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Abstract: [Objective] The 46 phase brushless exciter used
in the 1 750 MW nuclear power unit, which has the largest
single unit capacity in the world, is significantly different
from the common odd numbered camera types. Currently,
research on ultra large capacity and even-phase brushless
exciters is still relatively lagging behind, and there is an
urgent need to analyze the operating mechanism of the 46
phase exciter under various working conditions, including
normal and fault conditions, in order to provide a basis for
subsequent fault protection. Thus, this paper proposes an
analysis method for the parallel equivalent model of armature
winding based on even-phase toroidal brushless excitation
machine. [Methods] Firstly, the actual structure of the
armature winding of the 46 phase brushless excitation machine
was analyzed in detail, and then the theoretical waveforms of
diode current, armature current, and excitation current were
obtained. Then, based on the armature reaction magnetic
potential,, the harmonic characteristics of the stator excitation
current during normal operation, single-diode open circuit,
single-phase open circuit, and two-phase open circuit were
obtained. Finally, the performance of the proposed analytical
method was validated by establishing a finite element

simulation model consistent with the actual physical machine.
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[Results] The correctness of the armature winding parallel
equivalent model and the harmonic characteristics of stator
excitation current under various operating conditions were
verified based on the real machine experiments and finite
element simulation results of the 46 phase actual unit.
[ Conclusion ] This paper investigates the operational
characteristics of even-phase annular brushless excitation
systems and the fault signatures associated with various diode
open-circuit failures. The study provides a reference for
further research on fault diagnosis in high-capacity nuclear
power plants multi-phase brushless excitation systems.

Key words: brushless exciter; even-phase toroidal; parallel
equivalent model; harmonic characteristic; high-capacity

nuclear power
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Fig.1 Structural diagram of 46 phase annular

brushless exciter

B2 BEEETEER

Fig.2 Schematic diagram of armature phasor
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Fig.3 Schematic diagram of even-phase

camera type parallel equivalent model
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Fig.4 Diagram of diode conduction sequence
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Fig.5 Current waveforms of a properly functioning

diode under ideal conditions
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Fig. 6 Diagram of normal operation armature

current waveforms
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Fig.7 Equivalent schematic diagram of
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Fig.8 Schematic diagram of excitation

current waveform

2 TEER BRI R RS T

2.1 EEHREBERBAETBEMEBRRSN
MR AR & T R R, &
S AH R R ) A R T S8 B R A
FEIR MW, AT 5 SO o A A 1 Sl R A
I%e N TAETBIE /AT, ik M AKX 58 24 1) 80 7T
DAZBEANTE TR F B e B2 XoF ke i A 08 AH
F14) FEL AR FEL 38 368 A AR DG T sl i iy el (9 s,
WS D3 AR T O 5 1 ARANSE 2 AR
FX LG A2 i) A i), FERRBERIRAS T, AR P8 S s
i A T VR YRR IE R B RAS T B AR L I
SRR B A A AR SN, RAE T B
FLAXFRL I AN &1 9 B OB 0 Adt Rl AL YRR
KXH
-2, 0=swt < S—Tr
46
Ai" = (7)

5
0, —ﬂﬁwt<2'rr
46

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



HIPLSEERINT, 55 52 %, 45 8 1)
Electric Machines & Control Application, Vol. 52, No. 8, 2025

861

21, o < wt < 10w
. 46 46
ai = 57 10
Os ngt<4q6-r,46ﬂ-\wt<217
(8)
Ko B A AdyHEAT LM T 75
51
A=~ 6 + 0.22sin(wt + 0.45m) +

0.21sin(2wt + 0.397) + 0.21sin(3wt + 0.347) +
0.2sin(4wt + 0.287) + 0.19sin(5w¢ + 0.237) +
0.18sin( 6wt — 0.17m) + - (9)

X IR o3 i Ay BEA TR B O3 A AT A5

Ail)= ﬂ + 0.22sin(wt + 0.34m) +

46
0.21sin(2wt + 0.177) + 0.21sin(3wt + 0.017) +
0.2sin(4wt - 0.157) + 0.19sin( 5wt - 0.327) +
0.18sin( 6wt — 0.487) + .- (10)
XF(9) A= (10) 4341 AT A5, Bl R o i A
A [F) I A7 7 ELUR 23 A% OIS i o i, 2
46 FFRIE TC I Jih 0 2 G0 A A B T R
I, Il G S 20 v 0 L BOE 32 B4R Bl O 7 A
Bk .

B9 BEFERERERE
Fig.9 Single-diode open-circuit armature

current diagram

2.2 EHERSRETEMEBRS N

M T BB R AR R R AR
B K, 5| A J W7 4 s W JE B — AH T % ik
BE, 55 a+ 1 M AR SEAL R A — M T ISR, H &
SEMA S o x+ 1 AH FL X S8 2 £ T 5 3 5 OC B,
REMBKBTRASZ R, BEER, 5«
ok 1 AH A LR R 0 R i A
Ai", R AH

10(x — 1) w/46 < wt

2 < 10(x — 1) /46 + 5m/46
A=y 10(x = 1)w/46 + m < wf
’ < 10(x - 1)®w/46 + 517/46
0, HoAth
(11)
. 10(x — 1)w/46 + 57/46 <
T wt < 10xm/46
A=, 10(x = 1)m/46 + S1m/46 <
T wt < 10xm/46 +
0, HoAth
(12)
XA B Sy Al R A TR S i mT A
Al = Z A, sin(uowt + B,) (13)

w=1,35
R A, N VO W B, e Y U A
fiz 0

4]
A, =—2 = 2cos b
7%s
. . (14)
B = arct sin a — sin(a + b)
w - areian cos(a +b) —cosa
a=pw[10m(x — 1)/46] (15)

b = STuw/46
M1 MM A AR T IS OB AT, 2R 1.2 AHE
FXHL A& 10 FiR

E10 —EFREERERE
Fig. 10 Armature current of single-phase open circuit

IR, K 55 o+ 1 AH HAK HL I 2 A AR A
A (13) ~2(15) BIVRT 047l 240 e A 3 7
AiF AL, A B REOR A B B, A« A
AL | R P D A5 VI D B 1 S e By
5K, FUBE A W IR R M/ )N , -5 e B A £
B, VRO L 5 AR T I A (2 B IR %, —
AR B 7 A A R IR I F U . K EE 20 PR A O

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



LA A R R F b (8 RO BIIEE T Sl e e 6 U AR A 1 R DR R 0 A

XIE Zhuotai, et al; Stator Current Harmonic Characteristics in High-Capacity Nuclear Power Plants with Even-Phase

862

Toroidal Brushless Excitation Rotating Rectifier Systems

S B T — A T B R, F 2 (9) AN (13) WT
B, A BRI WA AT = 200 5 AP =
2005 A5 HE A T B A0 B T i U A
BT 2 £

20 A P AR T e i, AN O — e, (R
SF5 x ALy FH AR S5, R R O R 1 A
FLAX SE 2L 5 B B A ON B o Ly AHTR R 5 | 1
W 2 I, 4% TP A B85 e 5 258 AN [ o7 5 1Y)
P —AHTTBE R, i, X (15) 2l

a=po[10m(y - 1)/46]
b = STuw/46

55y AHBCRRERT 5 F A H G AR AR A AN [
TRAE AR S5 RIS . Y y=x+1 PHAHAHARIT, T Bk
B[] Fsf S0 565 A FEL AR FEL I (5 75 R A P 7 M AR
FREERAR, FHUh 0GR S B3 K, M5y x A
ANABZBET , 5 B % FE A L A S I AN S E A AR
3 (13) ~ 3 (16) W] LATHRAG H e B Bl i Pl 3
BOE BB, T PG H A S 2H 4 X7
BN AFAE 1 AH A7 i 25 (5 P A~ — FH I 86 il e 4
E5 =9 \ W GRS 7L A T N R 1) 8 N R A A
TR A 3% I 5 2 B e S 2R A 2 7= A A R S O
LI o

FRE ML, 24 y=x+23 B, 46 AHTCRIhE R 5 K%
Az 225 (] TEAF T (78 T3 A B8 5 e ( Le an 55 2 AE N 25
) ACAR (14) K (16) AT,

sina — sin(a + b)

(16)

(17)

B_, =arctan
ok
© cos(a +b) —cosa

B =
sin(a +m) —sin(a +b+m) _
cos(a + ) —cos(a +b + ) -

arctan

- si +b
T + arctan s 4@ @m(a ) (18)
cos(a +b) —cosa

= (17) AT, SRR 7 A A3 AR 2 A
FARXHO B AR, o] L L m, iF—2b
AL XS TR A P 56 5 8 5 S O P S — R T 6 11
2 i,

DA 2 AHANES 25 MR R A& A0 AR 6 9 AH O 1%
R R B EAT U  7E RS (ERRY ) AR 4%
AT ZE RN 23 A5 5 23 AIFIE, HL I K/
SFHAMARR . 25 2 MR 25 MRS kAW
FH I B BRSO 1 FEL X I3 T 4 405 58 41 114 52 i
S4B, TR I 6 R SR PN A A A A A

FITEE AR R4 11 538 R 46 2 6 T B s o0 X R
g, T DK AR T R R T R R AR A 2
HH 25 FFF B R LR PE B, DR, i R R 1
TR — AT SR Y 2 5, PRI B& e
T HARGEA R FEE A 11 s,

B 11 R 7 A T i B R e
Fig. 11 Circuit diagram of relative two-phase

open circuit fault
P, 24 46 AHERIE JC kil il i 22 98 — A0 —
HHERZ AR T B I, 5 5 il % PR U R A A LI
A B B B, — AR T I Tl R A AL 1
RO 73 1 0 W AR S T I Y 2 Af . AR
PR 5 B T g I Dl L A8 B O B o
—FHITBR Y 2 A

3 WEHENFEMRIGISIE

3.1 EHEENIREEIE

SRS S B 5 s BUER I , AR SCFE Ansys
Maxwell {5 L8 T — M35 46 FHIRIE Tkl il
FREAIL B B I AR 8 7 B A 5 D FLASE L, A [RT 12
Jis o REHLIY EZ SR 1 s i B K
H2x107 s,

E 12 46 HERIREVIZHRESEIREE
Fig. 12 Schematic diagram of 46 phase excitation

field circuit coupling model
R TR G BRI I AV, A SCE ST
HAR BN S5 R AT 0, & I i o
46 AR LA U5 AR &) 53 (AT T 2~ 4 AH W]
PIAR T i g, 45 2R A&l 13 s

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



LSRRI, 25 52 &, %5 8

Electric Machines & Control Application, Vol. 52, No. 8, 2025 863
F1 46 MAHRHUNERFESE B #1991 A, BAR B dn 3 2

Tab.1 Basic simulation parameters of 46 phase

annular exciter
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operating conditions
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Fig. 17 Harmonic analysis diagram of stator

current of simulated exciter
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Tab.3 Harmonic analysis of stator currents with

different two-phase open circuits
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Fig. 18 Excitation current waveforms under
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