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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.

1. Introduction

Taking advantage of continuous torque transmitting, clutch-to-
clutch shift is more and more widely applied in modern vehicle
transmissions, such as hydraulic automatic transmissions (AT) [1,2],
dual clutch transmissions (DCT) [3,4] and the emerging electric
variable transmissions (EVT) in hybrid electric vehicles [5,6]. The
clutch-to-clutch shift leads seamless output torque by disengag-
ing the off-going clutch simultaneously as engaging the on-coming
clutch. The operations are manipulated by two actuators of the two
clutches, respectively. Since the transmission efficiency is one of
the significant factors of the vehicle efficiency, power consumption
of the clutch actuators should be small in order to meet the re-
quirement of the vehicle fuel economy.

Various technologies have been studied to reduce the power
consumption of the clutch actuators. For example, an electric oil
pump controlled by duty cycles is proposed to replace the engine-
driven hydraulic pump which is always working [7] in the conven-
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tional hydraulic actuation systems. To avoid viscous friction losses
and troublesome oil leakage, electromechanical devices are consid-
ered as potential high efficiency alternative actuators [8-10]. How-
ever, in order to provide sufficient engagement force in the clutch,
the actuator mounted with a DCT in the small to mid-size sedans
have the rated output usually between 150 and 300 W for a single
clutch [11]. Thus, a large amount of electric energy is consumed,
which adversely affects the overall vehicle efficiency.

Wedge mechanism, featuring self-reinforcement by making use
of the friction force generated on one surface of the wedge, of-
fers a power-saving concept of electromechanical clutch actuators
[12,13,14]. Power-saving means the merits of less energy consump-
tion, small size, less current of the driving motor and less joule
loss. Motions of the wedge mechanism have been studied since
decades before [15,16]. The initial investigation of a wedge brake
was described in [17]. The comparison with the conventional brak-
ing system showed the average energy consumption of the eBrake
actuator was reduced, and the actuator was downsized [12,18]. Op-
timization of the wedge brake is ongoing, such as removing back-
lash [19], cutting extra components [18], downsizing [20], improv-
ing control performance [21] and etc.. Similar to brakes, clutches
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Fig. 1. Principle of the wedge-based clutch actuation.

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
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Fig. 2. Relationship between self-reinforcement ratio and wedge angle.

two rotating elements. This study is focusing on the application of
the braking clutch, in which the steel plate is considered as a static
element.

The wedge is a trapezoid block featured by an angle « and a
roller supporting the slope edge. The friction coefficient between
the friction plate and long edge surface of the wedge is defined to
be . The actuation force F; is acting on the short edge surface of
the wedge block.

Assuming the clutch slipping speed v is downward, denoted by
v > 0, as shown in Fig. 1, the direction of the friction force Fs is
also downward, and its magnitude is calculated as:

Ff = uk, (1)
in which, F, is the normal force on the friction interface.
The force equilibrium equations of the wedge are:

Fy + Ff — Fysino = 0 (2)

F, — Fycosa =0 (3)

in which, Fs is the force passively generated on the supporting
roller.

The amplification ratios i; are obtained from (1), (2) and (3),
respectively.

- n
Y= F T tana =
a 22

As illustrated in Fig. 2(a), the ratio ir varies along two individual
curves with an increasing « for a given p =0.12. The two curves
are separated by a critical wedge angle o* = arctan(u). The left
curve of the ratio i is negative because o < arctan(u), whereas
that of the right curve is positive because o > arctan(u). For ei-
ther of the two curves, the magnitude of i increases rapidly and
mathematically approaches infinity when o approaches arctan(u).
The big magnitude of i explains the self-reinforcement effect of
the wedge mechanism. The sign of i means the direction of Fy,
ie, a positive if means the direction of Fy is the same as that of
F;, whereas a negative ir means the direction of F, is opposite to
that of Fy. The latter brings more challenges for the actuation force
control, therefore, & is always selected to make a positive i, i.e.,
> arctan(u).

Another assumption is that the clutch slip speed v in Fig. 1(a)
changes to be upward, denoted by v < 0. Accordingly, the direction
of Fy changes to be upward. Hence, the sign of Fy in (2) is replaced
by a minus sign. Resultantly, the ratio i is calculated as:

P S
f F, tano+u
It is obvious that the magnitude of i is less than 1 as shown

in Fig. 2(b), so the actuation force is weakened in this case, which
should be avoided in the design of a wedge-based actuator.

whenv > 0 (4)

whenv <0 (5)

2.2. Physical structure

In this study, in order to ensure the self-reinforced effect and
avoid the self-weakened effect no matter if the clutch slipping
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speed is positive or negative, a dual-wedge element is designed
with two face to face slopes (Slope A and Slope B), as shown in
Fig. 3. According to (4) and (5), the selection of the two slopes de-
pends on the sign of the clutch slipping speed v. If v > 0, slope A
is selected to work, otherwise, if v < 0, slope B is selected.

The motion of the wedge block is driven by a motor, connected
by a worm gear, worm shaft and shaft connector, as shown in Fig.
4. It is worth mentioning that the driving motor is parallel to the
friction surface because of the wedge geometry, instead of being
vertical. The parallel arrangement can make better use of space
along the radial direction and occupy less space along the axial di-
rection of a transmission. This arrangement is helpful for the trans-
mission layout considering the axial space is always tight.

For the consideration of force distribution on the friction plate,
three identical dual-wedge elements are circumferentially arranged
every 120° in the wedge block, so do the rollers, as shown in Fig.
5.

For the convenience of test and validation, the proposed dual-
wedge actuator is designed to fit a conventional AT. The hydraulic
actuation system of one clutch is replaced by the new actuation.
The transmission case is not changed; the friction plates (P5), steel
plates (P4), wave plates (P13), return spring (P9) and retainer ring
(P8) are reused. The wave plate acts as a cushion at the kiss point.

The return spring is compressed to a certain position during en-
gagement, and is released to push the hydraulic piston backward
during disengagement. One end of the return spring is fixed by the
retainer ring.

For the modified clutch, new components inside the transmis-
sion case include a wedge block (P7), a roller supporting ring
(P11),three rollers (P10) and a worm gear (P6); and those outside
the transmission case include a worm shaft (P3), a shaft connec-
tor (P2) and a DC motor (P1). The actuator is assembled into a
modified six speed AT produced by General Motors. The assem-
bling view and explosion view of the 3D model are given in Fig.
6(a) and (b), respectively. The actuator prototype is manufactured
and installed in the AT, presented as the photo in Fig. 6(c).

2.3. Operation principle

First of all, before clutch engagement, the correct slope should
be determined depending on the clutch slipping speed v. The mo-
tor current I, is the control input of the motor-driven dual-wedge
actuator, the angular displacement 6,, of the motor is the output
of the actuator control, which physically corresponds to the ax-
ial displacement of the clutch plate and thereafter corresponds to
the normal force on the friction plate. Taking Slope A as an exam-
ple, the operation process during the clutch engagement and dis-
engagement are described in the following paragraphs referring to
Fig. 7.

During clutch engagement, the DC motor (P1) is operated by a
certain amount of current. The output torque of the motor is trans-
mitted to the worm gear (P6) through the mesh with worm shaft
(P3). The worm gear (P6) is occlusive with the wedge block (P7)
at the short edge surfaces. Thus, the force generated on the short
edge surface drives the wedge block (P7) to move. The wedge block
moves in two directions, i.e., moving along and rotating around the
central axis. The two motions are constrained by the fixed roller
(P10). The wedge block first moves to fill the clearance, and then
generates self-reinforced friction force on the interface between
the friction plate (P5) and the wedge block (P7). At the same time,
the wave plate (P13) and return spring (P9) is compressed. As a
result, the clutch slipping speed decreases gradually till the clutch
comes to be locked at the end. Thus, the engagement process is
completed.

During clutch disengagement, the motion of the components
reverses. The normal force on the friction interface decreases so
that the clutch starts to slip. When the wave plate (P13) completely
releases, the normal force on the friction interfaces becomes zero.
Then, the return spring (P9) releases, and the clutch comes back
open with a clearance. Usually, the motor continues to pull the
wedge block backward a bit more to ensure enough clearance for
less parasitic loss. Thus, the disengagement process is completed.

3. Dynamic modeling

To validate the effectiveness of the actuator, two layers of dy-
namic model are discussed in this section, as shown in Fig. 8. The
first layer is the actuator model, including the DC motor and the
mechanical components from the shaft connector to the wedge
block and clutch plates. The second layer is the clutch-to-clutch
shift involved driveline model, including the engine, torque con-
verter, planetary gearbox and vehicle. The models of the second
layer are described in Appendix.

The schematic of the actuator is shown in side view and top
view in Fig. 9. First of all, the wedge block is modeled followed
by the DC motor, worm shaft, worm gear and clutch plate. These
objects are modeled as rigid bodies, ignoring their stiffness and
damping effect. Nevertheless, the stiffness and damping effect of
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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.

3.1. Wedge block

The three wedge elements on the wedge block are simplified
as one element since their motions are identical. The motion of
the wedge block along the axis is described as:

MypSwp = Fr cosa — (6)

in which, m,,, and S, denote the mass and axial displacement of
the wedge block, respectively.
The rotation of the wedge block around the axis is described as

JwbOub = Ty + Ty = WERyp sina (7)

in which, Jyp, @b, Ryp, Twp and Ty denote the moment of inertia,
angular displacement, radius, driving torque and friction torque of
the wedge block, respectively. The slope factor W is defined as:

W =1 when Slope A works
W = -1 when Slope B works

(8)

Since the wedge block moves against the supporting roller, the
translational and rotational movements are subject to the con-
straint:

wa = W9wbwatana (9)

Therefore, by substituting S,,, by the above expression, the dy-
namic Eqgs. (6) and (7) is derived as:

Uwb + Moy R2 tana®) 0y, = Ty + Ty — WE, tan Ry, (10)
3.2. DC motor
The dynamics of the DC motor is described as follows [23]:

.]rném =T — Ts (11)

T = Kl (12)

in which, J;m, Om, Tm, Ki, Im denote the moment of inertia, angular
displacement, output torque, torque constant, current of the motor,
respectively. The reaction torque from the worm shaft is denoted
by Tws.

3.3. Worm shaft and worm gear
The dynamic equations are written as:

.]wséws = Tws - ng/n (13)

]wgéwg = ng - wa (14)
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in which, Jws and Jy; are the moment of inertia of the worm
shaft and worm gear, respectively. The angular displacements of
the worm shaft and worm gear are denoted by 6ys and Oy, re-
spectively. The reaction torque from the worm gear is denoted by
Twg-

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

n= éws/éwg (15)

Because the shaft connector between the worm shaft and the
DC motor is considered as rigid, there exists:

Ows = Om (16)

Similarly, because the worm gear is splined with the wedge
block, there exists:

‘gwg = wa (17)

3.4. Clutch plate

The clutch plate has two degrees of freedom of motion, i.e.,
moving along and rotating around the central axis. The moving dy-
namics is determined by the actuator, and the rotating dynamics is
determined by the connected driveline. The former is discussed in
this section, and the latter will be discussed in next section. Apart
from those, the relationship between the normal force F, and the
friction torque Ty is covered by the clutch plate model, and is pre-
sented in this section.

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

MepSep = Fr — kwpScp — CwpScp (18)

in which, m¢, and S¢p denote the moment of inertia and axial dis-
placement of the clutch plate, respectively; kwp and cwp denote the
stiffness and damping coefficient of the spring pack, respectively.

By defining S,,;9 to be the clearance between the friction plate
and wedge block when the clutch is open, there exists:

F.=0, S;p =0 when S, <Sypo

(19)
SCp = wa - waO when wa > wao
The friction torque Ty is calculated by:
T; = uNRpF, (20)

in which, N is the number of friction interfaces of the clutch, and
R¢p is the equivalent radius of the clutch friction interface.

For computation convenience, the friction coefficient w is
smoothened as below [24] instead of using the discontinuous
Coulomb model:

(@) = [1.0 + (% — 1.0) e*g‘«abs(w)] tanh (5 - @-Rp) (21
k
in which, is and i, denote the slipping friction and static friction
coefficient, respectively; ¢ and £ are two tuning parameters.
On the friction interface between the friction plate and the steel
plate, the slipping speed w is defined by:

=06 (22)

where, éf is the angular velocity of the friction plate.
On the friction interface between the friction plate and the
wedge block, the slipping speed w is defined by:

w:éf—éwb (23)

where éwb is calculated by (10).

3.5. Complete model equations

The summarization is given in terms of the contact status
of the dual-wedge clutch. When the wedge block contacts the
frictional plate, the governing equations include six independent
differential Eqs.((6), (7), (11), (13), (14) and (18)) with six mo-
tion constraints((9), (15), (16), (17) and (19)). The unknown vari-
ables include six state variables (Syp,0 5.0 m.Ows, Owg, Scp) and six
forces(Fsr, Fn, Ti, Tywp, Tws, Twg). Therefore, the sum of the equation
number and the constraint number equals to the sum of the un-
known variables. Theoretically, these equations can have determin-
istic solution.

The resultant equation is:

JOws = N+ Ty —kupRZ, tan’ ey, — CupRE tan’ab,,

+ kwpR2,tan?a6,,p0 (24)
in which, the moment of inertia J is calculated as:
J :Jwg + nz.]ws + nzjm +Juwb + Muwp Ravb tan’a + Mep R?p tan’o (25)

When the wedge block does not contact with the frictional
plate, i.e., the clutch is open, the governing equation can be sim-
plified from (24) with Ty =0 as:

Jobwy = nT (26)
in which
.]0 :.]wg + nzjws + nz.]m +]wb + My Ravb tanzoe (27)

It can be seen that a uniform expression is obtained for both
Slope A and Slope B in (24) and (26). Nevertheless, the dynamics
is nonlinear due to the nonlinearity of the friction torque Ty with
respect to the clutch slipping speed w as expressed in (21). Accord-
ing to the wedge principle analyzed in Section II, the dual-wedge
actuation system behaves self-reinforced effect when the direction
of Ty is the same as that of the motor torque Ty, otherwise, the
system behaves self-weakened effect.

4. Clutch-to-Clutch shift control method

The dual-wedge actuator is designed with the target of be-
ing comparable to the conventional hydraulic actuation system of
the clutch-to-clutch shift, whose typical application is the AT. The
clutch-to-clutch shift process of the AT is controlled by adjusting
the piston fluid pressure of the oncoming clutch and the offgoing
clutch, respectively. The normal force F, is proportional to the pis-
ton fluid pressure once the friction plates touch the steel plates.
The desired F, of the dual-wedge clutch actuator is the same as
that of the conventional AT, however, is realized by the new actu-
ator.

In order to track the desired normal force F, precisely, the mo-
tor current profiles are calibrated carefully based on the informa-
tion of the angular displacement 6, of the motor, considering that
an open loop control cannot guarantee the accuracy due to the dy-
namics and hysteresis of the actuator components. In the exper-
iments that the motor moves at constant speed, the motor cur-
rent differs over 20% between the two opposite directions. So the
position feedback with dedicated clutch inverse transfer function
cannot achieve precise tracking. Owing to the motion constraints
expressed in (9), (15)-(17) and (19), the displacement 6, corre-
sponds to the displacement S¢; of the clutch plate which is the
closest component to the friction interface, regardless of the dy-
namics and hysteresis. Moreover, the dynamic Eq. (18) defines the
relationship between the normal force F, and the displacement
Scp; therefore, the desired S¢p can be calculated given the desired
Fn; thereafter, the desired 0,, can be obtained. On the other hand,
the major portion of F;, comes from the large stiffness kyy of the
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spring pack because the motions Scp and S¢p are rather small when
the friction plate contacts the steel plate as seen from (18), there-
fore the calculation of the desired 6, 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, is adopted from
[29] and [30], as shown in Fig. 10(1.a) and (2.a). The desired an-
gular displacement 8, 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-

cal results. The numerical results are provided in the next sections
on simulation and experiments. The calibration rules are described
in the following paragraphs in terms of upshift and downshift, re-
spectively.

4.1. Upshift control

In order to achieve the reference normal force F,, the motor
currents I, are calibrated to track the desired angular displace-
ment 6, of the motor as shown in Fig. 10 (1.b). The calibration
rules 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 w of the friction interface. If w > 0, Slope A is se-
lected; otherwise, if @ < 0, Slope B is selected. Taking Slope
A as an example, the motor of the oncoming clutch applies a
large positive current I, then a small I, followed by a neg-
ative Ip. 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,;, then a small nega-
tive I, followed by a positive I;. In this way, the motor an-
gular displacement 6, 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, is op-
posite to the above, though, the magnitude is the same as
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the above. Due to the page limitation, the following rules
are described taking Slope A as the example.

In the torque phase, the motor of the oncoming clutch ap-
plies a large positive I, followed by a negative I;. In this
way, the motor angular displacement 6, 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, followed by a small positive I,. The motor
angular displacement 6, 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 Ip. In this way, the motor an-
gular displacement 6, increases gradually. As to the offgo-
ing clutch, its motor applies a negative I,. The motor angu-
lar displacement 6, decreases until the clutch has enough
clearance for the purpose of less spin loss.

In the end phase, the motor of the oncoming clutch ap-
plies the largest I. Thus, the motor angular displacement
6 m reaches the maximum value and the normal force F, also
reaches the maximum value.

—
N
—

(4

~

4.2. Downshift control

Different from the upshift process, the downshift process im-
plements the inertia phase before the torque phase. The reason
is that, the engine speed needs to be lifted up to avoid being
towed since the engine speed is less than the output shaft speed
of the oncoming clutch before the down shift starts. In order to
achieve the reference normal force F,, the motor currents I, are
calibrated to track the desired angular displacement 6, of the mo-
tor as shown in Fig. 10 (2.a). The processes of the filling phase and
end phase are similar to those of the upshift, so their description
is omitted so as to avoid redundancy.

(1) In the inertia phase, the motor current I; of the oncoming
clutch is zero. So the motor angular displacement 6, 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 In,. In this way, the motor an-
gular displacement 6, decreases so as to decrease the nor-
mal force F, on the offgoing clutch. Thus, the offgoing clutch
slips and the oncoming clutch can be synchronized by the
aiding of the engine speed control.

In the torque phase, the motor of the oncoming clutch ap-
plies a large positive Ij;. In this way, the motor angular dis-
placement 6, increases to its maximum end and the normal
force F, also increases to the maximum value. As to the of-
fgoing clutch, its motor applies a large negative I, followed
by a small negative I,. The motor angular displacement 6,
decreases quickly at first and then gradually until there is
enough clearance.

—
N
—

5. Simulation results

The gear shift process can take advantage of the self-
reinforcement when a correct slope of the dual-wedge block is
selected for the engagement of the oncoming clutch. On the
other hand, self-weakened effect occurs when an incorrect slope
is selected. This section starts with the comparison between self-
reinforced and self-weakened effect in the same upshift operation.
After that, the results of two self-reinforced cases are illustrated,
one is a downshift process using Slope A, and the other is an up-
shift process using Slope B. In addition, the results from the con-
ventional hydraulic actuation of the AT using the models we have
already developed are also provided for convenient comparison of
the shift performance. The parameters used in the simulation are
given in Tables 1 and 2.

Table 1
Parameters of the dual-wedge actuator.
Cwp 100 N+s/m Rep 0.105m
Jm 0.0004 kg+m? Rup 0.1m
Jwb 0.0082 kgem? Swpo  0.002m
Jwg 0.0036 kgem? o 10°
Jws 0.0030 kg-m? I 6
kwp 13x10°Nm/m & 100
Mgy 0.75kg M 0.14
my,  0.87kg My 0.12
n 164
Table 2
Parameters of the powertrain.
Ay 2m? I 11.3 kgem2
Cir 03 ky 15,000 Nm/rad
cy 150 Nmes/rad my 1705 kg
g 9.81 m/s? Ry 0314m

iy 387 o 12kgm?
Je  0137kgm? ug 0015

5.1. Comparison between the self-reinforced and self-weakened effect

During the upshift process from the 1st to 2nd gear of the
six-speed AT as shown in Fig. A.3, the oncoming clutch CB26 is
to be engaged, and the offgoing clutch CB1R is to be disengaged.
The upshift process is operated in a moderate acceleration pedal
which generates the engine throttle opening o, = 50%. Because
the clutch slipping speed 0 of the oncoming clutch is positive
as shown in Fig. 11(1.f), the correct slope for self-reinforcement is
Slope A according to the rule given in Section 4. Similarly, the of-
fgoing clutch also uses its Slope A. For comparison, the results of
Slope B, which leads to self-weakened effect, are also provided in
Fig. 11.

By using Slope A, the upshift process starts from 3.09s, and
completes in 0.78s. The normal force on the oncoming clutch in-
creases gradually in the filling and torque phase, keeps moder-
ately flat in the inertia phase, and increases rapidly from 1508 N
to 3314 N in 0.12 s in the end phase, as shown in Fig. 11(1.e). This
profile is approximately identical to that of the conventional hy-
draulic actuation as shown in Fig. 11(3.b), which is obtained by
hydraulic pressure regulation in Fig. 11(3.a). Thereafter, the clutch
slipping speed in Fig. 11(1.f) and the output torque in Fig. 10(1.g)
are approximately identical to those of the conventional hydraulic
actuation in Fig. 11(3.c and 3.d). In addition, these results are com-
parable to those in the literatures [28,31].

It can be seen from Fig. 11(1.a) that the motor current I, fre-
quently changes to regulate the normal force. The capability of the
motor control is critical for the clutch-to-clutch shift performance,
just like that the capability of the hydraulic system control is crit-
ical for the shift performance of the conventional AT. In general,
the response from the motor current I, to the motor toque Ty, is
as fast as an instant according to the principle of electromagnetics,
there is great potential for the motor to satisfy the requirement
of the clutch-to-clutch shift control. Moreover, the motor control
takes the angular displacement 6, of the motor as the output sig-
nal as shown in Fig. 11(1.b). The calibration based on the angular
displacement 6, can be effective in dealing with the influence of
the dynamics and hysteresis of the actuation components.

By using Slope B, the oncoming clutch engagement fails as seen
in Fig. 11(2.f). It is noticed that the amount of motor current as
shown in Fig. 11(2.a) is the same as that using Slope A but in op-
posite sign of operation, however, the normal force generated on
the oncoming clutch as shown in Fig. 11(2.e) is much less than
that using Slope A. Consequently, the output torque T, 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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B is about half of that using Slope A, as shown in Fig. 11(2.g). The
clutch cannot complete the shift and carry the full input torque,
resultantly, the slipping speed of the oncoming clutch keeps in-
creasing and can never be closed.

Similar differences between the results of self-reinforced and
self-weakened effect are found in other cases. Due to page limi-
tation, the results of self-weakened effect are not presented in the
following two cases.

5.2. Self-reinforced by Slope A during a downshift

As shown in Fig. 12, the downshift process from 2nd to 1st gear
successfully completes in 0.81s. Because the clutch slipping speed
éf of the oncoming clutch is positive as shown in Fig. 12(1.f), the
correct slope for self-reinforcement is Slope A. So, the wedge block,
driven by the motor with a positive current I;, rotates with a posi-
tive rotary speed 9wb and moves ahead with a positive translational
speed S, as shown in Fig. 12(1.a), (1.c) and (1.d).

The maximum motor current I, is 4A as shown in Fig. 12(1.a).
The angular displacement of the motor 6, is shown in Fig. 12(1.b),
which is rather similar to the profile of the normal force F, in
Fig. 12(1.e). The normal force of the oncoming clutch can be up to
4350N, and increases promptly from zero to 4350N in 0.08 s. The
normal force generated by the wedge based actuation is almost
identical to that by the hydraulic system as shown in Fig. 12(3.b),
which is obtained by hydraulic pressure regulation as shown in Fig.
12(3.a).

The output torque is obviously decreased in the inertia phase
because the desired output torque is zero at zero throttle opening.
Other than this fluctuation, no peak is found in the output torque
profile, so the shift quality is acceptable. As a whole, the shift per-
formance is comparable to that of the conventional hydraulic sys-
tem as illustrated in Fig. 12(2.c) and (2.d).

5.3. Self-reinforced by Slope B during an Upshift

Because of the planetary gear set configuration, the initial
clutch slipping speed 6y is negative as shown in Fig. 13(1.f) during
the upshift from the 5th to 6th gear. Therefore, Slope B is selected
for self-reinforcement purpose. Thus, the wedge block is driven by
a negative motor current, rotates in negative direction, as shown in
Fig. 13(1.a) and (1.c), and move ahead as shown in Fig. 13(1.d).

The upshift process successfully completes in 1.0s. The maxi-
mum motor current I, is 4A as shown in Fig. 13(1.a). The angular
displacement of the motor 6, is shown in Fig. 13(1.b), which is
rather similar to the profile of the normal force F, in Fig. 13(1.e).
In the end phase, the normal force F, of the oncoming clutch in-
creases rapidly from 842N to 4853 N in 0.12s. The output torque
as shown in Fig. 13(1.g), which is similar to that of the conven-
tional hydraulic system in Fig. 13(3.d). The output torque fluctuates
in a flat style, which means the shift quality is acceptable.

6. 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-
wedge mechanism. The mature AT is selected as the benchmark of
the dual-wedge actuation because the AT has typical clutch com-
ponents. It is expected that the proposed design can achieve com-
parable performance to the mature hydraulic clutch actuation of
the AT. The comparison does not mean the replacement of the
hydraulic system of the AT because the hydraulic system may be
the most suitable actuation for the AT due to the advantage of the
flexible connection between the pump and more than four sets of
clutches. However, the application of the proposed design can be
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Fig. 12.. Comparison of the dual-wedge (self-reinforced using Slope A) and conven-
tional hydraulic actuation during downshift.
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Fig. 13. Comparison of the dual-wedge (self-reinforced using Slope B) and conven-
tional hydraulic actuation during upshift.

expanded to other clutch relevant areas. The experiments are im-
plemented on a set of dynamometer depicted in Fig. 14. The input
dynamometer is to emulate the engine transient with rated torque
297 Nm and maximum speed 6500 rpm. The load dynamometer is
to emulate the vehicle driving resistance with rated torque 486 Nm
and maximum speed 5000 rpm. A set of flywheel, placed before
the load dynamometer, is used to emulate the moment of inertia
of the vehicle. The six speed AT is arranged between the input dy-
namometer and the flywheel.

Three force sensors are deployed on the plates of the clutch
CB26 to measure the normal force on the clutch plates. The force
range is up to 2000 N for each sensor. Apart from those, two torque
sensors (A and B), with rated measurement range of 500Nm and
3000Nm, are used to measure the input torque and load torque of
the AT, respectively. Two encoders (A and B) are used to measure
the input speed and output speed of the AT.

Referring to the two layers of the dynamic model, the experi-
ments are implemented in two steps. The first step is to study the
characteristic of the motor-driven dual-wedge clutch actuator, i.e.,
self-reinforced or self-weakened in terms of the two slopes. The
second step is to check the clutch-to-clutch shift quality relying on
the dual-wedge actuation system.

In the experiment, the AT is during the upshift process from the
1st to 2nd gear, i.e., the oncoming clutch CB26 is to be engaged,
and the offgoing clutch CB1R is to be disengaged.

6.1. Characteristics of the dual-wedge clutch actuator

The input dynamometer is working in speed mode to main-
tain 100 rpm (in positive direction) for the rotating part of CB26.
In this experiment, it is unnecessary to apply load to the AT, so
the load dynamometer and the flywheel is not connected to the
output shaft of the AT. According to the wedge mechanism princi-
ple, self-reinforced effect occurs when Slope A is selected to work
by a positive motor current In,; otherwise, self-weakened effect oc-
curs when Slope B is selected to work by a negative motor current
Im, despite with the same amount. The current profile is operated
to emulate those during gearshift as in (a) of Fig. 11-13.

The comparison between the self-reinforced and self-weakened
effect is given in Fig. 15. The simulation results are provided to-
gether with the experimental results. The legend “exp.” is the short
name of “experiment”, and “sim.” is “simulation” .

The major differences between the self-reinforced and self-
weakened case lie in two aspects. First of all, as seen from
Fig. 15(d), the normal force F, under the self-reinforced case is
2.74 times that under the self-weakened case, which validates
the significance of the slope selection for the purpose of self-
reinforcement.

The second aspect is on the motion direction of the wedge. It
is interesting that the wedge translational speed S, is positive for
both the two cases, i.e., self-reinforced case with positive motor
current I, and self-weakened case with positive motor current I,
as shown in Fig. 15(a) and (c). This phenomena comes from the
dual-wedge structure as shown in Fig. 3, and most importantly,
this structure ensures the wedge block can be pushed ahead to
engage the clutch no matter the wedge is rotating in positive or
reverse direction.

6.2. Clutch-to-clutch shift experiment

In the experiment, the oncoming clutch CB26 is actuated by the
proposed wedge prototype, while offgoing clutch C1R is still actu-
ated by the original hydraulic piston (As seen from the simulation
results, the oncoming clutch plays a major significant role in shift
quality). So the dual-wedge actuator has to cooperate with the
mature hydraulic actuation system to complete a clutch-to-clutch



L. Chen et al./Mechatronics 42 (2017) 81-95 91

Tost Comp
yno Control

[Host Compute
Data Record

Calibration & Data Acquisition Tool 1

Inverter  yycoder A lorquSasorA  TCU  WodpeChitch TorqueScuserld Lincoder 18

Inpui Iyno Transmission wilh Flywheel Load Dyne
(a) Photo (b} Diagram
Fig. 14.. Layout of the dynamometer facilities.

6 ----- sim. reinforced g im. reinforced . g

4 exp. reinforced g . wreinforced . o R sim.(wedge) g sim.(wedge)

< | - sim.,weakened = ~weakened < exp.(wedge) 3 exp.(wedge)
=) o S .weakened € 2 3
& xp.,weakened 3 o []
30 3 2 5 >
) - 3 o0 ®
3 3

2 g \ B’ g i E

0 05 1 15 o 0.5 1 15 05 1 15 1 15
time(s) time(s) time(s) time(s)

(a) motor current [/, (b) wedge rotary speed g,

002, [ mmmee sim.,reinforced
exp.,reinforced
----- sim.,weakened
exp.,weakened

sim.,reinforced
exp.reinforced 2000
sim.,weakened
exp.,weakened

0.015

0.01

force(N)

1000

velocity(m/s)

0.005

1 15 0 0.5 1 15
time(s)

(d) normal force F,

time(s)

(c) wedge translational speed wa

Fig. 15.. Characteristics of the dual-wedge clutch actuator.

gearshift process. The input dynamometer is working in torque
mode to emulate the output torque T, as in Fig. A.1 of an engine at
throttle opening «, = 15%. The flywheel is connected to the out-
put shaft of the AT, and the output dynamometer is also working
in torque mode to emulate the load torque T, as in (A.22) of a
vehicle. The initial speed of the flywheel is zero. The gear set is
initially at the 1st gear by configuring the conventional TCU (trans-
mission control unit). The control of CB26 of the TCU is bypassed
by a controller developed for the dual-wedge actuator. The results
from the dynamometer experiment and simulation are compared
in Fig. 16. Besides, the experimental results of the conventional hy-
draulic actuation are also provided for comparison.

Because the clutch slipping speed 6 of the clutch CB26 is pos-
itive at the beginning of the gearshift, Slope A is selected; resul-
tantly, the wedge rotary speed 6,,, is positive, so does the wedge
translational speeds,,;,, as shown in Fig. 16(a)-(c).

As seen from Fig. 16(e), the upshift process actuated by the
dual-wedge mechanism successfully completes in 1.04s. The max-
imum motor current is 4A as seen in Fig. 16(a), and the normal
force generated on the friction plate is up to 5000 N. Moreover, the
normal force increases from zero to 5000N in as short as 0.14s
in the end phase. This profile shows that the normal force can
be controlled elaborately and satisfy the requirement of clutch-to-
clutch gearshift. No intensive jerk is found in the output torque
profile as Fig. 16(f), nevertheless, fluctuation occurs with a peak in
the end of the inertia phase. By the comparison between Fig. 16(g)
and (h), the fluctuation before the peak reflects the change of the
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Fig. 16.. Clutch-to-clutch shift experiment (1st to 2nd gear).

engine torque. At the peak moment, the motor current increases
instantly and the normal force increases rapidly. This increasing
induces stick-slip transition dynamics of the clutch friction plate.
More refined calibration and insight dynamics need to be studied
further.
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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 Te(ée, o) as shown in Fig. Al.

Jebe =T, (ée, o) =T (A1)

where J,, 0, ooy and T are the moment of inertia, angular dis-
placement, throttle opening and output torque of the engine; T, 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, and tur-
bine torque T; are calculated as:

T, =C(M)6; (A2)

T = t(VT, (A3)

in which, g, is the angular displacement of the pump, and the ratio
A is defined as:
A =6:/6, (A4)

The capacity factor C(A) and the torque ratio t(A) are given in
Fig. A.2.
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Fig. A.3. Lever diagram of the six-speed AT.

Since the torque convertor connects the engine and the gear
box, there exists:

6, =6, (A.5)

ét = ég,in

where 6 ;, is the angular displacement of the input shaft of the
gear box.

(3) Gearbox

A six-speed AT with three planetary gear sets as shown in Fig.
A.3 is modeled by using the Lever analogy method [25]. Three
braking clutches (C1234, CB1R and CB26) and two rotating clutches
(C456 and C35R) are employed. At any of the six gear ratios, two
of the five clutches are locked. Theoretically, the three planetary
gear sets have six motion DOFs (degrees of freedom), however,
they are constrained by three fixed connections (from R3 to C1,
from C3 to R2, from C2 to R1) and two locked clutches. Resultantly,
only one motion DOF remains, which means the velocities of all
the elements are determined by the input velocity 6, ;;, and the
torques are determined by the input torque T, ;;. The variables to
be obtained include: the output velocityégiom, the velocities of the
two locked clutches (denoted by, ; and 6. »), the output torque
Tz_out» and the transmitted torques of the two locked clutches(Tj, 4
and Tj. ). There exists torque transformation matrix Aand velocity
transformation matrix B as below, respectively. The expressions of
A and B are related to the parameters and connection topology of
the planetary gear box.

The three planetary gearsets in Fig. A.3 are represented with
subscript 1, 2 and 3, respectively. Each gearset includes a ring gear,
a sun gear and a carrier, represented by R, S and C, respectively.

(A.6)
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Let K denote the ratio of the ring gear over the sun gear of the
planetary gearset.

The torque equilibrium equations of the three gearsets are de-
scribed as:

T3 +(K3+1)Ts3 =0
To+(K+1) T =0
Toao+(Ki+1)Ts1 =0

(A7)

Taking the first gear with locked CB1R (denoted with the sub-
script Ic_1) and CB1234(denoted with the subscript Ic_2) as an ex-
ample, the torques are subject to the following 6 constraints:

Ts3-K3+Te1 — Tour =0
Ts2 —Tin = 0

T3+ Ts2 Ko +Tic1 =0
Ti3=0
Ts1-Ki+T2=0
Ts1+Tc2=0

(A.8)

It can be seen from (A.7) and (A.8) that the ten torque variables
are subject to the nine equations. Therefore, only one torque vari-
able is independent. Defining T, ;; to be the independent variable,
the transformation matrix can be deducted from (A.7) and (A.8) as
below.

ln T To T2 T3 T Teir Teo  Teowl
= A;[Tg_in] (A9)
in which, A, is a 8 x 1 matrix calculated by:
M 0 0 0 1 (+1) 0 0 07"
0 0 1 (K+1) O 0 0 0 O
1 (Ki+1) O 0 0 0 0 0 O
1 0 0 0 0 K3 0 0 -1
Ap=10 0 0 1 0 0 0 0 O
0 0 0 0 1 0 1 0 O
0 0 0 0 0 1 0 0 O
0 K1 1 0 0 0 0 0 O
K 1 0 0 0 0 01 0]
(A.10)

OO0 OoO~,OOOO

Therefore, the matrix A can be selected from Ay so as to satisfy
the equation as below.

Tlcj
Tlc,z = A[Tg_in] (A.]])
Tg_out

in which,

A= [Ap(7, 1) Ap(8.1) Ap(S, 1)]T (A12)

The kinematic constraints of the three gearsets are described as
below.
K3 Ogs — 053 —(K3 —1) 03 = 0
K20r =052 —(K2—1)0c2 =0
Ki0gri—0s1—(K1 —1)0c1 =0

(A13)

The connection topology of the three gearsets complies with
the following 9 kinematic constraints.

fs1 =0

9]{3 = éCl

9C3 = éRZ

9(‘2 = éRl

Ora =0 (A14)
91C_] = 951

015 2= 9]{2

ég,in = 952

ég,out = éCl

It can be seen that the 12 state variables in (A.13) and (A.14)
are subject to the 11 constraint equations. Therefore, only one state
variable is independent. Defining 6, ;, to be the independent vari-
able, the transformation matrix can be deducted from (A.13) and
(A.14) as below.

[9R3 9C3 953 élcj éCZ 9]{1 ég_OLlf élc,l ]T
=By -[0g ] (A15)
in which, By is a 8 x 1 matrix calculated by:
Kz —(Ks—1) =1 0 0 0 0 07"
0 0 0 K2 —(Kx—-1) O 0 0
0 0 0 0 0 K - -1 -1
g _ |0 0 0 0 0 0 0 1
P= 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
-0
-1
0
g (A16)
0
0
L0

Therefore, the matrix B can be selected from B, so as to satisfy
the equation as below.

élc_] .
O1cs | =B[0gin] (A17)
Qg_out

in which,

B=[B,(8.1) By(41) By (7.1 (A18)

During gearshift, the three gearsets have two motion degrees
of freedom because one of the two locked clutches is released.
During upshift from the 1st to 2nd gear, the clutch CB26 (de-
noted with the subscript f_1) is to be engaged(oncoming), and
the clutch CB1R (denoted with the subscript f_2) is to be disen-
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gaged(offgoing). The torque constraint equations are:

Ts3-K3+Te1 — Tour =0

Ts2 —Tin = 0
T3+ Ts2 Ko +Tp2=0 (A19)
Ta+Tr1=0

Ts1-Ki+Tc2 =0

The 10 torque variables are subject to the 8 equations of (A.7)
and (A.19). Therefore, there are 2 independent torque variables.
Defining Ty ; and Ty, to be the independent variables, the trans-
formation matrix can be deducted from (A.7) and (A.19) as below.

T
[Tn T1 T To T T3 Tgin Tg_out]T:Cp‘|: fli|

T;
(A.20)
in which, G, is a 8 x 2 matrix calculated by:
0 0 0 0 1 (s+1) 0o o7"
0 0 1 (:+1) O 0 0 0
1 &+1) 0 0 0 0 0 0
C, = 1 0 0 0 0 K3 0o -1
P70 0 0 1 0 0 -1 0
0 0 0 K& 1 0 0 0
0 0 0 0 0 1 0 0
L 0 Ki 1 0 0 0 0 0
-0 01
0 0
0 0
0 0
0 0 (A.21)
0 -1
-1 0
L O 0 _

Therefore, the matrix C can be selected from C, so as to satisfy
the equation as below.

Tg,in _ Tf_]
[Tg_our} B C[Tf_z] (A22)
in which,

G671 G(7.2)
= [Cp(& 1) G, 2)] (A.23)

During the upshift from the 1st to 2nd gear, the connection
topology yields the following kinematic constraint equations:

éR3 = 9C1

9:“ - 9:“2 (A.24)
Oz = O

Os1=0

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 ¢, and 6 to be the
independent variables, the transformation matrix can be deducted
from (A.13) and (A.24) as below.

[0rs O3 O3 Ora b2 Om O ]TZDPI:éi]

(A.25)

in which, D, is a 8 x 2 matrix calculated by:

(K3 —(-1) -1 0 0 o o7

0 0 0 K -(]-1) 0 0

0 0 0 0 0 Ki -1
D=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 0o 1|

o -

1 0

0 K -1

0 1 (A.26)

0 0

0 0

Therefore, the matrix D can be selected from Dy so as to satisfy
the equation as below.

[9.“} = D|: Og in } (A27)
0f_2 Ggout
in which,
Dy(3.1) Dp(3.2)
D= A.28
[D,, 4.1) Dp(4.2) (A28)
4) Vehicle
The dynamic equation is derived as
Joby = k(O out — 00) + o (g oue —0y) = Ty (A29)

where Jy, ky, ¢, and 0, are the moment of inertia, stiffness, damp-
ing coefficient and angular displacement of equivalent shaft of the
vehicle body; T; is the load torque.

For the case that the vehicle is running on flat road, the load
torque T, consists of the frontal drag and rolling resistance, calcu-
lated by [26]:

1 . Ry’ R
T = (zpcair v(ev : 7.tr> + Hg mvg> =
14 lg

where p and c,, are the air density, air damping coefficient re-
spectively; A, and myare the frontal surface area and mass of the
vehicle, respectively; Ry is the tire radius, iy is the final drive gear
ratio, and g stands for the gravity.

Therefore, the output torque T, towing the vehicle can be cal-
culated from (A.29) as:

v = ky(Og_oue — Oy) +Cy (ég_our - 91/) =]vév +T

(A.30)

(A.31)
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