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Abstract— This paper compares the relative suitability of four
different alternator topologies for use in an advanced automobile
electrical system. The four candidate topologies are: the salient-
and non-salient-pole wound-field synchronous alternators, the
Lundell alternator, and the homopolar inductor alternator. The
analysis is made with the alternator utilizing a switched-mode
rectifier that enables load matching for optimal power
transmission. Part | models and compares the alternators using
hand calculations. Lumped parameter models of each of the four
alternators are derived. The output power and efficiency of each
machine is evaluated when utilized with a switched-mode boost
rectifier and operating at the load matched condition. A direct
mathematical comparison of the sizing equations for the four
classes of machines is offered. Based on the analysis, the Lundell
alternator has the highest power output and efficiency when
compared at the same dimensions and field ampere turns
excitation. Part 11 will cover a more detailed and accurate cost
optimization of the four alternators while subject to the
constraints and reguirements of future automobiles.

Index Terms-- Automotive alternator, synchronous generator,
switched-mode rectifier, non-salient wound-field alternator,
salient wound-field alternator, Lundell alternator, homopolar
inductor alternator , constant voltage load, generator lumped
parameters

. NOMENCLATURE

a number of parallel windings

b, polewidth

ben  pole width of north pole at a particular axial location
bes polewidth of south pole at a particular axial location
B flux density

B, air gap flux density due to the field winding

Bs air gap flux density due to the armature currents

F,  MMF dueto thefield winding

Fs MMF due to the three phase armature currents

g argapwidth

gl shorter air gap width

g2 longer air gap width

ia ipy Ic  @rmature phase currents

i field current

Is  magnitude of armature phase current

ks field distribution winding factor

kan armature distribution winding factor of nth harmonic
L air gaplength
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Ly field armature mutual inductance

Ls synchronousinductance

field ampere turns

N seriesarmature turns

p polepairs

P output power

R equivaent resistance due to effects of diode rectifer

R, armature series resistance

ra physical armature resistance

Vy diodedrop

V, effective voltage at output of rectifier

Ve, Ve, Ve back-emf voltages

Xa Xq  direct and quadrature reactances

z axia location

b  polewidth over pole pair pitch

b’ polewidth over pole pitch (pole fraction)

d eectrica angle when t=0

h efficiency

L  permeance per unit area

I flux linked

| 4 fluxlinked by armature winding dueto field current

| s flux linked by armature winding due to three phase
armature currents

w  electrical frequency inrad/s

gr rotor anglein mechanical degrees

t, polepitch

I1. INTRODUCTION

It is commonly asserted that the Lundell (or claw
pole) dternator construction that is universaly used on
modern automobiles will need to be replaced to meet the
increased power demands of future vehicles. Nevertheless, a
design strategy has been introduced that uses switched-mode
rectification to substantiadly enhance the Lundell
aternator/rectifier system [1]. This approach alows the
effective voltage seen by the bridge rectifier to be varied in
what is effectively a load-impedance matching technique to
enable optimum transmission of power. The use of this
technique with an over-the-counter automotive aternator has
shown substantial increases in power output and efficiency.
One goal of the study described here is to determine how much
more performance can be obtained if the Lundell alternator is
optimized for use with the switched mode rectifier. In other
words, how much more cost effective will the aternator be
having been reoptimized for the new duty? Conclusions are
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also offered concerning the feasibility of building belt-driven
automotive aternators for future high-electric-demand
automobiles.

In addition to the Lundell aternator [2,3], alternative
aternator designs are investigated and compared, including the
wound-field synchronous aternator and the homopolar
inductor alternator [4,5,6,7,8]. All candidate alternators are
required to produce a minimum specified power at each of two
speeds, and to operate at and achieve a minimum efficiency at
a third combination of speed and load. The machines are
constrained to obey heat flux limitations based on heat flux
levels obtained in today's automotive alternators. Magnetic
parts are sized to avoid magnetic saturation. The resulting
rotor inertias and rotational stresses are evaluated and
compared.

1. ALTERNATOR TYPES

Figures 1 through 4 present the alternative alternator
constructions under consideration.  These diagrams are
somewhat stylized representations which can be useful for
comparing specific machines. These figures are generated by
a drawing program from a few specific parameters. The
diagrams to the left reasonably portray a section view in the
axial direction, assuming that the section is taken at the
boundary between the motor stack and the end turns. Many of
the dimensions of the drawing represent values determined
during the course of the cost optimization. (Figures 1 through
4 merely introduce the machine types; the dimensions in these
figures do not represent optimized machines.) In an optimized
machine, the rotor outside diameter, stator inside and outside
diameter are to scale. So are the stator and (if applicable) the
rotor ot depth and slot fraction. The inner circle does not
represent an optimized value. The diagrams to the right of
each motor axial section represent another rotor section, this
time a vertical section taken through the diameter. In the
representation of an optimized machine, al the axia
dimensions represent values selected by the optimization
process. The small blocks extending from the blocks
representing the stator (and possibly rotor) stack(s) are
approximations of the volume occupied by winding end turns.

The first class of alternators is the wound-field
synchronous aternator, of which we have the non-salient and
salient-pole types shown in Figures 1 and 2, respectively. The
non-salient-pole wound-field alternator has the field winding
wound in dots such that the resulting flux density is
approximately sinusoidal. The salient-pole wound-field
dternator has the field winding wound around poles.
Consecutive poles are wound to have opposite polarities.

The third machine is the Lundell or claw-pole
aternator which is currently used in automobiles (Fig. 3). The
Lundell aternator has cantilevered poles. All north poles are
attached to adisk on one side, and all south poles are attached
to a disk on the opposite side. The poles alternate polarities as
one traverses the air gap in the circumferential direction. The
field winding is a single coil wound concentric with the axis of
rotation.

The fourth type of machine is the homopolar inductor
aternator shown in Fig. 4. This machine has a field winding
wound on the stator concentric with the axis of rotation. It is
wound right next to the armature winding in the stator. The
machine has two axially distinct stator stacks, and excitation
flux flows in a path that crosses one air gap in a radialy
outward direction, continues axialy through a tubular
ferromagnetic path (the outermost member in Fig. 4) to the
other stator stack, crosses the air gap at the second stack in the
radially inward direction, and returns axially through the rotor
body. The north poles are all formed from the rotor body at
the axial location of one of the stacks. The south poles are
formed on the same rotor body at a different axial location. All
four alternators have conventiona three-phase armature
windings wound along slots in the stator.

=

Fig. 1. Non-salient pole wound-field synchronous alternator
Fig. 2. Salient-pole wound-field synchronous alternator

= =
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Fig. 3. Lundéell alternator

Fig. 4. Homopolar inductor alternator
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Research has previously been done on all four
aternators. The rotor construction of the wound field non-
sdient pole synchronous alternator is more robust than the
sdlient pole version because its field windings are located in
the rotor dots. It can therefore be run at higher speeds than the
salient-pole rotor . The salient pole synchronous generator has
the highest electrical output per pound per rpm among all
generators according to a NASA study published in 1965 [9].
It also has the lowest reactances and therefore its regulation
and transient performance are the best. Its speed limitations are
due to the high stresses that result from centrifugal loading of
the field coils . For extreme environments, the Lundell and
homopolar inductor alternator are more likely to be used than
the wound-field aternators . The Lundell is typicaly smaller
and lighter than the homopolar inductor aternator [9]. The
Lundell, however, is more stress limited because of its
cantilevered poles [10]. On the other hand, due to its robust
rotor structure, the homopolar inductor alternator can be run at
the highest speeds among all four aternators [9]. The flux per
pole is higher for the homopolar inductor aternator than that
of asalient pole alternator because of the DC flux that it hasto
carry. This DC flux makes it larger than the equivalently rated
sdlient pole aternator [10]. Also, the field excitation coil
location increases the length of the machine. It increases the
length of the stator conductor where no voltage is being
generated thus resulting in higher copper losses [11]. The
homopolar inductor alternator is the heaviest of all the
aternators at the same rpm [9]. The many interlocked trade-
offs among these machine types necessitates careful evaluation
and comparison to identify suitable designs for future
aternators.

The work presented involves optimizing these
aternators given the requirements of future automobiles and
evaluating their performances and limitations. The first set of
optimizations will be done assuming these dternators are
utilized with a diode bridge. The second set of optimizations
will assume that these aternators are connected to a switched
mode rectifier. We will then assess how much smaller and less
expensive these dternators could be made given the
availability of the switched-mode rectifier. This has not been
done previoudly.

V. EQUIVALENT CIRCUIT MODEL

In order to determine alternator output power, an
equivalent electrical circuit model per phase is derived taking
sdliency into account. This circuit as seen from the terminals
of each phase will be a voltage source in series with an
inductor and resistor. This circuit successfully models all four
alternators.

The flux linkage equations for each alternator can be
expressed as

Lo +Locos(2pa) - Lo +Lpcos(2pa- 20/3 - Ly + L cos2pq +20/3)
S Le+Looos(2pa- /3 Ly +Loos2pg+2/3) - Ly +Lgcos2pa)
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where pg= wt + d isin electrical degrees, and the Ly, term
reflects saliency. The flux linked by the armature winding due
to thefield excitation is

I ot =M cos(pq)i 2
The generated back voltage is
di af . .
m =-wM sin(pq)if 3

The three-phase armature currents (motor convention) may be
expressed as

ig =lssin(pq - f) 4
ip=lssin(pg-f-20/3 5
ic=lssin(pg-f +2p/3) (6)

wheref istheinternal power factor angle or the angle between
the back-emf and the armature phase current. The flux linked
by phase a due to all three armature phases (with i; equal to
zero) is
I as = (Lso *+ Lsp cOS(2pQ))l s sSin(pq - f)

+(- Les + Lsp cOS(2pq - 20 /3))Issin(pq - f - 2p/3)

+ (- Lss + Lsp c0S(2pq + 2p /3))Issin(pg - f +2p /3)

. 3 .
= (Lo +Ls)lsSin(pa - ) - SLeplssin((pq - 1) + 21 )
3 .
= (Lso + Les - S Lsp COSA))I s Sin(pq - 1)

- > Lpsin(t )l s cos(pg - )
@

The non-ohmic voltage drop across phase a due to balanced
currents in the three phasesis
d s 3 diy
— = (Lo +Lss - - Lsp cOS(X ))—=

+ gWLsz sin(2 )iy

from which expressions for the equivalent inductance and
resistance are

3
Ls=Lgo *+Lss- 5 Lsp cos(2f) 9

Ry =1 +WLepSin(2) (10)

wherer, is the ohmic resistance of the armature winding.

The equivalent circuit representing these equations is
shown in Fig. 5. Here Vg, Vg, and Vg are the back-emf
excitation voltages, dl 4/dt, dl /dt, and dl /dt.

Fig. 5. Alternator, rectifier and constant voltage load circuit
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In[1], it is shown that the use of a boost rectifier circuit
can be understood as affecting the operation of the machine in
essentially the same manner as the circuit of Fig. 5, with the
additional feature that varying the duty ratio on the boost
switches gives the flexibility to vary the effective dc voltage
seen at the rectifier output over a range from zero to the
physical limit of the dc source. This boost rectifier (switched-
mode rectifier) circuit is shownin Fig. 6.
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Fig. 6. Alternator, switched-mode rectifier, and constant
voltage load circuit

The work above shows how we can conveniently
include the effect of rotor saliency in our anaysis, but the
rectifier in Fig. 5 (or 6) till presents a non-linear element
which precludes a fast, anaytic solution. Reference [12]
provides a convenient approximation which permits a ssimple
solution. Based on [12], the circuit in Fig. 5 (or 6) can be
approximated by the circuit shown in Fig. 7 with balanced
resistive loads.

Fig. 7. Equivalent circuit with balanced resistive loads
Following [12], each resistive load has the value
2 2072 _\y2 22
Vole +Vol\/(WLs) (Vs - Vol) + RsVs

2 2
Vs - Vol

R=R,+ (11)

where

4/ 0
Vor =— g—o +Vgz (12)
pa&z2 2
and Vy is a diode drop. The power angle can be obtained

using

tanlf )=— 13
F)==5 (13)
The output power isthen
& 0
=i =2 — v,
P p§ (Wis)? +R? 5

V. LUMPED PARAMETER MODEL DERIVATIONS

Having completed the circuit model, the appropriate
inductances and resistances must then be determined. The
procedure is to first determine the flux density in the air gap
due to the field winding and the armature windings and then to
determine the flux linked by the stator windings from the
various sources. The flux linked by each armature winding due
to the field excitation will give the back electromotive force
while the flux linked by each armature winding due to all three
armature phase currents yields the synchronous reactance and
equivalent resistance due to armature reaction. The flux
density in the ar gap is found by multiplying the
magnetomotive force (MMF) across the ar gap by the
permeance per unit area. The MMF drop across the air gap is
obtained assuming that the permeability of steel is infinite
which implies that flux lines are assumed to terminate
perpendicularly to the steel. The details of the process are
instructive and straightforward, but also tedious. They are
presented in Appendix A.

V1. SIMPLIFIED ANALYTICAL EVALUATION AND CALCULATION

The comparative evaluation performed in this paper
is conducted in several ways and at several different levels of
analytica and computational sophistication. The most
extensive comparison is the result of a cost optimization study.
This study compares machines of different constructions, each
of which is capable of operating over a specified area in
power-speed space and meeting certain other constraints. The
lowest cost machine of each type meeting all the constraints is
selected. The results of that comparison will be presented later
in Section VII. In this section we present simplified analytical
results which provide some level of insight about how
fundamental differences among the machine types give rise to
substantial differencesin performance.

Consider the approximate equivalent circuit of Fig. 7. It
is readily shown that for fixed values of machine parameters,
maximum power is delivered to the load at the |oad-matched
condition (when the synchronous reactance equal s the effective
resistance). The principal focus of this paper is the lowest cost
machine meeting a set of specifications. A comparison of
machines loaded to maximum power may nevertheless be
relevant, because least cost machines may be expected to be
loaded to maximum power at one or more design points. As
an aside, there is one more consideration to make before
accepting that impedance-matched (maximum power)
operation is relevant to the pursuit of least-cost machines. If
the power rating of the machine is a continuous-, as opposed to
a momentary-, rating, impedance-matched operation is
relevant only if the machine is well enough cooled to operate
at this loading. As a rule, the inductive contribution to
machine reactance is dominant over the resistive component,
SO armature resistive losses tend to be small compared to load
power. In practice, it often is possible to design machines
which are adequately cooled when operated at the impedance-
matched load.
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The power delivered to an impedance-matched load
can be written approximately as

2

ﬂ_afy 9

¢ N; -
P = EW u(
M4 Le
This is obtained having ignored the armature resistance, diode
drop, the larger air gap in the case of the homopolar inductor
aternator, saliency, and the leakage inductances. Following

(15) and Appendix A.6, the maximum power capability (at the
impedance-matched load) for each of the the four machinesis

Nf'f)2 (15)

2
o avm,RLEN ! §

Prax @Bkt g———3 B (16)
e € b 2p
for the non-salient wound-field alternator,
2
avm,RL N1 | ¢ §
Prax D e (17)
Pg 2p 4
for the salient wound-field alternator,
2
amvm,RL @N ¢l ¢ 0
Prax I (18)
Pg 2 5
for the Lundell alternator, and
2
avmyRL N | ¢ O
Prmax 1 (19)

Pg & 2
for the homopolar inductor alternator.

The symbols R, L, and g in (16)-(19) correspond to the
air gap radius, axial length, and radial width respectively. The
ratios of output powers among the machines can be found in
Tablel.

TABLEI
APPROXIMATE RATIOS OF OUTPUT POWER
(COLUMN OVER ROW)

Non- Salient | Lundell | Homopolar
sdlient | WFSM
WESM
Non-salient 1 Uko? | plkai® | PT(2Kui)
WFSM
Salient 1 p’ p?/2
WFSM
Lundell 1 Ya
Homopolar 1

It is evident that the Lundell alternator produces the
most power in this comparison, followed by the homopolar
inductor alternator, the salient-pole wound field alternator, and
lastly, the non-salient pole wound field alternator. The factor
of p? results from the Lundell and inductor alternators having
their field windings exciting al the poles. For these two
machines, the required number of field ampere turns is
independent of the pole count.

Output power comparisons given the same number of
field ampere turns are shown below in Fig. 8. The ordinate is
terminal voltage operating with a resistive load, normalized to
the no-load voltage. This shows that at the same number of

field ampere turns, the Lundell outperforms the rest by a large
margin. Fig. 8 isprepared for the case of four pole pairs.

The comparison which gives rise to Fig. 8 required
many choices to be able to reduce the mathematical
expressions for the capabilities of each machine type to smple
expressions with many common terms. Many of these choices
were of necessity arbitrary, but we tried in every case to be
reasonable. The single most important feature giving rise to
the striking comparison in Fig. 8 is the fact that in the Lundell
and homopolar machines, each ampere turn of field excitation
excites field flux in every pole, while in the wound-field
machines, each ampere turn excites flux in only one pole. This
difference is made evident by requiring al machine types to
have the same number of poles. The output power at each of
the peaks corresponds directly to equations 16-19.

It can further be argued that comparison at a constant
number of field ampere turns is also unreasonable. It is quite
credible that the cost of a field ampere turn for a Lundell
aternator as measured by most reasonable means is higher
than the cost of afield ampere turn for a wound field machine.
However, the fundamental message of Fig. 8 does not depend
on the comparison being accurate to 5% or even to 50%.
Rather, the principal conclusion from Fig. 8 is that the
favorable field excitation path of the Lundell alternator (and to
a strong extent, the homopolar inductor alternator) is a
powerful advantage over other machine types, in terms of
power deliverable from a machine of a given size. For other
machine types to prevail in an overall comparison, it will be
necessary that these other types exhibit strong advantages in
other elements of design not considered here.

Fig. 9 shows a different comparison. Here the
machine types are compared at constant field ampere turns per
pole. On this basis, the salient pole machine is the equal of the
Lundell alternator. In practice, it may not be possible to put so
many field ampere turns on a salient-pole structure.
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Fig. 8. Output power curves vs. voltage at same number of
field ampere turns

At the load matched condition, the alternator efficiency
was derived to be
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4R; L2
wLg - fz S
3L
h=___ am (20)
wLg + Ry

with a minimum vaue of zero which occurs when all the
power generated is used to power the field winding, resulting
in no net output power. Only the field and armature conduction
losses were taken into account for this efficiency calculation.
The efficiency is independent of field ampere turns and
therefore independent of the power requirement. This is
because at the load matched condition, the field copper losses
and armature losses are proportional to the square of the
number of field ampere turns which is the same dependence
that the gross output power has on ampere turns as shown in
equation 15. The efficiency is aso independent of the
operating voltage at every load matched point. The efficiency,
however, varies with speed. The efficiency increases with
larger field armature mutua inductance. Using the same
approximations and simplified conditions for the comparison
of output power, the Lundell alternator has the highest
efficiency. This is primarily due to its large field armature
mutual inductance.

Based on these simple calculations, the Lundell
aternator is the most promising of the candidates considered
here. In addition to its many simplifications, this analysis
ignores several other considerations which may substantially
influence choice of machine type. For example, for a given
diameter and speed, the rotor stresses in a Lundell aternator
can be expected to be much higher than in other machine
types. If the range of diameters and speeds under
consideration are such that rotor stresses are comfortably
below stress limits for al machine types, then this differenceis
unimportant. But if rotor stresses in a Lundell rotor are
excessive, the application may require use of a different
machine type. But in general, in circumstances where
maximum power per unit volume is required and, by
implication, assuming comparable average mass densities, also
in cases where maximum power per unit weight is the
objective, the Lundell machine warrants high consideration.
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Fig. 9. Output power curves vs. voltage at the same number of

field ampere turns per pole

VII. CONCLUSION

To summarize, the lumped parameter models for the four
dternators are tied together with the circuit model for the
switched-mode rectifier in order to derive analytica
expressions for machine performance at the load matched
condition. The results indicate the relative performance of the
four aternators. The calculations show that the Lundell
aternator has the highest output power and efficiency at the
load matched condition and is therefore, the preferred
candidate for use with the switched-mode rectifier. There are,
however, several factors which were ignored in the
caculations. These are the mechanical stresses, saturation,
heat flux, iron losses, saliency, etc. Therefore, a more accurate
study such as a full grid-search optimization taking into
account all relevant requirements coupled with finite element
analysis of these alternators is worth pursuing. This work is
presented in part I1.

VIII. APPENDIX

A. Lumped parameter derivations

The appendix provides the detailed derivations of the
lumped parameters in Section 1V and forms the basis for the
evaluation in Section V.

1) General fourier seriesrepresentation of a rectangular
waveform

The Fourier expansion for the flux densitiesin the air
gap can be derived from the generalized rectangular waveform
showninFig. A.L.
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Fig. A.1. Arbitrary rectangular waveform
The waveform could be expressed mathematically as

¥
A= § Apcos(m@ - a,))

(A.1)
m=0
Ay=Hb +L(- b) (A.2)
=L(H - L)sin(mbp) (A.3)
mp

For a sguare wave, centered about 0, H=-L and b=1/2. The
fourier series coefficients are

=4 Hsn(mp 12) (A.4)
mp

Ay=0 (A.5)

2) Fidd flux densities

a) Non-salient wound-field alternator field flux
density

For the wound-field non-salient pole machine, the
step-like MMF is approximated by a square wave whose
amplitude is affected by the distribution winding factor. The
permeance per unit area is constant at myg or the permeability
of free space divided by the air gap width. The MMF
distribution can be written as

¥ ..
4 Nglyg . ap o
FF=3 — kwi Shc—=cos(np(@ - q,)) (A.6)
Ta Ty WD, r
nodd
The gap permeance can be defined as
L=T0 (A.7)
g

Finaly, the air gap flux density due to the field winding can be
written as

- 0
C¥ 4 NI 5 i
4 Nglg . ap o =My
B, =FL=6¢3 — Kwf SiINg——-=cos(np(@ - q,))>—>
rooT (;n:al m 2p €2 5 "+ g
gnodd 5
(A.8)

where n represents the nth harmonic, p for pole pairs, N¢; for
field ampere turns, and ks for the field winding factor. This
flux density isshown in Fig. A.2.

k, b
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Fig. A.2. Non-sdient wound-field aternator flux density
waveform

b) Salient-pole wound-field alternator field flux density

The air gap flux density in the salient-pole wound
field alternator due to the field winding when expressed as the
product of the MMF drop and the permeance per unit area can
be expressed as the sum of two waveforms, one due to the
north poles and the other due to the south poles. The two
waveforms are added together to get the actual flux density

showninFig. A.3.
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Fig. A.3. Sdient wound-field alternator field flux density
waveform

The flux density waveform due to the north poles can
be expressed as
¥

Brn = & Brnm cos(mp(@ - g )) (A.9)
m=0

alN < 0 alN«l &
BrNo=b§ ; fﬁ?é : fca%&ngrNLNO
2p g g 2p g
(A.10)
alN sl 0
Brm = ——6—— " Zin(mbp)
mp 2p g a
(A.11)
&Nl Ge2 my

Q 0
=G————F——sin(mbp)==F\L
é 2p Zmp g g N

where m represents the mth harmonic, and b for the pole width
divided by the width of a pole pair. The flux density waveform
due to the south poles can be expressed as
¥
Brs= & Bramcos(mp(@-p/p)- ) (A1)

m=0
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The sum of the two waveforms give the total flux density
waveform in the air gap due to the field winding which can be
shown to be

¥
o
By =By +Brs = A (Brnm - Bram) cos(mp(@ - q;))

m=1
modd
¥
o 4 Nilg .
B = & (—— 0 gnmbp))cos(mp(g - q))
. ™ 2p g
modd

(A.15)

¢) Lundéell alternator field flux density

Looking at the Lundell aternator, along a dlice at
some circumferential position, the flux density waveform will
look like the waveform shown in Fig. A.4.
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b +bps g
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Fig. A.4.Lundell aternator field flux density waveform
The flux densities due to the north and south poles can be

determined separately and added. The flux density
contribution by the north poles can be expressed as

¥
Bin = é. Brnm cos(mp( - 4y ))

(A.16)
m=0
alN | 0 aN¢lf Qg ¢
Brno = b LR LY fceaabNﬂiﬂer'—No
§ 2 0y 2 3 gg
(A.17)
2 Nt
Ber_mp . ”gb_sm(mpr)
2 (A.18)
a\lf“(}fz

Bram = g—g _S'n(mpr) —FrNLNm

7 74
fbp2 + ?' Igbpl
2p
where b, and by, are the widths of the wider end and narrower

end of a pole, respectively, and t,is a pole pitch. Similarly, the
flux density waveforms due to the south poles are

by = (A.19)

¥
Brs = & Bramcos(mp(( - p/p)-q;))

(A.20)
m=0
Nflfn’bb &Nf|f m 0
B,so = bst- RLLE S 0o FolL
rSO S§ 2 03 > ng_a rslk so
(A.21)
@ N« o)
Bram = ——g —— " Sn(mbp)
™ 2 95 (A.22)
e Nilf Ge2 m . .
Bign =& —F——sin(mbp )== FsL
rsm 5 gmp 9 ( p) rst am
, .
fbpl‘“ﬁ'fgbrﬁ
bg = e -0 (A.23)
2
p

The sum of both waveforms gives the total flux
density due to the field winding which are
Br =Bin +Brs

¥
By = é (Ber + BrSn)COS(mp(q -Qr )) (A.24)

m=0
meven

¥
+ é (Ber - BrSm)COS(mp(q -qy ))

m=1
modd

where the different harmonic components are

Bro -§—ng - s)—:

alN¢ls Ge2 rrb

(A.25)

m e B g (NP Sm(mbsp))g (AZ6)
>cos(mp(q - qr)) meven

aN¢ls Ge2 rrb

mE S Eo g sn(mpr)+sn(rrbsp))g(A27)
>cos(mp(q - gr)) modd

d) Homopolar inductor alternator field flux density

For the inductor aternator, the flux density on one
stack can be found to be as shown in Fig. A.5.
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Fig. A.5. Homopolar inductor alternator field flux density
waveform

The expression for the waveform in the air gap where
the north poles are located are

Brno = Frnl no =§\If—2|f§§g—?§+ - b)?bg—;%

(A.28)

aN¢l ¢ G aamy O aam, 00
Brno = Frnl no = §Té§b g—li‘“ @- b)gg—zié
7] 29

(A.29)

alNtl¢ Gee2 0. 0

Brnm = Frn L nm zé > %Eag_]’?' gﬂ;is'“(mbp)i

a a

(A.30)

where g; and g, are the shorter and longer air gap widths,
respectively. Likewise, for the air gap where the south poles
are, the flux density waveform due to the field winding can be
shown to be

¥
Brs = & Brancos(mp((@ - p/ p)- q;))

(A.31)
m=0

@ N¢ly cee 0 o2,

Brso = FrsL so =§' > %ba;—tl)? - b)?hg—;i
(7] 29
(A.32)
@ Nilfe2 any mo. 0
Bran = Frsk gn =& —GC—- —3sin(mbp) =
rsm = Frsk am g 2 'mpggl s ( p)E
(A.33)

3) Armature flux densities

For the armature windings as sources of MMF, the

MMF due to each winding is approximated as a square wave
with awinding factor ki,

¥

Fa: 2 i%kﬂcos(npq) (A34)
=1 NP 2p a
nodd
& 4 Ngp kyn
Fh=a —Z——COS(n(pq - 2p13) (A.35)
n=t P <P @
nodd
& 4 Ngig Kun
Fe=a ————_-cos(n(pq - 4p/3)) (A.36)
=1 NP 2p a

nodd

where Ng is the number of armature turns per phase. The
combined MMFis
Fs=Fy+F, +F¢

$§ 34 Nggk

Fs = —sin(pg, - f - npg) +

n=17, 6k« 2P 2p @
¥
3 4 Nl k .
a S =-usin(pq, - f +npa)
n=511...6k-1< P <P &

(A.37)

of which only the fundamental is considered. In order to
determine the fundamental flux density in the air gap due to
the three-phase armature currents, the fundamental MMF is
multiplied by the 0™ component and 2™ harmonic of the air
gap permeance function. There are slight modifications though
to the air gap as seen from the armature winding compared to
that seen by the field winding. The non-salient wound-field
aternator still has the same permeance. The salient-pole has a
dlight change. The interpolar gaps are no longer seen to be of
infinite gap width. Also, the north and south poles need not be
considered separate. The new permeance function assumes the
following form

¥
Lé= § L cos(m2p)@ - )

(A.38)
m=0
Lg=b gg—”i% 1- b g%% (A.39)
Lg, =i§ﬂ- ™ OSin(mb ) (A.40)
mMp &d1 Q29
b(=by/t (A.41)
L@ g +Lfcos(2p(@ - q;)) (A.42)

For the Lundell aternator, the two permeance functions
determined separately can be combined as one permeance
function. For the north poles, the permeance function is

¥
Ln = & L nmoos(mp@ - q;))

(A.43)
m=0
LNOZbN& (A44)
g
®e2 M . 0
L nm =6——sn(mbyp)= (A.45)
Nm=Emp g e
For the south poles, the permeance function is
¥
Ls=a L sncosmp@- d;)) (A.46)
m=0
n
Lgy=bg—2 (A.47)
g
®k2 M . 0
Lgy=g——s8n(mbgp)z (A.48)
" “Emp g e

The combined permeance function can be shown to be

¥
L=Ln+Ls=Q (Lnm+Lan)cos(mp@-q,))  (A.49)

m=0



2005 IEEE Vehicle Power and Propulsion Conference, October 2005, pp. 819-830.

L @L notLso)t(LnztLsp)cos(2p@-ar))  (A.50)
Likewise, for the homopolar inductor alternator, the
permeance function is approximated as

Ln @l no+L n2cos(2p(@ - gy ) (A.51)
for the north poles and

Ls @Lgo+Lspco8(2p(@ - qr)) (A.52)

for the south poles. The flux density is then the fundamental
component of the MMF multiplied by the approximate
permeance function from which the fundamental component is
obtained

By ={(Fasin(p@-a,)- f))Lo+Lcos(2p@ - a, )}
Bg = Fa(Losn(p@-q,)-f)- L—;s'n(p(q -qp)+f)

(A.53)
where the subscript 1 is used to represent the fundamental
component.

4) Fluxlinkages

For the first three machines, the flux linked by the
armature winding is

_ Neky L /2P
- Q

[ OB:Rdq dz (A.54)
-p/2p
For the inductor alternator, the flux linked is
p/2p
L/2
| = Nsak dBNleq dz
/2
P '“;2 (A.55)
Nk, LéL/2P'P
+T N d331qu dz
-p/2p

which is the sum of the flux linked for the north and south
poles separately. It can be shown that (A.54) and (A.55) are
the same.

5) Lumped parameters

The field armature mutual inductanceis
Laf =| af /1 f (A56)
In order to determine the equivalent inductance and resistance

due to armature reaction, the flux linked will end up having the
following form

a = (Llssin(pg - f)- (Ly)lssin((pg - f)+2)

seen earlier. From these L and R, can both be determined

(A57)

since
Ls =Ly - Lycos(2f) (A.58)
Rs =rgq +WLy sin(2f ) (A.59)
The lumped parameters for each alternator can then be

derived. The non-salient wound-field synchronous alternator
has the following lumped parameters:

. =NST':WRLF51§@?:(L sn(pg, - 1)) (A.60)
Nk
Lop =W RLgp 2—pkM £— 92 cosipa;) (A1)
L N kWRL684N kW(mrrbOZ (A.62)
7 €20 2p a0 5p
Rs=ry (A.63)

The sdient wound-field synchronous alternator has the
following lumped parameters:

NkW

(A.64)

I RL(Fi - rS)ng_COS(DQr)_

| 4= NS"W RLFslg—%?_GSin(FJQr -1)- —fsin(pqr +1)2
Pge 2 2
(A.65)
Ly = N kW RL§2 dﬁzﬂs C— pp C s(pq; )
2p &P 9 gzp%p
(A.66)
L= Nskw g &8 4 Ns kw OEBGmai@-—cos(z‘)—
a 2p 2p a gp
Lg=—SW Nskw RLaéiN_k_Ggo (A.67)
a 2p 2p a gpg
o8 0
Ge—p & —+91 N
th JGig & ggZﬂg -
(; -
c 1@ mo, gbp % cos(Z‘)_
gZSP G 925 Stpm p
Rg =r, +W Nskw RLaaii&k—Wc:Bgcim'—fsin(Z‘ )=
a 2p 2p a ﬁp' 2 [
Re =, +w Nskw py 884 Ns ki E20
a 2p 2p a gpy
o @p O
e § -0 Z5n€- P Tin(ar )
QZSD 91 920 &lp oy 2
(A.68)

The Lundell alternator has the following lumped parameters:
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g MokyN ¢ NgRL

Ngk
Rg =ry +w—=Y

L. =3 RLES S Ts fw e 2
* "p pa (b +bpy) g 2p 2p a &pj
¢ ont *Dp2 & P O Fpah & 2 c e ® : ) N : (A.73)
¢bp2-bp) & g2 p 5 gAp g T xc;lgaog P2 ™ DpL P ein(2)*
¢ 4 ® ab,n0  abyp o0 & ooloeiP & Zoodd &7 +
- P ConG—P= . gn¢—P cos( pq ) ¢ ggoo .+ @ tp 5= ;
¢ (y,- by) xSy, r= S § P &lp o :
¢ P2 P& E2p 5  E2p g 2
- And finaly, the homopolar mductor aternator has the
g & S(a;é)pzpo S(B;Ebplpog + following lumped parameters:
+Sco T+ cosg———" .
g 8 8295 8295_5 : Nskw (FrN'FrS) a2 0
g It = RL L N1 —COS(pqr): (A.74)
(A.69) a 2 2
Nk &2 @
Nk s & =S W RLUFQE S nosn(pa, - 1)~ ~D2sin(pa, +)°
| =8 WRLF51§E§9 a P&
a x
a Py (A.75)
gé'— No L so)sin(pay - ) 0 g-‘ g _sngbpp 00
¢ 2 ® ab,p0  ab,,p o0 Nk 2p9192g82t_
)G_lg:ean 5 E Qcosgp_lpi- Cos% p2P :_— o = SaW RL % 5 P oy
¢ 28209 (bp2-bplp & Etp 5 gtp%; ,
é*sin(pqr”) pr ><BCOS(loqr)
kywNfl ¢ NGRL (70 (A 76)
= S0t r s L, = Noku 88 4 Ns k2 LNz oy
p pa(by +bpo)g s a 2p 2p a é NO B
Ebyy +bpo g%osg@plpO_COsc p2P 80 ¢ L= kW RL§34N ky 228
g(pr bp)§ &2 €2p oo o 2p 2p a ¥py
9 st 5 . 5
“ éen‘?’pzp" g & o0 "g 2.8 b—igﬁ%? -
g (bp2-bpi)p & &2p 5 &2 p g 982[ 91@8 2 p £92 5 -
¢ N 9 182 6 abyp 90 -
9+9cos§ P p0+c039 ptP % N ¢ 2 co ”b_smgt __COS(ZE
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0
— co z )
xgp 5(pqr),ﬂ Rs:ra+wN w g 884 Ns ky aanCBé_stn(z)g
L. = Nskw a8 4 Ns ky 20 Re =1y +wst R ES 2 D K 20
*  a 2p 2p a @py 2p 2p a ®py
%Ebpl +bpo m 9 0 ﬁge_ Mo 0sm P Oosm(2f )?
gg 2, 95 : gzgzloggl 920 &lp oy Q,
¢ mm 2, s z  A7A (A.78)
£ ¢ - = Note that the general forms of L and R from which Ly and Ly
¢ 182pg (Op2 - bp1)p - s(2f)+ can be obtained are
G- — e -
2ce ab 0 ab 00+ + Ngk Fy &2 L o]
¢ oo £ oeiop2P 22 i Lg=SWR |51§ - 72cos(2f)+ (A.79)
C & &log &lp g p 2 sePe
R =1, +w NsKw Fﬂ?%%os(ﬁ)— (A.80)
a Is épee 2
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6) Smplified lumped parameters

In order to obtain the simplified power comparisons in
Section V, some simplifying assumptions were made. As can
be found in Section V, equation (15), the power delivered to
an impedance-matched load is based on the mutual inductance
L and the synchronous inductance Ls. This section obtains
these simplified inductances. For the non-salient wound field
aternator, no ssimplifying assumptions are made and therefore
(A.61) and (A.62) are used. For the sadient wound field
aternator, the pole width is assumed to be half a pole pitch
(bp =t ,/2), the larger air gap is ignored (g, ® ¥ ), and

sdliency is ignored  (cos(2f) term). The simplified
inductances are
Nk G2m 1062
Lot = W RL 2— — ———+—cos(pq,) (A.81)
2 P g \/E;a '
Ls=Nk | 28 4 N ki Cee2 671 aam, 0 (A82)

a “Ep 20 a Kobrto s
For the Lundell aternator, the poles are assumed to be
rectangular and with widths equal to a pole pitch
(bpr =bpa =t p) . In addition, sdiency is ignored. The

simplified inductances are

8 MokywN ¢ NgRL &2 )

o T (2 ) CosPar)E  (AB3)
P pa@p)g p 2

I_s:NSk &3 4 Ng k,, Gee2 Geary 0 (A.84)

W RL
a g2p 2p aﬁpﬁgg
For the homopolar inductor alternator, the width of a pole is

made to span a pole pitch (b, =t ), and the larger air gap is
ignored (g, ® ¥)

& Nt (g aam,
WRL§ Zép 91@;2

Lot = cos(pd; ) (A.85)

LS=Nk a34N Ky §aoaqamb_ (A.86)
a 2p 2p a mpk2 01 g
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