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Abstract — The paper proposes a study of synchronization 

capability of line-start permanent magnet synchronous motor 
with small saliency ratio and very high cage resistance. The 
exemplified method is for a motor with the rated power of 
3.5 kW, the synchronous speed of 3000 rpm, and the saliency 
ratio of 1.08. 

Key words: AC machine, Permanent magnet motor, Syn-
chronous motor, Design, Simulation, Efficiency, Power factor 
correction.  

LIST OF NOTATIONS 
bM0 - no-load leakage flux coefficient of PM; 
b0s - stator slot opening; 
Bsy - stator yoke flux density (average value); 
Brem - remanent flux density of PMs; 
Bδ - air gap flux density (average value); 
Bδ0 - no-load air gap flux density (average value); 
Cp - permeance coefficient;  
CΦ - magnetic flux concentration factor; 
DC - cage damping factor (complex magnitude); 
DM - PMs damping factor (real magnitude); 
Dsin - inner stator diameter; 
fs - stator electrical frequency; 
ft - frequency of the tooth ripple flux; 
h2 - rotor tooth high; 
hsy - effective high of the stator yoke; 
Hc - coercive magnetic field intensity; 
Is - stator current; 
I’D - rotor cage current related to the stator; 
IM - stator current produced by the PMs; 
J - moment of inertia; 
kC - Carter’s coefficient; 
kFe - stator lamination stack coefficient; 
ksat - saturation coefficient; 
k(1)

ws - fundamental stator winding factor; 
kσM - leakage flux coefficient of PMs; 
laM - length of PMs in axial direction; 
lFe - stator lamination stack length in axial direction; 
lM - length of PMs in magnetizing direction; 
ND - number of rotor slots; 
Ns - number of stator slots;  
p - number of pole pairs; 
Rs - stator winding resistance; 
RB - cage bar resistance; 
RD - rotor (damper) resistance; 
R’D - rotor resistance related to the stator; 
RDd, RDq- rotor resistance in d-q frame; 
Rer - resistance of end rings; 

s - slip between the stator rotating field and the rotor ; 
s0 - slip value of start synchronizing process;  
sKb - critical slip value of the breaking torque; 
sKC - critical slip value of the cage torque; 
tB - barrier width; 
ts -  stator teeth width; 
T - electromagnetic torque; 
TL - load torque; 
TC - cage non-pulsating torque; 
TM - non-pulsating (breaking) torque produced by PMs; 
Tp - pulsating torque; 
TpC - pulsating component of the cage torque; 
TpM - pulsating component of the magnet torque; 
U - supplying voltage, rms. value; 
Ue0 - back EMF, rms. value; 
ws - stator phase winding number; 
Xd, Xq - synchronous reactance in d-q frame; 
X’Dσ - rotor leakage reactance related to the stator; 
Xm - main reactance; 
Xsσ - stator leakage reactance; 
Z - input impedance; 
αM - PM pole coverage; 
δ - air gap length 
ΛM - permeance of PMs; 
Λr - permeance of the rotor teeth and of PM flux barriers; 
Λδ - air gap permeance; 
µ0 - vacuum permeability; 
µrec - recoil relative permeability of PM; 
τp - pole pitch; 
ξ - saliency ratio; 
ωC - cage angular frequency; 
ωs - stator angular frequency; 

I. INTRODUCTION 
The line-start permanent magnet synchronous motor 

(LSPMSM) represents an interesting, energy saving and 
high efficient alternative for asynchronous motors, used 
in low-cost electric drives, where the usage of current 
controlled voltage source inverters is too expensive. 
Even, in these simple drives, the design considering the 
dynamic behaviour is important, because every good line-
start motor has to be able to synchronize under load after 
line-starting. 

For asynchronous line starting, the rotor contains an 
aluminium cage, which plays a role during the transient 
processes. For amplifying the saliency, the rotor contains 
magnetic flux barriers on its direct axis  and non-magne-
tic flux barriers on its quadrate axis, last ones used also 
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for minimizing the inter-pole PM leakage flux. The PMs 
inserted as magnetic flux barriers are located in the rotor 
back iron, bellow the squirrel-cage. The stator structure is 
the same as that of an ordinary induction machine.  

In order to evaluate the LSPMSM’s line starting perfor-
mances, when coupled at different loads and fed by diffe-
rent supply voltages, a reliably dynamic model of the 
motor is required because its line-starting and synchroni-
zation capabilities depend on various design parameters 
(e.g. squirrel cage design and material, design of magne-
tic flux barriers, placement of PMs, etc.[2, 4, 5, 7, 10-13, 
16]). 

The paper presents a study of the synchronization capa-
bility of LSPMSMs with small saliency ratio and very 
high cage resistance. The behaviour of LSPMSM in asyn-
chronous operation is exemplified for a motor with the 
rated power of 3.5 kW, the synchronous speed of 
3000 rpm, the saliency ratio of 1.08 and the rotor 
resistance, R’D, of 0.055 p.u.. 

II. THE MAIN DESIGN PARAMETERS 
The line-start is properly obtained thanks of the rotor 

design. Due to manufacturing reasons, rotor closed slots 
are preferred by mainly producers. If a die casting 
process is applied on the rotor manufacturing, the closed 
rotor slots prevent the cast from spilling outside the rotor. 
It must be noted, however the iron bridge above the rotor 
slots is made very thin, and that means this is heavily 
saturated even on normal operation. In Fig. 1 a rotor cross 
section of our machine is shown. 

Fig. 1. Cross section of the rotor of a LSPMSM [18]. 

The components of the torque may be calculated from 
individual equivalent circuits: one for the induction motor 
and other for the PM generator [6, 7]. 

For reducing the space occupied by PMs and making 
sure that the power density is enough high, sintered 
NdBFe magnets are used. 

The PM volume mainly relies on the following factors:  
• the operating point of PMs; 
• the maximal energy produced by the PMs; 
• the back EMF; 
• the leakage coefficient; 
• the magnetic saturation coefficient. 

The PM dimensions may be determined and optimized 
by a combined graphical and analytical method in order 
to obtain the no-load voltage to choose as input design 
parameter [1, 3]. 

According to the imposed magnetic energy curve of 
PMs and the very little space between the PM and 
squirrel cage (because of the position of PM into the 
rotor), the expected energy utilization ratio could be 
estimated through the operating point of PM in the rotor 
magnetic circuit [1, 17]: 
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By taking into account the magnetic saturation of the 
iron, the air gap flux density at no-load operation can be 
expressed as [1], 
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It is to note that the leakage coefficient of PM kσM and 
the performances of the motor are influenced by the size 
of PMs, which becomes a very important parameter of 
the machine. 

For the sizing procedure, the air-gap flux density can be 
initially estimated as 

 9.075.00
0 −== δ

rem
M B
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and during this sizing procedure the coverage coefficient 
αM and the leakage flux coefficient of PM bM 0 will be de-
termined by iteration taking into the magnetizing curve 
and maximizing the density of the magnetic energy of the 
PM [1].  

The length of the PM in the magnetizing direction 
results [1]: 
 ( )00 1/2 MMM bbl −δ=  (11) 

Cage rotor bars 

Non-magnetic flux barrier

Permanent magnets 
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In this way, the back EMF can be expressed as [1]: 
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and it is direct proportional to the remanent flux density 
of PMs. The value of Brem depends on the producer and of 
the temperature, too. So, the value of the back EMF 
depends of the armature winding temperature. 

The effective high of the stator yoke can be iteratively 
obtained from the following equation [7]: 
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For machines with a small number of poles pairs, the 
height and the length (the radial and axial dimensions) of 
the stator yoke are small and the magnetic flux density is 
high, but it have to be limited to 1.8 T.  

The design of the squirrel cage mainly contains the se-
lection of slot number and the dimensioning. The squirrel 
cage influence on the starting ability of the motor 
depends on the slot number and on the cage resistance.  

The influence of the eddy currents in rotor ends of the 
skin effect into the cage end rings is taken into account by 
the coefficient ksk, introduced as follows. 

For bars which are equal distributed on the rotor cir-
cumference, the equivalent resistance of the rotor bars 
including the rotor end rings can be expressed by [7]: 

 2)2( π
+=

p
NRRR D

erBD  (14) 

For taking into account the rotor bar current influence 
of the fundamental space harmonic of the air-gap mag-
netic flux density, a coefficient named ksk was introduced: 

 DBsk RRk /=  (15) 

III. THE TORQUES OF THE LSPMSM IN ASYNCHRONOUS 
OPERATION 

During asynchronous operation the run-up torque com-
prises basically two components, one the non-pulsating 
component that comprises cage component TC, and PM 
component TM, and other, the pulsating component that 
comprises PM pulsating component TpM with the 
frequency s fs, arising from the interaction between 
magnet flux and rotor cage current [13, 16] and cage 
pulsating component TpC [9]. 

The non-pulsating cage torque TC has two principal 
oscillating components, one has the frequency 2 s fs due 
to the mechanical reluctance variation, and the other has 
the frequency s fs due to the magnetic saturation. The 
variation of reluctance caused by the rotor geometry 
generates a reluctance torque and an asynchronous 
starting torque that pulsate with the frequency 2 s fs 
during asynchronous operation. The magnetic saturation, 
which is caused by the PM flux, generates another 
collateral reluctance variation which result is a pulsation 
with the frequency s fs. This special torque pulsation 
appears only in the LSPMSM. 

So, in asynchronous period, the torques are given by: 

 MCavpCpMPpav TTTTTTTTT +=+=+= ;;  (16) 

During the design stage, for optimizing the starting 
torque characteristic, a separate treatment of the two 
torque components, the driving asynchronous cage torque 
and the braking magnet torques, is helpful.  

The torque of induction motor can be derived from the 
common simplified equivalent circuit of an induction 
motor shown in Fig. 2. 

Fig. 2. Simplified equivalent circuit of an induction motor 

In this way, from the basic equations expressed in d-q 
reference frame, it can be expressed a few mainly para-
meters which affect the sensitivity of the synchronization 
capability [8, 13, 14, 15, 17, 18]. 

Thus, the rotor cage reaction on the primary field can be 
defined by the complex field damping factor: 
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The stator winding resistance Rs is an important para-
meter in the asynchronous operation. The average torque 
Tav which amplifies the half synchronous speed „dips“ 
can be minimized by using a minimum admissible value 
for the stator resistance. 

The input equivalent impedance is: 

 Cmss DXXRZ jj σ ++=  (18) 

From the equivalent scheme (Fig. 1) it can be deduced: 
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and the rotor current '
DI  can be expressed as, 

 
( ) ( )2'

σσ
2'

'

DsssDs

D
LLsRR

UI
ω+ω++

=  (20) 

The cage non-pulsating torque is given by: 

 ( ) ( )2'
σσ

2'

2
'

3

DsssDs

D

s
C

LLsRR

U
s

R
pT

ω+ω++ω
=  (21) 

The maximum value for the cage torque is given, when 
the derivative of above equation (21), with respect R’D/s 
is set to zero and the critical slip value (the pull-out slip) 

Is Rs j Xsσ R’D J X’Dσ

Im

j Xm R’D (1-s)/sU 

I’D 
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for this torque is given by: 
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By above equations, an equation for the pull-out torque  
can be written as: 
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Using the equivalent circuit of the induction motor with 
closed rotor slots, the current magnitude during the start-
ing sequence can be derived and the line current 
magnitude is 

 mDs III += '  (24) 

where I’D and Im are the rotor and magnetizing branch 
currents (Fig. 1). 

Fig. 3 shows the simplified equivalent circuit of a PM 
generator which allows the computation of the braking 
torque produced by the permanent magnet. 

 

Fig. 3. Simplified equivalent circuit of a PM generator. 

The flux of the PMs produces the current IM in the 
stator winding [1] 

 ( ) MeqM DUXsI /1 0
2−−=  (25) 

where 

 ( ) ( ) 2;1 222
aqadmmsM XXXXsRD +=−+=  (26) 

and will cause the breaking torque: 

 23
M s M

s

pT R I= −
ω

 (27) 

The critical slip value for obtaining the maximum 
breaking torque is: 

 ( ) ( ) ξ+−ξ+−ξζ−= 215.115.11Kbs  (28) 

 dsdq XRXX /;/ =ζ=ξ  (29a, b) 
 

IV. STARTING PROCESS ANALISYS 

The exemplified method is for a motor with the rated 
power of 3.5 kW, the synchronous speed of 3000 rpm, 
and the saliency ratio of 1.08. The values of principal 
parameters were: UN = 108 V; Ue0 = 100 V; Rs = 0.27 Ω; 
R’D = 0.27 Ω; XSσ = 0.198 Ω; XDσ = 0.198 Ω; Xd = 2.28 Ω; 
Xq = 2.46 Ω; Xm = 2.17 Ω. The analysis is making for an 
initial internal angle equal with 30 electrical grades. 

By analysing Fig. 4, Fig. 5 and Fig. 6 the starting 
process can be approximately divided into three stages: 

a) The accelerating process: the rotor accelerates from 
standstill. The instantaneous rotor acceleration is given 
(neglecting the friction torque) by: 

 )(
2 Lavs TT

J
psp −=ω  (30) 

The rated starting time constant of the motor is 
τj = 400 ms. The peak value of the a phase inrush current 
is 6.55 IN. As shown in Fig. 4, during acceleration pro-
cess, the average cage torque is positive and contributes 
to rotor acceleration, while the average magnet torque is 
negative acts as a brake. Pulsating, the magnet and the 
cage torque, seem to be subject to the slip frequency. The 
pulsating torque with frequency 2 s fs can not be seen in 
the cage torque due to the small saliency. In this stage 
will present the classical „dip“ at half synchronous speed, 
in a similar way to the Georges phenomenon in induction 
motors unsymmetrical rotor. This „dip“ can be minimized 
by using symmetrical cage rotors (i.e. RDd ≈ RDq). In this 
stage the rotor higher resistance has a beneficial effect an 
early start (i.e. R’D ~ sKC and R’D ~ Tem). In this period the 
brake reluctance torque due to the saliency is very small. 

b) Pulling into the synchronization period: in this stage 
the average torque attains the zero value corresponding to 
an initial slip s0 proper pull in synchronization period. 
Higher resistance rotor increases the slip at which the 
synchronization occurs, s0. Therefore more energy is 
needed to synchronize the motor. If the average torque 
decreases the rotor tries to pull-out in under the influence 
of the average and pulsating magnet torques components 
which acts as steady state in this stage. Thus the rotor is 
accelerated up to the synchronous speed mainly by the 
magnet torque, while the cage torque generates a little 
negative and positive rotating torque alternatively. As the 
synchronous torque increases only proportionally to the 
back EMF, it happens that the increase of synchronizing 
energy is compensated for a value of the back EMF (the 
no-load voltage) which maximizes the critical load 
torque. 

c) Synchronous operation period: in this stage the 
motor goes into damped oscillation procedure around a 
slip s0, when the rotor cage currents tend to be amortized 
(see Fig. 6) and the damping of oscillation, proportion 
with the back EMF, is small and this period of synchroni-
zation is relatively long. 

Rs 

IM 

(Xsσ+ Xm)(1-s) 

(1-s)Ue0 

T4-48

Authorized licensed use limited to: Universitaetsbibliothek der RWTH Aachen. Downloaded on August 17,2020 at 14:26:44 UTC from IEEE Xplore.  Restrictions apply. 



Fig. 4. Average torque, pulsating cage torque, pulsating magnet torque and slip versus time. 
 

 
Fig. 5. Electromagnetic torque versus time. 

 

 
Fig. 6. Currents during starting process versus time. 
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CONCLUSIONS 
The paper has proposed a study of synchronization 

capability of LSPMSM with very high cage resistance 
and small saliency ratio. The high value of the rotor 
resistance of the designed motor has beneficial effects on 
the early start, but the synchronization occurs at a large 
value of the slip and is relatively difficult. A minimal 
optimum value of synchronization energy has been found 
for the no-load voltage which maximizes the critical elec-
tromagnetic torque. For a better synchronization capabi-
lity, it has used a permanent magnet with low volume.  

The calculated value if the back EMF (the no-load 
voltage) is low; the value of magnetization inductance is 
relatively big. So, more energy for synchronization is 
available, but the motor has a reduced overcharge 
capability. 
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