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ABSTRACT The paper presents the Line Start Synchronous Reluctance Motor (LSSynRM) technology as
a promising avenue to bring IE3 motor portfolios to the IE4 efficiency class at contained manufacturing
costs. Indeed, the achieving of IE4 efficiency class is concerning many motor manufacturers, where the
small-medium manufacturers seem to face the higher efforts in converting their product portfolio. To this
extent, a methodology to improve the IE3 Induction Motor (IM) efficiency by introducing the Line Start
Synchronous Reluctance motor technology in the IM motor is presented. The new motor design guidelines
and constraints are figured out to reduce the impact on the manufacturing process. The paper presents a
detailed experimental validation of the realized prototype in steady-state and transient operation referring
to a target IE3 IM. The prototype proved to be a cost-effective, mass production-ready solution for super-
premium efficiency IE4 motors. The LSSynRM technology demonstrated to be an effective high-efficiency
avenue at reduced manufacturing costs in a broad panorama of low-inertia industrial applications.

INDEX TERMS Breakdown torque, comparison, critical inertia, direct-on-line, geared motor, IE4 efficiency

class, induction motor, line-start, pull-in torque, starting transient, synchronous reluctance motor.

I. INTRODUCTION

The worldwide growing demand for energy, and the problems
of scarcity of sustainable sources, stimulated in the indus-
try of electric motors international directives for the introduc-
tion of Minimum Efficiency Performance Standards (MEPS)
and the related efficiency class IEl (Standard- Effi-
ciency), IE2 (High-Efficiency), IE3 (Premium-Efficiency),
IE4 (Super Premium-Efficiency) [1], [2].

The MEPS mainly impact the Induction Motors (IMs) mar-
ket, the widely used machine in industrial fixed speed appli-
cations. IM designers are pushing the technology towards its
boundaries to comply with MEPS, increasing the cost of the
motors by adopting higher quantity and quality of the active
materials or by introducing new manufacturing processes [3].
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Costs are the main barrier that prevents the diffusion of
IE4 motors; therefore, while policymakers register the low
market share of IE3 solutions, manufacturers are concerned
about which could be a cost-effective avenue to comply with
the highest efficiency classes (IE4 and IES) [3], [4].

Engaged by this context, designers are proposing, as a
potential turnaround, a shift from the consolidated IM tech-
nology toward more efficient synchronous motor technolo-
gies with line-starting capabilities (direct-on-line starting
motors) [4], [5], [6].

Recently, the Line-start Synchronous Reluctance Motor
(LSSynRM) technology [7], [8] seems promising since it
potentially exhibits high efficiency. Moreover, starting capa-
bilities and power factor are being improved to adequate
levels [9], [10], [11], [12], [13], [14], mitigating losses in
cables and transformers.

Nevertheless, the required investments for the conversion
of IMs manufacturing process and tooling seem still out
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of the possibilities of many Small Medium Manufacturers
(SMMs).

This paper presents how the LSSynRM is not only viable
technology for high-efficiency motors, but it can be designed
to be manufactured by using the same materials and most of
the existing manufacturing processes adopted for an IE3 IM,
allowing SMMs to offer an IE4 motor portfolio with reduced
investments.

The paper starts by discussing the motivation, the
advantages, and the drawbacks concerning the poten-
tial introduction of LSSynRM as a reference technology
for high-efficiency motors in constant speed applications
(Section II).

Section III recalls the operating principles at the base of
the LSSynRM and reports the design guidelines and techni-
cal considerations. Then, the potentialities of the proposed
technology are discussed in section IV based on specific tests
carried out on the prototype.

Steady-state and dynamic experimental tests validate the
LSSynRM acceptable capabilities compared with the ref-
erence IE3 IM and manufactured with the same tools and
materials.

Il. HIGH-EFFICIENCY MOTORS: CONSIDERATIONS ON
MANUFACTURING COST

The release on the market of a new motor portfolio involves
several activities concerning the manufacturing process. The
main motor manufacturing aspects are resumed in the follow-
ing macro-areas:

- Raw material supply chain (electrical steel, enameled
copper wires, rotor bars alloy, PM);

- Parts supply-chain: (shaft, bearings, housings, fans);

- Production and assembly: (lines and tooling, punches
and die-cast molds);

- Validation and qualification: (new materials, parts,
tools, and processes).

New product development represents a considerable effort
for SMMs, especially in those cases where field tests
support the product validation, eventually in cooperation
with customers, or where the manufacturing process and
the supply chain are certified for special applications,
special environmental regulations, or specific customer
needs.

Therefore, the first envisioned action to make the product
portfolio compliant with the MEPS was the increase in the
quantity and quality of active materials, causing an increase
in the volume, weight, and cost of the electric motors. The
efficiency was increased, but other performances of the IMs
were degraded (e.g., reduced power factor and higher starting
current) [15].

Hence, replacing the aluminum rotor with a copper
rotor was also investigated to reduce cage losses in IMs.
Still, the complex die-cast process and the material cost
were evaluated as not affordable by a large part of the
manufacturers [16].
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Moreover, different no-tooling cost techniques to achieve
MEPS are still investigated, but they seem limited in improv-
ing the IM efficiency at acceptable costs [17], [18].

Meanwhile, VSDs are being successfully adopted when
more energy-efficient operations are achievable through vari-
able speed operations. Nevertheless, in many fixed-speed
(and load) applications, they are still undesired due to higher
purchasing, commissioning, and maintenance costs more
than the losses they introduce [19].

Recently, the Line-Start Synchronous Motor technology
has been investigated due to its promising performance in
terms of efficiency. Indeed, the operation at synchronous
speed theoretically avoids slip losses in the cage, which
usually represents about 20-30% of the overall loss of
IMs [20].

Therefore, motor designers are proposing solutions based
on PM or reluctance synchronous motor technology com-
bined with a squirrel cage for the line starting capabilities,
namely Line Start Permanent Magnet Synchronous Machines
(LSPMMs) [21], [22], [23], [24] or Line-start Synchronous
Reluctance Machines (LSSynRM) [7] [9], [10], [11], [12],
[13], [14], [25], [26].

However, Line Start Synchronous motor is a new motor
technology that implies a deep review of the manufacturing
process and may expose SMMs to high investments.

Hence, to clarify the relationship between design upgrade,
efficiency enhancement, and impact on materials and pro-
cesses, the authors outlined Table 1, where the main design
upgrades in terms of efficiency enhancement are reported
along with the expected effects on material costs and man-
ufacturing process.

While the impact on the manufacturing process of a
motor design upgrade and the related efficiency enhance-
ment needs to be accurately evaluated case by case, from
the considerations reported in Table 1, it seems clear
that each specific design upgrade is accounted to give
low to medium benefits on motor efficiency. In contrast,
it could highly impact the cost structure of the SMM.
The exceptions are the design upgrades at the rotor level
only if the rotor diameter and the die-cast process are not
affected.

SPMMs or LSSynRM become suitable technology if
achievable by the only rotor upgrade, with preference to the
LSSynRM, which avoids PM costs and related supply chain
and insertion process.

The possibility to convert an IE3 IM into an IE4 LSSynRM
with low tooling cost, hence by upgrading mainly the rotor
geometry, is investigated in this paper. A reference IE3 IM
motor has been selected in cooperation with an SMM. The
machine sizes and materials have been imposed as design
constraints to reduce as much as possible the updates in the
manufacturing process; Table 2 reports the main data of the
reference IM designed for gear motor application but not
limited to it.

About the bill of material, the M470-50A electrical steel of
the IM is still adopted, along with the same copper wire and
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TABLE 1. IM design upgrade: impact on efficiency, materials, and
manufacturing process.

IE3 IM Design Impact on Impact on Impact on

Upgrade Efficiency Material costs Manufacturing Process
New Stator Minor to medium
windings Low Low -winding machine tuning
layout or machine replacement
Minor
New wire size  Low Low -winding machine tuning
-supply chain and quality
assessment
New Stator Medium
Low None
geometry -new punch needed
High
New St.ator Medium Low - medium -new punch needed
outer diameter .
-new housing needed
New Stack Low to Low to iH.l h -
. . -(if new housing is
length medium medium
needed)
Minor to medium
New Rotor Medium None -new punch is needed,
geometry -Die-cast process to be
assessed
Medium
. - Cost of the magnets
Adoption of . . . >
PM in the rotor Medium High - dedl.cated supply chain,
- quality assessment,
- insertion process
Minor
New Low Low -new die-cast mold,
End-rings -die-cast process to be
assessed
New rotor outer Very high
Diameter Medium Low -New rotor punch needed
(same stator -New stator punch needed
outer diameter) -New die-casting tools
Low to medium
New low losses . .
. Low Medium -new supply chain and
electrical steel .
quality assessment
Low
New bearings  Low Low -supply chain and quality
assessment
Low
New fan Low Low -supply chain and quality
assessment

the aluminum alloy for the die-cast rotor cage, the shaft, the
bearings, the fan, and the housing.

ill. IM TO LSSynRM CONVERSION: DESIGN NOTES OF
THE ROTOR GEOMETRY

In detail, the LSSynRM can be thought of as a hybrid between
an IM and a Synchronous Reluctance Motor (SynRelM) [8];
the squirrel cage is embedded inside the rotor core, and it has
the only purpose of starting the motor, bringing it to work at
synchronous speed.

At synchronous speed, the effect of the rotor squirrel cage
is neglectable, and the rotor operates as in a SynRelM, achiev-
ing high efficiency as the cage losses are also neglectable.
Since the cage slightly affects the SynRelM operations, the
embedding of the rotor bars within the flux barriers is a
consolidated design technique for LSSynRM [27]. A general
layout of the LSSynRM rotor is detailed in Fig. 1, where some
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TABLE 2. Reference IE3 IM motor data.

Rated power kW 4
Line voltage \Y 400
Frequency 50 50
Rated speed Rpm 1450
Rated torque Nm 25.5
Efficiency class 1E3
Rated efficiency % 88.8
Frame size IEC 112
Number of stator slots 48
Max. stack length mm 180
Electrical steel M470-50A
Rotor cage die-cast Al
Stator outer diameter mm 170
Stator inner diameter mm 103
Airgap mm 0.30
Slot fill factor 0.43
Motor weight (active parts) Kg 30.1

flux barriers host a cage slot, obtained by designing an inner
rib in the barrier.

Based on these concepts, the torque characteristic of the
LSSynRM has been idealized, as shown in Fig. 2 [8]. The
mechanical characteristics of the IM and SynRelM mesh
through the so-called “pull-in” torque, ideally identifying
the torque component that literally pulls the rotor from the
asynchronous characteristics to the synchronous one. The
starting torque, the pull-up torque, and the maximum torque
have the same meaning as in a conventional IM. In contrast,
the breakdown torque is the maximum torque the machine
exhibit at synchronous operation [5].

To develop low tooling cost alternative to the target IM,
its main torque components related to the start-up perfor-
mance (i.e., starting torque, pull-up torque, maximum torque)
become targets for the LSSynRM design steps. A rule of
thumb about the breakdown torque at synchronous operation
is to select the double of the IM rated torque as a target value.
This condition assures an effective synchronous operation in
case of spikes in the load torque and gives advantages in the
pull-in step.

Outer Rib

. @ @
‘\

X Inner Rib

Cage slot Rotor bar

Flux barrier

FIGURE 1. Sketch of the LSSynRM rotor geometry in a four poles motor,
three flux barriers, and symmetric cage.

The term pull-in torque ideally identifies the torque that
pulls the motor out of the asynchronous operating mode
into the synchronous operating mode. It is difficult to be
computed as it depends on the cage and reluctance torque
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FIGURE 2. Average torque vs. speed characteristic of an LSSynRM.

contributions, and it is of minor relevance in evaluating the
starting performance. Conversely, it is meaningful to consider
the energy provided during the pull-in step and converted into
kinetic energy, so the design constraints on the critical inertia
become explicit [28], [29].

Exceeding the critical inertia has the result that the kinetic
energy acquired by the rotor during start-up is not enough
to sustain the “jump” at synchronous speed properly. For
this reason, it is mandatory to ensure that the rotor has a
reasonable acceleration during the starting transient: this can
be achieved mainly by an improvement of the asynchronous
characteristics.

To simplify the preliminary design of the rotor geometry,
two main steps are envisioned: the design of the reluctance
rotor and the design of the embedded squirrel cage. Indeed,
reluctance contribution is relevant at the synchronous speed
where the effect of the rotor squirrel cage is neglectable.
Conversely, the squirrel cage works in starting operations
where the reluctance contribution provides torque pulses.

The design of the rotor geometry for synchronous opera-
tions can be carried out in accordance with the best-practice
design rules and procedures of SynRelM, particularly those
related to the containment of the torque ripple [30], [31], [32].
Electrical steel, stack length shaft diameter, and outer rotor
diameters are the same as the IM to pursue the low tooling
cost approach. The number of slots of the available stator
(48 slots) and the rotor diameter suggest the adoption of four
flux barriers in the rotor core.

Nevertheless, the presence of the cage slots in the flux
barriers introduces additional constraints in the barrier width
to allow an effective die casting process. In the low tooling
cost approach, the minimum width of the flux barrier should
be selected according to the old IM bars’ width not to affect
the die-casting process. This choice allows for minimizing the
assessment of the die-casting for the new rotor. Larger bars
are not a concern from the die-casting point of view, giving
the designer some flexibility.

Moreover, the introduction of the cage slot in the flux
barriers suggests the adoption of a rectangular barrier shape
among the most used ones (rectangular, circular, Fluid
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Shape-Joukowski [8]). Indeed, rectangular barriers have a
more regular shape close to the region of the cage slot, with
a quasi-radial layout allowing for a better fitting of the rotor
slots in the case of rectangular bars.

With the above considerations, the flux barriers can be
shaped and optimized while performance at synchronous
speed is evaluated. The optimized flux barriers of the LSSyn-
RelM are shown in Fig. 3, where a symmetrical cage with
round bars is envisioned at this step [33].

To improve the design of the rotor squirrel cage, the fol-
lowing consideration can be outlined:

- the end-rings should be the same as the IM to lower

tooling costs.

- the rotor bars are constrained within the optimized
flux barriers; (thickness of the flux barriers design has
been already constrained to allow for die-casting of
the rotor bars).

- deep rectangular bars are preferred to enhance the
starting torque and increase the gradient of the asyn-
chronous mechanical characteristics in the pull-in
region. High-gradient asynchronous torque charac-
teristics in the pull-in region facilitate the pull-in by
bringing the rotor closer to the synchronous speed
[34], [35].

- Moving the inner ribs far from the tangential ribs
leads to improved reluctance performance.

The introduction of deep rectangular bars within the opti-
mized flux barrier leads to an asymmetric rotor cage due to
the non-radial layout of the rectangular flux barriers (Fig. 4).
Moreover, the bars located in the fourth flux barrier are too
close to be realized in a proper rectangular shape; hence,
a potential simplification of the layout by adopting a unique
single bar is proposed, as shown in Fig. 5. Thus, the fourth
flux barrier is reshaped in a trapezoid to obtain a larger
trapezoid bar slot. This tip widens the bar section in the region
of the fourth flux barrier and reduces the equivalent resistance
of the cage, directly increasing the gradient of the torque
characteristics in the pull-in region.

FIGURE 3. Proposed LSSynRM rotor: sketch featuring four rectangular
flux barriers and symmetric rotor cage based on 36 round rotor slots.

The proper sizing of the trapezoid slot is relevant in
achieving good starting performance and high-efficiency
steady-state operations. Therefore, strong efforts have been
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FIGURE 4. Proposed LSSynRM rotor: sketch of the rotor with elongated
rotor bars in an asymmetric cage layout.

trapezoid
bar slot

FIGURE 5. Proposed LSSynRM rotor: preliminary design of the asymmetric
cage featuring rectangular bars and trapezoid bar in the fourth barrier.

dedicated to refining the trapezoid slot by properly size the
height and width of the trapezoid bars. Furthermore, the size
of the other rectangular bars, and the positioning of the inner
ribs have been also refined with respect to the preliminary
design.

Detailed investigations on the effects of the torque oscilla-
tions at start-up or in steady-state operation have been taken
into account in the refining steps [38], [39]; where sensitivity
analysis and robust design procedures are suggested to reduce
performance variation in series production [40].

The detailed discussion of the refinement and optimization
steps is not the paper’s purpose, in large part a restricted topic
due to IP protection. Nevertheless, the performances of the
prototyped motor are extensively discussed in comparison
with the reference IE3 IM to demonstrate not only the effec-
tiveness of the proposed design but mainly to demonstrate
the validity of the LSSynRM technology in high-efficiency
fixed-speed applications.

The refinement and optimization steps result in the rotor
for the 4 kW, 4-pole, 400 V, 50 Hz, frame size IEC 112
LSSynRM.

The motor is required to fall into the IE4 efficiency class
according to [1]. This implies an efficiency of at least 91.1%
(at 50 Hz) without tolerances. The motor is meant to replace
the IE3 class IM (efficiency > 88.6 %), achieving a higher
efficiency class by applying the proposed low tooling costs
approach.
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TABLE 3. Main data of the LSSynRM final design.

Quantity Unit value
Rated power kW 4

Line voltage and frequency V,Hz 400, 50
Rated speed rpm 1500
Rated torque Nm 25.5
Efficiency class 1E4
Rated efficiency % 91.1
Critica Inertia vs. rotor inertia ratio >10
Frame size IEC 112
Rotor cage die-cast Al
Stator outer and inner diameter mm 170, 103
Stack length mm 160
Airgap mm 0.30
Number of flux barriers per pole 4

Rotor skew One slot pitch
Rotor inertia kgm? 105x10*
Slot fill factor 0.43
Squirrel cage weight kg 0.93
Total rotor weight (shaft not included) kg 9.2

Total motor weight (active parts) kg 26.4
Power vs. weight increase * 14%
Torque vs. volume increase * 13.5%

* only active parts, reference: target IM

The main data of the final design are reported in Table 3,
while the picture of the manufactured rotor core is presented
in Fig. 6. The end-ring shape appears the same as the IM one
due to the use of the same die-casting mold (end-ring fins are
not shown to protect manufacturer IP).

IV. LSSynRM: EXPERIMENTAL PERFORMANCE
An extensive test campaign has been carried out on the
prototype; the related results are discussed in this session to
demonstrate the effectiveness of the proposed technology.
The presented experimental results aim to analyze four
main aspects: the steady-state performance, the torque char-
acteristics, the pull-in performance, and the machine behavior
in the starting transient.

A. STEADY-STATE PERFORMANCE

The steady-state performance aims to mainly demonstrate the
efficiency of the prototype at steady-state operation under
different loads.

Fig. 7 shows the experimental efficiency curves at different
load torques for the IM and the LSSynRM (at 400 V, 50 Hz).

The computation of the loss components has been per-
formed according to Standard IEC 60034-2-1.

The performance of the prototype successfully demon-
strates that the LSSynRM efficiency is higher than the limit
value for the IE4 class (91.1%): this means that a further
material reduction would also be possible.

Moreover, the efficiency of the LSSynRM presents a wide
high-efficiency performance varying the load, higher than
90% between the 50% and 150% of the rated load torque.

Adopting the LSSynRM rotor technology reduces the total
losses by 27% of the target IM, leading to a steady-state
winding temperature rise reduction of about 20 °C. The losses
are detailed in Table 4.
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FIGURE 6. View of the rotor of the LSSynRM prototype (end-ring fins
removed for confidentiality issues).

The LSSynRM Joule losses in the stator winding are higher
because of the higher current and the considerable magnetiz-
ing component.

The core losses are lower concerning the IM (—14%),
mainly due to the smaller volume of the stator core and the
operation at synchronous speed.

The stray-load losses are 28% higher than the ones in
the IM. This result can be explained considering that in the
LSSynRM, the losses in the cage at steady-state are not
null, as the theory would suggest [41]. It can be proved
that also at synchronous speed, the cage has eddy currents
whose contribution is not effective on the torque performance
itself; nonetheless, their presence introduces some additional
losses.

The friction and windage (F&W) losses were evaluated at
no-load by the indirect method, and the bearings, the fan, and
speed are substantially the same in the two cases; then, the
amount of such losses is equivalent.

94
% J S S S (-
92
I R oo
90 .

88 B
87 . -

86 7 ~—[SSynRM 4= IM

Sy¢y—r— 1 | - E3 ---TE4
84 | -

83
82

Efficiency (%)

25 50 75 100 125 150
Load torque (%)

FIGURE 7. Experimental efficiency vs. load torque at 400 V/50 Hz.

The LSSynRM prototype is affected by a weak power
factor, reflecting this technology’s main drawback, needing
further investigations and research.
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TABLE 4. Comparison between the IM and the LSSynRM steady-state
performance @ 400 V/50 Hz.

unit M LSSynRM
Exp Exp Sim
Line voltage A% 400
Frequency Hz 50
Rated power kW 4
Stack length mm 180 160 160
Rated torque 7, Nm 26.4 25.5 25.5
Speed rpm 1446 1500 1500
Slip 0.036 0 0
Rated current 7, A 7.89 8.69 8.48
Efficiency % 88.8 91.6 914
Total losses w 503 368 379
Joule Losses \% 186 217 209
Cage losses w 151 - -
Core losses w 125 107 118
Stray-load
Y 29 37 42
losses
F&W losses w 12 7 10
Stator temp. rise °C 52 33 44
Power Factor 0.82 0.72 0.76

*Experimental (Exp); Simulation (Sim)

TABLE 5. Experimental locked rotor performance of the IM and the
LSSynRM @ 400 V/50 Hz.

unit IM LSSynRM
Experimental ~ Experimental

Line voltage \% 400

Frequency Hz 50

Locked rotor torque 7z Nm 97 109
T/ T, 3.7 43
Locked rotor current /; A 67.2 63.7
I/ 1, 8.5 7.3

B. TORQUE CHARACTERISTICS

Table 5 shows the experimental results of the locked rotor test
at 400 V, 50 Hz, and the comparison with the performance of
the IE3 class IM.

Since the temperature of the machine affects the locked
rotor test, it was performed on the LSSynRM at a tempera-
ture close to that of the steady-state (or rather with a stator
winding temperature rise of 52 C° and 33 C° for the IM
and LSSynRM, respectively). Since the LSSynRM has an
asymmetrical cage, the locked rotor torque depends on the
rotor position. Thus, the test was repeated several times at
different rotor positions, monitoring and keeping constant
the temperature during the execution of the various tests.
A difference of about 20 Nm was found between the best
and the worst result: the value reported in Table 5 refers to
the latter. Nonetheless, despite the lower operational temper-
ature, the LSSynRM locked rotor torque is better than the IM
one (+12%), with a lower current (—5%).

Table 6 shows the experimental results of the breakdown
test. It was performed at the steady-state temperature, gradu-
ally increasing the load torque applied to the motor until the
loss of synchronism. The prototype is able to maintain the
synchronous speed up to twice the rated torque.
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TABLE 6. Experimental breakdown performance of the LSSynRM @
400 V/50 Hz.

Quantity Unit Value

Line voltage \% 400
Frequency Hz 50
Breakdown torque 7sp Nm 50.5
T/ T, - 1.98
Breakdown current /p A 22.1
Ipp/ 1, - 2.5

Figure 8 shows the average torque vs. slip characteristics of
the IM and the LSSynRM, where the pull-in torque trajectory
is reported in the dotted line. The curves were reconstructed
according to the results of the previous tests and the controlled
braking deceleration test.

The maximum torque of the LSSynRM is very close to the
locked rotor torque, and it corresponds to a slip of about 0.7,
which is higher than that of the IM (0.37); moreover, the sag
of the pull-up torque seems not to be present.
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FIGURE 8. Reconstructed torque vs. slip characteristics of the LSSynRM
and the IM, according to the results of the experimental tests.

C. PULL-IN PERFORMANCE

As discussed in Section III, the machine’s starting perfor-
mance is affected by different aspects. The effects on the
starting capability of the load torque, inertia, and motor tem-
perature have been experimentally investigated; the results
are discussed in the followings.

The requirement for the design of the LSSynRM in terms
of the pull-in capability was to start a load with ten times
the rotor’s own inertia (105 x 10~% kgm?) at steady-state
temperature and constant load torque equal to the rated one
(25.5 Nm).

For this test, a certain number of flywheels were mounted
on a dedicated test bench (Fig. 9). In this way, it was pos-
sible to study the behaviour of the LSSynRM with different
combinations of load torque and inertia.

A high-dynamics test bench based on a PM brushless
e-drive was used as a load. It was tuned to achieve a constant
braking torque: the delay in reaching the reference torque was

100100

PM motor

Flywheels

\

LS SynRM Prototype

FIGURE 9. Test bench for the evaluation of the pull-in performance.
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FIGURE 10. Pull-in performance: experimental load torque vs. load
inertia and rotor inertia ratio: comparison at room and steady-state
temperature, rotor inertia 105 x 10~4 kgm?2.

less than 10 ms, which can be considered negligible since
the overall starting transient is about 0.5s when the machine
operates at full load.

The pull-in capability has been validated by two different
series of tests. The first series was carried out by maintaining
the motor at room temperature (about 20 °C) with a very
slow test cycle; the second series was carried out with the
prototype pre-heated at the steady-state temperature before
each test. Housing temperature and winding resistance were
monitored during the tests to maintain as much as possible
the same machine temperature in each test series.
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FIGURE 13. Starting transient: phase current of the LSSynRM (blue) and
the one of the IM (dashed orange).

Figure 10 shows the pull-in capability in terms of load
torque (as a percent of the rated one) vs. the load inertia—rotor
inertia ratio at room and steady-state temperature.

The test outcome is positive, showing that the LSSynRM
prototype can successfully start a load of almost 11 times the
rotor inertia at steady-state temperature when the rated torque
is applied. It is worth underlining the effect of temperature in
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terms of pull-in capability reduction; it is about —20% at rated
load torque.

Furthermore, details of the starting operation are reported
in Figures 11 to 12. Figure 11 reports the LSSynRM speed
during the starting operation up to the pull-in at the syn-
chronous speed. Figure 12 shows the related measured
torque; torque pulses affect the motor dynamics and are
visible in the speed transients. Nevertheless, excluding the
first peak, the torque pulses are equivalent to the IM ones,
recorded in the same starting conditions and superimposed in
the figure for comparison.

Figure 12 shows the experimental trends of the phase
current during the starting transient for the LSSynRM and
IM, respectively; the amplitude of the starting current of the
LSSynRM is initially slightly higher while decreases with a
quicker transient down to the steady-state level.

V. CONCLUSION

The paper presents design hints, challenges, and opportunities
of the line-start synchronous reluctance motor as a high-
efficiency alternative to the traditional IM at reduced manu-
facturing costs. The discussion is supported by experimental
investigations on an LSSynRM prototype properly designed
to replace a commercial 4 kW, 4-pole, 400 V, 50 Hz, IE3
induction motor.

The main result achieved with the proposed LSSynRM
is higher efficiency than the commercial IM with reduced
modifications to the manufacturing process; the prototype is
manufactured with the same tooling, components, and active
materials and can fall entirely into the IE4 efficiency class.

Despite the concerns related to the poor starting perfor-
mance and the limited pull-in capabilities of the LSSynRM,
the tests on the prototype demonstrate that a globally accept-
able behavior of the LSSynRM is reachable by proper design.
Thus, specific tests concerning the locked rotor torque, the
pull-in performance, and the starting transient demonstrate
that the LSSynRM can start similar loads of the IM in terms
of torque, while applications where the inertia is higher than
10 times the rotor one must be specifically investigated.

The main drawback of this technology seems to be the
poor power factor, of minor concern in industrial applications
where proper correction systems are often used.

The developed LSSynRM prototype proved a cost-
effective, mass production-ready solution for super-premium
efficiency IE4 motors. Thanks to its overall performance,
LSSynRM can effectively replace the conventional IE3 class
IM of the same size in low-inertia applications, i.e. gear
motors, belt-driven fans, centrifugal pumps, and centrifugal
Compressors

In conclusion, LSSynRM is a promising alternative to the
IM in a vast panorama of fixed-speed low-inertia industrial
applications demanding high efficiency.

Future research will investigate the starting performance in
specific medium to high inertia applications where the load
torque is not constant.
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