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Abstract

Line-Start Permanent Magnet Synchronous Motors (LSPMSMs) offer a hybrid solution that
combines the high efficiency of permanent magnet motors with the self-starting capability of
induction machines. This review examines their key performance characteristics, historical
development, and design approaches. Advantages such as high efficiency, improved
power factor, and operational stability are discussed alongside challenges like limited
critical inertia and synchronization issues. Design enhancements through rotor topology
optimization and cage resistance adjustment are also explored. Finally, market trends and
economic considerations are evaluated, highlighting the strong potential of LSPMSMs in
energy-efficient motor applications.

Keywords: line-start motors; permanent magnet; energy saving; efficiency; synchronous
motors; induction motors

1. Introduction

Electric motors account for more than 53% of global electricity consumption, powering
diverse applications ranging from industrial machinery and transportation systems to
household appliances [1,2]. The three-phase squirrel-cage Induction Motor (IM) dominates
the market due to its robustness and simplicity, particularly in fixed-speed applications,
such as pumps, compressors, and fans. However, this motor is not the most energy-efficient
choice [3].

One promising solution is the Line-Start Permanent Magnet Synchronous Motor
(LSPMSM)—a hybrid technology that merges the high efficiency and high power density
of Permanent Magnet (PM) motors with the Direct-On-Line (DOL) starting capability of
conventional induction machines. This allows for synchronous operation without the need
for complex control systems or Variable Frequency Drives (VFDs). The performance of
LSPMSMs is heavily influenced by the characteristics of the embedded permanent magnets,
which play a crucial role in enabling high efficiency and reliable synchronization.

The feasibility of such designs significantly improved with the introduction of high-
performance permanent magnet materials, particularly neodymium-iron-boron (NdFeB)
magnets, in the 1980s [4]. These materials provided stronger magnetic fields and better
thermal stability, which allowed engineers to design more compact, efficient, and reliable
LSPMSMs. As a result, interest in this motor type has grown steadily across various sectors
and applications [5].

Despite their advantages, LSPMSMs face design and operational challenges. A critical
aspect lies in balancing transient performance (start-up torque, synchronization) with
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steady-state performance (efficiency, power factor) [6]. During startup, the interaction
between the rotor’s PM field and the induced currents in the squirrel cage can introduce
mechanical stress and electromagnetic disturbances, potentially compromising motor
reliability and lifespan.

To overcome these challenges, recent research has employed advanced modeling
tools—particularly Finite Element Analysis (FEA)—to better understand and optimize
LSPMSM performance under dynamic conditions [7].

This paper presents a comprehensive review of line-start permanent magnet syn-
chronous motors. It covers their historical evolution, design developments, performance
bottlenecks, and application trends. The review highlights how LSPMSMs can serve as
efficient replacements for traditional induction motors in modern industrial applications,
focusing on their efficiency advantages and suitability for fixed-speed operations in con-
temporary industry.

2. Emissions, Efficiency, and Motor Standards
2.1. Energy Consumption and Climate Impact

Global warming is one of the most pressing environmental challenges today, primarily
driven by energy production from fossil fuels. The combustion of coal, oil, and natural gas
releases significant amounts of carbon dioxide (CO;) and other greenhouse gases, which,
in turn, contribute to the rise in global temperatures.

According to the 2023 Intergovernmental Panel on Climate Change (IPCC) Synthesis
Report, immediate and sustained reductions in greenhouse gas emissions are vital to limit
global temperature rise to 1.5-2 °C above pre-industrial levels—the critical threshold for
preventing catastrophic climate impacts [8].

Fossil fuels have long dominated the global energy landscape, consistently accounting
for the majority of the world’s primary energy supply [9]. In 2023, fossil fuels still repre-
sented 61% of the global electricity mix, as illustrated in Figure 1 [10]. This ongoing reliance
highlights the urgent need to transition toward cleaner energy sources and reduce overall
energy consumption to meet international climate goals.

Global Electricity Generation by Source (2000-2023)
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Figure 1. Global electricity generation by source (2024) [10].

2.2. Electric Motors and Energy Demand

Electric motors consume over 50% of the world’s generated electricity, with a signifi-
cant portion attributed to fixed-speed applications, such as fans, pumps, and compressors.
These systems alone account for nearly 70% of motor-driven electricity use, as illustrated in
Figure 2 [11].
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Figure 2. Motor electricity use by application (%) [11].

Predominantly used in industrial settings, fixed-speed systems present a key area for
reducing energy demand. Improving their efficiency through advanced motor technologies
provides a practical and cost-effective strategy to lower electricity consumption, reduce
operational costs, and support broader climate and sustainability objectives.

2.3. Efficiency Classes for Electric Motors

The widespread adoption of energy-efficient motors has become a central strategy for
reducing industrial electricity consumption and minimizing greenhouse gas emissions [12].
To provide a harmonized framework for assessing and comparing motor efficiency, the
International Electrotechnical Commission (IEC) introduced the IEC 60034-30 standard [13].
This standard defines five distinct efficiency classes for low-voltage, three-phase, single-
speed electric motors: IE1 (Standard Efficiency), IE2 (High Efficiency), IE3 (Premium
Efficiency), IE4 (Super Premium Efficiency), and IE5 (Ultra Premium Efficiency). These clas-
sifications serve as benchmarks for both regulatory compliance and industrial procurement,
enabling informed decisions that align with energy policy goals.

Figure 3 illustrates the efficiency levels of these classes across the 0.12-800 kW power
range. Based on rated output power and application requirements, motors must meet
minimum efficiency thresholds as specified by the IEC framework [14]. Regulatory trends
over the past decade reflect a growing commitment to high-efficiency standards. For
example, IE3 is now mandated in regions such as the United States, European Union, Japan,
and South Korea, while IE2 remains the minimum requirement in countries including India
and Australia.

Recent developments highlight an even stronger push toward energy efficiency. As
of 1 July 2023, the European Union requires motors with rated outputs between 75 kW
and 200 kW to comply with IE4 efficiency standards, demonstrating a global push to
reduce motor-related energy losses and accelerate industrial sustainability. While current
regulations set the IE4 standard as mandatory for certain motor categories, there is a
growing expectation that the EU will continue to advance toward even higher efficiency
levels, such as IE5, as part of its broader commitment to energy efficiency and climate
goals. Ongoing advancements in motor technology, coupled with increasing political and
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environmental pressures, suggest that future regulations may incorporate these higher
efficiency standards.
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Figure 3. Efficiency classification for fixed-speed motors [15].

Table 1 summarizes the Minimum Energy Performance Standards (MEPS) adopted by
various countries, reflecting the global trend toward high-efficiency motor classes, such as
IE2 and IE3.

Table 1. Minimum Energy Performance Standards (MEPS) for electric motors by country [16].

Motors MEPS Levels Country/Jurisdiction
I3 Brazil, Canada, European Union, Japan, Korea, Mexico, Colombia, Saudi Arabia, China,
Singapore, Switzerland, Chinese Taipei, Turkey, United States
1E2 Australia, Chile, Ecuador, India, New Zealand

3. Fundamentals of LSPMSMs
3.1. Operating Theory and Equivalent Circuit

A Line-Start Permanent Magnet Synchronous Motor (LSPMSM) integrates a conven-
tional stator, either single-phase or three-phase, with a hybrid rotor that incorporates
both a squirrel cage and embedded permanent magnets. At startup, the motor operates
similarly to an induction motor, with net torque resulting from the opposing effects of
cage-produced torque and the braking torque induced by the permanent magnets. As the
rotor accelerates toward synchronous speed, the machine transitions into synchronization.
Once synchronized, the rotor is driven primarily by the combined effects of reluctance
torque and magnet-based synchronous torque.

The rotor geometry and the orientation of the direct (d) and quadrature (q) axes are
illustrated in Figure 4, where the magnet flux is aligned along the d-axis.
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Figure 4. Rotor geometry of the LSPMSM showing the orientation of the direct (d) and quadrature (q) axes.

The dynamic behavior of the motor can be modeled using equations expressed in
the rotating synchronous d-q reference frame. The associated voltage equations are as
follows [17]:

d}\sq .
Vs = TR + 7sisqg + PWrmAsd, 1)
dA .
Vi = d;d + Tsisq — PWrmAsq, 2)
dA!
!/ rq /o
Vor = TS +1rglrg =0, 3)
dA!
d .
Vir = 31+ Trara = 0, @
where Vs, Vg, Vq’,, and Vér represent the q- and d-axis voltages of the stator and rotor,

respectively. The corresponding flux linkages are denoted by Asg, Asg, Ary, and A}, The
stator and rotor currents in the g—d axes are given by isg, is4, iiq, and i; 4+ The resistances of
the stator and rotor are rs, riq, and r; 4 respectively. wy,, denotes the mechanical angular
speed of the rotor, and p is the number of pole pairs. The stator and rotor flux linkage
expressions are given as follows:

Asg = Lagisy + Lugilg, )
Asa = Lsgisq + Linging 4 Asy, (6)
Mg = Ligirg + Ligisg, @)
Mg = Ligitg + Lugisg + Ay, 8)

where Ls; and Ly; denote the stator synchronous inductances along the g- and d-axes,
respectively. The magnetizing inductances are represented by Ly, and L,,4. The rotor
self-inductances, referred to the stator side, are L;q and L; ;- The permanent magnet flux
linkage is modeled by AJ,.

Figure 5 illustrates the dq-axis equivalent circuit of an LSPMSM.
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Figure 5. d—q axis equivalent circuit of a Line-Start Permanent Magnet Synchronous Motor (LSPMSM).

The expressions for electromagnetic torque are provided as follows [3]:

3P .. 3P g g 3P, .
Tem = b3 (Lsd - qu)lsdlsq + 2 (Lmdlidlsq - Lmql:'qlsd) + 7)\5"15‘1' ©)
Nl
Reluctance Torque Cage Torque Magnet
Torque

in which the first term is reluctance torque, the second term is cage torque, and the third
term is magnet synchronous torque.

The previously presented equation describes instantaneous torque, reflecting the
motor’s dynamic behavior. In contrast, the analysis of average torque assumes steady-
state operation at each slip point. The derivation of corresponding average expressions is
comprehensively detailed in [17]. First, the cage torque component, corresponding to that
of a conventional Squirrel-Cage Induction Motor (SCIM), is calculated using the standard
equivalent circuit of an IM under steady-state conditions. This torque depends on the slip
s, which is the difference between rotor speed and the synchronous speed of the rotating
magnetic field as well as on key parameters such as stator and rotor resistance (rs and }),
leakage reactance (X5, X],), and the supply voltage V (rms value). The expression for the
average cage torque is given in Equation (10):

27;
3pV2

1\ 2 !
(1o )4 (00 307

T. = (10)

In addition to the cage torque, the permanent magnets contribute a braking torque,
which must be considered during startup. This braking torque is a negative torque compo-
nent that opposes the rotor’s motion. The phenomenon originates from the relative motion
between the stator and rotor magnetic fields during asynchronous operation in Line-Start
Permanent Magnet Synchronous Motors (LSPMSMs). At startup, the stator produces a
rotating Magnetomotive Force (MMF) at synchronous speed, while the rotor, initially at rest
or rotating below synchronous speed, generates its own MMF due to the embedded mag-
nets and rotor saliency. This mismatch in speed causes the rotor’s Magnetomotive Force
(MMEF), which is stationary in the rotor reference frame, to appear as a rotating field in the
stator reference frame at slip frequency. As the rotor accelerates but remains asynchronous,
this relative motion induces low-frequency harmonic components in the stator windings.
These harmonics interact with the stator’s fundamental MMF and contribute to a braking
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torque that opposes the rotor’s motion during the startup phase. As the rotor accelerates
and approaches synchronous speed, both stator and rotor MMFs begin to rotate at the same
frequency. Once synchronization is achieved, the relative motion disappears, the braking
torque vanishes, and the magnetic interaction contributes instead to positive synchronous
torque through both magnet and reluctance effects. The average braking torque is given by
the following:

rsE3(1—5s)

2 242
I 3p rs—f—(l—s) qu
124+ (1 —5)2X54Xsq

C 2w, |12+ (1—5)2 X4 Xsq

, (11)

where E denotes the induced back EMF (rms value), X;; and X, are the stator reactances
along the d- and g-axes, respectively, and w, is the electrical synchronous speed of the
motor. The maximum braking torque is given by the following:

Thmax -

2 Xsq
3p [2(1+52) [ B2 ] W

2w, 2r2 2r2 /X4 Xsq

Equations (11) and (12) demonstrate that braking torque depends largely on the
saliency ratio (Xs;/ X,4) of the motor and also on the motor back-emf Ej. That is why
a high-saliency PM motor with a large back-emf results in a greater braking torque
during starting.

At synchronous speed, the rotor windings experience no variation in flux linkage;
consequently, no current flows through the short-circuited cage. If the term pw;, is re-
placed by w, and the time derivatives of all flux linkages are neglected, the expression for
synchronous torque can be derived, as presented in Equation (13):

3pEoV . . 3pVA(Xu — Xsg) .
Ts(6) = =—=—sind 29, 13
5( ) ngXSdsm + 4wequXsd o 4
—_—
Magnet Torque Reluctance Torque

Here, V denotes the supply peak voltage, and J represents the load angle between the
supply voltage vector and the no-load back-EMF Ej.

Figure 6 illustrates the torque-speed characteristics of a typical Line-Start Permanent
Magnet Synchronous Motor (LSPMSM), highlighting the average cage torque, braking
torque, and resultant torque.

20 v T T v T
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5-10 ........ RN GOSN SUNNN SR U oo ...... 4
e : : : : :
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Figure 6. Torque—speed characteristics of a line-start PM motor [17].
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3.2. Startup Behavior and Synchronization Issues

The synchronization process in Line-Start Permanent Magnet Synchronous Motors
(LSPMSMs) has been extensively studied in the literature, notably by Miller [6] and Rahman
etal. [17]. As the motor accelerates from standstill, it initially behaves like an induction
motor due to the squirrel-cage rotor. The synchronization phase begins once the rotor
approaches synchronous speed and the average asynchronous torque matches the load
torque—typically just below synchronism (point C in Figure 6). The subsequent transition
to zero slip (point D) defines the critical pull-in phase of synchronization.

The equation of motion governing this transition is as follows:

—E]w s— = T5(8) + Te(s) — Ty(s) — TL(s)- (14)

Figure 7a illustrates the torque-load angle characteristic. The electrical load angle &,
marks the first instance where the motor reaches synchronous speed, achieving torque
equilibrium. However, due to inertia and damping, the rotor does not settle immediately
at 8,. Instead, it overshoots this point, continuing to accelerate momentarily. During this
transition, the electromagnetic torque remains greater than the load torque between 4, and
65, which helps pull the rotor into a new stable position. As a result, the system eventually
settles at a steady-state load angle J;, where torque balance and synchronization are
stably maintained.
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Figure 7. (a) Synchronous torque vs. load angle; (b) pole slipping behavior during LSPMSM
synchronization [17].

The variable s., denotes the critical slip at which the transition to synchronous speed
begins, as shown in Figure 7b.

Successful pull-in occurs during the last pole slip from point R to point S spanning
approximately 27 electrical radians. At the critical slip s, the corresponding torque angle
d¢r is given by 6, — 7.

The energy required to complete this transition is the apparent kinetic energy of the
load, represented by the following:

0 1 1
Kser = /5” (—p]wszs) ds = E}sfrwsz, (15)
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On the other side, the pull-in energy K, [17] is calculated by accounting for all torque
contributions—synchronous torque Ts(¢), cage torque T, braking torque T}, and the load
torque T;:

Kpe= [ (T00) 4 Tels) ~ Tls) — Tu(s))de, (16)

Sk—mt

For successful synchronization, the motor must supply sufficient pull-in energy such

that K, > Kscr. Based on this energy balance, the critical inertia J. of the motor can be
computed using the following expression [17]:

_ 2pKype

Jor = (17)

Here, p denotes the number of pole pairs in the machine, and w; represents the synchronous
angular frequency, expressed in radians per second [rad/s].

These synchronization dynamics are further illustrated in Figure 8, which presents
three representative startup scenarios. In Case 1, the motor experiences significant oscilla-
tions during startup due to excessive braking torque produced by the permanent magnets.
Although the motor possesses sufficient synchronous torque for steady-state operation,
the design fails to achieve synchronization, rendering it unsuitable for practical use. In
Case 2, the magnets are undersized, resulting in insufficient synchronous torque to maintain
operation under rated conditions. Despite the motor initiating rotation, synchronization
fails due to the presence of high load torque, elevated inertia, or a combination of both—
each of which imposes significant demands during the pull-in phase. In contrast, Case 3
demonstrates successful synchronization. This outcome is achieved through a carefully
optimized balance—selecting magnets that provide adequate synchronous torque without
introducing excessive braking torque while also ensuring that the load torque and inertia
remain within permissible limits. This case underscores the importance of holistic design
optimization to ensure reliable startup and stable synchronous operation.

rotor speed [rad/s]
350 T T T T

Case 3:Synchronization
300 ]

200 Case 2: No synchronization
200+ 1
150 1

100 -

50 ; ‘,’

Case 1: Magnet braking torque too high

_100 1 1 1 1
0 02 04 06 08 1

time [s]

Figure 8. Startup speed-time profiles of LSPMSM under different design scenarios [18].

This interplay between load torque, inertia, and synchronization capability is further
quantified in Figure 9, which presents the relationship between critical inertia and load
torque for a 1 HP, 208 V, four-pole line-start Interior Permanent Magnet (IPM) motor
under both constant and dynamic load conditions. As shown, the motor’s allowable
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inertia—the maximum inertia with which it can still achieve synchronization—decreases
progressively as the load torque approaches its rated value. When operating under light
load torque, the motor is capable of synchronizing even with relatively large inertial loads.
However, synchronization becomes increasingly challenging as the load torque increases.
In particular, dynamic loads, which typically require lower torque at reduced speeds,
allow for a wider synchronization margin compared to constant loads. Once the load
torque exceeds approximately 40% of the rated value, the critical inertia declines sharply
along a nonlinear trajectory, indicating a rapid reduction in the motor’s synchronization
capability. This emphasizes the need for careful matching of load conditions with motor
design parameters to ensure reliable pull-in performance [17].

35

: : i |=——Constant Load
| S B —— . Dynamic Load |

N N
o (3]

-
(54

Jcrltlcall J rotor

910 50 60 70 80 90 100
Percentage Rated Load Torque

Figure 9. Critical inertia as a function of load torque for constant and dynamic load conditions [17].

The technical difficulty of achieving synchronization under high-inertia conditions is
reflected in the synchronous motor standard (NEMA SM1 [19]), which specifies that the
critical inertia ratio J., for LSPMSMs should be only 3-6% of that allowed for induction
motors of equivalent rating [20]. In induction motors, the maximum allowable load inertia
is primarily constrained by the thermal rise during acceleration, whereas in LSPMSMs,
synchronization capability defines the limit. Despite this, LSPMSMs are well-suited for
many general-purpose applications—particularly fans, pumps, and similar systems—
which typically involve low to moderate inertia and modest starting torque. These
characteristics make them viable and energy-efficient alternatives to induction motors in
fixed-speed applications.

3.3. Effect of Rotor Resistance on Performance

Rotor cage resistance plays a pivotal role in determining the startup and synchroniza-
tion behavior of Line-Start Permanent Magnet Synchronous Motors (LSPMSMs). Extensive
simulation studies have demonstrated that an optimal value of rotor resistance exists,
which ensures both effective damping of load disturbances and improved startup perfor-
mance. This optimal resistance minimizes the depth of the torque dip occurring at high slip
values—commonly referred to as the critical torque, which directly impacts the motor’s
ability to initiate and complete synchronization [21].

Importantly, the braking torque generated by the permanent magnets remains in-
dependent of the cage resistance, while the peak cage torque is also largely unaffected.
However, the slip at which peak torque occurs is significantly influenced by rotor resistance.
Therefore, synchronization performance is maximized when the peaks of both braking
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and cage torque align at the same slip value, resulting in a more balanced net torque and
minimizing detrimental torque dips.

As illustrated in Figure 10, increasing the rotor resistance up to an optimal value
(approximately 6 () in this case) leads to a corresponding rise in the critical torque. Beyond
this threshold, however, any further increase in rotor resistance reduces the critical torque
and deteriorates the motor’s startup capability. This confirms that, while rotor resistance is
a key design parameter for improving synchronization, it must be finely tuned to avoid
adverse effects on overall performance. Moreover, since rotor cage resistance is temperature-
dependent—varying by up to 50% between cold and hot operating states [20]—designers
must account for thermal effects to ensure the resistance remains near optimal across the
motor’s typical operating range.

B
(=]

w
(=]

Resultant torque (Nm)

1 T 1

0.2 0.4 06 0.8 / 1

slip

Figure 10. Effect of rotor cage resistance on resultant torque in LSPMSMs [21].

The sensitivity of startup performance to rotor resistance is further highlighted in
Figure 11, which shows that the motor fails to achieve synchronization under high-inertia
load conditions when the rotor resistance deviates significantly from its optimal value.

2000+

1500 -

Speed (rpm)
=
o
=

500 -

0 05 1 15
Time (Sec)

Figure 11. Startup speed characteristics of LSPMSM under high-inertia load conditions [21].

In conventional induction motor design, reducing rotor resistance (e.g., by increasing
the conductor cross-sectional area) typically reduces slip and improves efficiency. However,
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this principle does not directly apply to LSPMSMs. In these motors, a larger cage cross-
section may obstruct the magnetic flux path or weaken the electromagnetic interaction,
leading to increased slip and reduced synchronization capability.

Furthermore, rotor cage design geometry has a notable influence on dynamic behavior.
A comparative analysis presented in [22] examines symmetrical and asymmetrical rotor
cage configurations (Figure 12), highlighting how structural modifications to the rotor can
significantly affect motor performance across a wide range of speeds. At synchronous speed,
the asymmetrical design induces greater torque pulsations due to magnetic asymmetry
and rotor—slot interactions. However, near synchronization (e.g., at 0.83 pu speed), the
asymmetrical cage delivers approximately 40% higher synchronizing torque than the
symmetrical counterpart, thereby enhancing the motor’s ability to achieve and maintain
synchronous operation during startup. This increase in synchronizing torque is primarily
attributed to the optimized placement and deepening of selected rotor bars, which improve
asynchronous torque characteristics. At lower speeds (e.g., 0.13 pu), the asymmetrical
design also helps suppress parasitic torque components and unwanted torque ripple arising
from complex harmonic interactions between the stator and rotor slots.

ducts for the PM's aluminum bars
laminated core

Figure 12. Comparison of rotor cage geometries: (a) symmetrical cage; (b) asymmetrical cage;
(c) reference induction motor [17].

3.4. Influence of Magnetizing Inductance on Performance

The magnetizing inductance L,,; of a Line-Start Permanent Magnet Synchronous
Motor (LSPMSM) significantly influences both its startup performance and synchroniza-
tion capability. As noted in prior analyses [23], a fundamental trade-off exists: a high
magnetizing inductance enhances asynchronous startup by reducing the braking torque
(as shown in Equation (12)), but it may hinder synchronization by lowering the available
synchronous torque (see Equation (13)), which is essential for successful pull-in. Conversely,
a lower magnetizing inductance improves synchronization by increasing the saliency ratio,
thereby boosting synchronous torque, but this comes at the cost of weaker starting torque.
Additionally, the paper demonstrates that braking torque is strongly influenced by both
the magnetic flux and magnetic saliency, which are, in turn, dependent on the magnet
dimensions and rotor design.

As a result, the optimal magnetizing inductance must be selected based on the specific
application requirements. For instance, in applications involving constant loads that demand
high starting torque or rapid acceleration—such as conveyors or heavy-duty machinery—a
higher magnetizing inductance is preferable. This configuration can be achieved by using
thinner magnets with greater axial width, as demonstrated in Figure 13a [23]. The study
further shows that, in such cases, motors with higher L;,q can handle higher constant load
thresholds, offering greater robustness during the early startup phase.
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Figure 13. Different magnet sizes: (a) thin magnet; (b) thick magnet.

In contrast, for applications where starting torque requirements are moderate or low,
such as fans, pumps, or low-viscosity compressors, a lower magnetizing inductance yields
better synchronization performance. This can be realized by employing thicker magnets,
which increase saliency and improve synchronizing torque behavior, as illustrated in
Figure 13b. The paper’s finite element simulations also confirm that motors with lower
L4 exhibit superior synchronization under variable loads, such as fluid pumping profiles,
thereby making them suitable for such applications.

Together, these configurations highlight how variations in magnet dimensions directly
influence magnetizing inductance and, consequently, the motor’s overall dynamic behavior.

3.5. Impact of Supply Voltage on Synchronization

Beyond motor geometry and inductance tuning, the supply voltage level is another
critical factor influencing the synchronization capability of LSPMSMs. While rotor and
magnet configurations define the motor’s intrinsic torque characteristics, the external
voltage supply determines the energy available to accelerate the rotor and overcome
braking torque during the pull-in phase.

Figure 14 illustrates the impact of supply voltage on synchronization performance for
a line-start permanent magnet synchronous motor. The curves represent different voltage
levels expressed in per-unit (p.u.) values. As the supply voltage decreases—for example,
from 1.2 p.u. to 0.9 p.u.—the region of successful synchronization shrinks markedly. At
lower voltages, the motor can only synchronize under lighter load torques and reduced
inertial conditions. This is primarily because reduced voltage limits the stator flux and
corresponding cage torque during startup, weakening the motor’s ability to bring the rotor
to synchronous speed [24].

These findings underscore the importance of maintaining a stable and sufficient supply
voltage—particularly in industrial environments where voltage drops may occur during
load surges or network fluctuations. For LSPMSMs deployed in such contexts, voltage
regulation strategies or compensation through design margins may be necessary to ensure
robust synchronization under real-world operating conditions.

3.6. Performance Comparison with IMs and LSSynRMs

Having explored the internal design parameters and external operating conditions that
influence the performance of LSPMSMs, it is essential to compare their behavior with other
widely used line-start motor technologies. These include squirrel-cage Induction Motors
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(IMs) and Line-Start Synchronous Reluctance Motors (LSSynRMs)—each offering distinct
characteristics in terms of starting dynamics, current profile, and operational efficiency.

Fiies
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Figure 14. Variation in critical inertia with supply voltage in LSPMSMs [24].

Figure 15 compares the torque—speed characteristics of an LSPMSM and a traditional
induction motor during Direct-On-Line (DOL) startup. While induction motors experience
torque pulsations primarily during the initial acceleration phase, these oscillations tend to
diminish as the rotor approaches steady-state speed. In contrast, the LSPMSM is subject to
continuous torque pulsations throughout the starting period due to the interaction between
the permanent magnets and the rotating stator field. These torque variations must be
carefully considered when selecting coupling mechanisms to ensure mechanical stability
and acceptable component lifespan [20].
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Figure 15. Torque—speed characteristics during direct-on-line startup: (a) LSPMSM,; (b) induction
motor [20].

The synchronization behavior of LSSynRMs is illustrated in Figure 16, which shows
that they generally exhibit a longer pull-in time compared to both LSPMSMs and induction
motors. This is due to their reliance solely on reluctance torque, without the aid of perma-
nent magnets. As a result, their synchronization margins are lower, and their performance
is more sensitive to variations in load torque and inertia [4].
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Figure 16. Synchronization behavior of IM, LSPMSM, and LSSynRM motors [4].

According to Miller [6], the superior synchronization capability of LSPMSMs stems
from the additional magnet alignment torque, which increases the available synchronizing
energy. In LSSynRMs, rotor pole slips are limited to 180 electrical degrees, whereas in
LSPMSMs, they span the full 360 electrical degrees. This results in a larger area under the
synchronizing torque curve Ts(6), providing LSPMSMs with a greater energy reserve for
synchronization, especially under demanding conditions.

A further comparison is provided in Figure 17, which shows the phase-A current
profiles under full-load conditions. Both IMs and LSSynRMs draw higher peak current
during steady-state operation, which contributes to increased I’R losses and elevated
thermal stress. In contrast, the LSPMSM maintains a lower current amplitude, primarily
due to the reduced magnetizing current requirement enabled by the embedded permanent
magnets. This contributes to lower losses, improved thermal behavior, and enhanced
overall system reliability.
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Figure 17. Phase-A current profile under full load for IM, LSPMSM, and LSSynRM [4].

Figure 18 presents a comparison of total losses and corresponding efficiencies across
different output power levels for three motor types: a 3.7 kW Line-Start Permanent Magnet
Synchronous Motor (LSPMSM), a Line-Start Synchronous Reluctance Motor (LSSynRM),
and a conventional Induction Motor (IM). These motors were modeled and analyzed in
the review by Ganesan et al. [4], where finite element analysis was used to simulate their
performance. The study showed that, while all machines exhibit increased losses with rising
load, the LSPMSM consistently maintains lower total losses and higher efficiency across
the operating range. At full load, it outperforms both the IM and LSSynRM, achieving
efficiency levels compliant with the IE4 premium efficiency class.
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Figure 18. Comparison of total losses and efficiency across different output power [4].

This operational advantage is further illustrated in Figure 19, which compares the
power factor across different power ratings (10-125 HP) for Line-Start Permanent Mag-
net Synchronous Motors (LSPMSMs) and conventional induction motors. LSPMSMs
consistently exhibit a higher power factor, which—when combined with their superior
efficiency—results in lower full-load current for a given power rating.

Efficiency vs. HP (LSPMSM & IM) Power factor vs. HP (LSPMSM & IM)
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Figure 19. Efficiency and power factor comparison between LSPMSM and induction motors:
(a) efficiency; (b) power factor [5]. Note: The original label “CRPM” was changed to “LSPMSM” for
consistency with the terminology used throughout this review.

Collectively, these comparisons underscore the advantages of LSPMSMs in fixed-
speed applications. While induction motors remain cost-effective and widely adopted,
their efficiency improvements are fundamentally limited by rotor losses—particularly from
induced cage currents, which can account for up to 25% of total losses [3]. On the other
hand, LSSynRMs offer a magnet-free solution with favorable material costs but often fall
short in power factor and efficiency, especially under variable load conditions.

Despite their advantages, LSPMSMs face practical startup limitations under Direct-
On-Line (DOL) operation. Typically, the maximum load inertia that can be reliably started
is around 20% of the threshold defined by the standard for induction motors [25]. However,
this is usually sufficient for typical industrial applications, especially in pump systems,
where load inertia remains well within acceptable limits.
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In variable-speed scenarios, LSPMSMs offer even greater operational flexibility. When
used with variable frequency drives (VFDs), they can operate in simple scalar control mode
(volts-per-Hertz) due to the presence of the induction cage. This eliminates the need for
position feedback or the advanced control algorithms required by cage-less PM motors [5],
simplifying integration and reducing system costs. Furthermore, with VFDs, startup is
no longer limited by load inertia but instead by the drive’s current limit, which governs
available torque and acceleration time.

In conclusion, LSPMSMs combine robust self-starting capability with high energy
efficiency and operational versatility, making them strong candidates for both fixed-speed
and variable-speed industrial applications.

4. Evolution and Innovation in Line-Start PM Motor Design
4.1. Historical Rotor Topologies (1950s-2000)

The evolution of Line-Start Permanent Magnet Synchronous Motors (LSPMSMs) spans
over seven decades, beginning with foundational innovations that laid the groundwork
for today’s high-efficiency machines. For conciseness, the acronym LSPMSM is used
throughout this section.

One of the earliest documented examples is the “Permasyn” motor introduced by
Merrill in 1955 (Figure 20) [26]. This pioneering motor used a one-piece Alnico V magnet
casting embedded within the rotor, enabling synchronous excitation while at the same time
retaining a squirrel-cage structure to provide robust induction startup capability. Merrill’s
detailed analysis of magnetic flux behavior under different operating conditions offered
valuable early insights into magnet behavior, including the necessity of using sufficiently
high-coercivity magnets to effectively withstand demagnetization during asynchronous
operation. Although the design was inherently limited by the magnetic material technolo-
gies available at the time, this concept nonetheless marked a significant milestone in the
historical development of LSPMSMs.

Stator

Figure 20. Structural and electromagnetic overview of the original Permasyn motor by Merrill (1955):
(a) flux distribution diagram; (b) one-piece permanent magnet casting [26].

Building on Merrill’s foundation, Cahill and Adkins retrofitted a small induction motor
with a block of Ticonal G magnet embedded inside the rotor (Figure 21) [27]. Although
the air-gap flux was reduced, leading to lower pull-out torque, their work demonstrated
how optimized rotor and magnet design could yield meaningful gains in both power
factor and efficiency. These insights contributed to the evolving understanding of LSPMSM
rotor topologies.
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Figure 21. Rotor design by Cahill and Adkins using Ticonal magnets (1962) [27].

In the early 1970s, Binns and Barnard [28] reviewed a range of commercial PM motor
designs, including segmented rotor geometries made of laminated segments separated by
nonmagnetic material (Figure 22a). They proposed a more manufacturable and robust con-
tinuous laminated rotor, where magnets were secured using iron overhangs or aluminum
wedges (Figure 22b). Their focus on high-coercivity magnets like Hycomax III and Feroba
II further advanced the development of reliable direct-on-line synchronous machines.

cage bars aluminium magnets
wedge.

nonmagnetic
material

magnetic
shatt

permanent
magnets

laminated
segments

cage winding

a) b)

Figure 22. Early rotor configurations: (a) segmented rotor; (b) Binns and Barnard motor [28].

Later, Binns, Barnard, and Jabbar introduced rotor geometries featuring ceramic
magnets embedded in flux barriers (Figure 23) [29]. These configurations, analyzed using
Finite Element Analysis (FEA), delivered a maximum efficiency of 78% and a power
factor of 0.63, with output power reaching 1.5 kW under optimal loading conditions. The
ceramic magnets used in these designs offered significantly higher coercivity compared to
the Alnico magnets employed in earlier configurations, thereby enhancing resistance to
demagnetization during operation.
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Figure 23. Rotor topologies by Binns, Barnard, and Jabbar: (a) surface-inset; (b) interior permanent

magnet motor [29].

By 1981, an improved design by Binns and Jabbar employed non-radial magnet
axes within a four-pole rotor to enhance both asynchronous startup and synchronous
performance (Figure 24) [30]. Tested at 50 Hz, the motor achieved an efficiency of 85% and a
power factor exceeding 0.96 at a rated power of 2.5 kW. The non-radial magnet orientation
directed more flux into the air gap, strengthening the synchronous torque and contributing
to the motor’s high efficiency and power factor.

X
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|

Magnet
Conducting materialCage Bar

Figure 24. Four-pole non-radial axis magnet rotor by Binns and Jabbar [30].

In the early 1980s, Honsinger and Miller [6,31], both affiliated with General Elec-
tric, contributed several new rotor concepts. Honsinger advanced the development of
LSPMSMs by analyzing Interior Permanent Magnet (IPM) configurations, where magnets
are embedded within the rotor core (Figure 25) [31]. These rotors incorporated a squir-
rel cage for asynchronous startup and protection against demagnetization. Honsinger’s
work provided a detailed field analysis of various interior magnet geometries, deriving
expressions for the air-gap fields, d- and g-axis inductances, and open-circuit voltage.
The study demonstrated that placing magnets inside the rotor, combined with optimized
flux barriers and bridges, improves the saliency ratio (Ls;/ Ls4), enhancing synchronous
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torque and efficiency. Furthermore, the interior placement offers mechanical robustness
and reduces the risk of demagnetization compared to surface-mounted designs, making
IPM configurations well-suited for variable-speed applications.

MAGNET
FLUX Q-AXIS

WINDING

STRUCTURALLY REINFORCED
FOR MECHANICAL STRENGTH

MAGNETS

S 6-POLE

Figure 25. Rotor geometries proposed by Honsinger for multi-pole machines [31].

Miller [6], on the other hand, introduced simplified rotor shapes optimized for syn-
chronization reliability across varied startup conditions (Figure 26). His designs prioritized
practical manufacturability and consistent performance over a wide range of load inertias
and torque profiles. By carefully tuning the rotor geometry, including the cage design and
magnet placement, Miller improved the asynchronous torque near synchronous speed,
which is critical for successful pull-in. Additionally, his analysis highlighted the importance
of minimizing magnet braking torque and achieving a steep asynchronous torque-speed
characteristic to enhance synchronization capability. These improvements allowed the
motor to handle higher inertia loads and more demanding startup scenarios with greater
reliability compared to earlier designs.

Further contributions came from Chalmers et al. in 1985 [32], who embedded radially
oriented samarium—cobalt magnets within the rotor core (Figure 27). This configuration
supported both DOL (direct-on-line) startup and consistent performance across various
frequencies, making it a good candidate for VFD-driven applications. Their analysis
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highlighted the benefits of the interior magnet layout, which provided a favorable saliency
ratio (Xq/Xd), improving both torque production and dynamic control under variable-
frequency operation. In addition, the study addressed the impact of magnetic saturation
on the g-axis reactance, showing that incorporating this variation into the two-axis model
significantly improved the correlation between calculated and measured performance.
The robust rotor design also enhanced mechanical integrity, allowing reliable operation
under the high-speed and high-inertia load conditions often encountered in modern VFD

applications. This motor delivered an efficiency of 80% and a power factor of 0.98 at a rated
output of 275 W.

magnet

~———— nonmagnetic
3.5 Packing

lamination
bridge

75.35
Figure 27. Chalmers rotor with radial samarium-cobalt magnets for VFD operation [32].

At the beginning of the 21st century, Knight and McClay introduced a practical
LSPMSM rotor configuration featuring curved, embedded magnets within a conventional
induction motor frame (Figure 28) [33]. Their design retained an unmodified rotor cage to
ensure asynchronous startup and direct-on-line compatibility. Using time-stepped finite-
element simulations, they demonstrated that the motor could reliably synchronize even
under full-load starting conditions and achieve peak efficiency exceeding 89%, with a
power factor greater than 0.85 at a rated output of 1.5 kW. The work clearly demonstrated
the potential of LSPM designs to meet high-efficiency targets without requiring extensive
mechanical redesign, thus offering an attractive path for industrial adoption.
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Figure 28. Cross-section of one pole of curved magnet LSPM rotor by Knight and McClay [33].

4.2. Modern Rotor Designs

In 2004, Kurihara and Rahman proposed an interior magnet design using NdFeB
magnets and deep rotor bars (Figure 29) [34]. Their structure balanced strong synchronous
torque with reliable DOL starting, thanks to optimized flux barriers and sinusoidal EMF
waveforms confirmed by an FEA simulation model. Aluminum conductors positioned
between the magnets and rotor core serve as flux barriers and simultaneously function
as cage windings, aiding asynchronous startup and synchronous transition. The motor
delivered an efficiency of 87.3% and a power factor of 0.981 at a rated output of 600 W.

Stator
iron lamination

Permanent
Magnet

‘ : Direction of magnetization ) Conducting material
Unit : mm Axial length 70.0

Figure 29. Interior PM rotor with deep bars and flux barriers by Rahman [34].

Between 2000 and 2015, researchers introduced a wide array of rotor topologies
to address the growing demand for higher efficiency and improved synchronization in
industrial applications. Ding et al. analyzed three different geometries for oil-pump use
(Figure 30) [35], each with unique structural features and performance trade-offs. The
first configuration employed surface-mounted magnets paired with a solid aluminum
ring acting as the squirrel cage. While simple and cost-effective, this design generated
substantial braking torque during startup and offered limited magnetic coupling, leading
to lower efficiency and power factor. The second geometry used interior azimuthally
magnetized permanent magnets embedded within a solid iron rotor. This layout enabled
strong flux concentration and facilitated eddy current formation for robust asynchronous
performance. The third configuration combined interior U-shaped magnets with a squirrel
cage, achieving superior torque density and efficiency but introducing greater design
complexity. Among these, the second design was identified as the most practical, offering
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a balanced trade-off between manufacturing ease, reliable synchronization, and high
operating performance. It achieved an efficiency of 94.7% and a power factor of 0.91 for a
7.5 kW-rated motor.

a) Surface inset b) Solid rotor ¢) U-shape

Figure 30. Three rotor designs for oil-pump applications: (a) surface-mounted magnets; (b) solid
rotor with azimuthal interior magnets; (c) U-shaped embedded magnets [35].

Elistratova [36] tested spoke-type, series, and V-shaped rotors (Figure 31). The designs
were developed for a 7.5 kW, 4-pole operating at 1500 rpm and 400 V. Among the tested
configurations, the V-shaped rotor topology achieved the highest performance, with a
maximum efficiency of 93.0% and a power factor of 0.93, outperforming both the induction
motor baseline and other LSPMSM variants. These results demonstrate the effectiveness of
interior magnet arrangements in enhancing both torque production and energy efficiency.

a)

Figure 31. Comparative rotor topologies: (a) spoke-type; (b) series-type; (c) V-shaped configura-
tions [36].

Other notable designs include a dual-layer U-shaped rotor with NdFeB magnets
optimized via genetic algorithms (Figure 32) [37]. This configuration featured two magnet
layers of varying widths and pole arcs to enhance flux linkage and reduce torque ripple. A
genetic algorithm was used to fine-tune magnet dimensions and rotor resistance, achieving
high efficiency and reliable pull-in. Another noteworthy topology was a convex-profile
IPM rotor (Figure 33) [38], developed using lumped parameter modeling and validated
with FEA. This 7.5 kW, two-pole motor employed embedded rectangular magnets and flux
barriers to optimize back-EMF and reduce torque ripple, reaching an efficiency of 94.7%
and a power factor of 0.919.

More recently [39—-41], induced-pole topologies (Figure 34) have been introduced to
improve flux behavior and maintain high torque density and synchronization reliability.
The Induced Pole Permanent Magnet Synchronous Motor (IPPMSM) features a rotor
that structurally resembles a two-pole design but operates as a four-pole machine by
magnetically inducing additional poles. This allows the number of permanent magnets to
be halved while preserving the same total magnet volume to maintain demagnetization
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resistance. Compared to conventional induction motors of the same frame size, the IPPMSM

delivers 33% more output power, achieves 88.2% efficiency, and operates at a power factor
of 0.95.

| Risd—
Permanent Magnetization
Magnet direction

Figure 33. Convex-profile LSPMSM [38].

Figure 34. Induced-pole rotor topology [39].

The hybrid powder-composite rotor (Figure 35) [42] exemplifies a distinct design
pathway in LSPMSM development. It uses Soft Magnetic Composite (SMC) materials to
reduce eddy current losses and incorporates arc-bonded NdFeB magnets along with a
squirrel cage to ensure robust asynchronous performance. Furthermore, the powder-based
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construction—where SMC powder is compacted in a mold—allows for greater flexibility
in rotor geometry, enabling precise tuning of magnet dimensions, pole embrace (rc), and
cage bar placement to optimize both starting and synchronous performance. Simulation
studies [42] demonstrated that adjusting magnet thickness, magnet arc angle, and pole
coverage can effectively balance asynchronous torque and synchronization capability. The
hybrid rotor achieved 93% efficiency and 0.95 power factor at a rated output of 3.45 kW
while offering superior manufacturing flexibility. Additionally, the lower density of SMC
material results in a reduced rotor weight, which decreases thermal inertia and, combined
with lower eddy current losses, leads to improved thermal performance under dynamic
operating conditions.

stator stator winding

\A

squirrel-cage bars

permanent magnet

Figure 35. Hybrid powder-composite rotor using SMC materials and NdFeB magnets.

This historical and technological journey highlights the continuous refinement of rotor
geometries and magnet arrangements in pursuit of optimized startability, efficiency, and
industrial viability.

4.3. Emerging Topologies and Startability Solutions

To address the persistent challenges related to starting performance in LSPMSMs—
particularly their limitations under high-inertia conditions compared to induction motors—
recent studies have proposed several configuration strategies. These designs aim to improve
the synchronization process and extend the starting capability of LSPMSMs to levels
comparable to traditional induction machines. The following subsection presents a selection
of such innovations, highlighting their structural and electromagnetic features and their
contributions to enhanced motor functionality.

4.3.1. Pole-Changing Configurations

One promising solution involves pole-changing configurations, exemplified by a
6/8-pole LSPMSM introduced in studies [43-46]. As illustrated in Figure 36, which shows
the motor geometry, this motor employs a stator winding that operates in a 6-pole mode
during startup and transitions to an 8-pole mode for synchronous operation. The initial
mismatch between stator and rotor pole numbers prevents flux interaction with the per-
manent magnets, thereby eliminating braking torque and reducing harmonic disturbances
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during startup, as shown in Figure 37. Once the rotor reaches the appropriate speed, the
6-pole winding is deactivated, and the 8-pole winding is engaged to achieve synchroniza-
tion. Experimental results confirm improved startability and synchronization capacity
compared to conventional 8-pole designs. Conceptually, two implementation methods can
be considered: using separate windings or a single dual-speed winding. While the dual-
winding setup allows targeted optimization for both transient and steady-state operation, it
increases size and manufacturing cost. The single-winding alternative is more compact but
limits design flexibility, potentially affecting both efficiency and current density. Moreover,
achieving sufficient locked rotor and pull-up torque remains a challenge due to the limited
torque-producing capability of the rotor cage during the 6-pole startup phase.

1. statorcore, 2. stator winding, 3. PM,
4. rotorcore, 5. cagebar

Figure 36. 6/8-pole switching stator winding configuration in LSPMSM [43].
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Figure 37. Braking torque elimination in a pole-changing stator design [44].
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4.3.2. Composite Solid Rotor

Composite solid rotors represent another innovative direction in LSPMSM design, as
investigated in several studies [47-51]. Figure 38 illustrates four motor configurations used
to evaluate this concept. The first case represents a conventional laminated rotor with a
squirrel cage. In the second configuration, the laminated core is replaced by a solid steel
rotor without a cage, resulting in a block-type rotor. The third case incorporates a squirrel
cage into this solid steel rotor, while the fourth configuration adds air slots on the rotor
surface. These progressive modifications highlight the role of rotor geometry and material
structure in influencing performance.
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Figure 38. Rotor cross-sections of four different motor configurations (Motors I-IV) [50].

The final configuration combining both a squirrel cage and surface air slots demon-
strates the most effective balance between asynchronous starting and synchronization
capability. As shown in Figure 39, this rotor structure significantly increases induction
torque both at high slip (during startup) and at low slip (near synchronism). The solid steel
core promotes strong eddy current generation, especially at large slips, which enhances
torque during the early stages of acceleration. The embedded squirrel cage further improves
torque across the entire slip range by reducing rotor impedance and reinforcing induction
torque. Additionally, the air slots milled into the rotor surface alter the current distribution
under small-slip conditions, increasing the effective penetration depth of eddy currents
and thus raising the induction torque in the critical low-slip region where synchronization
occurs. While the full slip profile of Motor 1V is not shown, its behavior closely follows
that of Motor III during large-slip conditions, with improved performance observed in
the low-slip region (Figure 39b), confirming improved synchronization capability. The
designed motor, rated at 355 kW, achieved a peak efficiency of 97.3% and a power factor of
0.89, demonstrating its industrial viability and high performance.

4.3.3. Winding Reconfiguration Technique

The winding reconfiguration technique represents another promising approach to per-
formance enhancement in LSPMSMs [52,53]. These systems utilize switching mechanisms
that reconfigure the stator winding between startup and steady-state operation. Figure 40
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presents the motor geometry, highlighting a stator composed of two distinct winding
types: variable and invariable windings. The invariable winding is not connected during
startup, resulting in fewer turns per phase and thus allowing higher current and increased
asynchronous torque. This design enables two primary strategies: coil-turns-changing,
which increases asynchronous torque by reducing the number of turns during startup, and
pole-changing, which mitigates permanent magnet braking torque by altering the stator’s
effective pole pair count. These methods, when applied together, improve average starting
torque without compromising steady-state performance.
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Figure 39. Torque-slip curves of different motor types: (a) Motors I-11I, (b) Motors III and IV.
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Figure 40. Turns-changing winding structure for enhanced startup torque [52].

Figure 41 illustrates the effectiveness of different winding configurations in enhancing
both starting torque and synchronization capability. The regular LSPM machine serves as
the baseline, showing a variable torque profile with noticeable dip at low speeds caused
by permanent magnet braking effects, which hinder both starting torque and synchroniza-
tion. The pole-changing LSPM machine improves this behavior by reducing the effective
pole pair count during startup, thereby eliminating braking torque; however, it does not
significantly enhance asynchronous torque, resulting in a relatively flat but low torque
curve. The turns-changing LSPM machine achieves much higher starting torque, espe-
cially in the mid-speed range, by reducing the number of stator turns, which increases
current and improves induction torque. Finally, the turns-pole-changing LSPM machine
combines both techniques, offering a balanced solution: the turns-changing technique
increases asynchronous torque by raising stator current, while the pole-changing reduces
braking torque but also decreases cage torque due to the lower number of poles. As a
result, the overall torque is enhanced compared to the pole-changing configuration, with
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performance falling between that of the turns-changing and pole-changing machines. This
combined strategy provides an effective trade-off between improved starting performance
and reliable synchronization, underscoring the value of reconfigurable winding techniques
for advanced LSPMSM designs.
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Figure 41. Comparative starting torque of regular and reconfigurable winding designs [52].

4.3.4. Delta-Wye Winding Configuration

Another technique based on a similar principle is the delta-wye winding configura-
tion [25]. While the reconfiguration method boosts flux by reducing the number of turns to
allow higher current, the delta-wye approach increases flux by raising the voltage applied
to each phase. This is achieved by energizing a stator winding, normally connected in
wye (star), in a delta connection—resulting in approximately 73% higher stator flux. The
increased flux enhances torque during startup, aiding synchronization under high load
or inertia. However, the associated higher starting inrush current, which is not desired in
motor applications, can lead to torque transients and increased mechanical stress compared
to an induction motor counterpart.

Table 2 presents a summary of different LSPMSM configurations, highlighting their
key design features and performance characteristics.

Table 2. Overview of the performance of different Line-Start Permanent Magnet Synchronous Motors
(LSPMSMs).

Topology Output Power (kW) T_avg (Nm) Speed (rpm) Power Factor Efficiency

6/8 Pole-changing LSPMSM [43] 30 382 NA NA NA

Composite solid rotor [50] 355 3390 NA NA NA

Turns-changing LSPMSM [52] 7.5 NA NA NA NA

Induced pole rotor [39] 2 12.7 1500 0.95 88.2

Convex-profile LSPMSM [38] 7.5 19 3600 0.91 94.7
Curve-shaped powder material

PM [42] 3.45 22 1500 0.95 93
Double-layer U-shaped PM NA NA 1500 NA NA

LSPMSM [37]
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Table 3 summarizes key design features, advantages, and drawbacks of selected
innovative topologies developed to enhance the starting and synchronization performance
of LSPMSMs.

Table 3. Key features and trade-offs of innovative LSPMSM topologies.

Topology Key Feature Main Advantage Drawback
6/8 Pole-Changing Switches pole pairs between Eliminates braking torque, Requires dual winding and
Stator startup and synchronous mode improves startup switching mechanism
Composite Solid Solid rotor with embedded cage =~ High torque and strong ~ Increased rotor weight and
Rotor and surface air slots synchronization capability =~ manufacturing complexity
Turns-Changing Varies coil turns between Needs switching control;

Winding

startup and steady-state modes

Boosts starting t
00sts starting torque more complex stator

5. Industrial Adoption and Economic Viability of LSPMSMs
5.1. Industrial Applications and Commercial Models

Table 4 provides an overview of various commercially developed Line-Start Perma-
nent Magnet Synchronous Motors (LSPMSMs), all meeting the IE4 efficiency class. The
applications are seen to range from air conditioning and refrigeration to lifting and material
handling. The SynchroVERT series by Bharatbijlee [54], ranging from 1.5 to 45 kW, and
the WQuattro series by WEG [55], covering 0.37 to 7.5 kW, are designed for high-efficiency
applications, such as pumps and fans. The DRU.]J series from SEW Eurodrive [56], with a
power range of 0.25 to 4 kW, is employed in constant-speed textile machinery. SISME [57]
offers LSPMSM-based compressors with power ratings from 1.86 to 44.7 kW, targeting
refrigeration and air-conditioning systems. Reuland Electric [58] manufactures LSPMSMs
up to 37 kW, serving heavy-duty industrial sectors, including hoists, cranes, elevators, and
conveyors. These examples indicate that several leading companies have begun to explore
and develop LSPMSMs, recognizing their potential for high efficiency and suitability across
a wide range of industrial applications.

Table 4. Commercial LSPMSM models, efficiency class, and typical applications.

LSPMSM Motor

Efficiency Power Application

SynchroVERT

1E4 class 1.5-45 kW Pump or Fan [54]

WQuattro

IE4 class 0.37-7.5 kW Replacement of SCIM in Pumps or Fans [55]

DRU.]J series

1E4 class 0.25-4 kW Material Supply in Textile Machinery [56]

LSPMSM compressors

IE4 class 1.86-44.7 kW  Industrial and domestic refrigeration, Air conditioning [57]

Reuland LSPMSM

1E4 class Up to 37 KW Hoists, cranes, elevators, mixers, and conveyors [58]

5.2. Economic Comparison with IMs

The economic viability of Line-Start Permanent Magnet Synchronous Motors (LSPMSMs)
is a key factor supporting their growing adoption across industrial applications. A comparative
analysis with conventional Squirrel-Cage Induction Motors (SCIMs), based on IEC efficiency
classes and total cost of ownership, reveals compelling long-term benefits. Table 5, adapted
from Almeida et al. [15], presents a case study based on a standard 7.5 kW, four-pole motor.
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Table 5. Economic comparison between SCIM and LSPMSM technologies.

IEC Class IE1 IE2 IE3 IE4
Motor Technology SCIM SCIM SCIM LSPM
Motor Price with 40% Discount (EUR) . 328 378 764
Price Difference Compared to IE2 SCIM (EUR) . . 50 386
Motor Efficiency (%) 87.0 89.0 91.5 93.5
Consumption by Replacing IE2-Class Motor (kWh/year) 51,983 50,815 49,426 48,629
Energy Savings by Replacing IE2-Class Motor (kWh/year) —1168 0 1388 2186
Energy Savings by Replacing IE2-Class Motor (EUR/year) —81.8 0 97.2 153.0
Simple Payback Time (year) .. . 0.5 2.8

While the initial cost of an IE4-class LSPMSM (EUR 764) is significantly higher than that
of an IE2-class SCIM (EUR 328), the superior efficiency of the LSPMSM (93.5% vs. 89.0%)
translates into notable energy savings. Specifically, the LSPMSM saves approximately EUR
153 per year in electricity costs compared to the IE2 motor. The simple payback period can
be calculated as follows:

Extra Initial Cost
Annual Energy Savings

Payback Period (years) = (18)

Although the IE3-class SCIM offers a shorter payback period of 0.5 years, it delivers
lower annual savings (EUR 97.2) and reduced long-term efficiency gains.

In continuous-duty applications, such as pumps, fans, and compressors, the cumu-
lative savings achieved with LSPMSMs over the motor’s lifespan are substantial. These
benefits extend beyond reduced electricity consumption to include decreased lifecycle
energy usage and lower carbon emissions, aligning with current regulatory requirements
and sustainability objectives.

A study by Kazakbaev et al. [59] further reinforces the economic case by accounting
for cable losses in lifecycle assessments. In a 4 kW pump application, the total energy
cost savings over the motor’s lifetime increased from EUR 2626 to EUR 4020 when cable
losses were included. This highlights the importance of evaluating system-level energy
performance, not just motor efficiency in isolation.

Additional system-level benefits further enhance the economic appeal of LSPMSMs.
Their lower current demand permits the use of smaller-rated transformers and Variable
Frequency Drives (VFDs), thereby reducing infrastructure and installation costs. Moreover,
the reduced operating temperatures of LSPMSMs contribute to the extended lifespan
of critical components, such as windings, insulation, and bearings, ultimately lowering
maintenance requirements and improving overall system reliability [5].

Beyond the motor itself, the deployment of LSPMSMs can enhance overall system
performance. In applications such as pumping systems, their synchronous operation
often leads to increased flow output compared to induction motors due to the elimination
of slip and operation at synchronous speed. This improved performance is especially
beneficial when higher flow is needed. In retrofit cases where the original flow rate must be
maintained, minor adjustments such as resizing the impeller can help fine-tune the system.
This ensures the energy-saving potential of LSPMSMs is fully utilized while meeting the
specific demands of the application.

When integrated with VFDs, LSPMSMs offer additional flexibility by supporting
high-inertia loads that may exceed the limitations of Direct-On-Line (DOL) startup. The
embedded squirrel cage enables reliable operation under scalar control (V/f) without
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requiring position feedback, making LSPMSMs suitable for variable-speed applications.
For instance, a 75 HP LSPMSM operating under variable-speed conditions was shown
to achieve annual energy savings exceeding USD 2200 under typical industrial operating
profiles [5].

Despite their higher initial cost, LSPMSMs offer a robust return on investment through
substantial energy savings, lower operating costs, and enhanced system reliability. Their
compatibility with evolving energy regulations, combined with superior performance
under both fixed- and variable-speed applications, makes them a viable and economically
efficient solution for modern industrial systems.

6. Conclusions

This review has explored the performance characteristics, historical evolution, and
design innovations of Line-Start Permanent Magnet Synchronous Motors (LSPMSMs),
emphasizing their growing potential as energy-efficient replacements for conventional in-
duction motors in fixed-speed industrial applications. By combining Direct-On-Line (DOL)
starting capability with permanent magnet excitation, LSPMSMs offer a compelling blend
of simplicity, high efficiency, and operational reliability—qualities that are increasingly
important in the context of global energy conservation and climate goals.

Despite these advantages, LSPMSMs still face practical challenges related to syn-
chronization under high-inertia loads, starting current compliance, and manufacturability.
While improvements in rotor topology, cage resistance, and magnet configuration have
yielded notable gains, no universally viable design has yet emerged that satisfies the same
industrial constraints as induction motors.

To become a practical drop-in replacement, LSPMSMs must synchronize under stan-
dardized starting current limits, support comparable critical load inertia, and achieve
IE5-class efficiency within the same frame size. Achieving this requires integrated design
approaches that simultaneously address electromagnetic performance, thermal behavior,
mechanical robustness, and, where necessary, the use of a drive.

LSPMSMs remain a promising yet evolving motor technology. The research com-
munity is still seeking a practical and easily manufacturable solution to these challenges,
which have persisted for over 70 years.
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