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DPoéng co ddng bo kich tr nam cham vinh ciru gén bé mat (SPMSM) la mét trong nhirng
loai dong co’ dién dwoc (ng dung réng rai trong cac linh vwc xe dién va truyén dong dién
trong céng nghiép va dan dung. Béng co' nay nho vao nhirng dac diém nhu mat do cong
suét cao, khdi lwong nhe, hiéu suét cao va mdmen cao. C6 hai loai ddng co SPMSM, d6
la SPMSM réto trong va SPMSM rdto ngoai. D& phan tich va tinh toan cac wu nhuwoc
diém, cling nhw so sanh hiéu suét ctia hai loai ddng co' nay. Van dé nghién ctru SPMSM
nay dwa ra mot mé hinh giai tich dé thiét ké so bd cac théng sé chinh ctia SPMSM vai ca
hai loai réto trong va réto ngoai. Sau dé, phwong phap phan t&r hiru han duwoc st dung dé
m6 phdng, phan tich va so sanh cac thdng sé dién tir clia cac dong co. Két qua nghién
clru nay ciing la co s& dé tinh toan, phan tich, thiét ké va diéu khién cho may céng nghiép
va dac biét la (rng dung vao linh virc ddng co xe 6 t6 dién.

Tom tat:

Twrkhéa:  May dién, thiét ké may dién, dong co 6 t6 dién, EMF, phan t& hiru han, SPMSM.

Abstract: The surface-mounted permanent magnet synchronous motor (SPMSM) is one of the
electric machines applied widely in the fields of electric vehicles (EVs) and electrical drives
and electric drives in industry and civil. There are two types of SPMSM motors, namely
inner rotor SPMSM and outer rotor SPMSM. To analyze and calculate the advantages and
disadvantages, as well as compare the performance of these two types of motors. This
SPMSM research problem presents an analytical model to preliminarily design the main
parameters of SPMSM with both inner and outer rotor types. Then, the finite element
method is used to simulate, analyze and compare the electromagnetic parameters of the
motors. This research result is also the basis for calculation, analysis, design and control

for industrial machines and especially for application in the field of electric vehicle motors.

Keywords: Electrical machines, electrical machine design, electric car engine, EMF, finite element

analysis, SPMSM.

1. MO DAU nam cham vinh ctru duoc gin truc tiép 1én bé

Pong co dong bo kich tir nam cham vinh ciru
nam cham gin bé mit (SPMSM) dang ngay
cang dugc st dung phd bién trong cac hé
thong truyén dong dién va xe dién nho qua
trinh cong nghiép héa va nhing tién bo trong
cong nghé [1, 2]. Trong dong co SPMSM,

mat roto. Viéc tich hop nay giup tdng mémen,
tang hiéu qua kinh té, ting do bén va giam
nang luong tiéu thy. Ngoai ra, loai dong co
nay con dugc Ung dung trong cac linh vuc
cong nghiép nhu diéu khién chuyén dong va
may nén, va trong nhiéu Gmg dung khac nhu
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khai thac diu, khai thac mé, hé théng nang ha,
hé théng tmyén dong di¢n, dong co hang hai,
va cac tmg dung yéu cAu mémen cao, tbc do
thap [3, 4].

SPMSM duoc chia thanh 2 loai dua vao vi tri
cua roto: SPMSM roéto trong va SPMSM roto
ngoai. Mdi loai déu c6 uvu va nhugc diém
riéng. Nghién ctru d ching minh rang dong
co PMSM rdto ngoai nén dugc uu tién s
dung hon so v6i dong co PMSM ro6to trong
bang hai phwong phap, [5]. Thir nhét, cac tac
gia so sanh kha nang tao va duy tri mémen
ctia hai dong co bang cach kiém tra thé tich
hinh hoc cua ting loai. Phuong phap thir hai
so sanh hi€u qua tur truong va dac tinh mémen
cta hai kiéu roto khi 4p dung vao ciing mot
kiéu cdu tric mach tir. Bai toan nghién ciru,
tinh toan va so sainh mat dg tir thong cia dong
co SPMSM roéto trong va roto ngoai img dung
trong xe dién bang phuong phap phan ti hiru
han (PTHH), [6]. Tuy nhién, khong dua ra qua
trinh thiét ké dong co ma chi tap trung va mo
phong dé c6 duoc két qua.

Lién quan dén nghién ctru thiét ké bo truyén
ddng banh ring dong truc cho bd diéu bién tir
thong dong co dé nghién ctru va so sanh dic
tinh momen cua chung, [7]. Pac tinh moémen
clia cac cau hinh dé xuat duoc xac dinh thong
qua md hinh phi tuyén sir dung PTHH. Céc
nghién ctru cling xay dung mot thiét ké vai su
két hop ranh va cuc cho dong co PMSM rdto
trong (IPMSM) va SPMSM [8, 9]. B méo
hai tong hop, moémen ring, sic phan dién
dong, nhiéu mémen va cic dic tinh ton hao
déu dugc so sanh trong cac thi nghiém nay
bang mé hinh tinh toan giai tich. Viéc nghién
ctru thiét ké t6i vu dong co IPMSM ung dung
cho xe dién va xe hybrid bang phwong phap
PTHH dé xac dinh muc dong dién 1y tuong
cho ca hiéu suit va mémen rang [8]. Két qua
cling cho thdy mémen ring anh huéng nhu

thé ndo dén tiéng on va do rung cua dong co.
Khi di nghién ctru anh hudng cia cac hé sb
thiét ké khac nhau va su két hop gitta rinh va
cuc dén momen ring cia dong co nam cham
vinh ctru, [5]. Hiéu suat da vat 1y ctua dong co
SPMSM va IPMSM di dugc so sanh va kiém
tra trong nghién ctru. Cac yéu cau thiét ké ban
dau vé cong suat 60 kW va 30.000 vong/phit
gilt nguyén céu tric stato, kiéu quin day va
thé tich. Sau d6, bing phin mém Ansys
Workbench, PTHH dugc sir dung dé dam bao
tuan thu cac yéu cau vé trudng Gng suit cho
hai cau trac roto. Cac mé hinh cho dong co
IPM v6i nam chidm nhiéu 16p da duoc thuc
hién dé giit nguyén cdu tric stato, kiéu quéan
day va thé tich nam cham trong [9].

Nhu di phan tich ¢ trén, cho dén nay da co
nhiéu bai viét nghién ctru vé dong co SPM va
IPM ciing nhu so sanh hiéu sudt cia chung.
Céc nghién ctru ndy chua trinh bay chi tiét vé
quy trinh tinh toan giai tich cac thong sb dién
tir ciing nhu so sanh hiéu sut cua cac dong co
nay. Trong nghién ctu nay, dong géop mdi la
mo hinh giai tich dwoc phat trién chi tiét dé
xac dinh cac thong sb can thiét cia SPMSM
v6i céu hinh roto trong va ngoai. Sau do,
PTHH dugc sir dung dé mé phong va so sanh
hiéu suét cta cac dong co, chfmg han nhu mat
do tu thong, Momen dau ra, momen rang, suc
phan dién dong, lién két tir thong va do ting
nhiét do. Céac két qué thu dugc s€ dugc coi la
tai liéu tham khao c6 gia tri cho viéc lya chon
SPMSM c6 ciu tric réto bén trong hoic bén
ngoai cho cac img dung luc kéo.

2. THIET KE TiNH TOAN GIAI TiCH
Phan nay trinh bay thiét ké giai tich SPMSM
roto trong va SPMSM ro6to ngoai. Momen

dién tir (M) duoc tinh thong qua cong suit
dién tur (P,), [3-5]:
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Vé6i, p 14 s6 cap cuc va f; 1a tan sb. Theo [1,
4], tng suit khe ho khong khi (§) duoc tinh
toan nhu sau:

0.5M 3
= E o TR @
ZFi L, safe

Trong d0, ksqfe 12 he s6 an toan, &, gia tri
mg suat, F; 1a dudng kinh trong roto. Hé sd
hinh dang cua may dugc tinh nhu sau, [9]:

Fi

kshape = f (3)

Mat do tr du ctia nam cham (¥J9,) dugc xac
dinh:

U, = 191',0- (1 — T. (Tr - Tmt)) (4)

Véi, T, 1a nhiét do lam vi¢c cua nam cham
(Te = 30°C), Ty 1a hé sb nhiét do (T, =
0.001), ¥, 1a mat do tir du tai nhiét do moi
truong (T,,; = 20°C). Mat d6 tur thong khe hd
khong khi dugc tinh:

)
9, = 4.9, Sn@)

(5)

Trong do, ¢ la gbc dién nam cham, 9, 1a mat

do tu thong tai vi tri lam viée. Tu do, do day

nam cham dugc tinh bang cong thirc sau, [8]:
d

€5 —vg9 w(F;, — 29)
m 19r.4sma_1’ § Q ’
g1

1

4V, 3

F; = <k—r> )
. shape

0,5T.k
Vr — shape
$m
Trong d6, g la d§ day khe ho khong khi, V;. 1a
thé tich roto. Tur day, tir thong nam cham co

(a—b—-c—d) (6)

thé tinh dugc bang cong thirc sau:

g a. F;
Om = O Ly T, VO T, = ” (7
V6i, T, 1a chiéu rong nam cham. Do day
gong stato (hg,)va do day goéng robto
( hry) dugc tinh:
Im- Tm Im- Tm

hsy = 2 l9$y ) hry = 2 19Ty (8)

Trong d6, 5y, va Uy lan lugt 1a mat do tir
thong ciia gdng stato va gdng roto. S6 vong
day trén mdi ring duoc tinh nhu sau:
N = 1,1.U,
2V2.f.q. ky. 9y i Fi- Ly

g pk = Ug.coSt 9

Trong do6, ¥, ;i 1a mat do tir thong cuc dai, k,,
13 hé s6 day quan (xem hé sé day quan ddi véi
day quén tap trung tai tai liéu [9]), U, 1a dién
ap pha, g 13 s6 ranh duéi mot pha trén mot
cuc va ¢ la goc mdmen cua dong co (t =
15° =+ 30°). Tiét dién diy quén trong mdi
ranh (D,,) dugc tinh nhu sau:

D, =S;.N.ny.2 (10)

Vi, ny s6 soi chap, S, tiét dién mot soi day.
Tiét dién ranh duoc biéu dién cong thirc (11)
ta co:

DW

— (11
krin

Dgior =

Trong d6, ki 1a hé so lap day (kpy =
0.5522). Tir thong trén rang stato va bé rong
rang stato dugc xac dinh nhu sau, [8, 9]:
¢m- 2p ¢t

= S We = 12

0 Wi L9, (12)
Trong d6, ¥, la mat do tur thong trén rang
stato. Puong kinh 16n cta ranh (b;) va duong
kinh nhé cua rinh (b,) cta ca hai cau hinh
roto trong va roto ngoai dugc xac dinh nhu
sau, [3]:

. (F; + 2(h,, + hyy)
b1 = Q — Wy,

b:
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(13)

b - by? — 4 1. Dy
? Q

Trong d0, hg, 1a chiéu cao ring va h,, 1a chiéu
cao ném. Dau “+” twong tmg véi réto trong va
ddu “~” tuong tmg vé&i roto ngoai. T do,
chiu cao ranh stato (h) va duong kinh ngoai
roto duoc tinh:

2Dslot

m=m+m

» For =Fii2hyr (14)

Trong do, dau “+” tuong Ung voi roto ngoai

kinh tryc dugc tinh bang cong thire (15):
Fshase = Fy — 2(hgo + hyy + hs + hgy) (15)

Sau khi cac cong thic giai tich ¢ trén dugc
phat trién, mot dong co SPMSM 11.5 kW véi
cAu hinh réto trong va roto ngoai dugc xdy
dung. Bang 1 liét ké cc thong sb yéu cau cua
dong co. Bang 2 trinh bay két qua tinh toan
giai tich cia dong co védi roto trong va réto
ngoai. Phuong phap PTHH & Phan 3 s& kiém
chung cac két qua nay. Hinh 1a va 1b thé hién
so dd quan diy lan luot cia SPMSM roto

va déu “-” tuong mg véi roto trong. Puong  trong va SPMSM réto ngoai.
Bang 1. Théng s6 yéu ciu ciia dong co SPMSM réto trong va réto ngoai
Théng sb Ki hi¢u SPMSM réto trong SPMSM réto ngoai
Cong suét dinh murc Prated (KW) 11.5 11.5
Dién 4p dinh mirc Usated (V) 380 380
Hiéu suit n (%) 94 94
S6 pha m 3 3
Tan s6 f (Hz) 50 50
S6 cuc 2p (cuc) 12 12
Hé s6 cong sut CosQ 0.9 0.9

Bang 2. Két qua tinh toan giai tich cia SPMSM réto trong va réto ngoai

Kich thuéc chinh SPMSM roto trong | SPMSM roéto ngoai Pon vi
Puong kinh ngoai stato 274 209 mm
Duong kinh trong stato 216 127 mm
Duong kinh ngoai roto 209 245 mm
Puong kinh truc réto 178 216 mm
Chiéu dai roto 216 216 mm
S ranh stato 12 12 ranh
Chiéu dai khe hé khong khi 1 1 mm
b§ day nam cham 2.6 2.6 mm
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®

(b)

Hinh 1. S0’ d6 quan day cua (a) SPMSM réto trong
va (b) SPMSM réto ngoai

3. PHWONG PHAP PHAN TU H(PU HAN

Nhu di dé cdp ¢ phan trudc, md hinh tinh
toan giai tich dé dang tinh toan dé tim ra dugc
su khac nhau vé thong s6 thiét ké cua hai cdu
hinh réto. Trong khong gian Euclide R®, tap
hop cac phuong trinh Maxwell duoc biéu thi
nhu sau [2, 9]:
AXH=]J,AXE=—jwd,A9=0 (16)
Trong do, J 14 mat 4o dong dién (A/m%), H 1a
tr truong (A/m), E 1a dién truong (V/m) va 9
la mat do tr thong (Tesla). Cong thuc (16)
dugc giai bang cac luat cdu thanh va diéu kién
bién trong phuong trinh (17) va (18) nhu sau:
U =uH,] =3E (17)
nXHlp, =0,n XY, =0 (18)

Trong d6, n 1a vecto phap tuyén don vi c6
huéng tir trong ra ngodi mién u (v6i pu = p, U
ug), J 1a mat do dong dién (A/m®), u 1a do tur
tham, & 1a d6 dan dién (S/m). Truong 9 trong
(16) duoc suy ra tur vecto A trong (19).

9=AXD (19)

Két hop (16) va (19), truong E duoc xac dinh
thong qua thé ning vo hudng 8 trong (20):
E=-(D—-Ap (20)
Phuong trinh trudng dién tir dugc viét trong
mién p (mién ciia may PM) dugc biéu dién
nhu [5]. Dya vao phuong trinh (16) — (20),
ta co:
1

A X [E(A X D —19)] +&¢.D

=Js —§A.B (21)

Lién két tir truong (¢) duoc xac dinh nhu sau:

¢=§<JL+Ddu—JL_Ddu>

Trong d6, S 1a tiét dién cua chiéu dai day dan

(22)

(L). Ta c6 thé x4c dinh sirc phan dién dong
bang cach st dung lién két tir thong (¢) &
phuong trinh (22).

4. PHAN TiCH KET QUA

Duya vao kich thudc yéu cau thu duge tir thiét
ké giai tich trong bang 2, phuong phap PTHH
dé tinh toan va moé phong mat do tir thong,
moémen dau ra, mémen ring, sic phan dién
dong, thanh phan song hai cia stc phan dién
dong, lién két tur thong va do tang nhi¢t do.
Viée so sanh cac théng sb dién tir nay duogc
thuc hién cho ca cu hinh réto trong va roto
ngoai. Hinh 2 va Hinh 3 cho thiy mé hinh 2D
cua SPMSM ro6to trong va réto ngoai. Do do,
SPMSM r6to ngoai s€ c¢6 ranh sdu hon so véi
thiét ké roto trong. Piéu nay cho thiy ring cua
SPMSM roto ngoai s€ ¢ mat do tir thong cao
hon so véi rang cua SPMSM r6to trong. Hinh
4 biéu dién moémen dau ra cia hai loai dong

CO.
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(a) (b)
Hinh 2. M6 hinh 2D ctia SPMSM réto trong (a) va (b)

(a)
Hinh 3. M6 hinh 2D ctiia SPMSM réto ngoai (a) va (b)

(b)

170 v T , T T T
120 +
El
Z 95
2
= 50 -+ R6 to trong
I ~- Ré to ngoa
25+ 4
0 L L L L L .
0 60 120 170 230 290 350 410
Gée quay (d6)
Hinh 4. Mébmen ctia may SPMSM roéto trong
va réto ngoai
30
20

M6 men réang (Nm)
=]

-10 -

20+ - R6 to trong
—- Ré to ngoai
30 \ .
0 4 6 8 10 12 14

Goéc quay (d6)

Hinh 5. Mbmen rang cia SPMSM réto trong
va réto ngoai

-+ Ré to trong
—- R4 to ngoai

Back EMF - Strc phan dién déng (V)

170 230 290 110

Géc quay (d6)

‘0 60 120 350

Hinh 6. Strc phan dién dong ciia SPMSM réto trong
va réto ngoai

—
o

—=— R6 to trong
— - RO to ngoai

~ ~
o b w

Dao déng mé men (%)
)
n

170 230 290 350 410
Goée quay (d6)

60 120

Hinh 7. Dao dong mémen cua SPMSM réto trong
va roéto ngoai

1200

=)
(=
=]

Tir théng lién két (mVs)
=

=

=3

=
T

— RO to trong
- - RO to ngoai

170 230
Géc quay (do)

-1200 -
0 60 290 350 410

Hinh 8. Tir théng lién két cia SPMSM réto trong
va réto ngoai

Hinh 9. Nhiét d6 mét cat ngang truc ciia SPMSM
réto ngoai
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Hinh 10. Nhiét d6 mat cat doc truc
cua SPMSM réto ngoai

(a) (b)

Hinh 11. Nhiét d6 mat cat ngang truc (a) va doc truc
(b) cua SPMSM réto trong
Momen cuc dai ctia hai loai dong co tuong
duong nhau, vé1 SPMSM rdto trong la
157.576 Nm va cuia SPMSM roto ngoai la
157.535 Nm. SPMSM roto ngoai c6 moémen
16n hon mot chut 13 do cdu hinh réto ngoai c¢6
roto 16n hon. Hinh 5 thé hién phan b6 momen
ring cla hai loai dong co. Két qua cho thay
mdémen rang trung binh cia SPMSM réto
trong 14 27.757 Nm, trong khi ciu hinh réto
ngoai 1a 23.353 Nm. Piéu nay chi ra ring
mdémen rang cua SPMSM réto ngoai co
momen ring thap hon vi ring cta loai dong
co nay it hon so vd&i loai roto trong. Do do,
SPMSM r6to ngoai s& hoat dong 6n dinh hon
so voi roto trong. Hinh 6 cho thdy stc phan
dién dong cua hai cAu hinh roto. Co thé théy
rang dang song hinh sin va c6 d6 muot cao.
So v&1 dong co roto trong, gia tri sttc phan
dién dong cua dong co réto ngoai co phén
dinh 16n hon mot chat. Hinh 7 mo6 ta dao dong
momen gon song cia hai loai dong co. Két
qua cho thady SPMSM réto ngodi c6 moémen

rang gon song lén hon SPMSM réto trong.
Moémen khong déu c6 thé 1a do kich thude va
hinh dang cta roto ngoai gay can tré cho hoat
dong cia stato. Hinh 8 biéu dién tir thong lién
két cua hai loai dong co. Co thé thay 1a gia tri
trung binh va dang song cua hai dong co
tvong duong nhau. Thong s6 chinh cua
SPMSM réto trong va SPMSM roto ngoai
dugc trinh bay trong [6, 9].

Do vay, dong co roto trong s€ co tdn hao it
hon dong co roto ngoai. Nguoc lai, cac boi
day quén trén stator ctia dong co SPMSM réto
ngoai dat & bén trong kho tan nhi¢t hon so véi
SPMSM rédto trong. Thé tich cua hai loai dong
co nay ciling khac nhau: dong co c6 ciu trac
roto trong c6 thé tich 1on hon khoang 0.03 m’
so v6i dong co roto ngoai. Mét khac, dong co
roto ngoai c6 roto 16n hon do do sé tao ra
moémen 16n hon. Piéu nay gitp loai dong co
nay phu hop véi cac img dung yéu cau nhiéu
sttc manh nhu may kéo va can cau. Nguoc lai,
dong co SPMSM réto trong c6 roto nho hon
vi vay cé thé dat van téc cao hon, thuong
duogc st dung trong cac hé thong yéu cau sy
nhd gon va tbc d6 nhu xe may dién, 0 to
dién...

Qua nhiéu cac nghién ciru cho thiy su ting
nhiét do tai cac vi tri khac nhau cia SPMSM
roto trong va roto ngoai. V&i chénh 1éch nhiét
do trung binh 1a hon 15°C, 1 rang la nhiét do
cua rdto ngoai cao hon roto trong & moi vi tri
(nhu Hinh 9, Hinh 10, Hinh 11), [1, 2, 6, 8].
Piéu nay 1a bai vi ton hao 16n nhat nam & day
dan, ma d6i voi dong co roto ngoai, day quéan
trén stator dat ¢ bén trong, vi vdy kho cho
viéc tan nhiét. Trong khi do, cudn diy ¢ dong
co 1oto trong dwoc quin & stator dit ¢ bén
ngoai, nén viéc tan nhiét s& dé dang hon
[3, 8].
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5. KET LUAN

Nghién ctru nay két hop gitta thiét ké tinh toan
giai tich va phuong phap PTHH véi dbi tuong
la dong co SPMSM réto trong va réto ngoai.
Két qua thu dugc la cac thong sb dién tr, mat
do tr thong, stc phan dién dong, mémen, dao
dong moémen, moémen rang gon song, flux
linkage, nhiét d0. Thong qua PTHH, nghién
ctru di tap trung vao thiét ké so sanh SPMSM
roto trong va roto ngoai voi diy quin tap
trung dé xac dinh wu diém va nhuoc diém cua
timg dong co. Dit liéu thu duoc cho thay ca
SPMSM réto trong va SPMSM roto ngoai déu
hoat dong t6t nhung c6 nhimg wu diém va
nhuoc diém khéac nhau. So véi SPMSM réoto
ngoai, SPMSM réto trong c¢6 wu diém 1a toc
d6 cao hon va nhiét do thép hon. Nguoc lai,

SPMSM réto ngoai vuot trdi hon SPMSM
roto trong vé moémen va do on dinh. Bai bao
nay ciing dong vai tro 1a nén tang cho cac
nghién ctru sdu hon, bao gdm cac huéng nhu
t61 wu hoa tinh toan thiét ké bang cac phuong
phap t6i wu nhu t6i wu bay bai va thuat toan
tién hoa. Ngoai ra, dit liéu thu duoc tir mdi
may s& cung cip tai liéu tham khao dé lyu
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