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Abstract. The Line-Start Permanent Magnet Synchronous Motor (LSPMSM) attracted a considerable 
attention because of the higher value of the product between the power factor and the efficiency. The 
paper proposes an analytical design method for the permanent magnet, considering the operating 
point on the B-H characteristic alias the magnetic flux–magnetomotive characteristic, a design 
method for the LSPMSM considering the synchronous operation parameters and the asynchronous 
operation (starting) parameters.  
A design example for a motor having rated power 3.5 kW, rated phase voltage 200 V, rated 
frequency 50 Hz, rated speed 3000 rpm will be presented. 
 
Keywords. AC machines, design, electrical machines, permanent magnet motors, line-start syn-
chronous motor.  

 
 

1. INTRODUCTION 

In the last years, the LSPMSM has received more attention 
in the academic world and industries [1-38]. Worldwide 
new legislations demand higher efficiency motors. The use 
of LSPMM can help to achieve the new requirements. It 
became competitor to cage induction motor in the general 
purpose industrial applications due to its high efficiency, 
high power factor and its ability to self start from the 
regular fixed frequency supply [5-8].  

The structure of LSPMSM is similar to this of the IM but 
with permanent magnets (PMs) inserted in the rotor [6, 9-
11]. The rotor can have many types of configurations since 
the inserted PMs may have different shapes, materials, sizes 
and positions [2, 4, 12, 13], which deeply influence the per-
formances of the machine. The line-start property is 
obtained thanks to the design of the rotor with starting 
aluminium cage or with solid iron, or with a conducting 
ring on the surface [5, 14-16]. 

LSPMSM is in fact a synchronous machine at which the 
excitation field is produces by permanent magnets instead 
by a dc field winding. For starting and transients, the 
machine has the aluminium cage on the rotor.  

So, the functioning of the LSPMSM is characterized by two 
operation modes: the synchronous operation mode at steady 
state and the asynchronous operation mode at starting and 
transients [39]. 

The synchronizing process has been studied in [1-4, 28]. 
The steady-state characteristics are measured for different 
values of the output power [18-22]. 

In general, the LSPMSM has PMs buried below the 

squirrel-cage and these two constructive parts have different 
functions under different states.  

The PMs operate on alignment torque to drive synchronous 
speed in steady state and breaking torque in starting period, 
both dependent of the PM operating point and the non-load 
emf [9, 18, 19, 23, 35]. So, it is necessary to design PMs 
considering the alignment and breaking torque at once. 

In general, the optimal size of PMs provides the required 
magnetic flux so that the reactive power exchanged with the 
power supply is minimal, to get a highest power factor 
which corresponds to the minimum line current [15]. 

The rotor cage generates in transient operating modes 
(starting and load changes) an asynchronous torque.  

The breaking torque introduced by PMs in starting period 
lowers the total torque [11, 32, 34]. Because the PMs are 
buried below the squirrel cage, magnetic flux barriers in the 
rotor back iron are necessary. So, additionally to the PM 
breaking torque, these magnetic flux barriers introduce a 
breaking reluctance torque because of rotor saliency, which 
further lowers the total torque in starting period.  

In this way, the design of LSPMSM is somehow trouble-
some because of various line starting performance degra-
ding effects. For the aforementioned reasons, the LSPMSM 
designer has to find many compromises in the design 
process between an adequate starting characteristic in the 
asynchronous operating region and the torque capability 
and efficiency in the synchronous operating region.  

The paper proposes: an analytical design method for the 
PMs considering the operating point on the B-H characte-
ristic taking into account of the iron saturation effect; 
followed by an analytical design method for the LSPMSM 
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considering the asynchronous and synchronous behaviour, 
for operating the motor at steady state near the unity power 
factor.  

2. THE OPERATING POINT OF THE PM WITHOUT 
ARMATURE REACTION 

Neglecting of Magnetic Saturation 
Fig. 1 presents the studied LSPMSM. The stator is the same 
as that of an usual induction motor. The line-start property 
is obtained thanks to the rotor design, which contains an 
aluminum cage for asynchronous line starting, two PMs 
made of NdFeB and two non-magnetic material flux barrier 
on the quadrature axis to minimize the inter-pole PM 
leakage flux.  

 

1 32

 
Fig. 1. Cross section of the rotor of a LSPMSM: 1-

permanent magnet; 2-cage; 3-non-magnetic flux barrier. 

For determining the operating point of the PM used in 
LSPM motors, the machine is operated as a no load 
generator. Fig. 2 shows the simplified equivalent circuit of 
the LSPM machine at no load functioning (without 
armature field). 

In general case, the resultant permeance t!  of the external 
magnetic circuit consists of two components: the useful 
permeance which is the permeance of the air-gap and the 
leakage permeance: 

 "##" !$!%!$! Mt k  (1) 

The useful permeance "!  corresponds to the useful flux in 
the active portion of the magnetic circuit. The leakage 
permeance #!  is the referred leakage permeance of a 
single PM or of the PM with armature (in rotor and stator 
slots, the non-magnetic material and the air spaces between 
the magnet and the laminations steels). The permeances are: 
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with the flux concentration factor: 

 "' $ SSC M / . (3) 

and the permeance coefficient 
 "$ /Mp lC  (4) 

 
Fig. 2. The equivalent circuit of the LSPM machine 

without armature reaction. 

In Fig. 3 N0 is the operating point of the PM in the flux-
mmf coordinates, which is at the intersection of the linear 
demagnetizing characteristic of the rare-earth PM (Lrec) and 
the load line (Ll0).  

 
Fig. 3. Determining of the operating point of the PM: 
!rem- remanent flux; Fc – coercive mmf; (Lrec) - the 

recoil line, (Ll0) – the load line without armature field; 
(L"0) – the air-gap load line; N0 – the operating point 

without armature field. 

In Fig. 3, the equations of (Lrec), (Ll0) and (L"0) lines are [40, 
41]: 

 
;:)(
;:)(

;:)(

0
FL
FL

FL

tl

Mremrec

"" !($'
!($'

!%'$'

 (5) 

respectively. Consequently, the coordinates of the operating 
point N0 are:  
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and the expression of the air gap flux is: 
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The air gap permeance can be expressed as 
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The Carter coefficient kC=kCs kCr can be calculated for the 
stator slots and for the rotor slots separately [13]: 

 00
1

2
33
4

5
"6(

$
ss

s
Cs t

t
k  (10a) 

 
7
7
7

8

9

:
:
:

;

<

00
1

2
33
4

5
"

%(
""=

$6
2

000
2

1ln
2

tgarc
2

4 sss
s

bbb
 (10b) 

The coefficient of the leakage flux can be calculated by [9]: 
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In this way, by neglecting the magnetic saturation of iron, 
the air gap flux at no-load operation can be expressed as 
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From the above equation, the expression of the unsaturated 
flux density on the air-gap results:  
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The back EMF can be expressed as 
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The permeance coefficient Cp represents the slope of the 
air-gap line in the second quadrant of the B-H plane. This is 
a measure of the capability of the magnet to withstand 
demagnetization; a value of the permeance coefficient 
between 5 and 10 guarantees a successful design. A low 
value minimizes the magnet cost. 
For the sizing procedure of NdFeB PM motors, the air-gap 
flux density can be initially estimated as B"0 # (0.7-
0.9) Brem. 

It is note that an increased value of the air-gap flux density 
can requires wider tooth in order to avoid saturation. 
In most electric machine applications, for to get minimum 
resulting machine volume, the stator tooth width ts must be 
half of the stator slot pitch $s (i.e. stator slot and tooth 
widths are equal): 
 2/sst .$  (15) 

The next task is to determine the pole pitch coverage 
coefficient %M and the radial length lM of the PM for 
obtaining this structure. The radial length of the magnetic 
circuit can be expressed as: 

 PM CCl '"$  (16) 

 > ? "' $/%/$ SSC MMM /1/2  (17) 

 FelS pMM ./$  (18) 

The air-gap length " is usually determined by mechanical 
constraints and is a given data.  

The tooth width ts is given by 
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where Bsat results from the B-H characteristic of the 
magnetic material. 

After inserting B"0 from Eq. (13), ts given by Eq. (19) is a 
nonlinear function of %M. Their values can be found 
iteratively; an initial value for %M is chosen and the values 
of air-gap flux density and tooth width are calculated. 
Condition (15) is checked and the value of %M is adjusted. 

Taking into account of Magnetic Saturation 
The expression (12) of the air-gap flux density was deduced 
considering a linear magnetic circuit. For motors using 
high-energy PMs it is necessary to consider the nonlinear 
magnetic characteristics of the steel.  

On the other hand, the biggest disadvantages of the NdFeB 
magnet are the dependence of its remanent flux density with 
temperature. The temperature coefficient of Brem have 
negative values (in range of 0.07%-0,13%), thus the 
accuracy of design can be influenced. 

The usual procedure is to add up the mmf drops around the 
magnetic circuit, taking into account the nonlinear B-H 
curve of the steel and equal their sum to the apparent open-
circuit mmf of the PM, which is defined as  

 caMca HlF $  (20) 

For a NdFeB PM at room temperature, Hca=Hc. 

In Fig. 4, the demagnetization curves and their variation 
with the temperature is presented for PMs made of NdFeB. 

The effect of temperature variations on the PM causes the 
air-gap flux density and the induced back emf to vary. 

By proceeding with the individual mmf drops, and starting 
with the air-gap, the air-gap magnetic flux density is 
initially assumed to be equal to the value calculated in 
Eq. (12). Then: 
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Fig. 4. The demagnetization curves by different 

temperatures. 

Assuming that the stator yoke flux is equal to the air-gap 
flux crossing over half of the pole area: 
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The functional notation represents a linear interpolation 
along the B-H curve of the steel. For this purpose, the B-H 
characteristic of the steel is linearized piecewise and 
approximated by two line segments (Fig. 5). 

 
 

Fig. 5. Piesewise linearized B-H characteristic of the 
PM. 

The effect of temperature variations on the PM causes the 
air-gap flux density and the induced back emf to vary. 

The magnetic flux and the magnetic flux density are: 
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The equation of the demagnetization characteristic is: 

 remNrecN BHB %&&$ 000  (25) 

is used to find HNO, and: 
 00 NMN HlF $  (26) 

Now, all the mmf drops are to add together: 

 Mryrtstsy FFFFFFF %%%%%$ "  (27) 

The principle of iteration is applied. If F>Fca, B" is 
decreased and the calculation is repeated. If F<Fca, B" is 
increased and the calculation is repeated. These continuous 

until F is within 0.1% of Fca. An updated value B" nonlin is 
obtained. The flux density into the stator and rotor teeth, 
stator yoke of the machine are computed and will be used to 
determine the core losses. 
The back emf of the machine can be calculated for each 
speed by using 
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3. THE OPERATING POINT OF THE PM WITH 
ARMATURE REACTION 

Neglecting of Magnetic Saturation 
Fig. 6 shows the equivalent circuit of the LSPM machine 
with armature reaction. 

 

Fig. 6. The equivalent circuit of the LSPM machine 
with armature reaction. 

In Fig. 7 point N is the operating point of the PM in the 
flux-mmf coordinates, which is at the intersection of the 
linear demagnetizing linear characteristic of the rare-earth 
PM and the load line. 

In conditions of the armature field action, usually this field 
demagnetizes the PM, so that the new operating point N is 
obtained by translation of the N0 point with the d-axis arma-
ture reaction mmf referred to the rotor F’ad. In flux-mmf 
coordinates, the equations of (Ll) and (L") line are [40, 41]: 
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respectively.  

Consequently, the coordinates of the operating point N in 
Fig. 2 are 
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The useful air-gap flux with armature reaction is: 
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Fig. 7. Determining of the operating point of the PM: 
!rem- remanent flux; Fc – coercive mmf; (Lrec) –

 recoil line; (Ll0), (Ll) – load line; (L"0), (L") – air-gap 
load line; N0 – operating point without armature field; 

N – operating point with armature field. 

In this way, by neglecting the magnetic saturation of iron, 
the air gap flux the at load operation can be expressed as 
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From the above equation, the expression of the unsaturated 
flux density on the air-gap results: 
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Thus, the emf by taking into account the armature reaction 
is defined as 
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The volume of the PM is 

 MpMM llV Fe./$  (36) 

Taking into account of Magnetic Saturation 
By taking into account the magnetic saturation of iron, the 
air gap flux the at load operation can be expressed as: 
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From the above equation, the expression of the saturated 
flux density on the air-gap results: 
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Thus, the back emf can be expressed as 
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4. THE STEADY STATE BEHAVIOUR 

The voltage equation of LSPM motor is [10, 14, 19, 20] 
 > ?qqddeM IXIXIRUU %%%$ j  (40a) 

 > ?qaqdadeM IXIXIXIRUU %%%%$ # jj  (40b) 

Correspondingly, it results the vector diagram presented in 
Fig. 8. 

 

Fig. 8. The vector diagram of the LSPM motor. 
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The input voltage projections on the d-axis and q-axis are: 
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 qqd XIRIU %$Asin  (43a) 

 qqddeM XIXIUU %($Acos  (43b) 

The components of the current are 
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are obtained by solving Eqs. (4) 

As it can be seen in Eq. (2), the vector of the input current I 
can be decompose in two other components, namely the 
active component Ia and the reactive component Ir. But 
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Using Eqs. (44) on obtain: 
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and by neglecting the armature resistance and the leakage 
reactance, the components Ia and Ir of the input current are 
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Any change in the input voltage at Tl=0 or Tl=const results 
in a change in the armature current and power factor. 

The V curve at no-load operation  
The loci of the armature current with increaseing the 
armature voltage are the Mordey’s V curve of the PM motor 
(Fig. 9).  

 

Fig. 9. V curve of the LSPMSM at no-load operation. 

For operating the machine at unity power factor, the arma 
ture voltage Ulim corresponding to the operating point of the 

V curve where the current is smallest, where the LSPMSM 
uses neither field weakening nor field strengthening is 
expressed as: 

 22
lim )( IXUU meM %$  (48) 
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In this mode of operation, the input current is slightly 
leading. 

The electromagnetic torque 
The phasor diagram can also be used to find the input 
power, i.e: 

 )sincos(3cos3 A(A$E$ dqin IIUIUP  (50) 

From Eqs. (4) and Eq. (11) it results 
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Because the stator cote less has been neglected, the 
electromagnetic power is the motor input power minus the 
stator winding losses: 
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The electromagnetic torque developed by a salient-pole 
synchronous motor, by neglecting the armature resistance 
is: 
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which can be expressed also as: 
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From Eqs. (19) and (20) it can be seen that the electromag-
netic torque is in direct proportion to the back emf. 
The emf is in direct proportion to the magnetic remanence 
of the PM. So, due to the temperature effect on the magne-
tic material, the emf can have different values. By decreas-
ing of the remanence of PM, the value of the breaking 
torque will decrease too.  

In Eq. (19), the angular synchronous speed  

 ss n=$G 2  (56) 

is equal to the mechanical angular speed of the rotor. In a 
PM salient-pole synchronous motor, the electromagnetic 
torque has two components (Fig. 4): 
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From Eqs. (25)-(26) it can be seen that the synchronous 
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torque Tsyn is a function of both input voltage and no-load 
emf, while, the reluctance torque Trel depends only of the 
input voltage U. 

The effect of the temperature growing on the maximum 
value of the electromagnetic torque i.e. pull-out torque is 
obtained in order to simplify the equation. Let  
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So, the electromagnetic torque is  

 A(A$ 2sinsin AkUAT eMem  (61) 

and the pull-out torque can be expressed as: 
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Fig. 10 presents the pull-out torque as a temperature 
growing function. 

 

Fig. 10. The pull-out torque as a temperature growing 
function. 

Analysis of the Steady State of the Designed LSPMSM 
The design input data are shown in Tab. 1. The 
specifications of the chosen permanent magnet are shown in 
Tab. 2 

Tab. 1. The input data of  the designed LSPMSM. 

Rated active power [kW] NP  3.5 
Rated phase voltage, rms value [V] NU  200 
Rated frequency [Hz] Nf  50 
Synchronous speed [rpm] sn  3000 

 
Ferromagnetic material used in stator and rotor back irons is 
chosen based on their losses at working point and saturation 
level. From the B-H characteristic, the saturated magnetic 
flux density Bsat=1.8 T (at 50 Hz) results. The stacking 
factor of the magnetic circuit is %stack=0.94. 
Tab. 3 shows the numerical values of the parameters of the 
designed LSPMSM, relevant for the steady state operating 
mode.  

Tab. 2. The permanent magnet specifications 

Permanent magnet type MQ3G32SH 
Remanent flux density [T] remB  1.16 
Coercive magnetic field intensity 
[kA/m] cH  828 

Magnetic energy density [kJ/m3] > ?maxBH 239 
Recoil relative permittivity rec&  1.05 
Temperature coefficient of 
remanent flux density [°C-1] B/  -0.1% 

Tab. 3. The parameters of the designed LSPMSM, relevant 
for the steady state operating mode. 

The voltage corresponding to the mini-
mum of the current on the Mordey’s V 
curve, rms value, rms value [V] 

limU  135 

Rated current, rms value [A] NI  10 
Stator resistance [&] R  0.675 
Stator leakage reactance [&] #X  0.278 
Magnetizing reactance [&] dX  5 

d-axis synchronous reactance [&] qX  5.05 
q- axis synchronous reactance [&] mX  5.6 
Saliency ratio H  1.1 

 
With these parameters, by applying Eqs. (12), (13) on 
obtain the Mordey’s V curve at no-load operation. From the 
V curve of the designed motor at no-load and at power unit 
factor, the value of Ulim can be obtained. 
The computed values of the steady state main parameters 
are: 

Tem max=31.74 Nm,  
Tem n =11 Nm,  
Imax=17.8 A;  
'n0=20°;  
'lim=98°;  
cos (=0.992. 

Fig. 11 shows the torque-angle characteristic of the 
designed motor. 

 

Fig. 11. The synchronous torque and the reluctance 
torque of the designed LSPMSM. 
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5. THE STARTING BEHAVIOUR 

The equations of LSPM motor can be deduced from the 
general equations of the Blondel dynamic model. So, in d-
axis the following set of equations is valid [9, 10, 39]: 
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The linkage fluxes in the above equations are defined by: 
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From the above equations on obtain 
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with the operator ss J$ jp . 

The operational impedances Zdp and Zqp of the LSPM 
motor, related to the power source are defined as [25] 

 qpsqpdpsdp LRZLRZ J%$J%$ ;  (66) 

The input equivalent impedance is [10]: 
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In general, into the equation of the torque there are three 
components: the non vibratory torque (effective torque), 
which does not change with time, the first vibratory torque, 
which changes with time and slip frequency fs=s f and the 
second vibratory torque, which changes with time and the 
double slip frequency. During asynchronous operation, the 
rotating field passes on the magnet poles with the speed. 

 > ?
p
fsn s60

1($  (68) 

The breaking torque 
The “synchronous part” of the LSPM machine sees the 
supplying network as a terminal short-circuit because of 
low values of the operational reactance at low frequency 
s)s. In these conditions, the breaking torque will be 
associated with the stator copper losses because of the 
current induced by the PMs [4]: 
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The active power generated by the short-circuit current is 

 23 kk IRP $  (70) 

By introducing the notations 

 dq XX /$H  (71) 

 qXR /$K  (72) 

the power expressed by Eq. (70) produces the breaking 
torque: 
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The slip value for obtaining the maximum breaking torque:  

 > ? > ? H%(H%(HK($ 21
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From Eq. (73) it can be seen that the PM braking torque is 
in direct proportion to the square of emf, which can be 
expressed as in Eq. (28). 

The cage torque 
The expression for the cage torque can be written as [3]: 
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 .; ''''''
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The electric speed at which the asynchronous torque is 
maxim is given by [3]: 

 11 / cas sskc J$J$J  (78) 

In starting process, the squirrel cage is one key point. The 
design of the squirrel cage mainly contains the dimension 
design and the number selection of rotor slots. In a 
LSMPMSM, the squirrel cage is only functional when the 
rotor is starting up. Therefore, the design of the squirrel 
cage mainly focused on a good starting ability. While the 
cage resistance is relatively high, the motor will produce 
high starting torques even under low starting current. While 
the cage resistance is relatively low, the synchronizing 
capability is better but the starting current is higher. 
Pyriform slots with flat bottom are in general used on the 
rotor core for the purpose of reducing the leakage 
coefficient.  
Due to the skin effect, at the beginning of starting, the rotor 
resistance will increase and the leakage equivalent 
resistance will decrease. In these conditions, the starting 
performances will be greatly improved. During the starting 
process, the average torque have two components, i.e. the 
braking torque and the cage torque: 
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 cMbrav TTT %$  (79) 

The slope of the damped oscillations near to the end of the 
starting process, is identified as [3]: 

 > ?lbrMc
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2

 (80) 

In starting process, the variety of armature current can be 
approximately divided into four stages. 

Stage one: accelerating process. The rotor accelerates from 
standstill. Due to the low speed, the slip is close to 1, the 
armature current is high and the electromagnetic torque is 
also high, thus the rotor runs with high acceleration. 
Stage two: approaching synchronizing process. The speed 
rises continuously, and the slip is close to zero, but 
acceleration becomes lower and the armature current 
decreases significantly.  
Stage three: pulling into synchronization period. The 
motor goes into the damped oscillation procedure. 
Stage four: synchronous operation period. The waveforms 
of the armature current tend towards stabilization after 
several oscillations. 
For the purpose of obtaining a higher value of the product 
between the power factor and the efficiency under load 
operation, the main value of input voltage must be lower 
than its rated value (135 V versus 200 V). For the design 
purpose, the cage resistance is relatively high and the motor 
will produce high-starting torque even under low starting 
current. However, increasing the rotor resistance has a 
beneficial effect on the early start. On the other hand, the 
higher rotor resistance means that the slope of the 
asynchronous torque near the synchronous speed is very 
low. Due to the presence of the magnet braking torque, 
which is proportional to the square of the no-load voltage, 
the effective slope or the damping constant D has a value 
that is much dependent on the no-load voltage.  
An increase of the no-load voltage can lead to a reduced 
critical load torque. An optimum can be found for the no-
load voltage to maximize the critical load torque. Note that 
the decreasing of the volume of the PMs gives a better 
synchronization capability of motor with high power factor. 
On the other hand, the value of the back emf of the PM 
affects the value of the reactance Xm: increasing the amount 
of magnets increases the no-load voltage and decreases the 
magnetizing reactance. Therefore, by increasing the volume 
of magnet on obtain a better synchronization capability but 
a lower critical load torque. 

Analysis of the Starting Process of the Designed LSPM 
Machine 
Tab. 4 shows the numerical values of the parameters of the 
designed LSPM machine, relevant for the starting opera-
tion.  

From the V curve at no-load operation, the armature voltage 
Ulim corresponding to the operating point of the V curve 
where the current is smallest, where the LSPMSM uses 
neither field weakening nor field strengthening is deduced 
from Fig. 9 and the no-load emf is calculated by Eq. (81). 

Tab. 4. The parameters of the designed LSPM machine, 
relevant for the starting operating mode 

No-load emf (without arma-
ture reaction), rms value [V] eMU  130 

Stator resistance [&] RRR qd $$  0.675 

Cage (damper) resistance [&] '''
DDqDd RRR $$  0.675 

Stator leakage reactance [&] ### $$ XXX qd 0.278 

Cage leakage reactance [&] '

''

#

##

$

$$

D

qDdD

X

XX
 0.237 

Magnetizing reactance [&] mX  5 
Saliency ratio H  1.1 
Number of stator slots sZ  30 
Number of rotor slots rZ  22 
Lamination stack length 
[mm] Fel  90 

PM length [mm] Ml  6 
Mean PM diameter [mm] MD  90 
Air-gap length [mm] "  0.8 
Pole pitch coverage 
coefficient of the PM M/  0.85 

 

The condition of a good starting capability with a high 
value of the product between the power factor and the 
efficiency at load operation is [2]: 

 lim93.0 UUeM L  (81) 

During the acceleration time interval of the starting process, 
the slip is high (from 1 to 0.6), the frequency of the rotor 
current is also high, the average cage torque is positive and 
contributes to rotor acceleration, while the average PM 
torque is negative and acts as a brake. 

For the chosen architecture of the LSPMSM, the saliency is 
very low (*=1.1) and consequently the reluctance 
component of the braking torque is very low too. 
The armature current I, the induced current Ik, the input 
impedance and the components of the torque have the 
values indicated in Tab. 5 and Tab. 6. 

Tab. 5. Values of functioning parameters for B C1,6.0Ms  

s I [A] Ik [A] Tc [Nm] Tb [Nm] Zp [&] 
1 58 0 24.0 O 0.734 

0.9 57 14.0 24.0 -3.15 0.740 
0.8 53 17.5 23.5 -6.00 0.742 
0.7 51 18.5 22.0 -5.00 0.750 
0.6 43 20.0 20.0 -4.00 0.756 

When the slip value becomes less than s = 0.6, the pull-in 
effect of the synchronization occurs, acceleration becomes 
lower and correspondingly the armature current decreases 
rapidly (Tab. 5). 
When the slip value becomes less than s = 0.3, the motor 
goes into the damped oscillations (Tab. 6). When the slip is 
less than s = 0.25 the value of the input impedance becomes 
very high Zp = 20 &, and the rotor is accelerated up to the 
synchronous speed, mainly by the PM torque. 
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Tab. 6. Values of functioning parameters for B C5.0,3.0Ms  

S I [A] Ik [A] Tc [Nm] Tb [Nm] Zp [&] 
0.5 25 19.5 18.2 -2.5 0.78 
0.4 23 19.5 16.5 -2.1 0.81 
0.3 20 19.7 14.5 -2 0.82 

 
When the slip is less than s = 0.3 the value of the input, 
impedance becomes very high Zp = 20 &, and the rotor is 
accelerated up to the synchronous speed, mainly by the PM 
torque. 

 

Fig. 12. Cage torque (1), braking torque (2) and 
average torque (3) of the designed LSPMSM. 

At s = - 0.2 the value of the PM torque is TPM = 5 Nm. The 
cage torque becomes oscillating with a zero mean value. 
After the synchronization, the cage torque and the braking 
torque approach small values but not zero 
The induced current is Ik = 20 A, the PM torque is 
TPM = 1.25 Nm, and the cage torque is Tr = 0.3 Nm because 
the d- and q-axes reactances are about the same value. 

6. CONCLUSION 

In this paper a grapho-analytical method for the size up 
procedure of PMs used in LSPMSM is proposed. Using this 
theoretical approach the amount of magnet for the required 
dynamic and steady state performances of this motor can be 
calculated. The designed operating point of the PM offers 
the advantage of a large magnetic energy density, near of its 
maximum. 

Then an analytical design method for the LSPMSM 
considering the synchronous operation parameters is 
proposed. Using this theoretical approach, the steady state 
characteristics and the synchronous (alignment) torque were 
been calculate. In the design process, the LSPM designer 
has to find the compromise between an adequate starting 
characteristic in the asynchronous operating region and the 
torque capability and power factor × efficiency product in 
the motor’s synchronous operating region. 

Then an analytical design method for the LSPMSM 
considering the asynchronous starting parameters (voltage, 
emf and equivalent resistance of the rotor cage) is proposed.  

The LSPM designer has to find many compromises in the 
design process: 

N the compromise between the value of starting torque, 
which depends mainly on the squirrel-cage design and 
material, and the starting current; 

N the compromise between the value of braking torques 
(due to the presence of PMs in the asynchronous 
operating region) which depends mainly on the  
placement, dimensions and the value of energy product 
of PMs, which has the principal effect on the motor’s 
synchronization capability; 

N the compromise between an adequate starting characte-
ristic in the asynchronous operating region and the 
torque capability and the product power factor × 
efficiency in the synchronous operating region. 
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8. APPENDIX: NOMENCLATURE 

B - magnetic flux density; 
B0 - point on the linearized characteristic B = f (H); 
b0 - slot opening; 
BN0 - magnetic flux density corresponding to the 

operation point N0; 
Brem - remanent magnetic flux density; 
Bsat - saturated magnetic flux density; 
Bsy - yoke magnetic flux density 
B" nonlin- unsaturated magnetic flux density;  
B"0 - magnetic flux density corresponding to useful air-

gap flux !"0; 
Cp - permeance coefficient; 
C! - flux concentration factor; 
DM - mean PM diameter; 
f - frequency; 
F - magnetomotive force (mmf); 
F’ad  - rotor referred armature reaction mmf; 
Fc - coercive mmf; 
Fca - apparent coercive mmf; 
FN - mmf corresponding to the PM operation point N; 
Frt - rotor tooth mmf; 
Fry - rotor yoke mmf 
Fst - stator tooth mmf; 
Fsy - stator yoke mmf; 
F" - air-gap mmf; 
H - magnetic field intensity; 
Hc - coercive magnetic field intensity; 
Hca - apparent coercive magnetic field intensity; 
hy - yoke height;  
Hy - yoke magnetic field intensity; 
i - armature current, instantaneous value; 
I - armature current, rms value; 
kad - armature reaction factor; 
kC - Carter’s coefficient; 
kf - form factor of the excitation field; 
kfd - form factor of the armature reaction field; 
kFe - lamination stack coefficient; 
ksat - saturation coefficient; 
kw - stator winding factor; 

Mk#  - coefficient of the PM leakage flux; 
L -  synchronous inductance; 
Lad - self inductance; 
lFe - lamination stack length; 
Lm - magnetizing inductance; 
lM - PM length in magnetization direction; 
ly - yoke length; 
L+ - leakage inductance; 
ns - synchronous speed; 
p - operator p=d/dt; ss J$ jp ; 
p - pole pair number; 
Pem - rated electromagnetic power; 
Pin - internal power; 
R - stator winding resistance; 
R’D - stator referred damper resistance; 
RD - damper resistance; 

s - slip; 
SM- - PM cross section area; 
Ssy - yoke cross section area; 
S" _ yoke cross section area; 
t - tooth width; 
T - torque; 
Tav - average torque; 
Tc - cage torque; 
Tem - electromagnetic torque; 
Tl - load torque; 
TMbr - breaking torque; 
Tp.o. - pull-out torque; 
Trel - reluctance torque; 
Tsyn - synchronisation torque; 
u - armature voltage, instantaneous value;  
U - stator voltage, rms value; 
Ue - emf with armature reaction, rms value; 
UeM - no-load emf (without arm. reaction), rms value; 
Ulim -voltage corresponding to the minimum of the 

current, rms value; 
VM - PM volume; 
w - number of stator windings; 
X - synchronous reactance; 
Xa  - armature reaction reactance; 
Xm - magnetizing reactance; 
X! - leakage reactance; 
Zr - number of rotor slots; 
Zs - number of stator slots; 
%M - pole pitch coverage coefficient of PM; 
" - air-gap length; 
,Pw - stator winding losses; 
' - internal angle of the synchronous motor; 
'’ - angle between UeM and Ue vectors; 
- - permeance 
-M - PM permeance; 
-t - permanence of the external magnetic circuit; 
-" - useful permeance (airgap+teeth+yoke); 
-+ - PM leakage permeance; 
.0 - permeability of vacuum; 
.rec - recoil relative permeability;  
$p - pole pitch length; $s -tooth pitch length; 
( - load angle, between U and I vectors; 
! - magnetic flux; 
!M - PM magnetic flux; 
!N, FN - coordinates of the operation point N of the PM in 

flux-mmf coordinates; 
!N0, FN0 - coordinates of the operation point N0 of the PM 

in flux-mmf coordinates; 
!rem - remanent magnetic flux; 
!" - useful air-gap flux with armature reaction; 
!"0 - useful air-gap flux without armature reaction; 
/ - flux linked by the stator winding;  
0 - power angle, angle between UeM and I vectors; 
/a -armature reaction flux linked by the stator winding; 
/D - flux linked by the damper winding; 
/Mdu -mutual fluxb etween the PM and the stator winding; 
& - geometrical synchronous angular speed: 
)c - cage angular frequency; 
&s - angular synchronous speed; 
)s - synchronous angular frequency; 
* - saliency ratio. 
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