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Abstract 

Permanent magnet motors (PMMs) are widely used in electric vehicles because of their benefits. Based on the permanent 
magnet topologies on the rotor, PMMs are classified into three types: surface mounted PMM, inset PMM, and interior PMM. 
This paper discusses a comparison of the characteristics of interior and inset types of PMMs for electric vehicle applications. 
The study aims to find out the effect of the rotor construction on the magnetic characteristics, torque-speed characteristics, 
and cogging torque. Simulations were carried out analytically and numerically using the FEMM 4.2 software. The simulation 
results at the base speed show that the interior PMM generates a higher torque but with a lower rotation, namely 56.47 Nm 
and 3162 rpm, respectively, while the inset PMM produces higher rotation 4200 rpm but lower output torque of 46.01 Nm. 
However, with a higher saliency ratio, the interior PMM produces higher maximum torque and speed at both constant torque 
and field weakening regions than the PMM inset, which is 92.87 Nm and 6310 rpm, consecutively. In terms of cogging torque, 
the interior PMM raises it slightly higher (2.90 Nm) than the inset PMM (1.93 Nm). The results conclude that, in general, the 
interior PMM shows better performance in all studied regions and is preferable for electric vehicle applications. 

©2021 Research Centre for Electrical Power and Mechatronics - Indonesian Institute of Sciences. This is an open access article 
under the CC BY-NC-SA license (https://creativecommons.org/licenses/by-nc-sa/4.0/).  

Keywords: permanent magnet motor; interior PMM; inset PMM; torque-speed characteristic; cogging torque. 

 
 

I. Introduction 

Electric vehicles require traction motors having 
simple construction that makes them easy to 
maintenance and manufacture and have high 
efficiency, reasonable price, and high torque density 
in a wide speed range [1][2]. However, PMMs 
develop torque ripple stemming from, among others, 
the cogging torque and the non-sinusoidal 
electromotive force waveform (EMF) in the air gap. 
This torque ripple causes acoustic noise and 
vibration, which can reduce the performance of 
position control and speed control systems, 
especially at low speeds and high load torque 
[3][4][5]. Studies to eliminate or reducing cogging 
torque in PMMs were discussed by [6][7]. A 

sinusoidal EMF waveform can be obtained by 
arranging a sinusoidal winding distribution in the 
stator slots. Brushless ac electric motors generate 
lower electromagnetic torque ripple (about 2 to 8 %) 
than brushless dc electric motors (about 7 to 30 %) 
[8]. 

The improvement of motor performance 
presented by the torque-speed characteristic is 
mainly to get an extensive field weakening (FW) 
range with high torque, as is conducted by [9][10] 
through controlling the current. However, 
contradictive problems are usually faced when 
trying to fix one of the parameters. For example, the 
FW region can be extended by reducing the flux 
linkage, but this resulting in lower output torque. 
Also, output torque can be improved by increasing 
the saliency ratio (Lq/Ld), but it does not affect the 
width of the FW region [11]. 
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There are three possible permanent magnet 
topologies on the rotor, namely surface mounted, 
inset, and interior. Of the three topologies, the 
interior type provides easy control of field 
attenuation, highest mechanical durability, lowest 
eddy current loss but higher manufacturing costs. In 
contrast, surface-mounted permanent magnet 
structures are less expensive but have low 
mechanical resistance and high eddy current loss. 
Between the two types is the inset permanent 
magnet rotor with higher mechanical resistance and 
lower eddy current loss than the surface-mounted 
type but lower manufacturing costs compared to 
interior permanent magnet structures [12][13]. The 
most applied type as a traction motor for electric 
vehicles is the interior PMM [14]. 

The many choices of permanent magnet 
configurations on the rotor make it challenging to 
study, especially its effect on machine performance. 
A study conducted by [15] developed an analytical 
method for the magnetic vector potential applied to 
MMP 150 W with surface mounted and inset rotor 
types, respectively, then compared their magnetic 
characteristics and cogging torques. Meanwhile, [16] 
studied surface-mounted permanent magnet types 
using an inner and outer rotor, each varied with 
segment and non-segment magnetic poles. The 
characteristics observed include the output torque 
and core loss. 

This paper will analyze the PMM characteristics 
using interior and inset rotor structures. The 
proposed rotor construction of the inset PMM is 
intended for widening the field weakening zone. The 
motors are designed with a base speed of 1000 rpm 
and use defined stator construction. The study aims 
to learn the effect of the rotor topology on motor 
performance include magnetic characteristics, 
torque-speed characteristics, and cogging torque. 
The simulations will be conducted analytically and 
numerically by employing FEMM 4.2 software. 

II. Materials and Methods 

A. Motor construction 

The interior and inset PMMs in Figure 1 have 
identical dimensions and slightly different rotor 
construction. In the interior PMM, the permanent 

magnets are thoroughly buried in the rotor body to 
prevent it from coming off due to centrifugal force 
when the motor rotates (Figure 1a). Besides, 
magnets do not fatigue quickly so that the operating 
life of the machine can be longer. In the inset PMM, 
the upper sides of the permanent magnets are 
exposed to the air gap. It appears that they are inside 
the rotor slots with their surfaces are held in place 
by the flanking top teeth to get a better mechanical 
strength against the centrifugal force (Figure 1b). 

Detailed dimensions of the stator and rotor are 
shown in Figure 2 and Table 1. The stator and rotor 
use grade M-19 of silicon steel lamination with a 
maximum magnetic flux density of 2.3 T. While the 
permanent magnet is of NdFeB type grade 35H with 
a remanent flux density Br of 1.17 T. 

Aside from using the same material and stator 
construction, several constraints are set to achieve a 
fair comparison, namely: 
− base frequency, base speed, and current density 

are 50 Hz, 1000 rpm, and 3 A/mm2 
consecutively, 

− Stator fill factor < 4 (as close as possible), 
− Phase terminal voltage < 144 V (as close as 

possible). 
Furthermore, the design stages are carried out in the 
order depicted in Figure 3. 

B. Parameter calculations 

Under the no-load condition, magnetic flux per 
pole generated by the permanent magnet in the 
rotor ΦM is [17]:  

Φ𝑀 = 𝐵𝑚𝑚𝐷𝑖𝐿𝑖
𝑝

   (Wb) (1) 

where Di = 2 × ri = inner stator diameter (m), Bmg is 
maximum air gap flux density (T), p is number of 
pole pairs = 3 pairs. 

Furthermore, the maximum linkage flux per 
phase ψM owing to the permanent magnet is 
expressed by: 

ψ𝑀 = 𝑘𝑤𝑁𝑝ℎΦ𝑀  (Wb) (2) 

where kw is the winding factor, Nph is the phase 
winding numbers.  

From (2), the induced voltage per phase Eph can 
be written as 

  
(a) (b) 

Figure 1. PMM topology with. (a) Interior permanent magnet rotor; (b) Inset permanent magnet rotor 
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𝐸ph = 1
√2
ωψ𝑀 (V) (3) 

where ω = 2πf, and f is nominal frequency = 50 Hz. 
 

The phase leakage reactance X1 is obtained from: 

𝑋1 = 4𝜋𝜇0
𝑁ph
2 𝐿i
𝑝𝑝

�𝜆1𝑠 + 𝑙1e
𝐿i
𝜆1e + 𝜆1d + 𝜆1t�   (Ω) (4) 

where q is the number of slots per pole per phase, µ0 
is the magnetic permeability of vacuum = 0.4π × 10-6 
H/m, λ1s is the slot leakage permeance, λ1e is the end 

winding leakage permeance, l1e is the length of end 
winding, λ1d is the differential leakage permeance, 
λ1t is the tooth-top leakage permeance. 

The mutual reactances of the d- and q-axis are 
given by (5) and (6) [18]: 

𝑋ad = 4𝑚𝜇0𝑓
�𝑁ph𝑘𝑤�

2

𝜋𝑝
𝜏𝐿i
𝑔′
𝑘fd   (Ω)  (5) 

𝑋aq = 4𝑚𝜇0𝑓
�𝑁ph𝑘𝑤�

2

𝜋𝑝
𝜏𝐿i
𝑔𝑞′
𝑘fq   (Ω)  (6) 

Table 1. 
PMM Dimensions 

Description, notation Value (m) Description, notation Value (m) 

Stator outer radius, ro 0.0830 Upper slot width, ws1 0.0091 

Stator inner radius, ri  0.0480 Lower slot width, ws2 0.0142 

Effective length of stator core, Li 0.2500 Stator yoke width, ys 0.0150 

Stator teeth width, wts 0.0080 Rotor radius, rr 0.0470 

Upper top teeth height, hos 0.0015 Surface magnet radius, rmo 0.0433 

Lower top teeth height, hw 0.0020 Permanent magnet height, hm 0.0050 

Stator slot width, wos 0.0030 Shaft radius, rsh 0.0210 

Stator slot depth, hs 0.0166   
 

  
(a) (b) 

Figure 2. Detailed dimension of the (a) stator; (b) rotor represented by the inset PMM 

 

 
Figure 3. The design flowchart 
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with τ is the pole pitch (m), g’, 𝑔𝑝′  are d- and q-axis 
of the equivalent air gap (m), kfd, kfq are the form 
factors of the d- and q-axis armature reaction.  

The d- and q-axis synchronous reactances are 
calculated with (7) and (8), respectively: 

𝑋sd = 𝑋1 + 𝑋ad   (Ω)  (7) 

𝑋sq = 𝑋1 + 𝑋aq   (Ω)   (8) 

The phase terminal voltage V is 

𝑉 = ��𝐸ph + 𝐼a𝑅a�
2 + (𝐼a𝑋sd)2 + �𝐼a𝑋sq�

2
  (V) (9) 

where Ia is the phase armature current (A), and Ra is 
the phase armature resistance (Ω). 

C. Torque-speed characteristics 

Figure 4 shows a sine wave PMM operation, 
where from 0 to nb, the motor develops maximum 
torque with the maximum armature current Ia 
supplied by the converter, oriented along the q-axis. 
Furthermore, from nb to nmax, the armature current 
partially demagnetizes the permanent magnet, 
which is called field weakening operation (Figure 4a). 
In this state, the voltage V is kept constant by 
utilizing the d-axis demagnetization armature 
reaction in a negative direction (Figure 4b), and the 
torque decreases until it reaches zero [2]. 

The correlation between the armature current Ia 
with the d- and q-axis currents Id and Iq are 
expressed by [19]: 

𝐼𝑑 = −𝐼𝑎 sin 𝛾 (A)   (10) 

𝐼𝑝 = 𝐼𝑎 cos𝛾 (A)  (11) 

The current vector angle γ correlates 
proportionally to the motor speed. If the current Id 
increases in the negative direction, the current Iq 
decreases. The d-axis flux linkage reaches a 
minimum value when Id equals nominal current, and 
Iq becomes zero. Torque and power are zero, and 
maximum speed results in nmax [20]. 

The current angle γ is obtained from: 

𝛾 = sin−1 �
𝑘𝑥2 𝑒𝑚2 +𝑘𝑥2 �𝐿 𝑒𝑚� �

2
−1

2 𝑘𝑥 
2 𝐿

�  (12) 

with 

𝑒𝑚 = 𝐸𝑜
𝑉𝑡

  (13) 

𝑘 = 1
𝑒𝑚�1−𝑒𝑚2

= 𝑛𝑚𝑚𝑥

𝑛𝑛𝑜𝑚
   (14) 

𝐿 = 𝑒𝑚�1 − 𝑒𝑚2    (15) 

where em is a ratio of per-unit open-circuit voltage 
E0 to maximum r.m.s a.c converter voltage Vt as the 
base voltage (pu), the maximum kx = k and the 
maximum γ = 90º, nmax is the maximum speed (rpm), 
and nnom is the nominal speed = 6000 rpm. 

The output torque is 

𝑇 = 3𝑝
𝜔
�𝐸q𝐼q + (𝑋sd − 𝑋sq)𝐼d𝐼q� (Nm) (16) 

where: Eq = Eph 
The first term is permanent magnet torque, 

related to the linkage flux that generates the induced 
voltage Eq, while the second term is the reluctance 
torque affected by inductance/reactance and 
currents on the d and q axes [21]. 

D. Cogging torque 

Cogging torque arises due to the interaction 
between the rotor magnetic flux and the reluctance 
in the air gap, whose value varies owing to the stator 
slot geometry. The cogging torque Tc is expressed by 
equation [22]: 

𝑇c = −1
2
ϕ𝑔2

𝑑ℛ
𝑑θ

 (Nm)  (17) 

where φg is magnetic flux (Wb), ℛ  is air gap 
reluctance (A.t/Wb), and θ is rotor position 
(mechanical degree). 

Cogging torque occurs at no-load conditions. 
Therefore, the magnetic flux in the air gap is entirely 
generated by rotor poles. The change of reluctance 
occurs periodically, so does the cogging torque. The 
magnetic strength used is proportional to the 
produced cogging torque. In this study, cogging 
torque is obtained through numerical simulation.  

III. Results and Discussions 

The results of calculations and simulations of 
motor performance comprise magnetic 
characteristics, torque-speed characteristics, as well 
as cogging torque, which will be described in detail 
in the following subsections. 

A. Magnetic characteristics  

Figure 5 show the magnetic distributions of the 
interior and inset PMMs, respectively, where the 

  
(a) (b) 

Figure 4. A sine wave PMM operation. (a) torque-speed characteristic; (b) demagnetization phasor diagram d-axis current Id 
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most magnetic flux crossing the air gap towards the 
stator teeth comes from the middle part of the 
permanent magnet surface. The magnetic flux then 
flows to the stator yoke and divides into two 
directions, each interacting with the opposing pole 
next to it by forming a closed loop. On the other 
hand, it seems that part of the magnetic flux from 
both sides of the adjoining magnet tends to flow 
through the rotor body, having higher magnetic 
permeability (µr = 4000) than air (µr = 1), to interact 
with the adjacent poles. It causes a flux leakage 
indicated by the high flux concentration around the 
magnet edges. In the interior PMM (Figure 5a), the 
density of the leakage flux is higher (2.037 T) than 
that in the inset PMM (Figure 5b), which is 1.931 T. 

Figure 6 show the waveform of air-gap flux 
density of interior and inset PM motors, respectively. 
It seems that the interior PMM produces a more 
distorted sinusoidal waveform due to the high 
leakage flux (Figure 6a). However, the average flux 
density is higher at 0.471 T, compared to the inset 
PMM, which is only 0.363 T; due to the high 
magnetic permeability of the rotor body that makes 
it can carry more magnetic flux to cross the air gap.  

The waveform of the air gap magnetic flux 
density of the inset PMM is smoother approaching 
the sinusoidal waveform (Figure 6b). The waveform 
distortion is caused by leakage flux that occurs in the 
parts of the permanent magnet, which are enclosed 

by the top teeth of the rotor slots. Leakage flux 
increases eddy current, thus decreases machine 
efficiency [23]. 

B. Torque-speed characteristics  

The calculation results of the motor parameters 
on base speed are listed in Table 2. The motor 
characteristics, namely the torque-current phase 
angle and torque-speed curves, are obtained using 
(10) - (16). The value of Vt in (13) is varied by 
changing the current density. The simulation results 
are shown in Figure 7 for the inset PMM and Figure 8 
for the interior PMMs. 

Torque as a function of current phase angle in the 
field weakening region shown in Figure 7a and 
Figure 8a corresponds with torque-speed curves 
shown in Figure 7b and Figure 8b, respectively. The 
two motors' characteristics are similar in that the 
smaller the armature current, the smaller the 
current phase angle that cannot achieve the 
maximum speed. It is because the flux generated by 
the armature current is not adequate to weaken all 
the ones produced by the permanent magnet to 
increase the speed at a given voltage limit [2].  

The curve with a dashed line is obtained using 
the base parameters in Table 2. It demonstrates that 
the inset PMM with a lower ψM produces a higher 
rotation, approximately 4200 rpm, whereas the 
interior PMM produces 3162 rpm. Meanwhile, the 

 
(a) 

 

 
(b) 

 
Figure 5. Magnetic flux distribution in no-load condition. (a) Interior PM motor; (b) Inset PM motor 
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Table 2. 
Motor parameters on base speed 

Parameter Interior PM motor Inset PM motor Unit 

Phase terminal voltage, V 149.93 158.03 V 

Phase induction voltage, Eph 133.85 128.86 V 

Phase armature current, Ia 14.73 12.46 A 

Magnetic flux, ψM 0.6025 0.5801 Wb 

Number of turns per phase Nph 96 120 turns 

Armature resistance, Ra 0.27 0.4 Ω 

d-axis inductance, Ld 0.010 0.014 H 

q-axis inductance, Lq 0.014 0.016 H 

Rotor saliency ratio, Lq/Ld 1.4 1.15  
 

output torque of the interior PMM, on the other 
hand, is 56.47 Nm greater than that of the inset PMM 
(46.01 Nm).  

When the current increases beyond its base value, 
the torque and speed will also increase until they 
reach their maximum value. Maximum torque and 
speed, however, are not achieved at the same time. 
When the motor achieves maximum torque, its 
rotation slows slightly due to voltage saturation [2]. 
The inset PMM has a maximum rotation of 6259 rpm 
but drops to 6212 rpm when it reaches a maximum 
torque of 66.41 Nm. Meanwhile, the highest speed of 
the interior PMM is 6310 rpm, down to 6220 rpm 
when it attains a maximum torque of 92.87 Nm. The 
maximum terminal voltage occurs when the motor 
reaches the maximum torque. It is 189.27 V for the 

interior PMM and 182.03 V for the PMM inset, 
respectively. The interior PMM can produce higher 
torque and a wider speed range due to the higher 
saliency ratio [24]. High output torque is needed by 
the vehicle to start moving from rest and to climbing, 
while a wide speed range provides comfort when 
cruising or driving, such as on the highway. 

C. Cogging torque  

The characteristic of cogging torque of both 
PMMs is exhibited in Figure 9. Cogging torque is 
greatly influenced by the magnitude of the magnetic 
flux in the air gap. Therefore, with higher ψM, 
interior PMM produces higher Tc (2.90 Nm) than the 
inset one (1.93 Nm).  

 
(a) 

 
(b) 

Figure 6. Air gap magnetic flux density waveform at no-load condition. (a) Interior PMM; (b) inset PMM 
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(a) 

 
(b) 

Figure 7. Inset PMM characteristics. (a) torque - current phase angle curve; (b) torque-speed curve 
 
 
 

 
(a) 

 

 
(b) 

Figure 8. Interior PMM characteristics. (a) torque - current phase angle curve; (b) torque-speed curve  
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The cogging torque waveform of the interior 
PMM is also smoother owing to the uniform air gap 
radial length. An uneven air gap increases the torque 
ripple [25], which can reduce bearing life, whereas a 
higher cogging torque requires a higher starting 
current to start rotating the motor. Cogging torque 
can be reduced by optimizing parameters, such as 
the pole arc to pole pitch ratio, stator slot opening 
width, etc. 

IV. Conclusion 

This paper has discussed the comparison of 
interior and inset PMM characteristics for electric 
vehicle applications. The calculation and simulation 
results show that at the base speed, the interior 
PMM is superior in generating output torque (56.47 
Nm) but with a lower rotation (3162 rpm), while the 
PMM inset produces lower torque (46.01 Nm) but 
higher rotation (4200 rpm). A higher saliency ratio 
makes the interior PMM produces higher maximum 
torque and speed at both constant torque and field 
weakening regions than the PMM inset, which is 
92.87 Nm and 6310 rpm, respectively. Regarding the 
cogging torque, the interior PMM generates a little 
higher (2.90 Nm) than the inset PMM (1.93 Nm). 
From these results, it can be concluded that, in 
general, the interior PMM demonstrates better 
performance in all studied zones and is preferable 
for electric vehicle applications. However, design 
optimization needs to be done, specifically reducing 
the cogging torque. 
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