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ABSTRACT Line-start synchronous reluctance motors (LSSynRM) combine the high efficiency of syn-
chronous reluctance Motors (SynRM) with the self-starting capability of induction motors. They operate
at synchronous speed in steady state and produce minor rotor losses, thereby providing higher efficiency
than induction motors and a higher power density. Despite the simple structure of LSSynRM, its analysis,
modeling, and optimal design pose several challenges. In particular, design trends aiming at higher starting
capabilities and improved steady-state operation pose significant hurdles. In this study, three synchronous
reluctance motors with line-start capability are designed to achieve maximum efficiency at steady-state
operation with the optimum amount of copper for starting. The induction cage is constructed using
rectangular bars installed in flux barriers to minimize the changes in performance under the steady-state
condition. Although different rotor shapes offer similar steady-state performance, they achieve synchronism
using different cage bar widths. The rotor with the lowest copper weight is selected for manufacturing. The
prototype is constructed based on the optimal design. The experimental results are in good agreement with
the simulation results.

INDEX TERMS Induction cage, line-start synchronous reluctance motor, rectangular bar, synchronization.

NOMENCLATURE
Lsd d-axis inductance.
Lsq q-axis inductance.
p Pole pairs.
δi Current angle relative to q-axis.
I Stator current.
Xd d-axis reactance.
Xq q-axis reactance.
Rs Stator phase resistance.
δv Voltage angle relative to q-axis.
V Voltage.
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approving it for publication was Pinjia Zhang .

s Slip.
ω Synchronous angular speed.
γ Phase of the pulsating torque components.
Vs Stator Voltage.
Rrd Rotor d-axis resistance.
Rrq Rotor q-axis resistance.
Lmd d-axis magnetization inductance.
Lmq q-axis magnetization inductance.
ωr Rotor angular speed.
Wqi ith flux barrier width along q-axis.
Wdi ith flux barrier width along d-axis.
1αi ith flux barrier angle along q-axis.
nr Number of rotor virtual slots per pole pairs.
ns Number of stator slots per pole pairs.
Kinsq Insulation ratio along q-axis.
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I. INTRODUCTION
Line-start synchronous reluctance motor (LSSynRM) is a
hybrid fusion of a synchronous reluctance motor (SynRM)
and an induction motor (IM). The direct-on-line SynRM
(DOLSynRM) [1] and Synduction motor [2] are alternate
names used in the literature for this machine. Achieving a
satisfactory performance during startup and steady state is
the main objective in the design of LSSynRM. Notably, there
are commercially available LSSynRMs in the market, such
as Motovario self-starting synchronous reluctance motors.
Understandably, their applications are limited due to their low
moment of inertia of the load.

It is also important to note that although the power factor of
the LSSynRM is lower than that of inductionmotor, its higher
efficiency more than compensates for the additional losses
in the cabling and in line transformers. Interested readers are
referred to [2] and [5] where a detailed comparison of the two
motors is presented.

Although LSSynRMs have a lower power factor compared
to IMs, their efficiency is higher. The parameter (1/(PF∗η))
which is relative to the input current is less for the LSSynRM,
so the supply cable loss is lower in the case of LSSynRM.
In the case of large motors, the low power factor can be
compensated by installing capacitor banks to reduce power
loss in the supply cable.

The design methods of LSSynRM are divided into two
main categories where emphasis is placed on induction
rotor [3], [4] or on the reluctance rotor [5], [6].

The initial LSSynRM designs include an induction-type
rotor with embedded flux barriers (FB)s [7]. This configu-
ration offers a good starting characteristic but suffers from
low efficiency when compared to IM. An alternate design
approach that covers the majority of line-start permanent
magnet motor (LSPM) designs [8], [9] is applied to design
of LSSynRM in [3] and [4]. Due to the presence of a
permanent magnet in LSPM, its efficiency is higher than
the IM. However, the efficiency of the LSSynRM that is
designed through this method is not comparable to that of
an IM because the optimal rotor composition for working
in synchronous mode has not been achieved. The rotor slots
introduce predetermined constraints for the reluctance rotor
design. This, in turn, forms the main drawback of the induc-
tion rotor-based designs. The FBs are usually installed along
the rotor slots to preserve d-axis flux.
Starting with a reluctance rotor as the base design, there

will be no constraint due to the induction cage on the syn-
chronous torque; consequently, the maximum saliency ratio
is obtained in the steady state. In this approach, the design
of the reluctance rotor imposes constraints on the cage loca-
tion. Since the induction cage should not be installed on
the flux path to prevent d-axis flux reduction; inserting the
cage within the FBs becomes inevitable. However, limited
induction cage location reduces the ability of the motor to
start.

The LSSynRM reluctance rotor-based designs usually
follow an optimal reluctance rotor pattern [10], [11]. If by

installing the induction cage inside the FBs, the motor does
not reach synchronism in the remaining space of the rotor
iron, the induction cage will expand [12], thereby leading to
a decrease in motor efficiency caused by the change in the
optimal FBs’ state [12].

In a previous work reported in [13] it is shown that the
optimization problem of SynRM Rotor is a multimodal func-
tion, meaning that with different positioning of the FBs,
one can obtain desirable performance for average torque
and torque ripple. This paper seeks to use this concept for
combined improvement of starting torque and high efficiency
during steady state operation of LSSynRM. In this paper, the
LSSynRM design is approached using the reluctance rotor-
based technique. Furthermore, three various structures based
on the order of thickness in flux barriers are selected as base
design for LSSynRM. Following these selections, an ade-
quate induction cage is designed for each variant. Rectangular
bars are used in the design of the induction cage, and the
synchronous reluctance rotor is designed to allow bars of the
same width to be installed in the FBs thereby minimizing
the change in the shape of the reference reluctance rotors.
Consequently, the starting, and steady-state performances of
the optimal motors are compared, and the best variant is
selected.

II. LSSYNRM ANALYSIS
Analysis of LSSynRM performance is performed under
steady-state and transient modes of operation as shown in
Fig. 1. Under the steady state mode, a model that is excited
using current sources is considered. Optimization is targeted
towards maximizing the torque (efficiency) and minimiz-
ing the torque ripple while discarding the induction cage
under steady state condition. In the transient mode, a voltage
sourcemodel is applied to evaluate themotor synchronization
capability by including the induction cage, inertia, and load
torque. Although a steady-state performance becomes avail-
able at the end of this transient mode, a higher computational
time would be required. In the following, the steady-state
and transient operation of the LSSynRM [5], [12] are
reviewed:

FIGURE 1. Steady-state and transient mode analysis of LSSynRM.

A. STEADY-STATE MODE OF OPERATION
The induction cage does not carry any current at syn-
chronous speed. Therefore, the induction cage is removed at
steady state mode, thereby reducing LSSynRM to a SynRM.

74 VOLUME 12, 2024



M. Farhadian et al.: Alternate Rotor Design for LSSynRM With Minimum Use of Copper

The average torque of a SynRM is given by (1) [5]:

Tem=
3
4
p(Lsd − Lsq)I2 sin (2δi) (1)

The maximum torque depends on the difference between
the d-axis and q-axis inductances (i.e., magnetic saliency).
Hence, torque maximization is yield by increasing the d-axis
inductance and decreasing the q-axis inductance. The electro-
magnetic torque is determined using voltage source excitation
by (2) [5]:

Tem =
3
2
p
V 2

2

(
Lsd − Lsq

)(
R2s + XdXq

)2 { (XdXq − R2s
)
sin (2δv)

+Rs
(
Xd − Xq

)
−Rs

(
Xd + Xq

)
cos (2δv)

}
(2)

An increase in the stator resistance decreases the maxi-
mum torque. In low-power motors, the stator resistance
plays a dominant role [5]. If the stator resistance is
neglected, the electromagnetic torque obtained with volt-
age excitation is similar to that of the current excitation
expression (1).
To simulate the steady state, the motor speed is assumed to

be constant and equal to the synchronous speed. This assump-
tion eliminates the transient effects caused by the mechanical
parameters. If a current source model is used for simulation,
the steady-state currents will be directly applied to the stator
phases. However, if a voltage source is used, the electro-
magnetic transients will take place due to the electromotive
force, and it takes additional time to reach a steady-state
condition. This time depends on the electrical andmechanical
time constants of the motor. The behavior of a SynRM at
synchronous speed is assessed by feeding a voltage source
or current source in [14]. The results indicate that the current
and torque of the SynRM obtained from voltage source and
current source models are virtually identical at synchronous
speed with a small difference caused by core losses [14].
This observation justifies the use of the current source sup-
ply in optimizing the performance of the machine at steady
state.

B. TRANSIENT MODE
By assuming that the electrical and magnetic transients are
faster than their mechanical counterparts, the dynamic elec-
tromagnetic torque of the LSSynRM is obtained based on a
slip function expressed in (3) [12]:

Tem(s) = Tcage(s) + Trel(s)cos(2sωt − γ ) (3)

which consist of two components of cage torque (Tcage) and
reluctance torque (T rel ). The reluctance torque component
oscillates at twice the synchronous speed and is named the
pulsating torque component. The cage torque component is
the average torque component, which accelerates the rotor to
near synchronous speed and is obtained usingmechanical slip

through (4) [12]:

Tcage =
3
2
p
2

V 2
s sω

(ωr + sω)2

(
RrdL2md

R2rdL
2
sd + s2ω2(LsdLrd − L2md )

2

+
RrqL2mq

R2rqL2sq + s2ω2(LsqLrd − L2mq)
2

)
(4)

The magnitude of cage torque near synchronous speed is
essential; if the cage does not provide the torque needed to
derive the load at synchronous speed, the motor will continue
to operate at exceeding speed oscillations and will be dam-
aged. In the synchronization process, the magnitude of slip is
small (i.e., ωr is close to ω), therefore, during synchroniza-
tion, T cage is simplified into Eq. (5) [12]:

Tcage =
3
4
p
ssyncV̄ 2

s

ω

{
1
Rrd

(
Lmd
Lsd

)2

+
1
Rrq

(
Lmq
Lsq

)2
}

(5)

symbol ssync is the motor slip during synchronization. For
successful synchronization, low values of Rrd and Rrq are
required. Reducing Rrd meets the conditions of successful
synchronization more effectively than reducing Rrq; because
in a well-designed synchronous reluctancemotor,Lsq is much
lower than Lsd and is close to the motor leakage inductance,
making (Lmd/Lsd)

2 more significant than (Lmq/Lsq)
2.

III. SYNRM DESIGN
A three phase balanced ac winding is used in this study. This
stator winding belongs to an existing AC induction motor
whose geometric specifications are listed in Table 1.

TABLE 1. Stator parameters.

Four FBs per pole are used in the design of the SynR
rotor. An increase in the number of FBs, theoretically, would
improve the torque profile. However, in practice, it would
increase the shear surface of the sheet and damage the mag-
netic properties of the core.

The proposed motor has 36 stator slots, and 32 equivalent
rotor slots, the largest slot/slot synchronous parasitic torque
due to the 17th harmonic happens at the speed of -187.5rpm.
This speed is not placed in the motoring mode of operation;
therefore, there is no problem in starting process.

To avoid undesirable secondary armature reactions in the
proposed motor, the stator winding is considered by star
connection and without parallel path.

VOLUME 12, 2024 75



M. Farhadian et al.: Alternate Rotor Design for LSSynRM With Minimum Use of Copper

The Fluid shape is considered for FBs to yield max-
imum torque [15]. The angle and thickness of the FBs
(Wqi and 1αi, Fig. 2) are the variables that determine the
rotor shape. The angle of the FBs is an influential parameter
that affects torque ripple, and its thickness impacts the aver-
age torque [16].

FIGURE 2. A SynR rotor with four FBs per pole and parameter definition.

A. SYNR ROTOR DESIGN FOR LINE-START APPLICATION
Finding an optimal design for a SynRM rotor is made pos-
sible through analytical methods. The analytical methods for
design of FBs are usually based on the equal FBs’ magnetic
reluctance concept [17], [18]. The FBs’ dimensions increase
by increasing the distance from the rotor surface. In general,
from an electromagnetic torque vantage point, an optimal
SynRM rotor has the following features:

a. The shape of the FBs correspond to the distribution
of flux lines (i.e., near the rotor surface, the flux lines
are dense and become more distant in the central parts
(i.e.Wdi < Wqi)).

b. FBs that are close to the rotor surface are thin, and FBs
that are distant from the surface are thicker (i.e.Wq1 <

Wq2 . . . < Wqn).
To improve synchronization, the following points regarding
the location of induction cage need to be considered:

a. The cage bars should be close to the rotor surface.
Due to stronger coupling with the stator magnetic field
and smaller leakage inductance, the closer the cage bars
to the rotor surface, the larger cage torque and hence a
better synchronization capability.

b. The cage bars should be close to the q axis. The
closer the bars to the q-axis, the higher synchronization
torque due to the reduced resistance in the rotor d-axis
(Rrd ) [19].

Concentrating on the optimal position of the FBs and cage
bars (for steady-state operation and increasing the syn-
chronization capability, respectively) and considering the
constraint that the cage bars should be installed inside the

FBs (without disturbing the d-axis flux), one can note that
there exists a conflict. This is evident because in an optimal
SynRM rotor, less space is allocated for the FBs near the rotor
surface and the q-axis, while to increase the synchronization
capability, the bars must be close to the rotor surface and the
q-axis.

Three different designs of SynRM rotor are illustrated in
Fig. 3. In Fig. 3(a). the optimal reluctance rotor is sought
using the analytical method [13], [20], where the thickness
of FBs along the q-axis increases with an increase in FB’s
number (i.e. Wq1 < Wq2. . . <Wq4). In Fig. 3(b). the rotor
with FBs that are equal in thickness along the qaxis (Wq1 =

Wq2. . . =Wq4) is illustrated. Finally, in Fig. 3 (c). the rotor
with FBs equal in thickness along the d-axis (i.e.,Wd1 =

Wd2. . . =Wd4). These choices are also known as the Vagati,
Wq-Equal, and Wd-Equal rotors, respectively. In these three
rotors, the insulation ratio along the q-axis is the same
(Kinsq= 0.4) and the FBs angle equals the rotor virtual slots
(1αi = π/22). This is the optimal condition for the stator
with 36 slots according to the (nr = ns + 4.) rule [20].

FIGURE 3. (a) Vagati rotor, (b) Wd-Equal rotor, and (c) Wq-Equal rotor.

The performance of these three rotors for the same stator
current (2.3 A) is computed and compared in Table 2.

TABLE 2. Optimization constraints.

The torque ripple of these rotors due to the constant angle
of the FBs is virtually equal. The Vagati rotor has the high-
est torque; the Wq-Equal rotor produces the least torque,
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TABLE 3. Performance comparison of different rotor types.

although it allocates more space near the rotor surface for
the FBs. Though there exists a negligible difference between
Vagati and Wd-Equal rotor in terms of steady-state perfor-
mance, the Wd-Equal rotor has more empty space near the
rotor surface than the Vagati rotor.
Since it is the objective of this research to design a

high-efficiency motor for LSSynRM application, Wd-Equal
shape is selected in design to effectively reduce the rotor resis-
tances. As shown in section IV, this configuration also makes
it easier to compare line-start rotors. The design problem of
the SynRM rotor has many local optima [13]; consequently,
by applying different combinations of angles and thicknesses
of FBs, the proper performance in terms of torque and torque
ripple can be achieved.

Fig. 4. shows the design process of LSSynRM. The
algorithm is separated into two stages for SynRM and induc-
tion cage design. Starting with SynRM design to determine
the optimal angle of FBs with the least torque ripple, the
method proposed by [13] and [21] is adopted, which com-
bines conformal mapping and magnetic equivalent circuit
for modeling and uses a multimodal optimization algorithm.
After determining the optimal angle of the FBs, by changing
the insulation ratio, the thickness of the FBs is adjusted
to allow their installation in the cage bars with the same
size. According to the Wd-Equal pattern, this will allow for
obtaining the maximum average torque. In the next stage,
the optimal SynRM Rotors are considered for induction cage
design. Width of the cage bars are increased until the motor
can successfully synchronize the load. Clearly, the rotor with
minimum copper consumption is selected for manufacturing.

FIGURE 4. Design flowchart: (left) SynRM design and (right) cage design.

The angles of the three optimal rotors in terms of torque
ripple are tabulated in Table 4.

TABLE 4. Optimal FB angles obtained through the analytical method.

By fixing the FBs angle, the location of the rotor magnetic
potential drop remains constant, making the torque ripple
almost constant as well. The insulation ratio is changed by
keeping the FBs angles constant, and FE analysis is used for
simulation. The average torque and peak-to-peak torque of
rotors A, B, and C are shown in Figs 5- 6, respectively.

FIGURE 5. Effect of increasing insulation ratio on average torque.

An increase in the insulation ratio from 0.2 increases the
average torque. This is due to the fact that as the thickness
of the FBs increases, the inductance of the q-axis decreases
while there is still enough iron to pass the d-axis flux. The
maximum torque is obtained for three motors at 0.4 isolation
ratio. Further increase in the FBs thickness reduces the d-axis
flux and average torque.

As observed in Fig. 6. a variation in the insulation ratio
between 0.2 and 0.5 leads to an almost constant peak-to-peak
torque in these three motors. A further increase in insulation

FIGURE 6. Effect of increasing insulation ratio on torque ripple.
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ratio (within the range of 0.6 to 0.8) leads to core saturation
due to the B-H (i.e., magnetization) curve’s nonlinearity. This
leads to an increase in torque ripple.

The optimal rotors A, B, and C, at 0.4 insulation ratio, are
shown in Fig. 7, and their average torque and ripple values
per equal stator current are compared in Table 5.

FIGURE 7. Optimal SynRM rotors: (a) Rotor A, (b) Rotor B, and (c) Rotor C.

TABLE 5. Performance comparison of optimal SynRMs.

The steady-state operations of the rotors are similar. Their
aggregate maximum torque and torque ripple differences are
about 2% and 0.5%, respectively. In the remaining parts of
the paper, SynRM rotors A, B, and C constitute the design
basis of the line-start motor.

IV. INDUCTION CAGE DESIGN
The LSSynRM design is load-dependent, the behavior of
which during the start-up affects the motor synchronization
capability. Common loads based on their torque-speed char-
acteristic are categorized as [23]; 1) light-duty, 2) medium-
duty, 3) heavy start-duty, and 4) heavy-duty. The typical
torque-speed characteristics of different loads are shown in
Fig. 8. In this study, the medium-duty load is considered for
the induction cage design, where fans, blowers, centrifugal
pumps, and compressors are prime targets. Torque depen-
dency to the square of the speed and a starting torque between

FIGURE 8. Torque-speed characteristic of different loads [22].

10 to 40% of the rated torque defines the medium-duty load
characteristic [23]. In all simulations, the starting torque is
40% of the rated torque, and the total inertia is twice as large
when compared to the motor inertia.

In the case of low-power LSSynRMs, the voltage drop due
to the stator resistance is not negligible during the start. The
reduced voltage will negatively affect both reluctance and
induction torque for synchronization. The parameter that can
help synchronization is the rotor resistance. In the case of the
proposed LSSynRM, evenwith completely filled flux barriers
by aluminum and considering the available space for the
end rings, the motor could not successfully synchronize the
desired load by simulation. So the copper bars are considered
for induction cage design.

Rectangular and circular bars are the two commonly
used shapes considered for the cage design, which will be
compared in the following section.

A. CAGE DESIGN WITH RECTANGULAR BARS
The thickness of all cage bars is set to 2.5 mm; the dis-
tance from the rotor surface is 1.5 mm to prevent bars from
changing the flux carrier’s path at the end, which is highly
influential on torque ripple. As observed in Fig. 9, the bar
widths are increased from 4 mm using a 1 mm step until the
motor can synchronize the load. By doing so, the minimum
copper consumption volume is obtained to create a cage that
can synchronize the desired load.

The speed-time characteristics of motors for the three dif-
ferent selections of the bar width and equal end ring are shown
in Figs. 10, 11, and 12, respectively. As to motor A, the
average speed increases as the width of the bars increases
from 4 to 11 mm. Notably, there are sharp oscillations in
speed. When the bar width reaches 12 mm, the motor can
successfully synchronize and damp speed oscillations. As to
motor B, the synchronization capability is obtained for bars
of 11 mm in width, which are reduced by 1 mm compared
to motor A. Motor C with an 8 mm bar width, which is the
lowest volume compared to other motors, can synchronize the
load.

This advantage is explained by the fact that the angle of the
FBs in rotor C is closer to the q-axis. Cage bars close to the
q-axis decrease the rotor resistance in the d-axis more effec-
tively and increase the motor synchronization capability [19].
Therefore, to minimize cage material, it is recommended that
among different options for LSSynRM applications, the one
with closest FB angles to q-axis to be selected.

The results of the losses calculated in steady-state mode for
motors with rectangular bars are tabulated in Table 6.
According to Table 6, motors A, B, and C have the highest

rotor ohmic loss among rectangular cage designs, respec-
tively. The rotor ohmic loss of motor A is twice as large
compared to that of motor C. In motors A and B, more cage
volume is exposed to flux harmonics because the cage bars
are more extensive, leading to more significant eddy current
losses; hence motor C has the highest efficiency.
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FIGURE 9. Rotor A with 4mm (a) and 12 mm (b) bars, Rotor B with 4mm
(c) and 11 mm (d) bars, Rotor C with 4mm (e) and 8 mm (f) bars.

FIGURE 10. Motor A start-up, rectangular bars.

B. CAGE DESIGN WITH CIRCULAR BARS
Circular bars are beneficial in the case of eddy current loss.
Similar to rectangular bars cage, the size of all circular bars
is the same here. Moreover, they are installed inside the FBs
at the same distance from the rotor surface. As observed in
Fig. 13, the diameter of the bars is increased from 3.6 mm by
steps of 0.1 mm until the motor can synchronize the load. The
speed-time curves for three different cases of bar diameter
are shown in Fig. 14. When the diameter of the bars reaches
5 mm, the motor can synchronize the load, which is approxi-
mately equal in cross-section to 8 mm long rectangular bars.

FIGURE 11. Motor B start-up, rectangular bars.

FIGURE 12. Motor C start-up, rectangular bars.

TABLE 6. FE result of LSSynRMs at 1kw output, steady-state mode.

FIGURE 13. Motor C, circular bars, 3.6 mm (a) and 5 mm (b) diameter.

The loss calculation results for steady-state modes for
motor C with rectangular and circular bars are tabulated
in Table 7.
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FIGURE 14. Motor C start-up, circular bars.

TABLE 7. LSSynRM performance with rectangular and circular Bars.

Although the cross-sections of the bars are equal in both
cases and successful synchronization is obtained, the motor’s
efficiency with circular bars is reduced by 7.5% compared
to the rectangular bars. The ohmic rotor loss is lower in
the motor with circular bars, though these bars increase the
stator ohmic loss. Circular bars reduce the saliency ratio by
blocking the d-axis flux path, and to overcome this, the stator
current must be increased, which would lead to a decrease in
motor efficiency and an increase in iron losses.

The flux density distribution in motor C with rectangular
and circular bars under steady-state nominal load is shown
in Fig. 15. Because FBs in a rotor with circular bars are
thin near the rotor surface, the bars enter the flux guides
region and narrow the d-axis flux path, thus, saturate the
core in these regions. Reduction in d-axis inductance leads to
a decrease in motor efficiency under synchronous operating
conditions.

V. EXPERIMENTAL RESULTS
A sample lamination of rotor C developed using laser cut is
shown in Fig. 16 (a). Some holders are attached among the
bars for better support in the final rotor shape. Some bolts are
added to the final rotor design for the mechanical integrity
of the laminations. Their location is selected near the shaft
where the flux density is low enough, so they do not change
the flux density pattern. As observed

in Figs. 16 (b) and (c), a 2.5mm thick copper sheet is
applied to make the bars and the short circuit rings; the short
circuit Rings are obtained by the wire cutting method. Each
side of the rotor has three layers of 2.5mm rings connected

FIGURE 15. Flux density in motor-C with (a) rectangular bar and
(b) circular bar cage.

FIGURE 16. (a) SynRM lamination, (b) A short circuit ring, (c) Placing a bar
in rotor, (d) Rotor cage before brazing.

to the bars by brazing. The installation of the bars and rings
before brazing is shown in Fig. 16(d). To compare the sim-
ulation results with the obtained measurements, a test-bed is
developed and shown in Fig. 17. The test motor is connected
to a 4.65kW DC generator through an inline rotary torque
meter with a 20 Nm nominal capacity and 0.1% accuracy.
The currents and voltages of a three-phase motor are recorded
through the Unilyzer 902 power analyzer. The motor shaft is
extended from the back of the motor to measure the motor’s
transient speed and rotor position via an encoder.
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FIGURE 17. Testbed.

TABLE 8. Steady-state performance simulation vs. measurement.

FIGURE 18. Cross section view of the soldered the squirrel cage bars.

A. STEADY STATE
The motor performance in the steady-state mode under a
nominal voltage of 380 volts is shown in Table 8. The
LSSynRM motor is connected directly to the mains, and
the measurements are recorded subject to the rated torque.
There exists a good agreement between the simulation and
laboratory results.

The voltage applied to the motor is shown in Fig. 19; the
stator currents at steady state are shown in Fig. 20. The THD
of the steady-state current is 4.95%, partly because the supply
voltage THD reaches 2.88%.

FIGURE 19. Experimentally recorded Line voltage at steady state.

FIGURE 20. Experimentally recorded steady-state phase currents.

FIGURE 21. LSSynRM Synchronization capability.

In terms of assembly for the prototypes, the squirrel cage
bars are soldered to the end ring as can be seen in Fig. 18.
First, the end ring and bars are heated, and then the solder
wire is applied to the junction points. The strength of the
connections has been checked by visual evaluation.

B. SYNCHRONISM CAPABILITY
The motor starts under different loads on the DC generator to
assess the synchronization capability. The motor is designed
to drive a load of one kilowatt with an inertia equal to its
inertia (0.0033Kgm2). However, the DC machine coupled to
the motor has about four times the motor’s inertia; therefore,
the magnitude of successfully synchronized load is reduced
subject to these conditions. The LSSynRM synchronization
capability is shown in Fig. 21. The maximum torque that
successfully synchronizes the motor for different inertia is
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obtained through FE simulation. The points indicated by
the symbols o and x in Fig. 21 indicate the successful and
unsuccessful synchronization attempts throughout the test,
respectively. The results of torque and speedmeasurement for

Since a per unit scale for the vertical axes in Fig. 21 is cho-
sen, it is important to note that the base value for inertia is the
rotor inertia (0.0033kgm2), and the base value for torque is
the nominal torque (6.37 Nm.). Successful and unsuccessful
synchronization are shown in Fig. 22 and 23, respectively.
There exists a good agreement between the test results and
the simulation.

FIGURE 22. Experimentally recorded successful synchronization,
(a) Speed (b) Torque.

FIGURE 23. Experimentally recorded failed synchronization, (a) Speed
(b) Torque.

Figs. 24 and 25 illustrate the calculated torque and speed
for the purpose of comparison with those from measurement.
It must be noted that the torquemeter has a fairly limited
bandwidth and some of the high frequency noise has been
filtered during the measurement. Transient waveforms of
currents from simulation and experiments under successful
synchronization are shown in Figs. 26 and 27 respectively.

For successful synchronization, multiple tests are per-
formed to record the transient current waveforms using the

FIGURE 24. Simulation results for the successful synchronization
experimentally simulation results for successful synchronization,)
Speed (top) Torque(bottom).

FIGURE 25. Simulation results for failed synchronization, Speed (top)
Torque (bottom).

FIGURE 26. Experimentally recorded current waveforms for a successful
synchronization.

power analyzer. Due to the low power of the motor, it is
difficult to record the transient current using a power analyzer.

For failed synchronization, unfortunately, the results of the
experiment could not recorded. The failed synchronization
test is a very harmful test that can damage the motor and
coupling structures and cannot be repeated.
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FIGURE 27. Simulated current waveforms for a successful
synchronization.

Finally, it must be mentioned that this line start motor is
targeted for applications in fans, blowers, centrifugal pumps,
and compressors which are referred to as medium-duty loads.
These loads exhibit a starting torque that is about 10-40% of
their rated load and their torque rises with the square of the
speed [23].

VI. CONCLUSION
The results presented in this paper illustrate the importance
of SynRM selection for Line-Start Applications. Three opti-
mal synchronous reluctance rotors are studied to design the
LSSynRM, and the results indicate that although different
synchronous reluctance rotors operate under similar steady-
state conditions, they provide different transient modes by
placing cage bars of the same size in their FBs. The rotor with
FBs closest to the q-axis has more synchronization capability.
The comparison of rotor cages with rectangular and circular
bars indicates that they have the same copper consumption
rate in achieving the same synchronization capability, while
the cages with rectangular bars show better steady-state per-
formance than circular bars due to their adaptation to the
shape of the FBs.
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