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Toém tat - Bai bao trinh bay két qua md hinh nhiét ndi déng cho
déng co cdm (rng va dong co nam cham vinh ctu bat dau béng
phwong phap phan tich, mé phong va thi nghiém cia FEM. Cac
théng so dAu vao cla doéng co cam trng trong md hinh nay la cac
théng sé hinh hoc va diéu kién lam viéc. Chuong trinh Motor-CAD
da dwoc s dung dé tinh toan sy phan bd nhiét do. Mot sé két qua
thtr nghiém va kiém tra da ap dung cho déng co cong suét 11 kw,
tbc d6 1.500 vong/phut. Phuwong phap mo phong cling duoc siv
dung cho déng co khong ddng bo ba pha cong suét nhé va dong
co nam cham vinh clru khéi dong truc tiép déu cho két qua chinh
xac va dang tin cay. Ngoai ra, viéc xay dwng md hinh nhiét cho
déng co dién ddng bd nam cham vinh clru 1 rat kho khan va thach
thire do bién dang réng ranh dong co phirc tap, cac diéu kién bién
khac nhau, va quan trong nhat |a dong chay gié di lvu bén trong
khe hé khoéng khi ctia déng co'.

Tir khéa - mach nhiét théng sé rai; mo h‘lnh nhiét; tinh ;oén nhiét;
mo hinh trwdng nhiét; ddng co khéng dong bé cong suat nhd.

1. Gi6i thi¢u

Trong [3] — [6], c4c tac gia da phan tich cach xac dinh
nhiét tro chp cac mo hir}h rpach nhiét thong s6 dai cho dong
co khong dong b va thay rang cac gia tri nhiét tr¢ phu thude
Vao cac kigh thudc hinh hoc va thong so vat liéu cia chung.
Do vay, dé tinh toan cac nhiét tré cho md hinh nay coé hai
phuong phap: phuong phéap str dung dir liéu thue nghiém va
phuong phap dua trén mdt ho so thiét ké moi cia dong co.

Trong bai béo nay, nhom tac gia dé xuat sir dung
phuong phéap dua trén mét ho so thiet ké méi ciia dong co,
tc la til’lh toan so bd cac thong s0 mach nhiét cia dong co
khong dong bo ba pha cong suat nho, sau d6 dung phan
mém Motor-CAD @é kiém nghiém két qua thu dugc.
2. M6 hinh giai tich

Motor-CAD la phan mém dugc viét boi Dave Staton va
cac cong sy tai phong thi nghiém SPEED Laboratory
Glasgow dua trén phuong phap phan tich mach nhiét. Hinh
2 mo ta mdt mach nhiét duoc thict 1p trong moi truong
lam viéc ctia Motor-CAD.

M hinh giai thay thé nhiét tré va cc ngudn nhiét twong
duong dugc thé hién Hinh 1.

Do nhié¢t 6 khong phﬁr~1 bd giéu trén tog‘m bo than dong co,
nén nhiét do cuc dai trén moi phan tir c6 thé dugce tinh nhu sau:

L%

T, =15T, 12
12(2T, -T,-T,)

-0.25(T, +T, )+

Trén mach nhiét nay, cac nut nhiét dugc ty dong thiét lap
0 nhitng diém quan trong trén dong co nhu: gong stato, rang,
dau day quan, vo may, truc quay... Cac nat nhiét nay duogc
lién két véi cac nhiét tré' dan nhiét, d6i luu va buc xa. Ton

Abstract - This paper introduces an inovative thermal model for
both induction motors and permanent magnet motors by FEM
analytical, simulation and experimental methods. The input
parameters of induction motors in this model are geometry
parameters and working conditions. A Motor-CAD program is
used to calculate temperature distribution in stator and rotor
cores. An experimental and test hardware has been applied to
electric motors of 11 kW-1,500 rpm. The simulation method is
also for three phase - small power induction and permanent
magnet motors. The simulation and test results are in good
agreement. From these methods, the paper has shown that
theoretical results and comparison of simulation and
experimental results are in good agreement. The test procedures
have been carried out by IEC 6300-34-1 for induction motors and
line start permannet magnetic motors.

Key words - parameter thermal model; thermal model; thermal
calculations; thermal shields model; asychronous motor small power.

thét 14 thong s6 dau vao dat ¢ cac nit phit hop. Thanh phan
nhiét dung duoc ké dén khi xét dén qua trinh qua do nhiét
trong cac dong co. T4t ca cac nhiét trd dan nhiét, ddi luu va
burc xa dwoc tyr dong tinh toan bang cac cong thirc Iy thuyét
da dugc chimg minh trong céc cong trinh khoa hoc cong b6
cd lién quan. Dbi vai cac van dé truyen nhiét xac lap, Motor-
CAD c6 thé tinh toan cac tham s6 va dua ra 10i giai gan nhu
tie thoi; véi cac van dé qua do truyén nhiét thong thuong
mét khoang vai gidy dé tinh toan. Day chinh Ia wu diém ndi
bat cua viéc sir dung Motor-CAD so v6i cac phuong phap
tinh toan khac duya trén phuong phap phan tir hiru han (FEM)
hoac dya trén cac tinh toan dong luc hoc chét luu (CFD).
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Hinh 2. M6 hinh mach nhiét trén phan mém Motor-CAD

Motor-CAD con ¢6 diém manh nita d6 1a kha ning phan
tich 6 nhay vai nhiéu tham sd. Phan tich d6 nhay rat hiru ich
dé duoc nhitng hiéu biét sdu vé qua trinh truyén nhiét trong
cac déng co va muirc d6 anh hudng cua cac tham sb thiét ké,
vét lidu dé tir d6 dua ra céc diéu chinh nhim lam mét tot hon.

Niam 2001, trong [1] tac gia c6 dé cap dén xu hudng sir
dung phan mém tinh toan va phan tich nhiét cho cac dong
co dién dé dem lai nhitng vu diém vuot troi so véi cac
phuong phap phan tich nhiét truyén thong chi dya trén cac
thuc nghiém tir d6ng co c6 san, cac dir liéu tir catalog hodc
cac hé sb kinh nghiém. Pong thoi, nhém tac gia ciing dwa
ra quy trinh thiét ké mot dong co nhu Hinh 3:

Muc dich thiét ké

I Cic phuong phap kha thi |

Thiét ké giai tich
[Pién tir, nhiét, co dién]
Céc mé dun thiét ké chuyén dung

!

Phuong phap sé <
[Pién tir, nhiét, co dién)]

4' San phaim miu & do kiém I_

Hinh 3. Quy trinh thiét ké mét dong co [1]

Trong quy trinh ndy, tir cac muc tiéu thiét ké, nguoi thiét
ké s& dua ra cac phuong an thiét ké c6 thé. Sau do, thiét ké
s0 bo (giai tich) bang cac phin mém chuyén dung vé dién tir,
nhiét va co khi nhu Motor-CAD. Qua trinh tinh toan & giai
doan nay can nhanh, dua ra dwoc nhiéu phuong an thiét ké.
Phan tich, so sanh céc thiét ké so b dé tim ra duoc thiét ké
t6i uu véi thoi gian ngin nhét. O giai doan tiép theo, cac
phén tich s6 dugc sir dung cho cac van dé dién tir, nhiét va
co khi trén mau thiét ké t8i wu da duoc lua chon tir giai doan
trude dé thu dugc loi giai c6 do chinh xac cao hon. Tatnhién,
cac phan tich s6 s& ton kém nhiéu hon vé thoi gian va chi phi
tinh toan. Do d6, chi nén dung phuorng phap nay khi s6 mau
phén tich da dugc gi6i han. Cubi cung, can tién hanh cac
thure nghiém dé hiéu chinh lai hai m6 hinh s6 va mo hinh giai
tich dé thu duoc cac két qua mo phong tt hon. Tir d6, tao
co s& dé thu dugc cac phan tich c¢o d6 chinh xac cao hon voi
cac mau thiét ké cai tién moi.

Y

Trong [2], cac tac gia da khao sat va phan tich hang loat
cac du an, bai bao va cong trinh khoa hoc sir dung phan
mém Motor-CAD dé xay dung mé hinh mach nhiét cho cac
loai méay dién khac nhau, ma phd bién nhit Ia cac dong co
dién khong dong bo. C6 thé ké dén 1a cac du an ciia GS.
Aldo Boglietti va Andrea Cavagnino ¢ Politecnico di
Torino, Italy v&i nhiéu bai bao dugc cong bd [3]—[7]. Piéu
nay cho thay, Motor-CAD la mdt giai phap tin cdy, duoc
cic chuyén gia hang dau trong linh vyc phan tich nhiét
trong cac dong co sir dung dé nghién ciru va thiét ké lam
mat cho cac dong co dign.

Trong chuyén deé nay, tac gia str dung phan mém Motor-
CAD ¢ tinh toan, kiém nghiém cac két qua mo phong cua
mo hinh mach nhiét thong s6 rai da duogc dé xuét.

3. M6 hinh mach nhi¢t cho dyng co khong dong bd cong
suat 11 kW sir dung phan mém Motor-Cad
A. CAC thong sé hinh hoc ciia dong co khong dong bo

Céc thong s6 hinh hoc ctia dong co khong ddng bo duoc
thiét 1ap theo phuo’ng ngang truc nhu Hinh 4:

Hinh 4. Céc théng sé hinh hoc ngang truc ciia déng co

Trong d6, chon kiéu canh 1am mat 13 canh mo, theo
phuong doc truc, phan bo tron. SO canh 1a 36. Cac kich
thuéce canh 1an luot dugc xac dinh nhu sau:

+ 86 canh trén % goc = 9 (ca chu vi 1a 36 canh)

+ Khoang cach giira hai canh la: 15 mm;

+ D9 day cua canh la: 2 mm;

+ Chiéu cao cta canh la: 23 mm.

Trong phuong 4n lam mat, ¢6 b6 tri thém nip dong co
bao lay phan canh lam mat dé tang cuong cho qua trinh lam
mat cudng blrc bang quat gan trén truc dong co.

Sau khi thiét 1ap cac thong sé ngang truc, nhom tac gia
thiét 1ap cac thong so hinh hoc theo phuong doc truc cia
déng co nhu Hinh 5:

Hinh 5. Cdc théng 56 hinh ]:l_OC doc truc cia
dong co khong dong bo
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Mo hinh déng co khong ddong bo dwoc nhom tac gia
dung dé nghién ctru thue kiéu kin, 1am mat bang quat gan
trén tryc dong co con goi la kiéu TEFC (Total End Fan
Cooling). Dang céu trac 3D ciia md hinh canh tan nhiét cua
dong co dugce thé hién trén Hinh 6.

Hinh 6. Cdu triic 3D ciia cinh tan nhi¢t va phan ndp
dong co khong dong bo

B. Cdc théng s6 ddy qudn dong co khéng dong bo
Céc thong sd tinh toan cua day quin dugce nhom tac gia
dua ra trén m6 hinh nhiét:

Hinh 7. Cdc théng sé day quén dong co khong d(;ng bo

Day quéan cho mé hinh dong co 1a kiéu day quén 2 lop
Vv6i s0 vong day cua mot bdi day 1a 40 vong. Do do, tong
s6 thanh dan tac dung trong mot ranh stato 1a 80. HE sb dién
kin cta ranh 1a 0,4602. Cac tham sb diu vao cua diy quin
¢ anh huong t6i két qua phén tich nhiét nhu: bé day 16p
gidy cach dién, bé day phan khe h¢ giita cach dién va 16i
thép stato, hé sé danh gia chat luong tim say.

C. Thiét lgp diF liéu ddu vao

Céc dit liéu dau vao cua dong co bao gdm: thong sb vé
kiéu 1am mat; ton hao cong sut; dic tinh vat lidu; diéu kién
lam viéc thong qua mot s6 thong sé dic trung cua ddi luu
ctia ving khong khi cudi ndp dong co. Céc thong sb trén
duoc thiét 1ap qua bang thiét 1ap dugc gidi thiéu nhu Hinh 8.

# Cooling | # Losses | gy Materials | I Interfaces | {5} Radiation | i Natural Convection | 9- Blown Over | & End Space ||
External Fluid Data: Intemal Fluid Data:

Fixed values v

Cooling Options:
Housing Outer Cooling
() Natural Convection
(®) Blown Over

[_] Through Ventilatior

Fixed values v

Thermal Conductivi{ 002723 Thermal Conduetivit0.02723

Denst 1085 Densi
Motor Orientation: Liquid Cooling "y ty: 1.085
. Housing Water Ja« | Cp 1007 o 007
& Horizontal ] Shaft Spiral Groc e e
~ Kinematic Vi . Kinematic Vi ¥
(O Vertical [Shakt Up] E‘g:r;j%:;m inematic Viscosity: inematic Viscosity:

i 2079E5 ity: 207965
Rotor Water Jac Dynamic Viscosity: Dynamic Viscosity:

(O Vertical [Shaft Dowr
- ! [ Slot Water Jacke

Pr- Prandtl Number 0.7688 Pr- Prandt Number|0.7688
Cooling Options Notes:

Type in user Cooling notes here

Miscellaneous Data:-
Ambient Temperature (Convection] 40

Ambient Temperature (Radiation): 40
Shaft Speed [1pm] 1440
Lamination Stacking Factor [Stator] 1
Lamination Stacking Factor [Rotor];1

Hinh 8. Cdc tﬁiét gép vé kiéu lam mat va
thong so chat luu (khong khi)

A% Loss Models | ||]] Loss Distribution
Loss Variation with Speed:
coeflA]  [¥]Speed Dependent Losses

Shaft Speed
opee :I Shaft Speed [rpm] 1440

Plspeed] = Plinput] x [Speed[ﬁEF]

[#] single value of Speed[REF] [rpm] 1436

Component P[input] | Speed[RE| coef[A] | W/kg |P[speed]
Units Watts pm Wikg Watts
Loss [Stator Copper] 199.2 1436 0 2305 199.2
Loss [Rotor Cage] 246 1436 0 266.2 246
Loss [Stator Back Iron]|  60.78 1436 15 2167 61.03

Hinh 9. Théng s6 vé cdc ton thit trong dong co

% Cooling | # Losses | g Materials | T interfaces | (§) Radiation | flf Natural Convection | 95 Blown Over | dp End
Component Material from Thermal | Specifi| Density| Weight| Weight| Weight| Weight
Uniits Wim/C_ | kkaiC| kaim3 | ka ka ka

Housina [Activel (Alloy 195 168 0.833 2790 5.947 1 o 5947
Housina [Frontl Aluminium (Alloy 195 168 0833 | 2790 | 1858 1 0 1858 |
Housina Rearl Aluminium (Alloy 195 168 0833 | 2790 | 1858 1 0 1858 |
Housina ITotall 9664 9664
Endcao [Front] Aluminium (Alloy 195 168 0833 | 2790 | 06059 | 1 0 | 06059 |
Endcan [Rearl Aluminium (Alloy 195 168 0833 | 2790 | 06059 | 1 0| 06059
Stator Lam (Back 58 046 | 7800 | 2817 1 0 2317

Inter Lam (Back Iron) 58 042 | 7272 0 1 0 0

Stator Lam (Tooth) 58 046 | 7800 | 8.964 1 0 8.964

Inter Lam (Teoth) 002723 | 1007 | 1127 0 1 0 0

Stator Lamination 3713 3713
Copoer [Activel Copper (Pure) 401 0385 | 8933 | 5481 1 0 5481
Coooer [Front Copper (Pure) 401 0385 | 8933 | 158 1 0 158
Copper [Rear Copper (Pure) 401 0335 | 3933 | 158 1 0 158 |
Copoer[Total 8641 8641

Hinh 10. Théng 56 vt liéu ché tao dong co' va vdt lzeu lam mat
4. Két qua phén tich md hinh
Do tang nhiét 46 cua day quan bang:
[Qe@+R/R.)+Qg ]R
ey =
) 1+(RCIRCU)+(RFe/RCu)

Do tang nhiét do cua la sét stato:

o _QuR. 0,

Fe —
1+R /R,

arver [ 5 e 1

Shiaty-Stals

Pl Opiens

Hinh 11. Két qua phdr{ tich mé hinh mach nhiét
trén phan mém Motor-CAD

Sau khi da thiét‘lap cac thong s6 co ban ciia mé hinh
mach nhi¢t trén phan mém Motor-CAD, chay phan tich
nhi¢t ¢ che do xac 1ap. Ket qua phén tich bang md hinh mo
phong nhiét dugc thé hién dudi dang so d6 mach nhiét nhu
Hinh 11.

Khio sat phan bo nhiét trén dong co khong dong bd &
mot s6 diém co ban dugc thé hién trén Hinh 12 va Hinh 13.

So sanh két qua phan bé nhiét tinh toan bing phan mém
Motor-CAD vei két qua xac dinh phén bo nhiét bang md
hinh mach nhiét da dé xuat.

Motor-CAD ciing hd trg cong cu dé xac dinh sai sé mo
phong nhu Hinh 14 va 15:
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Hinh 12. Két qud phdn bé nhiét trén déng co theo phirong
huwong kinh

Hinh 13. Két qud phdn bé nhiét trén dong co theo
phuong huong truc

Node Legend Graph Motor-CAD
Temperature
Units 1 M c
Ambient Ambient % 400
Housing [Active] [ Housing [Active] I % 826
Housing OH [Front] Housing OH [Front] 4 756
Housing [Front] Housing [Front] M 75
Endcap [Front] Endcap [Frort] =] 728
Fange Piate Flange Piate 727
Housing OH [Rear] Housing OH [Rear] = 772
Housing [Rear] Housing [Rear] % 762
Endcap [Rear] Endcap [Rear] [ 753
Stator Back kon Stator Back Iron % 976
Stator Tooth Stator Tooth % m.7
Rotor Surface Rotor Suface = 118.0
Magnet Magnet 5| 1184
Rotor Back fron Rotor Back Iron %] 1186
Shaft [Active] Shaft [Active] 1 1183
Shaft [Front] Shaft [Front] %] 1096
Shaft [Rear] Shaft [Rear] ] 1177
Encoder Encoder %] 653
Enc Housing Enc Housing %] 63.7
Foot Mourted Base Foot Mounted Base =] 796
Shaft OHang [F] Shaft OHang [F] 1136
Shaft OHang [R] Shaft OHang [R] %] 174
End Space [F] | End Space [F] 1108
End Space [R] End Space [R] =] 115
EWdg [F] | Ewdg [F] 1142
EWdg [R] EWdg [R] %] 1142
Airgap Sleeve | Airgap Sleeve 1156

Hinh 14. Két qua kiém tra sai sé giita mé hinh mach nhiét trén
Motor-CAD va mé hinh mach nhiét dé xudt

Dang dd thi cot nhu sau:

i 3 H

Hinh 15. Két quad so sanh Vvé sai s6 nhiét do gitta mo hinh,mach
nhiét trén Motor-CAD va mo hinh mach nhiét de xuat

5. Phan tich két qua do

Dé danh gia két qua tinh toan va md phong, hé thong
do gié tang nhi¢t cua dong co dugc thuc hién theo tiéu
chuén bai do IEC 630034-2-1 nhu Hinh 16.

B

Do tang nhiét d6 trong day quan stator dugc do theo cac
mirc cong suét khac nhau & cac ty 1€ tai 25%, 50%,75% va
100% tai. Nhiét o dong co tdi han ctia dong co cd thé dat
duoc sau 2 dén 3 tiéng chay lién tuc & ché 6 tai dinh mirc.
Céc s6 lidu do duge tu dong luu vé theo form bang thong
s6 ky thuat nhu Hinh 17.

6 inh tai Dién tr¢ day quan truoc khi do R Q 0.6109
Cdng suat dinh mic % 124% 114% 100% 78% 51% 25%
M6 men T Nm 90.060 | 82580 | 71.780 | 54.040 | 35.980 | 17.960
Cong suét diu vao Py W 15464.0 | 141100 | 12186.0 | 92300 | 6232.0 | 33320
Dong dién Stator ! A 27115 24.865 21719 | 17.130 | 12.871 | 9.529
Tée 48 lam viéc n min’' 14480 1453.0 14608 | 14718 | 14820 | 14914
Dién ap dau cuyc u \ 380.8 380.8 381.1 380.7 380.4 380.7
Tan sd f Hz 50.05 50.05 50.05 50.05 50.05 50.05
Nhigt 6§ day quan By T 9.9 96.7 95.5 932 90.2 86.5
Dién tré' day quan sau khi do R Q 0.6166

Hinh 17. Béng két qua do kiém
Nhiét d6 t&i han 16n nhit cua dong co do duogc la
96,7°C. So véi két qua mo phong trén Hinh 13 thi sai s6
gitra m6 phong va do thyc té 1a 5°C. Sai s0 nay la chap
nhan duogc.

6. Két luin

Tir cac két qua mo phong va két qua thuc nghiém rat
ra mot s6 két luan nhu: phan bd nhiét gitta m6 hinh mo
phong va két qua thuc nghiém 14 twong d6i dong nhat, sai
léch nhiét do 16n nhét 1a 5°C tai tim day qua‘in stato. Sai
s6 nay c6 thé do mot sé nguyén nhan nhu: chua ké dén
qua trinh truyén nhiét theo phuong doc truc ctia ddy quan
stato dd bi bo qua. Hé sb truyén nhiét gitra diy quan stato
va 151 thép phu thudc vao nhiéu tham sb cong nghé va vt
liéu. Thudt toan tinh toan hé sé nay trong Motor-CAD rat
phtre tap va duoc ghi nhan 1a khac biét so vdi cac cong
thire quy ddi gan ding da cong bé va sir dung dé tinh toan
trong mo6 hinh mach nhiét dé xuét. Qua trinh trao ddi nhiét
ddi lwu ¢ ving khong khi dau cudi nip may rat phuc tap,
néu chi Iva chon dua trén cac hé sb kinh nghiém thi kho
dat dugc do chinh xéac cao. Tir két qua bai bao c6 thé 4p
dung tinh cho cac loai dong co khac nhau véi cong suét
tir 2,2 kW dén 11 kW.

Loi cdm on
Nghién curu dugc tai trg bdi Chuong trinh khoa hoc va

cong nghé trong Qiém cip qyéc gia - B9 Khoa hoc va Cong
nghé thong qua dé tai Ma so KC.05/16-20.



18

Bui Minh Dinh, Vi Ngoc Minh

(1]

[2]

(3]

(4]

TAI LIEU THAM KHAO

Staton, D. A., Pickering, S. J, Lampard, D, Recent Advancement in
the Thermal Design of Electric Motors, SMMA 2001 Fall Technical
Conference "Emerging Technologies for the Electric Motion
Industry”, 3-5 Oct 2001, Raleigh-Durham, North Carolina, USA.
Dave Staton, Douglas Hawkins and Mircea Popescu, Thermal
Behaviour of Electrical Motors — An Analytical Approach, Motor
Design Ltd., Ellesmere, SY12 OEG, U.K.

Boglietti, A., Cavagnino, A., Staton, D. A., Thermal Analysis of
TEFC Induction Motors, Industry Applications Conference, 38th
IAS Annual Meeting, Volume 2, 12-16 Oct. 2003, pp. 849-856.

Boglietti, A., Cavagnino, A., Staton, D. A., Thermal Sensitivity

(5]

(6]

(71

Analysis of TEFC Induction Motors, IEE PEMD, Edinburgh, April
2004.

Boglietti, A., Cavagnino, A., Staton, D. A., “TEFC Induction Motors
Thermal Models: A Parameter Sensitivity Analysis”, |EEE
Transactions on Industry Applications, Volume 41, Issue 3, May-
June 2005, pp. 756-763.

Boglietti, A., Cavagnino, A., Staton, D.A., Popescu, M., Cossar, C.,
McGilp, M.1., 'End space heat transfer coefficient determination for
different Induction Motor enclosure types', Industry Applications
Conference, 2008. Edmonton, October 2008.

Boglietti, A., Cavagnino, A., Pastorelli, M., Staton, D. A., Vagati,
A., Thermal Analysis of Induction and Synchronous Reluctance
Machines, IEMDC 2005, San Antonio, USA, May 2005.

(BBT nhdn bai: 2211212017, hoan tat thii tuc phan bi¢n: 21/03/2018)



