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Abstract: This paper describes the classification and analysis of lateral torque-vectoring dif-
ferentials using velocity diagrams, which are frequently used for the gear-shifting analysis
of an automatic transmission. A lateral torque-vectoring differential is composed of the
mechanism of torque vectoring from the right wheel to the left wheel, and the similar
mechanism of torque vectoring from the left to the right. The analysis shows that, when only
the mechanism part of one-way torque vectoring is considered, then the smallest number of
the rotational elements composing the one-way torque-vectoring mechanism is four. This is
the simplest mechanism. The mechanism is classified into seven kinds of mechanism, namely
six clutch-type mechanisms and one brake-type mechanism. The expressions for the clutch
torque for torque vectoring, the clutch slip speed, and the energy loss generated by clutch are
presented for these mechanisms. As a result, the theoretical value of energy loss is completely
the same in these seven kinds of mechanism in the ideal state, in which the transmission
efficiency of gears, agitation loss, etc., are assumed to be neglected. Finally, from an actual
mechanism design point of view, the best mechanism is evaluated.
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1 INTRODUCTION

The direct yaw control technology was proposed in

the early 1990s. For example, Shibahata et al. [1]

showed that direct yaw moment control by proper

distribution of traction and braking force on the

right and left wheels could improve vehicle man-

oeuvrability. Motoyama et al. [2] made an experi-

mental vehicle that can control traction force

distribution to each of the four wheels and demon-

strated the effect of lateral traction force distribu-

tion.

In particular, the direct yaw control system util-

izing lateral braking force difference is very effective

in stabilizing a vehicle in a critical cornering situ-

ation [3], so that this system has progressed and be-

come common as the ‘stability control system’ since

the first application was introduced with the Mer-

cedes S series [4].

However, because the decrease in the vehicle

speed and the large energy loss caused by braking,

this system is only suitable for improving vehicle

driving stability during deceleration cornering or

a critical cornering situation. Meanwhile a lateral

traction force distribution system can control the

yaw moment with small energy loss. However, the

drive torque supplied from the engine restricts its

yaw moment, and so this system is only effective

during acceleration cornering. Thus, both the brake

yaw control system and the lateral traction force

distribution control system can be used in limited

driving situations.

In order to improve vehicle driving stability from

the usual driving condition to the critical driving

condition during a vehicle acceleration, steady state,

and deceleration situation, and to provide driving

pleasure to a driver, Ikushima and Sawase [5]

proposed on other concept for generating a direct

yaw moment. This concept utilizes a torque transfer
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mechanism between right and left wheels and gen-

erates a couple. This mechanism concept is called

the ‘torque-vectoring differential’ (TVD).

Sawase and Sano [6] developed a direct yaw con-

trol system utilizing the lateral TVD and applied it to

production vehicles for the first time in the world.

The TVD generates the yaw moment by torque

vectoring between right and left wheels without

influence on vehicle acceleration or deceleration,

and so the TVD can improve the vehicle dynamics

limit of vehicles of various drivetrain types in any

driving situation, namely acceleration, steady state,

and deceleration [7]. In recent years, control ability

comparisons of vehicle dynamics systems including

the TVD, and integrated vehicle dynamics control

methods with TVD have been reported [8–10], in

which the TVD attains a high valuation.

Furthermore, various mechanisms are proposed.

Among these, some electric-powered TVDs have

been proposed [11], but this is only suitable for

hybrid vehicles. Most TVDs consist of a clutch or

brake for torque vectoring from the right to the left, a

clutch or brake for torque vectoring from the left to

the right, differential gears, and some planetary

gears [12–16]. Because of its complicated structure,

the operation and characteristics of these mechan-

isms are difficult to understand.

Therefore, the present authors tried to represent

the characteristics of TVD by applying the velocity

diagram [17], which is frequently used for the gear-

shifting characteristic analysis of an automatic

transmission [18]. First, this paper describes the vel-

ocity diagram analysis of the world’s first production

TVD, namely an active yaw control (AYC) differen-

tial. Second, all TVDs, which utilize a clutch or a

brake, and which consist of minimum number of

rotational elements, are examined and classified

using the velocity diagram. Finally, the advantages

and disadvantages of each TVD are studied.

2 DEFINITION OF LATERAL TORQUE-
VECTORING DIFFERENTIAL

Figure 1 shows the definition of the lateral TVD in

this paper. The TVD adjusts both the direction and

the amount of vectoring torque TV that is trans-

mitted and received between right and left, so that it

makes the driving force TV/Rt act on one wheel and

the braking force 2TV/Rt act on the other side, where

Rt is the dynamic tyre radius. The difference between

the Rt values of the right and left tyres as well as their

variation while vehicle cornering is neglected in this

paper. When TV 5 0, the TVD distributes the drive

torque Te supplied from the engine equally to the

wheels on both sides. From these definitions, the

driving force Dr of the right wheel, the driving force

Dl of the left wheel, the driving force difference DD,

and the yaw moment Mg acting on the vehicle are

represented as

Dr~
Te=2zTV

Rt
ð1Þ

Dl~
Te=2{TV

Rt
ð2Þ

DD~Dr{Dl~
2TV

Rt
ð3Þ

Mg~
TV

Rt
W ð4Þ

where W is a vehicle track. Consequently, the TVD

generates the driving force difference between right

and left wheels and can control the yaw moment Mg,

even if the drive torque Te 5 0.

In order to realize these functions, the TVD needs

to have the differential gears and the torque-vec-

toring mechanism between right and left wheels.

It should be noted that the mechanisms reported

in references [19] and [20] cannot generate the yaw

moment when the drive torque Te 5 0; therefore

these do not meet the definition of TVD. Regarding

the electric-powered TVD, its application is limited

to hybrid vehicles. Therefore, this paper deals with a

TVD utilizing a clutch or brake.

Fig. 1 Lateral TVD
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3 REPRESENTATION OF TORQUE-VECTORING
DIFFERENTIAL BY VELOCITY DIAGRAM

3.1 Velocity diagram of planetary gears

The simple planetary gears shown in Fig. 2(a) con-

sist of three rotational elements, namely sun gear

(SG), carrier (CA), and ring gear (RG). This is the

mechanism of three elements with two degrees of

freedom; therefore, when the revolution speeds of

two elements are given, the revolution speed of

the remaining element can be obtained. Figure 2(b)

shows the velocity diagram of the simple planetary

gears. The revolution speeds of three elements are

indicated by the three points in the diagram, where

the horizontal axis shows the ratio of revolution

speeds of each element to the carrier speed used as

reference.

The diagram is drawn by the following procedure.

First, with reference to Fig. 2(a), the rotating direc-

tion of the ring gear is confirmed as the reverse of the

sun gear when the carrier is fixed. Then the point of

the ring gear is placed on the horizontally opposite

side of the sun gear from the point of the carrier in

the velocity diagram, because of its reverse rotation.

The horizontal distances of the ring gear and the sun

gear from the carrier are proportional to the inverse

of the number of teeth of each element.

According to these rules and with the vertical axis

representing the revolution speed, the points of

three elements of the simple planetary gears are on

the straight line labelled Simple planetary gears in

Fig. 2(b). The straight line can move in the vertical

direction and change its slope, corresponding to two

degrees of freedom of the system.

Denoting the torque of the carrier by TCA, the

torque of the sun gear by TSG, and the torque of the

ring gear by TRG, these are represented as force

arrows in Fig. 2(b). The straight line in the diagram

acts as a lever to balance the applied force as well.

Therefore, when the forces are balancing and each

element is revolving at constant speed, the equations

obtained are

TCA~TSGzTRG ð5Þ

TSG
1

zSG

� �
~TRG

1

zRG

� �
ð6Þ

where z is the number of gear teeth.

From these equations, TSG and TRG are repre-

sented by TCA according to

TSG~TCA
zSG

zSGzzRG
ð7Þ

TRG~TCA
zRG

zSGzzRG
ð8Þ

3.2 Velocity diagram of the active yaw control
differential

Figures 3(a) and (b) show the section drawing and

schematic diagram of the AYC differential, the world’s

first production TVD. This mechanism consists of a

differential gear unit using bevel gears, a three-cluster
Fig. 2 Simple planetary gears: (a) mechanism; (b)

velocity diagram
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Fig. 3 AYC differential: (a) section drawing; (b) schematic diagram; (c) velocity diagram; (d)
torque relation without torque vectoring
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gear unit, and two sets of multiplate wet clutches. The

differential gear unit is represented by the lever L–R in

Fig. 3(c). The left output shaft (L) and the right output

shaft (R) are placed at an equal distance from the

differential case (I) because the differences in the

revolution speed from that of the differential case are

the same and the directions are opposite to each other.

This figure represents the state where the vehicle is

cornering left, and so the revolution speed of point R is

faster than that of point L.

The three-cluster gear unit consists of three main

gears and a three-gang counter-gear. Each of the three

main gears is connected to the differential case I, the

first hollow shaft HS1, and the second hollow shaft

HS2. Considering the three main gears as three sun

gears, and the counter-gear as a planet gear, this unit

can be regarded as the planetary gears with the carrier

C fixed to housing. With the carrier C fixed, three sun

gears revolve as each gear ratio in the same direction,

and the left sun gear is connected to the differential

case I. This unit is represented by the lever C-HS1

shown in Fig. 3(c), where point C is fixed to the

horizontal axis and point I is connected to the lever L–

R. The points HS2, I, and HS1 are arranged in the order

of the gear ratio from point C. Thus the differential gear

unit of three elements with two degrees of freedom and

the three-cluster gear unit of three elements with one

degree of freedom share one element. Therefore the

AYC differential is a mechanism of five elements with

two degrees of freedom. The right clutch C1 installed

between the first hollow shaft and the right output shaft

is drawn between point HS1 and point R, and the left

clutch C2 installed between the second hollow shaft

and right output shaft is drawn between point HS2 and

R, therefore Fig. 3(c) is completed. Figure 3(d) shows

the torque when the clutch does not work.

A slipping multiplate wet clutch (called the slip

clutch below) transfers torque proportional to the

clutch pressure from a faster rotational element to a

slower rotational element. Therefore, when C1 is

actuated without lock-up, torque is transferred from

point HS1 to R so that the right output shaft torque

increases. On the other hand, when C2 is actuated

without lock-up, torque is transferred from point R

to point HS2, so that the right output shaft torque

decreases. For a simple explanation, only the func-

tion of C1 is explained in detail below.

Consider the case where the torque TI is supplied

to I from the engine, and C1 is actuated without

lock-up so that it transfers the torque TC1 to point R.

TC1 acts on point R upwards and, conversely, acts on

point HS1 downwards, as shown in Fig. 4. The force

balance of lever L–R and the moment balance

around point I in Fig. 4(a) give

Fig. 4 Right clutch function of the AYC differential: (a) part of differential gear unit; (b) part of
three-cluster gear unit
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TIzTC1~TLzTRzTX ð9Þ

TL~TR{TC1 ð10Þ

where TL is the left output torque, TR is the right

output torque, and TX is the reaction torque from

lever C-HS1. Moreover, since the forces shown in

Fig. 4(b) act on the three-cluster gear unit, the

moment balance of lever C-HS1 around point C is

represented as

TX
zPL

zSL
~TC1

zPC

zSC
ð11Þ

From equations (9) to (11), the right and left output

torques are obtained as

TL~
TI

2
{

zPC zSL

2zSCzPL
TC1 ð12Þ

TR~
TI

2
z 1{

zPC zSL

2zSCzPL

� �
TC1 ð13Þ

These expressions clearly show that the slip connec-

tion of C1 cause the left output torque to decrease,

and the right output torque to increase. The torque

difference between the right and left wheels is

DT~TR{TL~TC1 ð14Þ

Thus, by using the velocity diagram, it can easily be

seen that the AYC differential can generate the

torque difference DT between the right and left

wheels independent of the input torque TI. This

corresponds to the generation of DD in Fig. 1.

4 CLUTCH-TYPE LATERAL TORQUE-
VECTORING DIFFERENTIALS

4.1 Classification of clutch-type lateral torque-
vectoring differentials

Consider a one-way TVD, which transfers torque

from the left to the right wheel by using a clutch. The

elements related to this TVD are four: L, I, R, and

HS1 in Fig. 3. L, I, and R are the necessary three

elements of a differential. HS1, which is the speed

increase element of I, gives the revolution speed

difference of the fixed direction on the slip clutch C1

and makes C1 transfer torque from the left to the

right wheel. Thus, the fourth element HS1 is also

necessary for one-way TVD. This is a mechanism of

four elements with two degrees of freedom, and this

is the simplest mechanism composed of the smallest

number of rotational elements.

Here, the slip clutch C1 transfers torque from

point I to R directly. In this sense, this paper calls I

the ‘transceiver element’ and R the ‘receiver ele-

ment’. The number of variations of one-way TVD

represented in the velocity diagram is 12, namely the

combinations of three choices of the transceiver

element from point L, I, and R, two choices of the

receiver element from the remaining, and two

choices of the speed of HS1, i.e. increase or decrease.

However, since the speed of the left element con-

nected by slip clutch C1 must be faster than that of

the right element to transfer torque from the left to

the right wheel, the number of variations reduces to

the six kinds shown in Table 1 and Fig. 5. Here,

TVDs such as IH-O are designated by the following

rule. The lettes on the left-hand side of the hyphen

represent the torque transceiver element, and those

on the right-hand side indicate the receiver element.

The symbol I means the input element of differential

gear unit shown as point I, and the symbol O means

the output of differential gear unit, namely point L

or R. The symbol H and L represent increase and

decrease respectively in speed.

From this classification, it may be concluded that

the AYC differential consists of the IH-O type as the

one-way TVD from left to right, and the O-IL type as

the one-way TVD from right to left. In the same way,

the TVD described in reference [15] consists of two

I-OL types for both directions, and the TVD described

in reference [16] consists of the OH-O type as the

torque vectoring from left to right, and the O-OL type

as the torque vectoring from right to left.

If a TVD of four elements with two degrees of

freedom is represented in the schematic figure, many

Table 1 Variation in clutch type TVD

Type Transceiver element Receiver element Speed increase or decrease

IH-O Input of differential (point I) Output of differential (point R) High (speed increase)
OH-I Output of differential (point L) Input of differential (point I) High (speed increase)
OH-O Output of differential (point L) Output of differential (point R) High (speed increase)
O-IL Output of differential (point L) Input of differential (point I) Low (speed decrease)
I-OL Input of differential (point I) Output of differential (point R) Low (speed decrease)
O-OL Output of differential (point L) Output of differential (point R) Low (speed decrease)
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kinds of TVD will be presented. This is due to the

variation in the differential mechanisms as well as the

mechanism that gives the revolution speed difference

of the fixed direction on the slip clutch. On the other

hand, once the TVD is represented by the velocity

diagram, it turns out that the clutch-type TVD is

substantially classified into six kinds. This is the merit

and effectiveness of the application of the velocity

diagram to the TVD analysis.

4.2 Maximum acceptable differential speed ratio

In order to compare the characteristic of various

TVDs on the velocity diagram without consider-

ing the actual numbers of the gear teeth of each

mechanism, the present authors introduced a new

design parameter, namely the maximum acceptable

differential speed ratio Smax. Figure 6 shows a revo-

lution speed relation of a differential during vehicle

cornering, where R is the vehicle’s cornering radius,

NL is the left-wheel speed, NI is the differential case

speed, and NR is the right-wheel speed. The differ-

ential speed between the right and left wheels of a

cornering vehicle is represented by

NR{NL~
W

R
NI ð15Þ

The relation for the differential mechanism is

NI~
NRzNL

2
ð16Þ

Eliminating NL from equation (15) by substituting

equation (16) and dividing both sides by NI gives

S~
NR{NI

NI
~

W

2R
ð17Þ

Fig. 5 Variation in the clutch-type TVD

Fig. 6 Speed relation during cornering
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Here, S is the differential speed ratio between the right
wheel and the differential case. Consider the possible
differential speed ratio S. Since the vehicle track is
constant, equation (17) implies that the differential
speed ratio S is inversely proportional to the cornering
radius. Thus, a smaller cornering radius causes S to
increase. In the case of a compact passenger vehicle,
the vehicle track is around 1.5 m, and the minimum
cornering radius is around 5 m, so that the possible
differential speed ratio is

Sv0:15 ð18Þ

Here, an IH-O type TVD, which is used for torque
vectoring from the left to the right wheels of AYC
shown in Fig. 4, is considered as an example. The non-
dimensional revolution speeds of each element are
defined using equations (16) and (17) as

SL~
NL

NI
~1{S ð19Þ

SR~
NR

NI
~1zS ð20Þ

SHS1~
NHS1

NI
ð21Þ

The vertical axis of the velocity diagram is represented

using these speeds, and Fig. 7(a) is obtained.

Clutch-type TVDs generate the differential speed

of the slip clutch by a gear set with a fixed gear ratio.

In the case when SR becomes greater than SHS1, the

TVD transfers the torque to the opposite direction

from that intended. To solve this problem, it is

possible to design a gear ratio to make SHS1 large.

However, in doing this, since the differential speed

of slip clutch becomes large when a vehicle drives

straight for example, another problem occurs, i.e. the

frictional heat of slip clutch become large. Therefore,

the minimum cornering radius that the TVD should

function at is determined. The differential speed

ratio S in this situation, where the revolution speeds

of point R and HS1 are equal, shown in Fig. 7(b), is

denoted by the maximum acceptable differential

speed ratio Smax. From equation (20)

SHS1~SR~1zSmax ð22Þ

Thus, by using Smax as a design parameter, various

TVDs can be represented in the velocity diagram

without considering the actual number of gear teeth

of the mechanism. From the inequality (18), Smax

which is set around 0.1–0.2 is sufficient for a TVD to

cover almost all vehicle cornering, so that Smax is

assumed to be much smaller than 1 in this paper.

4.3 Characteristics of clutch-type lateral torque-
vectoring differentials

By using Smax, the IH-O type characteristics, such as

the output torque of the right and the left wheels, the

Fig. 7 Velocity diagram of IH-O type: (a) state capable of torque vectoring; (b) state not capable
of torque vectoring

1534 K Sawase and K Inoue

Proc. IMechE Vol. 222 Part D: J. Automobile Engineering JAUTO824 F IMechE 2008

lenovo
高亮

lenovo
高亮

lenovo
高亮



clutch torque required to generate the output torque

difference, the clutch slip speed, and the energy loss

of the mechanism, can be represented.

Figure 8(a) shows a schematic example of an

IH-O-type TVD, and Fig. 8(b) shows the dimension-

less velocity diagram of the IH-O-type TVD. Fig-

ure 8(b) indicates the situation where the input

torque TI acts on the input element I, and the slip

clutch C1 transfers the torque TC1. In the figure, the

force acting on the lever L–R is represented under the

lever L–R, and the force acting on the lever C-HS1 is

represented above the lever L–R. As described above

equation (22), the revolution speed relation between

point HS1 and point I satisfies, from Fig. 8(b)

SHS1 : 1~1zSmax : 1 ð23Þ

The force balance on the lever L–R and the moment

balance around point I are evidently the same as

equations (9) and (10), while the moment balance of

the lever C-HS1 around point C is represented by

TX~ 1zSmaxð ÞTC1 ð24Þ

From equations (9), (10), and (24), the output torques

of the right and left wheels are obtained as

TL~
TI

2
{

1zSmax

2
TC1 ð25Þ

TR~
TI

2
z

1{Smax

2
TC1 ð26Þ

From equations (25) and (26), the clutch torque TC1

required to generate the output torque difference DT

(5 TR 2 TL) between the right and the left wheels is

TC1~DT ð27Þ

Denoting the differential speed of the slip clutch by

DSC1, this is the difference between point HS1 and R

and is given by

DSC1~Smax{S ð28Þ

The slip clutch generates frictional heat when the

clutch transfers the torque. This heat energy is the

theoretical energy loss of TVD in the ideal state where

neither the transmission efficiency of the gears nor

the agitation loss is considered. The energy loss ELOSS

is, therefore, evaluated by the product of the clutch

torque and the clutch differential speed according to

ELOSS~DSC1 TC1~ Smax{Sð Þ DT ð29Þ

The characteristics of the IH-O type TVD are ob-

tained as above.

The other five types of TVD are analysed in the

same way. Typical schematic diagrams, the velocity

diagrams, and the characteristics of these TVDs are

summarized in Table 2. The equations in the table

clearly show that all clutch-type TVDs can generate

the torque difference DT between the right and the

left wheels independent of the input torque and that

the energy losses ELOSS of all types are completely

the same.

Fig. 8 IH-O type TVD: (a) schematic example; (b) velocity diagram with torque relations
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Table 2 Clutch-type TVDs

Type Typical schematic diagram Velocity diagram Equations

OH-I TL~ TI

2 { 1zSmax

2 1{Smaxð ÞTC1

TR~ TI

2 z TC1

2

TC1 5 (1 2 Smax) DT

DSC1~
Smax{S
1{Smax

ELOSS 5 (Smax 2 S) DT

OH-O TL~ TI

2 { 1zSmax

1{Smax
TC1

TR~ TI

2 zTC1

TC1~
1{Smax

2 DT

DSC1~
2 Smax{Sð Þ

1{Smax

ELOSS 5 (Smax 2 S) DT

O-IL T
L
~ TI

2 { 1zSmax

2 TC1

TR~ TI

2 z 1{Smax

2 TC1

TC1 5DT
DSC1 5 Smax 2 S
ELOSS 5 (Smax 2 S) DT

I-OL TL~ TI

2 { TC1

2

TR~ TI

2 z 1{Smax

2 1zSmaxð ÞTC1

TC1 5 (1+Smax) DT

DSC1~
Smax{S
1zSmax

ELOSS 5 (Smax 2 S) DT

O-OL TL~ TI

2 {TC1

TR~ TI

2 z 1{Smax

1zSmax
TC1

TC1~
1zSmax

2 DT

DSC1~
2 Smax{Sð Þ

1zSmax

ELOSS 5 (Smax 2 S) DT
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5 BRAKE-TYPE LATERAL TORQUE-VECTORING
DIFFERENTIALS

5.1 Classification of brake-type lateral torque-
vectoring differentials

The brake-type one-way TVD consists of a slip brake

and a planetary gear mechanism of four elements

with two degrees of freedom. The number of ele-

ments and the number of degrees of freedom are

the same as those of the clutch-type TVDs. Figure

9(a) shows a schematic example of the brake-type

TVD. This is constructed from the schematic dia-

gram of the IH-O-type TVD.

In Fig. 8, when the slip clutch C1 transfers torque

and torque vectoring occurs, the reaction torque is

applied to the carrier C fixed to the housing. The

function of the slip brake in Fig. 9(a) is equivalent to

that of the slip clutch in Fig. 8(a). Therefore, the slip

brake is labelled C1 in this paper. In the velocity

diagram, the differential gear unit is represented as

the lever L–R connecting points L, I, and R, and the

planetary gear unit is represented as the lever C–R

connecting points C, I, and R. These units share the

two elements I and R; consequently the brake-type

TVD is represented as the lever C–R, which connects

points C, L, I, and R with slip brake C1 placed between

point C and H, as shown in Fig. 9(b).

Similarly, the brake-type TVDs are constructed

from the other schematic diagrams of clutch-type

TVDs shown in Table 2. All these TVDs are repre-

sented as a lever of four elements with two degrees

of freedom and a slip brake in the velocity diagram.

Thus, representation of TVDs by the velocity dia-

gram concludes that the brake-type TVDs are

classified as only one kind. In fact, the one-way

TVDs of various complicated gear mechanisms such

as MDT-II described in reference [12], the TVD in

reference [13], and the active torque transfer system

in reference [14] are represented as a lever shown in

Fig. 9(b), although they are proposed as different

brake-type TVDs in outward appearance.

5.2 Characteristics of brake-type lateral torque-
vectoring differentials

The slip brake C1 is installed between point C and

the housing H. Just as clutch-type TVDs, when

a smaller cornering radius causes S to increase

and the revolution speed of point C to become less

than zero, the TVD transfers the torque to the

opposite direction that is designed. Therefore, Smax

is defined as S when the speed of point C is zero, and

the revolution speed relations with point C, L, and I

satisfy, from Fig. 9(b)

1{SC : 1{ 1{Sð Þ~1 : Smax ð30Þ

From this, the revolution speed of point C is

represented by

SC~
Smax{S

Smax
ð31Þ

Fig. 9 Brake-type TVD: (a) schematic example; (b) velocity diagram with torque relations
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The force balance on the lever C–R and the moment

balance around point R are represented by

TI~TRzTLzTC1 ð32Þ

Smax TI~2SmaxTLz Smaxz1ð ÞTC1 ð33Þ

From equations (32) and (33), the brake torque TC1

required to generate the output torque difference DT

between the right and the left wheels is

TC1~Smax DT ð34Þ

The differential speed DSC1 of the slip brake is the

same as the revolution speed SC itself, giving

DSC1~
Smax{S

Smax
ð35Þ

The energy loss is obtained as

ELOSS~DSC1 TC1~ Smax{Sð Þ DT ð36Þ

6 COMPARISON OF LATERAL TORQUE-
VECTORING DIFFERENTIAL
CHARACTERISTICS

The above examination leads to the conclusion that

TVD is classified into seven kinds of velocity

diagram, namely six clutch types and one brake

type. For these seven types of TVD, the values for

TC1, DSC1, and ELOSS are shown in Table 3.

For a simple case, the situation S 5 0, where the

vehicle runs straight, is considered. Indicating the

horizontal axis by TC1 and the vertical axis by DSC1,

the seven kinds of TVD are plotted in Fig. 10(a). They

are on a hyperbola of

TC1 DSC1~Smax DT~constant ð37Þ

and it is equal to ELOSS. This may be because ELOSS is

the work required for generating the torque vector-

ing DT from the slower rotational element to the

faster rotational element within the maximum

acceptable differential speed ratio Smax.

Here, the best TVD design is discussed from an

actual mechanism design point of view. TC1 for the

brake-type TVD, the required clutch torque for DT, is

the smallest, and so this type seems to have the

possibility of miniaturization. However, this type

needs highly precise parts because the torque vector-

ing is very sensitive even to a slight clutch torque

change, which is frequently influenced by clutch drag

for example. In addition, this type has the largest DSC1,

the differential speed of the slip clutch, and so a

countermeasure for clutch drag is needed. In contrast,

Table 3 Characteristic equations of TVDs

Type TC1 DSC1 ELOSS

IH-O DT Smax 2 S (Smax 2 S) DT
OH-I (1 2 Smax) DT Smax{S

1{Smax
(Smax 2 S) DT

OH-O 1{Smax

2 DT 2 Smax{Sð Þ
1{Smax

(Smax 2 S) DT

O-IL DT Smax 2 S (Smax 2 S) DT
I-OL (1 + Smax) DT Smax{S

1zSmax
(Smax 2 S) DT

O-OL 1zSmax

2 DT 2 Smax{Sð Þ
1zSmax

(Smax 2 S) DT

Brake Smax DT Smax{S
Smax

(Smax 2 S) DT

Fig. 10 Relation between TC1 and DSC1: (a) in the case when S 5 0; (b) in the case when S 5 0 and
Smax 5 0.1
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a clutch-type TVD has small drag. Therefore, this type

can improve the clutch response by making the clutch

clearance small. Furthermore, the energy losses ELOSS

are completely the same for all seven kinds of TVD.

Since this energy loss relates to the rise in the

temperature of a clutch or brake, the clutch size can

be designed to be the same in all seven kinds of TVD

from the viewpoint of clutch heat mass. Consequently,

it may be concluded that the clutch type is superior as

a TVD from the viewpoint of required accuracy, drag

loss, and miniaturization. In the case when Smax

becomes small in Fig. 10(a), the hyperbola will

become close to the origin. Figure 10(b) shows the

relation between TC1 and DSC1 when Smax is set at 0.1.

This demonstrates that the OH-O type and the O-OL

type are the best choice as a TVD, which reduce both

TC1 and DSC1.

7 CONCLUSION

The structures of TVDs are complicated and it is not

very easy to understand their mechanisms and

characteristics, although control of the yaw moment

is a key to active safe driving and cornering of

vehicles. In this paper, an effective use of the velocity

diagram was proposed to represent the mechanisms

of lateral TVDs and to derive their characteristics

such as the required clutch torque for generating the

torque difference between the left and the right

wheels, the clutch differential speed, and the energy

loss. Conclusions may be summarized as follows.

1. The velocity diagram representation is useful for

understanding the mechanism of TVDs and

classifying them.

2. The simplest one-way TVD is a planetary gear

mechanism of four elements with two degrees of

freedom.

3. TVDs of four elements with two degrees of

freedom are classified into seven kinds in all,

namely six clutch types and one brake type.

4. In the case of the ideal state where neither the

transmission efficiency of the gears nor the

agitation loss is considered, the theoretical values

of energy loss are completely the same in these

seven kinds of TVD.

5. By using the maximum acceptable differential

speed ratio Smax as a design parameter, the

characteristics of various TVDs can be compared

on the velocity diagram without considering the

actual numbers of gear teeth of the mechanism.

6. The OH-O type or O-OL type shown in this paper

is well balanced to reduce both the required

clutch torque and the clutch differential speed,

and so these types may be the best selection in

actual TVD design.
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APPENDIX

Notation

Dl driving force of the left wheel (N)

Dr driving force of the right wheel (N)

ELOSS energy loss (W)

Mg yaw moment acting on the vehicle

(N m)

NCA revolution speed of the carrier (rad/s)

NHS1 revolution speed of the first hollow

shaft (rad/s)

NHS2 revolution speed of the second

hollow shaft (rad/s)

NI revolution speed of the differential

case (rad/s)

NL revolution speed of the left output

shaft (rad/s)

NR revolution speed of the right output

shaft (rad/s)

NRG revolution speed of the ring gear

(rad/s)

NSG revolution speed of the sun gear

(rad/s)

R vehicle cornering radius (m)

Rt radius of the tyre (m)

S differential speed ratio

SC non-dimensional revolution speed of

the carrier

SHS1 non-dimensional revolution speed of

the first hollow shaft

SL non-dimensional revolution speed of

the left output shaft

Smax maximum acceptable differential

speed ratio

SR non-dimensional revolution speed of

the right output shaft

TCA torque of the carrier (N m)

TC1 transfer torque of the slip clutch (N m)

Te input torque supplied from the

engine (N m)

TI input torque of the differential case

(N m)

TL output torque of the left output shaft

(N m)

TR output torque of the right output

shaft (N m)

TRG torque of the ring gear (N m)

TSG torque of the sun gear (N m)

TV amount of the vectoring torque (N m)

TX reaction torque between the two

levers (N m)

W vehicle track (m)

zPC number of centre planet gear teeth

zPL number of left planet gear teeth

zPR number of right planet gear teeth

zRG number of ring gear teeth

zSC number of centre sun gear teeth

zSG number of sun gear teeth

zSL number of left sun gear teeth

1540 K Sawase and K Inoue

Proc. IMechE Vol. 222 Part D: J. Automobile Engineering JAUTO824 F IMechE 2008



zSR number of right sun gear teeth

DD driving force difference between the

right and the left wheels (N)

DSC1 non-dimensional differential speed

of the slip clutch

DT torque difference between the right

and the left wheels (N m)
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