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INTRODUCTION

In today’s vehicles, the combustion engine directly drives many of accessories. When the
engine is cut off, during driving, also these accessories stop to operate. But systems like
power steering, vacuum brake or air conditioning compressor must be available

permanently. So it i1s mandatory to find altematives to power these components.

One possibility is to power those electrically; this allows an operation of the accessories
independently of engine or vehicle speed following their real demands. The components
can always operate with best efficiency. But electrical operation of the accessories also

increases the demand for clectrical power in the vehicle.

As is already known, a substantial part of the energy consumption is caused by the
operation of accessories like fuel pump, water pump, oil pump, power steering pump, air
conditioning compressor and alternator which are estimated to cause up to 24% of the fuel
consumption of today’s vehicles. Increasing the efficiency of permanently operating

accessories reduces their part of the total fuel consumption.

To ensure a sufficient charging balance, engine-driven alternator has to produce this
increased average during vehicle running time and the batteries for the vehicle operation
time. An increased power demand for the alternator by a factor of about 4 compared to

today’s design is required, as long as no additional consumers are introduced.

Anyway, additional electrical safety (like on-board diagnosis systems) and comfort reasons

(air conditioning) consumers are expected to be introduced.

Improving alternators efficiency will allow producing more electric power with limited

increase of the engine load and with minimal increase of their weight.

Today’s 14 V electrical systems are not able to cover the demands of these consumers,
which often exceeds 50 or 100 A. For this, 42 V electrical power generation and

distribution systems are on their way to replace the existing 14 V systems in automobiles.

A 42 V power system would allow at least some of the functions provided now by

propulsion engine, through a variety of belts and chain drives, to be driven by independent
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Introduction 2

electric motors. Eliminating the need for belts and pulleys would bring some benefits in
terms of saving space and simpler mechanical design. The real gain would be the greater
overall efficiency in terms of energy efficiency a good example is to provide steering

assistance with an clectric motor that operates only as and when required.

Considering the maximum rated power of today’s alternators: 2 kW with an efficiency of
55%, and the expected increase of electric power demand, a mechanical power of 5.5 kW
would be necessary to gencrate an electrical power of 3 kW, alternator losses would reach
2.5 kW, unacceptable from both commercial viability and technical solution points of

view.

The 12 V lead-acid batteries accept the 14 V output of the generator as its charging
voltage. Multiplied by three, a battery of 36 V needs a power rail voltage of 42 V if it is to

be charged close to 100% of its capacity.

To sum up: 14 V /42 V is the working voltage of the electrical network (engine/generator

running); 12 V /36 V is the unloaded average battery voltage (engine/generator off).

There is also the possible scenario of local zero emission zones within city entries or
environmentally sensitive areas, a hybrid vehicle with its relatively small traction batteries

will be able to traverse them only in an electric mode.

This subject of hybrid vehicles is introduced only as a remark for actual research subject

trends in automobiles industry and 1t will be not treated here.

A synthesis regarding electrical generators already integrated in automotive generator
system and batteries charging, together with the new electrical generator and generating
system topologies proposed or under studies, constitute the ground of the present

dissertation.

Finding new prototypes and designing new low cost generator types and low voltage
regulation generating system, in order, to improve the efficiency of the actual car

generating systems are the main declared scopes.

— Sever Scridon — “*New Llectrical Generators for Automobiles” — PhD Thesis —
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Résumé in Romanian Language

Generatoarele electrice care sa functioneze eficient in aplicatiile cu turatie de antrenare
variabila, prezinta un interes deosebit in planul cercetdrii la nivel mondial, pornind de la
cele de mica si medie putere, cu aplicatii directe in industria automobilelor, cea
aerospatiala sau cea a computerelor dar $i in cea energetica (mori de vant in locuri izolate,
sisteme generatoare autonome etc) si continuind cu cele de mare putere, intalnite indeosebi

in majoritatea aplicatitlor din industia energetica.

Interesul manifestat fata de acest tip de generatoare electrice se datoreaza in special din
punct de vedere tehnic: al cresterit randamentului acestora la functionarea in plaje de turatii
tot mai mari, simplificarca partii mecanice - de antrenare, cdt si din punct de vedere
economic, respectiv: reducerea costurilor intregului sistem de generare a energiei electrice,

obtinerea de energie electrica la un pret mai scazut etc.

Functionarea eficientd a acestora, pc domenii de turatii cit mai extinse implica insa si
utilizarea electronicii de putere, in diferite topologii, care duce insd la o marire a pretulut

de ansamblu a sistemului de generare.

Industria automobilelor constituie una dintre marile utilizatoare de generatoare electrice de
micd - medie putere, tendintele actuale impunand gasirea de noi solutii viabile care sa duca
in final la un consum mai mic de combustibil si la o reducere cit mai mare a noxelor

eliminate prin arderea combustibililor, cu efecte negative asupra mediului inconjurator.

Dupa cum este deja cunoscut, o parte substantiald din consumul de energie la automobile,
este cauzat de functionarea unor accesorii cum sunt: pompa de injectie, pompa de apa,
pompa hidraulicd, sistemele de franare, compresorul pentru aer conditionat, alternatorul,

care duc la un consum cumulat de circa 24% din consumul total de combustibil la un

automobil modemn.

Cresterea eficientei accesoriilor aflate in regim de functionare permanentd, reduce partea
acestora din consumul de combustibil insd cresterea continud a numdarului acestora in
cadrul intregului sistem ce doteazd automobilele modeme, cu scopul declarat de a spori
gradul de securitate al pasagerilor dar si confortul acestora in timpul calatoriilor, nu rezolva

decat partial reducerea consumului de combustibil necesar producerii de energie electrica.
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Resume in Romanian Language 4

Astfel, pentru asigurarea unei balante energetice optime, la incarcarea bateriei
acumulatoare, alternatorul (generatorul) trebuie sa produca energie electricd mai multa pe
durata de functionare a sistemului de antrenare a acestuia decit este consumata in timpul in
care energia necesara bunei functioniri a sistemelor electrice din dotare este preluata doar

din bateria acumulatoare.

Sistemul electric dc 14V c.c. din prezent, nu cste capabil si acopere eficient cercrea de
energie din partea consumatorilor existent! la bordul autovehiculelor, din acest motiv, un
sistem de gencrare — distribuire la 42 V c.c. este propus a f1 utilizat. Mai mult, in cazul in
care este necesara o functionare a autovehiculului cu emisie de gaze zero, de exemplu in
centrul unor localitati. dotarea cu motoare electrice pentru tractiune este obligatorie, deci
utilizarea unui sistem de generare/distributie de putere mai mare decat cel existent se

impune.

Generatoarele utilizate in aplicatii de acest gen trebuie sa functioneze avand o sursa de
putere mecanica instabila, care variaza cu turatia la care este angrenat generatorul si trebuie

sa genereze energia electrica produsa pe un sistem izolat

Sever Scridon — “New Electrical Generators for Automobiles* — Ph.D. Thesis
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sGeneratoare electrice noi pentru automobile” - rezumat

Prezenta lucrare este structuratd pe sapte capitole principale, fiecare avand o parte finala de
concluzii, din care un capitol teoretic - in care este prezentat pe scurt modul de aplicare al

metodel elementului finit (MEF) pentru analiza campuluit electromagnetic $i propuner:

privind posibilitatca de continuare a activititii de cercetare in subicctul generatoarclor

electrice cu functionare la turatie variabila.

Capitolul 1 — structurat in trei parti — cuprinde o analiza sinteticd, din punct de vedere
constructiv, al randamentului, dar si al costurilor, asupra celor mai cunoscute tipuri de

generatoare electrice existente sau propuse pentru aplicatiile din industria automobilelor.

Prima parte introduce noile tipuri de generatoare electrice utilizate in industria
automobilelor, in speta generatorul cu poli ghiard si propune un mod simplu de calcul al
costurilor aferente unei structuri de generator, tinand cont de dimensiunile geometrice §i
materialele componente. Partea a doua include o analizi, prin metoda elementului finit,
pentru o serie de generatoare in scopul evidentierii unelor mdarimi caracteristice ale
acestora, comparand aceste noi topologii cu avantajele §i dezavantajele care le prezinta atat
pentru masina electrica in sine cat §i pentru electronica de putere si metodele de control
aferente. Astazi, inainte de a include o masina electrica intr-un sistem, studii §i analize, in
special utilizind MEF, sunt asteptate si usor de implementat. Partea a treia este destinata

discutiilor si concluziilor.

Capitolul II — transpune masina pas cu pas de putere intr-o variantd mai simpla, propusa

ca generator in industria automobilelor.

Tinand cont atat de avantajele cét si de dezavantajele maginii pas cu pas (dublu reluctanta)
de putere, utilizarea acesteia pe scara tot mai largd, inclusiv in cadrul automobilelor hibride
existente deja pe piata mondiald, a facut necesara includerea ei ca studiu in cadrul

prezentel teze de doctorat.

Capitolul II1 - este dedicat in intregime studiului asupra masinii cu reversare de flux,
recent prezentata §i propusd ca un candidat serios pentru postul de generator electric cu
aplicatie directa in sistemele de generare a energiei la bordul autovehiculelor. Pornind de la

proiectarea conceptuald a acesteia, continuand cu analize prin metaoda elementului finit

Sever Scridon — “New Electrical Generators for Automobiles* — Ph.D. Thesis
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(MEF) i termindnd cu simulari digitale pentru intreg sistemul de generare, inclusiv
electronica de putere si partea de control, capitolul III descrie intr-un mod concis, practic
modalitatea de desfasurare a urmatoarelor trei capitole din teza de doctorat, anticipand

pasii ce vor fi urmati in acest scns.

Capitolul 1V — introduce in premierd un nou tip de masind electrica sincrond, cu excitatie
biaxiald, conceputd pentru a substitui cu succes actualele alternatoare. Un model de
proiectare analitic, imprcund cu mai multe studii efectuate prin metoda elementului finit si
un procedeu de proiectare optimizatid — cu rezultate directe privind realizarea unui prototip

de 3 kW, sunt componentele de baza pentru noul tip de generator electric

Capitolul V - prezinta simuldri extinse pentru un sistem de generare — distributie de 42 V

c.c. care are in componenta un generator BEGA.

Capitolul VI - include rezultatele obtinute pentru o serie de masuratori facute pentru a
dovedi eficacitatea utilizarin generatorului BEGA 1in aplicatiile specifice industriei
automobilelor. Sunt prezentate atit rezultate ale testelor efectuate pe acest tip de magina
dar si pentru intreg sistemul de generare a energiei electrice pe noul sistem de 42 V c.c.

propus spre aplicare.

Capitolul VII - arc un continut teoretic, prezentiind, pe scurt, modul de utilizare a MEF in
calculul anumitor marimi electromagnetice, cu aplicare directd in studiul masinilor
electrice. De asemenea sunt incluse §i contributiile personale ale autorului aldturi de unele
perspective si propunerea de activitati viitoare care sd continue studiul in cadrul acestui

vast domeniu de cercetare.

Sever Scridon - “New Electrical Generators for Automobiles' — Ph.D. Thesis
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Contributii personale

Fiecare capitol al prezentei lucrari contine contributii originale, astfel:

© utilizarea analizeir bi-dimensionale, prin MEF, pentru efectuarea de comparatii  simple,

cu efecte directe, pentru diferite tipuri de masini electrice;
© propunerea de aplicare a unor formule simple de calcul al costurilor;

© prezentarea unei structuri bifazate, cu cost redus, a unei masini pas cu pas (dublu
reluctante) de putere, pornind de la o masind de inductie la care sunt modificate

infasurarile statorice $i respectiv rotorul;

© utilizarea analizei prin metoda elementului finit (MEF) pentru a putea trage unele
concluzii asupra unei structuri geometrice optime a masinii pas cu pas de putere propuse

spre studiu;

© proiectarea, pe baza unor relatii simplificate, a unei masini pas cu pas de putere cu

aplicatie directd in functionarea ca generator in industria auto;

© introducerea a doud noi tipuri de generatoare electrice cu pret redus: — generatorul cu
reversare de flux — prezentat doar teorctic i, in premicrd mondiald — generatorul cu

excitatie biaxiala — prezentat prin doua prototipuri realizate la scaré;

© proiectarea unui prototip virtual al generatorului cu reversare de flux, utilizand o serie

de formule de baza, caracteristice masinilor electrice cu magneti permanent;

© propunerea §i simularea a doua sisteme de generare a energiei electrice ce pot fi utilizate
in industria automobilelor, unul dual — cu doua magistrale de tensiune diferita, 14 V c.c. si

42 V c.c. — s1 unul pentru o magistrala de 42 V c.c.;

© efectuarea de analize cu MEF pentru a imbunatiti cuplul pulsatoriu, caracteristic

masinilor electrice cu magneti permanenti;

© prezentarea metodei de proiectare conceptuald a generatorului cu excitatie biaxiala
pentru automobile (BEGA) si propunerea unei metode de optimizare eficiente in

proiectarea finald a acestuia;

Sever Scridon — “New Electrical Generators for Automobiles* — Ph.D. Thesis
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© efectuarea de simulari pentru regimurile statice i dinamice pentru un sistem ce include

noul tip de gencerator, BEGA §1 prezentarca rezultatelor acestor simuléri;

© realizarea a doua prototipuri la scard reald §i supunerea evaludrii experimentale, unul

dintre ele fiind optimizat 1 studiat in detaliu.
© principalele contributii aduse in aceasta lucrare au fost publicate, astfel:

* [.Boldea, S. Scridon, L. Tutelea: "BEGA — a biaxial excitation generator for

automobiles” — Conferinta Internationald “OPTIM 2000, Brasov, Romania, May

2000;

* Boldea, S. Scridon, L. Tutelea, C. Lascu, N. Muntean - "The flux reversal machine
(FRM) as an automotive alternator with 42/14 v d.c. dual output” - Conferinta
Internationala "OPTIM 2000", Brasov, Romania, May 2000;

» | Boldea, E. Ritchie, F. Blaabjerg, S. Scridon, L. Tutelea — “Characterization Of

Biaxial Excitation Generator For Automobile - Conferinta Internationala "OPTIM

2002", Brasov, Romania, May 2002.
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CHAPTERI

VARIABLE SPEED ELECTRICAL GENERATORS
FOR AUTOMOBILE INDUSTRY

1.1. Electrical Generators in Use

Electric machines used in automobile applications usually are custom made in accordance

with guidelines for: frame size, costs, quantities, noise, lifetime and ambient conditions.

The synchronous electrical machines have shown a lot of advantages so by their geometry
and also by their reliability in working in good conditions at variable speeds. From those,
the claw-pole machine 1s mostly used as electrical power generator in the automobiles
industry to supply the electrical and electronic equipment from those and to charge the

power batteries too.

The claw-pole generator is an electric machine with radial flux which has the stator build
with two electrical phase having rotor poles of claw type, shifted with a pole pitch and the
rotor 1s robust, hetero-poles magnetized through continuous current windings or with

permanent magnets (figure 1.1).

Figure 1.1. The claw-poles generator (after [1.4])
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Through the phase excitation, thanks to the rotor motion, electric alternating voltage will
be induced in the stator windings, and through the use of a diode rectifier it will be
transformed into direct voltage for the supply of the existing consumers from the vehicle

dashboard and for charging the power batteries.

A generator of such a type with a rectifier, is generally composed of: a stator stack of
sheets with a three-phase winding together with a rotor and slip rings, collecting brushes
and claw poles, an excitation winding, a rectifying bridge with diodes, a voltage regulator
(chopper) with transistor (for the hybrid technique - with permanent magnets), a shield for

the motor and of the slip rings, an iron sheet fan. [1.4]

The a.c. voltage produced in the stator windings is rectified and the output voltage will be

kept constant through the excitation current regulator on a speed range of 1:10. [1.5]

At the claw pole generator, the mechanical limits were already reached (given by the
centrifugal forces at high speed and the efficiency limits caused by the eddy current losses
from the claw poles, made of massive iron, and the stator teeth tighter with the excitation
losses. The principal advantage of the excitation of claw-pole (known also as Lundell type
of generator) alternator is the generation of a big magnetic poled field with just one field

coil. [1.7]

New generating systems with improved output power efficiency, using the claw-pole
generators, were already proposed (fig.1.2). The improvement is provided for low speed
with help of an additional active rectifier, synchronized with the alternator and for high
speed by changing the number of turns of the stator winding, realized by taping the

winding and using two rectifiers and two switches. [1.54]
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Figure 1.2. New generating system with improved efficiency, proposed in [1.54]
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The system cfficiency is in this way increased by 21% (from 47% to 57%) but the cost

associated with the semiconductors switches is a serious 1ssue, which has to be considered.

So, new types of variable speed generators have been proposed, a part of these new
modern generators designed to operate efficiently at variable speed will be presented and

briefly compared in what follows.
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1.2. New Modern Variable Speed Vehicle Generators

The efficiency of the classic generators with claw poles tends to be reduced up to 60% at

maximal speed and charge.

The aspects which has to be taken into consideration for increasing the efficiency of the

generator systems which equip the vehicles in the automotive industry are:

>

Y

The excitation - to prolong their life time, the high speed generators should have the
field without collecting brushes (for example with permanent magnets - to reduce the
rotor losses - but which needs power electronic devices to regulate the given voltage on

the storage battery);

The rotor - because of the high centrifugal forces that appear at high speeds, the
generators should be even with longer rotor, with a radial magnetic field, or with a disc
rotor with axial magnetic field. The space limits show us an advantage for disc rotor

generators.
The stator - using a stator with small slots, to reduce the losses into the stator iron;

The cooling unit - the cooling method of the generator: with air or with liquid (for wide

speed range);

The acceleration energy - the mass of the generator must be linearly accelerated with
the vehicle while the rotor must be rotationally accelerated, according with the speed of

the internal combustion engine that cquips the vehicle.

Taking all formerly mentioned aspects into account there were proposed measurements to

increase the discharged power of a classic alternator (with claw-poles) by attaching

(clueing) permanent magnets on the rotor, using controlled power rectifier [1.6] or through

the use of a double rotor topology.

Those solutions have not solved the efficiency problems and neither system dynamic

behave for consumer voltage recovery.
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It is, however, difficult to compare the generator types based on data given in the papers
since the generators are designed for different specifications, using different methods and

since all data are not present.

Anyway, as it will be presented in what follows, using the finite element method and
effective cost comparison formulas, simple comparisons between different types of

electrical generators can be done to have a perspective image for those.

The goal of this chapter is to investigate part of those electrical generators, especially the
new types and drawing out the advantages and disadvantages of various generators based

on cost and torque densities comparisons.

Comparing the total cost of the different alternatives we can choose the generator system
for automobiles. The total cost includes more than the cost of purchasing or manufacturing

the generator. It includes both direct costs and indirect costs.
Some of the costs are:

» Matenal costs (direct);

» Manufacturing costs (direct);

» Cost of maintenance (indirect);

» Cost of availability (indirect).

The material and manufacturing cost of the active part of the generator is estimated from
the weights of the active materials. The cost of the supporting structure is determined from
the diameter and length of the generator structure and the cost of the losses is calculated
from the average losses of the system. Because the maintenance required for a generator is

very limited, the cost of maintenance is neglected.

Moreover, the cost of the availability is neglected since the availability is assumed to be

very close to 100% for all generator systems.

Apart from the total cost of the generator system, a comparison can include other aspects

that cannot be easily be economically evaluated. For instance the noise of the generator can
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be crucial tot the acceptance of the system. Such aspects have not been included in this

study.

The cost of the active parts of the generator is based on the assumption that the cost of
both, the material and the manufacturing can be expressed as a specific cost per weight of

the different materials. The cost of the active parts is:
Cacl =Ccu WCu + Cre WFe + Cpm me (11)

Where Wy, Wg.. W, are the weight of the copper, the active iron and respectively of the
permanent magnets. The specific costs of the different materials (ccy, cre) and cpr, are given

in table 1.1.

The cost of the structures has not been detailed analyzed in this dissertation. Only an
appropriate model is used, without any mechanical details, it is evident that the amount of
material used and the difficulty in manufacturing the structure of the generator increase as

the diameter and length increase.

The structural cost i1s a function of the stator outer diameter, d,, and stator length, I,

including the end windings.

In this chapter, the cost of the structure is simplified because for the comparison analysis,
the 2D-FEA 1s used. So, the stator length is considered being the same for all types of

generators. So, the structure costs approximated as:

dos ny

Cslrucl = Cstruat | T—— (12)
drcf

Where: Caruer — the cost of a reference structure with the diameter d,.;

a — the exponent that describes how fast the cost increases with increasing the

diameter (a=2);

Of course, this model is only approximate. The real cost function will be much more
complicated and include terms which depend on both the diameter and length as well as

terms which are functions of other variavles than the outer dimensions.
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The total cost function used in this chapter includes the cost of the active parts and the cost

of the structure:
Clol = Cucl + Cslr\lcl (]3)

Table 1.1. The cost function parameters and their nominal values

Cost parameter Nominal value
Cost of copper Ceu 4 EURO/kg
Cost of iron CFe 3 EURO/kg
Cost of permanent magnets Cpm 100 EURO/kg (NdFeB)

15 EURO/kg (Ferrite)

Reference diameter dier 0.8 m
Structure exponent a 2
Cost of reference structure Camar | 550 EURO

The torque density of a machine can be defined as the rated electromagnetic torque divided

by the machine volume:

T
T=—cn (1.4)
Vv
where:
.y
T, =N1— 1.5
elm ae ( )

So, 1t 1s clear that the torque density is related to the machine operating current (Ampere-
turns). When evaluating a machine’s torque producing capability, excluding external

factors, it will be meaningful to eliminate the influence of the current.
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1.2.1 Rice-Lundell Modified Alternators (R-L MA)

To use the claw-pole generator for a large speed bandwidth, field-weakening domain, with

effective conditions, some constructive changes were made, the result is known as the

Rice-Lundell modified alternator. [1.6]

This new alternator has the rotor split in two parts, a magnetic one and a non-magnetic

second part.

The magnetic part consists in two claw poles separated with a non-magnetic material,

which fill the space between poles creating a barrier to prevent pole flux trespassing the

space from one claw pole to the next one (from the other pole), without crossing the stator

core.

The toroidal field coils from stator are placed coaxially with the shaft, fixed on the motor

cage (making together a solid magnetic circuit), where the currents are passing the same

direction through rotor longitudinal axis.

The cage, stator core and coils are as usual for a synchronous machine, main flux path

being three-dimensional.

Ferrite W inax

NdFeB : | )
Cla — -pfle \ :
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Figure 1.3. The Permanent Magnets (PM) inside claw-pole generator: a) on the

shaft; b) on the claw-pole; c) between the claw-poles.
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The permanent magnets are placed in different configurations [1.5] (as shown in the

previous figure):

- on the rotor shaft of the generator (at one side of the field coil);
- on claw-pole surface, with a radial magnetization;

- between the claw-poles.

Adding of permanent magnets in the rotor to provide a better useful flux and to decrease

fringing flux, some changes on the excitation system were made.

One of the variants consists in the placement of the permanent magnets in a ring form,
which are axially magnetized, in the rotor between the rotor iron and the flywheel with
claw poles. The effect is the appearance of a magnetization for low speed operation, when
the excitation winding is not supplied sufficiently through the battery (if the battery is not

charged), but the effect decreases in the same time with the excitation of the rotor coil.

A new variant is based on the fact that if the magnets should be placed so near as it can be
by the stator air-gap, a higher flux should be induced into the stator windings, therefore the
magnet placement between the rotor poles with this end in view, could reach the increase

of the main flux in low speed operation, without the coil excitation in the rotor.

The third variant 1s based on the decrease of the magnetic leakage flux between the rotor
poles, which increases in the same time with the reach of the saturation level, thus, the
permanent magnets are placed between the claw poles to force the leakage flux to return
into the poles and to transform it into an useful flux which is necessary to induce the

voltage in the stator windings. [1.8]

All three solutions lead to an increase of the output current at a constant voltage, for all the
speed range, solution c), with PM of ferrite placed between the poles (to reduce the leakage
flux and thus the main flux from the air-gap to be increase), had produced the highest
increase in  current at idle speed (or a decrease of the speed from
940 rpm to 815 rpm) and an increase with 20% of the output power for all the range of

speed. [1.5]

o~
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But, from thermal and mechanical points of view, the fixing of the magnets between the
claw poles is not an efficient solution. Anyway a standard controller can be used to prevent

significant rising of the no-load voltage appearance.

Another way to improve the output power is through the elongation of the stator sheet
packet. extending the claw poles at the ends and introducing the PM’s at the ends, by

increasing a little the air-gap, also on all the rotor length (figure 1.4).

The enlargement of the sheet pack length is justified just if a substantial increase of the
output power i1s obtained and if the efficiency i1s higher for a large gamut of speeds,

anyway we have to take into account the space limitations.
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Figure 1.4. Additional ferromagnetic sheet stacks and rotor permanent magnets

The increase of the air-gap will reduce the losses through eddy current from the stator claw
poles in the same time as the harmonics of the e.m.f. voltage will be reduced (for a given
winding and a field current); the no-load voltage and the number of turns remain the same

(including the thickness of the winding wire).

The machine reactance will be lower (because the air-gap is higher in presence of PM’s)

thus the output current will increase.
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For high speeds, the reducing of the field current could be interesting, thus, the losses in
the stator iron and those through the turbulent currents from the rotor claw poles are

significantly reduced.

To avoid the over-voltage, at small loads and high operating speeds, it should be necessary
to produce a negative excitation current. This can be done with the help of a four quadrant

chopper.

An increase of the output power of the generators seems a good solution if it 1s made with

low costs but this solution must be demonstrated practically.

Other variants of the Lundell alternator were studied and applied to increasc their
discharged power. Thus, because the speed at which the alternators are running can be
reduced, they will have to assure an output voltage at these speeds, too. The variants with
magnets placed between the poles arc cfficient but hard to realize because of the
mechanical problems regarding their fastening and because of the fact that at high speeds

the induced voltages cannot be reduced.

Considering the standard Lundell gencrator as a base for the cost comparison, we will have
for the above modified structures a cost increase of about 10% because of the PM’s
insertions plus another 10% for the manufacturing process and of course other 30% for the

power electronic cost (if a 4 quadrant chopper is needed).

1.2.2. Induction Machine as Car Generator (IM)

Mainly used in power gencrating systems, the induction gencrator has two different

topologies:

» Induction generator with squirrel cage rotor, very popular due its rotor mechanical

simplicity.

The main drawback of the squirrel cage induction generator is the overheating and
torque pulsation when it runs at low speeds but which can be handled using a proper

power converter (with negative effect on the entire system cost).
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» Induction generator with wounded rotor, used especially for constant speed
solution. The output power of the generator can be controlled and optimized,

solutions of this kind were already proposed.

Here, the disadvantage is represented by the wounded rotor, which implies more
production costs and can affect the machine lifetime, depending on the operating
conditions. Anyway, a good solution for variable speed operation is using slip/rated

power converter, which is placed in the rotor of the electrical generator.

Induction machines have a relatively high power density, are durable and require little

maintenance (especially for squirrel cage induction generator).

It has been shown that using different sizes for the induction generator, the efficiency of a
starter-generator system is changing and so a system using a larger machine is more
effective. [1.47] This means, of course, a higher direct cost of the system but with positive

effect on system reliability and a reduce of the indirect costs.

The induction generator remains a solid solution for automobiles generating system, many

models and simulations being already done. [1.40, 1.46}

A 75.3% efficiency at 4kW load for idle speed, which is about 20 percentile points more
than the current production Lundell machine based system has been proved and the system
efficiency increases to 85% from 2000rpm to 3000rpm and decreases to 76% at maximum

speed of 6000rpm. [1.48]

1.2.3. Synchronous Generator with Interior Permanent Magnets (SG-

IPM)

In contrast to the asynchronous machine, the synchronous generator is much more
expensive. The rotor comprises the pole shoes, the poles lying beneath and the exciter
windings. The stator consists of the stator core and a.c. windings. Higher frictional losses,
brush and slip ring erosion and higher maintenance costs, are serious drawbacks for the

synchronous generators.

— Sever Scridon — “Ncw Electrical Generators for Automobiles” — PhD Thesis —

BUPT



Chapter | = Variable Speed Elecirical Generators For Automobile Industry — 21

Synchronous generators can be either electrically excited or excited by permanent magnets.
The question of which type of excitation is the best is determined mainly by comparing the
cost of the permanent magnets with the total cost of the rotor pole, the field winding and

the field winding losses.

The cost and the losses of an electrically excited generator depend on the pole pitch. A
simplified way of showing this i1s to look into the required field current at no-load

operation.

The m.m.f. required of the field pole is determined by the required air-gap flux density and
the magnetic air-gap. The m.m.f. required for the iron has been neglected. For the
electrically excited generator, the magnetic air-gap is the distance between the pole shoe

and the stator teeth.

Even when the pole pitch is reduced, the no-load m.m.f. required of each pole remains the
same for given air-gap flux density, although there is less room for the field winding. To
allow constant no-load field m.m.f., the ficld pole radial height has to be larger as the pole

pitch 1s decreased.

Permanent magnets are expensive but they eliminate the excitation losses and allow
smaller pole pitches to be used than electrical excitation does. The pole pitch of a generator
with permanent magnets can be very small. It is only limited by the leakage flux between

the magnets.

Just as for the electrically excited generator, the no-load m.m.f. required of the magnet
does not depend on the pole pitch. The m.m.f. produced by a permanent magnet is the

magnet height times the coercive force of the permanent magnet material.

Therefore, the magnet height can be constant as the pole pitch decreases. For electrically
excited generators the magnetic air-gap is small and as a consequence, the armature

reaction will be important if the pole pitch is large.

For rotors with surface-mounted permanent magnets, the magnetic air-gap is much larger
since the permeability of the permanent magnets is almost equal to that of air. So, the
armature reaction 1s much smaller for a permanent magnet generator with surface magnets

than in electrically excited generators.
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Even though the permanent magnets are very expensive, the losses of the field winding
make the permanent magnet excitation better than electrical excitation for small pole

pitches. Besides, by reducing the losses, the permanent magnets lead to a lighter design.

The induction generators are electrically excited, too. but in contrast to the electrically

excited synchronous gencerators, the magnetizing current flows in the stator winding.
The induction generator has the same problem as the pole pitch is reduced.

The magnetizing m.m.f. is constant, but as the pole pitch is reduced a larger part of the

stator current will be needed to magnetize the air-gap.

This effect causes the power factor to decrease as the pole pitch decreases. Another reason
why the induction generator cannot be made with a small pole pitch even if the air-gap can
be made simall is that the stator winding should be madc with at least two slots per pole and

phase to keep the space harmonics of the air-gap flux-wave low.

With a large constructive and configuration variety, the synchronous machines with

interior Permanent Magnets are used as generators, basically for small and medium power.

In permanent magnet generators, the magnetization can either be achieved by the magnets

directly on the rotor surface or by magnets inside the rotor.

The magnets on the rotor surface have to have a remanent flux density higher than the
required air-gap flux density, so, it is necessary to use expensive magnets, like
Neodymium-Iron-Boron (NbFeB), with a remanent flux density of 1.2T, or Samarium-

Cobalt (SmCo) with a remanent flux density of 1.3T.

If the air-gap flux density has to be close to remanent flux density, the amount of

permanent magnets will be large.

Anyway, surface-mounted magnets lead to a very simple rotor design with a low weight
and from the costs point of view an advantage can be observed (gluing the PM’s on the

rotor surface is cheaper than manufacturing a wounded rotor with slip rings and brushes).

The PM synchronous machine geometrical structure looks similar to the classical

synchronous machine structure, figure 1.5.
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Pormanent Megnet

Figure 1.5. The synchronous machine with pole permanent magnets

The stator is composed of a sheet stack with slots in with the multi-phase stator windings
are placed. The rotor has placed permanent magnets that have to excite the machine. The
magnet placement in the rotor is realized in two variants, generally looking to optimize the

rotor structure from the weight and costs point of view.

Thus the magnets can be placed between the poles, in this case the magnetic reluctance
after d axis is smaller than that from q axis, or they can be polar placed, in this case the

magnetic reluctance is considered same on both axes. [1.2]

An efficient rotor should have to maximize the flux density in the air-gap and to minimize

the magnetic leakage between the magnets, to contribute at the energy conversion process.
[1.3,1.49]

Flux concentration can be used to utilize cheap low-energy permanent magnets and still

obtain high air-gap flux density. [1.61]

The magnets are then placed inside the rotor and the flux is guided through magnetic
circuits that are narrower at the air-gap than to the magnets. A common low-energy magnet

material is ferrite that has a remanent flux density of about 0.4T.

A more complicated rotor is required for flux concentration than for surface mounted and 1t

would also normally be heavier, while the cost for magnets can be much lower than for
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surface mounted magnets. but considering the enlargement for the speed range operation it
might be good advantage. Today. NdFeB magnets cost about 8 tumes more than ferrite
magnets and their maximum magnetic energy product is about 10 times higher than it is for

territe.

1.2.4. Axial-Flux Circumferential Current Permanent Magnet Generator

(AFCC-PMG)

In parallel with different studies made to achieve maximum power density for the
traditional claw-pole gencrators, a new solution regarding a new alternator solution with
permanent magnets in rotor and axially air-gap has been proposed (IEEE-IAS 1994). it
works at high speed (3kW, 3000 — 30.000 rpm) and solve partially the energetic efficiency
problems but still the demagnetisation eftect of permanent magnets. together with rotor

targe inertia moment are a real problem. [ 1.31]

So. to avoid the use of sleep rings that are necessary for field coils. the excitation has been

moved on the stator.
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Figure 1.6. The electrical generator with disk rotor (after [1.31])

This new solution of generator system with high efficiency is given by a svnchronous
generator with excitation with permanent magnets with a high magnetic energy and disk

rotor. together with a chopper with IGBT's.
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As shown in figure 1.6, the stator of this type of an electrical generator is with prominent
ferromagnetic poles with permanent magnets and with a circumferential winding, the rotor
being compound of two prominent parts placed in the exterior. The main magnetic flux is
provided by two neighboring permanent magnets having axially orientation and passing

through the air-gap, the rotor pole and yoke.

The stator winding designed in this way, leads to the reduction of the losses at the coil
ends. The rotor rotation provokes the production of a coupling flux through a winding that

i1s periodically reversed to generate an induced electromotor voltage.

Axial-flux generators can be designed in a way similar to radial-flux machines. One
important restriction for axial-flux machines is that the amount of windings in the air-gap

is limited by the available space at the inner diameter. [1.50]

The air-gap at larger radius cannot be fully utilized because of this and the utilization of the
iron core and magnets is slightly less efficient in axial-flux machines than in radial-flux
machines. While for the radial-flux machines, the length of the stator and the air-gap
diameter can be made with a small diameter by using a long stator, to reduce the diameter
of the axial-flux machine, while keeping the rated torque constant, the difference between
the inner and outer diameter has to be increased. The maximum torque of an axial-flux

machine is achieved when the inner diameter is about 0.6 times the outer diameter. [1.51]

A smaller inner diameter will only decrease the rated torque, so, the diameter of the axial-
flux machines cannot be reduced as much as for the radial-flux machines. One way of
avoiding a large diameter is to stack a number of axial-flux machines with a small diameter
on the same shaft, thus, the rated power can be increased without increasing the diameter

but it will increase the price, too.

Another disadvantage of this type of generator, beside the large inertia moment is the
torque ripple. If the axial-flux machine is made with a double-sided stator, the need for a

rotor yoke as a return path for the flux will be eliminated.

Subsequently, the active weight of the generator can be reduced. Nevertheless, the rotor
has to be made of magnetic powders to handle, without considerable losses, the three

dimensional a.c. field occurring from stator during motion. A more complex non-magnetic

stator structure has to be used instead to hold the magnets.
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The double-sided stator also allows the winding to be divided into two, half as thick parts.
In a radial-flux machine an equivalent electromagnetic design can be achieved by doubling
the stator length instead of using two stator halves. Such a solution will lead to a lower

amount of end windings than the double-sided stator.

If the machine length is not restricted. the axial-flux machine with a double-sided stator
will not be better than a radial-flux one, with a long stator, from an electromagnetic point
of view. Three dimensional distribution of the magnetic main flux impose a careful pole
core structure cutting, which implies, beside permanent magnets cost, high manufacturing

Costs.

1.2.5. Torus and Transversal Flux Generators (TFG)

A special type of axial-flux generator is the toroidal stator machine (figure 1.7). Beside the
above-mentioned advantages and disadvantages, the toroidal stator winding leads to simple

end windings but it becomes more difficult to fix the stator to the generator structure.

This new solution is a synchronous generator with field winding and PM, having a disc
rotor. The main disadvantages of the axial flux generator are it’s manufacture difficulty

and 1t’s high inertia.
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Figure 1.7. The torus generator
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With a wounded toroidal stator, without slots but with PM’s, this type of generator was

already proposed as a solution for generating systems.

Many studies were done for such kind of electric machine on small power applications,
where the power electronics configuration is predominant, there are known as small

electronically-commutated permanent magnet motors. [1.59 - 1.61}

The transversal-flux generator is rather different from the other machines and it is difficult
to make any simple comparisons between it and radial-flux generators. The major
difference is that the transversal-flux concept allows an increase in the space for the
windings without decreasing the available space for the main flux; this allows for very low

copper losscs.

The transversal-TTux machme cancalso be made witlva very small pole pitels compared waith
the other types. Unlortunately the clectromapgnetic structure s more comphieated than tor
conventional generator types, which may consider it more expensive [rom manulacturing,

pomnt ol view.

1.2.6. Switched Reluctance Generator (SRG)

Proposed for generating applications, the switched reluctance machine proof it's
simplicity, low cost, rugged configuration and most of all its fault tolerance but also it’s

dependency on power electronics (from the control point of view). [1.21-1.25]

A lot of improvements were made for the switched reluctance machine, in order from the
starting capability, [1.57], to new power converter topologies, [1.15-1.19], but the wide
speed constant power and voltage recovery under sudden load variation are still to be

demonstrated.

A more detailed study for the switched reluctance generator is included in this dissertation

in chapter two.

1.2.7. Hybrid Generator with Variable Reluctance (HG-VR)

It was found that for higher power the Lundell alternators are no more practical because of

the worth cooling, the high leakage flux and because of the losses in the air-gap, too. [1.9]
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For a good operation on a large domain of constant power a new type of electrical hybrid
machine, double prominent with permanent magnets in the rotor, a machine which can be

used also as electrical generator, has been proposed. [1.32]

This proposed new machine has a similar structure with that of the switched reluctance
machine; the difference consists in the existence of the permanent magnets placed inside

1ts rotor.
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Figure 1.8. The electromagnetic field from 2D-finite element analysis

As it was demonstrated in several papers in which it was treated, this machine is mostly
unique from the energy conversion point of view, the only problem being the current
switching-over to assure a good energy conversion, for both, as generator or as motor

operation.

When the machine is loaded, the bulk of the armature reaction flux is forced to circulate
through another overlapped pole pair because the existence of PM constitutes a high

reluctance path for the flux.

In figure 1.8, the electromagnetic field, resulted from 2D-FEA, created by permanent
magnets for the aligned position for one phase, is presented for one of the machine

topologies.
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The magnetic flux from the air-gap (fig. 1.9) has a high value, this being concentrated to a

great extent on the superposition zone of the stator poles with the rotor oncs, the good

energy conversion being emphasized.

However, it can be observed a leakage that appears because of the placement manner of the

permanent magnets in the rotor.
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Figure 1.9. The air-gap magnetic flux density (upper picture), magnetic flux

(middle) and the cogging torque variation (down) vs. rotor position (from 2D-FEA)
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In figure 1.9, the flux density and the cogging torque for this topology of the hybrid
machine with variable reluctance, are shown. It is found the existence of a large cogging

torque, constitutes a serious disadvantage for this type of machine.

It can be observed from figure 1.9 that the flux is mainly concentrated at the overlapped

pole area.

This vanant of hybrid machine, with vanable reluctance, has the following advantages: the
imductance reduction thanks to the presence of the permanent magnets, the high efficiency

and the high energy conversion, the reduced inertia moment, the simple structure.

1.2.8. Flux Reversal Generator (FRG)

Recently introduced, this type of electric machine can be easily used as a generator

because it’s simplicity and cost.

This machine is a doubly salient permanent magnet machine having low cost permanent

magnet placed on the stator pole shoes.

A detailed study for this generator is presented in chapter three of the dissertation,

including a generating system proposal using the flux reversal generator.

1.2.9. Double Salient Machine with Permanent Magnets (DSM-PM)

Beside the enumerated reasons in the introductory part of this chapter regarding the
imposed restrictions, by the demands of the automotive construction domain and from the
aeronautics industry, we must take into consideration the general accepted fact that about
60% from the produced electric energy is consumed by the electric machines, and this is an

enough reason to study the efficiency increase of these machines.

Double salient generators with stator PM’s and pulsating (homopolar) flux linkage have

been proposed long ago.
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With the same rotor topology like switched reluctance machine but having stator PM’s for
excitation purpose, the cogging torque for these machines is an important factor which has

to be consider in the designing process. [1.39]

In fact, through the placement of these permanent magnets in the stator, the simplification
of the supply/excitation converter structure of the switched reluctance machine was

desired.

To try a reduction of the cogging torque and a standardizing of the flux repartition from the
air-gap, a change was made in the structure of the previous presented hybrid generator with
variable reluctance, through the modification of the permanent magnets position that is

their passing from the rotor in the stator of the machine.

L.
Figure 1.10. The repartition of the electromagnetic field produced by the

permanent magnets (having an excitation role), from 2D-FEA

In figure 1.10, the repartition of the electromagnetic field produced by the permanent
magnets through this machine can be watched, so for the aligned position of the stator

poles with the rotor ones as for the un-aligned position.

To prove the high leakage that appears for the poles overlapping, the use of the finite
element method is evident for this case. The desired effect from the permanent magnets is

considerable reduced and the power conversion of the generator being reduced, too.
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Figure 1.11. The DSM-PM variation of the magnetic flux and flux density from the
air-gap (from 2D-FEA)

In figure 1.11, the varnation of the flux and the magnetic flux density in the air-gap are

presented.

In the specialized papers dedicated to this type of machine, the forms of the phase
inductance and the saturation effects above the machine behaviour were studied also,
showing that thanks to the impossibility of starting the machine in every position, it is

more favourable to use it as a generator. [1.32]

The cogging torque that appears because of the presence of the permanent magnets has the

shape as indicated in figure 1.12.
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Figure 1.12. The cogging torque vs. rotor position [Nmx100/u.l.] (from 2D-FEA)

A relative high variation for the cogging torque can be observed.

In the following, another structure of this type of generator is presented, as it can be
observed in figure 1.13, where the lines of the electromagnetic field and of the flux from

the air-gap for a new structure are presented.
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A standard repartition of the electromagnetic field lines is realized, the part from the stator
yoke, where a permanent magnet is placed, is more narrow thus it i1s required a
standardized saturation of this. The air-gap flux has a higher value than in the previous

case, although for the analysis, the same type of permanent magnet is used (NdFeB).
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Figure 1.13. The electromagnetic field and the magnetic flux [Wb/u.l.] on the air-
gap (from 2D-FEA)

This time, the magnetic flux in the air-gap is much bigger and this due to the PM size from

the stator yoke.

Also, as a consequence of the change of the permanent magnets placement is

the increase of the cogging torque, as it can be observed in figure 1.14.
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bt
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Figure 1.14. The magnetic flux density [Tx10°) and the cogging torque [Nm/u.l.]
in the air-gap (from 2D-FEA)

The leakage flux has higher values, too, so, a change in machine structure must be made,
even making smaller the rotor poles thickness or increasing the air-gap, both solutions with

negative aspects from electromagnetic point of view.

1.2.10. Dynamic Double Salient Generator with Permanent Magnets (D-
DSM-PM)

The presence of the permanent magnets contributes to the appearance of a way with high
reluctance, forcing the flux to circulate through another pair of super-positioned poles. as
result: the active phase of the stator will have low inductances in the aligned and un-
aligned position, the maximum value being obtained at the 1/2 superposition of the stator

poles with the rotor ones (figure 1.15).
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Figure 1.15. The distnbution of the electromagnetic field produced by the

permanent magnets for different rotor positions (from FEA)

— Sever Scridon — “New Electrical Generators for Automobiles™ — PAD Thesis —

BUPT



Flau

Chapter [ = Variable Speed Electrical Generators For Automobile Industry — 35

The proposed configuration 1s based on the use of some permanent magnets placed in the
stator, with low setting costs, but which must have a marked effect above the machine

function. [1.34]

The mechanical design of the machine ensures that the total overlapped pole area is kept

constant at any position of the rotor.

The power electronic for this type of machine is made according the used method at the

switching reluctance machine, too, the converter structure being similarly.
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Figure 1.16. The variation of the flux [Wb/u.l.] and flux density [Tx10°] in the air-
gap (from 2D-FEA)

Observing the obtained results through the analysis with the finite element method (fig.
1.15 and fig. 1.16) we can draw the conclusion that despite of the simplification of the
manufacturing technological process of this machine, that is the reduction of the afferent
costs and the good dynamic behavior, we must find other solutions which have as result a

generator which equips the vehicles and which fulfils the most of the demands imposed by

the new function conditions.

R

Cuplul

Figure 1.17. The cogging torque [Nm/u.l.] of the D-DSM-PM vs. rotor position
(from 2D-FEA)
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Recent studies show us that a 8/6-pole configuration of the D-DSM-PM take advantages
over the 6/4-pole counter-part, namely higher power density, wider speed range, less

torque ripple and lower current magnitude are obtained.

These advantages can well outweigh its drawbacks on relatively more complex in structure

and, of course, in control (when necessary). [1.55]

Many other types of electric machines were studied and can be proposed for applications
where are operating as generators, starting with the axially laminated machine, [1.20], and

continuing with special hybrid synchronous machines. [1.56], [1.58-1.60]

Besides the manufacturing cost of those, their efficiency and wide speed operation
capability are the most important factors to be considered but, of course, the manufacturing
cost reductions can be achieved by changing the structure of the power electronic

converters, together with proper control strategies, too.

Anyway, including the power converter cost for the generating system cost optimisation, a
significant impact appears on machine design, either by exchanging a larger and more
expensive machine for a lower power electronics costs by reducing the current for the
power converter or designing the machine with a large power factor and so reducing the

apparent power of the requested power converter.

— Sever Scridon — “New Elcctrical Generators for Automobiles” — PhD Thesis —

BUPT



Chapter | = Variable Speed Electrical Generators FFor Automobile Industry — 37

1.3. Conclusion

The electric machines presented in this chapter constitute only a part of the most indicated
variants to use as electrical alternators that has to equip the generator systems of the

modern cars.
We can draw the following conclusions:

» The claw-pole (Lundell) generators efficiency is up to 50% for maximum load and
speed, so, new solutions to improve their efficiency or to find other alternatives arc

requested.

» Instead of the changes made to improve the efficiency by placing the permanent
magnets with different geometric topologies, the modified Rice-Lundell generators are

not oftering the expected results.

The positive effect of the permanent magnet presence is obtained just for low speed

range and constitutes anyway an advantage for idle speed automobile operation.

~ The synchronous generators with interior permanent magnets are a viable solution but
for high-speed operation, the permanent magnets disadvantage because of detachment

tendency.

» Disc rotor generators are solving the energetic performance problem but the permanent
magnets demagnetization and detachment effects, together with the high moment of

inertia of the disc rotor, are a real problem.

» The hybrid generators with variable reluctance show us a good energy conversion but

the high value of the fringing flux, mainly because of the permanent magnets placing.

Beside their high efficiency and small inductances (small electrical constant), this type

of electric machine needs to be optimized.

» The double salient permanent magnets generators have a geometrical configuration
similar to the hybrid generators but the permanent magnets are placed in the stator to

expand the speed range.
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Placing the penmanent magnets in the stator was choose to simplify the power
electronic converter structure (consequently it’s price, too) for the switching reluctance
machine. The leakage effect is high so. the power conversion of the machine is

reduced.

The second alternative is more efficient, but the cogging torque and the air-gap flux

density are bigger, anyway the manufacturing costs are a little bit higher, too

The dynamic double salient permanent magnets generators, with a similar topology,
have bigger permanent magnets inserted in the stator yoke, to reduce more the
electrical time constant, so for a better dynamic behavior with a relative small increase

of the manufacturing and PM’s costs.

The beneficial effect of the large permanent magnets is partially reduced by their
placing mode (not expensive to realize but with a high fringing effect) but this type of
electric machine deserve to be considered from both manufacturing costs and dynamic

behavior.

The switched reluctance machines are from the constructive point of view the most
redundant. using simple numerical analysis (by finite element method) can be

geometrically optimized.

Beside its simplicity, the switched reluctance machine has not a spread use, at least as

generator and that because of the power converter complexity and high costs.

The flux reversal machines, to be introduced and studied in the 3™ chapter of this
dissertation, are more reliable and relatively easy to manufacture, placing the
permanent magnets in the stator poles eliminates the detachment tendency for high-

speed operation.

Because the bi-polar varniation of the stator magnetic flux, so, of the good usage of the
stator iron, and because of the low rotor induced currents and small electrical time
constant, caused by the presence of the permanent magnets, this machine imposes itself

as a good one especially for generator operating mode.

Recently, a cost study was done for a 6kW starter/generator system, built in four variants:

with an induction machine (IM); with a synchronous machine with rotor surface permanent
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magnets (SPM); with a hybrid machine with interior permanent magnets (IPM);
respectively with a variable reluctance machine (VRM); cach of them with the appropriate

power converter topology. [1.38]

The results of this study was expanded taking into account all the generator structures
presented in this chapter, together with the afferent power electronic devices, using the cost
formulas from [.1 to 1.2 and table 1.1, and considering the de results from [1.38], are

completing the above conclusion.
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Figure 1.18. The manufacturing costs for different electric machines (for 6kW

power), in comparison with data from [1.38]}

Beside these results we have considered the case of a new kind of generating system that
includes new types of generators, the two phase switched reluctance generator (2P-SRG).
the flux reversal generator (FRG) and the biaxial excitation generator for automobiles

(BEGA), together with their power converters.

The costs for the last new system was calculated considering the results from the designing
program from chapter four, from the present dissertation, where this new type of generator,

together with its power converter will be studied in detail.
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One direct observation: to be integrated efficiently in automobiles industry, the costs for a
starter/generator system may go up to 500$ for the present systems, having 14V d.c. bus

voltage. This is a rather large amount of money.

As known, the main manufacturing costs are those for the power electronic converter, each

system being built for a four quadrants operation for the electric machines.

As can be observed. only for the systems with induction machine and those with a biaxial
excitation generator or flux reversal gencrator and even those with internal permanent

magnet machines, the manufacturing costs requirements are mostly accomplished.

Mainly, the manufacturing cost reductions can be achieved by the power electronic
converters but also, for the internal permanent magnets machines, choosing the right

configuration and type for the magnets can give us supplementary cost reductions.

The continuous development of the electronic industry together with new semiconductor
devices and permanent magnets appearances are the main factors that will lead us to prices

drop of the starting/generating system in the near future.

Anyway, low power control for the converters, for maximum voltage and current

operation, will give us important manufacturing cost reduction.
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CHAPTERII

TWO PHASE SWITCHED RELUCTANCE
GENERATOR (2P-SRG)

2.1. Introduction

In chapter one. a relatively comprehensive review of various types of electric machines has
been presented. The reason for doing this is that the novel electric machines, for variable
speed generating operation mode, proposed and presented in this dissertation are closely

related to some of the existing types of electric machines.

The switched reluctance generator is an electrical generator at which the conversion of the
energy relies on the reluctance vanation. has so the stator as the rotor with seeming poles

topology, the field winding being placed in the stator.[2.12] [2.13]

In the figure 2.1, a structure of a four phase switched reluctance machine, with eight stator

poles and six rotor poles is represented.

Figure 2.1. The structure of a four phase switched reluctance generator
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Each phase is made up of two coils that are placed on the opposite poles.

In the present, this imposes itself through its constructive simplicity, through the absence
of the permanent magnets, the independence of the phasces, through the robust rotor, and

through the good work at high temperatures conditions. [2.7]

Switched Reluctance machines had a continuously request as electrical generators in
aerospace industry but in other applications, too, where the robustness, high speed

operation and fault tolerance are of major priority.

Figure 2.2. The structure of SRG for high-speed operation

SRG direct control methods, especially those for small power applications, increase the
drive delivery price over acceptable limits and, in addition, reduce the system reliability by

making it environmental sensitive.

Substituting the position transducer from the shaft and using other control techniques,

these drawbacks were eliminated:
> rotor position sensing by transducers placed between stator poles;
> rotor position detection by current or voltage waveforms monitoring;

» indirectly rotor position detection by phase inductance variation (or through other

machine parameters).
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Figure 2.3. Control strategies for the switched reluctance machine, with position sensors

(a) or without position sensors (b)

The most frequently methods used for Switched Reluctance machine sensor-less control

can be classify, considering estimator location, in two major groups:

» rotor position estimation methods through measuring and calculation of parameters

from the not supplied phase;

» rotor position estimation methods through the measuring and calculation of

parameters from the supplied phase.

From the first group, make part:

» the method of the phase inductance measurement, through the modulation in
amplitude or the frequency, with the disadvantage of the influence above the

sensibility of the machine parameters, specially, thanks to the saturation; [2.17]

» the method of diagnose pulses injection, in the not-supplied phase and the

measurement of the current ripple, with the disadvantage for high speed operation;
[2.18]

» the method of the armature voltage line measurement, which needs a significant

phase coupling; [2.19]
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» the flux valuation method through the agency of voltage integration and of
inductance calculation with help of a simple machine model, with the given

disadvantage of the chosen machine model. [2.20]

From the second group can be mentioned:

» the method of the current wave form monitoring, with difficulties in the influence

of the armature voltage and of the magnetic saturation; [2.21]

Y

the method of the current gradient measurement, with motor starting difficulties,

when an self-synchronization is necessary; [2.22]

» mecthods based on the state observers, the complicated mathematical model having

influence above the speed and accuracy in the calculation; [2.23]

v

the method of the rotor position valuation, through the agency of the eddy current
losses measurement, which can be considered independent of the magnetic
saturation and whose variation with the rotor position is similar with that of the
phase inductance. [2.24] The problem that could appear is in connection with the
influcnce of the hysteresis losses, which depend on the saturation level of the
machine, that is why this method can be applied just considering that the eddy

current losses are prevalent.

The sensor-less control imposes itself because of the following reasons: the manufacturing
cost diminishing, also, the reliability increase and the motor adaptation for hard conditions

operating modes. In this way, the Hall sensors or the resolvers are the most used.

The estimator has to deduce the instantaneous position of the rotor, using measurements of
the stator voltage and currents and also, of the electric machine parameters. Physically, the
position valuation function can be made through electronic circuits placed near the

controller. [2.16]

The advantages are the followings: the remove of the costs regarding the position sensors
and their concession; the remove of the function temperature limitation; positional signal

lines are not necessary.

These valuations were applied for SRM controlled through a chopper. There appeared
errors in the valuation because of e.m.f., the saturation and because of the natural coupling

effects.
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The mathematical model for the numeric simulations of the two-phase switched reluctance

generator is given by the following equations.

dAa _iR,-vye) @.1)
dt
dAp = iR, - Vi(0)) (2.2)
dt
d0r _(1,-T.) /1 (2.3)
dt
46, _ 2.4)
dt
2 2
Te=An L da +24, =1 ib ; foria,ip<io (2.5)

9(' 210 6: 210
T.= A'm—]—(i;l - ih); for ia , ib 2 i() (2.6)

8.

The one-phase flux depends of a relative position of the rotor to the stator poles of the

same phase, for phase A, wc can write:

Ao = Lyal for the unaligned position; 2.7
Aa=Ami/ip+ Ly, fori<i,and B, <6, (2.8)
Ao =Am+ Luai; fori>1gand 6, <6, 2.9

A similar function can be built also, for the decreasing zone of the flux. We proceed in the
same way for phase B. the only difference is the choice of the angle. The flux on one phase

depending on current and position, A(i, 6,), is precisely obtained from FEA.

Anyway, for the preliminary design, it is necessary only an approximate analytical
solution, especially by the calculation of the permanent and dynamic system and of the
driver. On the basis of the till present obtained resulits, through the finite element method, it

seems that an cstimation of the dependence A(i, 6,) through straight lines segments is

practical.

Sever Scridon - *New Electrical Generators for Automobiles™ — Ph.D. Thesis

BUPT



Chapier 1l — The Two Phase Switched Reluctance Generator — 51

1o Imax 1

Figure 2.4. Phase flux versus current for different positions

The minimum flux is obtained for 6, = 0 and 1s given by:
A=Lul [Wb] (2.10)

The unaligned phase inductance value, L, 1s composed from the leakage inductance (self-

inductance), Ly, and the linkage inductance, L, from the air gap:

I-«unl = I-4uals + Luale (21 1)

However, for generator operating mode, the stator windings of the machine, must be
excited on the angular side, between the align position of the stator poles with the rotor
ones and that in which the poles do not overlap, reverse as by the excitation in the motor

operating mode.
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Figure 2.5. The phase flux variation vs. rotor position and the phase current waveform for

a switched reluctance machine [2.48]

In the present, to reduce the costs, we have in view to realize systems with switched

reluctance generators in sensor-less control.

A sensor-less generating system, with switched reluctance machine as generator, which
had to lead to reduced costs for both manufacturing and exploiting, is made of the

following components:

a) a machine which has to operate on the same principle as the switched reluctance one,
with two phase (eventually single phase) and in whom structure can be introduccd short
circuited windings (with help of a Triac), for an adequate positioning before to start in one

of the possible directions, if motor operating mode is desired, too;

b) a converter for excitation supply, built in a simple structure, and whose command for
the generator drive is sensor-less; In its structure is included a current sensor (preferable)
which is used just for protection and for giving information regarding the position of the

rotor poles instead the stator poles in the starting moment.
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2.2. Two Phase Topology

This machine has the structure of the classic switched reluctance machines, therefore, has
salient rotor and stator poles, the number of the rotor poles Nr = 2, 4 or 6 and that of the

stator poles: Ns = 2 x Nr, having the same width with the rotor ones.

In the 2xNr stator slots, 2xNr stator windings are introduced, Nr windings for each phase
(series connected) each disposed around a stator pole, alternatively, for respecting the

structure of a two-phase machine.

All the rotor poles simultaneously contribute to the increase of the electromagnetic torque;

thus, a good torque density in the rotor 1s created.

We consider the case of one machine with this topology, having Nr=4 rotor poles and
Ns=8 stator poles, the phase inductance variation as rotor position function will be as
shown in next figure:

4

L., Ls

0 90 /4 60 /2 90 3n/4 90 T 90 5t/4 90 3n/2

v

Figure 2.6. Phase inductance vs. rotor position

As can be observed, it exists a zero torque position and so, the resulted optimal starting
position is for 8y, where phase inductances are equal, so the starting is possible in both

directions.

Considering the saturation effect, when both phases A and B are fed with the same high
currents, there is a tendency (torque) to move the rotor from the axis of the phase A (or B)

to the optimum (intermediate) starting position - 9.
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2.3. Conceptual Design for 2P-SRG

For the design process of the two-phase switching reluctance generator, finding the useful
torque using the geometry of the machine, so, an important role has the value and shape of

the main magnetic flux or phase reluctance, as function of rotor position and field current.

The machine energy conversion capacity is presented through the closed area given by the

operating trajectory on the flux - current plane from un-aligned to aligned positions.

A magnetic saturated machine has a bigger energy conversion area for the same peak
current, so the machine has to be designed with a small air-gap for pole aligned position, a
machine with a significant magnetic saturation has a power factor two times larger than a

not-saturated one.

For variable reluctance machines classical design methods cannot be applied, because of

complications that appears because of different number of poles.

The most important clement, which introduces difficulties in the design process, is the

power electronic converter, the power supply of the switched reluctance machine.

When this kind of machine has to be designed we have to consider the difference between
constant speed motor, supplied with sinusoidal three phase current, design and one motor
for variable speed and power electronic converter design. Finally we have to consider that
the machine will work on a wide torque and speed range, with implications on proper

design of the cooling system.

There are more intrinsic design methods:
» hnear methods;
» non-linear methods;

» finite element method, applied to the magnetic field, method that guide us to a

direct estimation of machine performance and parameter determination.

2.3.1. Electromagnetic Power and Torque

Sizing the SRM is a very difficult task, mainly due to magnetic saturation but also due to

the involved dependence of phase inductances on rotor position (not only on current). So,
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we have to start sizing with some initial educated guess of a few variables and after the
complete sizing to make the necessary verifications and adjusting to obtain a satisfactory

practical design.

Let us suppose for the beginning that the rotor losses are of mechanical, pye. and core

(iron). Piron. type.
The electromagnetic power (average value), Py, 1s:

PcIm= Pn+ pmec+ pimn [W] (2 | 2)

At this stage of the design we only can assign a value for pmect Piron as a function of the

nominal power, P,,.
For the case in point we assume that:
Pmect Piron = KoPy , where K¢=0.03, consequently:

Pelmz Pn+ I<0Pn (2 13)

The electromagnetic torque (average value), T, 1s:

Te=Pein/2nn (2.14)

2.3.2. Rotor Diameter and Stack Length

A new design variable will be now introduced; this is crucial for the machine sizing, the

rated tangential force (fy):

£ = 2 Te (2.15)
Dr ”LstackDr

where: D, - the rotor diameter;

Lack — the stack length.

Generally, for self-ventilated machines with good efficiency: fp=0.5 -2 N/cm? for torque

levels between 0.5 and 5 Nm.
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These values are good for starting the design process and after efficiency, weight and

temperature assessments they may be adjusted accordingly.

The aspect ratio Lgae/Dr = 0.6 - 1.5 in most cases.

Let us adopt L. u/D; =1 and fy=1.5 N/cm®. From (3) and (4) we get:

2xT

D, = € [m] (2.16)
foxmx (L.s'luck/ DI)

2.3.3. Stator and Rotor Poles, the Air-gap

The number of rotor poles, N,, has to be chosen first. Basically N; = 4 or 6. We choose N,

=4, in this case the stator will have N = 2xN, = 8 poles.

The air gap should be as small as possible, a value g = 0.2 mm would be a practical choice

for this case.

The stator teeth (poles) and slots structure shall now be dealt with. The stator core looks

like that of a low power induction motor with a low number of slots.

The slot opening, W, should be carefully chosen to reduce notably the slot leakage flux.
A value W=(15 - 20) x g seems adequate for the case. A too high value would increase

the no torque zone and is not allowed.

As we have the slot openings, the stator tooth (pole) width is:

W= lr(Dr+2g)—2er Wso

2.17
2Nr ( )

The rotor pole has the same width as the stator pole. The rotor shaft, dsyn, may be chosen,
for torque range envisaged.
With a rotor pole height of:
hp=0.6 x W, (2.18)

the rotor yoke 1s:

]
hyl’ = E‘X (Dr i dshaﬂ '2thr) (2 19)
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To reduce somewhat the influence of magnetic saturation in the rotor, the rotor poles width

is kept constant along the radial direction.

As we can sc from fimite element analysis, the stator shoe and body will be most saturated.

2.3.4. Coil m.m.f.

The saturation of the stator pole (tooth) zone close to the air gap — local saturation — is
required to obtain good performance (if flux density in the stator pole shoe does not vary

with rotor position — due to saturation — the flux will vary linearly with position).

Even in this case, if no current chopping is assumed for rated speed, the current will reach
a maximum and then will decrease as the motion induced voltage reaches the level of the

input d.c. voltage and thus the torque versus position will not be a constant quantity.
Consequently, a part from average torque, as peak torque, Tpek, may be defined.

Design experience shows that a ratio of even three between the peak and the average

torque value is practical for the two phase machine:

Kl = Tpcuk / Tc =3 (220)

The ratio between peak current and RMS current / phase is close to K, value.

K, =K, 2.2

Now, we have to adopt a saturated value for the local (pole shoe) flux density: Bgs = 1.7 T

Consequently, the peak ampere-turns Nl s related to the peak torque by:

Nelpeak = Tpeak — [Aturns] (2.22)
Bgs X Lstack X N¢* Dy/2

where: N.- number of turns/coil

The RMS ampere-tumns is:

Ne x In = N¢ X Ipeak /K [Aturns] (2.23)
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2.3.5. Stator Slot Sizing

Stator slot sizing is related to the design current, jc,q. The RMS current per phase during its

conduction stage has been defined above through RMS m.m.f. per coil Ni,.
We should also notice that only half of time one phase is conducting, so in fact, the RMS
current per phase is still \/5 times smaller.

However, targeting for good (high) efficiency we will define jcos = 6 A / mm? and notice
that N.i, is the only m.m.f. active at any time like if the losses in the windings are produced
by one (only) phase. This observation is important for thermal design and when calculating

the winding losses.

Also the slot-filling factor has to be chosen Kg;; = 0.38 only since there are two coils in one

slot.
The slot area 1s:

Aslol:2 X NcIn / jcod X I(ﬁll [m?.] (224)

Let us assume a pole width, W, and a useful slot (pole) height, hy,, the slot widths, interior

and exterior are:

”(Dr+ 2¢ + 5)— 2Npx Wp [m]

_ (2.25)
Wsi 2Ny
respectively:
20 +5+2 -2
W= DU 215 tha INEWp (2.26)
2Nr

Consequently, the slot area would be:
Agor =hgy WSLEWS2 - (1) (2.27)
2.3.6. Number of Turns per Coil
The pole angle is:
0,=(Qu8)x — WP [rad] (2.28)

Wp+Ws0
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Let us assume that the conducting (useful) angle, 0, is:
0. =(2/3)x 8, (18)

The peak phase flux will be reached after an angle 6,

Dopesk =22 (W) @29)
Qr

where:

QQ;=2m [rad/s] is rotor speed (2.30)

and Vj —1s the d.c. supply voltage

On the other hand, the peak phase flux 1s:

Ouy,

P

Apeak = Bes Wi Lpeak Nc [Wb] (2.31)

Considering a value for Vy (corresponding to a single phase power grid), the number of

turns per coil, N, is obtained.

So, the peak and rated currents can be now calculated to make sure that the rated power at

rated speed even with 10% reduction in the d.c. input voltage, are obtained.

2.3.7. Wire Gauge

The wire gauge, d.,, may be determined based on knowing the RMS current and

corresponding design current, jcod =3...6 A/m.

deo = ’-ﬂ‘— [m] (2.32)
T Jeod

Now we have the wire gauge and each coil will be made using wire with F class of

msulation.

Sever Scridon — “New Electrical Generators for Automobiles” — Ph.D.Thesis

BUPT



Chapter 11 = The Two Phase Switched Reluctance Generator — 60

2.3.8. Phase Resistance and Slot Resizing Attempt

Each phase is made of N, coils connected in series. Consequently the phase resistance, R,

1S:

R.=N, E—C—‘—’—I—MNC [Q] (2.33)
co

where: p,, - the copper resistivity

Lot = 2Lpae #2W, +2 W5 [m] (2.34)

is the coil length.

The nns losses (for both phases) in the windings are:

Poo=Rein  [W] (2.35)

2.3.9. Stator Yoke

The stator yoke height, hy,, has to be sized from both mechanical and magnetic

considerations.
To avoid over-saturation in the yoke zone, we assume:

hye>W,/2  [m] (2.36)

So, the external diameter — on the square lamination size is:

Do =D, + 2g + 2h, + 2hy, [m] (2.37)

2.3.10. Phase Flux Linkage versus Current and Position A(i, 6,)

This function is obtained through FEM analysis. However, an approximate analytical
solution could be available for preliminary design purpose, especially in calculating the

steady state and dynamics of the drive.

Based on many FEM and tests results it seems that is practical to approximate the A(i, 6,)

by straight-line segments, as indicated in figure 2.3.

The minimum flux is obtained for 8, = 0:
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A=Lni [Wb]

The unaligned value of the phasc inductance, L,,, is composed of the leakage inductance,

Ly and the air-gap component, Ly,,:

Luat = Luats + Luate [H]

where:

Luate = 2N, N 1o Pe Lotack

with :

Pe = 0.34(loc — 0.64y) / Lk

and

Lusts = 2Ne Ne* 1o Pytor Lstack

with

Psiot = (so / Wyn) + [2ls0 / (Wyo + We)] + [2hg / 3(Wgy + W2)] [W]
where: y — coil width

y=W,+ (W +Wg)/2[m]

and l.. — coil end connection length (on one side)
lee = Wy + W [m]

The useful not saturated phase inductance is:

7 n7(Wso~ Wps)
[ sin 7 Wso +sin ——W_SO WLS ]Wl
. . o+ . )
Luag = Nf NZHOLcnP(Wps + Wso) z = = 5 n;; ps s0
n pS
tanh — =
(n7r) W, + W

The ideal maximum flux for 6; = 6, and i = 1,.x (point A from figure 2.3) is:

Amax = N N¢ B Wp Lpac 0./ 6p [Wb]

For point B, we will have:

}\vB = }‘vmax - I-4un(imax - 10)

(2.38)

(2.39)

(2.40)

(2.41)

(2.42)

(2.43)

(2.44)

(2.45)

(2.46)

(2.47)

(2.48)
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In the above mathematical expressions all dimensions are known and so, we can determine
the magnetic flux for each point for a variation of the rotor angle, 6,, from 0 to 0. for both

phase.

In this way, for phase A:
Aa = Ap (0, / Oc1g) - Lyai: fori<ip (2.49)

Ar=Ap(0,70,) - L, for121 (2.50)

Those are valid for phase B, too, considering the firing angle, which is 6, so, 8, = 0 for

phase A, means 0, = 0. for phase B. We will obtain:
XB = A.B (Bc - 9,)1 / eci()] - Luni; for1< io (2.51)

Ag=Ag[(B6.-6,)/6]-Li; fori=ig (2.52)

These functions are recurrent, so, the 6, angle can be maintained between 0 and 6, limits by

choosing the zero value any time it reaches the 0. value.

The above flux/current/position curves should serve for the computation of the steady state
waveform of current and flux versus time and for steady state and dynamic performances.

The power electronic sizing 1s dependent on these aspects also.

The electrical time constant for unaligned position is:

Twa= Lua/ R [S] (2.53)

2.3.11. Core Losses Model

To calculate the core losses, the time variation of flux density in the rotor and stator

laminations — poles and yokes — has to be known.

As the magnetic saturation varies locally and is dependent also on the machine control
(turn on and turn off angles, speed etc.) the flux density variation (in the core) with

position and time is very difficult to calculate.
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Two approximate models for core losses have been already introduced, requested for

preliminary design purposc. [2.38]

They are based on Fourter series decomposition of flux density time variation or using
directly the dB/dt values. In what follows we will adopt the last method to the case of the

two-phase machine.

To simplify the computation process we will consider that the flux in the stator and rotor
poles varies linearly up and down and only the peak values depend on speed (frequency in

fact). Also we consider that there 1s no overlapping between the two phases.

We now proceed to develop expressions for the core loss, we can start using Steinmetz

formula:
Peore = Cpp B P2™ + C. £ B,,” [W] (2.54)

where: C), and C, are hysteresis and eddy current coefficients.

Let’s change the dB/dt by 2nfB, results: Co;= Co/(2r)* - depends on the type of alloyed

steel and lamination thickness.
The eddy current losses for the stator and rotor are spread as follows:

- for the poles:

()]

Pspe = 27; Ns N: W, E(Bspm) [W] (2.55)
0

Prpe = —2; N N; Wy, E(Brpm) [W] (2.56)

Where: W, Wy, — are the rotor and stator poles weights

E =Ce1(Bm)2(2/T,) and T,= 1/(2nN,)

Similar, we can obtain for the rotor and stator yokes:

0,

Psye = 2_7; N N, Wsy Ec(Bsym) [W] (2.57
)

Prye = 2_7; Ns Nr Wsy Ec(Bsym) [W] (258)
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The hysteresis losses can be divided similar for each component:

@ .

Psph = 2”1' N, N, wsp En(0, Bspm) [W]

- W W, [En(0 b(-Brpm, B W
Prph = 20T Ns Nr T [Lh( , Brpm) + IJh(" rpms rpm)] [ ]

- Wx : + En(-Bym, B w
psyh - r Ns Nr Wsy [2Eh(Bsym) h(' Sym» sym)] [ ]

_ Wr . W
Pryh = 0 Ns Nr Wry [bh(oy Brym) + Eh('Brynh Brym)] [ ]

2.3.12. Efficiency

The rated efficiency of the machine is given as follows:

Pn

M = Pnt Zlosscs

and it has maximum values between 0.86 and 0.87.

2.3.13. Active Materials Weight

For machine’s stator and rotor core we have next components:

Wlnm = Wspt + erl + Wsyt + Wryt [kg]

The copper weight is:

Wcoppcr = Ns lcuil Aco Yeo [kg]

We will add the accessories weights of the machine, bearings, frame etc.

(2.59)

(2.60)

2.61)

(2.62)

(2.63)

(2.64)

(2.65)
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2.3.14. Simplified Thermal Verifications

We will essentially verify the stator temperatures considering that no transmission of heat

from stator to rotor (and vice versa) takes place.

Heat transfer area: A;
AN\

Alun’;in'vtTn frame /l\
|
A

N

Active corc | Stator yoke

fer area : A,

-

Heat trangfer area : A,

—> <

t—H

Stator pol \

Figure 2.7. The heat transmission in the stator

Further on, we may investigate one pole zone only. The total copper losses will be

considered in the heat transfer from slot to iron.
The copper losses per pole are:
Peop = Peo / Ns  [W] (2.66)
The core losses per stator pole are:
Prep =Pre/ Ns  [W] (2.67)
There are three main temperature gradients:

» conductor to iron through the insulation, 6,

» iron to the cooling air, 00

> cooling air to the ambient, 6.,

For these gradients we have the calculation equations as follows:
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ecn = pcop X bs /[}\.|,52(A| + AZ)] (268)
1

Ocos = (pcop + PFcp)x ;X; (2.69)

B.o. = 10 [°C] for a ventilated air speed of v, = 10 [in/s] (2.70)

So, the winding over-temperature abovc the ambient:
ABco = B0 + Oos + % [°C] .71

We may consider the rotor loss contribution (mechanical and core losses) to the above

over-temperature. Anyway, this is acceptable for a class F insulation wire.

A complete thermal model, or tests on a prototype are required for a more precise

assessment of thermal behavior of 2P-SRG
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2.4. Sample Design Results

Using the equations and presumptions from the previous paragraph, a numerical example
data will be presented in what follows.
The basic specifications for the 2P-SRG virtual prototype are:

= Rated power: P, = lkW:

= Rated speed: n, = 3000rpm;

= Maximum speed: n,,, = 4500rpm (for an output power equal to the rated one);

= A.C. gnd: single phase a.c. 50Hz, 220V;

= Variable speed range: (3000 — 4500)rpm;

= Motion sensors: none;

=  Number of switches: minimum (2).

The output data are:
Pem = 1030 [W]
Te=3.28 [Nm]
D, = 0.052 [m] for fo = 1.5 [N/cm®]
Laack = 0.052 [m)]
W, = 16.56x10” [m] for g = 0.2x10” [m], Wy = 15xg and N, =4
hor = 10x107[m] for dgpan =14 x107°[m]
hye = 9x107°[m]
Tpeak = 9.84 [Nm] for K, = 3
Nelpeak = 802 Ampere turns
N.1, = 476 Ampere turns for K; =2.25
Aqor = 375x10°°[m?] for jeeq = 6.65 [A/mm?)
W, = 10.5x107°[m] for W, = 12x10”[m] and hg, = 20x10”[m]
W= 26.22x10'3[m] and so results a slot area of: Aslo,' = 367.3x10'6[mz] (about the same as
Agior);
0p = 0.6322 [rad]
Q,=100n
Apeak = 0.15597 [Wb]; for 6, = 24°
N, =51 turns/ coil (we choose N, = 40); for Vo =150 [V] d.c.
Ipeak = 26.7 [A]
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L,=11.9]A]

deo = 1.5x107[m]

R, = 0.342 [Q]

leon = 0.18046 [m]
Peon = 48.367 [W]
Peopeak = 137.85 [W]
hy, = 9x 107 [m]

D, = 115.2x10"[m]
Amax = 0.155[Wb]
Lyag = 8.768x10[H]
y =34.935x107[m)]
lec = 42.81x107[m]
Psim= 0.81

pe = 0.1336

Lo = 16.65 x107[H]
Ly =0.1343 [Wb]
Kepeak = 2.9527

K =1.0378

W, = 0.831 [kg]
W, = 0.261 [kg]
Pepe = 1.176 [W]
Prpe = 0.741[W]

Eeset = 0.00312 [J/kg]
W, =0.14 [kg]

W,, = 0.06 [kg]

Peye = 1.48 [W]

Prye = 0.32 [W]

Psph = 5.7638 [W]
Psyh = 16.48 [W]
Proh = 12.71 [W]
Peyh = 5.52 [W]

Pre = 44.19 [W]

T = 0.893 for pynec = 27 [W]
Wi = 2.4568 [kg)
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Weopper = 1.033 [kg])

W = 3 [kg] that means we obtain a 2P-SRG with a 3 [kg/kW]

Peop = 6.045 [W]

Prep = 2.64 [W]

0.0 = 7.045 [°C]

Bcon = 67.74 [°C] for air speed of v, = 10[m/s]

Bcoa = 10 [°C)

A, = 80 [°C]

Having all the above data, a virtual prototype, which may be used for analysis using the

FEM and after some verification, a real prototype may be erected, too.
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2.5. Numerical Analysis of the Electromagnetic Field for the 2P-
SRG Through Finite Element Method (FEM)

The finite element method is a general numerical analysis method that belongs to the class
of direct analysis and design methods, this provides an approximately solution for the field
problem and with its help we can model complicate geometries and non-linear magnetic

materials. [2.8]

The field outline is made from a finite number of triangles; the field inside each trniangie 1s
specified as a function of triangle nodes values. [2.9] This method is increasingly used for
electric machine design, especially for electromagnetic field and its parameters

determination studies.

With help of ANSOFT-MAXWELL® - finite element analysis program, from MIR
(Movement Intelligent Regulation) laboratory, Departiment of Electrical Engineering,
University “Politehnica” of Timisoara endowment, magnetic circuits for different

geometrical structure of SRG were studied.

Starting from the structure of an existing standard three phase squirrel cage machine, with
twelve stator poles, we change it’s rotor by the way of making it as a rotor with six
preeminent poles, characteristic for a switched reluctance machine. We proposed to

analyze this new machine using the FEM.

2.9912¢-09)
1.29884-00)
1.0018-00)
8.738%¢-008
=7.83527¢-004
~1.7872¢-902
“dL 9I8Fe-00)
2 97 qe-0n2
-4 7684+-901

b4

L..

Figure 2.8. The electromagnetic field of the proposed SRG, first geometrical structure
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Figure 2.9 shows us the electromagnetic field through finite element method of analysis for
the resulted three phase switched reluctance machine, keeping the pole shoes for the stator

poles and having the rotor poles width equal with the stator pole shoes.

5
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Figure 2.9. The resulting phase torque [Nm/u.l.] vs. rotor position

The result of this first analysis that the proposed geometrical structure is not the optimal
one, the main reason is the existence of a high leakage flux, given by the presence of the

stator pole shoes, and the small value of the torque through phase coil excitation.

As a direct consequence we decided to change the machine geometry by pulling out the

pole shoes, keeping the rotor poles with the same width (see figure 2.10).

Tlux Lines
[ ] 6 9214--002
P ] s5.5377e-002

[~ ] 3.15499e-002

2.7702e-002
1.3085=-002
2.17805e-008
~1.3809e-003
-2.7647¢-002
-4 1454--007
-$.5%i1e-001
~6.7152--002

Y
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Figure 2,10, The electromagnetic ficld of the SRG after second geometric change
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Afier this new analysis, the results became more encouraging and are presented in figure
2.11.2.12, and figure 2.13:

[
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Figure 2.13. The phase torque [Nm/u.l.] vs. position

We can remark a better phase torque production, for the same ampere-tums in the phase
coils (to respect the same conditions as in the previous case), much larger than before
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(double), so, only by cutting out of stator pole shoes we obtained an improvement for both,

the air-gap magnetic flux and the phase torque.

To have a complete image of this study, we did study the geometrical alternative where the
rotor poles are re-sized to have the width equal to two times the stator pole width, like

presented in figure 2.14.
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Figure 2.14. The electromagnetic field distribution for the third geometrical

structure

wnn - —- —_————— e ——

nyvng

WAk

3

WA
£
F
-oumE-
.wm.E.A.“..AAJA..A_‘...l.“.u..u..uuuu..,u...,h...‘.,..L.Auu_q....;uul...4..“.
0 EADM AN BEAOON BN 1005 V406 1006 IELAOR 1805

Figure 2.15. The air-gap flux waveform [Wb/u.l.]
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Figure 2.16. The air-gap magnetic flux density variation [Tx10°]
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Figure 2.17. The phase torque [Nm/u.l.] vs. rotor position
Another alternative solution studied using the FEM analysis is that were the rotor poles
width is modified to become equal to the stator poles width, in order to respect the classical
SRM geometry. The new geometrical structure gives us the following results, figure 2.18,
2.19 and figure 2.20.
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Figure 2.18. The electromagnetic field distribution for the fourth geometrical

structure
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Figure 2.19. The air-gap flux waveform [Wb/u.l.]
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Figure 2.21. The phase torque [Nm/u.l.] vs. rotor position

One of the geometrical structure for a two phase Switched Reluctance Generator with
shaded poles, having eight stator poles and four rotor poles was studied using the finite

element method. The finite elements network is presented in next figure, each phase 1s
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constituted from two coils placed on opposite stator poles, and al machine poles are

straight.

For the new type of SRG, proposed as an alternative solution to the actual claw pole
generators in automobile industry, numerical analysis based on the FEM were done to find
the air-gap flux and torque, respecting the geometrical dimension resulted from the design

procedure introduced in the previous part of the chapter.
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Figure 2.22 The 2P-SRG grid, for numerical analysis using the finite element method

It can be easily observed the finite clement network symmetry and the changeable number

of triangles, choose independently for each area, sufficiently high for a fast and correct

result.

The electromagnetic field distribution is presented by magnetic flux lines like in the

following figure, for the aligned position of the poles. The over-saturated area in the stator

yoke can be emphasized.

Sever Scridon — *New Electrical Generators for Automobiles” — Ph.D. Thesis

BUPT



Chapter 11 — The Two Phase Switched Reluctance Generator — 77

Tlux Laner

4 LA~ On"
B - &enna-oo
B c.7S1le-002
S2qz2em00s

-

1346e-004
L4612 00S
-2 341%«-003
WORRL - 1.9 1e-002
sl T0LYemvUl
=Y. Elode-0ON>

P

Figure 2.23 The clectromagnetic ficld distribution for the not-aligned poles position

It can be observed, from the field lines, that for the not-align position of the rotor poles
with the stator poles of the excited phase, a relative large leakage electromagnetic field

appears which is closing through the stator poles of the other phase.

The align position of the rotor poles with the stator poles of the excited phase is not
presented here, this time we consider a 2P-SRG having the stator poles without pole shoes
and with a trapezoidal geometry, used to guide the electromagnetic field through the air-

gap, so, to saturate locally the machine.

From the electromagnetic torque variation with rotor position for this type of trapezoidal
stator poles (for flux concentration), it can be easily observed that the machine has a zero

torque for the un-aligned poles position (6, = 22.5%.

Using the finite element method, we can compare the torque variation with position, as
indicated in figures 2.24 and 2.25, if an over-saturated area is made in the stator yoke, or

not.
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Figure 2.24. Torque variation [Nm/u.l.] against rotor position for a machine having an

over-saturated area in the stator yoke

Targalia

Figure 2.25. Torque variation [Nm/u.l.] against rotor position for a machine without an

over-saturated area

An influence of the over-saturated area from the stator yoke in the way of obtaining a
bigger value for the torque in the align position of the poles can be observed but with a

high torque ripple.
The torque area is larger for the machine without an over-saturated area.

Because of their robustness, high-speed operation capability and fault tolerant
characteristics, the need for the switched reluctance machines for special use like power

generators for aeronautic industry or other applications, is continuously growing.

For the switched reluctance machine design, we need to calculate the produced torque
using the selected geometrical size, so, an important contribution has the determination and
plot of the magnetic flux or of the phase reluctance, as a function of the rotor position and

the phase excitation current (fig. 2.26). [2.28]
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Figure 2.26. The phase magnetic flux [Wb] variation as function of rotor position and

phase excitation m.m.f. [Aturns]

The saturated switched reluctance machine has a larger energy conversion area for the
same excitation peak current, so, the switched reluctance machine must be designed with a
small air-gap for the aligned poles overlapping position, the machine with a large magnetic

saturation coefficient has a power factor two times bigger than a not-saturated one. [2.29]

The torque versus position variation is represented in figure 2.28 and is requested to define

the control strategy of the machine.
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Using the finite element method of analysis for a two phase switched reluctance generator
with 6 rotor poles and 12 stator poles, the impact of different rotor geometries has been

studied, a part of the most important results were presented.
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Figure 2.27. Torque [Nm] vs. rotor position waveforms for different Aturns on phase coils

For an easier network definition and a fast field and torque calculation for the first FEA

studies, we used a straight structure for the stator poles.
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2.6. Model for Transients

The mathematical model used for digital simulations of the SRG-2P is included in
equations 2.1 to 2.6, as follows:
d
A — iuRs e V;l(er)
dt

d Ap

e ibRs - Vb(er)

dt
d o).
—a)’— = (Tg - Tm) /)
dt
a6, _,,
dt
. _q 2
Tcz}\-m_l_c.] +}\-m_& 5 foriaqibSi()
O 210 O 210
Tc = }\m_(iu - ]b) s for ia ) ib 2 iO

C

The phase flux depends on rotor relative position against the stator poles of one phase, for

phase A we can write:

A, = Lt for the un-aligned position;
Aa=Ami/lg+ Ly, for 1 <i,and 6, <0,
)\':I = )\:m + Lu;]i ; fOI‘ l 2 i() and ec,- S ec

A similar function may be assign for the decreasing area of the flux.
For phase B we proceed in the same way, the lonely difference is in choosing the angle.

The block diagram of the torque-controlled machine together with the transfer functions is

included in next figure:
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Figure 2.28. The model of the control system for a 2P-SRG
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2.7. A sensor-less Control Solution

Because of the advantages offered by the sensor-less systems, such kind of a system is

proposed for study.

The system 1s using for rotor position identification only one current Hall sensor, placed

between the two phase of the machine.

With help of the gradient method, which uses the phase current derivate to determine the
relative position of the rotor poles against the stator poles. So, knowing the poles structure,

we can determine the rotor position.

The most important element of the generative system that introduces some design
complications i1s the power electronic converter, the supplying/exciting source of the

switched reluctance generator.

Vo Phasc A

(3 coils)

Load Batterics F@.{

AW 3
Phasc B

(3 coils) Jg _IS

Figure 2.29. The basic scheme of a generating system for 14 V d.c. bus, using the 2P-SRG

When we design such a machine, we have to make the difference between the calculations
for a three phase sinusoidal supplied machine that operates at constant speed and the

calculations for a machine that operates at variable speed being supplied through a power

converter.

For the last case, we will consider the fact that the machine is working on a large range of
speeds and torques, fact that implies some considerations to take regarding the cooling

aspect, which can be studied using the 2D-FEA.
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Control Strategy

Each phasc is supplied at a certain firing angle 0, , which varies with the speed, and is

disconnected at the angle 0, - constant.

Phase A Phase B
Bon Oont Oun Bout
0-0, Our 45° - 0, 45° + 0O,
90° - 8, 90° + B 135° -6, 135°+ Q¢
180° - 0, 180° + O, 225° -0, 225° + O
270° - 6, 270° + B, 315°-0, 315°+ 0

0, = 0 for speed up to n < 1500 rot/min.
0, = 4.5°(n - 1500)/1500 for speed more than n > 1500 rot/min.

To produce a negative torque, for breaking capability, the control strategy is as follows:

Phasc A Phase B
Bon Bout Bon Bour
45° -8, 45° + 0, 0°- B, Ocr
135° -0, 135° + O, 90° - 8, 90° + O,
225° -8, 225° + B, 180° - 0, 180° + O,
315° -8, 315° + 0, 270° - 0, 270° + 6,

For the beginning, the torque control is done through current control instead of angle
control.

In a subsequent stage, the firing angle control shall be used for an efficient optimization of
the machine control.

The OULTON connection scheme is presented in the next figure. This circuit is used for
the four phase drives, with IGBT transistors and GTO thyristors. It has the advantage of
allowing the voltage reversing in order to reduce the magnetic flux and of operating with
only one power device for each phase, without adding other passive component or

sacrificing the flexibility of the control.
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Figure 2.30. The OULTON scheme

I
|

The d.c. voltage from the battery is divided with the help of the capacitors. The main
disadvantage of this scheme 1s that it doesn’t allow a soft chopping and the balance
between the two phase must be carefully maintained.

Any fault determines an increase of the capacitors voltage that’s why we use only half of
Vs
the supply voltage, -2— for each phase.

Many control strategies are proposed or already used for the switched reluctance machine,
starting from simple fuzzy-logic voltage control and continuing with other more
complicated strategies.

Because the specialized literature offers us plenty of digital simulations and control
strategies, no digital simulations will be done here, anyway this may be a proper subject

for the further researches in this field of electric generators for automobile industry.
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2.8. Conclusion

This chapter transposes the switched reluctance machine in a simple variant, proposed to
be applied as an clectrical generator for the automobile industry, where it is already used

for some hybrid car configurations.

Considering both, the advantages and the disadvantages of this type of electric machine,
the demanding use of it on a larger scale, including for the existing hybrid automobiles on

the market, made the decision of studying it in this thesis easier.

This chapter shows a two-phase configuration, with low costs, of a switching reluctance
machine, designed starting from the induction machine by modifying the windings in the

stator and adapting a new structure for the rotor.

With help of the FEM analysis, some conclusion regarding the optimal geometry of the

switching reluctance machine, which is proposed for study, were drawn.

A simiple design method of a switched reluctance machine - proposed to operate as a

generator, starting from a simplilicd analytical method 1s here detailed.

This simplified design procedure can be easily used and integrated for sizing the switched

reluctance machine and so, having the possibility of making faster digital simulations.

Because of its simplicity, the switched reluctance machine can be easily studied and
optimized only using the FEM of analysis, in this chapter, the use of 2D-FEA was very
useful for the choose of a proper topology of the 2P-SRG.

Many control strategies of the switched reluctance machine are detailed and much more, a
principia scheme for a generating system that includes a switched reluctance generator is

than introduced.

The main conclusion is that the switched reluctance machine can become a strong
candidate in automobile industry too, for both: the generating or the motoring use and so

studying it carefully is mandatory.
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CHAPTER III

THE FLUX REVERSAL GENERATOR (FRG)

3.1. Introduction

The flux reversal machine 1s a doubly salient permanent magnet machine. with the
permanent magnets placed on the stator poles. It has two magnets with opposite polarity on
each salient stator pole with wounded coil and a salient variable reluctance rotor (like
switched reluctance machine rotor). By putting two magnets with opposite polarity on each
stator pole. both the flux and the current were made bipolar in almost the whole machine.
Thus the new machine. the Flux Reversal machine, uses both the cooper and the iron better
than the Switched Reluctance machine. It combines some features from the brushless d.c.
machine and the Switched Reluctance machine, it behaves mainly like a brushless d.c.
machine as its currents and voltages are ideally square-wave shaped and both current and

flux are bipolar in nature.

This machine can be built in diverse configurations with different combinations of pole

and phase numbers. In figure 3.1 are shown cross-section of the Flux Reversal machine.

[3.1]

a) b)
Figure 3.1. Flux Reversal generator topologies:
a) the existing single phase;
b) the proposed one, with three phase;
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3.2. Theory

This kind of machine was promoted as a result of many researches regarding the speed

limitation of the synchronous machines with variable reluctance, the complex control of

those and the excitation ways for those.

The principle of operation is based on magnetic reluctance variation due by the rotor
rotation and machine structure (topology). As the rotor rotates, the reluctance in the
magnetic path of the magnets varies. A rotor pole covering a magnet offers a low
reluctance flux path and so the rotor poles ts varying the value and direction of the flux-

linkage as the rotor rotates.

For a better understanding of the principle of operation follow the indication from the next

figure and the text bellow.

T T T -r

Figure 32The princi;;ie of '—();;éréiion of the ﬂ&k-;'é-\/ersal n1a<£ﬁ.i.né h(sir~1.gle‘;-)'l.]ése topology)
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Starting in the middle position (fig.3.2.a), where the rotor poles “short-circuit” the magnets
from the stator poles, there is no net flux linking the coils from the stator poles. The flux

parts that are going in the stator core in either direction are canceling each other.

It the rotor rotates so that the rotor poles are covering the magnets on one side of the stator
poles (tig.3.2.b), offer a path for the flux from the magnets through the rotor. The flux
returns via the stator core and thus link the coils. The magnet from the other halves of the
stator poles have a high reluctance flux path, so they are not contributing to the net flux

apart from a small amount of fringing flux.

As the rotor is rotated further, the same rotor pole (considered above as being aligned with
the left part of stator poles) will reaches the position between stator poles (fig.3.2.c and
3.2.d) and after that will cover the magnets on the right side of the stator poles, offering a
path for the flux from the magnets through the rotor. Than will came another position in

which 1t “short-circuiting” the magnets and so on.

The back e.m.f. will be as in figure 3.3.[11]

130 T T T T

Back EMF (V)

Rotor position (mech. degree)

Figure 3.3. The phase e.m.f. wave form for a three phase generator, Ny/N,=6/8 poles

There are several possible configurations of the Flux Reversal machine, the inductance is
most of all determined by the length and width of the air-gap which is constant in this case

because the same pole area is covered by the rotor poles regardless of the rotor position.

The three phase configuration machine has the advantage of having total electrical and

magnetic isolation between the phase and hence it 1s fault tolerant by nature.
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Even if 1s not the same electric machine with salient structure and permanent magnets in
stator. it proved itself as being the first one having a bipolar flux and current, with a lower
inductance because of the permanent magnets, with advantages on high speed and working

as a generator 1n places were the influence of load fast changes can be efficiently observed.

The peak to peak flux linkage variation depends on the PM remanent flux density, coercive
force and some geometrical parameters: the ratio of the PM radial thickness and stator pole
span, the ratio between stator pole span and rotor pole span and the ratio of PM thickness

over rotor pole height; as will be demonstrated in this chapter.

The stator and rotor poles can be either straight or with flux concentrating design. The
benefit of the flux concentrating design of the poles is that so it makes a better use of the
iron. If the PM are mounted as small pieces, as shown in the following figure (fig. 3.4), the

eddy currents losses will be reduced.

{
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Figure 3.4. Three phase Flux Reversal generator with N¢/N,=6/8

Usually, the desired flux density in the iron is higher than what can be produced in the
magnets. As high flux density as possible, taking into account the iron losses, because the
less iron can give the same flux. In the rotor poles, flux-concentrating design leads to

higher saliency and therefore lower fringing.
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In a generator operation, this means higher voltage for the same speed. The straight stator
poles have the advantage of being able to accept the use of pre-wound coils, which are

desirable for fast and economical manufacturing.
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3.3. Basis Equations of the Three Phase FRG

By conceptual design, we design a machine (for given specifications) through making use

of analytical electromagnetic and thermal models.

In order, to make a good an real analysis of the FRG using the FEM and afterwards to
simulate a real generating system, a topology of the machine has to be achieved. For this,
considering the application domain, automobiles industry, a three phase FRG, which has to
operate for a very wide speed domain (from 1800 rpm to 18000 rpm) giving an output

voltage in d.c. link 0f 42 V has to be designed, at least as basic design.

The phase back e.m.f. waveform 1s like in the following picture (fig. 3.5) and can be

approximated using relation (3.1):

e,pe()=E, sin(u),t -(i- l)zTn)+ E,smw,t; 1=1273 (3.1
Apmoh
€a
120 240 )
/\ / % o
\/ \/ ®, | 6u Ou 3-u \ Ocr
a). A

LN /.,
A / \ / Ocr

N |S

N eL.A

a — —

b).
Figure 3.5. The flux reversal machine: a)Stator magnetic flux; b) Back e.m.f.;
c) Internal angle O,

@, =2nM n; n-rotor speed, in rps. (3.2)

With: L, R, phase inductance and resistance and considering the mutual inductance

L;; = 0, the equations for generator operating are:
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%l‘— = (e, (t)=v,()=i,R,)/L, (3.3)
di, .
E—:(eh(t)—vh(l)—lhRs)/Ls (34)
di _
e = (e (t)—-v.(t)-i,R)/L, (3.5)

The electromagnetic power, P, and torque, T., are:

P, =, ()i, (1)+ e, (1)iy (1) + e, (1. (1) 6
T,=P/2-mn 3.7

The electrical equivalent circuit of FRG is:

Figure 3.6. FRG’s electrical equivalent circuit

3.3.1. The Air-gap Flux Density

Ideally, PM flux density, Bn, (on the air-gap side) and air-gap flux density, Bgi, are the

same. So, for a linear PM magnetization curve, we have:

Bn =B,/ [ 1+ My -8(1 +K) / Hp 'hm] (3.8)
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The influence of iron path 1s considered using a global magnetic saturation factor, k.

A problem is the radial height of the PM, hy,, to have a small inductance (small electrical
constant) a PM with a thin thickness 1s rccommended, this means that a FEM study 1s
indicated, a rotor pole height / PM height ratio is to be around 2.5 for a good compromisc

between costs and performance. So, as the rotor pole is choose, the PM height will results.
The PM material