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ABSTRACT In this study, an analytical technique for the rotor geometry optimization based on lumped
magnetic parametric approach is used to design a two-pole, three-phase, 7.5-kW line-start permanent magnet
(LSPM) synchronous motor. The permanent magnet shape substantially affects the air-gap flux density
distribution, back electromotive force (EMF) as well as the copper loss, which have a great impact on the
performance characteristics of the permanent magnet synchronous motors. Principal advantages involve in
adjusting the rotor shape are to achieve the effective air-gap flux density and optimize the fundamental
component of the back EMF with low harmonic content for minimum ripple torque. Therefore, to enhance
the efficiency (η) and power factor, an optimized slot shape considering various design parameters is selected
for the permanent magnet of the rotor in the prototype LSPM machine. A linear saturated lumped magnetic
parametric model is developed to exhibit magnetic characteristics, and analytical equations are acquired
under the open-circuit condition without considering the slotting effect for design simplicity. The influence
of design variables on the air-gap flux density distribution and the flux leakage is investigated precisely using
an analytical circuit model. A parametric study of the prototype model demonstrates that the steady-state
performance of the LSPMmotor are significantly influenced by the design variables. The inductance saliency
ratio and electromagnetic torque components are carefully analyzed in terms of their effects on the load
characteristics of the LSPM motor in order to determine the optimal shape of the PM slots and the magnetic
flux barriers. The validity of the proposed method has been checked by evaluating the numerical solution of
the analytical model using a two-dimensional finite element method.

INDEX TERMS Analytical method, air-gap flux density, FEM, lumped parametric model, parametric study,
rotor design.

I. INTRODUCTION
In the 21st century, there has been a significant increase
in the energy crisis due to the depletion of hydrocarbons
and global warming. Consequently, the demand for mea-
sures to reduce energy consumption has also increased.
Owing to these economic and environmental problems, sig-
nificant research efforts have been devoted toward developing
highly efficient electrical machines as an alternative to con-
ventional machines with high energy consumption [1]–[3].
This is a result of increased customer awareness regarding
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low life-cycle costs, high efficiency, and compatibility as
well as increased sensitivity toward environmental chal-
lenges. For instance, in industrial applications and academia,
line-operated induction motors (IMs) are being replaced with
line-start permanent magnet motor, owing to their high power
factor (PF) and efficiency regardless of the variations in
load [1], [2], [4]. LSPMmotors offer a highly energy-efficient
alternative to IMs, which are extensively used in industries for
various applications such as low-cost electric drives, pumping
systems, and compressors [1]–[3], [5], [6].

The LSPM motor is a synchronous machine in which a
permanent magnet (PM) inserted in the squirrel-cage rotor
produces the excitation field rather than the DCfieldwinding,
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as in the case of the induction motor. The conducting bars
in the squirrel-cage rotor are short-circuited using end rings,
thereby enabling the LSPMmotor to start with a conventional
AC voltage source, without requiring an additional inverter;
this leads to an effective reduction in design cost [7]–[9]. The
LSPM motor operates as a synchronous motor in the steady
operating condition due to the presence of magnets under the
rotor bars. The LSPMmotor runs at a constant speed, and the
PM buried in the squirrel-cage rotor generates a reluctance
torque component as a result of rotor saliency [1], [6], [8].
Therefore, this motor incorporates the benefits of the conven-
tional interior permanent magnet (IPM) synchronous motor
(high efficiency, high PF, and high torque density) and the
IM (a robust construction and line-start capability). Further-
more, this type of rotor structure offers advantages such as
an improved saliency ratio, a high PF, low copper loss and a
good quality of protection for magnets, by realizing magnetic
shielding and mechanical ruggedness [3], [5]–[7].

Exhaustive analyses of the air-gap flux density distribu-
tion and the back electromotive force (EMF) are essen-
tial as they provide key design information for optimizing
the rotor structure in order to ascertain the required per-
formance characteristics of an electrical machine [10]–[13].
The design optimization of rotor shape is critical to achieve
the optimal values in no-load analysis [14]. In an electrical
machine, the air-gap flux density distribution can be analyzed
via two approaches: a finite element (numerical) method
and an analytical method. However, the numerical method
for computing the required air-gap flux density is a time-
consuming, and becomes difficult for the machine design-
ers to determine the optimum values of the machine design
variables [10], [11], [15]–[17].

A lot of research has been done in the field of brushless
PM synchronous machines using the conventional magnetic
equivalent circuit (MEC) approach for the calculation of
magnetic properties, which applied to axial flux [18], [19],
flux switching [16], [21], salient-pole synchronous [22]–[24],
spoke-type [25], [26] and IPM machines [12], [27]–[30] is
unsuitable for optimization purposes owing to the complexi-
ties in the LSPM rotor structures and the efforts required for
modeling. Moreover, the MEC-based analytical method used
in [3], [7], [16], [21], [24], [27]–[31], does not account for
the saturation effects in rotor bridges, resulting in high error
percentages in the output results. Genetic algorithms are also
considerably time-consuming because of the repetitive itera-
tion process required to converge on the design variables for
optimization [32]. Similarly, theMaxwell equations or Lapla-
cian field equations for the analytical modeling necessitate
strong mathematical knowledge and require conformal map-
ping to address the stator slotting effects [7], [21], [33]–[36].
Conversely, a very less attention has been paid to the LSPM
motors for the optimization of complex rotor shape using lin-
ear 0-D analytical models (MEC). The general MEC models
applied for the LSPM motor in [3], [7], [37], [41], offer a
highly complicated nonlinear solutions and do not consider
the saturation effect in the bridges due to flux leakage, a most

predominant effect and may result in high percentage of error
to optimize the design variables for an effective rotor shape.
It is also significantly challenging to directly apply the above-
mentioned analytical methods to IPM-type LSPM machine
in order to predict the air-gap field distribution under an
open-circuit condition, because of the significant flux leakage
and magnetic saturation in the bridges.

Generally, to obtain a high PF with minimal line current,
an optimal size of the PM segments must be used to deliver
the required flux density in order to minimize the reactive
power exchanged with the power supply. The previously
adopted MEC models are unsuitable for the optimization
purposes in LSPM motor due to complex rotor structures
and much efforts are needed for analytical modeling [3],
[7], [37], [41]. Therefore, in this study, to improve the
efficiency and PF of 7.5-kW LSPM motor, a linear satu-
rated lumped parametric circuit model (LPM) is developed
for the analysis of the air-gap flux density, with the aim
of optimizing the design variables and realizing an effec-
tive shape for the PM slots and flux barriers. To the best
of author’s knowledge, an improved LPM method based
on the conventional MEC approach has not yet been pro-
posed to optimize the convex-shaped rotor of the LSPM
motor including flux leakage for the analytical model-
ing [10], [11], [13], [15], [39], [40]. A careful investigation
is performed to evaluate the effects of the rotor pole shape on
the air-gap flux density distribution. This method accounts
for the saturation in bridges as well as other material prop-
erties, while offering considerable simplicity and accuracy.
A finite element method (FEM) is used to obtain a precise
image of the magnetic flux distribution in the machine; this
is crucial for determining the exact position and energy of the
magnetic material and for investigating the influence of flux
barrier [11], [15], [39].

In this research, a simple linear saturated 0-D analytical
method (LPM) is employed to calculate the effective average
air-gap flux density as a prerequisite in order to obtain the
critical design parameters for maximum value of the funda-
mental component of back EMF with low harmonic content;
this model incorporates the flux leakage through the rotor
flux barriers and bridges [10]–[12], [15], [38], [40]. This
procedure is much simpler than previous methods applied for
the analytical modeling of LSPMmotors in [3], [7], [37]. The
optimized magnet slot shape and magnetization direction are
critical for producing a uniform magnetic flux density in the
air gap. The validity of the design optimization approach is
established by comparing the results of the proposed analyt-
ical method with those of the FEM. The slot angle of the
side PM segment (αm) and the distance of the PM slot (LP)
are variables of the objective function (efficiency and PF)
in the lumped magnetic parametric study of the prototype
LSPM model, as shown in Fig. 1. The air-gap flux density
waveform and back EMF voltages are optimized efficiently,
while other performance constraints, such as start-up and
synchronization capability, are considered to maximize the
objective function [1], [5]–[8], [13].
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FIGURE 1. 7.5kW prototype LSPM model structure.

The rectangular shaped low-cost interior PM segments
are used in the laminated rotor core to produce the effec-
tive reluctance torque due to salient structure for enhanced
torque performance. The effect of inductance design on the
LSPM load characteristics was also carefully investigated
for determining the optimal structure of the rotor [6], [28].
Inductance saliency ratio is typically associated with total
electromagnetic torque and PF. Therefore, the reluctance
torque due to rotor saliency and winding excitation are
the main factors for LSPM rotation in steady-state condi-
tion [4], [6]. The optimized PM slot structure was employed
for the prototype LSPM motor; this structure improves effi-
ciency, PF, and anti-demagnetizing capability at high temper-
atures [8], [42], [43]. The influences of magnet height (LP)
from the rotor shaft and the pole-arc to pole-pitch ratio (τP)
in terms of slot angles were carefully investigated to analyze
their impact on the output performance of the LSPM motor.
These analyses help in modifying the optimized structure of
the PM slot in the prototype LSPM rotor.

II. DESIGN STUDY OF THE PROTOTYPE MACHINE
A 7.5-kW LSPMmotor was designed and analyzed. Figure 1
presents the three-phase, two-pole (each consisting of three
magnet segments) prototype motor structure. The structure
of this prototype machine comprised a rectangular-shaped
PM inserted in the rotor core of a standard three-phase
induction motor [5], [7], [44]. The optimal rotor with a
convex-type shape has a radial magnetization direction and
considerably influences the performance characteristics of
the LSPM motor [13]. The squirrel-cage on the rotor is com-
posed of aluminum, and there are 30 conducting bars, with P
being the number of poles. The material of the stator core
is steel (s18), and there are 36 stator slots. The rare-earth
material neodymium iron boron (Nd–Fe–B), which is used
as the PM, has a width of 26 mm, axial length 130 mm and
its coercive force and residual flux density are Hc = 890
kA/m and Br = 1.23T, respectively. A 7.5kW two-pole
LSPMmotor consists of a single-layer three phase distributed
winding configuration. The number of conductors per slot
are 24. The three-phase distributed winding is connected in
Y-delta mode. This type of winding connection is necessary

to tackle the high starting current of the three-phase armature
circuit in the LSPM motor [45].

The LSPM motor starts as an asynchronous machine by
utilizing an induction cage rotor, and it runs as a nor-
mal synchronous motor under steady-state condition. The
LSPM motor has a high starting current owing to the high
braking and pulsating torque component generated by the
PM [2], [6], [46]. The PM slot shape and rotor bars are
designed such that the starting current must be as low as
possible to avoid demagnetization phenomena caused by the
reverse magnetomotive force (MMF) produced at high tem-
peratures. An analysis of the demagnetization characteristics
is important to identify the reliable rotor design. The effec-
tive rotor structure with an optimized PM slot enhances the
anti-demagnetizing capability by providing magnetic shield-
ing through the eddy currents in the rotor bar of the LSPM
motor, under the transient-state conditions [3], [5], [8], [43].

The design modification involves the position of the mag-
net from the rotor shaft, length and width of the magnets, gap
between rotor slots and bars, size and shape of flux barriers,
and length of the bridges. As the PMs provide the primary
excitation field, magnetization windings are not required.
This leads to an increase in the PF under the full-load condi-
tion and reduces copper loss [2], [3], [14]. The design of the
flux barriers, slot angle of side PM segments, and distance
from the center of the shaft are optimized to achieve the
highest flux linkage for the stator winding with the minimum
phase current. The linear lumped magnetic model helps to
optimize the PM slot angle (αm) and precise position (LP) of
the magnets inside the rotor core. Thus, FEM is an inevitable
choice to analyze the optimized rotor structure of the LSPM
motor, in order to acquire a high efficiency and PF. The
shape of the flux barriers and magnet segments are opti-
mized by calculating the air-gap flux density (Bg), back EMF,
Ld and Lq inductances, efficiency (η), PF, and electromag-
netic torque (Te) at the rated speed (nr ). The primary design
specifications of the prototype LSPM motor are summarized
in Table 1.

TABLE 1. Design specifications of the prototype LSPM model.
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The process of designing the LSPM motor is focused on
the rotor structure because the volume of the air gap and the
stator windings (D2L) are similar to those of a conventional
three-phase induction motor [5], [6], [42]. Throughout the
design process, the same stator core, frame size, and winding
configurations of the IM are applied to reduce development
time and cost [3], [5], [8], [45]. This research focused solely
on the rotor structure to obtain the required optimal speci-
fications for pumping system. The rotor can feature differ-
ent configurations depending on the shapes, sizes, materials,
and position of the inserted PMs, all of which considerably
influence the performance of the LSPM motor [3], [6], [14].
This research focuses on the improvement of the efficiency,
PF, and armature current of the LSPM, based on the PM
position and slot angles in terms of the pole-arc to pole-pitch
ratio (τP). The detailed investigation of the rotor shape based
on proposed analytical model with mathematical expressions
and the impact of the design variables is described in the
following sections.

III. PROPOSED ANALYTICAL MODELING
FOR THE LSPM MOTOR
A. LUMPED PARAMETRIC MODEL
The analytical method is essential to minimize the time
required for calculation, particularly during the design opti-
mization process. First, the basic concepts of the IPM
motor were studied in detail, and the linear saturated
lumped parametric circuit model (LPM) of the LSPM motor
was developed using an analytical method, while account-
ing for the magnetic saturation in different regions [10],
[12], [38], [40]. A 0-D analytical method based LPM can be
extracted for fixed rotor position to replicate the various rotor
rotations which involve iterative computation process like
FEM for modeling and the optimization of electromagnetic
devices [38]. The improved saturated LPM provides an excel-
lent means to understand the electromagnetic modeling in
order to optimize the complex rotor structure by using effec-
tive design parameters, their influence during the advance
stage, and the corresponding effect of bridges, rotor bars.
This design method is formulated to obtain an optimal rotor
shape for LSPM motor with minimum flux leakage, in order
to effectively improve magnetic loading [10]–[12], [31], [39].

The LPM adopted for an analytical modeling can only
consider one magnetization direction of the PM, particu-
larly either in parallel or tangential direction [47]. Although,
it is a radial flux type LSPM motor and the most pre-
dominant component of air-gap flux density is radial one
rather than tangential component [48]. The tangential com-
ponent of the air-gap flux density will be dominant, if a
large or variable air gap length exists as in the case of axial
flux [18]–[20], flux switching [16], [21], salient-pole PM
machines [22]–[24], spoke-type [25], [26], and PM linear
synchronous [48]–[50]. Therefore, the LPM approach pro-
posed for the convex-shaped LSPM rotor considers only the
most dominant radial component of the air-gap flux density
in the 0-D analytical model [13], [47], [48].

FIGURE 2. Distribution of flux lines in the prototype LSPM model.

The LPM model comprises on the magnetic flux sources,
reluctances, and MMF sources equivalent to the resistive
electric circuits. The accuracy of the adopted optimization
method depends on the discretization of the prototype model.
A 36-slot, two-pole LSPM motor with a convex-shaped PM
rotor, as shown in Fig. 2(a), is modeled to validate the pro-
posed analytical method. In this study, the improved lin-
ear lumped circuit model is employed to optimize the rotor
structure for predicting machine performance parameters,
such as efficiency, PF, and torque, by using the air-gap flux
density predicting machine performance parameters, and dq-
axis inductances. Using this 0-D method, the influence of the
design variables on the average air-gap flux density can be
examined thoroughly. For analyzing the magnetic field char-
acteristics of the LSPM using LPM, the following assump-
tions are required [10]–[12], [15], [38], [48]–[50]:

1. The permeability of the iron core is infinite.
2. End winding effects are also neglected.
3. Eddy current reaction in no-load condition is ignored.
4. Magnetic saturation effect is excluded (except in

bridge, where given as a constant saturated flux density
Bsat.).

5. Slotting effects are ignored only to simplify the analysis
for the calculation of air-gap flux density distribution.

6. Irreversible demagnetization of themagnet is neglected.

The LPM model is used to refine the complex rotor struc-
ture of the LSPMmotor by analytically calculating the effec-
tive fundamental component of the magnetic flux density
in the air gap, and improve the back EMF waveform to
control the deteriorating harmonic contents [10], [11], [40].
Furthermore, FEM is used to verify the output results of the
proposed analytical model, for determining the optimal shape
of the PM slot. Figure 2 depicts the flux lines distribution in
the LSPM motor at no-load condition; here, a smooth stator
is considered, i.e., omitting the slotting effect, to develop a
simple and useful analytical model during the early design
stage. There is no saturation in the stator and rotor yokes,
and their permeance effect is neglected for simplicity in the
analytical method. Nonetheless, the results still yield high
accuracy. Non-magnetic flux barriers are inserted to avoid
a magnetic short-circuit and to control the magnetization of
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the poles. The lumped circuit model according to the flux
lines predicted by FEM is shown in Fig. 3 [11], [15], [39].

FIGURE 3. Lumped parametric circuit models (a) and (b) Models based
on PM1 (c) and (d) Models based on PM2.

FIGURE 4. Equivalent modeling of air-gap flux density distribution.

The rotor of the LSPM motor consists of a single layer
of permanent magnet segments (PM1 and PM2). The flux
lines predicted via FEM indicate that the air-gap flux density
can be segregated into two sections in a flux loop over one
magnet pole pitch. Each section is excited by one full PM1
and one half PM2; their corresponding lumped circuit models
are shown in Fig. 3(a) and (c). Therefore, the distribution
of the actual air-gap flux density waveform given by curve
1 is simplified to curve 2 through LPM model in Fig. 4,

depends on the fluxes produced by PM1 and PM2 along the
circumference (θ ) of the machine, where τP is the magnet
pole-arc to pole-pitch ratio, and P is the number of poles.
Rm1 and Rm2 are the self-reluctances of PM1 and PM2. The
air-gap fluxes generated by the PMs over one pole pitch
are φm1 and φm2, and their reluctances are Rg1 and Rg2,
respectively. φrib and φbl are the flux leakages through Rib
and the flux barriers and their corresponding reluctances are
expressed as Rrib and Rbl , respectively. φml is the PM-PM
flux leakage, which is negligibly small because of the large
value of Rib on either side of the flux barrier slots; Rml is
its reluctance. φml is only included in the magnetic circuit
model when the value of Rib is small. φm1 and φm2 are the
fluxes that leave the magnet segments (PM1 and PM2). Rro,
Rso, and Rst , are the rotor and stator yoke, and stator teeth
reluctances, respectively. The primary design variables for
optimizing the rotor shape of LSPMmotor to get an effective
air-gap flux density are shown in Fig. 5. The mechanical
constraints associated with the complex rotor design should
be considered carefully for determining the optimal values of
the design variables [11], [12], [28], [39], [40].

FIGURE 5. Design parameters of LSPM rotor for analytical expressions.

B. MATHEMATICAL EXPRESSIONS
For the verification of the proposed analytical approach the
mathematical equations are computed, and their results are
compared with FEM simulations. The LPM based analytical
model of the prototype machine was designed using half of
the pole arc (θm/2) [11], [15], [39]. Thus, the output results
of the proposed analytical method should indicate excellent
agreement with the FEM results. The design parameters
of the prototype LSPM model shown in Fig. 1 are listed
in Table 2. Based on Fig. 5, the following expressions are
easily obtained:

φr1 = BrAp1 = BrLstkwp1, (1)

φr2 = BrAp2 = BrLstkwp2. (2)

The various reluctance parameters and air-gap area can be
expressed as

Rg1 =
go

µoAg1
, (3)

Rg2 =
go

µoAg2
, (4)
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TABLE 2. Design parameters of LSPM machine.

Rm1 =
Tm1

µoµrLstkwp1
, (5)

Rm2 =
Tm2

µoµrLstkwp2
, (6)

Rbl =
2Tbl

µoLstk (w1 + w2)
, (7)

Rrib =
2Trib

µoLstk (h1 + h2)
, (8)

Ag = τP
π (Rsin − go/2)

P
Lstk , (9)

where µr is the relative permeability of the PM, µ0 is the
permeability of air, Br is the remanence of the magnet, Lstk is
the stack length in axial direction, go is the air-gap length,
w1 and w2 are the widths of the flux barrier slots, Trib is
the Rib thickness, h1 and h2 are the axial lengths of the Rib,
Rsin is the inner radius of the stator core, wp1 and wp2 are the
magnet widths, and Tm is the thickness of the PM [11], [15].
The thickness of each PM block used in the original LSPM
model is 3 mm. The air-gap area (Ag) relies on the pole-arc to
pole-pitch ratio (τP); it is calculated as [15], [40]

τP =
pole-arc
pole pitch

=
θm

θP
. (10)

Based on the shape of the rotor in the LSPM motor,
the pole-arc angle (θm) acquired using PM segments in the
pole to determine the effective air-gap area is expressed
as [11]

θm

2
= (θm1 + θm2), (11)

αm = θa + θb, � = θc + θd , (12)

Ag = Ag1 + Ag2. (13)

Here, θm1 and θm2 are the pole arcs of PM1 and PM2,
respectively. Hence, Ag1 and Ag2 are expressed as [11], [15]

Ag1 = (
θm1

θP
)
2π (Rin − go/2)

P
Lstk , (14)

Ag2 = (
θm2

θP
)
2π (Rin − go/2)

P
Lstk . (15)

Thus, the values of θm1 and θm2 are

θm1= sin−1

×

[
Rro−(Lr+wp1+wrb+wbri1+wbri2) sin θc/Rro−(
Lr+

√
(LP)2+(wp2/2)2+wrb+wbri1+wbri2

) ]
,

(16)

θm2= tan−1
[
Rro − (Lr + wp2/2+ wrb + wbri1 + wbri2)
Rro − (Lr + LP + wrb + wbri1 + wbri2)

]
.

(17)

Here, Lr is the length from the center of the shaft to
the rotor bar; wbri1 and wbri2 are the widths of the bridges
between squirrel-cage bars and the rotor outer radius, at P2
respectively, as shown in Fig. 2(c); Rro is the rotor core outer
radius; and wrb is length of the rotor bar. Based on Fig. 5,
the expression for LP can be determined as

LP = [Rro − (Lr + wrb + wbri1 + wbri2)]

−
[
Rro −

(
Lr + wp2 + wrb + wbri1 + wbri2

)]
× tan (αm − θa) . (18)

The high saturation through the bridges makes the Rib a
nonlinear region in the rotor. Therefore, the flux leakage in
the bridges can be estimated as [10], [11]

φbri ≈ BsatAbri, (19)

FIGURE 6. B–H curve of s18 used for lamination.

where Abri = bLstk indicates the area of the bridge, b is the
width of the bridge, and Bsat is the B–H curve of the steel
core used for lamination, as shown in Fig. 6; here Bsat =
2.11T. Under the no-load condition, the bridges in IPM-type
LSPM motor are highly saturated because of various loading
conditions [14], [17], [28], [41] and the output results of the
adopted LPM is still admissible, as will be explained later.
By applying Kirchhoff’s law to the simplified equivalent
circuit of PM1 in Fig. 3(b), the equations are obtained as:

Rm =
2Rm1

1+ α + β
, (20)

where

α =
Rm1
Rbl

, (21)

β =
Rm1
Rrib

, (22)

γ =
Rg1
Rm1

. (23)
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The simplified equivalent circuits of PM1 and PM2 are
used to derive the air-gap fluxes shown in Figs. 3(b) and 3(d),
as follows:

φg1 =
φr1

1+ γ (1+ α + β)
, (24)

φg2 =
Rm2φr2(

Rm2 + Rg2
) . (25)

Therefore, the air-gap flux densities produced by PM1 and
PM2 are obtained by substituting (15) and (16), and (24)
and (25) in (1) and (2), respectively:

Bg1 =
φg1

Ag1
=

Br1Am1
Ag1 [1+ γ (1+ α + β)]

, (26)

Bg2 =
φg2

Ag2
=

Br2Am2Rm2
Ag2

(
Rm2 + Rg2

) . (27)

The flux leakage of PM1 to PM2 is negligible and can be
ignored. The PM2 flux leakage is expressed as ϕm2. The flux
leakages through the bridges, flux barriers, and the Rib only
originate from PM1 and are calculated as [11], [39]

φm1 =
γφr1

1+ γ (1+ α + β)
, (28)

φm2 =
Rg2φr2

Rg2 + Rm2
, (29)

φbl =

(
Rg1/Rbl

)
φr1

1+ γ (1+ α + β)
, (30)

φrib =

(
Rg1/Rrib

)
φr1

1+ γ (1+ α + β)
. (31)

The equivalent model of flux distribution in Fig. 4 predict
the average air-gap flux density waveform with the help
of analytical model is remarkably similar to FEM results.
Consequently, they are assumed to be equal to each other:

Bg1 ≈ Bg2 = Bg. (32)

Therefore, the final expression according to (LP, αm) for
the analytical air-gap flux density can be written as follows:

Bg(LP, αm) =
Br1Am1

Ag1 [1+ γ (1+ α + β)]
≈

Br2Am2Rm2
Ag2

(
Rm2 + Rg2

) .
(33)

The design parameters with their optimized values used for
the prototype LSPM motor are listed in Table 2. Fig. 7 shows
a comparison of the results of analytical method and those
of the FEM analysis. Table 3 presents a further comparison
of the analytical and FEM simulation results estimated by
varying the values of τP, LP, wp1,wp2, Rib, wbri1, and wbri2.

C. RESULTS AND VALIDATION
After designing the lumped parametric magnetic circuit, the
mathematical expressions of the prototype 7.5-kW LSPM
motor were derived. The analytical results are compared with
the FEM simulations under open-circuit condition. The FEM
simulations and analytical results calculated in the middle of
the air gap were found to be considerably similar, as shown

FIGURE 7. Comparative analysis of air-gap flux density distribution in the
center of air gap under open-circuit condition.

TABLE 3. Comparison of analytical and FEM results.

in Fig. 7. The differences between analytical outcomes of Bg1
and Bg2 (Table 3) are due to the increased leakage flux from
PM1 in the Rib and bridges (wbri1 and wbri2) and the self-
leakage through flux barriers; these cause variations in the
magnetic saturation level under distinct loading conditions.
Moreover, the FEM reveals the fluctuations in the air-gap flux
density. The rotor saliency includes these fluctuations in the
waveform of Bg because stator slot opening generated addi-
tional harmonics in the rotor pole [11]–[15], [51]. As the LPM
approach employed for analytical modeling does not account
for stator slotting effects, saturation in the core yokes, and
fringing effect of the flux lines, the air-gap fluxes obtained are
higher than those obtained via the FEM [11], [15], [39], [40].

In this article, the output results are calculated with com-
puter having a 16-GB RAM and TM i5-7500 Processor. The
LSPMmotor under investigation through FEMhasmaximum
size of the mesh length, time step and stop time for one com-
plete electrical rotation are 2.95 mm, 0.5 msec and 16.7msec,
respectively. The validity of the proposed analytical method
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is established by comparing the LPM results with those
acquired from FEM. Therefore, to determine the percentage
error for better performance, the design parameters (Table 2)
were varied to investigate their influence on the air-gap
flux density for an optimal rotor shape. Table 3 presents a
comparison of the output results of the air-gap flux density
distributions; all the errors appear to be within ≤3%. This
demonstrates the high accuracy level is achieved by using
the proposed linear saturated LPM approach to design LSPM
motors in a short time period.

The air-gap flux density is proportional to synchronous
torque produced in an electrical machine. Hence, to obtain
a high synchronous torque performance, the characteristics
of the effective air-gap flux density distribution should be
considered during the optimization process [13], [14]. This
analytical method is expected to assist in achieving an optimal
rotor structure for a given design objective function. This
method is considerably simpler than the FEM approach, and
it helps to improve the saliency ratio, efficiency, PF, and rated
current of the three-phase armature winding.

IV. DESIGN VARIABLES BASED PARAMETRIC STUDY
In the parametric study, the influence of design variables on
the output characteristics of the LSPM motor under no-load
(average air-gap flux density, fundamental component of
back EMF) and full-load conditions (total electromagnetic
torque, efficiency, and PF) are investigated in detail. To max-
imize the objective function, it is important to improve the
fundamental component of back EMF with minimal higher
order harmonics. The waveform of back EMF is directly
correlated with the air-gap flux density and armature winding
pattern [7], [13], [14], [51]. Therefore, the developed LPM
based on the local best design variables facilitates to cal-
culate the effective air-gap flux density as well as the back
EMF; this is one of the crucial steps in design optimization,
and the proposed method yields more convenient results than
the FEM analysis [7], [17], [21]. Several variables can be
used to define the geometry of the prototype LSPM model;
however, in this study, the three main design variables were
fixed in order to optimize the rotor shape and achieve themost
robust structure, without mechanical failure under high-speed
operation. The experimental ranges of these variables are
listed in Table 4.

TABLE 4. Design variables for parametric study of LSPM motor.

When evaluating the design of the LSPM motor, the shape
of the bridges is the most dominant factor from air-gap flux

density andmechanical point of view, to construct an effective
and robust rotor structure and achieve the target specifica-
tions [17], [52]. During the design procedure, the analyti-
cal method can be used to improve the generated flux of
the magnets with an optimized slot shape by reducing flux
leakage and magnifying the magnet short-circuit reluctance
path. Moreover, flux barriers are added in the rotor back
iron to avoid magnetic short-circuit. A predefined flow of
PM flux is employed to realize the required air-gap flux
density. Using this method, the volume of the magnets can
be reduced, thereby decreasing the overall cost of the motor;
this makes the LSPM motor a viable alternative to conven-
tional induction motors used in industrial applications. The
LSPM machine combines attributes of IMs and IPM syn-
chronous motors; however, the design and full-load operation
of the LSPM motor are significantly complicated owing to
this hybrid combination of synchronous and asynchronous
motors [1], [5], [14], [39], [40]. The LSPM motor functions
as a PM synchronous machine at synchronous speeds; theo-
retically, there is no current in the rotor, and the primary exci-
tation field is provided though the magnet. This reduces the
armature current required to produce magnetization under the
steady-state condition. Such a reduction in armature current
leads to lower copper losses and further improves both motor
efficiency and the PF [2], [5], [8]. To determine the optimal
values of the slot angle and the PM position for an effective
back EMF, the following fundamental equation can be used:

input voltage = back EMF+ voltage drop. (34)

From (34), it is deduced that, with an increase in back
EMF, the steady-state performance improves significantly.
The back EMF and the air-gap flux density values can be
increased by minimizing the leakage flux through the Rib
and bridges (wbri1 and wbri2); furthermore, the flux linkage to
the armature winding can be improved by increasing the PM
position (LP) at the optimized value of the slot angle (αm).
The power factor and efficiency are expressed as

PF = cos(ϕ) = cos

tan−1
 Ld

Lq
id
iq
+

iq
id

Ld
Lq
− 1


= (ξ − 1)

√
sin(2α)

2(tan θ + ξ2 cotα)
, (35)

η =
Pout

Pout + Ploss
=

1+
1

ω
3.Rth

.
(
Te
I2

)
−1 , (36)

where id and iq are the components of the armature winding
current; Ld and Lq are the d- and q-axis inductances, respec-
tively; ξ is the saliency ratio; I is the line current; Te is the
total electromagnetic torque; Rth is the total phase resistance;
Ploss = 3RthI2; ωr is the rotor angular speed of rotation;
and η is the efficiency of the LSPM motor. The prototype
model of the LSPM motor employing the variables used for
the parametric study is illustrated in Fig. 1. The distance from
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the shaft to the PM slot is LP, the slot angle of the side PM
segment is αm, and the air duct gap is denoted as Rib. These
design variables (αm, LP, and Rib) all depend on each other,
and their influence on the optimization of the rotor shape and
performance is discussed in this section.

A. SLOT ANGLE (αm)
The analytical design method can be used to improve the
performance characteristics of the prototype LSPM motor
by effectively optimizing the slot angle (αm) of the side
PM segment and the PM position (LP) inside the rotor core
structure. Both LP and Rib are decreased with an increase in
the slot angle (αm) of the side PM segment. The PM slot angle
(αm) is inversely proportional to pole-arc angle (θm). Thus,
the greater the slot angle, the smaller is the pole-arc (θm) angle
and the pole-arc to pole-pitch ratio (τp). Therefore, a higher
value of the slot angle decreases LP at a fixed width of the
PM segments and degrades the performance characteristics of
the LSPM motor, because of the high magnetic loading with
additional flux leakage. The slot angle (αm) can only increase
when the fixed width of the magnet segments (wp1 and wp2)
used in the prototype model is reduced, as shown in Fig. 5;
however, in this case, the high flux leakage results in low back
EMF. If the volumes of the magnet segments are considered
equal and the slot angle increases, the angle (�) between
the PM slot and the flux barrier slot, as shown in Fig. 1,
decreases. As a result, the pole-arc angle of the magnet and
the overall pole-arc to pole-pitch ratio are reduced. When the
slot angle (αm) reaches to an optimized limit at a certain value
of LP, an effective pole-arc to pole-pitch ratio (τp) is obtained
with good quality air-gap magnetic flux density (Bg). The
optimized value of the slot angle, as compared to the pole-arc
to pole-pitch ratio, is determined to ensure excellent electro-
magnetic performance of the prototype LSPM motor model.

Flux barrier slots featuring sizes equal to that of the PM
slot are placed at the end of the side PM segments at a certain
angle (�), while considering the mechanical limitations as
given in Fig. 5. Flux barriers are introduced at the end of
the PM slots to reduce the flux leakage. The impact of the
reduced leakage flux on the back EMF at different slot angles
is depicted in Fig. 8. At a fixed PM position (33 mm), a slot
angle of 149◦ yields a reasonable value for the fundamental
component of the induced voltage, thereby satisfying the
required specifications with minimum third, fifth and seventh
harmonics, unlike other slot angles. Once an appropriate path
is constructed for linking the air-gap flux with the stator
three-phase winding, the back EMF improves significantly.

These findings reveal the impact of taking the flux barriers
at the end of the optimal PM slot shape in order to reduce flux
leakage at the rotor core. The magnetic loading is decreased
due to unsaturated core and has a positive effect on the
armature winding current. Thus, the overall performance of
the LSPM motor, including efficiency and PF, improves sig-
nificantly [12], [39], [52]. The slot angle described in terms
of the pole-arc to pole-pitch ratio (τp), as shown in Fig. 9, are
used to calculate the steady-state performance characteristics

FIGURE 8. Back EMF harmonic analysis at different slot angles (αm).

FIGURE 9. Steady-state analysis at pole-arc to pole-pitch ratio (τp).

of the LSPM motor. From Fig. 9, it is evident that, at the τp
value of (0.66), high values of the efficiency (94.7%) and PF
(91.9%) are achievedwith a low-rated current (7.60Arms) and
low copper loss (139.6 W), as compared to other pole-arc to
pole-pitch ratios. This value of τp (0.66) is achieved when a
slot angle of 149◦ is selected.
The slot angle (αm) has a great influence on the linkage

between the PM flux and the armature winding as well as the
induced voltage. If the flux leakage is high, the rotor core
is saturated to a greater extent, resulting in high magnetic
loading under the steady-state operating condition. Hence,
high three-phase armature currents are generated because of
the saturated core with a low value of the induced EMF
voltage [17], [46], [52]. The values of τp, excluding 0.66,
increase or decrease the slot angle, producing a high-rated
current and copper loss as a result of the magnetic loading
of the core material. This considerably reduces the efficiency
and PF, as shown in Fig. 9.

B. PM POSITION (LP )
The PM position (LP) and slot angle (αm) are correlated. For
high efficiency and PF, an optimized value of distance (LP)
corresponding to the slot angle (αm) needs to be determined.
The influence of this distance (LP) on the performance char-
acteristics is shown in Fig. 10. Similarly, LP (33 mm) yields
the appropriate back EMF at a fixed slot angle of 149◦ with
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FIGURE 10. Back EMF harmonic analysis at different PM positions (LP ).

low third-, fifth- and seventh- harmonic components, as com-
pared to a PM position of 35.5 mm (Fig. 10). When the slot
angle is fixed to its optimumvalue (i.e., 149◦) and the distance
(LP) is further decreased or increased besides the fixed value
(33 mm), then the gap between the rotor bars and PM slots
is decreased and reaches a minimum value at point P1 or P2,
as shown in Fig. 5. The low value of LP will result in addi-
tional PM-to-PM flux leakage as well as flux leakage through
the flux barriers and theRib.The effective air-gap flux density
and flux linkage will be altered, and the low induced voltage
will have a negative impact on the performance of the LSPM
machine. If LP (e.g., 33 m) is increased further to a fixed
value of the slot angle (149◦), the cage bars will penetrate the
PM, and the flux barrier slots and the rotor will be destroyed
mechanically under high-speed operation (nr ). Therefore,
the distance LP at an optimal value of the slot angle (αm) is
an indispensable parameter in the rotor design of the LSPM
motor, for achieving high mechanical strength.

FIGURE 11. Steady-state analysis at different PM positions (LP ).

At a low value of LP, the efficiency and PF have poor
characteristics as a result of the additional PM-to-PM flux
leakage as well as the flux leakage through the Rib. Conse-
quently, a high armature current with increased copper loss is
generated, as shown in Fig. 11 and Table 5. A slot angle of
152◦ and a distance of 35.5 mm were not chosen because,
at these values of the slot angle and LP, the gap between

TABLE 5. Performance characteristics of the 7.5-kW LSPM motor.

the slot and the rotor bar is <1.5 mm at points P1 and P2,
which is the minimum required gap length for the mechanical
construction of the LSPM rotor under high-speed opera-
tion. Therefore, in this prototype LSPM motor, to meet the
required specifications, the optimal values for slot angle (αm),
distance (LP), and Rib are 149◦, 33 mm, and 4.805 mm,
respectively. Furthermore, these optimal values of slot angle
(149◦) and distance LP (33 mm) satisfy the mechanical con-
straints for rotor construction. The gap lengths between the
slot and the rotor bar at points P1 and P2 are 1.785 mm and
1.523 mm, respectively, both of which are >1.5 mm.
Considering the correlation between back EMF and effi-

ciency, the objective function is set to magnify the back
EMF voltage. Meanwhile, both design variables (152◦ and
35.5 mm) yield a high value of the fundamental component of
induced EMF voltage. This could also undermine the starting
torque as the braking torque is proportional to the square of
the induced EMF [1], [6], [7]. These design constraints should
be considered when accounting for the back EMF voltage,
because the values of the slot angle (152◦) and distance
(35.5 mm) can have a negative impact on the LSPM start-up
(high starting current) and synchronization performance. The
performance characteristics of the 7.5kWLSPMmotor at var-
ious slot angles (αm) and PM positions (LP) are summarized
in Table 5. The optimized values of slot angle (149◦) and
LP (33 mm) produce low higher-order harmonics and also
reduce the braking as well as the pulsating torque caused
by the interaction between the stator current and the induced
EMF harmonics. Hence, to minimize the cogging torque for
a low starting current, the high-order harmonics of the back
EMF should be reduced asmuch as possible, during themotor
design process [3], [5], [7].

C. INDUCTANCE SALIENCY RATIO (ξ )
The inductance design estimates the major behavior of the
electrical machine. Hence, the precise computation of the
dq-axis inductances are necessary. The design variables are
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chosen to optimize the PM slot shape in the rotor core and also
to enhance the steady-state performance of the LSPMby opti-
mizing the saliency ratio [6], [8], [40]. The ratio of inductance
difference between the magnetic paths of the d-axis (Ld ) and
q-axis (Lq) is the saliency ratio, used to improve the output
of the objective function. The proposed rotor structure of the
LSPM motor (Fig. 1) with features identical to the conven-
tional IPM motor, has inserted magnets in the d axis causes
Lq > Ld , because of the variation in the magnetic resistance
between the d-axis and q-axis [2], [6], [52]. In IPM-type
LSPM motor, the armature current amplitude has a great
impact on the dq-axis inductances. The q-axis inductance
change significantly with the increase of current amplitude
because of the variation in core saturation and cross coupling
effect [9], [42], [53]. The FEM analysis is used to calculate
the inductance variation based on the rotor geometry with the
change of current amplitude, as shown in Fig. 12 [52].

At different slot angles, the flux path along the d-axis
remains the same; however, the q-axis flux path varies every
time the slot angle changes. Therefore, only the influence
of slot angles (αm) on the d-axis and q-axis inductance are
investigated. This results in greater differences in the mag-
netic resistance of the dq-axes. The greater the difference
between the d-axis and q-axis inductances, the higher is the
saliency ratio; however, this ratio cannot surpass the theoreti-
cal limitation because of the mechanical stress and the effect
of field saturation [2], [8], [40], [52]. The saliency ratio (ξ ) is
expressed as

ξ =
Lq
Ld
, (37)

where

Ld =
ψo cosα − ψa

id
, (38)

Lq =
ψo sinα

iq
, (39)

id = −Ia sin γ , iq = Ia cos γ , ψa is the no-load flux linkage,
ψo is the flux linkage at the rated input current, α is the phase
difference angle between flux linkages at no-load to full-load
conditions, Ia is peak input current, and γ is the current vector
angle [45].

In this LSPM rotor structure, the saliency ratio is improved
by adding a rectangular magnet in the flux path of the
d-axis and several flux barriers. The FEM is used to com-
pute the d-axis and q-axis inductances under varying load
conditions based on different slot angles (αm) are shown
in Fig. 12 [10], [52]. As the slot angle increases, the magnet
and shaft volume are reduced. Therefore, the area between
the magnet slot and the conductor bar is secured, resulting
in a lower reluctance for the q axis and a large value of Lq.
The size and trend of Ld did not vary significantly with
the change in the slot angles of the side PM segment. The
optimized saliency ratio at different slot angles increases the
PF as shown in Fig. 13 as well as improves the starting perfor-
mance [6], [45] of the LSPM motor significantly. The influ-
ence of magnetic saturation on the inductance is not constant

FIGURE 12. d- and q-axis inductance calculations for the LSPM motor at
different slot angles (αm).

FIGURE 13. Effects of inductance saliency ratio on the power factor of
LSPM motor at different slot angles (αm).

FIGURE 14. Effects of inductance saliency ratio on the output torque of
LSPM motor at different slot angles (αm).

but change with d-q axis current. Therefore, when armature
current is enhanced, the magnetic saturation of the q-axis is
increased causing a high reluctance path for the flux due to
armature reaction of q-axis magnetic circuit and decreases the
Lq inductance as well as saliency ratio [52], [53]. The impact
of the dq-axis inductances on the output torque performance
at different slot angles is shown in Fig. 14. At low saliency

145682 VOLUME 8, 2020



A. Waheed, J.-S. Ro: Analytical Modeling for Optimal Rotor Shape to Design Highly Efficient LSPM Synchronous Motor

ratio, the output torque produced by the prototype LSPM
motor is very small due to highmagnetic saturation of the core
material under extreme loading conditions. Consequently,
the values of the efficiency and PF of the LSPM motor at a
rated torque of 19.9 Nm are 94.7% and 91.9%, respectively.

With the increase of input current applied to armature
winding, the strong cross magnetization and core saturation
causes low value of the dq-axis inductances, and deliver poor
PF and output torque as given in Figs. 13 and 14 [42], [52].
Low inductance values for slot angles (140◦, 143◦, and 146◦)
result in a strong cross magnetization through the Rib and
operate at high stator currents. This causes greater satura-
tion of the core material. The core saturation relies on the
current in the same axis as well as that in the orthogonal
axis [9], [42]. A lower slot angle (140◦, 143◦, and 146◦)
reduces the spare area (Rib), increases the (PM-to-PM) flux
leakage, and increases the saturation along the q axis, which
negatively impacts the inductance design. With an increase
in the magnetic saturation along the q axis, Lq starts to
decrease, and the reluctance torque, which is proportional to
(Lq−Ld ), is also reduced. This leads to a reduction in the total
electromagnetic torque (Te) and also causes greater amounts
of phase current to be drawn through the armature winding,
thereby increasing copper losses [42], [52], [53].

FIGURE 15. Calculation of different torque components of LSPM with the
change of load angle (δ).

D. TORQUE PERFORMANCE
The magnetic anisotropy (i.e., reactance) between quadrature
and direct axis produces reluctance torque due to the presence
of a magnet in the LSPM rotor. The saliency ratio improves
the reluctance torque component, which varies as a function
of the inductances variance, and assists in enhancing the total
electromagnetic torque (Te) under the steady-state condition
as given in Fig. 15 [3], [8]. The improved saliency ratio helps
to reduce the amount of high-cost magnetic material required
to produce the necessary output torque. This reduction in
the magnetic material decreases PM torque. The reduction
of magnetic torque is compensated with the improved reluc-
tance torque component by using the optimal electromagnetic
design consideration of the LSPM rotor [53].

The optimized values of the design variables are selected
(149◦ and 33 mm) for the dynamic analysis of the LSPM
motor, to evaluate the influence of torque components on the
torque capability with their average values are plotted against
the load angle (δ), given in Fig. 15. The total electromagnetic
torque generated by the LSPM is expressed as

Te =
3
2
P
2

(
λPM iq − (ξ − 1)Ld id iq

)
, (40)

where λPM is the magnetic flux linkage to the stator
three-phase winding. An examination of (40) shows that the
total torque involves two components:

Te = TPM + Trel (41)

The first term, referred to as the PM torque (TPM ),
is obtained through the interaction between the stator q-axis
current and the rotor magnet. The presence of magnets in the
rotor d-axis produces the second term, which is known as
the reluctance torque (Trel), because of the difference in their
magnetic resistance. The sum of the magnetic and reluctance
torques yields the total torque and the load angle (δ) required
to achieve the peak value of the total electromagnetic torque
at an electrical degree exceeding 90◦, as shown in Fig. 15.
The reluctance torque component causes this shift in the load
angle. The reluctance torque increases the PM torque in the
load angle region between 90◦ E and 180◦ E and decreases
it between 0◦ E and 90◦ E. The loci of the load angle against
the maximum output torque based on the armature current
amplitude is used to calculate the optimal torque per unit
stator current operation of the machine [45].

From the PF and torque equations, it is evident that the
variations in d-axis and q-axis inductances play a critical role
in enhancing the performance of the synchronous machine.
Another important design variable is the Rib used for the
performance improvement of the LSPM motor. A smaller
Rib causes a high PM torque as the result of the reduced
magnetic flux leakage. In contrast, a larger Rib causes greater
flux leakage and decreases the magnetic torque. Therefore,
optimization of the geometric parameters of a rotor is an
important design criterion to reduce the flux leakage and
achieve enhanced inductance saliency ratio and torque capa-
bility [8], [42], [52]. The lumped magnetic equivalent param-
eters are imperative in optimizing the air-gap flux density
and the inductance design to achieve the required design
specifications of the LSPM motor, with a minimum rated
current to ensure reduced core and copper losses.

V. DEMAGNETIZATION ANALYSIS OF
THE PROTOTYPE LSPM MOTOR
Magnets composed of rare-earth materials (Nd–Fe–B) offer
excellent magnetic characteristics owing to their high rema-
nent flux density (Br ) and coercive force (Hc). Hence, an opti-
mized slot shape of the PM is a critical design parameter to
avoid demagnetization of the magnets under the influence
of high reversed magnetic field at different temperatures.
Thus, the rotor bars used in IM are redesigned to reduce
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the high starting current of the LSPM motor and minimize
the demagnetization effects if the high armature current pro-
duces a magnetic field in the direction opposite to the rotor
d-axis [45], [46], [54].

The segmented magnets under the squirrel-cage rotor help
to enhance the torque segregation and robustness against
demagnetization, by inducing high eddy currents in the rotor
bar during asynchronous operation in order to protect the
PM against the MMF at high temperatures [2], [46]. As sen-
sors or encoders are not used to determine the initial rotor
position in the LSPM motor in order to avoid the magnet
demagnetization, the worst initial position is determined by
calculating the highest starting current value under different
load angles. The demagnetization analysis is performed using
FEM for the prototype LSPM motor by applying an external
demagnetizing field calculated on the basis of the worst initial
positions at different temperatures, as shown in Fig. 16.

FIGURE 16. Demagnetization analysis of LSPM based on temperatures.

However, to perform the demagnetization analysis, the
d-axis of the armature magnetic circuit and rotor are fixed
against each other in the static condition [43], [45]. The
nonlinear characteristics of the magnets and core are also
considered to perform the static demagnetization analysis,
as shown in Fig. 16 [9]. This figure (Fig. 16) indicates the
operating point of the PM on the B–H curve at different
temperatures obtained by applying a demagnetizing current
(−id ) to the armature coil to generate the reverse magnetic
field. The impact of the applied reverse magnetomotive force
(MMF) is calculated by analyzing the directions of the mag-
netic field vectors of the PM. If magnetic field vectors of the
PM become opposite under the influence of a high armature
reaction field (MMF), then demagnetization of the magnet
will occur. It means PM has a flux density lower than the knee
point value [9], [43], [46].

Under transient-state conditions, the short-circuit current
generated by the induced voltage in the rotor bars produces
a magnetic field that is opposite to the armature field; this
limits the impact of the reverse magnetic field acting on the
PM, thereby preventing demagnetization during high starting
current operation [3], [45]. These eddy currents may also

FIGURE 17. Magnetic flux density vectors of the PM under armature
reaction at (a) 20 ◦C, (b) 100 ◦C, and (c) 180 ◦C.

enhance the rotor core losses. The knee point value of an
N35EH magnet at 180 ◦C is 0.15 T. Therefore, the marked
range of the magnetic flux density for an N35EH magnet
during a demagnetization analysis under the worst operating
condition is 0.15–1.23 T, as shown in Fig. 17(a). Figure 17
presents the flux density vectors of the PM under an armature
reaction field at different operating temperatures. The max-
imum values of the demagnetizing currents (−id ) given to
armature coils at 20 ◦C, 100 ◦C, and 180 ◦C are 193.7 Apeak,
178.2 Apeak, and 164.8 Apeak, respectively. Thus, the magnets
inside the rotor iron core are protected from the armature
windingMMF and the field harmonics in the air gap produced
by stator slots that result in electromagnetic vibrations and
noise [44], [54].

VI. CONCLUSION
In this article, to satisfy the required design specifications,
an analytical model based on a linear saturated lumped para-
metric model was developed, in order to provide solutions
within a short period. The viability of the prototype LSPM
model based on various design variables was verified through
FEM. A novel optimized rotor structure was developed, and
mathematical expressions are derived using the proposed
analytical model. This structure achieved improved no-load
performance as well as an enhanced saliency ratio. The dif-
ferences between the d-axis and q-axis inductances could be
exploited to effectively increase the PF and efficiency of the
LSPM motor.

The improved rotor structure generated a reasonable reluc-
tance torque with a low-rated current (7.60 Arms) and torque
ripples, thereby reducing the core loss; this has a significant
impact on the synchronous torque capability of the LSPM
motor. A demagnetization analysis based on temperature was

145684 VOLUME 8, 2020



A. Waheed, J.-S. Ro: Analytical Modeling for Optimal Rotor Shape to Design Highly Efficient LSPM Synchronous Motor

used to certify the robustness of the designed rotor shape
against demagnetization, even under the worst operating con-
dition (at 180 ◦C). The results of this study indicate that care-
ful selections of the magnet slot angle (αm) and position (LP)
with respect to the magnetic flux barriers play an important
role in the steady-state characteristics and also improve the
possible design of the PM rotor, while satisfying mechanical
structural constraints. Hence, using the optimal values of
the design parameters, the desired air-gap flux density as
well as back EMF were achieved, and a 7.5-kW two-pole,
three-phase prototype LSPM model was developed.
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