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Abstract. In the paper methodology of Line Start Permanent Magnet Synchronous Motors rotor designing is proposed. The proposed methodology 
is based on four medium power low-voltage LSPMSM with numbers of pole pairs 2p=2, 4, 6 and 8. Both electrical properties and mechanical 
stresses are analysed. Electrical properties are based on magnetic field in air gap, back electromotive force and cogging torque. Mechanical 
stresses are considered due to centrifugal force and load torque. Proposed in the article colourful table with scores adequate to the obtained results 
of the investigated motor parameters can be convenient tool in machine designing. 
 
Streszczenie. W artykule przedstawiono metodykę projektowania wirnika silników synchronicznych z magnesami trwałymi. Zaproponowana 
metodyka projektowania bazuje na silnikach typu LSPMSM średniej mocy niskiego napięcia o liczbie biegunów 2p=2, 4, 6 i 8. W trakcie badań brano 
pod uwagę zarówno właściwości elektromagnetyczne jak i również naprężenia mechaniczne. Właściwości elektromagnetyczne bazują na dystrybucji 
pola magnetycznego w szczelinie powietrznej, siły elektromotorycznej i momencie zaczepowym. Naprężenia mechaniczne bazują na siłach 
odśrodkowych oraz momencie obciążenia. Zaproponowano przedstawienie wyników badań w formie kolorowych tabel ułatwiających analizę 
otrzymanych wyników. (Metodyka projektowania wirnika silnika synchronicznego z magnesami trwałymi o rozruchu bezpośrednim) 
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Słowa kluczowe: LSPMSM, magnesy trwałe, silnik synchroniczny, naprężenia mechaniczne 
 

 
Introduction 

Electric motors are responsible for about 70% of 
electricity consumption in industry and for about 30-40% of 
electricity generated worldwide [1–3]. 

There are many design solutions for electric motors, 
however, three-phase squirrel-cage induction motors are 
the most commonly used [1–3], especially for a rated power 
of less than 10 kW [4]. This is due to their advantages such 
as: simplicity of construction, low production costs, high 
reliability (for example due to the lack of brushes and 
commutator) and relatively low operating costs. 

The disadvantage of these motors is the low power 
factor [5], which additionally depends on the motor load. 
Low power factor is associated with an increase in reactive 
power. This results in an increase of supply currents, 
additional transmission losses and reduction in the 
possibility of loading generators and transformers with 
active power.  In the case of too low power factor on the 
industrial facility side, reactive power compensation is 
required, which involves additional costs. 

The development of high-energy permanent magnets, 
especially neodymium magnets, has resulted in progress in 
the construction of electrical machines. It led to the 
development of, among others, Permanent Magnet 
Synchronous Motors (PMSM), Brushless DC Motors 
(BLDCM), Brushless Synchronous Motors (BLSM), 
Permanent Magnet Direct Current Motors (PMDCM) as well 
as the development of Line Start Permanent Magnet 
Synchronous Motors (LSPMSM). 

The efficiency of permanent magnet motors is higher 
than that of induction motors, especially for low power 
range [1, 2]. PM motors also have higher power factor and 
higher rated power density [4]. For these reasons, in the 
case of single-speed drives where the motor is powered 
directly from the mains, LSPMS motors are a good alter-
native to squirrel-cage induction motors [6]. 

In terms of the construction of the stator of LSPMSM, 
these motors are similar to induction motors. They have 
a three-phase winding placed in the slots of the magnetic 
circuit. In order to reduce eddy current power losses, 
magnetic circuit is made in the form of a package of 
electrotechnical sheets, usually 0.5 mm thick. In principle, 

a stator derived from typical squirrel-cage motors can be 
used to build LSPMS motors.  

Inside the rotor of LSPMS machines there is a cage 
winding and permanent mag-nets, which are configured in 
U-type, V-type or W-type configuration in order to obtain the 
distribution of magnetic flux density in the air gap as close 
to sinusoidal as possible. The motor cage is used to start 
the machine [5, 7] and bring the motor speed near to 
synchronous one. It works only at the starting process [8], 
while the permanent magnets are used to pull rotor into 
synchronous speed [9] and to generate synchronous torque 
at steady state condition [5, 7]. Due to their parameters 
(high induction value, high energy density), neodymium 
magnets are most often used for this purpose.  

The magnetic circuit of the rotor is most often made in 
the form of a package of electrotechnical sheets in order to 
limit eddy current power losses in it in dynamic states (e.g. 
during machine start-up). Due to the location of the 
magnets inside the rotor, they are better protected against 
demagnetization by high starting currents than in the case 
of motors with surface-mounted magnets [10, 11] such as 
BLDC motors, for example. However, when designing a 
motor with permanent magnets, one should also take into 
account the effect of temperature on the parameters of the 
magnets and their resistance to demagnetization [11]. 

Line start permanent magnet synchronous motors have 
many advantages [3, 6–10, 12–17]. In steady states 
LSPMS motors run at synchronous speed, therefore copper 
losses in the rotor cage are negligible [5, 7–9]. Their 
efficiency is very high [5, 6, 9, 10, 12, 13, 18], these motors 
are able to fulfil IE5 or even IE6 efficiency class 
requirements [19, 20]. They also have good thermal 
performances [6, 18]. The cost of LSPMSM is higher than 
induction motors of the same rated power, but the lower 
electricity costs due to the higher efficiency of these motors 
can quickly pay for themselves, which is an attractive 
solution from an economic point of view. The use of 
permanent magnets in the LSPMSM rotor ensures high 
value of the magnetic flux, which provides a high value of 
the power factor and high synchronizing torque. However, it 
results in a smaller cross-sectional area for the starting 
cage, thus the synchronization of the electric motor is more 
difficult [12]. The presence of permanent magnets in the 
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rotor is also associated with the fact that the magnets 
produce a braking torque [10, 12, 13] present during 
asynchronous operation of the machine. For this reasons, 
LSPMS motors have lower starting properties than 
induction motors [12].  

Problems with the synchronization of LSPMS motors are 
also influenced, among others, by: high value of the load 
torque, high moment of inertia [16] of the drive system as 
well as the low power supply quality. 

Due to problems with starting and synchronization, line 
started permanent mag-net synchronous motors are 
recommended for low starting demand torque applications 
like pumps, fans, textile machinery and compressors. 
According to [4] more than 50% of the motors that are used 
in industry are used in fan and pump drives. Therefore even 
a small difference in efficiency has a significant impact on 
energy savings. 

Although many advantages of Line Start Permanent 
Magnet Synchronous Motors they are still not as popular as 
Induction Motors. This situation caused development of 
laser cutting of magnetic sheets for LSPMSMs what is 
optimal taking into account cost of machine production. The 
example of laser cutting of magnetic sheets is presented in 
Figure 1. 

 

 
Fig.1. Laser cutting of Permanent magnet synchronous motor 
magnetic sheets. Photo courtesy of Kisielewski sp z.o.o. 
 
Line Start Permanent Magnet Synchronous Motor 
model 

Four fully parametrized line start permanent magnet 
synchronous motor FEM 2D models were built: Sm 315M2, 
Sm 315M4, Sm 315M6 and Sm 315M8. All models have the 
same outer stator diameter Dout = 470 mm. The 6-pole and 
8-pole motor models have the same inner diameter 
Dinner = 330 mm and stator sheets what is not optimal for 
them but favourable taking into account motor 
standardization and production costs. Three-phase double 
layer, star connected stator winding was applied. Rotors 
squirrel cages consist of round brass bars. Rotors slots 
openings have width Br0 = 3.0 mm and height Hr0 = 3.0 mm. 
Inside the rotor of LSPMS machines there are W-type 
configured permanent magnets. For all motors models each 
pole has four pieces of permanent magnets. The material of 
PMs is N40SH with the residual induction Br = 1,27 T and 
coercivity Hc = 960 kA/m. All motors models are shown in 
Figure 2 and their parameters are presented in Table 1. 

Table 1. Line Start Permanent Magnet Synchronous Motor 
models parameters 

Motor 
Sm315 

M2 

Sm315 

M4 

Sm315 

M6 

Sm315 

M8 

Un [V] 400 

Pn [kW] 160  160  110  90 

nn [rpm] 3000  1500  1000  750 

Douter [mm] 470 

Dinner [mm] 270  310  330  330 

Qs [‐] 48  60  72  72 

LFe [mm] 360  390  350  390 

a)  

b)  

c)  

d)  

Fig.2. Line Start Permanent Magnet Synchronous Motor models: 
(a) Sm 315M2; (b) Sm 315M4; (c) Sm 315M6; (d) Sm 315M8 
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Mechanical computation 
Line start permanent magnet synchronous motor rotor 

have openwork construction due many squirrel cage and 
permanent magnet slots. The biggest problem is extremely 
narrow distance between far permanent magnet slots of the 
magnetic pole and the nearest the pole squirrel cage slots 
HQrQm which is illustrated in Figure 3. This dimension should 
be as low as possible to decrease permanent magnet 
leakage flux which is shown in Figure 4. Taking into account 
mechanical stresses due to rotational speed and load 
torque this dimension should be as high as possible. These 
two requirements are excluding each other. 

 
Fig.3. Line Start Permanent Magnet Synchronous Motor 
rotor construction in Sm 315M4 
 

 
Fig.4. Permanent magnet leakage flux in Sm 315M2 
 

During mechanical stresses analyses in Sm 315M2, 
Sm 315M4, Sm 315M6 and Sm 315M8 the following loads 
were taken into account: 

― rotational speed n = 1.2nn and load torque tload = 0, 
― rotational speed n = 1.0nn and load torque tload = 10tn, 
― gravity force perpendicular to the rotor sheet caught by 

its edges. 
Due to the maximum mechanical stresses between 

squirrel cage slots and far permanent magnet slots the 
motor models meshes in this region were denser (Figure 5). 
configuration  

 
Fig.5. Sm 315M2 motor model for mechanical stresses analyses 
 

Mechanical stresses in machines can be decreased not 
only by increasing machine parts dimensions but also by 
rounding corners of these parts. In case of laser cutting 
motor sheets the minimum radius of corners is 0.3 mm and 
optimum value is 0.5 mm. Influence of the permanent 
magnet slots corners radius in Sm 315M2 motor for 

rotational speed n = 1.2nn without load torque is presented 
in Figure 6. The obtained results shows significant influence 
of the corners radius on mechanical stresses due to 
centrifugal force. Therefore for further investigation 
permanent magnet slots corner radius for all motors was 
assumed RPM_corner = 1.0 mm. 

In Figures 7-10 results of mechanical stresses due to 
centrifugal force load torque and gravity for all motors are 
presented. Rotors sheets of the motors have the distance 
between far permanent magnet slots of the magnetic pole 
and the nearest the pole squirrel cage slot HQrQm (Figure 3). 
On the basis of a series of computations, this dimension 
should be selected so as to obtain the mechanical stress at 
the maximum assumed level. In the work, this value was 
assumed as not greater than half of the rotor sheet yield 
strength. For 2-pole LSPMSM the maximum mechanical 
stresses occurs for rotational speed n = 1.2nn so for 2-pole 
LSPMSM centrifugal force determines the distance HQrQm. 
For higher number of the motor pole pairs than 2 the 
distance HQrQm is lower and mechanical stresses due to 
gravity is more significant. For Sm 315M8 the maximum 
mechanical stresses is caused by gravity which determines 
the distance HQrQm. 

a)  

b)  

c)  

Fig.6. Sm 315M2 motor model for mechanical stresses analyses 

a)  
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b)  

c)  

Fig.7. Mechanical stresses for Sm 315M2 rotor sheet motor for: (a) 
n = 1.2nn and tload =0; (b) n = 1.0nn and tload = 10tn; (c) gravity force 
perpendicular to the rotor sheet caught by its edges analyses 

a)  

b)  

c)  

Fig.8. Mechanical stresses for Sm 315M4 rotor sheet motor for: (a) 
n = 1.2nn and tload =0; (b) n = 1.0nn and tload = 10tn; (c) gravity force 
perpendicular to the rotor sheet caught by its edges 

a)  

b)  

c)  

Fig.9. Mechanical stresses for Sm 315M6 rotor sheet motor for: (a) 
n = 1.2nn and tload =0; (b) n = 1.0nn and tload = 10tn; (c) gravity force 
perpendicular to the rotor sheet caught by its edges 

a)  

b)  

c)  

Fig.10. Mechanical stresses for Sm 315M8 rotor sheet motor for: 
(a) n = 1.2nn and tload =0; (b) n = 1.0nn and tload = 10tn; (c) gravity 
force perpendicular to the rotor sheet caught by its edges 
 

Mechanical computation 
The next step in permanent magnet synchronous motor 

designing is selection of the number of rotor slots. This 
number and permanent magnets arrangement deter-mines 
the magnetic field distribution which influences on back 
electromotive force back EMF and cogging torque. Back 
electromotive force was analysed by total harmonic 
distortion coefficient THDE and cogging torque was 
investigated by peak-to-peak value Tpk2pk. For better 
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cogging torque computation accuracy motor models mesh 
in air gap was denser (Figure 11). 

a)  

b)  

Fig.11. Sm 315M2 motor model mesh: (a) standard; (b) for cogging 
torque analysis 

 

a)  

b)  

c)  

d)  

e)  

f)  

g)  

h)  

Fig.12. Sm 315M2 rotors with the number of rotor slots: (a) 40 v1; 
(b) 40 v2; (c) 38 v1; (d) 38 v2; (e) 36 v1; (f) 36 v2; (g) 34 v1; (h) 32 
v2 
In Figures 12-15 proposed rotors construction, with different 
number of slots, for all motors are presented. Moreover, as 
can be seen in Figure 12, for the LSPMSM Sm 315M2 two 
rotor construction versions v1 and v2 were analysed. In the 
v1 version, the ends of the magnets are located in the axis 
of the rotor slots, while in the v2 construction version, these 
ends are located in the axis of the rotors teeth. 

Computations were made for rated speeds of the 
analysed motors models at no load state. Permanent 
magnets dimensions were selected to obtain back 
electromotive force back EMF = 1.1Un. In Tables 2, 4, 6 and 
8 obtained results of investigated: total harmonic distortion 
THDB of magnetic flux density, the first harmonic value of 
back electromotive force E1, total harmonic distortion THDE 
of electromotive force and peak to peak value of cogging 
torque Tpk2pk, are shown. Obtained results of every 
investigated motor are presented in two tables – in the first 
table there are magnitudes of computed quantities and in 
the second one comparison of computed quantities with 
results dependent on order in comparison with other motor 
constructions. The higher value determines which 
construction is better. 

In tables 3, 5, 7 and 9, the last column contains the sum 
of items for the analysed parameters from the previous 
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columns. The higher total score determines which design 
solution is better. For easier comparison of obtained results 
they are coloured – for the best solution dark green and for 
the worst one red. 
 

 

Table 2. Influence of the rotor slots number on the LSPMSM 
Sm 315M2 – obtained results 

Qr [‐]  THDB [%]  E1 [V] THDE [%]  Tpk2pk [Nm]

40 v1  24.11  249.8  0.80  0.54 

40 v2  23.52  249.0  0.60  0.23 

38 v1  24.01  249.9  0.64  1.24 

38 v2  24.03  248.1  0.67  1.60 

36 v1  24.04  249.0  0.59  1.66 

36 v2  23.49  247.8  0.61  2.53 

34 v1  27.35  246.2  0.66  1.97 

32 v1  26.91  246.2  0.65  3.28 
 

Table 3. Influence of the rotor slots number on the LSPMSM 
Sm 315M2 – comparison 

Qr  THDB  E1  THDE  Tpk2pk  ∑

40 v1  3  7  1  7  18 

40 v2  7  6  7  8  28 

38 v1  6  8  5  6  25 

38 v2  5  4  2  5  16 

36 v1  4  5  8  4  21 

36 v2  8  3  6  2  19 

34 v1  1  1  3  3  8 

32 v1  2  2  4  1  9 
 

The computational analysis carried out for the LSPMSM 
Sm 315M2 motor model showed that the best rotor 
construction is version v2 with 40 slots. For this design, the 
total number of points is 28 (Table 3). For this version of the 
rotor, the lowest value of the cogging torque, a high value of 
the first harmonic of back electromotive force E1 and low 
values of total harmonic distortion THDE and THDB were 
obtained in comparison with other constructions (Table 2). 
The worst solutions are versions 32 v1 and 34 v1. For the 
solution with 34 slots of the rotor, the lowest value of E1 and 
the highest THDB were obtained. 

For the LSPMSM with two pairs of poles, the versions 
with 46 and 50 rotor slots turned out to be the best 
solutions. They received 18 points each according to 
Table 5. 

 

a)  

b)  

c)  

d)  

e)  

f)  

Fig.13. Sm 315M4 rotors with the number of rotor slots: (a) 50; (b) 
48; (c) 46; (d) 44; (e) 42; (f) 40 
 
Table 4. Influence of the rotor slots number on the LSPMSM 
Sm 315M4 – obtained results 

Qr [‐] THDB [%] E1 [V]  THDE [%]  Tpk2pk [Nm]

50  22.77  251.5  0.74  8.85 

48  22.55  250.4  1.00  9.38 

46  22.75  250.1  0.79  2.37 

44  22.40  249.6  1.10  10.6 

42  23.48  247.9  0.92  4.41 

40  22.69  248.0  1.22  32.80 

Table 5. Influence of the rotor slots number on the LSPMSM 
Sm 315M4 – comparison 

Qr THDB E1 THDE  Tpk2pk  ∑

50  2  6  6  4  18 

48  5  5  3  3  16 

46  3  4  5  6  18 

44  6  3  2  2  13 

42  1  1  4  5  11 

40  4  2  1  1  8 
 

For the motor with 50 slots, the best result was obtained 
in terms of value of the first harmonic of back electromotive 
force E1 and total harmonic distortion THDE among all the 
analysed rotors constructions (Table 4). The 46-slots 
version has the lowest cogging torque and low THDE. The 
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worst rotor construction is the one with 40 slots. For this 
design the highest value of the cogging torque and THDE 
were obtained. 

a)  

b)  

c)  

d)  

e)  

Fig.14. Sm 315M6 rotors with the number of rotor slots: (a) 60; 
(b) 57; (c) 54; (d) 51; (e) 48 
 

The results of computations made for a different number 
of rotor slots in the 6-pole model showed that the best 
construction among the analysed designs is the one with 57 
slots (Table 6). The 48-slot model is the worst. For the 57-
slot model, the highest value of the first harmonic of back 
electromotive force E1, the lowest THDE, low THDB and 
cogging torque were obtained. For the structure with 48 
slots, the values of all analysed parameters were the worst 
(Table 6). 

The computational analysis carried out for the LSPMSM 
Sm 315M8 motor model showed that the best rotor 
construction is version with 60 slots and the worst is the one 
with 48 slots (Tables 8 and 9). For the best design, the total 

number of points is 14, while for the worst is only 5 
(Table 9). For the 60 rotor slots construction version, the 
lowest value of the cogging torque and THDE, a high value 
of the first harmonic of back electromotive force E1 and a 
low value of total harmonic distortion THDB, were obtained 
in comparison with other constructions (Table 8). For the 
structure with 48 slots, the values of almost all analysed 
parameters were the worst (Table 8). 
 
Table 6. Influence of the rotor slots number on the LSPMSM 
Sm 315M6 – obtained results 

Qr [‐] THDB [%] E1 [V]  THDE [%]  Tpk2pk [Nm]

60  22.70  251.67  0.95  37.20 

57  23.78  252.40  0.68  11.60 

54  24.31  250.11  1.17  34.90 

51  25.20  250.24  0.84  9.92 

48  27.38  248.74  3.72  89.20 
 

Table 7. Influence of the rotor slots number on the LSPMSM 
Sm 315M6 – comparison 

Qr THDB E1 THDE  Tpk2pk  ∑

60  5  4  3  2  14 

57  4  5  5  4  18 

54  3  2  2  3  10 

51  2  3  4  5  14 

48  1  1  1  1  4 
 

a)  

b)  

c)  

d)  

Fig.15. Sm 315M8 rotors with the number of rotor slots: (a) 60; 
(b) 56; (c) 52; (d) 48 
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Table 8. Influence of the rotor slots number on the LSPMSM 
Sm 315M8 – obtained results 

Qr [‐]  THDB [%]  E1 [V] THDE [%]  Tpk2pk [Nm]

60  29.73  253.1  0.92  6.93 

56  29.39  251.1  1.01  61.8 

52  32.53  253.2  1.24  39.3 

48  32.32  250.3  1.68  187 
 

Table 9. Influence of the rotor slots number on the LSPMSM 
Sm 315M8 – comparison 

Qr  THDB  E1  THDE  Tpk2pk  ∑

60  3  3  4  4  14 

56  4  2  3  2  11 

52  1  4  2  3  10 

48  2  1  1  1  5 
 

Conclusions 
Line start permanent magnet synchronous motor rotor is 

an openwork construction which needs special computation 
to avoid too much mechanical stresses and too much 
permanent magnet leakage flux. For 2-pole medium power 
LSPMSM the most significant mechanical stress is caused 
by centrifugal force and for higher number of the pole pairs 
2p mechanical stress due to gravity force increases. For 8-
pole medium power LSPMSM the distance between far 
permanent magnet slots of the magnetic pole and the 
nearest the pole squirrel cage slot HQrQm is determined 
exactly by the gravity. 

Proposed methodology of line start permanent magnet 
synchronous motor designing using colourful table with 
scores adequate to the obtained results of the investigated 
motor parameters can be convenient tool in machine 
designing. This applies especially to the number of 
LSPMSM rotor slots Qr assortment taking into account such 
parameters like back electromotive force back EMF and its 
total harmonic distortion coefficient THDE, magnetic 
induction in the air gap B1 and its total harmonic distortion 
coefficient of THDB and cogging torque Tpk2pk. 

 

Calculations have been carried out using resources 
provided by Wroclaw Centre for Networking and 
Supercomputing (http://wcss.pl), grant No. 400. 
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