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When the finite element method is used to calculate the no-load back EMF of the high voltage line-start permanent
magnet synchronous motor (HV-LS-PMSM), choosing the actual length and effective length of the stator core will
cause different calculation results. In order to accurately calculate the no-load back EMF of HV-LS-PMSM with venti-
lation ducts, the 1000 kW, 10 kV HV-LS-PMSM is taken as an example to establish the finite element model of the pro-
totype, and the correctness of the model is verified by analytical calculation. Firstly, based on the actual length of the
stator core, the finite element models of 2D and 3D without ventilation ducts are established. The difference between
the two models is compared in calculation of no-load back-EMF, and the difference between them is obtained. Sec-
ondly, based on the effective length of the stator core, a 2D finite element model is developed to compare the difference
between the actual length of the stator core and its effective length in calculation of the no-load back EMF. Finally, the
3D finite element model with ventilation ducts is proposed, and the influence of ventilation ducts on the no-load back-
EMF is analyzed. In this paper, the method for calculation of the no-load back-EMF is presented by 2D finite element
model, which simplifies the calculation process and improves the efficiency of motor design. References 14, figures 6,
tables 2.
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1. Introduction. Due to the advantages of high efficiency, high power density and high power factor
of HV-LS-PMSM, it is widely used in industrial field instead of the induction motor [1-3, 10], and it doesn't
need an extra device at start-up [5-6, 8]. The no-load back-EMF is one of the important parameters in the
design of HV-LS-PMSM, and it requires accurate calculation. Because of the particularity of the structure of
HV-LS-PMSM, the 3D finite element model is usually used to calculate no-load back-EMF [4, 12]. How-
ever, the 3D finite element calculation takes a long time and consumes more computer resources, which seri-
ously affects the process of motor design. In this paper, the 2D finite element model is used to calculate the
no-load back-EMF of HV-LS-PMSM.

In recent years, many specialists have done some research on simplified 3D model calculation. In
work [9], an end-effect equivalent 2D model to analyze back-EMF of high speed permanent magnet syn-
chronous motor (PMSM) in order to consider a leakage flux in the end region of stator and air-gap is pro-
posed and the method is verified by results of 3D finite-element calculations and experiment. Paper [7] pre-
sents the axial flux permanent magnet machines (AFPMMs) and analytical model for them to predict the
no-load air-gap flux density distribution, flux-linkage, back-EMF, and cogging torque. The results are veri-
fied by 3D finite-clement simulations. In article [13], the complex 3-D model was simplified into 2-D ana-
lytic model, and an analytical formula for the winding factor that adapting different coreless stator winding is
proposed. The analytical solution for no-load back EMF is calculated by using this method. In [11], the
method combining particle swarm optimization algorithm and response surface methodology is proposed to
optimize a transverse flux permanent magnet machine (TFPMM). The optimization aims to maximize
the no-load back EMF to get higher torque density in the same space of the motor. However, many research-
ers did not consider the simplified calculation of no-load back-EMF of HV-LS-PMSM.

Based on the above problems, the 1000kW, 10kV HV-LS-PMSM is taken as an example to devel-
oped the 2D and 3D finite element models. The correctness of the model is verified. Firstly, based on the
actual length of the stator core, the difference between 2D and 3D models in calculation of no-load back
electromotive force is compared. Secondly, based on the effective length of the stator core, the 2D model is
established. The difference between the effective length of the stator core and the actual length of the stator
core in calculation of the no-load back EMF is compared. Finally, based on the analysis of the marginal ef-
fect of the HV-LS-PMSM, the rationality of using the actual length of the stator core is revealed in the 2D
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model, and the 3D finite element model with ventilation ducts is established to verify the correctness of the
above analysis.

Table 1 2. Parameters and model of HYV-LS-

PMSM. 2.1 Parameters and model. The object

Parameters Values - ] .
Output power 1000KW studied of thl.S paper is 1000}<W, 10kV HV-LS-
Power frequency 50HzZ PMSM. The simplified ca}cula‘uqn qf no-load' back-
Rated voltage 10KV EMF of HV-LS-PMSM with ventilation ducts is ana-
Inner diameter of stator 600 mm lyzed. Based on the design structure of the HV-LS-
Outer diameter of the stator 880 mm PMSM, the 3D model of the prototype is established,
Inner diameter of rotor 360 mm as shown in Fig.1. The basic parameters are given in
Outer diameter of the rotor 595 8 mm Table 1. The Ansoft is a business software, which is
Air gap 253 mm widely used in the mechanical, electromagnetic,
total length of the stator core 710mm thermodynamics and other fields because of its high
actual length of the stator core 610 mm calculation accuracy. In this paper, the finite element
effective length of the stator core 643 mm transient magnetic field based on Ansoft Maxwell

program is used for analysis.

2.2 Analytical calculation. Based on the ac-
tual parameters of the HV-LS-PMSM and the mag-
netic circuit calculation of the HV-LS-PMSM, the no-
load back EMF of the prototype is determined. The
formula for the no-load back EMF is as follows

E,=444fK, NOs K, , (1)

where E is the no-load back EMF, fis the frequency,
Endring K, is the winding factor, N is the number of turns,
Rotor @ is the no-load main magnetic flux, K4 is the air

Fig. 1 gap flux waveform coefficient.
According to the following equation (2), it
can be calculated the effective length of the stator

Stator

Ventilation duct

Phase(A)

~——— Phase(B)
Phase(C) core of HV-LS-PMSM with ventilation ducts:
8 Average inducedvoltage:5.3kV | =] -N b'
of — 't vy (2)
6 ' b2
i b =—r
b +55/2

Here N, is the number of ventilation ducts, b\’, is
the length due to a radial ventilation ditch along the
axial direction of the stator core, /; is the total length
I of the stator core, ¢ is the air gap length, /., is the ef-
6 fective length of the stator core, b, is the width of the
ventilation ducts.
. ; . : . The total length of the stator core of the pro-
) y = -2 * totype is 710 mm. The number of ventilation ducts is
Hma(ms) Fig. 2 11, and the width of the ventilation ducts is 10 mm.
The air gap length is 2.53 mm. According to equation
(2), the effective length of the stator core of HV-LS-PMSM with ventilation ducts is 643 mm.

In this paper, the analytical calculation is used to calculate the no-load back EMF to verify the correctness
of the model. After proper correction, the simple engineering calculation equation is obtained and used in product
design. The equation has high calculation accuracy and greatly facilitates engineering calculation. The no-load
back EMF of the prototype is 5.5 kV by analytical calculation. In addition, due to the special structure of HV-LS-
PMSM, the 3D finite element is usually used to calculate the no-load back EMF [4, 12]. The 3D finite element
model with ventilation ditch is developed to solve the no-load back EMF, as shown in Fig. 2.

The comparison of other performances of the motor under rated load is given results shown in Table
2. This table presented results of 2D and 3D calculations under rated power.

Inducedvoltage (kV)
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As seen from Table 2 the current,

Table 2 | torque, power factor, no-load back EMF and

Parameters Model 2D Model 3D Difference efficiency of the HV-LS-PMSM with ventila-
Current 62 67 8% tion ditch have a little difference. The 2D
Torque 9556 9451 1.1%

model replaces the 3D model to calculate the

g%i?:gcb%k EMF 957; 9 55 ‘530/ 12;/0"/ no-load back EMF, and gives good effects.
Power fac}:ltor 0 9809 0'990 0'1%(: The correctness of the 3D model of the

prototype is verified in this work.

3. The no-load back EMF by 3D and 2D finite element model. The no-load back EMF is an im-
portant parameter in motor design, and it precise calculation directly determines the performance of the mo-
tor. The finite element method is widely used in motor design because of its accurate calculation [14]. When
the finite element model of the HV-LS-PMSM is established for motor design, the 2D and the 3D finite ele-
ment models will produce different results in the calculation of the no-load back-EMF. In order to analyze
the difference between the two models

— 2D
Core length:610 —— 3D without \{enti]aling ducts in calculation the no—load back EMF Of
o T IDwithventilating ducts the HV-LS-PMSM, the 2D and 3D finite

element models are established by tak-
ing the actual length of the stator core as
an example. The no-load back EMFs of
the 2D and 3D finite element models are
given in Fig. 3.

It can be seen from Fig. 3 the
difference between the 2D and 3D finite
element models in calculation of the no-
load back EMF is small at calculation of

Time(ms) Fig. 3 the actual length of the stator core. In

addition, in the 3D model, the difference

between 3D finite element model taking onto account ventilation ducts and the 3D model without ventilation

ducts in calculation of no-load back EMF is also small. The no-load back EMFs of the 2D and 3D (with ven-

tilation ducts) finite element models are 5.4 kV and 5.3 kV, respectively, and the difference between them is

only 1.8%. The no-load back EMFs determined by 3D models without and with ventilation ducts are 5.33kV
and 5.3kV, respectively, and the difference between them is only 0.6%.

The analysis shows the difference between 2D finite element model and 3D finite element model in
accuracy of calculation of the no-load back EMF. The following analysis shows the difference in solution
time between them. The number of mesh elements in the model directly determines the solution time. Fig. 4
shows the mesh for the 2D and 3D finite element models.

As seen from Fig. 4, in terms of solution time, the 3D finite element model is much larger than the
2D finite element model. The number of the 3D finite elements is equal to 265000, and the number of the 2D
finite elements is only 4564, which is 58 times different. As to calculation accuracy of no-load back EMF,
the difference between 2D model and 3D model is only 1.8%.

Mesh:265000

InducedVoltage(kV)

AVATALRY

5 %A%»V‘
WAVAV

Fig. 4
In the design of motor, the 2D finite element model can be used to calculate the no-load back-EMF
of HV-LS-PMSM, which can avoid the long calculation time of the 3D finite element model and improve the
efficiency of HV-LS-PMSM design.
4. Analysis of no-load back EMF calculated by 2D finite element model. The 3D finite element
model requires large computer resources. At the same time, as for calculation of no-load back EMF, the dif-
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ference between 2D and 3D model is very small. Therefore, this chapter proposes the method for accurate
calculation of no-load back EMF of the motor by 2D finite element model. That can improve the efficiency
of HV-LS-PMSM design.

The actual length of the stator core and the effective length of the stator core are used to build the motor
models, and the difference between them in calculation of no-load back EMF is compared. Because the 3D model
can consider the primitive structure of the HV-LS-PMSM, the calculated results are relatively accurate, and it is
used as a reference to measure the accuracy of the calculation of the 2D finite element model.

In fig. 5 610 mm corresponds to the actual length of stator core, 643 mm is the effective length of
stator core. As seen from Fig. 5 the calculation of the no-load back EMF of the HV-LS-PMSM using the ac-
tual length of the stator core is the closest to the calculation of the 3D finite element model with ventilation,
(difference between them is 1.8%). The no-load back EMF calculated by 2D model and using the effective
length of the stator core is equal to 5.7 kV. Comparison with the no-load back EMF calculated by 3D finite
element model with ventilation ducts gives the difference of 7.5%. Therefore, the actual length of the stator
core is used in the 2D finite element model to calculate the no-load back EMF of the HV-LS-PMSM.

—2D-610
2D-643
g 3D-Ventilating duct
6 64 5.7
. A\/\/\/\/\[\/\ 54 e 53
4 o5 1.8%
ot =
& 2 =
B 54
o 0- =
E
(] -2 - 8
g =9
S =
£ 4 | =
= J |
,6 -
0

-8 1 2D-610 2D-643 3D-Ventilating duct

Time[ms] Fig. S

In order to verify the correctness of the above analysis, the magnetic field of the motor is analyzed in
the next section.

5. Analysis of HV-LS-PMSM marginal effect. The length of armature is the basic design parameter of
the motor. The armature length is related to the axial distribution state of the air gap of the motor. The mag-
netic flux density in air-gap is considered to study the influence of radial ventilation ducts. As shown the re-
sults of calculations by the 3D finite element model, the marginal effect has a little effect on the calculated
accuracy of the no-load back EMF (Fig. 6).

It can be seen from Fig. 6 that there is a marginal effect at the edge of the ventilation ducts, but the mar-
ginal effect is relatively weak.

6. Conclusions. In this pa-
per, the 10kV, 1000kW HV-LS-
1 ‘ PMSM is taken as an example. The
Stator - 2D model for calculation of no-

‘ | load back-EMF of HV-LS-PMSM
with ventilation ducts is proposed.
The following results are obtained:

1. On the base of calcula-
tion of the actual length of stator
core, the difference in calculation
of no-load back EMF between the
2D and 3D models with ventilation

. “ - ducts is small, this difference is
Fig. 6 -
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only 1.8%. On the base of calculation of the effective length of the stator core, the difference in calculation
of no-load back EMF between these models with ventilation ducts is 7.5%. Therefore, the actual length of
the stator core is used in the 2D finite element model to calculate the no-load back EMF of HV-LS-PMSM.
In addition, the values of no-load back EMF calculated by 3D models without ventilation ducts and with
ventilation ducts are 5.33 kV and 5.3 kV, respectively, the difference between them is only 0.6%.

2. As to calculation accuracy of the no-load back EMF, the difference between 2D and 3D models is
only 1.8%. However, the solution time by 2D model is 58 times faster than that by 3D model. The 2D finite
element model can be effectively used to calculate the no-load back-EMF of motor, to avoid the problem of
long calculation time of the 3D finite element model and improve the efficiency of motor design.

3. The marginal effect at the edge of the ventilation ducts takes place, but the marginal effect is rela-
tively weak. When the 2D finite element model is used to calculate the no-load back EMF, the marginal ef-
fect has a little effect on the calculated accuracy of the no-load back EMF.
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METOJ PACUYETA IPOTHUBO-34C XOJIOCTOI'O XOJAA BBICOKOBOJIBTHOI'O CHHXPOHHOI'O
JABUT'ATEJIA C HOCTOSAHHBIMHA MATHUTAMMU ITPAAMOTI'O ITYCKA
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Ipu npumenenuu Memooa KOHeYHbIX 2iemMenmos 05 pacuema npomuso-3/C x010cmo2o x00a 8blcOKOBOILIMHO20 CUH-
XPOHHO20 O8ucamenisi ¢ NOCMOAHHLIMU MasHumamu npsamozo nycka (HV-LS-PMSM) evibop gpaxmuuecxoti u 3¢ghgex-
MUBHOT ONUHBL CEPOCYHUKA CIMAMOPA NPUSOOUN K PA3IUYHbLIM pe3ylbmamam paciema. IIpueeden npumep mounozo
onpedenenus oopamnoi I/]C xonocmoeo xooa ogueamensi ¢ GeHMUTAYUOHHBIMU Kanaiamu. B kauecmee npomomuna
0151 peanu3ayuu KOHeYHO-21eMeHmHOU Mooeau evlopan osucamens mownocmoio 1000 kBm, 10 kB. Koppexmuocmuo
Molenu hoomeepicoena anarumuyeckum nymem. CHauana Ha ocHose hakmuueckoll ONUHbL CepOeYHUKA CIAmopa pac-
cmampusatomes 2D u 3D koneuno-snemenmuule mooenu 6e3 6eHMUIAYUOHHBIX KaHanos. Paznuuue medxncoy smumu mo-
Oensimu onpedensemcs: nymem gviuucienusi npomuso-3/]C xonocmoeo xoda. 3amem 3¢hpexmuHas OnUHa cepOeyHuUKa
cmamopa 2D modenu onpedensiemcs no pasHuye pacuemuwix snavenuti I/[C xonocmozo xo0a 011 moodenel gpaxmue-
cxoul Onunwl. Haxoney paccmampusaemcs 3D KOHeYHO-21eMEHMHASE MOOETb C 6EHMUNAYUOHHBIMU KAHANAMU, AHATUU-
PYyemcs gauaHue 6eHMUIAYUOHHBIX KaHanog na npomueo-3/C xonocmozo xoda. Taxum obpaszom, 8 cmamee npedcmas-
asiemes memoo pacyema npomuso-3/]C xonocmoeo xooa 015 KoHeuHo-9aemenmuou 2D modenu, umo ynpowaem pac-
Yemmublll NPoyecc U nosvluiaem dP@HexmueHocms npoekmuposdanus ogueameins. buomn. 14, puc. 6, Tadi. 2.

METOJ PO3PAXYHKY ITPOTH-EPC XOJIOCTOI'O XOAY BHCOKOBOJIbTHOI'O CHHXPOHHOI'O
JABUI'YHA 3 HIOCTIMHUMU MATHITAMM ITPAMOI'O ITYCKY
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E-mail: zhangxiaovong1989@gmail.com

Ilpu 3acmocysanni memooy CKiHUeHHUX elemeHmis 0 po3paxyHky npomu-EPC xonocmozo x00y 8UcOKO80abMHO20
CUHXPOHHO20 08USYHA 3 NOCMIUHUMU MacHimamu npsmoco nycky (HV-LS-PMSM) eubip ¢pakmuunoi i egpexmueHoi 006-
JHCUHU CepOeUHUKA CIMAmMopa NPU3eo0Ums 00 PI3HUX pe3yibmamis pospaxyuky. Haseoeno npuxiad mounoco susnaven-
Hs 360pomnoi EPC xonocmozo x0dy osucyna 3 eeHmuasyiunumu xauaiamu. HAx npomomun 01 peanizayii KiHyego-
enemenmuoi mooeni oopanuii 0sueyn nomyawcricmio 1000 kBm, 10 kB. Kopexmuicmos mooeni niomeepoxcena aHaiimuy-
Hum winaxom. Ileput 3a 6ce Ha ocho8i paxmuunoi 006icuHU cepoeunuka cmamopa posenioaiomuvcs 2D i 3D kinyego-
eneMeHmui Mooeni Oe3 GeHMUNAYIUHUX KAHAMG. Pisnuys minc yumu MOO0eramu GUHAUAEMbC WAAXOM OOUUCIeHHS
npomu-EPC xonocmoeo x00y. [lomim epexmusna 0oexcuna cepoeunuxa cmamopa 2D mooeni suzHauacmvcs no pismu-
yi pospaxynxosux snawenb EPC xonocmoeo xo0y 0ns mooeneti ¢paxmuynoi ooeacunu. Hapewmi posensdoacmocsa 3D
KiHYeBO-e1eMEeHMHA MOOelb 3 GEHMUNAYIIHUMY KAHANAMU, AHALIZYEMbC GNAUE BEHMUNIAYIUHUX KAHANIE HA NpOMU-
EPC xonocmoeo x00y. Takum uunom, y cmammi npeocmagieHo memoo po3paxyrky npomu-EPC xonocmozo xo0y 0ns
Kinyego-eremenmuoi 2D moodeni, wo cnpowye po3paxyHkosutl npoyec i nioguwyye eqpexmueHicms npoeKmysants 06u-
eyna. bion. 14, puc. 6, Tabm. 2.

Hapiiinuia 04.03.2019
Ocratounwuii Bapiant 24.05.2019

ISSN 1607-7970. Texn. enekmpoounamixa. 2019. Ne 5 59



