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Abstract

Transmission is the mechanism that brings the power produced by the engine
to the wheels of a vehicle according to the driver’s request. Two types of transmis-
sions are commonly used in automotive industry: Manual Transmission (MT) and
Automatic Transmission (AT). They both present advantages and disadvantages.
The main problems of the MT are the not smooth gear shifting that induces os-
cillations in the driveline, torque transmission interruption and low comfort. For
what concerns the AT, the comfort is enhanced to the detriment of an increase
of both fuel consumption and manufacturing costs. Hence, the Automatic Man-
ual Transmission (AMT) and then the Dual Clutch Transmission (DCT), were
introduced to reduce the weak points of MT and AT.

There are several issues concerning DCT, such as vehicle launch, effective gear
shifting, smooth clutch engagement and driving comfort. This thesis is concerned
with the problem of controlling the dual clutch during its slipping phase. This
phase is critical because of the clutch engagement during motion. In particu-
lar, the clutch engagement should occur smoothly, reducing oscillation and jerks,

improving the drivability and driver’s comfort.

The thesis is in collaboration with Centro Ricerche Fiat (CRF). The overall aim
of the thesis project is to design a controller for the dual dry clutch transmission
(DDCT). Two methods are first considered: Loop-shaping and H-infinity. A third
method, based on a more general control structure and on a Model Predictive
Control (MPC) approach, is also investigated. The obtained simulation results
show that the designed controllers can provide a satisfactory tracking performance,
yielding a smooth engagement of the clutch, with acceptable oscillations on the

longitudinal acceleration and on the drive shafts.

The thesis is structured as follows. In the first chapter, an overview of the DCT
system and its components is presented. This section includes the description of
the clutch Simulink model provided by CRF and the related differential equations

which describe the clutch system dynamics. It also includes the characterization

il



of the used control system architectures.

The second chapter analyzes the Loop-shaping approach and the workflow to

design a controller using such a frequency-domain approach.

The third chapter discusses the H-infinity (H,,) approach. The structure is

similar to the second chapter.

The fourth chapter shows an overview of the Model Predictive Control ap-

proach.

The fifth chapter illustrates a comparison between the used methods and the

obtained simulation results.

The sixth chapter exhibits conclusions and additional considerations.
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Chapter 1

Overview on Dual Clutch

Transmission

1.1 Introduction

Nowadays there are several kind of transmissions, the first to be introduced
was the Manual Transmission (MT) which exhibits high efficiency, low cost and
allows full control to the driver. At a later time was introduced the Automatic
Transmission, where comfort and ergonomics are privileged but to the detriment
of higher cost and lower efficiency. So a trade-off between these two kind of trans-
missions was necessary, thus the Automated Manual Transmission (AMT) system
arrived on the market. The AMT guarantees a combination of high transmission
efficiency with optimal use of the engine fuel consumption characteristics, ensuring
at the same time low add-on cost and good ergonomics. Its drawback is the lack of
comfort in automatic mode due to torque interruption during the automated gear
shifting which can be felt by some drivers. To overcome this issue the Dual Clutch
Transmission was proposed, as matter of fact it eliminates the torque interruption
of the AMT, improving significantly the efficiency compared to the previous trans-
missions optimizing the use of the engine fuel consumption. The DCT is composed
by two independents sub-gearboxes, one for the even gear sets and the other for
odd gear sets, each one activated by separate clutches: the on-coming clutch and
the off-going clutch to ensure a shift without traction interruption. DCT has also
the ability to allow the driver to gear selection in manual mode because the trans-
mission operates in fully automatic mode. There are two fundamental kinds of
clutches used in DCTs: either two wet multi-disc clutches which are bathed in oil
for cooling (WDCT), or two dry single-disc clutches (DDCT).



1.1. Introduction

Figure 1.1: C635 MT and DDCT version.

This thesis takes into account the Dual Dry Clutch Transmission (DDCT) de-
veloped by Fiat Power-train Technologies. The C635 transmissions are transversal
front wheel drive and are characterized by a compact three shaft architecture with
a maximum input torque of 350 Nm. The research introduces and takes into con-
sideration the control strategies to develop a controller using different methods:
Loop-shaping, H-infinity and Model Predictive Control. The control law has to be
able to track a particular reference for clutch slipping speed, assuring a low oscil-
lation both on longitudinal acceleration of the vehicle and on drive shaft during

motion.

1.1.1 C635 DDCT Transmission & Dry Dual Clutch Unit

As reported in , the 3-shaft transmission architecture is contained in a 2-
piece aluminium housing with an intermediate support plate for the shaft bearings.
The gear set housing is characterized by a reduced upper secondary shaft length,
a feature was also necessary to ensure packaging in the lower segment vehicles,
where the longitudinal crash beam imposes serious installation constraints. The
most important feature of this transmission, in terms of packaging characteristics
is the adoption of a coaxial pull-rod for the actuation of the odd-gear clutch (K1),
while the even gear clutch (K2) is actuated with a rather conventional hydraulic
Concentric Slave Cylinder (CSC). This pull-rod is connected to a hydraulic piston
actuator located on the rear face of the transmission housing in a manner identical
to the one adopted in the past in an earlier FPT (Fiat Powertrain Technologies)

technical demonstrator. We can see in the figure the relative cross section.
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Figure 1.2: Cross section of the C635 DDCT.

The Dual Clutch Unit, as mentioned in , is an engineering benchmark in
terms of packaging, for this reason, together with the K1 actuator solution are the
main contributors to the transmission’s compactness. As in conventional MT the
clutch K1 is normally closed while the even gear clutch K2 is normally open. The
K1 position is controlled by means of a contact-less linear position sensor integrated
in the rear hydraulic piston actuator whereas K2 is controlled in force, i.e., through
hydraulic pressure. The two clutches act on a center plate together with the two
pressure plates. The whole dual clutch unit is installed on the clutch housing by
means of a single main support bearing. The adoption of the specific actuation

system of the clutch K1 allows the space for such a bearing to be mounted.

1.1.2 Electro-hydraulic actuation system & control unit

In C635 DDCT clutches and gear shifting mechanisms are electro-hydraulically
actuated through a dedicated, sealed, hydraulic oil circuit . The system is
composed of a hydraulic power unit (PU, Figure 1.3), consisting of an electrically
driven high pressure pump and accumulator, and an Actuation Module (CAM,

figure) which includes the control solenoid valves, gear shift actuators and sensors.
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Figure 1.3: Hydraulic Power Unit (PU), Complete Actuation Module (CAM).

The clutch and gear actuation module (CAM), consists of 4 distinct double
action pistons operating the gear engagement forks, one shifter spool which selects
the piston to be actuated and 5 solenoid valves of which 4 are pressure propor-
tional (PPV) and one flow proportional (QPV). Two of the PPVs actuate the gear
engagement piston which is selected by the spool valve operated by the third PPV.
The fourth PPV is used for the control of the K2 clutch CSC. The QPV is used
for the position control of the K1 clutch. All solenoid valves are direct derivatives
of those currently used in FPTs AMT systems and, therefore, employ well proven
technology and guarantee robustness. The Actuation Module also comprises 5
non-contact linear position sensors, one for each shifting piston and one for the
shifter spool, as well as two speed sensors reading the speed of the two primary
shafts. Finally, one pressure sensor is used for the control of the K2 clutch and
one for the system pressure monitoring and control. Figure 1.4 represents the

hydraulic circuit of the complete actuation system (CAS).
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f—

Figure 1.4: Complete Actuation System (CAS).

The C635 DDCT control strategies run in a multitasking environment preserv-
ing the Main Micro Controller resources. As described in , the strategies can be

grouped as:

e Actuator Control, the actuator control strategies exploit the high perfor-
mance attainable with electro-hydraulic actuators. The principal control
strategies are:

- Engagement actuators control: based on a force/speed control concept.

- Shifter (selector) control: hydraulic power to the required engagement ac-
tuator is guaranteed by a fast and precise control of the shifter.

- Odd gears clutch controls: the normally closed clutch (K1) is controlled
by a position closed loop. This is the clutch of the first and of the reverse
gear; therefore, this control strategy is essential also for the vehicle starting
performance.

- Even gears clutch: the normally open clutch (K2) is controlled in force with

a pressure feedback signal delivered by one of the CAM sensors.

e Self-tuning controls: The main self-tuning control algorithms concern the
conversion of the requested clutch transmitted torque to K1 position and K2

pressure.

e Launch and gear shift strategies: The C635 DDCT implements various driv-
ing modes, depending on the desired performance and Brand/OEM require-

ments, both in manual and in automatic mode.
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Figure 1.5: Schematic model of a dry clutch.

1.2 Micro-slip problem

A simple explanation of the clutch mechanism is that it consists of two rotating
plates (flywheel-clutch and plate-clutch) that can be pressed together. When this
happens friction will arise and transmit a torque between the plates, which acts
to reduce the speed difference. The micro-slip affects one clutch at a time, thus in
this thesis project, the control design will refer to only one clutch. In Figure 1.5 is
shown the schematic model of a dry-clutch, where the normal force F,, produced
by the clutch actuator presses the disks against each other, in this way the friction
due to their contact allows the transmission of the torque called Cy. Hence varying
F,, the transmitted torque C; can be controlled. There are also w,, and w, which
are respectively the angular velocity given by the engine and the clutch angular
velocity. In figure it is also shown C), (engine torque) and C, (torque reacting by

the driveline). Basically we can find the clutch in one of these phases:
e open clutch phase (Cy = 0), when the two disks are separated,;

e slipping phase, where the speed difference between engine speed and primary

shaft is not zero, wy = Wy, — wp;

e closed clutch phase (C'y = C,,), where there is the full transmission of torque

between engine and primary shaft.

The micro-slip problem is indeed related to the slipping phase. This is the principal
problem of this thesis: guarantee a smooth engagement between the two disks in

order to reduce torque oscillation on driveline, improving comfort and drivability.
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1.3 State of art

In literature are presents several research works that propose different methods
to solve clutch slipping control and torque oscillation problem in a dry clutch
transmission system. In |2] it is presented a smooth control algorithm based on
measurements of engine speed, clutch speed and on estimation of the dual-clutch

engaging torque. In the Figure 1.6 is shown the control scheme . Using this

TL.:;I| Tul_ Clutch IE':.: :'I: L2
. characteristic
e’ I | Gearshifi - ) . a,
EEEm—— Powertrain -
controller model
e Engine with T,
torque controller

Figure 1.6: Control scheme from [2].

approach the control objective are fulfilled, ensuring that engine and dual clutch
speeds track desired reference signals. The gearshift controller inputs are the
references to track, while the outputs are the reference torques of engine and two
clutches. These two blocks produce the torques entering in the powertrain model.

The loop provides the desired difference between engine torque and clutch torque.

In [3] a proposal to generate the optimal engine and clutch reference speeds
based on the optimal control theory. A decoupled controller is used to study the
vehicle launch process, a decoupled PID is derived for smooth clutch engagement.
The system is modeled as two-input and two-output and both engine and slip
speeds can be controlled independently through the two PID. Both clutch and
vehicle model provide a speed feedback in order to improve reference tracking.

The whole system scheme is shown in Figure 1.7.

A different kind of strategy is presented in [4], where as control variable is used
only the clutch torque, considering the engine torque as a known non-controllable
input. The engine control unit (ECU) outputs the engine torque I'. based on the
throttle pedal position z,. t, is the time control horizon given as a function of the
total engagement time computed for a certain pedal position. The MPC obtains
the clutch torque solving the optimal control problem with a suitable cost function.

The control structure is presented in Figure 1.8.
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D1 iy N
L L 3l Clutch Model
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Figure 1.7: Decoupled control scheme ||

Figure 1.8: MPC control scheme ||

1.4 Detailed model configuration

This chapter provides information about the detailed driveline model designed
by Centro Ricerche Fiat (CRF), using Matlab/Simulink. It is very important
understand this model in order to develop a proper controller. The model under

investigation is divided in the following blocks:

Cm :
E Speed]
ENGINE [Engine_Spesd]

[Clutch_Spead
Wref Cr cr

WA ES CONTROLLER ACTUATOR bLET
GENERATOR SYSTEM

[Wheel_Speed

1

Cload

LOLD [Torsion_Angla]

Figure 1.9: Blocks scheme of entire DDCT system.

e Reference generator: provides the reference signal that the slipping speed wy



1.4. Detailed model configuration

has to follow;
e Actuator: gives the requested torque Cf;
e Engine: provides the driving torque C,;

e Load: produces the load torque Cj,.q which includes the air, roll and slope

resistances;
e DDCT system: includes the clutch and the transmission model.

These blocks are explained in a specified way in the following.

1.4.1 Reference generator

As shown in Figure 1.10, the reference generator has five inputs where Signal
1 is always equal to 0, Om_MisRpm = w,,, Oc_MisRpm = w,, there is also the

reset input that enables the control after 0.6 seconds.

ﬂ_ﬂ > felock] |

clock

OdTarget

1000 DerCd
DerOd [rpmis]

[Om_MisRpm] Om_MisRpm OdReff——
<=

[Oc_MisRpm] Oc_MisRpm
<=

Reseat

Riferimento Delta Giri
NOT

A

AttivazioneControllo <JAttivazioneControllo]

Figure 1.10: Reference Generator block.

To understand the relationship between inputs and output we can see inside
that block (Figure 1.11).
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&
=
=
Om _MisFpm
.4 -
Oc_MizRpm o P * LD
OdTargat
T
G r— InitL.
> ! Reset NS

| DerPosLD NDItRef0 (1 )

DerNaglD

E—b RStLD

RateLimiter

Figure 1.11: Inner part of Reference Generator block.

We can notice that the output of the generator depends on wg = w,, — w, just
for 0.6 seconds, then the control becomes active and the new value of the output

depends on its last value.

500

450

400

3501

300

data

280

200

150

100

50

0 . | | . . | . . |
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Time (seconds)

Figure 1.12: Reference signal.

In the figure above is shown the output of the reference generator, the part
where the signal grows is done by the open-loop contribute of the control, while

the slope part (where the control starts) should bring the slipping speed w, to 0.
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150 T T 1
|
—_ | | |
E f \
& f | |
- \
B0 \ —
et | | |
u i i |I
= |
E II II| |
; 0~ I 1 |
R= | \ |
E‘r" ,I I|I I|
[aa) |
0 L
50 | | | 1 1 | | | | 1
0 1 2 3 4 5 [ 7 g 9 10

Time (s)

Figure 1.14: C,, torque signal.

1.4.2 Actuator

Actuator is a fundamental part of the system, it is composed by the following

blocks:

N Y(s)
C Y | U '. '> '-

Cf com .
- 0_inf KusuraFriz

Figure 1.13: Inner part of actuator block.

0_inf is a saturation block having a range between 0 and oo;

KusuraFriz is a gain that takes into account the clutch wear;

a delay block that represents the actuator delay equal to 10 ms;

a transfer function that describes the actuator’s dynamic:

Gols) = 25.305(s+138)(s2—161.35+3.134¢04)
a\®) = (52+82.23542563)(s°+134.15+4.27¢04)

1.4.3 Engine

The engine is simply model as a fixed signal having output torque (C,,) shape

in Figure 1.14.

11



1.4. Detailed model configuration

1.4.4 Load

The load torque is composed of three elements: the aerodynamic resistance Fy,,
the rolling resistance force F) and the force due to the gravity F,, when driving in

a non-horizontal road. The aerodynamic resistance force is modeled as:
F, = 0.5p,A;C,(va + vy)?

where:

Ay is the frontal area of the vehicle,

C, is the aerodynamic drag coefficient,

v, is the vehicle speed,

v, is the wind speed,
e p, is the density of the air.
The rolling resistance force is:
F, = mygp, cos(f)
where:
e /i, is the rolling friction coefficient,
e « is the slope angle of the road,
e m, is the vehicle mass,
e ¢ is the gravity acceleration.
The uphill driving force is:

F, = mygsin(a)

For simplicity we consider to drive in a horizontal road (o = 0), deleting the
F, contribution, so considering also the wheels radius r,, the vehicle resistance

torque Cj,qq becomes:

C’load - (Fa + FT)Tw
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1.4. Detailed model configuration
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Figure 1.15: Inner part of DDCT system.

1.4.5 DDCT system

This block describes the driveline, if we look inside (Figure 1.15) there are three
sub-blocks which model the engine, the primary shaft and the drive shaft. Each
sub-block has its relative inertia and its velocity initial conditions. Here are also
computed the longitudinal velocity V, and acceleration A,. There is even the tau
value which represents the gear engaged, in this thesis we are supposing to have a

moving vehicle with tau = 2. The whole system is shown in the following picture.
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e
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- L o - -
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Figure 1.16: DDCT system Simulink scheme.
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1.5. Simplified model

1.4.5.1 Control

The control block is composed of two different controllers: a static controller,
derived from the plant differential equations, and a closed loop controller which we
will substitute with the designed controller. Before starting design, we choose as
closed loop controller a preliminary PI. In the following figure is shown the static
controller which inputs are C,, ,V, , w,, (measured in RPM), tau and sin(«). The

output is Cror.

—— | Cm_mis

— | Om_MisRpm

—— | Tau CISICHDL

<

—— | es5inAlfa

— p|V kmh

OpenLoopContribute

Figure 1.17: Static controller block.

The final control torque is Cy = Cror + Crcr. Where Cyer, is the control

torque provided by closed loop designed controllers.

1.5 Simplified model

In order to design a controller a model of the plant it is required. The detailed
model seen before is not suitable to accomplish the design project, therefore a sim-
plified model is necessary. CRF provides us differential equations which describe

the system, derived from the following driveline structure:
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1.5. Simplified model

Engine Clutch Gearbox Vehicle

I/

m Mg T Cea iy =
Cm
Cri

—

Figure 1.18: Driveline scheme.
The differential equations are:
I W = Cry — CpWp,, — Cf
Ity = Cp + L(—coqwyr — ks (1.4)
Sy = CoqWsr + ksabsr — Cload

657‘ = Wgy

where:

Finally:

’Li)m = ﬁ(Cm — Cf) — j—Zwm

wp:%_(csa +CP

Tim Csa _ kfs_a
Tp Tp72 T Jwp + Jpr Ur Jpresr
1 — Csa __ Csa ksa _ Cload
Wr = JpTwp 7y Wr + Jy Ocr Jo

w
HST:Tp_wr

We can rewrite this system in the state space representation:

©(t) = Az(t) + Bu(t)
y(t) = Cz(t) + Du(t)

15



1.5. Simplified model

Making the following assumptions:

e ('t is the manipulated input;

C,, and C},,q are seen as disturbances;

[ ]
the slipping velocity and wg,(t) = pr ®)
The matrices are:
_3_7:1 0 0
ac| O GErEH s
T e
% -1
1 _ 1
Tm T
1
B=|" %
0
0 0
1 -1 0 0
C =
0o L —-10
0 00
D =
0 00

the input vector is u(t) = [Cp(t), C4(t), Croaa(t)]”;

the state vector is (t) = [wy, (), wy(t), w.(t), O ()]

the outputs vector is y(t) = [wa(t), ws ()], where wq(t) = wp,(t) — wpy(t) is

— w,(t) is the torsion speed.

CRF provides also a table containing the parameters used to model the system

with their unit of measurement:
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1.5. Simplified model

Torsional damper constant Coa
Torsional spring constant K
Axle gear ratio T
Rolling radius Tror (M)

Wheel 1mertia I, (Kg.m*)
Vehicle inertia J, (Kg.m?)
Motor damper constant Cm

Motor inertia Jm (Kg.m?)
Road slope s cx )
Gravity g (m/s?)
Primary shaft inertia Ip (Kg.m?)

Figure 1.19: Table containing driveline parameters.

1.5.1 Plant architecture

As we can see in the previous section, the system is composed of two outputs
(wq, ws,). In this thesis, during design we will consider only w, as output. Basically
we used three plant architectures in order to understand which one provided the

best approximation compared with the detailed model:

e Plant built using elementary blocks
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1.5. Simplified model
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Figure 1.20: Plant represented with elementary blocks.

e Plant in state-space representation

x= Ax