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Abstract: [ Objective ] As a core component of the
synchronous generator excitation system, the accuracy of the
equivalent circuit modeling for brushless AC exciters directly
determines the reliability of output performance analysis.
Traditional equivalent circuit models often overlook the
magnetic circuit asymmetry caused by the salient pole effect of
AC exciters during parameter equivalence, resulting in
systematic deviations between theoretical calculations of
commutation reactance parameters and actual operating
conditions.  These deviations further compromise the
evaluation accuracy of key performance indicators, such as
AC voltage distortion rate and DC voltage ripple. To address
this issue, an improved equivalent circuit modeling method is
proposed, with a focus on the influence of the salient pole
effect on commutation reactance. [ Methods] First, the
equivalent circuit model of the brushless AC exciter was
derived based on its flux linkage and voltage equations.
Second, by analyzing the operational process of the brushless
AC exciter over half a cycle in conjunction with the working
modes of a three-phase bridge rectifier circuit, the effect of
commutation reactance on AC voltage distortion rate and DC
voltage ripple was systematically investigated. Finally, a
solution for determining commutation reactance under varying

salient-pole effect intensities was developed, and a refined
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commutation reactance calculation model incorporating the
salient-pole effect was re-established. [Results] To validate
the effectiveness of the model, a two-dimensional transient
field-circuit coupling simulation model was established using
finite element analysis. Simulation results showed that an
increase in commutation reactance significantly increased both
the AC voltage distortion rate and DC voltage ripple. The
proposed equivalent circuit model, which incorporated the
salient-pole effect, exhibited higher accuracy in calculating
commutation reactance parameters, with significantly reduced
errors compared to conventional methods. [Conclusion] The
proposed equivalent circuit modeling method not only offers a
high-precision  tool  for analyzing the commutation
characteristics of brushless AC exciters, but also extends to
generator systems with rectifier circuits, such as permanent
magnet synchronous motors and electrically excited doubly-fed
generators. This approach has significant implications for
dynamic performance prediction and multi-physics co-
optimization of complex electromagnetic devices.
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Fig.1 Structure of brushless AC exciter

1.1 KRN ERTE

BT AP b RE LAY o sy PR G B Oy R
SEASTRINRENLA BEA T R . S, W SRl wE AL
il LR fsise 2 - QOZ20met B 1L 0 (R B 16 U Y
S QL AX SE L AE 45 AL B 1 HL 2 1200, AU
HA A TE SR A BTG @ HLILIY E e TR T Y
JEH LB @ AL 75T d WA g Biho3 50 %
P QR —FH SR AL BELAH A5

R TR N
u, r, 0 0 -1, _'Z'a_
u, _ 0 r, O -1, N th (0
u, 0 0 r, O|-1, ‘!./c,
U, 0 0 r i l!./f

K s w, wy u, Flu, 205000 A B C ARG SE 4
HLE 5, 00y i, A i 43508 A B C A AN RD G 28 40

Emfr:;ipz‘;—‘fw%%zﬁﬁmwam B S8 0

g, L a3 5h A B C AR G Sl G B8 v, o1,
ro Mlr, 430 500R A B C AR R 28 4 e B, e

r,=r,=r.=r,

WEEE TR
b, L, M, M M, -l
¥y, B M, L, M, M;||-q (2)
lﬂv Mca M(z]) Lc(‘, Mcf -1
U, M, M, M. Ly i

AL, Ly L, F Ly NGB H &G M,
Mac \Maf \Mbc \M]Ja \Mca \Mcb \Mfa \MﬂJ \Mfc \Mbi' ;Fu Mcf

NS GEA [A] 1 LI

B LT R RN G BE 7 PR S B d —q A bRl
N, T RERE DT R A A S B T HUR R RO AT
{1 ) L, A SR [ 25 o LB £ Y AT 0 (48
FARLMEST T = ) RN R TTRE N

u, b r, 0 0 Of|-1, -,
| ¥, N A
u, ‘/./0 0O 0 r, O] -1, 0
U; _l!-/f_ 0 0 0 r I 0
(3)

A eu, w, Flug 5305 T d g SUAZ Sl
iy i, Wiy SN F d g SRMZ R ¢, 0,
o MR F d g BAME R EE
XTI P 1 e T R
¥, x, 0 0 «,||-1,
| [0 % 0 0 : "
vy 0 0 x O0]|-i
b, v 0 0 x i
A xy x, Mg 735070 d g BhTRD D F TR Rl G 48
HHHT;x,, N d SHEAX R HLHT ;0 A FRAEDT,
FRAE X (3) A (4) , TS 2 58 UL Rl g AL 1) J
KITHEN

u, =, _1/1(, =i,

uq :lllq + d/d - riq

uf:lj/f-'rrfif (5)
Yy == x40y Xl

¥, ==,

Y == x4ty + X

1.2 R R AR SR R

ST RENLS [F) A0 K B HLAE S5 LA A —
225t N TR AR A2 Dl e ML R AN 2 I BH
JeGEAL, DN A Bl 5 50 A v T 2% B B [e] i 1
SO RREREEE ST 1H , T LAE St E 7 R 1 [m]
I B EE R

g == w0y +x,( =1y + i)
l)[jq == x(riq - xaqiq (6)
Wi = Xpgplyy + 2~ 0y +iy) =

Ko lgg T xad(_ 1, t Lw)

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



fify

etk | 45 - O 52 WL Dl AL A5 280 PR e T AR L B B AT 5 0

BAO Xiaohua, et al: Analysis and Calculation of Commutation Reactance in the

254

Equivalent Circuit of a Brushless AC Exciter

L xy, NEF d BIRSEAHIRY; «, v, 535
KRR BRI PUAN g %l H A R N HL L 5, M T
d RN RE SRR 5 i, iy, 2P PR d Bl R
SET d R RE S L T AR R A sy, HE T
d TSR G

R4 (6) 22 7 [ B A ey F T A4

. B Xad . -
by =iy +—— (i, = iy) (7)
Xige T Xpq
¥538(6) B (7) A 2 I T8
Yo == xi(iy = iy) = x0, + 2,0

(8)

"bq == x;iq
a0 d g BBES DT,
xR SRR BN 2 R

2 XimEIHENIBE SRS A AR B
Fig.2 Transient reactance equivalent circuit of

AC exciter

FH T4 AH LR R A AE 45 RE S8 1) 1 1 — A
G TOE ST e BOCIT,  BO E ER A R
WAEHE—BFZI i C AHERAHE] A A5, BLAT AT .
i, ti, =1y,
A d,, S I L A B L
B = A B d—q ShHABAR R, AT RISR
d.q WH RN

. (0+ ﬂ) C ing
. 1, S1n — | — L,.81n
|:Ld} 2 a 3 de

= (10)
3 iacos(ﬂ + %) - 1,.cos0

K0 ekt S REMAE,0e[0,27],
X (10) K G145
di, 2 [di, ) T dig, )
E =ﬁ|: m s1n(9 + ?) - dtsmﬁ} +i,

di, 2 {dia a\  dig, ‘
—=— fsin(ﬁ + 7) - ——sinf | — 1,
de 3 de 3 de

Y

(11)

B (8) A (1) AR (5) AT d ¢ Bl
FHL R R ( 220 Al FET 30 431 %o s 1) A S50

Uy =¢d —, -, == (x _xf,)i(, -
2 , I dla didn .
—x, sin(0 + 7) — —sinf— | —ry,
NG 3/ de de

u([ = ()[jq + llj(l - riq == (x,d - x;>id +
[xadzfd - (x, _x:l);d] -
2 , (6 T ) dld 0 didc .
- + PR PR — 3 - —_—
ﬁxq cos 3 d CcOS Q re,

(12)

HRYE Park 36484, AT LIRS C A A AR T
T v S UL Al ML i Y F

u, =u,cost - u,sinf =
() —«)) (i;8in0 — i cosf) — E sin(0 - 3) -
r”;x”+xd_%gnPe+“)}d”+
Ny 3 de
Xy = x; . di,,
5 sin(20) %
B2V Y DM 7 13| G ENE R TR R (RS R b

B HIAN C HHHL RS BT IS A K 120° A1 2400,
PR (13) , [FPEAT4S u, Al u, FYRIR,

XF T A REAIL , 24 o BB SEON B 55 I ) 3T
PIET %;%&T&iﬁ@ﬁﬁﬁﬂk,xé il X, Z [BIAAE
—E B ZEMH (H P A 22 (EBN R, FE A 5
KBS, TCIe AR RN SR 58, it F T D R Y

r_ 1
Xy,

- ri, (13)

di,,
(xy=x,) (i,sinf—i cost) Hl sin(20)d—tl'ﬁ'ﬁ

ARARIN T L 32 5 W0 I S8 Dl e BIL A5 0P B
ABR{EL, o 1 g A2 BT, i IO O 0, 1]
e T R ] e — AL T A

di,
u, == Esin(6 - 6) —x, — —ri,
de

di
%:—agma—é—nm)—%af—nﬂm)

di,
u, == Esin(6 -6 - 240°) - xrdft' - ri,

A x, AR,

AR (14) BT A, JC RS L GBI AT LA
DR IE SR TR A TR LA A BE A B I
RS TOL ) A 25 R AN 1 3 BT

© 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 4, %5 3

Electric Machines & Control Application, Vol. 52, No. 3, 2025

255

B3 FRIZZ R R R i
Fig.3 Equivalent circuit of brushless AC exciter
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Tab.3 Basic parameters of brushless AC exciter

AR ZHUH
HE AL/ V 48.64
E AL A 150.41
B A/ kW 22

W2/ He 150

X 3
AL AKX S/ mm 350
Bl E/mm 70
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(1) WAL E FREM B 28 5 5%+
LU0 A MG E A GG AL S 2 e i R
0,
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Fig.9 Analysis of x)
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Fig. 10  Analysis of x,
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Tab.4 Values of commutation reactance and

commutation angle for old and new equivalent circuits
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Fig. 11 Comparison of old and new equivalent circuits

and finite element simulations
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