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Toém tat - Bai bao trinh bay phuong phép tich phan s dé tinh toan,
mé phdng dién ti trudng cla mot cau tric ¢d ving vé méng va hé
théng daydan. Hé théng day dan dwocmo ta bang hé phwong frinh
mach dién, trong khi congthtrc tich phan phan tdr bé mat ding démo
phdng vung vé mong Hé phuong trinh tich phan c6 xét dén tuong
tac ciahéday dan vaving vé méng cung duwoctrinhbay. Phuong
phap dé xut cé kha nang tinh toan mé phéng hé déy dan phuc Iap
va xem xét hién twong hiéu (rng b& mét véi dd xau bé mat bét ky clia
tAm mdng. Méttramdién trong thuc té dwoc md phdngtinh toan bang
céc hé phuongtrinh tich phan ma bai bao dwa ra. Ngoaira, két qua
s0 sanh vdi phuong phap phan t& hitu han minh chiing tinh chinh
xac cling nhwtiemnang to |&n clia phwong phép tich phan so.

Tir khéa - Tinh toan dién tir; dong dién xody; phwong phap tich
phén; phwong phap s6; hiéu (rng bé mat

1. Pit véin dé

Céac phuong phap s mg dung trong mé phong tinh
toan truong dién tur thuong duoc chia thanh hailoai: Céc
phuong phéap hitu han (Finite Methods) nhu Phuong phap
phén tt hiru han FEM (Finite Element Method), phuong
phép thé tich hitu han FVM (Finite Volume Method); Cac
phuong phap tich phéan s, nhu 1a phwong phap tich phan
bé mit BEM (Boundary Element Method), phuong phap
md-men MoM (Method of Moment), Phwong phap mach
dién thay thé tuong dwong PEEC (Partial Element
Equivalent Circuit).

Phuong phap FEM dugc biét dén nhu Ia phuong phap
thong dung nhat, duogc sir dung rong rii trong cac baitoan
md phong k¥ thuat [1-3]. Uu diém ctia phuong phap nay k
tinh tong quét, c6 kha ning mé phong thiét bi cé ciu triic
khé&c nhau tir nhidu loai vat liéu (dan dién, cach dién, vat
liéu tir,...) & dang bai toan tuyén tinh An phi tuyén. Tuy
nhién, nhuoc diém cua phuong phap FEM la kho khan
trong viéc tinh toAn vdicacloai thiét bi co cAutrac dangvo
mong va dangday.

Pac trung dién tur cia cac cAutruc day dan,tAm mong
la su bién thién rat 16n cua truong dién tir & vung lan can
va bén trong céu triic, cong vai CAC hién tuong vat Iy nhu
hiéu tmg bé mat (skin effect), hiéu Ung gin (proximity
effect). Phuong phap phan tirhiru han sé yéu cau chia luéi
cuc nho, lam tangso béc tu do, dAnt6i kich thudc ma trin
rat 16n va tingdang ké khoi lwong tinh toan. Néu ap dung
phuong phap FEM dé giai thi yéu caumay tinh c6 cduhinh
16m, chi phi kha tén kém, va tham chi khongthé tim ra dugc
nghiém hoi tu.

Mot vidu cu thé 1a tram bién p ha thé taicac thanhphd
16n, khu vyc dong dan cu. Tai tram dién nay, nguoi ta
thudng trangbi cuén khang ¢ phia ha ap dé giam dongngin
mach. Tuy nhién, tir truong sinh ra tir cuén khanglaico thé

Abstract - This paper presents an integral method in order to
model the structure with thin conductive and magnetic regions and
electric circuit system. The electric sytem is descried by the
equation circuit, while shell element formulation used for thin
regions. The interaction between thin regions and electric circuit
systemis presented. The proposed method enables for modelling
conductors with complex shapes and various skin effects across
thickness of the shell taken into account. A real power station is
modeled by using the integral equations system. In addition, the
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giyra phiéu dién tir, anh huong dén dan cu sinh séng va
cacthiét bi dién tir tai khu vye 1an can (Hinh 1) [3].

Hinh 1. Cudn khdang dat tai tram “Folies”,
Thanh phé Paris, Phap

pé gidm cuong d6 di€n tur xdm nhap vao khu vuc dan
cu, ngudi ta co thé ditcacvongday hodc cactim mongdé
chin dién tir. Nhu da néu & trén, viée tinh todn mo phong
dién tir truong vai cau triic nay rat phtc tap va kho khan.

Trong bai baonay, tic gia ap dung phuong phap tich
phansd dé mo phong dién tir trudng trong cac cutriic co
day dinva tAim mongnéu trén. Uu diém ciia phuong phap
nay la tinh toan don gian, khong cin phaichia ludi ving
khéng khi. Phuong trinh tich phdn mo6 ta 16p vo mong
tong quat, xét dén hiéu Gng bé mit (>5, exd e<o)
duoc thira huong tir nghién ctru [4], [5]. Hé théng day dan
duoc méd ta biang hé phuong trinh mach dién [6-12].
Tuong tac cua hé day dan va ving tim mong duoc trinh
bay trong Muc 2. Két qua tinh toan mé phong duoc trinh
bay va so sanh gilta cadc phuong phap khac & Muc 3.
Cudi cung la phankét luan va dé xuitcac huong nghién
ctru tiép theo.
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2. M6 hinh héa trwong dién tir
2.1. Phuwong trinh mé ti cho viing tim méng

Xét mot cau trac vang mong (thé tich Q) vira dan dién,
vira dan tir v6i bé daye, dién tro suato va d¢ tr tham u,;
[}, I, la mdtbién cia tam mong véi ving khong khi bao
quanh; I'1a bé mat trung binh, nam gitta 2 mat [, [, cla
tam mong (Hinh 2).

: r
el2 I n, N
Thinregion Q x| e
D e
-e/2 n, P

Hinh 2. M6 hinh mat cdt ving vé méng
Bién thién dién tir truong doctheo bé mat trung binh T
cua vung vo mongdugc xac dinh bai [4, 5]

(a+pB) Jgradsw - grad ,A¢dl’
r

4 2o ok fw-Ma nar @
uy—1Jp
=0
véi M, = (M, + M,)/2 la gia tri tr hod trung binhva n la
véc-to phap tuyén caa mat T a= (1+)/6;

a = a/oth(ae), f = a/osh(ae); w 1a mdt tap hop cac
ham trong s6 bé mat theo cAcnit; ¢, ¢, la cac truong vo
huéng gian lwgc tai méi mathién va Ap = ¢, — ¢, goi la
chénh léch truong vo hudng giira hai bé mit.

Phuong trinh (1) thé hién hién tuong dién tir ndi tai bén
trong ving vé mong. Dé tinh dén ving khong khi xung
quanh,chungta s€ ap dung phuong phap tich phan.

TAm mongdugc dat trong ngudn tir truong ngoai Ho. Gia
thiét tir truong Ho khong déi doc theo chidu day cta tAm
mong, ta c6 phuongtrinh tich phan thé hién qua trinh tir hoa
tAm mong gy ra baiHo Va‘l dongdién xoay nhusau [5]:

M M,
= =H, — grad— ( 3 )
Hr — r T @)
1 n X gradA¢g X r
ey
4 Jp r3

véir la véc-to ndi gitra diém tich phan trén I dén diém tinh
toan tir truong; G = th[(1 + j)e/28]/[(1 + j)e/25].

Dé giai hé phuong trinh (1), (2), bangphuong phap sb,
nguoi ta chia 16i mat I thanh n phdn tir tam giac va p nat.
Gia thiét gia tri tir hoa va dongdién tiép tuyén la dong nhat
trén mdi phan tir.

Ap dung phép bién d6i Galerkin cho phuong trinh (1),
ta thu duoc [4,5]

[A]l-[a®] + [B]- [M] =0, ®)
voi [M] 1a véc-to phiac kich thuc 3n; [A®] & véc-to
phuckich thuéc p; [B] la matran (p x 3n) va [A] la ma tran
(p x p) [5]

Xay dyng phuongtrinh (2) cho mdiphan ti, ta thu dugc
hé phuong trinh c6 thé bi€u dién dudi dangma trdn nhu
sau[5, 13, 14]:

[1,]
=
pr—1
voi, [ld] 18 ma trdn don vi; [F] 1 ma trdn (3n x 3n);

[C] 1a ma trdn (3n % p) va [ho] 1a véc-to kich thudce 3n [5].
2.2. Mé phéng hé théng diy din

[F]) - [M] - [cl.[a®] = [h,] Q)

Phuong phap PEEC dugc phat trién trong cic nghién
ctru [6], [7], day la mot trong nhimg phwong phap so thich
hop mé phong hé théng day dan. Nguyén Iy cua phuong
phapnay la xay dungmach dién twong duong vai cac phan
tir dién tro, dién khang tu cdm, dién khang hd cam dugc
tinh toan thong qua cac cong thic tich phan sé [6-12].

Chdng ta xét mot hé thong gdm m day din dang vong
doclap. Mot vongday s& dugc thay thé boi mach dién nhu
Hinh 3 v6i R, L la dién tré va ty cam cia vong day;
M 1a hd cam giira vong déy va caccudn khang[10].

Sectlon b

i
€l T '

Boucle

2n+1
cells
c
2m+1

cells

h,

———T————=

Hinh 3. Mach dién twong dwong ciia mét vong ddy
bién trd cua vong day:
2.1 5)
12
Do tu cam cua Véng day:

R=p

6
L=y, rb[ln( )—2]+g—27r 7 ©
S
HJ cam giita cudn khang véi vong day [10]:
N l=n P=mM ( ) (7)
= M ll ’
Cem+DC@n+1) Z Z P
l=—np=-m
Trong do:
JRi- Ry,(
M@, p) = Loy R ReaD [(2— K2, p)). K(K) —2 - E(K)]
k(l,p)
hy;
R,,(D =R l
2O =Rt
4R, R,, (1
) - 1Ras (D
(Ryi+R,; (D)% + z(p)?
zp) = c+ b
h;=R,—Rs R, =1,

Ta thu dugc hé phuong trinh gidi tich mach dién dudi
dangtong quat:
[z]-[1] = [U] )
v6i [Z] 1a ma trin tong tro (mxm); [I] 1a véc-to dong dién
kich thude m va [U] 1a véc-to dién ap kich thude m.
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2.3. Twong tdc giia hé diy din va ving vé méong din
dién tir

Chiing ta xem xét mot cau tric gdm m vong day dan va
ving véo moéng(dan dién, din tir) nhu Hinh 4.

Ly
Qv
Day din k

S,

Day dan i

Tam mong dan dién din tir

Hinh 4. Cdu triic nghién citu bao gom viing vé mong va
hé vong day dan

Trang thaidién tir truong bén trong ving vo mongduge
mo té~b(’ri hé phuong trinh (3), (4). Trong khid6, hé¢ thong
day dan vong dugc md ta thong qua hé phuong trinh (8).
Chung ta phai xét anh huong ciia hé day dan 1én ving vo
moéng va nguoc lai.
2.3.1. Anh huong ciia hé day dén lén ving voé mong

~ Trong phuong trinh (4) thanh phan tir truong [ho] trén

tam mong gay ra boi dong dién trong cac vong day, duoc
xacdinh bdi dinh ludtBiot-Savart. Tt truong taidiém P &
mat phéng trung binh T’ ctia tAim mong do day din gay ra
¢6 biéu thuc nhu sau:

m
11 u; Xr
m= it "
H,(P) = 2475 e d )

voi li, Si, 2¢; lan uot 1a cuong d6 dong dién, tiét dién va
thétich cia cia day dani; uila véc todon vi chi hudng cua
dong dién trong day dani.

Phuong trinh (9) viét cho cac diém taitdm cua n phan
tir trén mat trung binh cua vung véo mong, ta thu dugc hé
phuong trinh ¢6 dangnhu sau:

[ho] = [D].[1]
v6i [D] 1a ma trdn (3n x m).
Phuong trinh (4) duoc viét lai nhu sau:

< [1,]
pr—1 "

2.3.2. Anh huoéng mé-men tir héa trong ving vé mong |én
hé day dan

(10)

[F])- [M] — [cl.[a®] — [D] - [1] =0 (11)

M&-men tir hoa trén ving vo mong s€ sinh ra mot dién
apcamungtrén diy dank c6 dangnhu sau:

Uk ma =jwf A,,.dQ

Dcke
Trong d6, Véc-to tir thé A,, trén day dink do mo6-men
tirhoa gay ra c6 biéu thic nhu sau [5, 15]:

Mxr
m(P)——Zf
G M, Xr
_MO Zf ai dF
4 r3

i=1"Ti

(12)

(13)

Phuong trinh (12) viét cho m vong day, ta c6 hé phuong
trinh dangma trin nhusau:

[vu,,.] =I[L,,][M] (14)

Trong do6:

[Upne] 18 véc to kich thue m, biéu thi dién 4p gdy ra
trén day dan boi tur hda;

[Lma] la ma tran (m x 3n), biéu thi hd cam gitta phan
tlr tir hoa trong ving vo méng va day dan.
2.3.3. Anh hwong cua dong dién xody trong viing vo mong
1én hé ddy dan

Cacdong dién xody trén vung vo mong s€ sinh ra mot
dién ap cam ung trén day dan kcé dangnhu sau:

Up-j = ja)f A;.dQ

Ock

(15)
Trong d6, véc-to tir thé A, dugc xacdinh bdi cong thire:

o | ban

voi r la khoangcach gilra dlem lay tich phan va diém xét P
va Ji la dong dién xoay ctia phantirthiri cua ving véo mong,

A(P) = (16)

Dong dién trung binh K trén bé mit 1op vo mong duoce
xacdinh boi cong thie [4], [5], [15]:
+e/2
K= f Jdz = n x gradA¢.

—e/2

(17)
Két hop phuong trinh (16) va phwong trinh (17), ta thu

duoc:
(P) _ ,uozf n x graqub

Phuong trinh (15) duoc viét cho m diy dén, ta s& thu
duogc hé phuong trinh dangma tran:

[u] =[1]-[ae]

(18)

(19)
Trong d6:

[U,] 1 véc-to kich thude m, biéu thi dién 4p cam tmg
trén day din do dong dién xody trong viing vo moéngsinh ra;

[Ls] la ma tran (m X p), biu thi hd cam giita phan tir
mangdién trén vung vo mdéng va day dan.

Két hop phuong trinh (3), (8), (11), (14) va (19), tathu
duoc hé ma tran tong quat cudicung nhu sau:

A B 0 AD 0
-C MM -D|x|m|[=]o (20)
L, Ly, Z I U

Trong d6, MM = ltal + [F]

Ur—1

H¢ phuong trinh (20) co (@n+p+ m) an s6. Trong do, n
1a s6 phan tir chia lu6i cia bé mat tAm tAm mong, p 1a sb
nutsinh ra khi chia lui, m1a s6 vongday dan. Sau khi giai
hé phuong trinh (20), ta xac dinh dugc cac gia tri tir hoa,
truong vo hudng cua vingvo mong va dongdién, dién thé
ctia hé day din. Tlr d6 cho phép phan tich dién tir truong
cua thiét bi can nghién ctru.



4

L& Bc Tung, Pham Hdng Hai

3. Bai toan 4p dung

Quay trd lai baitoan da dwoc néu trong phan téngquan
cua bai b4o. Cac thong s cua cuon khang 3 pha dugc
cho nhu sau: Cugn 1 c6 dong dién ia = 1000 sin wt (A),
cuon 2 ¢6 ip = 1000 sin (wt + 120°) (A) va cudn 3 cod
ic =1000sin (wt — 120°) (A). Dé ngin can tirtrudng Xam
nhap khu vuc dongdan culan cdntramdién, tac gia dé xuat
haiphuong an. Phuong 4n tht nhitla dung mot tim mong
sattir hinh tron datngan cach gitta cac cudn khangva khu
vuc can bao vé. Phuong an thrhai, ddtthém mot vongday
va hé thdng can tir truong bao gdm ca vong day va tim
mong sittir. Cécthéng s6 cua cau tric duge cho & Hinh 5
[3]. B séu bémit ciiatimmongla 6=0,339mmm, nho hon
ritnhiéu so v6ibé bay cia no.

TAm méng:

1,=20000, $=2.2x106S/m
Bé day la 3.5mm
Ziim mong=5-15m

tim mong

o Vong day:
=1, s=3.03x10’S/m

‘ 05m r:=9.25mm
3 ’ Zng day=3-85M
2 .IlAm Cudn khiang
el

Y

Hinh 5. M6 hinh cuén khdng 3 pha c6 vong day vd tdm chdn tir
3.1. Trwong hop 1: Chi cé tdm méng chén tir

Pé mo phong bai toan nay, tac gia dung hai phuong
phap. Phuong phap tht nhat la phuong phap tich phan sb
duogc gi6i thidu trong Phin 2 ciia baibdo. Phuong phap thir
haila phuong phap FEM trongkhdnggian 3D. VGi phuong
phap tich phan sb, chung ta chi cin xem xét bé mat trung
binh cua I6p vo méng va chia ludi tai vung nay. Trong khi
voi phuong phap FEM 3D, ching ta phai chia lu6i voi )
phén tir rit 16n, dac biét phaichia nho theo bé day cta tim
mong thi méi c¢6 thé tinh chinh xac phan b dién tir trudng
bén trong va xung quanh.

a) Phuong phap FEM 3D

b) Phwong phép tich phan
Hinh 6. Phan b6 cua dong dién (4/m) trén
bé mat tam chan tr truwong hop 1

Hinh 6 hién thi phan bb dongdién trén bé mat tAm chin
tr dugc tinh toan bang hai phwong phap. Két qua cua
phuong phap tich phan s6 hoi tu voi sé luong khoang
1.000 phén tir chia Iudi trong khi phuwong phap FEM 3D
can 700.000 phan tir & c6 két qua hoi tu. Thoi gian tinh
toan ctia phuong phép tich phan ciing bang 1/10 so véi
phuorng phap FEM 3D. Tuy nhién, phuong phap tich phan
s0 cling c6 nhugc diém. Cac ma tran tir hé phuong trinh
(20) Ia ma tran ddy. Do d6, thoi gian giai ma trin s& ting
1én rit nhanh néu can phai chia lugi day hon nira. Nhuoc
diém nay c6 thé duoc hoa giai bangcac thuattoan nén ma
tran, phuong phap da diém dugc trinh bay trong [16].

3.2. Trwong hop 2: c6 vong day va tim méng chén tie

Muc tiéu cta baitoanla xac dinh chinh xdc dong dién
chay trong vongday va phan b6 dongdién bé mat trén tim
mong. Truge tién bai toan nay duogc tinh todn mo6 phong
bangphuong phap FEM 2D (d6i xtmg truc). Bé co két qua
chinh xac, chiingta tién hanh chia ludi min trong viing tim
mong (Hinh 7). Phuong phap nay cho nghiém hoi tu &
50.000 phén tir chia lu6i véi gia tri dong dién trong vong
day 1a lveng= 736,48+j1904,74 (A). Nghiém hoi tu cla
phuong phéap nay la két qua chinh xac va dugc dung dé
tham chiéu, danh gia cac phuong phap khac.

Mt cit ciia tim mong

Hinh 7. Chia lwéi trong FEM 2D

Tiép theo, baitoan dugc mo phong bang phuong phap
FEM 3D. Nhu di trinh bay & phan trude, phuong phap nay
cn thuc hién chia ludi d3cbiétnho véi vungtrong va xung
quanh tim mong. Ngoai ra, dé xac dinh dugc sy bién thién
dién tir truong rat 16n quanh ving diy dan, viée chia lu6i
min tai ving nay cing phai dugc thyc hién (Hinh 8).
Va cudi cung, baitoan dugc mo phong bang phuong phap
tich phan so.

Hinh 8. Chia luéi ddc biét nhé xung quang vimg ddy ddan trong
phwrong phap FEM 3D

Bdng 1. So sanh két qua tinh toan dong dién trong vong day

Phuong phap FEM 3D
S6 phan tir chia luéi | 380.000 730.000 | 840.000
Dong dién trong 623,90 585,57 585,92
vong day (A) +j1938,11 | +j1877,76 |+ j1992,19
Phuong phap tich phéan
S6 phan tir chia ludi 390 892 1092
Dong dién trong 725,24 725,25 724,25
vong day (A) +j1874,12 | +j1875,05 |+ j1875,58

Két qua nhu Bang 1 cho thay phuorng phap tich phan
s6 hoi tu nhanh va c¢6 két qua gan véi gia tri chinh xac
(tinh toan bang phuwong phap FEM 2D) hon 1a so véi
phuong phap FEM 3D. Sai s6 cua phuong phap tich phan
s0 so v6i FEM 2D 1a 1,6% cho ca phén thyc va phan ao.
Trong khi d6, sai s6 cia FEM 3D la 20% cho phan thuc
va 4,5% cho phan o cia dong dién. Chiing ta ciing nhan
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rqanh lai rﬁng, rAt kho xédc dinh két qua hdi tu chiph Xac
bang phuong phap FEM 3D v6i dang baitodn co cau trac
tammong va daydan.

a) Phwong phap FEM 3D

b) Phwong phap tich phan
Hinh 9. Phdn b6 ciia dong dién (4/m) trén
bé mat tam chan tir truong hop 2

Hinh 9 hién thi phan bb dong dién trén b& mat tAm chin
trong truong hop 2. Chlngta nhan thay, gia tri dong dién
bé mit K giam di so véi truong hop 1. Két qua nay hoan
toan hop ly. O truong hop nay, mot lugng tir truong da
duoc hat vao vong diy, nén tur trudng chay vao tam chan
tur s€ gidm xudng.

4. Két luan

Trong bai bao nay, phuong phap tich phansé di duoc
tac gid ap dungthanh congtrong viéc tinh toan, mo phong
dién tir trudng ctia mot cdu trac co ving din mong va hé
thdngday dan. Két qua dat duoc la rit kha quankhiso sanh
véi cac phuong phap truyén thdngnhu FEM. Phuong phap
tich phan sb dugc tinh toan cho baitoan & khong gian 3D
va ¢ két qua chinh xac hon so v6i FEM 3D. Céc nghién
ctru danh gia nhidu dién tir v6i cac loai tAm chan tir khac
nhau dung phuong phap tich phan s s& tiép tuc dugc dau
tu trong thoi gian téi.

Loi cam on: Nghién ciru nay duoctaitrg bdi Bo Gido duc
va Pao tao trong dé taima sé B2018-BKA-11-CtrVL.
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