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Abstract

The paper proposes a new magnetic equivalent circuit. The proposed magnetic circuit is applied to calculate the Ld, Lg inductance for the
IPMSM motor using the magnetic equivalent circuit method. Analysis PMSM by magnetic equivalent circuit method greatly reduces com-
putational cost compared to finite element method, but the accuracy also reduced. We proposed the new magnetic equivalent circuit that
increasing accuracy by including model of flux leakage phenomenon and magnetic saturation phenomenon. The proposed magnetic equiva-
lent circuit is applied for IPMSM with V-shape magnet type. The results show that the difference between proposed method and finite element

method is less than 8%.
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Cic tir viét tit

MEC Magnetic Equivalent Circuit

FEM Fitnite Element Method

RNA Reluctance Network Analysis

IPMSM  Interior Permanent Magnet Synchronous Motor

SPMSM  Surface Permanent Magnet Synchronous Motor
Tém tit

Bai béo d& xuat mach tir twong duwong méi cho dong co. Mach tir dé
xuét dugc &p dung dé tinh toan dién cam Ld, Lq cho dong co IPMSM
bang phuong phap mach tir twong duong. Sir dung phwong phép
mach tir tuong duong dé giai tich dong co PMSM giiip tiét kiém tai
nguyén may tinh va thoi gian tinh toan hon nhiéu so véi phuong phap
phan tir hitu han, tuy nhién, nhugc diém cia phuong phap nay 1a do
chinh xéc thip hon phuong phap phan tir hitu han. Mach tir trong
duong duoc nhém tac gia d& xuat gilp cai thién do chinh xac do da
md hinh héa duoc hién tugng tan tir thong va hién tuong béo hoa vat
liéu tir. Mach tir dugc X8y dung cho dong co IPMSM nam cham dang
V. Két qua tinh toan dugc so sanh véi phuong phéap phan tir hitu han
cho thiy sy sai léch giita hai phuong phap nhé hon 8%.

1. Giéi thidu

Ngay nay, dong co dién xuat hién ¢ hau hét cac linh vuc cua
x4 hoi. Viéc xuét hién cua da dang c4c san pham yéu ciu sy
chinh xac cao nhu tay may robot cong tac (Collaborative ro-
bot), may bay khong nguoi 1ai (drone), xe dién,... doi hoi
dong co can thiét ké t6i vu dé dam bao hiéu suét, tbc do, mo-

men, nhiét d6. Pong co ddng bd nam cham vinh ciru (PMSM)
vé6i nhing loi thé vé kha nang sinh m6-men Ion, dai toc do
lam viéc rong ciing nhu thiét ké nho gon va cho hiéu suat cao,
do d6 nhan duoc nhiéu sy quan tdm trong viéc nghién cau
phét trién dong co hién nay. Véi nhitng tng dung trong da
dang céc san pham, viéc nghién ctru phét trién dong co PMSM
can duoc téi vu gitra chi phi san xuét ciing nhu hiéu nang cia
ddng co (hiéu suat, m6-men, dai tbc do,...) vai ting dong san
phdm. Céc phuong phap mé hinh hoa, phan tich, danh gi chi
tiét dong co PMSM di duogc dé xut trong rat nhiéu cac nghién
ctru nhu phuong phap mang tir tré (RNA) [1], phuong mach
tir twong dwong (MEC) [2], phwong phap phan tir hitu han
(FEM). Vi su da dang cac loai dong co PMSM nhu: dong co
ddng bd nam cham vinh ciru gin chim (IPMSM), dong co
dong bo nam cham vinh ctru gan bé mat (SPMSM), dong co
PMSM nam chdm dang chit VV, nam cham dang thanh,... viéc
phéan tich dong co theo cac phuong phap trén doi hoi nhirng
yéu cau khac nhau véi ting loai dong co.

Phuong phap phan ti hitu han hién nay duoc st dung chi yéu
trong nghién ctiu thiét ké dong co [3-5]. Phuong phép phan tir
hitu han tinh todn mot cach chinh xac cac gia tri thanh phan
trong dong co PMSM. Tuy nhién, n6 doi hoi thoi gian tinh
toan lau va kho kiém soat dugc 15i khi gap véan dé trong tinh
toan. Do d6, phuong phap phan tir hitu han s& pht hop dé kiém
ching thiét ké dong co sau qué trinh phan tich thiét ké ban
dau. Trong hau hét cac dong co PMSM, viéc tinh toan céc gia
tri dién cam Ld, Lq va tir thong lién két 2 yéu cau bat bugc dé
nghién ciru thiét ké ciing nhu xay dung phwong phap diéu
khién cho dong co. Trong cac nghién ctu [6-7], nhém tac gia
da xay dung md hinh mach tr twong duong cho déng co
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IPMSM véi nam cham dang chit V va dang thanh dé tinh toén
cac gia tri dién cam va tur théng trén 2 truc d-g. Bén canh do,
cac md hinh mach tir twong duong duoc két hop voi céc
phuong phép tdi wu dé tinh toan cac gia tri khéng gian kich
thude cho déng co. Cac mé hinh mang tir tro [8-9] dugc phén
tich két hop phuong phép ti uu da muc tiéu (Multiobject) dua
ra khong gian kich thudc tdi wu cho dong co IPMSM bao gom
kich thudc rotor, stator, kich thudc nam cham, kich thudc rang
ranh va khe ho khong khi. Hién tuwong bdo hoa (saturation)
cua vat lidu dan tir anh huong rat Ién dén phan tich sy phan
b mat do tir thong trong dong co PMSM. Trong [10-12],
phuong phap mach tir tro twong duong duoc dé xuat cho mo
hinh dong co PMSM giai quyét van dé vé bdo hoa tir ctia vat
liéu dong thoi dua ra cac phuong phap dé tinh toan cac gia tri
mat d6 phan b tir thong trong dong co. Ngoai nhitng phuong
phép xay dung mach tir tro twong dwong cho dong co, [13] dé
Xuit phuong phap mang tir tré dé phan tich dong co IPMSM,
cac cum tir tré dwoc lién két vai nhau tao thanh mang tir tré
tir d6 xay dung cac phuong trinh tinh toan chinh xac sy phan
bé tir théng tai moi vi tri trong dong co.

V6i nhitng nén tang trong nghién ciu phét trién dong co
PMSM, nhém nghién ctru dé xuat mot mach tir twong duong
méi, tir @6 tinh toan dién cam Ld, Lq bang phuong phap MEC
cho IPMSM c¢6 nam cham dang V. Mach tir dugc dé xuat
trong nghién ctru nay c6 d6 chinh xac cao do da mé hinh héa
day du hién twong bao hoa tir va hién twong tan tir théng trong
dong co. Két qua tinh toan duoc so sanh véi két qua mé phong
tir phan mém sir dung phwong phap phan tir hiru han.

2. Tir thong trong dong co IPMSM

2.1. Pwong di cha tir thdng trong dong co

C6 hai ngudn sinh tir trong dong co dién nam cham vinh citu
n6i chung va IPMSM noi riéng, d6 1a ngudn tir do nam cham
sinh ra va ngudn tir do cudn day stator sinh ra. Trong dong co
dién, duong tu thdng (hay duong suc tir) la duong khép kin
va duong di tir théng s€ uvu tién di qua nhitng vang ¢o tur tre
nho hon.

\.
\\\Wf?ﬁ?‘ i S

Hinh 1 -b: Thanh phin tan cia tir théng nam cham

Cac dudng suc tir cua dong co ¢6 hai thanh phan: thanh phan
chinh va thanh phan tan. Thanh phan chinh 1a nhitng duong
suc tir hoan thién mét vong qua rotor, stator va khe hé khong
khi. Thanh phan nay tao ra tir thong lién két va sinh ra ning
lwong. Thanh phan tan la nhitng duong suc chi di vong trong
rotor, trong stator va khong di qua khe ha khdng khi. Vi du,
cac duong sic di qua hai rang lién ké cua stator, hay duong
stre di tir cuc béc dén cyc nam ctia nam cham qua cc cau rotor
la cac thanh phan tan. Thanh phan tan khéng c6 tac dung sinh
ra ning luong, chlng gay that thoat nang luong va sinh ra ton
hao sat tir. Xét dong co IPMSM ¢6 nam chan dang V, khi chi
c6 nam chdm ma khéng c6 dong dién, duong tir théng sé di
theo dang hinh 1-a. Thanh phan tir théng chinh Ia nhiing
duong swc tir hoan thién mot vong di tir cuc bac ciia nam cham
nay, qua khe hé khéng khi, qua stator, vong lai qua khe ho
khong khi va di vao cuc nam ciia nam cham kia. Thanh phan
tir théng tan (hinh 1-b) la nhitng duong sirc di qua phan cau
trén (6 tron do) va cu dudi (6 tron den). Ciing ¢6 cac thanh
phan tan khac ¢ rang dong co, tuy nhién thanh phan nay kha
nho va khong duoc thé hién trong hinh 1.

Hinh 2: Pudng stc tir cua tir thong dong dién 7

Khi chi c6 ngudn dong dién ma khéng c6 ngudn nam cham,
cac dudng suc s& di theo dang hinh 2. Thanh phan tir thong
chinh la cac duong stc tir hoan thién mot vong di qua stator,
rotor va qua khe h khong khi. Thanh phan tir théng tan bao
gom thanh phan di qua cau trén, cau dudi va thanh phan tan ¢
rang dong co. Do ngudn tir nam trén cac rang nén tir thdng tan
trén cac rang la dang ké, chung ta co thé thdy rd duong tir
théng tan nay trong hinh 2. Trong tinh toan mach tir véi ngudn
tir sinh ra tir dong dién, tir thdng tan tai ring cua dong co can
duoc xem xét dé cai thién do chinh xac.
ACQ

d
2 2 >
Hinh 3: Goc didu khién dong dién -

Khac véi dudng tir thdng do ngudn nam cham sinh ra da co
dudng di ¢b dinh, duong tir thdng do dong dién sinh ra phu
thudc vao goc diéu khién dong dién (hinh 3 - goc diéu khién
¢6 thé thay doi tir -90° dén 90°). Bé phan tich dic tinh tir thong
trong dong co, chung ta chia duong tir thong bat ki thanh tir
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thong trén truc d va trén truc q. DSi véi dong co PMSM néi
chung, khi ta chuyén hé truc toa d6 (abc) sang (dg), truc d
dugc chon triing voi chiéu tir thdng cia nam cham sinh ra,
truc q duoc chon vubng goc véi truc d. Do do, tir thdng trén
truc d la duong tu thdong trung véi duong tir théng do nam
cham sinh ra (twong tng goc diéu khién la -90° hozc 90°), tir
thdng trén truc g la duong tir thdng vudng goc (dién) véi tur
thdng truc d (twong tng goc diéu khién Ia 0°). buong tir thdng
trén truc d va truc q s& duoc trinh bay trong muc ké tiép.

2.2. Twrthéng trucd

Duong di tir thdng truc d trung véi duong di tir théng do nam
cham sinh ra. Xét hai loai dong co IPMSM phd bién 1a IP-
MSM nam cham dang V va IPMSM dang thanh, duong tir
thong truc d dwoc thé hién nhu hinh 4 va hinh 5. Ta thiy,
duong tir théng truc d trén dong co IPMSM dang V va dang
thanh c6 gay ra hién tuong bao hoa tir tai viing cau xung quanh
nam cham. Nhitng ving nay bi bdo hoa tir do tiét dién dé tur
thong di qua nho, dan dén mat do tir thong 16n gay béo hoa
vt liéu tir. Khi xét giai mach tir truc d, chdng ta can c6 phuong
phép tiép can phi hop dé tinh toan dugc cac viing bdo hoa nay.
Néu khong, két qua s& c6 su sai léch rat ln.

Hinh 5: Buong tir thdng truc d cta dong co IPMSM nam cham dang thanh
2.3. Twrthéng truc q

Puong di tir théng truc g vudbng goc véi dudng di tir thong
truc d. Xét hai loai dong co IPMSM pho bién 1a IPMSM nam
chdm dang V va IPMSM dang thanh, duong tir thong truc g
dugc thé hién nhu hinh 6 va hinh 7. Gidng nhu tir théng truc

d, tir thdng truc q cling gy ra hién tuwgng bdo hoa tur tai ving
cau xung quanh nam cham. Vi vay, khi tinh toan tir thong truc
d, chlng ta can tinh toan dén sy bdo hoa tir dé thu dwoc két
qua chinh xac.

Hinh 6: Puong tir théng truc g cua dong co IPMSM nam cham dang V

3. Mach tir twong dwong ciia dong co IPMSM

3.1. Céu hinh dong co IPMSM nam cham dang V

DPong co IPMSM dang V duoc sir dung phd bién do kha ning
sinh mé-men I6n va dai lam viéc rong. Trong nghién ctu nay,
nhom téc gia sir dung phuwong phap mach tir twong dwong dé
tinh toan tur thong sinh ra ciia ddng co nam cham IPMSM dang
V, sau d6 st dung két qua tinh toan tir théng dé tinh dién cam
trén truc d va truc g. Bong co duogc tng dung tinh toan la dong
co 27 ranh, 6 cuc, c6 bién dang mit cit dugc thé hién trong
hinh 8. Thong sé kich thudc dong co dugc thé thién trong
bang 1.

Bing 1: Thong s6 kich thudc dong co IPMSM nam cham dang V

Thong sb Gia tri
S6 ranh 27
Sé cuc 6
DPuong kinh ngoai stator 205 mm
Puong kinh trong stator 104 mm
Do rong rang 7mm
Do day nam cham 3mm
P06 dai nam cham 19 mm
G6c V nam cham 120°
Do rong khe ho khong khi 1 mm
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Hinh 8: Bién dang mat cét dong co IPMSM nam cham dang V

3.2. Xay dung mach tir truc d

Méi khu vue dudng tir thong di qua twong ang voi mot tir tro
nhat dinh, cac tir tré bao gom: Tur tré gong stator (R . iaior )5
tlr tro rang stator (R, ); tir tré khe ha khong khi (R, ); tir
tr& CAU tréNn ( Ry ypper ) TUr trd barrier trén (R ); tir
tré gong rotor trén (R oor upper )5 L tré nam cham (R
); tr tré gong rotor dudi (R g roor1over
Ryarrier_tower ); 1 tr6 CAu dudi (R
thé hién trong hinh 9.

Ryoke _stator

9ap
barrier _upper
magnet
); tur tré barrier dudi (

bridge _ lower ) Cac VllIlg nay du’QC

R .
barrier barrier _upper
Ryoke_ro T _upper R Ry rotor _upper
ke _rotor _lower
Rragir Rori e
magnet | “bridge lower R Rbridge_lower RmagnEI

barrier _lower barrier _lower

Hinh 9: Ky hiéu céc tur trg cuia dudng tir thong truc d

Mach tir truc d dugc x&y dung dua vao duong di tir thdng trén
truc d, thé hién trong hinh 10. Mach tir truc d nhu hinh 10 1a
mach tir dang don gian do da lugc bo thanh phan tan trén rang
stator. Mach tir nay thé hién dung duong di tir thong chinh va
tir thdng tan qua cac vling cau trén, cdu dudi cua tir thdng truc
d. Gi4 trj tinh todn phu thudc nhiéu vao dé chinh xé4c cua cac
tir tro, dac biét 13 tir tré tai cAc cau (tir tré viing xay ra bdo hoa
tur). Hién tuong tan tai rang stator dugc mé ta nhu hinh 11.
Hién tuwong nay dugc md hinh hoda theo hinh 12.

Thay vi md hinh héa ving rang ctia dong co thanh hai tu tré
(Ryyp, ) nhu hinh 10, ching ta chia rang thanh cac phan nho
hon va cac thanh phan tan nhu hinh 12. Mach tir day du khi
xét ca thanh phan tan trén rang stator dwoc thé hién nhu hinh
13.

Ryoke _ stator Ryoke _ stator
MN V
I:Id I:Id
Rtooth Rtooth
Rgap < S Rgap
Rbridge_upper Rbridge_upper
MN V
Rbarrier _upper Rbarrier _upper
MN VWA———
> <
<
s Ry0k€_ rotor _upper Ryoke_ rotor _upper<<>
4 4,
\J )
Rmagnet Rmagnet
yoke _rotor _lower
NN
Rbarrier_lower Rb.:-lrrier _lower
—— WA —
Rbridge_lower Rbridge_ lower
AA AA
VVV VVV

Hinh 10: Mach tir don gian truc d

Stator yoke

....‘.-
' .....lll.ll.lll.I..l.‘..'... "
» .,

| SRR »~

Air gap

Rotor

Hinh 11: Hién tuong tan tir thdng trén rang stator
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Rtooth _ body _ upper Rtomh _body_ upper

leak _body _ upper

Rtooth _ body _lower Rtoo(h _body _lowe

Rtooth _tip_upper

Rtoolh _tip_lower

R

leak _body _lower

Rleakitipiupper

leak _tip_ lower

Rtooth_tip_upper

Rtooth _tip_lower,

Hinh 12: M6 hinh héa hién tugng tir thdng tan trén rang stator

yoke _ stator
A

R

yoke _ stator

\4

VWA

Rtooth_body_upper R Rtoothfbodyﬁupper
leak _body _upper
A v
3
:’ Rt Rtoolh body _lower>
<& tooth_body _lower - - S
RIeak _body _ lower
MAN
<; Rtooth_tip_upper Rtooth_tip_upper <;
< S
< <
RIeak _tip_upper
A
VWA
<; Rtooth_tip_lower Rtoothftipflowe::
< <
< R ) >
leak _tip _lower
A
VW
> <
<
> <
S Rgap Rgap <
I:aleak _gap
MV
Rbridgefupper Rbridgefupper
A A
v \4
Rbalrrierfupper Rbarrierﬁupper
A A
v \4
> <
< >
> <
:> Ryoke_rotor_upper Ryokeirotorfupper<:
@ 2.
vy Ay
Rmagnet magnet
Ryoke_ rotor _lower
A
VW R
Rbarrier _lower barrier _lower
Rbridge_lower Rbridge_lower

Hinh 13: Mach tir diy du truc d

o

3.3. Xay dung mach tir truc q

Tuong ty nhu mach tu truc d, mach tir truc g ciing duoc xay
dung dua trén duong tir thong trén truc q. C6 thé mo hinh héa
tir thdng trén truc g cua dong co IPMSM dang nam chdm dang
V thanh mach tir tuong dwong nhu hinh 14 va 15. Mach tir
truc q dugc chia 1am hai ving: viing mach tir bén trong (hinh
14) va vang mach tir bén ngoai (hinh 15). Tuong Gng véi 2
vung 1a hai nguén sinh tir riéng biét. Khac voi mach tir trén
truc d (do tinh chat duong di trén truc d ma chang ta cé thé
gop cac duong tur thdng thanh mét duong chinh nhu trong
mach tir trong dwong hinh 13), mach tu trén truc g phai chia
thanh 2 viing véi 2 ngudn tir dugc tinh riéng va duong di cua
tir théng trén mdi vang ciing khac nhau. Néu gop duong tir
théng trén truc g thanh mot nhu trén truc d thi két qua sé& sai
khac dang ké do viing mach tir bén trong co tir tré nho hon
nhiéu so véi vang mach tir bén ngoai nén tir thong c6 xu
hudng di qua viing mach tir bén trong nhiéu hon.

Trong mach tir twong duong trén truc d, do gop cac duong tir
théng thanh mot duong nén R, & day 1a sy tong hop cua
cac rang mdi bén: cu thé trong dong co 27 ranh — 6 cuc thi s6
ring trén mdi cyc la 4.5, do d6 trén mach tir truc d, méi R,
tuong ung voi 2.75 rang. Trong mach tir truc g, vang mau
vang co R, tng vai 1.5 rang, vang mau xanh c6 R, ting
véi 0.75 rang. Sy phén chia nay giap chung ta xac dinh dwoc
do 16n cua suc tir dong trén mdi nhanh.,

I_____Eaﬁtfx_béﬁtrEg______l

Ryokeistator Ryokeistamr

MY VWA T I \
qu qu I
Rtooth_hody_upper R Rtoo(hibodyiupper I
leak _body _upper
AAA

VWV I
qu qul
ooth_body_lower Rmothihodyilower
Rleak _body _lower
A

vVv
% Rtoolhilipiupper
1%

2'AAY
ooth _tip _lower RtOOth,lipflower
Rleak_tip_lower
MN é

ooth _tip _upper

Rleak _tip_upper

mach tir bén ngoai
1eo3u u9q 1 yoew

Ry R
R

gap
leak _gap

My

yoke _ rotor _upper

yoke _rotor _upper
A

\ 4 AVvv

mach tr bén ngoai
Hinh 14: Mach tur truc q — vung trong
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R

Ryoke _stator

—\

yoke _ stator

g F

mach tir bén trong

vvy

<

<

| |
I I i
| |
SRy | I Ry 3
| |
| |
| |

>
< >
> <
b3 Rgap RQBF <
R R R )
yoke _rotor _upper 'yoke _rotor _upper bridge _upper _right
A A
VWA A — A

Rb 3 - R Ryoke_ro(or_lower
ridge_upper _lef yoke _rotor _lower

AAA A —AAA
VVv WA — VVv

R

oke _rotor _upper

P e Rbridge_lower Ryoke,rolor,lower
AAA AAA AAA
VVv VVv VVv

mach tir bén ngoai
Hinh 15: Mach tir truc g — viing ngoai

4. Gidi mach tir, tinh toan dién cam
4.1. Giai mach tir véi hién twong béo hoa vat ligu tur

Tur tro cia vat ligu dan tir duoc tinh toan theo cong thic:
|
Moty S @)
Trong d6: u, =47.107 la hing sb tir; 4 1a d¢ tir tham cua
vat liéu; S la dién tich bé mat vudng goc voi dudng suc tir;
I la chiéu dai cua vat liéu doc theo dudng di cua dudng stc
tur.

i A
8000
7000
6000
5000
4000
3000
2000

1000

0 >
0 0.5 1 15 2 2.5 B

Hinh 16: Budng déc tinh do tir tham twong ddi cua vat liéu 14 thép ky thuat
dién

Tir cong thirc (1), ta thay gié tri tir tré phy thudc vao hé sb tir
tham cua vat liéu, d6 dai duong di ciia dwdng suc tir va dién
tich bé mat ma duong sire di qua. Doi voi vat liéu sit tir, do tir
tham la gia tri thay doi tuy thuoc vao lugng tir thong di qua
vung vat lidu @6 (hinh 16). Khi vat liéu bi bao hoa tir, sy dan
tir trong vat liéu d6 bi giam di, thé hién & vang c6 do tir tham
nho va do tir thAm sé tiép tuc giam néu mat do tir thong ting.
Trong tinh toan mach tir, chiing ta can xac dinh chinh xac mat
d6 tir théng & nhitng viing bi bdo hoa tir. Trong cdng b nay,
nhém nghién ctru dé xuat thuat toén tinh chinh xac mat do tir
thdng tai diém c6 bio hoa, duoc dién giai theo luu dd thuat
toan trong hinh 17.

| B3t dau I

Gid tri khéi tao
B t=15

Tinh todn gid tri cac
tir trér

|

Giai mach tir <

|

Tinh B_s (mat do tir
théng diém can xét)

Abs(B_s — B_t) <0.01? S| B_t=B_t+0.01

v

Gié trj B tai diém
bdo hoa

Hinh 17: Luu dd thuat toan tinh mat do tir théng tai diém béo hoa tir

4.2. Giai mach tir trén truc d

Nham danh gia 6 chinh xac cua mach tir dwoc dé xuat, nhém
nghién ctru tién hanh giai mach tir truc d theo nhiéu kich ban
khac nhau, cac kich ban duoc thé hién trong bang 2, duoc chia
lam 3 nhom:

e Céc kich ban tir 1 dén 5: Tir du nam cham B, thay
dbi, gia tri dong dién va gia tri goc diéu khién bing
0. Céc kich ban nay dé danh gia sy chinh xac cua
mach tir d& xuat khi chi ¢ ngudn sinh tir 13 nam
cham.

e Cac kich ban tir 6 dén 8: Gia tri goc diéu khién thay
d6i, gia tri tir du cia nam cham bang 0 va gia tri dong
dién bang 58A (gia tri dong dién dinh muc). Céc kich
ban nay dé danh gia sy chinh x4c cua mach tir dé xuat
khi chi c6 ngudn sinh tir 1a dong dién.

e Cackich ban tir 9 dén 11: Gia tri goc diéu khién thay
dbi, gié tri tir du cua nam cham bang 1.21 (T) va gia
tri dong dién bang 58A. Céc kich ban nay dé danh
gia su chinh x&c cua mach tir dé xuét khi c6 ca hai
nguon sinh tir.
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Bang 2: Cac kich ban tinh todn cho mach tur truc d

Lo | Gidw Gid trj
Kiehbin | 4o (1) ding din o dics

e ()
KB 1 1.125 0 0
KB 2 121 0 0
KB 3 1.26 0 0
KB 4 131 0 0
KB 5 1.39 0 0
KB 6 0 58 90
KB 7 0 58 60
KB 8 0 58 30
KB 9 1.21 58 90
KB 10 1.21 58 60
KB 11 1.21 58 30

Dién cam truc d duoc tinh bang cng thirc (tham chiéu trén hé
truc toa d6 d-q):
Ld:¢dl_¢f :|¢d_¢f (2)
d COsf
Vi ¢, 1atong tir thong lién két trén truc d; ¢, Ia tir thong lién
két trén truc d do nam cham sinh ra. I, 1a gia tri dong dién;
B 1a goc didu khién dong dién.
Trong cac kich ban 1 -5, v&i muc tiég danh gia d6 chinh xac
cua phuong phap MEC khi chi c6 nguon sinh tir la nam cham,
Vi vay dong dién va goc diéu khién déu bang 0. Két qua dién
cam s& khong duoc tinh toan trong cac kich ban nay. Thay vao
d6, nhém tac gia so sanh két qua mat do tir théng tai khe ho
khong khi (B, ) khi tinh toan bang phuong phiap MEC va
khi mé phong bang phan [ném sir dung phuong phéap phan tir
hiru han. Két qua duoc thé hién trong bang 3 va hinh 18.

Bang 3: So sanh két qua tinh toan mat d6 tir thong khe ho khong khi giita

hai phuong phap MEC va FEM
o Mat d¢ tir thong khe ho khong khi B,
Kich ban MEC (T) FEM (T) Sai 50 (%)

KB 1 0.493 0.461 6.491
KB 2 0.538 0.502 6.691
KB 3 0.564 0.526 6.738
KB 4 0.589 0.549 6.791
KB 5 0.629 0.588 6.518

1.0

0.8

0.4

B_gap

0.2

0.0
1.1 1.15 12 125 13 135 14
Br
—&— MEC FEM
Hinh 18: Sy thay d6i mat do tir thdng khe ho khang khi theo
tir du cua nam cham

Trong cac kich ban con lai, nhém tac gia so sanh tur théng lién
két truc d va dién cam trén truc d gitra hai phuong phap MEC

va FEM. Két qua duoc thé hién trong bang 4. Hinh 19 thé hién
gia tri dién cam truc d thay doi theo goc diéu khién dong dién
trong diéu kién lam viéc dinh mac coa dong co
(1, =58A;B, =1.21T).

Bang 4: So sanh két qua tinh toan tir thong lién két truc d va dién cam truc d
gilra hai phuong phap MEC va FEM

Tir thong lién két truc d .
4 bién cam truc d L,
Kich d _ -
ban | MEC FEM | Sal | MEC FEM | Sai
SO SO
(mwh) (mWh) (%) (mwh) (mWh) %)
KBB 88.003 | 92105 | 4356 | 1.074 | 1123 | 4363
KYB 78776 | 81449 | 3282 | 1100 | 1147 | 3313
KBB 53162 | 49.953 | 6.036 | 1296 | 1218 | 6.019
KQB 78929 | 74920 | 5079 | 0962 | 0913 | 5.004
%3 60.020 | 64.400 | 6.694 | 0972 | 0907 | 6.687
*ﬁ‘ 41205 | 38080 | 7584 | 1005 | 0929 | 7.562
1.400
1.200
1.000 — - L
° 0.800
0.600
0.400
0.200
0.000
20 30 40 50 60 70 80 90 100
Beta
—8— MEC FEM

Hinh 19: Gia tri dién cam Ld tai cac goc diéu khién khac nhau trong diéu
kién lam viéc dinh muc

Ta thay, két qua dién cam truc d khong c6 su khac biét qua
I6n (nhod hon 8%). Két qua tir théng lién két va mat do tir thdng
trong cac kich ban khac nhau ciing twong dbi giéng nhau
(chéch léch khbng qué 8%).

4.3. Giai mach tir trén truc g

Tuong tu nhu tryc d, nham danh gia d6 chinh xé&c cua mach
tir dwoc dé xuit cho truc g, nhém nghién ctu tién hanh giai
mach tir tryc q theo nhiéu kich ban khéc nhau, cac kich ban
dugc thé hién trong bang 5. Cac kich ban nay c6 su thay ddi
khéc nhau & gia tri dong dién va goc didu khién dong dién.

Bang 5: Cac kich ban tinh toadn cho mach tur truc 5

] Gia tri dong dién Gia tri goc didu
Kich ban 1,(A) khién S (d6)

KB 1 58 0

KB 2 58 30

KB 3 58 60

KB 4 29 0

KB 5 29 30

KB 6 29 60
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Dién cam truc q duoc tinh bang cdng thirc (tham chiéu trén hé
truc toa do6 d-q):
b 4

®)

T, 1sing

V6i ¢, 1a tir thong tir thong lién két trén tryc .
Két qua tir thdng lién két truc q va dién cam tryc g tinh toan
theo phuong phiap MEC va dugc so sanh véi phuong phap
FEM trong bang 6. Hinh 20 thé hi¢n gia tri dién cam truc g
thay d6i theo géc diéu khién dong dién trong diéu kién lam
viéc dinh muc caa dong co.

Bang 6: So sanh két qua tinh toan tir thong lién két truc q va dién cam truc q
gitra hai phuong phap MEC va FEM

Tir thong lién két truc q L
4 Dbién cam truc q Lq

Kich : _ -

ban | MEC FEM | Sai | MEC FEM | Sai

SO SO

(mwh) (mwh) (%) (mwh) (mwh) (%)

KlB 151,005 | 152717 | 1121 | 1.841 | 1862 | 1128

KZB 132551 | 135917 | 2477 | 1866 | 1.913 | 2457

KsB 78247 | 80214 | 2452 | 1908 | 1956 | 2.454

Kf 78248 | 83712 | 6527 | 1908 | 2041 | 6516

KSB 67.830 | 71.802 | 5532 | 1910 | 2022 | 5539

KGB 30425 | 40874 | 3545 | 1923 | 1993 | 3512
2.3
21

1.9 —

S
1.7
1.5
1.3

0 10 20 30 40 50 60 70

Beta —e—MEC FEM

Hinh 20: Gia tri dién cam Lq tai cac goc didu khién khac nhau trong diéu
kién lam viéc dinh mirc

Trén tryc g, két qua dién cam va tir thong lién két trong céc
kich ban khac nhau khong khac biét nhau qua 7%.

5. Kétluan

Trong cong b nay, nhom tac gia da tinh toan dién cam Ld,
Lg cua dong co IPMSM bang phuong phap mach tir twong
duong. Nhém tac gia da dé xuat mot mach tir twong duong
mai, ¢6 kha nang mé hinh héa hién tugng tan tir théng va hién
trong bdo hoa vat liéu tir. Mach tir dugc dé xuit mang lai két
qua dang tin cay khi sy khac biét véi phuong phép phan tir
hitu han 12 khéng nhiéu. Bang viéc st dung mach tir duoc dé
XUat, ching ta c6 thé tinh toan dién cam, tir thong nhanh hon,
tiét kiém chi phi tinh toan. Diéu ndy mang lai lgi ich 16n khi
mudn thiét ké nhanh mot cau hinh dong co so bo hay khi thuc
hién thiét ké t6i uu dong co.
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