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Abstract

From a historical point of view, the diffusion and the great success of diesel engines

were induced by the introduction of the Common-Rail System (CRS). This injection

system enabled precise metering of the fuel through the injector nozzles by acting on

injection timings and by regulating the common-rail pressure. Moreover, the ability to

control the injection pressure made it possible to perform multiple injections, which

is the crucial point for the modern diesel engine to reduce pollutant emissions. The

evolution of the CRS over time is mostly related to the method used to control the rail

pressure. Initially, the common-rail pressure regulation was performed by the so-called

Pressure control valve (PCV). This valve was mounted directly on the common-rail or,

equivalently, on the outlet port of the pump. This topology ensures a fast and precise

regulation of the pressure by discharging the fuel in excess to the tank. The main

drawback of this approach is represented by the pressure fluctuations due to the valve

functioning, which acts as disturbances on the operation of the injectors. Furthermore,

the recirculation of the compressed flow to the tank causes energy dissipation and

undesired heating in the fuel tank. To overcome the disadvantages of the PCV, in

the modern CRS was introduced a Fuel Metering Unit (FMU), which consists of a

valve mounted on the high-pressure pump to adjusts its inlet flow and thus control

the common-rail pressure. This kind of regulation reduces energy dissipation because

the quantity of fuel compressed by the pump and delivered to the rail is exactly the

quantity set by the ECU to obtain the proper air/fuel ratio.

The new topology of CRS proposed in this work, which is still under development,

introduces a Continuously Variable Transmission (CVT) between the engine and the

high-pressure pump in place of a conventional gear coupling. It enables the adjustment

of the pump speed according to the required common-rail pressure and demanded

injection flow, thus reducing mechanical losses in the high-pressure pump.
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Abstract 2

In this work, we summarize the main results obtained investigating the effectiveness

of this novel approach. In particular, we present the control strategy for a complete

CRS equipped with a continuously variable transmission, which has been validated in

simulation, and a preliminary experimental proof of concept performed on a simplified

prototype version of the system.



Chapter 1
Introduction

1.1 Motivation

Despite the demonization of Diesel engines in the last years, this technology will

continue to play a fundamental role in the next years. It is well known that this kind

of engine has a big market that is not only related to passenger cars. Indeed, Diesel

engines are used in marine application, off road vehicles and heavy duty transportation.

As the passenger car, also the manufacturer for these applications are slowly pointing

their focus to the electrification, but this transformation will require a lot of effort and

time and will be satisfactory when the electricity will be generated with clean power

plant [1]. In the meanwhile the diesel engine will continue to give a big contribution.

For this reason it makes sense to invest effort in this technology, in order to improve

the quality of this engines also in the next years.

1.2 Objective

In modern Common-Rail System (CRS), high-pressure pumps are driven by the

internal combustion engine in order to deliver a certain amount of fuel into the rail.

The flow demand and the rail pressure are defined by the Engine Control Unit (ECU)

in order to optimize the injection quality. See Chapter 2 for a detailed description of

the Common-rail System.

Currently the high-pressure pump are linked to the internal combustion engine by

using spur gears with a fixed ratio. In order to satisfy the flow demand in all operating

3



Chapter 1. Introduction 4

points, this value is usually maximized in the design phase in order cover the so called

quantity balance of the engine. As result, in almost all their life, the high pressure

pumps work with an higher speed than what it is actually necessary.

The novel idea described in this thesis is to introduce a Continuously Variable Trans-

mission (CVT) between the internal combustion engine and the high pressure pump.

With this new component it is possible to regulate the high pressure pump speed as a

function of the optimal injected quantity defined by the Engine Control Unit (ECU).

This new topology has to achieve the following goals:

1. Uniform the design of the high pressure pump between all the customers, bu

accomplishing their particular requirements;

2. Reduce the high pressure pump speed, with a reduction of the mechanical power

losses and the backflow into the tank as well;

3. Optimize the production and test design of the high pressure pump because the

over-speed operating points are no longer used.

This new topology introduces also some non-trivial problems which are the core of the

research activities and will be discussed in this thesis. The first problem is related to

the study of the CVT it self. Of course this new component must be compact, efficient

and reliable. Market and literature offer a number of possible devices that can satisfy

this requirements. In this work a traction drive CVT has been chosen. In particular

a two-planetary traction drive device known as NuVinci. In Chapter 3 is described

this device and is developed the mathematical model to compute the efficiency of the

transmission. Once the transmission is defined and characterized, it is necessary to

define a control strategy for the high pressure fuel regulation. In the new topology

there is an actuators redundancy, because the CVT introduce a new degree of freedom

in definition of the high pressure flow demand. Therefore, a control strategy for a

Multiple Input Single Output (MISO) system is necessary. As shown in Chapter 4,

this problem is handled using to control loops that are decoupled each other.



Chapter 2
Common rail system

To analyse the numerical models and the control strategies of this system, a knowledge

of the main components is necessary. In this chapter, we provide an overview of the

common-rail system and a description of its main components.

According to engine power demand and rotating speed, (ECU) defines the optimal

pressure value of the fuel in the rail. This value can be reached by using solenoid

valves. In the early common rail system, the rail pressure was regulated by using the

so called Pressure control valve (PCV). This valve is mounted directly on the rail or

on the outlet port of the pump. It allows a fast and precise regulation of the rail

pressure discharging the unnecessary fuel to the tank. On the other hand, the pressure

fluctuations due to the valve can act as disturbances on the injectors. Furthermore,

the recirculation of the compressed flow to the tank causes energy dissipation and

undesired heating in fuel tank.

To manage the problem related to energy dissipation of the PCV, modern common

rail system uses the Fuel Metering Unit (FMU). This valve is mounted on the suction

side of the high-pressure pump. It controls the common-rail pressure by regulating the

pump inlet flow. This valve reduces energy dissipation because the quantity of fuel

compressed by the pump and delivered to the rail is strictly the amount required by

the ECU. On the other hand, the rail pressure control must consider the time delay

that acts on the actuation variable and the cavitation phenomena that may occur in

cylinder chamber.

As both strategies present advantages, modern common rail systems are often equipped

with both FMU and PCV (CPC - Coupled Pressure Control). This allow a precise

5



Chapter 2. Common rail system 6

regulation without energy dissipation and the ability to heat the fuel when the engine

is cold without the need of fuel heater. This latter strategy can be an interesting

method for future common rail systems and as show in the next section is not covered

in literature.

1

2 3 5

6 7

9
1 Fuel Tank
2 High Pressure Pump
3 Fuel Metering Unit
4 Pre-supply pump
5 Fuel Filter
6 Pressure sensor
7 Common rail
8 Pressure Relief valve
9 Injector

4

8

Figure 2.1: Example of a Common Rail system

2.1 Description

Usually, Common rail system can be divided in two main hydraulic circuits: low

pressure circuit and high-pressure circuit. The scheme in Fig. 2.1 shows the main

components of a common-rail system equipped with a FMU solenoid valve for rail

pressure regulation. On rail side is mounted a safety valve (labelled as Pressure

relief valve). Differently from FMU and PCV, ECU doesn’t control this valve, but

it opens when the pressure reaches a predefined safety threshold. In the figure is

highlighted the division between high pressure components (red lines) and low-pressure

components (yellow lines). In particular, low pressure circuit provides fuel from tank

to high pressure pump using a pre-supply pump at about 10 bar as maximum pressure.

High pressure circuit provides fuel from high pressure pump to rail using a piston

pump (2700 bar as maximum). The rail acts as a fuel accumulator. Here, the fuel is

pressurized and is ready to the injection phase.
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2.1.1 Low pressure pump

In heavy commercial vehicles, an external gear pump is used as low-pressure pump (or

pre-supply pump). This pump is mounted on the suction side of the high-pressure

pump and is composed by a couple of spur gear driven by the pump camshaft. As

shown in Fig. 2.2 the fluid is trapped in the inter-teeth volume and transported into

the delivery volume according to the rotating direction of the gears. The meshing

of the teeth prevents the backflow from the high-pressure side to the suction side.

Obviously, a little amount of leakage is due to backlash and clearance effects [2].

Light vehicles and passenger cars often use electric feed pump mounted in the fuel

tank. These pumps are driven by a DC motor, for this reason are able to feed the

high-pressure pump with an amount of fuel independent from the engine operating

point.

Figure 2.2: Example of an external gear pump

2.1.2 High pressure pump

Reciprocating piston pumps are used as high-pressure pump. These pumps can be

“axial” or “radial” according to the position of the pistons in relation to the camshaft.

The profile of the cam causes a reciprocating motion of the plunger of the cylinders.

In intake phase, the increase of the cylinder volume causes the opening of the suction

valve. During compression, the fuel pressure increases due to the decrease of the

volume of the cylinder volume. When the pressure inside the cylinder exceeds a
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threshold due to the sum of spring preload and its stiffness, the high-pressure valve

opens and delivers fuel to the rail.

2.1.3 Solenoid valves

Solenoid valves are electro hydraulic actuator in which a magnetic force is used to

move a plunger that regulates the flow through an orifice. When a current is applied

to the coil, the magnetic field interacts with the armature of the valve and moves the

plunger according to the direction of the magnetic force. If the valve is normally open,

the movement of the piston causes the closure of the valve. When no current flow in

the coil, the spring pushes the piston into the idle position. PWM modulation is used

to change the amplitude of the current in the coil, thus the orifice can be partially

opened.

This kind of valves allow pressure regulation in common rail. Valves that are mounted

directly on the inlet port of the high-pressure pump act as fuel metering unit (FMU).

These valves allow the ECU to regulate the delivery flow of the pump by varying the

inlet flow in pump cylinder. PCV valves are mounted on the rail. These valves allow

the ECU to regulate the rail pressure by discharging the unnecessary amount of fuel

from the rail.

2.1.4 Electro-Injectors

An accurate flow injection is necessary to optimize fuel combustion, to avoid pollutant

and to obtain an optimal behaviour of the engine in terms of efficiency. Fuel flow

from common-rail fills the accumulation volume and the control chamber. When the

solenoid valve is energized, the high-pressure fuel in control chamber flows out through

the A-Hole. The subsequent pressure difference between control chamber and the

accumulation volume causes the lift of the plunger and the injection of the fuel stored

in the accumulation volume through the nozzle.
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2.2 State of the art in Common-rail pressure con-

trol

Rail pressure regulation represents a non-trivial control problem, due to the complexity
of the system, the non-linearity that characterize the components, and the presence of
time delays. By assuming the rail as a constant control volume, the pressure dynamic
equation can be written as:

dpr(t)
dt

= β(pr(t), T )
Vr

(Qin(t) − QInj(t) − Qleak(t) − QP CV (t)) (2.1)

where Qin(t) is the flow from high pressure pump, Qinj(t) is the fuel through injectors,

Qleak(t) is the leakage flow and QP CV (t) is the fuel through PCV valve. In eq. (2.1) one

can observe that the only quantities that allow a regulation of the pressure dynamic

are the fuel flow from the pump and the discharging flow through the PCV. In recent

years, many researchers have focused their attention on the definition of advanced

control laws for the common rail pressure regulation. Due to the complexity of the

system, the non-linearities that characterize the components and the presence of time

delays between fuel metering valve actuation and rail pressure variation, this regulation

represent a non-trivial control problem.

[3] developed hybrid models of the high pressure pump and injectors. Such models

contain a state flow in which each state describes a working phase of the component.

Considering the high-pressure pump, the states represent the intake phase and the

compression phase respectively, while the state transitions are defined by the pump

camshaft operations. Similarly, the injector models are synchronized with the engine

crankshaft and describe the three injection phases. The fuel metering valve model con-

tains the RL circuit of the solenoid and the current-flow characteristic curve. Pressure

regulation is achieved using a cascade control with two control loops. The outer loop

is synchronized with intake phases of the pump cylinders. This control is "event-based"

and provide the amount of fuel flow QHP (t) necessary to take the rail pressure error

to zero. More in details, this is achieved by using a PI controller with anti-windup and

feed-forward action. The inner loop uses the information provided by the outer loop
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and defines the PWM duty cycle that drives the FMU solenoid. Due to the different

sample time of the signals involved in the control loops, authors provide a proper

sample time conversion method to avoid numerical instability. The control perfor-

mances have been compared with a standard controller designed using a mean-value

model of the system. The comparison shows that the proposed method allows better

tracking performances and the simplification of the control structure. In [4], the same

authors propose an approach to estimate the FMU current, and compare simulation

and experimental results. In both these works the proposed control strategies are

tested using the hybrid models used to design the controllers, without taking into

consideration uncertainties.

In [5], and in [6],it has been proposed a detailed state space model of a common

rail system with a PCV solenoid valve. The model is validated comparing its output

to the experimental rail pressure, for different camshaft speeds and PCV duty cycle

profiles. The model output is also compared with the data generated by a highly

detailed AMESim model. The proposed model is then simplified by adopting some

proper assumptions, obtaining a second order state space model suitable for control

design. The resulting model is used to develop a sliding mode control law to regulate

the rail pressure. To improve control performances, authors includes a model based

feed-forward action able to compensate the pressure fluctuation caused by the injec-

tion process. The control approach performances are evaluated in different working

conditions, in terms of load and speeds.

[7] and [8] developed a discrete time controller using the linear fractional transform

(LFT) approach to design a H∞ controller. The common rail systems considered in

these works include both the PCV and the FMU valves, however the control strategy

only exploits the latter one. The first step in controller design is the linearization

of the model described in [9]. The resulting linear parameter varying model (LPV)

is used by the authors to derive a controller in LFT representation using the H∞

theory. The effectiveness of the proposed control scheme is evaluated on a real vehicle

in [10], by implementing the control law on a fixed point 16 bit microcontroller. The

obtained results are then compared with a gain scheduled PID showing better tracking
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performances and robustness against parameters variation. A deeper analysis of the

methodology is made in [11].

[12] proposed a QFT-based controller using the FMU valve. The controller design

starts from the definition of a nominal plant, which is obtained by an identification

process in the frequency domain. To take into account model uncertainties, the authors

added a random perturbation to each parameter of the identified plant. The resulting

plants (one for each set of parameters) are studied in the frequency domain by means

of the Nichols chart. In particular, for a each frequency on the Nichols chart, there

is a group of point (one for each plant). These groups of points are called plant

templates. Finally, the authors design the controller by imposing the frequency domain

specification to the plant templates. At the end of this process, the authors define

a discrete time transfer function satisfying the frequency domain specifications. To

validate the control strategy, an experimental test is performed on a real common rail

system showing good tracking performances.

[13], [14], developed a coupled control strategy using both FMU and PCV. The authors

provide a separate controls for each valve, and present an empirical model relating

the PCV current to the rail pressure. More in details, it consists in a polynomial

equation in which the coefficients are related to the camshaft speed. The model is

validated by means of experimental tests performed at constant speed and varying

PCV current. The experimental data is compared with the model using the square

correlation coefficient R2. By inverting the model polynomial equation, the authors

define a feed-forward term for a PI controller with anti-windup. Similarly, the FMU

loop includes in a PI with anti-windup and feed-forward term, which obtained consid-

ering the fuel amount requested for the current working conditions. The controllers

are validated on a test bench with a 2.2l four-cylinder Diesel engine equipped with a

VGT and an EGR. The tests are performed considering the New European Driving

Cycle - (NEDC) and show good tracking performances. A QFT controller for the PCV

control loop [15], where the FMU controller is the same of the previous work. The

results show better tracking performances then the others standard PID controllers

and a reduced settling time.
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[16] proposed two control strategies starting from a non-linear 0D model of the common

rail system. The model is mainly represented by the eq. (2.1), in which every flow term

is expressed by a look-up-table. The model includes the high-pressure pump delivery

flow, the injected flow, and the leakage flow through the injectors. The look-up-tables

are expressed as functions of the engine speed, the rail pressure, the FMU current,

and the injection timings. To design the controllers, it is performed an input to state

linearization of the model. The input variable of this linearized model is the sum of

the FMU current and of a term compensating the system non-linearities (obtained

from the lookup tables of the non-linear model). Finally, the authors propose two

different control strategies: an LQR control with feedforward and integral action, and

a LQR controller with integral action. The controllers are tested on the non-linear

model and compared with a standard PI controller. The results show best tracking

performances and a smoother response. If compared to standard regulators, a further

advantage of the proposed approach is that it does not require a specific calibration

for each working point.

[17] developed a model-free control for the common rail pressure regulation. To design

the controller, the authors introduce the concepts of ultra-local model and intelligent

- PI. The authors define an ultra-local model of the system in the means the model

estimation is valid for a very short time for each iteration. The resulting ultra-local

model is used to compensate the system non-linearities, and the regulation is obtained

using a PI controller with a feedforward term. The resulting actuation signal is

directly related to the desired error dynamics and to the estimation error. Simulation

results, obtained both in MATLAB/Simulink and AMESim environments, show a

better trajectory tracking, with respect to a PID controller and an Active Disturbance

Rejection controller.



Chapter 3
Traction drive CVT

3.1 Introduction

The dedication to green technology and the environmental care from society and

governments increase exponentially in the recent years. Car manufacturers have to

face with rules and technology constraints that became more and more strictly. For

these reasons, researchers and engineers have focused their works on the improvements

in terms of emissions and fuel reduction in internal combustion engines. One of

the most promising solution to improve these performances is the adoption of a

Continuously Variable Transmission (CVT). These transmissions are able to vary

their speed ratios in a continuous and smooth way. Such characteristic is useful to

reduce fuel consumption in traditional internal combustion engine. [18] analyse the

impact of the adoption of different CVT architecture in a mid class of passenger car.

Furthermore, a variable transmission can be used in hybrid powertrain to manage

their complex architecture. [19] show that in a pure electric vehicle, the adoption of a

CVT transmission can improve efficiency performances.

In this work, we propose a steady state model of a novel CVT traction drive. In these

transmissions, a so called traction oil is used to transmit power trough the CVT. Due

to the its rheological properties, the viscosity of the traction oil increase under high

contact pressure. In these way there is no need of belt, chain or teeth meshing. Without

these mechanical constraints, the transmission ratio can be changed by varying the

angle between the axes of rotation [20]. Our model provides the efficiency curves of the

transmission in terms of speed and torque efficiency. The speed efficiency is affected

13
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by slip between the contact bodies while, the torque efficiency is affected by spin and

bearing losses. The steady state model can be generalized for dynamic condition by

including the inertia of rotating bodies to evaluate the variation of angular speed and

the variation of transmission ratio [21].

3.2 Kinematic analysis of the CVT

3.2.1 Geometrical description

Figure 3.1: CVT Geometrical quantities in the cross sectional view of the transmission

The scheme in Fig. (3.1) shows the main geometrical quantities of the transmission.

The half cone angles ϑ0, α and ϑ2 are the angles between the horizontal axis and the

tangent at the roller passing through the four points of contact, respectively with input

disk, sun shafts and output disk. Moreover, γ is the angle between the horizontal axis

and the rotation axis of the roller (here in after Tilt Angle). The quantities ra and rb

are the radii of two idle shafts. These shafts are free to move and are used to keep

the rollers in contact with the external disks. Finally r02, r1a2, r1b2 and r22 are the

second principal radii of curvature along tangential direction for the points of contact

respectively for: input disk, the sun shafts and output disk. Due to its spherical
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shape, the principal radii of curvature of the rollers is always equal to rB. This CVT

can be considered as a two stages planetary gear in which the planets dimension can

be changed according the desired reduction ratio. According to the geometry of the

transmission, following relation hold true:

rS0 = rScos(ϑ1 + γ) (3.1)

rSa = rScos(α − γ) (3.2)

rSb = rScos(α + γ) (3.3)

rS2 = rScos(ϑ2 − γ) (3.4)

Similarly, r0 and r2 can be written as:

r0 = r1 + rS + rScos(ϑ0) = rS[1 + k + cos(ϑ0)] (3.5)

ra = r1 + rS − rScos(α) = rS[1 + k − cos(α)] (3.6)

rb = r1 + rS − rScos(α) = rS[1 + k − cos(α)] (3.7)

r2 = r1 + rS + rScos(ϑ2) = rS[1 + k + cos(ϑ2)] (3.8)

where k = r1/rB is defined as the Aspect Ratio. Here in after these parameters will be

express in dimensionless form with respect the roller radius rB. For example, a generic

variable x will be express as x = x̃rB

3.2.2 Reduction ratio

For each value of γ the CVT can be analysed as a two stage planetary transmission.

In ideal conditions, the following relations hold true:

ω0r0 = ωSrS0

ω2r2 = ωSrS2

(3.9)
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Combining equations from (3.1) to (3.9), we are able to define the reduction ratio as a

function of the tilt angle γ:

τID = ω2

ω0
= rS2r0

rS0r2
= cos(ϑ2 − γ)[1 + k + cos(ϑ0)]

cos(ϑ0 + γ)[1 + k + cos(ϑ2)]
= τ0

cos(ϑ2 − γ)
cos(ϑ0 + γ) (3.10)

If ϑ0 = ϑ2 = ϑ, the reduction ratio will be:

τID = cos(ϑ − γ)
cos(ϑ + γ) (3.11)

The evaluation of the reduction ratio range needs the definition of an admissible range

for tilt angle. Referring to Fig. 3.1 following conditions hold true:

γ > max
(
−ϑ0,

[
ϑ2 − π

2

])

γ < min
(
ϑ2,

[
π
2 − ϑ0

]) (3.12)

Fig. 3.3 shows the ideal reduction ratios at different values of ϑ. Obviously, constraints

shown in (3.12) derive from pure geometrical consideration. In a practical implemen-

tation, this range should take into account the tilt angle actuation system and the

bearing on the rollers. In our model, this range has been reduced by introducing a

safety factor of 0.8.

3.2.3 Creep and spin losses

As we show in the next sections, the transmission of torque is due to the difference of

tangential speed in the region of contact between the rotating bodies. For this reason,

in real devices a little amount of creep is always present. To evaluate the transmission

in presence of creep, we define the creep coefficients CR0, CRa, CRb and CR2 as follow:

CR0 = |ω0|r0−|ωS |rS0
|ω0|r0

CRa = |ωS |rSa−|ωa|ra

|ωS |rSa

CRb = |ωS |rSb−|ωb|rb

|ωS |rSb
CR2 = |ωS |rS2−|ω2|r2

|ωS |rS2

(3.13)
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Figure 3.2: Reference systems of the rotating bodies

Considering creep coefficients, we can rephrase the reduction ration in eq. 3.10 as:

τR = ω2ωS

ωSω0
= r0rS2

rS0r2
(1 − CR0)(1 − CR2) = τID(1 − CR0)(1 − CR2) (3.14)

Creep can be thought as a loss in transmission of speed through the CVT. In this way,

we are able to define the efficiency of the CVT in terms of speed transmission:

ηSpeed = τR

τID

= (1 − CR0)(1 − CR2) (3.15)

Spin consists of parasitic axis of rotation that acts along normal direction in the point

of contact between two rotating bodies. It causes losses in torque transmission and

can generate considerable side forces on the rotating bodies [22]. [20] have developed

a model of the Half-Toroidal CVT that take in account this effect. As shown in Fig.

3.1 and considering the reference systems defined in 3.2, the angular velocity of each
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Figure 3.3: Reduction ratio at different values of ϑ0 = ϑ2

rollers relative to the other bodies can be evaluated as follow:

ωS0 = |ωS|j − |ω0|s = |ωS| [cos(γ)j − sin(γ)k] − |ω0|j

ωSa = |ωS|j + |ωa|s = |ωS| [cos(γ)j − sin(γ)k] + |ωa|j

ωSb = |ωS|j + |ωS|s = |ωS| [cos(γ)j − sin(γ)k] + |ωb|j

ωS2 = |ωS|j − |ω2|s = |ωS| [cos(γ)j − sin(γ)k] − |ω2|j

(3.16)

The spin velocity is defined as the normal component of the relative speed acting on

the contact point. is the angular velocity of each rollers relative to the output disk.

The spin speed are defined as the normal component of the relative speed acting on

the point of contact. After some geometrical consideration, we can define the spin
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coefficients as follow:

σS0 = ωS0 · z0

|ω0| = r̃0tan(ϑ0 + γ)(1 − CR0) − sin(ϑ0) (3.17)

σSa = ωSa · za

|ωa| = −sin(α) − r̃atan(α − γ)
(1 − CRa) (3.18)

σSb = ωSb · zb

|ωb| = r̃btan(α + γ)
(1 − CRb)

+ sin(α) (3.19)

σS2 = ωS2 · z2

|ω2| = r̃2tan(ϑ2 − γ)
(1 − CR2)

− sin(ϑ2) (3.20)
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Figure 3.4: Spin coefficients at different values of half cone angle as a function of
reduction ratio

Fig. 3.4 shows the spin coefficients as a function of the tilt angle. To perform

these evaluations, we consider an aspect ratio of 1 and the simplifying hypothesis

ϑ = ϑ0 = ϑ2.

Analysing these results, we can observe that there is a relevant amount of spin for each

reduction ratio. In fact there is no γ able to nullify spin coefficients in each contact

points. Further, considering both Fig. 3.3 and Fig. 3.4, we can notice that the larger

is the range of reduction ratio required, the bigger is the amount of spin.

3.3 Forces and Efficiency formulation

The free body diagram in Fig. 3.5 allows us to perform an analysis of the force and

torque equilibrium of the system. It is worth noting that the number of the rollers is

“n” and we assume that the motor is linked to the disk 0, the load acts on the disk 2
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Figure 3.5: Free body diagram of the transmission

and the sun is free to rotate. Tangential forces FS0, FSa, FSb and FS2 provide torque

transmission through the rotating bodies. FD0 and FD2 are the clamping forces acting

on the lateral disks. The normal forces FN0, FNa, FNb and FN2 provide high pressure

contact between rollers and disks. The torque analysis must include the input and

load torques, respectively T0 and T2. As stated before, the spin effect causes torque

losses. TSP 0, TSP a, TSP b and TSP 2 are the torques caused by spin phenomena. The

bearing friction torques TBLS, TBLa and TBLb act as load on the rollers and on the

sun shafts. These friction torques are evaluated using models from literature [23] [24].

These models carry out the friction torque as the sum of two contributions: the load

independent friction TB0, and the load dependent friction TB1. In particular, TS0 is a
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function of the bearing type, the lubrication method and the rotational speed.

TB0 =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

160 · 10−10f0d3 ηcN < 2000

10−10(ηcN)0.69f0d3 ηcN > 2000

(3.21)

where ηc[mm2/s] is the kinematic viscosity of the lubricant, N [rpm] is the rotational

speed of the bearing, d[mm] is the bearing mean diameter and f0 = 12 is a coefficient

that depends on the bearing type.

While, the load dependent friction torque has been evaluated as follow:

TB1 = 10−3f1P adb
m (3.22)

where a = b = 1, f1 = 3 · 10−1 is a coefficient that depends on the bearing type and P

is the equivalent load. Considering force equilibrium on each rollers, following relations

hold true:

FS0 + FSa + FSb − FS2 + FRa + FRb = 0

−FN0cos(ϑ0) + (FNa + FNb)cos(α) − FN2cos(ϑ2) = 0

FN0sin(ϑ0) + FNasin(α) − FNbsin(α) − FN2sin(ϑ2) = 0

(3.23)

Moreover, considering the torque equilibrium on each roller following relations hold

true:

TBL = FS0rS0 − FSarSa − FSbrSb − FS2rS2+

+TSP 0sin(ϑ0 + γ) + TSP asin(α − γ) + TSP bsin(α + γ) − TSP 2sin(ϑ2 − γ)
(3.24)
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FS0sin(ϑ0 + γ)rB + FSasin(α − γ)rB + FSbsin(α + γ)rB+

+FS2sin(ϑ2 − γ)rB + (FRa − FRb)0.5rS − TSP 0cos(ϑ0 + γ)+

+Tspacos(α − γ) + Tspbcos(α + γ) − TSP 2cos(ϑ2 − γ) = 0

(3.25)

Considering the equilibrium of the input disk, following relations hold true:

FDin − nFN0sin(ϑ0) = 0 (3.26)

T0 − nFS0r0 − nTSP 0sin(ϑ0) = 0 (3.27)

The same analysis on output disk gives the following equations:

FDout − nFN2sin(ϑ2) = 0 (3.28)

T2 + nFS2r2 + nTSP 2sin(ϑ2) = 0 (3.29)

Considering that the sun shafts are free to rotate, following relations hold true:

FDa − nFNasin(α) = 0 (3.30)

TBLa − nFSara − nTSP asin(α) = 0 (3.31)

FDb − nFNbsin(α) = 0 (3.32)

TBLb − nFSbrb + nTSP bsin(α) = 0 (3.33)

FDa − FDb = 0 (3.34)
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Considering the viscoelastic coupling between the elements, we can define the following

traction coefficients:

μ0 = FS0/FN0

μa = FSa/FNa

μb = FSb/FNb

μ2 = FS2/FN2

(3.35)

Similarly, we can define spin coefficients as follow:

χ0 = TSP 0/(FN0r0)

χa = TSP a/(FNara)

χb = TSP b/(FNbrb)

χ2 = TSP 2/(FN2r2)

(3.36)

Using these coefficients in the simplifying condition ϑ = ϑ0 = ϑ2, we can rephrase the

torques balance of the external disks and of the suns as dimensionless quantities:

t0 = T0/(nr0FN0) = μ0 + sin(ϑ)χ0

tBLa = TBLa/(nraFNa) = μa + sin(α)χa

tBLb = TBLb/(nrbFNb) = μb − sin(α)χb

t2 = T2/(nr2FN2) = −μ2 − sin(ϑ)χ2

(3.37)
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Moreover, solving of the force balance, we can define contact and clamping forces as a

function of the geometrical quantities and Fn0:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Fn2 = Fn0
sin(ϑ0)
sin(ϑ2) = Fn0

FNa = Fn0
sin(ϑ0+ϑ2)

2cos(α)sin(ϑ2) = Fn0
cos(ϑ)
cos(α)

FNb = Fn0
sin(ϑ0+ϑ2)

2cos(α)sin(ϑ2) = Fn0
cos(ϑ)
cos(α)

FD0 = nFn0sin(ϑ0) = nFn0sin(ϑ)

FDa = nFn0tan(α) sin(ϑ0+ϑ2)
2sin(ϑ2) = nFn0tan(α)cos(ϑ)

FDb = nFn0tan(α) sin(ϑ0+ϑ2)
2sin(ϑ2) = nFn0tan(α)cos(ϑ)

FD2 = nFn0sin(ϑ0) = nFn0sin(ϑ)

(3.38)

Similarly, using (3.38), we can rephrase the equilibrium equations of the rollers as

dimensionless quantities:

tBLS = TBLS

FN0rb
= r̃S0μ0 − r̃Sa

cos(ϑ)
cos(α)μa − r̃Sb

cos(ϑ)
cos(α)μb − r̃S2μ2 + r̃0sin(ϑ + γ)χ0

+r̃a
cos(ϑ)
cos(α)sin(α − γ)χa − r̃b

cos(ϑ)
cos(α)sin(α + γ)χb − r̃2sin(ϑ − γ)χ2

(3.39)

sin(ϑ + γ)μ0 + cos(ϑ)
cos(α)sin(α − γ)μa − cos(ϑ)

cos(α)sin(α + γ)μb

+sin(ϑ − γ)μ2 + 0.5(fra − frb) − r̃0cos(ϑ + γ)χ0

+r̃a
cos(ϑ)
cos(α)cos(α − γ)χa + r̃b

cos(ϑ)
cos(α)cos(α + γ)χb − r̃2cos(ϑ − γ)χ2 = 0

(3.40)

μ0 + cos(ϑ)
cos(α)μa + cos(ϑ)

cos(α)μb − μ2 + fra + frb = 0 (3.41)
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Considering (3.11) and (3.15), we can spread the efficiency in terms of speed and

torque components:

η = P2

P0
= T2ω2

T0ω0
= T2ω2τID

T0ω0τID

= ηSpeed
T2rS2r0

T0rS0r2
= ηSpeedηT orque (3.42)

Considering equations (3.11) and (3.37) we can define torque efficiency as a function

of tilt angle:

ηT orque = T2R

T2ID

= −τID
t2nFN2r2

t0nFN0r0
= −τID

[−μ2 − χ0sin(ϑ)
μ0 + χ0sin(ϑ)

]
(3.43)

Finally, global efficiency is:

η = ηSpeedηT orque =
[

μ2 + χ2sin(ϑ)
μ0 + χ0sin(ϑ)

]
τID(1 − CR0)(1 − CR2) (3.44)

3.4 Contact model

The development of a contact model that take into account viscoelastic behaviour of

traction fluid is a mandatory step to define these coefficients. The model adopted for

this purpose is developed according [25] and is based on the evaluation of the pressure

distribution over the contact area. Considering the high contact pressure is reasonable

to suppose that the pressure distribution is explained by Hertzian theory for dry

contact [26]. The film thickness of the traction oil is estimated using the Hamrock-

Dowson formula for hard - EHL contact and is supposed to be almost constant in

the contact area. The first step to analyse the contact between two surfaces is the

evaluation of the equivalent radius of curvature in the point of contact. According

to Fig. 3.1, we are able to define the equivalent radii of curvature in dimensionless

form as ρ̃eq = (rS/ρx + rS/ρy)−1, where ρx is the equivalent radius of curvature in the

rolling direction, while ρy is the equivalent radius of curvature in the tilting direction.
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ρ̃eq0x =
( 1

r0x

+ 1
rS0x

)−1
= 1 + k

rS r̃0
; ρ̃eq0y =

(
1

r0y

+ 1
rS0y

)−1

= r̃02 − 1
r02

(3.45)

ρ̃eqax =
( 1

rax

+ 1
rSax

)−1
= 1 + k

rS r̃a

; ρ̃eqay =
(

1
ray

+ 1
rSay

)−1

= r̃a2 − 1
ra2

(3.46)

ρ̃eqbx =
( 1

rbx

+ 1
rSbx

)−1
= 1 + k

rS r̃b

; ρ̃eqby =
(

1
rby

+ 1
rSby

)−1

= r̃b2 − 1
rb2

(3.47)

ρ̃eq2x =
( 1

r2x

+ 1
rS2x

)−1
= 1 + k

rS r̃2
; ρ̃eq2y =

(
1

r2y

+ 1
rS2y

)−1

= r̃22 − 1
r22

(3.48)

Pressure distribution evaluation needs the calculation of semi axes of contact eclipse

(aX and aY ). This evaluation is performed using the Hamrock and Brewe method [25].

Eccentricity parameter ε and elliptic integral I1 and I2 are defined as follow:

ε = ãy

ãx

= ξ2/π (3.49)

I1 =

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

π
2 −

(
π
2 − 1

)
ln(ξ) ε < 1

π
2 +

(
π
2 − 1

)
ln(ξ) ε > 1

(3.50)

I2 =

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

1 +
(

π
2 − 1

)
ξ ε < 1

1 +
(

π
2 − 1

)
1
ξ

ε > 1
(3.51)

Where dimensionless coefficient ξ stands for the ratio between the two principal radii of

curvature ξ = ρeqy/ρeqx. Dimensionless axes ay and ax in (3.49) are evaluated respect

the contact length parameter Λ defined as follow:

Λ =
(6FnrS

πE ′

) 1
3

(3.52)

where E ′ = E/(1 − ν2) is the effective elastic modulus, while E and ν are respectively

the modulus of elasticity of the contacting bodies and the Poisson’s ratio. The contact

length parameter is evaluated for each point of contact, to simplify the discussion and
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considering that the definition of the following quantities are the same for every point

of contact, here in after we avoid the use of the subscript (where unnecessary).

Equations (3.45) to (3.52) allow us to evaluate dimensionless semi-axes of contact

eclipse for the three points of contact:

ãY =
(
ε2I2ρ̃eq

) 1
3 ; ãX =

(
I2

ρ̃eq

ε

) 1
3

(3.53)

Using the results of Hertzian theory [25], introducing half-amplitude of the subsurface

orthogonal shear stress τ0 = τ0Λ2/Fn and the dimensionless co-ordinates X = x/ax

and Y = y/ay, we are able to define the dimensionless pressure distribution as follow:

p̃Y = p̃Max

√
1 − X2 − Y 2 = 3

2πãX ãY

√
1 − X2 − Y 2 (3.54)

According to the model of contact used in this work, we estimate the fluid viscosity

for EHL contact using the relation:

log(η̃) = log(η/η0) =
[(

1 + πp̃

6Rc̃p

)z1

− 1
]

log(η0/η∞) (3.55)

Where c̃p = cp/E ′, cp = 1.96 · (10)8, η is the absolutely viscosity at the pressure p,

η0 is the absolute viscosity at the atmospheric pressure for the given temperature,

η∞ = 6.31 · 10−5 [Pa s], the dimensionless constant z1 is the viscosity-pressure index

and R is the dimensionless load parameter:

R = rS

Λ =
(

πE ′r2
S

6Fn

)1/3

(3.56)

Using the procedure presented in [24], we are able to define the shear stress acting on
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the roller at the contacts point in rolling and tangential directions:

τ̃S0x = 6
π
R0τ̃L0

vS0x

|VS0|
(

1 − e
− ηS0|VS0|

h0τL0

)
; τ̃S0y = 6

π
R0τ̃L0

vS0y

|VS0|
(

1 − e
− ηS0|VS0|

h0τL0

)

τ̃Sax = 6
π
Raτ̃La

vSax

|VSa|
(

1 − e
− ηSa|VSa|

haτLa

)
; τ̃Say = 6

π
Raτ̃La

vSay

|VSa|
(

1 − e
− ηSa|VSa|

haτLa

)

τ̃Sbx = 6
π
Rbτ̃Lb

vSbx

|VSb|
(

1 − e
− ηSb|VSb|

hbτLb

)
; τ̃Sby = 6

π
Rbτ̃Lb

vSby

|VSb|
(

1 − e
− ηSb|VSb|

hbτLb

)

τ̃S2x = 6
π
R2τ̃L2

vS2x

|VS2|
(

1 − e
− ηS2|VS2|

h2τL2

)
; τ̃S2y = 6

π
R2τ̃L2

vS2y

|VS2|
(

1 − e
− ηS2|VS2|

h2τL2

)
(3.57)

where h is the film thickness of the oil in the point of contact, while τL = τL/E ′ and

τL is the limiting shear stress calculated as:

τL = τL0 + ap (3.58)

Dimensionless relative velocities in (3.57) can be evaluated according to the reference

frames as shown in Fig. 3.2.

vS0X

|ω0|r0
= CR0 − σS0ãY 0Y

r̃0R0
; vS0Y

|ω0|r0
= σS0ãX0X

r̃0R0
vSaX

|ωa|ra

= CRa

1 − CRa

− σSaãY aY

r̃aRa

; vSaY

|ωa|ra

= σSaãXaX

r̃aRa

vSbX

|ωb|rb

= CRb

1 − CRb

− σSbãY bY

r̃bRb

; vSbY

|ωb|rb

= σSbãXbX

r̃bRb

vS2X

|ω2|r2
= CR2

1 − CR2
− σS2ãY 2Y

r̃2R2
; vS2Y

|ω2|r2
= σS2ãX2X

r̃2R2

(3.59)

As shown in (3.57) to calculate the shear stress distribution, we need to evaluate the

film thickness in the contact region for each point of contact. Using the Hamrock

model for elliptical conjunction in EHL contact, we can define the dimensionless central

film thickness H = h/ρeqx in the contact region as follow:
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H0 = Φ [(1 − 0.5Cr0)(1 + k)ω̃0]0.67 ζ̃ 0.53 ρ̃ 0.134
eq0x R 0.201

0

(
1 − 0.61e−0.73ε0

)

Ha = Φ
[(1 − 0.5Cra

1 − Cra

)
(1 + k)ω̃a

]0.67
ζ̃ 0.53 ρ̃ 0.134

eqax R 0.201
a

(
1 − 0.61e−0.73εa

)

Hb = Φ
[(1 − 0.5Crb

1 − Crb

)
(1 + k)ω̃b

]0.67
ζ̃ 0.53 ρ̃ 0.134

eqbx R 0.201
b

(
1 − 0.61e−0.73εa

)

H2 = Φ
[(1 − 0.5Cr2

1 − Cr2

)
(1 + k)ω̃2

]0.67
ζ̃ 0.53 ρ̃ 0.134

eq2x R 0.201
2

(
1 − 0.61e−0.73ε2

)
(3.60)

where Φ = 2.69
(

π
6

)−0.067
and ζ̃ = z1

c̃p
ln

(
η0
η∞

)
. Finally, we are able to estimate the

traction and spin coefficients. Relations from (3.63) to (3.66) define traction coefficients

as the ratio between the force acting on the rolling direction and the normal force in

the contact region. The tangential force is express by means of shear stress in rolling

direction as:

dFSi = τSixdA = τSixdxdy; i = {0, a, b, 2} (3.61)

While, according the relations from (3.67) to (3.70), the spin torque is evaluated as:

dTSP i = (τSiyx − τSixy) dxdy; i = {0, a, b, 2} (3.62)

Combining (3.63) to (3.70) with (3.61) and (3.62), we are able to define traction and

spin coefficients as follow:

μ0 = ãX0ãY 0

∫ 1

0
dR

∫ 2π

0
τ̃S0xRdψ (3.63)

μa = ãXaãY a

∫ 1

0
dR

∫ 2π

0
τ̃SaxRdψ (3.64)

μb = ãXbãY b

∫ 1

0
dR

∫ 2π

0
τ̃SbxRdψ (3.65)

μ2 = ãX2ãY 2

∫ 1

0
dR

∫ 2π

0
τ̃S2xRdψ (3.66)

χ0 = ãX0ãY 0

R0r̃0

∫ 1

0
dR

∫ 2π

0
φ0(ψ)R2dψ (3.67)
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χa = ãXaãY a

Rar̃a

∫ 1

0
dR

∫ 2π

0
φa(ψ)R2dψ (3.68)

χb = ãXbãY b

Rbr̃b

∫ 1

0
dR

∫ 2π

0
φb(ψ)R2dψ (3.69)

χ2 = ãX2ãY 2

R2r̃2

∫ 1

0
dR

∫ 2π

0
φ2(ψ)R2dψ (3.70)

where φi(ψ) = (τ̃Siycos(ψ) − τ̃Sixsin(ψ)), τ̃Six and τ̃Siy are respectively, the shear stress

along the rolling direction and along the normal direction for each point of contact. R

is the load factor that depends on the geometry and the normal force. ãX and ãY are

the axes length of the elliptic contact in dimensionless form.

3.5 Simulation results

The aim of the proposed model is to evaluate the efficiency of a planetary CVT. To

perform a simulation of the model, it is necessary a set of geometrical quantities, the

fluid properties and the operative point of the transmission. Table 3.1 contains the

geometrical quantities of the considered transmission. To analyse the creep and spin

effect the efficiency results are provided in terms of speed and torque efficiency as

function of the input torque at different reduction ratio. The fluid properties considered

Aspect ratio k = 1.5

Roller radius rb = 0.03m

Half cone angle disk0-roller θ0 = 45◦

Half cone angle disk2-roller θ2 = 45◦

Half cone angle idle disks-roller α = 10◦

Table 3.1: Geometrical parameters

for this model are the same of the model developed by [24]. In this simulation the input

speed has been chosen equal to ω0 = 2000rpm, while output torque ranges between

[0.01 − 12]kW . Finally, clamping forces are chosen in order to obtain FN0 = 2.5kN .

The curves in Fig. (3.6) show the speed efficiency of the transmission. These curves

show that the speed efficiency decreases at high torque. This is due to the high creep
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Figure 3.6: Speed efficiency as a function of output torque at different transmission
ratio

necessary to generate the tangential forces in the rolling direction. Obviously, high

slip produces a high losses in terms of speed efficiency. In Fig. (3.7) we can observe

the losses in terms of torque. Comparing these curves with Fig. (3.17), (3.18), (3.19)

and (3.20), we can observe that the higher is the transmission ratio, the higher are the

spin coefficients. Due to the duality between creep losses and spin losses, the overall

efficiency has the behaviour shown Fig. (3.8). In the middle part of the operative

region, the efficiency is around then 90%.
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Figure 3.7: Torque efficiency as a function of output torque at different transmission
ratio
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Figure 3.8: Efficiency as a function of output torque at different transmission ratio
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Figure 3.9: Creep coefficients as a function of output torque at different transmission
ratio
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As shown in Fig. (3.9), creep coefficients can assume negative values. To better

understand this phenomena, we need to evaluate these coefficients through the reduction

ratio range for a given operative point. Fig. (3.10) and Fig. (3.11) show creep and

spin coefficients as function of transmission ratio considering ω0 = 2000rpm and

T2 = 40Nm. This evaluation shows that negative creep may occur when the spin

velocity changes in sign. Considering (3.31) and (3.33), the torques acting on the sun

shafts are due to the combination of spin and creep effects and, obviously, also to the

torque due to the bearing losses. When spin changes in sign, the torque equilibrium on

the shafts is may produce a change in sign also for the torque due to the creep effect. It

is worth noting that, for a given geometry of the transmission, this effect is emphasized

for low values of bearing friction because the spin effect became comparable with the

friction torque.
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Figure 3.10: Creep coefficients as a function of transmission ratio

As result of this effect, the tangential speed of the sun shafts became higher than the
tangential speed of the roller in the contact region. Obviously, this doesn’t mean that
the power flow from the shafts to the roller. Considering that the presented model
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Figure 3.11: Spin coefficients as a function of transmission ratio

take in account creep, spin and friction losses, following relation hold true:

PCR = n (|ω0r0CR0FS0| + |ωSrSaCRaFSa| + |ωSrSbCRbFSb| + |ωSrS2CR2FS2|)

PSP = n (|TSP 0σS0ω0| + |TSP aσSaωa| + |TSP bσSbωb| + |TSP 2σS2ω2|)

PBL = n (|TSBLωS | + |TBLaωa| + |TBLbωb|)

Ploss = PCR + PSP + PBL

(3.71)

where Ploss is the global power losses in the transmission. Using its definition, the

overall efficiency can be evaluated follow:

η = 1 − Ploss

P0
= 1 − Ploss

T0ω0
(3.72)

Differently from (3.44), where the efficiency is evaluated considering the input and

output power, the relation in (3.72) take in account every losses considered by the

model. Fig. (3.12) shows that both the methods to evaluate the efficiency produce the

same result, even if the creep coefficient changes in sign. As stated before, the change
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Figure 3.12: ηa Efficiency as function of transmission ratio using (3.44) - ηb Efficiency
as function of transmission ratio using (3.72)

in sign of the creep coefficient is due to the change in sign of the spin coefficient. It is

worth noting to verify what happen if the two sun shafts are substituted by a single

shaft as show in Fig. (3.13). Obviously, in this case the spin torque does not act on

the sun shaft. Fig. (3.14)

Finally, Fig. (3.15) shows the difference in terms of efficiency between the single sun

shaft version and the CVT considered in this work. The single shaft version presents

an efficiency peak for τ = 1, moreover is globally higher then the considered CVT.

This difference is due to the additional losses in terms of creep, spin and friction.

3.6 Contribution

The work described in this chapter has been published in [27] and [28].
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Figure 3.13: CVT Geometrical quantities with a single sun shaft
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Figure 3.14: Creep coefficient on the single sun shaft as a function of transmission
ratio
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Chapter 4
Common rail pressure control with a CVT

4.1 Proposed control strategy

The main component of the CRS is the high-pressure volumetric pump, which raises

the fuel pressure to the reference value set for the common-rail. In modern systems, the

common-rail pressure is regulated by adjusting the pump inlet flow using a FMU [29].

Considering that the flow delivery from a volumetric pump depends on the pump speed

and on the FMU driving current, we can write the common-rail dynamic equation as

follow:

ṗr = β

Vr

(qpump(IF MU , pr, ωp) − qinj − qleak) (4.1)

where pr is the rail pressure, Vr is the rail volume, ωp is the high-pressure pump speed,

IF MU is the FMU current that, as previously stated, defines the pump incoming flow,

qinj is the injected flow and qleak is the leakage flow from the injectors. From eq.

(4.1), it is evident that the pump speed variation may be used in combination with

1 Fuel Tank
2 High Pressure Pump
3 Fuel Metering Unit
4 Pre-supply pump
5 Fuel Filter
6 Pressure sensor
7 Common rail
8 Pressure Relief valve
9 Injector
10 Continuously Variable Transmission

10

1

2 3

4

5

6 7 8

9

Figure 4.1: Common-rail injection system with a Continuously Variable Transmission

40
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Figure 4.2: Diesel Common-rail pressure control scheme using a Continuously
Variable Transmission and a Fuel Metering Unit

the control of the FMU current to regulate the delivery of the pump and thus the

common-rail pressure. This new concept of CRS allows the pump to operate at a

lower speed in presence of low and medium flow demands, enabling a reduction of the

power needed to drive the pump. Moreover, the mechanical design of the pump and

the testing phase are simplified because the overrun conditions can be avoided. The

variation of the pump speed can be obtained in several ways. The more intuitive one

is to drive the pump by using an electric motor, enabling precise and easy control

of the pump speed. The drawback of this solution is that it requires the availability

of a suitable electric motor with an adequate power supply system, resulting in an

unacceptable increase of weight and size of the CRS. An alternative method to obtain

the same result is the adoption of a traction drive CVT. These kind of transmissions

are efficient and compact, and suitable to be used in the automotive field [27], [28].

As shown in Fig. 4.1, the CVT is mounted directly on the high-pressure pump shaft

to change its speed. Besides, the pump is equipped with a FMU. Moreover, the

valve guarantees a faster regulation of the common-rail pressure than the CVT, which

instead aims at reducing the speed of the high-pressure pump globally.

The proposed new topology of the CRS requires an adequate control strategy. The

main issue to solve in the design process is related to the presence of two actuators

(i.e. the FMU and the CVT) and one controlled output. The first step to manage this
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redundancy is to define the goals the actuators must achieve. Starting from the FMU,

we need a fast controller that takes into account the high-pressure speed variation (in

order to decouple the control loops), therefore the adaptive controller described in [30]

is used to this purpose. The second control loop varies the speed ratio of the CVT to

satisfy the flow demand of the injectors, without introducing any disturbances on the

common-rail pressure. To achieve these goals, we develop a Fuzzy logic controller with

the common-rail pressure tracking error and the flow demand as the inputs, and the

speed ratio of the CVT as the output. The block scheme in Fig. 4.2 shows the layout

of the control loops.

4.1.1 FMU control

Eq. (4.1) can be rewritten as follows:

ṗr � f(IF MU , pr, ωp) + ξ (4.2)

being ξ the uncertainty due to the approximation of the model. We can assume that

ξ does not depend on x = {IF MU , pr, ωp} [16]. Linearizing eq. (4.2) around a generic

point x0 = {IF MU0, pr0, ωp0} gives the following linear model:

ṗr � ∂f
∂pr

∣∣∣∣
x0

pr + ∂f
∂ωp

∣∣∣∣
x0

ωp + ∂f
∂IF MU

∣∣∣∣
x0

IF MU

ṗr � α1pr + α2ωp + β1IF MU

(4.3)

Obviously, the model parameters are unknown, Φ = [pr, ωp, IF MU ] is supposed to be

available for feedback. An estimate of this model can be obtained by:

˙̂pr = α̂1pr + α̂2ωp + β̂1IF MU − lpp̃r =

= Φχ̂ − lpp̃r

(4.4)
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where lp > 0 is the error estimation gain, χ̂ = [α̂1, α̂2, β̂1]T is the set of parameters

estimation, and p̃r = p̂r − pr is the estimation error. By comparing (4.3) and (4.4), we

can write the estimation error dynamics as follows:

˙̃pr = Φχ̃ − lpp̃r − ξ (4.5)

where χ̃ = χ̂ − χ is the parameter estimation error. Our goal is to find an adaptation

law for χ̂ in order to minimize χ̃ and p̃r. For this purpose, we can define the following

candidate Lyapunov function:

V (p̃r, χ̃) = 1
2 p̃2

r + 1
2γ

χ̃T χ̃ (4.6)

where γ > 0. This function is positive-definite in the origin, while the time-derivative

of this function is:

V̇ (p̃r, χ̃) = ∂V
∂p̃r

˙̃pr + ∂V
∂χ̃

˙̃χ =

= p̃rΦχ̃ − lpp̃2
r − ξp̃r + ˙̃χT χ̃

γ
=

=
[
p̃rΦ + ˙̃χT

γ

]
χ̃ − lpp̃2

r − ξp̃r

(4.7)

Since χ̃ = χ̂ − χ, and χ is constant, we can define the adaptation law as follows:

˙̂χ =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

˙̂α1

˙̂α2

˙̂
β1

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

= −γΦT p̃r = −γ

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

pr

ωp

IF MU

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

p̃r (4.8)

Thus, the time derivative of the candidate Lyapunov function (4.7) becomes:

V̇ (p̃r, χ̃) = −lpp̃2
r − ξp̃r

(4.9)

We can note that while p̃r increases, the value of the candidate Lyapunov function
decreases. Due to the presence of ξp̃r, we can take the error bounded but not converging
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to zero. Once the model estimation is near to the actual value of the common-rail
pressure, we can use eq. (4.4) to design a control law for the system. We consider the
following second-order reference model in a state space representation:

⎡
⎢⎢⎢⎢⎣

ṗref

p̈ref

⎤
⎥⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎢⎣

0 1

−ω2
n −2δωn

⎤
⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎣

pref

ṗref

⎤
⎥⎥⎥⎥⎦ +

⎡
⎢⎢⎢⎢⎣

0

ω2
n

⎤
⎥⎥⎥⎥⎦ p∗

r (4.10)

where p∗
r is the desired rail pressure, and pref is the model reference output. We can

define the tracking error as ẽp = p̂r − pr, and the tracking error dynamics as follows:

˙̃ep = ϕ − ṗref + β̂1IF MU (4.11)

where ϕ = α̂1pr + α̂2ωp − lp̃r. From this equation, we can derive the control law in

order to obtain the desired behavior of the tracking error. Let the desired dynamics be

described by ˙̃ep = −kpẽp, the obvious choice for the solenoid current reads as follows:

IF MU = 1
β̂1

[ṗref − ϕ − kpẽp] (4.12)

where kp > 0. The energizing current that can flow through the electrical circuit of the

FMU has minimum and maximum thresholds. To consider this constraints without

having windup issues, we need to consider the actuator saturation in the control law

definition. The saturation can be express as:

ĪF MU =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

IF MUmin IF MUmin < IF MU

IF MU Otherwise

IF MUMax IF MU > IF MUMax

(4.13)
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Consequently, to consider the saturation of FMU energizing current the estimation

equation and the tracking error dynamic are rewritten as follows:

˙̂pr = Φ(pr, ωp, ĪF MU)χ̂ − lpp̃r (4.14)

˙̃ep = ϕ − ṗref + β̂1ĪF MU (4.15)

4.1.2 CVT control

The goal of the CVT control system is to regulate the high-pressure pump speed

according to the flow demand and the common-rail pressure tracking error. To most

intuitive way to reach this result is the adoption of a Fuzzy Logic Controller. Thus,

we can start designing this controller by defining the following fuzzy sets for the flow

demand and the transmission ratio: VL = Very Low; L = Low; M = Middle; H =

High; VH = Very High. The fuzzy set for the tracking error is: VN = Very Negative;

N = Negative; Z = Zero; P = Positive; VP = Very Positive. Once the fuzzy sets are

defined, we can assign the membership functions to the normalized input and output

variables. According to the experience and the physical behavior of the system under

study, we consider the membership functions in Fig. 4.3 and Fig.4.4. In particular,

we can observe that the lower side of the transmission ratio range is more dense with

respect to the higher side. This design choice, together with the rule table defined in

Tab. 4.1, helps to reduce the high-pressure pump speed according to the flow demand.

The resulting control surface of the fuzzy controller is depicted in Fig. 4.5. Due to

design limitations, the high-pressure pump speed is bounded between a maximum and

a minimum value. The former limit results from the robustness of the high-pressure

pump components. Given that the considered pump is fuel lubricated, the lower

limit is related to the minimum lubrication of the pump bushing bearings, and is a

function of the common-rail pressure. Obviously, the CVT functioning limits must

be considered in the control loop too. In the out system, we are considering a CVT

ratio that ranges in the interval 0.5 ≤ τCV T ≤ 3, so we can write the pump speed
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Q̃∗
inj

τCV T VL L M H VH

VN VL VL VL L L

N VL VL L L M

ẽp Z VL L M M H

P L M M H VH

VP M M H H VH

Table 4.1: Fuzzy controller rules table

limitations as follows:

max(τminωe, ωpMin(pr)) ≤

≤ ωp ≤

≤ min(τMaxωe, ωpMax)

(4.16)

where ωe is the engine speed, ωpMax is the maximum pump speed, while τmin and τMax

are respectively the lower and higher transmission ratios of the CVT.

4.1.3 Simulation results

In this section, we show some simulation results to assess the validity of the proposed

topology and control method. The simulation is performed in Matlab & Simulink in

transient conditions, by considering a driving cycle directly derived from the WHTC

driving cycle for heavy-duty vehicles. A comparison is performed between the new

topology and the traditional CRS equipped with the FMU and the controller described

in Section 4.1.1. As previously stated, the results are partially normalized to meet the

company agreements. In particular, the high-pressure pump speed is normalized with

respect to the maximum value, while the power demand is normalized with respect a

common value between the two topologies, in order to guarantee the comparability of

the results.
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Figure 4.3: Input variables membership functions

First of all, it is verified that the tracking performance of the proposed control strategy,

combining the FMU and the CVT, are comparable with those obtained with the

traditional topology, as shown in Fig. 4.6. It is worth remembering that the main

goal of the new topology is the reduction of the high-pressure pump speed. From Fig.

4.7, we can observe that the introduction of the CVT globally lowers the pump speed,

where Fig. 4.8 shows the transmission ratio reached during the simulation.

To better analyze the controlled system performance, we can evaluate the high-pressure

pump speed density and cumulative functions. Fig. 4.10 shows the drastic reduction

of the speed. In particular, we can observe that 90% of the pump speed values reached
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Figure 4.4: Output variables membership functions

with the traditional topology range between 36% and 76% of the maximum value,

while this range changes to 28% and 59% with the new topology.

Finally, Fig. 4.9 shows the power demand reduction. The depicted results are

normalized by adopting the same procedure in both cases, and consider only the

mechanical power required to drive the pump. Having the same flow demand and

pressure in the pump cylinder, the hydraulic power is almost equivalent for the two

topologies.

4.2 Contribution

The results shown in this chapter have been published in [31].
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Figure 4.5: Fuzzy control surface
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Figure 4.9: Mechanical Power demand required to drive the high-pressure pump
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Proof of concept validation

5.1 Test bench description

The development of the experimental set-up has the objective to assess the feasibility

and effectiveness of this new topology and of its application to CRS. Fig. 5.1 depicts

the layout of the test bench which replicates the real one in Fig. 4.1. For this test, an

external gear pump is used in place of the high pressure piston pump, while the CVT

comes from the bike market, where is usually sold under the trade name NuVinci.

In this transmission, the speed ratio is changed by moving a geared shaft beside the

input shaft. Normally, this actuation is made manually using a knob on the handlebar,

while in the proposed experiment is performed by a servo motor. A solenoid valve

substitutes the injectors to simulate a controllable flow demand. Finally, to protect

the components against faults, a safety valve is mounted between the outlet port of

the gear pump and the tank to automatically limit the pressure under a specified

value (Δpopen ∼ 12bar). The pump outlet pressure is regulated by varying the pump

speed. This is obtained by implementing the control scheme depicted in Fig. 5.2. In

particular, a PI is used to define the servo motor position according to the tracking

error between the reference pressure and the actual pressure that is sensed with a

piezoelectric sensor placed between the pump ant he valves. The solenoid valve opening

is obtained by setting the PWM duty cycle.

As previously mentioned, the test-bench includes a CVT traction drive known as

NuVinci for commercial application. As explained in Ch. 3, this kind of transmissions

exploit a so called traction oil to transmit the power through the input and output

52
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Figure 5.1: Test bench layout
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Figure 5.3: Analogy with a two stage planetary gearset

shaft. Due to its physical properties, the viscosity of the traction oil increases under

high contact pressure. In this way, there is no need for belts, chains or teeth meshing.

Without these mechanical constraints, the transmission ratio can be adapted by acting

on the angle between the axes of rotation of internal parts of the transmission.

By comparing Fig. 3.1 and Fig. 5.3, it’s easy to see that for each value of γ, the CVT

can be analysed as a two-stage planetary transmission [27], [28]. The evaluation of the

overall speed ratio can be performed comparing the tangential speed in the point of

contact. In ideal conditions, the following relations hold true:

ω0r0 = ωBrB0

ω2r2 = ωBrB2

(5.1)

where ω0 is the input shaft speed, ωB is the speed of the rollers, and ω2 is the output

shaft speed. Using the analogy with a two stage planetary gears and the geometrical
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Figure 5.4: Test bench used for the proof of concept validation

quantities of the transmission, it is easy to see that by assuming θ0 = θ2 = θ, the

speed ratio becomes:

τ = ω2

ω0
= cos(θ − γ)

cos(θ + γ) (5.2)

5.2 Experimental results

The proposed proof of concept has been implemented on a real test bench which is

normally used for gear pump tests. Fig. 5.4 shows a front view of the test bench. In

order to simplify the assembling procedure, the coupling between the CVT and the

other components is obtained by using chains for bike applications. The servo motor

adjusts the transmission ratio.

The control logic is implemented on an Arduino Mega 2560 board programmed within

the Matlab/Simulink environment. To meet the hardware limitations, the pump outlet

pressure was regulated by a discrete-time PI controller, which is typically used for

injection control and usually tuned by the open-loop Ziegler-Nichols rules, by adopting
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Figure 5.5: Tracking performance

a sampling-time of Ts = 0.001s. The servomotor is a DS3225 with 270◦ of displacement

that meets exactly the maximum rotation of the handlebar knob of the NuVinci. As

shown in Fig. 5.4, the servomotor is mounted directly on the knob to guarantee a fast

and precise regulation of the speed ratio.

The controller is tuned by using the Ziegler-Nichols method, with a fine tuning to

reduce settling time, avoiding the overshoots and pressure oscillations in steady state.

These requirements comes from the real specification of a CRS in which the pressure

regulation needs to be fast enough in order to provide the torque demand of the driver,

while the absence of oscillations is necessary to not disturb the injection phases. As

stated before, the fuel injected quantity is defined according the rail pressure and the

opening time of the injector. If the rail pressure doesn’t meet the target pressure, the

quality of the injection deteriorates which would involve in bad combustion in the

cylinder chamber. The reference signal is composed of successive pressure steps ranging

within the interval [2-6] bar. Fig. 5.5 shows the tracking performances. As shown, the

pressure regulation is fast, stable and precise according the requirements. As expected,

during the falling of the target pressure, the system suffers the presence of the freewheel
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Motor speed 150 rpm

Duty cycle solenoid valve 30 %

Target Pressure range [2 - 6] bar

Test oil temperature 20◦C

Shiter ratio angular displacement 270◦

Pump Inlet pressure 1 bar

Table 5.1: Experiment conditions
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Figure 5.6: CVT speed ratio

inside the transmission that is obviously necessary in the bike applications, but is not

necessary for our purposes. Fig. 5.6 depicts the variation of the transmission ratio of

the CVT in which is possible to appreciate the step-less variation of the transmission

ratio.

5.3 Contribution

The results shown in this chapter have been published in [32].
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Conclusions

In this doctoral thesis a new topology for the Diesel Engine Common Rail System has

been proposed. The novel idea shown in this work is the introduction of a Continuously

Variable Transmission (CVT) between the internal combustion engine and the high

pressure pump. Firstly a literature review of the state of the art of the common rail

pressure regulation is analysed and discussed. Then the model of a two stage planetary

traction drive is developed and is used to compute the efficiency of the transmission.

The model is derived considering the Visco-Elastic coupling between the component of

the transmission and is suitable simulate the efficiency of transmission in the operating

point of interest. Moreover, the model can be used to optimize the geometry of the

transmission in order to maximize the efficiency and minimize the size.

A new control strategy for the high pressure regulation with a CVT is proposed. This

new method consists in two control loops that drive the Fuel Metering Unit (FMU)

and the CVT decoupling these two actuators. The FMU is controlled using an Model

Reference Adaptive Controller (MRAC) that take into account the high pressure pump

speed. In this way, the control loop adapts is actuation on the basis also of the second

controller. The CVT is controlled using a Fuzzy approach that, according the defined

rules, is able to adjust the common rail pressure minimizing the high pressure pump

speed.

The new proposed topology has been tested on a proof of concept. The experiment is

performed on a presupply pump test bench with a scaled version of the Common Rail

System. This choice is due to technical difficulties in the realization of a complete test

bench. Nevertheless, this experiment gives a clear idea about the effectiveness of the
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concept and shows encouraging results for future development.

Considering the results obtained in this years, the next step is the creation of a

complete test bench with a real high pressure pump and a suitable transmission to

validate the proposed approach.
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