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Tém tit

Bai toan dién tir luén ton tai va dong mot vai tro rét quan trong trong hé théng dién néi chung va thiét bi dién noi riéng. C6 thé xem day la
bai toan xwong sdng quyét dinh dén qua trinh lam viée va sy 6n dinh ciia hé théng va thlét bi dién. Do vay, viéc phan tich, tinh toan va mé
phong cac hién tuong vat Iy, qua trinh bién dbi dién tir ciia bai toan dién tir luon 1a chu dé rat - dang dugc quan tm va ludn mang tinh thoi sy
d6i voi cac nha nghién ciru trong va ngoai nude. Trong nghién clru nay, nhom téc gia phat trién cong thirc tir the véc to bang kg thuat lién ket
mdt chidu cac bai toan nhé dé tinh toan dé tinh toan cac dai lugng truong (mat do tir cam, dong dién xody va ton hao cong suét) trong mién
dan dién va tir c6 cdu triic vo mong cia cac thiét bi dién tir (nhw man chén dién tir, 15i thép, vé may bién 4p...). Su phi hop ctia phuong phap
dugc kiém chimg thong qua bai toan thuc t& “TEAM problem 21, model B).

Tir khéa: Cong thire tir thé véc to, mdt dé tir cam, dong dién xody, ton hao cong sudt, lién két bai todn con, phwong phdp phan

tie hiru han.

Abstract

Electromagnetic problems always exist and plays an important role
in the fields of electrical systems in general and electrical equipments
in particular. It can be considered as a spine problem decided to the
working process of the electrical systems and devices. Hence, the
analysis, computation and simulation of physic phenomena,
electromagnetic processes of the electromagnetic problems are really
an important topic concerning for researchers in Viet Nam and in the
world as well. In this study, a magnetic vector potential formulation
is developed by one way-coupling subproblem technique to
calculate field quantities (magnetic field density, eddy current
density, joule power loss) existing and occuring in thin conducting
regions of electrical equipments (shieldings, iron cores, transformer
tanks). The development of the method will be verified via the prac-
tical problem “TEAM problem 21, model B).

Key words- Magnetic vector potential formulation; magnetic
field density, eddy current density, joule power loss, one-way
coupling subproblem technique, finite element method.

1. Ditvan dé

Nhu ching ta da biét, cac bai toan tir dong da ton tai va
khong thé thiéu trong hé thong dién cong nghiép va dan dung,
trong cac thiét bi dién, cu thé nhu: chung va thiét bi dién noéi
riéng nhu: may dién tinh, may di€n quay, phanh di¢n tir, cudn
khang. Mot diéu ddc biét ring, cac qua trinh bién ddi dién tir
trong cac thiét bi néi trén déu duoc mé ta thong qua hé phuong
trinh Maxwell va duoc biéu dién dudi dang vi - tich phan. Mbi
quan hé giira cac dai luong truong (tir thé véc to, véc to mat
do tir cam, cuong do tur truong va cuong do dién truong) trong

hé phwong trinh Maxwell dugc biéu dién thong qua cac luat
trang thai.

Pé giai dugc hé phuong trinh Maxwell nay, mot sd
phuong phép s6 phd bién nhu: phdn tir hiru han, phan tir bién,
sai phan hiru han...dugc cac nha nghién ctru ap dung [1]-[3].
Tuy nhién, d6i 'v61 m6 hinh bai toan c6 cAu tric 16n, cau tric
phirc tap va céu tric vo mong, viéc ap dung truc tiép cac
phuong phap trén dé giai s& gap nhleu kho khan, tham chi
khong thé thuc hién dugce véi mién tan s cao ¢ hiéu ing bé
mat 1on.

Do do6, dé khic phuc va vugt qua dugc khé khan trén,
nhém téc gia da phat trién phuong phép lién két mot chidu cac
bai toan con v&i cong thirc tir thé véc to @ dé phan tich, tinh
toan va mo phong cac dai lugng trudng trong bai toan tir dong
ma khong phai sit dung phuong phap lap nghiém [4]. Noi
dung ctia phuong dugc thuc hién theo kich ban chia dé tri [5]-
[7], c6 nghia rﬁng chia m§t mo hinh bai tir dong véi kich thude
16n thanh céac bai toan con vai kich thude nhé hon, trong do:

- Bai toan con thir nhat (SP,) dugc giai véi mét hinh
cudn day ma khong bao gom bat ky mién mong dan
tlr nao;

- Bai toan con thir hai (SP,) dugc thém vao dé giai va
vi ngudn 1a nghiém ctia bai toan con thir nhat SP,;

- Bai toan con thtr 3 (SPy) dugc dé xudt dé hidu chinh
sai sO gdy ra do bai toan con thir SP,.

Tién trinh giai mbi mot bai toan con duge thuc hién trén mién
va lu6i doc 1ap riéng va khong phu thudc vao mién va ludi
cla cac bai toan con trude va sau do. Diéu nay s€ thuan lgi
cho viéc chia lu6i va giam dugc thoi gian tinh toan, nang cao
dugc do tin cay cia két qua. M&i mot bai toan con dugc rang
budc thong qua cac ngudn mit va ngudn khdi [5], [6].
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2. Céu tric bai toan dién tir
2.1. H¢ phwong trinh Maxwell
Xét bai toan tir dong dugc xac dinh trong mién nghién ctru

€, v61 bién 0Q =T =T U I trong khong gian hai chiéu va
ba chiéu (Hinh 1).

r=r,url,

Hinh 1. M6 hinh téng quét bai toan dién tir.

H¢ phuong trinh Maxwell cua cac bai toan con thi i, cac
diéu kién bién cung véi cac ludt trang thai dugc viét trong
khong gian ba chiéu Eculidean R3 [7], [8] la:

curl H; = j,,divb; = 0,curl e; = —a,b; (la-b-c)
trong do h; 1a cuong do tir truong (A/m), e; la cuong do dién
truong (V/m), b; 1a mat do tir cam (T), u 1a d6 tir tham cua vat
lidu tir, o 1a d6 dan dién (S/m), j 1a mat do dong dién thudc
vé mién khong dan tir QS (v6i Q= Q. U QF). Cac diéu kién
bién cua bai toan dugc xac dinh trén I'y va e, d6 la:
nxh; =jr;, nxXbilr,, = fr; (2a-b)

Trong d6, n 1a véc to phap tuyén don vi.

Cac truong jr; va f; trong phuong trinh (2a-b) duoc
xac dinh nhu la cac nguon mat (SSs) ton tai va xuat hién tai
bé mit tiép xuc giita cac bai toan con thong qua cac bién y;
and y7 [S]-[8].

Céc luat trang thai dugc xac dinh:

h; = ui*b; + hy,j; = o€ + js (3a-b)
Trong do, j; la mat d§ dong dién xody dugc xac dinh trong
mién dan tir Q. (v6i Q.  Q), cic trudng hg; va j; 1a cac
ngudn khéi (VSs) biéu dién sy thay d6i dic tinh vat lidu tir bai
toan con nay dén bai toan con khac. Vi du thay ddi tir bai toan
con i =p dén bai toan con i =k, céac truong nay duoc xac dinh
nhu sau [8]:

— -1 -1
hs,k - (:uk — Uy )bp' (4)
Jsk = (O — O-p)ep- Q)
T b1 - curle=-2,b
[i=oe] | avp=o
Fy (o) 0 FS
}  grad; _ dive }
Ol | B uh=b b
}  cudy _ cude ¢t
Fi? ' j J=c ¢ e (a,a%) ’ Fe
} divy grade }
Fy 0 (o) F?l

FE‘ a—gradv

Hinh 2. So d Tonti [6].

Hé phuong trinh (la-b-c) dugc giai véi cac diéu kién bién
(2a-b) va cac luat trang thai (3a-b).

Ngoai ra, cac truong h;, b;, e;, j; s€ dugc xac dinh va
kiém ching thong hai canh bén trai (“4’-side) va canh bén
phai (“e”-side) clia so d6 Tonti [3] (hinh 2).

Trong d6, cac truong h; € F, (cur; Q) , j; €
F, (div;Q) , e; € F,(cur; Q) va b; € F,(div;Q) .
Fy, (curl; Q) va F, (dive; Q) 1a cac khong gian ham chira cic
diéu kién bién va cac truong ctia mién nghién ciru Q.

2.2. Phuong trinh roi rac véi cong thire véc to tir thé a

Phuong trinh Maxwell (1a-b-c) dugc viét véi cong thic
véc to tir thé A cho céc bai toan con SP; (i=g, p, k) dugc thé
hién nhu sau [4]-[9]:

(uj tcurl a;, curl ai)g, + (0;0;a;, a{)gc'l. + (hs‘i, curl ag)ﬂi
+<nXxh;a;>p,,r,+<[nxhl,,a >,

= (jua)a,, v a; € F(Q), (6)
trong d6 cac mién nghién ctru Q.; va Qgi bao gém khong
gian ham chira cac ham ndi suy (ham dang) va ham thu. Tai
murc d0 roi rac, khong gian ham nay dugc xac dinh thong cac
thong lugng véc to canh. Cac ky hiéu (-, ), va <-, - >,lan
luot 1a céc tich phan khdi xac dinh trong mién nghién ctru Q
va tich phan mit xac dinh trén 77 Tich phén trén bé mit I, hi~
I} ; duge xac dinh bing khong thong qua didu kién bién tu
nhién [4].

Tich phan < [n X hi]r,,, a; > trong (6) dugc xac dinh
trong [4], d6 la:

< [nx hi]rt’i,ag > =
< —0B0,2a.; + ay; a; >.(7)

3. Roirac hoa ciia dai lwong tir thé véc to a
Tir thé véc to a trong phuong trinh roi rac (6) dugc roi rac
theo phan tir canh v&i khong gian ham F,(curl; Q) trong so

dd Tonti [3] va duoc xac dinh:

eSe,) ®
e€E(Q)

a =

trong d6 E(Q) 1a tap hop cua tit ca cic canh cua mién Q, s,
13 ham ndi suy canh dugc két hop vdi canh e va a, 1a thong
luong ciia truong a doc theo canh e ctia mién nghién ctru.
Thay phuong trinh (7) va (8) vao phuong trinh (6), phuong
trinh roi rac dugc viét lai nhu sau [3]:

-1 1
u; “curl a.Se, curl a;

e€E(Q) Q
i

+ O'L'ai
ecE(Q)

a,Se, Q]
O-c,i
+ (hgy, curl a{)n_
4
+ < —0Bo,(2a.; +ay;, a; >
= (juaDa,, vV a; € F(Q), (9)
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4. Ket noi nghiém giira cac bai toan con

Nhur da phan tich & phén trudc, nghiém ciia bai toan con (SPy)
a, dugc giai trong mién Q,  Q,, dugc xem nhu la nguon
cho bai toan con tiép SP, theo dugc giai trong mién Q, < Q.
Mot cach twong tu, nghiém cta bai toan con (SP) a,, s€ la
nguén cho bai toan SPx. Tai mrc d6 roi rac, nghiém cia cla
céc bai toan con trude a4 dugc xdc dinh trén lugi va mieén Q,
dugc anh xa 1én ludi va mién cua bai toan con Q, thong qua
phuong phap anh xa nghiém [4], do la:
(curl a,_, curl a;,)ﬂp = (curl ay, curl a;,)np,

' 1
va, € F(Q,) (10)

’ _ ’

(curl a,_y, curl ak)ﬂk = (curl a,, curl a")ﬂk
Y aj, € Ff(Q). (11)

Trong do, F; (Q,) va i (Qp) la cac khong gian ham cho cac
ngudn a;_, vaa, j.

5. Bai toan ung dung

Bai todn tmg dung dé kiém ching su phat trién ctia phuong
phap bao gom 2 cudn ddy va mot man chan dién tr “TEAM
problem 21, model B [9]” nhu mé ta tai hinh 3, vdi cac tham
s0 suc tir dong 10A.vong; f= 50Hz (tan s0), 4, = 200 (do tur
tham tuong ddi va o = 6.484~ (do dan dién).

B —-—_‘}——— . 1 ‘
i Inductorl
» 4 [}
= k=
S 200 _| [|I*
B 4{ | -
— — |
|
o 3
ol
o |
Inductor2 | |
|

a I

Hinh 3. M6 hinh 2D cua bai toan “TEAM problem 21 [10].

Theo nhu kich ban di trinh bay & phan 1, tién trinh giai bai
toan duoc thuc hién 3 bude: bai toan thir nhat SP, duoc giai
(xem xét) voi cudn diy ma khong bao gdm mién din mong;
sau d6 bai toan thir 2 v6i mién dan mong SP, duge thém vao
qua ngudn mit (SSs); sai s ctia mién méng dan tir dwoc hiéu
chinh théng qua bai toan thir ba SP; véi diéu kién bién la
ngudn khdi (VSs).

Su phan bd cua mat do tir thong sinh dugc ra boi dong dién
dat vao cudn day v4i mo hinh bai toan con SP, dugce biéu dién
nhu hinh 4 (tén). Nghiém nay dwoc xem nhu 1a mot ngudn
mit SS dé tinh toan sy phan bd ctia tir truong trén mién mong
dan tir SP, (hinh 4, giita). Tuy nhién, nghiém ctia mién mong
xudt hién mot sé sai sé do bo qua hi¢u rng canh va goc. Do

d6, nghiém nay dugc hi¢u chinh béng mién hiéu chinh SP;
thong qua nguon khoi (VS) (hinh 4, duoi).

) :
ST e A, -
SRS e o

K
o
.
i

/i

i
2y
X
o

s
‘ﬁ%
W
WV

B '

Co D T
v, t01e22 - -0
O~ CHHITHIET

del SPp ¢

T r0.0048a * N X"
SowHpany s -

P . ~

C N
7 v volumé con't_ec\ti‘@n\

©279e22 ' - 0.0458
L LR RS RRRR RN

T nogte"
HITHE S =

Hinh 4. Sy phan bé ctra tir fhéng trén céc bai toan con: Si’q (fréﬁ), SPp
(giita) va SPk (duwdi).

Su phan bd cua cua mat do cong sudt ctia cac bai toan con
(SP , va SP;) doc theo man chén dién tir ing vdi cac bé day
khéc (d = 1.5mm, d=7.5mm va d = 10mm) va cac tham s6
dic tinh vat liéu (= 1,u = 100) tan sd (f = 50Hz, f =
200Hz) khac nhau dugc tinh toan va biéu dién trong hinh 5 va
Béng 1. Cu thé trong Bang 1, véi truong hop d = 1.5mm, sai
s0 16n nhat giira nghiém tim duoc tir bai toan con SP, va SP;
nho hon 17.54%.

Tuy nhién, tng v6i khi bé day cua tdm chén dién tir ting
1én tir d = 1.5mm dén d= 10mm, véi u=1, tan s f=200Hz,
sai s 1én t6i 53.2%, v6i hiéu tmg va d6 thim sau bé mat & =
0.218mm. Nghiém cta bai toan hi¢u chinh SP; ciing duoc
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kiém chimg va so sanh véi nghiém tim dugc tir phwong phap
phan tir hitu han kinh dién v&i sai s6 nho hon 3% (hinh 5).

Sai sb cua nghiém bai toan con SP, sau khi da dugc hiéu
chinh boi mién hiéu chinh SP; dugc thé hién trong hinh 6. C6
thé nhan théy, sai sé nho hon 0.01% tmg véi cac truong hop
d=1.5mm, d =7.5mm va d = 10mm, diéu d6 chimg t6 ring
viéc hiéu chinh sai s xut hién trén mién moéng dan tir thong
qua mién hiéu chinh dat két qua chinh xéc rét cao.

Nf;léo
= 140
5120
100 v d=10mm, p=1, f=500Hzx\, reference
G 30 | — d=10mm, p=I, f = 500Hz, “\volume SP k|
) d=10mm, p=1,f=500Hz, “x TSSPp
T 60 - - = d=7.5mm, p=200, f = 50Hz, SP k|
e | S e d=7.5mm, u=200, f = 50Hz, SPp
g 40  d=1.5mm, p—zoo = 50Hz, SP k|
2 20 .
= S I N T S L L L L L L L L L L LR Ty PP P S
2 0 teond LN /
0 0.05 0.1 0.15 0.2 0.25

Position along half-plate, from the middle to the end (m)

Hinh S. Sy phan bb mat do cong suét ciia céc bai toan con (SPp va SPk),
vai cac bé day, tham so vat li¢u va tan so khac nhau cia man chan dién tur.

Bing 1: Tén hao cong suat trén mién mong va mién higu chinh véi céc chidu
day khéac nhau cta tm chén dién tir trude khi hiéu.

d Tén hao cong suit (W)
U Nghiém cia | Nghiém cia | error
H v T
(mm) | (H2) |, 5 toin SP, | bai todn SP | (%)
1.5 50 0.019 0.023 17.54
10 50 0.029 0.054 46.30
2 200 0.158 0.224 29.46
10 200 0.125 0.266 53.20
9 0.01
Z0.001
80.0001 |77
2 105
5 1c-06 k
[}
= 1e-07
[}
£ 1c-08 |
g €
M 1e-09

0 0.05 0.1 0.15 0.2 0.25

Position along half-plate, from the middle to the end (m)
Hinh 6. Sai s6 cia nghiém bai toan con SP, sau khi da dugc hiéu chinh
bai bai toan con SP;.

6. Kétluan

Cong thirc tir thé véc to béng ky thuat lién két mot chiéu
céc bai toan con da phat trién thanh cong dé tinh toan, phan
tich va mo phong su phan bd cta tir trudng, méat do tén hao
cong suat trén mién mong dan tir v6i bai toan con SPp Dac
biét, phuong phap da cho phép hiéu chinh sai sé dén tir bai
toan con SP, (do bd qua hiéu Ging canh va goc) thong qua bai
toan con hiéu chinh SP;. Sy phat trién cua phuong phap da
dugc kiém chung trén bai toan thyc té “TEAM Problem 21,
md hinh B [9]”. Cac két qua dat dwoc tir phwong phap sé& la co
s& dé phan tich va tinh toan toan nhiét, cling nhu mo phong

su phan bd ciia tir truong d6i v6i moi trudng xung quanh khi
ké dén man chan dién tir va khong ké dén man chén dién tir.
Ngoai ra, cac két qua dat dugc ciing 14 ciing 1a tién dé dé dinh
hudng phat trién k¥ thuat lién két hai chiéu cho cac bai toan
trong cac nghién ctru tiép theo.

Céc két qua md phong cua bai bao duge thuc hién dya trén
hai phin mém md nguon mé dugc Gmsh
(https://geuz.org/svn/gmsh/) va GetDP
(http://geuz.org/getdp/) dugc viét boi hai gido su Patrick
Dular va Christophe Geuzaine, Dai hoc Liege, Vuong Qudc
Bi. Source code cuia bai toan nay dugc mé rong tur phuong
phap cac bai toan con dugc phat trién boi PGS. TS. Ping
Qudc Vuong, GS. Christophe Geuzaine va GS. Patrick Dular.
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