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Abstract: In this study, coupling effect of controllable parameters 

on the dynamic characteristics of vehicle shift process throughout 

full life cycle of wet clutch was studied. Firstly, an improved 

dynamic model of driveline was established with consideration of 

friction characteristics of clutch, time-varying mesh stiffness of 

gears, and torque-coupling effect. Then, dynamic characteristics 

of driveline during shift process were analyzed, and the model 

was validated with an experiment. Based on the model, the effect 

of frictional characteristics of clutch on the dynamic 

characteristics of driveline were analyzed, and to reduce the 

adverse effects caused by the degradation of frictional 

characteristics on the dynamic characteristics of driveline, a 

control strategy was proposed, which control the rising rate of 

on-coming clutch pressure and the maximum pressure 

coordinately. the influence of these two controllable parameters 

on the dynamic characteristics of driveline during shift process 

throughout the whole life of wet clutch life was analyzed. The 

results showed that side effect caused by the degradation of 

clutch frictional characteristics on the driveline during shift 

process can be attenuated by controlling the rising rate of 

on-coming clutch pressure and the maximum pressure 

coordinately. 

Keywords: Wet clutch • Service life cycle • Shift process • 
Controllable parameters • Dynamic characteristic 

 

1  Introduction 
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 As the issues of fuel consumption and environmental 

protection are rapidly gaining attention worldwide, vehicle 

manufacturers have increasingly been adopting new 

technology to improve the efficiency of all vehicle 

components. The innovative dual clutch transmission 

(DCT) combines the advantages of manual transmission 

and automatic transmission, which gives it high efficiency 

and uninterrupted traction [1-6]. Since Volkswagen 

launched the first automatic transmission with a dry clutch 

in the Golf class at the beginning of 2008, a large number 

of drivers and automotive manufacture experts have used 

this technology. The system is earning high ratings in 

various publications and comparative analyses. It meets 

and even exceeds expectations in terms of driving 

characteristics and fuel consumption. 

Structurally, the DCT is a merger of two manual 

transmissions. It employs two separate clutches, which 

hold different gears. One clutch holds odd gears and the 

other holds even gears. When shifting, the two clutches 

engage and disengage alternately owing to the slip of 

clutches, which guarantees shift without interrupting the 

traction from the engine. Considerable researches have 

been conducted on the DCT structure to better understand 

this sophisticated system and improve the quality of 

transmission [7]. To reduce the viscous torque in wet DCT 

and create a seamless gear preselect, Adhitya et al. 

proposed a new gear preselect strategy by delaying the 

gear preselect time near the power shift point based on a 

13-degree-of-freedom lumped inertia driveline model [1]. 

Walker et al. modeled the traction routine of the 

transmission, studied the dynamic characteristics of the 

traction routine [8-10]. Goetz et al. proposed an integrated 

control for gearshift based on the dynamic model of DCT 

[11, 12]. Kulkarni et al. designed an integrated vehicle 
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model and analyzed the influence of pressure profile of 

actuation mechanism on the output torque during shift 

process [13]. To improve shift comfort, Yun et al. designed 

a nonlinear gearshift controller for DCT based on the 

model dynamic characteristics [14]. Jiwon et al. also 

proposed a torque estimation method for each clutch of the 

dual clutch system [15, 16]. Walker et al. investigated the 

nonlinear characteristics of driveline with consideration of 

the characteristics of clutch and the mesh contacts of the 

gear set [17].  

DCT consists of three key components: dual clutch, 

gearbox, and actuation mechanism modules. Currently, 

researchers are focusing on the dual clutch and actuation 

mechanism modules, and effect of external excitation such 

as engine torque fluctuation, hydraulic pressure fluctuation 

on the dynamic characteristics were analyzed with 

relatively simple model [18-20]. The dynamic 

characteristics of the gearbox are highly nonlinear and 

coupled since the friction coefficient of clutch is variant 

when the clutch is slipping, and degrades with the service 

life, also, the mesh force between gears are time-varying. 

All these internal excitations of components affect the 

dynamic characteristics of powertrain, especially in shift 

process, during which one clutch engages while the other 

disengages, and two gears on the transfer shafts drive the 

output shaft simultaneously. It is essential to investigate the 

nonlinear and coupled characteristics of the gearbox to 

control the shift process effectively. 

In terms of clutch control, more researches focused on 

the dynamic characteristics of DCT during shift process 

and designed controllers based on the dynamic 

characteristics, which are obtained with relatively simple 

model [21-23]. Few research considers the variation of 

dynamics characteristics of components in the driveline. 

The purpose of this study is to investigate the effect of 

frictional characteristics of clutch on the dynamic 

characteristics of shift process throughout the whole life 

and find proper control strategy to attenuate the adverse 

effect. Firstly, an improved model was established with 

consideration of the frictional characteristics of clutch, the 

time-varying mesh stiffness of gear set, and torque 

coupling effect. Then, the shift process was analyzed and 

the model was validated by a test. Finally, based on the 

model, the effect of frictional characteristics of clutch on 

the shift along with the service life was studied, and to 

reduce the adverse effects caused by the degradation of 

frictional characteristics on the dynamic characteristics of 

driveline, a control strategy was proposed, which control 

the rising rate of on-coming clutch pressure and the 

maximum pressure coordinately. the influence of these two 

controllable parameters on the dynamic characteristics of 

driveline during shift process at three different stages of 

wet clutch life was analyzed. 

 

 

Figure 1  Structure of the paper 
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2  Modeling of DCT shift process 
2.1  Engine model 

 

The internal combustion engine (ICE) is a complicated 

system, and, to analyze it thoroughly, multi-disciplinary 

knowledge of physics, chemistry, thermodynamics, fluid 

dynamics, mechanics, electronics, and process control is 

needed [19]. In this study, the torque generated by the ICE 

is a function of the opening degree of throttle and rotation 

speed, which can be expressed by equation (1), and the 

relationship can be illustrated by a map as can be seen in 

Figure 2.  

 

 ,
e e

T f thrtl                 (1) 

 

Where, Te is the output torque of engine, thrtl is the 

throttle of engine, and ωe is the rotation speed of engine. 

 

 

Figure 2  Map of the Engine 

 

In this study, a DCT system, which has six forward 

speeds and one reverse speed, is shown in Figure 3. The 

DCT gearbox uses a coaxial structure to transfer power to 

the wheel. The solid shaft, which is installed inside the 

hollow shaft, carries the even gears and the hollow one 

carries the odd and reverse gears. Two transfer shafts carry 

the driven gears for each speed. In the gearbox, 

synchronizers exist between the two gears on the transfer 

shafts. This is similar to manual and automated manual 

transmission. When the gears are shifted, the synchronizer 

engages with the target gear, and the power from the 

engine flows through the clutch, synchronizer, gear set, 

final drive pinion, differential gear ring output shaft and 

wheel. In this section, models of key components in the 

gearbox were established, such as the clutch, the gears and 

the torque coupling device. 

 

 

Figure 3  Schematic of DCT 

 

2.2  Clutch model 

The basic mechanism for torque generation in the clutch 

plate is the existence of a normal load and slip that together 

produce friction forces at distances from the plate center 

and result in a torque. Therefore, the amount of torque of 

clutch depends on the normal force and slip values. During 

engagement process, these parameters will vary with time 

and a transient torque transmission will result [24].  

Generally, the working state of clutch can be divided 

into three states: separated state, slipping state, and locked 

state. When the clutch is in the separated state, no torque is 

transmitted, and this state is ignored in this research. In this 

study, the dynamic model of the clutch includes two states: 

slipping state and locked state. When working, the states of 

clutch switches between slipping and locked. In the 

driveline, the clutch works as a torque transition part 

connected with other components. The dynamic 

characteristic of clutch affects characteristics of the 

driveline, and that in return, other parts in the driveline will 

affect the engagement characteristics of clutch. To 

investigate the engagement characteristics of clutch, a 4 

DOF (Degree of freedom) model is built, as shown in 

Figure 4. 

 

 

Figure 4  4 DOF model of the clutch 

 

The mathematical model of clutch in slipping state can 

be expressed with equation (2-5). 
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.. . .

1 1 12 1 2 12 1 2c c in c c c c c cJ T k c          
 

    (2)

 

 
.. . .

2 2 12 1 2 12 1 2c c c c c c c c clJ k c T          
 

    (3)

 

 
.. . .

3 3 34 3 4 34 3 4c c cl c c c c c cJ T k c          
 

   (4)

 

 
.. . .

4 4 34 3 4 34 3 4c c c c c c c c RJ k c T          
 

   (5) 

The mathematical model of clutch in locked can be 

expressed with equation (6-8). 

 
.. . .

1 1 12 1 12 1c c in c c lock c c lockJ T k c          
 

          (6) 

   

 

.. . .

2 3 12 1 12 1

. .

34 4 34 4

c c lock c c lock c c lock

c lock c c lock c

J J k c

k c

    

   

      
 

     
 

      (7) 

 
.. . .

4 4 34 4 34 4c c lock c c lock c RJ k c T          
 

     (8) 

Where, 
. . .

2 3c c lock    , when the clutch is locked. 

Tcl is the torque transmitted by the clutch, which can be 

calculated by equation (9). 
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  (9) 

Where, R is the equivalent radius, 

R=2(Ro
3
-Ri

3
)/3/(Ro

2
-Ri

2
), Ro is the outer radius of clutch 

lining and Ri is the inner radius of clutch lining. z is the 

number of contact faces. F is the clamp force, F = P π 

(rpo
2
-rpi

2
). P is the hydraulic pressure, rpo

 
and rpi are the 

outer and inner radii of hydraulic cylinder, respectively. 

μ(ωs) is the friction coefficient, which is a function of 

relative sliding speed between clutch drum and hub, 

ωs.[25-26] 

      ' 'exp . . .sgn .
s k s k s s

R R               (10) 

Where, α is the coefficient, which can be obtained by 

experiment, sgn() is the sign function, ωs is the relative 

rotation speed, R’ is the equivalent radius, R’ = 

3(Ro
4
-Ri

4
)/4/(Ro

3
-Ri

3
), us is the static friction coefficient, uk 

is the minimum dynamic friction coefficient. 

The relationship between friction coefficient and relative 

rotation speed can be expressed with Taylor series, 

ignoring the high order items. 

  '

s s s
k R                                (11) 

Where, k is the coefficient, which is often referred to as 

negative gradient of friction coefficient. And, the torque 

transmitted by clutch in slipping and locked state can be 

calculated by equation (12)-(13). 

   2 2

cl s po pi
T P r r zR                           (12) 

 

 
 

. .

3 12 1 12 1

2 3
. .

2 34 4 34 4

c c c lock c c lock

lock c c

c c lock c c lock c

J k c

T J J

J k c

   

   

               
           

 (13)

 

The torque transmitted by the clutch at different states 

can be expressed by equation (13). 

 

. . . .

2 3 2 3

. .

2 3

. .

2 3

sgn

sgn ,

,

c c cl c c

f lock cl c c lock hold

lock c c lock hold

T

T T T T T

T T T

    

  

  

        
    



   


  (14)

 

Where, Tlock is the torque transmitted by the clutch in 

locked state, Tcl is the torque transmitted by clutch in 

slipping state, Thold is the torque capacity of clutch, Thold = 

μsFzR, Δω is the tolerance of the relative slipping speed. 

2.2.2  Clutch engagement simulation result  

In this study, the Matlab/Simulink was used to obtain the 

numerical solution of the ODEs (Ordinary differential 

equations). Figure 5 shows the simulation result of clutch 

dynamic engagement process. 

The upper graph in figure 5 shows the rotation speed of 

clutch drum and hub. During the engagement process, the 

rotation speed of clutch hub suffers oscillations and the 

amplitude of oscillation increases as the clutch engages, an 

action that is referred to as self-excited oscillation and is 

mainly caused by the negative gradient of friction 

coefficient [27]. Lower graph in figure 5 shows 

corresponding torque of clutch and relative ration speed of 

clutch drum and hub. In this figure, the frictional torque of 

clutch increases with the decrease of relative rotation speed 

though the clamp force is constant. This is because that the 

friction coefficient increases with the decreases of relative 

rotation speed of clutch drum and hub. In this simulation, 

at 0.29 s, the relative rotation speed of clutch drum and hub 

reaches zero for a short moment as if they stick with each 

other and rotate together. Then, they slips with each other 

for a while and at 0.31 s they reach the same speed again 

and then slip with each other, at around 0.32 s, they moves 

together again and the clutch becomes locked firmly. This 

intermittent lock and slip phenomenon is called stick-slip 

phenomenon[28], a phenomenon involving the intermittent 
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slip and stick of clutch contact faces, which is affected by 

the dynamic characteristics of system and in return, 

aggravates the oscillation of the system. During the 

engagement process, there exist two kinds of vibration: the 

self-excited vibration and stick-slip phenomenon, and 

transient torque resulted, which affects the dynamic 

characteristics of driveline. 

 

Figure 5  Dynamic characteristics of engaging clutch 

 

2.3  Gear set and torque coupling system modeling 

In the driveline, gear sets are often used as the torque 

amplifier as well as speed reducer, the dynamic 

characteristics of gear set also affects the dynamic 

characteristics of driveline, since the stick-slip 

phenomenon of the clutch is related to the friction 

characteristic of the clutch and the system mechanical 

dynamic characteristic[29, 30]. The fluctuation and 

impulsion in the rotation speed and torque have impact on 

the clutch stick-slip, that will aggravate the oscillation in 

the driveline and accelerates the degradation of frictional 

performance of clutch [27]. In the driveline, fluctuations 

can be caused by stiffness of shaft, time-varying mesh 

stiffness of gear set [29]. Therefore, in this study, when 

establishing the driveline model the stiffness and damping 

of the shafts, and time-varying mesh stiffness of gear set 

were considered.  

The gear set transmits the torque when its teeth mesh 

with each other. When the gear set rotates, the meshing 

teeth pass through two states: double teeth contact area and 

single tooth contact area (Figure 6a). This periodic 

switching between these two states causes the mesh 

stiffness of gear set vary with the gear angular 

displacement, i.e., θi =ωit, which is often referred to as 

time-varying mesh stiffness, kmik(t). The mesh stiffness is 

ksg when the meshing gear is in the single tooth contact 

area, and is kdb when the meshing gears are in the double 

teeth contact area (Figure 6b). 

 

 

 

Figure 6  Time-varying mesh stiffness of gear set 

 

The dynamic model of gear set is illustrated in Figure 7. 

In this model, the shafts and bearings are modeled as 

dampers to account for the compliance of these 

components. According to Newton’s law, and the 

mathematical model of the gear set can be expressed with 

(15)-(20). 

 

 
Figure 6  Model of a pair of meshing gears 

 

.. .

1 1 1 1 1 1 0x xm x c x k x Fx                       (15) 

.. .

1 1 1 1 1 1 0y ym y c y k y Fy                      (16) 

..

1 1 1 1J FsR T                                  (17) 

.. .

3 3 3 3 3 3 0x xm x c x k x Fx                      (18)
 

.. .

3 3 3 3 3 3 0y ym y c y k y Fy                      (19)
 

..

3 3 3 3J FsR T                                  (20) 
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where m1 is the mass of gear 1, J1 is the moment of 

inertia of gear 1, and Fi (i = x, y) are the forces in two 

directions of the Cartesian coordinate system. kj （j = ix, iy）

are the stiffness of the bearings, cj (j = ix, iy) are the 

damping coefficients of the bearings, and Fs is the dynamic 

mesh force between two gears. 

   
.

13 13s
F k dis t c dis t                      

(21)
 

sin
x s

F F                                   
(22)

 

cos
y s

F F                                   
(23)

 

   13 1 3 1 32j gc t k m m m m


               (24) 

Where, dis(t) is defined as  

 
 

1 1 1 1

3 3 3 3 13

cos sin

cos sin

dis t y x R

y x R e t

  

  

  

   
            (25) 

1 21s
   

                                   
(26)

 

ξg is the damping ratio of gear set, e13(t) is the periodic 

profile error and k13(t) is the time-varying mesh stiffness 

and they can be expressed with Fourier series[31]. In our 

study, the 7-order Fourier series was used to approximate 

the time-varying mesh stiffness of the gear set. 

 

 
7 ^ ^

13 13 13 13

1

1 sin
i i

i

k t k k i t 




      
 

         (27) 

 
7 ^

13 13 13 13

1

1 sini i i

j

e t e e i t 
 



       
  

        (28) 

 

In DCT gearbox, two clutches transfer torque 

simultaneously while shifting and two pinions at the end of 

the two transfer shaft meshes with the differential gear ring 

simultaneously, which can be illustrated in figure 3. In 

previous literature, the torque coupling system were 

considered as lineal, however, it is nonlinear in practice, 

and the torque coupling system has important influence on 

the dynamic characteristics of the whole driveline[31]. 

Therefore, it is essential to build a dynamic model of the 

torque coupling system to investigate its dynamic 

characteristics. The torque coupling system consists of 

basic meshing gears. Therefore, based on the model of 

basic meshing gear set, the mathematical model of torque 

coupling system can be built. 

 

 
Figure 8  Dynamic model of gear system 

 

Figure 8 presents the dynamic analysis of multi-mesh 

gear sets, the dynamic model of multi-mesh gear set can be 

expressed with (29)-(37). 
.. .

1 1 1 1 1 1 1x x xm x c x k x F                          (29)
 

.. .

1 1 1 1 1 1 1y y ym y c y k y F                         (30)
 

..

1 1 1 1 1p p sJ T F R                                (31)
 

.. .

2 2 2 2 2 2 2x x xm x c x k x F                        (32)
 

.. .

2 2 2 2 2 2 2y y ym y c y k y F                       (33)
 

..

2 2 2 2 2p p sJ T F R                               (34)
 

.. .

3 3 3 3 3 3 1 2x x x xm x c x k x F F                    (35)
 

.. .

3 3 3 3 3 3 1 2y y y ym y c y k y F F                   (36) 
..

3 3 1 1 2 2 3s s pJ F R F R T                         (37) 

Where, Fi (i = x1, x2, x3, y1, y2, y3) are the forces in the 

three directions of the Cartesian coordinate system. Fsi (i = 

1, 2) are the dynamic mesh forces between the gear sets. Ji 

(i = 1, 2, 3) are the moments of inertia of the three gears. Ti 

(i = p1, p2, p3) are the torques that were loaded on the 

three gears. 

2.4  Resistive force acting on the entire vehicle 

When the vehicle runs, resistive forces act on it, some 

come into play from the start of the motion whereas others 

build up with speed. The power generated by the engine is 



Dong-Yang Wang et al. 

 

·8· 

mainly consumed by the rolling resistance force, air 

resistance, gradient, and acceleration of rotating 

components in the driveline[24]. The total resistive torque 

acting on the running vehicle can be calculated by equation 

(38). 

 L f w i j W
T F F F F r                        (38) 

Ff = mgfcosθ,  Fw=0.5CDAρv2
,  Fi=mgsinθ,  Fj=δmdv/dt 

Where, m is the mass of the vehicle. g is the 

gravitational acceleration. f is the rolling resistance 

coefficient, θ is the slope angle, CD is the aerodynamic 

force coefficient, A is the project area of the vehicle, ρ is 

the density of the air, v is the velocity, δ is the acceleration 

coefficient, and rW is the radius of wheel. 

 

2.5  Vehicle driveline modeling 

 

To obtain the dynamic characteristics of the DCT during shift process, the entire vehicle propulsion system needs to be 

modeled. A schematic of the vehicle driveline system is shown in Figure 9.  

 
Figure 9  Schematic of the vehicle powertrain system 

 

In this model, two assumptions were made: 

The influence of the temperature on the transmission efficiency was ignored.  

The time delay of the mechanism and hydraulic actuation system was ignored. 

Based on these assumptions, the schematic can be simplified, as shown in Figure 10. 

 

 
Figure 10  Dynamic model of vehicle powertrain system 

 

Based on the developed engine model, clutch model, and gearbox model, the entire driveline model can be established 
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with equations (39-49). 

.. . .

e e e e e d e e e d eJ C C K K T                                                                        (39) 

 
.. . . .

.

c c e e e od os od od od ev es ev ev ev c od os od od od oc

ev es ev ev ev ec e e e c os od od od es ev ev ev

J C C k F N R k F N R k F N R

k F N R K K F N R F N R

      

     

    

    

                            (40) 

 
.. . . .

1

1

oc oc od od od od c od od od od oc oc oc og oc oc

oc og os od od od

J k F N R k F N R C C K

K F N R

    

 

    

 
                                  (41) 

   
.. . . .

1 1 1 1 1 1 2 2 1 1 1 1 2 2

.

1 1 1 1 1 1 1 2 2 1 2 1 1 1 1

. .

1 1 1 1 2

cos sin cos sin cos

sin cos

og og oc oc oc ov og og ov og og oc oc oc ov og og ov og og

ov og ov ov og ov ov og og ov og ov ov og ov

ov og ov ov og o

J C C C R C R K K K R K R

K y K x K y K x C y

C x C y

      

    

 

       

    

 
. .

1 1 2 1 1 1 1 1sin
v ov og ov ov ov ov ov

C x K e C e  

             (42) 

   
.. . . .

2 2 1 1 1 1 2 2 3 1 1 1 1 2 2

. . . . .

3 1 1 1 1 1 1 1 2 1 1 2 1 1 1

1 1 1 1 1 1

+ cos sin cos sin

cos sin

og og ov og og ov og oi og oi og ov og og ov og oi og

oi og ov og ov ov og ov ov og ov ov og ov ov ov

ov og ov ov og ov

J C R C R C C K R K R K

K C y C x C y C x C e

K y K x

     

    

 

      

    

   1 2 1 1 2 1 1 1cos sin
ov og ov ov og ov ov ov

K y K x K e  

                      (43) 

   
.. . . .

3 3 2 2 3 3 2 4 4 2 2 3 3

. . . .

2 4 4 2 3 2 2 3 2 2 4 2 2 4 2

.

2 2 2 3 2 2 3 2 2

cos sin cos sin

cos sin

og og oi og oi ov og og ov g g oi og oi ov og og

ov g g ov og ov ov og ov ov g ov ov g ov

ov ov ov og ov ov og ov ov g

J C C C R C R K K K R

K R C y C x C y C x

C e K y K x K y

     

    

 

      

    

    4 2 2 4 2 2 2cos sin
ov ov g ov ov ov

K x K e  

                      (44) 

 
.. . . .

1 1ec ec ev ev ev ev c ev ev ev ev ec ec ec eg ec ec ec eg es ev ev evJ k F N R k F N R C C K K F N R                                  （45） 

   
.. . . .

1 1 1 1 1 1 2 2 1 1 1 1 2 2

.

1 1 1 1 1 1 1 2 2 1 2 1 1 1 1

. .

1 1 1 1 2

cos sin cos sin cos

sin cos

eg eg ec ec ec ev eg eg ev eg eg ec ec ec ev eg eg ev eg eg

ev eg ev ev eg ev ev eg eg ev eg ev ev eg ev

ev eg ev ev eg e

J C C C R C R K K K R K R

K y K x K y K x C y

C x C y

      

    

 

       

    

 
. .

1 1 2 1 1 1 1 1sin
v ev eg ev ev ev ev ev

C x K e C e  

                       (46) 

   
.. . . .

2 2 1 1 1 1 2 2 3 1 1 1 1 2 2

. . . . .

3 1 1 1 1 1 1 1 2 1 1 2 1 1 1

1 1 1 1 1 1

+ cos sin cos sin

cos sin

eg eg ev eg eg ev eg ei eg ei eg ev eg eg ev eg ei eg

ei eg ev eg ev ev eg ev ev eg ev ev eg ev ev ev

ev eg ev ev eg ev

J C R C R C C K R K R K

K C y C x C y C x C e

K y K x

     

    

 

      

    

   1 2 1 1 2 1 1 1cos sin
ev eg ev ev eg ev ev ev

K y K x K e  

                      (47) 

   
.. . . .

3 3 2 2 3 3 2 4 4 2 2 3 3

. . . .

2 4 4 2 3 2 2 3 2 2 4 2 2 4 2

.

2 2 2 3 2 2 3 2 2

cos sin cos sin

cos sin

eg eg ei eg ei ev eg eg ev g g ei eg ei ev eg eg

ev g g ev eg ev ev eg ev ev g ev ev g ev

ev ev ev eg ev ev eg ev ev g

J C C C R C R K K K R

K R C y C x C y C x

C e K y K x K y

     

    

 

      

    

    4 2 2 4 2 2 2cos sin
ev ev g ev ev ev

K x K e  

                       (48) 
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4 4 2 3 3 2 3 3 2 4 2 4 4 2 3 3

. .

2 3 3 2 4 2 4 4 2 3 2 2 3 2

. . .

2 2 2 3 2 2 3 2

- cos sin

- cos - sin

g g ov og og ev eg eg ov g ev g s g s w ov og og

ev eg eg ov g ev g s g s w ov og ov ov og ov

ov ov ev eg ev ev eg ev ev

J C R C R C R C R C C K R

K R K R K R K K C y C x

C e C y C x C

     

    

 

      

     

   

 
 

 

. .

2 2 2 2 2 2 4

.

2 2 2 2 4 2 3 2 2 3 2 2 2

2 3 2 2 3 2 2 2 2 2 2 2 4

2 2 2 2 4

cos cos

- sin sin y cos sin

cos - sin cos cos

- sin sin

ev ov ov ev ev g

ov ov ev ev g ov og ov ov og ov ov ov

ev eg ev ev eg ev ev ev ov ov ev ev g

ov ov ev ev g

e C C y

C C x K K x K e

K y K x K e K K y

K K x

 

   

   

 

 

   

   



                        (49) 

. . .

4 4w w s g s w s g s w RJ C C K K T                                                                          (50) 

Where, θi (i = e, c, oc, og1, og2, og3, ec, eg1, eg2, eg3, g4, w) are the rotated angles of the components, Ji (i = e, c, oc, og1, 

og2, og3, ec, eg1, eg2, eg3, g4, w) are the inertia of the components, Ki (i = e, oc, ov1, oi, ov2, ec, ev1, ei, ev2, s) are the 

stiffness of shafts, Ci (i = e, oc, ov1, oi, ov2, ec, ev1, ei, ev2, s) are the equivalent damping of shafts，Te is the engine torque，

TR is the resistance torque. xi (i = og1, og2, og3, eg1, eg2, eg3, g4) are the displacements of gears in x axis direction, yi(i = 

og1, og2, og3, eg1, eg2, eg3, g4) are the displacement of gears in y axis direction, φi (i = ov1, ov2, ev1, ev2) is the 

installation angle of gears.  

 

2.6  Shift control logic 

 

The time of shift depends on the states of driveline. 

Generally, in automatic transmission, the shifts depend on 

the velocity of vehicle and the opening position of the 

throttle [22]. Thus, a shifting controller, which receives the 

states of the driveline components and makes the decision 

to change the gear is needed. In this study, the driveline 

route was built in the MATLAB/Simulink environment 

based on differential equations. The shifting controller was 

built with a MATLAB/Stateflow chart. The model receives 

the throttle pedal signal and velocity of the vehicle and 

outputs the clutch pressure. The shift control flow can be 

seen in figure 11. 

 

 

Figure 11  Gearshift logic 

2.7  Clutch control 

 

As mentioned before, the change rate of two input torque is 

vital to the quality of shift, which means that the two 

clutches should be controlled coordinately. The profile of 

the pressure of clutch can be illustrated with figure 12. 

During the shifting process, the adjusted torque of the 

engine is controlled by a PID controller, which simulates 

the spark and injection advance and the force act on the 

clutch also controlled by PID controllers. 

 

 
Figure 12  Clutch pressure control profile during shifting 

 

2.8  Simulation results 

 

In this study, upshift from 1
st
 to 2

nd
 gear processes was 

simulated with a sedan whose main parameters are listed in 

the Appendix. In this model, the time-varying mesh 

stiffness was considered and the finite state machine was 

used to calculate the shift time, thus the solver sample time 

of the solver was set at the order of 10
-7

, which is shorter 

than the sample time of the speed sensor in practice. 

Therefore, to validate the mathematical model of driveline 
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and compare with the test data, which was obtained from 

the sensors installed on the vehicle, a filter was designed 

based on the sample time of the sensors on the vehicle. 

Figure 13 presents the simulation result with the filter. 

 

 
Figure 13  Simulation result of shift 

Upper graphic in figure 13 presents the ration speed of 

clutch drum, odd and even clutch hub. Lower graphic in 

figure 13 presents the output torque of clutch, the torque 

transmitted by odd and even clutch. Before shift, the clutch 

drum rotates together with odd clutch hub, at 0.93 s, the 

vehicle started to shift, odd clutch started slipping, rotation 

speed of clutch drum increased at first, and then decreased 

because of the increase of torque transmitted by even 

clutch. At 1.37 s, the shift process finished. During this 

process, the rotation speed of odd and even clutch hub 

suffered oscillations. At the beginning of shift, odd clutch 

began slipping, the clutch switched from locked to slipping 

state, and the torque transmitted by the clutch also changed. 

The torque transmitted by odd clutch decreased, while the 

torque transmitted by the even clutch did not increase as 

fast because of the friction coefficient is small when the 

relative rotation speed between the clutch drum and even 

clutch hub is large, therefore, the clutch drum accelerates 

for a while. Due to the sudden change of the torque 

transmitted by odd clutch at the beginning of shift, the 

ration speed of odd clutch hub suffers oscillation. At the 

end of shift, the oscillation amplitude of rotation speed of 

even clutch hub became higher and higher as the even 

clutch engages, this phenomenon named self-excited 

vibration was caused by negative gradient variation of the 

friction coefficient, as mentioned in section 2.2. When the 

even clutch engages, the torque transmitted by even clutch 

increased rapidly as the friction coefficient increases with 

the decrease of relative rotation speed and the increase of 

clutch pressure. When the clutch became locked, the torque 

transmitted by the clutch switched from Tcl to Tlock, which 

also aggravates the oscillation of rotation speed of even 

clutch. And at the end of shift, stick-slip phenomenon also 

appeared due to the torque oscillation. 

 

2.9  Experiment and model validation 

 

To validate the simulation result, an experiment was done 

with a car equipped with DCT and a data recorder device 

as shown in figure 14a, b The data recorder device is used 

to collect the data of the vehicle. The vehicle was tested for 

a long distance at different condition. 

 

 
(a)                    (b) 

Figure 14  Tested vehicle and data recorder 

 

Figure 15 shows the comparison result between the 

simulation data and test data. And, the time at the 

horizontal axis is calculated with the sample time of the 

recorder device and the number of the sample points. 

The dash lines show the tested data of a shift from 1
st
 to 

2
ed

, which was obtained from the data recorder device. It 

can be seen that the shift begins at 0.2 s and finishes at 

0.54 s. At beginning of shift, when the odd clutch begins to 

slip, the rotation speed of odd clutch hub suffers 

oscillations due to the transient change of the torque, so 

does the even clutch hub due to the torque coupling device. 

The rotation speed of the clutch drum accelerates for a 

while, then it starts to decrease to synchronize with the 

even clutch hub. At the end of the shift, the rotation speed 

of even clutch hub suffers oscillations at 0.47 s and the 

amplitude of the oscillation becomes higher and higher as 

the clutch engages. When the shift finishes, the clutch runs 

in the micro-slip state. The comparison result between test 

and simulation data shows that there is a little difference in 

shift time between the simulation and test data, which is 

caused by the actuator and other factors, because in the 

simulation, the actuator is built with ideal assumption. The 

simulation data has the same feature with the test data, 

especially at the beginning and end of the shift, both 

presents the oscillations in the rotation speed of clutch hub, 

and the change trend of the simulation data is consistent 
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with the test data, which can be thought that the model is 

credible. 

 

 
Figure 15  Comparison between the simulation and test 

 

3  Variation of dynamic characteristics of 
driveline along with the service life 

 

Throughout the service life cycle, components in the 

driveline will suffer degradation process, so does the wet 

clutch. The frictional characteristic degrades with the 

engagement cycles. A notable feature is that the static 

friction coefficient and negative gradient of friction 

coefficient change with clutch engagement cycles [27], as 

shown in figure 16. 

 

 
Figure 16  Friction coefficient of wet clutch at different stages 

 

As the service time increases, the torque transmission 

performance of clutch decreases[25-27], Thus the dynamic 

characteristics of driveline during shift process varies with 

the service life of clutch, figure 17 shows the dynamic 

characteristics of driveline with different frictional 

characteristics. 

 

 
Figure 17  Effect of negative gradient of friction coefficient on 

dynamic characteristics of driveline 

 

Figure 16 shows the dynamic characteristics of shift 

process with different negative gradient of friction 

coefficient. Upper graph shows the result with negative 

gradient of friction coefficient, k = -0.00001, figure 16b 

shows the shift process with k = -0.000015. From this 

figure, it can be seen that, both start time of shift are same, 

at 0.94s, while the end time of shift process is a little 

different. When k = -0.00001, the end time of shift process 

is 1.35 s, while the end time of shift process is 1.37 s when 

k = -0.000015. This means that when the negative gradient 

is small, the shift time is long due to the degradation of 

clutch frictional performance. Another significant 

difference between these two cases is that the amplitude of 

oscillations in the driveline. The amplitude of oscillation in 

figure 16b is higher than that in figure 16a, which means 

that the driveline suffers severe oscillation when the clutch 

frictional performance decreases. Comparison in figure 16 

shows that, friction characteristics of clutch affects 

dynamic characteristics of driveline during shift process, 

small negative gradient of friction coefficient will result in 

severe oscillation and long shift time. 

 

4  Effects of controllable parameters on the 
dynamic characteristics of driveline during 
shift process 
 

The dynamic characteristics of driveline changes with the 

variation of frictional characteristics, which varies with 

service life. As the service life increases, the frictional 

characteristics decreases, and the driveline will suffer 

severe oscillations. To attenuate this side effect by adjust 
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controllable parameters, degradation law of friction 

characteristics should be obtained first.  

To obtain the friction coefficient of wet clutch at 

different stage of service life, thousands of tests need to be 

performed, which is an time-consuming task. Although the 

SAE#2 rig can be used to test the friction coefficient of wet 

clutch, it is an acceleration-life test, can not reflect 

practical working states of wet clutch installed on the 

vehicle. And to obtain the practical degradation law of wet 

clutch, a test rig (figure 18a) with dual clutch transmission 

was established to simulate the working states of vehicle. 

And the clutches, which were taken from the new, 

half-new and old vehicles were tested (figure 18b) with the 

rig. The torque transmitted by clutch and rotation speed of 

clutch drum and hub were collected, the variation of 

friction coefficient with relative rotation speed under 

practical working states were obtained with repetitive 

simulation of shift and start-up process on this rig. Service 

life of wet clutch could be deduced based on the 

consistency of service life of components in a vehicle. The 

mean service life of the vehicle was obtained from the 

vehicle manufactory, and according to the statistical result 

from the manufactory, a wet clutch could sustain the 

vehicle working 300 000 kilometers before it is replaced or 

failure. With this data, the total engagement cycles of wet 

clutch can be deduced, and the degradation law of wet 

clutch can also be deduced with the test data. Figure 10c 

shows the UDDS cycle and the gear state of the vehicle, 

which we studied. In this study, the vehicle shift from 1st 

to 2ed, according to shift logic and the structure of the 

gearbox, the even clutch engages 58 times in one UDDS 

cycle, thus total number of wet clutch engagement cycles 

can be deduced. The stages of wet clutch can be divided 

according to the condition of the vehicle, in this study, the 

lifespan of wet clutch were divided into three stages: early 

stage, metaphase, and final stage, as shown in figure 18d. 

 

 
(a)            (b) 

 
(c)             (d) 

Figure 18  (a) Clutch friction plate; (b) test rig; (c) UDDS 

cycles and gear states of vehicle; (d) Division of the service life 

stages of wet clutch 

 

 

(a)              (b) 

Figure 19  (a) Rising rate of hydraulic pressure and maximum 

pressure; (b) friction coefficient at different stages 

 

As mentioned before, the driveline will suffer 

self-excitation and stick-slip during shift process. And the 

self-excitation can be attenuated by controlling the 

hydraulic pressure of wet clutch, and the stick-slip can be 

attenuated by making the clutch run in micro-slip state 

with proper threshold [32-35]. The threshold, which is 

determined by the maximum pressure of wet clutch at the 

end of shift process, as shown in figure 19a. And both the 

changing rate of the pressure and the maximum pressure 

can be controlled. Therefore, to obtain good performance 

of shift process, the effect of these two controllable 

parameters on the dynamic characteristics should be 

investigated. In this study, the rising rate of pressure was 

divided into three ranges based on the statistical data from 

the manufactory, so was the maximum of pressure at the 

end of shift process, as shown in figure 19a . And the 

lifespan of clutch was divided into three stages based on 

the engagement cycle as shown in figure 19b. 

During shift process, the driveline suffers two kinds of 

oscillations: self-excitation and stick-slip during shift 

process.  The magnitude of the oscillation can be defined 

as the degree of deviation from the equilibrium position. 

Therefore, when analyzing the clutch self-excitation 

oscillation, the standard deviation of the rotation speed of 

clutch hub can be chosen as an index. The standard 

deviation of rotation speed of clutch hub can be expressed 
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by equation (51). And the number of stick-slip can be 

chosen as an index to evaluate the stick-slip phenomenon. 

Since the micro-slip method is adopted, when the clutch 

runs at micro-slip state, extra frictional loss will be caused, 

Therefore, frictional loss should be calculated to ensure 

that the heat caused by the frictional loss does limited side 

effect on the clutch. Also, when shift, the shift time should 

be also taken into consideration. Therefore, in this study, 

the standard deviation of rotation speed of clutch hub, the 

number of stick-slip, frictional loss and synchronizing time 

were chosen as the indexes. 

 

    
1 2

2

std t t T    
 

                    (51) 

 1

0

t

f cli ci
t

W T dt                           (52) 

 

Where, T is the number of sample times, t is the sample 

time,  t  is the mean value of rotation speed of clutch 

hub at the moment of sampling. This value can be obtained 

by the least squares method, Wf is the frictional loss, to is 

the start time of shift and t1 is the end time of shift, Tcli is 

the torque transmitted by clutch, Δωci is the relative 

rotation speed between clutch drum and hub during shift 

process. 

Early stage 

At Early stage, the static friction coefficient and the 

gradient of friction coefficient is high, as shown in figure 

19b, which means that the frictional characteristic of clutch 

is in a good condition, and figure 20 shows the statistical 

result of shift process. 

Figure 20a shows the statistical result of shift time. 

Figure 20b shows the standard deviation of rotation speed 

of clutch hub. Figure 20c shows the result of frictional loss 

during shift process, and the pink plane represents the 

maximum permitted value of frictional loss during shift 

process. Figure 20d shows the statistical result of number 

of stick-slip phenomenon. It can be seen from figure 20a 

that, the shift time decreases as the rising rate of clutch 

pressure increases, and the threshold of micro-slip 

(maximum pressure) at the end of shift has little effect on 

the shift time. Figure 20b shows that, at early stage of 

clutch service life, the oscillations in the driveline vary 

with the rising rate of clutch pressure and threshold of 

micro-slip. When the clutch pressure increases fast, the 

driveline suffers intense oscillation. When the pressure 

rises at slow speed, the oscillation in the driveline becomes 

intense with the decrease of threshold of micro-slip at first, 

and then, dose not change with the variation of threshold of 

micro-slip. When the clutch pressure rises at fast speed, the 

oscillation in the driveline becomes intense as the 

threshold of micro-slip decreases at first, and then 

decreases as the threshold of micro-slip increases. Figure 

20c shows that friction loss increases with the increase of 

threshold of micro-slip, shift with slow rising speed of 

pressure and large threshold of micro-slip results in more 

frictional loss. Figure 20d shows that, the propensity of 

stick-slip phenomenon decreases as the threshold of 

micro-slip increases. From above all, it can be concluded 

that, at early stage of clutch service life, slow rising speed 

of pressure and medium threshold of micro-slip should be 

adopted to obtain good performance of shift. 

 

Figure 20  Coupling effect of controllable parameters on 

dynamic characteristics of driveline at early stage 

 

Metaphase 

Compared with the early stage, the static friction 

coefficient and gradient of friction coefficient has reduced 

in metaphase. And the gradient of friction coefficient 

becomes steep, as shown in figure 19b. Figure 21 shows 

the statistical results of shift process at metaphase of wet 

clutch service life. 

Figure 21a shows that the shift time increases with 

decrease of rising rate of clutch pressure, and the threshold 

of micro-slip has little effect on the shift time. Figure 21b 

shows that, when the clutch pressure rises at fast or 

medium speed, the oscillations in the driveline becomes 

intense with the increase of threshold of micro-slip at first, 

and then, attenuates. When the pressure rises at slow speed, 

the oscillations in the driveline increase with the increase 

of threshold of micro-slip at first, and then dose not change 

with the variation of threshold of micro-slip. Figure 21c 

shows that friction loss increases with the increase of 
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threshold of micro-slip, shift with slow rising speed of 

pressure and large threshold of micro-slip results in more 

frictional loss. Figure 21d shows that, the propensity of 

stick-slip phenomenon decreases as the threshold of 

micro-slip increases. Therefore, at metaphase of wet clutch 

life, slow or medium rising speed of pressure and medium 

threshold of micro-slip should be adopted to obtain good 

performance of shift. 

 
Figure 21  Coupling effect of controllable parameters on 

dynamic characteristics of driveline at metaphase 

 

Final stage 

When the clutch at at final stage, the friction 

characteristics of clutch becomes worse, the static friction 

coefficient is much lower than that at early stage and the 

gradient of friction coefficient is much steeper than that at 

early stage, as can be seen in figure 19b. 

 

 
Figure 22  Coupling effects of controllable parameters on 

dynamic characteristics of driveline at final stage 

 

Figure 22a shows that, at final stage of clutch service 

life, the shift time increases with decrease of rising rate of 

clutch pressure, and the threshold of micro-slip has little 

effect on the shift time. Figure 22b shows that, when the 

pressure rises at a fast speed, the oscillation in the driveline 

becomes intense with the increase of the threshold of 

micro-slip. When the pressure rises at medium speed, the 

oscillation in the driveline becomes intense with the 

increase of the threshold of micro-slip at first, and then 

dose not change with the increase of the threshold of 

micro-slip. When the pressure rises at a slow speed, the 

oscillation in the driveline becomes intense with the 

increase of threshold of micro-slip. Figure 22c shows that 

friction loss increases with the increase of threshold of 

micro-slip, shift with slow rising speed of pressure and 

large threshold of micro-slip results in more frictional loss. 

Figure 22d shows that, the propensity of stick-slip 

phenomenon decreases as the threshold of micro-slip 

increases, and when rising the pressure at medium speed, 

the propensity of stick-slip phenomenon decreases. 

Therefore, at final stage of clutch service life, medium and 

fast speed of clutch pressure should be adopted to obtain a 

good performance of shift. 

 

6  Conclusions 
 

To investigate the dynamic characteristics of DCT during 

shift process along with the service life, an improved 

model was established with consideration of frictional 

characteristics of clutch, time-varying mesh stiffness and 

the torque coupling effect. The model was validated with 

the test data. Based on the model, the effect of frictional 

characteristics of clutch on the dynamic characteristics of 

driveline shift process was analyzed. To attenuate the 

oscillations in the driveline during shift process, a control 

strategy was proposed, which control the rising rate of 

on-coming clutch pressure and the maximum pressure 

coordinately. Since the friction characteristic of clutch 

varies with service life, the effect of these two controllable 

parameters on the dynamic characteristics of driveline at 

three different stages of clutch service life was investigate 

and following conclusions can be drawn. 

(1) At early stage of clutch service life, the driveline 

suffers severe oscillation when the rising rate of 

pressure is fast, and applying slow rise speed of 

pressure and medium threshold of micro-slip can 

obtain good performance of shift. 

(2) At metaphase of clutch service life, the influence law is 

complicated. When the clutch pressure rises at fast or 

medium speed, the oscillations in the driveline 

becomes intense with the increase of threshold of 
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micro-slip at first, and then, attenuates. When the 

pressure rises at slow speed, the oscillations in the 

driveline increase with the increase of threshold of 

micro-slip at first, and then dose not change with the 

variation of threshold of micro-slip. When the pressure 

rises at medium speed, the propensity of stick-slip 

phenomenon is smaller than that at slow of fast speed. 

And applying medium rise speed of clutch pressure 

and medium threshold of micro-slip can obtain good 

performance of shift.  

(3) The driveline suffers severe oscillations at final stage of 

clutch service life since the degradation of friction 

characteristics. However, with combination of medium 

or fast rise rate of pressure and medium threshold of 

micro-slip, relatively good performance of shift can 

also be attained. 
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Appendix 
Appendix and supplement both mean material added at 

the end of a book. An appendix gives useful additional 
information, but even without it the rest of the book is 
complete: In the appendix are forty detailed charts. A 
supplement, bound in the book or published separately, is 
given for comparison, as an enhancement, to provide 
corrections, to present later information, and the like: A 
yearly supplement is issue.
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