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Abstract

This paper presents the detailed model of a dou-
ble clutch actuator with a suitable control algorithm.
Firstly, there is an introduction into the theory of
a double clutch transmission and the aim of this
project. The simulation model with a Dymola® and a
MATLAB®/Simulink® part is discussed. The library
of a vehicle model with a highly detailed hydrome-
chanical clutch is introduced, which includes models
with different levels of detail. The modeling of the hy-
draulic and the mechanic parts of the clutch actuator is
discussed, concentrating on the problem of determin-
ing the parameters of the actuator modules e.g., the
hydraulic valves. Some parts could not be used from
existing Dymola® libraries, in those cases, new mod-
els are created based on Modelica code.

A translational lever is pictured with its source code.
Furthermore the non-linear behavior of the clutch ac-
tuator and control design is described. To verify this
model and the suitable closed loop controller, the algo-
rithm is tested with an up-shift cycle in a vehicle model
with a double clutch transmission. The simulation re-
sults are presented with a global view of the driver in-
puts, the speed, the torque of the vehicle model and the
gear status. Additionally the local view of the clutch
actuator is shown with the cylinder pressure, the clutch
position and the clutch capacity (torque). Finally there
is a summary and an outlook on the further develop-
ment of this library.

keywords: double clutch transmission, powertrain,
clutch, hydraulic, transmission actuator

1 Introduction

A modern powertrain with a double clutch transmis-
sion (DCT) combines the comfort of an automated
transmission with the efficiency of a manual transmis-
sion. Moreover, an uninterrupted shift process, a very
good ride comfort and easy handling are considerable
characteristics of an automated transmission with dou-
ble clutches [1, 2]].

The double clutch transmission is similar to the hard-
ware design of a manual transmission. Instead of one
input shaft for the clutch, a double clutch transmis-
sion has two separated shafts with odd and even gears.
The two clutches can be continuously changed from
one input shaft to the other. The result is an automated
and uninterrupted shift process. The transmission con-
forms to different driving situations. In other words,
the shift process changes, depending on the driving sit-
uation.

The clutch control system is very important in relation
to driving behavior. When the vehicle accelerates very
fast, the clutch is used to control the speed by means
of a higher clutch capacityﬂ For effortless driving, the
input torque is followed by the torque capacity of the
clutch. In this case, the speed is controlled by the en-
gine controller.

Nowadays software functions for drive train applica-
tions are developed and tested in the model based V-
process [3]. To develop software for the nonlinear and
complex hardware a detailed model is necessary.

The clutch actuator consists of several non-linear sub-
systems e.g. the hydraulic valves or the mechanical
disc spring of the clutch. These parts have a hysteresis
behavior. To get a detailed clutch model, the existing
libraries e.g. Powertrain- or Vehicle Interfaces-Library
have been expanded. Important variables like position

IThe clutch transfers the torque only, and this torque is termed
capacity.
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and torque (capacity) have been integrated.

In this paper we present the modeling, the control and
the simulation of a double clutch transmission with a
highly detailed model of hydromechanical clutch ac-
tuator. First, the model of the vehicle library with the
gear set is presented which comprises the hydraulic
and mechanic parts. In section[3] the control algorithm
for the hydromechanic clutch actuator is discussed.
Then, in section [} the suitability of the models and
of the controls is demonstrated in a simulation runs.

2 Modeling

The modeling of the double clutch transmission and
the clutch actuator is based on a real transmission
for mid-size cars. This transmission is a seven speed
transmission with a dry double clutch and a torque
load up to 250 Nm.

For the modeling, two common tools are used. The
code of the Transmission Control Unit (TCU) and
the Engine Control Unit (ECU) had been developed
with MATLAB®/Simulink®. The powertrain and the
drive environment is modeled with Dymola®. For the
interaction between both models, an interface is de-
fined. The interaction between the tools is pictured in
figure [T} For the simulation the Dymola® powertrain
model is included as an embedded s-function in the
MATLAB®/Simulink® model. The model library

MATLAB/Simulink® Dymola®
) i A FAccalerlitmn
Fair - .
ECU e TCU [a»f Driver| ) > XA~
FFrzctzoq %
S N Ectimy <+ fWheel

Figure 1:
model

Structure of the powertrain and control

has common parts such as the User Guide with
information for the users and the Examples or the
Interfaces. The Interfaces are models with an
input and output description, for each sub-module of
the transmission model. In the Engine module, there
is an engine model based on a simple look-up table.
The Transmission module has several sub modules,
which are shown in the second row of figure 2] The
Library is used for research and teaching, hence there
are two different designs of the transmissions in the
Gearset module. Some models have different levels
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Figure 2: Modules of the DCT Vehicle Library

of detail. For example, a pair of gears exists as a plain
and as a complex model. The plain model consists
of the ratio and the inertia of the toothed wheel.
The complex model gear losses and bearing friction
are considered. The friction element corresponds to
the current transmission design. The Components
Clutch module is a top level module for this topic.
This module implies several clutch models with a
simple ideal model and a detailed hydromechanical
model. The Gearbox Hydraulic module includes
the models with the hydraulic components of the
transmission, for instance the hydraulic supply, valves
and the clutch cylinder. Furthermore the clutch mod-
els include mechanical parts such as the lever or the
disc spring. These mechanical parts are components
of the Actuator module. In the Sensor module there
are several types of sensors to measure the torque, the
speed and the acceleration.

Some blocks of the vehicle model are derived from the
Powertrain library, e.g., the vehicle model or the drive
environment. The Interfaces are derived from a former
research project [4]. The hydraulic part is modeled
with the Hydraulic Library (HyLib) from Modelon [3]].

2.1 Hydraulic Components

The hydraulic components control and moves the
clutch plates in the transmission. Because of, the high
energy density, a hydraulic supply is used for mid-
size cars [6]. An electrical external toothed gear pump
supplies the actuator with the hydraulic energy. The
pump is switched on and off depending on the current
pressure level with a hysteresis switch. The typical
pressure supply for a small transmission is approxi-
mately 50 bar. This pressure is limited by two ’three
port valves’ to a level of approximately 16 bar. This
pressure level oscillates in a smaller range than the
original bang bang controlled hydraulic supply. Fur-
thermore these valves separate the pressure for the odd
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Figure 3: Model of the transmission with replaceable
modules

and even gears and the two clutches. Behind this, six
other valves control the actuators to set the gears or the
clutches. The position between the friction plates of
the clutch is set by a single acting cylinder. The model
of the double clutch transmission with the hydraulic
supply is shown at the top of figure [3] Underneath the
hydraulic supply, the detailed model of the hydraulic
clutch system can be seen. Each system is replace-
able by using the defined interfaces. The parameters
correspond to values from literature of similar trans-
missions [7} 18, 9]. Some parameters were determined
at the transmission by means of measurement.

2.2 Mechanic Components

The input of the mechanic interface for the hydraulic
clutch actuator is a lever that changes the position of
the clutch. The rod of the hydraulic cylinder moves
outward when the chamber is filled with oil and simul-
taneously the rod presses against a lever. The force is
transferred from the rod to the clutch disc. This lever
system described above, is used to control the double
clutch capacity. Without hydraulic pressure the clutch
is automatically opened. In this instance, the clutch
capacity can not be built up anymore, in order to pro-
tect the clutch system.

The model of the clutch lever is made up of two rods.
One rod is fixed on the top, and the other is fixed in
the middle. Figure [ shows two separately modeled
levers.

According to the different lengths of the rods, the
model of the rod with top-fix and middle-fix are ex-
pressed by Modelica as follows:

flange_c flange_c

2| L_bc L_bc
flange_b >
- - l
L_ab L_ab
flange_a flange_a
B o
(a) lever model with top- (b) lever model with
fix middle-fix

Figure 4: The two sub models of the lever

Code example for Lever_TopFix (figure dh)

model Lever_TopFix
Modelica.Mechanics. Translational .
Interfaces.Flange_a flange_a
Modelica.Mechanics. Translational .
Interfaces.Flange_b flange_b
Modelica.Mechanics. Translational .
Interfaces .Flange_b flange_c
Modelica.Mechanics. Translational .
Components . Fixed fixed
parameter Modelica. SIunits.Length L_ab;
parameter Modelica. STunits.Length L_bc;
equation
flange_b . f=—flange_a.fx((L_ab+L_bc)/L_bc);
flange_b.s=flange_a.s*(L_bc/(L_ab+L_bc));
end Lever_TopFix;

The code for the lever model with the middle fix is
similar to the top-fix model, only the equation is dif-
ferent. Every flange of the model provides two types
of information: one is the displacement which is de-
scribed in model with the character - *flange_x.s’, the
other is the force, which is described with the charac-
ter - "flange_x.f’.

The force within the clutch is transfered by the two
levers having two pivot points. The second clutch is
modeled similar to the first clutch. In contrast to the
first model, the two rods are modeled with the top-fix
model. Figure [5] shows an example for modeling the
lever mechanism of the first clutch. This lever model
consists of two sub-models, which are described in
figure @ The first model (top-fix) output port is con-
nected with the second model (middle-fix) input port.
The lever works against the disc spring which has a
non-linear behavior [10]. The behavior of the disc
spring is modeled by some look-up tables. Within the
front range of the clutch position the lever presses the
pressure plate against the central plate. The clutch disc
is between both plates. As long as the clutch disc does
not touch the central plate the spring force increases
linearly. When the clutch disc touches the central plate
(touch point) the spring force starts to decrease. In or-
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Figure 6: Detailed Clutch Model

der to disengaging the clutch, the parameters change
to a lesser value because of the hysteresis of the disc
spring [11].

Both the hydraulic one and the mechanic clutch sys-
tem are presented in figure[6] The output of the model
is the position of the lever. Furthermore the pressure
of the cylinder, the force and the torque of the clutch
system are also shown.

3 Control

There is an air clearance between the clutch disc and
the clutch housing. Before the clutch torque builds up,
the hydraulic system has to be filled with oil to gener-
ate the necessary pressure in the clutch cylinder. Then
the clutch plates come together up to the touch point
and the clutch torque can be built up. The time lag
of the clutch system is minimized by using the pre-fill
function. This function is active from a shift request
up to the touch point of the clutch (as shown in figure
phase II).

The behavior of the actuators is derived from the lit-
erature [12]]. The control of the clutch can be divided

A
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Clutch enable C1_Enable
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Prefill Prefill_C2

Cylinder pressure

Clutch position
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Clutch capacity

Pre,filZAT T ¢
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Figure 7: The basic function of the controller during
build up and reduction of the clutch torque

into four stages (as shown in figure [7)):

1. Clutch deactivation or relief condition (Phase I -
Cl);

2. Pre-filling (Phase II - C2);

3. Clutch activation (Phase I, II, III - C1, or Phase
IIL, IV - C2)

4. Emptying of the clutch cylinder (Phase IV - C1).

Figure [§] shows the control structure of the clutch.
The output signals from the clutch model are cylin-
der pressure (p_Cyl_actual [bar|) and clutch position
(s_C_actual [m]). The command signal is the input for
the clutch model. This signal is a normalized valve po-
sition signal (S_CCVx [—1...1]), which is combined
with a non-linear spool dynamics block. The spool dy-
namics block contains hysteresis, friction and a limit
of the spool velocity [S)]. The volume flow of the hy-
draulic oil is controlled by the spool position.

The inner loop is used to control the cylinder pres-
sure and the outer loop controls the clutch position (as
shown in figure [§). Both loops are realized by a PI
controller. The control parameters for the inner loop
circle have been empirically adjusted. The TX-method
provides the opportunity for calculating the parameters
of the outer loop circle [13]]. To shorten the time for
the parameter settings, the nonlinear system was lin-
earized. With the linearized system the control param-
eter could be determined and it was possible to check
the stability.
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Figure 8: The control design of the clutch model

The control strategy is based on a condition-based cas-
cade control. This means that the pre-filling and the
emptying of the clutch cylinder takes place only when
the inner control system is active. If the clutch status is
enabled, the overall cascade control system is in pro-
cessing mode. To switch continuously from the "pre-
fill" status to the "clutch enable" status, the start value
of the integrator of the outer controller is set to the last
pressure value of the pre-fill phase. An anti-windup
process is used for counteracting the windup in the in-
ner controller, after pressure emptying of the clutch
cylinder. The valve control signal returns as quickly
as possible to the operation state (S_CCVx control sig-
nal is closed to zero) as shown in figure [I0] Addition-
ally, a dither generator for the valve has been devel-
oped for overcoming the stick-slip-effect, which could
occur due to the inaccuracy of the valve control.

4 Simulation Results

In section 2] the simulations model with the inter-
face and the implemented control algorithm were pre-
sented. Now the clutch model, the suitable control al-
gorithm, the performance and the functional capability
of a basic shift strategy are shown in a simulation run.
The simulation can be executed with a driver model, so
it is possible to drive the driving cycles like the New
European Driving Cycle (NEDC) [[14]]. The model in-
puts are a boolean ignition signal and two real values
for the acceleration- and brake-pedal. Figure [0] shows
the first simulation result containing the input signals
accelerator-, throttle-position and the brake-pedal po-
sition. The throttle position is controlled by the en-
gine control unit. The driver starts the engine with
the ignition key. After the brake pedal is released by
the driver and the acceleration pedal is pushed. This
happens as long as the TCU has shifted up to the
seventh gear. The second row of figure 9] shows the

engine speed (n_Engine [rpm]) and the speed of the
two input shafts (n_Shaftl,n_Shaft2 [rpm]). The en-
gine speed has to follow the torque transferring in-
put shaft. If a higher gear is required, the synchro-
nization releases the actual gear and engages the re-
quired one. This happens before the torque transfer
begins. The next sub figure shows the induced en-
gine torque with engagement (T_Engine_i [Nm)]), the
engine torque (T_Engine [Nm]) and the torque of the
input shafts (T_Schaftl, T_Schaft2 [Nm]). The next
row of the figure illustrates the target clutch capac-
ities (T_C1_target, T_C2_target [Nm]) and the actual
clutch capacities (T_CI_actual, T_C2_actual [Nm)]).
The last sub figure shows the signal desired gear and
the current gear.

The vehicle accelerates and shifts up to the seventh
gear. Each of these shift processes is accompanied
by a continuous switch of the clutch capacities. The
engine speed is reduced by the throttle position con-
trol, which is a submodule of the ECU. If sporty be-
havior is requested by the driver, the clutch control
could be used to execute the speed-regulation. The
engine intervention is controlled by the transmission
control unit with a defined torque interface between
these two control units. Figure [10[ shows the detailed
results of the third and the fourth gear for an up-shift
process. On the left side the simulation results for the
first clutch are shown. The right figure shows the re-
sults for the second clutch. In the first row, there are
the normalized input signals of the hydraulic three port
valves (S_CCVx [—1...1]), followed by the results
for the cylinder pressure signals (p_Cylx_actual [bar]).
With the changing of the pressure signal there is a
change in the position of the clutch (scx [m]), which
is shown in the next row of the results. In the last
row, the target and the actual clutch capacity are shown
(T_C1_target, T_C2_target [Nm)).

The results of the simulations show the expected be-
havior for the hydraulic clutch system. The results es-
pecially show the relationship between the clutch posi-
tion, cylinder pressure and clutch capacity. The qual-
ity of the model could not be determined without a
comparison with measurements data from the trans-
mission. The duration for the pre-fill function and the
shift process is related to other DCT application [15]].

S Summary and Outlook

A detailed model of a hydromechanical double clutch
actuator with a suitable control algorithm was pre-
sented. The model was integrated into a double clutch
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transmission model with seven speeds. The main fo-
cus was the modeling of the mechanical lever system.
The detailed clutch model provides engineers the op-
portunity to develop new control algorithms in model-
in-the-loop simulations. As example a cascaded PI
controller was designed. The clutch model, the suit-
able control algorithm, the performance and the func-
tional capabilities of a basic shift strategy were shown
in a simulation run. The verification of the simula-
tion models with the real transmission is in progress.
Therefore a new transmission test bench at the TU
Berlin, Chair of Electronic Measurement and Diag-
nostic Technology is used. At the moment the extensi-
ble hydraulic interface is used to implement a detailed
synchronization model for the gear shift process. With
this synchronization model in combination with the
clutch model the calibration of the shifting and clutch
algorithms in a model-in-the-loop simulation is feasi-
ble.
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