ISTANBUL TECHNICAL UNIVERSITY % INSTITUTE OF SCIENCE AND TECHNOLOGY

VOLTAGE REGULATION OF A VARIABLE-SPEED
PERMANENT-MAGNET SYNCHRONOUS ALTERNATOR
FOR VEHICULAR ELECTRIC SYSTEMS

M.S. Thesis by
Berker BILGIN

Department: Interdisciplinary

Programme: Mechatronics Engineering

JUNE 2008



ISTANBUL TECHNICAL UNIVERSITY _* INSTITUTE OF SCIENCE AND TECHNOLOGY

VOLTAGE REGULATION OF A VARIABLE-SPEED
PERMANENT-MAGNET SYNCHRONOUS ALTERNATOR
FOR VEHICULAR ELECTRIC SYSTEMS

M.S. Thesis by
Berker BILGIN
(518041005)

Date of submission 2 May 2008

Date of defence examination: 10 June 2008

Supervisor (Chairman): Asst. Prof. Dr. Levent OVACIK

Members of the Examining Committee Asst. Prof. Dr. Deniz YILDIRIM

Asst. Prof. Dr. Metin AYDIN (K.U.)

JUNE 2008



ISTANBUL TEKN iK UNIVERSITESI * FEN BiLIMLER i ENSTIiTUSU

ARAC ELEKTR iK SISTEMLER i iCiN DEGISKEN HIZLI
SABIT MIKNATISLI SENKRON GENERATORUN
GERILiM REGULASYONU

YUKSEK L iISANS TEZi
Berker BILGIN
(518041005)

Tezin Enstitiye Verildigi Tarih : 2 Mayis 2008

Tezin Savunuldygu Tarih : 10 Haziran 2008

Tez Dangmani : Yrd. Dog. Dr. Levent OVACIK
Diger Juri Uyeleri Yrd. Dog. Dr. Deniz YILDIRIM

Yrd. Dog. Dr. Metin AYDIN (K.U.)

HAZ IRAN 2008



PREFACE

During my professional carrier in the automotivdustry as an electrical engineer, |
have been both in development stage and the fieldave experienced that,
especially in luxury cars, vehicle electrical sysseare approaching their limits.
Besides, the cost of the hardware and softwareotral the system within these
limits are increasing rapidly.

It is obvious that the future of the automotive ustty is hybrid and electrical

vehicles. However it is not obvious when this twi# come and the new technology
will spread out to the market. | believe that thudbstantial change will take time and
during this time the automotive industry is goigkeep developing and producing
fossil fuel powered vehicles, legislations are gdim keep restricting the industry to
develop more environmental friendly vehicles andtomers are going to keep
demanding more technological vehicles. Therefoog, the near future, vehicle

electrical system should be revised and redesigoedcrease the efficiency and
power density as it has been done in this thesis.

| would like to say thanks to my supervisor AssistRrof. Dr. Levent OVACIK,

who has always been a guide for me to achievethieisis and my friends and my
family, who always supported me during my entiradyrate studies.

May 2008 Berker HLGIN
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ARAC ELEKTR iK SISTEMLER1 ICIN DEGISKEN HIZLI SAB iT
MIKTANISLI SENKRON GENERATORUN GER iLiM REGULASYONU

OZET

Gunumuzde gu¢ aktarimindan konforgeterine, aktif ve pasif guvenlik
sistemlerinden ile§im ve elence arabirimlerine kadar mekatronik ve elektrik
sistemleri otomobil endustrisinin her yerindediryri&ga, kullanicilarin aragtan
beklentileri yikselmekte, yasalar silsi@akta ve ygun trafik nedeniyle motorlarin
disik devirlerde cadma sureleri uzamaktadir. Bu nedenle yillardan ibéryik
degisiklik gostermeyen arac elektrik sistemleri artikidarina ulamistir. Neredeyse
tum arac tiplerinde kullanilan Lundell-tipi altetia teknolojisinin verimi ve bu
teknolojiye uygun gerilim regulasyon sisteminin fpemansi yeni nesil talepleri
karsilayamayacak durumdadir. Sonug itibariyle dahamierve enerji yogunlugu
daha yuksek bir alternator, buna ek olaraki#idevirlerde de gug uretebilecek bir
regulasyon sistemine ihtiya¢ vardir. Bu gala kapsaminda oncelikle geleneksel
arac elektrik sisteminin Ozellikleri incelengtir. Kursun-asit akindn elektriksel ve
elektrokimyasal oOzellikleri aciklanmive sisteme etkisini analiz etmek amaciyla
matematiksel modeli ofturulmustur. Bu model kullanilarak akiniyarj ve degarj
transfer fonksiyonlari elde edilgtir. ilerleyen kisimlarda yeni alternator
teknolojileri incelenmy, bu teknolojilerin 6zellikleri Lundell-tipi alteator ile
kiyaslanmgtir. Sonu¢ olarak otomotiv sektdriintin artan talepiekarsilayabilecek
sabit miknatisl senkron makina dnerigtini Zit EMK’s1 sistem geriliminden yuksek
olan sabit miknatisli senkron makinalarda akimjrd@sgisiklerinden énemli 6lctide
etkilenmez ve bu durumda alternator sabit akim &gwyolarak modellenebilir. Bu
nedenle, gerilim regulasyonu icin anahtarlamalgrdibucu 6nerilmg ve o6zellikleri
incelenmgtir. Farkh hiz, elektriksel yuk ve akgar] seviyesi durumlarinda sistem
gerilimi sabit olmasi gereld@inden, kapal c¢evrim kontrol sistemi tasarimi
yapiimstir. Bunun igin Ozellikle sistemin agik ¢evrim tsder fonksiyonu akunun
sarj durumuna gore hesaplargim. Sonug itibariyle bir PI kontrol6r tasarlanymie
yapilan simulasyonlar farkli devir, elektriksel yike akl sarj seviyelerinde
tasarlanan kontrolorin sistem geriliminshayla regule etgiini gostermgtir.

Xi



VOLTAGE REGULATION OF A VARIABLE-SPEED PERMANENT-
MAGNET SYNCHRONOUS ALTERNATOR FOR VEHICULAR ELECTRI C
SYSTEMS

SUMMARY

At present, from powertrain to active and passigeusty systems, from comfort
systems to communication and entertainment intesfamechatronic and electrical
systems are everywhere in the automotive induiegides, customer expectations
are growing, legislations are getting stringent ded¢ause of heavy urban traffic
conditions idle time fraction of vehicle’s totalattel is increasing. Therefore,
conventional vehicle electrical system is appraaghis capability limits, which
hasn't been changed substantially for years. Théci&fcy of Lundell-type
alternator, which is used almost in all types ohigkes, and the voltage regulator
performance of this technology are not able to cemspte next generation demands.
As a result, a new alternator, whose efficiency anergy density is greater, and also
a voltage regulation system, which can produce poswen at low speeds, are
required. In this study, first the properties ofigentional vehicle electrical system
have been introduced. The electrical and electroctad properties of lead-acid
battery have been explained and in order to analtgweffect on the system, a
mathematical model has been derived. By usingrtioslel, transfer functions for
charge and discharge processes have been calculatetthe next stage, new
alternator trends have been introduced and compeitd_undell technology. As a
result, a permanent magnet synchronous machinbd®asproposed, which can be a
long term solution to supplying the increasing tleal power demand of
automotive industry. The output current of permanmagnet alternators, whose
back-EMF is greater than output voltage, will netdignificantly affected by speed;
hence alternator can be modeled by a constantntusaurce. Therefore, for the
voltage regulation a switched-mode rectifier hasnbproposed and its operational
properties have been discussed. Finally, a closegd-Yoltage regulation system has
been designed, because the system voltage showysabe constant for variable
speed, electrical load and battery state-of-chaayelitions. The open-loop transfer
function has been calculated as a function of batstate-of-charge and a PI
controller has been designed. Simulations givethénlast chapter shows that, the
designed controller regulates the output voltagecessfully at various speed,
electrical load and state-of-charge conditions.

Xii



1. INTRODUCTION

In order to supply electric power in a motor vedjchn efficient energy source and
reliable electrical system is required. Generakliyicle electrical system consists of
an alternator, which is the on-board electricitpgmting plant when the engine is
running, a battery, which stores the electricityl amanks the engine to start it, a
voltage regulator and a number of electrical coressmThe block diagram of a

vehicle electrical system is given in Figure 1.1.

Electrical
Battery Loads Alternator

Figure 1.1: Block diagram of a vehicle electrical system

Using the electricity stored in the battery, théigke engine is started by the starter
motor and once it's running the related controltudetermines its operating

conditions.

When the engine is running, the alternator suppl@ser which should be enough to
feed the electrical consumers and charge the patidre voltage level of the
electrical system is dependent on the alternabtaretore the engine speed, and the

current drawn by the electrical consumers and #tiety as well.

If the consumers that are switched on create a&iangrrent draw than the amount of

power being supplied by the alternator, the eleakrsystem voltage level drops to



the battery voltage level and the battery is disgpbea accordingly. In order to create
a balanced electrical system, the alternator, #teety and the electrical loads should

be correctly matched with each other, so that th#ely is always charged
sufficiently.

The electrical loads need a stable supply voltege example for light bulbs, voltage

tolerance must be kept tight so that the bulbdifd light output are within specified
limits [1].

The voltage regulator prevents the voltage risingva a certain level if the possible

alternator currentlc is greater than the sum of the load currbpénd the battery
current,lg as shown in Figure 1.2.

A

Battery Battery
Discharging Charging

Current

no

Alternator Speed

Figure 1.2: Relationship between alternator output currentlaad current [2]

The engine, the alternator, the battery and thetredal loads should be considered as
an interrelated system. The total input-power neuents and the individual driving

conditions have decisive importance with regarthtloading of the alternator and
the battery [1].



As shown in Figure 1.3 the speed at which the radter is driven, hence the
alternator output current, varies with the operatad the vehicle. Performance of
voltage regulator and efficiency of alternator dadtery are getting more important,
because over the last decade many electrical loads been continuously added in
vehicles to meet various regulations and custongnahds. Also the idle time
fraction of the vehicle’s total travel has beenr@asing because of the heavy urban

traffic conditions [3].
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Figure 1.3: Cumulative frequency of engine speed in urbanfeselvay driving

1.1 Conventional Alternator

The task of the alternator is to supply energyiltewarent-consuming loads and is to
provide the current that is sufficient to charge battery in a normal driving cycle.
The alternator is driven directly from the engina V-belts. As the efficiency of the
alternator increases with rotational speed, a bajiversion ratio between the engine
crankshaft and alternator is required. For passerags, typical value is between 1:2

and 1:3. [2]



The most common automotive generator in the mak@dy is the Lundell-type
machine [4]. Lundell-type machine is a three-phasdient pole electrically
magnetized synchronous generator. A design pictretypical Lundell-type

alternator is shown in Figure 1.4.

Figure 1.4: A design picture of Lundell-type machine [5]

Because of the shape of the magnetic poles ofltbnator, Lundell-type machine is
also designated as “claw-pole alternator”. The bppositely-poled pole halves are
attached to the rotor shaft and the claw shapes Ipaf fingers mesh with each other

in the form of alternating north and south polds [1

1.1.1 Output Voltage Regulation

Initially the alternator generates alternating euotr But in order to power the
electrical equipment of the vehicle and to chalge liattery, which are designed to
be operated with DC voltage, the alternating currehould be rectified.

Furthermore, the voltage output should be kept @sstant as possible and the
battery should always be charged across the coenpdeigine speed range,

independent of load conditions of the alternator.

Figure 1.5 shows the circuit diagram of a Lundglie machine’s voltage regulator.
The AC voltage produced by the alternator is retifby a three-phase bridge

rectifier. Lundell-type machine is an electricaityagnetized synchronous machine,



thus the excitation current is produced by a hafsvrectifier and is connected to

the armature winding.

T30

[ ]

Figure 1.5: Circuit diagram of the voltage regulator of a Laelidype machine [1]

The rectifier diodes prevent the battery to getlisged through the three-phase
armature windings. Since, with the engine stopjedyhen it runs too slowly for
self-excitation to take place (e.g. cranking), withthe diodes, current would flow
through the armature windings. Nevertheless, whenatternator voltage is zero or

low with respect to battery voltage, rectifier désdare reverse biased [2].

With the engine running, the voltage level of thehicle electrical system is
dependent on the alternator itself, thus the atermcan be regarded as a standalone
power generator. Presuming constant excitatioreatirthe alternator output voltage
varies with the alternator speed and load currenstown in Equation (1.1). The
electrical angular frequenay. is proportional to the alternator mechanical speed
and the number of pole pairs,

V, =k, i, -1, R, (1.1)



p Ch
60

w, =21 2 (1.2)
The voltage regulator is mounted inside the altem@gether with the brushes and
controls the level of excitation current, therefdhe strength of rotor's magnetic
field by applying a high frequency switching asuadtion of the output voltage. If
the voltage exceeds the specified value, whichiaited by international standards as
14V in a vehicle equipped with a 12V battery, tegulator interrupts the excitation
current. Excitation becomes weaker and the alternailtage drops as a result. As
soon as the voltage drops below the specified yahgeexcitation current is applied

again. The process of the voltage regulation isveho Figure 1.61].
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Figure 1.6: Voltage regulation in a Lundell-type maching>(m)

The characteristic curve of a vehicle alternatoshswn in Figure 1,7where the
output voltage is already regulated to 14V by th#age regulator. Maximum speed
of the alternator is limited by the rolling bearsngnd the carbon brushes as well as

by the cooling fan mounted to the rotor shatft.



120

100

80

60 -

Alternator Current [A]

40

20

| |

Il Il Il
0 3000 6000 9000 12000 15000
Alternator Speed [rpm]

Figure 1.7: The characteristic curve of a Lundell-type machine

1.2 Lead-Acid Batteries

The battery is an integral part of vehicle eleetrisystem. It cranks the engine by
means of powering the starter, stores the elet&iwargy produced by the alternator
with the engine running and meets the transienkslewt takes a few seconds the
alternator to meet the high current requiremeneadtacid battery is a secondary
battery, where charge-discharge process is eskgméaersible. The characteristics

of a lead-acid battery cell are given in Table 1.1.



Table 1.1:Characteristics of a Lead-Acid Battery Cell [6]

Anode Pb (Metallic Lead)
Chemistry Cathode PbO, (Lead Dioxide)
Electrolyte H,SO, (Diluted sulfuric acid)
Nominal 2.0
Open Circuit 2.1
Typical Cell Voltage [V]
Operating 2.0-1.8
End 1.75
Wh/kg 35
Energy Density (at 20°C)
Wh/L 70
Self-discharge rate Sb-Pb 20-30
0 0
(% loss/month at 20°C) Maintenance Free 2-3
Calendar Life (years) 2-3
Life
Cycle Life (cycles) 200-700
Operating Temperature [OC] -44 to 55

In automotive applications, generally lead-acidtdyégs are been used. This is
mainly because of its high energy density, low rmé resistance, wide range of
operating temperature and low manufacturing coBissides these advantages,
limited energy density, poor charge retention, la€lstorability and low cycle life

relatively to other secondary batteries are linoteg of lead-acid batteries [6].

1.2.1 Electrochemical Process

Just like every other battery, lead-acid batteryweots the chemical energy
contained in its active materials directly into attecal energy by means of an
electrochemical oxidation-reduction (redox) reacti®his type of reaction involves
the transfer of electrons from one material to heothrough an electric circuit [6].



The total electrochemical reaction is shown schma@t in Figure 1.8. In a

discharged cell, both electrodes are lead sulfb&SQ) and the electrolyte is dilute
sulfuric acid, where 17% of the electrolyte is pawfuric acid (HSO,) and 83% is

water (HO). To charge the lead-acid cell the poles are eciea to a DC source,
whose voltage is greater than the battery voltdyges the introduced energy forces
the cell to be charged by drawing the electronsnfitbhe positive electrode and
transferring to negative electrode. As a resultlwdrging process the number of
hydrogen and sulfate ions in the electrolyte areiased, thus fresh sulfuric acid
(H2SQy) is formed and electrolyte density increases (3tHuric acid-63% water).

When charging is completed lead sulfate (PHS& the positive electrode has

converted to lead dioxide (Pband at the negative electrode to metallic ledd).(P

If a lead-acid cell is overcharged electrolyte écamposed, resulting formation of
oxygen at the positive plate and hydrogen at thgatnee plate, which is called

gassing and this reaction results with the lossaier: H,0 -~ H, +10, [6].

If a load is connected between the poles of a &adl-cell, electrons flow from the
negative pole to the positive pole, because ofptitential difference. At the end of
the discharging process lead sulfate (PhS©formed on both electrodes and pure
sulfuric acid content of the electrolyte decreades;ause oxygen atoms released
from the positive electrode diffuse to the elegtt® whereas bivalent negative
sulfate ions go to both electrodes [1].

Total reaction on both electrodes is as followsscbarge reaction takes place

reversely:

Negative electrode:
Pb* +2e” O "M'EIY — Pb

PbSO, O 'Y . Pb*" + S0,
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Figure 1.8: Overview of electrochemical reactions in a leadiduattery cell [1]




1.2.2 Performance Parameters of Lead-Acid Batteries

1.2.2.1Capacity and Discharge Current

The capacity of a battery is defined as the amotiecharge that can be drawn for a
length of time before the battery discharges, wiscimeasured in units of Ampere-
hours (Ah). The length of discharge does not lilyedecrease with the increasing
discharge current, because relationship betweeawhiable capacity and discharge
current is nonlinear, due to the electrochemicapprties of lead-acid battery. This
nonlinear relationship is given by Peukert equation

Q=KO" (1.3)

Where Q is the capacity in AhK and n are Peukert constant and exponent
respectively and is the discharge current in Amperes. Equation)(@h®ws that the
higher the discharge current is, the lower aredked energy available and delivered.
Figure 1.9 shows the discharge profile of an autoraobattery for different

discharge rates.

Cell Voltage, V

Hours of discharge

Figure 1.9: Discharge curve of a lead-acid battery for varidissharge rates [6]

The Peukert effect shows itself in the electrocloamprocess. At higher discharge
rates the electrolyte in the pore structure of pletes becomes depleted and the

electrolyte cannot diffuse rapidly enough to mamtdoe cell voltage. Intermittent
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discharge allows time for the electrolyte to reaiate, or forced circulation of the
electrolyte will improve high-rate performance [6].

1.2.2.2State-of-Charge

State-of-charge (SOC) is the amount of current tthatbattery can still deliver after
a period of discharge or charge. As described ot1i@e1.2.1 the electrolyte density
increases as the battery is charged, thus it isilplesto understand SOC by

measuring the electrolyte density.

Table 1.2:Electrolyte Density of a Lead-Acid Battery in kgt Different SOC [6]

State-of-Charge Automotive Electric-Vehicle Traction Stationary
Battery Battery Battery Battery
100% (full charge) 1.265 1.330 1.280 1.225
75% 1.225 1.300 1.250 1.185
50% 1.190 1.270 1.220 1.150
25% 1.155 1.240 1.190 1.115
Discharged 1.120 1.210 1.160 1.080

The open circuit voltage (VOC) of a lead-acid hattes another parameter to
measure SOC, because at constant temperature V@Cfuaction of electrolyte
density as shown in Figure 1.10. Therefore, theniteal voltage of the battery is
strongly dependent on SOC.

12
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Figure 1.10:Open circuit voltage of lead-acid cell as a fumetof electrolyte
density [6]

1.2.2.3Effect of Temperature

The temperature at which the battery charges ahdrges has a strong effect on the
battery parameters. The lower the temperaturehes stower the chemical reaction
takes place and the higher the internal resistaswéhe power loss gets. Figure 1.11

shows the typical discharge curves for the lead-eell at various temperatures.

21

20

1.9

Cell voltage, V

18

17k -40°C 20°c  0°C 25°%

Hours of discharge

Figure 1.11:Discharge curves of a lead-acid battery at variteageratures [6]
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1.2.2.4Self Discharge

A lead-acid battery looses its capacity during epiecuit stand, which is called self-
discharging. This loss is more severe with batsewhich use antimonial lead grid
alloys (PbSb) in the positive plate [6].

Antimony (Sb) is a hardener, which provides thal lptates the strength needed to
withstand the operation in the vehicle. Howeverjrduthe battery’s service life the
antimony is increasingly separated out due to pesdrid corrosion. This causes at
first an increase at the self-discharge of negagtia¢e and reduction at the gassing
voltage; than an increase at water consumption feradly rapid discharging. In
maintenance-free batteries, antimony is supprelsgazialcium (Ca), which prevents
negative-plate poisoning and thus self-dischargikggure 1.12 shows the
comparison of open-circuit stand loss of lead-datteries with different lead-grids

[1].

1.2.2.5Internal Resistance

The internal resistance of a battery is the surthefcontact resistance between the
electrodes and the electrolyte (polarization rasist), resistance of electrodes

100

Calcium-lead grid (no Sh)

Low antimony grid (<3% Sh)

% Power retained

Standart grid (4% Sh)
60 —

| l
40 80 120 160 200

Days in storage at 25°C

¥}
=

Figure 1.12: Capacity retention during stand or storage 8€J6]
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against the electron flow, the resistance of ebdyte against flow of ions and the
resistance of cell connectors [2]. Internal resistéavaries with SOC; therefore

electrolyte density (Figure 1.13).

3.500
c \
g
g 3.000
8
4 2.500
K
2.000 T

1.150 1.250 1.200
Electrolyte density, kgl

Figure 1.13:Internal resistance of a lead-acid battery duriisglthrge [6]
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2. MATHEMATICAL MODEL OF LEAD-ACID BATTERIES

The relation of the operational performance of adiacid battery with capacity,
state-of-charge, temperature and the status ofretexs and electrolyte was stated in
the previous chapter. In order to analyze the hehaf a lead-acid battery within
the vehicle electrical system, it is necessary todeh these electrochemical
parameters by means of electrical elements (egstamce, capacitance, voltage
source, etc.) and to derive an equivalent cirdnithis chapter literature overview of
lead-acid battery models and the model that has bsed in this study is going to be
introduced.

2.1  Simple Model

Figure 2.1 shows the simple model used for lead-hatteries, which is constituted
by a constant resistance and an ideal voltage saarseries. The ideal voltage
source expresses the open circuit voltage of thterlgawhereas the resistive element
the internal resistance. But as stated in Secti®r? the internal resistance and VOC
is highly dependent on SOC and electrolyte conaéntr, which makes the battery

behavior nonlinear.

S B y

Figure 2.1: Simple model of lead-acid battery

2.2  Thevenin Model

Thevenin model of a lead-acid battery, which isvaman Figure 2.2, is another

common model and is more detailed than the simptelahn In this model R
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represents the internal resistance,tl@ over voltage capacitance andtRe over-
voltage resistance. In Thevenin battery model thauit elements are not functions
of SOC and discharge rate.

Figure 2.2: Thevenin model of lead-acid battery

2.3 Nonlinear Dynamic Model

The equivalent circuit of a nonlinear mathematioaldel of lead-acid battery, which
has been proposed in [7], is shown in Figure 2t8s Todel takes into account self-
discharge, battery storage capacity, internal tast®, over voltage and
environmental temperature.

C. is the over voltage capacitance l@attery capacity glbattery current,plparasitic
branch current, R charge over-voltage resistance;qRlischarge over-voltage
resistance, Rself-discharge resistancescfititernal resistance for chargeygfhternal
resistance for discharge, gVbattery voltage, VOC open circuit voltage. The
resistances are nonlinear functions of VOC and $D¢.

Ci
I
1l
él - |
Rec <— . < |
——— Ric
lo Rsd -
Rig T
CB —_— VOC Rp Ve

Figure 2.3: Nonlinear dynamic model of lead-acid battery
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Figure 2.4: Capacity curve for nonlinear dynamic model of et battery

Although this model represents the nonlinear charestics of the lead acid battery,
the capacity, which is determined via an evaluatedre as a function of VOC
(Figure 2.4), can only be modeled as a mathemafigattion using various
mathematical parameters, resulting a complicatétktyamodel. The curve should
be chosen such that the area under the curve gquaisty.

In [8] another nonlinear dynamic model of lead-agattery is proposed, where the
parasitic branch and some elements are expresdbdewipirical functions. The
equivalent circuit of the proposed model is showfigure 2.5.

In this model the energy that enters to the pacdsianch, between the nodes P and
N, abandons the state of electric power and is @ded into other forms of energy.

Cq
! I I P
B
< I L I |
- Rs Ro
R4 T
T voc lp(Ven) Ve
|
N

Figure 2.5: Nonlinear dynamic model of lead-acid battery wilrasitic branch
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For instance, the parasitic branch models the waéetrolysis that occurs at the end
of charging process. The main branch of the madelantified by analyzing the step
response, which is measured at different valu&Q€ and electrolyte temperatures.

Together with SOC, in this model, a new term calkikgpth of charge (DOC) is
defined and the equations of some elements areetkby using this term. Depth of
charge is the measure of discharge rate and showdutl the battery with reference
to the actual discharge regime is.

This model mainly represents the characteristicsaolead-acid battery during
charging process. The formula of parasitic branaent is a nonlinear function of
electrolyte temperature and battery voltage. Thigdeh is not suitable to be
simulated in MATLAB/Simulink by using SimPower Sgats. It is better to simulate
by using state-space representation, where thesséa¢ the current flowing through
the resistor R the battery charge level and electrolyte tempeeat

2.4  Selected Model

In [9] a new dynamical model of a lead-acid batteag been proposed, where the
maximum available energy, which is a nonlinear fiomcof discharge rate and SOC,

is expressed in a look up table relative to théelpbpen circuit voltage. This model

takes into account battery storage capacity, iatemesistance, self-discharge

resistance, the electric losses and dependenaarpetature.

Ve

ls —>voc(®) RPI

Figure 2.6: Equivalent circuit of dynamical model of lead-abattery

The equivalent circuit of this model (Figure 2.6)viery similar to the one given in
Section 2.3, distinctly VOC is represented by aage source, which is dependent
on discharge currengs,| the energy drawn from the batteryysEand the battery

temperature T. The block diagram of the algoritlondetermine the open circuit
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voltage is given in Figure 2.7, whergrepresents the battery curreng Me output
voltage, Eax maximum available energy, T temperaturgnado.r temperature
corrected maximum energy,.£energy drawn in discharging or transferred in
charging, E energy left in the battery, VOC open circuit vgka

0

Source

Vs Is Controlled
Voltage
E

Maximum Energy [J]

charge/discharge

o Eci=IVe'ls dt
% v+ % VOC
Battery Current [A]

Ec
] [

Emax,cor

m
LL

Open Circuit Voltage (VOC) [V]

Energy left
EL=Emax.cor'Ecd

@EL

EL

g

Battery Capacity [%]
8

6 08 1 iz 14 16 18 2
Remaining Energy (EL) [Ws] X0

Emax,cor

SOC=

5 30 35 a0 E
max,cor

Figure 2.7: Algorithm to determine the open circuit voltage

Internal Resistance - Discharging [ Q]

I I I I I
11 11.2 11.4 11.6 11.8 12 12.2 12.4 12.6 12.8
Open Circuit Voltage (VOC) [V]

0 1 1 1 1

Figure 2.8: Internal resistance during discharging ffRsq)
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Figure 2.9: Internal resistance during charging {RRso)
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Figure 2.10: Self-discharge resistanceyfR

As stated in Section 1.2.2.5, the internal resttais a function of open circuit
voltage, therefore battery’s state-of-charge. Thmaracteristics of the internal
resistances and self-discharge resistance are diglw. The internal resistance
depends on the direction of current flow, which iesrdue to charging and
discharging processes.

The model is simulated in MATLAB/Simulink. For comments of equivalent circuit
SimPower System blockset, for the algorithm (Fig@ré) and circuit resistances
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look-up tables are used. The simulation results”gf5A and 10A discharge tests are
given below.
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Figure 2.11:Voltage-time characteristics at 1A discharge
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Figure 2.12:Voltage-time characteristic at 5A discharge
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Figure 2.13:Voltage-time characteristic at 10A discharge
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Figure 2.14:Voltage-time characteristic 10A discharge % @nd 48C compared to
standard condition discharge af@5

The effect of temperature was analyzed with a 10Astant current discharge in
different temperatures. The simulation result af tamperature effect is shown in
Figure 2.14.

The charging characteristic of the battery is sated by connecting the battery to a
constant 14V DC source and measuring the outptagelin a SOC range of 10% to
100%. The simulation results are shown in Figul&2.
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Figure 2.15: Current-SOC characteristic at 14V charging
2.4.1 Mathematical Analysis of the Lead-Acid Battery Modé

The introduced lead-acid battery model is goindp¢éoused in the simulation and
control system design of a vehicle electrical systéherefore the mathematical
analysis and transfer function of the model shob&l derived. The battery's

equivalent circuit, the change of its resistandesgwith the open circuit voltage

and the algorithm to determine the open circuittage has been introduced
previously. Note that the self-discharge resistafzeis connected in parallel with

the open circuit voltage and as shown in Figure) 4t& value is very high as

compared with the internal resistances (Figurea®d Figure 2.9). This causes a low
voltage drop on the self-discharge resistance. iecaf that, in the linearization

process the self discharge resistance is neglected.

2.4.1.1Charging Transfer Function

The change of the battery current under constdidg® charge was shown in Figure
2.15. The charging transfer function should exptheschange of the output current
under a specific terminal voltage and SOC. Thelbltiagram of equivalent circuit
for charging process is shown in Figure 2.16.
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Figure 2.16:Block diagram of battery equivalent circuit foraching process

The equations driven from the block diagram arfobews:

V, =VOC -V, -V, (2.1)
VS
IB:RSCZIC1+IR1C (22)
| = (2.3)
Ric
1
Vl = IClEl (24)

C, is a constant capacitance whose value is 250mé&.stim of the resistancesdR
and Rc represents the charging internal resistance ob#tiery and their values are
equal, therefore:

Re =Re =Re (2.5)

By using these equations the relationship betwéenbittery voltage and battery
current is derived as follows:
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S+

1 RG (2.6)
Rc s+ 2

l5(s) = (vOC -V (9))

As stated in Section 1.2.2.2 and Section 1.2.2dbstiown in Figure 1.10 and Figure
1.130pen circuit voltage and internal resistance apeddent on SOC.

Note that, in Equation (2.6) the sign of resulthattery current is negative. This is
because, with the negative signed charging curtkatcharge of energ¥.q, which

is calculated by the algorithm given in Figure 4s/negative. Therefore the energy
left, E, is going to increase signifying the charge up efibhattery.

If SOC was regarded as an input of the transfectfan, then the system would be
multi-input single-output system, where the inputsre the battery voltage gY,
state-of-charge (SOC) and the output was the lyatt@rent (k). So, the general
form of the transfer function would be as follows:

15(8) = G (S)SOC(s) + G, (5)V5 (8) (2.7)

Assume that the relationship between the openitivoltage, internal resistance and
the state-of-charge was linearized and expressedtemnsfer function. Then VOC
and R, given in Equation (2.6), could be written witkethown transfer functions:

VOC(s) _
Re(8) _
s0C(s) Gy (8) (2.9)

If Equation (2.8) and Equation (2.9) were impleneehtvithin the main transfer
function, then Equation (2.6) would be:

1
S+
14(9 = (6u(9500(9 ~Vy (9) =50 C2(9F (2.10)
> 6,,(990C(5C,

However, it is not possible to linearize EquatiéhlQ) and derive a multi-input
single-output system as shown in Equation (2.7)cotinearize the relationship
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between VOC, R SOC and to derive proper transfer functions asvsehin Equation
(2.8) and Equation (2.9). In order to linearly amal the model, therefore, the
transfer function of the battery model should balyred as a single-input single-
output system, where the open circuit voltage pible, zero and gain of the transfer
function are evaluated for a given value of SOC.

As a result Equation (2.6) should be rewrittendi®ws:

1
S+
1(9= (095 Y% )5~ 5c C2(9F (2.11)
> G,(950C(5)C,

Equation (2.11xshows that the battery current is negative; theeefbe battery is
going to be charged, when the battery voltage,is/greater than the open circuit
voltage. The change of the current varies withitiernal resistance, therefore SOC.
The change of gain, zero and pole of the transfiectfon is shown in Figur.17.
The change of open circuit voltage as a functiorSGIC is also shown in Figure
2.18.
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Figure 2.17:Change of gain, zero and pole of battery chargiagsfer function

27



12.6

12.41- N

Open Circuit Voltage [V]
= = =
= [ N N
© N = N
T T T T
L L L L

[

=

©
T
I

-

I

\,
T
I

i i i i i i i i i
10 20 30 40 50 60 70 80 90 100
State of Charge [%)]

o

Figure 2.18:Open circuit voltage-SOC characteristic of leadidmattery model

2.4.1.2Discharging Transfer Function

Discharging characteristics of the battery modekehaeen derived by monitoring the
battery voltage at different current rates. In casit to the charging model,
discharging model should express the change ofubutpltage under a specific
discharge current and SOC. The block diagram oivatgnt circuit for discharging
process is shown in Figure 2.19.

Following the same method used in Section 2.4.f€l relationship between the
battery current and battery voltage is derivedodlews:

v
py)
8

Vsc

VOC

IR1c

Ric

Figure 2.19:Block diagram of equivalent circuit for dischargiprocess
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R
Vg (8) =VOC goe) = 15(S) Ry b(soc) (2.12)

Equation (2.11) and Equation (2.12) state thattthesfer function derived for the

charging process represents the admittance of dtterp, whereas the discharging
process represents the impedance. These findimgduce that the impedance of the
battery is characterized with the discharging tesise and the admittance with the
charging resistance.
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3. PERMANENT MAGNET SYNCHRONOUS ALTERNATOR

The number of electrical loads even in a convealimehicle is increasing rapidly,
with the use of many electrically powered systesugh as power windows, power
steering, power brakes and so on. This ends uptivtmeed of a vehicle electrical
system with high efficiency and high power densitfere low fuel consumption
and exhaust emissions should also be considered.

In the automotive industry the Lundell-type machiwhich was described in detail
in Section 1.1, has been used for years, but treasing power demand is close to
the capability limits of the Lundell technology [10hus, in a few years, it will not
be possible to handle the increased loads with &llutigbe machine especially at
idle speeds.

3.1 Vehicle Alternator Trends

As stated in [4], Lundell-type machine is commonked because of its relatively
long operational life and its claw-pole rotor desigvhich makes it easy to produce
with low manufacturing costs. But its efficiencylesv especially at low speeds and
the output power is limited.

In [4] some other electrical machine technologiesbe used as alternator in
automotive application were compared:

Lundell Type:
» Comparatively low cost
* Relatively easy to manufacture
» Acceptable operational life
* Low efficiency

e Limited in output power
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* Approaching the end of its life cycle due to itsweo limitations and the
effect of its low efficiency on fuel consumption

» High rotor inertia tends to aggravate belt slip
DC Generator:
* Not expensive
» Efficiency is not better than the Lundell type
» High length to diameter aspect ratio
« Commutator and brushes must carry full output eurre
* Armature speed is limited by inability to retairetivindings
* Requires more maintenance than Lundell type dingteer brush wear

* Use of a cutoff relay or semiconductor to preveiscluarging the battery
through the generator

* Housing the regulator inside the machine will behallenge
Induction Alternator:
* A reactive power source should be used for thet&xan current
» Efficiency will be higher than the Lundell type
» Stator will be similar to the Lundell type in designd manufacture
* Rotor will be laminated with an aluminum squirrage cast into the slots

* Inertia can be lower than the Lundell permittingrenpower to be generated
without belt slip

* Length to diameter ratio is not as limited as tlhwdell type so power can be
increased to some degree by increasing the lengthdd diameter

Switched Reluctance Alternator:
» Efficiency will be higher than Lundell type

* Brushless
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» Stator will be similar to the Lundell type in designd manufacture
* Rotor is solid steel with poles

* Inertia can be lower than the Lundell type permgtimore power to be
generated without belt slip

* Length to diameter ratio is not limited as the Lelhdype so power can be
increased to some degree by increasing lengthdiudiameter

* Would create more noise than induction alternator

3.2  Permanent Magnet Synchronous Machine

3.2.1 Properties of Permanent Magnet Synchronous Machinas Alternator

Permanent magnet synchronous machine (PMSM) offeaay advantages as a
vehicle alternator. These advantages were discussgill] and compared with
Lundell-type machine:

The output power of PMSM is greater than the Lulple machine for the same
speed and volume, because its reactance is loveetodine low permeability of the
permanent magnet material compared with iron. PM&M achieve an optimum
level of airgap flux density with a relatively thmmagnet mounted on the hollow,
lightweight rotor, whereas Lundell-type machineuiegs more field ampere turns to
reach this flux density, because of its inefficiestor magnetic circuit. But the space
available for the field coil is limited to achiethese ampere turns, because the
ability to dissipate the heat generated becomespartant restriction.

Because the flux path per pole is completed withiradial plane, the need for an
axial flux carrier in a PMSM is eliminated, such @® steel shaft and core in
Lundell-type machine, which have to be sized taycé#ne entire flux of all poles.

Also the field coll, slip rings and brushes aremahated, resulting a lightweight,
maintenance-free and compact machine [11].

In a PMSM the magnetic field is produced by the nsg, which results in a
relatively lower rotor copper loss. The rotor sagas smoother, which, as a result,
produces less windage loss and less windage nsissompared with claw-pole
configuration of Lundell-type machine. Due to lowagmetic permeability of the
magnets, the loss at pole face, caused by stawtiingl is less than that of the
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Lundell-type machine in the solid steel poles. With use of powerful magnets, it is
possible to design a PMSM with optimum flux levalie to its effective magnetic
circuit. As a result the required voltage can beegated with lower number of stator
winding turns, which, thereby, means lower stampper loss. Unlike the Lundell-
type machine, length-to-diameter ratio is not ladit therefore, it is possible to
increase the efficiency in PMSM with a longer maehif the machine diameter is
constrained by the space available [11].

The simple rotor construction of PMSM has a muchkelioinertia than the one of a
Lundell-type machine. Also, a high degree of maaufiang flexibility can be
provided by the nature of its two-dimensional radmagnetic flux path. Therefore,
different machine ratings for different vehiclesnche achieved by varying the
machine length at the same diameter.

Although overall manufacturing cost of PMSM, be@ws$ control electronics and
assembly, will be higher than induction, switchede® reluctance and Lundell-type
machine. It is possible to reduce it by minimizittlge manufacturing tolerances,
because PMSM is less sensitive to airgap variatidne to its low magnet
permeability. Low magnet permeability also reduc#se magnetic noise
considerably, particularly under load [11].

3.2.2Comparison between Lundell-Type Machine and Permamd Magnet

Synchronous Machine

In [12] an electrically magnetized synchronous nrael{EMSM) without slip rings
was proposed and its performance was compared avitdial PMSM of similar
form and size.

It was identified that PMSM of similar size delieer %17 more torque, but %42
higher current. Torque to weight ratio was caladads 1.06 Nm/kg for EMSM,
whereas 1.78 Nm/kg for PMSM. It was also stated tha torque ripple in PMSM
was four times and the leakage %16 smaller thathénelectrically magnetized
synchronous machine. Table 3.1 shows the weight paoson of machine
components. It was shown that PMSM is lighter tRMSM.
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Table 3.1: Weight Comparison between Electrically Magnetidgtdchronous
Machine and Permanent Magnet Synchronous Machije [1

Component | Electrically Magnetized Permanent Magnet | Difference

Synchronous Machine | Synchronous Machine (%)
Stator yoke 34.5 kg 25.2 kg 26.95
Rotor 11.5 kg 22.6 kg -96.52
End-plates 31.7 kg 3.0 kg 90.50
Stator coils 14.9 kg 18.7 kg -25.50

Rotor coils 9.4 kg - -

Magnets . 1.9 kg -
Shaft 6.4 kg 6.4 kg 0.00
Total 108.4 kg 77.8 kg 28.22

Regarding these findings PMSM can be a long terfatisa for the increasing
electrical load demands of automotive industry vétbetter efficiency and without
increasing fuel consumption and weight. In thisdgttPMSM is used for the
electricity generator of the system.

PMSM is typically constructed with the magnets @t&d to the rotor, and a three
phase winding in the stator core. As stated ini&ect.1.1, the output voltage of a
Lundell-type machine varies with speed and exataturrent, which is adjusted due
to load demand. In PMSM the conductance of the miag poor that the flux
produced by the stator currents does not inducteag®lon the magnets. So the
mutual inductance between stator and the magnes, the magnet current is zero.
Therefore, permanent magnets can be modeled asstanbflux linkage source with
constant value [13]. As a result the output volta@MSM is directly dependent on
speed.

There are mainly two kinds of PMSM: for a saliemayio of unity, the machine is
called surface mounted permanent magnet. For ansgliratio exceeding two, the
machine is called interior permanent magnet machmehich embedded magnets
are used as shown in Figure 3.1. Since the intp@omanent magnet machine is a
type of salient-pole synchronous machine, eachhefd- and g- axes equivalent
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circuits is characterized by a different value ¢&ter inductance, d and L
respectively. One of the features that sets theriort permanent magnet machine
apart from classic wound-field salient pole synclmas machine (such as Lundell-
type machine) is the fact that the d-axis induatamc interior permanent magnet
machine is less than that of the orthogonal g-akéxause of the low magnetic
permeability of the permanent magnets [14]

(a) (b)

Figure 3.1: (a) Surface Mounted Permanent Magnet Machinén(bjior Permanent
Magnet Machine [15]

3.2.3 Characteristics of Permanent Magnet Synchronous A#rnators

In [16] the feasibility and application of PMSM ia stand-alone electricity
generation system was reviewed. Also, modelingesfifanent magnet synchronous
machines is analyzed in [13].

The permanent magnets should efficiently be usedidh a structural design that the
operating point of the magnetic material (i.e. fldensity) and magnetic field
strength are at their maximum energy productiomtgsoiFor a particular airgap and
magnet geometry the flux densiB§; and the field strengtiH,, in the magnet are
related by:

B, a,l,
— = ~H 2 (3.1)

In case of magnets mounted adjacent to the airggam surface mounted permanent
magnet machines, air gap areg,and the magnet cross section aaare equal.
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But for embedded magnets, as in interior permanegnet machines, they are in
general not similar.

Equation (3.1) thus defines the path of loadingolwhiepresents the operating point.
The operating point is the intersection of the lbad and the demagnetization recoil
line which is shown for Alnico 5 and samarium-calmbagnets in Figure 3.2. It is an

effective design when the intersection is on th&imam energy hyperbola for the

particular magnet material.

I ; v <1.2
| ! Alnlca' 5/ Al
f Constant ®
! 4 2
b - &
i el Z
Nd-Fe- =
/B/ i J/'/S‘ ;
/:"Q/ :
o Lo z,
7/// P s
S N S T ki e " ~"Strontum-farrity \
-600 -500 -400 =300 =200 -100 0

Magnetic Field (H) [kA/m]

Figure 3.2: Second quadrant demagnetization characteristiadef permanent
magnet materials [16]

The relative magnitude of the synchronous reactascalso different in surface
mounted and interior permanent magnet machines. [[b6the surface mounted
machine, the stator winding has appreciably moa&dge inductance, due to the
relatively low reluctance afforded by the stedbath sides of the air gap.
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4. SWITCHED-MODE RECTIFIER

As discussed in Chapter 3 permanent magnet synotisomachine can be a long
term solution for supplying the increasing electripower demand of the automotive
industry. The voltage regulation to compensate ped and load variations for
Lundell-type machine is not applicable for permameagnet synchronous machine,
because in contrast to Lundell-type machine thatati@n current in PMSM is
produced by the magnets attached to the rotorirtherefore a simple control by
means of adjusting the field current is not possibl

4.1  Control by Split Armature Windings and Two SCR Bridges

In [11] split armature windings and novel electwwuoltage regulation scheme were
proposed. The system consists of split stator wiggliwith the tap 1/3 the turns.

Each of the two three-phase windings sets is caaddo a separate phase-controlled
silicon-controlled rectifier (SCR) bridge to regidathe alternator variable output

voltage (Figure 4.1).

Split Winding
Permanent Magnet
Alternator

Dual SCR

Bridge Battery Loads

Figure 4.1: Split armature winding system
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In this system, the SCR bridge connected to thalwgqset with higher number of
turns is activated to control the output voltagenfrengine idle speed;jrio a speed
n;=3n. Above n, the output voltage of the bridge connected towhreling set with
lower number turns is sufficiently high to provittee system voltage. Therefore this
bridge is activated while deactivating the otheidgpe simultaneously. After
switching, the current flows through only 1/3 oéthktator winding, thus producing
only one-third of the copper loss.

Although this proposed system has advantages, thathhe stator currents are less
pulsed and generating less heat, due to the fatthk speed range covered by each
SCR bridge is approximately 3:1, it brings manufaag costs and control
complexity. The stator should be designed for & sphding and this means higher
manufacturing costs for the permanent magnet atern Besides, the power
electronic block should contain 12 SCR switches thedfiring pulses to control the
output voltage should be maintained by a phasellmo generator. This will
increase the cost and complexity of the controlesys

In many studies published in near past, switchedlen@ctifier (SMR) has been
proposed for the output voltage regulation of PM3Mthis chapter, the properties
and characteristics of SMR are going to be analy2ésb its added value to the
performance of PMSM is going to be investigated.

4.2 Properties and Characteristics of Switched-Mode Rsifier

The switched-mode rectifier consists of a threesphaectifier, a single PWM
controlled switch, a diode and a capacitor (Figh® and is similar to DC step-up
converter in operation.

With a high frequency switching and sufficientlyrda machine inductance, the
alternator sees only the time-average effect oPM&V switching; hence a regulated
DC output voltage is produced, which is dependarthe duty-cycle [17].

SMR utilizes a fault mode of inverter driven permanmagnet synchronous motor,
which is called uncontrolled generation. This fantide was discussed in [14].
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Switched-Mode Rectifier
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Three-phase Switch Diode Capacitance
rectifier

Figure 4.2: Switched-mode rectifier

4.2.1 Uncontrolled Generation in Inverter Driven PMSM

When used as motor, PMSM is driven by three-phasgerters, which is fed through
a DC supply as shown in Figure 4.3. In this drigefgguration, the amplitude of the
line-to-line back-EMF generated by the spinningefitr permanent magnets may
significantly exceed the DC supply voltage when hiae is rotating over a certain
speed, at which the speed range for constant-pop@ration mode begins (Figure
4.4) [14].

Such high speed operation poses no problem asderttpe inverter switches are
operating properly in their controlled flux-weakegimode, since maximum

—K T /\ 1 —K 8 /N b3 —K T N s

/ Permanent Magnet
— \ Machine

Figure 4.3: Inverter driven permanent magnet synchronous motor
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machine terminal voltage is automatically limitegthe applied DC supply voltage.
If a fault arises under these high-speed operatorglitions by suddenly removing
the gate signals from all of the controlled invegwitches, which causes the inverter
to shut down, the high amplitude of the machinekkaRIF source causes current to
flow back to the DC-link until the rotor speed educed sufficiently to extinguish
the current flow. Therefore, PMSM acts as a geperanmediately after this
shutdown and free-wheeling diodes behave as anntnotled bridge rectifier.
Interior permanent magnet machines whose salieaty s greater than two as
discussed in Section 3.2, are vulnerable to opeyati this uncontrolled generator
mode whenever the rotor speed is above a valudiahwhe line-to-line back-EMF
of the machine equals to the DC-link voltage. [14].

Constant Constant
~<—— Torque Power
Mode Mode
Torque 4 4 Power
Trated
High Speed p
Regime rated
Wo Wmax
Rotor Speed

Figure 4.4: Operation modes of PMSM as motor

4.2.2 Relationship between Switched-Mode Rectifier and PEMM

Uncontrolled generation mode of PMSM signifies datrenship between the

saliency ratio and the performance of the altemdtbis relationship was discussed
in [18]. Figure 4.5 shows the output current and/groversus output voltage curves
of permanent magnet machines with different sajieratios when connected to a
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three-phase resistive load. As mentioned in Se@&i@rfor a saliency ratio of unity,

the machine is called a surface permanent magnetineand its equivalent circuit

is a voltage source with a series reactance. Towereivhen the circuit is solved for a
resistive load, the output voltage-current curveobees a semi-circle. But as the
saliency ratio is increased, the maximum output groiucreases significantly. For
saliency ratio exceeding two, the curve developmareasing voltage overshoot and
the output voltage under load becomes higher thanopen-circuit voltage. This

characteristic of interior PMSM is because of thstable and hysteresis effect
during uncontrolled generation [14, 18]
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Figure 4.5: Output voltage-output current/output power chamastics of permanent
magnet synchronous machine with different saligatips [18]

Figure 4.6 shows the same curve for different spegidhulated with the permanent
magnet synchronous machine model with a salienty od 6. The parameters of
machine model are given in Table 4.1. The voltageent curve, which was

measured at different resistive loads, varies Bgmtly with speed.

41



@

w
o

a1
T

= = N N
=]
T T

Phase Current (rms) [A]
(=}
T

i i i i i i
10 20 30 40 50 60 70
Output Line—Neutral Voltage (rms) [V]

(=2
o

(b)
1000

800 ;
1500rpm
600~
400

200~

AC Output Power [W]

0 | | | | | |
0 10 20 30 40 50 60 70

Output Line-Neutral Voltage (rms) [V]

Figure 4.6: Output voltage-output current/output-power charastics of an interior
permanent magnet synchronous machine at 750 rpria&0@rpm

For a saliency ratio greater than two, permanergneaasynchronous machine is a
salient pole synchronous machine. Therefore, diemiation for the stator circuit is:

V,=E, +E, +E,-RJ, (4.1)
E, =—iX,l, (4.2)
E, =-iX,l, (4.3)
=1, -l (4.4)

When the alternator is short circuited, as in tasecof SMR, output voltage of the

machineV; is zero. Therefore,

E, =—(E, +E,)+RI, (4.5)

Substituting Equation (4.2), (4.3) and (4.4) ingu&tion (4.5):
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E/ =R+ Xyl + X, (4.6)

Figure 4.7 shows the phasor diagram for a shocuited machine, where armature
current,l, lags the induced voltagg; by 90.

la=lsc

iXalg

Im

Figure 4.7: Phasor diagram for short circuited salient-polectyonous machine

From the phasor diagram:

E, =E, +j0 4.7)
L=1,— il (4.8)
I, =-jl, (4.9)
I, =1, (4.10)

Substituting Equation (4.7), (4.8), (4.9) and (4.it@o Equation (4.6):
Ef+jo:(xdld+&Ia)+j(xq|q_Ra|d) (4.11)

Therefore, from Equation (4.11):
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E, = X,l,+RJ, (4.12)

0=X,l, - R, (4.13)

If Equation (4.12) and (4.13) are solved fpaihd |, :

E
| =—" X 4.14
d R§+deq q ( )
| = E R, (4.15)
‘ R§+deq '

As a result, short circuit current can be calculaby using Equation (4.14) and
(4.15):

Ef
Isczlazﬂldz-'_lqzzWﬂR;*-x; (416)
q

Substituting values for Xq, Xq and E into Equations (4.16) short circuit current
can be calculated analytically:

924

_ NE -
'= = 077 + (2760 61510°)2750362107) {077 +(2750362107) (4.17)

The result is 26.97A and is very close to the amergin Table 4.1. The induced
voltage,E; and synchronous reactancks, X, can be rewritten as a function of
alternator mechanical angular speed:

E; =k.w, (4.18)
X4 = pw, Ly (4.19)
Xy = pa L, (4.20)

By substituting Equations (4.18), (4.19) and (4.2@) Equation (4.16), short circuit
current as a function of alternator speed can veralr
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_, R+ L,

Il =K
¥ ° R§+p2|—d|—qa)rzn

(4.21)

By using Equation (4.21), the change of rms val@ieshwort circuit current with
respect to alternator speed is calculated and showigure 4.8. It is obvious from
the figure that, short circuit current is nearlynstant especially over the rated
synchronous speed.

Table 4.1: Parameters for Permanent Magnet Synchronous Machin

Machine Parameter Value
pole-pairs 2
g-axis inductance (unsaturated) [mH] 36.2
d-axis inductance (saturated) [mH] 6.15
phase resistance (ohm) 0.77
saliency ratio (max) 6

short-circuit current @ 1500 rpm (rms) 26.9

magnet flux (peak) [Wb] 0.24

line-to-line back-EMF @ 1500 rpm (rms) | 92.4

Thus if the back-EMF voltage is large compared with output voltage, then the
output current will not be significantly affecte¢ bpeed and the alternator can be
modeled by a constant current source. An alternaitbr a constant output current
can be controlled by a switched-mode rectifier todpce a regulated DC output
voltage, where the duty-cyctietermines the amount of output current that istéed
the load. [18].

As a result, in order to fully utilize this constacurrent characteristic and use
switched-mode rectifier for voltage regulation, thachine should be designed with
a back-EMF voltage which is much larger than thedautput voltage and a short
circuit current which is equal to the rated outputrent. For this kind of machine
design the constant power speed range (CPSR)asweted by the back-EMF ratio
and saliency ratio, therefore for a given CPSRreasing the saliency ratio reduces
the required value of back-EMF ratio [18].
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Figure 4.8: Short circuit current as a function of alternagpeed

4.2.3 Operational Principles of Switched-Mode Rectifier

As stated in Section 4.2.2 in order to utilize SR PMSM the machine should
have both high back-EMF voltage and high reactarfia®. a vehicle electrical
system, the duty-cycle of SMR should be adjustedruter to maintain constant
output voltage.

The operating mode of the SMR can be divided into tegions dependent on the
alternator speed as discussed in [17]. Firstlyight Bpeeds, the alternator back-EMF
voltage is much greater than output voltage; helutg-cycle of the switch controls
the output current.

lour = @=d)Iy (4.22)

Assuming the output voltage is constant, the oupymwer is proportional toolr;
hence (1-d).

At low speeds, the alternator back-EMF is smallentDC link voltage. Here the
switched-mode rectifier acts as a boost rectifred allows some output power to be
generated. Operation at low speeds can also baiergdl by describing the effect of
the duty-cycle control of the switched-mode reetifas reducing the effective DC
link voltage seen by the alternator [17]:
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Vy =@-d)Vpe (4.23)

The switched-mode rectifier allows the alternatrptoduce output power at low
speeds by operating as a boost rectifier. It allthesoutput current at all speeds to be
controlled by the duty-cycle of the switch.

Figure 4.9 and Figure 4.10 show the change of mehres of input () and output
(louT) currents of switched-mode rectifier at differafternator speeds, when loaded
with a 14V-rated constant DC voltage source. tihgious from the figures that, the
input current is almost constant at 36A, whichhis tectified machine short circuit
current, and the output current varies with theaytcle of the switch.

24

T
10%

N
N
T
|

20%

N
o
T
|

30%
40%

[
0o
T

50%

60%

70%

[y
S
T

80% 3

DC Output Current (IOUT) [A]
=
(=2
T

[N
N
T

90% N

=
o
T
|

I I I
4000 5000 6000

00

I I
1000 2000

o

3000
Alternator Speed [rpm]

Figure 4.9: Alternator speed-DC output curreng(t) characteristics at different
duty ratios

Stator voltage and current waveforms of the altemavhile operating with
switched-mode rectifier are shown in Figure 4.1thdugh the stator voltage shows
the pulse width modulation action of the SMR thdésgh-frequency switching
transients are filtered by the large machine inaluoe, so that the stator current
remains sinusoidal [17].
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5. SIMULATION AND CONTROL OF VEHICLE ELECTRICAL SYSTEM

The task of the vehicle electrical system is topkéiee system voltage constant due to
load conditions when the engine is running and &ntain the proper charging of
the lead-acid battery. The voltage regulation icoaventional vehicle electrical
system has been described in Section 1.1.1.

In this study, a permanent magnet synchronous megchwhose properties and
characteristics have been described in Chapter sklected as the vehicle alternator
and a switched-mode rectifier, whose charactesisaod advantages has been
discussed in Section 4.1, as the voltage regulator.

Also, as stated in Section 1.2, lead-acid batteran integral part of the vehicle
electrical system. Therefore, it has to be takeéo atcount in the complete system
modeling. In [3] a vehicle electric power systermuiation, which contains the
battery, has been proposed and characteristic¢eofrie power system, electrical
load demands and driving environment have beerstmaged. But in this study, the
alternator model belongs to a Lundell-type altesnaind the output voltage of the
alternator is regarded as it has already been atagll In [20] a closed-loop output
voltage regulation of PMSM has been proposed arsijded, but battery has not
been considered in the open-loop analysis of thecleeelectrical system.

In this chapter the modeling, open-loop charadiess closed-loop control and
simulation of complete vehicle electrical systermposed of SMR regulated interior
permanent magnet synchronous machine, a lead-attiery and electrical loads are
going to be analyzed.

5.1 Variable Speed Operation of the Alternator

The alternator is driven by an internal combuseogine. The speed of the vehicle,
hence the speed of the engine and the torque éraadfto the alternator change due
to the road and traffic conditions as shown in Fegl.3. As stated in Section 1.1 and
shown in Figure 5.1 the alternator is connectedhtinternal combustion engine

through a constant ratio belt-pulley system.

49



Ten, Nen i

Internal Combustion
Engine

re n

k___/

f

ra { Alternator

\

e Taa na

Figure 5.1: Overview of alternator drive mechanics

In order to properly simulate the variable speedrapon of the system, models of
internal combustion engine and belt-pulley systeawehbeen implemented. The
internal combustion engine model is a look-up tallbich calculates the engine
torque due to engine speed and throttle posititve. hgine map is shown in Figure
5.2.

The belt-pulley system has been modeled by usiegrétationship between the
pulleys and reducing the parameters to the altersade:
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Figure 5.2: Engine map
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Jm=Ja+(4%ij (5.2)

5.2  Open-Loop Characteristics

The proposed system consists of the interior peemamagnet alternator, battery,
electrical loads of the vehicle and the switcheddencectifier. The complete system
was shown in Figure 4.2.

Iin represents the rectified machine short-circuitrent; byr the output current of
the switched-mode rectifierc Ithe current flowing through the capacitor, which
charges it up and produces the output voltagéhe current that flows through the
electrical loads of the vehicle angithe battery current.

5.2.1 Open-Loop Characteristics of Alternator and Switchel-Mode Rectifier

In [20] the detail of closed-loop control of a mplé-barrier interior permanent
magnet synchronous machine, whose output voltageegslated by means of
switched-mode rectifier, was discussed. The parammetf the machine were shown
in Table 4.1.

In this paper, the output of the switched-modeifiectwas connected to a resistive
load and in the open loop tests; a DC voltage soload had been substituted to
keep the output voltage constant.

As stated Section 4.2.2 and shown in Figure 4.08jgh speeds the output voltage
resembles to the rectified machine short circurtent, I,y which equals to 36A for
the modeled machine (Figure 4.10). Therefore, $widemode rectifier acts as a
current chopper and the output currégt;y becomes a function of the duty-cycle.

lour =36 (1-d), 0<d<1 (5.3)

In [20] the frequency response of the alternatdpwotucurrent had been measured by
subjecting the switched-mode rectifier to sinuskyeaarying duty-cycle command.

It had been stated in this article that the gaspoase, whose measurement values
are shown with circles in Figure 5.4, remained flptto a corner frequency of 600
rad/s and, therefore, the transfer function ofdysgtem, given in Equation (5.4), had
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been approximated by fitting a second-order respaoghe measured results. The
frequency response of the approximated transfaatimmis also given in Figure 5.4.

&9 = 1200°

" (s+1200?2 54)

=
T

Magnitude (dB)
T

FPhase (deg)
T

Fitted Response
@] Measured Results

Frequency (rad/sec)

Figure 5.3: Frequency response of SMR [20]

Therefore transfer function of SMR is:

1200°
Ggr =36——— 5.5
SVR (S+1200)2 ( )

5.2.2 Open-Loop Characteristics of the System

The output current of the switched-mode rectifedivided into three:

lour (8) = 1c(8) + 1 (8) +15(9) (5.6)

Where t is the current that flows through the capacitorclitharges up to produce
the output voltagerglis the current flowing through the electrical leaaf the vehicle

and k is the battery current. It has been assumed higaalternator, the battery and
the electrical loads are correctly matched to ezttler, so that sufficient charge of
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the battery is maintained. Therefore, in steadiestanditions the battery current
flows from the output of the switched-mode rectifie the battery and does not get
reversed to feed the electrical loads.

The charging transfer function of the modeled leau battery was detailly analyzed
in Section 2.4.1.1 and Equation (2.11) was derivechas been shown that the
transfer function of the battery is a function ofernal resistance, hence SOC. The
amplitude of the current drawn through the chargingcess is a function of VOC
which is also dependent on SOC. The change of VBiQufe 2.18) and the
parameters of battery transfer function (Figure/2fr specified values of SOC are
listed inTable 5.2 and open-loop block diagram of the syssesown in Figure 5.5.

S+ L
ls(s) 1 Re(soc) G
RC(SOC) S+ 2
00C1
Ggen
Ir(s)
oo
Gr
1-d=d'(s) 120G | lour® lo(s) L Vour(s)
(s+12007 < s
In Gsmr Ge

Figure 5.4: Block diagram of open-loop system

For the simplicity of the mathematical analysis aadtroller design, the effect of
VOC in the open-loop block diagram is neglecteaaose only the amplitude of the
battery current is defined by the open circuit &g#, whereas the characteristic by
the internal resistance.

By analyzing the input-output relationships in thieck-diagram, the open-loop
transfer function can be derived:

VOUT - GSMRGC
d  1+G.G, +G.G,,

(5.7)
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Table 5.1:Open Circuit Voltage and Battery Charging Transfenction Parameters
for Specified Values of State-of-Charge

soc VOC POLE ZERO GAIN
(Pacn) (Zach) (Kgcn)
“2RewcCr | “YReweC: | YRe(s)
10% 11.68 22.99 111.49 2.874
20% 11.77 122.99 111.49 2.874
30% 11.87 22.99 111.49 2.874
40% 11.96 22.99 111.49 2.874
50% 12.06 22.99 111.49 2.874
60% 12.15 22.99 111.49 2.874
70% 12.25 22.69 111.35 2.836
80% 12.34 20.27 110.13 2533
90% 12.42 116.3 8.149 2.037
100% 12,51 12.41 6.203 1.551

The open-loop transfer function of the system cacdiculated as follows:

36 1200°R, | s+ 2
VOUT — Rc(soc)cl
q
sZRLC+{RLC 2 +RLi+
(S+1200)2 c(soc)Cl

1 1

Rc(soc)Cl Rc(s;oc) Rc(soc)Cl

Note that Equation (5.8) is arranged such thatphemeters of battery transfer
function can easily be noticed. The value of thpacitor of SMR has a constant
value of 300QF. R_represents the loads of vehicle electrical systedhvaries with
the consumers, which are activated. Here the @l is considered as a constant
value (0.82) representing the maximum current consumptiorhefdlectrical loads.
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By using the numerical values of the mentioned ipatars Equation (5.8) can be
rewritten as follows:

2
36 1200°05 s+ ———
VOUT — r{ RC(S)C)ClJ (5-9)
d ) 2 1
s°0.0015+5 0.0015———+05—+1
(soc)™1 Rc

(s+1200°

[ 2 1 1 J
+ +05
RC(SOC)Cl Rc(soc) Rc(soc)Cl

In other words:

Vour _ 36 1200°05(s- P, (5.10)
d* (s+12007(s*0.0015+ (- 0.0015 Py, + 05K 5, +1)+ (= Py, — 05K gy Zs))

where Rch, Zsch and Kgen are pole, zero and gain value of battery chargriagsfer
function (Table 5.1). Open form of the open-loagmsfer function is as follows:

Vour 36 12007 05(s— Py, ) (5.11)
d" s*0.0015+s’(-0.0015P,,, + 05K 4, + 46)
+8%(= Py, = 05K gy Zgey = 36P, +1200K 5, +4560)
+5(~ 2400P,,, —1200K o, Z 5, — 2160P,, +72000(K ,, +1440000
-1440000P,,, - 72000(K 4, Z 5.,

Figure 5.6 shows pole-zero map of open-loop trarfsfection from SOC of 60% to
100%. The change of small poles is shown detaillyigure 5.7.

5.2.3 Closed-Loop Analysis of the System

The goal of closed-loop system design is to regulthe output voltage of the
electrical system powered by a PMSM alternatovéstous engine speeds, electrical
load and SOC conditions. As discussed in Secti@r2 ®pen-loop transfer function
is dependent on SOC, therefore the closed-loopraitert should not be designed
without considering it.
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Figure 5.5: Pole-zero map of open-loop transfer function
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Figure 5.6: Detailed view of pole-zero map for small poles

As shown in Figure 5.6 poles of battery chargiramsfer function are very close to
the coordinate axis and the proximity increases 8iDC. It is stated in [21, 22] that,
system response was defined by the poles closést imaginary axis in the s-plane.
Poles farther to the left in the s-plane are assediwith natural signals that decay
faster than those associated with poles close @arttaginary axis. Therefore, the
farther to the left the dominant poles move in fhplane, the faster the system
response becomes.
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Figure 5.7:Block diagram of closed-loop controlled vehicuectric system

As stated in Equation (5.6) a part of alternatotigput current,dyr is used to charge
up the battery. The change of battery charge cuwensus state-of-charge was given
in Figure 2.15. The higher SOC is, the lower géis tharge current, because as
shown in Figure 2.1&e higher SOC is the higher gets the VOC and canoser to
the battery terminal voltage.

In Section 5.2.2 it was mentioned that the effdc/®C in the open-loop block
diagram was neglected, because only the amplittitteedoattery current varies with
VOC. Therefore, although the poles of battery cimaygransfer function gets closer
to the coordinate axis with increasing SOC, thdepgatcharging current is higher
with decreasing SOC. Thus, controller should begesl for the open-loop transfer
function, where battery parameters of lower SOGId@ns are used:

Vour 1.72810°(s+2299)
d'" s*+4.047710°s® +5.42C 10°s? +2.435¢ 10°s +3.7922 10Y°

(5.12)

5.2.4 Closed-Loop Design of the System

In order to define the controller type, unity feadk response and steady-state error
of the system should be evaluated. Steady-state isrdefined as:
sR(s) R R

=i =i =
Cs S'T)1+G(s) SIErtl)1+G(s) 1+Ising)G(S)

(5.13)
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G(s) is the open-loop transfer function of the sgst which is given in Equation
(5.13). Therefore steady-state error is 1.22V hgut of 14V. Figure 5.8 shows the
unity feedback response of the modeled systemdseswhere battery is connected
and not connected.
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Figure 5.8: Unity feedback responses of electrical system waiitth without the
battery

It is obvious that steady-state error is greateemtine battery is connected. In [20] a
proportional controller has been proposed for tlystesn without the battery
connected. As the steady-state error is greatenandegligible for the system with
the battery connected, a proportional-integral (®htroller is required.

(5.14)

As shown in Equation (5.14) PI controller adds aoz® the open-loop transfer
function at s=-K/Kp and a pole a=0. Therefore, the order of the system is
increased by one and steady-state error of origiystem without integral control is
improved by an order of one. In other words, if sieady-state error to a given input
is constant, the Pl controller reduces it to ze2B].[ Coefficients of Pl controller
should be adjusted such that, the zero at gk&cancels the effect of the small
valued pole coming from the battery charging trangéinction, which defines the
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system response. Referred to Figure 5.9, which shthwe closed-loop system
response for the open-loop transfer function giwelquation (5.12) for different

K/Kp ratios, coefficients of Pl controller is chosentstlsat K/Kpis 50, because it

gives the best result in all SOC values. The ouypliage of closed-loop system is
shown in Figure 5.10.
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Figure 5.9: Closed-loop system response of Pl controller fdK Kratios
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Figure 5.10: Closed-loop response of modeled system
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Note that, even though the settling times of tlsedtl-loops response of the modeled
system, shown in Figure 5.10 and the one in Fig§ueare similar with each other,
their transient responses are quite different. THis because; through the
mathematical analysis, mean values of the states lwen used. When simulation is
derived with the complete models of the alternatiod the battery, some transient
effects may occur. As it is going to be shown ie gimulation results on next
section, this difference has no important effect camtinuous operation of the
proposed vehicular electric system.
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6. SIMULATION RESULTS

The change of output voltage at variable alterngpaed, constant vehicle electrical
load and 50% SOC conditions is given in Figure &lthough alternator speed
varies between 1200 rpm and 12000 rpm, output gelis kept constant. The change
of complement of duty-cycle (d’) at the same operatl conditions is given in
Figure 6.2. Note that, at high speeds and steadg-sbnditions, duty-cycle does not
vary with speed. As stated in Sections 4.2.2 aBdB4this is because alternator back-
EMF is much greater than the output voltage. Tipaitirturrent, as shown in Figure
4.10, is constant and independent of speed. Therefs the load conditions are
constant, there is no need for the controller jasidhe duty ratio.

It is observed in Figure 6.2, that duty ratio irages at lower alternator speeds,
because the alternator back-EMF is smaller thapubutoltage at this speed range
and SMR acts as a boost rectifier.
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Figure 6.1: Output voltage for variable speed, 50% SOC andteor load
conditions
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Figure 6.2: Complement of duty cycle (d’) for variable spe®d% SOC and
constant load conditions

Figure 6.3 shows the change of output voltage & SIDC and variable vehicle

electrical load conditions. Figure 6.4 shows thange of complement of duty-cycle

(d’) at the same operational conditions. As eleatrioads on the vehicle change, the
current required for the operation of those loausnges accordingly. Therefore, the
controller adjusts the duty ratio, hence the outputent of SMR to match the output

current to the new load condition (Figure 4.9).
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50% SOC

As stated in Section 5.2.2 and 5.2.3, the open-fygem and the design of closed-
loop system is dependent on SOC conditions of ¢lad-hcid battery. As listed in
Table 5.2, over 60% SOC, charging internal rescgaimence transfer function of
lead-acid battery differs. Figure 6.5 and Figuré 6how the output voltage of
closed-loop system at different SOC conditionsufegs.5 shows the output voltages
at higher SOC. Note that transient responses &ereatit from each other. But in
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Figure 6.6, which shows the output voltages at lo®@C, transient responses are
not different. These results support the findinigeig in Table 5.2 and Figure 2.17. It
also shows that the designed controller propergraes for all SOC conditions.
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Figure 6.6: Output voltage for lower SOC values at 6000 rpm
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7. CONCLUSION

In this study conventional vehicle electrical systeas been investigated and a new
system has been proposed. The structure and vottgdation of Lundell-type
machine has been introduced, which is still thetnrsomimon automotive alternator
in the market. The properties and performance petens of lead-acid battery has
been discussed and as it is the integral part bicleeelectrical system, a proposed
mathematical model of lead-acid battery has beealyaed and simulated in
MATLAB/Simulink. By using the equivalent circuit, athematical analysis has been
derived and transfer functions for charge and disgh processes have been
calculated. It has been detected that transfertiumg for charge and discharge
processes are similar, but the transfer functiancfarging process represents the
admittance of the battery, whereas the dischargingess the impedance. Therefore,
the impedance of the battery is characterized thighdischarging resistance and the
admittance with the charging resistance.

Because the number of electrical loads in the Vehics increasing rapidly and
Lundell technology is nearing its limits, a highlfigéncy and high power density
electrical system is required. Many different eleal machines have been analyzed
and permanent magnet synchronous machine has begeospd and its advantages
have been discussed.

For a permanent magnet synchronous machine whaseHMF voltage is large as
compared with the output voltage, the output curremll not be significantly
affected by speed; hence alternator can be modwsleal constant current source.
Therefore, for the output voltage regulation of rpanent magnet synchronous
machine switched-mode rectifier has been proposedita operational principles
have been discussed.

The open-loop transfer function of the entire systeas been derived by combining
the transfer function of the switched-mode reatiied battery. As the parameters of
battery transfer function are dependent on statghafge, the change of pole-zero
locations of open-loop transfer function with thattbry state-of-charge has been
investigated. It has been detected that, if batienmplemented inside the system,
which is composed of permanent magnet synchronoashime, switched-mode
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rectifier and vehicle electrical loads, a nonnafle steady-state error occurs. It has
been detected that a pole, which is very closenaginary axis of s-plane, comes
from the battery transfer function. Therefore, acmtroller has been proposed and
designed for the closed-loop control of the system.

Closed-loop system has been modeled and simulatedafious speed, state-of-
charge and electrical load conditions. It has baéetected that a successful voltage
regulation is maintained even at low speeds in @ngaeent magnet synchronous
machine powered; switched-mode rectifier regulatedd-acid battery connected
and Pl regulated vehicle electrical system.

For future works, lead-acid battery model can banged with lithium-ion battery
model. Designed system and battery model can atsauded in other power
electronics applications, such as hybrid vehiclé wimd power plants. In this study,
a 14V rated vehicle electrical system has beeregsshut in commercial vehicles
rated output voltage is 28V and two 12V rated laail batteries are connected in
series. Therefore, the battery transfer functiod system open-loop characteristics
can be investigated for batteries connected iresekspecially in buses, because of
the high power air conditioning unit, two alterna@mperate in parallel. Therefore,
parallel operation of switched-mode rectifier reget permanent magnet
synchronous machines can also be investigated.
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