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Abstract: [ Objective] This paper addresses the cogging
torque inherent in fractional-slot concentrated winding
(FSCW) stator axial-flux dual-rotor synchronous generator,
which can induce vibration and acoustic noise, degrade
control accuracy and operational smoothness. The virtual
displacement method is employed to analyze the underlying
mechanism of cogging torque generation and to derive its
approximate analytical expression, thereby providing a
theoretical basis for generator design, manufacturing, and
optimization. [ Methods] First, the fundamental theory of
FSCW was reviewed, and the structural characteristics and
coupling principle of an electrically excited through-FSCW-
stator axial-flux dual-rotor synchronous generator ( AF-DR-
TS-FSCW-SG) were introduced. Subsequently, the cogging
torque generation mechanism of this class of generators was
analyzed using the virtual displacement method, and an
analytical expression for cogging torque was derived based on
the magnetomotive force-permeance method, yielding an
approximate mathematical model. In addition, a two-
dimensional finite element modeling approach tailored for
axial-flux dual-rotor synchronous machines was proposed, and

its accuracy was validated through no-load electromagnetic
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characteristic ~ experiments. Finally, the  dominant
subharmonic amplitudes of cogging torque obtained from the
analytical model were compared with those derived from two-
dimensional finite element simulations. [Results] The results
indicated that the relative errors of the no-load back
electromotive force ( EMF ) amplitude between the two-
dimensional finite element analysis (2-D FEA) results and
the experimental measurements under three operating
conditions—namely, excitation of rotor 1 alone, excitation of
rotor 2 alone, and simultaneous excitation of both rotors—
were 4.02% , 16.84% , and 10.73% , respectively. Despite
the amplitude discrepancies, the waveform variation trends
showed good agreement among all cases. Meanwhile, for the
operating conditions with rotor 1 alone and rotor 2 alone
excited, the relative errors of the dominant harmonic
component of the cogging torque between the 2-D FEA results
and the analytical results obtained by the virtual displacement

13. 86% and

[Conclusion] The proposed two-dimensional finite element

method  were 13. 57%, respectively.
modeling approach for the FSCW-stator axial-flux dual-rotor
synchronous generator in this paper can accurately reflect the
actual performance of the generator. In addition, the cogging
torque mathematical model derived based on the virtual
displacement method exhibits high accuracy.

Key words: fractional-slot concentrated winding; dual-rotor
synchronous generator; virtual displacement method; cogging

torque

B = [ B8] AR MO 5 P 5241 (FSCW) & 1
S 1) 3 [ A0 v LT A I M 2 B BOAR B R P

© Editorial Office of Electric Machines & Control Application. This is an open access article under the CC BY-NC-ND 4. 0 license.



Z A BT FSCW E Tl ] s WURS 1 [ A0 r WL U A e S 20 7
524 Qin Zhen, et al; Cogging Torque Analysis of a Through-FSCW-Stator Axial-Flux Dual-Rotor Synchronous Generator

YRS BE 532 47 R vk Y ) L, ) 0 67 B 125 e A 7=
A TR R IFHE T FLR A A 2, S AL il | Dk R
HEERAKYE, [FHE] E A T FSCW Y LA B Ay
5128 FSCW & -l 1) 38 WU T[] 25 FL ML ( AF-DR-
TS-FSCW-SG) M5 R 03 I - T i A 5 3, SRFE R
FHREA A1 43 H1 12 28 M ML 1 G 2 7 AR DL, OT 45 6
B T A S A A R A S, A9 B T R 2R A [ e
AR SO Y — % i 1 8 BU - (R 2B L AILA 4
PRG5BS A 338 i 25 3 00 58 UE 3% 4 20 A o 1 1k
5 Jo A0 Ao 1A A A R A AR A B 0 1 A A 2 R U
Y AT B RT3 b, (SR 45RE
B, A — 5 5 T Pk B . S R | G B F )
AR = b 00N B 4 PR T B4 R 50 45 R A
233 F R M A 1 Y A R 22 AR IR 4.02% | 16.84% 5
10.73% , WIE b B AR R — 3, R — 557 5
Jih5 e BB T T 4k A R T O L A A L
S5 30 2 B A RS T O A SR A VR A A T S L A
MR 13.86% 5 13.57% . [ & ] A SCHT R B 8
FSCW & il 7 1 388 [ 4 AL — 4k A R G {5 BB D (g 45
TR b S e e AL S B i T s R D R 6 B8 9 ¢ S G 1
T AL FE B ELA v RV

KB M BEE DB B T A B AL B B 1
i Ll

0 3|5

1A A% 3l 5 RE IR % e U, e D R
JE AR T EETER LR GRS T A Bh
PTG T RE IR i A e e 5 o i A9 R0 B
BT, e, [ A5 BB LG 2 3 R EORT 9 R
i TR PERE L SR R, AR KU R R B
5] T Al iR 9K 3 K AT 2= LR 2 g 3k 1T
ZNH . TR 2 )20 r AL B 3T R L v il )
8 [F] 25 LR A A ) ]S SR8 TR e B
HRFRL OB a5 R s i R ELR i K T
A1, A R IRV 745K, BB Al il 2o 1 [/ —
A P[] I ST BRI  , f A lE A  R
I R IR G ES RV & =3) | INTIEER EIEIEES
BURSRFESRPE T 5 P i e A B AN D R A 5
R Bl 1) R XU 1 JC e E T AR, R
WA M E THER M G, ot — B REAR T BRFEA
LR T A [ W JHE X PR AT 2808/ T Al 1) A
AR T, (oA R T R A o ] o e B o
WO T 24 Ll g 75 2R A Sz a] 42 ) Fi il

WERCAR AR K REARIST BT 1 AL B R
WA 55 REYT U RE T e JCIR ®E XU ELAR BT IR
M BEARSE — RIVIARROCHE, SR, 72X Fh e 2
ol e 0 L D R R R SR R R AL D R R R
X — FL R i v A A 1) T, 4 PR HC AR
S5 K 55 1k R 2 0 AR B BT G B R, I
2y W2 SE It R AL RE BRI g 3 7 FH ) S BB AR
Az — . I, A R G 58 515 20 FSCW
SE 4l ) 3 XU [ 20 e ML Y 1 R B B
HERIIS M E 5E PR TRIE X,

UTAEA X T [R) A5 i AL 1A A A 4 R B 58 © 48
HRAS 0 2 R, SCRL 2-7 1R A R s LA 7 28
AR, SCERL 8 13T T — B E TR AL
AU [R5 R BIL, M) RS e A 7 S 11 A7 9
St e R R A 30 AN () B 7 A A A 0 B
BROS AR 88 P RE A RZ A, SCHR[ 9 1 /v
AT R T KRR D AL VR T B
BT . TR th i 7 vk W38 g0 1 A
(] ) REARR Y 1A R RV LBk 8, SCR [ 10 ] 4
G4 T K R0 AL A R PP R ) ] A S R 4f
S AR AR ) BB 5907 1 AR B 2B
WP N, SRR 11 ] R M 2 T30 I8 0 2 ) el 1)
G308 K i [ 20 W ML 147 R 2 R v 55 7 ik SO
(12 ] FSCHR[ 13 TS0 5T 1 b4 ) T 5 G 26 P BIL
(I A R AOF HSCHR [ 13 ) b 42 1y 17— Fh
BRI RS T v . SCIR[ 14 ] $2 T —Fh gk
TR REARAR [0y 45 5 3 B o3 4[] 1) i % B0 7 7 ok
i 2 5 JCHE e oy S A P HLA T R R, SOk
(15 VTR A DR A i R iple 7 A D L) Rtk |
B 5 1A R e N i s B R e PR R SR
(16 FIH 3 s 45 6 2 Bt 1 — 3K G T8 Il 3
AR AL, IFRK TR B AL S | T ARz
T3l B RS0 1 B aA, SCERL 17 X5
BRI (R UBRRE S ) AT E AT T RS

BT FIRBIS A R, AL — B BT
Ay B f 4 v 28 4 ( Fractional-Slot  Concentrated
Winding, FSCW ) 5 ¥~ i 7] f 38 XU ¥~ [] 25 Ha, Bl
FERL R, 1) FH M 05 12 5 0 S v 4 143l e
FRATFE LI RECARR  ZHBALE TR =
FH 6 FE o FoRl S h SRl 2544, AN 4 )R
24 FE XIS 24 FEDUXTAR , IR 45 G LI
3, P B St 25 258 D ) 3 el — S5 0 BR T il B

© Editorial Office of Electric Machines & Control Application. This is an open access article under the CC BY-NC-ND 4. 0 license.



HALSHEHN A, 5535, B5W

Electric Machines & Control Application, Vol. 53, No.5, 2026

525

S CTEERA P SRR e LRI E AR S
FIRf e, ASCTAR BAERE 550 FSCW & 1l
] i 38 X 5% F [R) 26 HL AL ( Through-FSCW-Stator
Axial-Flux Dual-Rotor Synchronous Generator, AF-
DR-TS-FSCW-SG ) A il e R 52 o K fy 1) 50 = 462
B Oz Sl Bt il S P e 4R it B e
S/

1 AF-DR-TS-FSCW-SG &#J K T
{EIR I8

1.1 BEXRLEH

ARSI A B2 FSCW 22 il 1] 138 XX
AW AL =R S5 AN 1 PR, HALR
BE R 1254 3% 02 H R SR DL — i [n)
T 3E A FAIL, 2 S A B AL S 28 2 FE A X R
% ri ) HoE % Z [ B A0 n] e, R
Al DA H I AW, PSR —
XTS5 S AN AR R ORI T
A B FHEEA R B R mAL, T LA Y, X
FhEsAE B AL T H0 R, AT LA ~F ) 45
¥, BE LS E AT SE IR AR ER AR, 2
AR AT A TR B 7= A e i 3 A 4 ol B AL AR R
LT B I 0 T RS T 3zl T AR ) FEL LAY
ARSI M HIJCHe A A B R |
— LN T AL IR TR BT i (45 i 45 FE
iRt KK T, A — o B Al
FLALERTS T B A A B PE BE

E 1 AF-DR-TS-FSCW-SG &
Fig.1 Structural diagram of the AF-DR-TS-FSCW-SG
1.2 BEHIERE
ZHALE TR 0 = ARXS PRI 7S HEBUZ 43 Bk
PSR AL TR TR ) 24 MlEERG IR
PR Z B SRd 7 E RO ECN 2 WS
4 X, DI TSGR R ) BRI G, Hoh — 5

T SO ECR 2 XA, ST SR
XTECK 4 X, A AR T LU S P AN T
() 3 AR T B R A NI TRE R SS He , HoRE
R e 2 B,

TEARZ SR g S A 32 REE M BIF 58 6 5 1 2% A
T, B gEE FSCW il ] 1 3 LS 7 [R) A5 fL HL
WA 5 R - 22 [0 14 308 A 328 5 28 T A0 4 e 1
SRR e ol S5 SR B A AL IR 3 s, [
R, Ry, S0 PIEE 45 A HERRRERE R,
R, NPT VABIERL R, h— 556+ 5 & F i)
SBRBERE; R, S =5 5 7 5 8 - ] < B B
Ry R, WETF TR R, R, FE T 0%
B F, F,, 53 0 R WG 1 il i e 7 A 1 i sh 35
D, D, W0 A R A 20 T o H.
B ATE A AN 21T, A I 3 R 7 2 12k
O R A A I F O A e, 3 (R4S % 28 F LAY
ER bl

2 AF-DR-TS-FSCW-SG #3758 & &
Fig.2 Magnetic field coupling diagram of the
AF-DR-TS-FSCW-SG

B 3 AF-DR-TS-FSCW-SG % 3% 8% &
Fig.3 Equivalent magnetic circuit of the
AF-DR-TS-FSCW-SG
1.3 FSCW #Eig
TE T HEAR N = AR/ Y o BN AR Hh S8 41 45

© Editorial Office of Electric Machines & Control Application. This is an open access article under the CC BY-NC-ND 4. 0 license.



Z 3RS BT FSCW ZE Tl ) e WURe - ] A0 AL D A A A 20 A
526 Qin Zhen, et al; Cogging Torque Analysis of a Through-FSCW-Stator Axial-Flux Dual-Rotor Synchronous Generator

4, BT T 53 B0R 45 vh B8 41 25 0 it 2 48 B i g AR A
BN HGA T BE RN 1 SA 45, X T
— & m MBS F , HE RO 2,5+
F AR 2p (e, W) SCH AR B F AR £
g, Bl
q= me (1)

Mg R W BRI 25 0 R B R 4, R
SR BRI EE R R o B Ge 2l TR E P S
M RAE LA S — 4 b, AR T
GRAHTNT T AT AR R B 747 48 St o0 ) £, [) )
Wil T HlE T2, BRILZ A, FSCW &l 43
ARG SR G, A ) SCERILFR H o B2 8
HGIALRH X 7 EARYE T M e, A8 3
JriR B HALE R I SUZ SE2H 454

TG B4 53 A7 2 W HILME B P Al b B 2 —
W T aBo S sed bt 2 sk, HoAth ¢
HRAE AT 20 5O 46 Hh SE 4L AL %) B sh 3t —
SR AR o LR TT F L, 5650 BT L B £ B i
S SRR N LRI A RS B TR B,
5 15 H BT HUBL Y 2 B AR R EICR v IR B i
B HRE HR kUl

242 1

f‘,N(‘
quv = NFL‘quV = TN Tk}’ukqv (2)

A N N ERERAE — B B — 1~ 2 B 41 1 26 B A~
B F,, MR T ECR v 0018 2 sh S5 4R 1
I, REFHedI P T s A R I IR AEL; N, H Sl
ik, BRI R, A R
K, 5k, % BLYE A 7 O T T
HRAY SCHR P LA RO SR Rk, B
k. =k.k, (3)
A B R BRI LR P T BE X T v U I
SR R R R R SR 2 T S Y B
TR 7, A 2 Bl A A 85030 7= AR B v RIS DR
WEsh# Az o] LA 2E s AR R 180° - v, MI4E TR
Ll TR 1, LT R Ly AT I S AR EE A L
{8, 5.
1 1 2p
T 2/(2p) 7 (4)
LU B 28 B PR A8 250 7 A ) v YRR i B 5%
TEZS (0] AHZE W A Bl o, HoHp s
B=(1-y)-180v (5)

y:

SIS JEL B AR T SR B R SR AL T A B w IR
WG B 3 R TR B SR AL i 7= A 1w WI BE
e, 1

b= o ) w1722 150)

2
co{(l B zfp) ' 180”] = sm(%) (6)

PR AT A 3] A 32 A 6B 9 B AR B
Hk,=k, =fzo.866o

075 22 550 A PRt 2 P 11 43 A 6 1 45 UK S
W A & 6 MEAENLIN & , A 15 A o 60°,
— ST 5 TS SRR N 4 %
552 %M, 3 B R A B R B — S LR D, 4
XPAIEUE 5 2 XPHOERE sER T 4 AN IS 2
AN, PRI S T A S SRR O X I UK A P
SRREBh I M50 510 24005 1200, Hipgsh# 2
RIENE 4 & 5 Fw

B4 ZXREHNBERE
Fig.4 Magnetomotive force star diagrams for

2-pole-pair

ES5 Hxih#EmBERNE
Fig.5 Magnetomotive force star diagrams for
4-pole-pair
HIPE 4 FO 5 al g, Joie g2 4 Xad g2 2 Xt
e, — S HEN SRR G S 35 105 A8 N SR A G

© Editorial Office of Electric Machines & Control Application. This is an open access article under the CC BY-NC-ND 4. 0 license.



HALSHEHN A, 5535, B5W

Electric Machines & Control Application, Vol. 53, No.5, 2026

527

SATT B TS A SRR RS S 1S
WSRO RES 5 T7 17— B0 =5 A SR 10 3
WG SN IR RESN F 7 17—, P L
K75 o) K I] B8y P 3 28 [ — AR R O 23 A R
Wky=k,=1, ¥k 5k 0EMRAR(3) TH
ko =k, =0.866.

RS E TR 1IR3 RS I I
BAGR FHEINT 2 X 4 XY A T
HUDLIBE T A 2

PE— AR TR Y T 15 T ke e
TERE F-BELH b A U B L SRR f Ry

pn
/= 60 (7)

(7)) AT, Y AR B 4 5
2 I, FERER LR 124 RERLAS P56 740 7
SE TLELH AR A N L S R B, PR
P S SRRV BT 9 2 P sl 34 2 70 PR T SR A
SO ECT BIEA T I T AR, DL 4 X4
W75 2 IR TR L E 12 AN e
FETTVAAR S , A AT A REHERR B RO R

2 ETEMBENEEERERR

R 22 SCRROGH T 0k M 5 R 1) R SORAE K
[l 20 AL P 25 3N e B e 1 e T G A
Y55 1 A B BT R BB S, 9 AR
A SRR e I 5 E T R AL A AR
Xt T ARSI 19 HL Jaly R A AL T 5 A7 2 o e
JESE T2 BN I LSO I i B s LA 3 e
Bl e TR AL R S B b i T E TR A
FFAE S B B R BH e e Al i WG RS
A T B 5 /N 67 B % R T A Y SR U
o IR SR AR R R R R 1
14 SCHRL AR K 02 RS 05 R REHE ik . BB A 0k J 5
TR, i R G — A BN 8 R UL 7
¥ AERCAOL R T BT 7= A B i 3 i 4 A i 5 2
FROTRERE %5 10 T B R N R R G 4% [l e
SRR (B TR S PR A 1 X AR IR ot
MREILREATT FA A, & I REIL RETHIN 58 0 A
B DR A5 0] 6 P 3 ST A % AR AR A TR S B
ARSI, Gl AT LU TR G e o
+ B LR R i B G S B A AT R BE R 2E
SR A R R

2.1 SEEEEBILHW
KT8 FLAAE T RS RE 2k XA R BRIE
A 12 XA SRR R A R4 T

W, = wdv (8)
.
BG4 ST LSRR
w, =f:BgdH (9)

A2 B, A BEREE A s H RS
BT /RN R (R IRICINVR SRS SRy v S S
=
B, =p,H (10)
S g, R S,
F0(9) HA(10) FLAK(8) 1T f5

B;
Wﬁ:f 1 (11)
v 24,

A1) PRIBREE 530 B, X TR T4
X 5E T HARNT A B 0 LA KGE T-25 [RIMLMUA B o 7Y
PR, IT LA R T R G 50 A B, (o) 5 AR
SBRIET PR A (o) HOFREF.
B,(a,0) =B(a-0) - A(a) (12)
R Yl 0 S S B T 1S T I R R 3 50 A B (@)
J2 FH G 7 b i 8 4 Ll i e 37 7 A i sh 3 T 7
ARG, TR L A B o B
B.(a) =B, +ZBncos(npa) (13)
K. By SNBSS YME ;s B, N T I #E
n YO I I (L
AHXS SBRAE T R A (o) 5 OS5 5
PR S (4 HE AL, JHL 3 3k 2 s ] b 1 Sy 8 L -
DI
AMa)=2d, + X A,cos(mNa)  (14)
K A WA SBRRE FEME 5 A, A m KA
SRR S PR BRI A
B (13) 5 (14) AKX (12) TR AR
BRG S3 A B, 2k,
B(a,0)=B(a-0) - A(a)=

{BO + ZB”cos[np(a - 0)]} .

[/\0 + i/\mcos(mNsa)] (15)
R R TR AN ST S W

© Editorial Office of Electric Machines & Control Application. This is an open access article under the CC BY-NC-ND 4. 0 license.



Z 3RS BT FSCW ZE Tl ) e WURe -] A0 AL D A A A 20 B
528 Qin Zhen, et al; Cogging Torque Analysis of a Through-FSCW-Stator Axial-Flux Dual-Rotor Synchronous Generator

1 2= (R,
W.(0)=_— BX(a,0) « rdrda - L,
(0 =5 ] B o) - rdrdace 1,

(16)
AR, 5 R SN TSR SR L, Wk
INISEERS € TR

B TS U R R A A
(R, -~ R})L,

T.,.(0)=
R

ﬂf@mﬁm@

06
2.2 AEHEREUREXES

X AR SO 1 i ) 30 U 7 [R) 26 EL AL T
5, HEG TR B2 o0 i G el fe ko0 | Rk
I 7= A R TE B, . e — 1 L
N 7 BOE B AR IR, B Uk 722 i 8 Ak
M B, WHAE—> g A By ik

B'le ]
B.(6) = ;psgn(L) +

(17)

4
BSe J 2
a Z aksgn(O -k j)
2 0 J (18)
BN/l
Bstep = go

B(6 +27) = B(6)

KA N, MR ML 1, b T KN g0 AR
HEABRKEE ;o HEE b RBEAS R AR, H b T el 3%
TRER RSB

.
1, 1sk<tZ chsy
4°4
Q, = . 3; (19)
-1, Lo p<?
4 4

1 FAR SCRT I RERILIR — X W 2 75 D x4l
YR 24 RGO BRZE S AT SR BE I T K,
P T X R 105 0, = 2472, X3 T U RS
BT T e = 24/4 0 XFPRE 77 H (G 2% 30
P ELI A3 .

i 2B,
By (0) = 2 [— : ’psin(ﬂ) cos(np6’)} +
n=1 I 2
B%le L ;
n‘w{l + ; ABicos(%) } sin(npf)
> 2B,
ngn]es(a) = z s /p(l + 2cos E) sin(nph)
) k=0 N 3

(20)

[ AB, B 5 e S WS MG B (2% .

X (20) TR ICIE 2 6RO S22 DY o A 4
T ARG EY S 0,80 By O 0, HAR K
WEAT XS PR AT RT3 5 IR ) 7 AR A S T A
BRI

SE TR 6 M B e vh B8 2H i 7 18
HSERER b, , 3T Carter BEiE Bl T HE RIT 51
S I DL R A BT R A T 75 L A S B AR X
SBRRG R ECR A U= (21) s

Ala) =2, + ZA,ncos(mNSa)
m=1

k. =
Ts - ng

Lzl <o ()
Y =—|—arctan|— | —In /1 +|—
™| 28, 2g, 2g,

(21)
Kok, R Carter FEL, HARILE 1 IR SR
WA IR, 8 SR A BB K S AR AR
KM HAE, Hom w560« A8 09 b, A K
G(m) JHE 1 eREL, R T BAR LA AR X m K
WGV S b, RER
B (2 ICA (16) BB AT 15 pE L A i %
IKF, R AL Re R A ACA B (17) (AT
RIGE RS R B A, ARl T3
SR — AT N — T o« 1 =
PRECRT G R 0, AR 35 = £ pRBE 8 IR 3
RN [F] Y = BRI 3R )5 Rt ok O, TR I
R 32 RO BOR E F RE S B R
INAAEERL
P T30 D0t s 1 I 250 T e, PR U
YRR G TV DR A 7 A B VA e S T Ry
0,76 TARRSCPRrp ] ORI 2200 e A B m] 15445

© Editorial Office of Electric Machines & Control Application. This is an open access article under the CC BY-NC-ND 4. 0 license.



AL SEERIN T, 55 53 %, %551
Electric Machines & Control Application, Vol. 53, No.5, 2026

529

MRS AR A (22) 2B
_m(R - R)LAN,
_ = .

T,.(6)

i i mA, B, B, sin(mN_6) (22)

m=nn
m=1n,n"=1

mN, =p(n -n'")
3 HHRBREHRESHR

FF LB, A SCRA BT S K FSCW €
Al 1) 0 U 1 [ 20 AL A 9] 5 IR 1 i A
LM SEAEEFENIRR -5 A 6 s,

#&1 AF-DR-TS-FSCW-SG #HEHSH
Tab.1 Structural parameters of the AF-DR-TS-FSCW-SG

SRR ZHE
FETHUIE SO K/ mm 120
FEFHIEER OB/ mm 38
FETHIE GO 10 FEE/mm 30

FE T T EL 2.4

T A 6

E T TR 100

1 SRR 2

2 SHEFARN AR 4
0 N2/ mm 47.1
A0/ mm 76.1
Pt MR B/ mm 20
B TR OB B/ mm 20
BRI 24

e BPLAR pA (ELC 40
AP EE/ mm 1.8

BLEE I FSCW i -l ] 100 AU - [] 20 FL AL
WV 6 B A 88 3 50 Hz, #E 7
1 500 r/min Y B 3 ML, 18 5 W & 728 B 4% 42 At
10 Hz 5 5 Hz B9 = AHZZWRID , 7390 8 — 5 e 1
AL 150 r/min, NSt PR 75 /min W%
L [RS8 T SR DU
T 5E TR, PSR d il E AR
JEIR A B R B

[ ) - Ansys Maxwell 42 57 4 BR oA
FURIRY BUAT A b [ R 38 HAILGE R OR = 4E A PR
JC5 AR HEAT 430, SR = e HABS AL Tt
BHLPEREEOR & s R, — KBRS 5 R I

6 AF-DR-TS-FSCW-SG #HliXI T &
Fig. 6 Prototype experimental setup of the
AF-DR-TS-FSCW-SG
TR ZAE S LAS/INIE = E R F AL BT R4k
JEHETST PR A SR Y — o AR 4 5 5
R FH R 2 AR e 44 1 — A BROcis AR, o4
R EEUNE 7 B BB EOLER 2,

B7 H{BRENEREE
Fig.7 Topology schematic diagram of the
test prototype

3.1 SEEESARERFEEHEST

R 7 HE AR B b ok IR T 5 TG
5 1 R R A R A A 0T A 9 i =2 ]
FHEAE R, DRI OB 1 3 8 2 [ 0 A B HG 3 )
LRI o3 BT DR R R Y R Dy A T i SC
AR B 5 I SR W 3 Ml s B 5 B
AR SCH S oxt ALAE AN [ 0D T 00 T B OB %
Rtk A7 A Roc i Ho . B JE A Ansys
Maxwell {fj ELERAF R E F s st 22 5 Hz, iR {H
10V =AU O, WSS 200 ms N TR A
A 580 JE A B 8 LA 356 R < i B
UV AR I B0 o R B T 28 W L A2 A 4 L v
O JEAC SRAT 20 YIS P IRAE, 45 R A 8 IR,

© Editorial Office of Electric Machines & Control Application. This is an open access article under the CC BY-NC-ND 4. 0 license.



Z 3RS BT FSCW ZE Tl ) e WURe - ] A0 AL D A A R 20 B
530 Qin Zhen, et al; Cogging Torque Analysis of a Through-FSCW-Stator Axial-Flux Dual-Rotor Synchronous Generator

7E 200 ms X TAE B 2010 5, 79 X A8 9 5
VU X6 8 i 90 MRk (L4 A e i
& 2 Ansys Maxwell 2D H[R THEEI S £
Tab.2 Parameters of the Ansys Maxwell 2D

finite element model

SHAFR SRl

TE T FRTEL 2.4

E T 6
E T TR 100
1 SHG TR EL 2.4

2 BT 4

1 STt P24/ mm 50
| BP0 AR/ mm 150
2 SRR N R/mm 200
2 SHEEF B0 MNAER/mm 300
B RR O R BE/mm 50
T O HE R IE B /mm 50
LSRR 24
M4 40
B/ mm 1.8

B8 EFHRMHMMNSEHTIERST
Fig. 8 Harmonic distribution of the air-gap

flux density with only the stator excited

(7 P A 338 2 78, 235010 DA A B - B it
I3 AR FEIE WM S T 200 ms NAERE T
()RR v 7 A B i % I O 6 LR AT 8 B oy
fift WA B Rl 7 A B ) T e ik Pl )
9 FE 10 PR,

HiTEL 9 FET 10 AT, XA e 7 Sl st
ARG 3 TS, 2 U R A A R, A2 8
UM, X G 1 I P AR 1Y 2 U 28 6 Al E
TR S T O 5 [ 3 X B 2 1 B U R

B R o i, 4 YR R EL B e, LU 10
U, XA I e 1 T AR 1) 4 ORI 28 6 1
SETIRHHE A ER

B9 —XREFREMEMESEEEERSH
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rotor-only excitation
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Fig. 19 Simulation of the two-pole-pair rotor’s
cogging torque harmonics under dual-rotor
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Fig. 20 Simulation of the four-pole-pair rotor’s
cogging torque under dual-rotor

simultaneous excitation
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simultaneous excitation
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