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Analysis of the torque ripple of permanent magnet synchronous motors with inset and 

embedded magnets (George Todorov). This paper analyzes with magnetic field distribution and 

torque ripple of Permanent Magnet Synchronous Motors (PMSM) with inset and embedded magnets. 

An analytical model of the motor has been developed. The model uses iterative procedure and Finite 

Element Analysis (FEA) to obtain the stator windings flux linkage, direct-axis and quadrature-axis 

inductances and phase shift between the quantities. Using this model the distribution of the magnetic 

field produced by the permanent magnets and the magnetic field at operation with rated load have 

been obtained and shown for both rotor constructions. The torque ripple has been calculated at 

operation of the motors at rated speed and rated load. It was found that the motor with inset 

permanent magnets shows smoother operation, while the motor with embedded permanent magnets 

offers better opportunities for field weakening.  
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Introduction 

Permanent magnet synchronous motors (PMSM) 

have a series of advantages as high efficiency, high 

torque per volume density and opportunities for 

precise and wide range speed control. With the 

increasing energy efficiency requirements, these types 

of motors are more and more preferred when building 

energy efficient and precise drives. On other hand this 

increases the requirements in regards of the stable and 

noiseless performance of the motor.  

PMSM with magnets mounted on the surface of 

the rotor have a typical non-saliency, just as the non-

salient pole electrically excited synchronous motors. 

The equivalent air-gap is large and circumferentially 

uniform, which results in a weak armature reaction 

and equal direct-axis and quadrature-axis 

inductances. Rotor configurations with inset and 

embedded magnets show a clearly defined saliency. 

The air gap is small and the permeance in the 

quadrature axis is greater than that in the direct axis. 

This results in a lower direct-axis inductance 

compared to the quadrature-axis inductance, unlike 

the salient pole electrically excited synchronous 

motors, where Ld > Lq. Reduced air gap creates 

preconditions for a stronger manifestation of 

additional effects disturbing the smooth and steady 

operation of the motors. Different authors have 

studied these effects and measures to reduce their 

impact [1], [2], [3], [4]. The current paper presents 

an analysis of the torque ripple of PMSM with inset 

and embedded magnets (Fig. 1b and 1c) in steady 

state operation at rated load. 
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One reason for the occurrence of torque ripple is 

the non-sinusoidal distribution of the air gap flux 

density and the back e.m.f. Stator slot openings and 

saturation of stator teeth deform the flux density curve  

and increase the total harmonic distortion [1], [2], [3]. 

The higher order harmonics of the magnetic flux 

create additional torques. These additional torques 

superimpose to the fundamental harmonic torque and 

result in a torque ripple. The torque ripples are the 

reason for increased noise and vibrations, which 

worsen the smooth performance of the motor and the 

whole drive system.  

Parameters at rated load 

To analyze the electromagnetic torque it is 

necessary to determine the quantities corresponding to 

the rated load operation of the motor. It is suitable to 

develop the model of the motors in a rotor oriented 

reference frame (d-q reference frame), transforming 

the real three-phase quantities into two-axes reference 

frame by using the Park transformation.  

The procedure for determining the rated values of 

the quantities is performed in the following sequence. 

A preliminary design is done to assign the values for 

windings wiring data and the cross section geometry 

[8].  Using this data, a model of the motor is built 

using FEMM software. The three phase currents are 

taken for a moment of time where the current in phase 

A is at the maximum and are assigned to the 

corresponding windings (with the assumption of 

sinusoidal distribution):   

(1) 

)240cos(2

)120cos(2

cos2

1

1

1

°−=

°−=

=

ωt.I.i

ωt.I.i

ωt.I.i

C

B

A

 

A FEA is performed on the model. The flux 

linkage of each phase is determined by using the 

magnetic vector-potential A [5]:  
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where cw  is the number of turns in a coil of the phase 

winding, ml  is the active length of the coil, zS  is the 

cross section of the stator slot occupied by the phase 

winding, +A  and −A  are the values of the vector 

potential for the positive and negative sides of the 

coils.  

The Park transformation is applied for 

transforming the three phase quantities into a two axis 

d-q reference frame fixed to the rotor. The direct-axis 

and quadrature-axis space vector components of the 

stator current and flux linkage are determined as:  
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where rθ  is the rotor position angle (the angle 

between the d-axis and the magnetic axis of phase A).  

a) 

b) 

c) 

Fig.1. Rotor configurations of PMSM 

a) surface PM; b) inset PM; c) embedded PM. 
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The flux linkage PMΨ  of the stator winding due to 

the permanent magnets (PM) is determined from the 

demagnetization curve and the dimensions of the 

magnets and it is used to calculate the direct-axis and 

quadrature-axis components of the synchronous 

inductance and reactance.  
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The determination of the operating point of the 

motor, corresponding to the rated load, is done by an 

iterative procedure for defining the numerical values 

of qdqd LLii ,,., , the current phase angle β  and the 

load angle θ . The procedure stops when such values 

are determined, that balance the voltage equation  
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that is graphically depicted in Fig. 2.  

The electromagnetic torque of the motor is:  
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The torque has a constant value when the air-gap is 

uniform and the distribution of the air-gap flux density 

is sinusoidal. The slotting of the stator magnetic core 

makes the circumferentially permeance non-uniform 

and the saturation of the magnetic circuit deforms the 

flux density curve. This causes the occurrence of high 

order harmonic components of the magnetic 

induction, the electromotive force and the torque and 

as a result the torque ripple. 

Analysis of the torque ripple 

To determine the torque ripple, the rotation of the 

rotor is modeled at rated speed and load. This 

corresponds to the rotation of the rotor reference 

frame at an angle rθ  with respect to the stationary 

stator reference frame – Fig. 3.  

The displacement angle between the rotor and 

stator reference frames is tθ rr .ω=  (electrical 

degrees), which corresponds to rotation of the rotor at  

p

θr  (mechanical degrees). When the rotor rotates with 

 

Fig.3. Vector diagram with rotor reference frame at an angle rθ  with respect to the stator reference frame. 

 
Fig.2. Vector diagram of PMSM motor at rated load. 
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angular speed ωr all vectors depicted in the rotor 

reference frame rotate at an angle rθ  with respect to 

the stationary stator reference frame.  

The analysis of the motors torque ripple is carried 

out by modeling the rotor rotation with the aid of 

FEMM software for )20( π÷=rθ  with a step of 1 

electrical degree. A FEA analysis is performed for eve-

ry angular position to obtain the values of the synchro-

nous inductances by (7) and (8) and torque by (11). 

The analysis is illustrated for six-pole PMSM mo-

tors with inset and embedded permanent magnets. The 

rated power of the motors is 2,2 kW and they use 

equal rated current and thickness of the permanent 

magnets of 4 mm.  

The air-gap flux density distribution for one pole 

pitch without armature current is shown in Fig. 4.  

 

Fig.4. Distribution of the air-gap flux density due to PM. 

In the rotor configuration with embedded mag-

nets, the magnets are fully surrounded by ferromag-

netic material. This makes possible for a part of the 

magnet’s flux to enclose through the bridge above 

the magnet and not to cross the air gap. Because of 

this, the average value of the flux density is much 

lower than in the case of inset magnets. On other 

hand, this ferromagnetic bridge increases the perme-

ance of the flux path of the armature reaction and 

increases the field weakening capabilities of the mo-

tor. This is clearly seen from the magnetic flux dis-

tribution at rated load of the motor with embedded 

magnets compared to the motor with inset magnets – 

Fig. 5 and Fig.6.  

The deformation of the flux density distribution 

caused by the stator slots and the armature reaction 

leads to an occurrence of high order harmonics. The 

torques created by these high order harmonics 

superimpose to the fundamental harmonic torque and 

result in a torque ripple. The comparison of the torque 

ripple for the motors under analysis is depicted Fig. 7. 

It shows that the inset PMSM offers smoother 

operation at rated speed compared to the motor with 

embedded magnets.  

a) 

 

b) 

Fig.5. Magnetic flux distribution  

a) motor with inset PM; b) motor with embedded PM. 

 
 Fig.6. Air-gap flux density distribution  

for one pole pitch at rated load. 

Conclusion  

The torque ripple with high magnitudes and 

frequency are a reason for noise and vibrations which 

worsen the performance of the motor and the system it 

is embedded in. It is of high importance minimizing 

these ripples at the design stage of the motor. 

Performing the design using models of the motor that 

apply FEA combined with the vector diagrams and 

Park transformations allows the modeling and analysis 

of different PMSM rotor configurations with required 

accuracy. The described methods allow the designer 

to account for unwanted effects such as the torque 

ripple and to increase the motor performance at the 

design stage.  

52 “Е+Е”, 11-12/2015



Rotor configuration has a great influence on the 

flux density distribution and therefore on the 

magnitude and frequency of the ripple. The analysis of 

the motors with inset and embedded PM shows that 

the motor with inset magnets demonstrates lower 

vibrations and a smoother torque. 

The configuration with embedded magnets shows 

torque ripple of greater magnitude which is a premise 

for increased noise and vibrations. Precautions have to 

be taken for minimizing the ripple, such as skewing 

the stator slots or magnets, design the rotor poles with 

ununiformed air-gap or using ferromagnetic wedges 

for the stator slots. The armature reaction of this 

configuration has a greater demagnetizing effect and 

makes these types of motors suitable for applications 

where a wide range field-weakening speed control is 

required. 
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Fig.7. Torque ripple of the motors with inset and embedded permanent magnets. 
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