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Analytical Approach for Air-gap Modeling of Field-Excited
Flux-Switching machine: No-load Operation

Benjamin Gaussei§ Student Member, IEEEEmmanuel Hoang Olivier de la Barrieré,
Jacques Saint-Mich&l Michel Lécrivairt, and Mohamed GabsiMember, IEEE

1 SATIE, ENS Cachan, CNRS, UniverSud, 61 av. du Presidentowjl€achan F-94230, France
2| eroy Somer, Emerson, EPG Division, Sillac, Bd Marcellirdye- 16015 Angouléme Cedex, France

This paper presents a general and accurate approach to deterine the no-load flux of field-excited flux-switching (FE-FS)
machines. These structures are inherently difficult to modedue to their doubly-slotted air-gap. This analytical approach is based
on MMF-permeance theory. The analytical model developed igxtensively compared to field distribution obtained with 2D Finite
Element (2D FE) Simulations. The good agreement observed trgeen analytical model and 2D FE results emphasizes the intest of
this general approach regarding the computation time. Hene, this analytical approach is suitable for optimization process in pre-
sizing loop. Furthermore, based on the field model, classit@lectromagnetic performances can be derived, such as fluirkage and
back-electromotive force (back-EMF) and also, unbalanceanagnetic force. Once again, FE results validate the analytal prediction,
allowing investigations on several stator-rotor combinaibns, or optimization of the back-EMF.

Index Terms—Analytical model, magnetic field, switched flux, flux-swithing, slotting effect, air-gap permeance, modified
magnetomotive force.

I. INTRODUCTION were proposed. Few investigations were undertaken buy-ever

LUX-Switching (FS) machines have attracted consideP—Ody agree that this topology is particularly attractive lfaw

able attention in recent years, especially topologiesgjsiCOSt'Operat'On [15][16][17]. With a fully controllable #uFE-

s E machines are similar to wound field synchronous machines
permanent magnet (Permanent Magnet Flux-Switching PM_egcept that they have inherent static excitatioe, without

machines). To the author’s knowledge, a single-phase flux- . .
switching alternator was firstly described in the 50’s [1]_rushes. Fig. 1 shows an elementary cell of classical FE-FS

A single phase and a three phase flux-switching topologiré]sachmes' It can pe seen _that th's topology has overlappmg
windings, which will result in a higher copper consumption.

were further studied in [2][3], where bipolar flux principleTO vercome this problem, authors of [18][19] proposed an
has been revealed. Since then, extensive work was propose '

notably in United-Kingdom [4][5][6], in Japan [7] and in "novative topology, still based on flux-switching prinip
; o . . but with modular rotor and non-overlapping windings. Insthi

France [8][9][10]. Their large torque capability with ptac aper. the focus will be on classical EE-ES machine
cally sinusoidal back-electromotive force (EMF) makesnhe P2PE" '
really interesting. Also, their robust structure, with asgige
rotor and all active parts located in the stator allows blessh ~A. Principle of Operation
operation with reduced maintenance. For all these reasonsThe flux-switching principle is briefly reminded in Fig. 1.
the PM-FS machine appears to be eligible for many industri@imilar to the classical PM-FS machine, in the FE-FS machine
applications. the negative and positive maximum flux-linkage of coil Al

However, the difficult flux control capability in PM excitedoccurs when a rotor pole is approximately aligned with one
topologies is in contradiction with wide speed operatioon(c of the stator teeth (Figs. 1.(a) and (b)).
stant power region), though, Hybrid-Excited Flux-Switafpi ~ Therefore, a movement of the rotor induce a bipolar flux-
(HE-FS) machines were proposed combining the effect of pdinkage and hence, an alternating back-EMF (Fig. 1.(c))hén
manent magnet with an additional DC-coil allowing good fluiiterature a significant number of publications are propgsi
regulation. They have been analyzed extensively partigulaanalytical modeling of the slot effect on the air-gap magnet
in terms of their potential to extend the flux-weakening mndield. An accurate model to account for the slot influence is of
of permanent magnet machines and to improve efficiency [11itst interest here, since saliency in these machines igttjire
In the literature different HE-FS topologies are listednt®o related to the operating principle. In the first part of thiscée,
of them can be classified as serie flux path HE-FS machiwe propose an original and low time-consuming analytical
[12][13] and others as parallel flux path HE-FS machine [14dpproach for modeling the doubly-salient air-gap.

Finally, Field-Excited Flux-Switching (FE-FS) machines

. . _ _ B. Modeling of the Flux-Switching Machine in the Literature
Manuscript received February 17, 2012; revised April 16120ac-

cepted April 18, 2012. Corresponding author: B. Gaussensnaie As specified beforehand, the wealth of literature on FS

gaussens@satie.ens-cachan.fr). , o , machines has hardly addressed the issue of FE-FS topalogies
Color versions of one or more of the figures in this paper adlahle .. .

online at http://ieeexplore.ieee.org. The majority of papers were dedicated to PM-FS structures.
Digital Object Identifier ... Usually, numerical techniques such as finite element mathod
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In this paper, an analytical approach based on
Magnetomotive-Force (MMF) and air-gap permeance
distribution, for multi-phase FE-FS machine having any
pole and slot number, will be presented. A doubly-salient
air-gap permeance calculation is proposed. Only internal
rotor topologies are considered for the sake of clarity.
However, the model could be easily extended to external roto
configurations. The air-gap field distribution for diffeten
stator-rotor pole configurations, the phase flux-linkage, v
the back-EMF and also unbalanced magnetic forces (UMF)
are obtained using the model. Extensive FE simulations were
performed to validate the approach.

II. ANALYTICAL APPROACH FOR MODELING
FIELD-EXCITED FLUX-SWITCHING MACHINE

As was mentioned before, the analytical approach is based
on MMF-permeance theory. Some assumptions are made in
0.02 : : : : : order to simplify the problem:

: : : : : « Classically, the rotor and stator core have infinite perme-
ability, hence, the magnetic saturation is not considered.

0.015

s 0% « Non-conductive materials (No eddy currents) and 2D
E o005 problem (end effects are neglected).

é; 0 The geometric representation of the doubly-slotted FE-FS
3 machine is shown in Fig. 2. Stator and rotor slots opening are
E -0.005 . . .

5 Bs0s and .0, respectively. The angular position in the air-gap
£ oot is defined withr, andé corresponds to the rotor position.

-0.015

-0.02
0 10 20 30 40 50 60

Position § (mm)
(©
Fig. 1. Flux distribution in stator teeth with field exciti (Region E+)

only: (a) Maximum flux-linkage position, (b) minimum fluxakage position
of coil A and (c) evolution of flux-linkage as function of retposition 8

are preferred to predict their electromagnetic perforreanc
especially to take into account the non-linearity of magnet
materials [20][21]. Thanks to this approach, it is possitde
predict fairly high saturation point observed in the aip@a in

the tooth core due to high field concentration effect. Howeve
this approach is time-consuming particularly for initiéisg

of an electrical machine. Hence, the development of an &naly
ical model for initial performances calculations appearbé
both challenging and meet a real design requirement. Weth thg, 2. Doubly-salient geometry of FE-FS machine wiy = 10 and
wider acceptance of genetic algorithms, optimization méth N- =38

can be applied using the aforementioned analytical method.

Some work of interest was proposed to model PM excited

FS machine: Zhuet al. [22] have developed a non-linear
Magnetic Equivalent Circuit (MEC) model, while authors of
[23] solved the governing field-equations (Laplace and guas On the basis of Ampere’s circuital law, and assuming that
Poisson equations) in the air-gap by means of Fourier aisaly$he MMF's drop in stator and rotor iron portions are negldcte
The same authors have developed an interesting hybrid modé radial air-gap field distributiods.. (v, ¢) can be expressed
[24] combining the advantages of the MEC model and Fouriéf

analysis. As far as we know, analytical modeling of FE-FS

machine has not yet been addressed. B, (v,0) = uyoMMF,,.(v,0) A (v,0) 1)

A. Flux density in the air-gap
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In accordance with (1), we require the doubly-slotted aijp-g C. Doubly-slotted air-gap permeance function
permeance\ (v,0) and the MMF created by current-carrying The sjotting effect, which refers to a variation of reluatan

conductors distributed in the stator slofd M F,,. (v,6).

around the periphery of the air-gap, has long been investi-

Fourier series expansions of both quantities are propo@sedghted in many papers. Two analytical approaches are mainly

the next paragraphs.

B. Magnetomotive Force created by DC-winding

considered in the literature.
Some models consider relative permeance functions to
modulate the radial flux calculated for a slotless motor.

The MMF distribution created by excitation coils is showrConformal transformation can be employed to evaluate this
in Fig. 3 and can be defined as a function by parts ovelative permeance function [25]. One century ago, F.\WteZar

8 |-
l0.3]:

MMF,.,.(v)=

nelege,,

sUs

,Vv € |0, /35295}
Vv € 652‘95,95 (2— Bs

Nslexc

g (v = 20)

—nslexc

Vv €

-
Vv € 95(
0

—”EZ;ZC (v — 46,)

Vv €

)

used conformal mapping to derive the well-known Carter’s
coefficient [26]. Also, in 1993, a series of papers dealinthwi
analytical modeling of brushless DC PM motors accounted for
the slotting effect using a conformal transformation metho
[27]. It is worth mentioning that in the work [28][29] a
complex relative permeance function was developed. By full
exploring conformal transformation properties, authoas c
also determine the tangential field in the air-gap. The ikelat
air-gap permeance can also be predicted considering zeeali
flux lines under the slot [30][31][32]. The second approach
consists of solving the Laplace/quasi-Poissonian equatio
different sub-domains [33][34] [35][36].

In this work, the first approach is considered, and a per-

Every DC coil is wound around two stator teeth, so th@eance function based on the mean flux path under the slot

stator tooth numbeN, must be even. In [15], different waysOPening is proposed. o _
of connecting field conductors are proposed. However, sincen Fig. 4, the extended magnetic circuit of FE-FS machine
end-effects are neglected (2D problem), connections of D& presented. The doubly-slotted air-gap is divided into tw

coils do not impact electromagnetic performances. Expandiregions at its mean radius: Stator slots opposite to a smooth
(2) into Fourier series oveEO 8_71'} yields to surface (Region 1) and rotor slots also opposite to the same
» Ny

smooth surface (Region Il). From Fig. 4, we can express the
o , reciprocal of the air-gap permeangév, 0) as

MMF e (V) ~ Z b, sin (n%u)

n=13,5... g (Vv 9) =e+d; (V) + 6, (Vv 9) (5)

where,j;(v) andd,. (v, 8) are respectively the stator and rotor,
additional air-gap introduced by slotting. Notably, théatmn
of the rotor is directly accounted for in the tertn(v, ).
Finally, the permeance functiok(v, ) is derived simply from
(5) as
SICJCC . S
= LQsm (nﬁ Tr) (4) 1
Bs (nm) 4 A(v,0) = 0
This formula is valid for any configuration (humber of phase ) ] ] _g o o
In Fig. 5, idealized magnetic flux-lines under an infinitely

q or stator tooth numbeN,) considered. ) ) ) )
deep slot are depicted. Assuming quarter-circular flugdin
DC field coils (with radii R; and Ry), it yields the arc length§; andT'y

where

40,
2 N
by, = T /MMFQM (v) sin <nT1/> dv
0

(6)

Stator

I'y = 7R, sin (%)

Ty = mRyisin (25— %)

()

Finally, the additional air-gapj;(v) corresponds to an
equivalent lengthI{; andI's in parallel) that can be expressed
as follows

sin (%) m(ﬁg‘)s
5.0,

n S
Q1 v Bses
i () oos (5 20)

nha; ,Vr € [0, Bsbs]

ds(v) =
Fig. 3. The Magnetomotive Force created by the DC field coils
MMFE(IJC(V7nSI€fEC7ﬁ5795) 0

Vv € [8,6,,0,]
®)
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{ Stator
1 1 5 ) B 45,(v)
R, Jeeeifrararanas ReglonI .................... I foreennnnnn Jeonsnnnnae forennnnes » V Ie
R, Reglon II 0 _>IG
U U Ut u U A5,(v,0)
Rotor

Q

Fig. 4. The extended magnetic circuit of the FE-FS machinpsieudopolar coordinate to evaluate the air-gap permeafes))

Infinitely
deep slot

BSGS

Fig. 5. Magnetic flux-path under an infinitely deep slot

with R,; the internal radius of stator.

After linearization, and by using Fourier series expansic

of (8), it gives for the stator

+oo
ds(v) ~ a(()j) + Z a'D) cos (nNyv) + b sin (nN,v)  (9)

n=1
whereaf)”, afl andby? are
05
a(()l) T/55(V)dV
0
_ R (71-/38)2 (10)
6N,
2
) == [ 6,(v)cos (nNyv) dv
0
Bt L1+ cos (2nmB,)) — —— sin (270 ,)
= cos npPs)) — S nPs
"~ 2N,n? i mnPs ST

(11)

I)f

HIN

0,
/55 sin (nNsv) dv
0

RSZ ]‘ .
= IN 2 {m (1 — cos (2mnfs)) — sin (27mﬁs)} (12)

Fig. 6 presents the evolution of the additional air-gap unde
the stator slot considering respectively Eq. (8) and Eg- (9)
Excellent agreement is observed between both expressions a
long asNg > 3. However, configurations with less than 3 slots
are unlikely.

—— Function by parts d5(v) - Eq. (7)
o Fourier series of ,(v) - Eq. (8)

0 56, 0/ 9
Position v (rad)

Fig. 6. Comparison between the additional air-gap funcéigf) (Eq. (8))
and its Fourier series development (Eg. (9))

The same procedure is applied to the rotor slots (Region II)
and, including the influence of rotation, the tedfy(v, ) is
given by

+oo
0r(v,6) ~ aén) + Z alID cos (nN, (v — )
n=1
+ b D sin (nN, (v — 0)) (13)
where the mean valueém
Ry (7f,)°

11
a(() ) =
6Wr

(14)
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with R,.. the internal rotor radius. Like (11) and (12) , the D. Modified Magnetomotive Force

Fourier coefficients are found to be In this part, we introduce the need of a compensation of

the MMF created by excitation coils. Indeed, depending on

R 1 the stator-rotor configuration, some permeance harmonids a
alll) = - {(1 + cos (2mnf,)) — sin (2mn3;) field coil MMF harmonics will present the same wave length,
2Nrn ™ (15) Soasan offset is introduced. Since, Maxwell's equatiorith(w
and Gauss's law for magnetism) implyivB = 0, we introduce
the coefficients,.
2m
MMEF,,.(v)A(v,0)dv
R | 1 _ ) ’
un _ e _ _si ke (v,0) = = (17)
byt = SN2 {ﬂnﬁr (1 — cos (2mnp,)) — sin (27mﬁrz} | fo2 A (v, 0) dv
6

. ) ) and (3) is modified as follows
Fig. 7.(a) represents the equivalent air-gap for a 10-& slot

configuration. The spectra df(v, #) (Fig. 7.(b)) shows that the oo

o : N,
space harmonics introduced by stator and rotor teeth aide W%IMF (1,0) ~ ke (1,6) + Z bysin (n~2v) (18)
accounted for. Classically,iN, | and| i\, | harmonics are et e e 4
introduced by each of the stator and rotor wave permeances, B ) _
wherei is an integer. Also, their interactions are found to be N fact, . refers to the rotor scalar magnetic potential, that

i | Ny — N, | andiN,+ | N, — N, | harmonics. was assumed zero in Section_II.B. After obtginin_g the air-
gap permeance and the DC coil MMF, the radial air-gap flux
90 density can be predicted according to (1), (6) and (18).

I11. N O-LOAD FLUX AND BACK -EMF PREDICTION AND
COMPARISON WITHFINITE ELEMENT SIMULATIONS

150 : In this part, the previously developed analytical model is

. : : ‘ - extensively compared to 2D FE simulations for differentckin
of stator-rotor topologies. Common parameters of the wifie
considered structures are detailed in Table I. In order ¢cthus
same assumption as for the analytical model, highly perieeab
linear material &, = 1000) is considered in the simulations
(the free-of-charge FEMM software was used).

180/ {-- - -| € Function g(v,0)

\ . : . / TABLE |
a N : . - COMMUN PARAMETERS OF THE MODEL
210 : : g
Description Symbol  Numerical value

Inner radius of stator Rg; 126.6mm
Middle air-gap radius R 126.35mm
270 Outer radius of rotor Ry 126.1mm

@ Active axial length Lq 45mm
035 DC field MMF Nslexc 1200A.turn
Speed Q 1300rpm

A. Air-gap field distribution

1) Single-phase structures
We firstly consider and investigate single phase configura-
tions. Stator and rotor combinations are easily defined as

N, = 2N, (19)

0.15

Amplitude (mm™1)
o
[

o
o
o

R YRR SRR EE The radial flux density distributions in the middle of the-air
gap ¢ = R.) for a 12-6 slots configuration and different rotor
®) positions are plotted in Fig. 8.
Fig. 7. (a) Evolution of functiong(v,# = 0) (with Ny = 10, N, = 6, Contrary to classical wound field excited synchronous ma-
Bs = Br = 0.5, Rs; = 50mm ande = 2mm) and (b) spectra of the air-gap chines, the air-gap field distribution exhibits significdrar-
permeancel (v, 0) monics due to inherent doubly-saliency. Even so, from Fig.
8, we can observe an excellent agreement between analytical
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2.5 T T T
Phase coil : ¢ [——Analytical
2 T L ......................... .......................... ..... . 2D FE
E .
o ;
2 :
= N
g ;
5} :
. :
&
P i
-7 n/2 0 /2 n
Position v (rad)
(@)
2.5 T T T
Phase coil : : —— Analytical
ok i A ERR S s oo bl . oDEE
e 9 | | | -
)
>
2
i)
5]
3
<
-
=
=
2 i
- /2 /2 n

Position v (rad)

(©

Phase coil : i | —Analytical
& O— : : - 2DFE

Flux density B, (T)

L 1 1
-T -n/2 .. 0 n/2 b
Position v (rad)

(e)

Fig. 8. Magnetic flux density in middle of air-gap, (v,6) |,=r, for a 12-6 slots configuration (single phase) (with = 0.6, Lys = Lg4, and
nslexe = 1200A.turn) and for different rotor positions: (a3, distribution at initial positiond = 0 (d-axis) and (b) the magnetic flux lines with FE
software, (c)Br distribution att = - (g-axis) and (d) the magnetic flux lines, (8)- distribution att = ]2\,—7‘ (Minimum flux-linkage in the phase) and (f)
the magnetic flux lines " "

and FE results. The relative error for the peak flux density 2) Multi-phase structures
does not exceed%. Furthermore, the flux-switching principle
can be observed by carefully examining Figs. 8.(a) and (c),Air-gap field distribution for multi-phase structures is rao
i.e., for maximum and minimum flux-linkage in the phasecomplicated to assess, with symmetry often a\&l° or 360°
Indeed, the air-gap flux density is locally inverted (or shied) (for non-symmetrical configurations). Indeed, unlike $ing
over the coil phase leading to a bipolar flux-linkage. Even f@hase structures, we cannot define clearly a stator-rotor co
configurations which are difficult to model, such as in thdtination (Vs — N,.). For one stator configuration, many rotor
shown in Fig. 9, where the stator slot opening is wider th&g@mbinations are likely to work. While the model is devoted
the rotor tooth width, the analytical model gives quite agjodo multi-phase topologies, a special emphasis will be place
evaluation of the air-gap field. on 3 phase = 3) structures. In the interest of clarity and
simplification, radial air-gap field distributions at= R, for a
While for single phase structures, the no-load field distrib 24 stator slots configuration (3 phases) and different iteteth
tion in the air-gap is well accounted for Witﬁl periodicity. are proposed in Appendix A (Figs. 19, 20, 21 and 22). It can be
We explore in the next sectiopphase structures. seen that with an even number of rotor tedfh, distribution
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B — Analytical
: « 2D FE

DC Field Coils

Flux density B, (T)

DC Field Coils

Bt
=

Fig. 9. Magnetic flux density in middle of air-gaB, (v,0) |,=r, fora 12-
6 slots configuration (single phase) (with = 0.5, 8 = 0.2 andnslezc =

1200A.turn) in g-axis position and with stator slot wider than rotor ttono
(a) B, distribution and (b) the magnetic flux lines with FE software

(b)

Fig. 10. Cross section of the FS machine of different phasediwg
configuration: (a) single-layer and (b) double-layer

is w-periodic, whereas for odd on&; is 2w-periodic. To sort
different possible combinations, coefficieats= gcd(Ns, N,.)
andn. are introduced. For instance, periodicity Bf. (v,0)

classical technique to evaluate the flux-linkage of one isoil
based on the integration of radial flux density over the coil.

for 3 phase structures, set out in Appendix AZ2is/y. The However, as mentioned in [39], this technique does not take

parameten,, refers to the number of individual coils (havingNt® @ccountin an explicit manner the influence of slottifgr
different flux-linkage) per phase. That coefficient dingctiCONSiStency in our demonstration, analytical results iobth

depends on winding configuration and so, it is acknowledg@¥ the integration of the flux density are compared to those
afterwards. obtained by 2D FE simulations with a direct integration of

magnetic vector potential in slots. In so doing, we could
B. Flux-linkage and back-EMF .comple.tely valldate.the approach. _The total phase flumlgd(
. o . _ o is obtained by adding fluxes flowing through every coil be-
_Slnce local q.uantltlest.e. air-gap field dl_strlbutlons, are jonging to the same phase. For single phase structures, it is
fairly well predicted thanks to the analytical model, it iseasonable to consider that each phase coil see the same the

interesting to evaluate global quantities such as flux liEkafjyx-linkage ¢,. So, the phase flux-linkage can be expressed
and back-EMF. Furthermore, those global quantities can ggectly as follows

used to evaluate, at no-load, electromagnetic performande

perform initial sizing of a structure. In the next sectiohet 50s

evaluation of flux linkage and back-EMF are discussed and

analytical expressions are deduced. Particularly, statat #s(0) = RelLa / B (v, 0)dv (20)
rotor configurations and also phase winding configurations %

(single or double-layers) are investigated and systemibtic
compared to FE simulations.

The key differences between single and double layers FE- 5
FS machines are shown in Fig. 10. Indeed, in double layer i G
machines, each phase stator slot contains two differergegpha o

. o . ) vs(0) = ReL,
coils while single layer machines (also designed as alterna
pole wound machine in [37][38] for PM-FS machine) contain os (145)
coils from only one phase. Hence, the flux-linkage calcula- :
tion depends on the phase winding under consideration. Tioe double-layer winding configuration.

for single-layer configurations, or as follows

— [

B, (v,0)dv (22)
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In multi-phase structures, as we shall see in subsequent 3
sections, flux-linkages of different coils of the same phase
differ. This phenomenon, firstly reported in [22], is inhetre
to FS machines, since relative positions between stator and
rotor tooth over each coil are different. Hereafter, expi@ss
of global flux-linkage depending on winding configuration
and number of rotor teetl, are derived. For the sake of
clarity, only configurations withV,, = N,/2 4+ v have been
investigated. Nevertheless, those configurations are th&t m
promising in terms of power capability. . ;‘5ﬁ£¥éfﬂ?+ 1+ e

Finally, once the total flux-linkage is obtained, the back- % s 12 18 24 30 36
EMF E, is determined from Position 6 (dee.)

@

—— Analytical - 7
o 2D FE- 4,

Analytical - A,
e 2DFE- A

Flux-linkage per turn ¢, (mWb)

T dps
30 do
with N, the number of turns in series per phase.
Analytical evaluation of flux-linkage and back-EMF are,
hereafter, compared to 2D FE simulations.
1) Single-layer configuration
The overall flux-linkage for single-layer winding configura
tions havingy > 2 andn. = N,/4qy coils can be derived as
(20). Indeed, like single phase structures, the relativstion o 2D FE-
between each phase coil and the rotor tooth is the same. ° ° Position 0 (deg) ®
With regard to configurations with = 1 andn. = N,/4q (b)
coils, the total flux-linkage is found to be, far, = 2,
Fig. 11. Flux-linkage (per turn) waveform for a 24 statortslstructure

and single-layer winding configuration (withs = 0.6, Lys = Lg,- and

E, = —Nyyp (22)

w

N

-

[=)

|
o

Analytical - 4,

o 2D FE- 4,

Analytical - 4;

e 2D FE -

An: alytcal Ay +Ap
Ay

0
N

Flux-linkage per turn ¢, (mWb)

|
[

e e 85 (518qi) nsleze = 1200A.turn): (a) 10 rotor teeth and (b) 13 rotor teeth
s (0) = —2 -1)° / B, (v,0)dv (23)
( ) Ne ; ( ) 0. (1'L8a5) ( ) 6 T—— Analytical - 4,
2 5 2 Amalytieal - 4,
In Fig. 11, the flux-linkagep; for two rotor configurations ! —E‘E‘Eyz‘i;u”
(N, = 10 et 13) and a single-layer winding configuration are e
plotted. Good agreements are observed for both configasatio 2 :
(with a relative error betweeh— 4% on the peak flux-linkage e ’
for the configurationV, = 10 or N, = 13). As mentioned 8 °
before, for an odd number of rotor teefi. (v = 1), the
flux-linkage must be computed for two adjacent coils @nd

As) (Fig. 11.(b)), while whenN,. is even { = 2), only the 0 © Bsitiond degy O ®
flux-linkage of one coil is needed (Fig. 11.(a)).

The back-EMF for the same configuration are presented
in Figs. 12 and 13. The computation is done for a rotation
speed? = 1300rpm. Both analytical and FE results are in
close agreement. Moreover, back-EMF spectra (Figs. 12.(b)
and 13.(b)) show that it is possible to correctly predictirthe
harmonic content. Thus, the analytical model could be used
to determine optimum stator and rotor relative slot opesing
(respectivelyss and 5,.).

2) Double-layer configuration

@)

B Analytical - 4, + A,
C_J2DFE- A, +4, ||

Lo

[
3

Amplitude (V)
P n
= & N o w

o
3

For double-layer V\_/lndlng conflguratlons having > 2 o - TRTRTRTET
and n. = N,/2¢v coils, the phase flux-linkage, can be Rank
expressed as
P (0)
0 (5+4qk_b> Fig. 12. Back-EMF waveform (a) and its spectra (b) for a 24sléts
R - % strl;cture aln2d08iz%le-lay:rr]&/v§i)ndin%%%nfigu)ration (with= 0.6, Lys = Lg,,
Nglexe = turn = rpm,
o (0) = Tl {37 / B.(v.0)dv S (24)
C
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[
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Analytical - 4;
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Analytical - A, = 3
e 2D FE- A,
Analytical - A; + A, 2
— 1 o 2DFE- A, +4, g 2f
> =
= gt
2 CEY
o T o
~ 8
;a; 2‘ 14 Analytical -
2.5 _‘é" & o 2D FE- 4,
: T
=7 —— Analytical - 4;
] © 2DFE- Ay
50 5 10 15 20 25 Analytical - A, + Ay + Ay + A,
Position 0 (deg.) 4 H H ;L@ DFE- A+ Ayt ds+ Ay
0 5 10 15 20 25 30
(a) Position 0 (deg.)
. (@)
B Analytical - 4, + 4,
1 2D FE- A+ 4,
4 : =
2 2
© 3 K
el @
g >
= oL =1
a2 2 =
£ 2
< g
g —— Analytical - 4, R
2D FE - A,
0 e I] - s I S S S, _§ LAnalytical- Ay
0123456 7 8 9 101112131415 E © 2DFE- 1,
n = —— Analytical - A, + Ay
é : © 2DFE- A +4, : :
= 5 10 15 20 25
(b) Position 0 (deg.)
Fig. 13. Back-EMF waveform (a) and its spectra (b) for a 24sl@®s (b)
structure and single-layer winding configuration (with= 0.6, L4s = Lg.,
Nsleze = 1200A.turn and Q = 1300rpm) Fig. 14. Flux-linkage (per turn) waveform for a 24 statortslstructure

and double-layer winding configuration (withs = 0.6, Lys = L4, and
nsleze = 1200A.turn): (@) 11 rotor teeth and (b) 14 rotor teeth

According to (24), those configurations would have just 2
coils per phase having a slight difference on the flux-linkag
Regarding configurations with = 1 andn. = N,/2q cails,
it is possible to express the phase flux-linkage as (24) for
n. = 2, and as follows,

Analytical - A;

o 2D EF - 4,

—— Analytical - 4,
® 2D FE- A,

Back-EMF (V)
o

2
—— Analytical - Ay
© 2D FE- A,
A
2D FE - A,
Analytical - A + Ay + Ay + A,
2D FE - Ay 4 Ay 4+ Ay + Ay

SDS (9) = -4

l;} . "
s (5+4q7r— =t i) 5 10 15 20
% -1 — p) Position 0 (deg.)

Z (-1)" / B, (v,0)dv (@

95(1+4qi7%)
e L

FE - Ay
nalytical - A
. A,

25 30

o

B Analytique - A, + A, + A3 + A,
CEF 2D - 4, + 4> + A5 + Ay

)
T

05 (5+4qi7 Bs )

ne—1 2

-y ey [ Bwow) @)

05 (1+4q7,— %ﬁ)
e

IN
T

Amplitude (V)
N w

-
T

o _._[I_._I]_._.__‘_-:_‘__.__._A__‘__‘_
fOI‘nC:4 012345671:{31811(91 112 13 14 1
Here, to compute the total flux-linkage, an integration over ®)

at least 4 coils per phase needs to be performed. Flux-
linkages forN, = 11 and N,. = 14, in Fig. 14, demonstrate Fig. 15. Back-EMF waveform (a) and its spectra (b) for a 24sldts
once again a good agreement between analytical and gtcture and double-layer winding configuration (wifly = 0.6, Lgs =
results. Also, it can be seen that each coil's flux-linkage & "= /ere = 1200A.turn and < = 1300rpm)

again slightly different, and the analytical model corhgct

predicts this phenomenon. The back-EMF and their spectralV. UNBALANCED MAGNETIC FORCESCALCULATION

(at ©2 = 1300rpm) are also in close agreement (See Figs. 15A. Analytical expression of radial magnetic forces

and 16). Unbalanced magnetic force (UMF) is the overall magnetic

force that acts on the rotor due to an asymmetric air-gap
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Analytical - P, (N.cm™?)
+ 2D FE- P, (Nem™?)

Analytical - P, (N.cm —’»‘ ‘ Analytical - P,, (N.em~2) ‘ ‘

« 2D FE- P, (Nem™?)

Analytical - P, (N.cm™?)
+ 2D FE- P, (Nom™?)

‘ © 2DFE- P, (Nem™®)

@ (b) (© (d)

Fig. 17. Magnetic pressurgy, (v, 6) |,—r, for a 24 stator slots structure (withs = 0.6, L4s = Lg, andnslezc = 1200A.turn): (a) 10 rotor teeth,
(b) 11 rotor teeth, (c) 13 rotor teeth and (d) 14 rotor teeth

— #) can be decomposed in Cartesian coordinates as
© Amalytical- As
® 2DFE- A, i
Analytical - A, + A,

x [ _B2
g : X © 2DFE- A + Ay FJ, (9) = ReLa fOQ ( 2507) CcOS (l/) dv
=1 T\ on (g2 27)
EF F,(0) = R.L, fo ( 2#(:‘) sin (v) dv
S
8

B. Comparison with Finite-Element analysis

s Parameters of Table | are still considered in this section fo
o 5 N the both analytical model and FE simulations. Configuration
Position 0 (deg.) . . .
with 24 stator slots are principally considered due to space

limitations but the method could be applied to any stator-
e rotor configuration. In Fig. 17, magnetic pressurg along
,7 the air-gap is compared with the analytical model and with FE
simulations and respectively for, 10, 11, 13 and 14 rotothtee
(with 24 stator slots). Good agreement is observed with FE
Analysis and, thanks to a representation in polar coordg)at
we can see that configurations with 11 and 13 rotor teeth could
exhibit UMF. Applying (27), it was shown that, indeed, even

@

Amplitude (V)
o - N w IS
- ]
o , |
wh
~f

o 3 'e’i'a’k?i? [ERTRTRVIT (10 and 14 teeth) rotor teeth configurations do not exhibit

" UMF, while odd one (11 and 13 teeth) does. In Fig. 18,

(b) analytically predicted and FE calculted UMF are compared,

o 16, BackEME . @ and it va () | paclt for 11 and 13 rotor teeth configurations. The analytical nhode

1g. . acK- wavelorm (a) and Its spectra or a S . . P
structure and double-layer winding configuration (wjth = 0.6, Lys = predicts fa!rly UM'_: an(_j’ consequently, the'_r mﬂue_ncesh_m t_
Lgr, nsleze = 1200A.turn andQ = 1300rpm) level of noise or vibrations should be considered in designi
machines.
magnetic field distribution. This phenomenon was extemgive V. CONCLUSION

studied in the literature, in particular for PM synchrononz- In this work, an analytical model for Field-Excited Flux-

chines [40][41], switched-reluctance machine [42] oricliin  Syitching machine is developed taking into account therinhe
machine [43][44], since it could lead to significant noisel anent double-saliency of this topology. The approach to model
vibration. Hence, some configurations, especially thost winhe air-gap flux density is based on MMF-permeance theory. A
odd number of rotor slots, can also exhibit UMF. In [45], @singeneral expression for the magnetomotive force is derigeal a
Maxwell's stress tensor method, an overall Maxwell pressugqyrier series, as well as the doubly-slotted air-gap tahae,
distribution P, in the air-gap can be derived. After, somessuming idealized flux paths under the slot opening.
assumptions (neglecting tangential component of magnetiGextensive comparisons with 2D FE results were performed
field H; and high permeability of iron)P,, can be expressedand it is shown that the model can accurately predict thetadi

as air-gap field distribution at no-load. Moreover, the model i
B2 suitable for multi-phase structures that have differeribro
P, ~—L (26) topologies.
2p10 Furthermore, analytical expressions have been presented

with B, the radial flux density in the centre of the air-gapto assess phase flux-linkage and back-EMF waveforms, de-
After, the global force acting on the rotor (at a given pasiti pending on stator and rotor teeth configurations and/oreghas
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Fig. 19. Magnetic flux density in middle of air-gaB, (v,0) |.=gr, for
a 24-10 slots configuration (3 phase) (with = 0.6, Lys = L4, and
nsleze = 1200A.turn): (a) B, distribution for 24-10 slots configuration
and (b) the magnetic flux lines with FE software

UMF F, (N)

50 a5
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Fig. 18. Evolution of UMF ¢, and Fy) as function of rotor positio;..
for a 24 stator slots structure (withs = 0.6, Lgs = Lg, andnslezc =
1200A.turn): (a) 11 rotor teeth and (c) 13 rotor teeth

winding configurations. Close agreements with FE analysis
have been demonstrated, showing a clear advantage of the
analytical model with regard to computation time.

The last section of the paper focused on radial force
calculation. Indeed, some rotor configurations could exhib
UMF. Once again, a good prediction of the magnetic force is
achieved allowing the investigation of vibrations of matime
origin. On-load performance, with the air-gap armaturetea

tion field calculations, will be described in a subsequemt pa_ _ o _
of this paper Fig. 20. Magnetic flux density in middle of air-gaB, (v,0) |.=gr, for
’ a 24-11 slots configuration (3 phase) (with = 0.6, Lys = Lg, and
nsleze = 1200A.turn): (a) B, distribution for 24-11 slots configuration
APPENDIX A and (b) the magnetic flux lines with FE software

AIR-GAP FIELD DISTRIBUTION FOR3 PHASE
CONFIGURATIONS

Figs. 19, 20, 21 and 22 compare analytical predictions and
FE simulations of the radial flux densify, in a 24 stator slots  The authors would like to thank Leroy Somer (who are part
(3 phases) having 10, 11, 13 and 14 rotor teeth, respectivety Emerson) and Agence Nationale de la Recherche (ANR)
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Fig. 21. Magnetic flux density in middle of air-gaB. (v,0) |.=g, for
a 24-13 slots configuration (3 phase) (with = 0.6, Lys = L4, and
nsleze = 1200A.turn): (a) B, distribution for 24-13 slots configuration
and (b) the magnetic flux lines with FE software
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Fig. 22. Magnetic flux density in middle of air-gaB.- (v,0) |.=g, for
a 24-14 slots configuration (3 phase) (with = 0.6, Lys = L4, and
nsleze = 1200A.turn): (a) B, distribution for 24-14 slots configuration
and (b) the magnetic flux lines with FE software
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