TAP CHi KHOA HOC VA CONG NGHE NANG LUQONG - TRUGNG DAI HOC PIEN LUC
(ISSN: 1859 - 4557)

CAI THIEN SAI SO CAC DAI LUQNG TRUONG TRONG BAI TOAN TU DONG CAU
TRUC PHU’C TAP BANG PHUONG PHAP BAI TOAN CON

IMPROVMENT OF INACCURACIES ON LOCAL FIELS IN COMPLEX
STRUCTURE MAGNETODYNAMIC PROBLEMS BY A SUBPROBLEM METHOD

1p3ng Qudc Vuong™ va 2Nguyén Pirc Quang
yién bién, Trudng Pai hoc Bach Khoa Ha Noi; *2 Dai hoc Dién luc

Ngay nhan bai: 07/07/2021, Ngay chdp nhan dang: 14/09/2021, Phan bién: TS. L& Anh Tudn

Tom tat:

MO hinh bai toan tir dong tir déng vai tro rat quan trong trong cac thiét bi dién-dién tir va hé thong
dién. Bai vay, viéc xdy dung mé hinh todn dé nghién cru va tinh todn sy’ phan bd cla cac dai lugng
trudng (tir trudng, dong dién xody, ton hao cng suét..) trong hé théng ndi trén 1a bai toan ludn mang
tinh thdi su d6i v&i cac nha nghién cru va thiét k&, dac biét d6i vai bai toan tir dong c6 cdu trdc phic
tap. Trong bai béo nay, phuang phap bai todn con dugc dé xut vdi cong thirc véc ta tir thé dé phan
tich va hiéu chinh sai s6 cua cac dai lugng trudng xudt hién tlr hiéu (ng canh va gdc clia mién méng
dan tir. Su phét trién cta phuong phap dugc kiém nghiém va dp dung vao bai toan thuc tién.

T khéa:
Bai toan tlr dong, tir thé véc to, dong dién xody, phuang phap bai toan con.
Abstract:

Modeling of magetodynamic problems plays an important role in electrical and electronic equipments
and electrical systems. Thus, a mathematic model is presented to research and compute distributions
of local fields (magnetic fields, eddy currents, joule power losses...) in the above systems being very
necessary and meaningfull for researchers and designers, in particular to complex structure
magnetodynamic problems. In this paper, a subproblem method is proposed for magnetic vector
potential formulations to analyse and correct errors of local fields appearing near edges and corner
effects of thin shell models. The development of the method is illustrated and validated on a practical
test.
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1. DAT VAN PE cua tur truong va dong dién xody trén trong
) bai toan tir ddng voi viing dan c6 cu tric
vo mong. NOi1 dung ciia phuong phéap duoc
thuc hién nhu sau: Mot mién mong dan tur

Nhimng nim gan day, mé hinh bai todn vo
mong da dugc mot vai tac gia phat trién [1]
dé tinh toan sy va mo phong su phan bo
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dang khdi “volume” s& duoc chuyén vé
mién moéng din tir dang bé mit “surface”,
sau d6 viéc chia lu6i s€ duoc thuc hién trén
bé mit d6 [1]. Tuy nhién, diéunay din dén
b6 qua hiéu tng canh va goc ctia mién dan,
va nghiém tim duogc, thuong gap phai mot
sai s6 va can phai duoc hiéu chinh, dac biét
khi chiéu day ctia mién dan ting l1én.

bé vuot qua dugc kho khan trén, trong
bai bao nay, phuong phép bai todn con
duoc dé xuit dé cai thién cac sai sd cua cac
dai lugng truong (tor truong, dong dién
xody, ton hao cong suét...) xuat hién tir
ving mong. Y tudéng cta phuong phap
duoc thuc hién theo trinh tu: Mot bai toan
day du véi kich thudce 16n duge chia thanh
cac bai toan nhé véi kich thudc hinh nho
hon, d6 1a [3-5]:

- Bai todn con thir nhat dwoc gidi voi cugn
ddy ma khong bao gom bat ky mién mong
nao;

- Bai todn con thit hai la dwoc thém mién
mong vao ma khong bao gom bai toan con
thwr nhat da giai trudc do;

- Bai toan con thir ba la bai toan hiéu chinh
nghiém tu bai toan con thir hai.

Mobi mot bai toan nhé duge gidi trén chinh
mién va ludi cia né ma khong phy thudc
vao ludi va mién cua bai todn trudc va sau
do. Diéu nay s€ giam dugc thoi gian tinh
toan vi khong phai xét ludi cua cac bai toan
trude do.

2. MO HINH BAI TOAN TU PONG

2.1. Phwong trinh Maxwell
M®& hinh bai toan tir dong SP; (voii =1,
2... 12 s6 thtr tu cia cac bai toan nhd) ma

c6 nghiém day du 1a tap hop nghiém cua
cac bai toan nho tuong trng voi cac gia tri
cua i. Bai toan x4c dinh trong mién Q; véi
bién la 0Q; =T; =ThiVU bi. Trong do,
dong dién xoay dugc xac dinh trong mién
dan Qci (Qp; € Q;), cudon day thudc vé
viung khong dan Q¢, véi Q.; = Q. ; U Q8.
HE phuong trinh Maxwell voi cac luat
trang thai duoc viét nhu sau [2], [9-10]:

curl hi =ji,diVbi = 0, Curlei = —atbi

(1a-b-c)

b; = u;h; + bs;, e; = o, 'j; + ey,
(2a-b)

nXhlr,, =Jjri 3)

Trong d6 b; la mat d6 tir cam, , h; 1a cuong
d6 tr tor truong, e; la cuong d6 dién
truong, j; 1a mat d6 dong dién, uila do tau
tham cua vat liéu, oi 12 d6 dan dién and n
VEC t& phép tuyén hudng ra ngoai ciia ving
nghién ctru Q;. Truong jr; trong (3) la
ngudn mat SS va thuong duoc xac dinh
bang khong dbi v6i diéu kién bién dong
nhit va khac khong khi n6 duoc xem nhu
12 mot ngudn SS ton tai trén giira hai bién
duong (T7*) va bién &m (I7) cta mién
mong I;. Cac truong bg; va eg; trong (2
a-b) 1a cac ngudn VSs.

2.2. Rang budc gitra cac bai todn nho
SPs vé&i nguén SS va nguén VSs

Rang budc gilta cac bai todn nho SPs
trong mién mong dugc xac dinh thong qua
ngudn mit SS va ngudn khdi VS. Trong
d6, ngudn SS ké dén sy thay doi diéu kién
tiép giap giita 2 bai toan con, con ngudn
VS ké dén sy thay ddi dic tinh vat liéu tir
vung ngay sang vung khéc. Nghién ciru da
duogc thyc hién v6i cong thic véce to tur thé
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a;, khi ké dén thanh phan khong lién tuc
Qg . ; va thanh phan tiép tuyén a;; = (nx
a;)x n thong qua mién mong [1], co nghia
rang [7-8]:

[n %X a,] a;

(4)

trong do, a, . ; dugc xac dinh bang khong

Fts,i -

trén bién I, cia mién mong (TS), noi ma
b6 qua thanh phan tir thong dén. D6i véi
thanh phan trén bién I';" duoc xac dinh nhu
sau [1]:

Ailry = @it @ Qilry,, = aci- (5)
Véi a.; la thanh phan lién tuc cua trudng
a;. Cac truong a; va ag,; la cac thanh
phan tiép tuyén trén bién [ i Dé co dugc
mdi quan hé ngudn SS gitta bai toan nho
SP g (c6 thé 1a mot cudn day) vai bai toan
hién SPp (i = p) c6 thé 1a mién mong TS
thong qua diéu kién tiép giap (ICs) véi
Ve=Vi=vi=vF V& my=-n, mot
mién mong can dugc gia thiét xuat hién
trong bai toan SP q. That vay, taco [1]:

[n X hgly, =n X hq|yq+

alye = 0,(6)
[nx hl,, = [n X hyl, +[nX hyl,

= —O'Bat(zac + ad)ﬂ (7)

—nxh

nx hpl]’; =

1 1
“loBo.(2 —

—-n X hqu;'. (8)

Thanh phan khéng lién tuc [n X k],
trong (7) duoc xac dinh bang khong.

Nhu da phan tich & Muc 1, su thay doi

trong ving dan tir Hq Va g d6i voi bai toan

nhd SP qt6i p, va g, d6i véi bai toan nhé
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SP p, cac ngudn VSs hg;,va j; trong (2
a - b) duoc xac dinh [1]]

hs,p = (HEl - Mal)bq'

Jsp = (0p — 09)€q,

€)
(10)

3. PHUONG TRINH ROl RAC
3.1. Cong thirc tip véc to tir thé

Tu hé phuong trinh Maxwell (l1a-b) va
luat trang thai (2 a-b ) & muc 2.1, phuong
trinh roi rac ang véi bai toan (i = q,p, k)
ddi véi cac bai toan con SPs i duoc xac
dinh thong qua dinh luat ampere (1a), do la
[1-5].

(i tcurl a;, curl @), + (0,0,a;, a))q,
+(o;grad v;, ag)gc‘i + (hs;, curl ag)QC‘i
+(Js,, curl a’i)QC‘i +(n x h;, a{)ph‘i
+(n X h;, a{)pb,i +([n X hi],, aj),,
= (si a)a,,Va; € F(Q), (11

Trong d6 F1(Q;) la khong gian ham dugc
xac dinh trong mién nghién ctru Q;, va
chtra dung ham dang ddi voi truong a;
cing nhu 12 ham thtr a;. Tai muc do roi
rac, khong gian ham nay dugc xac dinh
bang cic phan tir canh. Céac ky hiéu
(-,-)a, Va{.,.)r, lan luot 1a céc tich phan
khdi xac dinh trong Q; va tich phan mat
xac dinh trén bién I;. Tich phan mat trén
bién I}, ; dugc xac dinh nhu mot bién dong
nhit va bang khong.

3.2. Bai todn con véi mién mong

Trén co s& phuong trinh (7), md hinh mién

mong [1-2] xuét hién thong qua dai luong
khong lién tyc ([n X hy],, , a)y, va duge

phan tich nhu sau:
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([n % hp]yp, a;)yp
=([n X hy],,
=([n X h,]

yac +ag)y,
Vp’aé)Yp
+([n % hp]yp, a&)yp, (12)
trong d6 ag va a. 1a cic ham thuu ; ay
duoc xéc dil}h bang khong trén bién I}, =
Ytp cua mién mong [1-2]. Boi vay ma
phuong trinh (12) dugc viét lai nhu sau:

([n X hyl,, ah)y, = ([0 X byl @by,
(13)

Ngoai ra, dai lugng khong lién tuc
([n x hyly,, ac)y,trong (13) dugc xdc

dinh thong qua (7), d6 la:

(In X h,,al),, = (X hyl,, b,
= ([Tl X h ]yprac)yp

= (0B0,(2a. + a,),a.)y,.

3.3. Bai toan con v&i mién hi¢u chinh

+(n x hp|y;)-, a&)prr.

(14)

Nghiém dat duoc tir bai toan con trén
mién mong TS (SP q va SP p) dugc xem
xét nhu 12 cac ngudn khdi VS cho bai toan
hiéu chinh SP k, trong d6 cac ngudn VS
da duoc xac dinh trong (7) va (8). Cac
ngudn nay s& dugc anh xa tir ludi cua cac
bai toan trudc d6 (SP q va SP p) 1én ludi
ctia bai toan hiéu chinh SP k bang phuong
phap xép chong [8]. Do d6, phuong trinh
roi rac cua bai toan hiéu chinh SP k duoc
viét [8]:

(. “curl ay, curl ap)q,
+(0k0cak, ar)a,, + (okgrad v, ap)a,,

Ft — gy (eurl a
+ curl ag), curl ag)q,

+<[n X hk])’t.k' a;()Yt,k

+ (Gkat(aq + ap); a;C)Qc,k =0, Va,’k €
FL(Qp).(14).
4. AP DUNG VAO BAI TOAN THUC TE

Bai toan tng dung la moét bai toan
benchmark TEAM Problem 7 [6, 10] bao
gdm mot cudn ddy dit phia trén, va mién
dan mong (bang vt liéu nhom) dat ¢ dudi
nhu mo ta trong hinh 1 (don vi kich thudc
dugce do bang mm). Cudn diy duoc kich
thich bai ngudn dién xoay chiéu véi sirc tir
dong 1a 2742 A.vong. Do tir thim tuong
dbi va d6 dan dién ctia mién dan mong lan
lugt duogc cho 1a: py piate = 1, Or prate =
35.26 MS/m. Téan sb cua cudn day duoc
xem x¢&t voi hai truong hop 50 Hz va 200
Hz.

v

A
294
late
(aluminum)
w
o

<t

[®))

4 2

_18 [ | 2
& hole | Inductor
- 2742 (AT)
+ - /
(o]
0 —4, \ X
(a) plan
z
'Y
150
Inductor §
108 =
hole plate (aluminum) | 2
0 X

(b) cross-section

S6 28



TAP CHi KHOA HOC VA CONG NGHE NANG LUQONG - TRUGNG DAI HOC PIEN LUC

Hinh 1. M6 hinh hinh hoc cua bai toan
TEAM Problem 7 [6, 10/ gom: Mgt cugn
ddy va mién dan mong.

M6 hinh 3D chia luéi cia bai toan day
dt dugc mo ta nhu trong hinh 2. Sy phan
b cia tir trudng do dong dién chay trong
cudn day duoc biéu dién trong hinh 3.

Theo nhu y tudng cua phuong phép, bai
toan thir nhat duoc gidi véi mot minh cudn

day nhu biéu dién trong hinh 3. Sau d6, bai
toan thtr hai dugc xem xét bang cach thém
mién mong TS.

Hinh 2. M6 hinh chia luoi 3D.

Hinh 3. Su phdn b6 ciia tir trieong do dong
dién chay trong cuon day (f = 50Hz).
Hinh 4. Sy phdn b6 cia dong dién xody
trén mién mong do tir truong bién thién,
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VOi Uy plate = 1, Orpiate = 35,26 MS/m.

Su phan bd cua dong dién xody do tir
truong bién thién trong mién mong giy ra
duogc biéu dién trong hinh 4. Nhu di phan
tich & phan 1, do bé qua hiéu ng canh va
g6c, nén nghiém tim dugc trén mién mong
thuong gip phai sai s va phai duoc xur
Iy/cai thién bang mot ving/mién hiéu
chinh nhu mo ta tai hinh 5.

Hinh 5. Su phédn bé ciia dong dién xody
trén  mién hiéu  chinh (Hr prate =
1, 0y prate = 35,26 MS/m, f = 50Hz).

Hinh 6. Si phdn bé ciia mdt dg ton hao
cOng suat doc theo mién mong va mién

j_volume correction (A/m2) (0/1) 4

€ 4 [ 1ev03 1.38@-‘06¥ = 50 Hay 78glugee co Pction
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Position along the hole of the plate (x-direction) (m)

hiéu chinh, ung voi tan s6 50Hz va 200 Hz.

Hinh 6 mé ta sy phan bd ctia mat do ton
hao cong suat doc theo mién mong va mién
hiéu chinh, Gmg véi tan s6 50Hz va 200 Hz.
Khi tan sb f = 50 Hz, mién hiéu chinh
“yolume correction” c6 thé hiéu chinh t6i
35% tai vi tri gan canh va goc (v6i do thim
sau bé mat skindepth = 11,98mm), va hiéu
chinh t&i xép xi 80% tai khu vuc canh va
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goc ddi voi truong hop tan sé £ =200 Hz
(voi skindepth = 6mm).

500 T

<2 150 | —— £=200Hz, volume SP k ]
S 400} - £=200 Hz, thin shell SP p]
> 350 |
Z 300 f
g 250 1]
5 200 F « o
2 150}
o 100 }
50} m
=0 . . enmeesaaaoy
0.1 0.05 0 0.05 0.1 0.15

Position through the hole of the plate (y-direction) (m)

%)

Joule power density (kW/m
(=] —_ (5] (95} B W [=)}

— =200 Hz, volume SP k
==+ £=200 Hz, thin shell SP p-

-0.05 0 0.05 0.1 0.15
Position along the hole of the plate (y-direction) (m)

Hinh 7. Su phdn bo cua mdt do ton hao
cong sudt doc va ngang qua 16 cua mién
mong va mién hiéu chinh, urng voi tan so

200 Hz.

S
S
f

Phan tich mot cach twong tu, sy phan bd
ciia mat do ton hao cong suat doc theo 15
va ngang qua 16 ciia mién méng va mién
hiéu chinh, ing véi tan s6 200 Hz dugc dé
cap trong hinh 7. Sai s6 dén tir mién mong
duge va duge hiéu chinh véi mién hiéu
chinh 60% tai ving khi di qua 15 va dat t6i

70% tai vi tri g?ln canh va goc cua mién
mong, véi skindepth = 6mm cho ca hai
truong hop.

4. KET LUAN

Bai bao da 4p dung phuong phéap bai
toan nho dé phan tich, tinh toan va hiéu
chinh sai sb cua céac dai lugng trudong Xuét
hién tai cac khu vuc gﬁn canh va gbc cua
mo hinh mién din c6 cdu trac vo mong.
Cac két qua dat dugc da khéc phuc duoc
nhugc diém cua hiéu tng canh va goc cua
mién mong ma cac nhom nghién ciru trude
[1] duoc gia thiét 1a bo qua. Tat ca cac
budc cua phuong phap da duoc trinh bay
va duogc kiém chimg qua cong thirc véc to
tir thé. Pac biét, phuong phap di kiém
chtng thanh coéng cho bai toan qudc té
benchmark TEAM Problem 7 [10].
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