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Tom tat:

Mo hinh bai toan dién tir dong vai tro cuc ky quan trong cac linh vuc clia hé théng dién. Do do, viéc
tinh todn va phan tich bai toan dién dong luon la chi d& mang tinh thai sy va dang quan tam daGi véi
cac nha nghién clru va thiét ké thiét bi dién hién nay. Bai bao nay ap dung phuang phap phan tir
hitu han d& mé phong va tinh todn su phan bd cua tir thdng tan, tir théng rd va tén hao dong dién
x0dy trong cac trudng hagp khac nhau khi thay ddi d6 I6n clia khe hd khdng khi. Phuong phap dudgc
phat trién vdi cong thirc vectd cudng dd tir trudng.

T khoa:

Bai toan dién dong, cong thiic vects cudng do tir trudng, tir thong tan, tir théng ro, dong dién
Foucault, phuang phap phan tir hitu han.

Abstract:

Modeling of electromagnetic prolems plays an extremely important role in the fields of electrical
systems. Hence, computing and analyzing electromagnetic problems are always a matter of concern
and topicality for researchers and designers of electrical equipments. This paper uses a finite
element method to simulate and calculate the leakage and fringing flux distributions, and eddy
current losses of in different situations with air-gap variations,. The method is developed with the
magnetic field intensity formulation.

Keywords:

Electrodynamic problem, magnetic field intensity, leakage flux, fringing flux, eddy current, finite
element method.

1. MO DAU déu dugc mo ta boi hé phuong trinh
Nhu ching ta da biét, hiu hét cac qua  Maxwell cling véi cac luat trang thai. Day
trinh bién do6i dién tir xay ra trong cic  1a cac phuong trinh dao ham riéng viét
thiét bi dién (may dién tinh, may dién  dudi dang vi - tich phan, 1a lién két gita
quay, phanh dién tir...) va hé théng dién  vecto cudong do tr truong, mat do tir cam,
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cuong do6 dién truong va vecto tir thé
thdng qua cac luat trang thai. Dé giai
dugc cac phuong trinh dao ham riéng véi
céc bién 1 cac tham sb vé truong, cac nha
nghién ciu khéng thé thuc hién bang
phuong phap giai tich hoac hoac phuong
phép mach tir khong gian thay thé [1], vi
kich thudc va sb bac tu do cia ma tran rat
I6n, dac biét kho ddi véi cac bai toan co
C4u trdc va hinh dang phic tap.

Do d6, dé giai quyét duoc cac bai toan
nay, nhitng nim gan ddy di c6 nhiéu tac
gia s dung cac phuong phap sé dé giai
va phan tich, cu thé nhu phuong phap
phan t hitu han, phwong phap sai phan
hitu han, phuong phap tich phan s6,
phuong phap phan tir bién... Trong do,
phuong phép phan ta hitu han [2] 1a mot
trong nhitng phuong phap phd bién nhat
va phd hop nhat dé tinh toan, phan tich va
mo phong cac hién tuong dién tir xay ra
trong céc thiét bi dién tur.

Bai bao gidi thiéu mot nghién ciu khai
trién cong thirc vector cuong do tir truong
mg dung phuong phap phan tir hitu han
dé tinh toan su phan b cua tir thong tan,
tir thébng ro va dong dién Foucault trong
mach tir cta thiét bi dién. Nhiéu mo hinh
da duogc thuc hién tuong ung voi cac
truong hop khac nhau vé d6 16n cua khe
ho khéng khi. Sy phu hop cta phuong
phép sé dugc minh hoa théng qua bai toan
thuc té.

2. BAI TOAN DIEN TU

2.1. Phwong trinh Maxwell

Xét mo6 hinh bai toan dién duoc xac dinh
trong mién nghién ctu 2, voi bién
02 =I'=TyUT, trong khong gian hai

chiéu va ba chiéu. Hé phuong trinh
Maxwell cung véi céc luat trang thai va
cac diéu kién bién duogc viét trong khong
gian ba chiéu Eculidean R* [4]-[9] 1a:

curle = —d;b,curl h = j,, divh =0

(1a-b-c)
e CA4c luat trang thai:
b = uh, j=oe (2a-b)
e Cac diéu kién bién:
n X h|r, =0, nXxe|r =0 (3a-b)

trong d6 b la mat @6 ter cam (T), h la
cuong do tu truong (A/m), e la cuong do
dién truong (V/m), u 1a do tir tham cua
vat liéu tir, o 1a @6 dan dién (S/m), j mat
d6 dong dién Foucault dugc xac dinh
trong mién dan tir Q. (Q. € Q); j, 1a mat
d6 dong dién duogc dat vao cudon day duoc
xac dinh trong mién khong din tr QF,
with Q. =Q. U QS va n la vecto phap
tuyén don vi c6 huéng tir trong ra ngoai
ctia mién Q.

Phuong trinh (1a) va (1b) duoc giai két
hop véi diéu kién bién xét dén thanh phan
tiép tuyén cua vecto cudng do tir trudng
va dién truong dugc cho trong (3a) va
(3b).

Pbi véi bai toan tir dong, cac trudng
h, b, e, j s& dugc xac dinh va kiém ching
rang budc théa man so d6 Tonti [4]. Piéu
d6 c6 nghia rang h € Hj, (curl; Q),
j EH, (div;Q), e € H, (cur; Q) va
b € H, (div; Q). Trong d6 Hj (curl; Q)
va H, (dive; Q) la cac khdng gian ham
chira cac diéu kién bién va cac truong ton
tai trén céc bién I, va I, cua mién nghién
ctru Q. Do d6, so dd Tonti cua bai toan tir
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dong s& duogc xac dinh theo biéu do dudi
day [3]:

divy,

) grad,, curly

0]

h
7
0 div, b

Hinh 1. So’ db Tonti [3]

0

Ig
curl, grad,
e.a !

L!

2.2. Phuwong trinh r&i rac véi cong
thirc vecto cwong do tir trwong
Phuong trinh yéu roi rac cho vecto cuong
do tir truong h duoc thiét 1ap dwa vao hé
phuong trinh Maxwell (la-b-c) va cac
luat trang thai (2a-b) & muc 2.1.

Pé théa man phwong trinh Ampere
(1b), cac truong h € Hy (curl; Q),
j €EH, (div;Q2), e € H, (cur; Q) va
b € H, (div; Q) phai duoc kiém tra va
théa man cac luat trang thai dwoc cho
trong (2a-b). Dya vao dinh luat Faraday
(1a), phuong trinh roi rac duoc viét:

jat(b-h’)dQ+qurle-h’dQ =0,
0 0

Vh' € H)(cur; Q) (4)
trong d6 truong h' € HY(curl; Q) la mot
truong cua ham tha “test function” khong
phu thudc vao thoi gian. Ap dung cong
thirc Green cho cong thac (4) véi mién
nghién cuu Q, ta co:

jat(b-h’)dQ+qurle-h’dQ
0 0
+f(n><h)-h’dl"=0,
r

vV h' € H)(curl; Q) (5)
Thay luat trang thai & phuong trinh (3a-b)
va dinh luat Ohm vao phuong trinh (5),
ta co:
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f@t(,uh-h’)dQ+fa‘lcurlh-curlh’dﬂ
Q 0

+ f e curlh'dQ
0

+ | (nxe) -h'dl =0.
r

vV h' € H)(cur; Q) (6)

Cuong do dién truong h trong mién
nghién cttu ) trong (6) duogc xac dinh [5]:

()

trong d6, hs 1a mot trudng ngudn duoc
xac dinh thong qua mat do dong dién
dugc bom vao cudn day j, trong mién Q,
va h, 1a trudng phan tng (bién chua biét)
can dugc xéac dinh théng qua:

h=h, + h,

{ curl h = jg trong mién Qg ®)
curlh =0 trong mién Q¢ — Q

voi

curlh =0 trongmién Q¢ 9)

Trong mién khong din Q¢, trudng ngudn
h,. c6 thé duoc xac dinh thdng qua mot tir
thé vo hudng ¢, d6 1a h, = —grad ¢. Tur
thé ¢ trong mién khong dan Q¢ 1a da tri
va dugc bién d6i thanh don tri dya trén
cac ky thuat cat ¥ thdng qua cac 16 cua
mién dan Q. [4].

Truong h' trong phuong trinh roi rac (6)
s€ duogc lya chon trong mot khong gian
con cua HY(curl;Q), véi curlh’ =0
trong mién Qf, khi d6 h' = h', + R/,
bai lugng tich phén thir ba trong phuong
trinh roi rac (6) duogc xac dinh bang
khong trong mién khong dan Q¢. Do do,
két hop véi phwong trinh (7), phuong
trinh (6) tro thanh:
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f 9,(uh, - h)dQ + f 9, (uhy - h))dQ
0 0
+ f o~ curl h, - curlh’dQ
0

+f(n><e)-h’d1“:0,
r

v h' € H) (curl; Q),
véi curl h). = 0 trong mién Q¢

vah'=h',+h,  (10)
trong d6 HY (curl; Q) dugc xéac dinh trong
mién nghién ciu Q va chaa dung céc
ham noi suy (ham dang) cua truong h
(truong duoc lien két téi tr thé vo
hudng ¢), cling nhu 1a ham thir h'.

Thanh phan tiép tuyén cia cuong do dién
truong n x e trong phuong trinh (8) dugc
xéc dinh trén bién T, cia mién nghién ctru
Q va duge xem nhu 1a mét diéu kién bién
dong nhat “Nummann” va dugc cho &
phuong trinh (3b).

2.3. R&i rac héa cuaa trwwong h

Truong h trong phuong trinh roi rac trong
(8) dugc roi rac hoa theo cac phan to
canh, véi khong gian ham dugc xac dinh
trong lugi cua mién nghién ctu Q, dé 1a:

h= Z hose, (11)

e€E(Q)
trong d6 E(Q) la tap hop cua tit ca céc
canh ciia mién Q, s, 12 ham ndi suy canh
dugc két hop véi canh e va h, 1a thong
lwong cua truong h doc theo canh e. O
day, phan tir ludi st dung 1a cac phan tir
tam giac va tar giac. Nhu da phan tich &
trén, truong phan ang h, = 0 trong mién
khong dan Q¢, do dé h, = —grad ¢.
Do d6, tir thé v6 hudng cd thé duoc phan

tich [4]:

bla = Pcloc + Palrey, + Palr, =

belag + ) Galre + Y balry

i€ecut i€Tt

(12)

trong do, cac ¢y, Va ¢glr, 1a cac dign
thé vo hudng khong lién tuc, chi ton tai va
Xuit hién trong bai todn mé hinh vé mong
va mién khong dan da trj QS [4]. Do do,
dbi voi mo hinh bai toan tir dong ma
khong ké dén hai truong hop, cac ham roi
rac hoa cua tir thé vo hudng sé& khong co
mat trong phuong trinh roi rac.

Két hop gitra (9) va (10), su roi rac hoa
cua truong h— ¢ sé duoc viét lai nhu
sau [5]:

h = hs + hksk,
e€E(Q¢)

+ Z ¢c,n vc,n .
eeN(Qf)

(13)

3. BAI TOAN AP DUNG

Xét mot bai toan dién tir ¢d cau tric hinh
hoc 2-D duoc cho nhu hinh 2. Stc tu
dong trong cudn day 1a 100 (A.vong), do
tir tham tuong d6i va do dan dién trong
mach tr va nip mach tr lan luot 1a
L, = 1000, 0 = 10 S/m Vva tan s6 f = 50 Hz.

Cudn day Mach e

[
[

Cut |ine 2

Khe h¢

1 1

Hinh 2. M6 hinh hinh hoc bai toan 2-D

Bai toan duoc kiém tra voi cac khe ho
khong khi khac nhau. M6 hinh chia ludi
2-D duoc gidi thiéu ¢ hinh 3. Hinh 4 mé
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ta sy phan bd cua mat do tir cam (trén) va
cuong do tir truong doc trong mach tir va
khe hé khong khi do dong dién chay trong
cuon day tao ra (truong hop khe hé khong

Hinh 3. Mé hinh chia lwéi 2-D

- . Magneticfluxdensity. (T) (/1) - - - .
) " 291e-06 ) © 582006
LERTELLD L]

" 38910
ELEEELLEL D S

- " .Magnetic field (Vm) 0/1) | - - .
0.000102 ’ ' 0.416 ' ) 0.831

LUTERL 2R ERRRRR RN

Hinh 4. Sw phan bé ctia mat dé tir cam b (trén)
va cwéng do tir trwwong h (dwéi)

Nhan thdy rang khi d6 tir thim twong dbi

(ISSN: 1859 — 4557)

iy = 1000, d6 day bé mat nho dan dén
hiéu ng bé mit 16n, nén mat do tir cam
tap trung doc theo duong bién phia bén
trong ciia mach tir. Piéu do ciing c6 nghia
rang, su phan bd cudng do tir truong chu
yéu tap trung tai khu vuc cira s6 cia mach
tir va khe ho khong khi. Sy phan bé cua
tir thdng tan va tir thong rod trong cra sd
mach tir va khe hé khong khi duoc biéu
dién trong hinh 5.

Cut lines (1-1) cua su phan b mat do tir
cam doc theo khe ho khéng khi véi cac
khe khac nhac nhau (Air gap =1 mm,
2 mm, 3 mm) dugc md phong tai hinh 6.
Nhan thdy rang, khi khe ha khéng khi
nho, mat do tir cam tan va ro nho, nén hau
nhu toan bo tr cam dwoc khép kin qua
nap mach tir. Nguoc lai, khi khe ho khéng
khi I16n, mat do tir tan va tir cam ro tai khe
ho khdng khi va cira s6 mach tir s& Ién,
tir thdng khép vong qua nap mach tir s&
nho hon.

Flux line in the magnetic circuit and along the air gap (Wb)

-6.25e-09
RRRRRRRAREY

5.36e-09 1.7e-08

Hinh 5. Sw phan bé cta tir théng ® trong mach
twr va khe h& khong khi
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Cut lines (1-1) along the magnetic circuit (m)

Hinh 6. Cut lines (1-1) cia mat do tir cam
(xem hinh 2) doc theo mach tw

Eddy current density (A/m2) (1/1)
3.05e-05 2,65 5.31
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Cut lines (2-2) along the magnetic circuit (m)

Hinh 7. Sw phan b6 cta dong dién Foucault
trong mach tir va ndp (trén) va Cut lines (2-2)
(xem hinh 2) doc theo

Hinh 7 bao céo két qua mo phong chi tiét

vé su phan bd ctua mat do dong Foucault
trong mach tir, trong nap mach tir (trén)
va duong Cut lines (2-2) cua dong
Foucault doc theo mach tir ing voi cac
truong hop khe hd khong khi khac nhau.
Phan tich mét cach tuong tu, khi khe ho
khong khi nho, tir thong trong mach tir
16n, gia tri cua dong dién Foucault s€ 16n
va tap trung manh ¢ khu vyc xung quanh
cudn day. Nguoc lai, khi khe hé khong
khi 16n, tir thong tdn va ro 16n, tir thong
trong mach tir nho, din dén gia tri cua
dong dién Foucault s& nhoé hon. Piéu nay
hoan toan phu hop véi 1y thuyét.

4. KET LUAN

Bai b4do da ap dung thanh cong phuong
phap phan tir hitu han dé mé phong, phan
tich va tinh toan su phan bé caa mat do tur
cam, tu truong, tu thong va dong di¢n
Foucault trong mach tir va khe hé khong
khi &thg vai cac truong hgp khac nhau khi
thay doi bé rong cua khe ha khdng khi.
Phuong phap da dugce ap dung thanh cong
vao tinh toan bai toan thuc té. Cac két qua
dat duoc s& 1a minh ching tin cay, nham
gitp cho cac nha nghién ctu giai quyét
viéc tinh toan dién khang tan, bai toan
nhiét hoic cac giai phap thiét ké téi uu
mach tir ciia hudng nghién cau tiép theo.
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