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Abstract— In recent years permanent magnet motors are replacing conventional motors like Induction motor and
Synchronous motors. It is because of the face that conventional motors are not suitable where the applications require
speed regulation. In most applications high torque, high efficiency, and simple controllability are required. Permanent
Magnet Synchronous Reluctance Motors are preferred due to several factors like reduced cost, ability to operate at desired
speed and flux weakening capability for medical and traction applications. In recent days, high field strength
neodymium-iron-boron (NdFeB) magnets become commercially available with affordable prices, Also PMSRMs are
proved to have high speed, high power density and high efficiency. A new design of PMSRM is proposed here. A modified
design in the location of permanent magnets in the flux barriers of PMSRM is proposed and its results are validated to
improve the performance. To analyze the design parameters Finite Element Analysis is used.
Index Terms— Permanent Magnet, Synchronous Reluctance Motor Design and Finite Element Analysis.

I. INTRODUCTION
Permanent Magnet Synchronous Reluctance Motors are receiving much attention due to their high speed, power
density and efficiency characteristics [1]. PMSRMs are preferred due to the following advantages [2].
 They have lower inertia compared with ordinary induction motors. Therefore their torque to inertia is higher.
 They have small rotor losses and so their efficiency is high.
 They require no external excitation.
 Since rotor losses are less, heating is also less. This improves the performance of the motor
 Consequently the PMSRM is smaller in size and lesser in weight. It is ideal for small size applications.
Modified rotor configurations, and the commercial availability of high field strength neodymium-iron-boron
(NdFeB) magnets have reduced the cost of such machines to a level where they can now provide a significant
performance improvement particularly in variable speed applications. Unfortunately, manufacturers of such
machines provide very little information for drive designers wishing to implement high performance torque
control. PMSRM has high efficiency and torque because the motor can utilize both magnetic and reluctance
torque due to the magnetic saliency. These motors are widely used for electric household appliances and electric
vehicles. For the optimum design, several papers have been reported on the analysis of the permanent magnet
motors based on Finite Element Method (FEM). Most of the papers [3][4] however, discussed static
characteristics such as motor torque and flux distribution. For the dynamic analysis, some papers have reported
about an electrical equivalent circuit [5] [6]. Advanced high speed salient-pole synchronous machine uses vector
control in the synchronously rotating reference frame to actively vary the d-axis armature current as a function of
loading and speed. Such operation, commonly referred to as „flux weakening‟, allows for higher speed, torque,
and efficiency levels when compared with conventional control [7]. Proper implementation of flux weakening
control requires the knowledge of synchronous machine parameters. The most common parameters required for
the implementation of such advanced control algorithms are the classical simplified model parameters:
Ld - the direct axis self- inductance
Lq - the quadrature axis self- inductance and
mag - the permanent magnet flux linkage.
Prior knowledge of the previously mentioned parameters, and the number of pole pair‟s p, allows for the
implementation of torque control. The required parameters determine the linearized representation for the d-axis
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reactance Xd, q-axis reactance Xq, and permanent magnet excited voltage Eo. The non-linearity of certain types
of salient-pole synchronous machines has made it difficult to apply these control rules.
II. LOCATION OF PERMANENT MAGNETS
PMSRMs are now very popular in a wide variety of industrial applications. Majority of PMSRMs are constructed
with the permanent magnets mounted on the periphery of the rotor core. Such motors are called Surface
Permanent Magnet Synchronous Motors (SPMSM) [2]. When permanent magnets are buried inside the rotor core
the motor not only provides mechanical ruggedness but also opens a possibility of increasing its torque capability.
By designing a rotor magnetic circuit such that the inductance varies as a function of rotor angle, the reluctance
torque can be produced in addition to the mutual reaction torque of synchronous motors. This class of Interior
Permanent Magnet Synchronous Motors (IPMSM) can be considered as the combination of Reluctance
Synchronous motor and the permanent magnet Synchronous Motor. It is now very popular in industrial and
military applications by providing high power density and high efficiency compared to other types of motors. The
proposed design called Permanent Magnet Synchronous Reluctance Motor involves embedding of permanent
magnets in the flux barriers of the rotor. Figure 1 shows different location of permanent magnets in rotor.

Fig 1. Different Locations of Permanent Magnets in Rotor

III. ANALYSIS OF PMSRM
A 4-pole synchronous reluctance motor is shown in Figure 2. It has 3-phase stator winding and a salient rotor. The
stator windings are identical and displaced 120° from each other. Since the stator winding of the synchronous
reluctance motor is sinusoidally distributed, flux harmonics in the air gap contribute an additional term to the
stator leakage inductance. Hence, the equations which present the behavior of the synchronous reluctance
machine can be obtained from the conventional equations of a conventional wound field synchronous machine. In
PMSRM, the excitation winding does not exist. Hence, eliminating both the field winding and damper winding
equations from Park's equations, the basis for the d-q equations for a Synchronous Reluctance Motor can be
obtained. These d-q equations express the behavior of the physical stator and rotor currents in a reference frame
which is rotating with the rotor of the machine in much the same manner as for a wound field synchronous
machine (rotor reference frame). These voltages form a constant amplitude rotating vector in the d-q plane. When
the rotor rotates at the same angular velocity as the angular velocity of the rotating voltage vector, (modified by
the number of pole pairs), the voltage vector appears to be stationary with respect to the rotor reference frame.

Fig 2. Four pole Synchronous Reluctance Motor
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In this case, the angular relationship between the stator voltage vector and the d-q axes as the two components are
described as

d ds
 r qs
dt
d
vq  rs iqs  qs  r ds
dt
vd  rs ids 

Where

ds  Llsids  Lmd ids  Lds ids
qs  Llsiqs  Lmqiqs  Lqs iqs

-----------

(1)

-----------

(2)

-----------

(3)

-----------

(4)

Here Lls , Lmd and Lmq are the stator leakage inductance, direct axis magnetizing inductance and quadrature axis
magnetizing inductance, respectively. The quantity rs is the stator resistance per phase. The electromagnetic torque
is identical to that of Synchronous Machine given by

Te 

3P
(ds iqs  qsids )
22

-----------

(5)

Here Te is the electromagnetic torque and P is number of poles.
The angular relationship between the stator voltage vector and the d-q axis is shown in Figure 3.

Fig 3. Phasor diagram for Synchronous Reluctance Machine

In phasor notation:
Vs = rsIs +jXds Ids + jXqsIqs

------------

(6)

The value of currents can be obtained in terms of steady state voltage as
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Neglecting stator resistance

I ds 

Vqs

e Lds

& I qs  

Vds
e Lqs

------------

(9)

Here  e is the angular velocity of the rotating reference frame.
IV. DETERMINATION OF ROTOR PARAMETERS
It is apparent from the discussion in earlier works, that the advantages of a PMSRM is highly dependent upon the
saliency ratio Ld/Lq[8]. Four pole configuration of Figure2 is considered. Specifically, the rotor is assumed to be
constructed of “packets” of thin laminations. These packets of steel are assumed to be separated by a suitable
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insulator, plastic laminate or epoxy-like material. All of the lamination segments are assumed to be equally
spaced. Also, the machine is assumed to have 24 slots (2 slots/pole/phase) with a tooth width over tooth pitch ratio
of 0.54. The sum of “n(Wiron+Wins)” is chosen so as to always equal to be the width of one stator to limit pulsating
fluxes in the stator teeth.
Kw = Wins / Wiron
------------ (10)
Where Wins and Wiron represent the width of insulation and width of iron. Clearly, when Kw=0, the rotor is
assumed to be completely made of iron, (i.e. no saliency). When Kw=1 the rotor is constructed of lamination
segments in which the air space and lamination segments are equal. The values of d axis inductance and q axis
inductances are given in table
Table 1.Experimental values of Ld and Lq inductances of PMSRM
Ld-Lq
I (A)
Lq(H)
Ld(H)
(H)
Ld/Lq
0

0.028

0.06

0.032

2.14

0.5

0.025

0.061

0.036

2.44

1

0.021

0.062

0.041

2.95

1.5

0.02

0.063

0.043

3.15

2

0.018

0.061

0.043

3.38

2.5

0.016

0.058

0.042

3.62

3

0.016

0.055

0.039

3.43

3.5

0.015

0.053

0.038

3.53

4

0.014

0.052

0.038

3.71

Figure 4 shows the d axis and q axis inductance for different values of current. From the graph it is clear that the
value of d axis inductance is greater than the value of q axis inductance.

Fig 4. Calculated d-q axes inductances
Various parameters required for the analysis of PMSRM are determined using the routine shown in Figure 5.
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Fig 5. Flow chart of Finite Element Analysis to estimate parameters of PMSRM

V. DESIGN SYNTHESIS
A. Stator Geometry
The design of stator of the machine is kept unaltered where the rotor construction is modified for its improved
performance. The stator inner surface is cylindrical and typically retains many of the benefits of variable
reluctance motors and at the same time eliminates its several disadvantages. The overall view of the motor is as
shown in the figure 6.

Fig 6. Experimental Stator of PMSRM
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B. Rotor Geometry
Adding the proper quantity of permanent magnets into the PMSRM rotor core is another way to improve the
operating performance of this motor [16]. In this case, the motor is similar to an Interior Permanent Magnet (IPM)
Motor [9]. However, the amount of permanent magnets used and the permanent magnet flux-linkages are smaller
with respect to the conventional IPM. Thus, the proposed motor can be called a Permanent Magnet Synchronous
Reluctance Motor (PMSRM). Permanent Magnets can be mounted in the rotor core of the axially or transversally
laminated structure The polarity of magnets is chosen such that it counteracts the q-axis flux of the SRM at rated
load. Regardless of the different choice of d-q axes in principle, the PMSRM seems nothing more than a particular
case of IPMSM. However, a substantial difference is the high anisotropy rotor structure of PMSRM results in low
value of the permanent magnet flux. The amount of permanent magnet flux is quite lower than the amount of rated
flux. In contrast, in the usual IPM the most flux comes from the magnets and the flux produced by stator currents
is considered as an unwanted reaction flux. In practice, because of the above mentioned difference between
PMSRM and IPMSM machines, they have different suitability to the large flux-weakening ranges. The rotor
geometry can be obtained to meet the desired criteria and manufacturing limits such as minimum width of ribs and
number of flux barriers. As it was mentioned before, to improve the efficiency of the motor some Ferrite magnets
are placed in the rotor as shown in Figure 7. One of the features considered in the design of this motor is the
magnetization of the Ferrites using stator windings. This feature will cause a reduction in cost and ease of
manufacturing [10][13]. Figure 8 shows the same rotor with modified flux barriers and permanent magnets inside
the core. The amount of the ferrite placed in the rotor core is limited by the geometry of the rotor and also the
material cost. The d- axis inductance Lds and q-axis inductances Lqs, are known to depend on the air gap flux.
Ferrite, ceramic magnets and Neodymium-Iron-Boron materials are well known materials used in PM motors. The
flux density of the magnets changes significantly by variation of temperature. The variation of the flux density
affects the d- and q-axis inductances and also directly affects the output torque [11].

Fig 7. Proposed PMSRM
VI. FLUX DENSITY WITH RESPECT TO ROTOR ANGLE
Since the rotor of PMSRM follows the flux, the position of rotor and fluxes are changed together and it is possible
to extract the rotor position by detecting of flux position. Therefore in this method the rotor position is estimated
using flux linkage. In this approach, torque ( T e ), speed (r ) and flux linkage phase angle ( ρs ), in both transient
and steady states, is calculated by using the estimated stator flux linkage ( ψs ), and its components (ψ,ψ) in
stationary reference frame. The equations of these calculations are shown in the following equations.

Te 

3
p( i    i ) -----------2

(11)

 s  (2   2 )

------------

(12)

   (v Raia )dt

------------

(13)

    (v Rai )dt

------------

(14)
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 s  tan 1 (





)

------------

(15)

The value of flux density in air gap with respect to different rotor angle is shown in figure 8.

Fig 8. Rotor Phase Angle Detection

The total resulting torque is the summation of reluctance torque and permanent magnet torque. The values of
overall torque of the SRM, surface mounted – PMSRM(SM-PMSRM) and PMSRM are shown graphically in
figure 9.

Fig 9. Comparison of Reluctance Torque Using FEA

Also the values of reluctance torque, permanent magnet torque and the resulting torque are calculated for the
proposed PMSRM and shown graphically in the figure10.

Fig 10. Output Torque with different current Angles
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VII. CONCLUSION
A novel design of Permanent Magnet Synchronous Reluctance Motor is proposed. It is analyzed that, with respect
to the conventional Synchronous Reluctance Machine, this motor offers better torque capabilities and power
factors. .Finite Element Method is used to obtain the inductance and motor parameters. Various Effects of the
permanent magnets on d-q inductances were studied. A comparison between torques of Synchronous Reluctance
Motor, Surface mounted PMSRM and PMSRM was performed. It results show that the proposed PMSRM
substantially improve the efficiency due to modified rotor geometry. Simulation results and the extensive
experimental results for the PMSRM show the effectiveness of the proposed method.
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