20254 6 H
40 55 12 4

CERINE s P NI ¢

TRANSACTIONS OF CHINA ELECTROTECHNICAL SOCIETY

Vol.40 No. 12

Jun. 2025

DOI: 10.19595/j.¢nki.1000-6753.tces.241468

fd 1R AN TN AT AR JF L [ B 7S R
P £ 45 B it 5%

EA::) 5,(‘ 1,2,3 E—Jé@%‘é 1,3 ?3- EZ\ 1,3 \'ﬂiﬁ 1,3
(1. ZNRBAFAEFMERATIRFER =M 730070

2. RSB IARRLEA¥R ®E  714000)
3. Wi ER A A IRERE (ZMNXBARF) =M 730070)

HE #HME I RERIDSELH TN DI LR, WEERBFHEE, RLALNZEHZ
GRGEMARE#H T E R U2 N A TN EERT., XU X TEEHE (MSCR) 4
AR, BE—FEFTEERE T AR NSO AN — RS A R 4
WA, B, ATHEEAMEREHRMAER, FREKCFELME SRR, ZL MSCR — 4 #
ME&BA ., X, R¥E MSCRIGBHMBEXRFR, RAZBEN T RELHEHMBEEREE, 5
4 ik MSCR 3F 4tk o0 A& w s P 45 A AL . 38 F 0b, xF MSCR A~ &l # 41 Fn T B9 S8 4 9 5 ko i 3
HITHE. RE, BUHELERE-ZEARTHEAFNERNELERILE, RiEZERKAERNE. &
RET, 5Z%ARTHA AL, MSCR #y3F & 0 2 & L af P 25 42 AL 0y 31 S 38 4 3 50~240 1,
= A 1/10 000~1/7 000, Ei R ERENER T AR MRS T IHERE, ETHE®

MBI UKRN R RN R KRBT 0 E A (k%

KR e TEe g mamNEER

FESES: TM474

0 3=

WAk, FEBEAE & Lo o A O . OB
A AT g L A S R AR R TR A M B
U, R TN AR L R U 2 S 5 e R 2R
PR T NN R B R AR A, SEB I ) B A
TS, W RG] B PLAs e HOR A RE
TR SR T el R Y 2R
PR UL S5 Fhse gk B N L, W) REGELE& A e
{1 2 1 B e 1 5 15 46 100 (0 M B 45 D 4 P,
AT A3 DA AT 28 a0 2% AR ) g v & A AR A BTt
I B8 43 B 77 16 v 5507 v it e R R a2k 7 3 3K
SIS o AL A ] BT 4F ( Magnetically-
Saturated Controllable Reactor, MSCR) 1E by — il

[H 5% AR B E ISy (52167013) , HIl A H & FH#5E 4 (22JR5RA320,
24JRRA244) , Hm i ESHF LK (2023ZDYFIH-303) , Bk
BHE TR TR (24JK0384) % BHIHH .

Wk H ) 2024-08-16 ki H ] 2024-09-30

WS BITH AR T

T TR A R R i B ST B AR R
AN &, SR TP a5 T FRL ) e R I L 3L O
R AR VR P L A% 0 T B S AT A R R AR W (1) X
S, P, AL MSCR MRt %, ) # gt
FEL TG T % e UK BB EAT B R

7& MSCR B B 5 280t H 711, SCER[9]
AT 800 kV MSCR [ 4 A7 BR T A 7Y, %o HoAgk 0
W3 /AT 5 e L AT VS S b s SCk[10] 4
3. MSCR =437 B i & A BROTREAL, I 0 AN [A) T30
NP BURER R AT VR TR T
B G 3 A4 4 37 MSCR 1137 6 Rl 5 B8 O &5 & sl
ARG — P S Bk R ik STEk[12148
1 MSCR 14 16 45 44 , 43 79 it N7 PR N 22 % MSCR 4
BT AL, I 0 HoAk 3 53 A1 R D ZR 5 FEREAT X EE
Bt 13t 2 G 1 45 A B FE SR AR 1 45 18 s SCIR[13]
4 9 3k TR B 4y R VR DA BR G vk #7500 kV
MSCR [ ); BRI T SR 43 B AN [m] v F0 1
Mzedisk. WA, DL ESCIRRA “47 Man)



40 B 12 1

I B R ERA AT 5 A AR 2 1 3 2 I 2 BRI ST 4005

H 1 3 A T 5005 R 8 37 MSCR 14 B 37 bl 1 73
XA E BT S b, BT ROR s B A
IERUWINE S =R N = R R v B = SN 2 R g
LT RO, PR R, MELUE N T & 2 A4
Z MRS I I RE I HT .

O T #m MSCR VLI, SCER[14]2E T35
73 0 i B 37 MSCR A 2 1 1 P10 55 R0l g A Y, I
X HE T SR AT U SCHR[15]42
H 2 LS 02 T T R T N T oS e B RGP RERY I
FET L 7R - [l 2R AT g N7 MSCR HL B A B
SCHR (1615 V7. 22 G 18 1) MSCR Ak i P 71 H i 4
PERIEC AR, IEXF n G I 55 MSCR 3 224 H]
(1) 5% R BEAT 2 o M, 2 e D 11 Tl V) 0 5 Je e vt
D7 % SCHR[17]% 37 60 MV-A MSCR (1) Hi, i 5 2 o
R, IS HLA B R PE AT A ST s b SRR <
M 1) 25 20 5 BT 2 R 3 37 MSCR 25 R0 B 2 e Y, X
Bl 7 LI T M B , %P MSCR SRR HEAT T 47
et BT VRS R 7 R PR A
[ B T A5 O [ AR B i fk, BRAR T O
KR

h T AR R T A T ORGP T TR B R O
THRH AL, SCBR[1814H th 22 715 AT — 4 9 2% 157
R FEN T = AH W ) A% s 2 U i 3 1 Dl 2 AL o
SO0 FLR o3 A S T AL EAT A S S . G
W 2 A5 TR DA RGBT ) W R
R AT WA KI5, AR & SRR G &
K W 4 75 FRIERT S A W ks S50 AT Sk filg, HJEAR
JSEARSABL T PR G ) X 3 e S AR, AR AT ok
SERE R AT . DR, N 4 A TR S T AT B o R
TR 7 i P R B A R (1 sl 10220,

gr EATIR, 4 T4 MSCR (#) 3 50KS BE ELBRAIC
THEARYY, AR — i e o B A 1 S 2
Hh S = M) MSCR VBT k. B, X
352 AL SEAER MSCR SR g S83E AT M A% K1 43, SR
T 30 7 D ER T S AR S Pk ks S 4, R T[] PR R
AT MSCR 45 25 1 M 28 45210 o Ho Uk, #id 4l MSCR 1
RGO R, R 7 g L iR &
LR, AE R MSCR LR 28 AR, 5 %6 FLAS [+]
T R B (R SR 2 LR RO B AT B R
T A PR A7 R S A6 R 6 UE A R A
MNVE S HEA P S50 45 5 T 6 JL R AT % B 43 #
A B0 L MSCR AR 1R 52 4% i 1 46 1 v i 2 4
T 25 W B SR A — O Oy ik

1 ETEEERER MSCR IE&MHEEN
B ) 4% 4 Y

1.1 MSCR WX 2 RSHiItE

B SR VX 8% A TR (1) A T R R X O AR
RVA5 25RO D 3, SRR G 1 SR A B A 1 22 A
SRAEER TG, 0 SR A B TG REAT WA B A5, IR k%
T PR B G P R R, e 0 i 2 O AT O
SR P 1 AN 2 B 4 5k Atb il = MSCR (1) 45 44
N R H e A K. Hd, BRoaiig S5
A DO 1, KL RS OLILE 2, X
UL, SR XU I8 1 77 2,
— BN TAERA, 5—BhEHgH . R MSCR
(1) 45 KR i 55 3% O3 ARE R, R LSRR I AT )
%143, MSCR KAk R~ B 3 fros .
Kl 3 1, DL MSCR BB vi b SRkl 5, H% )&
PNV O INHE GG, IR 41 AR .

-«—-—- «-- < ——
A ;
Aa <—;—>Bb I+
Wit WoiT \
T Xx»—‘_:_>Yy~é_i_> i
I
| T 1T !
I | Dd 4 pEe——1p v
Wi+ W, $>
41 P B P
22— Q¥ T
«——- «-— <———

K1 MSCR &ty =&
Fig.1 MSCR structure diagram

(a) AR B (b 2l o] %
Kl 2 MSCR %¢ 4 b % £k 5]
Fig.2 MSCR winding terminal wiring diagram

75 MSCR &% 1 199 2 A58 1) 4% Rl 2 e R o
A SR AR I 8 N 22 AT B, RN B —
AR BT ARG AT SRR IRk 20 A
fh s B, RIVAEEAS G BOT — S REE A R . 18] 4
JI 7R o W TR a5 R s R, OE T A R B
s~ WA 0 1R A, BB A R E 3 5 HL
fEE, PRI s A sy Dy A3 .

XTI FRE. BT HEE AR
WO Py pE RS, JLRERHL R RE Wk



4006 SR B 27 NI S 4

2025 % 6 H

| | | | |
|ol @ 9@ 6 6 o
TN |
B 00 86
Ll @]
® BILEEeLE @ o
e | o |
D op o
i [ i
o o e @@ ® @
. - Tl .

K3 MSCR SR fiff 8 i A% Kl 23 7 i 18
Fig.3 Schematic diagram of MSCR domain meshing

|
|
|
|
|
/r__-___l
.
7S

B4 R A I S5 R R
Fig.4 Structure diagram of flux tube

szVI:HdBdV:% (1

A, RGN PGS A H OO TG A 1 G 3 5
BEs B RGNS MW S s VO G AR

iR MSCR RS, HILHE R N x

oy WA TT 1) o - 2E TG W 25 RS s = B an i 5 B

Ne MRPEREESFIEEA, WONE RGeS A

2 2 2
W_(B"+BY)V=1[ il + 2l J 1

2 2
=—|@:R_+@ R
2 2\ wll, uld, ik rolR,)

~

)
X, Bew B, 73 Al h R AR xo y BT ) 1) 10 30 %
BEs Lov L L, 20 0 N W08 5 25 R KRS L 58
B s @, v @, A7 00N xoy BT 1)L (0 A SRR+ R,
R, 7y W N BB sy BT 1R ERRERL, HERIK
W)

L
J&

~

R=—2=_ 1 _ (3)
IUSX /’l(lylw)
/ /

Ry=—2 =¥ (4)

1.2 dE& iR
T Ak i 2 45 S BRREA R ) AR RE I dh 2k, fRER

K5 2o 4 W A% SR 0o = 8
Fig.5 Schematic diagram of 2D magnetic network
subdivision unit
5 R I B R P o I e 0 R R A A
RURNJ7VEA 2 R0, 18] 6 FT /R Ay Bk M Ak i
L BRI P B AR

B
3 B
) B=f(H)
o H
_____ _Bs O H

Cad i In] 2 455 2 (b FEA AL Hh 2%
Bl6  BRuib AL ith 2R
Fig.6 Magnetization curves model of
ferromagnetic material
Bl 6a JiT 7 o AT 20 (8 AR R 1 1R G i ] e A
R, AR A LR O AR AR P, 3 S T G
TR L S R, EAT A SRR, AR, AN £
BERL K 2 B R TR A s 30 Ik, 38 3 #f DA3R
fF, R EERBE N R T, HR
W B MG R BRI R S T A B AN E] eb fr s HA
AR PE R A AL I 2 . O TR m i SRR,
AN T AR R AR il Ze sk ftfid MSCR kL (s 1
F A M e RS, B T ) DUAR s i 50 00 ke >R T
AR AEAE 1K 7 AR ELAN 1 T e Bk s s Ui
TG o W2 doe R A 1 P A 40, 5 7 92 0 ol A2 4
(EE AR/ 3Rk, Ho, SRR T LA BB A Y
ARG L, T dR /N IRVES B ih &I . b
T # % MSCR W30 E Z 80 SRS B, A SCR M
BAi (8 722 4 57 MSCR I A th S A, H ik

k
B=mH+Y (1= )(H=-H,_)0(H-H,_) (5
i=2
ﬁq:" ﬂ,ﬁ?ﬂ?ﬁﬁﬁ[ﬁl"ﬂ (H,‘,l,H,‘)lji]’ @E'B‘ﬁéfi’f’tﬂjﬂ&
Hon e, =" B0 o~ 1) Sy o R A
Hi_HH

ke 29 3% S pak A th 4 BT ) 23 (K BEEK



40 B 12 1

I B R ERA AT 5 A AR 2 1 3 2 I 2 BRI ST 4007

1.3 MSCR BY &3 M 45 R B

T T8 S A % 1) 53 % LG v A ki, AR AT
T LEAE B LR A BT I B R W 4% S HCR R TR . R
P HE IR EE R ML R R R M R e e, M
28 ZHUH 5 4 B IR R R 2% 7 RV R S,
BEALRG T TR R VR [l F k. o, N H R
AT RE A I ST TR, TR Rl 2R

P AL VK i e JE 2 Pk ) AP B LR, MSCR
R WA LA R 1 1) I e kA L L 2 B S Y
HAARLPEMERIE, Ik, A S0k Rl % f i vk
ST MSCR 1) &5 Rk W9 25 15580

HEHE B 3 B 1) MSCR 3K fift 45k W4 4% 1] 40 K 199
BRSO, 4G B S BRI R S RGP R i
A £33 MSCR ) — 4E 5524004 I 25 B, il 7 o

@ I'34y k . . 5 ;
e B ) 8 0, %) 1) )

T25y13 T25y23

Tasx1 - 1250
1

R RBL(E)

Bl 7 MSCR = 4 55 201 199 238 R Y
Fig.7 2D equivalent magnetic network model of MSCR

B e MSCR - 4 25 0 199 46 A5 71w (18 3 (]
BN o MR R 1R S R R SR, W] B AT,
BHCE I m Cme[l,n]) (FRREE ] #E J5 RN

n

z wiRmi:me (6)

i=Lizm
s @, g, 73 9] 4 WA RT3 m A0 ] 0 ) [l
PEWLIE ;s R, A WGE R m B PTA BERR 2 ;R
Ay B TR 1] S8 o RV T 0 2 S AT S b R REBH

Fpp FIREIE ] 2 m b (8 A7 B 3505 2 0
[ B, FR 4 B 7 BT 7 () MISCR S5 340 Y 24 A 78

A B A5 O ) 2% R, BT

Rp=F 7

A, RN AE G A5 BT () noxon YERE PR @
0] 5 3 1) e AE B [i) s F O WEFAURR) n HE 5 i) 5

2 MSCR B H % W 4R iR B

O TSI MSCR W4 43 B 5 e v, 75 ) 3Lk
T - R AT . I, 7E# L )Rt MSCR
Tk 3 1 55 250 ) 2% B B g ) BF L ks i A ST S B
MSCR HL37% (1) HL W 28 B8, AR JL - AR 5 0 &
A2 i MSCR. HL i 9 24 1571

D Rmm -

2.1 HHBEEWHIEK

i % MSCR kLo 38 1E 7 a1 1 s, HoRe
4 NG5 W Gm T R W~ W Ry T 0T L % 5 i %
MRS EK R, ASCUUE 3 i 17 R, dirdi
WAL oy B I s - TR AR G s I, Wi 8 PR .

iA](l) Tal "17m
+
1, (1) E, (0 CD F,(@)
v
X 0
Iy Tai o1t
a
+
Ua Eq)(0) (D Fyy (0
v
X O

K8 kg ST 17 I A I - i A5 2R

Fig.8 Circuit-magnetic circuit model of grid 17

B8y ras ra 00 G4 W B AR ] B H
BELA 2 0 [ HLBEL s @ua() N PR 17 (RRGIE s 7yi7m
KA 17 BOHEBH s wai(f) iar()53 3 Ge 2L Wy LA
[n] % oy WO PR FH R, Ui~ Loy 230900 o G640 W 2531 ]
iy FELRS R LR s By Fay 2300 ) AR ()3 1) S
ML F k) e, B



4008 SR B 27 NI S 4

2025 % 6 H

dey; (2)
E =N, ———= (8)
al(t) a dr
FE(0)=N,ir, () 9

A, N, oA CAEGEH A,
Eqi~ Fay 7390 0 42 00 1] # vh S8 20 W () 1. i 50
KNS, Lo

Eq1(6)=Ny

dr

Fy, ()=Nyly, (1D
K, Ny BEGISeA Im 4.

AR, X 8) M (10> Ay iR, WA
AL B AR AT SR AR AL, I RK RV L BV
Wk, M, RRAvEi At Bk, A3
K F R B2 0 5 43 T FRHEAT 2 B A B 35 4 20 (8D
K JE 1B B 2 sCEAT B, W] S Rk

N, N,
E . (H)=—20,0)——2¢,(t—-At (12)
a1 () At¢’17() At¢’17( )
4
N,
R =_2a
Tal At

N,
Trpgi (2) = _I;(Pn(f—m)

M= (12> "] RLE
E o ()=Rpq 017 (0)Fhry (1) (13)
K, Ry B by () PR 17 10 TAESS AR RS &
0 B A5 R BRI A5 R iU . Rt (13D FTos i
Hi-BERS & R R R i B AR, Wl 9 R
MR 8 Fros K FRLIC 17 1) F, B - e A 23 DA
KB 9 Fros (G & 8 o A5 AR, SR 2 425 7 X
S IR P S R S ) (VDR 5 B, A L VR R i
V71 30 o PR 5 8 A O (Al 9 ) #EAT

"17m

017(1)
i3

+Fal(t) /

I\ +

hrq (D) < @170

Ey(0) @
o

B9 MR HIT 17 ARSI £ 3 0 4 24 L
Fig.9 Equivalent circuit of electromagnetic coupling part
of grid 17
HERE, 1B PR B0 17 1S & S R, ]
10 frose [RIEL, n 705 75 20 M B0 18~20 [1H

TR 5 55 2 P B
iA](t) "al "17m
+
Eal(t)
e 0) A A 917()
X o— Fy(0)
g Tal
ao—— 1
+
Eq (D)
Uyy(0) - A 917(1)
X o Fa®

Bl 10 POAR B0 17 FR HRURE RS 5 45 20 L
Fig.10 Electromagnetic coupling equivalent circuit of
grid 17

2.2 MSCR BHIEEIEE

FRHE Wil 10 Ao ) MSCR ¥ ks 576 RS &
SERCHLE A RS 17~20 H AR IR IE 2 PR (e %
PR R BEATIESL, WG E] MSCR (¥ L RERE & LS
w11 PR

"18m

P15(t
iy

Fa)

9

ZFqg)

+ F al(t )_

"19m

?19(7)
i3

+Fa3(’) %

"20m

@
‘/’zo(?
g

NGV,

RO

ARON

Bl 11 MSCR (¥ HL A 25 1Y
Electromagnetic coupling model of MSCR



40 B 12 1

I B R ERA AT 5 A AR 2 1 3 2 I 2 BRI ST 4009

R AR MSCR LR AR, A SO T [m] i v
FE S s T R B’ 1,

0=ig (1) L=—@(0) =) == @)

is=ly ig=—in (1) =¢5() g=—@g(t) ig=p5(1)
ho=—1y i1 Zigng (1) == @o(t) i35¢19(1)
R, Ry, R 7 —Rg —Rg —R
Ry Ry Ry 17 Ry g Ry 9 —Ry
—Ry7; 1 Ry, Ry 17 —Ry7 15 —Riz 19 —Ry7 5
“Rig 1 Ry > “Rig 17 Rig s —Rig 19 —Rig 2
Ry 1 Ry » R 17 —Ryg 15 Ry 19 —Ryg 5
Ry 1 Ry > Ryg 17 =Ry 15 —Ryo 19 Ry 20
Ry 1 Ry, Ry 17 Ry 1s —Ru 19 Ry 2
0 0 N 0 N
At At
N N
0 0 0 a a 0
At At
0 0 Ne Ng Ny Ny
L At At At At
[ 0
0
0
0
0
0
0
N, N,
u; (t)+ (P17(t At)+—(p20(t Af)
N N,
u(f)+A Pt - Af)+_(ﬂ19(f At)
N N, N N
Ud+A_j¢17(t_Af)+A_?¢18(t_At)+A—j¢’19(t_Af)+A—j¢20(t_Af)

I R 2, MSCR L3 il il FR 4 il B P 905
(AN [R] ] SR FH 3L v P 0 3850 AR L A v A 5B
P #5 R ER BB, Wt (14)
L R gy R E

TR (14 WA, WA

RX=U
2.3 MSCR B W &R B BT 3E 2 1 1A K Ok R
MSCR A il Ze B R (1) 2tk , A 55 138 5

(15>

he=—i71 (1) 7= (1)
hs= =y (t) G9=@y(t) hy=—14

i a9, X (). 2 13D LS R r M
7R (7)), wrAH ) MSCRHE R X 45 7 R4,

hy=— @) 5=y

R 0 0 0
Ry O 0 0 -
. @ (1)
i 0, (1)
—R; 41 —N, 0 —Ny :
“Rg 41 0 -N, Ny 0
—Rig_ 4 0 -N, —Ng @15(1)
Ry s —N, 0 —Ny Pro (1) _
: Py (?)
Ry 4 0 0 0 :
0 . 0 0 P41 (1)
r :
a i1 (?)
[ 0 (T
0 0 rytrg 0 i ()
RAGHE
0 0 0 rytrp+rs+rg
(14)

BEL (1) Tk 5 o 5 LB A 90 AR A AR . o T
MSCR (PR PE LG 25 7 R (150 HEAT K iR
K SC ST P A% R A et 8 5 R 1 e el
ST, P 12 T R A SR A B R

B m—1 YOEACSK AR G 5% ™ R X", )
PR (3. X @) %M (14), 765 m IKIMIEAR
VRS, R4S B W R BT, 3 T E 0
Wi H"



4010 SR B 27 NI S 4

2025 % 6 H

m+1

Bbh F - } P P2
milg_
L S— i — X

o Hm+] H" H

12 SR ENRIE AR AR SR B
Fig.12 Schematic diagram of iterative solution principle
based on chord secant method
_ Ba
‘um—l
¥ H RN (5, w45 35k i0 % 5 By, N

H" (16>

B =B(H") (17

X T AR e A 2 2 Ho T 190 4% S 20 SR ) B AR & 2R
PRI B3 RS VA L R A ey e e R E ]
T30 % 2 B, 55 I ot I ) 1 Al it £ ) 3 o T
By M55, DA, AR 2 PR SR Ak 1035 A S5O0 3 4%
G

AB" =

B}, - Bj| <z (18)

A, e MTw IR 2.
#AB" AR (18), W h AR, /I,

B! \ . .
/‘}p’”zH—"jn‘, HEEX (16) ~X (18). KHEFHE

BE, K Q18) Ak HhE AR Lt 2 80t
BRI A A, B0 T B 1k IE AR v SR A
AN BB AW S 4 A T G FRAG R, 38 75 R AR I Hom
PLBR o &1 13 T 7 g MSCR. HaL T 99 25 455 750 S A A e o

3 AMRTFEFMEIGIGIE

TR MSCRHL R 19 48 A5 78 1) A7 200 1k 3R AT 56
I, ACLL—4& 220 V/2.2 kvar ({4l )ih 8 MSCR 5k
IRENLN AT %, I R A R OGREAY,
43 9 FE T BE M 4% ( Electromagnetic  Network,
EMNO#E A 45 {76 (Finite Element Method, FEM)
TR St S [ il R EE T MISCR (1) 4 2 W ¥ % i 3
TR, I 5 S50 W 5 45 BT X LE 23 A .
3.1 MSCR EAXSHEHRTIRE

Kl 14 Jrzn i MSCR S50 AL A 52 ik 038 7 1]
T B E . MSCR 200 RHR T 30Q130 k4N

in

WEENEN FHEP KA,
FEAT IR T B B, (R AL

PR 1)
R.X=U

3B U RIRIF
HEX"XA X,)

k .k
By —Bey 1<<€?

| i Xh=xmk ”k:ﬂm—l,k ‘

|m:l ; XO,k+]:Xk; 'u(),kH:'uk‘

13 MSCR. 1 104 25 B2 2K fff i

Fig.13  The solution flowchart of the MSCR
electromagnetic network model
e, KM 14b Pros 52 I8 1715 75 Pl i 1) 52 % 75
RO A AR M e HEAT I, JFARIE X (50 XL
BEATH A . MSCR BR/OAE M IETT B, k1R A7
B 7V S R A e 4 5 - K 7 M - A
173, SEAMBER T T 2, HEE4LIm %224 200 M.
MSCR ({7 5E HLUE A 220 V, SEIAE IR0 13 A.
£ MSCR 5 fit v, I 5 A 00 s 2 AT 5 56 90
B, S LU E L B S MSCR i A g P
R0 R R IR 1

ISR T

(a) MSCR 5% £ (b %2 307 17 ) Tl ) 2
14 MSCR S50 R A g i 2
Fig.14 MSCR experimental prototype and

magnetic measurement device



40 B 12 1

I B R ERA AT 5 A AR 2 1 3 2 I 2 BRI ST

4011

*1 EBERBEERS MSCR ¥ I8F01EXT N K FR
Tab.1 The relationship between DC excitation current and

MSCR magnetic saturation

LB ZH
LU R LA Lo/ A 0 1.5 3 5 7.5
fl ML R0 E p/rad 0 0.948% 1.223n  1.759x% 2n

TR MSCR HL I 2 $03AT A BR ek 8 5 43
Br, ASCHES. MSCR A BRICHE, Wl 15 Piow,
I AT I B R G S B X R E U 2
T ARAIE MSCR A BR G B B 3 1E 7 ) S5 B T —
B, G Wi W LU IE J7 1] 158 B Db 306 I 461 e
Jilal, B8 W, W, I HL R 1F J [n) ¥ 8 Ay LB 41 g
¥ 71 o

Ca) IRl

(=)
<
LabellD=VAmmeter16 3
(0.69x2) Q g
~ = L b5 g E
- < S
% E o 7 é Rss
2 ) > Ne)
E | E| Labep= R0 35 £ £ o
2+ < I VAmmeter!3 = £ o = =
NOMOE 2 12 S04 =
=) a p = 3 =
] 2 I o + G < %)
5| 545 232 g1 2
— - 3 S 5 2 5
3 £ E SRy E
5 = z S =
220spi(2) Q a8 O
(=]

(b) 4h R R ALY
Kl 15 MSCR b7 R & A FROCH A

Fig.15 MSCR field-circuit coupled finite element model
3.2 MSCR SAEFTHH

T 5 UE MSCR FIL G 99 2% 450 78 55 47 B T B AR A1
SRAL RV VT ST I A RO, AR SCHE T AR R o
ST TR AN IR RN FE TR 1Y) MSCR A& 2 A HL IR
T, wnlEl 16 Fron, Bl —JF 45t 7 s o6 I e .

. | - ? i 0.041 —— FEM EMN
£ ANAAANANA
2 AYAVAVAVAVA
) LR ERRRE S 20 40 60 80 100 120
#(10 ms/¥%) t/ms
i) 3 WHIBE

(a) =0

RIGOL STOP 8k b =

)
S VYUV

0 20 40 60

80 100 120

(0msiHg) t/ms
SE I WHIEE
(b) $=0.9487
1G0L - Ns\d ] £ B -4.00w0 20

15 —FEM EMN

el 1L s BAAAAAN
3 ‘MﬁE%H//vv
L , 1% 20 40 60 80 100 120
#(10 ms/%) t/ms
SEW I WHIBE
(¢) f=1.223n
L Ng w 20f FEM EMN
£ *3<WAA\AAﬁ
< ® o 3 oF
: RIERATATATATA!
L 20020 40 60 80 100 120
#(10 ms/%) t/ms
SEW I WHIBE
(d) g=1.7591

30 [—FEM —— EMN]

ENNANANAANL 2
< bl il <
le} \“t\“s\‘g‘ix\‘\ ~<0
o] YRR BV %
i T ey 20 40 60 80 100 120
(10 ms/k%) t/ms
SHE I W
(e) B=2n
16 ANEEMAEE T MSCR T AFESE4 s i

Fig.16 Current waveforms of MSCR working winding
under different magnetic saturations

M 16a TR (1) MSCR 75 3 T A Hi 3 56 56 9% %
APRLE A HOIRE TR, MSCR AR L & A2 T i
A7, AR B IESZE . XL T MSCR
SRR b AT A RN I IR RN A B B N AR R
b, A H A BRI RN R T T/ MSCR HL R
W 2g RN BRTTRE RS o, O T WA TR T
B, BRoOo B REAK il G B R4S 25 1 T A AR et
(EL 0 2200 T R RN AR, AL, MSCR 8 HE
WAL IE LB . MIEL 16b~ & 16e A LA th,
fE MSCR W15 ik Fit v, AN REMLRI ST, kT i
g 23 455 70 R4 B ST B Y 1K) MSCR A MLy BT 5 5
R HA RO — 8, kW), MSCR AE
S 1 B A HL 1 I 8% A5 TR A B8 A P U o BT TR A K



4012 SR B 27 NI S 4 2025 4E 6 B

P, DL AT BTG (A 0.008 o
3.3 MSCR #i@ 5 0.006 F
S5 T B F MSCR a1 99 2% 5050 75 i 1 ¥ 50 )7 T £ ool
[T R, A% SCLURE G T AL A 21) AL, " ol
St A (7] LT P30 D T AT B 5 400, .
B 17 Bk, b TAET L, Edb—itdh TH R 0 20 00 120
TEREI (T 4 ins
17 WA, fE MSCR VR, Al v pra
TR E R, T I 150 4% TR0 £ o7 2 b 000ek —reM  tvN]
WG 515 PGB B A — 80, W] MSCR 4k .
Ik 2 WL I 40 R £ B0 B T 64 gOmif /\ /\ / /\
3.4 TREFEMEERN ST ERBE S 0.004 f
PSRRI L5 T S0ORE BE L VR T SRR AR 45 ) TR 0.002
SRR AR T, M T 4R A N ﬁsgo w
A PR TR (1 MSCR #E 3 vF 5 5 TAE iRt v S ok (d) =1.759x
FOREE LA 2, VSRR IN L5 VE S A7 s 1) L2 3.
0.010
0.004 | 0.008 -
AN AN ANAWANA g o06p
ool VOV U\ 0.004
—0.004 L L L L L 0.002 0 210 4IO 6IO 8J0 1 (IJO 120
0 20 40 60 80 100 120 Jms
- ﬂm:s (e) B=2n
17 AFREF R MSCR 1% 14 38 3% T8
0.006 - [—FEM — EMN] Fig.17 Magnetic flux waveforms at MSCR magnetic

o 0.004 valves under different magnetic saturations
EOM/NV/\/NV/\/\Uﬁ\ R B R4 i 2 0 2 B R 5
0 50 ANTESL A (1 s) Pl AR v SR T & F )
100

0 PG Rl T G W o Y N W ST (I
t/ms A RAE AN 7 TR 23 Hr, AR PR R i 1 i 3 1
(b) $=0.9487 PR RN W

Fz2 MSCRiTEHEBEMNTEEE

Tab.2 Calculation accuracy of MSCR calculation model
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Research on Nonlinear Dynamic Electromagnetic Network Model of
Magnetically-Saturated Controllable Reactor

1,2,3 . Lo 13 . 1,3 : 13
7 Tian Mingxing > Yin Lu >  Tian Wenjun>

Wang Tiange
(1. School of Automation & Electrical Engineering Lanzhou Jiaotong University
Lanzhou 730070 China
2. Shaanxi Railway Institute Weinan 714000 China
3. Gansu Province Engineering Laboratory for Rail Transit Electrical Automation

Lanzhou Jiaotong University Lanzhou 730070 China)

Abstract With the increasing scale of urban power grids and the application of various advanced power
equipment, the comprehensive efficiency of the power system depends on the cooperation and synergy between
various power equipment. Aiming at the physical entities with dynamic and real-time changes in the state of
power equipment, constructing an efficient mathematical model is essential in system-level simulation of power
systems and integrated design of large electromagnetic equipment. Taking the magnetically-saturated controllable
reactor (MSCR) as the object, this paper proposes a nonlinear dynamic electromagnetic network model,
considering the accuracy of theoretical analysis and the efficiency of parameter calculation.

Firstly, according to the structural characteristics and magnetic field distribution characteristics of MSCR,
the MSCR solution domain is meshed by domain discretization. Considering the nonlinearity of the iron core, the
magnetization curve model of the MSCR iron core is established by the piecewise interpolation method. The
nonlinear grid parameters are calculated according to the principle of the flux tube. The MSCR equivalent
magnetic network model is generated based on the loop current method.

Secondly, the electromagnetic model of circuit-magnetic circuit separation is established. The
electromagnetic coupling equivalent circuit is established using the controlled source to realize the coupling
connection between the circuit and the magnetic circuit. The nonlinear dynamic electromagnetic network model
of MSCR is generated. Combined with the nonlinear iterative solution of the chord-cut method, the MSCR
winding current and the core flux under different magnetic saturations are calculated.

Finally, a three-dimensional finite element model of MSCR is established based on the finite element
method, and field-circuit coupling joint simulation is carried out. Experimental measurements are also performed
on the MSCR winding current. The MSCR nonlinear dynamic electromagnetic network model is compared with
the three-dimensional finite element model and experimental measurements. The MSCR nonlinear dynamic
electromagnetic network model is verified.

(1) The proposed model's calculated winding current and core flux agree with the finite element model and
experimental results under different magnetic saturations. (2) The calculation speed and the storage space of the
proposed model in electromagnetic parameter calculation are approximately 50~240 times and 1/10 000~
1/7 000 of the finite element model. The model can improve calculation efficiency and reduce cost while meeting
computational accuracy. It has unique advantages in the initial design of controllable reactors and system-level
simulation of power systems.

Keywords: Magnetically-saturated controllable reactor (MSCR), electromagnetic network model, electro-

magnetic parameter calculation, finite element method
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