE 2. MOTOR PARAMETERS 

Parameter Main drive motor TV motor 

Peak power (kW) 130 30 

Rated power (kW) 75 20 

Peak torque (Nm) 370 540 

Peak speed (rpm) 13000 1000 

Rated speed (rpm) 5000 400 

 

According to the motor parameters matched in Table 2, the 

motors’ external characteristic and efficiency characteristic 

curves are shown in the Fig. 10. 

Speed (rpm)

T
o

rq
u

e
 (

N
m

)

 
(a) Main drive motor 

Speed (rpm)

T
o
rq

u
e
 (

N
m

)

 

(b) TV drive motor 

Fig. 10. Motor characteristic curve 
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4. DYNAMIC MODELING OF VEHICLE 

In this section, the dynamic equations of the electric vehicle are 

derived to provide a simulation platform for functional 

verification of the TVDa. 

4.1. Vehicle body dynamics model   

To analyze the functional feasibility of novel TVDa wheel 

torque distribution function on the vehicles dynamic 

performance quality, establishing a vehicle dynamics model 

that ignores body pitch and vertical motion. The longitudinal, 

lateral and yaw motions dynamic equations are derived as [28]: 

2

2 4 1 3

1
( ) ( )sin

2
x x y y f Dm u v F F F F C Au  − = + − + −      (21) 

2 4 1 3( ) ( )cosy y y y fm v u F F F F + = + + +              (22) 

1 3 2 3

1 3 2 4

( ) cos ( )

( )sin ( )
2 2

z y y f f y y r

y y f x x

I F F L F F L

b b
F F F F

 



= + − +

+ − + −
             (23) 

where, u  is the longitudinal velocity; v  is the lateral velocity; 
  represent the yaw rate; xiF  and yiF  are the longitudinal and 

lateral tire forces of the i th wheel, respectively; zI  is the yaw 

moment of inertia; f  is the front wheel steering angle. 

The rotational motion dynamics equation of driving wheels 

is derived as [28]: 

,wi i i xi wI T F R i rl rr = − =                    (24) 

where, wiI  denotes the i th wheel rotational inertia; i  and iT  

stand for the rotational speed and wheel torque; wR  is the wheel 

rolling radius. 

The slipping state of driving wheels is indicated as follows 

[28]:  

w i i

i

i

R V
s

V

 −
=                                    (25) 

where, iV  represents the wheel center linear speed. 

4.2. Tire model 

The tire model is used to describe the force transmission 

relationship between the tire and road surface. Specifically, the 

Magic Formula tire model provide accurate representations of 

longitudinal force and lateral force through a unified 

trigonometric formulation. Which has the advantage of concise 

expression and fewer unknown parameters involved. The pure 

longitudinal lateral tire forces without considering the 

longitudinal and lateral slip respectively are modeled as follows 

[29]: 

0

0

sin( arctan( ( arctan( ))))

sin( arctan( ( arctan( ))))

x zi x x x x x

y zi y y y y y

F F C B s E B s B s

F F C B E B B



   

= − −


= − −

 (26) 

where, xC , xB , xE , yC , yB  and yC  represents the tire 

characteristic parameters;   represents the road adhesion 

coefficient; ( 1 4)ziF i =  is the wheel vertical load.  

Considering vertical load transfer of each wheel caused by 

longitudinal and lateral acceleration during vehicle during, 

based on the moment balance relationship, the wheels vertical 

load is expressed as [28]: 

1

2

3

4

/ 2( ) / 2( )

/ ( )

/ 2( ) / 2( )

/ ( )

/ 2( ) / 2( )

/ ( )

/ 2( ) / 2( )

/ ( )

z r f r f r

r f r

z f f r f r

r f r

z f f r f r

f f r

z f f r f r

f f r

F mgL L L muh L L

mvhL b L L

F mgL L L muh L L

mvhL b L L

F mgL L L muh L L

mvhL b L L

F mgL L L muh L L

mvhL b L L

= + − +


− +


= + − +


+ +


= + + +


− +

= + + +

+ +





         (27) 

where, g  represents the gravitational acceleration; h  denotes 

the distance from the vehicle's mass center to the ground. 

The slip angles of each tire ( 1 4)i i =  can be described as 

[28]: 

1 arctan( )
( 0.5

f

f

v l

u b


 



+
= − +

−
                     (28) 

3 arctan( )
0.5

f

f

v l

u b


 



+
= − +

+
                     (29) 

2 arctan( )
0.5

rv l

u b






−
= −

−
                           (30) 

4 arctan( )
0.5

rv l

u b






−
= −

+
                           (31) 

For simultaneous longitudinal and lateral tire slip conditions, 

the combined tire forces xF and yF  are formulated as [29]: 

2 2

0

2 2

0

/

/

/ (1 ) tan / (1 )

x x x x y

y y y x y

x y

F F

F F

s s s

  

  

  

 = +



= +

 = + = +


，

            (32) 

According to the tire model, the tire force characteristics 

during vehicle operation are shown in Fig.11. 

  
(a) Pure longitudinal force                  (b) Pure lateral force 

  
(c) Combined longitudinal force            (d) Combined lateral force 

Fig. 11. Magic Formula Tire Model 
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4.3. Motor system model 

In this paper, both the TV motor and the main drive motor are 

permanent magnet synchronous motor (PMSM), which are 

controlled using the common space vector pulse width 

modulation (SVPWM) method [30], the motor control process 

block diagram as shown in Fig. 12. The motor control system 

is a complex multi-physics field system composed of motor 

body, inverter and control algorithm, which involves many 

fields such as mechanism, electromagnetics, etc. 

At present, the motor control algorithm based on SVPWM is 

a relatively mature technology. This paper focuses on the 

working mechanism of TVDa, taking the motor as an ideal 

power output source and only considering its torque dynamic 

response performance. To reduce the complexity of 

establishing and calculating the TVDa motor system 

mathematical model, the complex motor control process shown 

in Fig. 12 can be represented in the form of a dynamic transfer 

function, which as displayed in Fig. 13. 

As shown in Fig.13, The open-loop transfer function of the 

motor q-axis current control system can be expressed as: 

_

_

( 1) 1 1
( )

1

+
= =  

+ +

q p c

iq open

d q c s q q

i K τ s
G s

i τ s T s L s R
      (33) 

where, qi , _d qi  represent the actual and required current of the 

q-axis, respectively; pK  is the coefficient of current loop 

proportional controller; 
cτ  is integral time constant; 

sT  is the 

SVPWM switching time period; qL  is the q-axis inductance; 

qR  is the stator resistance. 

Usually, the zero point of the current controller is designed 

to cancel out the motor poles, that is /=c q qτ L R . The Eq. (33) 

can be simplified as: 

_

_

( )
( 1)

= =
+

q p

iq open

d q s

i K
G s

i s T s
                        (34) 

Therefore, the closed-loop transfer function of the motor 

control system can be expressed as: 

_

/ [ ( 1)]
( )

1/ ( 1) / [ ( 1)]

+
= =

+ + +

q p s

iqn

d q f p s

i K s T s
G s

i T s K s T s
          (35) 

where, fT  is the current sampling time.  

When the current sampling time factor is ignored, that is 

0fT . The motor closed-loop control system can be further 

approximately simplified as[31]: 

2 2

_

( ) 1

( ) 2 2 1
= =

+ +

qm

d qm

iT s

iT s s s 
                    (36) 

where,  stands for the motor characteristic parameters; mT is 

the motor output torque; 

mT  is the motor input torque command. 
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Fig. 12. Motor control process block diagram 
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Fig. 13. Dynamic transfer function model of motor control system 
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5. FUNCTIONAL VERIFICATION AND DISCUSSION OF 
TVDa 

According to the vehicle dynamics equation derived in Section 

4, a virtual prototype model is developed using SimulationX 

software. As illustrated in Fig. 14, the SimulationX interface 

incorporates a complete vehicle model featuring front wheel 

steering control, with the novel TVDa system implemented on 

the rear axle, and the vehicle parameter is described in Table 1. 

 

 

Fig. 14. Vehicle virtual prototype mode 

5.1. Feasibility verification of improving vehicle steering 
maneuverability 

One of the main function of the novel TVDa is to promote the 

handling stability and steering maneuverability of the vehicle 

during cornering, which through transfer the driving torque 

between inter-wheels. To verify the feasibility of TVDa in 

changing the steering performance of vehicles, the simulation 

condition is set as: the vehicle accelerates in a straight line 

within first to 10 seconds, and turns left after the 10th second, 

the curve of the steering wheel input angle converted into the 

front wheel angle through the transmission system is displayed 

in Fig. 15(a); the power source motor output torque curve 

during the whole simulation process is displayed in Fig. 15(b). 

 

  
(a) Front wheel input angle                           (b) Motor input torque 

Fig. 15. Input curve of simulation condition 

 

The yaw rate and turning radius of vehicles are the most 

important indicator for evaluating steering performance, and 

the open-loop simulation result of the vehicle's steering 

characteristics is presented in Fig. 16.  

 
(a) Drive trajectory 

 
(b) Yaw rate 

Fig. 16. The  effect of TVDa on vehicle’s steering characteristics 

 

As illustrated in Fig. 16(a), when the output torque of TV 

motor is -15Nm, the inside wheel driving torque (left-half shaft) 
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is transferred to the outside wheel (right-half shaft), and an 

additional yaw moment is generated at this time, which is 

conducive to the vehicle's steering motion. Therefore, under the 

steering wheel input angle remains unchanged, the vehicle's 

turning radius is smaller, which means the vehicle's steering 

flexibility is better. As illustrated in Fig. 16(b), the TV motor 

output torque can change the vehicle’s yaw rate. when the 

output torque of TV motor is -15Nm, the steering yaw 

movement of vehicles is effectively improved, and the yaw rate 

increase. On the contrary, when the TV motor output torque is 

15Nm, the driving torque of outside wheel is transferred to the 

inside wheel. At that time, a yaw moment is generated that is 

not conducive to the yaw motion of vehicle, which increases the 

vehicle's turning radius and decreases the yaw rate, its lead to 

an understeering trend in the vehicle and increase the handling 

stability margin. 

In summary, the research results indicate that the novel 

TVDa can significantly affect the steering maneuverability and 

handling stability, which generates additional yaw moment 

required for the vehicle steering motion by controlling the 

output torque of TV motor. 

5.2. Feasibility verification of improving vehicle 
trafficability  

When the vehicle is driving on µ-split road or off-road 

pavement (the μ-split road is a special road condition where the 

road adhesion coefficients of the left and right wheels are 

significantly different), with the adhesion coefficient of the 

pavement on two-sides is inconsistent, the wheels on the low 

adhesion side would slipping while the wheels on the high 

adhesion side would run normally. When the TV motor 

operates in torque control mode, the TV motor output torque 

can be controlled to transfer wheel torque from the low 

adhesion coefficient road to the high adhesion side, so as to 

avoid the wheel slipping and improve the vehicle's power 

performance. According to the above theoretical analysis of Eq. 

(10) and the simulation result of Fig. 6, when the TV motor 

operates in speed control mode, the TV motor speed is actively 

kept at zero, that is, the TV motor is actively locked, the two-

side half shafts rotational speed can be kept consistent. At this 

time, the TVDa can realize the function similar to the Audi 

TORSEN mechanical differential lock, which prevent wheel 

slipping on the low adhesion road and improve the trafficability 

of vehicle. 

 
(a) Main drive motor                                      (b) TV motor 

Fig. 17. Torque input curve of the motor 
 

To verify the effect of the TV motor two control modes on 

vehicle trafficability and power performance, the open-loop 

simulation conditions are set as: the vehicle starts accelerate in 

a straight line from standstill on the µ-split road, that is, the road 

adhesion coefficient of left-side wheels is 0.2, while the right 

wheels is 1.0; the steering wheel angle remains zero, the main 

drive motor output torque can be displayed in Fig. 17(a); when 

TV motor working in the speed control mode, the motor speed 

remains zero; when TV motor working in the torque control 

mode, the output torque curve can be found in Fig. 17(b). 

The open-loop simulation results are illustrated in Fig. 17. In 

Fig. 18(a), when there is no control, the left wheel appears 

slipping, while the slip ratio of the right wheel is small and 

without slipping. After the TV motor is controlled by torque 

mode and speed mode respectively, the left wheel slipping trend 

is quickly restrained, and the drive anti-slip response is faster 

under the TV motor speed control mode. As shown in Fig. 18(b), 

the maximum speed after simulation is 53km/h when TV motor 

without controlling. In the speed control mode and torque 

control mode, the maximum speed reaches about 56.8km/h, the 

power performance of the vehicle increases by 7.2 %. The 

simulation results indicate that the novel TVDa can effectively 

avoid the wheel slipping by actively control the speed or torque 

of TV motor, and promote the vehicle's power performance and 

trafficability on bad roads. 

It should be specifically noted that while active locking of the 

TV motor can rapidly suppress wheel slip, this mode induces 

significant heat generation in the motor. Consequently, the TV 

motor locking is only suitable for short-duration anti-slip 

control. In contrast, torque transfer and distribution between 

bilateral wheels can be achieved by regulating the TV motor 

output torque, which has greater practical value for prolonged 

vehicle slip control applications. 

 
(a) Wheel slip ratio 

 
(b) Vehicle speed 

Fig. 18. Simulation result of the influence of TVDa on vehicle 
trafficability 
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5.3. Comparison between the novel TVDa and ESC. 

(1) Vehicle dynamics performance comparison 

To compare the application effects of the novel TVDa with 

the traditional ESC, the verification test condition is set as 

follows: the main drive motor torque remains constant to enable 

the vehicle to accelerate ( as shown in Fig. 15(b) ); and the front 

wheel angle is illustrated in Fig. 15(a); a differential torque of 

100 Nm is applied to the bilateral wheels, generated by the 

driving torque distribution of TVDa and the braking torque 

distribution of ESC, respectively.  

As displayed in Fig. 19(a), the ESC generates a torque 

differential between the bilateral wheels by braking force 

distribution control, which inevitably reduces the total driving 

torque. In contrast, the TVDa system generates the required 

torque difference while maintaining constant total driving 

torque. Fig. 19(b) demonstrates that the vehicle speed with TV 

control closely matches the uncontrolled case. However, when 

ESC is applied, the maximum achievable speed under 

simulation conditions is limited to 60 km/h. Notably, this ESC 

implementation results in a 9.1% reduction in power 

performance compared to TVDa system. As illustrated in Fig. 

19(c) and (d) that both TVDa and ESC can reduce the turning 

radius of vehicles and increase the yaw rate. Compared with the 

TVDa, the vehicle’s turning radius after ESC control is smaller 

and the yaw rate is larger. The mainly reason is that the vehicle 

speed controlled by ESC is lower. 

In summary, although the ESC can make the vehicle have 

better turning ability, it would reduce the vehicle speed and 

affect the power performance of the vehicle. The TVDa can 

effectively improve the turning maneuverability of the vehicle 

without affecting the power performance, which has better 

driving experience. 

 

(a) Wheel torque 

 
(b) Vehicle speed 

 

(c) Drive trajectory 

 

(d) Yaw rate 

Fig. 19. Comparison of simulation results between TVDa and ESC 

 

(2) Energy consumption analysis 

According to the above analysis, torque application by the 

TV motor would induce additional energy dissipation, 

adversely affecting the vehicle's energy efficiency. And the 

ESC system also consumes energy in the process of applying 

braking force to wheels. Under the simulation conditions 

presented in Fig. 18, the comparison of energy consumption 

characteristics between ESC and TVDa is shown in Fig. 20. 

As displayed in Fig. 20, due to the small speed difference 

between the two-side wheels during cornering, the power of TV 

motor is small, and the energy consumption is only 0.15J. The 

energy consumption of ESC system in the whole working 

process is 14.5J, which is about 12.8% of the energy 

consumption of main drive motor. In summary, the TV motor 

achieves notable vehicle steering performance improvement 

with minimal energy consumption, exhibiting higher energy 

efficiency than ESC in stability control. This energy-efficient 

characteristic suggests promising potential for engineering 

applications. 

 
(a) Power 
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(b) Energy consumption 

Fig. 20. Comparison of energy consumption characteristics between 
ESC and TVDa 

5.4. Discussion on the application of TVDa in traditional 
internal combustion engine vehicles 

Nowadays, the global sale of electric vehicles exceeded 20 

million units, accounting for approximately 25% of total global 

car sales. However, the automobiles powered by internal 

combustion piston engines still constitute the majority of 

vehicles on roads at present. Therefore, how to apply the novel 

TVDa structure configuration proposed in this paper on the 

basis of traditional internal combustion engine vehicles is an 

issue worthy of consideration. 

Through the analysis of the structural design principles and 

working mechanism of the proposed TVDa in Section 2, it can 

be concluded that the TVDa utilizes an additional TV motor to 

transfer and distribute the driving torque output by the main 

power source between the two-side wheels without changing 

the total driving force. Therefore, if the main drive motor of 

TVDa is replaced with an internal combustion engine, the 

proposed technical scheme can theoretically be applied to 

traditional fuel vehicles. Fig. 21 shows two typical application 

cases of the proposed TVDa in traditional internal combustion 

engine vehicles. 

TV motor

Internal combustion 

engine

Internal combustion engine torque

TV motor torque

  

TV motor

Internal combustion engine torque

TV motor torque

Main reducer

Internal combustion 

engine

 
   (a) Integrated layout                             (b) Distributed layout 

Fig. 21. Application cases of TVDa in traditional internal combustion 
engine vehicles 

 

However, it is worth noting that due to the proposed structure 

configuration cannot avoid the application of motors, the 

additional batteries need to be added as energy sources when 

applying traditional fuel vehicles, which may lead to an increase 

in the manufacturing cost of the vehicle. Therefore, the author 

believes that the proposed TVDa is more suitable for 

application in traditional hybrid fuel vehicles. 

6. CONCLUSIONS 

The research and analysis of this study drawn the following 

conclusions: 

(1) This paper proposes a novel TVDa configuration scheme 

for electric vehicles. Theoretical analysis and virtual prototype 

simulations confirm that the proposed TVDa enables arbitrary 

torque transfer and distribution between the left and right 

wheels while maintaining a constant total driving torque. 

Moreover, by avoiding the use of clutches, the TVDa offers 

advantages such as higher transmission efficiency and greater 

reliability compared to traditional TVDs. 

(2) SimulationX-based virtual prototype simulations confirm 

that the proposed TVDa enhances vehicle handling stability and 

off-road performance via precise TV motor control, with 

negligible additional energy consumption. Compared with the 

traditional ESC, the TVDa exhibits superior vehicle steering 

maneuverability retention capability and lower energy 

consumption, indicating strong potential for engineering 

applications. 

In the future, we are going to manufacture the experimental 

prototype of TVDa, and carry out the bench and real vehicle 

tests to verify the engineering practical value of the TVDa. 
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