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A short review of energy-efficient line-start motor design 
 
 

Abstract. The paper provides an overview of design problems and contemporary research progress in the currently very interesting field of energy-
efficient line-start motors. Discussed are problems related to induction motors (IMs), line-start synchronous reluctance motors and line-start interior 
permanent magnet synchronous motors (LSIPMSMs). Emphasis is given on small rated power motors, where the LSIPMSM presents the most 
interesting alternative for replacing IMs widely used in low-cost single-speed drives with ventilator fans, pumps and compressors. 
 
Streszczenie.  Artykuł daje przegląd problemów projektowania i postęp we wspólczesnych badaniach w interesującym obszarze wydajności 
energetycznej silników bezpośredni włączanych. Dyskutowane są problemy związane z silnikami indukcyjnymi, silnikami synchronicznymi 
reluktancyjnymi z bezpośrednim włączaniem i takie same z magnesem trwałym. Nacisk został położony silniki małej mocy, które skutecznie 
zastępują silniki indukcyjne w niskokosztowych napędach w wentylatorach, pompach i kompresorach. (Krótki przegląd efektywności 
energetycznej silników o bezpośrednim włączaniu) 
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Introduction 
 Nowadays, a large share of electric energy is converted 
into useless heat by electric drives worldwide. A large 
portion of these electric drives is represented by single-
speed applications with ventilator fans, pumps and 
compressors. In such drives the electric motors are mostly 
started and fed directly from line, i.e. without the usage of 
any power electronics. Therefore, the used line-starting 
motors must fulfil one fundamental requirement – they have 
to be able to start from standstill and accelerate the 
complete drive to the rated speed when they are fed from a 
constant amplitude and constant frequency voltage source, 
i.e. the so called line-starting capability. And considering the 
elevated environmental conscience and global market 
trends, the used motors have to exhibit the highest possible 
efficiency also. However, these two requirements are quite 
contradictory when the actual motor design is considered. 
Therefore the line-start motor design process is connected 
with adequately addressing many design compromises. 
 This paper is devoted to providing an overview of the 
contemporary progress from available literature and own 
research results in the currently very interesting field of 
energy-efficient line-start motors.  
 
Overview of line-start motor topologies 
 The line-start brushless motor family includes induction 
motors (IMs) [1], line-start synchronous reluctance motors 
(LSSRMs) [2] and line-start interior permanent magnet 
synchronous motors (LSIPMSMs) [3]. Their principal rotor 
structures are depicted in Fig. 1, whereas the stator 
structures are the same [4, 5]. 
 Motor designers utilize different designs of the squirrel-
cage (SC) in all previously mentioned line-start motor types. 
The SC provides asynchronous starting capability or the so 
called “line-starting capability” and damping of dynamic 
oscillations at fast load changes also. In relation to IMs 
(also called asynchronous motors), the SC is usually made 
of electrically conducting bars which are embedded in slots 
of the rotor’s iron core and connected on both ends with 
cage-end rings. In large motors, the SC can be die-casted 
or fabricated [6] by using different materials. But in large 
volume production of small rated power motors the SC is 
mostly die-casted from aluminium and its alloys. The IM 
performance both in transient- and steady-state heavily 
depends on the SC and rotor slot design [7].  
 The SC in rotors of LSSRMs is usually constructed as 
electrically conducting material within the LSSRM’s 
magnetic flux barriers (FBs) [2], which are accountable for 

the main torque producing component of a LSSRM in its 
steady-state synchronous operating region. Furthermore, 
the LSIPMSM has permanent magnets (PMs) inserted in 
FBs, thus different authors have presented many different 
SC, FB and PM arrangements within rotors of LSIPMSMs 
[8-27] along with their design methods. The evolution of 
these rotor designs has been in line with the evolution of 
PM materials and their contemporary price and availability 
[28]. However, the one mostly used SC design in 
LSIPMSMs is still the one similar to IMs and the nowadays 
mostly used PM material in LSIPMSMs is of Nd-Fe-B type. 
The PMs and FBs are accountable for the torque producing 
components of a LSIPMSM in its steady-state synchronous 
operating region. Due to the hybrid nature of LSSRMs and 
LSIPMSMs, the motor designer has to account for all the 
different torque producing components in both the 
asynchronous and the synchronous operation region. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1. Principal rotor cross-sections of induction motors (IMs), line-
start synchronous reluctance motors (LSSRMs) and line-start 
interior permanent magnet synchronous motors (LSIPMSMs) 
 
Candidates for energy-efficient line-start motors 
 IMs have been traditionally used in all kinds of 
applications, mainly due to their low price and robust 
construction. However, especially for small rated power 
IMs, their relatively small efficiency and power factor make 
them inappropriate for markets with strict regulations 
regarding energy efficiency. Some previous studies were 
focused on improving the IM efficiency by using expensive 
cage materials (copper alloys) also in small-sized IMs [1, 
29]. The LSSRMs present an alternative only for larger 
machines because a large portion of rotor material has to 
be allocated to FBs in order to achieve sufficient torque 
capability. Thus, LSIPMSMs with buried PMs bellow the SC 
are currently identified as the most promising design for 
energy-efficient small rated power applications [30]. Fig. 2 
presents a comparison between the measured 
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characteristics of efficiency and power factor and their 
product for a 1.1 kW four-pole three-phase LSIPMSM and 
IM with SCs made from aluminium [3]. The efficiency 
characteristics can be directly compared to measured 
characteristics of the same rated power IM with the SC 
made from copper available in [1]. From that comparison it 
can be seen that LSIPMSMs offer much higher efficiency 
increase. But on the other hand, for large machines the 
efficiency increase of LSIPMSMs in comparison to IMs is far 
from substantial [5].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2. Comparison of measured efficiency (EFF) and power factor 
(PF) characteristics of a 1.1 kW three-phase four-pole LSIPMSM 
and IM, measured at equal voltage 380 V / 50 Hz 
 
LSIPMSM torque components 
 The electromagnetic torque te equation (1) which is part 
of a LSIPMSM dynamic model written in the d-q reference 
frame [31] neatly depicts the torque producing components 
in all line-start motors. In Eq. (1) the subscripts d and q 
denote variables in the d- and q-axis, respectively; i 
denotes stator winding currents, ik denotes SC currents, Ls 
are stator self-inductances, Lm are mutual inductances, m 
is the length of the PM flux linkage vector, and p is the 
number of pole pairs. 
 

(1)    
    

 torquePM torquereluctance torquecage
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 The (asynchronous) cage torque (due to the presence of 
a SC) influences the LSIPMSM performance in any 
operation state, where the slip differs from 0. Thus, the 
cage torque enables line-starting performance and damping 
of dynamic load oscillations. Apart from the stator winding 
design, the cage torque depends mainly on the SC design 
and material.  
 The synchronous torque components which are 
represented by the reluctance torque (due to the presence 
of FBs) and the PM torque (due to the presence of PMs) 
influence the LSIPMSM performance in any operation state, 
where the slip differs from 1. In the synchronous operation 
region (where the slip equals 0) they represent useful 
torque components. Contrarily, during the line-starting 
transient they represent braking torques. Thus, they 
degrade the total torque which should accelerate the 
LSIPMSM drive up to synchronism. The reluctance torque 
depends mainly on the design of FBs, which also have to 
accommodate the used PM segments. The PM torque 
depends mainly on the placement, dimensions and type of 
PM material.  
 For these reasons, the LSIPMSM’s static torque-slip 
characteristic in the asynchronous operation region is 
generally lower than the static torque-slip characteristic of a 

pure IM with the equal SC design, materials, stator and 
rotor slots geometry and stator winding design. Fig. 3 
shows the impact of the aforementioned PM braking torque 
and the braking reluctance torque on the LSIPMSM’s static 
torque-slip characteristic [3]. The comparison of measured 
torque-slip characteristics of a three-phase IM, LSIPMSM 
and equal LSIPMSM design without PMs in the rotor which 
actually represents a LSSRM (all with equal SC design) is 
presented. The difference between the IM torque-slip curve 
and the LSSRM torque-slip curve at certain slip points 
represents the reluctance braking torque. And, the 
difference between the LSSRM torque-slip curve and the 
LSIPMSM torque-slip curve at certain slip points represents 
the PM braking torque in the asynchronous operation 
region.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3. Measured static torque-slip curves of a three-phase 
LSIPMSM, equal LSIPMSM design without PMs (i.e. the LSSRM), 
and IM with equal SC design, at equal voltage  
 
Design process 
 As it can be noticed from the previous sections, the 
design problems of LSSRMs and LSIPMSMs are quite 
similar and are closely related to IM design problems. And 
usually the main aim of a new LSSRM or a LSIPMSM 
design is to replace an existing IM, therefore the new motor 
has to comply with the following two requirements:  
- it has to exhibit line-starting and synchronization capability 
[2, 16, 20, 32]; 
- in comparison to the existing IM, it has to exhibit a higher 
(or at least an equal) torque per unit (stator) current density 
value and a higher efficiency value in its steady-state 
synchronous operation region [3].  
 Different authors have used differently complex 
approaches in coping with design problems [2, 3, 5, 8-27, 
32-35]. Strongly coupled finite element (FE) models [5, 21, 
23, 33] are in the author’s opinion computationally too 
complex to be regularly used by motor designers, thus the 
design procedure depicted in Fig. 4 has been found to be 
very useful. It has been founded as a hybrid based on 
preceding knowledge and experience on design, dynamic 
modelling and analysis of SC IMs [36-39], (cageless) 
synchronous reluctance motors [40-44] and (cageless) 
synchronous PM motors [45-49]. The procedure includes 
employment of the power balance method based on results 
from time-stepped FE analyses in the analysis of 
synchronous performance and employment of lumped 
parameter dynamic models in the analysis of line-starting 
performance. The power balance method is employed 
because FE analyses provide a very detailed image of the 
geometry and material dependant distribution of magnetic 
field in the machine region. Thus, the FB design, placement 
and energy-product of PM material, and their effect on iron 
core saturation and motor parameters are accounted for in 
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sufficient detail. The employed methods and procedures 
were described and experimentally validated in [3]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.4. LSIPMSMs or LSSRMs design procedure 
 
Design considerations 
 Along with all the aforementioned, the following list 
presents further important LSIPMSM design aspects, which 
should be kept in mind by the motor designers in order to 
achieve target motor performance where a lot of 
compromises are to be made [3].  
- The motors’ line-starting transient depends on the supply 
voltage [3, 35] and frequency, the drive inertia [23, 33], the 
characteristic of the mechanical load, and also the starting 
position of the rotor [23]. The initial rotor position of the 
LSIPMSM influences its responding current and speed line-
starting transient. Its effect is much expressed when the 
motor is started without any load. 
- The compromise between a LSIPMSM’s adequate line-
starting performance in the asynchronous operating region 
and efficiency in the LSIPMSM’s synchronous operating 
region is connected to the stator winding’s number of turns. 
Therefore, the number of turns often has to be adopted in 
accordance with the target load characteristic, especially 
when rigorous starting conditions are expected. 
- The SC material plays a vital role in the electromechanical 
performance of line-start motors. A higher cage resistance 
causes that the motor exhibits a higher starting torque 
value. But on the other hand, the slope of the torque-slip 
curve near the synchronous speed is lowered. In relation to 
IMs, this produces an increase of losses and motor 
temperature and thus the IM efficiency in steady-state is 
degraded. However, the impact of SC material on LSSRM 
and LSIPMSM performance may be more severe. When 
e.g. a LSIPMSM is line-started, the SC should accelerate 
the complete LSIPMSM drive up to a certain speed and if 
the acceleration is sufficient the rotor should be pulled into 
synchronism. Thus, the LSIPMSM’s “pull-in” transient into 
synchronism depends on the slope of the static torque-slip 
characteristic of the LSIPMSM near the synchronous 
speed, and consequently the LSIPMSM’s starting and 
synchronization capability depends on the used SC 

material. Results from different studies which can be related 
to the cage resistance are available in [23, 26, 34, 35].  
 
Economic considerations 
 LSIPMSMs with buried PMs bellow the SC are currently 
identified as the most promising design for energy-efficient 
small rated power applications. However, motor 
manufacturers tend to be very rigid when it comes to the 
manufacture of new motor designs because the 
manufacturing tools (lamination punching, SC die-casting, 
winding tools, …) always present a substantial part of the 
motor manufacturing cost. Therefore, especially in high-
volume production of small rated power motors (e.g. 
ventilator, pump and compressor motors) the manufacturers 
tend to use existing tools until they are worn out or there is 
a change on the demand side. Enforcement of stricter 
policies for motor efficiency (like the EU directive 
2005/32/EC) is going to force the manufacturers to consider 
new motor designs as well.  
 The manner in which LSIPMSM rotors are manufactured 
(die-casting of SCs at relatively high temperatures, which 
are higher than the Curie temperatures of PMs) makes the 
placement of magnetized magnetic segments in the rotor’s 
FBs impossible before the SC is die-casted. On the other 
hand, pulse magnetization of the whole multi-pole rotor with 
buried PMs presents also a problem, because the induced 
currents of the SC limit the depth of magnetic field 
penetration in the rotor area and the magnetization 
homogeneity of magnetic segments as well [50, 51]. 
Therefore, the easiest way to manufacture a LSIPMSM 
rotor is by simple purchase and insertion of pre-magnetized 
PM segments, which may be quite costly. 
 An economic assessment and overview of the 
LSIPMSM manufacturing related cost increase and on the 
other hand the potential electric energy savings by using 
LSIPMSMs in contrast to IMs is discussed in [30]. 
 But on the other hand and as indicated before, the 
motor designers can take advantage of both of the 
synchronous torque components (i.e. a combination of the 
PM torque and the reluctance torque as well) where by 
designing higher rotor saliency, less PM material or cheaper 
PM material can be used in order to achieve sufficient 
target synchronous performance. 
 
Conclusion 
 This work presented an integral overview of the line-
start motor design related problems. Discussed and pointed 
out were LSIPMSM design aspects which were related to 
IM and LSSRM design as well. These comprise the motors’ 
construction, stator winding design and the arrangement of 
SC, PMs and FBs in the rotor; and the manufacturing 
related economic considerations also.  
 
This work was supported in part by the Slovenian Research 
Agency, Project No. L2-1180. 
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