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TINH TOAN DIEN TU TRUONG BANG PHUONG PHAP
TICH PHAN SO - UNG DUNG CHO BAI TOAN

O CAU TRUC DANG DAY

CALCULATION OF ELECTROMAGNETICS BY AN PARTIAL ELEMENT EQUIVALENT CIRCUIT METHOD -

APPLICATION TO THE WINDING STRUCTURE

TOM TAT

M@ hinh bai toan truong dién tir trong hé thong dién, may dién va thiét bi
dién la mdt chi dé thiét thirc va mang tinh thoi sw véi cac nha nghién ctu va ché
tao, dac hiét véi bai toan voi md hinh ¢6 céu triic dang dy. Hau hét cac bai toan
dién tlr dBu dugc md ta bai hé phuong trinh Maxwell va cac luat trang thai. Day
|a cac phuong trinh dao ham riéng dugc viét dudi dang tich va vi phan, mo ta su
phan bé clia treong dién tir trong khdng gian va bién d6i theo thi gian. B phan
tich dugc bai todn dién tlr, trong bai béo nay, nhom tac gia dé &p dung phuong
phap tich phan s6 dé tinh toan sy phan b clia tir trzong va dong dién cam (ng
trén vong déy, noi ma néu ap dung tryc tiép phuong phap phan t hitu han hay
phurong phap sai phan hiu han sé gp rét nhigu kho khan, vi s6 béc tw do 16 dan
dén kich thudc ma tran lon va thoi gian tinh toan lon. Két qua dat duoc ti
phurong phap sé duge so sanh véi két qua mé phdng tir phan mém thuong mai.

Tir khod: Trudng dién tlr, dong dién cam éng, phuong phéap phan tir hitu han,
phwong phép PEEC.

ABSTRACT

Modeling of electromagnetic problems in electrical systems, machines and
devices are a practical subject and importance for researchers and manufactures,
specially for the problem getting a line winding structure. The electromagnetic
problems are almost presented the set of Maxwell equations and their behaviors.
These are partial differential equations written as differential and integral,
described distributions of electromagnetic fields in the space and variation in time.
Inorder to analyze this problem, in this paper, a partial element equivalent circuit is
applied to compute distributions of electromagnetic fields and induction currents in
turn windings, where occuring some difficuilties as applying directly by a finite
element method or a finite differential method, because of the big degree of
freedoms, leading to a big size of matric and spending a lot of time for
computation. The obtained results will be compared with the simulation results of
commercial software.

Keywords: Electromagnetics, Induction current, finite element method,
partial element equivalent circuit.
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KY HIEU
FEM  Phuwong phap phan t hitu han
PEEC Phuong phap mach dién thay thé tuong dwong
MOM  Phuong phap mémen
BEM  Phuwong phap phan ti bién

1.DAT VAN BE

Nhu ching ta déa biét, cac thiét bi dién c6 cong suat Ién
(tram bién ap phan phdi, tram thu, tram phat...) ton tai kha
phd bién trong cac khu d6 thi, khu dan cu, khu céng
nghiép. Cac thiét bi dién nay thuong hoat dong & dién ap
I6n, dong dién cao va sé sinh ra dién tlr treong, gay nhiéu
loan, &nh hwdng dén cac thiét bi diéu khién, thiét bi dién
tl..., tham chi &nh huéng tryc ti€p dén dén strc khde con
nguoi. Do dé, viéc tinh toan chinh xac va moé phéng duoc
blrc tranh dién tlr tredng, dé tir d6 dé xuét cac giai phap
gidm, ngan ngtra ching la cau trd 16i can thiét va c6 nhiéu
y nghfa trong thuc tién.

DEé phan tich, tinh toan va mé phdng cac hién tuong
dién tir, cac nha nghién ctu, thiét ké c6 thé s dung
phuwong phap giai tich va cac phrong phap s khac nhau [1
- 3]. V6i céc thiét bi dién c6 cau trdc hinh hoc don gian,
nguoi ta ¢ thé xac dinh duwgec mot dap an giai tich chinh
xéc. Tuy nhién, thuc té chirng minh rang voi cdu tric thiét
bi dién phtc tap, phuvong phap giai tich khéng thé thuc
hién duoc ma phai giai tim nghiém gan ding bang phuong
phéap so.

Cac phuong phap s6 duoc ng dung khd phd bién
trong m6 phdng tinh toan trwdng dién ti: Phuong phap
phan t& hitu han (FEM), phuvong phap sai phan hitu han
(FDM), phuong phap phan ti bién (BEM) va phrong phap
tich phan so (IEM)...

Trong d6, phwong phap FEM la mot phurong phéap rat
thong dung [1, 4]. Vu diém cla phuong phap nay la tinh
téng quat, c6 kha nang mé phong thiét bi c6 cau triic khac
nhau tir nhiéu vat liéu (dan dién, cach dién, vat liéu ti,...) &
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dang bai toan tuyén tinh 1an phi tuyén. Tuy nhién, nhuoc
diém cuia phrong phap FEM la kho khan trong viéc tinh
toan véi cac loai thiét bi cé cdu trdc dang vé méng va dac
biét la cau truc dang day.

Md hinh hoa day dan: tir treong thay déi rat nhiéu &
vung lan can va bén trong day dan, viéc mé phong dang
treong dién tir & gan vat dan co xét dén hiéu tng bé mat
(skin effect) va hiéu r‘ng gan (proximity effect) tao ra cac
phuong trinh phan t& hitu han véi s6 bac tw do 1on, dan t6i
cdu tric ma tran tinh toan rat Ién. Néu ap dung phuong
phap FEM dé gidi, yéu cau may tinh c6 hinh rat lén va chi
phi kha tén kém va tham chi khéng thé thyc hién duoc.

Dé khéc phuc duoc nhitng kho khan nay, nhom tac gia
da ap dung va phwong phap tich phan s6, trong dé ké dén
phuong phap PEEC dé nghién citu dién tlr truong trong cac
thiét bi c6 cdu trac dang day [2, 3]. Uu diém clia phrong
phéap ndm & chd khdng phai chia luéi vang khéng khi bao
guanh (nhv phuong phap FEM) déi twong tinh toan giam
thoi gian cling nhu khéi lvgng tinh toan. Mach dién thu
duwoc sé duwoc ti€p tuc tinh toan... tir do6 hién tvong dién tir
cla céc thiét bi dién sé dugc nghién ciru trong mot hé
théng c6 tinh dén cac sy anh hudng cla nhitng thiét bi
dién khac.

2. MO HINH HOA TRUONG BIEN TU
2.1. Phrong phéap tich phan so

Nhuw dé phan tich & phan 1, mac du phuong phap tich
phan s6 khong téng quat nhv phuong phap FEM. Tuy
nhién, day la phwvong phéap thich hop khi mé phéng nhirng
thiét bi dién c6 dang phiic tap c6 nhiéu khdng khi bao
guanh. M6t trong nhitng phrong phép tich phan sé duoc
wa thich d6i véi cac nha nghién cltu la; phwong phap PEEC.
Phuong phap PEEC duoc phat trién bdi Ruehli [5], day la
mot trong nhitng phuong phéap sé thich hgp cho bai toan
trwong dién tr cd xét dén sy anh hwédng cla tvong thich
dién tir (EMC) va nhiéu dién tir EMI... Phuong phap cling
cho phép m6 phdng hién tweng dién tlr bao gdm céc thanh
phan dién trd, dién cdm, hd cam, dién dung (RLMC) ma cac
gia tri cac phan tir RLMC duoc tinh bang tich phan [3].

Xét mé hinh toan hoc cuia birc xa dién truong E xét trén
mot thé tich day dan N, dwoc dit gan ngudn dién tir trong
khéng khi, 4p dung phwrong phap PEEC, ta co:

Ei(r,t) = “”)+ aA(”)+vcl> (r,¢t), 1)

trong dé: E* la cudng do dién tredong, J la mat do dong
dién trong vat dan, A véc to tir thé, @ 1a véc to dién thé vo
huéng va o do dan dién cha vat dan.

Mot day dan cé dién tich mat cat ngang khéng ddi doc
theo chiéu dai clia no co thé duoc coi la mc}t b6 céc soi
song song, moi sgi dan c6 dién tich mat cat ngang S; va
mang dong dién ;. Mat do dong J gia dinh la khong d6i
doc theo chiéu dai clia soi dan nhwng thay déi tir soi dan
nay sang soi dan khac.

Phuong trinh clia véc to tir thé 4; do dong J; ctia soi dan
j gy ra dugc xac dinh;
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— _ Molj L
A;(P) = A;(P) = ﬁs_jfv,- Ladv, )

trong do: r 1a khoadng céch gitta diém |y tich phan va
diém P (diém xét soi dan j), |; 1a cuong do dong dién trong
vat danj, S; 1a dién tich mat cat soi danj va v, la thé tich clia
soi dan.

Dién thé tao bdi dong dién I; qua phan soi dan k duoc
tinh:

I
Dy f AL dV, = :‘;S ’S

Il
LSy, Fravay, @)

i T

Hé so ho cam giira 2 soi day dan duoc xac dinh bai:
my ===t [ [ Lkayay, @)

7 ] 4—77.’ S]Sk

Hé s6 hé cam my; chi phu thudc vao kich thuéc va vi tri
clia hai sgi dan k va j, c6 thé tinh bang giai tich. Dién ap trén
day dan k duoc xac dinh:

Ue = I+ R+jw T2 my, ()
trong do, w 1a tAn s6 gdc, R,, 1a ndi tré chia sgi dan k.
2.2. Sy hd cam cha hai sgi day dong truc

Xét hai cudn day dong truc L, va L, (hinh 1) mang dién
va dit gan nhau trong khéng khi. Céng thirc (4) cho thdy hd
cam khoéng bi &nh huéng béi vat liéu ma chi phu thudc vao
dong dién ya tinh chat hinh hoc cta hé théng. O tan s6
thép, d6 hd cam thay ddi rat it trong mét cét ngang. Ap
dung cong thirc Neumann [6], dd ho cdam M,, clia hai day
dan L, vaL, va duoc xéc dinh:

B dLqdL,

471. fleLz r 4 (6)
trong do, r la khoang cach gitta d,; va d,, va p 1a do tir tham
cla cudn day.

1 ru,zm)
- ’. -
2 "
- H
A |l
23 1 I W
I{ r,z))
2 R ,
>
> »
R R
|
|
R4

Hinh 1. Hai cudn day dong truc L, vaL, véi mét c&t hinh chir nhat

Theo hé toa do tru, néu 2 cudn day dugc quan chat ché
va cach dién gitra cac vong day la twong déi méng. Dong
dién trong cudn day cé thé dugc xem la phan bé déu &
toan bd mét cat voi mat do dong dién 1an lvot 1a J, va Jj. Khi
do, dd hd cam giita 2 cudn day dong truc ¢ mét cat hinh
chir nhat cé s6 vong la N, va N, dugc xac dinh:;
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Ry 2o z47 7y drdrydzydzcos 6d6
ﬂONiszof fR4fzzf41” Il I 11

M = (7a)

(R2—R1) R4—R3) @2—21) 24— 23)

r = (g1~21)? +rf +rj—277,C05 6 (7b)

Dé dam bao tinh chinh xac va dé tin cay clia cong thic
tinh do ho cam (7a-b) thu duoc tir phrrong phép tich phan,
sl dung phuong phap Filament dé chia cudn day thanh
nhiéu soi tron ddng truc dé tinh dd hé cam clia hai cudn
day tron cé tiét dién hinh ch* nhat, do la:

2 Ko/ RIRII[( )K(k) _F (k)]

4RIR||

VO’I k = .
(R+Ryp2+c?

(8

Trong do6: E va K la tich phan dudng elip loai mot va loai
hai lan lvot dwoc xac dinh:

E = [["*(1-k?si#0)"/2ay,

_(m/2 1 B
k= fo (1-k2sin29)1/2 dd. (9a-b)
- b -
<a> A A
i L) i =
o6 ! :v € = 1 .
e @
o . [+
- r4
-
c »
2N+1 N
cells ' 2n+1 N
2K+ 1 cells :
cells 2m+1
cells

Hinh 2. M hinh chia lu6i cudn day

Do kich thuéc ctia cudn day la hitu han, nén chia 2 cudn
thanh céc Iuwéi gbm nhigu sgi day nhw hinh 2. Mat cét
ngang cda 2 cudn dugc chia lan luvot thanh (2 N+1) x
(2K+1)6va(2n +) x (2m+1) 6. Mdi 6 trén mat cit
chita 1 sgi va dong dién trén mai sgi day la nhu nhau.

Theo cong thic (7a-b), sw ho cam cla tirng cap soi day
nhu cdng thirc duge xac dinh:

M= N1N; Zg__K AT 3 Miz(g,h,s,l)’ (10)

(2N+1)QRK+1) 2n+1) @m+1)

trong do:

M. = 240y R11 (M) B2 (Y ( M)K(k(g,h s, l))
" k(ghs) —E(k(g hs,1))

k2(g, h,s,]) = 4R11(h)Ry2 (1) :

(g b (R11(h)+R 22(1))2+Z (g.8)?
Ry, (h) =R, + (ZN 1)h voi h = —-N,..0,..,N ,
R, () = R+ -n,..,0,..,1n,
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Ri+R R3+R
RI — 12 2’ RII— 32 4—’
hy =R, =Ry hj;=Rys—R3,

a
2(g.k) = ¢ +(2K+1)g + (2m+1)s’
g=-K,..,0,.,K,va s =-m,..,0,..,m.

3.BAI TOAN AP DUNG

Xét mot hé théng gom khang dién 3 pha duoc st dung
dé han ché dong dién dién ngan mach tai phia thi cip cla
tram bién ap phan phéi (hinh 3).

1.57m

3.85m

Hinh 3. Md hinh cudn khang 3 phavavong ngan mach

Cac thong s6 cua cudn khang dugc cho nhu sau:
cudn 1 c6 dong dién i, = 1000 sin «t (A) cudn 2 cd i, =
1000 sin (wt +120°) (A) cudn 3 cd i, = 1000 sin (wt —
12 @) (A) duvong kinh ngoai &, = 1,6m, duvong kinh trong
&, =0,74 m, dd day e, = 0,5m, khodng céch gilra cac cudn
e, = 1,4m. Thong s ctia vong ngan mach (vong chan tir)
¢ thong so: r, = 9,25mm (ban kinh mat cat), dién tro suét
p =3,03. 1080m.

Tt mo6 hinh cudn khang, so d6 mach dién thay thé
tvong duong duoc xac dinh theo hinh 4.

/ Sgion

M

‘propre R boucle/bobine

M

boucle/plaque

Boucle

Hinh 4. Mach dién thay thé twong duong
Noi tré vong day ngan mach dugc xac dinh:
R=p—

21

) (11
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B0 tw cdm clia vong day:
L=y y[ln(%b) —2] +g—;21r. T
H6 cam gitra dién khang véi vong day chan tir [3]:

N =
éz—ln Z;T’m M(l ) p);

Myong/cuon = (2m+1) @n+1)

trong dé:

M ):@ (2 —k%(1,p). Kk)
P k(,p 2 Ko |

Rys(1) = Ry + ol 1, k?(1,p) =zl

2n+1 (Ri+R22(1)242(p)?'

b
z(p)=c+——p, h,;=R,—R3, R, =1,

2m+1
Mo hinh toan clia clia cudn khang duoc thiét lap voi hé
phuong trinh sau:
Z=R+iwlL
Ung cam = L W({M,; +1,M;, +13M5)
I . — U=Uhg cam
vong ngan mach 7
4. DANH GIA KET QUA

4

(14)

B
[tesla]

0.0200
0.0187
00173

0.0160

0.0147
00133
0.0120

0.0107
0.0093
0.0080

0.0067

0.0053

0.0040
0.0027
0.0013
0.0000

b)
Hinh 5. M6 hinh cudn day 2D (a), va sit phan bd clia tir truong bang phiong
phép FEM 2D (b)
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DE giai dugc hé phuong trinh (14), tredc tién, bai toan
dugc kiém tra bang phuong phap phan ti hitu han mo
hinh 2D (hinh 5a) dé lam tham chiéu so sanh két qua. Sy
phan bd cla tr truong do dong dién chay trong cudn
khang tao ra dugc biéu dién trong hinh 5b. D6 chinh xac
cla két qua sé phu thudc vao s6 lvgng phan tl chia ludi
trén mo hinh hay con goi la s6 bac tw do, khi s6 lwvgng phan
tlr cang Ién dd chinh xac cang cao, nhwng doi hoi thoi gian
tinh toan cang I&n. Hinh 6 mé ta sy phan b6 clia tir trwong
trén mat cat vong day chan tir, gia tri dong dién cam (rng
cOa vong day chan tir [a 718,06 + j1890,66 (A).

Hinh 6. St phan b6 clia tir trrdng trén mét cét vong day chan tir

Tiép theo, bai toan duoc giai bang phuong phéap tich
phan s6 PEEC, nhém tac gia da st dung ngdn nglr Matlab
dé tinh toan va mé phong két qua. Gia tri dong dién cam
ng trén vong chan tir dat dwoc bang phuong phap PEEC

(hinh 7) 12719,21 + j1889,32 (A).

4\ MATLAB R20122 - o x
File Edit View Graphics Debug Parallel Desktop Window Help
NS %R ™| & 2 | @ | CurentFolder CAWINDOWS\system32 v @
Shortcuts [&] Howto Add 2] What's New
> finally [Wonkpace
Ho cam giua cuon khang 1 va vong la Ml =2.6002e-06 ) ol %) & W | stack: Base [ Select data to plot ~[|F
Ho cam giua cuon khang 2 va vong la M2 =7.4795e-06 H
Ho cam giua cuon khang 3 va vong la 1i M3 =2.7794e-05 Name 4 Value Min | M P
Hieu dien the tong 1 Uhocam =5.527-4.7239i sl 14000 14000 14000
Cuong do dong dien la Ivongchantu =719.21853+1889.32011 |l 100 1000 1000
5 s H e -5.0000e+02 + 8.6603... -5.000... -5.000..
v {3 -5.0000e+02 - 8.6603... -5.000... -5.000...
H vongchantu 719226402 + 1.8893e... 7.1922.. 7.1922..
L _boucle 1.0779e-05 1.077... 1077...
HH Larg 0.5000 05000 05000
HH M1 26002¢-06 26002... 2.602...
HH w2 74795¢-06 74795... T4TS5...
HH M3 2779405 2779, 2TT94...
HHN 10 m 1
HH R boucle 0.0012 00012 0.0012
L Re 08000 08000 0.8000
R 15700 15700 15700
L Ri 03700 03700 03700
HH Rs 00093 00093 00093
HHu 0 0 0
HH Uhocam 55270 - 4723 5.5210... 5.5210..
HH 7 boucle 00012 + 0.0034i 00012... 00012..
HH Zboucle 38500 38500 38500
HH conduc 30300000 30300... 30300..
¢ 50 50 50
HHw 3141593 31415, 314.15..

4 Start

Hinh 7. Két qua &p dung tinh to&n bang phurong phép PEEC
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Bang 1. KAt qué so sanh clia dong dién cdm (ng trén vong chdn béng céc
phuang phép khéc nhau

Dongdién | Phuong | Phuong | Saisd | Thoigian | Thoigian
camung | phéap FEM | phép PEEC tinhtoan | tinhtoan
trénvong 2D (FEM2D) | (PEEC)
chén
liong iy 718,06+ | 71921+ |0,04% 2s 0,2
j1890,66 | j1889,32

Duva vao bang 1, c6 thé nhan thdy rang, cac két qua dat
dugc tir phrong phap PEEC dwgc kiém chitng vai két qua
dat dugc tir phrong phap FEM véi mo hinh 2D. Gia tri sai s6
gitta hai phuong phap la nhé hon 1%. Biéu nay chirng té,
gié tri dat duwgc tlr phwong phap PEEC la dang tin cay.

Dé khao sat thém, hinh 8 thé hién tir treong doc truc cat
qua méit phang cé vong ngdn mach trong 2 tredng hop
(c6/khéng ¢ vong ngan mach) bang phuong phap FEM
vGi md hinh 2D. C6 thé nhan thdy rang, tir truong tap trung
tai mit phéng cé chira vong ngén mach va giam nhanh khi
khoang cach tang lén. O khoang cach 1m xa khdi mat
phang c6 vong mach, tir tredng giam vé c¢& 1mT.

Cam Ung Tu tren Duong KS Maxwell2DDesign1 4

17.50

Curve Info

Truong Hop Co Vong Ngan Mach
imported
Freq='50HZ Phase="135deg’

—— Truong Hop Khong Co Vong Ngan Mach
Setup1 : LastAdaptive
Freq='50HZ Phase="135deg’

12.50

-
o
o
o

7.50

Y1 [mTesla]

5.00

2.50 \—_‘_‘*—

0.00 T
0.00 020

=1 = :
0.40 0.60 0.80 1.00

Khoang Cach [meter]
L9 1e+03 2e+03 (mm)
Hinh 8. Si phén b clia tir truong doc truc cat qua mat phang ¢6 vong
chan tir

5. KET LUAN

Phuong phap tich phan s6 PEEC véi “source code
Matlab” da dugc nhém tac gia ap dung thanh céng trong
viéc tinh toan, mé phéng tir trvong va dong dién cam tng
trén vong chén (bang 1). Phvong phap da chi ra duoc wu
diém la giam thoi gian cting nhuv khéi lvong tinh toan. Két
gua dat duoc tir phrong phap sé cho cac nha nghién ctu
nhéan biét duoc pham vi &nh hudng cua treong dién tir doi
v@i cac thiét bi xung quanh va déc biét la déi vai co thé con
nguoi khi tham gia quan ly van hanh. Cac két qua cling
duwoc so sanh véi két qua dat duoc tlr phan mém thuong
mai dva trén phuong phap phan tir hiru han. Day cling la
co s& dé minh ching cho hwéng di dang dan cha nghién
clru va tao tién dé cho cac nghién clru tng quat ti€p theo.

Website: https://tapchikhcn.haui.edu.vn

LOI CAM ON

Nghién ctru nay dwoc tai tro béi B Gido duc va bao tao
trong dé tai ma s6 B2018-BKA-11-CtrVL.

TAILIEU THAM KHAO

[1]. B. Stoev, G. Todorov, P. Rizov, G. Pagiatakis, and L. Dritsas, 2017. Finite
element analysis of rotating electrical machines - An educational approach. IEEE
Glob. Eng. Educ. Conf, EDUCON, no. April, pp. 262—269.

[2]. 7. Le-Duc, O. Chadebec, J-M. Guichon, G. Meunier and Y. Lembeye, 2013
Coupling between Partial Element Equivalent Circuit Method and Magnetic Moment
Method. The International Journal for Computation and Mathematics in Electrical
and Electronic Engineering (COMPEL), Vol. 32, No. 1, pp. 383-395.

[3]. T. Le-Duc, G. Meunier, 0. Chadebec, J-M. Guichon and L. Krdhenbiihl,
2013. A Simple Integral Formulation for the Modeling of Thin Conductive Shells.
The European Physical Journal Applied Physics (EPJ-AP), Vol.62, Iss.2.

[4]. V. S. - and G. S., 2011. Calculation of Electromagnetic Fields in Electrical
Machines using Finite Elements Method. Int. J. Eng. Ind., vol. 2, no. 1, pp. 21-29.

[5]. C. Hoer and C. Love, 1965. Exact inductance equations for rectangular
conductors with applications to more complicated geometries. J. Res. Natl. Bur.
Stand. Sect. CEng. Instrum., vol. 69C, no. 2, p. 127.

[6]. M. V. K C. Salon, Sheppard, 1999. Numerical Methods in
Electromagnetism.

[7]. A. E. Ruehli, 1974. Equivalent Circuit Models for Three-Dimensional
Multiconductor Systems. IEEE Trans. Microw. Theory Tech., vol. 22, no. 3, pp.
216-221.

[8]. G. Zhong and C. K. Koh, 2002. Exact closed form formula for partial
mutual inductances of on-chip interconnects. Proc. - IEEE Int. Conf. Comput. Des.
VLSI Comput. Process., pp. 428—433.

AUTHORS INFORMATION
Pham Hong Hai, Le Duc Tung, Dang Quoc Vuong, Pham Van Binh
School of Electrical Engineering, Hanoi Unviversity of Science and Technology

Vol. 56 - No. 2 (Apr 2020) e Journal of SCIENCE & TECHNOLOGY | 37





