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Abstract

Recently Hybrid Magnetic Bearings (HBMs) are being studied by many researchers because they have the ability to combine the ad-
vantages of the both active magnetic bearings and passive magnetic bearings. This paper focuses on two structures of the four-pole hybrid-
type magnetic bearing, the ones with the auxiliary clearance and the others without the auxiliary clearance. Finite element analysis method
(FEM) using ANSY'S was applied to analyze and evaluate the performance of the above hybrid active magnetic bearings. The simulation
results are also compared with the equivalent magnetic circuit method (EMCM) to verify and give ideas to optimize the design to improve

the quality of the HMB.
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Trong thoi gian gan déy cac 6 tir kiéu lai (HBM) dang duoc nhiéu
nha khoa hoc quan tdm nghién ciru do chiing c6 kha nang két hop
duoc wu diém cua ca b tir chi dong 13n b tir bi dong. Bai béo nay
tap trung gisi thiéu vé hai loai ciu tric 4 tir kiéu lai bén cuc 14 loai
¢6 khe ha phu va loai khong cé khe ha phu. Trong d6 phuong phap
phén tich phan tir hitu han (FEM) sir dung ANSYS duoc &p dung
dé phan tich va danh gia kha ning hoat dong cua cac dang 6 dd tir
cha dong kiéu lai (HMB) néu trén. Cac két qua mo phong ciing
duoc so sénh véi phuong phap mach tir twong duwong (EMCM)

nham kiém chimg va dwa ra nhitng y twong toi wu hoa thiét ké
nham nham nang cao chat lwgng HMB.

1. Phan mé diu

O d5 tir 12 mot loai 6 &5 ma c6 kha niang ning khong tiép
xUc cac truc chuyén dong nho vao luc tir truong. Do gilra
truc quay va phan tinh khong tiép xuc véi nhau, nén 6 do tir
c¢6 nhidu wu diém ndi bat ma vong bi co khong c6 dugc nhu
khéng c6 ma sat, hao mon, khdng can chit boi tron va kha
nang kiém soat dwoc trang thai lam viéc [1,2]. Két qua 1a 6
dd tir ¢6 thé l1am viéc & cac méi truong khic nghiét nhu rat
noéng, rat lanh hoic chan khong ciing nhu ¢6 thé 1am viéc véi
toc do rat cao.

O d& tir ¢6 3 loai co ban 1a 6 d& tir bj dong (PMB), 6 d& tir
chi dong (AMB) va 6 d& tir kiéu lai (HMB). Véi 6 do tir bi
dong thi luc nang dugc sinh ra nho cac nam cham vinh cuu.
Do d6 kiéu 6 d& nay don gian va khong tiéu thu nang luong
nhung khéng cho phép kiém soat dwoc luc nang. Vai 6 da tir
chi dong thi luc nang dugc sinh ra bai cac nam cham dién,
va nho vao viéc két hop vai cac cam bién va bo didu khién
thi luc nang hoan toan c6 thé duoc kiém soat. Tuy nhién
nhuoc diém 16n nhat cua 6 d& tir chu dong 13 tén hao nang
luong 16n. O d& tir kiéu lai 1a sy két hop cau trlc gitra 6 tir
cha dong va bi dong dé vira dam bao kha ning kiém soét lyc
nang ciing nhu dam bao hiéu suit cao[3,4]. Mot kiéu cau
trdc cua 6 dd tir kiéu lai dugc thé hién trong [5,6], trong d6
dong tir thong tan va dong tir thong diéu khién chia s¢ véi
nhau cung mot duong dan, diéu nay c6 thé dan dén bao hoa
va lam cho tn hao léon.
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Mot huéng nghién ciru vé cau tric khac caa HMB 1a tao ra
luc xuyén tam truc rotor [7,8]. V6i ciu tric nay, tir tan duoc
tach ra khoi tir thong diéu khién, tao ra hai dong dich chuyén
cua tir thong xuyén tdm va huéng doc truc. Tuy nhién qué
trinh kiém soat va diéu khién phirc tap vi mach tir gdm nhiéu
vong tir thdng moc vong theo cac huéng doc va ngang truc.
Nhu vay véi hai ciu trdc trén cia HMB, ta dé dang nhan
thdy mot van dé phd bién 1a 1a cac mach tir ciia cac kénh doc
va ngang truc dan xen v6i nhau, anh huéng lan nhau, diéu
nay lam khé khan cho qué trinh mé hinh héa va xay dung hé
thong didu khién 6n dinh va chinh xac.

Dé khic phuc cac nhugc diém trén thi hudng nghién cau
dang dwoc nhidu nha khoa hoc quan tam do 1a thiét ké mot
c4u trdic 6 tr HMB méi trong d6 mach tir theo huéng x vay
doc 1ap vai nhau (Hinh 1). Véi cau tric ndy 6 tir thuong ¢ 4
cuc dé kiém soét cac phuong chuyén dong x va y. Ngoai ra,
trén mdi cuc s& dugc bé tri thém cac phién nam cham vinh
ctru dé hd tro lyc nang nham giam dong dién chay trong céc
cudn day caa cyc tir. C6 hai dang ciu tric phéd bién hién nay
do6 1a dang khong c6 khe ho phu va dang cé khe hg phu
quanh khu vyc b tri nam cham.

Bai bao nay s& phan tich cu thé vé cau tric va dac tinh 1am
viéc cua hai dang 6 tir kiéu lai ¢ trén dé tir 46 dua ra danh
gi uu va nhuge diém ciia mdi cau tradc.

Hinh 1: M6 hinh 4 tir kiéu lai véi cyc tir doc 1ap

2. Phan tich cac 6 d& tir kiéu lai véi cue tir doc
lap

2.1. M6 hinh cuc tir lai khong c6 khe hé phu

Do tinh ddi xtmg va doc 1ap ciia md hinh 6 tir kiéu lai nhu da
néu trén (Hinh 1) nén ta s& chi can phan tich mot cuc don
cua 6 tir. Cuec tir lai kiéu khong cé khe hé phu duogc thé hién
chi tiét nhu trong Hinh 2, trong ¢6 nam cham vinh ctru dwoc
kep chit bai hai nira cuc tir. Cac thdng s6 co ban cua cuc tir
dugc thé hién trong Bang 1.

C

0 35
Hinh 2: M hinh cuc tir lai khong c6 khe hé phu

70 (mm)

Bang 1: Thong sb co ban cia HBM khong c6 khe ha phu

Chiéu dai nam cham Lp | 5mm

Chiéu dai canh khung thép | Ls1 | 23.5mm
Chiéu dai canh khung thép | Ls2 | 51mm
Chiéu rong khung thép Ls3 | 20mm
Chiéu dai Rotor Lr | 62mm

Ban kinh Rotor R 16mm
Dong dién i 0A-10A

S6 vong day n 100

Khe hé khdng khi X 1mm

Tiét dien mat cat khé ho | A 300 mm?
khang khi

Do tir tham chan khong o | 47107 T.mIA
Nam cham vinh cttu NdFe30

Hé 6 tir tham nam cham | | 1,045

Vit liéu thép Steel-1008
Vit liéu cuon day Pdng

Mai trudng xung quanh Chén khéng

Dé d& dang danh gia hiéu qua cua cach két hop gitra nam
cham dién va nam cham vinh ctru trong mé hinh nay ta sé
tién hanh phan tich lyc tir khi chi c6 cudn day va khi ¢ cudn
day két hop voi nam cham bang phan mém mé phong phan
tir hitu han ANSYS.

2.2. Phan tich mé hinh bing phwong phap FEM

2.2.1. Cuwec tir chi gom cuén ddiy

M6 phong mo hinh cyc tir va phan tich két qua bang phuong
phap phan tir hitu han théng qua phan mém ANSYS 16 ta

dugc két qua lyc tir cua cyc tir tac dung ht rotor trong Hinh
4 tng vai dong dién i=10A.
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Yolume-Force
[H/m~3]

[

G139E+885
7SB3E+ER7
3982E+887
1154 E+BEAE
2113E+886
SE53E+BES5
BY494E+AES
B385E+0EaY
A913E+E83
G759E+883
G7E1E+ERZ
F18ZE+8B2
S234E+BEL
BESYE+AE1
9113E+8868
. 7399E+BBE [

L = R R T T 0 R R

70 {(mm)
Hinh 4: Lyc tir tac dong lén Rotor

Sau d6 ta s& khao sat su thay q&i Luc tir khi cho dong dién
tang dan tir OA t&i 10A dugc ket qua trong Hinh 5.

2.2.2. Cuc tir gom cudn diy va nam cham vinh civu

Tuong ty nhu trén, md phong mo hinh cuc tir va phan tich
két qua bang phuong phap phan tir hitu han duogc két qua
trong Hinh 6 va Hinh 7.

Maxwell3DDesign 4

F [newton
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=]

(=]
=

=
=
=

UUI o IQ.EUI L I4.JJUI Y IG.EUI Y IS.!]UI I‘I[J.[J[]

i [A]
Hinh 5: Db thi luc tir tic dung 1én rotor theo dong dién

e

Yo lume-Force
[H/m"~3]

ra

. 5193E+E85
. 2883E+EAT
1854E+Ba7
BIEEE+DAG
FEY1E+BAG
1825E+BR5
47EEE+BAS
2695E+BAY
2358 E+B8Y
S5724E+BAS
B333E+083
9598E+BA 2
E461E+EA1
SE1EE+@81
2342E+BaE
L B926E+8E8 0 35

L T - R R I = T ]

70 (mm)

Hinh 6: Luyc tir tac dong lén Rotor

Maxwell3DDesign 4
70.00

F [newton]
=
(=]
[ =]
[ =]
|

i 1A]
Hinh 7: B4 thi luc tir tac dung 1én rotor theo dong dién

2.2.3. Phdn tich dinh gid két qui

Ban chat cua 6 tir lai d6 1a su két hop thém nam cham vinh
clru vao 4 tir chu dong, boi vay dé danh gia hiéu qua cua 6 tir
lai ta s& tong hop két qua cua cuc tir khi chua thém nam
cham vinh cttu va khi da thém nam cham vinh ciru vao vsg
két qua dugc thé hién trong Hinh 9. Tir dd thi ta thiy & thoi
diém dau (dong dién tir OA t6i 6.2A) hiéu qua vé luc nang
rotor ctia 6 tir lai 14 rd rang khi duong mau xanh tang déu va
lubn & trén duong mau vang. Nhung téi thoi diém sau (dong
dién tir 6.2A t6i 10A) thi 6 tir lai va cu thé 1a su két hop cua
nam cham vai cudn diy da mang lai hiéu qua am vé lyc
nang rotor. Mic du dong dién duoc tiép tuc bom vao nhung
lyc tang khong nhiéu, trong khi d6 néu khéng c6 nam cham
thi luc lai ting kha 16n. Bé tim hiéu nguyén nhan ching ta
s& trich xuit tr ANSYS d6 thi phan bé mat do tir cam tai
thoi diém dong dién 6.2A nhu Hinh 8 dudi déy.

B [teslal
. @, 3158
@,8925

@.8271

@,8879
@,8823 |

@, 0087

8. apaz 0 35 70 (mm)

Hinh 8: P thj phan bé mat do tir cam

Tir d6 thi phan bé mat do tir cam dé& dang nhan ra tai vi tri
tich hop nam cham vinh ciru d6 tw cam B tap trung I6n nhat
(ving mau do), diéu nay dan nguy co bio hoa tir cia mach
tir v6i nhiing vat liéu khac nhau. Cu thé & day 1a do tham tir
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khéac nhau cua vat liéu nam cham NdFe30 va cua gong thép
Steel-1008. Chi tiét hon ta di xem xét biéu dd dic tinh H-B
cua thép trong goc phan tu thir 2 (trudng hop tir hoa ting)
trong Hinh 10.

Maxwell3DDesign 4

-
=]
=
=
=]

E [newton
2]
=]
=]
=
| I T T I TN T T T [ T T T T T T T N A O A1

=]
=]
=]

10.00

.UUI Y IQ.E]UI II I4.glﬂl Y Iﬁ.bﬂl II I8.!](]
i1A]
Hinh 9: Téng hop céc lyc tir tAc dung 1én rotor theo dong dién
Luc tir khi hé chi c6 cudn day
B Luc tir khi hé c6 cuon day va nam cham

=

B(T)

0 200 400 600 800
H (Am)

1000

Hinh 10: Puong dic tinh H-B cua thép steel_1008

Tai diém giao giita dwong mau vang va duong mau xanh
trong Hinh 8 ting véi dong dién i=6,2A, dé dang dung AN-
SYS theo Hinh 9 do dugc mat do tir cam B=0.3158 T.

Ung véi gia tri B=0.3158 T, do tham tir cua vat liéu thép
Steel 1008 (dwong mau xanh Hinh 8) s& nho hon vai do tir
tham caa nam cham NdFe30(1,04) vi vay trong khoang dong
dién | tir 0 t6i 6.2A thi tir tré cua thép 1on hon nam cham. Vi
vay cuong tir truong do cudn diy di hoan toan qua nam
cham, hiéu qua vé lyc téng hop 1a tét. Thé nhung bude sang
giai doan sau, tir tré caa nam cham dan dan Ién hon cua thép
dan dén tir truong do cudn day sinh ra s& bi han ché khi qua
nam cham dan dén hiéu qua vé lyc téng hop ngay cang giam
ro rét.

Khi dong dién ting ma hiéu qua vé luc khong ting twong
ng thi s& mau chong dan dén hién tuong bdo hoa tir, han
ché kha nang chiu tai cua 6 tir. VAy bai toan dit ra la phai
bao toan dugce nang lugng sinh ra cua ca nam cham va cun
day khong dé ching han ché nhau, tir d6 ta dua ra dé xuét cai

tién tach hai dong tur thong sinh ra béi nam cham va cudn
day doc lap va twong ho nhau lan nhau.

3. Phan tich 6 tir lai c6 khe hé phu

3.1. Phwong phap mach tir twong dwong (EMCM)

Khe ha khéng

Tirthong cudn diy

Tirthéng nam cham

Tir théng tin namchidm

0 35
Hinh 11: Mb hinh cyc tir lai c6 khe ho phu

70 (mm)

Tir nhitng phan tich & muc 2 ta thay rang dé co duoc su két
hop hiéu qua nam chdm dién va nam cham vinh cuu trong
cuc tur lai thi ta can phai bd tri tach biét duong cam ung tur
ciia nam cham va cugn day nhung van dam bao dugc luc tir
1a téng cua hai lyc thanh phan. Cau tric mot cyc caa 6 tir lai
4 cyc c6 khe ho phu dugc thé hién chi tiét nhu trong Hinh
11.

DPé xay dung dwoc md hinh mach tir twong dwong trong
trueong hop nay, ta chia tir thdng qua mach tir dugc tao ra boi
2 ngudn. Nguon tht nhit 13 do nam chdm vinh ciru (duong
mau xanh Hinh 11), ngudn thir 2 do suc tir dong caa cudn
day tao ra (dwong mau vang Hinh 11). Tuong tng ta co
mach tir tvong duong trong Hinh 12 va Hinh 13.

H, 1:;"_‘1
—
1l
|
R: R2
Rx Rx
I
LT
R;

Hinh 12: Mach tir tvong dwong do nam cham vinh citu tao ra
V&1 Ry 14 tir tro ciia gong thép.
Rx Ia tir tré khe ho khdng khi.
Rs la tir tré cua Rotor.

Tong tro: R, =2R, +2R, +R; (1)
Tur tho h H, —H" 2
u thong: _ =
g 'R, 2R,+2R, +R,
2
Luc tir: F 4 (3)
HoA



Measurement, Control and Automation

13

g | 1
1T L
Rz R>
Rx Rx
1
—J
Rs

Hinh 13: Mach tr tuong duong do nam cham dién tao ra

Vi Ry la tir tré cia khe ha khdng khi phu

Tong tro: R, =R +2R, +2R, +R, (4)
i H
Tur thong: P, = NE_ P (5)
R, R +2R, +2R, +R;
2
Luc tir: F, = ¥ (6)
HoA
2 2
Tong lyc tir: F=FR+F = U +7/’_2 (8)

HoA A
Str dung céc thdng s6 co ban cia md hinh ta tinh toan gia tri
luc F ng véi cac dong dién i thay ddi tir OA t6i 10A dugc
do thi quan hé gitra dong dién va lyc tir tac dung Ién Rotor
theo phuong phép tinh todn mach tir tuong duong EMCM
trong Hinh 14.

F [newton]
(=}
=
=]
[=}
Ll
N

0.00

QUUI L IQﬁUI Y 4ﬁﬂl o Iﬁhﬂl I I&bﬂl Y HUBU

ifAl
Hinh 14: Luc tir tic dong Ién Rotor theo EMCM

3.2. Phwong phap m6 phéng (FEM)

Céc thong sé md hinh gidng Hinh 3, thém théng sé khe ho
khéng khi phu X,=2mm. Mé phong bang phuong phap phan
tir hiru han théng qua phan mém ANSYS 16 ta duoc két qua
lyc tir cuia cuc tir tAc dung hut rotor trong Hinh 15 va Hinh
16.

3.3. Phéan tich danh gia két qua

D¢ xéc minh tinh ding din cua tinh toan ta s& danh gia két
qua tinh toén luc tir tdc dung Ién Rotor bang phuong phéap

mach tir twong dwong EMCM va phuong phéap md phong
phan tur hitu han FEM ta s& tong hop ket qua tir do thi Hinh
14 va Hinh 16 trong mét do thi Hinh 17.

Yolume-Force
[H/m~3]

3. 1593E+BE85
. 8. S1Z24E+BR7
2, 2932E+Ba7

E. 1780E+BR6
1. BE44E+BEE
4, 4E33E+BES
1. 2879E+BR5
3. 2SY1E+BEY
8. 76E6E+E@3
Z,3617E+BE3
B. 3625E+E@@2
1. 7A4RE+BRE 2

4, 6176E+BEL
1. Z4HYAE+EE1
3. 3513E+BE8
9. B234E-081

Hinh 15: Luyc tir tac dong Ién Rotor

[ —— |
0 35 70 (mm)

Maxwell3DDesign

F [newton
=z
=]
(=3
[}
1

w T T T T
0.00 260

&EU 10.00

460 SEO

i[Al
Hinh 16: B4 thi Iyc tir tac dung 1&n Rotor theo FEM

Maxwell3DDesign ~ #

F [newton]
[=;]
=
[ =]
L =]
|

40.00

20.00

QUUI Y IZﬁUI o I4ﬁﬂl o Iﬁhﬂl o IB&U
i [A]

10.00
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Hinh 17: Téng hop cac luc tir tac dong lén Rotor (EMCM & FEM)
Luc tr HMB ¢6 khe hé phu theo EMCM
Luc tir HMB ¢6 khe hé phu theo FEM

Puong nét diat mau tim chinh la gia tri luc dwoc tinh theo
phuong phdp mach tir twong duong va duong mau do la gid
tri lyc duoc tinh theo phwong phap phong phan tir hitu han
ding phan mém ANSYS 16 khi cho dong dién thay doi tir
0A cho téi 10A. Két qua cho thay su sai khac rat nho, ¢ gia
tri dong dién i=0A d¢ sai khac la 1.1% va tai gi4 tri dong
dién 16n nhat i=10A dd sai khéc 1a 2%. Gié tri tinh toan cao
hon gia tri md phong mot phan rat nho boi khi tinh toan da
bo qua tir théng tan ciaa nam cham khung thép. Nhu vay cé
thé thay rang két qua tinh todn va mé phong la hoan toan tin
cay.

Vay dé danh gia 6 do tir kiéu lai dang c6 khe ho phu va
khong c6 khe hé phu ta c6 thé Iy gia tri md phong FEM cua
hai kiéu & Hinh 9 va Hinh 16 tong hop chung trong mét d6
thi Hinh 18 bén duéi:

Maxwell3DDesign 4

120.00

100.00

20.00

60.00

X [newton]

40.00

20.00

0.00

g_lllll|I||I||I|||||||||||||||||

[.'lI o IQ.HJUI L 4.HJUI L IS.EUI I IB.E]UI o I‘1[].0(]

i[A]
Hinh 18: Téng hop cac Iyc tir tac dung 1én rotor theo dong dién
Luc tir khi hé chi c6 cudn day
I Luc tir HMB khdng c6 khe ha phu
Luc tir HMB c¢6 khe hé phu

Nhin d6 thi Hinh 18 ta thay 6 tir lai c6 khe ho phu da giai
quyét dugc co ban van dé bdo hoa tir cua 6 tir lai kiéu khong
c6 khe ho phuy, bién d6 lam viéc va kha ning chiu tai cua 6
tir lai ¢6 khe hé phu s& cao hon 6 tir lai kiéu khong cé khe ho
phu.

Vén @8 tht hai 13 nang luong tiéu tén dé nang Rotor caa 6 tir
lai c6 khe hd phu nho hon rét nhiéu 6 tir lai kiéu khong cé
khe hé phu, tuy rang & thoi diém dau khi gi tri dong dién i
tir OA cho téi gan 1A thi 6 tir lai kiéu khdng c6 khe ho phu
cho thay lgi thé hon 6 tir lai kiéu c6 khe ho phu.

Tir dé xuat cho cach bd tri méi cuc tir ta ciing dua ra mo
hinh 6 tir kiéu lai nhu Hinh 19.

Hinh 29: Mb hinh 6 tir lai kénh X va Y doc 1ap c6 khe hé phu

M6 hinh bao gém 4 cuc, trén mdi cuc nam cham vinh ciu
duoc bé tri xen gitra hai cuon day nhu hinh v&. Tai vi tri tiép
gidp vaoi nam chdm vinh ctu s€ ¢6 hai khe hé khong khi phu
tao ra duong di cua tir thdng cudn day trdnh hién tugng béo
hoa tir va ton that nang luong khi tir thdng cuon day va nam
cham di cung duong. Md hinh nay di tdi wu dugc ning
luong theo nhitng minh chiing ¢ trén va tang kha nang chiu
tai cua 6 tir lai.

4. Kétluan

Bai bao da thyc hién viéc phan tich m6 phong hai cau tric
co ban cua 6 do tir kiéu lai vai cac cuc tir doc 1ap véi nhau.
Tir cac két qua mo phong va phan tich, ta thiy cach bd tri két
hop gitra nam chdm dién va nam cham vinh ctu trén cung
mot vong tir théng c6 thé xay ra hién tuong tén hao sit tur
khién lyc tir suy giam. Ly do chinh & day 1a d6 tham tir cua
vat liéu 16i thép nam chdm dién va nam cham vinh cuu la
khéc nhau, nhét 1a khi cudong do tir truong trong mach ting
thi d6 ty tham cua hai loai vat liéu ndy cang khac nhau I6n,
tir trd cia nam cham lac nay 16n hon nhiéu so véi tir tré cua
thép vi thé can thiét ké mot khe ha khong khi vai tinh toan
pha hop dé 1am duong dan tir thong thir hai cho mach tir.
Viy dé bao toan duoc gia tri luc tir, giam t6i thiéu ton that tir
trueong thi can tach riéng hai ngudn tir truong nam cham dién
va nam cham vinh ciru théng qua khe hé phu. Uu diém céu
tric 6 tir HMB khe hé phu s& giam bét duoc hién tugng bdo
hoa tir tai diém tich hop nam cham do tir théng c6 thé di qua
khe ho phu. Ngoai ra voi cau tric nay luén dam bao c6 tir
thong du va tao ra lyc dién tir duy tri t5i thiéu ngay ca khi
khong ¢6 dong dién kich thich trong cudn day va viéc dit
nam chadm vinh cuu chinh gitra mach tir s€ gitp tur thong tap
trung hon dong thoi giam tir thdng tan.
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