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Tém tét - Bai bao da xay dwng md hinh toan téng quat tinh Iwc t
va luc tlr gido dya trén tenxo (rng suét, tenxo bién dang, tenxo
suat tir tré va ham mat do nang lwong, théng qua mé hinh toan
khao sat méi lien hé co tir trong 16i thép v dinh hinh (VBH) cla
may bién ap (MBA) do hién twong tir gido gay ra bang phwong
phap lap Newton-Raphson. Nhirng khao sat cu thé su bién dang
va chuyén vi trong 18 thép VDH clia MBA ba pha béng phadn mém
ANSYS Maxwell cling dwoc thwc hién, qua do xac dinh duwoc
nhung vi tri chiu bién dang va chuyén vij Ion nhét trén 16i thép. Két
qua trén lam nén tang cho nghién ctvu v& sy rung 6n cha I6i thép
MBA VDH. Pay la van dé kinh té va ky thuat ma cac nha thiét ké,
van hanh MBA rat quan tam.

T khéa - may bién ap; vo dinh hinh; lwc tir; lwc tir gido; bién
dang tw gido.

1. Pit van dé

Thép v6 dinh hinh dugc st dung san xudt bién ap ngay
cang rong rdi do ddc tinh tir tdt hon han thép silic dinh
hudng tinh thé can ngudi. Do vat li¢u 1a nhitng dai bang
mong, co do day tir 0.02mm dén 0.03mm, nén rat nhay
cam v6i su bién dang boi tir trudng ngoai. Luc tir gido
ménh liét co thé pha v cac két ciu co khi cta 13i thép
trong may bién ap. Do vy, viéc nghién ciru hién tugng tir
giao gay ra bién dang trong 15i thép vo dinh hinh ctia may
bién 4p can dugc nghlen ctru chuyén sau.

Nhitng nim gan ddy, vin d& tir gido dugc quan tim
nghién ctru. Cac tac gia [1], [2], [3] dua ra phuong phap
tinh Iyc tir gido dwa trén ma tran d6 ctng, nhung chua dé
xuit md hinh tinh toan cu thé, cac tac gia [4], [5] d4 xdy
dung mo hinh toan tinh lyc tir va lyc tur gido dé khao sat
su bién dang trong 15 thép stato cua dong co do hiéu tng
tir gido gay ra. Gan day nhit, cac tac gia [6], [7] da xay
dung mo hinh tinh lyc tr va lyc tr gido dua trén sut tir
tro va bién dang tr gido theo cam ung tur B, nhung khao
sat chu yéu trén 161 cudn khang voi vat liéu 1a thep silic,
tap trung chu yeu vao bién dang do ung suit ngoai. Dé
giai quyét cac van dé néu trén, nhom tac gia da xay dung
duoc mot mo hinh toan tong quat, thong qua m6 hinh toan
khao luc co tir, dd bién dang va chuyén vi trong 10i thép
VPH do tir gidao giy ra. Bén canh d6, phan mém ANSYS
Maxwell ¢6 wu diém 1a da chi ra dugc vi tri chiu bién
dang va chuyén vi lon nhat trong 13i thep nham khuyén
c4o cic nha san xuat can quan tdm dén két cdu va hinh
dang cuta 151 thép khi ché tao MBA 15i thép VDH.

Abstract - This paper constructs a general mathematical model to
calculate magnetic force and magnetostrictive force based on the stress
tensor, the magnetostriction strain tensor, and the magnetostriction
reluctivity tensor and energy density functio. Based on mathematical
models, the paper investigates the magnetomechanical coupling in
amorphous steel cores of the transformer caused by the
magnetostrictive phenomenon by Newton-Raphson iterative method.
The specific investigations into the deformation of amorphous steel core
of three phase transformers by ANSYS Maxwell software are carried
out. The positions where the largest deformation and displacement are
located on the steel core are pointed out. The results are fundamental
for the studies of vibration of amorphous steel core transformers and the
generated noises. These economic and technical issues have attracted
the attention of transformer designers and operators.

Key words - transformer; amorphous; magnetic
Magnetostrictive force; Magnetostriction deformation
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2. N§i dung
2.1. Quan h¢ giiva iing sudt va bién dang

Theo dinh luat Hook tong quat, quan hé giira (mg suét
va bién dang vict dudi dang ma tran nhu sau [2]:

[c]=[Cl[e] (1)
[6]: Tenxo tng sudt (N/m2) nhu hinh 1;
[€]: Tenxo bién dang;
[C]: Ma tran do cung (N/m?);
E: Mbdun dan hdi Young (N/m?);
v: Ti s6 Poisson khong thir nguyén;
Tij: Ung sut truot, vij: Bién dang truot.

Uxx Sxx
T yy Eyy
o €
[o]=| = |:lel=] @)
Txy ny
Tyz Vyz
_ _TZX _ _VZX _ _
A, +2G A, A, 0 0 0
A, A, +2G A, 0 0 0
(C]= AL Ap Ap+2G 0 0 O (3)
0 0 0 G 0 0
0 0 0 0 G O
0 0 0 0 0 G|
Trong do:
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12 mé dun dan hdi truot;

_E
2(1+v)

vE
A, =
E(v)(1-2v)
2.2. Tinh todn sudt tir tré [3]

la hang s6 Lame.

Hinh 1. Mién khdo sat
Xét mau vat liéu nhu Hinh 1;

Trong d6:
fy: Mat do luc thé tich (N/m?)
B: Cam ung tu (T);
H: Lyc khang tir (A/m);
fr: Mat do Iuc dién tich (N/m?).
Diéu kién bién:
Diéu kién bién tir trudng:
Bn=0
{H xn =0

bicu kién bién dan hoi:

Trén mién I's, I'y

n=f" 3
{Gn Trén mién I's, Iy

u=0
Trong d6:
oQ=Igull
) BY1H 3)
ov=r url,

Tenxo bién dang tong khi xét dén bién dang do tir

treong ngoai gy ra (Hinh 2) s€ la:
ge=¢,+¢, “)
g.: Tenxo bién dang dan hoi;
&m: Tenxo bién dang tir giao.

S=
H=0

o DX

H=H;>0 ;
H=-H,

Hinh 2. M6 td bién dang tir gico dudi tdc dung ciia
tir truong ngodai [2]
Ung suit khi c6 sy bién dang dudi tac dung cua tir
trudng ngoai nhu sau:
[O‘(B,S)J = [c](ee +&, (B)) = [c][e(B,e)] ®)]
Tenxo bién dang tir gido dugc cho boi cong thire [6]:
&y (B)=AS (6)
1
S; = §(3B,Bj -6, (7)
Trong d6, A=A(B,o) 1a thong s6 cua tir gido, S 1a tenxo
hudng tur gido, §; 1a ham Delta Kronecker.

Trong pham vi bai bao khong xét dén tng suét ngoai,
nén A=M(B).

0 i#]
Sij = { . . (8)
1 i=j
Khai trién phuong trinh (8) ta duoc tenxo S nhu sau:
_(B)?X _l) BXBy BXBZ )
B? 3 B? B?
[S]:-i BB, (Bﬁy__l) BB, )
2 B? B? 3 B?
BZ Bx BZB—V (i — l)
B? B? B* 3

Ham A dugc cho bédi cong thuce[7], [8]:

2
)
2 M;

Trong do:
M: B¢ tr hdéa (A/m);
M;: Do tr hoa bao hoa (A/m);
As: Hé sb tir giao bdo hoa (um/m).
Ham mat d6 nang luong khi co tir trudng ngoai nhur sau:

(10)

B €
w(B.2)= [H (B.e)dB+ [o(B.e)de
0 0
Néu xét bién dang co hoc khong phy thude vao tir
truong thi phuong trinh (12) s€ 1a:
B €

(an

w(B,e) = [H(B.e)dB+ [0(0.0)de (12)
0 0
Khi xét d&én sy tham gia cua tir truong giy ra bién

dang trong vat li¢u thi ham mat 46 nang luong sé la:

B €
w(B.z)= [H (B,0)dB + [o(B.c)de (13)
aw(; 6) o 0 o 1
H(B.e)=— :&!)‘H(B,O)d3+£(5[c]az(B,a))(15)
Cudi cung ta co:
H(B,g)=H(B,0)+%(§[c]ez) (14)
Maic khac:
H(B,e)=v(B,e)B (15)
Ta gia st rang:
V(B,E,‘) =v(B,0)+v,(B,¢) (16)

Trong do:
v(B,¢): Tenxo suat tir trd tong;
vo= v(B,0): Tenxo suat tir tr& khi khong c6 ing suat;
Vi = vm(B,g): Tenxo sudt tir trg tir giao (thay dbi do
ung suat hodc bién dang co hoc dudi tic dung cua tur
trudng ngoai).
Trong do:

(17
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Tenxo suat tur tro tong viet dudi dang ma tran nhu sau:

K(

2.3. M6 hinh tinh todn lwc tir va lyc tir gido
Nang lugng téng khi xét trén toan b mién nghién ciru 1a:

[1(5.¢) ”H BgdBdQ+“ (0,8)dedV

Q0 (19)
- IJAdQ - jquVdV - Iqu"dr
Q

4 r

Vo Vi Ve

B,e)}z[v0]+[vm]= Vie Vi Ve

Vax sz Vz

(18)

Trong d6:
J: Mat d6 dong dién;
A: Tir thé vécto.
B=VxA4
V.B=0
V.A=0
Theo dinh luat Ampere ta co:
VxH=1]
{Vx v(B,e)VxA =]
Vxv(B,g)VxA=

(20)

ey

My o4, o4 oA oy ag, ) |22
VX V)/x(@/ —E +VW(E —@Cj'i'vyz(@c —@/J
Ay o (@4_%] oy oa
o e e a) e o)
Jx
V147, (23)
J ]
Lol [ e [%&}V 4 o
ol M &) e a) Fla o
- (24)
IO e 0 T e 2
™o a) e a) Fla o ]
N (@&&}v % ot
YalMoe ) e a) “la o
- (25)
o, [ et [%_%}v & ot
oo a) e a) “la o)
J:EV %ﬁ +v, %_% +v, %_%
Ta e a) e a) ¥la ¥)
1 (26)
o, (M et (%&j % o
v Mo &) e & &

Tir phuong trinh (23)-(28) viét lai du6i dang ma tran
nhu sau:
[S]-1A1=[1]
Trong d6: [S]: 1a ma trén d0 cung tur.
Tir phuong trinh (21), ning lwong co tir duoc viét lai
nhu sau:

B
[T (8.2)= [ [t (8.2)aBac
Q0
aM(B,e) _

ma-ms —
ou

27

(28)

B
—ai”H(B,s)dBdQ (29)
u
Qo0

(30)

frwrzin frasafisle

) I[TaHT a(aB,s) 5

oo
]aMJCBdR

Frm
Phuong trinh (33) dung dé gidi bai toan 2D:
dR = dédn
Dé giai bai toan 3D ta c6 phuong trinh sau:
dR = dédnd(
g d(Be)
ou

H
_ [ RfH ~ 0|Jcs]
- ]!(Ba—uJVCHdR J{!BdHJa—udR

F

ma

0B Oo
—;!' [ gdhr] | ca|dR

€2))

(32)

(33)

e

F,

Nhu vay:
Foams = Ea + Fos

Khi @6 tir (29) va (36) ta c6 hé phuong trinh sau:

{[ Jla]=[1]

(34

(35)

[K][0] =[Fonaams

|J CB|: Dinh thirc ma tran Jacobian;
[K]: Ma tran d6 ctng co;
[u]: Ma tran chuyén vi.

1 ou

Lo, 2
i = 2 0x;  0x;

Giai h¢ phuong trinh (37) bang phuong phap lap
Newton-Raphson s& cho ta két qua cta chuyén vi, va tir
thé vecto A.

(36)

3. Két qua tinh toan va md phéng
3.1. Két qud tinh todn
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Nhdp cac théng
_ $6 vér Iy
Khdi tao

0 '
=0 )
V., = Tinh todn cdm tmg tic B
]
r T fnh rodn cac ﬂ?ong 50
- v oV L
: 4 I;ga [ E?’JS > :
1
|
. L
; « Vong lip Tinh focn c;_hzeyén vi
[ Newton-Raphson u .A
I
[

Hinh 3. Luu d6 gidi thudt tinh todn theo phirong phdp lip
Newton - Raphson

Vat liéu tir vo dinh hinh Metglas 2605SA1 50Hz X1 o

15

14 ]

1.3 ‘v/ 13.5

12
_ 1.1#l 3 3
= ©
g 0.9 l Puong cong B-H ‘ 125 g
a | DG thi h¢ 56 ti thim wong doi | El
) : 3
& osll ’ 52
£ os \ 3
© o4 \ I

03

0.2 10.5

0.1 T

[ 0

o

10 20 30 40 50 60 70 80 920
Luc khang tir [H A/m]
Hinh 4. Puong cong tir héa va hé sé tir tham twong déi ciia
vat liéu vo dinh hinh ma hiéu 2605 SAI 5QHZ, Hitachi Metals,
USA dung cho 16i may bién ap

I I I I I I
— Bién dang theo huéng quay ctia B l
Bién dang theo huéng vudng géc véi B [ /

Bién dang tir gido [m/m]

——

o 0.2 0.4 0.6 0.8 1 1.2 1.4
Cam tng tir B[Tesla]

Hinh 5. D6 thi bién dang ciia vt liéu theo cam img tir B[T]
Mat d¢ dong J=2,54/mm’; Luc khang tic H[A/m] va
cam vng tir B [Tesla] dwoc cho trén Hinh 4; Mo dun dan
hoi Young cua vdt ligu E=120[/GPa]; Ti so Poisson
v=0,28, no=4rxx107[T.m/A]; As=27[um/m].
Trén Hinh 5 ta thiy bién dang tir giao theo hudng
quay va hudéng vuéng goc vdi cam ung tor B quan hé voi

nhau theo cong thirc sau:

€, =—VEiy 37

vy

&xx: Bién dang theo huéng quay ciia B[T]
€yy:Bién dang theo huéng vuong goc véi B[T]
Khi B=1,1T thi: exx=23pum/m; &yy= -0,28x23= -6,44pm/m.

Bing 1. So sdanh bién dang [0i thép vo dinh hinh va [0i thép ton
silic theo B[T] dung dé tinh toan thiet ke may bién ap[9]

Vit liéu Cam tng tir [Tesla] | Bién dang [pm/m)]
Thép vo6 dinh hinh 1,1 23
Thép silic dinh hudng 1,6 17

Nhu véy, d6 bién dang cua thép vé dinh hinh cao hon
thép silic dinh hudng can ngudi khoang 6pm/m.

5

x 10
— Luc tir giao Fms i
6 — Luyc tir Fma i
Téng lyc tir va lyc tir gido /
5
™ 4
£ /
S /
£
Z s
w /
2 //
T
0 /
0 0.2 0.4 0.6 0.8 1 1.2 1.4

B [Tesla]
Hinh 6. Luc tir va lyc tir gido theo cam ung tir BfTesla]
Trén Hinh 6 ta thdy véi B = 1,2[T] luc khéi tir
ma = 3763 [N/m3]’ rat nho, lyc khoi tir gido Fms = 3523(103
[N/m?] 16n hon rat nhiéu lan. Nguyén nhan lyc khoi tir
truong nho 1a do 161 thép v6 dinh hinh c6 vong tir tré hep,
luc khang tir H<2.5A/m, hé~sé t}‘r tham tuong doi rat lon
khoang 350000 (Hinh 4), dan dén mat d6 nang luong du
trir nhd, dan dén luc khoi tir trong 161 thép rat nhd.
Trén Hinh 7 cho thay chuyén vi 16n nhat khoang 3,41um,
chi yéu do hiéu g tir gido gdy ra, thanh phén lyc tir gay
nén chuyén vi trong 151 thép rat nho khoang 0,376um.

x10°
4 Chuyén vi do luee tir géy ra

Chuyén v do Tyec tir gido ghy ra

_ 3.5 " Chuyen vi wong

E AN

£, Ay

5|25 j a

2 / \ i

21V WA/ I\

< \

= 1.5 ! /L\

2 | AV

RO \

31 v/ /

£

/.

0.5

0O 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01
Thei gian[s]
Hinh 7. Chuyén vi ufm] theo thoi gian t[s], khéo sdt tai
gitra 161 vdt liéu
3.2. Két quéi mé phong trén phan mém ANSYS Maxwell
Bing 2. Kich thude 15i bién dp

Kich thudc
161 [mm]

a[mm)] d[mm]

22 63

Cw[mm] [Hw[mm]

176,3 142
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T
g

e ;
47/;0 7 // R
SR By P
151'/3‘.% g 7Pl
[ K> D [ A Kl
S AR g4l
ROAE Kl 4oLl
Jelz gl .12lg AR
K b4 |4 i 1% LA Hw
TR B K0
5781 1% | A8
dedhi 409 2P1%l
p AN H /
BYARE Ba /B
r._.g,¢§;s R 1A 4k

"IIII/ 7720

\V/. /) /i 7

R
Hinh 8. L3i may bién dp ding dé mé phéng

d: Chiéu rong 14 thép [mm], chiéu day la thép
0,023mm.

Hinh 9. Chia he6i [6i mdy bién dp dé mé phong trén phan mém
ANSYS Maxwell

Yolume-ForcelN. ..

1, GARAE+00
1,3929:+004
1, 2857 +E04

1,17866+004
1,871 4e+@04
9, 6429e+083

8. 5714e+@03
. 7. 5R00e+E03
B, 42G6e+@03

5. 3571e+@03
4, 2657e+B003
3. 2143e+@03
2.1429e+803
1.8714e+E03
2, 53607e-003

Hinh 10. Thanh phan lyc tur trong 10i may bién dp mé phong
trén phan mém ANSYS Maxwell

Yolume-ForcelH. . ]

. 856 1e+EA5
.5751g+E05
. SO0 1e+Ba5
.H251e+dA5
. TEEle+205
4FELe+Bas
. ZEE 1 +ERE
L 9251:+205
. G581 +0A5
. 3751le+005
. 106G +2a5
. Z5@ 38 +AAY
. 50E Ze +0@0Y
758 1s+EAY
. S589z2e-A1A

MO RRERNMRNN WG GO

Hinh 11. Thanh phan lyc tir gido trong 10i mdy bién dap
mo phong trén phan mém ANSYS Maxwell

Hinh 10 ta thiy vecto luc tir chi xuét hién tai cac goc
cua 101 thép véi mat do luc thua, khong dang ké, gia tri
16n nhat khoang 0,15x105[N/m?]. Hinh 11 cho thdy vecto
luc tur gido tai cac tru tir, gong tur va cac goc cua 15i thép
c6 mat do day hon, gid tri 16n nhét khoang 3,85x10°
[N/m?], gp 25,6 lan luc tir. Do 16n tong luc khoi trong 151
chu yéu do luc khdi tir giao Hinh 12.

Ifolune-Force[H. . |

9. 9501e+002
3. BB 8Ae+@05
3.3358e+005

3.1937e+005
2.8215e+0085
2,5394+085

2, 257264085
. 1.9751+0085
1.6929e40685

1.4108e+065
1.1208¢+885
8. 46 4Be+a04
5. 6431e+004
2.82156+084
5.E5892e-016

16i may bién dp mé phong trén phan mém ANSYS Maxwell

2.0644e-6 Max
1.8373e-6
L6102e-6
L3832e-8
L1561e-6
9.2902e-7
T.0105e-7
474087
2.4781e-7
2.0739e-8 Min

Hinh 13. Khdo sat su bién dang trong 16i may bién ap mo
phong trén phan mém ANSYS Maxwell da dwoc khuéch dai

Init; mm

Timei L

2/9/2015 352 PM
0.0036033 M
0.0032042
0.002603
0.0024058
0.0020066
0.0016074
0.0012063
0.00080307
000040389
1.0702¢-5 Mil

‘ ‘ .
Hinh 14. Khao sat chuyén vi trong I6i may bién dp mé phong
trén phan mém ANSYS Maxwell

Trén Hinh 13 cho thiy rang bién dang 16n nhit xdy ra
tai cac goc cua 161 thép khoang 2,0644 [um/m]; trén try tir
¢6 bién dang nho nhat, khoang 2,0735 x102[um/m] va
nguoc lai chuyén vi trén tru to lon nhét, khoang
3,6033um; tai cac goc cua 18i thép co chuyén vi nho nhat
khoang 0,01702 pm.

4. Két luan

Trong bai bao, nhom tac gia dd xay dung dugc mo
hinh toan tinh lyc tir, lyc tur gido, bién dang va chuyén vi
trén 161 thép vo dinh hinh.

Thong qua mé hinh todn va mo6 hinh mé phong, nhém
nghién ctru ¢6 nhiing két luan nhu sau:

- Luc khéi tir truong trong 151 thép vo dinh hinh nho
hon luc khoi tir gido nhiéu lan, nén khi khao sat sy bién
dang va chuyén vi trong 16i thép v6 dinh hinh, c6 thé bo
qua luyc khoi tir truong. Pay chinh 13 diém khac biét so
v6i 161 thép ton silic.
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- V6i vu diém coa phan mén md phong ANSYS
Maxwell da xac dinh dugc mat dd luc tur, luc tr gido lon
nhét tap trung tai cac goc cia 161 thép va bién dang tai day
13 16n nhit. Cac nha thiét ké can quan tdm dén két ciu va
hinh dang ciia 15i thép khi ché tao.

- Vi tri chuyén vi 16n nhét trong 15 thép vo dinh hinh
clia may bién 4p ba pha ndm & giira tru tir cta 15i thép,
nén khi nghién ctru v& sy rung on trong 16i may bién ap
do hiéu Gmg tir gido, can dit cam bién do tai cac vi tri trén
dé khao sat.

- D6i voi két qua nay, anh huong cia két cau cuon day
va vi tri twong ddi cia ching so vé6i 16i chua dugce xét
dén. Bén canh do, yéu td tan sb cling 1a mot tham $6 c6
thé ¢6 nhimng anh huong dang ké dén birc xa 4m hoc cia
may bién 4p. Pay s& 1a ndi dung cn dugc xét dén trong
khuon khd ctia mot nghién ciru khac.
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