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a b s t r a c t 

Clutch-to-clutch shift technology is a key enabler for fast and smooth gearshift for multi gear transmis- 

sions. However, conventional hydraulic actuation systems for clutches have drawbacks of oil leakage and 

low efficiency. Electromechanical devices including wedge mechanism offer potential alternative actu- 

ators. The previous studies on the wedge emphasize on self-reinforcement, but neglect self-weakened 

phenomenon. In this paper, a novel dual-wedge mechanism is proposed to exert self-reinforcement and 

avoid self-weakened effect by selecting a correct working slope. The design concept and physical struc- 

ture are thoroughly described. Dynamic models for the actuation system and vehicle powertrain are built 

for performance validation. The results show that the normal force generated by the wedge under self- 

reinforced case is 2.74 times that under self-weakened case. Using the same amount of the driving motor 

current, the upshift can be successfully completed in 0.78 s when the correct slope is used; however, 

it fails to engage the clutch when the incorrect slope is used due to self-weakened effect. So does the 

downshift. Moreover, the experimental results of the dual-wedge mechanism using the correct slope are 

comparable to those from the hydraulic actuator of a conventional automatic transmission. 

© 2017 Elsevier Ltd. All rights reserved. 
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. Introduction 

Taking advantage of continuous torque transmitting, clutch-to-

lutch shift is more and more widely applied in modern vehicle

ransmissions, such as hydraulic automatic transmissions (AT) [1,2] ,

ual clutch transmissions (DCT) [3,4] and the emerging electric

ariable transmissions (EVT) in hybrid electric vehicles [5,6] . The

lutch-to-clutch shift leads seamless output torque by disengag-

ng the off-going clutch simultaneously as engaging the on-coming

lutch. The operations are manipulated by two actuators of the two

lutches, respectively. Since the transmission efficiency is one of

he significant factors of the vehicle efficiency, power consumption

f the clutch actuators should be small in order to meet the re-

uirement of the vehicle fuel economy. 

Various technologies have been studied to reduce the power

onsumption of the clutch actuators. For example, an electric oil

ump controlled by duty cycles is proposed to replace the engine-

riven hydraulic pump which is always working [7] in the conven-
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ional hydraulic actuation systems. To avoid viscous friction losses

nd troublesome oil leakage, electromechanical devices are consid-

red as potential high efficiency alternative actuators [8-10] . How-

ver, in order to provide sufficient engagement force in the clutch,

he actuator mounted with a DCT in the small to mid-size sedans

ave the rated output usually between 150 and 300 W for a single

lutch [11] . Thus, a large amount of electric energy is consumed,

hich adversely affects the overall vehicle efficiency. 

Wedge mechanism, featuring self-reinforcement by making use

f the friction force generated on one surface of the wedge, of-

ers a power-saving concept of electromechanical clutch actuators

12,13,14] . Power-saving means the merits of less energy consump-

ion, small size, less current of the driving motor and less joule

oss. Motions of the wedge mechanism have been studied since

ecades before [15,16] . The initial investigation of a wedge brake

as described in [17] . The comparison with the conventional brak-

ng system showed the average energy consumption of the eBrake

ctuator was reduced, and the actuator was downsized [12,18] . Op-

imization of the wedge brake is ongoing, such as removing back-

ash [19] , cutting extra components [18] , downsizing [20] , improv-

ng control performance [21] and etc.. Similar to brakes, clutches

http://dx.doi.org/10.1016/j.mechatronics.2017.01.004
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(a) Structure  (b) Force analysis

Fig. 1. Principle of the wedge-based clutch actuation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Relationship between self-reinforcement ratio and wedge angle. 
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a  
also have friction interfaces and control the vehicle longitudinal

dynamics through friction torques. So the wedge mechanism was

extended to the application of clutch actuations. A clutch actua-

tor using rack and pinion as wedge mechanism was designed for

the dry clutch of DCTs [11] and automated manual transmissions

(AMTs) [13] . 

Other than the self-reinforced feature, the self-weakened ef-

fect of a wedge-actuated braking system was noticed [22] . Unfor-

tunately, the previous designs have only one wedge slope, which

cannot avoid self-weakened effect when the slipping speed on the

friction interface is negative or the direction of the friction torque

is negative. In MT or AMT, the slipping speed is negative when the

engine speed is slower than the clutch output shaft speed, and the

friction torque is negative when the engine is dragged by the vehi-

cle inertia under engine braking case. In AT which consists of sev-

eral planetary gear sets, negative slipping speed always occurs dur-

ing clutch-to-clutch shift. So new mechanism is required to deal

with the self-weakened problem. In our previous work [14] , the

static self-reinforcement characteristic of a wedge-based mecha-

nism is analyzed for an AT. However, the self-weakened phenom-

ena is omitted and the performance of clutch-to-clutch shift is not

studied. 

The contribution of this paper lies in two points: (1) realize the

self-weakened phenomena of the wedge mechanism and design

a new dual-wedge mechanism with two wedge slopes which can

overcome the shortcoming of the self-weakened effect of previous

wedge-based solutions; (2) analysis and test the performance of

the motor-driven dual-wedge mechanism for the clutch-to-clutch

shifts. 

In this paper, the new design of the dual-wedge clutch actuator

is described elaborately in Section 2 . Following that, in Section 3 ,

the dynamic model of the actuator is built, and a powertrain model

is also deducted for system analysis. Section 4 gives the clutch-to-

clutch shift control method for the motor-driven dual-wedge actu-

ator, especially including the slope selection rule. In Section 5 , sim-

ulation results are illustrated for both upshift and downshift cases

using correct or incorrect selection of the two slopes; experimental

results are also provided for the validation. Conclusions are drawn

in Section 6 . 

2. Design of the dual-wedge mechanism 

2.1. Design concept 

The principle how a wedge mechanism is applied to a clutch

is shown in Fig. 1 (a). Generally, a clutch has two counterpart el-

ements, i.e., the steel plate and the friction plate. They contact

each other through friction surfaces. In terms of the number of the

rotating elements, the clutches are classified into two types, i.e.,

braking clutch with one rotating element, and rotating clutch with
wo rotating elements. This study is focusing on the application of

he braking clutch, in which the steel plate is considered as a static

lement. 

The wedge is a trapezoid block featured by an angle α and a

oller supporting the slope edge. The friction coefficient between

he friction plate and long edge surface of the wedge is defined to

e μ. The actuation force F a is acting on the short edge surface of

he wedge block. 

Assuming the clutch slipping speed v is downward, denoted by

 > 0, as shown in Fig. 1 , the direction of the friction force F f is

lso downward, and its magnitude is calculated as: 

 f = μF n (1)

n which, F n is the normal force on the friction interface. 

The force equilibrium equations of the wedge are: 

 a + F f − F sr sin α = 0 (2)

 n − F sr cos α = 0 (3)

n which, F sr is the force passively generated on the supporting

oller. 

The amplification ratios i f are obtained from ( 1 ), ( 2 ) and ( 3 ),

espectively. 

 f = 

F f 

F a 
= 

μ

tan α − μ
when v > 0 (4)

As illustrated in Fig. 2 (a), the ratio i f varies along two individual

urves with an increasing α for a given μ = 0.12. The two curves

re separated by a critical wedge angle α∗ = arctan (μ) . The left

urve of the ratio i f is negative because α < arctan( μ), whereas

hat of the right curve is positive because α > arctan( μ). For ei-

her of the two curves, the magnitude of i f increases rapidly and

athematically approaches infinity when α approaches arctan( μ).

he big magnitude of i f explains the self-reinforcement effect of

he wedge mechanism. The sign of i f means the direction of F a ,

.e., a positive i f means the direction of F a is the same as that of

 f , whereas a negative i f means the direction of F a is opposite to

hat of F f . The latter brings more challenges for the actuation force

ontrol, therefore, α is always selected to make a positive i f , i.e., α
 arctan( μ). 

Another assumption is that the clutch slip speed v in Fig. 1 (a)

hanges to be upward, denoted by v < 0. Accordingly, the direction

f F f changes to be upward. Hence, the sign of F f in ( 2 ) is replaced

y a minus sign. Resultantly, the ratio i f is calculated as: 

 f = 

F f 

F a 
= − μ

tan α+ μ
when v < 0 (5)

It is obvious that the magnitude of i f is less than 1 as shown

n Fig. 2 (b), so the actuation force is weakened in this case, which

hould be avoided in the design of a wedge-based actuator. 

.2. Physical structure 

In this study, in order to ensure the self-reinforced effect and

void the self-weakened effect no matter if the clutch slipping
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Fig. 3. Wedge element with two face to face slopes. 

Fig. 4. Motor driven components. 

Fig. 5. Slopes on the wedge block. 

s  

w  

F  

p  

i

 

b  

4  

f  

v  

a  

r  

m

 

t  

e  

5

 

w  

a  

T  

p  

(  

T  

g  

d  

r

 

s  

(  

t  

t  

m  

b  

6  

a

2

 

b  

t  

a  

o  

i  

t  

p  

e  

F

 

c  

m  

(  

a  

e  

m  

c  

(  

g  

t  

t  

r  

c  

c

 

r  

t  

r  

T  

o  

w  

l

3

 

n  

fi  

m  

b  

s  

v  

l

 

v  

b  

o  

d  
peed is positive or negative, a dual-wedge element is designed

ith two face to face slopes (Slope A and Slope B), as shown in

ig. 3 . According to ( 4 ) and ( 5 ), the selection of the two slopes de-

ends on the sign of the clutch slipping speed v . If v > 0, slope A

s selected to work, otherwise, if v < 0, slope B is selected. 

The motion of the wedge block is driven by a motor, connected

y a worm gear, worm shaft and shaft connector, as shown in Fig.

 . It is worth mentioning that the driving motor is parallel to the

riction surface because of the wedge geometry, instead of being

ertical. The parallel arrangement can make better use of space

long the radial direction and occupy less space along the axial di-

ection of a transmission. This arrangement is helpful for the trans-

ission layout considering the axial space is always tight. 

For the consideration of force distribution on the friction plate,

hree identical dual-wedge elements are circumferentially arranged

very 120 ° in the wedge block, so do the rollers, as shown in Fig.

 . 

For the convenience of test and validation, the proposed dual-

edge actuator is designed to fit a conventional AT. The hydraulic

ctuation system of one clutch is replaced by the new actuation.

he transmission case is not changed; the friction plates (P5), steel

lates (P4), wave plates (P13), return spring (P9) and retainer ring

P8) are reused. The wave plate acts as a cushion at the kiss point.
he return spring is compressed to a certain position during en-

agement, and is released to push the hydraulic piston backward

uring disengagement. One end of the return spring is fixed by the

etainer ring. 

For the modified clutch, new components inside the transmis-

ion case include a wedge block (P7), a roller supporting ring

P11),three rollers (P10) and a worm gear (P6); and those outside

he transmission case include a worm shaft (P3), a shaft connec-

or (P2) and a DC motor (P1). The actuator is assembled into a

odified six speed AT produced by General Motors. The assem-

ling view and explosion view of the 3D model are given in Fig.

 (a) and (b), respectively. The actuator prototype is manufactured

nd installed in the AT, presented as the photo in Fig. 6 (c). 

.3. Operation principle 

First of all, before clutch engagement, the correct slope should

e determined depending on the clutch slipping speed v . The mo-

or current I m 

is the control input of the motor-driven dual-wedge

ctuator, the angular displacement θm 

of the motor is the output

f the actuator control, which physically corresponds to the ax-

al displacement of the clutch plate and thereafter corresponds to

he normal force on the friction plate. Taking Slope A as an exam-

le, the operation process during the clutch engagement and dis-

ngagement are described in the following paragraphs referring to

ig. 7 . 

During clutch engagement, the DC motor (P1) is operated by a

ertain amount of current. The output torque of the motor is trans-

itted to the worm gear (P6) through the mesh with worm shaft

P3). The worm gear (P6) is occlusive with the wedge block (P7)

t the short edge surfaces. Thus, the force generated on the short

dge surface drives the wedge block (P7) to move. The wedge block

oves in two directions, i.e., moving along and rotating around the

entral axis. The two motions are constrained by the fixed roller

P10). The wedge block first moves to fill the clearance, and then

enerates self-reinforced friction force on the interface between

he friction plate (P5) and the wedge block (P7). At the same time,

he wave plate (P13) and return spring (P9) is compressed. As a

esult, the clutch slipping speed decreases gradually till the clutch

omes to be locked at the end. Thus, the engagement process is

ompleted. 

During clutch disengagement, the motion of the components

everses. The normal force on the friction interface decreases so

hat the clutch starts to slip. When the wave plate (P13) completely

eleases, the normal force on the friction interfaces becomes zero.

hen, the return spring (P9) releases, and the clutch comes back

pen with a clearance. Usually, the motor continues to pull the

edge block backward a bit more to ensure enough clearance for

ess parasitic loss. Thus, the disengagement process is completed. 

. Dynamic modeling 

To validate the effectiveness of the actuator, two layers of dy-

amic model are discussed in this section, as shown in Fig. 8 . The

rst layer is the actuator model, including the DC motor and the

echanical components from the shaft connector to the wedge

lock and clutch plates. The second layer is the clutch-to-clutch

hift involved driveline model, including the engine, torque con-

erter, planetary gearbox and vehicle. The models of the second

ayer are described in Appendix. 

The schematic of the actuator is shown in side view and top

iew in Fig. 9 . First of all, the wedge block is modeled followed

y the DC motor, worm shaft, worm gear and clutch plate. These

bjects are modeled as rigid bodies, ignoring their stiffness and

amping effect. Nevertheless, the stiffness and damping effect of



84 L. Chen et al. / Mechatronics 42 (2017) 81–95 

Fig. 6. 3D model and prototype of the dual-wedge clutch actuator. 

Fig. 7. Operation principle of the dual-wedge clutch actuator. 

Fig. 8. Diagram of dynamic model. 

Fig. 9. Schematic of the dual-wedge clutch actuator. 
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the spring pack (wave plate and return spring) is considered. Af-

ter that, a set of summarized equation is derived in terms of the

contact status of the friction interface. 
.1. Wedge block 

The three wedge elements on the wedge block are simplified

s one element since their motions are identical. The motion of

he wedge block along the axis is described as: 

 wb ̈S wb = F sr cos α − F n (6)

n which, m wb and S wb denote the mass and axial displacement of

he wedge block, respectively. 

The rotation of the wedge block around the axis is described as

 wb ̈θwb = T wb + T f − W F sr R wb sin α (7)

n which, J wb , θwb , R wb , T wb and T f denote the moment of inertia,

ngular displacement, radius, driving torque and friction torque of

he wedge block, respectively. The slope factor W is defined as: 

 = 1 when Slope A works 
 = −1 when Slope B works 

(8)

Since the wedge block moves against the supporting roller, the

ranslational and rotational movements are subject to the con-

traint: 

 wb = W θwb R wb tan α (9)

Therefore, by substituting S wb by the above expression, the dy-

amic Eqs. (6) and ( 7 ) is derived as: 

( J wb + m wb R 

2 
wb tan α2 ) ̈θwb = T wb + T f − W F n tan αR wb (10)

.2. DC motor 

The dynamics of the DC motor is described as follows [23] : 

 m ̈

θm 

= T m 

− T ws (11)

 m 

= K t I m 

(12)

n which, J m 

, θm 

, T m 

, K t , I m 

denote the moment of inertia, angular

isplacement, output torque, torque constant, current of the motor,

espectively. The reaction torque from the worm shaft is denoted

y T ws . 

.3. Worm shaft and worm gear 

The dynamic equations are written as: 

 ws ̈θws = T ws − T wg /n (13)

 wg ̈θwg = T wg − T wb (14)
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n which, J ws and J wg are the moment of inertia of the worm

haft and worm gear, respectively. The angular displacements of

he worm shaft and worm gear are denoted by θws and θwg , re-

pectively. The reaction torque from the worm gear is denoted by

 wg . 

The speed ratio n of the worm shaft over the worm gear is: 

 = 

˙ θws / ˙ θwg (15) 

Because the shaft connector between the worm shaft and the

C motor is considered as rigid, there exists: 

ws = θm 

(16) 

Similarly, because the worm gear is splined with the wedge

lock, there exists: 

wg = θwb (17) 

.4. Clutch plate 

The clutch plate has two degrees of freedom of motion, i.e.,

oving along and rotating around the central axis. The moving dy-

amics is determined by the actuator, and the rotating dynamics is

etermined by the connected driveline. The former is discussed in

his section, and the latter will be discussed in next section. Apart

rom those, the relationship between the normal force F n and the

riction torque T f is covered by the clutch plate model, and is pre-

ented in this section. 

The moving dynamics along the axis of the clutch plate is writ-

en as: 

 cp ̈S cp = F n − k wp S cp − c wp ̇ S cp (18) 

n which, m cp and S cp denote the moment of inertia and axial dis-

lacement of the clutch plate, respectively; k wp and c wp denote the

tiffness and damping coefficient of the spring pack, respectively. 

By defining S wb 0 to be the clearance between the friction plate

nd wedge block when the clutch is open, there exists: 

 n = 0 , S cp = 0 when S wb < S wb0 

 cp = S wb − S wb0 when S wb ≥ S wb0 

(19) 

The friction torque T f is calculated by: 

 f = μN R cp F n (20) 

n which, N is the number of friction interfaces of the clutch, and

 cp is the equivalent radius of the clutch friction interface. 

For computation convenience, the friction coefficient μ is

moothened as below [24] instead of using the discontinuous

oulomb model: 

( ω ) = 

[ 
1 . 0 + 

(μs 

μk 

− 1 . 0 

)
e −ς ·abs (ω) 

] 
· tanh 

(
ξ · ω · R cp 

)
(21) 

n which, μs and 

μk denote the slipping friction and static friction

oefficient, respectively; ς and ξ are two tuning parameters. 

On the friction interface between the friction plate and the steel

late, the slipping speed ω is defined by: 

 = 

˙ θ f (22) 

here, ˙ θ f is the angular velocity of the friction plate. 

On the friction interface between the friction plate and the

edge block, the slipping speed ω is defined by: 

 = 

˙ θ f − ˙ θwb (23) 

here ˙ θ is calculated by ( 10 ). 
wb 
.5. Complete model equations 

The summarization is given in terms of the contact status

f the dual-wedge clutch. When the wedge block contacts the

rictional plate, the governing equations include six independent

ifferential Eqs.(( 6 ), ( 7 ), ( 11 ), ( 13 ), ( 14 ) and ( 18 )) with six mo-

ion constraints(( 9 ), ( 15 ), ( 16 ), ( 17 ) and ( 19 )). The unknown vari-

bles include six state variables ( S wb , θwb , θm 

, θws , θwg , S cp ) and six

orces( F sr , F n , T f , T wb , T ws , T wg ). Therefore, the sum of the equation

umber and the constraint number equals to the sum of the un-

nown variables. Theoretically, these equations can have determin-

stic solution. 

The resultant equation is: 

 ̈θwb = n T m 

+ T f −k wp R 

2 
cp tan 

2 αθwb − c wp R 

2 
cp tan 

2 α ˙ θwb 

+ k wp R 

2 
cp tan 

2 αθwb0 (24) 

n which, the moment of inertia J is calculated as: 

 = J wg + n 

2 J ws + n 

2 J m 

+ J wb + m wb R 

2 
wb tan 

2 α + m cp R 

2 
cp tan 

2 α (25)

When the wedge block does not contact with the frictional

late, i.e., the clutch is open, the governing equation can be sim-

lified from ( 24 ) with T f = 0 as: 

 o ̈θwb = n T m 

(26) 

n which 

 o = J wg + n 

2 J ws + n 

2 J m 

+ J wb + m wb R 

2 
wb tan 

2 α (27)

It can be seen that a uniform expression is obtained for both

lope A and Slope B in ( 24 ) and ( 26 ). Nevertheless, the dynamics

s nonlinear due to the nonlinearity of the friction torque T f with

espect to the clutch slipping speed ω as expressed in ( 21 ). Accord-

ng to the wedge principle analyzed in Section Ⅱ , the dual-wedge

ctuation system behaves self-reinforced effect when the direction

f T f is the same as that of the motor torque T m 

, otherwise, the

ystem behaves self-weakened effect. 

. Clutch-to-Clutch shift control method 

The dual-wedge actuator is designed with the target of be-

ng comparable to the conventional hydraulic actuation system of

he clutch-to-clutch shift, whose typical application is the AT. The

lutch-to-clutch shift process of the AT is controlled by adjusting

he piston fluid pressure of the oncoming clutch and the offgoing

lutch, respectively. The normal force F n is proportional to the pis-

on fluid pressure once the friction plates touch the steel plates.

he desired F n of the dual-wedge clutch actuator is the same as

hat of the conventional AT, however, is realized by the new actu-

tor. 

In order to track the desired normal force F n precisely, the mo-

or current profiles are calibrated carefully based on the informa-

ion of the angular displacement θm 

of the motor, considering that

n open loop control cannot guarantee the accuracy due to the dy-

amics and hysteresis of the actuator components. In the exper-

ments that the motor moves at constant speed, the motor cur-

ent differs over 20% between the two opposite directions. So the

osition feedback with dedicated clutch inverse transfer function

annot achieve precise tracking. Owing to the motion constraints

xpressed in ( 9 ), ( 15 )–( 17 ) and ( 19 ), the displacement θm 

corre-

ponds to the displacement S cp of the clutch plate which is the

losest component to the friction interface, regardless of the dy-

amics and hysteresis. Moreover, the dynamic Eq. (18) defines the

elationship between the normal force F n and the displacement

 cp ; therefore, the desired S cp can be calculated given the desired

 n ; thereafter, the desired θm 

can be obtained. On the other hand,

he major portion of F n comes from the large stiffness k wp of the
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Fig. 10. Clutch-to-clutch shift control process (1.a–1.c) upshift; (2.a–2.c) downshift. 
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spring pack because the motions ˙ S cp and S̈ cp are rather small when

the friction plate contacts the steel plate as seen from ( 18 ), there-

fore the calculation of the desired θm 

can be simplified by the ig-

norance of the two terms. 

With the purpose of validating the advantage of the proposed

actuator, this study refers to the normal force profiles of the con-

ventional AT, and carefully calibrates the controller to track the

desired normal force. A generic clutch-to-clutch upshift consists

of four phases in sequence, i.e., filling phase, torque phase, iner-

tia phase and end phase [27,28] , as shown in Fig. 10 (1.a). In the

filling phase, the actuation system fills the clearance of the on-

coming clutch and is ready for clutch normal force regulation. At

the same time, the normal force of the offgoing clutch is reduced

to slowly ramp down in the next stage. In the torque phase, the

drive torque is transferred from the offgoing clutch to the oncom-

ing clutch by the increasing the normal force of the oncoming

clutch and decreasing that of the offgoing clutch accordingly. By

the end of the torque phase, the torque ratio of the transmission

has been changed to the ratio associated with the target gear, and

all the drive torque is carried by the oncoming clutch. In the in-

ertia phase, the offgoing clutch is open, and the normal force of

the oncoming clutch is calibrated using the speed information to

complete the change of the speed ratio. In the end phase, the nor-

mal force of the oncoming clutch is commanded to the maximum

possible value to lock the clutch. 

The reference profile of the normal force F n is adopted from

[29] and [30] , as shown in Fig. 10 (1.a) and (2.a). The desired an-

gular displacement θm 

of the motor is shown in Fig. 10 (1.b) and

(2.b). The qualitative sketches plotted in Fig. 10 (1.c) and (2.c) of-

fer the instruction of the calibration, but they are not the numeri-

 

al results. The numerical results are provided in the next sections

n simulation and experiments. The calibration rules are described

n the following paragraphs in terms of upshift and downshift, re-

pectively. 

.1. Upshift control 

In order to achieve the reference normal force F n , the motor

urrents I m 

are calibrated to track the desired angular displace-

ent θm 

of the motor as shown in Fig. 10 (1.b). The calibration

ules are described as below. 

(1) In the filling phase, first of all, a correct wedge slope should

be selected for the oncoming clutch according to the slip-

ping speed ω of the friction interface. If ω > 0, Slope A is se-

lected; otherwise, if ω < 0, Slope B is selected. Taking Slope

A as an example, the motor of the oncoming clutch applies a

large positive current I m 

, then a small I m 

followed by a neg-

ative I m 

. In this way, the motor starts up at the beginning,

then rotates at a moderate speed to pass through the clear-

ance, and then decelerates to a slow speed at the end of the

filling phase. Thus, the motor overcomes the clearance with-

out rushing into the next phase. As to the offgoing clutch, its

motor firstly applies a large negative I m 

, then a small nega-

tive I m 

followed by a positive I m 

. In this way, the motor an-

gular displacement θm 

decreases at a large reverse rotating

speed, then continues to decrease at a medium speed, and

then at a slow speed being ready for torque transferring. If

Slope B is selected, the sign of the motor current I m 

is op-

posite to the above, though, the magnitude is the same as
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Table 1 

Parameters of the dual-wedge actuator. 

c wp 100 N • s/m R cp 0.105 m 

J m 0.0 0 04 kg • m 

2 R wb 0.1 m 

J wb 0.0082 kg • m 

2 S wb 0 0.002 m 

J wg 0.0036 kg • m 

2 α 10 °
J ws 0.0030 kg • m 

2 ς 6 

k wp 1.3 × 10 6 Nm/m ξ 100 

m cp 0.75 kg μs 0 .14 

m wb 0.87 kg μk 0 .12 

n 164 

Table 2 

Parameters of the powertrain. 

A v 2 m 

2 J v 11.3 kg • m2 

c air 0 .3 k v 15,0 0 0 Nm/rad 

c v 150 Nm • s/rad m v 1705 kg 

g 9.81 m/s 2 R tr 0.314 m 

i d 3 .87 ρ 1.2 kg/m 

3 

J e 0.137 kg • m 

2 μR 0 .015 

5
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the above. Due to the page limitation, the following rules

are described taking Slope A as the example. 

(2) In the torque phase, the motor of the oncoming clutch ap-

plies a large positive I m 

followed by a negative I m 

. In this

way, the motor angular displacement θm 

increases at a large

speed, then continues at a slow speed at the end of the

torque phase. As to the offgoing clutch, its motor applies a

large negative I m 

followed by a small positive I m 

. The motor

angular displacement θm 

decreases at a large reverse rotat-

ing speed, then continues to decrease at a slow speed. 

(3) In the inertia phase, the motor of the oncoming clutch ap-

plies moderately increasing I m 

. In this way, the motor an-

gular displacement θm 

increases gradually. As to the offgo-

ing clutch, its motor applies a negative I m 

. The motor angu-

lar displacement θm 

decreases until the clutch has enough

clearance for the purpose of less spin loss. 

(4) In the end phase, the motor of the oncoming clutch ap-

plies the largest I m 

. Thus, the motor angular displacement

θm 

reaches the maximum value and the normal force F n also

reaches the maximum value. 

.2. Downshift control 

Different from the upshift process, the downshift process im-

lements the inertia phase before the torque phase. The reason

s that, the engine speed needs to be lifted up to avoid being

owed since the engine speed is less than the output shaft speed

f the oncoming clutch before the down shift starts. In order to

chieve the reference normal force F n , the motor currents I m 

are

alibrated to track the desired angular displacement θm 

of the mo-

or as shown in Fig. 10 (2.a). The processes of the filling phase and

nd phase are similar to those of the upshift, so their description

s omitted so as to avoid redundancy. 

(1) In the inertia phase, the motor current I m 

of the oncoming

clutch is zero. So the motor angular displacement θm 

does

not change, and the oncoming clutch is just waiting for the

start of the torque phase. The motor of the offgoing clutch

applies a moderate negative I m 

. In this way, the motor an-

gular displacement θm 

decreases so as to decrease the nor-

mal force F n on the offgoing clutch. Thus, the offgoing clutch

slips and the oncoming clutch can be synchronized by the

aiding of the engine speed control. 

(2) In the torque phase, the motor of the oncoming clutch ap-

plies a large positive I m 

. In this way, the motor angular dis-

placement θm 

increases to its maximum end and the normal

force F n also increases to the maximum value. As to the of-

fgoing clutch, its motor applies a large negative I m 

followed

by a small negative I m 

. The motor angular displacement θm 

decreases quickly at first and then gradually until there is

enough clearance. 

. Simulation results 

The gear shift process can take advantage of the self-

einforcement when a correct slope of the dual-wedge block is

elected for the engagement of the oncoming clutch. On the

ther hand, self-weakened effect occurs when an incorrect slope

s selected. This section starts with the comparison between self-

einforced and self-weakened effect in the same upshift operation.

fter that, the results of two self-reinforced cases are illustrated,

ne is a downshift process using Slope A, and the other is an up-

hift process using Slope B. In addition, the results from the con-

entional hydraulic actuation of the AT using the models we have

lready developed are also provided for convenient comparison of

he shift performance. The parameters used in the simulation are

iven in Tables 1 and 2 . 
.1. Comparison between the self-reinforced and self-weakened effect 

During the upshift process from the 1st to 2nd gear of the

ix-speed AT as shown in Fig. A.3 , the oncoming clutch CB26 is

o be engaged, and the offgoing clutch CB1R is to be disengaged.

he upshift process is operated in a moderate acceleration pedal

hich generates the engine throttle opening αth = 50% . Because

he clutch slipping speed 

˙ θ f of the oncoming clutch is positive

s shown in Fig. 11 (1.f), the correct slope for self-reinforcement is

lope A according to the rule given in Section 4 . Similarly, the of-

going clutch also uses its Slope A. For comparison, the results of

lope B, which leads to self-weakened effect, are also provided in

ig. 11 . 

By using Slope A, the upshift process starts from 3.09 s, and

ompletes in 0.78 s. The normal force on the oncoming clutch in-

reases gradually in the filling and torque phase, keeps moder-

tely flat in the inertia phase, and increases rapidly from 1508 N

o 3314 N in 0.12 s in the end phase, as shown in Fig. 11 (1.e). This

rofile is approximately identical to that of the conventional hy-

raulic actuation as shown in Fig. 11 (3.b), which is obtained by

ydraulic pressure regulation in Fig. 11 (3.a). Thereafter, the clutch

lipping speed in Fig. 11 (1.f) and the output torque in Fig. 10 (1.g)

re approximately identical to those of the conventional hydraulic

ctuation in Fig. 11 (3.c and 3.d). In addition, these results are com-

arable to those in the literatures [28,31] . 

It can be seen from Fig. 11 (1.a) that the motor current I m 

fre-

uently changes to regulate the normal force. The capability of the

otor control is critical for the clutch-to-clutch shift performance,

ust like that the capability of the hydraulic system control is crit-

cal for the shift performance of the conventional AT. In general,

he response from the motor current I m 

to the motor toque T m 

is

s fast as an instant according to the principle of electromagnetics,

here is great potential for the motor to satisfy the requirement

f the clutch-to-clutch shift control. Moreover, the motor control

akes the angular displacement θm 

of the motor as the output sig-

al as shown in Fig. 11 (1.b). The calibration based on the angular

isplacement θm 

can be effective in dealing with the influence of

he dynamics and hysteresis of the actuation components. 

By using Slope B, the oncoming clutch engagement fails as seen

n Fig. 11 (2.f). It is noticed that the amount of motor current as

hown in Fig. 11 (2.a) is the same as that using Slope A but in op-

osite sign of operation, however, the normal force generated on

he oncoming clutch as shown in Fig. 11 (2.e) is much less than

hat using Slope A. Consequently, the output torque T v using Slope
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Fig. 11. Comparison of the self-reinforced wedge, self-weakened wedge and conventional hydraulic actuation during upshift. 
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Fig. 12.. Comparison of the dual-wedge (self-reinforced using Slope A) and conven- 

tional hydraulic actuation during downshift. 
 is about half of that using Slope A, as shown in Fig. 11 (2.g). The

lutch cannot complete the shift and carry the full input torque,

esultantly, the slipping speed of the oncoming clutch keeps in-

reasing and can never be closed. 

Similar differences between the results of self-reinforced and

elf-weakened effect are found in other cases. Due to page limi-

ation, the results of self-weakened effect are not presented in the

ollowing two cases. 

.2. Self-reinforced by Slope A during a downshift 

As shown in Fig. 12 , the downshift process from 2nd to 1st gear

uccessfully completes in 0.81 s. Because the clutch slipping speed
˙ 
f of the oncoming clutch is positive as shown in Fig. 12 (1.f), the

orrect slope for self-reinforcement is Slope A. So, the wedge block,

riven by the motor with a positive current I m 

, rotates with a posi-

ive rotary speed 

˙ θwb and moves ahead with a positive translational

peed 

˙ S wb , as shown in Fig. 12 (1.a), (1.c) and (1.d). 

The maximum motor current I m 

is 4A as shown in Fig. 12 (1.a).

he angular displacement of the motor θm 

is shown in Fig. 12 (1.b),

hich is rather similar to the profile of the normal force F n in

ig. 12 (1.e). The normal force of the oncoming clutch can be up to

350 N, and increases promptly from zero to 4350 N in 0.08 s. The

ormal force generated by the wedge based actuation is almost

dentical to that by the hydraulic system as shown in Fig. 12 (3.b),

hich is obtained by hydraulic pressure regulation as shown in Fig.

2 (3.a). 

The output torque is obviously decreased in the inertia phase

ecause the desired output torque is zero at zero throttle opening.

ther than this fluctuation, no peak is found in the output torque

rofile, so the shift quality is acceptable. As a whole, the shift per-

ormance is comparable to that of the conventional hydraulic sys-

em as illustrated in Fig. 12 (2.c) and (2.d). 

.3. Self-reinforced by Slope B during an Upshift 

Because of the planetary gear set configuration, the initial

lutch slipping speed 

˙ θ f is negative as shown in Fig. 13 (1.f) during

he upshift from the 5th to 6th gear. Therefore, Slope B is selected

or self-reinforcement purpose. Thus, the wedge block is driven by

 negative motor current, rotates in negative direction, as shown in

ig. 13 (1.a) and (1.c), and move ahead as shown in Fig. 13 (1.d). 

The upshift process successfully completes in 1.0 s. The maxi-

um motor current I m 

is 4A as shown in Fig. 13 (1.a). The angular

isplacement of the motor θm 

is shown in Fig. 13 (1.b), which is

ather similar to the profile of the normal force F n in Fig. 13 (1.e).

n the end phase, the normal force F n of the oncoming clutch in-

reases rapidly from 842 N to 4853 N in 0.12 s. The output torque

s shown in Fig. 13 (1.g), which is similar to that of the conven-

ional hydraulic system in Fig. 13 (3.d). The output torque fluctuates

n a flat style, which means the shift quality is acceptable. 

. Experimental results 

The prototype in Fig. 6 is fabricated with one of the clutches

CB26) in the AT modified and actuated by the proposed dual-

edge mechanism. The mature AT is selected as the benchmark of

he dual-wedge actuation because the AT has typical clutch com-

onents. It is expected that the proposed design can achieve com-

arable performance to the mature hydraulic clutch actuation of

he AT. The comparison does not mean the replacement of the

ydraulic system of the AT because the hydraulic system may be

he most suitable actuation for the AT due to the advantage of the

exible connection between the pump and more than four sets of

lutches. However, the application of the proposed design can be
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Fig. 13. Comparison of the dual-wedge (self-reinforced using Slope B) and conven- 

tional hydraulic actuation during upshift. 
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xpanded to other clutch relevant areas. The experiments are im-

lemented on a set of dynamometer depicted in Fig. 14 . The input

ynamometer is to emulate the engine transient with rated torque

97 Nm and maximum speed 6500 rpm. The load dynamometer is

o emulate the vehicle driving resistance with rated torque 486 Nm

nd maximum speed 50 0 0 rpm. A set of flywheel, placed before

he load dynamometer, is used to emulate the moment of inertia

f the vehicle. The six speed AT is arranged between the input dy-

amometer and the flywheel. 

Three force sensors are deployed on the plates of the clutch

B26 to measure the normal force on the clutch plates. The force

ange is up to 20 0 0 N for each sensor. Apart from those, two torque

ensors (A and B), with rated measurement range of 500Nm and

0 0 0Nm, are used to measure the input torque and load torque of

he AT, respectively. Two encoders (A and B) are used to measure

he input speed and output speed of the AT. 

Referring to the two layers of the dynamic model, the experi-

ents are implemented in two steps. The first step is to study the

haracteristic of the motor-driven dual-wedge clutch actuator, i.e.,

elf-reinforced or self-weakened in terms of the two slopes. The

econd step is to check the clutch-to-clutch shift quality relying on

he dual-wedge actuation system. 

In the experiment, the AT is during the upshift process from the

st to 2nd gear, i.e., the oncoming clutch CB26 is to be engaged,

nd the offgoing clutch CB1R is to be disengaged. 

.1. Characteristics of the dual-wedge clutch actuator 

The input dynamometer is working in speed mode to main-

ain 100 rpm (in positive direction) for the rotating part of CB26.

n this experiment, it is unnecessary to apply load to the AT, so

he load dynamometer and the flywheel is not connected to the

utput shaft of the AT. According to the wedge mechanism princi-

le, self-reinforced effect occurs when Slope A is selected to work

y a positive motor current I m 

; otherwise, self-weakened effect oc-

urs when Slope B is selected to work by a negative motor current

 m 

, despite with the same amount. The current profile is operated

o emulate those during gearshift as in (a) of Fig. 11 –13 . 

The comparison between the self-reinforced and self-weakened

ffect is given in Fig. 15 . The simulation results are provided to-

ether with the experimental results. The legend “exp.” is the short

ame of “experiment”, and “sim.” is “simulation” . 

The major differences between the self-reinforced and self-

eakened case lie in two aspects. First of all, as seen from

ig. 15 (d), the normal force F n under the self-reinforced case is

.74 times that under the self-weakened case, which validates

he significance of the slope selection for the purpose of self-

einforcement. 

The second aspect is on the motion direction of the wedge. It

s interesting that the wedge translational speed 

˙ S wb is positive for

oth the two cases, i.e., self-reinforced case with positive motor

urrent I m 

and self-weakened case with positive motor current I m 

,

s shown in Fig. 15 (a) and (c). This phenomena comes from the

ual-wedge structure as shown in Fig. 3 , and most importantly,

his structure ensures the wedge block can be pushed ahead to

ngage the clutch no matter the wedge is rotating in positive or

everse direction. 

.2. Clutch-to-clutch shift experiment 

In the experiment, the oncoming clutch CB26 is actuated by the

roposed wedge prototype, while offgoing clutch C1R is still actu-

ted by the original hydraulic piston (As seen from the simulation

esults, the oncoming clutch plays a major significant role in shift

uality). So the dual-wedge actuator has to cooperate with the

ature hydraulic actuation system to complete a clutch-to-clutch
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Fig. 14.. Layout of the dynamometer facilities. 

Fig. 15.. Characteristics of the dual-wedge clutch actuator. 
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Fig. 16.. Clutch-to-clutch shift experiment (1st to 2nd gear). 
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f

earshift process. The input dynamometer is working in torque

ode to emulate the output torque T e as in Fig. A.1 of an engine at

hrottle opening αth = 15% . The flywheel is connected to the out-

ut shaft of the AT, and the output dynamometer is also working

n torque mode to emulate the load torque T L as in (A.22) of a

ehicle. The initial speed of the flywheel is zero. The gear set is

nitially at the 1st gear by configuring the conventional TCU (trans-

ission control unit). The control of CB26 of the TCU is bypassed

y a controller developed for the dual-wedge actuator. The results

rom the dynamometer experiment and simulation are compared

n Fig. 16 . Besides, the experimental results of the conventional hy-

raulic actuation are also provided for comparison. 

Because the clutch slipping speed 

˙ θ f of the clutch CB26 is pos-

tive at the beginning of the gearshift, Slope A is selected; resul-

antly, the wedge rotary speed 

˙ θwb is positive, so does the wedge

ranslational speed ̇

 S wb , as shown in Fig. 16 (a)–(c). 

As seen from Fig. 16 (e), the upshift process actuated by the

ual-wedge mechanism successfully completes in 1.04 s. The max-

mum motor current is 4A as seen in Fig. 16 (a), and the normal

orce generated on the friction plate is up to 50 0 0 N. Moreover, the

ormal force increases from zero to 50 0 0 N in as short as 0.14 s

n the end phase. This profile shows that the normal force can

e controlled elaborately and satisfy the requirement of clutch-to-

lutch gearshift. No intensive jerk is found in the output torque

rofile as Fig. 16 (f), nevertheless, fluctuation occurs with a peak in

he end of the inertia phase. By the comparison between Fig. 16 (g)

nd (h), the fluctuation before the peak reflects the change of the
ngine torque. At the peak moment, the motor current increases

nstantly and the normal force increases rapidly. This increasing

nduces stick-slip transition dynamics of the clutch friction plate.

ore refined calibration and insight dynamics need to be studied

urther. 
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Fig. A.1. Engine map T e = f ( ̇ θe , αth ) . 

Fig. A.2. Parameters of the torque converter. 

Fig. A.3. Lever diagram of the six-speed AT. 
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The comparison between the dual-wedge actuation and the

conventional hydraulic actuation can be seen in Figure 16 (e)-(h). As

a whole, the simulation results from the dual-wedge clutch match

the experimental results well. Moreover, the results from the dual-

wedge clutch actuator are comparable to those from the conven-

tional hydraulic actuator. 

7. Conclusions 

A motor-driven dual-wedge clutch actuation system is proposed

for clutch-to-clutch gear shift. The dual-wedge mechanism can ex-

ert self-reinforced effect and avoid self-weakened effect by select-

ing a correct wedge slope for either positive or negative slipping

speed of the clutch. The new mechanism is applied to the clutch-

to-clutch gearshift of an AT. 

The experimental results validate the normal force generated

by the wedge under self-reinforced case is 2.74 times that under

self-weakened case. Under the same amount of driving motor cur-

rent, the gearshift from 1st to 2nd gear can be successfully com-

pleted in 0.78 s when Slope A is used for self-reinforcement effect;

however, it fails to engage the clutch when Slope B is used due to

self-weakened effect. Similarly, under self-reinforcement case, the

downshift from 2nd to 1st gear is completed in 0.81 s using Slope

A, and the upshift from 5th to 6th gear is completed in 1.0 s using

Slope B. 

Moreover, the experimental results of the dual-wedge mecha-

nism are comparable to those from the conventional hydraulic ac-

tuator of the AT. Therefore, the application of the proposed dual-

wedge mechanism to other transmissions, such as DCT, AMT and

EVT, is worthy of further study. 
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Appendix 

The dynamic model of the powertrain is described as below. 

(1) Engine 

The dynamic equation is described as below, with an engine

map T e ( ̇ θe , αth ) as shown in Fig. A.1 . 

J e ̈θe = T e ( ˙ θe , αth ) − T p (A.1)

where J e , θ e , αth and T e are the moment of inertia, angular dis-

placement, throttle opening and output torque of the engine; T p is

the reaction torque from the pump of the torque converter. 

(2) Torque converter 

A torque convertor has a pump as a torque input element, and

a turbine as a torque output element. The pump torque T p and tur-

bine torque T t are calculated as: 

T p = C(λ) ˙ θ2 
p (A.2)

T t = t(λ) T p (A.3)

in which, θp is the angular displacement of the pump, and the ratio

λ is defined as: 

λ = 

˙ θt / ˙ θp (A.4)

The capacity factor C ( λ) and the torque ratio t ( λ) are given in

Fig. A.2 . 
Since the torque convertor connects the engine and the gear

ox, there exists: 

˙ 
p = 

˙ θe (A.5)

˙ 
t = 

˙ θg _ in (A.6)

here θg _ in is the angular displacement of the input shaft of the

ear box. 

(3) Gearbox 

A six-speed AT with three planetary gear sets as shown in Fig.

.3 is modeled by using the Lever analogy method [25] . Three

raking clutches (C1234, CB1R and CB26) and two rotating clutches

C456 and C35R) are employed. At any of the six gear ratios, two

f the five clutches are locked. Theoretically, the three planetary

ear sets have six motion DOFs (degrees of freedom), however,

hey are constrained by three fixed connections (from R3 to C1,

rom C3 to R2, from C2 to R1) and two locked clutches. Resultantly,

nly one motion DOF remains, which means the velocities of all

he elements are determined by the input velocity ˙ θ g _ in , and the

orques are determined by the input torque T g _ in . The variables to

e obtained include: the output velocity ̇ θ g _ out , the velocities of the

wo locked clutches (denoted by ̇ θ lc _ 1 and 

˙ θ lc _ 2 ), the output torque

 g _ out , and the transmitted torques of the two locked clutches( T lc _ 1 
nd T lc _ 2 ). There exists torque transformation matrix A and velocity

ransformation matrix B as below, respectively. The expressions of

 and B are related to the parameters and connection topology of

he planetary gear box. 

The three planetary gearsets in Fig. A.3 are represented with

ubscript 1, 2 and 3, respectively. Each gearset includes a ring gear,

 sun gear and a carrier, represented by R, S and C, respectively.

http://dx.doi.org/10.13039/501100001809
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n  
et K denote the ratio of the ring gear over the sun gear of the

lanetary gearset. 

The torque equilibrium equations of the three gearsets are de-

cribed as: 

 C3 + ( K 3 +1 ) T S3 = 0 

 C2 + ( K 2 +1 ) T S2 = 0 

 C1 + ( K 1 +1 ) T S1 = 0 

(A.7) 

Taking the first gear with locked CB1R (denoted with the sub-

cript lc _ 1 ) and CB1234(denoted with the subscript lc _ 2 ) as an ex-

mple, the torques are subject to the following 6 constraints: 

 S3 · K 3 + T C1 − T out = 0 

 S2 − T in = 0 

 C3 + T S2 · K 2 + T lc _ 1 = 0 

 S3 = 0 

 S1 · K 1 + T C2 = 0 

 S1 + T lc _ 2 = 0 

(A.8) 

It can be seen from (A.7) and (A.8) that the ten torque variables

re subject to the nine equations. Therefore, only one torque vari-

ble is independent. Defining T g _ in to be the independent variable,

he transformation matrix can be deducted from (A.7) and (A.8) as

elow. 

 T C1 T S1 T C2 T S2 T C3 T S3 T lc _ 1 T lc _ 2 T g _ out ] 
T 

= A 

T 
p [ T g _ in ] (A.9) 

n which, A p is a 8 × 1 matrix calculated by: 

 p = 

⎡ 

⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ 

0 0 0 0 1 ( K 3 +1 ) 0 0 0 

0 0 1 ( K 2 +1 ) 0 0 0 0 0 

1 ( K 1 +1 ) 0 0 0 0 0 0 0 

1 0 0 0 0 K 3 0 0 −1 

0 0 0 1 0 0 0 0 0 

0 0 0 K 2 1 0 1 0 0 

0 0 0 0 0 1 0 0 0 

0 K 1 1 0 0 0 0 0 0 

0 1 0 0 0 0 0 1 0 

⎤ 

⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦ 

−1 

·

⎡ 

⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ 

0 

0 

0 

0 

1 

0 

0 

0 

0 

⎤ 

⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦ 

(A.10) 

Therefore, the matrix A can be selected from A p so as to satisfy

he equation as below. 

 

 

T lc _ 1 

T lc _ 2 

T g _ out 

⎤ 

⎦ = A 

[
T g _ in 

]
(A.11) 

n which, 

 = [ A p ( 7 , 1 ) A p ( 8 , 1 ) A p ( 9 , 1 ) ] T (A.12) 
t  
The kinematic constraints of the three gearsets are described as

elow. 

 3 
˙ θR 3 − ˙ θ S3 −( K 3 −1 ) ˙ θC3 = 0 

 2 
˙ θR 2 − ˙ θ S2 −( K 2 −1 ) ˙ θC2 = 0 

 1 
˙ θR 1 − ˙ θ S1 −( K 1 −1 ) ˙ θC1 = 0 

(A.13) 

The connection topology of the three gearsets complies with

he following 9 kinematic constraints. 

˙ 
S1 = 0 

˙ 
R 3 = 

˙ θC1 

˙ 
C3 = 

˙ θR 2 

˙ 
C2 = 

˙ θR 1 

˙ 
R 2 = 0 

˙ 
lc _ 1 = 

˙ θ S1 

˙ 
lc _ 2 = 

˙ θR 2 

˙ 
g _ in = 

˙ θ S2 

˙ 
g _ out = 

˙ θC1 

(A.14) 

It can be seen that the 12 state variables in ( A.13 ) and ( A.14 )

re subject to the 11 constraint equations. Therefore, only one state

ariable is independent. Defining ˙ θ g _ in to be the independent vari-

ble, the transformation matrix can be deducted from ( A.13 ) and

 A.14 ) as below. 

 

˙ θR 3 
˙ θC3 

˙ θ S3 
˙ θ lc _ 2 

˙ θC2 
˙ θR 1 

˙ θ g _ out 
˙ θ lc _ 1 ] 

T 

= B p · [ ˙ θ g _ in ] (A.15) 

n which, B p is a 8 × 1 matrix calculated by: 

 p = 

⎡ 

⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ 

K 3 −( K 3 −1 ) −1 0 0 0 0 0 

0 0 0 K 2 −( K 2 −1 ) 0 0 0 

0 0 0 0 0 K 1 −( K 1 −1 ) −1 

0 0 0 0 0 0 0 1 

1 0 0 0 0 0 −1 0 

0 1 0 −1 0 0 0 0 

0 0 0 0 1 −1 0 0 

0 0 0 1 0 0 0 0 

⎤ 

⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦ 

−1

·

⎡ 

⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ 

0 

−1 

0 

0 

0 

0 

0 

0 

⎤ 

⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦ 

(A.16)

Therefore, the matrix B can be selected from B p so as to satisfy

he equation as below. 

 

 

˙ θ lc _ 1 

˙ θ lc _ 2 

˙ θ g _ out 

⎤ 

⎦ = B 

[
˙ θ g _ in 

]
(A.17) 

n which, 

 = [ B p ( 8 , 1 ) B p ( 4 , 1 ) B p ( 7 , 1 ) ] T (A.18) 

During gearshift, the three gearsets have two motion degrees

f freedom because one of the two locked clutches is released.

uring upshift from the 1st to 2nd gear, the clutch CB26 (de-

oted with the subscript f _ 1 ) is to be engaged(oncoming), and

he clutch CB1R (denoted with the subscript f _ 2 ) is to be disen-
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gaged(offgoing). The torque constraint equations are: 

T S3 · K 3 + T C1 − T out = 0 

T S2 − T in = 0 

T C3 + T S2 · K 2 + T f _ 2 = 0 

T S3 + T f _ 1 = 0 

T S1 · K 1 + T C2 = 0 

(A.19)

The 10 torque variables are subject to the 8 equations of ( A.7 )

and ( A.19 ). Therefore, there are 2 independent torque variables.

Defining T f _ 1 and T f _ 2 to be the independent variables, the trans-

formation matrix can be deducted from ( A.7 ) and ( A.19 ) as below.

[ T C1 T S1 T C2 T S2 T C3 T S3 T g _ in T g _ out ] 
T = C p ·

[
T f _ 1 

T f _ 2 

]

(A.20)

in which, C p is a 8 × 2 matrix calculated by: 

 p = 

⎡ 

⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ 

0 0 0 0 1 ( K 3 +1 ) 0 0 

0 0 1 ( K 2 +1 ) 0 0 0 0 

1 ( K 1 +1 ) 0 0 0 0 0 0 

1 0 0 0 0 K 3 0 −1 

0 0 0 1 0 0 −1 0 

0 0 0 K 2 1 0 0 0 

0 0 0 0 0 1 0 0 

0 K 1 1 0 0 0 0 0 

⎤ 

⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦ 

−1

·

⎡ 

⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ 

0 0 

0 0 

0 0 

0 0 

0 0 

0 −1 

−1 0 

0 0 

⎤ 

⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦ 

(A.21

Therefore, the matrix C can be selected from C p so as to satisfy

the equation as below. [
T g _ in 

T g _ out 

]
= C 

[
T f _ 1 

T f _ 2 

]
(A.22)

in which, 

 = 

[
C p ( 7 , 1 ) C p ( 7 , 2 ) 

C p ( 8 , 1 ) C p ( 8 , 2 ) 

]
(A.23)

During the upshift from the 1st to 2nd gear, the connection

topology yields the following kinematic constraint equations: 

˙ θR 3 = 

˙ θC1 

˙ θC3 = 

˙ θR 2 

˙ θC2 = 

˙ θR 1 

˙ θ S1 = 0 

(A.24)

It can be seen that the nine state variables in ( A.13 ) and ( A.24 )

are subject to the eight constraint equations. Therefore, there are

two independent state variables. Defining ˙ θ S2 and 

˙ θC1 to be the

independent variables, the transformation matrix can be deducted

from ( A.13 ) and ( A.24 ) as below. 

[ ˙ θR 3 
˙ θC3 

˙ θ S3 
˙ θR 2 

˙ θC2 
˙ θR 1 

˙ θ S1 ] T = D p 

[
˙ θ S2 

˙ θC1 

]

(A.25)
n which, D p is a 8 × 2 matrix calculated by: 

 p = 

⎡ 

⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ 

K 3 −( K 3 −1 ) −1 0 0 0 0 

0 0 0 K 2 −( K 2 −1 ) 0 0 

0 0 0 0 0 K 1 −1 

1 0 0 0 0 0 0 

0 1 0 −1 0 0 0 

0 0 0 0 1 −1 0 

0 0 0 0 0 0 1 

⎤ 

⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦ 

T 

·

⎡ 

⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ 

0 0 

1 0 

0 K 1 −1 

0 1 

0 0 

0 0 

0 0 

⎤ 

⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦ 

(A.26)

Therefore, the matrix D can be selected from D p so as to satisfy

he equation as below. 

˙ θ f _ 1 

˙ θ f _ 2 

]
= D 

[
˙ θ g _ in 

˙ θ g _ out 

]
(A.27)

n which, 

 = 

[
D p ( 3 , 1 ) D p ( 3 , 2 ) 

D p ( 4 , 1 ) D p ( 4 , 2 ) 

]
(A.28)

4) Vehicle 

The dynamic equation is derived as 

 v ̈θv = k v ( θg _ out − θv ) + c v ( ˙ θg _ out − ˙ θv ) − T L (A.29)

here J v , k v , c v and θ v are the moment of inertia, stiffness, damp-

ng coefficient and angular displacement of equivalent shaft of the

ehicle body; T L is the load torque. 

For the case that the vehicle is running on flat road, the load

orque T L consists of the frontal drag and rolling resistance, calcu-

ated by [26] : 

 L = 

(
1 

2 

ρc air A v 

(
˙ θv · R tr 

i d 

)2 

+ 

μR m v g 

)
· R tr 

i d 
(A.30)

here ρ and c air are the air density, air damping coefficient re-

pectively; A v and m v are the frontal surface area and mass of the

ehicle, respectively; R tr is the tire radius, i d is the final drive gear

atio, and g stands for the gravity. 

Therefore, the output torque T v towing the vehicle can be cal-

ulated from ( A.29 ) as: 

 v = k v ( θg _ out − θv ) + c v ( ˙ θg _ out − ˙ θv ) = J v ̈θv + T L (A.31)
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