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Toém tat - Ngay nay, bai toan trwong dién tr xuét hién & khap moi
no'i trong cudc song, bét clr & dau c6 str dung may dién va thiét bi
dién la & dé ton tai mé hinh trwdng dién tlr. Vi vay ma bai toan
trwdng dién tlr dong vai trd dac biét quan trong trong ky thuat dién
va khoa hoc &ng dung. Viéc xay dwng mé hinh dé nghién ciru va
tinh toan qua trinh bién di trwdng dién tir trong may dién/thiét b
dién 1a bat budc va khong thé thiéu déi véi cac nha thiét ké, nha
nghién ctvu. Céc bai toan truéng déu dwoc mo ta bédi hé phuong
trinh Maxwell va cac luat trang thai [1-2]. Bay la cac phwong trinh
dao ham riéng dbi véi vécto tlr thé a va cwong do tiv trwdng h,
phan bd trong khong gian va bién ddi theo thei gian. D& tinh toan
dwoc sw phan bd tir trudng, dong dién xody va ton hao cong suét,
nhém tac gia da ap dung phwong phap phan tt hiru han [3].

Tir khéa - phwong phap phan t& hiu han (PTHH); tir trwdng; tinh
toan dong dién xoay; véc to tir the; bai toan tr ddng.

1. Pat vin dé

Viéc tinh toan tir truong, dong dién xoay va ton hao
cong suit trong may dién ciing nhu hé thng dién c6 thé ap
dung phuong phap giai tich hoac phuong phap mach tir
khong gian thay thé [5]. Tuy nhién, véi phuong phap giai
tich, khi bai toan c¢6 mé hinh phirc va didu kién bién giita
cac moi trudng tiép giap phirc tap, mién gia tri phi tuyén
thi viéc ap dung phuong phap giai s¢ gdp kho khan (gay ra
sai s6 16n) va doi khi khong thé thuc hién dugc. Dbi véi
phuong phap mach tir khong gian thay thé, mot bai toan co
céu trac phtc tap dwoc chia thanh cac mién con c6 hinh
dang hop 1y va tao thanh mot ludi céc phan tir trong khong
gian 2D hodc 3D. Uu diém cua phuong phap 1a dam bao
dugc do chinh xac cao, tuy nhién véi mo hinh ¢ s6 bac tu
do 16n hon 100, thi viéc ap dung phuong phap ndy khd
khan va khong dap ung duoc [5].

Pé khic phuc duoc nhuge diém cia hai phwong phap
trén, trong nhitng nim gan day cac nha nghién ctru thudng
ap dung phuong phap s6 dé phan tich va tinh toan bai toan
trudng. Phuong phap ndy Gng dung dbi véi cac bai toan da
bién ma phuong phép giai tich va mach tir khong gian thay
thé khong thé thyc hién dugce. Mot trong nhitng phuong
phap sb hay duoc ap dung, d6 1a phuong phap phan tir hitu
han (PTHH). Trong bai bdo nay, nhéom tac gia da ap dung
phuong phap PTHH dé giai bai toan trudng v6i mé hinh
bai toan tir dong ctia véc to tir thé a dé tinh toan sy phan bd
clia tir trudng, dong dién xody va mat do ton hao cong suat.

2. M6 hinh bai toan tir dong
2.1. H¢ phwong trinh Maxwell
Trong phan nay, nhém tac gia da dwa trén hé phuong
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trinh Maxwell tng quat cting véi cac ludt trang thai, va két
hop vé6i so dd Tonti (Hinh 1) [6] dé dua ra cong thirc véc to
tir thé a ciia bai toan, sau d6 ap dung phuong PTHH dé giai
bai toan trong mién nghién ctru Q. So dd Tonti con dwoc goi
1a so d6 co ban hodc so do kép lién quan dén cac phuong
trinh can tim cuia bai toan. Piéu ny c6 nghia 1a theo hang
ngang phia trén va phia dudi ciia so 6 (Hinh 1) 1a cac biéu
thirc lién quan dén phuong trinh tir truong. Trong khi do,
theo hang doc ciia so dd biéu dién luat trang thai.

grad,, curly, . divy
h 7 0
ji
dive curl,
0=——-b=—"a

Hinh 1. So' d@6 Tonti [6]

Xét mo hinh bai toan dién tir kinh dién duoc xac dinh
trén mién Q voi diéu kién bién 0Q =T =T, U T trong mién
khong gian hai chidu va ba chidu. Mién dan tir trong mién
nghién ctru cua Q duoc ky hidu Q¢ va mién khong din
trong mién nghién ciru cua Q ky hiéu Q. Mién Qs clia
cudn day thudc vé mién QcC. Hé phuong trinh Maxwell,
cac luat trang thai va céc diéu kién bién duoc dwoc viét
trong khong gian ba chiéu Eculidean E3[3]:

curlh = j, divb =0, curle =—0,b (la-b-c)
h=p'b+hj=oe+]j (2a-b)
nxh|,. =0, nxb|, =0 (3a-b)
n><e|recrb =0 (4c)

trong d6: h la vécto cuong do tir truong (A/m), e 1a véc to
cuong do tur truong (V/m), b 1a mat @6 tur thong (T), j 14


mailto:tuyenttbk48@gmail.com

ISSN 1859-1531 - TAP CHi KHOA HOC VA CONG NGHE DAl HOC DA NANG, SO 7(104).2016 57

mat d6 dong dién (A/m?), u1a do tir thim, ola do dan dién
(S/m), va n 1a véc to phap tuyén don vi c6 hudng tir trong
ra ngoai ciia mién Q. Cac truong hg va jg trong (2a) va (2b)
la cac nguén ma c6 thé duoc st dung cho sy thay ddi dac
tinh vat liéu trong mot ving din [6]. Cac diéu kién bién
trong (3a- b) va (4c) thuong dugc xac dinh bang khong dbi
v6i cac didu kién bién dong nhét [6]. Truong hop néu khac
khong, chung dugc xac dinh thong qua cac ngudn méat dugc
xuét hién trong mién mong 1y tuong giita y* and v~ [7].
2.2. Phwong trinh yéu nhin cho vécto tir thé véi mé hinh
bai todan tir dong

Phuong trinh yéu nhén cho vécto tir thé a v6i mé hinh
bai toan tir dong duogc thiét 1ap dua trén hé phuong trinh
Maxwell tong quat va cac luat trang thai da dugc thé hién
trong muc 2.1. Nhu ching ta di biét, dé thoa man duoc
dinh luat Faraday (1c), thi truong b thudc khong gian ham
He (div, Q) (b € He (div, Q)) va truong e thudc khong gian
ham He (curl, Q) (e € He (curl, Q)) [6]. Piéu nay tuong
duong véi viéc kiém chung lai so do Tonti (muc 2.1 [6]).
Hon nita, dé thoa man chinh xac cac lut trang thai (2a-b),
thi trwong h € He (div, Q) va j € He (curl, Q). Pinh luat
Ampere (1a) ciing duoc kiém chimg mot cach “weakly”.
Cong thirc yéu nhan cho vector tir thé a dugc xac dinh dua
vao dinh luat Ampere (1a) nhu sau [1], [6]:

(curlh a)o=(js,.a)q, Va'e HL(curlh;Q), (5)

trong do He (curl N)la khong gian ham duogc xac dinh
mién nghlen ctru Q (bao gdm Q¢ va QC), va bao gdm cac
ham n6i suy (ham dang) cho truong a va ham thir “test
function” a' (tai mién rdi rac, khong gian ham nay duoc
xac dinh théng qua cic phan tir hitu han canh [6]). (-, -)Q
Va < -, - > lan luot 14 cac ky hiéu cua tich phan khéi dugc
xac dinh trong mién Q, va tich phén mat dugc xac dinh trén
bién 0Q =T (v6i I' =T’ U I'e) (Hinh 2) cta cac tich truong
vector cua ching. Trong do, tich phan mat trén bién I, ké
dén diéu kién bién (3a), dugc xac dinh bang khong. Bing
cach ap dung cong thirc Green vai curl-curl [6] trong mién
Q cho céc truong h va a’, ta cé:

(h, curla)g +(nxh, a’). =(js,a)q,

6
va'e Heo(curl h; Q), ©)

I'y e

Hinh 2. Mién nghién ciru Qva dwong bién bao quanh I’

Dé thoa man so @6 Tonti (cho ca dinh luat Faraday va
dinh luat Gauss), cac luat trang thai (2a-b) dugc gidi thiéu
vao phuong trinh yéu nhan (6), do la:
(u'b,curla’)g - (ce, a)q +(nxh, a’). =(js.a)q,
va'e H (curl h; Q).

Thay biéu thirc véc to mét do tir thong b = curl a va véc

()

to cuong d6 dién truong e = - da — grado vao phuong trinh
(7), ta cé:

(u‘lcurla,curla')g +(c0:a, a')QC +(cgra\dv,a')Qc
+<n><h,a'>1_h+<nxh,a'>l_e =(js,a"q, (8)
va'e Heo(curl h; QQ),

tir thé vector a trong (8) dugc xac dinh 1a duy nhét trong
cac mién dan Q, thi mot diéu kién Gauss phai dugc dat
vao moi noi trong mién Q [1]. Phuong trinh yéu nhan (8)
cho thiy ring, bang cach lay a’ = gradv’ nhu 13 mot ham
thir dé c6:
(c0;a, gradv')o_+(ogradv,gradv)o =(n-j,v'). , o)
w'e H (@),
trong d6 Iy 1a mot phan cia bién Q¢ va mang mot dong
dién. Phuong trinh (9) thyc té 1a mot phwong trinh yéu nhan
ctia divj = 0 trong mién dan Q. Cac truong trén mat bién
Te v6i céc diéu kién bién can thiét trénn-b thi thuong bo
qua boi vi tai d6 thi gia tri ctia ham thir bang khong, vi vay
n6 khéng dong gop trong phwong trinh (8). Su ton tai cua
truong Nx htrong (9) dugc sir dung diéu kién bién “natural
condition” trén bién ctia I' ctia mién nghién ctru Q, d6 la:
(nxhjr, =0=n-curlh|r, =0 < n-jlp, =0) (10)

3. Tinh toan tir trwong tir/dong dién xody thong qua
cong thirc véc to tir thé a

Dura vao cong thirc véc to tir thé a da duoc phat trién &
phan 2.2, nhém tac gia s dung phan mém Gmsh [8] dé
xay dung mo hinh véi kich thudce hinh hoc thuc té cua bai
toan, va phan mém GetDP [9] dé x4y dung mé hinh toan
Vi cac phuong trinh yéu nhan. Két qua dat duoc tir GetDP
s& duoc md phong thong qua phan mém Gmsh.
3.1. Bdi todn vrng dung 1: M0 hinh 2D cugn ddy véi mét
man chin di¢n tir

Xét mot bai toan véi mé hinh 2D gdm mot cudn day va
mot man chin dién tr co cAu tric moéng dat phia trén nhu
Hinh 3. Trong d6 cudn day c¢6 kich thude 12.5 x 12.5 (mm),
khoang cach giira hai cudn day 1a Hz = 60mm, dong dién dat
vao cudn day 1a I = 1A, tan s6 f 1a 50Hz va 300Hz, s6 vong
day 1a N = 1000 vong, chiéu dai cia man chan 1a H; =
120mm, chiéu day ctia man chin la d = 5mm, khoang cach
gitta tim chén véi cudn day 1a Hp = 60mm. ur = /o Va o lan
luot 14 do tir tham tuwong d6i va do dan dién ciia man chan.

Tdm man chin 1

dr ]
| H, |
= E‘lﬁ y Cuédn cam
1 |Hyg ;{—}‘r |:|

l
Hinh 3. M6 hinh cuén day va man/tam chdn
Mb hinh chia lu6i 2D dugc thé hién trong Hinh 4 véi
hai cu trac phan tir lu6i khac nhau. Dé dam bao duoc kich
thuéc cta phan tir lugi luén nhé hon & (skindepth
8 = J2/ 2af p.o chidu sdu phan b cua trudng trén bé mat
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clia man chén), man chén (ciu trac mong) su dung phan tir
ludi 1a dang chir nhat véi 8 16p. Poi vdi khu vuce cudn day
va xung quanh cudn day (khong khi) sir dung phan tir luéi

thua c6 dang tam giéc.

VY
2 x

Hinh 4. M6 hinh chia ludi 2D véi 1 man chdin

L

a(Wb/m) (0/1)
-1.22e-09

-0.000508
T

v
0.000508 |z x

a)-(u=1,0=10MS/m, f=50Hz)

C R

a (Wb/m) (0/1)
-0.000529 1.44e-09

Y
0000529 |z _x

b) - (u = 100, ¢ =10 MS/m, f =50Hz)
Hinh 5. Sy phdn bé ciia vécto tir thé a

Hinh 5a miéu ta sy phan bd cua véc to tir thé véi do tir
thim p = 1, tin s6 f = 50Hz, chidu day ctua man chin d =
5mm. Vi do tir thim trong tim chén bang 1, hau hét tir thé
phan bd trong khong gian ma khong tap trung vao tim
chan. Truong hop khi do tir tham duoc tang lén p = 100,
sy phan b ctia tir thé Itc nay chi yéu tap trung nhiéu vao
tam chén va dugc thé hién trong Hinh 5b.

Su phén bd cua tir truong duge biéu dién théng qua mat
do tir théng b (véi b = curl a) duge miéu ta trong Hinh 6a
va Hinh 6b. Déi véi truong hop man chin c6 do tir tham
cao hon c6 nghia 1a  s€ nhé hon va hiéu rng bé mit s& 16n
hon, diéu nay dan dén tir truong hau nhu khic xa va tap
trung 16n vao man chén tai khu vuc 14n cén canh va gbc
clia tim chin ma khong phan bd ra ngoai.

(=1, 6 =10 MS/m, f= 50Hz)

‘b(T) (6/1}
0.0805 - 0.161
- .

1.27e-07
g

Y
z_x

b) (u =100, c =10 MS/m, f =50Hz)
Hinh 6. Sw phdn bé ciia vécto mdt dg tir théng b
Su phéq bd clia mat do d(‘)ng dién xoéyj doc theo chiéu
day va tlr dau dén cudi man chan dugc thé hién trong Hinh
7 v6i i =100, 0 =10 MS/m va f = 50Hz.

Current js (A/m2) (0/1)  Eddy currentj (A/m2) (0/1)z
0 6.46+06 438 2.46e+08/ | X
E | E |

Hinh 7. Su phdn bé mét do dong dién xody doc t]zeo man chén
(trén) va su phdn bo cua mdt do dong dién nguon trong cuon
day (dwoi) (u = 100, 6 =10 MS/m, f— 50Hz)

Sy phén bd cua j 1a dbi xang, chu yeu tap trung & hai
dau man chén, tai vi tri gitta cua man chin khéng c6 su
phéan bd cua va gan nhu bang 0. Sy phan bd ctia mat do tén
cong suat doc theo bé day cua man chén tir vi tri giita dén
cubi man chin dat dugc théng qua viéc 1ay tich phén j trong
mién Q¢ va dugc chi ra trong Hinh 8. Ta nhan thdy mat do
ton hao cong suét 16n nhét va tap trung tai vi tri cudi cia
man chén, diéu nay c6 nghia réng su phan bd nhiét do tai
khu vuc nay 1a 16n nht.

1 T T
P, - 1=, 059 MSM, f=300H7 |
E — ] = = S/m. =3 N
% 08 F [Tk 100, 5=10 MS/m, f=50Hz :
z ;
'z 06 F ¥
; N
5 04F r
ES *
2 ;
o 02 '
E -
N N T P AP

0 =

0 0.01 0.02 0.03 (.04 0.05 0.0¢

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

Hinh 8. Mat do tp”h hao cong sudt doc theo man chdn, tir tdm
dén cuoi (u = 100, 0 =10 MS/m, f= 50Hz)
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3.2. Bai toan irng dung 2: M6 hinh 2D cuén ddy voi hai

man chan dién tir

Tir md hinh bai toan 1, mo hinh tiép theo clia bai toan
1 dugc phét trién v4i hai man chan vudng géc nhu Hinh 9.
Cau trac phan tir ludi cua man chan tht hai ciing dugc s

dung phan tir ludi dang hinh chir nhat Hinh 10.

Tdm man chén 1

df ]
| , L d

Hy

1 3 . ,
y Cuén cim H5 T4m man chan 2

Jﬁ]dyogg*ﬂ

el

H4 1

Hinh 9. M6 hinh cuén ddy va hai man chdin

B e

Y
lzx

Hinh 10. M6 hinh chia ludi 2D véi hai man chdin

a(wb/m) (01) Y
-0.000559 £3.06e-05 0.000498 @ X
HHHIT [T

Hinh 11. Sir phdn bé ciia véc to tiv thé a

Eddy current j (A/m2) (0/1) Z
123 154e406  3.08et06 ~ | X
FETETT (11T

Hinh 12. S phdn b6 mét dé dong dién xody trong hai man chan

(W= 100, ¢ =10 MS/m, = 50Hz)

14 T T T
- « = W=l 6=59 MS/m, f=300Hz
2 12} : ==, =100, 6=10.MS/m, £=50Hz
g . 5 5
Z 08 O S ;
5 LT 5. .
5 [T T — — :;, e ‘”‘-- B
% ‘0 H
g 04} o : :
2 o : :
ot — ]
0 L i i
0 0.01 0.02 0.03 0.4 0.05 0.06
Position along half-plate, from the middle to the end (m)
Hinh 13. Si phdn b6 ciia mdt dg tén hao céng sudt theo man
chan 1 (d = 3m; D = H2/2)
8 r T T T T
27t - == =1, 6=59 MS/m, f=300Hz
= — =100, o=10 MS/m, f=50Hz
=
?5> -"----.'. "'
= e .. K
D4t Ces -
=} .
29t o
o .
2lr et 1
= .. - f
0 I 1 L I

0 0.01 0.02 0.03 0.04 0.05 0.06
Hinh 14. Sy phdn b6 ciia mdt dg tén hao céng sudt theo man
chan 1, tir tdm dén cuoi (d = 7mm; D = H2/2)

0.4 T T T T T

035 bt v = =1, 0=59 MSIM, £=300Hz
- — p,=100, 6=10 MS/m, =50Hz

02
0.15
(171 T E— —

0

Joule power density (W/m2)

0 0.01 0.02 0.03 0.04 0.05 0.06
Position along half-plate, from the middle to the end (m)
Hinh 15. Su phdn bé ciia mdt dé tén hao cong sudt theo man
chan 1, tir tam dén cuéi (d = 3mm; D = 2H>)

25 T T T
S ©w- =1, 6=59 MSM, f=300Hz
g . = =100, 6=10 MS/m, f=50Hz
= 2 J S S — S S— o o St SR vt
z ! p
z ;
B 15 b N
Z .
L7 '
= *
51 .
S .
=3 .
(=5 .
L 05} o
= .
G I PP
o emooon-
0 0.01 0.02 0.03 0.04 0.05 0.0¢

Position along half-plate, from the middle to the end (m)
Hinh 16. Sy phdn b6 cua mgt c?é tén hao cong sudt theo man
chan 1, ti tam dén cuoi (d = 7mm; D = 2H?)

Tuong tu nhu ¢ treong hop cia bai toan 1, Hinh 11 m6
ta sy phan bd cua tir thé véc to a. Nhan thiy, su phan bd
ctia tir thé giita hai man chin 1a khac nhau, do anh hudng
ctia man chén thir 2 dwoc thém vao 1am cho tir thé phan bd
trén ma chén thtr nhét thay doi va c6 phan bi giam di. Hinh
12 biéu dién sy phan bd mat do dong dién xoay trén ca hai
man chin. D6i voi man chén thi hai, do tir truong bén phia
phai cia cudn day sinh ra, cho nén mat d§ dong dién phan
b 16n & giita va giam dan vé hai du ciia man chén. Trong
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khi d6, mat do dong dién trén man chén thir nhat phan bd
tap trung chii yéu & hai diu va giam dan vé giira tim chin.
Ciing giong nhu truong hop 1 man chin, khi thay déi dic
tinh vat liéu ¢ mat d¢ dong dién xody ciing tdng theo do
anh huong cta hiéu Gmg bé mat gay ra. Véi Hinh 13 va
Hinh 14, khi bé diay cia man chin thay d6i tur
d = 3mm dén d = 7mm, khoang cach giira man chén thir
nhit va cudn day 1a D = Ha/2 (H; 1a khoang cach da cho &
Hinh 9), sy phan bd ciia mat d6 ton hao cong sut ting dan
& 2 du cia tAm chén tir. Khi tan sb ting 1én thi d6 bién
thién cta ton hao trén tAm chén tir ciing ting. Trudng hop
khi man chin thir nhat dugc dua ra xa véi khoang cach
D = 2H,, sy phan bd ciia mat d6 ton hao cong suat dugc thé
hién nhu Hinh 15 va Hinh 16. D6 bién thién cua ton hao
cong suét trén tim chan thir nhat trong trudng hop nay it
hon so véi truong hop Hinh 13 va Hinh 14. Diéu d6 c6
nghia ring, cang xa cudn déy thi anh huong cua tir truong
cang giam. Va su cong hudng tir trudng cua tim chén tir
thir 2 nén tam chin tir thir nhat cling giam. Tuy nhién cling
gidng nhu truong hop Hinh 13 va Hinh 14, mat d6 t6n hao
cong suit ting dan va tip trung ¢ hai phia ctia tim chan tir.

4. Két luan

Cac két qua dat dugc phan nao giup cac nha ché tao va
san xuat man chan dién tir/vo may bién ap tinh toan khoang
cach va d6 day thich hop, dé tir d6 dua ra duoc bién phap tdi
wu trong thiét ké. Didu nay giup dé dang thay duoc su phan
b ciia cac dai luong nay doc theo man chén tir. Két qua phan
tich dugc sy anh hudng giita cac man chan v6i nhau, danh
gid tryc quan sy thay doi tir trudng, dong dién xody va mat
d6 ton hao cong suat trong man chan khi thay doi do day, tan

s6 ngudn va do tir thim. Day 1a budc co ban dé nghién ctru
cac bai toan nhiét trong vat li¢u tur.

Két qua dat dugc tir viéc ap dung cong thirc véc to tir
the a s¢€ 1a co s& dé phat trién cho cong thuc véc to cuong
do tir truong h, va s€ dugc phat trién & nghién ciru ti€p theo.
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