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A general solution of the magnetic field in the airgap of Convational and Alternate Field-Excited Switched-Flux (FE-SH machines
is proposed in this paper. The analytical model is based on ®domain method. It involves solution of governing field equéons in
a doubly-slotted airgap using the variable separation metbd. The complete model is derived and described in a generalanner so
that it can be easily extended to unconventional FE-SF topobies. By means of example, analytical predictions of airgafield are
extensively compared and validated using 2D FE results. FEimulations were performed on a 24-10 classical FE-SF struate and
also, on a novel 18-11 FE-SF machine with additional spaceeéth.

Index Terms—Exact analytical calculation, flux-switching, switchedflux, slotting effect, Poisson Laplace’s equation.

. INTRODUCTION DC coils location and the flux control principle. It worth
RINCIPLE of fi itchi b ked back i mentioning the recent work [17], where a novel HE-FS topol-
of Tlux-switching can be tracked bac Inogy with excitation coils located in stator slots is present

the_ 50.18 and was originally validated on a single-phases™innovative flux control principle is explained and fueth
flux-switching alternator [1]. Over the last decade, theas h, . jiqateqd with experiments. Authors showed, trough Finite

been har(lj inlcreasing intﬁrest in F!uxI-S\l/vitchinga also namegl, o (FE) simulations, that this topology belongs tchbot
SW'_tC ed-Flux (SF) machines, particu arly Permanept N o ries and parallels flux path HE-SF machines, depending on
excited (PM-SF) polyphased topologies [2][3]. Since the@he rotor teeth number

suitability of SF-PM machines for various applications has

been confirmed by the considerable amount of work carrieﬂRec_em p“*?”Shed worksfhavr(]a L]meCke? new avenctées _and
out by researchers, particularly in United-kingdom[4jgg) SN°W Interesting prospects for the future of HE-SF topasg

China [7][8][9], F 10111117121 and J 131, especially for applications requiring extended constaney
ina [7][8][9], France [10][11][12] and Japan [13] %:)eration range with improved efficiency [10][18]. Neverth

Switched-flux machines have bipolar phase flux-linkaqess risks of supply-chain disruptions for some rare

waveform resulting in a sinusoidal-like back-electrometi terials in short-term led qovernments. industrial oraati
force (EMF), despite their doubly-slotted airgap. Morerovee als In short-term led governments, ingustrial orgahans

during the design stage, the back-EMF can be optimizggd researchers to rethink their approach.

to reduce its harmonic content since it strongly depends on!he Field-Excited Switched-Flux (FE-SF) machine may be
stator and rotor relative slot opening. It worth mentioning Prime candidate to overcome those risks. So far, despite
their rugged structure, with a passive rotor similar to tfat @ general agreement on their attractive low-cost topology,
Switched Reluctance machines, and suitable for high-spddaSF topology has been much less investigated than the
operation. In addition, all active parts (concentrated sghacorresponding PM-SF machine. To the author’s knowledge,
windings and PM) are housed in the stator allowing brushleié$t two topologies of FE-FS machines are mentioned ir-liter
operations with reduced maintenance and eased cooling. BB, while numerous new PM-excited topologies have been
all these reasons, SF-PM appears to be eligible for mafigveloped, as highlighted in [4]. Classical FE-SF striesur
industrial applications that are increasingly demanding fWith overlapping windings are investigated in [19][20], ieh
electromagnetic devices combining high torque densityh hi@ modular rotor topology with non-overlapping windings is
efficiency and robustness. presented in [21].

However, the constant field provided by magnets in PM- Generally, Finite Elements methods are preferred to assess
SF structures was not in accordance with requirements electromagnetic performances of FS machines. Indeed, thei
variable speed applications, notably a good field-weakgniaomplex structure with a doubly-slotted airgap, togethighw
capability. Hence, Hybrid-Excited Switched-Flux (HE-$&- high-flux focusing effect, mainly in PM-SF machines, may
chines were proposed. Those topologies combine both PEfjuire accounting for the non-linear behavior of magnetic
and an additional DC winding fluxes to achieve a good fluxaterial. Despite their excellent accuracy, FE simulatiare
control capability. The wealth of literature on HE-SF mawgtls  severely limited by computational time requirements, dmncst
can be sorted into two groups, i.e. series flux path [14][18Kploration of various designs is directly affected. To go b
or parallels flux path [16] HE-FS machines, depending orond those limitations, some authors proposed models of PM-

FS and HE-FS topologies in a more analytical manner, using

Manuscript received .. Magnetic Equivalent Circuit (MEC) [22][23], Fourier analg
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Fig. 1. Conventional and Alternate Field-Excited Switctiédx machines: Classical FE-SF with single (a) or doubleets windings (b) and Unconventional
FE-SF machine with additional spacer teeth (c)

method [24], spatial discretization methods [25] and tootlo determine a simplified geometry to model. Then, exact
contour methods [26]. In reference [27], an analytical nhodmagnetic field solution in the doubly slotted airgap of FE-
for classical FE-SF machines based on Magnetomotive For&= machines is proposed. The analytical field expression in
Permeance theory was proposed. This analytical field mo@elch subdomain is derived by the variable separation method
can fairly predict the radial component of the flux-density iAfterwards, boundary and interface conditions are appied
the airgap to determine the main performances at no-load,s& up a system of linear equations. In the fourth section,
flux-linkage or back-EMF. However, it neglects slots leakagextensive comparisons with flux-density distributionsaited
mutual influence between slots and cannot predict tandentig FE simulations come to validate the analytical model.
component of magnetic field to assess the electromagnetic
torque trough the Maxwell stress tensor. Moreover, this ehod
was just bounded to classical FE-FS machines. Indeed, Ho CONVENTIONAL AND ALTERNATE FE-SFTOPOLOGIES
references in the literature addressing the issue of antexaqn this section, conventional and alternate Field-Excited
analytical model for both classical and alternate Fiel@dited Switched-Flux machines are introduced. Contrary to PM-
Switched-Flux machines were found, while it is of first it excited topologies, FE-SF machines have received less-atte
to improve the analysis and the design of unconventional Ffon in the research community. Classical FE-SF machines
FS machines. with single or double-layer windings are presented in Fig.
Regarding modeling techniques to account for the slottirig(a) and (b). It should be noted that the rotor pole number
effect, two approaches are mainly reported in the litemtuis not the same between these topologies. Indeed, in FE-
Some authors propose to use a relative permeance function 8#F machines, the stator-rotor teeth combination is not fixed
could modulate the airgap field calculated without slotse Thand may create modification in windings configurations. An
permeance function can be derived using conformal transfanconventional FE-SF machine is depicted in Fig. 1.(c)ak h
mation and considering infinitely deep slot [28][29][301]3 additional spacer teeth, highlighted in dark-grey colimkihg
Others works derive a modulating function assuming idealwvo flux-switching cells, and single layer windings. Alshist
ized flux-lines under the slot[32][33][34][35]. It was as lwve topology has less DC excitation slots leading to reduced cos
proposed an exact permeance function accounting for all thed greater efficiency, because of reduced excitation Joule
slot dimensions in [36]. Another approach is named subdi@sses. A similar PM-excited topology was reported in [43],
main model. The main idea consists in solving directly theowever, this field-excited topology has never been pubtsh
governing field equations in different domains, and apglyiror studied to the author’s knowledge.
boundary conditions on the interfaces between subdomainghe main idea of this work is to derive an analytical
[37][38][39][40][41][42]. In so doing, it is possible to deate solution of the magnetic field in the doubly-slotted airgdp o
an exact expression of the magnetic field. FE-SF machines as general as possible, and flexible enough
The objective of this paper is to derive an analytical soluti for an eased extension to unconventional machines having
of the magnetic field in classical and alternate Field-Edtit static DC excitation winding. Earlier in this paragraph, we
Switched-Flux machines based on subdomain method to ppeesented some conventional and alternate FE-SF machines,
dict both open circuit, armature reaction and on-load fi€lte  but the foregoing model is not restricted to these strusture
approach assumes that the magnetic material is linear. TRt illustrative purposes, the airgap field of the topology
article has been organized in the following way. Firstlye threported in [44] could be modeled according to the subsequen
classical and unconventional topologies are briefly intcedi analytical magnetic field solution.
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[1l. M AGNETIC FIELD SOLUTION IN THE rotor slots,
DOUBLY-SLOTTED AIRGAP OF FE-SF MACHINES AA; = 0, in thei™ rotor slot (Region) )
Considering the above mentioned topologies (Fig. 1), &9 airgap,
general geometrical model is proposed in Fig. 2. As can be
seen, the field domain is divided into 3 subdomaiis,airgap AA; =0, in the airgap (Regiod) (2)
(domainlI), rotor slots (domaing and stator slots (domain3.
Stator and rotor slots opening afef, and j,.0,. respectively.
The angular position in the airgap is defined withand ¢ AA; = —poJj, in the ;" rotor slot (Regiony)  (3)
corresponds to the rotor position. , i
In order to derive a general analytical framework for FE-SWIth Ja t_h_e stator slot current density ang the vacuum
. ) L ! S . permeability.
machines, a non overlapping winding configuration is stdie’
i.e. with two different current densities sharing the same
stator slot. This will later enable to predict electromagne A. General Solution of Laplace’s Equation in Airgap (Re-
performances of single- or double-layers configurations, agion I)
then, determine field distributions of unconventional FE-S The Laplace’s equation (2) governing the field in the airgap
topologies just by modifying windings (DC excitation andiomain, can be rewritten in polar coordinates as
phase) location.

and Poisson’s equation for stator slots,

Double-layer
Winding Configuration

2A 10A 1 924 T € [Rye, Rsi
oA 1041, 10 IOfor{ | _—

o2 r or  r? 0v? v e [0,27]

with R,. the external radius of the rotolz,; the inter-
nal radius. Also, it should be noted that the whole airgap
is considered,i.e. over a 2w-mechanical angle. That will
allow us to account for non-periodic geometriegz. with
ged(Ns, N,) = 1. Ny and N, are respectively the number
of stator and rotor teeth.

The general solution of (4) can be found by separating the
variabler andv, so that the solution can be written as
Ap (ryv) = Z

A <L) 4+ B (L)
n>1 Rre Rsi

o L po (Y
OIL <R7~e) + n <Rsi >

with A,,, B,, C, and D,, Fourier coefficients to be deter-
mined.

cos (nv)

B + sin (nv)  (5)

Fig. 2. Doubly-salient geometry of FS machine with, = 12 and N,, = 7
with its double-layer windings

B. General Solution of Poisson’s Equation in Stator Sots

Some assumptions are made in order to simplify the prof2egion j)
lem: In each stator slots, we have to solve the Poisson’s equation
« Infinite permeability of rotor and stator core, hence, ndi€fined by (3), to determine the vector-potential distitout
magnetic saturation of iron regions is considered. According to the superposition law, the general solution is

« Non-conductive stator or rotor laminated iron sheets (N§€ Sum of the corresponding Laplace’s equation (with=
eddy currents) 0) and a particular solutiom; of its own. As previously,

« 2D problem (end effects are neglected) with a unifor@SSUMINg a polar coordinate system, equation (3) becomes,
current density in coil’s conductor area and only one
component along the-axis. 0%A; 104; 1 04,

I f T e [Rsi7 Rse]
L = — - for
« Stator and rotor slots have radial sides. 2 1 or 12 ou Hoj

Ve [Hj,ej + 65195}
(6)

According to the 2D problem assumption, the magnetic
vector potentialA has only one component along the W first consider the solution of the corresponding Lapkace’
direction and only depends onandv coordinates. equation. Fig. 3 presents the slotted stator geometry \ith t

The partial differential equations (PDE) that are govegninassociated boundary conditions. Since stator core is asbsum
the magnetic field behavior in a continuous/isotropic regio to be highly permeable, Neumann boundary conditions are
term of magnetic vector potential are Laplace’s equatians fconsidered respectively on each tooth sides and at thenbotto
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A Slot Slot Slot
Ta i-1 i j+
Rce | | |
R, |, ? ..... ﬁ h i >
R‘i """"" e H H ’ .
£ B0, : R4
9] 1 e] e]+1
Even extension
N of J,(v)
Jph2
Jphl
V
ej e +2 B sis

Fig. 4. Current density distribution in the non-overlagpitouble-layer stator

Fig. 3. Slotted stator geometry with associated boundangiitions slot - Even extension of the current densify(r) using the image method

of the slot. Finally, thej" stator slot is associated with the

i " T
following boundary conditions, J(v) = Jj + Z Jjq COS <qﬁ 7 (v — Gj)>
q>1 A
DA, (r, v=a; £ 5512'95) forv e [6;,0; + B, 0] (11)
£y =0forr & [Rsi, Rse]  (7) \ith the mean value,
d
an Jjo _ Jph1 ;Jphz (12)
A; (1 = Rse and the following Fourier serie coefficients,
W =0forv e [Hj,GjJrﬂsjﬂs} (8) J
. o . . 28, .05+0,
To satisfy boundary conditions (8) and assuming a solution 9 -
with separated variables, it is possible to express theovect Jjqg = T / Jj (v) cos (qﬂ—ou) dv
potential A; as, 0, A
2 —
‘ 4 = —(Jphl Tphs) sin (qg) (13)
Aj(r,v) = Aéj) + Bé]) In (r) am
" _g= , x Considering the form of the current density distributioe€S
+ [A(])r R B(])rqﬁsj%} cos (g (v—0;)) E icular soluti be found
q q q N j g. (11)), a particular solutiodl; can be found as,
q>1 J
©) .
. A3, 0) =~ 20y = 3 i
where R, the radius of the slot bottom andy’, B, AY >1 44— (qB )
and Béj) coefficients to be determined. -
We now have to determine a particular solution of (6). To c (qﬁ 7 (v — Gj)) (14)

do so, we first consider the non-overlapping winding depliicte
in Fig. 4. Since the current density is uniform over each,coil Therefore, the vector-potential; in the jth slot can be
the current density distributiod, is radius-independent, andexpressed as,

can be defined by a function by parts ovVéy, 0; + 24;,0;]

intervals as shown in Fig. 4, ) ) )
9 Aj(rv) = Aéj) + Bé]) In(r) — uoﬁr2

4
o we[e-o-+—6‘9 : : J
9 9 j),. 985,05 j) 455,05 J
Jiwy=4 " ! 10) +>_ APy 1% 4 BO T g
Jph2 Vv € |:9 + 9 + 65] i| q=1 4 - (qB:95>
Expanding (10) into Fourier series oViér, 6; + 20;,0,], it cos <q T (v — Gj)> (15)
yields to, B bs
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Accordingly to the Neumann boundary condition at the slot A
bottom, defined by (7), the number of unknown independent
coefficients can be reduced, R

) J.
By = w3 R, (16)
and R,
; N T2E e
B(S]) - ASIJ)Rse i
. 7q+5+2
+2 Jig Re 0" @)

/’LO 2
(4= (1525)") (o527)

Finally, from (15), (16) and (17), the general solution of th
vector-potentiald; in the jth slot can be derived as

Fig. 5. Slotted rotor geometry with associated boundaryditimms

B g 2
A5 ) = 49 + o (Rt - )
for the rotor slot bottom, and whe® = «o; + 6 with o; =

—45 757 98505 a - "
+Z AW (RL) 73 e (Rr ) %3 ] 6, gl — 57 . Considering the Neumann boundary condition
a>1 51 se (21), it is possible to look into solution of the form,
Jj o 2RZ (v T (), pl)
uoﬁ = m R—se A; (7“7 v) = AO + By’ In (7“)
- .0, Bs;0s i) —ka i) ki
Bs;® 3 [Ai)r ke +B;)Tkﬁrigr} cos <k57r9 - 91-))
cos (q T (v— Gj)) (18) k>1 e
Bs; 05 (23)
with The second boundary condition, defined by (22), helps us to
. determine some unknown coefficients, so that, the general ex
(R 47,75 pression of vector-potential; in theith slot can be expressed
br=|\% 19) ¢

A and A are coefficients to be determined later. o o
Ai(rv) = AP + 3 Af

k>1
C. General Solution of Laplace’s Equation in Rotor Sots oy kﬁuﬂeu_
(Region i) 3, <PZ“ ) L <Rr ) i ] cos <kﬁﬂe (,/91-)>
The field behavior in théth rotor slot is governed by the " e e o4
following Laplace’s equation, (24)
with
9%A; 104, 1 0%4; 7 € [Ryi, Rrel Sy
ty 2y D7 T R,. Br, 0r
o2 r or 1?2 v 0 pour { P2 = <R> (25)

Ve [91; 91 + ﬂner]
(20) | |
in polar coordinatesk,; is the radius of the rotor slot bottom. The constant terms4g) and Agj) are coefficients to be
In Fig. 5 an idealized rotor slot geometry is presented. Aketermined.
previously, interfaces between air and an highly permeable

iron lead again to Neumann boundary conditions, D. Boundary and Interface Conditions

Now that general expressions of vector-potential in each
0A; (7", v=o; £ %) subdomain have been derived, we need to apply boundary and
o =0forr € [Ryi; Rre]  (21) interface conditions to determine the unknown coefficiehts
By, Cn, Dy, A, A A and D).
Basically, interface conditions between two subdomains in
OA; (r = Ry, v) term of vector-potential have to ensure,

— 5, —0forvel0i, 0+ 5.6, (22) . the continuity of vector-potential ;

for each rotor tooth sides, and
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« the continuity of the normal derivative of vector-potehtiaat the airgap external radius = R,;, i.e. airgap-stator
equivalent to the continuity of the tangential magnetimterface. It should be noted that two functions, respebtiv
field since both stator slots, airgap region and rotor slot, (v) and Q; (v), are introduced. They refer to Fourier

have the same magnetic permeability. series expansions over the whole airgae, over [0, 27|, of
To this end, the boundary integral method is applied to th@®nditions (26) and (27). o
prob|em and detailled in the following paragraphsl First of all, from (24), the normal derivative of vector-

1) Continuity of the Normal Derivative of Vector-potential ~ Potential in theith slot at the airgap-rotor interface € R.)
As specified beforehand, the normal derivative of the vectd® found to be,
potential has to be continuous between each subdomain.
However, because of slotted stator and rotor, ensuring thisd4i (7,v) =3 A Ay cos <kﬁﬂe (1/9i)>
r=Rye E>1 riIr

condition requires some analytical developments. or
(28)
with
(Function Q.(v) 1 v\
"""""""" Ak = ) | - O (Bre (29)
ﬂmer Rre RM' Rri

and from (18), the normal derivative of vector-potentiathe
jth slot at the airgap-stator interface= R,;) is,

___________________________ f 04, (r,v) -
N % - ﬂs + Z |:Ag])A1qj — quji|
. 4 " r=Rs; q>1
- g (1575 =) @)
Sl - cos | q v—0;
i st 95 ’
with,
]()
8= ((R ) ) @)
Fig. 6. Shematic representation of airgap domain surradifue stator
and rotor cores - Definition of function®; (v) and Q2 (v) to ensure the g
continuity of the normal derivative of vector-potentialtiveen airgap domain A s f’< s 5
and respectively the rotor (blue dotted lines) and the s{@tack solid lines) 1gj = qﬂ 9 (3 )
S;Vs

A shematic representation of the airgap domain, surrounded 7. R\ 9F
by stator or rotor teeth, is proposed Fig. 6. When the airgap.,,; = 2, —2*—— <Rsi — Rse (i) o )
is facing a tooth - (stator or rotor), the infinite permeapili 4_ (qﬂ i ) Rse

s;Vs

of core allows us to consider that the normal derivative of (33)
vector-potential in the airgap is null. Elsewhere, the &g  Now that expressions of the normal derivative of vector-

vector-potential normal derivative should equal eithet®t otenial in stator or rotor slots are derived (See Eqgs. 428)
or rotor slots normal derivative of vector-potential. Riyait  (30)), functions2; (1) and<2, (1) can be extented into Fourier

can be written that, series. Regarding the Fourier series expansioftofv),
OA; (r,v) B Q) (v) = Z Y1, cos (nv) + I'yy, sin (nv) (34)
767 = Ql (V) n>1
';AR”(: " Fourier series coefficient¥';,, andI';,, can be determined
_ ) 7|, forve [0:,0; + fr, 0] (26) from (26) and (28) as follows,
0 elsewhere )
at the airgap internal radius= R,., i.e. airgap-rotor interface, T, = l/ 94i(r,v) cos (nv) dv
and, d ] or r=Rre
0i+Br; 0r
aA (r,v)
a1418(7“7 v) — 0 () == Z / cos (nv) dv
T. ”’:Rsi T:R‘,ve
OA;(r,w)
e A R e

- Z Z A( Alkak n,i (35)

0 elsewhere i1kl
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and,
1 T o4, (r,v)
27 7 r,v .
1 A; Lon = —/ — sin (nv) dv
Iy, = —/ M sin (nv) dv m or r=Rs;
™ or —R. 0
0 e 9j+ﬂ5j 95
0i+Br, Or 1 = 0A; (r,v) .
A == / B SR RA sin (nv) dv
=_ Z / 94i(r,v) sin (nv) dv ™ ; or r=R.; o)
T=R¢ 0
1 -
1 ) — . (7) . .
_1 Z Z Ag)Alkgk7,’L7i (36) p 630-’”,] + Z Aq Aquq,'rL,j A2qu,7L,J
T k1 =t =1 (43)
2 4

with ay . ; andoy ,,,; defined respectively by (37) and (38).

As can be seen, in previous integrals (37) and (38), we ac-ntegralsa, , ; ando, , ; can be derived as follows,
counted for the case whémr = ng,.6,. Another solution lies
in the development of those integrals in the form of a product 5.0 8. 0
of trigonometric and sine cardinal functions. This devetent Qgnj = —22 {COS (n <9]. 4 % S) _ qf>
could be meaningful during the numerical implementation, 2 2 2
avoiding any conditions on value of denominator. sinc<g B %)

After calculations, it is possible to write 2 Ny

8'99 S
+cos | n 9]-+61‘ Jrq7r sinc + B’ (44)
2 2 2 "N,
Brﬂr s Or 7T
Qppi=——<Rcos|(n|O;+—— | —k—
v 2 2 2 and

: k- nB,
SInC (5 — T.,)

stes . ﬁsjes ™
+ cos (n (9Z + %) + kg) smc(2 + ’I’Lﬁrl)} (39) Ogqmn,j = T {Sln <TL (9]' + 5 > - (]5)

2
- (q nBs,
ncl = — —2~
and i <2 o )
. stes e st
ribr riOr +sin <n <9» + +q= ) sinc( 4+ (45)
ni = % {Sm<"<9i+ﬁ5 >kg> Iy 2 2 TN,
k  nB, The normal derivative of vector-potential in the airgap
sinc(i — —N“> region can be expressed at its internal radius=( R,..) as
" follows,

+sin (n <9i 4 ﬁ%) 4 kg) sinc<§ + %) } (40)

The same procedure is applied to determine Fourier series0A; (,v)

=> n|-

A(I) B’EII) Rre n—1
Rsi (Rsz)

coefficientsY,,, andT's, of function Qs (v), or r=R,. 31
Qs (v) = Z Yo, cos (nv) + Ty, sin (nv) (41) cos (m/)
n>1 o’ DY R\
with - +n |- 7 + T (RT%) sin (nv) (46)
TE St 81
o ans at its external radius & R;),
1 0A
Ton = —/ (r,) cos (nv) dv
™ or r—R.. ) —n—1 ()
0 s 0A; (7“, l/) n Ay, <R‘SZ ) " " B,
0;+B 0 or - R, . Ry
1 94, (r,v) o ln. = Bre \Bre B
== Z — cos (nv) dv
™ or R cos (nv)
7 B %)) —n—1 %))
Cn Rsi Dn .
N, . +n |- 7 (Rl ) + 7| Sin (nv) (47)
= Bsomj + > AP Mg — Magign; e >

3=

=1 =1 ~ According to boundary conditions (26) and (27), and from
(42) (34), (41), (46) and (47), we can set up the following equa-
and tions,



Ny (I) (I) n—1
1 i Ay By’ (R,
L3S A A =0 | -+ B ()
™ 21 k1 R'r‘e Rsi Rsi
N (48)
1
; ﬂg()én’j + Z AE;)Alqaq,n,j - AQqu,n,j
j=1 a>1
AL rrN\TE BY
=n|— = - 49
" Rre (Rre) * Rsi ( )
N, (1) (1) n—1
1 (%) Cn Dn Rre
A A n,i — -
; ; ke S1kTkin, " Re * Rg; < R; ) ‘|
- (50)
1Y Fig. 7
i 9. /.
; Bgo'n,j + Z A[(I )Alqaq,n,j - AQqu,n,j 9
=1 g>1
o) (R DY
) ( ) " (51)
Rre \ Rre R

2) Continuity of Vector-potential

The second condition that has to be ensured is the continuity
of vector-potential between two domains (Fig. 7). For the
internal radius of the airgapr(= R,.), it means that the
vector-potential of the airgap over each rotor slot equiads t
vector-potential of the rotor slots,

A; (r, V)|7'=R7‘e = Ay (r, I/)|7'=R7‘e forv e [0;,0; + ﬁmﬂ(r] )
52

Similarly, at the airgap external radius£ Rj;), the vector-
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Continuity of A

between
- stator slots and
/ airgap
7
./~
;
| Continuity of A!

! between !
| rotor slots and |
] airgap !

A Airgap /

Shematic representation of airgap domain surradirtte stator

0;+Br, Or
1
Ar(r = Rye,v) dv
67'7, 97 9/ ! ( )

ma {4 (5 |

n>1 st

and rotor cores - Continuity of vector-potential betweergap domain and
respectively the rotor (blue dotted lines) and the stattactbsolid lines)

over theith rotor slot opening at = R,.. It gives for the
mean value,

I 1 [ Bre "
potential of the airgap over each stator slot has to equal the + [C’(L '+ DY < si) } 0"”} (54)
vector-potential of the corresponding stator slot,
with
A; (r, 1/)|T:R“_ = Ay (r, I/)|7‘=qu, forv e [9]-, 0; + Bs, 95}
(53) 0i+Br; 0r
However, expressions of vector-potential in each region do '
not have the same spacial frequency. This means that vector- Qn,i = / cos (nv) dv
potential of airgap over each stator and rotor slots has to 0;
be extended into Fourier series to satisfy the vector-iaten sin (n (0; + B,,0,)) — sin (nb;)
continuity condition. - n (55)
Herefater, we first consider condition (52). The airgap
vector-potential expression (5) is expended into Foueeies and
9i+57'i9r n(BriGTY(sin(neq,)—sin(n(9i+ﬂ”97-))(—1)]“) for kr 7& nﬁ 9
Qi = cos (k 7T9 (v — 91)> cos (nv)dv = (lmr)f"_f(nﬁ,,.%0,,..)2 NG
P ﬁ,«i o Br; 0 c2os(n01-) _ s1n(n97,)—s1n§z«9i+2nﬂ7~i HT) for kr — nﬂnﬂr
0i+pr,; Or —n(ﬂ”97~)2(Cos(n&,)—Cos(n(eq,—f—ﬁriGT))(—1)’“) for kr + nB,.0
Okn,i = cos (k We (v — 91-)) sin (nv) dv = . (km)?—(nBr, 0,)° e (38)
J 6,1 - Br; Or 3211'1(’”97,) T cos(n(h)7cos£:9i+2n6,,.7’ 0,,.) for ki — nﬁri GT
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Fig. 8. Distribution of equipotential lines of magnetic t@epotential in air-gap and rotor/stator slot regionshwihe analytical model (a) and 2D FE
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1 Rgi\ "
_ AD (l) + B o
0i+Br, 0r /38]' 95 ; { Rre 7
Opi = sin (nv) dv A\
’ / () +|ch (R—> +DD | a, j} (58)
0; Rre ’
cos (nb;) — cos (n (6; + Br,0r
= o8 (nf) — cos D66 win
n
and for thekth harmonic, we can write that 645 0
. RN —kETe Qp,j = / cos (nv) dv
AD |y (R—> +1 0;
ort i _ sin (n (0, + Bs,0s)) — sin (nb;) (59)
__2 / Ar (r = Rye,v) k=" (v—20;) | dv !
B ﬂ’l‘io’l‘ ! "= e o8 ﬂ’!’io’l’ ! and
0;
2 Ry \"
_ ( I) [ ZZre . ; ,
- s {0 (5 o
toonzl N ng = / sin (nv) dv
+ [c,s” + DY (Z—) } ak,n,i} (57) 0
si ~cos (n0j) — cos (n (9j + ﬂsj 95)) 60
From (18) and (5), it is possible to derive the Fourier series - n (60)

expression of the airgap vector-potential over ftle stator
slot opoening at = R,

s R,
A + Mo%o <R§e In(Rs;) — f)

0j+Bs;0s x
1 J; 9R2, [ Ry \'7 %
= 5.0 / Ar (r = Rayv)dv o (Ri-— (R ) ]
S s s se
vy 4- (qﬁ—e) (qﬂsﬂs>

for the mean value, and

R.; \ 175,
1+ 1 < > !

AW
1 RSC
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B ﬂSjes

J

2
EADD [A

n>1

(1)

n

Ry \ "
cih (R—) + D

Te

+

for the ¢gth harmonic term.

Finally, equations (48), (49), (50), (51), (54), (57), (%8
(61) can be rewritten into matrix and vector form to get a

Uq,n,j}

Qq,n,j

/ A (r = Rg,v) cos (qﬁ (v— 9J,)> dv

R . —n
il B
(72) +#

(61)

numerical solution of the unknown coefficients,, B,,, C.,,

Dy, AP, AP AD and AY. It should be noted that mean
values of vector-potential in rotor slomff) and stator slots
A(()j) are not primarily needed to solve the linear system.
They could be evaluated afterwards using airgap harmonic

coefficients obtained numerically.

Vector potential AY)(r = R.,v) (Wb/m)
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OBy gt O 1 SR iR
% 0.1 3 1'& : A
£ oo
s 0
£ 005
g 0.1
5 015

0.2

(b)

x10°
_ ' b t
5 P T N
< 11 t 3‘;* I8 | ol
S LT 0 L Ot od O S AN T #
R h SRR Rt SR
| Tty e 1 £ booalb
VAR HEW VIR W
: ’ﬁk t‘;r‘&f [ ‘A“,\ t ;' 1*'
Y S IRL R O B S 0 SR 8 L ‘ i
o } | 1 J ’+ Iy
g |k [ i it
Soab | R i {SSRURSRUNS 1 S0t SOOI ¥ ST
s g o

-6 L L

n
Position v (rad)

©

Fig. 9.

Evaluation of vector-potential) (r = R.,v) (a), radial flux

density B, (r = Re,v) (b) and tangential magnetic fiell, (r = Re,v) (C)

along the mean airgap with the analytical model and 2D FE Isition for a

classical 24-10 FE-SF topology at no-loadVdc,. = 1200A.tr - s = 0.5

“Br=07-N=150-K =Q =20
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Fig. 10. Evaluation of vector-potentiah(!) (r = R.,v) (a), radial flux
density B (r = Re,v) (b) and tangential magnetic fiel, (r = Re,v) (C)

along the mean airgap with the analytical model and 2D FE Isition for a
classical 24-10 FE-SF topology with double layer configarat Only phase
a is powered withNI, = 500A.tr - Bs = 0.5 - B, = 0.7 - N = 150 -

K=Q=20

IV. AIRGAP FIELD CALCULATIONS AND FINITE
ELEMENTS COMPARISONS

The foregoing analytical model for conventional and alter-
nate Field-Excited Swithed-Flux topologies is used to dete
mine both no-load, armature reaction and on-load magnetic
field distribution at the mean airgap radius. The main maehin
dimensions are reminded in Table |. Analytical airgap field
predictions are extensively compared to 2D FE calcultation
As for the analytical model, a highly permeable linear mater
(1 = 5000) is considered in the 2D FE simulations. Also, in
2D FE simulations, we considered structures having sttaigh
teeth.

The vector-potential in the middle of the airgap can be
directly evaluated from (5) as follows,

The radial component of flux density and tangential com-
ponent of magnetic field at the mean radius of airgap domain
can be derived fron§ =rot (Z)

D (ry
7(“1) (Ta V) = %814 81577 ) (62)
(I) _ _102AD@w)
H)' (r,v) = — s 87~T
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Description

Symbol

Numerical value

Common parameters

Number of phase q 3
Classical FE-SF machine

Number of stator tooth| Ns 24 g
Number of rotor tooth N, 10 H
Alternate FE-SF machine with spacer tooth <
Number of stator teeth, N, 18 b
Number of rotor teeth N, 11 ::
TABLE | E
MAIN PARAMETERS OFCLASSICAL AND ALTERNATE FE-SFTOPOLOGIES i
g

Finally, it yields to

reaction and on-load conditions respectively. Analytipeg-
dictions are in close agreement with those computed by 2D

Outer radius of stator Rse 146.6mm
Inner radius of stator Rai 126.6mm FE.
Mean airgap radius Re 124.1mm In addition, the airgap field, either radial or circumfeiaht
Outer radius of rotor | Rre 121.6mm presents a high harmonic content. Nevertheless, the aalyt
Inner radius of rotor Ry; 91.6mm . o . R . .
Active length I. o model still exhibits high accuracy. This gives meaning te th

DC winding MMF NTeze 1000A.¢r use of Fourier harmonic modeling technique for the analysis

Peak phase MMF Nlphase 500A.tr of FE-SF machines.

bl i i 4 _
cD s p N pi)/p € Lo AT [k AR
BD (R _ n e n e R lr\f’l o i, i i\r/’ it
e =3 (7)) R g S T
., cos () A Ef,\' i i
Ay Re)" By (Re)" : : .
- + sin (nv
Re <R7'e Re Rsi ( ) 025 ) Posi(im:.[r/ (o) Tz 2n
for the radial component of flux densify." (R.,v), and (b)
10x1o4 :
1 AD /g o\l ) : I
(1) _ n e ; 6k # ! '
HYD (Reyv) = =3 n | 5 <R> R 5 8 S ¥ O W SO
”Onz1 re re | ITIH I'l I‘\j‘{ IHi 11 ;\/i
e 7 VT I R A VY
By(LI)(Re)nl ol f M .g\,\j\,‘% Yog -f\nf\“&-
_ cos (nv) N AR ’H/\j e
Roi \Ro PV EIS T
D s r Nt WD R\ =11 v Py v \
o Re (Rre) " Ry (Rsi) sin (nv) (64) 6 - P(;)(‘) B )

for the tangential component of magnetic fietie) (Re,v).

A. Classical FE-SF machine

Fig. 11. Evaluation of vector-potentiah!) (r = R.,v) (a), radial flux
density B, (r = Re,v) (b) and tangential magnetic fielf, (r = Re,v)
(c) along the mean airgap with the analytical model and 2D iffulation
for a classical 24-10 FE-SF topology with double layer canfigion - On-

We first investigate classical FE-SF machine with 24 statléjfd:\g',t7h .Sljrcruioid% _fe}idl‘ggci";é’ SV phase = 00440 = fe =05 -

slots, 10 rotor teeth and a double-layer winding configorati

The vector-potential in the whole airgap, including rotoda

stator slots is analytically calculated according to (2%)(and . . .

(18) and equipotential lines of vector-potential are deggidn ~ B- Unconventional FE-SF machine with spacer teeth

Fig. 8. It is of paramount interest of that the foregoing analytical
As can be seen, boundary conditions between each reggmution of magnetic field allows exploration of unconventl

are respected. In Fig. 8.b, equipotential lines/Afobtained Field-Excited Switched-Flux machines. Indeed, thosecstru

with a 2D Finite Element Software are proposed, includinwires usually require modifications of phase coil connestio

the ferromagnetic parts. Regarding the distributiomddh the To do so, we used a connecting matrix (size 4 x 2N,)

airgap domain, it is shown that the analytical model gives w®fining coils distributions in the stator slots. For ilkadive

an excellent evaluation of. We compared in Figs. 9, 10 andpurpose, the connecting coil matrix of the 24-10 FE-SF ma-

11, distributions of vector-potential, radial flux densityB,. chine with double-layer windings is given by (65). Regagdin

and circumferential magnetic fiel, in the airgap€ = R.) the unconventional 18-11 FE-SF machine with spacer teeth

at no-load (only DC excitation windings powered), armaturand single-layer winding, the matriX can be defined as (66).
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In Fig. 12, the equipotential line distribution of vector-
potential A at no-load for the 18-11 FE-SF, analytically-
predicted or FE-calculated, are proposed. Obviously, tiee a
lytical model can fairly predict in the whole airgap domain.

We compare once again distributions of vector-potential
radial flux densityB,. and circumferential magnetic field,, in

the airgap{ = R.) obtained with FE simulations and with the
model for different load conditions (See Figs. 13, 14 and 15)
Each comparison exhibits good agreement. Also, it should be

noted that the airgap field distribution are-periodic because
of the odd number of teeth.

o1

Vector potential A)(r = R,,v) (Wb/m)
..
)
/ al
r‘.-.a'"
\&

1
4

; Analytical
F% [ ¥
fo
P

=R.,v)

@
0.2 T
0.15

T)

0.1
0.05F Ay kSt

-0.05
-0.1F

Flux density B,.(r = R.,v) (

-0.15 - : Analytical
s : : il . DFE
0 n/2 Position v (rad) 3nf2 2n
(b)
x10*

Analytical

Magnetic field H,(r = R,,v) (A/m)

©

Fig. 13. Evaluation of vector-potentiah ") (r = R.,v) (a), radial flux
density B, (r = Re,v) (b) and tangential magnetic fielel, (r = Re,v)

(c) along the mean airgap with the analytical model and 2D Riulstion
for an unconventional 18-11 FE-SF topology with spacerhtettno-load -
Nlege = 1200A.tr - Bs =05-6,=07-N=150- K =Q =20

V. CONCLUSION
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Fig. 14. Evaluation of vector-potentiah!) (r = R.,v) (a), radial flux
density B, (r = Re,v) (b) and tangential magnetic fielf, (r = Re,v)

(c) along the mean airgap with the analytical model and 2D ifflation

for an unconventional 18-11 FE-SF topology with spacerteddnly phase
a is powered withNI, = 500A.tr - 3s = 0.5 - B = 0.7 - N = 150 -

K=Q=20

solution is then obtained by applying the boundary integral
method.

In addition, the model is derived in a general manner so that
it can be extended rapidly to unconventional FE-SF strestur
Indeed, it allows a fast exploration of unconventional Gtru
tures with different winding configuration or stator-roteeth
combination. By means of example, an unconventional FE-SF
machine with spacer teeth is presented.

Analytical predictions of airgap field for both conventibna
and alternate FE-SF topologies are extensively compared to
2D FE simulations. Comparisons show good agreement for
numerous load-conditions. This result highlights the tseri
of harmonic modeling technique for the analysis of FE-SF

An improved analytical model to describe the magnetic fielachines.

in the doubly-slotted airgap of Field-Excited Flux-Switttp is

Finally, from radial magnetic flux-density and circumferen

proposed in this paper. The whole airgap domain is divided fial magnetic field predictions, instantaneous electrameéig

three types of regions, i.e. stator slots, airgap and rdtds.s

torque can be assessed according to the Maxwell stress tenso

General expressions of vector-potential are derived fah eaSee Appendix B). Comparative study of optimized electro-
subdomain by the variable separation method, and the fislhgnetic performances of FE-SF machines will be presented
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Fig. 12. Distribution of equipotential lines of magneticct@-potential in air-gap and rotor/stator slot regionshwthe analytical model (a) and 2D FE
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