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Abstract— This paper proposes a control method for filling
phase of a hydraulic clutch actuation system in wet dual-
clutch transmission (DCT) based on a control-oriented model.
In wet DCT, a clutch-fill process cannot obtain proper fill and
maintain under-fill due to the drag torque, which causes bad
shift performance. In this paper, in order to compensate the
filling phase, a control-oriented model considering practical
issues is proposed. The proposed model is used to design a
model-based controller to track a desired pressure in filling
phase. The designed controller is composed of feed-forward part
contains model information for fast response and convergence,
and feedback part that compensates modelling errors or uncer-
tainties. In order to verify the proposed controller, simulation
based on an exact model of hydraulic clutch actuation system
is constructed. Simulation results reveal that the proposed
controller guarantees good pressure tracking performance in
filling phase for various situations.

I. INTRODUCTION

Recently, the importance of fuel economy is increasing in
the field of automotive engineering. The dual clutch trans-
mission (DCT) has emerged as a next generation powertrain
system with high fuel efficiency on behalf of automatic
transmission (AT) [1]. DCT can be classified into two
types according to clutch type; dry DCT and wet DCT. In
recent years, a number of vehicles equipped with dry DCT
have been massively produced. However, dry DCT is not
suitable for use in heavy-duty vehicles and high performance
vehicles due to frictional heat and wear of friction plates.
To complement this problem, research on wet DCT for high
power vehicles is actively being carried out. In fact, wet DCT
is difficult to control due to nonlinearity factors of hydraulic
actuator and friction clutch. Therefore, precise torque and
speed control of the transmission system is required for shift
control of the wet DCT.

In the DCT shift process, the engine power is transferred
through engaging and disengaging of the two clutches. To
achieve fast and smooth shifting performance, the speed and
torque of the on-coming clutch and the off-going clutch
must be controlled precisely. DCT does not use the torque
converter used in AT, so there is no smoothing effect and
inaccurate shift control is directly related to the bad shift
performance. For precise shift control, an on-coming clutch
should be pre-positioned at the point where the torque begins
to be transmitted, i.e. the clutch contact point. This process is
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called the clutch-fill process and is one of the most important
technology in clutch-to-clutch shift control.

The electro-hydraulic valve (EHV) using variable force
solenoid (VFS) is commonly used as a clutch actuator in
many commercial vehicles due to its high energy efficiency
and control convenience. The EHV has the advantage that the
clutch pressure can be controlled in proportion to the input.
An important state in shift process is the torque transmitted
by each clutch. In the clutch engaging process, torque is
not transmitted to the clutch until the clutch piston contacts
the friction plate. Therefore, when EHV is used, a pre-fill
control should be performed to pressurize the piston to the
point before the clutch is in contact with the point to start
the torque phase immediately [2]. If an under-fill or over-
fill occurs due to improper pre-fill control, this will have
an adverse effect on clutch shift performance immediately.
Thus, it is important to control the proper clutch-fill process.

Previously, many studies have proposed the control strat-
egy of the clutch-fill process [3]–[6]. There are hard nonlin-
earities and internal dynamics in the aformentioned clutch
fill process. Considering these nonlinearities and dynamics,
some works proposed control strategy to generate the proper
filling. [4] proposed an optimized filling control strategy to
minimize the energy consumption. [5] developed tracking
controller to track the trajectory for smooth filling using
dynamic programming. [6] analyzed the factors affecting the
filling process and proposed a fuzzy control strategy. Like
this, many previous studies have been conducted on how to
perform proper clutch-fill, i.e. positioning the clutch piston
at the touch point effectively.

However, it is difficult to apply a general clutch-fill logic
for wet DCT, which is the main purpose in this paper. Since
the wet clutch is used, the drag torque is generated even
before the clutch contact point [7]. This causes the same
effect as over-fill described above, which causes clutch tie-up
and output torque reduction. Therefore, control of wet DCT
will inevitably aim to under-fill in the clutch-fill process.
When the torque phase is started in the under-fill situation
in shifting process, a delayed pressure output occurs due to
the filling phase and causes bad shift performance [8], [9]. In
order to guarantee the good shift performance, it is essential
to compensate the filling process in early stage of the torque
phase.

In this paper, a control logic to compensate the filling
phase in wet DCT is proposed. To simplify the logic, the
control-oriented model is proposed. The proposed controller
is constructed using the control-oriented model and obtain
good pressure tracking performance in the filling phase.
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In addition, it is necessary to consider the implementation
aspect of the resulting controller, which allow for the use
of a production type Transmission Control Unit(TCU). The
proposed logic is expected to improve the shift performance
equipped with wet DCT.

The remainder of this paper is organized as follow. In
section II, simplified control-oriented model is described in
detailed. The proposed model is verified using experiment
results. In section III, a model-based controller is constructed
using proposed control-oriented model. The validation of the
controller is presented in section IV. Conclusion and future
works are provided in section V.

II. SYSTEM MODELING

A. System description

A general hydraulic clutch actuation system is described
in Fig. 1. The solenoid valve controls the output pressure
PA which is proportional to input current. In this paper, the
valve is assumed to be a static system, and the valve output
pressure PA is defined as the control input u of the clutch
chamber. Before shifting, the clutch piston stays at rest since
it is a normally open clutch (Fig.1a). When a shift signal
comes from a transmission control unit (TCU), the pressure
of clutch chamber increases and the piston moves until it
contacts the friction plate (Fig.1b). Through the clutch-fill
process, torque is transmitted from the clutch so that the
shift process is completed. A well-known dynamic model of
the clutch-fill process can be derived as follows [10]:

ẋ1ẋ2
ẋ3

 =

 x2
1
Mp

[Acx3 −Bpx2 − kpx1 − Ffric − Fpre]
β

V0+Acx1
[sign(u− x3)CdAp

√
2|u−x3|

ρ −Acx2]


[x1, x2, x3] = [xp, ẋp, Pc]

(1)
where xp is the piston displacement, Mp is the piston
mass, Bp is the viscous friction coefficient, kp is the spring
stiffness, Ac is the effective area of the piston, Ffric is the
Coulomb friction of the piston, Fpre is the spring pre-load
force, V0 is the initial volume of the clutch chamber, β is
the bulk modulus, Cd is the discharge coefficient, Ap is the
pipe area, and ρ is the fluid density.

The equation (1) is includes the piston and the hydraulic
dynamics. However, (1) is difficult to apply to controller
design since it has many unknown parameters with large
uncertainties. In addition, since these equations are nonlinear,
the analytic solution cannot be derived directly. Besides, the
difference of dimension of each state in (1) is too large. For
example, x1 and x2 are under 10−2, but x3 is over 105.
This difference makes the model equation very stiff and
numerically unstable to apply to the controller design. To
construct a controller that can be applied in a real-time, a
reduced model that is simpler than (1) is needed.

B. Control-oriented model

The clutch piston dynamics and hydraulic dynamics ex-
pressed in (1) are reconstructed considering the physical

(a) (b)
Fig. 1: Scheme of a clutch actuation system : (a) before filling, (b) after
contact

phenomena. For convenience and simplicity, the clutch-fill
process is divided into three phases based on the position
of the piston and the clutch chamber pressure. Phase 1
represents a pre-filling state, in which the piston remains
stationary until the pressure overcomes the spring pre-load
force. Phase 2 represents the filling phase, which is the main
interest of this paper. In the filling phase, the piston moves
to the contact point of the friction plate. Phase 3 starts after
the piston contacts the plate. Intuitively, each phase can be
easily distinguished by a piston pressure since the pressure
can be directly measured by pressure sensor. Fig.2 depicts
the clutch chamber pressure of real plant at each phase for
open loop ramp up input command.

The regions of pressure and piston displacement for each
phase can be determined as follow:

number of phase =


1 if Pc < PL

2 if PL < Pc < PH

3 if Pc > PH

(2)

where PL and PH are defined as initial and final pressure
of filling phase, as depicted in Fig.2. The displacement of
the piston can also be an index of phase change, but it is
omitted since it cannot generally be measured in production
vehicles.

In phase 1 and 3, the piston does not move and the

4.2 4.4 4.6 4.8 5 5.2 5.4
time(s)

0

5

10

15

P
re

ss
ur

e(
ba

r)

< Phase 1 >

< Phase 2 >

< Phase 3 >P
H

P
L

Desried
Measured

Fig. 2: Open loop response of a clutch actuation system
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volume of the clutch chamber does not change, resulting in a
very high pressure gradient as described in (1). This implies
that pressure dynamics can be treated as a static system.
Therefore, in phase 1 and 3, input and output relationship
can be described as following 1st order system.

Pc =
1

τs+ 1
u (3)

where τ is time constant to be determined by experimental
data.

In phase 2, the filling phase, the piston moves to the
contact point and changes the volume of the clutch chamber.
Because of volume expansion, pressure gradient decrease and
cause the lagged response as shown in Fig.2. The equation
of motion of piston in region 2 can be derived as the second
equation of (1). By assuming the friction is negligible and
pressurized fluid is quasi-static flow, the equation of motion
of piston can be reduced as follows:

AcPc = Ffric + kxp (4)

where ẋP and ẍP are negligible. In addition, the PL and
the PH can be expressed using (4). From the definition, the
PL is the value where the piston is about to move, so the
piston displacement is zero, i.e. xp = 0. The PH is the
value where the piston is about to contact the friction plate,
i.e. xp=xp,max. Therefore, the following equations can be
derived:

PL =
1

Ac
Fpre (5)

PH =
1

Ac
(Fpre + kxp,max) (6)

In fact, the design parameter Ac and xp,max are known
values. If we measure the PL and PH as shown in Fig.
2, other parameters such as Fpre and k can be calculated
directly.

In general, the flow rate Q filled in the clutch chamber is
determined using the orifice equation as follows:

∆P = u− Pc (7)

Q = CdAori

√
2

ρ
∆P (8)

where Cd and Aori are the discharge coefficient, and the
area of orifice, respectively. The equation (8) comes from
the assumption that turbulent flow occurs after passing the
orifice. However, the clutch chamber geometrically resem-
bles a sudden expansion pipe rather than an orifice. In quasi-
static flow, a streamline can be formed after passing the pipe.
This means the flow rate can be effected by laminar flow. In
laminar flow, the equation (8) becomes as follows:

Q =
πr4

8µL
∆P (9)

where µ, L and r represent the fluid viscosity, pipe length,
and pipe radius, respectively.

Fig. 3: Overall Scheme of control-oriented model for clutch actuation system

As mentioned above, laminar flow and turbulent flow
coexist in the clutch chamber flow. Therefore, the flow
equation of the chamber can be described as summation of
(8) and (9) [11].

Q = K1∆P +K2

√
∆P (10)

Here, K1 and K2 represent the coefficient of laminar flow
and turbulent flow, respectively. K1 and K2 value should
be tuned based on experiment data. The volume of fluid is
integral of flow rate. Thus, the piston displacement can be
calculated as follow.

xp =

{
1
Ac

∫
Qdt at filling

xp,max − 1
Ac

∫
Qdt at dumping

(11)

The dumping case means that (7) is negative. In this paper,
the filling phase is the only considered region because the
dumping phase does not mainly affect the shift process.

Therefore, the dynamical behavior in phase 2 can be
described by (4), (6), (10), and (11). As mentioned above,
these models have only two tuning parameters, K1 and K2.
Other unknown parameters can be determined according to
the experimental data. In fact, the design parameters Ac and
xp,max, which are thought to be known values, are slightly
different for real ones due to part-to-part variation or other
uncertainties. However, the proposed model can compensate
the parameter error by tuning the appropriate K1 and K2

values. In summary, this proposed model is quite simple
compared with (1).

As a result, the control-oriented model is proposed in this
section. The whole process of hydraulic actuation system is
divided into 3 phases. In phase 1 and 3, input and output
relationships are expressed as a 1st order lag model. In
phase 2, the clutch actuation system is modeled using the
reduced form based on physical phenomena. Each phase
is determined by the calculated clutch pressure Pc. The
command pressure input and model pressure are used to
update the clutch pressure and phase transition. The overall
structure of model is depicted in Fig.3.

C. Model validation

In order to validate the proposed control-oriented model,
we compared the model output data with the experimental
data of EHV in test vehicle. Since the system behavior of
interest is the filling phase in the torque phase, the exper-
iment and comparisons were made on open-loop ramp up
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TABLE I: SYSTEM PARAMETERS

Parameter Value Parameter Value
Ac 0.0113 (m2) PH 6.55 (bar)

xp,max 0.003 (mm) K1 5.5e-3
PL 4.42 (bar) K2 1e-3
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Fig. 4: Model validation : (a) pressure output of 1 cycle, (b) scenario 1:
10bar/s input, (c) scenario 2: 20bar/s input, (d) scenario 3: 40bar/s input

scenarios with various slopes. Comparisons were conducted
with the computed model outputs and experiment data based
on the same input from the experiment. The measured and
identified parameter values for control-oriented model is
given in TABLE I.

Note that six parameters are only used to generate the
model output; two of them are known values (Ac, xp,max),
two of them are measured from pre-experiment (PL, PH ),
the others are tuning parameters. By utilizing the above
parameters, the system model is no longer stiff and casn
be used and run in the production type TCU. The validation
results are depicted in Fig.4

Fig.4a shows the full data of one cycle of the triangle
wave input. It is shown that the actual measured pressure
(blue dashed-dotted line) does not follow the desired pressure
(black dotted line) due to the filling and the dumping phase.
Since this paper focuses on the filling phase, the model
accuracy in phase 2 is very important. Fig.4b,4c,4d show
the validation results of the filling phase for various slopes
of the input. The cyan dashed lines indicate the trigger of
phase 2, the filling phase and the dumping phase. It can be
seen that the model outputs (red solid line) are generated very
similar to the actual measured output regardless of the input
gradient. Therefore, it can be concluded that the proposed
control-oriented model well describes the behavior of actual
EHV system.

III. CONTROLLER DESIGN

A. Model-based controller design

In the case of wet DCT with a large effect of a drag torque,
it is inevitably required to maintain an under-fill state during
the clutch-fill process. Starting the torque phase in the under-
fill state, the delayed response due to the filling phase appears
as shown in the Fig.2 for the ramp up input. Therefore,
pressure compensation of the filling phase is essential to
generate the desired clutch torque in the torque phase since
a clutch torque is proportional to a clutch pressure [12]. As
a result, compensating the pressure in filling phase can be
interpreted as a pressure tracking control problem.

In fact, the simplest method to solve the tracking problem
is to implement a proportional-integral-derivative (PID) con-
troller. However, there are some practical issues to apply the
PID controller. In shift process, the filling phase is the short
duration as shown in Fig. 4. Thus, the controller must have
a fast convergence rate. In general, convergence time and
system stability are in a trade-off relationship. As mentioned
in the previous section, pressure overshoot in the torque
phase causes the critical problem in terms of ride quality.
Therefore, it is hard to match the desired performance using
a simple feedback control. To obtain the fast convergence
rate and stable input, the model-based controller is needed.

In order to design a controller to track a desired pressure,
the model in the filling phase can be reorganized as follows.

Pc =
1

Ac
(Fpre + kxp) (12)

ẋp =
1

Ac
(K1(u− Pc) +K2

√
u− Pc) (13)

By differentiating both sides of (12) and substituting it into
(13), the system can be expressed as the following pressure
dynamics.

Ṗc =
k

A2
c

(K1(u− Pc) +K2

√
u− Pc)

= a1(u− Pc) + a2
√
u− Pc

(14)

where a1 and a2 are defined as a1 , k
A2

c
K1 , and a2 ,

k
A2

c
K2, which correspond to coefficients of the laminar and

turbulent flow, respectively. The values of a1 and a2 can be
easily calculated by physical proporties, which are denoted in
TABLE I. Thus, the system equation can be simply expressed
as (14).

The equation (14) shows that the filling dynamics is
nonlinear non-affine system due to the square root term.
Since the control object is to track a clutch pressure to a
desired one, a tracking error and its dynamics can be defined
as follows.

e , Pd − Pc (15)

ė+ λe = 0 (16)

where Pd and λ represent the desired pressure and the time
constant, respectively. By using (16) and (14), the control
input can be derived using a reverse design approach so that
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the error e will go to zero asymptotically. Since the system
equation is nonlinear, the virtual input u∗ is defined to simply
solve the error dynamics. The whole right side of (14) can
be defined as a virtual input.

u∗ , a1(u− Pc) + a2
√
u− Pc (17)

Therefore, the system equation can be reorganized using
virtual input.

Ṗc = u∗ (18)

By combining the (15), (16) and (18), the following virtual
input value that makes the tracking error to be zero can be
obtained.

u∗ = Ṗd + λe (19)

The final step is to calculate the actual input u from the
obtained the virtual input u∗. The actual control input u
can be calculated using (17). For convenience, the following
procedure can be obtained by using new definition.

P0 ,
√
u− Pc (20)

u∗ = a1P
2
0 + a2P0 (21)

u = P 2
0 + Pc (22)

The P0 defined in (20) can be obtained by solving the
quadratic form of (21). Since a1, a2, and P0 are all positive
value by definition, the larger root of quadratic equation is
selected as the solution of (21). As a result, the control input
u is obtained as (22), and the solution can be expressed
explicitly as follows.

u =

−a2 +
√
a22 + 4a1(Ṗd + λe)

2a1

2

+ Pc (23)

As described above, a model-based controller is con-
structed. The controller is composed of the feed-forward part
that compensates the nominal behavior of system dynamics
and the feedback part that compensates the model error or
uncertainties. If pressure measurement is not available, a pure
feed-forward controller can be constructed by substituting
measurement value Pc for desired value Pd. The performance
of the pure feed-forward controller will depend on the
accuracy of the model.

B. Determination of filling time

The most important factor in the filling phase compensa-
tion is the deciding when to switch from phase 2 to phase
3. As denoted in Fig.2, for the actual plant, it is not easy to
define the exact PH . In the modeling process, an approxima-
tion of PH was acceptable, but the error of PH could lead to
a large overshoot in control process. Also, the value of PH
can vary with fluid temperature, line pressure, time delay,
and modeling uncertainties. Therefore, a switching trigger

should be obtained based on a physical quantity that do
not change sensitively and do not mainly affect the results.
The fixed physical quantity in clutch actuation system is
the piston maximum displacement, i.e. the volume of clutch
piston chamber. Since most of production vehicles do not
have a piston displacement sensor, the volume that can be
calculated by integrating the flow rate can be used as an
index. From (10) and (11), the following equation can be
obtained.

V = Acxp =

∫
(K1(u− Pc) +K2

√
u− Pc)dt (24)

If the pressure tracks well by using proposed controller,
i.e. Pd ' Pc, the corresponding control input can be divided
into the desired pressure and additional control input.

u = Pd + ufill ' Pc + ufill

where ufill , u− Pd
(25)

Here, control input u is given in (23). The value ufill is
defined as additional control input of the filling phase. By
substituting (25) into (24), volume of clutch chamber can be
expressed as follows:

V =

∫
(K1ufill +K2

√
ufill)dt (26)

where u − Pc = ufill + Pd − Pc ' ufill is utilized.
Therefore, the volume of clutch chamber can be calculated by
integrating additional inputs except for the desired command
input. The proper volume Vmax can be defined through pre-
experiments such as K1 and K2.

IV. SIUMULATIONS

In order to verify the proposed controller, the simulations
have been carried out. The actual plant used in the simulation
was the model constructed by AMESim, which is a detailed
description of the hydraulic system so that can be treated
as the exact model of actual plant. AMESim includes the
model uncertainties such as change of jet angle, friction of
hydraulic line, line pressure drops, and seal drag and so on.

The ramp up input was given as a desired pressure. The
shifting time is changed according to the driver’s pedal
input, and the gradient of the desired pressure is changed
by the shifting schedule accordingly. Thus, various gradients
of inputs are used to verify the controller performance. The
simulation results are depicted in Fig.5.

In Fig.5, the results of the proposed controller which are
denoted as Fill Controller (FC) are compared with the results
of conventional PID controller and open loop responses
(dashed-dotted line). The corresponding control inputs and
control outputs are described in dashed line and solid line,
respectively. As shown in the simulation results, the proposed
controller shows faster and stable control performance in
short filling phase compared with the PID controller. Also,
even though the proposed controller is developed based on
the reduced order control-oriented model, it confirms the
good tracking performances. The amount of the additional
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Fig. 5: Simulation results : comparison of the proposed filling controller
(FC), PID controller, open-loop response

input is changed according to the gradient of the desired
pressure since the proposed controller contains the model
information. Because the volume of chamber is fixed, the
total time to fill the clutch chamber also changes with

the input gradient. Therefore, it can be confirmed that the
proposed control logic shows good tracking performance in
the filling phase regardless of the input gradient. The tracking
errors are within 0.2bar for all scenarios, which are very
small amount compared to open loop responses.

V. CONCLUSION

This paper presents a new control strategy for the clutch-
fill process in the torque phase of the shift process in wet
DCT. A control-oriented model is proposed by simplifying
the well-known complex dynamics, and verified using exper-
imental data. Based on the proposed control-oriented model,
a nonlinear controller that tracks the desired pressure in the
filling phase was developed. The proposed controller was
verified by simulation using the exact model. Future work
includes controller verification through real vehicle experi-
ments. It is necessary to consider the tracking performance
in the presence of various uncertainties through the actual
vehicle test. In addition, this study is expected to be extended
to other studies dealing with the existing control strategy of
the filling phase.
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