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Abstract

The increasing needs of car drivers in terms of fuel economy and comfort
have pushed the automotive industries towards the development of innovative
transmission systems and control methods to guarantee better performance and
high efficiency in modern vehicles.

A suitable transmission of the internal combustion engine torque, which is
non-uniform and oscillatory by its nature, is crucial in this perspective, since it can
lead to high mechanical stress on driveline components and unpleasant feeling on
car passengers.

Micro-slip control approach for Automated Manual Transmission (AMT) is a
well affirmed technique among car manufactures thanks to its effectiveness in the
attenuation of vibrations and smooth shifting. In particular, the micro-slip strategy
aims at controlling the transmitted torque to avoid the complete engagement of
the clutch by regulating the relative speed between the clutch discs.

In this context, a problem of paramount importance is the sign inversion of the
clutch relative speed that occurs when sudden acceleration/deceleration maneuvers
are performed. In such a situation, the dynamical model of the transmission
changes making challenging the design of the micro-slip controller.

In the present thesis, developed in collaboration with Centro Ricerche Fiat
(CRF), an original approach to micro-slip control based on Model Predictive
Control methodologies is introduced aimed at attenuating the torsional oscillation
in the transmission driveline and accounting for the sign inversion in the clutch
relative speed.

The first contribution of the thesis is the development of a suitable Piecewise
Affine (PWA) model of the transmission system that explicitly describes the sign
inversion phenomenon of the clutch relative speed. The next contribution is the
introduction of an original formulation of the micro-slip control problem in the
framework of a Hybrid Model Predictive Control (HMPC) that can effectively
handle the design problem in the presence of the considered PWA model. Finally,
extensive simulation tests performed on a realistic non-linear transmission model
are introduced to show the effectiveness of the proposed approach.
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Chapter 1

Introduction

Nowadays, the continuous requests by cars consumers of non-standardized products
has revolutionized the automotive industries together with the advancement in
production and management systems. Vehicle manufactures are facing pressing
challenges to meet driver’s needs with new emerging technologies. Safety, comfort,
performance and efficiency are crucial requisites for a vehicle to be attractive in the
market, indeed, companies have been pushed in searching for the key elements which
significantly improve such features in order to enhance driving experience. In this
context, the transmission systems play an important role in the upgrading process
of modern commercial vehicles. Transmission system aims to transfer the torque
generated from the engine to the driving wheels in a smooth and efficient fashion
on the basis of the driver’s will. A good transmission must guarantee, among other
features, better fuel economy, greater reliability of the shifting system and high
performances at the same time. Many transmission systems have been developed
over the years to accomplish these conflicting requirements and to optimize the
engine operating conditions. Despite some particular configurations, transmissions
can be classified in five different categories listed below.

• Manual Transmission (MT) has dominated the European market for decades.
With a manual transmission, the driver selects all gears manually using
both a movable gear selector and a driver-operated clutch. Advantages of
this configuration are a relative high efficiency, compact dimensions, low
manufacturing costs and great fuel economy (although this also depends
heavily on the driving style itself). The price to pay lies in the manual
management of the gear shift, despite this is also a matter of taste, and the
interruption of tractive power during shifting cannot be denied.

• Automatic Transmission (AT) is currently the dominant transmission in the
United States. Conventional automatic transmissions generally use planetary
gear sets to transfer power and multiply engine torque to the drive axle.
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Introduction

The biggest advantages of an automatic transmission are the ability to drive
without the need for a clutch and low-wear technology, on the other hand, ATs
are usually heavier, larger and more expensive than manual transmissions.

• Continuously Variable Transmission (CVT) is becoming more popular due
to its simple mechanical design. A typical CVT consists of two cone-shaped
pulleys and a connecting belt that are able to produce a continuous variation
in the ratio of the engine input speed to the driveline output speed. Such
configuration allows the engine to operate at its most efficient condition for
the power level required. CVTs can be expensive to repair or replace when
compared to a conventional automatic transmission and some of the common
problems that owners run into include overheating, slipping, and sudden loss
of acceleration.

• Automated Manual Transmission (AMT) is basically a manual transmission
with either electromechanical or electrohydraulic actuators added to automate
both the clutch and gear selection. In this regard, AMTs offer many advantages
in terms of reduction of fuel consumption compared to MTs controlled by
average drivers and improvement of driving comfort, although the traction
interruption problem during gear shifting persists.

• Dual Clutch Transmission (DCT) has caught the attention of many car
manufacturers over the past few years. DCTs try to overcome the torque
interruption problem but, at the same time, to ensure all the benefits of the
AMTs. DCT consists of two independent sub-gearboxes, one for the even gear
sets and the other for odd gear sets, each one is activated by separate clutches:
the engaging clutch and the disengaging clutch. A gear shift process involves
the engagement of the on-coming clutch and the release of the off-going clutch
to ensure shifting within a short time window of traction interruption. DCT
usually offers a fully automatic mode nevertheless, it gives to the driver the
chance to select gears manually. Two main types of clutches are adopted in
DCTs: either two wet multi-disc clutches which are bathed in oil for cooling
(WDCT), or two dry single-disc clutches (DDCT).

In addition to the mechanical architecture of car’s transmission, control systems
play a central role in a better management of the available hardware. Quality control
policies focus on reducing vibrations and abrupt movements without compromising
the shift speed and driver feels. A representative example of what has been said is
the so called micro-slip control strategy for automated transmissions, whose main
objective is to decouple the transmission line from jerks coming from the Internal
Combustion Engine (ICE) in order to avoid the complete engagement (also referred
to as clutch lock-up) and leave the clutch disks in a persistent slip condition.
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Introduction

A technical aspect that has to be considered explicitly from control approaches
of this kind concerns the management of the phenomenon of clutch slipping speed
inversion – i.e. the change of sign of the relative speed of the clutch plates which
occurs during particular operative conditions, such as sudden acceleration and
deceleration, referred to as Tip-In and Tip-Out maneuvers respectively. More
precisely, the occurrence of the aforementioned phenomenon introduces a non-linear
dynamics within the considered model of the transmission system which has to be
properly handled by model-based controllers.

The present dissertation, developed in collaboration with Centro Ricerche Fiat
(CRF), focuses on the study and simulation of a novel Hybrid micro-slip Model
Predictive Controller (HMPC) for an Automated Manual Transmission system with
the ultimate goal of managing the slipping speed inversion problem, minimizing
the torsional oscillations inside the driveline and making the clutch slipping speed
to track a proper reference signal through the transmitted clutch torque control
action. In this regard, a suitable Piecewise Affine system of the driveline model is
formulated on the basis of a simplified description of the clutch non-linear dynamics
and it is set within an hybrid optimal control framework through the use of specific
hybrid systems description tools. Furthermore, another contribution of the thesis
concerns the introduction of a hybrid Kalman filter which is also formulated in PWA
form compatible contextually to the hybrid formulation of the overall transmission
control system. For ease of analysis, the considered AMT mathematical model is
an equivalent description of a single clutch transmission of a more complex Dry
Dual Clutch Transmission system designed and patented by CRF.

The thesis is organized as follows.

The second chapter briefly reviews the adopted C635 DDCT system and its
components. The third chapter analyzes the mathematical description of a simple
transmission system together with the micro-slip control approach and what is
available in literature, followed by the investigation on the slipping speed inversion
problem. In the fourth chapter, the theory behind hybrid systems is outlined and
the HYSDEL hybrid model description tool will be presented. An overview on
MPC techniques for hybrid systems and optimal control problem customization
is conducted. The fifth chapter shows the design of the micro-slip control system
for a more accurate non-linear model of the transmission system and its elements.
Results obtained from tests performed on first and third gear are discussed in
chapter 6 in order to show the effectiveness of the adopted control solution. The
last chapter exhibits the conclusions about the obtained results and considerations
about possible improvements are highlighted.

3



Chapter 2

Overview of Dual Clutch
Transmission system

2.1 C635 DDCT Transmission

The C635 Dry Dual Clutch Transmission is a six-speed, automated manual gearbox
developed by Fiat Powertrain Technologies (FPT) in Verrone, Italy plant. The
transmission adopts a control system developed by Magneti Marelli and incorporates
an hydraulic actuation module developed by BorgWarner (Figure 2.1).

Figure 2.1: C635 Fiat Power-train Technologies transmissions. Left panel MT,
right panel DDCT counterpart.

4
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The C635 transmissions are transversal front wheel drive and are characterised
by a three-shafts compact architecture contained in a two aluminium pieces housing
with an intermediate support plate for the shaft bearings. The gear set housing is
characterised by a reduced upper secondary shaft length as shown in Figure 2.2. This
feature guarantees packaging in the lower segment vehicles where the longitudinal
crash beam imposes serious installation constraints. The most important aspect of
this transmission in terms 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
as the past one adopted in an earlier FPT technical demonstrator.

Figure 2.2: C635 DDCT cross section. Odd-gear clutch K1 in red, even-gear
clutch K2 in blue.

5
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2.2 Dry Dual Clutch Unit
The main operations and components of a DDCT are described below in order
to better motivate its model decomposition into different subsystems. During the
shifting process the transmitted torque is obtained through the engagement of the
closing clutch and the release of the opening clutch. The K1 clutch is normally
closed as in conventional manual transmissions which position is controlled by
means of a contact-less linear position sensor integrated in the rear hydraulic piston
actuator. The even gear K2 clutch is normally open and it is controlled in force
through an hydraulic pressure given by the CSC. The two clutches act on a center
plate together, thanks to their own pressure disks as shown in Figure 2.3. The
entire dual clutch unit is mounted on the clutch housing by means of a single main
support bearing which compact installation was developed thanks to the adoption
of the specific actuation system of the K1 clutch. The dual clutch unit is linked to a
dual mass flywheel mounted on the engine crankshaft through a splined connection.

Figure 2.3: DCT configuration on left panel. Scheme of K1 and K2 clutches on
right panel.

2.3 Electro-hydraulic actuation system
The C635 DDCT clutches and gear shifting mechanisms are electro-hydraulically
actuated through a dedicated, sealed, hydraulic oil circuit. This choice is motivated
by the compactness and overall system efficiency as well as FPT long experience
with such systems among its various AMT applications. The system is composed

6
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of an hydraulic Power Unit (PU) made up of an electrically driven high pressure
pump and accumulator, depicted in Figure 2.4(a), and a Clutch and gear Actuation
Module (CAM) that includes the control solenoid valves, gear shift actuators and
sensors in Figure 2.4(b).

(a) (b)

Figure 2.4: (a) Hydraulic Power Unit (PU), (b) complete Clutch and gear
Actuation Module (CAM).

The CAM module consists of:

• four distinct double action pistons operating the gear engagement forks.

• one shifter spool which selects the piston to be actuated.

• five solenoid valves of which four are pressure proportional (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 control of the K1 clutch position. All
solenoid valves are direct derivatives of those currently used in FPT’s AMT systems
and, therefore, they employ well proven technology and guaranteed robustness.
The actuation module also comprises five non-contact linear position sensors, one
for each shifting piston and one for the spool shifter, as well as two velocity 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 2.5 represents the hydraulic circuit of the Complete Actuation
System (CAS).
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Figure 2.5: Complete Actuation System (CAS) hydraulic circuit.

2.4 C635 DDCT control unit
The C635 DDCT control strategies have been developed by FPT and run in a
multitasking environment in order to meet the frequency requirements of the control
loops that they implement, preserving the main micro controller resources at the
same time. They can be grouped as shown below:

1. actuator controls. The actuator control strategies exploit the high perfor-
mance attainable with electro-hydraulic actuators. The main control strategies
are listed:

(a) engagement actuators control: based on a force/speed control concept,
the desired profiles are realised by commanding the two relevant PPVs
one against the other;

(b) shifter (selector) control: hydraulic power to the required engagement
actuator is guaranteed by a fast and precise control of the shifter. The
related PPV is commanded to push the shifter piston against a spring in
order to reach one of the four desired positions;

(c) 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;

8



Overview of Dual Clutch Transmission system

(d) even gears clutch: the normally open clutch (K2) is controlled in force
with a pressure feedback signal delivered by one of the CAM sensors.

2. Self-tuning controls. FPT’s DDCT control system has many self-tuning
controls in order to compensate for the various parameters drift and to adapt
the same high-level calibrations to all vehicles. The main self-tuning control
algorithms concern the conversion of the requested clutch transmitted torque
to K1 position and K2 pressure;

3. launch and gear shift strategies. The C635 DDCT implements various
driving modes, depending on the desired performance and Brand/OEM re-
quirements, both in manual and in automatic mode. Three different modes of
shift patterns in automatic and two different ones in manual (tip) mode are
contemplated. Vehicle creeping on brake release is also implemented, together
with the braking systems hill holding functions.
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Chapter 3

Transmission model and
micro-slip control

A crucial aspect for the proper design of a model-based controller is the development
of a mathematical description capable of capturing the most important dynamics of
the transmission system. As previously discussed, a typical DDCT system consists
of two distinct clutches for odd and even gear sets. Since the two clutches work
using the same operating principle, a transmission system with a single clutch will
be considered in order to derive a simplified linear model of both the driveline and
actuator.

3.1 Driveline linear model
The basic components of the driveline are: the engine, the crankshaft, the clutch,
the main shaft, the gearbox, the secondary shaft, the differential and the wheel
shaft (see Fig. 3.1).

Three assumptions are made before formulating the equations describing the
driveline dynamics:

1. Perfect rigidity of the main shaft and flexible secondary shaft;

2. Symmetry of the driveshafts;

3. Pure rolling motion of the wheels.

With the hypotheses listed above, Figure 3.2 shows the considered three masses
simplified linear model of the driveline, where Cm is the engine torque, Cf is the
clutch torque and CLoad is the load torque. Symbols ωm, ωp and ωr are the angular
speeds of the engine shaft, the primary shaft and the drive shaft, respectively, while
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Figure 3.1: One-clutch driveline scheme.

the corresponding angular positions are referred as θm, θp and θr. Parameter values
are listed in Table 3.1.

Figure 3.2: Driveline simplified model.
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Table 3.1: DDCT main parameters.

Parameter Symbol Value Unit
Torsional damping coefficient csa 105 Nm · s/rad
Torsional stiffness coefficient ksa 6719 Nm/rad
1st gear ratio τ 18.433 −
Wheel radius rW 0.337 m
Wheel inertia JW 3 Kg ·m2

Vehicle mass M 1550 Kg
Vehicle inertia Jv 179.032 Kg ·m2

Motor damping coefficient cm 0.019 Nm · s/rad
Motor inertia Jm 0.24 Kg ·m2

Introducing the torsion angular position θsr and corresponding speed ωsr as:

θsr = θp
τ

− θr

ωsr = θ̇sr

(3.1)

by applying the second law of dynamics and imposing the rotational equilibrium
for the system in Figure 3.2, the equations of the linear model are obtained:

Jmω̇m = Cm − cmωm − Cf

Jpω̇p = Cf + 1
τ

[−csaωsr − ksaθsr]

Jvω̇r = csaωsr + ksaθsr − CLoad

θ̇sr = ωp
τ

− ωr

(3.2)

In the differential equations described above, Cm and CLoad are considered as
measurable input disturbances while Cf is supposed to be the unique manipulable
control input. Moreover, ωm, ωp and ωr are assumed to be the only measurable
output variables.

In order to express equations (3.2) in a state-space representation form, it is
defined that:

• the input vector is u(t) = [Cm(t), Cf (t), CLoad(t)]T ;

• the state vector is x(t) = [ωm(t), ωp(t), ωr(t), θsr(t)]T ;

• the output vector is y(t) = [ωd(t), ωsr(t)]T , where ωd(t) = ωm(t) − ωp(t) is the
so called clutch slipping speed.
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The Linear Time Invariant (LTI) system of the simplified driveline linear model
is then formulated:

ẋ(t) = Ax(t) +Bu(t)
y(t) = Cx(t)

(3.3)

where x(t) ∈ R4 is the state vector, u(t) ∈ R3 is the system input and y(t) ∈ R2 is
the system output. With:

A =


− cm

Jm
0 0 0

0 − csa

Jpτ2
csa

Jpτ
− ksa

Jpτ

0 csa

Jvτ
− csa

Jv

ksa

Jv

0 1
τ

−1 0

B =


1
Jm

− 1
Jm

0
0 1

Jp
0

0 0 − 1
Jv

0 0 0


C =

C
1 −1 0 0
0 1

τ
−1 0

D (3.4)

3.2 Actuator model
The actuator allows the transmission of the clutch torque to the drivetrain. For
each clutch of the DDCT system the center plate has two contact surfaces, therefore,
for the adopted single clutch model, in place of two pairs of sliding surfaces it will
be considered an equivalent single pair as shown in Figure 3.3.

Figure 3.3: Single clutch model schematic.

The clutch actuator presses the clutch disks against each other. The friction due
to their contact allows the transmission of the clutch torque which can be controlled
by varying the clamping normal force Fn. In the present study, the existence of a
feedback controlled clutch actuator is assumed to improve the actuation accuracy
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performance (see Fig. 3.4). More precisely, the controlled actuator is responsible
of generating the clutch torque on the basis of the one requested by the high-level
micro-slip controller through the adoption of a static map which describes the
relationship between Cf and the clutch throw-out bearing position xp as follows:

Cf = M(xp) (3.5)

Figure 3.4: Controlled actuator structure. The feedback control system assures
the tracking of a suitable reference signal xreqp computed through the inversion of
the map (3.5). While Creq

f is the requested clutch torque, Cf is the actual actuated
torque.

As far as the first consideration is concerned, the actuator structure depicted in
Figure 3.4 can be approximated by a second order transfer function with Creq

f as
input and Cf as output of the form:

Gact(s) = Cf (s)
Creq
f (s) = Kt

ω2
n

s2 + 2ξωns+ ω2
n

e−θs (3.6)

In the model (3.6), Kt is the clutch transmissibility gain which accounts for the
torque map characteristics, θ is the overall actuation delay and ξ and ωn are the pole
damping coefficient and natural frequency respectively. The second consideration
is that, variations on the clutch transmissibility characteristics due to, e.g. different
temperature operating conditions, can be approximately described by a parametric
uncertainty on the Kt coefficient.

3.3 Micro-slip approach
With reference to Figure 3.3, three different clutch operating conditions are recog-
nized:

1. Open clutch phase: the two disks are completely disengaged so that Cf = 0;
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2. Slipping phase: if there exists a relative speed between the engine and the
primary shaft – i.e. the slipping speed ωd differs from zero;

3. Closed clutch phase: the clutch is locked-up and the engine torque is fully
transmitted to the driveline, Cf = Cm.

The micro-slip approach concerns the slipping phase.
In powertrain systems equipped with ICE, the torque transmission is decisive:

due to its discontinuous and intermittent nature it often leads to a floaty behaviour of
the engine shaft acceleration so that, whenever complete clutch engagement occurs,
this undesired effect is transmitted to the drivetrain causing unpleasant feeling on
car passengers. In addition, during sudden accelerations and decelerations, the
elasticity of the mechanical elements of the driveline can lead to torsional oscillation
of the shafts together with high stresses on delicate vehicle parts.

It has been experimentally proven that a controlled slight slip between the
clutch disks can guarantee several advantages in terms of comfort and preservation
of mechanical components [1]. Indeed, the introduction of the micro-slip control
during transients, before reaching the clutch lock-up, determines a better smooth
engagement reducing jerks produced by the ICE and driveline oscillations. Even
letting the micro-slip replace the no-slip phase, a better working condition of the
driveline is achieved due to the almost complete decoupling of the drivetrain from
the high frequency dynamics of the engine. In the latter case, the fuel consumption
remains unchanged together with a full achievement of comfortable driveability at
the price of an increase in wear due to the continuous friction power dissipation
that can be compensated through a lubrication control action.

3.4 State of Art
Different control architectures have been proposed in the literature that adopts the
micro-slip framework in order to reduce the transmitted torque oscillations inside
a dry clutch transmission system.

In [2] a decoupled control system with two independent PID controllers tracks
optimized speed references separately: the engine speed ωe and the clutch slipping
speed. The analyzed feedback system in Figure 3.5 assures a smooth clutch
engagement.

The main goal of the control system exploited in [3] is to reach the clutch
lock-up quickly avoiding the engine stall. It is based on a hierarchical approach by
discriminating among five different AMT operating conditions: engaged, slipping-
opening, synchronization, go-to-slipping and slipping-closing. The control scheme
consists of decoupled and cascaded feedback loops based on measurements of the
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Figure 3.5: Decoupling control system scheme presented in [2].

Figure 3.6: General closed-loop scheme during the slipping-closing phase in [3].

engine speed, clutch speed, and throw-out bearing position (see Fig. 3.6). The
transmitted torque is estimated.

In [4] the authors present a Linear Quadratic control system that follows an
optimal control approach by using the crankshaft speed and the clutch speed as
state variables. The chosen control variables are the engine and the clutch torque.
In this strategy, however, constraints on control input and state variables are not
considered explicitly in the solution. To overcome this limitation, the same authors
propose the adoption of a Model Predictive Control (MPC) methodology in [5].
The developed controller minimizes a quadratic performance index that takes into
account the clutch friction losses and speed regulation, subject to constraints on
control and state variables.

In [6] the introduced control system, shown in Figure 3.7, adopts the clutch
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torque as the only manipulable control variable whereas, due to hard technological
constraints in modern vehicles, the engine torque is treated as a known non-
controllable input. In the proposed architecture the Engine Control Unit (ECU)

Figure 3.7: schematic of the MPC controller from [6].

outputs the engine torque Γe obtained on the basis of the throttle pedal position
xp. The total engagement time tf , that is computed in function of xp, is used to
calculate the time control horizon denoted as tr. The clutch torque is then realized
through the MPC control strategy, solving the optimal control problem with a
suitable cost function.

A further study conducted in [7] shows the design of an original micro-slip MPC
control system whose objective is to make the clutch slipping speed tracking a
suitable reference signal through the clutch torque control action, ensuring the
minimization of the driveline oscillations by means of the zero regulation of the
drive shaft torsion speed. Finally, the proposed control system, depicted in Figure
3.8, introduces proper constraints on the transmitted clutch torque and slipping
speed. More precisely, while the clutch torque has to be positive and cannot exceed
its maximum value, the clutch lock-up is avoided during the entire maneuver.

The feedback control systems described above are effective solutions to the
micro-slip approach problem. Nevertheless, in the literature there are no studies
about feedback MPC controllers that explicitly take into account the sign inversion
of the slipping speed ωd and its consequences. To better understand such limitation,
the slipping speed inversion phenomenon is investigated in the next section.

3.4.1 Slipping speed inversion problem
As previously discussed, during some particular operating conditions, e.g. tip-in
and tip-out maneuvers, the primary shaft speed ωp can rotate faster than the engine
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Figure 3.8: Schematic from [7]: micro-slip control of a DDCT system using MPC
methodologies.

shaft speed ωm leading to the sign change of their relative velocity – i.e. ωd. In [8]
different clutch models are proposed. As a first approximation, the most simple
clutch dynamic during slipping is considered:

Cf = nµReFnsign(ωd) (3.7)

Where n is the number of friction surfaces, µ the friction coefficient and Re the
effective radius of the clutch. Symbols Cf and Fn indicate the clutch torque and
the clamping normal force respectively, as represented in Figure 3.3.

As it can be seen from eq. (3.7), sudden inversions of the slipping speed induce
sign changes of the clutch torque. Nevertheless, due to the physical architecture of
the considered actuator, Cf values can only be either positive so that the clutch
torque is transmitted to the drivetrain (partially or completely), or equal to zero (the
clutch torque is no more transmitted). Therefore, the driveline dynamic equations
formulated in (3.2) will be necessarily subject to straightforward modifications.
More precisely, assuming that parameters n, µ, Re and Fn are directly computed
from the low-level controller depicted in Figure (3.4), the system presented in (3.3)
will be no more time invariant but slipping speed switching dependent:

ẋ(t) = Ax(t) +B(ωd(t))u(t)
y(t) = Cx(t)

(3.8)
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with:

B(ωd(t)) =


1
Jm

− 1
Jm
sign(ωd(t)) 0

0 1
Jp
sign(ωd(t)) 0

0 0 − 1
Jv

0 0 0

 (3.9)

Due to the reasons mentioned above, a proper control system has to be developed
in order to be consistent with the actual driveline operating conditions – i.e. in the
presence of either positive or negative slipping speed.

In the present dissertation, an extension of the work presented in [7] is proposed
in order to manage the slipping speed sign inversion phenomenon through the
development of a suitable Piecewise Affine (PWA) system. Such system will be
taken into account in the design of a novel Hybrid MPC controller whose main goal
is the tracking of a slight switching slipping speed reference and the zero regulation
of the shaft torsion speed.
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Chapter 4

Hybrid systems and
Optimal Control
formulation

4.1 Hybrid models
Hybrid systems are mathematical models whose evolution depend on a mix of
real-time and discrete events. Most of the dynamical systems may reasonably be
described in hybrid terms, e.g. cars, airplanes, washing machines and so on and so
forth. Nevertheless, most of the literature on dynamic modeling is concerned with
systems that are either completely continuous or completely discrete. Consequently,
most of the control theory and tools are based on models describing the evolution
of real-valued signals according to smooth linear or nonlinear state transition
functions, typically differential or difference equations. In many fields, however, the
system to be controlled also contains signals such as Boolean relations, if-then-else,
on/off conditions which may affect real-valued signals. Hybrid systems describe
in a common framework the coupling between real-valued variables and discrete
variables dynamics on the basis of their interaction.

4.1.1 Discrete Hybrid Automata
The Discrete Hybrid Automaton (DHA) is a modeling formalism for hybrid systems
that may be thought of as an extension of finite-state machines. DHA results from
the connection of a Switch Affine System (SAS), which provides the piecewise
linear dynamics, with a Finite State Machine (FSM) that performs the transitions
between the discrete states of the hybrid system. Such transitions are based on two
connecting elements: the Event Generator (EG) and Mode Selector (MS), as shown
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in Figure 4.1. The EG extracts logic signals from the continuous part and those
logic events trigger the states transition in the FSM. The MS combines all the
logic variables – i.e. states, inputs and events, in order to choose the SAS current
continuous dynamics, also referred as mode. Further details on DHA components
are presented in [9]. DHA generalizes many models oriented to computational tools
for hybrid systems and therefore it represents the starting point for the solution
of complex analysis and synthesis problems of hybrid systems. However DHA is
difficult for analysis and control because the verification and simulation procedures
are computationally hard.

Figure 4.1: A Discrete Hybrid Automaton (DHA) is the connection of a Finite
State Machine (FSM) and a Switch Affine System (SAS), through a Mode Selector
(MS) and an Event Generator (EG).

4.1.2 Piecewise Affine systems
A particular case of DHA is the popular class of Piecewise Affine (PWA) systems.
Essentially, they are switched affine systems whose mode depends on the current
location of the state vector, as depicted in Figure 4.2. More precisely, PWA systems
are defined by partitioning the space of states and inputs into polyhedral regions and
associating within each region different affine state-update and output equations
as follows:
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x(k + 1) = Ai(k)x(k) +Bi(k)u(k) + f i(k), (4.1a)
y(k) = Ci(k)x(k) +Di(k)u(k) + gi(k), (4.1b)

i(k) such that: H i(k)x(k) + J i(k)u(k) ≤ Ki(k), (4.1c)

where x(k) ∈ Rn is the state vector at time k ∈ K and K , {0,1, ...} is the
set of non-negative integers, u(k) ∈ Rm is the input vector, y(k) ∈ Rp is the
output vector, i(k) ∈ I , {1, ..., s} establishes the current mode of the system
and matrices Ai(k), Bi(k), f i(k), Ci(k), Di(k), gi(k), H i(k), J i(k), Ki(k) are constant
and have suitable dimensions. The inequalities in (4.1c) should be interpreted
component-wise and each of them defines a half-space in Rn and a corresponding
hyperplane that is referred to as guardline. Each vector inequality (4.1c) defines a
polyhedron Ci = {

è
x
u

é
∈ Rn+m : H ix+ J iu ≤ Ki} in the state+input space Rn+m.

Figure 4.2: Piecewise Affine (PWA) systems. Mode switches are only triggered
by linear threshold events [9].

4.1.2.1 Driveline PWA model

Before introducing the driveline PWA model description, a discretization of the
continuous-time dynamic driveline system is performed:

xcd(k + 1) = Acdxcd(k) +Bcducd(k)
ycd(k) = Ccdxcd(k)

(4.2)
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where:

– xcd(k) = [ωm(k), ωp(k), ωr(k), θsr(k)]T is the driveline discrete-time state vec-
tor;

– ucd(k) is the model input;

– ycd(k) = [ωd(k), ωsr(k)]T is the system output;

– Acd, Bcd and Ccd result from the conversion of the state-space representation
(3.3) from continuous to discrete-time.

Following the model description presented in the previous section, it is possible
to recast (4.2) equations in PWA form:



xcd(k + 1) = Acdxcd(k) +
è
Bcd(i,1) α(k)Bcd(i,2) Bcd(i,3)

é
ucd(k), i = 1, . . . ,4

ycd(k) = Ccdxcd(k)

α(k) =
1 if [ 1 −1 0 0 ] xcd(k) ≥ 0, Mode 1

−1 if [ 1 −1 0 0 ] xcd(k) < 0, Mode 2

(4.3)

where the variable α(k) discriminates between the positive (Mode 1) and negative
(Mode 2) slipping speed. Note that, the introduction of the two modes induces a
discontinuity inside the discrete driveline dynamics which has to be treated in a
proper way during simulations in order to avoid technical problems. The solution
to these problems is addressed in section (5.5.2).

4.1.3 Mixed Logical Dynamical systems
An equivalent representation of DHA and PWA systems is the Mixed Logical
Dynamical (MLD) system that is more suitable for solving optimization problems.
In this perspective, it is worth saying that Boolean formulas describing the switching
dynamics of the system can be equivalently represented as integer linear inequalities
as reported in Table 4.1.

MLD models consist of a collection of linear difference equations involving both
real and binary variables and a set of linear inequality constraints as described by
the following relations:

x(k + 1) = Ax(k) +B1u(k) +B2δ(k) +B3z(k) +B5, (4.4a)
y(k) = Cx(k) +D1u(k) +D2δ(k) +D3z(k) +D5, (4.4b)

E2δ(k) + E3z(k) ≤ E1u(k) + E4x(k) + E5, (4.4c)
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Table 4.1: Basic conversion of Boolean relations into mixed-integer inequalities,
with δ ∈ {0,1}. Relations involving the inverted literals ∼ δ can be obtained by
substituting (1 − δ) for δ in the corresponding inequalities. More conversions are
reported in [10].

Relation Boolean Linear constraints
AND δ1 ∧ δ2 δ1 = 1, δ2 = 1 or δ1 + δ2 ≥ 2
OR δ1 ∨ δ2 δ1 + δ2 ≥ 1
NOT ∼ δ1 δ1 = 0
XOR δ1 ⊕ δ2 δ1 + δ2 = 1
IMPLY δ1 → δ2 δ1 − δ2 ≤ 0
IFF δ1 ↔ δ2 δ1 − δ2 = 0

ASSIGNMENT
δ3 = δ1 ∧ δ2

δ3 ↔ δ1 ∧ δ2

δ1 + (1 − δ3) ≥ 1
δ2 + (1 − δ3) ≥ 1

(1 − δ1) + (1 − δ2) + δ3 ≥ 1

where x ∈ Rnc × {0,1}nl is a vector of continuous and binary states, u ∈
Rmc × {0,1}ml are the inputs, y ∈ Rpc × {0,1}pl the outputs, δ ∈ {0,1}rl are
auxiliary binary variables, z ∈ Rrc are continuous auxiliary variables and A, B1,
B2, B3, C, D1, D2, D3, E1,...,E5 are matrices of suitable dimensions. Note that the
constraints (4.4c) allow one to specify additional linear constraints on continuous
variables (e.g., constraints over physical variables of the system), and logical
constraints over Boolean variables. The ability to include constraints, constraint
prioritization, and heuristics adds to the expressiveness and generality of the MLD
framework. Note also that despite the fact that the description (4.4) seems to be
linear, clearly the non-linearity is concentrated in the integrality constraints over
binary variables.

4.2 The HYSDEL modeling language
The conversion of the state machine and dynamical equations of the hybrid systems
into a MLD framework requires a set of rules [11]. This task is generally long
and tedious and to make it easier, a computational tool called HYbrid System
DEscription Language (HYSDEL) [12] is used. The HYSDEL description of a DHA
is an abstract modeling step. The associated HYSDEL compiler then translates
the description into several computational models, in particular into an MLD and
PWA form. The HYSDEL list is composed of two parts whose main sections, useful
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for the description of the hybrid models adopted in this thesis, are outlined below:

• INTERFACE: this part contains the declaration of all variables (states,
inputs, outputs) and parameters, so that it is possible to make the proper
type checks.

• IMPLEMENTATION: it is composed of specialized sections where the
relations among the variables are stated. These sections are described next.

– AUX: it contains the declaration of the auxiliary variables used in the
model;

– AUTOMATA: it specifies the state transition equations of the FSM as a
collection of Boolean functions;

– AD: this section allows one to define Boolean variables from continuous
ones, and is based exactly on the semantics of the EG described earlier;

– DA: it defines continuous variables according to if-then-else conditions.
This section models part of the SAS;

– CONTINUOUS: it describes the linear dynamics, expressed as difference
equations;

– MUST: this section specifies arbitrary linear and logic constraints on
continuous and Boolean variables. More generally, it allows also mixed
constraints on states, inputs, and outputs;

– OUTPUT: it specifies static linear and logic relations for the output vector
of the hybrid model.

For further details on HYSDEL features, the reader interested in the tool will
find more information on [13].

4.3 Model Predictive Control of Hybrid systems
4.3.1 Overview of MPC technique
MPC is a control approach that has spread in a wide range of applications of
different engineering fields due to its effectiveness in constraints handling and high
performance achievement. These capabilities rely on an explicit consideration of
the system model such that it is possible to obtain a control action as a result of a
constrained optimization problem. Nevertheless, since a numerical optimization
problem has to be solved at every sampling time, the computational burden of
model-based controllers is quite high. For this reason, originally, MPCs were mainly
employed in systems characterized by slow dynamics and large computational
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resources such as process industries or chemical plants. However, thanks to greater
computing power, MPC techniques are applied to a multitude of fast dynamic
systems like flight control and automotive applications. The term Model Predictive
Control does not designate a specific control strategy but rather an ample range of
control methods. In spite of everything, MPC controllers make use of: the prediction
model, a suitable cost function together with constraints, and the optimizer (see
Fig. 4.3).

Figure 4.3: Basic structure of Model Predictive Control.

The main advantages of the MPC strategy can be summarized in:

1. a flexible, open and intuitive formulation in time domain;

2. the ability to manage multi-variable control problems;

3. the inclusion of both control input and state variables constraints;

4. the use of an optimal control law which results from a trade-off between
different objectives, even conflicting.

4.3.1.1 Predictive model

The predictive model represents a detailed description of the system to be controlled.
Among the different prediction models that can be adopted, the use of a discrete
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LTI system is considered:

x(k + 1) = Ax(k) +Bu(k)
y(k) = Cx(k)

(4.5)

As the name suggests, the predictive model gives the evolution of the states
starting from an initial time instant k over a certain number of time steps in the
future. More precisely, for a LTI system like the one in (4.5), the ith step ahead
state prediction x(k + i|k) is given by:

x(k + i|k) = Aix(k|k) + Ai−1Bu(k|k) + Ai−2Bu(k − 1|k) + . . .+

+Bu(k + i− 1|k) = Aix(k|k) +
i−1Ø
j=0

Ai−j−1Bu(k + j|k) (4.6)

thus, x(k + i|k) depends only on the initial state x(k|k) and on the actual and
future control inputs : u(k|k), u(k + 1|k),..., u(k + i− 1|k).

4.3.1.2 Cost function and optimization problem

The MPC strategy is based on the optimization of a cost function defined over a
finite time interval. A general formulation of this cost function can be expressed as:

J(U(k), x(k), k) = Φ(x(k +Np|k))
Np−1Ø
i=0

L(x(k + i|k), u(k + i|k)) (4.7)

where:

– Np is the so called Prediction Horizon;

– x(k + i|k) is the ith step ahead state prediction obtained using model (4.5)
and starting from the known initial state x(k|k) = x(k);

– U(k) =
è
u(k|k), u(k + 1|k), . . . , u(k +Np − 1|k)

éT
is the vector of future

control moves to be optimized;

– L(·) is the per-stage cost function which defines the control objectives;

– Φ(·) represents the final cost and takes into account that the prediction horizon
is not infinite.

The functions L(·) and Φ(·) are assumed continuous in their arguments and are
chosen according to the desired performance of the controlled system.
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The general formulation of the optimal control problem to be solved is shown:

U0(k|k) = arg min
U(k)

J(U(k), x(k))

s.t. x(k + 1|k) = Ax(k) +Bu(k)
x(k + i|k) ∈ X , i = 1, . . . , Np − 1
u(k + i|k) ∈ U , i = 1, . . . , Np − 1
x(k +Np|k) ∈ XF

(4.8)

where:

– X and U are the input and state constraint sets respectively. While U is
chosen to introduce input actuator saturation and slew rate constraints, X is
chosen to impose limitations on state and/or output variables. The described
sets are assumed to be convex and compact;

– XF is the terminal constraint set introduced in the optimization problem in
order to ensure asymptotic stability [14];

– U0(k|k) =
è
u0(k|k)T , u0(k + 1|k)T , . . . , u0(k +Np − 1|k)T

éT
is the optimal

input control sequence.

The choice of the cost function is of paramount importance in order to obtain
a suitable MPC setup that allows the achievement of the control objectives. As
an example, for the problem of zero regulation of the states, a typical choice is to
express the weighting functions L(·) and Φ(·) in equation (4.7) as quadratic forms:

L(·) = x(k + i|k)TQx(k + i|k) + u(k + i|k)TRu(k + i|k), i = 1, . . . , Np − 1
Φ(·) = x(k +Np|k)TPx(k +Np|k) (4.9)

where Q ² 0, R ² 0 and P ² 0 are suitable matrices.

Note that, the optimal input sequence U0(k|k) has to be computed for all
Np future steps. For high values of Np, the computational time needed to solve
the optimal problem significantly increases and, in order to limit it, a possible
solution is to optimize the cost function (4.7) with respect to the reduced sequence
U Í(k) = [u(k|k), u(k + 1|k), . . . , u(k + Nc − 1|k)]T , where Nc < Np is referred to
as Control Horizon. In this case, the remaining Np − Nc control input sequence
U ÍÍ(k) = [u(k +Nc|k), u(k +Nc + 1|k), . . . , u(k +Np − 1|k)]T needed to calculate
the state predictions until the time step Np is reached, can be chosen as:

• u(k + i|k) = 0 Nc ≤ i ≤ Np − 1;
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• u(k + i|k) = u(k +Nc|k) Nc ≤ i ≤ Np − 1;

• u(k + i|k) = −Fx(k + i|k) Nc ≤ i ≤ Np − 1, where F ∈ Rm×n represents a
stabilizing state feedback gain.

Whenever the minimization problem (4.8) is characterized by a LTI prediction
model (4.5), a quadratic cost function (4.9) and linear constraints expressed by
the sets of inequalities X and U , the optimization is referred to as Quadratic
Programming (QP) problem [15]. Indeed, it is proven that the cost function is
quadratic with respect to the optimization variable U(k) on which also depend
linear input/state constraints inequalities. In this regard, after some manipulation
of the quadratic cost function and constraints, the original optimization problem
(4.8) can be expressed as the following QP:

U0(k|k) = arg min
U(k)

J(U(k), x(k)) = arg min
U(k)

1
2U(k)THU(k) + x(k|k)TFU(k)

s.t. LU(k) ≤ W (4.10)

In the considered setting, the QP problem is convex and the solution can be found
through effective numerical algorithms [16].

4.3.1.3 The Receding Horizon principle

From the solution of the problem (4.8) an optimal control sequence U0(k|k) is
obtained. The injection of this sequence to the system in evolution (4.5) defines an
open-loop control strategy which is subject to the influence of uncertainties and
disturbances leading the overall control system to poor performances. To overcome
such a drawback, a feedback control action can be obtained through the so called
Receding Horizon (RH) principle described by the following steps:

1. get the current state x(k|k);

2. solve the optimization problem (4.8) to get the minimizer U0(k|k);

3. apply as present control action u(k) = u0(k|k), i.e. the only first component
of the minimizer U0(k|k);

4. repeat the entire procedure each time step.

Consequently, the RH principle implicitly defines a non-linear time invariant
static state feedback control law (see Fig. 4.4) of the form:

U(k) = K(x(k)) (4.11)
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Figure 4.4: The RH controller K(·) as the solution of QP.

4.3.2 MPC for hybrid MLD systems
Optimal control for hybrid models can be formulated similarly to the one presented
in section (4.3.1.2) for LTI systems. The literature is rich in approaches under the
term of Hybrid MPC, nevertheless, for the present thesis purposes, the problem
of Model Predictive Control formulation for MLD models will be addressed. In
this context, recalling the MLD equations defined in (4.4), the predictions can be
constructed exactly as in the linear case:

x(k + i|k) = Aix(k|k) +
i−1Ø
j=0

Aj(B1ui−1−j|k +B2δi−1−j|k +B3zi−1−j|k +B5) (4.12)

where the state prediction x(k + 1|k) depends on the initial state x(k|k) and on
ξ(k) = [u(k|k), ..., u(k + i− 1|k), δ(k|k), ..., δ(k + i− 1|k), z(k|k), ..., z(k + i− 1|k)]
sequence.

The problem of interest consists of finding the optimal triple referred as ξ0(k|k) =
[u0(k)T , δ0(k)T , z0(k)T ]T minimizing the cost function shown below:

J(x(k), u(k), δ(k), z(k)) =ëPx(Np))ë2 +
Np−1Ø
k=0

(ëQ(x(k)ë2 + ëRu(k)ë2+

ëQδ(δ(k)ë2 + ëQz(z(k)ë2) (4.13)
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where P is the terminal cost and matrices Q, R, Qδ and Qz weight each entry of
the cost function J in 2-norm. The optimization problem is then expressed:

ξ0(k|k) = arg min
ξ(k)

J(x(k), ξ(k))

s.t. x(k + 1) = Ax(k) +B1u(k) +B2δ(k) +B3z(k)
y(k) = Cx(k) +D1u(k) +D2δ(k) +D3z(k) +D5

E2δ(k)+E3z(k) ≤ E1u(k) + E4x(k) + E5

x(k +Np|k) ∈ XF

x(k|k) = x(0)

(4.14)

As the optimization vector ξ(k) encloses mixed real and binary components,
the resulting optimization problem is referred to as Mixed-Integer Quadratic
Programming (MIQP) which can be reformulated as follows:

ξ0(k|k) = arg min
ξ(k)

J(x(k), ξ(k)) = arg min
ξ(k)

1
2ξ(k)THξ(k) + x(k|k)TFξ(k)

s.t. Gξ(k) ≤ W + Sx(k|k) (4.15)

where H, F , G, W and S are matrices of suitable dimensions.
Binary constraints make MIP a hard problem to be handled, however, excellent

general purpose branch & bound / branch & cut solvers are available for MIQP [17].
The Gurobi® solver [18] is employed in the optimization problem of the present
thesis.

4.3.3 Actuator delay effects
In the following sections it will be described how the general formulation of MPC can
be customized in order to improve the overall feedback control system performance.

As a first step, the actuator delay effect can be taken into account by modifying
the state equation (4.5) as:

x(k + 1) = Ax(k) +Bu(k − τdk)
y(k) = Cx(k)

(4.16)

where τd represents the number of time steps corresponding to the input delay.
Since the presence of this latter may lead to the system instability, it is convenient
to include the input delay effects in the prediction. This can be done by mapping
the delay steps as poles in zero (z = 0) and representing them as τd new states
xτd

(k) so that:

xh(k) = u(k − h), h = 1, ..., τ. (4.17)
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Thus, considering the augmented state:

x̃(k) = [x(k), xτd
(k), xτd−1(k), ..., x1(k)]T , (4.18)

the augmented LTI system used for prediction becomes:

x̃(k + 1) =



A B 0 0 . . . 0
0 0 1 0 . . . 0
0 0 0 1 . . . 0
... ... ... . . . ...
0 0 0 0 . . . 0





x(k)
xτd

(k)
xτd−1(k)

...
x1(k)

 +



0
0
0
...
1

u(k) (4.19)

4.3.4 Tracking problem
As a second step, the output tracking problem is considered. The cost function
can be modified to make the measured outputs of the system to track a specific
known reference referred to as y0(k).

J(U(k), x(k)) =
Np−1Ø
i=0

(y0(k + i|k) − y(k + i|k))TQ(y0(k + i|k) − y(k + i|k))+

+ u(k + i|k)TRu(k + i|k) =

=
Np−1Ø
i=0

(y0(k + i|k) − Cx(k + i|k))TQ(y0(k + i|k) − Cx(k + i|k))+

+ u(k + i|k)TRu(k + i|k) (4.20)

The minimization of this cost function allows the zero regulation of the tracking
error et(k) = ëy0(k) − y(k)ë. However, it is well known [14] that such minimization
even for a constant reference tracking could result in a steady state error due to the
presence of uncertainty on the system. A possible strategy to improve the tracking
performance is described in the next section.

4.3.5 Integral action
A standard approach to eliminate steady state errors in the presence of constant
references and/or constant additive disturbances is to use the integral action. In
the MPC tracking problem, the integral of the tracking errors q(k) is introduced as
an extra state variable in discrete-time form:

q(k + 1) = q(k) + et(k) (4.21)
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where the tracking error is given by et(k) = y0(k) − y(k) = y0(k) − Cx(k). In
order to consider the presence of the integral state in the prediction model, the
augmented state x̃ = [x(k), y0(k), q(k)]T is introduced. The state-space equations
(4.5) becomes:

x̃(k + 1) =

 A 0 0
0 0 I

−C I I


 x(k)
y0(k)
q(k)

 +

B0
0

u(k)

y(k) =
è
C 0 0

é  x(k)
y0(k)
q(k)


(4.22)

The integral state q(k) can be taken into account in the cost function as:

J(U(k), x(k)) =
Np−1Ø
i=0

(y0(k + i|k) − y(k + i|k))TQy(y0(k + i|k) − y(k + i|k))+

+ q(k + i|k)TQintq(k + i|k) + u(k + i|k)TRu(k + i|k)
(4.23)

where the effort of the integral action can be tuned through the entries of matrix
Qint. High Qint values ensure that the tracking error quickly reaches zero with a
strong control action. Nevertheless, the higher is the Qint, the more aggressive is
the system response.
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Chapter 5

Micro-slip control system
design

In order to study and develop a Hybrid MPC controller able to manage the clutch
micro-slip problem, it is important to first analyze all the devices that are linked
to the operation of the transmission system. Figure 5.1 shows a general scheme of
the controlled transmission system useful to recognize all its components. Such
components will be described individually in the following sections introducing
their Simulink® blocks.

Figure 5.1: Micro-slip control architecture. The detailed non-linear transmission
system outputs the only measurable velocities ωm, ωp and ωr.
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5.1 Engine
Under the assumption that the engine motion on its suspension is neglected, the
engine block is modelled as a mean value torque generator which does not include
high frequency transients. In general, the engine output torque Cm is considered as
a function of the engine speed ωm and throttle position p in percentage of opening:

Cm = f(ωm, p), (5.1)

nevertheless, for the sake of simplicity, Cm is assumed as a fixed signal, measurable in
every sampling instant. Since simulations focus on the study of the odd-gear clutch
K1, multiple engine torque profiles are proposed in Figure 5.2. More specifically,
the considered torque profiles are based on experimental simulations in order to
test the transmission system under different operating conditions.

5.2 Load effects
The vehicle load effects include the aerodynamic resistance force Fa, the rolling
resistance force Fr and the uphill driving force Fg. The aerodynamic resistance
force is approximated by the relation:

Fa = 1
2ρaAfCa(va + vv)2, (5.2)

where ρa is the air density, Af is the frontal area of the vehicle, Ca is the
aerodynamic drag coefficient, va and vv are the speeds of the wind and the vehicle,
respectively. The rolling resistance force is modelled as:

Fr = mvgµr cos β, (5.3)

where mv is the vehicle mass, g is the gravitational acceleration, µr is the rolling
friction coefficient, and β is the slope angle of the road. The uphill driving force
induced by gravity when driving on a non-horizontal road is:

Fg = mvgµr sin β, k (5.4)

hence, considering the wheels radius rW , the overall vehicle resistance torque
CLoad can be expressed as:

CLoad = (Fa + Fr + Fg)rW . (5.5)
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(a)

(b)

Figure 5.2: Engine torque profiles for first and third gear. Panel (a): Cm torques
with partial release of the acceleration pedal. Panel (b): Cm torques with complete
release of the acceleration pedal.

5.3 Actuator block

With regard to what has been said in section (3.2), the actuator block includes
four main components:
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– the subsystem G_act(s), which contains the actuator transfer function exper-
imentally obtained:

Gact(s) = Cf (s)
Creq
f (s) = 18.572(s+ 138)

s2 + 82.23s+ 2563; (5.6)

– the Actuator_Delay block that takes into account the delayed action of the
actuator assumed to be equal to 10ms;

– the Saturation block that fixes the upper and lower bounds of the transmitted
torque Cf ;

– the Transmissibility block, which accounts for the Kt transmissibility coeffi-
cient variations.

The overall actuator block scheme is depicted in Figure (5.3)

Figure 5.3: Actuator block with Cf_req as input and Cf as output.

5.4 Reference Generator
The Reference Generator (RG) block shown in Figure 5.4 outputs the reference
signal ωrefd that has to be tracked by the slipping speed ωd. Due to the considerations
mentioned in section (3.4.1), such reference must be consistent with the current
Mode of the PWA model (4.3), therefore, the RG operation can be resumed as
follows:

ωrefd =
ORef_pos Cm ≥ 0
ORef_neg Cm < 0,

(5.7)
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where ORefpos and ORefneg are positive and negative constant references, respec-
tively. Note that, the switching logic of the RG is managed by the sign inversion of
the engine torque Cm (instead of ωd), its knowledge is in fact assumed in advance in
order to generate the proper reference signal before the controlled system changes
its operating condition. In this context, the Cm Boolean signal that triggers the
RG is introduced:

Cm−mode =
false if Cm ≥ 0
true if Cm < 0.

(5.8)

Another feature of the RG is the capability of generating an initial ramp signal
useful to smooth ωd transients. Tuning parameters of the RG are summarized
below:

– ORef_pos and ORef_neg set the main reference values to be tracked as
described previously;

– ORef_slope_pos and ORef_slope_neg fix the slope of the connecting ramp
between the two constant reference values mentioned above;

– ORef_slope0 defines the slope of the initial ramp;

– ORef_0 adjusts the starting point of the initial ramp.

Figure 5.4: Reference Generator (RG) block.

As mentioned previously, a slight slipping of the clutch plates must be assured
in order to guarantee comfort and to avoid increases of the clutch wear. The choice
of the speed reference to track is of paramount importance in this context. Then,
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for the considered problem, the following RG settings have been chosen:

ORef_pos = 100 rpm
ORef_neg = -100 rpm

ORef_slope_pos = 50 rpm/ms
ORef_slope_neg = -50 rpm/ms

ORef_slope0 = 0.98 rpm/ms

(5.9)

5.5 Hybrid MPC design
The design of the present hybrid micro-slip MPC controller takes into account two
main conflicting objectives:

– the accurate reference tracking of the clutch slipping speed ωd = ωm − ωp;

– the attenuation of torsional oscillations inside the driveline through the zero
regulation of the torsion speed ωsr = ωp

τ
− ωr.

Moreover, unlike standard MPC approaches, the introduction of the hybrid frame-
work allows the controller to handle the non-linear dynamic of the system presented
in section (3.4.1), guaranteeing the satisfaction of the objectives stated above.
Further features of the adopted MPC include constraints on the minimum and
maximum actuated clutch torque Cf .

5.5.1 Transmission predictive model
The Hybrid MPC predictive model is composed by the union of the actuator and
driveline models, as shown in Figure (5.5).

The actuator system model can be formulated as:

xact(k + 1) = Aactxact(k) +Bactu(k)
yact(k) = Cactxact(k)

(5.10)

where:

– xact(k) = [xact1(k), xact2(k)]T is the actuator state vector;

– u(k) is the control input Creq
f (k) computed by the MPC controller;

– yact(k) is the effective clutch torque Cf (k) applied to the driveline;

– the matrices Aact, Bact and Cact are expressed in the canonical control form
starting from the actuator transfer function (5.6).
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Figure 5.5: Predictive model scheme.

Besides, the actuator has a delay of 10 ms that corresponds exactly to one
sampling time of the system. Hence, as explained in section (4.3.3), in order to
consider its effects in the prediction, the state equations (5.10) are augmented as
follows:

x̃act(k + 1) = Ãactx̃act(k) + B̃actu(k)
ỹact(k) = C̃actx̃act(k)

(5.11)

where:

– x̃act(k) = [xact1(k), xact2(k), xτ (k)]T is the augmented state vector;

– xτ (k) = u(k − Ts) = Creq
f (k − Ts) is the one-sample delayed input;

– Ãact =
C
Aact Bact

0 0

D
, B̃act =

C
0
1

D
, C̃act =

è
Cact 0

é
.

– the matrices Aact, Bact and Cact are expressed in the canonical control form
starting from the actuator transfer function (5.6).

The driveline discrete state-space representation is recalled from section (4.1.2.1),
where matrices Acd, Bcd, Ccd are obtained through a zero-order hold discretization
of the system (3.3) input with a sampling time of Ts = 10 ms.

The points below discuss the further steps performed to derive a suitable
prediction model to be employed in the MPC design.
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1. The driveline PWA model (4.3) is combined with the augmented actuator
system (5.11) so that the overall system is expressed in PWA form. The
following assumptions hold:

– the output of the actuator is the input of the driveline system;
– the engine torque Cm(k) and the load torque CLoad(k) are measurable
at the current time k. Thus, in order to take into account their effects,
they are considered as two additional states whose evaluations within the
prediction horizon are kept constant and equal to the measured one at
time k.

The overall system is reformulated as follows:



x̌(k + 1) = Ǎ(α(k))x̌(k) + B̌u(k)
y̌(k) = Čx̌(k)

α(k) =
1 if ωd(k) ≥ 0, Mode 1

−1 if ωd(k) < 0, Mode 2

(5.12)

with:

x̌(k) =
è
xact1(k) xact2(k) xτ (k) ωm(k) ωp(k) ωr(k)

ωsr(k) Cm(k) CLoad(k)
éT

(5.13)

and:

Ǎ =


Ãact 0 0 0

α(k)Bcd(i,2)C̃act Acd Bcd(i,1) Bcd(i,3)
0 0 1 0
0 0 0 1

 i = 1, . . . ,4

B̌ =
è
0 0 1 0 0 0 0 0 0

éT

Č =
C
0 0 0 1 −1 0 0 0 0
0 0 0 0 1

τ
−1 0 0 0

D
(5.14)

2. The slipping speed reference ωrefd (k), the tracking error et(k) and the integral
action q(k) are added as additional states to the system (5.12) using the
techniques introduced in sections (4.3.4) and (4.3.5). More precisely, ωrefd (k)

41



Micro-slip control system design

evolution is assumed to be constant during the entire prediction horizon Np,
obtaining: 

xpred(k + 1) = Apred(α(k))xpred(k) +Bpredu(k)
ypred(k) = Cpredxpred(k)

α(k) =
1 if ωd(k) ≥ 0, Mode 1

−1 if ωd(k) < 0, Mode 2

(5.15)

with:

xpred(k) =
è
xact1(k) xact2(k) xτ (k) ωm(k) ωp(k) ωr(k)

ωsr(k) ωrefd (k) et(k) q(k) Cm(k) CLoad(k)
éT

(5.16)

and:

Apred =



Ãact 0 0 0 0 0 0
α(k)Bcd(i,2)C̃act Acd 0 0 0 Bcd(i,1) Bcd(i,3)

0 0 1 0 0 0 0
v1 v2 1 0 0 v3 v4
v1 v2 1 0 1 v3 v4
0 0 0 0 0 1 0
0 0 0 0 0 0 1


i = 1, . . . ,4

Bpred =
è

0 0 1 0 0 0 0 0 0 0 0 0
éT

Cpred =
C

0 0 0 1 −1 0 0 0 0 0 0 0
0 0 0 0 1

τ
−1 0 0 0 0 0 0

D
(5.17)

where:
v1 = −Ccd(1, j)α(k)Bcd(i,2)Cact
v2 = −Ccd(1, j)Acd
v3 = −Ccd(1, j)Bcd(i,1)
v4 = −Ccd(1, j)Bcd(i,3)

i = 1, . . . ,4
j = 1, . . . ,4

Finally, the behavior of the switching variable α(k) is translated in terms of a logic
signal ωd−mode as described below:

ωd−mode =
false if ωd ≥ 0
true if ωd < 0.

(5.18)
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5.5.2 Cut-off logic
The PWA model (5.15) is implemented through the HYSDEL descriptor in order
to derive a MLD object suitable for optimization problems. Nevertheless, further
manipulations of the predictive model are required in order to cope with technical
issues occurring during the slipping speed zero-crossing phase. Indeed, it has
been observed that the presence of a residual clutch torque during switching may
cause chattering phenomena for the computed input torque leading to bang-bang
behaviors of the slipping speed trajectory. Such phenomena are motivated by the
introduction of a strong non-linearity inside the driveline dynamics. A possible
solution to this problem includes the definition of a cut-off region inside which the
control input Creq

f is set to zero. Consequently, a Boolean signal cut-off−mode is
formulated such that it is triggered during particular operative conditions:

– every time the engine torque Cm and the slipping speed ωd have opposite
signs;

– whenever the slipping speed is confined inside a user-defined region.

Recalling the binary signals (5.8) and (5.18), the cut-off−mode operation is described
by the following relations:

cut-off−mode = ¬ωd−mode ∧ Cm−mode ∨ ωd−mode ∧ ¬Cm−mode ∨ Thl−mode , (5.19)

where the logic signal Thl−mode behaves as follows:

Thl−mode =
true if Tl ≤ ωd ≤ Th

false elsewhere.
(5.20)

The Th and Tl thresholds are configurable constants introduced to further improve
the robustness of the cut-off region. The functioning of both the cut-off−mode
and ωd−mode logics is described by the Event Generator outlined in section (4.1.1)
which can be implemented inside the DA section of the HYSDEL predictive model
description. However, in order speed up simulations, an external EG is assumed so
that two extra Boolean inputs need to be included as fictitious states inside the
predictive model (5.15) with the following simple dynamics:

ωd−mode(k + 1) = ωd−mode(k)
cut-off−mode(k + 1) = cut-off−mode(k).

(5.21)

The formulation of the system (5.15) together with the inclusion of the dynamics of
the logic states (5.21) is the one actually used as predictive model in the simulations
presented in Chapter 6.
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5.5.3 Transmission cost function and optimization
The choice of a proper cost function is of paramount importance in order to satisfy
the objectives stated in section (5.5). In particular, a quadratic cost function is
adopted in the form:

J(x(k), U(k), δ(k), z(k)) =
Np−1Ø
i=0

qωd
et(k + i|k)2 + qωsrωsr(k + i|k)2+

+ qintq(k + i|k)2 +RCreq
f (k + i|k)2 , (5.22)

where:

– qωd
weights the tracking error et(k) = ωrefd (k) − ωd(k);

– qωsr weights the zero regulation of the torsion speed ωsr(k);

– qint is the weight of the integral state q(k);

– the weight R is just a scalar since the only manipulable control input is the
requested clutch torque Creq

f .

The cost function (5.22) can be recast in the standard quadratic form (4.13):

J(x(k), U(k), δ(k), z(k)) =
Np−1Ø
i=0

x(k + i|k)TQx(k + i|k) + u(k + i|k)TRu(k + i|k),

(5.23)

where the state prediction vector x(k+ i|k) is expressed by the equation (4.12) and
includes both the continuous (5.16) and binary states (5.21). Besides, no weights
on the auxiliary continuous and binary variables are considered – i.e. Qz = Qδ = 0.
Note that, in order to regulate ωsr to zero, the weight qωsr should be inserted
inside precise positions of the matrix Q. Therefore, it is necessary to rearrange the
following quadratic term:

qωsrω
2
sr = qωsr(ωp

τ
− ωr)2 = qωsr(

ω2
p

τ 2 − 2
τ
ωpωr + ω2

r), (5.24)

in matrix form:
è
ωp ωr

é C
a b
c d

D C
ωp
ωr

D
= aω2

p + cωpωr + bωpωr + dω2
r . (5.25)
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By comparing equations (5.24) and (5.25) the values of the coefficients a, b, c and
d are given by:

a = qωsr

τ 2

b = c = −qωsr

τ
d = qωsr .

(5.26)

The Q matrix final form is then presented:

Q =



0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 qωsr

τ2 − qωsr

τ
0 0 0 0 0 0 0 0

0 0 0 0 − qωsr

τ
qωsr 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 qωd

0 0 0 0 0
0 0 0 0 0 0 0 0 0 qint 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0



(5.27)

where the weights R, qωd
, qωsr and qint are project parameters which can be modified

to tune the MPC controller.

As previously discussed, the advantage of using a MPC controller lies in the
possibility of including constraints for input and states during the computation
of an optimal solution. In this regard, in order to take into account the physical
limitation of the actuator, a constraint on the control input and the actuated clutch
torque Cf are added:

Creq
f ≥ 0, i = 1, . . . , Np−1,

0 ≤Cf ≤ 350Nm, i = 1, . . . , Np−1.
(5.28)

More precisely, the inequality (5.28) is a state constraint and since no information
about the real applied torque is given, an estimation of such quantity is needed
(the problem of states estimation is addressed in the next section).

Finally, the expression of the overall optimization problem for the considered
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transmission system is given by:

U0(k|k) = arg min
U(k)

J(x(k), U(k))

s.t. MLD equations of (5.15) and (5.21)
Cf ≤ 350, i = 1, . . . , Np−1

−Cf ≤ 0, i = 1, . . . , Np−1

−Creq
f ≤ 0, i = 1, . . . , Np−1

x(k|k) = x(0).

(5.29)

Since the minimization problem involves mixed-integer linear relations, the opti-
mization problem (5.29) is a MIQP.

5.5.4 Hybrid Kalman filter
Until now, it has been supposed that all the state variables are measurable. However,
in most applications the quantities that are available for measurements are a subset
of the variables required to model the system. Therefore, a State Observer (SO)
is needed in order to provide an estimate x̂(k) of the system states x(k) [19]. A
general observer structure is reported Figure 5.6.

Figure 5.6: State Observer scheme.

The driveline state-space model (4.2) is characterized by four states of which
three are measurable (ωm(k), ωp(k) and ωr(k)) and one has to be estimated (ωsr(k)).
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Besides, as far as the actuator model (5.10) is concerned, the evaluation of the two
actuator states xact1(k) and xact2(k) is needed in order to reconstruct an estimation
of the actuated clutch torque Cf . Note that, since an hybrid description of the
driveline equations is considered, the resultant SO will be formulated in PWA form.
Consequently, knowing the inputs Cm, Creq

f and CLoad the state equations of the
augmented PWA system to be used for the development of the hybrid SO are
derived: 

xest(k + 1) = Aest(α(k))xest(k) +Bestu(k)
yest(k) = Cestxest(k)

α(k) =
1 if ωd(k) ≥ 0, Mode 1

−1 if ωd(k) < 0, Mode 2

(5.30)

with:

xest(k) =
è
xact1(k) xact2(k) ωm(k) ωp(k) ωr(k) ωsr(k)

éT
(5.31)

and:
Aest =

C
Aact 0

α(k)Bcd(i,2)Cact Acd

D
i = 1, . . . ,4

Best =
C

0 Bact 0
Bcd(i,1) 0 Bcd(i,3)

D
i = 1, . . . ,4

Cest =

 0 0 1 0 0 0
0 0 0 1 0 0
0 0 0 0 1 0



(5.32)

The augmented PWA system defined above is then used to formulate the
asymptotic SO equations:

x̂SO(k + 1) = (Aest(α(k)) − L(α(k))Cest)x̂SO(k) +Bestu(k) + L(α(k))yest(k)
ŷSO(k) = I6x̂SO(k)

α(k) =
1 if ωd(k) ≥ 0, Mode 1

−1 if ωd(k) < 0, Mode 2

(5.33)

If the couple (Aest, Cest) is observable or at least detectable then a suitable gain
L can be found so that the matrix [Aest−LCest] is asymptotically stable. It is worth
noting that sometimes a different approach can be used: it is possible to design
a “reduced” order SO that estimates the unmeasured states only. Nevertheless,
a full SO is considered (all the six states are output) in order to take advantage
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of the filtering action that the observer performs on the noise of the measured
states. The L matrix, which depends on the current Mode of the system (5.33),
is derived using the Kalman filter approach. Hence two weight matrices Q̃ and R̃
with suitable dimensions are defined to tune the Kalman SO:

Q̃ =
C
qSO 0
0 qSO

D

R̃ =

rSO 0 0
0 rSO 0
0 0 rSO

 (5.34)

where qSO and rSO entries establish whether to trust on the model or measurements.
The SO PWA system (5.33) is modelled through HYSDEL with the inclusion of
an extra Boolean input that is the logic signal (5.18). Such strategy is adopted in
order to communicate to the hybrid observer on which operating condition it is
working on.
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Chapter 6

Simulation results

In this chapter extensive simulations on the proposed micro-slip control approach
are conducted. More precisely, suitable test have been performed on both first
and third gears which belong to the odd-gear clutch K1. Simulations are carried
out both in nominal and perturbed conditions in which an hybrid Kalman filter is
employed.

All the simulations make usage of the Hybrid toolbox [20] for hybrid systems
modeling and the Multi-Parametric Toolbox (MPT) [21] for the implementation of
the hybrid MPC controller.

6.1 Tests without state observer
This section shows simulations performed using the nominal values of the physical
parameters and in the absence of the measurement noises with a true state feedback.
Before carrying out tests in different operating conditions a tuning procedure of
the hybrid MPC controller is required. The tuning process concerns the choice of
the prediction horizon Np, the control horizon Nc and the weights qωd

, qωsr , qint
and R of the quadratic cost function introduced in section (5.5.3):

J(x(k), U(k), δ(k), z(k)) =
Np−1Ø
i=0

qωd
et(k + i|k)2 + qωsrωsr(k + i|k)2+

+ qintq(k + i|k)2 +RCreq
f (k + i|k)2

At the beginning of the tuning procedure, Np is chosen to be sufficiently long
with respect to the dominant system dynamics, while Nc is assumed to be equal to
Np. The scalar weight R and the entries of the weight matrix Q are initially chosen
in order to equally weight each term of the cost function. Then, each coefficient
has been modified until a satisfactory trade-off among the obtained performances is
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achieved. It is important to note that, since the engaged gear is known, a different
MPC tuning can be applied to each gear. Consequently, the values of the design
parameters have been collected in Table 6.1.

Table 6.1: Hybrid MPC design parameters.

Design parameters 1st gear 3rd gear
Np 20 20
qωd

5 380
qωsr 1 120
qint 1 0.1
R 60 20

The following simulations compare tip-in and tip-out maneuvers with partial
and full releases of the acceleration pedal in order to show the correct operation of
the hybrid MPC controller whenever the sign inversion of the slipping speed ωd
occurs. In this regard, the settings of the RG (5.9) and the engine torque profiles
shown in section (5.1) are considered. The tests are divided in two points: the
former analyzes the dominant quantities of the transmission system with first gear
engaged, the second point shows the same results for the third gear.

1. Figures 6.1 and 6.2 show the slipping speed reference tracking with engine
torque Cm profiles resulting from partial (5.2)(a) and full (5.2)(b) release of the
throttle pedal respectively, while Figures 6.3 and 6.4 display the corresponding
torsion oscillations ωsr.
As it can be seen from the above simulations, the performance obtained with
the first gear engaged is quite poor in terms of tracking, however, as shown in
Figure (6.2), the hybrid MPC controller is able to effectively manage the two
operating regions (Mode 1 and Mode 2) of the slipping speed.
As far as torsion oscillations concern, despite some "peaks" in correspondence of
the high slopes of the engine torque, the trend of ωsr lies within an acceptable
range of values with relatively few fluctuations.
It is also important to describe the behavior of the longitudinal acceleration
ax shown in Figures 6.5 and 6.6. Such quantity allows to go back to an
estimate of the trend of the oscillations inside the transmission shaft. In fact,
a common problem encountered during the design procedure is related to
the information about ωsr which is often not available, nevertheless, through
suitable mathematical transformations it can be linked to the longitudinal
acceleration whose value can be easily obtained.
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Figure 6.1: Slipping speed ωd with 1st gear engaged and partial release of the
accelerator.

Figure 6.2: Slipping speed ωd with 1st gear engaged and full release of the
accelerator.

2. The same tests conducted previously for the first gear are reproduced below
for the third gear with the corresponding engine torque profiles (5.2)(a) and
(5.2)(b). Figures 6.7 and 6.8 show an accurate tracking of the slipping speed
reference as for the ωsr zero-regulation shown in Figures 6.9 and 6.10.

The corresponding longitudinal acceleration responses are shown in Figures 6.11
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Figure 6.3: Torsion speed ωsr with 1st gear engaged and partial release of the
accelerator.

Figure 6.4: Torsion speed ωsr with 1st gear engaged and full release of the
accelerator.

and 6.12. Note that, similar performance can also be obtained for higher gears
with improvements in terms of attenuation of the longitudinal acceleration
over time. For such reason, the design parameters collected in Table 6.1 for
the third gear can be applied as the gear ratios decrease.

As it can be clearly seen, the performances obtained with the first gear engaged
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Figure 6.5: Longitudinal acceleration ax with 1st gear engaged and partial release
of the accelerator.

Figure 6.6: Longitudinal acceleration ax with 1st gear engaged and full release of
the accelerator.

is much worse with respect to those obtained for the third gear. Such difference
is motivated by the high gear ratio τ of the first gear, however, the use of a
hybrid MPC controller shows a marked improvement in terms of attenuation of
torsion oscillations with respect to transmissions in which a micro-slip controller is
absent – i.e. whenever the torques generated by the engine are fully supplied to
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Figure 6.7: Slipping speed ωd with 3rd gear engaged and partial release of the
accelerator.

Figure 6.8: Slipping speed ωd with 3rd gear engaged and full release of the
accelerator.

the transmission system. Figures 6.13 and 6.14 show what mentioned above for
first and third gear respectively, considering full releases of the acceleration pedal.

An interesting observation regarding Figures 6.13 and 6.14 can be made. In fact,
in both plots there are oscillations of the torsion speed controlled by the hybrid
MPC which assumes counter-trend values with respect to those resulting from the
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Figure 6.9: Torsion speed ωsr with 3rd gear engaged and partial release of the
accelerator.

Figure 6.10: Torsion speed ωsr with 3rd gear engaged and full release of the
accelerator.

absence of a control action. In particular, around 8.4 and 15.7 seconds of Figure
6.14 it can be seen how these oscillation peaks occur exactly in correspondence of
the cut-off action imposed on the controller. It is therefore clear that the behavior of
this action affects the control of the drive shaft oscillation dynamics by introducing
an inevitable and not indifferent discontinuity.
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Figure 6.11: Longitudinal acceleration ax with 3rd gear engaged and partial
release of the accelerator.

Figure 6.12: Longitudinal acceleration ax with 3rd gear engaged and full release
of the accelerator.

6.2 Tests with hybrid Kalman filter

In this section the hybrid Kalman filter introduced in section (5.5.4) is adopted
in order to estimate quantities that are not available for measurements. Indeed,
it often happens that such quantities are measured in place of simulation tests
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Figure 6.13: Torsion speed ωsr comparison with and without hybrid MPC
controller. A full release of the accelerator and 1st gear engaged are considered.

Figure 6.14: Torsion speed ωsr comparison with and without hybrid MPC
controller. A full release of the accelerator and 3rd gear engaged are considered.

through suitable expensive industrial instruments (like the torque meter for the
transmitted clutch torque) not used during normal driving. As in the calibration
process of the hybrid MPC controller, several simulations are conducted in order
to properly set the state observer. The tuning parameters of the former – i.e. the
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entries of the matrices (5.34) are listed below:

qSO = 80000
rSO = 0.1

(6.1)

Closed-loop simulations with estimated states feedback are performed in order
to show the effectiveness of the Hybrid Kalman filter employed. In this regard,
the following plots show the comparisons between the actual behaviors of the
quantities under test and the estimated ones. Figures 6.15 , 6.16 and 6.17 show the
estimations of the engine speed ωm, the primary shaft speed ωp and wheel speed
ωr respectively with the first gear engaged.

Figure 6.15: Engine speed ωm in 1st gear. Comparison between the true and the
estimated quantity.

As it can be noticed, since these states are actually measurable, their estimate
is faithful to their measure so that a filtering action can be applied. Similar results
can be obtained with the third gear engaged as shown in Figures 6.18 , 6.19 and
6.20.

The estimation of the actually actuated clutch torque Cf and the torsional speed
ωsr is quite challenging and it significantly depends on the choice of the Kalman
SO parameters. In this context, the choice of a high value of the qSO parameter
allows an accurate estimation of Cf as depicted in Figure 6.21, on the contrary a
slight difference between the actual and estimated ωsr can be seen in Figure 6.22
(1st gear).

The same reasoning holds for the maneuvers obtained in third gear as shown
in Figures 6.23 and 6.24. In conclusion, despite some few minor differences, the
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Figure 6.16: Primary shaft speed ωp in 1st gear. Comparison between the true
and the estimated quantity.

Figure 6.17: Wheel speed ωm in 1st gear. Comparison between the true and the
estimated quantity.

inclusion of the hybrid Kalman SO does not significantly influence the system
performance.
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Figure 6.18: Engine speed ωm in 3rd gear. Comparison between the true and the
estimated quantity.

Figure 6.19: Primary shaft speed ωp in 3rd gear. Comparison between the true
and the estimated quantity.

6.2.1 Transmissibility coefficient variation
An important aspect that must be taken into account concerns the variation of the
transmissibility coefficient kt introduced in section (3.2). In fact, the actuator is
not always able to guarantee that the value of the actual transmitted torque Cf is
equal to the one requested by the hybrid MPC controller. This happens due to
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Figure 6.20: Wheel speed ωm in 3rd gear. Comparison between the true and the
estimated quantity.

Figure 6.21: Actuated clutch torque Cf in 1st gear. Comparison between the
true and the estimated quantity.

several reasons:

– the change in temperature of the clutch disks due to different working condi-
tions;

– the wear of the clutch;
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Figure 6.22: Torsion speed ωsr in 1st gear. Comparison between the true and
the estimated quantity.

Figure 6.23: Actuated clutch torque Cf in 3rd gear. Comparison between the
true and the estimated quantity.

– the difference in the driving style that can affect the mechanical properties of
the clutch.

As a first approximation, all the factors mentioned above are included inside
the kt coefficient and a 10% variation from its nominal value is considered:

0.9 ≤ kt ≤ 1.1 (6.2)
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Figure 6.24: Torsion speed ωsr in 3rd gear. Comparison between the true and
the estimated quantity.

As far as the slipping speed tracking is concerned, Figures 6.25 and 6.26 report
the effects of the the gain Kt variation for first and third gear respectively, while
Figures 6.27 and 6.28 show the same analysis on the torsion speed ωsr.

Figure 6.25: Slipping speed for different values of the transmissibility gain Kt on
1st gear.

The variation of the transmissibility coefficient leads to a general degradation of
the performances in terms of ωd tracking and attenuation of torsional oscillations.
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Figure 6.26: Slipping speed for different values of the transmissibility gain Kt on
3rd gear.

Figure 6.27: Torsion speed for different values of the transmissibility gain Kt on
1st gear.

Specifically, a 10% less variation with respect to the nominal condition (kt = 1) has
a strong negative effect on the tracking performance. On the contrary, the worst
control performance for the torsion speed is obtained with Kt = 1.1.

An important consideration concerns the effects of the gain kt on the requested
and applied clutch torque. Figures 6.29 and 6.30 show how the hybrid MPC

64



Simulation results

Figure 6.28: Torsion speed for different values of the transmissibility gain Kt on
3rd gear.

controller is able to compensate the effect of the transmissibility coefficient variations
acting on the requested torque Creq

f . In particular, in the case of Kt = 0.9 the
requested torque is higher than the nominal one, while for Kt = 1.1, being the
actually applied torque Cf higher, the control input Creq

f is lower. This behavior is
due to the MPC intrinsic robustness properties that allow, except for transients,
the transmitted torque Cf to be very close to the nominal values. Figures 6.31 and
6.32 show similar results for third gear where, thanks to the lower gear ratio, the
resulting control action is more accurate and effective.

6.3 Observations
As a result of the previous simulations, multiple observations can be outlined.

1. On one hand, the use of an hybrid MPC controller allows an effective manage-
ment of the sign inversion of the slipping speed together with all the advantages
of a classic Model Predictive Control strategy. On the other hand, the hybrid
formulation suffers in terms of modeling complexity and computational speed.
In this context, a good strategy could be to simplify the model dynamics and
decrease the prediction horizon appropriately.

2. The attenuation of torsional oscillations as well as slipping speed reference
tracking is quite challenging whenever the first gear is engaged. Further
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Figure 6.29: Applied torque Cf for different values of the transmissibility gain
Kt (1st gear).

Figure 6.30: Requested clutch torque Cf for different values of the transmissibility
gain Kt (1st gear).

improvements can be obtained with a better tuning of the hybrid MPC
parameters.

3. The presence of the cut-off logic introduced to avoid bang-bang behaviors
inside the control input signal leads to temporary oscillations which results in
high value peaks of the torsion oscillation ωsr. This kind of problem is a side
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Figure 6.31: Applied torque Cf for different values of the transmissibility gain
Kt (3rd gear).

Figure 6.32: Requested clutch torque Cf for different values of the transmissibility
gain Kt (3rd gear).

effect resulting from the nature of the control strategy adopted and cannot be
avoided.

4. The variation of the actuator transmissibility factor is critical. Indeed, although
the hybrid MPC controller tries to compensate kt variations, the values of the
transmitted torque tend to deviate from their nominal condition, especially
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during transients. This issue affects both the inaccurate reference tracking
and the poor attenuation of the driveline oscillations. A possible solution
could be to use the hybrid Kalman SO whose estimations partially overcome
the problem.

5. The use of the Kalman filter is encouraged in the perspective of including
constraints on the actuated clutch torque (instead of the requested clutch
torque), especially whenever variations on the transmissibility coefficient occur.
Clearly this choice limits the feasibility of the optimal solutions computed by
the controller.
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Chapter 7

Conclusions

In the present dissertation, a novel Hybrid micro-slip MPC control for automated
manual transmission system has been studied with the aim of improving the driving
experience by attenuating the fluctuations inside the driveline and managing
the problem of the sign inversion of the clutch slipping speed by controlling the
transmitted torque. In particular, the proposed approach has gone through the
development of a Piecewise Affine system useful in describing the non-linear dynamic
of the considered transmission and the formulation of a suitable Mixed-Integer
Quadratic Programming problem.

The tracking of a reference slipping speed together with the minimization of the
driveline torsional oscillations have been carried out through simulations performed
on both first and third gear. The adopted control architecture shows its effectiveness
with respect to the absence of control on the transmitted clutch torque.

A brief sensitivity analysis has proven that, although the effects of uncertainties
have not been explicitly taken into account from the design procedure, the hybrid
MPC approach is able to achieve quite good performances in the presence of
different operating conditions. In this context, a significant improvement in terms
of attenuation of vibrations and reference tracking has been introduced thanks
to the inclusion of a hybrid Kalman state observer used for the estimation of
non-measurable variables such as the applied clutch torque and torsion speed of
the transmission shaft.
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7.1 Future works
Starting from the results presented in this thesis project, further studies can be
conducted in order to improve the overall performances of the considered control
architecture. Examples of possible new solutions concern:

– the development of a three-regions PWA system with the inclusion of Boolean
state variables describing the logic behind the change of the working regions.
With this solution the binary states can be included inside the cost function
so that the hybrid MPC controller can predict whether a change of operating
condition occurs during the prediction.

– The inclusion of robust techniques for hybrid MPC controllers ensuring recur-
sive feasibility.

– Investigations about the use of the engine torque as a further control input
variable in order to improve the transmission system performances.
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