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Abstract

Due to the magnetic field modulation effect, there are abundant modulation harmonics in the axial
flux-switching permanent magnet motor (AFFSPMM), and the traditional Bertotti loss separation
model cannot meet the calculation accuracy requirements of iron loss. In order to reduce losses and
improve energy utilization, an accurate and fast AFFSPMM frequency division and segmented variable
coefficient iron loss calculation model is proposed in the paper. This model considers the influence of
modulation harmonics and nonlinear saturation characteristics of ferromagnetic materials on the
iron loss of AFFSPMM, and introduces the hysteresis loss additional magnetic flux density low-order
terms and the eddy current loss additional magnetic flux density high-order terms. At the same time,
the magnetic flux density and frequency are segmented, and the different compensation term coeffi-
cients are fitted in each magnetic flux density or frequency interval to compensate for hysteresis and
eddy currentlosses. Finally, an actual iron loss measurement method with consideration of friction and
windage losses is used to experimentally validate the accuracy of the frequency-divided variable coef-
ficient iron loss model. And the calculation speed of the proposed iron loss model is separately com-
pared with the finite element model and the Bertotti loss separation model. The results show that the
calculated value of the proposed iron loss model is close to the measured value, and the calculation
speed is greatly improved in contrast with the finite element method.
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2. AFFSPMM =#E3Rh 54
K 1 B T UL 6/14 8 AFFSPMM [f) = 4E30 F 4514 o

Figure 1. 3D structure of 6/14 AFFSPMM
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Bear A (12)F1(13), w15

Ptét B PE;ertoll' B
= | L~ kB 14
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3.3. MER¥WEE

T DWATO FEAA F 78 A [R5 FE R R (A EE . 2 MRFERI M R B % 1, AFRE
BRI R A 2.

Table 1. Additional coefficients of various losses of silicon steel sheet DW470
= 1. A DW4T0 BB RFEM MR

FEREL a kn ke ka
SR R 1.74 0.025 0.00013 0.00132

T 308 25 PR AR 1) 43 B 5 U 58 A LR AIE 43 RN 73 B A8 B U AR v SR TR (PR B2 o 7 B R ABE ZRAGS 2 P i
P, BN R READ . B, RTHGE S FEEAT /r BOGEE . 4 SEAK T 400 Hz I, 418 % BER oy =
MXE: B<1.2T. 1.2T<B<16THMB>16T; AMF KT ST 400 Hz I, BOEHEAT B %
H, SERIAT B TR BOS R, LA B S B bR A AT L, R IR E R HITE 10% AP .
W R R, R o BEAE R, SRR X (R, BRI R IR EE R N IE,

Table 2. Eddy current loss additional magnetic flux density high-order term coefficient and hysteresis hoss additional magnetic
flux density low-order term coefficient of silicon steel sheet DW470

2. WEIR T DWATO BRI IRFE M N A IR 22 B S I U AR B AN TR IR FE M I B IR 2 FE AR TR R 3

f/Hz o S o A

0T<B<12T 12T<B<16T 16T<B 0T<B

0~80 0,0 0.178, 3.4 0.155, 2.0 1,000, 0

80~130 0,0 0.280, 1.4 0.232, 1.6 1.048, 0
130~180 0,0 0.198, 1.4 0.158, 2.0 1,013, 0.06
180~250 0,0 0.010, 6.0 0.107, 1.4 1,033, 0.24
250~300 0,0 0.068, 2.2 0.025, 4.2 1,044, 0.34
300~400 0,0 0.106, 1.8 0.034, 4.0 1,032, 0.42
400~500 0.049, 3.6 0.883, 0.42
500~700 0.397, 1.4 0.853, 0.43
700~900 0.438, 1.2 0.853, 0.45

4. E B EBIRFER S5 SRR 75 7%
N T IRAE AR B RO ARG M, AU EC bk, B2 RR XUBS BURE A AR S T
23513 AFFSPMM [#8k4it,  FARIRR 77k an & 2 frs.
4.1. BFSAIHRE
RELIERE T GHIFE Ps an30(20) s
P, =mI*R (20)
A, mOEBLARE, | AR RCFIME, R VST

1T 58 T SRR BN A AE W AR T, X TSR ALRAR A BOCRE M, BRI T BRI A 5K
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Figure 2. Loss test flow chart
2. IRFENHRIZE

K = 235+ 6, +25-06,

¢ 235+, 21)
X, O NETHGARE, O AHENIPEIRIE.
REIEJG R € T B2 40T Pso tn=(22) i
Pso =P xk, (22)

4.2. EEYEIRFEFN X PR IEE
EFHENT, HEREPOA R EE ., KIH. S e, wnx23)nr.
P =R —Psy =Py +Pe (23)

X, Po NHIATIZ, Pry & BEBEAFEAN XUHARFE R S, P NEREHRFE
FRAE 1EC Frife, @I 60% 012 25 HE AN 30% 1) 2% %k Fi s 2 [A] (I DUANIE SR ) 25 8 i ke i, A3
SERFEARN T HE R Mt 28, K MR A R 0, IR %0 B 1) R A A X SR A5 A
4.3. BFHTHFE
TH I B AE FLE 90% FNAIE FiLH 1109% 2 18] () PUAN Bl DL B SR 1) B8 Bk 40 A, 459 H 8 k4 Pre AH
XFTAIUE L Uo 4, Jorfr, 3k Pr ] 1 20(24) 45
Pe =R =Py (24)

N TSR PSR, RO RE IS T IR R N Ui, ns25)Fs.
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U, =\/[U —ﬁchowj +[£IRsin(p]
2 2 (25)
R . PN
cosp = 7 Sing =+/1-cos
Y= Jaul 4 4

K, PR E IR TIZR, U VAR FIE, | REBRFE, ROV,

A 1EC Frifk, I $ (VR A B L S IS 2 TF A 2 1) Ui 3 N S 808k Pre 51E HUE Uo 1)
AT, K Ui 7 28 A 0] B 2R R (AR 0T B T35 T )5 2k Bk Preo
5. SKIEXTHE

RN T BRI AT T A RS R E R IE M, ARSI RTU (Real-Time Control Unit) 2 il s 56
PEHAT TN, SEIGF G AL E ) Bl 3 1k 3 FR.

Table 3. Parameters of AFFSPMM
52 3. AFFSPM EBHl &%

BH Hufa
HE T HIW 380
e B /N -m 6
HE #E 3 (r/min) 600
K LR B R AE /Wb 0.0676
X4 Pn 14
5T HFH/Q 1.9
HA R E Jkg-m? 0.0008

Figure 3. RTU experimental platform
Bl 3. RTU LBF &

RS A5G T2 I T AL R [15], B U N [F)— Bl AN [F) 78 B XU 5 — B AFFSPMM 7EAN
[ T ) B AR AR U 4 TS o
Table 4. Friction and windage losses of AFFSPMM
3% 4. AFFSPMM KR EE 155

34 (r/min) 200 300 400 500 600
KBEIAHE Prw (W) 3.64 5.47 6.41 9.28 11.69
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T B E AR R RS B PE, THEED AFFSPMM TEZE e H A [ 4% 18 (200~600 rpm) AN e 4% T AS ] %
FH(0~6 N-m) N8k, JF 5 SEIBBidkAT T L.

MIE A FTRLE Y, EBUERFR 6 N'm AT, FEAT 400 rpm i, 73800 BU& R BB ITHRAR
AL, Bertotti HiFE 5 BIREAL DL K SICAR B 45 RBEAR — B, SR, BEEFEMI, Pifp ik EsA 5 A R
TOO AT Z IR R ZE IR K o FEHE Te = 6 Nem B, 4040095 BOB R AR T SR T H 6 SR 5 Sl 1)
RORWRZEN 3.37%, 1 Bertotti 45125 73 B BAL 115545 L 5 SR 1 B KR 22 8.53%

601
] - Sl .
55 | —M— BB RN
— W CHRAM

w s A~ o
S L . L

BRI FE(W)

w
N

a0 50 600
355 (r/min)
Figure 4. Stator iron loss at different speeds when torque Te = 6 N-m
B 4. %% Te = 6 N'm BI R E45R THIE TR

T y T
200 300

K5 2RI, B RGN, Bertotti #51% 7 BRI I THEE 45 R 5 SEIE AR Z 1B K K, P 2 1]
iR RIRZE04 10.38%. 73 My BUAS SR BCDAR TSR 5 SEINE R i KR ZE UM 3.7%

657

= Sl
ol | W AESERERM
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557 -
] _n
é N - o
5‘\% 457
\o
ﬁi 40
357
30 T T T T T T T T T
0 1 4 5 6

2 3
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Figure 5. Stator iron loss under different torques when speed n = 600 rpm
5. %1% n = 600 rpm B AR5 5E T A E TR

B TOU T A RT3 HAR IS S Bkam s L oAt &) 6 e 5 P I8 b F 6(b) A1 6(c)mT
A, 708 BUR R BRSO LT = TR ARk B SR, AR ZE W R FRIR. DAR 5
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S %

500 rpm, 6 N-m L&A1, =I5 R 5085 Sl Pt i AR 22 8.53%, 1M 43414 BE 8 R AU 5
SRR AR KR ZE AN 1.81%, FIXHRZEBEK T 6.72%.
Table 5. The relative errors between the iron loss calculated by different methods and the measured iron loss under rated load.

(a) Frequency division and segmented variable coefficient method; (b) Three constant coefficient method

5. FEAHTHAERETERIRSSSMKRZ BAIIRE. ) MMTRERECE; () ZMEREUE

(@)
638 (r/min) 200 300 400 500 600
SEIERAR (W) 22.546 31.58 38.12 49.2 57.3
GGy B R EAR(W) 21.72 31.09 37.1 48.32 56.12
AR ZE (%) 3.79 1.56 2.74 1.81 2.66

(b)
#3 (r/min) 200 300 400 500 600
SRR (W) 22.546 31.58 38.12 49.2 57.3
ZIH R ERA(W) 20.99 29.89 35.89 45.33 52.99
FEXTR 7 (%) 7.37 5.64 6.19 8.53 8.12

A s
M A smamrEy i
A =uEEn HE!

Figure 6. Comparative analysis of calculated iron loss and measured iron loss (a) Comparison of calculated iron loss and
measured iron loss; (b) Relative error between frequency division and segmented variable coefficient iron loss and measured
iron loss; (c) Relative error between three constant coefficient iron loss and measured iron loss

6. WHEHKMETMEKIRIEL 7. (a) HEKIRSSIMEKIRTILEL; (b) HIATERT RIS TN KIREITIRE ;
(c) =R ARG TMKREIIRE
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BeAh, X 4RSI A IR ITIE . S0 RBOE. 0 BOR RBUEBAR TSN (AT T HREL A
K6 PR,

Table 6. Comparison of calculation time under different calculation methods
6. TEIMTE AN EREXTLE

., e s ban s
¥ = KRB Wy
PRI TR Rk N
AFFSPMM 80.16 min 57.76 min 60.33 min

MIEL 6 FIZE 6 W LAE Y, 20000 BU REGFAHEE TABRITIETT 4 1 19.83 min, 5 =W REGEAHLL
TURRAE S A% ASN T SN R KR SETT 7 SRR, AR T HALIIRIsa et SOeL, JF HaE G 1 S
BB AT 5 ST & BN BRI 17 L

6. &

ARSCHRM T — MR DR AT BRI T SRR . AE PR AR R R, S5 R T R RE RA Ek A R
AR AR £ AN (RIS AN [ R 38 3 PR S UL BRAR I RE M, 51 N B S Py e s P AU TR i
EATRE P N 308 3 P v B IR I AR B AR i Bk A T SO . SRARAEIRR T, P Bt Bk B SO A
T IR RS R, R LR B E SRS TSRS IR, JF BT S TR A LT PR TR
DT 28%. e Rl A S D) K R LBE AR, AR T HESD i PR ATLLE R IR AR A R
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