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PHAT TRIEN CONG THUC LAI TICH PHAN - VI PHAN 3D
DUA TREN VEC TO DIEN TI:IE - UNG DUNG CHO BAI TOAN
O CAU TRUC VO MONG DAN DIEN

DEVELOPING AN HYBRID INTEGRO-DIFFERENTIAL FORMULATION 3D BASED ON THE ELECTRIC VECTOR
POTENTIAL - APPLICATION TO THE CONDUCTIVE THIN SHELL STRUCTURE

TOM TAT

Tinh todn md phdng dién tlr treong ngay cang ¢é vai tro quan trong, dac biét
trong linh vuc thiét k&, ché tao va van hanh cac thiét bi dién - dién ti. Bai bao
nay phat trién cng thikc tich hop gitra cac phirong trinh tich phan vavi phan dya
trén véc-to dién thé, (ing dung cho cac thiét bi dién c6 cau tric dang vo méng
dan dién. Hé phrong trinh cudi ciing duoc gidi bang phuong phap s6. Cong thiic
duoc phét trién c6 wu diém 14 chi chia lwdi ving dan vo mong ma khdng can chia
Iu6i viing khong khi, lam gidm s an va dung lugng tinh toan. Thong qua md
phang, tinh toan cac thong so dién tir cho hai bai toan kinh dién va so sanh véi
phuong phap FEM 2D, phuong phap dé xuét duge kiém nghiém va chiing t kha
nang &p dung trong c4c bai toan thuc tién.

Tlr kh6a: Truong dién tir, ving v mdng dan dién, dong dién xody, phuong
phép phan t& hitu han, phuong phap tich phan 6.

ABSTRACT

Electromagnetic modeling is becoming an increasingly important role,
especially in the design, manufacture and operation of electrical-electronic
devices. This paper develops a hybrid formulation coupled between the integral
and differential equations based on the electric vector potential, applied to
electrical devices with conductive thin-shell structure. The final equations were
solved by numerical methods. The advantage of proposed formulation is the only
meshing on the thin-shell without air-meshing, reducing the unknowns and the
memory computing. Through the modeling and calculation of electromagnetic
parameters for two classic problems and comparison with FEM 2D method, the
developed method was validated and proved applicable in practical problems.

Keywords: Electromagnetics, conductive thin shell, eddy current, finite
element method, numerical integral method.
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Lé Blrc Tung

MOM  Phuong phdp mémen

BEM  Phuwong phap phan ti bién
IDM  Phuong phép lai tich phén - vi phan
1.GIOI THIEU

Cac thiét bi dién [a mot phan khong thé thiéu déi vai
nén van minh dua trén dién nang cla con nguoi. VGi sy
phat trién khong ngirng clia khoa hoc k§ thuat, cac thiét bi
dién ngay cang tinh vi va hién dai hon. Bén canh sy phuc
tap vé hinh dang hinh hoc tir day dén méng, nhiéu dang
thu hinh, tir kich thuéc rat nho dén rat Ién, cac thiét bi dién
con st dung rat nhiéu vat liéu khac nhau: vat liéu dién, vat
liéu tlr, vat liéu cach dién, vat liéu composit... Do vay, viéc
nghién ctru thiét ké ché tao céc thiét bi dién tién tién la mot
thach thirc khong nhé déi voi khoa hoc.

Trong qué trinh ché tao céac thiét bi dién, t6i vu hoa chi
phi la mét trong nhitng van dé quan trong. Clng véi sy
phat trién cla khoa hoc may tinh va cac kién thic vat ly
hién dai, viéc st dung cac cdng cu md phong so ludn duoc
wu tién vi ly do tiét kiém chi phi so véi viéc tao ra thiét bj
mau thuc vi khi st dung mé phéng s, ching ta co thé dé
dang thay déi cac tham s, tao ra nhiéu mo hinh ao dap
(rng yéu cau thiét ké ma khong tén thém chi phi nao [1-4].

Cac phuong phép s thuwong dwgc ap dung trong mo
phéng trvong dién tir duoc chia lam hai loai: Cac phuong
phap hiru han (finite methods) gidi hé phwong trinh
Maxwell dwéi dang vi phan, nhu la phuong phap phan tir
hitu han FEM (Finite Element Method), phuong phap thé
tich hitu han FVM (Finite Volume Method) va cac phuong
phép tich phan so giadi hé phuong trinh Maxwell du¢i dang
tich phan, nhu la phuong phap tich phan bé mat BEM
(Boundary Element Method), phvong phap mé men MoM
(Method of Moment), phwong phap PEEC (Partial Element
Equivalent Circuit) [5-10]. Viéc lva chon mdt trong nhiing
phuong phap trén hoan toan phu thudc vao cac hién tugng
vat ly can md phdng: tn s6 cao hay thép, cé vat liéu tlr hay
khong, c6 xét dén hiéu (ng dién cdm hay dién dung,
ngudn kich thich ngoai... Tuy nhién, khdng cé mot phuwong
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phap la van nang va téi wu trong moi bai toan va viéc lya
chon phuwong phap t6t nhat phu thudc vao tinh chat thiét
bi dién va dai hoat dong clia n6.

Trong cac phuong phap dugc mé ta & trén, phuong
phap hitu han FEM da tré thanh mot phrong phap téng
quat cho viéc gidi cac bai todn dién tir nhu la cac bai toan twr
tinh va céc bai toan tir déng [2]. Hién nay, phuong phap
nay duwoc phat trién va thvong mai héa duéi dang phan
mém mo phong, tiéu biéu la phan mém Maxwell ctia céng
ty Ansys [3], phan mém Flux3D clia cdng ty Cedrat [4]. Tuy
nhién nhuoc diém lon nhat clia phrong phap nay la phai
chia lugi va tinh toan vung khéng khi. Do do, khi st dung
phuong phap FEM dé mé phdng 3D céc thiét bi dién phiic
tap, c6 nhiéu khoang tréng khong khi tao ra cac phwong
trinh phan t& hitu han v&i s6 bac ty do Ién. bBiéu nay lam
cho viéc gidi phwong trinh bang may tinh dién ti 1a rat kho
khan tham chi la khdng thé thuc hién duoc.

Bai bdo nay phat trién cong thiic lai két hop phuong
trinh vi phan va tich phan dva trén véc-to dién thé dé mo
phéng dién tir trong céac cdu tric c¢6 dang v méng dan
dién. Vung vd moéng duoc mo ta béi hé phuong trinh vi
phan va giai bang phuong phap FEM, trong khi dé tvong
tac v6i tir trvong ngoai & vang khéng khi dwgc mé phdng
va giai bang phuong phap tich phan s6. Phrong phap nay
con dugc goi la phuvong phép lai tich phan- vi phan IDM
(Integro-Differential Method). Uu diém clia phwong phap
nam & chd khong phai chia luvdi viing khdng khi bao quanh
dodi twong tinh toan, giam thoi gian cling nhu khéi lvgng
tinh toan.

Phan ti€p theo cua bai bao gid¢i thiéu hé phuong trinh
lai tich phan - vi phan va phuong phép so giai hé phuong
trinh d6. D€ kiém nghiém phuong phap da phat trién, hai vi
du kinh dién da dwvoc mo phong va so sanh két qua trong
muc 3. Cudi cung la két luan bai bao cling nhu cac huéng
nghién cttu ti€p theo sé€ dugc trinh bay trong muc 4.

2. PHUONG PHAP LAI TiCH PHAN - VI PHAN

Coéng thirc dwgc phat trién dya trén nghién clibu cla S.J.
Salon [11]. Tuy nhién, cdng thirc trong [11] ¢6 nhwoc diém la
chi &p dung cho céc cu tric dang phang. Trong phan nay,
tac gia phat trién cac hé phrong trinh cho phép mo phong
dién tlr ciu trdc dang vé méng trong khong gian 3D.

Ving vo mong

G “l)\ _______

Q-

Hinh 1. Viing vd mdng dan dién
Ching ta xem xét mot ving vé moéng dan dién (o, )
c6 bé day e vathé tich Q. T' la bé mét trung binh nhw hinh 1.
) Bién thién dién tir tredng trong ving dan dugc mo ta
bang hé phuong trinh Maxwell;
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rotk=—j«B 1)
rotH=] 2

Phuong trinh Ampére-Maxwell (2) chirng td su ton tai
mot véc-to dién thé T duoc dinh nghia:

rotT=] 4

Xem xét thanh phan phap tuyén cla véc-to cam ng tir
B trén bé mat I, chdng ta co:

(rotE) n=—juB- n (5)

Ap dung phuong phap Galerkine cho bé méit T, phurong
trinh dang tich phan m6ta (5) la;

fwi(rotE) -ndll = —jafwiB~ndF (6)
r r

vGiw; la ham trong s6.
Ap dung déng thirc rot (m U) =m rotU+(gradm x
U, phuong trinh (6) duoc viét lai dwéi dang:
- f (gradw; X E) - ndl' + frot(wi.E) -ndl’
r r

(7)
= —jafwiB-ndF
r

Hoén doi cac bd phan trong biéu thikc clia thanh phan

thr nhat va ap dung dinh luat Stokes trong thanh phan thi
hai vé trai clia phuong trinh (7), ta thu dwoc:

f(E X n) - gradw;dl' — fwiEdF :jafwiB -ndll  (8)
r Cc r

gﬁc w;. E. dIa tich phan dwong theo vong C bao quanh
bé mat I'. Thanh phan nay c6 gia tri bang 0 véi diéu kién
bién [2].

Nhu vay, phuong trinh (8) tré thanh:

f(E X n).gradw;.dI' = jm.fwi.B. n.dl 9)
r r
T (3) va (4), chiing ta c6:
_J _rot1 (10)
(&) (&)

Vay:
(Exn) = %(rot'] X n) (112)

Ap dung déng thirc: grad,(n. T) =(n- grad. T+nXx
rot Tva lru y rang trén bé mit T : n.grad,= 0 va véc-to dién
thé T chi cé thanh phan phat tuyén, ching ta cé phwong
trinh sau:

1
(E X n) == E (grads (Tn))
v6i T, la thanh phan phap tuyéncliavéc-to T. T, =n. T
Phuwong trinh (9) tré thanh:

(12)

1
;fgradwi -grad(T,).dl = —jm.fwi.B. n.dl  (13)
r r

Tir trvdng tai diém P béat ky co thé viét dudi dang:
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H(P) = Hy(P) + H;(P) (14

V&i H, la tir trudng clia ngudn ngoai, H, la tir trvong do
dong dién xoay trong ving dan vo mong gay ra.

Ap dung dinh luat Biot-Savart, ching ta co:

H.(P) = e f Jxr

1Py = dnt ). 13

voi r la véc-to gira diém diém lay tich phan trén T va
diém tinh toan tl truong P.

K&t hop cac phuong trinh (13), (14), (15), chang ta cé hé
phwong trinh cudi cung:

1

Efgradswi - grad,(T,)dl
r
e. g

j J xrdl‘ dr
Ao wil).=4)"

= —jw. uofwi.Ho.n. dr
J=rot '
pé giai hé phuong trinh (16), phuong phap s6 duoc sty
dung bang céach chia lv6i bé matT thanh n phan ti voi gia
thiét mat doé dong dién J la hang s6 trén mai phan ti. Goi p
la s6 nat ctia mang |6i.
Gia tri véc-to dién thé duoc xac dinh duéi dang:

dr (15)

(16)

p
Ty = ) Wil ¥, 2) T (17
k=1

Chang ta thu dugc hé phuong trinh dwéi dang matran:

[A] - [T] + [Bs] - [J] = [hoy]
{ U] = [P] - [T] (18)
Hay l&:

{[A] + [Bs] - [PT} - [T] = [ho] (19)

Hé phwong trinh (2) ¢6 p an so. [A] 1a ma tran phan t
hi*u han kich thuwéc (p xp); [Bs] 1a ma tran biéu thi dinh luat
Biot - Savart, nhan dugc tlr cdng thirc (17) véi gia tri dong
dién xody don vi (p x3n); [P] la ma tréan (3n xp) va [hy] l1a
véc-to kich thwde p biéu thi thanh phan phap tuyén cuda
ngudn tlr trudng ngoai tai mi nat clia mang lwoi.

Céc gia tri thanh phan ctia ma tran [A], [Bs] va [h,] la:

1
A(i,k) = o f gradw; - gradw, dI' (20)
r
. ) U Xr
B.(i,k) = jw. s frwi (frk 3 dl") -mdl’ (21)
hy, (i) = —jw. uofwi.Ho.ni.dF (22)
r

vGiuy la véc-to don vi clia dong dién xody clia phan tr k.

T4c gia dé thiét 1ap céng cu tinh toan trong moi truong
Matlab. Trong phan tiép theo sé trinh bay kiém ching
phuong phép ciing nhe phan tich danh gia khd nang ap
dung, cac hwéng phat trién ctia nghién ctu.
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3. BAITOAN AP DUNG

Do thiéu céc thiét bj dé tién hanh thuc nghiém va do
dém két qua thuc té, nén dé kiém ching phwong phap
dugc phat trién trong muc 2, tac gia da lva chon hai vi du
kinh dién la cac thiét bi c6 cdu tric d6i xing truc (hinh 3).
Véi céc vi du nay, chiing ta c6 thé sit dung phuong phap
FEM 2D dé mé phong va tinh toan. Phurong phap FEM 2D
¢6 s6 phan tl chia ludi khéng can nhiéu nhu trong mo hinh
3D, nén dé dang xac dinh nghiém hai tu va két qua duoc
xem la gia tri chuan khi so sanh véi cac phwong phap khéc.
Cac thiét bi dwgc mo6 phang trong md hinh 3D béi phrong
phap IDM da trinh bay trong bai béo.

Muc dich cla bai toan la xac dinh tén that joule trong
vung dan dang vé moéng va phan bd dong dién trén bé mat
vuing dan.

H,

(]
.

Hinh 2. Cau rbng dan dién

lu :

Hinh 3. Bia méng dan dién
3.1. Cau réng dan dién

Vi du dau tién la mot qua cau rong voi bé day e = 2mm
ban kinh trong la R = 0,1m, dat trong mot tir treong déu
Ho = [0 0 1] (A/m) véi tan sd f = 50Hz. Do dan dién ctia qua
cau la 6x107S/m (hinh 2). Véi tan s6 f = 50Hz, 40 sdu bé mat
& = 9mm thod man diéu dién § >> e. K&t qua tinh toan tén
that Joule bang phuong phap FEM 2D hdi tu & 20.000 phan
tlr chia ludi va co gia tri la 1,14x10° (W).

Hinh 4 1a két qua tinh toan ton that Joule bdi phuong
phap IDM va sai s6 so vai gia tri chuén theo s6 phan ti chia
lwgi. Chiing ta nhan thdy, phurong phap dwoc phat trién cho
két qua tuong tv so voi FEM 2D. Chi can chia lugi thanh
4800 phan tl thi da dat duogc két qua gan chinh xac véi sai
s6 0,3%. Phuong phap nay c6 khd ndang mo phéng dién tir
cac ving dan dang vé moéng.
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—e— Ton that Joule xéc dinh boi pharong phip IDM

—@— Sal 50 (%) so vai ket qua chuan

Ton that Joule (W)
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Hinh 4. Ton thét Joule tinh toan bdi phuong phap IDM va sai s6 so Vi
gia tri chuén
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Hinh 5. Mat d dong dién tinh toan béi phuong phap IDM (A/m?)

Hinh 5 Ia hinh anh chi phan b6 dong dién xody trén bé
mat clia qua cau xac dinh béi phrong phap IDM. Ching ta
cling lvu ¥y ring phuong phap FEM 2D khong thé xac dinh
dugc phan bo nay. Nhu vay phuong phap da phat trién co
kha nang md phéng cac cau trac cong va trong khéng gian
3D. Pay la wu diém khi so sanh véi nghién ctu [11], trong
do chi cé thé tinh toan cho céac ving vé moéng dan dién
dang phang.

3.2. Biamodng dan dién

Bai toan th& hai duoc nghién ctru la mot thiét bi dang
dia méng dan dién c6 ban kinh R = 1m, dit trong mot tir
tredong déu, xoay chiéu H, = [0, 0, 1] (A/m). D6 dan dién clia
dia mong la 6x107S/m va bé day la 0,05m (hinh 3).

Truéc hét, chldng ta xem xét bai toan & tan s6 f = 0,01Hz.
D0 sau bé mét la 0,6m, do d6 chiing ta cé thé xac dinh la
khong c6 hiéu r'ng bé mat trong trwvong hgp nghién ctu.
T6n thét Joule tinh toan bang phuong phap FEM 2D c6 gia
tri hoi tu la 7,33x10°W va dugc xem la gid tri chuén. Hinh 6
thé hién tén that Joule xac dinh béi phuong phap duoc
phat trién theo s6 phan ti chia lwdi.

38 | Tap chi KHOAHOC VA CONG NGHE @ Tap 56 - S6 3 (6/2020)

—e—TON that Joule xac dinh béi pin;mxg phap IDM

—a— Sai 50 (%) so vai ket qua chuan

Ton that Joule (W)
Sa1s0(
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Hinh 6. Ton thét Joule tinh toan béng phuong phéap IDM va sai s6 5o véi gia
tri chuan theo s6 phén i chia ludi 6 tan s6 f = 0,01Hz

Ciling nhu vi du trwéc, phrong phap IDM cho két qua rat
sat vai gia tri chuan. Chuing ta chi can 3000 phan t&r dé thu
duoc két qua gan chinh xac, véi sai s6 bang 0,1%.

Hinh 7 trinh bay phan bd dong dién xoay trén bé mat
tdm dia mong xéc dinh bang phuong phap IDM.
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Dé danh gia thém vé kha nang tinh toan va pham vi ap
dung clia phuong phap IDM, tac gia dé tién hanh tinh toan
mo phoéng voi nhiéu tan s6 khac nhau. Khi tan so tang dan,
do sau bé bé mat tré nén bé dan. Phuong phap dugc phat
trién trong bai bao dva trén gia thiét dong dién khong déi
theo bé day cta vung vé mang sé khdng con chinh xac béi
vi diéu kién § >> e khong dwoc thod man. D€ phuong phap
IDM cho két qua chap nhan dugc (sai s6 bé hon 2% so véi
gia tri chuén), hinh 8 chi ra rang ty sd gitra bé day dia méng
va d6 sau bé mat phai nhé hon 0,5 (e/5 < 0,5).

4. KET LUAN

Bai bao da gidi thiéu, phat trién cong thirc lai, két hop
gitta phuong trinh tich phan va vi phan dé giai bai toan
dién tlr c6 cau tric dang vé méng dan dién trong khong
gian 3D. Phuong phap dwgc phat trién chi can chia lwdi bé
mat trung binh clia vang vé mdng, gilp giam thoi gian
cling nhuv khéi lugng tinh toan. Cac két qua tinh toan, moé
phdng ciing duwoc so sanh véi két qua chuan dat duwoc tir
phan mém céng nghiép dua trén phrong phap phan ti
hitu han 2D. Tuy nhién, phwong phéap con cé sai so khi hiéu
(ng bé mét trong viing dan dién 1on (e >> §). Biém gi¢i han
nay sé duoc dau tw & cac nghién clru tiép theo.
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