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Tém tit

Cudn khéng bu ngang (CKBN) duoc st dung trong ludi dién truyén tai dé hap thu cong suit phan khang (CSPK) va tranh hién tuong qué
dién ap & cudi duong day khi hé théng van hanh khéng tai hoac non tai. Bé tranh hién trong bdo hoa mach tir, doc theo try caa cuon CKBN
dugc thiét ké cac khe ho dé chia khéi tru (i) 16n thanh cac phan doan (khéi tru) nho hon. Tuy nhién, tai cac khe ha xung quanh cac khéi
try, s& xut hién cac thanh phin tir thong tan va tir théng rd thay ddi lién tuc tir khdi tru nay dén cac khéi try khac. Biéu nay lam cho su phan
bd mat do tir cam trén cac khdi tru khong ddng déu va sinh ra luc dién tir tac dong 1én cac khdi tru. Lyc dién tir co xu hudng day/ép cac khbi
tru lai v6i nhau, 1am cho céc khdi tru bi dao dong, rung lic va gay ra tiéng én, 1am anh hudng dén ché do van hanh caa CKBN. Trong bai
bao nay, phuong phap giai tich va k§ thuat phan tar hitu han duoc phat trién dé khao st va tinh toan su phéan b cua tir théng xung quanh céc
khe hé giira céc khéi tru va hee dién tir tac dung 1én cac khdi tru cia CKBN. Su phaét trién ciia phuong phép s& dwoc &p dung dé tinh toan

CKBN 1 pha, cdng suat 40Mvar, dién &p 500//3.

Tir khoa: Cugn khang bu ngang (CKBN), tir thong tan, tir thong rd, mach tir, phirong phdp phan tir hitu han.

Abstract

The shunt reactor (SR) is widely used in power transmission sys-
tems of 110kV, 220kV and 500kV to absorb the reactive power and
avoid overvoltage at the end of the line when the system is operating
with no-load or low load. In order to avoid the phenomenon of circuit
saturation, air gaps are often designed along the SR core to divide
the large core into smaller segments (core blocks). However, the
presence of air gaps around the core blocks will cause fringing flux
and leakage flux components, which vary from this core to another.
This makes the distribution of magnetic flux density uneven on the
core blocks and will appear electromagnetic force acted directly on
the core blocks. The electromagnetic force tends to push/press these
core blocs together, causing them to vibrate, oscillate and generate
noise, affecting the operation of the SR. In this study, the analytic
model and finite element technique are developed to calculate the
distribution of the flux around the slots/air gaps between the core
blocks and the electromagnetic forces acting on the core blocks of
the SR. The developed method will be applied to directly calculate a
single-phase SR with a capacity of 40Mvar and a voltage of 500/\3.

1. Pitvan dé

Dé tranh hién tugng qua dién &p va duy tri dién &p 6n dinh
& cudi duong day truyén tai 110kV tré 1&n khi hé théng van
hanh non tai hoac khdng tai, cuon khang bu ngang (CKBN)
duoc sir dung dé hip thu va can bang cong suét phan khéng
(CSPK) [1]-[3]. Gan day, c6 nhidu nha nghién ctu trong va
ngoai nudce da nghién ciru vé CKBN, cu thé nhu: trong tai liéu
[1], nhém téc da sir dung phuwong phéap phan tir hitu han (FEM)
dé tinh toan va phan tich dién khang tan cia CKBN dé tim ra
md&i lién hé gitra dién khang tong va dién khang ro giira cac
khéi tryu. Trong tai ligu [2], phuong phap giai tich dwgc phét
trién dé tinh toan cac thong sé kich thuéc mach tir va day quan

cia CKBN. Céc két qua dat duoc tir phuong phap dé xuit
dugc kiém chimg qua phuong phap FEM. Trong tai liéu [4],
nhém tac gia da ap dung phuong phap FEM dé dua ra giai
phép giam t6n hao do dong dién xody sinh ra trong cudn day
ciia CKBN bang céch téi wu khe ha khdng khi trong cudn day.
Céc tiép can cua phuong phap duoc thuc hién thong qua 2
budc: dau tién tinh toan ton hao sinh ra trong cudn day, sau
do tinh toan mat d¢ tir théng trung binh xung quanh khe ho
khdng khi. Trong tai liéu [5], nhdm tac gia trinh bay phuong
phép tinh toén tir tre caa khe ha khéng khi trong mach ti cua
CKBN théng qua su bién ddi “Schwarz-Christoffel”. Cac gia
tri dat dwoc s& dugc kiém ching thong qua ky thuat FEM.

Thong qua cac cong trinh nghién ctru nhu da phén tich &
trén, mac du c6 nhiéu cong trinh nghién ciru da ap dung va
phét trién phuong phap FEM dé tinh toan, phan tich va mo
phong céc thdng s dién tir caa CKBN. Tuy nhién, viéc khao
sét, danh gia sy anh huong cua luc dién tir 18n cac khéi tru cua
CKBN van la mot thach thie 16n ddi voi cac nha nghién ciru
va ché tao cudn khang.

Trong nghién ciu nay, ‘phuong phap giai tich va phuong
phap FEM dugc tiép tuc ké thira va phét trién dé tinh toan su
phan bé cua tir thdng xung quanh khe hé gitra cac khéi tru, va
lyc dién tir 1én cac khdi tru cia CKBN. Su phéat trién cua
phuong phap dwoc 4p dung truc tiép dé tinh toan cho CKBN
1 pha, cdng suat 40Mvar, dién ap 500/+/3.

Noi dung chinh cta bai bao dugc ciu truc lam 4 phan:
Trong do, phﬁn 1, dat vin dé nhu di mo ta & trén; phﬁn 2,
nghién ciu vé md hinh CKBN mét pha bang phuong phap
giai tich va ky thuat phan tir hiru han; phan 3, &p dung mé hinh
ly thuyét da phat trién & phan 2 dé giai bai toan thyc té; phan
4, tom tat cac két qua da dat duoc.
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2. MO0 hinh CKBN mgt pha bﬁng phwong phap
gidi tich va phwong phap phan tir hitu han

2.1. M6 hinh CKBN mgt pha

M6 hinh CKBN mét pha str dung trong hé thdng luéi dién
truyén tai dugc mo ta nhu hinh 1 [4]. Nhu da phan tich & phan
I, dé giam duoc tir thong trén try, tranh dugc hién tugng bio
hoa, trén try ciia CKBN thudng thiét ké cac khe ho véi chiéu
dai khe ho 16n. Tuy nhién, do chiéu dai khe ho 16n, dan dén
xung quanh khe ho s& ton tai tir thong tan va tir thong ro 16m,
dan dén tir thong chinh lai giam. Do vay, dé giam duoc thanh
phén tir thong tan nay, thay vi sir dung mot khe ho véi chidu
dai 16n, doc theo khdi try, can chia nhidu khe hé voi tong chidu
dai khe ho 1a khong d6i. Diéu nay s& lam tiang duoc tir trd
xung quanh khu vuc khe ho va giam dugce tir thong tan.

oS,

b D—

Hinh 1. M6 hinh cu6n khéng 1 pha [4]

Tuy nhién, viéc chia mot khe hé 16n thanh cac khe ho nhd,
didu nay dong nghia v6i viéc mot khéi tru co chiéu dai 16n
dugc phéan doan thanh cac khéi tru c6 chiéu dai nho hon, s&
anh huong dén két cdu cua mach tir cia CKBN. Céc khe ho
khong khi doc theo khéi tru phu thudc vao cac thong sé chinh
cua cudn khang (nhu: CSPK, mat do tir cam, dién cam, nang
luong tich trit trong khong gian diy quan va khe ho) va c6 thé
duogc xéc dinh thong qua md hinh giai tich.

2.2. M0 hinh lyc dién tir bing phwong phap giai tich

Xét mo hinh cudn khang 1 pha nhu mo ta tai hinh 1. B¢ tur
tham cua céac khdi try (u = u,. ,uo) c6 gid tri rat 16n so voi tir
thidm khe ho 1a Ho, nén tir tro phan mach tir c¢6 thé bo qua [6],
[7]. Dua vao moi quan hé gitra st tir dong (F), tir thong va tir
tré mach tir, dong dién dugc xac dinh nhu sau [11], [12]:

1\ Bl
I = (—) 1)
. V2/ 1o N
Trong do, lg 1a chiéu dai cia khe hd khong khi (m), N la
$6 vong day (vong) va By 1a mat 36 tr cam cyc dai trén tru
(T).

Gia tri ciia By duoc xac dinh theo phuong trinh sau:

Q
By = |7/ (2)
’H—O.f. v,

trong d6, f 1a tan s luéi dién (Hz) va V, 1a thé tich khe hé
khdng khi.

Luyc dién tir tac dung 1€n cac khéi tru dugc tinh toan thong
qua mat do nang luong [8], [9].

AW_IBZA N 3
B =2 A, ®)

trong d6, Ac 1a mit cat ctia khdi tru va Ax 12 sy dich chuyén
cua khoi try. Mat d6 luc dién tir tac dong Ién bé mat khoi tru
duoc xac dinh:

FS:_

) O

m2/)’

Trong (4), mat do tir cam c6 thé duge xac dinh thong qua
suc tir dong, do6 la:

B=1 = () (5)

“Thay (5) vao (4), mat d¢ luc dién tir tac dong 1én bé mit
khoi try trd thanh:

1#01 N?
FS -

(N/m*) (6)

Mot cach tlep ({3.111 khac lyc dién tir dugc xac dinh thong
qua Tensor ung suat, d6 1a [12]-[15]:

FzﬂiffdAS-n(N) 7
Trong do, S 1a ma tran Tensor Ung suit dugc xac dinh:
BZ
Bz — Y BB, B,B,
s=*| BB, B:-% BB ®)
T | PPy Yy yPz |1

| B.B, B,B, BZ-=|

Trong d6, B> = B + B} + BZ.

Biéu thuc luc dién tir tai phuong trinh (7) gom 02 thanh
phan: thanh phan tlep tuyen (Fy va thanh phan phap tuyén
(Fn). Hai thanh phan nay lan lugt duoc xéac dinh:

F,=B,H, F, —l(iBZ—MOHE) (9a — b)
Trong do B, va H, 1an luot 1a cac thanh phan phap tuyén

va tlep tuyen cua véc to mat dg tir cam va véc to cuong do tu
truong.

2.3. M0 hinh lye dién tir bing ky thuat FEM

Trong phan nay, phuong phiap FEM duogc phat trién dé
tinh toan va mo phong cac tham sb dién tir cia CKBN. Trong
do, luc dién tir tac dung 1én cac khéi tru s& duoc thyc hién &
tién trinh “post-processing”. Hé phwong trinh Maxwell va luat
trang thai xac dinh trong mién nghién ciru Q (Q = Q. U Q¢ )
va bién 9Q = I') duoc viét [10]:

rot E = —0;B,rotH =J,, divB =0, (10a-b-c)
B =uH, ] =oE. (11a-b)

Diéu kién bién (DKB) trén I duoc xac dinh:
n-B|, =0, nxH|, =0, (12a-b)

Trong d6 n 1a véc to phap tuyén.
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Q, 1a mién dan va Q¢ 1a mién khong dan. Cac truong E, B,
H, J lan luot 1a cuong d6 dién truong, mat do tir cam, cuong
do tur truong va mat d6 dong dién. Céc trudng nay dugc Xac
dinh dé thoa méan so do Tonti [16], d6 1a: H € H,(rot; Q),
E € H,(rot; Q), ] € H(div; Q) va B € H,(div; Q), trong
do Hy, (rot; Q), H(div; Q) va H,.(dive; Q) la khong gian ham
chtra cac diéu kién bién va cac ham thir. Cac tham s u va o
lan luot 1a do tir tham va do dan dién cua cac mién dan va
khong dan.

Dva vao hé phuong trinh Maxwell’s equations (10a-b-c)
va cac luat trang thai (11a-b), mat do tir cam B duoc biéu dién
thdng qua tir thé véc to A:

B = rotA (13)
Thay phuong trinh (13) vao phuong trinh (10 a), ta c6:
rot (E +jw A) = 0. (14)

Cuodng d¢ dién truong E dugc biéu dién thong qua dién thé vo
hudng (v), i.e.

E = —jw A — gradv. (15)
T cac phuong trinh (13), (14) va (15), phuong trinh roi rac
viét cho tir thé véc to A théng qua dinh luat Ampére (10 a) va
luat trang théi (11 a) nhu sau [10]:
f[,l_lB ‘rotAd'd + f (cE-A)dQ, +

0 0
(mx H)-A'dl}, = f (s -ANdO,
I'p n
A’ € Hj(rot; 2) (16)

Thay phuong trinh (13), (15) vao (16), phuong trinh (16) tro
thanh:

Ju‘lrotA ‘rot A'dQ +ja)f (cA-A)dQ, +
0N 0N

(nxH)-A'dly,
Tp
= [,(s - A)dQg, A" € HY(curl; Q). (17)
Trong phuong trinh (17), truong A’ 1a ham thir duge xac dinh
trong khong gian ham HY(curl; Q).
Luc dién tir tac dong 1én bé mat cac khdi try dwoc xac dinh
thdng qua tién trinh “post-processing”, do la:

F=frotA X j-dQye (N).
0]

jwf (ogradv - A")dQ, +
0

(18)

Trong d6, Oy, 1a thé tich cua khdi tru.
3. Bai toan ap dung

Pé kiém ching duoc md hinh ly thuyét da phat trién & phan
2, trong phan nay, bai toan &p dung dugc dé xuat 13 CKBN 1
pha, cong suit 40Mvar, dién 4p 500/+/3. Cac thong sb chinh
cia CKBN duoc tinh todn bang phuong phéap giai tich va cho
trong bang 1. Cau trdc hinh hoc cua cudén khang dwoc dugc
mo ta trong hinh 1. Hinh 2 md ta dic tinh dwong cong B-H
cua 16i thép, tng vai tan s6 50 Hz. Bac tinh md ta suat ton hao
theo mat d tir cam duoc biéu dién tai hinh 3.

M6 hinh chia lugi cua cac khéi try va mach tir cia CKBN
duogc biéu dién tai hinh 4. Muc dich cua bai bao chu yéu tap
trung tinh toan tir thong tai cac khéi tru va viing khe ho khong
khi gitra cac khdi tru, do d6 cac cac phan tir lugi min (thin
mesh) chii yéu tap trung & cac khdi try, déi voi céc vi tri khéc,
st dung c&c phan tir ludi thua c6 kich thude 16n hon. Tong s6
phan tir lu6i dé dat duoc sy hoi tu caa nghiém 1a: 205213 phan
ta.

Biang 1. Thong sb chinh ciia CKBN.

Théng s6 Ky hiéu Théng s6
Cong suat phan khang  Q (MVAr) 40
Dién 4p dinh muc U (kV) 500/V3
Dong dién dinh mac 1 (A) 1384
bién cam téng L_total (H) 6,63
bién cam tan L_fringing (H) 1,9154
bién cam khe ho L_gap (H)
khong khi 4,1489
buong kinh try Dc (mm) 735
Chiéu cao try He (mm) 1944
Téng chiéu dai khe ho g (mm)

N 425
trén try
S6 vong day quin N (vong) 1834
Chiéu rong day quin W (mm) 254
Chiéu cao day quén Hw (mm) 1674
Tén hao dong Pcu (KW) 63,8
Tén hao sit Pre (KW) 31,4

2
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'.:1,5
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o
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0
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Cuong dé tur trueng H [A/m) . ’
Hinh 2. Bic tinh B-H cua 16i thép CKBN, {rng vdi tan s6 50Hz.

2

—Steel M5

n

Suét tén hao P [Wrkg]

o
o

0
0 02 0.4 06 08 1 1.2 1.4 16 18 2

o Mat dé tir théng B[T] o
Hinh 3. Bic tinh suat ton hao cta theo theo mat dd tir cam, tng véi tan so
50Hz.

ZAYA'LS ATas

v RKRANAPNN
a 7
Hinh 4. Mo hinh chia luéi cta céc khoi tru va mach tir caia CKBN.

Su phan bo ciia mat do tir cam xung quanh khe ho khong
khi doc theo cac khéi tru, trong khéi tru va trong mach tir dugc
biéu dién trong hinh 5 va hinh 6. Gia tri phan bd cua mat do
tir cam tai vi tri gitra va trén bé mat khdi tru dugc mo ta tai
hinh 7. Tanhan thay rang, do cac khéi tru khong dugc vat goc,
nén trén doan Y1Y2, tir théng tan chu yéu tap trung & hai mép
goc cua khéi tru va s& cé gié tri 16n nhat 1a 1.03T. Do hiéu
rng bé mat (skin effect), nén khi tan sé cang cao thi gié tri nay
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cang lon. Tai doan Y3Y4, do khdng giap khe ho khong khi,
nén phan tir thdng tan c6 gia tri nho hon.

Hinh 5. Sy phan b6 cuia mat do tir cam xung khe hé khéng khi doc theo
cac khoi try.

Y- -8

—=—MagB__Y1Y2
—o-MagB__Y3Y4 f

0 02 04 0.6 08 1
Distance(m]

Hinh 7. Su phéan b ctia mat d6 ty cam tai vi tri giita khéi try (Y1Y2) va
trén bé mat khéi tru (Y3Y4).

Sy phan phé cua tir truong doc theo khdi tru phan doan
Y5Y6 va Y7Y8 dugc thé hién nhu trong hinh 8. Do tinh chat
d6i xing, nén sy phan bd cua tir théng 1a kha ddng déu va co
gia tri xap xi bang nhau. Su phan bd cua luc dién tir trén bé
mit cua cac khdi tru ciing duoc biéu dign trong hinh 9. Ta
nhan thy ring, gia tri luc dién trir tac dong trén cac khdi tru
cung phwong nhung nguoc chidu va cé xu huéng diy va ép
cac tam ngan cach giita cac khéi tru doc theo khe hé khdng
khi. Diéu nay s& 1am x0 léch céc khéi try, anh huong dén két

cau ciia mach tir CKBN va gay ra tiéng 6n trong su6t qué trinh
van hanh. Hinh 10 mé ta s phan b cua luc dién tir tac dong
trén bé mat khéi tru (Y3Y4) va giita khéi tru (Y1Y2). Nhu da
phan tich, tai vi tri hai mép géc cua khdi try, do thanh phan tir
thong tan 16n, do d6 luc dién tir tai khu vuc nay cé gia tri I6n.
Khi gia tri mat do tir cam dat t6i 1.03T, @ng suat luc huéng
truc tac dong trén bé mat khéi tru 1én t6i 480kN, didu nay s&
nguy hiém dén két ciu cia CKBN, tham chi s& phap huy két
cau caa CKBN.

240

-0-MagB__Y5Y6
-B-MagB__Y7Y8

220
200 -

=

E 180
160 -

140

120 .
0 0.2 0.4 0.6 08 1 1.2 1.4

., Distance[m] 3
Hinh 8. Sy phan bd ctia mét d§ tw cam tai vi tri doc theo khoi tru (Y5Y6) va
(Y7Y8).

16 1.7

Force

[Nim2)

LT
447s2E 05
42679405
4.0607E+05

TB5HE 05,
TB4ZE+05
49896405
32I17E+05
J0244E 405,
281726405
2609E-+05
Z4027E+05
2 19SEH05
19882 405,
1TBOSE 405,
15TITE05)

Hinh 9. Sy phén bd cua luc dién tir trén bé mit cta céc khéi tru

5
5 x 10°

-©-Y1Y2 analytical solution
-¥-Y3Y4 analytical solution
“2-Y1Y2 FEM solution

-B-Y3Y4 FEM solution

EN

w

Electromotive Force [N]
N

0.6

0.2 0.4 0.8

i Distance[ml X
Hinh 10. Sy phan b6 lyc dién tir tai gitra khoi tru (Y1Y2) va trén bé mat
khdi tru (Y3Y4).

4. Kétluan

Trong bai b4o nay, nhdm tac gia da tiép can bang hai
phuong phap (phuong phap giai tich va phuong phap FEM)
dé tinh todn, md phong su phan b cua mat do tir cam trong
va xung quanh khe ho cac khéi tru, luc dién tir tac dong 1én
bé mat khdi tru cia CKBN. Trong ca hai phuong phép, cac
Céc két qua dat dwoc cho thdy, cac luc dién tir tac dong 1én bé
mat trén va mat dudi caa khdi tru cing phuong nhung nguoc



48

Measurement, Control and Automation

chiéu va c6 do 16n xap xi bang nhau. Diéu nay sé& tac dong
truc tiép t6i cac tAm ngan cach giira cac khdi try, s& lam xo
léch két cu cua cac khdi tru va mach tir do phai chiu lyc nén
rat lon. Cac két qua dat dugc tir nghién ctu, & 1a co so dé
gilp cho cac nha thiét ké va ché tao CKBN dua ra giai phap
tang cuong/gia cb két cau ciia cac tim ngan cach giita cac khoi
tru trudc khi san xuét. Dac biét, dua ra sy lya chon phi hop
ctia mat do tir cam trong 15i thép dé co thé giam duoc lyc dién
tir tac dong trén bé mat cua khdi tru va bé mat cua cac tim
ngin cach gitra cac khi try. Biéu nay s& gilp cho viéc thiét
ké va van hanh CKBN duoc téi wu hoa dé dam bao tinh 6n
dinh va hiéu suit cua hé théng dién.

LOI CAM ON

Nhém tac gia bai bao xin tran trong cam on Trudng DPai hoc
Quy Nhon da cho phép str dung phan mém de tinh toan, mo
phong va kiém tra két qua.
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