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Abstract

The engine torque is an important control signal. This signal is disturped b
the devices mounted on the belt. To better be able to estimate the torque sig
nal, this work aims to model the auxiliary devices’ influence on the craafksh
torque. Physical models have been developed for the air conditioningres-
sor, the alternator and the power steering pump. If these models araisetie
in control unit function development and testing, they have to be fastgino
to run on a hardware-in-the-loop simulator in real time. The models hese b
simplified to meet these demands.

The compressor model has a good physical basis, but the validity obttieol
mechanism is uncertain. The alternator model has been tested aga@adt a r
electronic control unit in a hardware-in-the-loop simulator, and tests glood
results. Validation against measurements is however necessary torctdi
results. The power steering pump model also has a good physica) lhaisis

is argued that a simple model relating the macro input-output power ceuld b
more valuable for control unit function development.
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Abstract

The engine torque is an important control signal. This digndisturbed by
the devices mounted on the belt. To better be able to estittmat®rque sig-
nal, this work aims to model the auxiliary devices’ influencehe crankshaft
torque. Physical models have been developed for the airittmmidg com-
pressor, the alternator and the power steering pump. |ethesdels are to
be used in control unit function development and testingy thave to be fast
enough to run on a hardware-in-the-loop simulator in reaéti The models
have been simplified to meet these demands.

The compressor model has a good physical basis, but thetyalfdhe con-
trol mechanism is uncertain. The alternator model has bested against
a real electronic control unit in a hardware-in-the-loomator, and tests
show good results. Validation against measurements isvewecessary to
confirm the results. The power steering pump model also ha®d ghysi-
cal basis, but it is argued that a simple model relating thermimput-output
power could be more valuable for control unit function depehent.

Keywords: Auxiliary Devices, Air Conditioning Compressor, Alteroat
Power Steering Pump, Hardware-in-the-Loop
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Chapter 1

Introduction

Vehicles of today are heavily dependent on electronicsirtesign is evolv-
ing into the co-design of mechanics and control [1]. Modeehigles are
equipped with Electronic Control Units (ECUs), which carérvarious func-
tions of the vehicle. Possibilities to control vehicle gai@ work in unison
can make them more efficient, which leads to lower fuel conion.

The engine torque is one of the vehicle’s most importantrebsignals. This
is the torque of the crankshaft, which is transferred outéodrive line and in
the end, the wheels. However, an engine has more functiangubt rotating
the wheels and propelling the vehicle. It is also respoasibi delivering
power to other systems in the vehicle. These are the air tonifig system,
the electric system, the power steering system and some. nTdre chief
sources of power for these systems are the auxiliary devidgsh are the air
conditioning compressor, the alternator and the poweristgpump. They
are driven by a belt mounted over the crankshaft gear. Tortkshaft they
act as loads, disturbing the torque going out to the drive lin

Naturally, the magnitude of the individual torques takerthogy auxiliary de-

vices varies in different situations. The physical chaggstics of the devices
can explain and foresee these variations. Mathematicaklmodased on the
laws of physics can thus be used to simulate how large theichdil torques

are in different situations. These models can then be uskdtter simulate

the characteristics of the engine torque.

When firmware to a new ECU is constructed, a vehicle to test aaliae
it on during development is almost a necessity. Howevetding test vehi-
cles is very expensive, especially when several models @nfibcirations are
to be considered. A much more suitable alternative is to useefting and
simulation for development and product testing. To run heatiware against
a modelled system, testing in a Hardware-in-the-Loop (Hy3gtem is very
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useful.

Inputs to ECU Outputs of ECU
» ECU

Simulator [«
Outputs of simulator Inputs to simulator

Figure 1.1: The Hardware-in-the-Loop system

A HiL simulator is a type of embedded system whose main fonetlity can
be described by Figure 1.1.

Software models of the systems controlled by, and influendime ECU can
be implemented in the HiL simulator. Some of these systemtharauxiliary
devices. Demands on the HiL simulation models will be thaythehave like
the real systems and that they are able to run in real-timan®a simulation
the models will have to respond to the ECU’s control sigridds,they would
have in a real-world testing situation.

The main objective of this work is to develop models of theikany devices
and implement them in a real-time HiL simulator. These medet to be
based on the laws of physics. Throughout the thesis variamgeling tech-
nigues will be presented and used to model the air conditgpodompressor,
the alternator and the power steering pump. The models\ii@haill then
be evaluated. A brief presentation of the various chapsegs/en below.

1.1 Thesis Outline

Chapter 1 - Introduction

Chapter 2 - Auxiliary Devices Theory The air conditioning compressor, the
alternator and the power steering pump are introduced r treicture,
configuration and functionality is briefly presented.

Chapter 3 - Modelling Theory A short discussion about model complexity,
modelling methods and a background to later modelling isgmeed.

Chapter 4 - Modelling Models for the air conditioning compressor, the al-
ternator and the power steering pump are constructed asdigssl.

Chapter 5 - HiL and Real Time Adaptation The simplifications and adjust-
ments to the models in order to achieve HiL testability anceae-
cutable system are being presented here.
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Chapter 6 - Simulations and Validation The results of the simulations are
presented. The models’ reliability are examined.

Chapter 7 - Conclusions

Chapter 8 - Further Work



Chapter 2

Auxiliary Devices Theory

On aregular engine a belt is mounted on the crankshaft ghar.bElt drives
a number of devices, of which this thesis will focus on thecainditioning
compressor, the alternator and the power steering pumpeHne other aux-
iliary devices (e.g. the water pump), that have lower eneaysumption, and
thereby affect the engine torque less. Therefore, theynaiilbe covered by
this thesis. In this chapter the structure, configuratiahfanctionality of the
three chosen devices will be presented.

2.1 Air Conditioning Compressor

The basic principle that makes an air conditioning (AC) eystvork is that
a liquid going into a gaseous state absorbs heat from itewodings.

2.1.1 Refrigerant Circuit

The system uses a refrigerant going through different ghise closed cir-
cuit to achieve its purpose. The main components of the syate:

e Compressor
e Condenser

e Evaporator

In the evaporator the low pressure liquid refrigerant isorgged to gaseous
state. The evaporator is a long tube, going back and forthoimt bf the fan
blowing air into the interior of the vehicle. The hot outsidie causes the
refrigerant going through the evaporator to boil. Heat friv air is hereby
absorbed by the refrigerant, cooling the air which blows the coug. From
the evaporator the gas flows to the compressor where it is i@as@d. Both
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pressure and temperature of the refrigerant are herebyyhigtightened.

Next, the gas flows to the condenser, which similarly to thepevator is

a long tube going back and forth. Here, the heat transfestpleze from the
refrigerant to the surrounding air, resulting in a changetfgaseous to liquid
state. The refrigerant is cooler but its high pressure iswtaaied as it flows
back to the evaporator, via an an expansion valve, thusgjdise circuit. The

expansion valve maintains the pressure difference betametenser output
flow and evaporator input flow.

mEmmms  High pressure gaseous state

High pressure liquid state
mmmms  [ntake pressure liquid state

Intake pressure gaseous state

Figure 2.1: Refrigerant circuit, with components: A) Coegsor, B) Com-
pressor clutch, C) Condenser, D) Condenser fan, E) Higbspre relief
valve, F) Evaporator, G) Ventilation fan and H) Expansiolvea

There are more components in the refrigerant circuit, bey tiave little to
do with the main cooling functionality. The cooling capsaf the system is
determined by the flow of refrigerant through the circuitguie[ 2.1 shows
the refrigerant circuit.

2.1.2 Swash Plate Compressor

The most common compressor types in the automotive indasayrecip-
rocating compressors and among these the most common iw#sé plate
compressoHZ]. It compresses the refrigerant using ampastal cylinder sys-
tem.

The compressor has a rotating pulley on one side. The belbisitaed over
this pulley, rotating it with a speed proportional to therdeshaft rotation.
This rotating motion is converted to reciprocating motigrtte swash plate
a tilted disc mounted on the rotating axle. The reciprocatimotion is par-
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allel to the centerline of the rotating shaft. During ratati positions on the
disc will alternate between different axial positions. Qgeolution of the

pulley and disc will translate to one period, where pistoesinted in contact
with the disc (via a ball-and-socket joint and a slipper) ganf maximum

to minimum displacement and back again. A sketch of a ty@ealsh plate
compressor can be seen in Figurg 2.2.

Shaft  Swash plate Piston

Control valve
Cylinder  Refrigerant

Figure 2.2: The swash plate compressor

The pistons compress the refrigerant and thereby pump unarthe closed
circuit. Due to the piston system, one can speak of a strokk.cyThere
are two piston strokes for each cycle. This cycle containgtake stroke
(suction), a compression and a discharge of the high-priessirefrigerant.
During suction, the refrigerant pressure inside the c@indill be constant,
theintake pressureThedischarge pressuris decided by the pressure-relief
valves, which are situated in one end of the cylinder. Theeenamerous
structures for such valves, but they all function similajre simplest form
is probably thespring-loaded ball valvelepicted in Figure 2/3. The pressure
in the cylinder acts on one side of the ball, while a spring/jgles a mechan-
ical load on the other side. When the cylinder pressure foveecomes the

T Output

el
R @

Figure 2.3: Pressure control valve
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spring force, causing the valve to open, the high pressinigeeant will flow
through the valve. These types of valves often have tendem:iyatter@].

To make the refrigerant flow delivered by the compressor,thaceby also

the cooling capacity, invariable of the rotational speeddern systems use
a swash plate with variable tilt angle. The angle of the swadate can be

controlled in different ways. It can be internally reguthtevhich means that
an integrated regulating valve keeps the pressure in thikcage constant.
Refrigerant flows via this valve between the cylinders. Whenswash plate
angle is externally regulated, a signal controls the defiaitgle to the crank-
ing axle. This makes it possible to change the cylinder stnadume and

thereby the flow of refrigerant. It is usually good to be ablewitch between

internal and external regulation. Transient pulses on taelkg such as large
motor speed increases, could otherwise damage the corapress

The number of cylinders in a swash plate compressor can vauglly be-
tween 2 and 7, mounted circularly in parallel with the rotgtaxle.

2.1.3 Refrigerant

The refrigerant’'s aggregated state changes constantiebatgas and liquid.
A greasing oil is mixed with the refrigerant to hinder fratiand wear on the
mechanical parts of the cooling system.

CFCs (Chlorofluorocarbons) and especially Freon were camymased in
old refrigerant systems. It was considered a good refrigdracause of good
thermal capacities and its unreactivity. However, its antiity also makes
it one of the worst pollutants, contributing heavily to oealepletion and the
greenhouse effeqﬁ4].

Today, regulations enforce the use of less environmerdaliyaging refriger-
ants, and the industry standard is the HFC (hydrofluorocgrBel34a with
the chemical formulCH,FCF3. Proposed new regulations to limit the use
of fluor gases can prohibit this substance after year ﬂlO%brnatives,
like propane, are environmentally friendlier but have lessling capability
(and can thereby affect the global warming as much as R-184&ato the
higher fuel consumption for a less effective cooling systé])m In this work,
R-134a will be assumed legal and therefore the models witldsed on that
refrigerant.

The thermodynamic and fluid properties of a refrigerantmeitge how easily
it can flow through the compressor. The pressure-volumeachexistics are
usually described in a p-V diagram. Such diagrams are dlaifar different
rigerants in most good textbooks on applied thermodyosyfor example
7).
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2.2 Alternator

The vehicle’s electrical system gets its power from two sesr the battery
and the alternator (AC generator). The battery is used asengy reservoir,
delivering electricity in situations where the alternasunable to, for exam-
ple during engine standstill. The operating alternatoiveded current to the
battery if it needs charging. A schematic of the electrigaitem is seen in
Figure 2.4

Alternator Battery Loads

Figure 2.4: The automotive electrical system

2.2.1 Electrodynamics

In generators, magnetic fields are used for converting @tvaiferent en-
ergy forms. Electricity is generated through the principielectromagnetic
induction A current flowing through a wire produces a magnetic fieldiatb
it. When an electric conductor cuts through (moves perpealito) a mag-
netic field, a voltage is induced in it. The opposite, whenfiblel lines of a
moving magnetic field cut through a conductor’s path, gibessame results.

The rotor is the rotating structure of the generator, it has north andhs
magnetic poles from which a magnetic field originates. Thianty is usu-
ally produced by a rotor winding, a wire conductor aroundran core. When
a current flows through this wire the magnetic field is produdéhestatoris
usually placed around the rotor, and has a number of windipigenetrically
distributed, see Figure 2.5.

When the rotor’s magnetic field lines cut through a stator wigda voltage
is induced. This voltage produces currents in the statodiww@ thus the
conversion from mechanical to electrical energy is congaletHowever, the
induced currents flowing through the stator windings alsmlpce magnetic
fields and just as a compass needle tries to align with Earth@gnetic field,



2.2. Alternator 9

Figure 2.5: Salient pole rotor and three stators

these two sets of fields attempt to align. Torque on the r@ore associated
with their displacemenﬂ8]. Energy losses in the generedorbe associated
with magnetic field leakage, the non-linear magnetizatioth @emagnetiza-
tion of the rotor core (hysteresis) and eddy current los$é® last two are

heat losses and cause heating of the rotor core [9].

An alternator is a vehicular generator that produces alterg currents. The
most common alternator type used in the vehicle industripéctaw pole

(Lundell) alternator. Its rotor consists of two circularddes of different po-
larity, with "claws” protruding against the other body. Beten the two, the
excitation wire is winded. A sketch of the claw pole rotor ¢enseen in Fig-

urel 2.6.

Figure 2.6: Claw pole principle [10]

The magnetic fields will be somewhat asymmetric, but the fielels will

enter the metal rotor perpendicularly through the soutle ptdws, and exit
perpendicularly through the north pole claws. Within theordhe field has
been amplified by the encircling excitation winding. In thegap between
rotor and stator, it is therefore believable that the fielctessonably radially
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oriented. On the stator side of the system the field lines diosthrough a
laminated iron frame and then bend circularly 186 go back through the
iron frame, over the air gap and back into the south rotor.pdllee stator

windings are cut by the field lines on the stator side of tha frame. On

the stator side, the field paths in a salient pole alternatdria a claw pole

alternator are equal.

2.2.2 Three-Phase Power

Three-phase power uses three alternating electric vataiemming from

three different stator windings. The voltages are sinwddighctions of time,

all with the same frequency, but with differing phases. Thage separation
is 120’ or 2T radians.

Normally, this set-up would require six connections for gta&tor windings.
However, by interconnecting the windings with each otheltage or current
gains are possible. There are two types of connections ustitée phase
systems, the\-connection and the Y-connection (often called the star con
nection). Most alternators use the Y-connection which icted in Figure

2.7

a

Figure 2.7: 3-Phase Y-connection

By connecting all the stator return wires to the same pojrdalled the neu-
tral, the same current as if they were not connected will flomough each
winding. Moreover, the line voltagé;, between ends will be higher than
the individual winding voltagé/,, thanks to the phase differences. The line
voltage isV;, = v/3V,, [11].
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2.2.3 Redctification

The battery and the rest of the electrical system require tgut power, and
the alternator produces AC power. To transform betweenvibesystems, a
diode rectification bridge is used. The three-phase systeunidmneed three
pairs of power diodes in a set up like in Figlre]2.8.

—W—a{im JF T

n IP—W b VB(I) VTERM([)

—000" S0
rx 7 =

Figure 2.8: 3-Phase rectifier bridge

The rectification bridge’s terminal voltage -z (t) can be calculated from
the voltages of the three connected armature windings), vz (t), v (t).
As seen in Figures 2.9 and 2.10, the difference between ghresi and the
lowest voltage forms the terminal voltage of the bridge.

1
P v, () V(1) v (0

> [

. ~ . S . Sy .
< . N . S .
~ L N P \ X

Figure 2.9: The highest and lowest voltages in a rectifietdi

With three different potentials between the six diodesreniralways flows
from the highest of these potentials to the positive sidaéetircuit, and from
the negative side of the circuit to the connection with thvedst potential.
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V(1)
VTERM([)

Figure 2.10: Terminal voltage of the rectifier bridge

2.2.4 Excitation Circuit and Control

To build the magnetic field around the rotor, a current is badugh the exci-
tation winding, which is a part of the excitation circuit. i$kturrent is taken
from the alternator’s output current, making it self-egdit At low speeds,
when not enough current is generated by the alternator itedtgelf, current
is taken from the battery. The current flows to the rotatingitetion winding
via a set up of carbon brushes and collector rings. To regtie excitation
current, and ultimately the whole alternator power outfhé voltage over the
excitation circuit is turned on and off. The switching is trofied by a pulse
width modulated (PWM) signal, usually coming from the ingdralternator
regulator. The frequency and amplitude of a PWM signal is gbithe same,
instead the duty cycle (on time) is controlled. A PWM with 50%iydcycle
is a regular square wave, and has an on time as long as itsnaff h PWM
with 80% duty cycle is high 80% of a period, and low 20%. Therage
excitation current can thus be controlled by varying theyadytle. A graph
describing how the excitation current varies with the dytgle can be seen
in Figure 2.11.

PWM Period

A . . . . - >

Lixc

nmi i

Figure 2.11: PWM signal and the corresponding excitationecur

One of the advantages with a PWM controller is that it needg oné output
pin to control the excitation circuit.
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The internal regulator is usually subordinate to the mast@U controller.
The ECU transfers parameters to the alternator regulatuchnaffects the
control. These parameters are transferred via a LIN-iaterf LIN (Local
Interconnect Network) is a low-bandwidth, serial commatimn system for
vehicles. It is used instead of CAN (Control Area Network) flmv band-
width applications.

A more thorough description of the alternator’s differeatnmponents can be
found in [10].

2.3 Power Steering Pump

On the European market, power steering systems have egistagithe 1950s
ﬂﬁ]. When the driver turns the steering wheel, the powerrstgesystem
is made to assist him if the turning is effortful (i.e. mairdylow speeds).
The overall most common type angdraulic power assisted steerifigPAS)
systems, which use hydraulic oil flowing back and forward stegering rack,
thereby adding force to the steering. In small vehiclestetepower steering
systems have recently been introduced. This work will famuly on HPAS
systems.

2.3.1 Servo System

The three important components in a HPAS system are
e Pump (power source)
e Servo valve
e Actuator

Whilst the pump provides a steady flow of pressurized oil, g valve

distributes oil to the correct fluid line in correct amounide actuator is a
piston system that helps push the steering rack in the direatanted by the
driver. A sketch of the system can be seen i Figure|2.12.

The flows to the steering rack chambers are controlled bywe\thht is con-

nected to the steering column. The amounts are decided Isygbeng wheel
torque, where a boost curvE[13] is used to map torque toymregsthe steer-
ing rack chambers. When help torque is needed to the stednmydraulic

oil will flow through the valve to one of the chambers, thergighing a pis-
ton connected to the steering rack. The pressure differeeeded to push
this piston is obtained by letting the hydraulic pump workeTpump gets its
power from the engine, and is just like the other auxiliaryides, mounted
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Steering
Fluid lines column

To reservoir

From pump

- I
o1 L
i

Rack Piston Pinion

Figure 2.12: Power steering system (without the pump)

on the belt.

The valve of the servo system can be of either strictly hydrmanical type
or of electro-hydraulic type. The former uses a set of pipgggrated in

the steering column to distribute the fluid to the chamberise latter uses
an electronic controller that can adapt the pressure netitetepeed of the
vehicle, as well as to the angle of the steering wheel. Anteldtydraulic

converter is used to transfer the control signal betweetwbealomains.

2.3.2 Power Steering Pump

The pump used for maintaining the hydraulic oil flow isrofary vanetype.

It is connected to the valve at one end and to a hydraulic sémeir (often
integrated with the pump) at the other. The oil is taken fréva teservoir
(suction side) and is brought to the outlet port via the pungpihambers.
From the high pressure outlets of these chambers, oil isat@itable for the
servo valve to distribute when help torque is needed.

The pumping mechanism uses a circular cylindric rotovaore housgwith a
number of vanes, usually 10, in radial slits. These vanealalesto move ra-
dially in and out of the slits. The rotor is placed in {hemping chambemwith
elliptic cylindric geometry, with two inlets and outletssAhe rotor turns, the
vanes will slide radially in their slits due to centrifugalr€e until they push
against the inner walls of the pumping chamber. Between wvsecutive
vanes, a distinct volume of fluid can then be trapped in a hyidraeal. Dur-
ing rotation this volume will be transferred from one sidetad system to the
other. The vane pump principle is illustrated in Figure 2 ¥®dern systems
use pairs of inlets and outlets, located 180 degrees apéit pbrt distri-
bution gives equal and opposite side loads on the bearirgctmpletely
cancel each other, a configuration that significantly resluezar.
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From reservoir

Relief
valve

PANVT
To valve <

Figure 2.13: Rotary vane pump structure

To control the flow, a special type of throttling valve is usédhis connects
the reservoir and the pressurized channel. By closing oniogehis valve,
the feedback of high-pressurized hydraulic oil can be r@gdl. The pump
control is of open loop type. This means that the ECU only ssgdals
to the valve, it does not receive any. The control signal i®WM type,
with a low signal corresponding to a fully open and a high taléyfclosed
state. An electromagnet opens and closes the valve, arelsiagnetization
is an inductive process and therefore not instantaneoaf\ttiM duty cycle
will averagely correspond to the openness of the valve. in,tthis will
correspond to the flow through it.



Chapter 3

Modelling Theory

There are several ways to model a system. Decisions abohitteings as
complexity, method and simplifications to use have to be mhudéhis chap-
ter, questions of this sort are discussed for the work at hdnsection de-
scribing stability tests is also included.

3.1 Complexity

Since the simulation environment is established as a Hitegy®y dSPACE,
the model complexity has to be suited to the system. To betahpeedict
computation speed for each simulation step, the step-tasadbe fixed. In
order foritto run in real time, the whole model behaviour thescomputable
in real time, at each step. This must be valid for all possibd¢es, regardless
of the input signals.

The HiL system simulation step-tinieis adapted to the existing engine and
vehicle models, which run smoothly at this value. It is intpat that the
added auxiliary devices models do not interfere with thisssep-time, and
thereby slow down other parts of the system. Thus, the ulémeal time
tests must be done together with the engine and vehicle niodbe HiL
simulator. The simulation step-timfeis in the magnitude of milliseconds.
At the very least, the auxiliary devices models have to bedub this time
before final tests. A faster simulation guarantees smoathadion in the HiL
simulator. The step-time is analogous to the sample timeeo$ystem, in the
sense that it sets limits on the resolution. Events varyastef tharh will not
be visible in the final simulations.

However, much can be gained by starting with a complex mode|sam-
plifying that model to the low simulation step-time. Earligh resolution

16
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simulations can be done at a regular computer, using a neadgICU in so
called model-in-the-loop (MiL) tests. These simulations ased in the de-
velopment process.

Processes varying very slowly (e.g. wear and tear), will motmodelled.
Changes of this kind are not of interest in this work.

3.2 Method

When it comes to modelling method, one can choose betweengoasid-

els on physics or using black box methods to build the mod@lack box

methods require much measurement data, and makes it Wyiriogdossible

to parametrisize the models after physical propertiess iMork aims to make
general models, useable with many different sizes and piiepef the aux-
iliary devices. Therefore, using physics to describe andehthe devices is
the best choice for this work. Some areas could require taetineasured
data and maps to simplify the physical description.

The working process will be to first find equations, usuallgioary differen-

tial equations (ODE:s), for the different parts of the syseand use these
with one another to connect the subsystems. The modellidgsanula-

tion software SMULINK from MATHWORKS will be used for this purpose.
SIMULINK comes with many predefined system blocks for mathematics and
system building and allows easy control over simulatiortse $oftware ver-
sions used areIBULINK 5.0.2 and M\TLAB 6.5. No extra toolboxes were
used in the model building phase.

When a complete and complex physical description has bederinemted for
each system in IBULINK , simulation tests to check the computation speed
will be made using a regular computer at first and later theaghadl be
integrated into the larger engine model, with real contighals from the
ECU. To simulate the models withil@uLINK and in the HiL system, the
differential equations are solved using numerical methbdthe HiL system,
the final simulation environment, thieuler methods used. It will therefore
be used throughout the modelling process. It is a ratherlsian is shortly
described as follows. From a state space description of tduem

o(t) = fla(t),u(t))

z(0) = xzo, (3.1)
with a known start value and an input signalk(t), an approximation of the
states at times, to, . . ., t,, is desired. The easiest approximationi¢f) is

LIn4+1 — Tn

h ~ i‘(tn) = f(x’ruu’n/)v 3.2)
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whereh = t,,.1 — t, is the step time. This gives the equation

Tptl = Tp + hf(xna un)a (33)

which is used during simulation to calculate the next simaitastep. This
method is more thoroughly described [14], which is an allgyood book
on the subject of modelling and simulation. Another goodseuised in this
work is ﬁ].

In SIMULINK , a state description exists for each individual block. Tiates
for each block is calculated for every step, but since bldokew one an-

other, with outputs from one block being the input for anatliee order is

also of great importance. During simulation initiation tilecks are therefore
sorted according to the order in which they execute.

3.3 Stability

A model’'s quality is related to how well it can simulate thalrsystem’s be-
haviour, but also to the model’s stability. The stabilityaofnodel is related to
its ability to limit output from limited input. Small variains of input should
result in small variations in output. A systemasymptotically stablevhen

it is stable and solutions converge towards zero as co. A homogenous
linear systemi: = A x is asymptotically stable when all eigenvalues of the
matrix A have negative real parts.

For nonlinear systems, stability tests can be performethusiapunov func-
tions, or by first linearizing the modelled system at an operatioigtp then
using the above mentioned method with eigenvalues. Sircgyitems mod-
elled in this work are real, and have limits on many of thegnsils, it is
difficult to model them as linear systems. They are oftengigse linear
though. In the MTLAB/SIMULINK environment the commarid nnod and
its variants can be used to linearize the models createdMolSNK , obtain-
ing the state space matrices from the ODE:s.

The stability of a solution is however also affected by thenetical ODE
solver. Using the chosen Euler algorithm, the stability efstem

& = Ex, & complex number
z(0) = 1, (3.4)

which can be solved with

Tp+1 = T + hé-xn == (]- + hf)xnv (35)
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and whose solution thus is

is limited to the region wherd + h¢| < 1, the region within a circle of radius
1 and center in-1 ﬂ171]. This limits the simulation step-timk. The¢ term
in these examples can be explained by the fact that for aae@IDE system
& = Az which is possible to formulate so thdtis a diagonal matrix, one
can find a diagonal containing the eigenvalgesConsequently, the stabil-
ity region for equation(3J4) will be the left half plane Re< 0, differing
from the stability region of the solver. This means that tlieegential equa-
tion in certain cases actually can be stable, but not the rinatsolution of it.

Another way to investigate stability at different step siEesimply to simu-
late the systems and find at what step-size they degeneratartto oscillate.
A look on the systems’ stability will be taken in chapter 5.2.

3.4 Validation

There are different approaches when validating models. mbst desirable
is of course to have a good data set of measurements to eaéidatnst. The
validity can then be measured simply by comparing the measiata with a
simulation of the same course of events. Mathematical nmesadilie
textitmean absolute error arean relative errogives a tangible value of how
good the models are.

Often though, the modelled structure does not exist intsear like in this
work, there is a lack of measured data. This makes it hardvi® ay objec-
tive measure of the validity of the models. To analyse thaiglthere are
a number of alternative approaches. If the model is basedeyiops work,
there is a chance that work has been validated. From thidityalihe validity
of the new model can be deduced, but only to a certain extent.

Another kind of validation is to see that the modelled systeaily behaves
like one could expect in different situations. Moreoveg tack of measured
data does not mean a total lack of information. There is adtknown range
within which the phenomena, in this case torque, operates.

These methods requires a discussion about the validityeofyktem. A va-
lidity discussion about the auxiliary devices models carfidomd in chapter

6.3.



Chapter 4

Modelling

In this chapter models for the three devices are developee aim is as men-
tioned in Chaptdr 1, to model the torque of the auxiliary desiat different
load situations, as well as the dynamic torque charadtesist

There are some similarities in the three devices. They damm@linted on
the belt with pulleys of different size, and they all haveatminal parts. The
belt can be seen as stiff if belt dynamics are disregardedra sommon
assumption. The pulleys merely transfer the engine spgggto the devices.
The radius of the pulley,., in relation to the crankshaft pulley radius,
determines the factor the speed is multiplied as

Tdev
pratio,dev - Wdev = prrztio,deu Weng (41)
cs

The auxiliary devices’ total torques are related to the ckegpecific internal
torques (e.g. magnetic torque for the alternator, torgomnfiriction for the
AC compressor) but since the pulleys and the rotating bodée® certain
masses and therefore also moments of inertia, these alsio dldel torques.
According to newtonian mechanics, the moment of ineftigor a rotating
body is related to the torquE as7 = Jw. The torques thus relate to the
moment of inertia as

dw
Jde’z) E = Teng - Tdev (42)

The engine torqudy,, is adding to the system, while the device specific
torque subtracts from it, thereby decreasing the availdiive line torque.

Unfortunately, for this work, the engine torque signal wasavailable during
all simulations. It was instead decided to drive the modéth the engine
speed signal. This changes the model structure to someteXtezneed for
integrative causality during simulation makes it impoksito simulate the

20
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derivative of the input speed. The model structure usedeénfalowing is
illustrated in the BvULINK plot in Figure 4.1.

« T ]
@ - angle
Engine z1
Speedg[rad/s] Pulley Integrator torque —————»( )
Ratio P speed Device
Torque [Nm]
@ P Load
Load £cu out——»(2)
@ » ecuin ECU Control
ECU Control Feedback Signals

Input Signals Device Torque
Calculations

Figure 4.1: Model structure

This model structure removes the possibility to simulate tioment of in-

ertia, which have the influence on the device torque that eathelscribed as
smoothing it, or slowing its dynamic. The mechanical monwdnhertia are

very similar to that of a flywheel for these devices. Anothesult of this

decision is that possible influences on the device oper#tom the engine

acceleration is not possible to model. It can be said thatribéels operates
at a steady state engine speed.

4.1 AC Compressor

The main idea for the compressor modelling is to set up mecakequations

of how the pistons are moving, depending on swash plate amgleompres-

sor speed. From this, the volume in the cylinders can be leaédiat each

point. The change in these volumes determine the compressid the pres-
sure at different points in time. This pressure exert foagnst the swash
plate which requires torque to counteract.

The torque of axial-piston swash plate machines have prsljicbeen de-
scribed in [Hb], where a hydrostatic pump of this type wasw@rad. The
compressor model developed in this chapter is similar inynveays to this
pump model, but the internal cylinder pressure is modell#drdntly in this

work, since compression is the very essence of the machine.

4.1.1 Piston Kinematics

Most variables used in this chapter represent geometrintijigs, and can
be seen in Figure 4.2. A point on one of the pistons, on a distance
from the middle axial position moves between displacemesttipnsx =

r (tan aynee — tana) andz = r (tan ay,.,. + tan«). The exact position
of each piston depends on the angle difference between stenpgientrep;
and the top dead center (TD@)of the swash plate. The TDC is the angle
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Figure 4.2: Swash plate mechanism

on the swash plate with maximum displacement (i.e. the aaigiehich the
plate is tilted against). In Figure 4.2, the angle of the TD@ the top piston
coincides. The position of pistancan be calculated as

x; = 1 (tan Apmae + tana cos(d — ¢;)) (4.3)
Differentiating this equation, the velocity of each pisttemn thus be calcu-
lated as
; = —rwtanasin(d — ;) (4.4)
wherew = 6 is the speed of rotation for the compressor. Similarly, tteek
eration of each piston is expressed as
#; = —rw? tanacos(d — ;) (4.5)

The cylinder volume is totally dependant on the piston pmsitWith a cir-
cular piston area, and the cylinder diamekgrthe piston areal, = inz.

If the swash plate angle is held constant during a revoluto no refrig-
erant leakages are considered, the total displacemennedly during this
revolution, thegeometric displacement volumeill be

Ve = A, N 2r tan o (4.6)

whereN is the number of cylinders in the compressor. This refrigeval-
ume is of course a volume at suction pressure. The instaman@lume for
pistoni is

Vi=Apr (tan aumaq + tan a cos(d — ;) (4.7)

On each piston there are forces aligned with the piston’sem&nt due to
friction against the cylinder walls, by acceleration of fiiston massn,, and
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by the compressed refrigerant. The friction will for now keglected. The
acceleration of the piston exerts a force of sizgt; on the piston itself, ac-
cording to Newton’s second law. This force is especiallyngigant at high
speeds and with few cylinders in the compressor. The refigepressure
inside the cylinder exerts a force on the piston that is déipgnon the pres-
surep; and the piston ared,,. Summing these forces gives the total force on
pistoni

in the positive x direction of Figute 4.2.

4.1.2 Adiabatic Process

To calculate the instantaneous pressure in each cylinderiime and mass
of the refrigerant are used. The refrigerant (R-134a) ig¢drgaseous form
in the compressor. The working pressures ranges from 2 ton242900 kPa
- 2.4 MPa). If no refrigerant or heat flows in or out of the cylén during
compression, it can be modeled like an adiabatic procesgality heat will
flow through the cylinder walls, and this could lead to madellerrors. A
discussion about errors follows in Chapter 6. For a adialstid reversible
process, the relation between pressure and specific vokidescribed by

pVY =C (4.9

wherey andC' are constants. Using data sheet figu@s [17], these two con-
stants are calculated using the least squared error apprdads is because
the data gives an over-determined equation system. Lbgasibf equation

(4.9) gives
In(p) +vIn(V) = In(C) (4.10)
which can be rewritten on the form

In(Vi)y —in(C) = —In(p1)

ln(VQ)’Y — ln(C) = —ln(pQ) (4_11)

ln(Vm)’y - ZT'<C) = _ln(pm)

wherem is the number of data points used to determine the valuess Thi
system can be written as

Ax=b (4.12)

with
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Figure 4.3: Comparison between tabulated values[and](4.14)
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This equation system can be easily solved inTMAB using the\ operator
like A\ b. This operator gives the solution in the least square senfiget
over-determined system of equatidns (4.12), avoiding migalgoroblems by
employing QR decomposition techniques.

Usingm = 100 measurement points, distributed over the working pressure
to decide the two constants, the results are- 0.9695 andC' = 22088.
Applying these estimates in equatién (4.9), the pressutiesafefrigerant can

be calculated when the specific volume is known

p=CV (4.14)

This pressure affects the pistons directly as forces inl axiaction during
compression. One could argue that the lookup table couldée directly in-
stead of using a table to approximate physical propertiesveder, as can be
seenin Figure 4.3, a comparison between values from|(4ritiihe tabulated
values, the adiabatic process estimation is rather good.
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4.1.3 The Compression Cycle

The use of equatioh (4.14) is only permitted in a closed dgimwithout mass
flows. However, these occur at certain points during a cosgioe cycle.

As the pistons goes back and forth in the cylinders, they gautfh a suction
phase and through a compression phase. During the comprgs®se, they
move forwards (negative direction in Figure 4.2). When they move back-
wards, the cylinders take in low-pressure refrigerang iithe suction phase.
This is a mass flow. During this phase, the pressure in thedstiwill be the
same as the low-pressupge of the uncompressed refrigerant or, when some
refrigerant from the foregoing cycle remains in the cylindtewill follow the
polytropic curve in figurg 4.3 but towards a lower pressutee [bw-pressure

p; is constant, determined by the systems expansion valve.

Moreover, the compressed refrigerant leaves the cylintienva certain pres-
sure has been achieved. The control of this is through thespre-relief
valve. The discharge pressysgis set from the start as a parameter of the
valve. As the compression continues the refrigerant witia at this pres-
sure which lets it flow through the valve. The typical chattethese types of
valves will not be modelled in this work.

The new pressure function will be

Dl % >0
p(V)y=< CV—7 (4.15)
Dr cCVv="> Dr

4.1.4 Deduction of Torque

The total axial force on each pistdf), must be overcome by a reaction force
R, to move it. This reaction force act on the piston from the $walate. Itis
perpendicular to the contact area between them. The compofthis force
perpendicular to the piston movement and its distance frarcénter of the
swash plate acts as a moment arm and transmits the t@igoesach piston,
overcoming the axial forces and making the machine run. Tdwmngtries
and forces are illustrated in Figure 4.4.

The swash-plate reaction forég is related toF; as

R; cosa = F; = mpZ; + piAp (4.16)

To move the machine, the torque produces the componédtitppérpendicular
to the piston movement. This componenkissin « and with a moment arm
of r cos(6 — ;) the torque
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R sin(a)
y

:r cos(9-¢,)

Figure 4.4: Forces acting on the swash plate from a singterpis

T, = R; sinar cos(d — ;) (4.17)

is needed for every pistan Combining[(4.16) and (4.17) as well as summing
the components from all pistons, the torque is

N
Z mpd; + pidp) tanar cos(d — ;) (4.18)

Furthermore, it is possible to calculate an approximatibmoojue due to
friction between the piston slipper and the swash plate. jumession for the
reaction force already exists in (4.16) and since this iahee perpendicular
to the contact areas, this is also the force giving rise tifm. With a linear
friction assumption, a force of size; R; will act for each piston on the dis-
tancer from the shaft center. Summing up this for all the pistons,ttrque
due to friction becomes

N
> mpii +pidy (4.19)

Tf =
’ COS (v “
i=1

Friction is often disregarded when modelling moving medtersystems like
this, but in this case it is a simple matter to calculate difitestimate, and it
can therefore be interesting to see how much of the totaliitoconstitutes.

4.1.5 Mass Flow and Control

To determine the efficiency of the compressor, it is necgsgaknow the

amount of refrigerant flowing through it. This mass flow carchkulated at
the output side of the compressor. During each revolutiagreain amount
of refrigerant is compressed and passes the pressurevelief The mass
flow is directly related to the swash plate angle since thisdis the stroke
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volume in the compressor. If the pistons are able to compgheseefrigerant
and heighten the pressure enough for it to overcome thegsfice in the
relief-valve (this is not always the case), the refrigeraass passing the valve
during one revolution will be the differendg — N V;., wherel’. is the volume
at which the pressurg. is reached.

Vo= (9>% (4.20)

br

By multiplying the mass flow per revolution with the revoluis per second,
we get the mass flow per time unit.

Q=2rw(Vy—NV,) (4.21)

Fluid power can be derived directly from this expressionhesmass flow
times the pressure increa®e= (p, — p;) Q.

The real compressor is affected by three ECU:s, the enging @@ich is

the target control unit for this whole work), the AC ECU and tloufg ECU.

Unfortunately the detailed description for the two lattexsamissing during
this work. These two control most of the AC system, the enginlg sets
some prescribed maximum values for some of the compressgnials (e.g.
the torque).

To model the control system, it is in this work assumed thatltermal con-
trol signal is directly linked to the fluid power. The contaslgets its set point
as a percentage of maximum power, a manual input to the sySteencon-

trol signal is fed back to the swash plate, and controls itgearThe dynamics
of the swash plate angle is modelled using a simple first aroetel.

4.2 Alternator

Previously, physical models of claw pole alternators haenlconstructed in
different ways. There are complex approaches using finiimehts methods
(FEM) [178,&9], and there are very simple models [15]. In tiest a mid-
dle course is taken, the alternator is modelled like a syrabus machine
with{fsimplified magnetic characteristics. A similar appiodnas been taken
in [20].

The idea is to find equations for the different parts of theratitor and simu-
late and solve them with one another. The main componentbe&vihe rotor,
the stators, the rectifier bridge and the regulator. A seépaet of equations
will be used to calculate the torque.
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4.2.1 Rotor

Excluding the torque due to moment of inertia, the altemtdmue mainly
consists of magnetic fields pulling at the rotor, magnetique. To calculate
this variable, the different electric and magnetic quétiimust be simulated.

Even though the rotor is of claw pole type it can be approxéuats a syn-
chronous machine. This has been done before in [20], angpiprexdmation

is valid since the poles rotate as salient poles. The eiaitatinding though,
does not rotate in the same way as in normal salient pole meshiThis
gives the advantage of it not cutting the field lines from thegnetic field

generated by the stator windings. The excitation currettigsefore hardly
affected by the armature flux wave. A simple sketch of therimtelectric

equivalent is shown in Figufe 4.5.

PWM
o e
+
Uhatt L ”
R

Figure 4.5: Rotor circuit

The resistance of the excitation circuitRs and the inductancg,.. To calcu-
late the excitation currernit,.. flowing through this circuit, Kirchoff’s voltage
law (KVL) is used with the battery voltadé,.;; and the resulting differential
equation

diewc
dt

must be solved. The rotor inductantgcan be described by, = L.+ Ly,
where the two term&,;,. andL,,, are the rototeakage inductancand the ro-
tor magnetizing inductancd he excitation current controls how much power
the system generates.

LT + RT lege = Ubatt (422)

All poles on the rotor share the same excitation winding,tbatnumber of
poles is significant to how fast the system works. The diffeeebetween
a two pole machine and a four pole machine has only to do wélstieed
they operate. A two pole machine generates magnetic fielttseastators
synchronized with the mechanical speed, thereby one oatély the rotor
will translate to one period in the field at the armature. Hasvef the number
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of poles on the rotor are higher, the electric speed will lséefa Therefore it
is convenient, whenever working with a multiple pole maehio make the
conversion from mechanical angles and spekglsw,, to electrical angles
and speed8, w. For a machine with? poles

0 = Eﬁm, and
2
P

This simplifies calculations considerably. One can analyeeystem like for
a two pole machine, the only difference is the speed.

4.2.2 Magnetic Field

To quantitatively determine the generated voltages in theature (stator)
windings, a more thorough discussion about the magnetiddloreded.

The field winding on the rotor can be assumed to produce aathelsnag-
netic flux wave of density3 at the armature windings.

B = Bpeq, cost (4.24)

The air-gap flux per pol@ is the integral of the flux density over the pole
areas. For &-pole machine with pole areas symmetrically distributedrov
the stator housing

+7T/P P 2
P = / Bpear: cos —01rdf = =2B,cqrlr (4.25)
_a/P 2 p
wherel is the axial length of the stator amds its radius at the air gap. &
pole machine has pole areas that2f® times that of a two pole machine of
the same size.

2
= 5 2Bpearlr (4.26)

The flux linkage\ for a stator winding withV turns will vary as

A= Nocoswt (4.27)

wherewt represents the angle between the magnetic axes of thewtatting
and the rotor. The timecan be chosen so thatiat 0 the peak of the flux
density wave coincides with the magnetic axis of one of theostwindings.
Faraday's law is then applicable to calculate the inducédge in each phase
winding as
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V= prie N%coswt—w]\f@sinwt (4.28)

This equation also applies whebes the net air-gap flux per poles, produced
by currents in both the stator and the rotor windings. These\so terms in
the equation. The first one is a transformer voltage andsegigy when the
amplitude of the flux-density wave changes with time, nolyrthis does not
happen in a well balanced system running in steady state s&tend term,
often called the speed voltage, or electromotive force (ENRhus in most
cases the one that dominates the generated voltage.

In steady state operation the EMF will hereafter be usedpesent the gen-
erated voltage

V =—-wN®sinwt (4.29)

This voltage is laid over each armature winding as the ratorst and mag-
netic fields are excited.

4.2.3 Armature Windings

The armature windings can be approximated with inductaimcesries with
a resistance. As the rotor turns and magnetic fields are peatjthe induced
voltages will produce currents through these windings. dureents through
the windings in turn also affect the flux linkages. The fluxkége from the
rotor together with the flux linkage from the self-inductart each winding,
and that from the mutual inductances of the other windingsssup to a total
flux linkage. If£,, denotes the mutual inductance between windiramndy,
the flux linkages can be described as

)\a = £aaia + ‘cabib + ‘cacic + Larir
Mo = Lpata + Lobip + Loctic + Lorir
)\c ﬁcaia + /chib + Lccic + »ccrir (430)

where the ternL,.,. are the angle-dependant mutual inductances between ro-
tor and stator. The three armature windings are constrgiadl and should
possess equal physical properties. They are also symaletiitd owing to
this, the stator-stator mutual inductancés,, = # y will all be of the
same size L, which in turn can be expressed using the stator magnetiz-
ing inductanceL,,s as Ly; = Lpscos 2 = —iL,,, due to the wind-

ing phase distribution ofF radians. The self-inductance of the windings,
L., = Ls = L5 + L is the sum of the stator magnetizing inductance and
the stator leakage inductance. Thus, equations|(4.30n&co
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)\a = Lsia + Lssib + Lssic + Earir
)\b = Lssia + Lsib + Lssic + »Cbrir
Ae = Lggiq + Lggip + Lgic + Loty (4.312)

It is easily understood that the three stator currents suto apro

i+ iy +ic=0 (4.32)

which with the relations fol., and L, can be used to further simplify (4.31)
to

1
Aa - (§Lms - Lls)ia + ‘Ca’r'i'r'
1 . .
Ap = (§Lms - Lls)zb + Lyriy
1
)\c - (§Lms - Lls)ic + ﬁcrir (433)

The L,.i, terms corresponds to the flux linkage generated from the field
winding, as described in equation (4.27). Thg. terms are angle-dependent,
but its amplitude is often described with theak stator-rotor mutual induc-
tancevariableL,, which can be broken down intb,,. = k+v/L,,,, L...s. Here,

k is the stator-rotor coefficient of magnetic coupling, a nubeasent of how
good the magnetic field transfers between rotor and stator.

An electric schematic of the armature windings can be sedfigare 4.6.

The diamond shaped boxes represent the derivative of théirikeges over

that winding, equation (4.33), meaning a container for @ags source and
an inductance.

dan,
dt R, i
p— /W=
a,
Ry

0 <>/ W= u
dh,
Ry
M=

Figure 4.6: Stator circuit
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For an alternating current system, lacking the rectifieddmi KVL for this
system yields the system of equations

dXa(t) '
5 = Ua(t) = Rsia(t)
d)\(;;t(t) = uy(t) — Ryip(t)
%s(t) = uc(t) — Ryic(t) @39

where the voltages,, u; andu, represent the voltages at the three terminals
of the armature Y-connection, arit], is the winding resistance, equal for the
three windings in concordance with the equality argumentvab

This is a good description for a detached Y-connection. Rerdystem at
hand however, there is a three-phase bridge connected thrdeterminals.

The functionality of the rectifier bridge is described in ptea[2.2.3. The

diode configuration only allows current to flow through twotloé windings

at once. The ones with maximal and minimaboltages. The maximal and
minimal v are determined by the maximal and minin%l, and if the diode

resistances in the forward direction is disregarded (he diodes are con-
sidered ideal), these will correspond to the battery velfdg,;; and ground.

The two stator winding currents will be equal in magnitudg,with opposite

signs.

The electric system simulated can be seen in Figure 4.7 céldtat the cur-
rent and voltage source directions correspond two thosegiré&4.6.

maxV R, %Lm;Lm

i
+ AL
—O W=D

man RA‘ %me_Lms _l'
+ 2y
O M=K

Figure 4.7: Full equivalent stator circuit

The simplification demonstrated in Figlre 4.7 includes tioelel bridge and
the diodes shown does only imply the connection spots of itteeiit; and
shall not be taken into calculation.
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In parallel to the diode bridge, it is common to put a capacitdich func-
tions to adjust the output current to a smoother signal. €agsacitor is not
modelled due to causality conflicts.

4.2.4 Torque

The electromagnetic torque on the rotor comes from thedotgrg magnetic
field from the rotor circuit and the stator circuit. It can bepessecﬁll] like

T = —L,, (g) Tepels SINO (4.35)
wherei, denotes the current flowing through the stator windings, is the
peak stator-rotor mutual inductance anthe displacement angle of the two
rotating fields. In deciding this angle, it is important tavsup the magnetic
axises from the two active stator windings and compare tiygeaf this axis
to that of the rotor magnetic field axis.

4.3 Power Steering Pump

Modelling complex hydraulic systems usually requires tlse of Navier-
Stokes equations, whose complexity stretches beyond wipatsisible in this
work. Smaller models of these kinds of pumps are usually seanple, and
does not account for in-cycle behaviour. Since the poweristg pump is not
very controllable, a simple averaging model of its torqueldsuffice. Such
amodel is presented in section 4.3.1. Moreover, in thevidtlg sections, the
in-cycle behaviour is investigated by a model based on rtateous flow,
pressure and fluid characteristics inside the pumping chanidany of the
ideas presented in section 4.3.4 comes from [16].

4.3.1 Simple Model

Looking at the power of a pumping system in a macro input-oiperspec-
tive, the steady-state hydraulic pow#f,,, delivered by the pump can be
described by

Wiya = Vpw (0, — p1); (4.36)

whereV, is thevolumetric displacemerdf the pump, ang,, andp; are the
discharge pressure and the intake pressb—nés [16]. Fronotdgon the input
mechanical power to the system is

Winee =T w (4.37)

By combining equation (4.36) and (4137), and introducingefitiency pa-
rametem, a static relation between input power and output power ineso
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Whya = 1 Winee (4.38)
Simplified, this relates the torque to the pump variables

1
T= " Vy (pr — 1) (4.39)

Equation (4.39) does unfortunately not say anything aboeitdynamics of
the torque. In the next section, an attempt to expand thieiisdnade.

4.3.2 Vane Dynamics

The pumping chamber has elliptic cylindric geometry, witivhich the circu-
lar cylindric rotor, or vane house rotates. The geometrie$uather described
in Figure 4.8.

B

Figure 4.8: Geometries of the system. A) The rotor (vane @épinside the
pumping chamber, B) The elliptic geometry of the pumpingnaher.

The different geometric variables are designated in Figu@evhich gives a
more detailed description of the system. The open area betyweand ¢,
is one of the inlets of the pump, the outlet is between angdesnd¢4. The
other side of the pump is similar, only upside down.

The cranking vane house is always circular cylindric andindependently
of the geometry of the pumping chamber be described by thagdd, the
depthb; and the number of sliding vanes. The pumping chamber can,
taking a elliptic cylindric approach be described by theytérl, of the semi-
major axis, and the length; of its semiminor axis, which it shares with the
rotor. The depth i$; for the pumping chamber as well. In the following cal-
culations the coordinate system is aligned so that the pumpéhis skewed
vertically with the vane house.

The edge of an ellipse can be represented by the paramietmisat
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¢,

e M\

Figure 4.9: Vane House Detail

x = —Ljcosf
y = Losinb, 0<60<2nm (4.40)

The length from the origin, or in this case the joint centethefrotor and the
pumping chamber, to the inner wall of the chamber is thus

Lew(0:) = /I — (13 — [3)sin® 0, (4.41)

with @ being the angle from the vertical axis to the point of inter@sthe
following to the vane of index. This formula comes from Pythagoras’ theo-
rem, with a trigonometric law applied to give this form.

The friction between the vanes and the pumping chamber srilgmt on the
force with which the vanes press against the inner chamblér Wais force
is due to the centrifugal force, and can be calculated fromvthig's second
law of motion.

Assuming the friction between the rotor and the vanes ardl stha vanes
will, due to the centrifugal force, be at their maximal degment. The cen-
ter of mass of the vanes will therefore move in a curve, in apobordinate
system described by

L,

R(0;) = (Lcw(ei) - 7) r (4.42)
whereL, is the vane length, and it is assumed that the vanes are gedaan
in all directions, with solid mass distribution over thealvme. Formulas for
bodies moving in polar coordinate systems can be foue{dl rotating
motion is describable by
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=7rr
i = 7rr+r00
io= (F—r0)i+(r6+270)0 (4.43)

To determine the radial acceleration described above, ehgadives of the
radial componenR () can be calculated to

(L? — L2)sinfcos®

RO) = —0
VL3 — (L3 — 13)sin® ¢
.. . 2 _ 712 20 _ «in2 2 12)\2 20 w2
RO) = —6? (L7 — L3)(cos?® @ — sin” 0) . (L7 — L3)* cos® Osin 9§
\/L?—(L?—L%)SHFH (L%—(Lf—Lg)SmQ 9)2
. 272\ g
i (L7 — L3)sinfcos b (4.4)

VI3 (L3 — I3)sin0

For a steady-state system, theerm is zero and this term can thus be disre-
garded. Using (4.44) with the component for radial acctiteman equation
(4.43), the following expression describes the radial lecadon a,, of the
vanes in the vane pump

a,(0;,0;) = R(0:) — R(6:)6; (4.45)

Together with the individual vane masses,, an expression for the radial
forces can be obtained using Newton’s second equation. eTloeses will
result in friction. For a linear friction approximation,ebe will be of size

Fpi = py myay (4.46)

These friction forces will result in a torque compon&ht which will be
Ty(0,0;) = ppm, Z Lew(0:)au(0:,6;) (4.47)
N

A linear friction model has been used here, with a constgnt More ad-
vanced techniques of modelling friction, lil&ribeck curve$22], are pos-
sible to implement but finding parameters for the frictionatve is much
harder. For linear sliding friction on a lubricated surfatypical values of. ¢
are between 0.01 and 0.1 for steel/steel contact areas [21].
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4.3.3 Hydraulic Seal

As the vane house rotates, a hydraulic seal will be createdelea two con-
secutive vanes. The volume of this seal can be calculated tine lengths
defined. With two vanes, on anglés andd, respectively, the volum#&i,
between the two will be

92 Lcw(e)
V12 - bl / / rdrdf (448)
6, JL,

Which can be solved quite easily

bl 92 bl 92
Vig = — L2,(0) —Lido = — (L3 — L‘f’)/ sin? 0df =
2 Jo, 2 0,
%(Lg — L) [(92 —0) — %(sin 26 — sin 291)] (4.49)

The angle between any two vanes is constaifly — 0, = %’r = Ap.
This and further trigonometric simplifications of (4.49adks to the general
expression

by
4
This equation is static during simulation, making it a sienplapping — V.
The volume between vanes is reduced between the inlet arificéne pump
and the outlets, this means that the hydraulic fluid is cosgm@. The rate
change of this compression, or the volume change is

Viitr = — (L3 — L?) [Ax — sin Ay cos(20; + Ay)] (4.50)

dViip  bw

a2
The instantaneous pressure inside the hydraulic sealsecealtulated from
the volume of the hydraulic seal and the inlet and outletatteristics.

(L2 — L?)sin Ay sin(26; + Ay) (4.51)

4.3.4 Fluid Dynamics

Inside one of these hydraulic seals the instantaneous masgehn byM =
pV, wherep is the mass density, varying with time. The mass flow is given
by the derivative

dM _dp, v

i - 4.52
ae dt P a (4.52)
Within each seal, the mass remains constant, which meais tha
dM
= pQ (4.53)

dt
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where( is the volumetric flow rate into the hydraulic seal at thetinléhe
definition of fluid bulk modulu§123]3 gives the relation

dp _ pdp

— =L 4.54

dt g dt (4.54)
wherep is the instantaneous pressure in the hydraulic seal. ltssmasd
that this is uniformly distributed over the whole seal vorinmBYy inserting
equations| (4.53) and (4.54) into (4152), and rearranginggethe pressure
derivative will be

dp 5[ AV
_5 (Q _ E) (4.55)

Assuming the flow into and out of the pump have high speedd]dinecan
be modelled using the orifice equation and Torricelli’s pihe ]

Q= CaApy| Lpbp_ o (4.56)

which will be negative at the inlet and positive at the outldsing the sign
function sigrip, — p) for this is useful,p, is the boundary pressure outside
of the hydraulic seal, i.e. it is either the intake or the deage pressure. The
parameter’, is the orifice discharge coefficient, arq is the active inlet or
outlet area, varying with the angle.

Using equation (4.55) witH (4.56) and the expression forwtbleime time
derivative in[(4.51), the nonlinear differential equation

dp; B <Sign(pbfi)chb \/W + %(L% - L%) sin Ay sin(26; + AN))
do Y(L3 - L3) [ANn —sin Ay cos(20; + Ay)]

(4.57)
describes the pressure inside one hydraulic seal. Insfeadting this as a
time dependent system, it is here written with the use of il \substitu-
tion dt = df/w. The pressure varies with the angle of the hydraulic seal,
and therefore this seems natural. This system can be solredrically us-
ing MATLAB s ODE solver, or by constructing it withiBULINK . A solution
between angle8 andr, one of the two pumping chambers, is presented in

Figure 4.10

As can be seen, the pressure is smooth when in contact withtte or dis-
charge ports. The transition between them is seeminglgijend a common
assumptioHEG] is to make a simpler model of the pressureavhe
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Figure 4.10: Pressure characteristics for one hydrautitlsg 0 < =

Yz 0 <0< (]52
Dy = pl+(6*¢2)% ¢2 <0< ¢p3—Ayx (4.58)
Pr ¢3 — Ay <0< m
4.3.5 Torque

On a vane separating two seals two pressures will act on thsitlies of the
vane. The pressure difference will result in forces on batesaccording to

Figurd 4.11. The modelled pressure profile of the pump {968jgure 4.10
indicates that this is only of great importance close to titet ior outlet ports.

The forces acting on the vanes during rotation is describ&dgure 4.11.
For each vaneg, the force on its front side (the one pushing the fluid) will be
Fii = pibi(Lew(0:) — L), (4.59)

whereb; (L., (0;)—L1) is the active vane area, the area the pressure is applied
upon. On the back side of the vane, the fofGe; ; will act. If the vanes are
considered thin, the front side and its back side have the saiea. Since

Fio1i=pi—1bi(Lew(8;) — Lv), (4.60)
and the both forces act on the same point, but in differeettions, they add
up to a net force

F; = (pi — pi—1) bi(Lew(0;) — L1), (4.61)

on each vane. This force is always positive & p;_1) and adds to the torque
due to its moment arm. The length of the moment arn}(iﬁl + Lew(65))
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0.5L,+0.5L, (0

Figure 4.11: Forces on the vanes from the hydraulic seals

which can easily be derived from the geometry. From each aaosgue will
act due to such a moment arm, and thus, summing over all agthes gives
the net torque of one of the pumping chambers of the vane pump

N/2
1
T=3 ;(Ll + Lew(6:))Fi (4.62)
The two chambers of the pump are symmetrically aligned atfteipump is
well-balanced, the two torque components from each chambiisimply

superimpose so that the total torque is twice the size oftaquét.62)

N/2
T =3 (L1 + Lew(6:))F,; (4.63)

i=1



Chapter 5

HiL and Real Time
Adaptation

In order to simulate a real vehicle together with real haréwa the HiL
environment, model response times have to be comparab&atoasponse
times. The ECU should see no difference. Given that the ECké fest
and unknown signal reception times, the real time requirgrieads to the
demand that physical phenomena must be simulated as fafstster than
they occur. To comply with these demands, the models deedlopChapter
[4 may have to undergo changes that will reduce their accufa®ygoal with
this chapter is to make such changes, but at the same timsuoectihat these
changes give the best possible accuracy.

5.1 Hardware-in-the-Loop

The HiL simulator used for simulation is made by dSPACE, anddpicted
in Figure 5.1. To this system an ECU is connected in a loopitikgigure
[1.1. The difference between a HiL system and a MiL systemasithHiL,

the real ECU gets its input and produces its output over theesehannel
as it would in a real automotive system. Control signals ftbm ECU and
simulated measured output signals will flow via LIN and CAleifiaces on
real cables between the ECU and the simulator. It is alsdlgeds connect
other real hardware to the system. In MiL simulation, a madehe ECU
software is used together with the simulated real world.

The dSPACE HiL simulator system contains software model®oé&xam-
ple the engine, driveline and vehicle dynamia [24]. The et®dsed in this
simulator system have been developed by TESIS Dynawarey diteeexe-
cutable on a normal PC with MLAB/SIMULINK , which makes MiL simu-
lation available with a simplified ECU model to replace theathardware.

41
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LT TR
—

=a@_ | |

| Swes o Sume e ol
]

ABpeE Simalutn

[

T
[
o

L

|

Figure 5.1; dSPACE HiL simulator [24]

In a first attempt to simulate the auxiliary devices, theytasted in such a
MiL environment. In this first simulation environment, ations are made
to the models to reach appropriate execution speed. Ingubatput consid-
erations are also done at this time. Some of the needed iigna4ls to the
models developed in Chapter 4 can be found in the TESIS Dymeagvagine
model; control signals are sent from the hardware and habe tmodelled.
A well documented functionality to the ECU is a necessityhiis stage. The
Bosch units used for these simulations are all extensivetyichented.

5.2 Real Time Adaptation

For a diesel engine, a fairly high speed is usually about 3828I. The pulley
ratio differences will act as a gear and either heighten wetahis angular
velocity to the rotating parts of the devices. The pulleyosathereby limit
the speeds of the models. As for the HiL simulator used inwloik, it has a
step time of 1.6 ms.

In this section some parameter values are introduced. E®ytstem at hand
they are either known from specifications or approximateicgl values.
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5.2.1 AC Compressor

Typically, the compressor pulley radius has 1.5 times tlamkshaft pulley
radius, limiting the compressor speed to 5250 RPM which lscp0 rad/s
or 1.8 ms/rad. Internally, no variations of higher speedracelelled. The
swash plate rotates with this speed, making the piston#iaisaivith this fre-
quency to complete a full compression and intake cycle inpmred. With
a simulation step-size of 1.6 ms, this process is possibtntalate with a
reasonably good resolution (goes to a minimum at about &l. &wheen engine
speed reaches its maximum).

Simulating only the torque characteristics, without cohtoop back (i.e.
with manual control, typically of the swash plate anglegjuiees no solution
of differential equations, due to the steady state assempfThere is only
one integration to find out the rotation angle. This makessijstem auto-
matically stable. When simulating the system with the fluidi@ocontroller
described, some unstable behaviour are displayed. Thensydties not de-
generate, but oscillates somewhat. Linearizing the modéltvel i nnod
command produces aA matrix that is close to singular and contains Not-
a-Numbers. This could be a result of limits that is not pdsstb model
correctly. For example, the pressure-relief valve is miededimply as a satu-
ration on the pressure inside the cylinder, the pressuceliegions otherwise
gives numbers approaching infinity as the volume is dectedasedetermine
stability of the model, the only option left is to test it infféirent situations
and see if it diverges.

The simulator computation power and the compressor modeplexity does
comply, making it unnecessary to correct the simulator-step due to com-
putational power needs. This means that before simulatiagrtodel for a
real development situation, one should test it with reahpeaters and inves-
tigate stability by trying to conjure an unstable situation

5.2.2 Alternator

With a pulley ratio of 3, the alternator rotor speed typigajbes up to 1100
rad/s. Typically, there are 12 poles on the alternator. ¢Jsiquation|(4.23),
this corresponds to an electrical speed of 6600 rad/s. Taehtbd in-cycle
electrical behaviour with reasonable resolution ( 1 radjtep time of 0.15
ms is required. Unfortunately, this does not comply with siraulator step
time of 1.6 ms, about 11 times too slow for the wanted resmiutElectrical
in-cycle behaviour will therefore not be possible to modéie fast alternat-
ing electrical variations are rather small compared to trezage levels (see
Section 6.1.2), but simulated at a reduced step-size, tAeycontribute to
stability problems. Investigating the stability using #iferementioned Mr-
LAB command i nnod indeed exposes a number of poles in the right half



44 Chapter 5. HiL and Real Time Adaptation

plane. Nevertheless, test simulations have not degederatscillated much,
and wether the stability problems lies in the presentedrater model, or in
other connected models such as the battery model, cannaicheSince func-
tionality has been proven by tests, stability problems @dlectricity system
model are hereby noted and left.

However, the alternator has another component that causiglem with such
low step-sizes. The PWM signal used to regulate the exaitatiorent runs
on a frequency of 400 Hz. With a simulation at approximathly $ame step
frequency, the PWM will not be able to control the excitatianrent. The
duty cycle will often only be able to take the values 0 or 1. §ithe PWM
signal loses some of its purpose. Some changes can be méduerntmiel in
order to achieve good results for the dynamic behaviour@gtternator.

One way is to simply have the PWM signal run on a lower frequefitys
has the advantage of seeing the dynamics of the PWM signakindhtrol
of the alternator, which can be good when developing coraigbrithms.
Unfortunately, the variations from the PWM signal becomegdathan what
they would become at a higher frequency. This is due to thadtashce in the
rotor circuit. An illustration of this can be seen in Figur@ 5Along with the
longer response time, there are also larger oscillations.

Excitation current (4)

5L eemTTTTTTITTTTTTTT ! PWM frequency 0.3f

PWM frequency f {1 M

1 v \,’ \

0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ . Time

Figure 5.2: lllustration of simulated rotor current at adhof the actual PWM
frequency (dotted), compared to the original PWM response.

A smaller change in frequency would result in smaller dyrawgariations,
and a PWM frequency of 300 Hz gives good enough resolutionntollsite
the system. In fact, seemingly good results are achieved &vihe original
400 Hz frequency. This is due to the alternator speed, antbfus having
slower dynamics than the PWM signal. The pulse width does allymot
change between period to period. However, for a full-on fiomality test a
slight decrease in PWM frequency is recommended.
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There are possibilities to run different parts of a syster wlifferent sim-

ulation step-times. In MULINK the blockrate transitioncan be used for
this purpose. In this work it has been used to give the batterglel longer

step-times during simulation. Battery quantities liketestaf-charge (SOC)
vary very slow, and it is therefore numerically profitablestmulate these dy-
namics at a lower step-time. This simulation step-time baset an integer
multiple of the whole system'’s step-time.

5.2.3 Power Steering Pump

An average model of the power steering pump, like the simpeehpre-
sented in section 4.3.1 gives a constant torque. The mor@legrmodel
take notice on in-cycle behaviour, but the average torquel lemains the
same. The simple model is therefore useable in a system wloenputa-
tional complexity is critical.

To model the in-cycle behaviour of the power steering puthe,simulation
step-size matters. The in-cycle variations occur at a speédtimes that of
the rotor speed, which in turn rotates with a speed propmatito the engine
speed, depending on the pulley ratio. With= 10 and a pulley ratio o2,
the in-cycle behaviour is not possible to model with the Hystem.



Chapter 6

Simulations and Validation

The simulations presented in this chapter have been run eguar com-
puter, or in the case of the HiL simulations, at one of dSPACHMNulation
systems.

6.1 High Resolution MiL Simulations

In this section, MiL simulations mean simulations with ctamé or semi-
constant (they can be manually changed during simulationjral signals.
No ECU algorithms are used in this stage, and the simulatioméully done

in SIMULINK . The simulation step-time is small enough to guarantee d goo
resolution.

6.1.1 AC Compressor

Parameters to this model are taken from several differamtces, and some
of them are simply estimated from what is reasonable for aonaotive AC
compressor. These "qualified guesses” are of course urdesmird possible
to improve by either direct measurements, reliable datatsk@ by parame-
ter estimation methods. Full knowledge of the control medra in the AC
ECU was also missing during the course of this work. Much &f klck of
information is grounds for more work, outside the scope i tihesis, some-
thing which is further treated in Chapter 8. For the simolagi this means
that they can only be seen as rough approximates.

Afirst simulation with a system where the control of the swalslte is manual
shows good results. The simulation is done at 1800 RPM aresgiwery
reasonable torque as can be seen in Figure 6.1. The dynaeeicsae from
steps on the swash plate angle.

46
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Figure 6.1: Dynamics of compressor torque and fluid powerhanges in
cooling capacity

There are small variations, which looks as noise, but a closé& reveals that
these are torque fluctuations due to the phase differente afdividual pis-
ton movements. A compressor with fewer pistons would giveoeenuneven
result, while one with more pistons would give a smootheveur

6.1.2 Alternator

The parameters of this model are taken from several diffeseurces, and
results can therefore quantitatively differ slightly frahe final desired sim-
ulation results. On the whole these simulations should kewgive good
qualitative results.

The dynamics of the system are represented in Figute 6.2evilist a step
is sent to the system in the form of an engine speed increasedrto 1000
RPM at time 0 and then a ramp, so that between times 3 and 6 tlieeen
speed increases linearly to 2200 RPM.
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Figure 6.2: Dynamics of alternator torque and current airengpeed in-
creases

This behaviour, where the torque is decreased at engin€el spaease is ex-
pected. The current suffers at first from overshoot, but atshort period
this error is leveled out.

More information about the model behaviour can be found gufg6.3. In

this simulation plot the dynamics due to load changes ane. sEke engine
runs constantly at 1500 RPM. After 3 seconds the load neesleelduced

from about 1800 W to 900 W. Such a large power drop does not altym
occur, it roughly corresponds to a simultaneous shutdowalldhe lamps,

the electric back window heater and the electric power wived ' he needed
electricity is reduced, and thus the torque needed to pmthue electricity

is also reduced. After 7 seconds a load of 300 W (e.g. eleadmtor) is

turned on. The power need is heightened and the altern&&s taore torque
from the engine to produce this electricity.

The fast oscillations in the torque signal are due to thetéteascillations,
and they have a periodicity exactly following the engineezpas
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Figure 6.3: Dynamics of alternator torque and current af ldzanges

P
wMm = 65 Weng Pratio (61)

The number 6 in this equation comes from the rectifier bridéery single
period of the electrical speed entering the bridge muégpby 6 to the output,
which is consistent with what Figure 2.10 illustrates. Téason for these not
being dampened in the simulated torque is in much owing tdetiegthat the
capacitor connected in parallel to the rectifier terminaldsmodelled. Such
a connection works as a simple low pass filter, thereby damgehe fast
oscillations.

6.1.3 Power Steering Pump

Very few of the parameters used in this model are known forager The
geometric quantities are estimated from pictures and tdealjic properties
like p; andp,. are also typical values in hydraulics.

The in-cycle behaviour of the power steering pump is illatgd in Figure
[6.4, together with the static torque (dotted) calculatedhfequation](4.39).
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Figure 6.4: Power steering pump torque

6.2 HiL Simulation

The alternator model has been tested in the dSPACE simwdat@ronment
with a real ECU and a full engine model. The HiL environmenines with

the CoNTROL DEsK interface which makes it possible to change parameters
and control signals in real time. It is also possible to watttually any
variable in the entire engine. An image of this interface loaiseen in Figure

6.5.

Figure 6.5: The ©ONTROL DESsK interface

The simulation results are similar to those presented iti‘€6.1.2. When
increasing the engine speed, with a fixed electric load, dhgue taken by
the device is lowered. The controller of the alternator feigs the torque af-
ter how much is needed to provide electric power to the difietoads. The
model responds properly to real time changes in load ancetadhtrol sig-
nals from the ECU. The ECU also responds to the model output.
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6.3 \Validity Discussion

To validate the models it is necessary to compare the regmywith the

simulated. Since the models are intended to simulate thieleedgainst the
engine ECU, the best validation would use the same ECU in thesétup

and in the vehicle, as well as engine model parameters pameag to ve-
hicle parameters. Unfortunately no such measurementslieme available
in this work.

Instead, the available information must be used. Altemateasurements
from another vehicle (with a different ECU and different eregand alterna-
tor parameters) have been done for different loads andréliffespeeds, all
of these are mean cycle values and give little informatiasuathe dynamic
behaviour of the device. Comparing the torque at variousdgpesome differ-
ences are visible, mainly in the speed-to-torque charistitr at high speeds
and constant loads, these could be due to parameter diffsser model er-
rors. Some suggestions to how the model can be improved céoubd in
Chapter 8.

For the AC compressor, the only data available are apprdginedues of the
maximum torque, usually about 20 Nm. With the approximatachmeter
values in the model, the torque stays below this level.

The power steering pump is constantly pumping and the torgtiations are
on average very small. In the simple model presented in tbik it is simply
modelled as a constant. The complex model looks at the iledghaviour
which reveals that these variations can be substantiahgusimore complex
model, which takes into account flywheel effects due to therrand pulley
inertias is bound to smooth these variations. A discussbmuahow such
a model can be constructed is done in Chapter 8. Of the thndeede the
power steering pump takes the least amount of torque, asdilso the de-
vice with the least amount of control from different ECUs.€Tdnly control
signal is on the relief valve which feeds back high-pregsatioil to the reser-
voir. This feedback does not effect the torque.

Another way to validate the models are to investigate themfan energy
point of view. It is easy to see that the compressor and tleenaltor follows

reasonable energy transfer principles. When more coolingepés needed
in the vehicle, this can be remedied by raising the refrigeitawing through

the system. This fluid power does not come for free, but regurque. For
a controlled system, increases can occur in the cooling, @@ekin the engine
speed. The former should heighten the torque and the latike iih smaller.

The compressor model does these things.

As for the alternator. It can receive increases in the atattpower needed,
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which requires a higher torque, and it can also use an ineie&ngine speed
to produce the same amount of electricity with the same amaiutorque.
The alternator model presented here does these things.



Chapter 7

Conclusions

The AC compressor model covers the basic mechanics of thensygery
well. The mechanics for calculating the torque have preslipbeen vali-
dated in [HG]. To calculate the refrigerant compressiomestiabatic process
is also a very good model, as can be seen in Figure 4.3. Therdgsaf the
strictly physical system is possible to model by using thelet® developed
in this work. What makes this model incomplete is the lack ofialitative
model of its control mechanisms. The AC ECU and how it costtbé com-
pressor is of vital importance when modelling this devicée Bttempts of
modelling them here are mere guesses of how they controy#ters.

Of the three devices examined and modelled in this work, ltieerator is by
far the most thoroughly treated, and many interesting dteariatics of the
torque signal can be seen in simulations. Simulations givgsod approxi-
mation of the real torque signal as validation shows. It imparably of the
same size at various speeds and battery voltages, andkactsé would ex-
pect in dynamic situations. The interaction with the erigtbattery model is
very good. This makes the alternator model very useful fel®&U function
development it was meant for. Simulations can be made earthe de-
velopment process, which can make development processpkesithereby
saving costs; even making such a project possible. Morgthemodel can
also be used separately for alternator controller devedopm

The power steering pump models can be used to calculate ¢hagestorque,
but since the torque is not controllable from the ECU, it i very useable
for function development. The simple model, which basjcakllculates a
constant torque, is good enough for this purpose. The compdelel though,
can be used for other purposes. Such a use could be in acanatisis. All

of the models are useful for this purpose. The in-cycle dyindmhaviours
of the models are very likely to cause vibrations. Vibra#ibfrequencies
could very easily be extracted from the simulated modelsamn fthe models
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themselves.



Chapter 8

Further Work

This work looks at the dynamic behaviour of the auxiliary ideg, but it
does not look into their behaviour due to dynamics from thgirem The
engine acceleration is at all times assumed to be small éntouge ignored.
This steady state is assumed because of the lack of infmmabout thev
signal. This makes the torque effects due to moment of aeiifficult to
simulate. A solution to this problem would be to have the niodéven by
the engine torque instead of the engine speediMUSINK scheme in Figure
[8.1 illustrates the model structure this would result in.

acc T ® T )
— — angle
z-1 z-1
Engine y
Torque [Nm] ';“”‘ey Inertia Integrator Integratorl
ato Blspeed 1o >

Device
Torque [Nm]

A4

Device Torque
Calculations

Figure 8.1: A suggested new model structure

This would of course make necessary some changes in thengxisodels,
they would have to account for the acceleration of the engine thus to
their own acceleration.

As chaptef 7 says, the AC compressor control mechanism ithaatughly
modelled. A more detailed description of the AC ECU is neassto build
such a model. In a feedback control system like this it is irtgot is to know
what sensors are used, and where they are situated. Thishasnkodelled
the flow through the system and used it to calculate the fluieeponhich has
been used as a control signal. This is only a qualified guekswfit really
works. When the control system has been incorporated intsystem, a full
validation is necessary. To make that validation, a credist of values on
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parameters is necessary. Most of the compressor paranaetep®ssible to
simply measure as geometric distances, but for examplenthke pressure
and release pressure can be harder to measure and coulédlgrobaaken
from product sheets from the manufacturer.

The alternator model has been validated by running it in a $iihulation
enironment, and the dynamic behaviour of the model is asduseiexpected,
however, it is not thoroughly validated. Such dynamic \atiions could be
done to get a better estimation of the model’s validity. Mwer, the static
validation data could be of better quality. Suggested nreasents of the
alternator characteristics are tbhpen- circuit characteristi¢OCC) and the
short-circuit characteristidSCC), described in many books on electric ma-
chinery, for examplﬂéﬂl].

The power steering pump model is in need of both real parametal a thor-
ough validation. The validity of equatioh (4.58) should bstéd by solving
(4.57) for a number of different parameter sizes, includipgeds.
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Notation

Symbols

The following symbols and indexes are used throughout s tThe list
is divided into four parts, one table for global symbols ané ¢or symbols
used in connection with each of the three devices.

F Force N

h  Simulation step-time S

J  Moment of inertia kg m?
T Torque Nm
Ty  Torque from friction Nm
w  Angular velocity rad/s
wy  Frictional constant -

0  Angle of the shaft rad

AC Compressor

A, Areaof asingle piston m?

B Compressor cylinder radius m
C  Constant m?/s?
m, Mass of a single piston kg
N Number of cylinders/pistons -

p;  Pressure in cylinder Pa

p;  Intake pressure Pa

p-  Discharge pressure Pa

r  Cylinder-to-shaft radius m
R, Reaction force from pistohagainst the swash-plate N
VvV Specific volume m?/kg
V;  Instantaneous volume of pistén m?
Ve Geometric displacement volume m?

x;  Translational position of piston m

«  Swash plate tilt angle rad
~v  Constant (spec. heat rel) -
w; Angle of piston: rad
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Alternator

The three armature windings, giving the three phases amtel&by indexes
a, b andc. Indexr implies the rotor. In this section, the angular quantities
0 are electrical, index: denotes their mechanical equivalents.

B Magnetic flux density T

i Current A

l Stator length (at air gap) m
Ly Mutual inductance between windirgandb H
L.,  Stator-rotor mutual inductance H
L,,s Stator magnetizing inductance H

P Number of poles -

r Stator radius (at air gap) m

R Resistance Q

®  Magnetic flux Wb
Ao Magnetic flux linkage of winding Wb

V' \oltage (EMF) Vv

Power Steering Pump

Ay Active area of intake or outlet port m?

by Depth of the pumping chamber m

Cq Orifice discharge coefficient -

Ly Radius of rotor m

Lo Inner maximum radius of pump chamber m

Ly Length from rotor centre to pump chamber wall m

L, Length of vane m

N Number of vanes -

Do Boundary pressure at orifices Pa

D Intake pressure Pa

D Discharge pressure Pa

Q Volumetric flow rate m?/s

R Curve of vane centre of mass -

Vii Hydraulic seal volume, between vahandj, j =i +1 m?

(mod N)

Vi Volumetric displacement m?
Wiya  Hydraulic power w
Wmee Mechanical power W

I} Hydraulic oil bulk modulus Pa

An Angle between two consecutive vangs,/N rad

n Efficiency parametef) <n <1 -

¢1.2,3,4 Angles defining the inlet and outlets of pump rad

p Hydraulic oil density kgh?

0; Angle of vanei rad
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Abbreviations

The following abbreviations were used more ore less fretiydmroughout
the report.

AC Air Condition/-ing
CAN Control Area Network
CFC Chlorofluorocarbon

ECU Electronic Control Unit

EMF Electromotive Force

HFC Hydroflourocarbon

HiL Hardware-in-the-Loop

HPAS  Hydraulic Power Assisted Steering
KVL Kirchoff's Voltage Law

LIN Local Interconnect Network

MiL Model-in-the-Loop

MMF Magnetomotive Force

ODE Ordinary Differential Equation
PWM Pulse Width Modulation

R-134a Refrigerant (1,1,1,2-tetrafluoroethane)
RPM Revolutions Per Minute

SOC State-Of-Charge

TDC Top Dead Center
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