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Abstract – This paper compares the performances of permanent-magnet synchronous (PMS) and 
permanent-magnet vernier (PMV) machines for low-speed and high-torque applications. For 
comparison with the PMS machines, we consider two types of the PMV machine. The first one has 
surface-mounted permanent magnets (PMs) on the rotor and the other has PMs inserted on both sides 
of the stator and rotor. The PMS and PMV machines are designed to meet the condition of equal 
output power per unit volume. We analyze the magnetic fields of the machines using a two-
dimensional finite element analysis (FEA). We then compare their performances in terms of the 
generated torque characteristics, power factor, loss, and efficiency. 
 

Keywords: Direct-drive, Efficiency, PM synchronous machine, PM vernier machine, Output power 
 
 
 

1. Introduction 
 
In low-speed direct-drive applications, a permanent 

magnet synchronous (PMS) machine often has a high 
number of poles. As the number of poles increases, the 
thickness of the stator and rotor yokes can be made thin 
because of the low flux per pole. Therefore, in the limited 
external diameter of the machine, the air-gap diameter can 
be maximized, leading to high torque. However, PMS 
machines with a high number of poles require a high 
number of slots to enable normal operation. Unlike PMS 
machines, permanent magnet vernier (PMV) machines can 
operate with different combinations of large number of 
poles and small number of slots because of their magnetic 
gearing effect. PMV machines are commonly known as 
high-torque machines. In recent years, studies of PMV 
machines have focused on their topologies in order to 
improve their performance parameters such as the torque 
density and power factor [1-5]. However, compared with 
PMS machines in the same conditions, the distinct 
characteristics and advantages of the magnetic gearing 
effect for high-torque applications have not yet been 
reported. This paper aims to investigate the influence of the 
magnetic gearing effect on direct-drive applications by 
comparing the performances of PMS and PMV machines 
that have a similarly high number of poles. 

Two types of PMV machines have been considered for 
comparison with the PMS machine. One is the surface-
mounted PM type, which has flux-modulation poles 
(FMPs) on the stator and PMs on the surface of the rotor 
[1, 2]. In the other type, the PMs are inserted between the 
FMPs on the stator and the teeth on the rotor [3]. For a 

fair comparison, we designed the PMS and two types of 
PMV machines based on the constraint conditions of 
identical output power and size. This was done using a 
two-dimensional (2-D) finite element analysis (FEA) 
method. Then, we compared their performances in terms of 
the generated torque characteristics, power factor, loss, and 
efficiency. In PMV machines, the magnetic gearing effect 
reduces the number of slots and the number of turns per 
phase when compared with the PMS machine. In addition, 
the PMV machines generate the same output power as 
the PMS machine by using a smaller amount of the PM 
material compared to that of the PMS machine. Although 
the PMV machines have low power factor values, the 
analysis results for the efficiency characteristics show the 
potential applicability of PMV machines in direct-drive 
applications. 

 
 

2. PMS and PMV Machines 
 

2.1 Structure 
 
Fig. 1 shows a cross-section view of a PMS machine 

with a high number of poles for both low-speed and high-
torque applications. The stator has 36 slots and three phase-
concentrated windings to generate the rotating magnetic 
field of 12 pole pairs. The external rotor has 48 magnetic 
poles by surface-mounted permanent magnets (PMs). In 
order to obtain the sinusoidal waveform of the back 
electromagnetic force (EMF), we designed the stator teeth 
using the smaller radius, Rt of curvature of the teeth instead 
of the outer radius, Ro of the stator. 

In the PMV machines, the magnetic field caused by the 
stator is modulated, and corresponds to the magnetic poles 
of the rotor by the FMPs when the following relationship is 
satisfied [4].  
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Fig. 1. Structure of a PMS machine 
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where Pr, Ps, and Ns are the number of rotor pole pairs, 
stator pole pairs, and FMPs, respectively. Moreover, this 
phenomenon, which is called the magnetic gearing effect, 
reduces the rotational speed of the modulated armature 
field. Thus, the rotor is synchronized with the modulated 
armature field and rotates at a speed that is lower than that 
of the armature field as follows. 
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where Gr is the speed-reduction ratio and ωs and ωr are the 
rotational speeds of the fundamental field of the armature 
and the outer rotor, respectively. 

Fig. 2 shows the cross section of PMV machines I and II. 
The stators of the PMV machines have six slots and three 
phase windings for the rotating magnetic field of the two 
pole pairs. Each tooth is split into four FMPs. According to 
(1) and (2), the number of rotor pole pairs and the speed-

reduction ratio are set to 22 and 11, respectively. In the 
case of PMV machine I, the rotor has the surface-mounted 
PMs. PMV machine II has PMs embedded on both sides of 
the stator and rotor, and all of the PMs are magnetized in 
the inward radial direction. 

 
2.2 Specification 

 
For a fair comparison, we designed the PMS and PMV 

machines such that they generate an equal output power 
with the conditions being that they have the same size and 
comprise the same magnetic materials. The basic dimensions 
of the machines are as follows. The outer diameter of the 
rotor is 260 mm, the outer diameter of the stator is 210 mm, 
the air-gap length is 1 mm, and the core lamination is 26 
mm. In addition, the core materials are 35PN440 and the 
PMs are NdFeB magnets that have a residual flux density 
of 1.2 T. 

When designing the machines, the thickness of the rotor 
PM and the number of turns per phase are critical variables 
for determining the amplitude of the generated torque. In 
particular, depending on the thickness of the rotor PM, 
the PMS and PMV machines have different torque 
characteristics that are due to the magnetic saturations in 
the rotor yoke. First, the number of turns per phase for the 
PMS and PMV machines are set to have an identical back 
EMF when the thickness of the rotor PM is 10 mm. For an 
input current of 2 A, we used the 2-D FEA commercial 
software FLUX 2-D to analyze the torque characteristics in 
order to adjust the PM thickness and the number of turns. 
Fig. 3 shows the variations of the generated torque in the 
PMS and PMV machines according to the thickness of 
the rotor PM. The thickness of the rotor PM was changed 
by adjusting the thickness of the rotor yoke when the 
inner and outer diameters of the rotor were fixed. The 
average torque for the PMS machine and PMV machine 
is maximum for a rotor PM thickness of 10 and 4 mm, 
respectively. In addition, the torque ripples of the PMS 
machine and PMV machine I are less than 11% although 
the values of the torque ripple tend to increase with an 
increasing rotor PM thickness. Thus, in terms of the 
maximum torque, the optimum thickness of the rotor PM 
in the PMS machine and PMV machine I can be 
determined to be 10 and 4 mm, respectively. In the case of 
PMV machine II, the thickness of the rotor PM for the 
maximum generated torque is 8 mm. However, when the 
thickness of the rotor PM was changed from 6 to 8 mm, the 
average torque improved only by 0.6%, whereas the torque 
ripple increased by 17%. Therefore, the optimum thickness 
of the rotor PM in the PMV machine II is set to 6 mm. 
After determining the optimum thickness of the rotor PM, 
the numbers of turns per phase for PMV machines is 
adjusted to generate the same torque with the PMS 
machine.  

Table 1 shows the winding specifications of the PMS 
and PMV machines. The number of turns per phase are 

 
 

 
Fig. 2. Structure of the PMV machines: (a) PMV machine

I; (b) PMV machine II 
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1200, 562, and 322 respectively for the PMS machine, 
PMV machine I, and PMV machine II, respectively. For 
each machine, the diameter of the coil and the area of the 
slot are determined for an identical fill factor of 57%. The 
diameter of the coils for the PMS machine and PMV 
machine I is 0.91 mm (AWG 19), and the diameter of the 
coils for the PMV machines II is 1.15 mm (AWG 17). 
Compared with the PMS machine, the number of turns for 
each phase of PMV machines I and II are reduced by 53% 
and 73%, respectively. However, the width of the teeth and 
the number of turns per slot are increased, and this causes 
an increase in the resistance in the end windings, as shown 
in Table 1. 

 

3. Performance Comparison 
 
We calculated the magnetic fields of the PMS and PMV 

machines when an input current of 2 A is fed into the coils 
and the machines operate at 150 rpm. Fig. 4 shows the 
distribution of the radial component of the flux density in 
the air-gap region. For all of the machines, the harmonic 
order with the highest amplitude corresponds to the 
number of rotor pole pairs. In the PMV machines, the 
2nd harmonic is caused by the armature winding, and it 
is modulated into the 22nd harmonics because of the 
magnetic gearing effect. In addition, the 24th harmonic in 
PMV machine II is generated by the magnetic interaction 
between the the stator PMs and FMPs. For the PMS  

 
Fig. 3. Variation of the generated torque according to the 

thickness of the rotor PM in the PMS and PMV 
machines: (a) Average torque; (b) Torque ripple 

 
Table 1. Winding specifications 

 PMS PMV I PMV II 
Number of turns per phase 1200 562 322 

Coil fill factor [%] 57 57 57 
Coil diameter [mm] 0.91 0.91 1.15 

End winding 1.28 3.13 1.79 Resistance [Ω] 
Slot area 1.69 0.80 0.45 

 

 

 
Fig. 4. Distribution of the radial component of the flux 

density in the air gap (a) Waveforms (b) FFT results
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machine, the frequency of the input current is 60 Hz, which 
synchronizes with the 48 poles of the rotor to rotate at 150 
rpm. The frequency of the PMV machines is 55 Hz for a 
rotor speed of 150 rpm. 

 
3.1 Output power 

 
Fig. 5 shows the waveforms of the torque generated in 

the PMS and PMV machines. The average torque 
generated in each machine has the same value of 27 Nm, 
which indicates that the machines have an equal output 
power per unit volume of the machine. However, compared 
with the PMS machine, the volume of the PMs in PMV 
machines I and II are reduced by 61% and 44%, 
respectively. The output  power per unit volume of the 
PMs are 2.32, 5.98, and 4.19 kW/cm3, repectively for the 
PMS machine, PMV machine I, and PMV machine II. The 
PMV machine I achieves the smallest torque ripple of 3.6%. 
On the contrary, the torque ripple generated in PMV 
machine II has the highest value of 19.8%, which is 1.8 
times greater than that of the PMS machine. 

 

 
Fig. 5. The waveforms of the generated torque 

 
3.2 Power factor 

 
The power factor is defined as the ratio of the real power 

to apparent power. If the waveforms of the terminal voltage 
and input current are assumed to be sinusoidal, the power 
factor is obtained by the cosine values at the phase angles 
between the terminal voltage and the input current. In the 
FEA with the current source, the terminal voltage can be 
calculated by the voltage equations as follows. 

 

 a
a a a s a

di
v i R L e

dt
= + +  (3) 

 
The terminal voltage, va consists of three parts. These 

are the armature-resistance voltage drop, ia·Ra, the inductor-
induced voltage of the stator winding, Ls·dia/dt, and the 
back EMF at no-load, ea.  

Table 2. The components of the terminal voltage in the 
PMS and PMV machines 

 PMS PMV I PMV II 
ia·Ra [Vrms] 5.93 7.85 4.47 

Ls·dia/dt [Vrms] 29.58 117.01 57.94 
ea [Vrms] 100.85 99.49 102.14 
va [Vrms] 110.81 158.79 121.34 

 

 
Fig. 6. The waveforms of the terminal voltage 

 
Table 2 shows each component of the terminal voltages 

for the PMS and PMV machines. The back EMF for each 
of the machines has a similar value within the range of 3%. 
In addition, the voltage drops in the armature resistances 
have very low values relative to the back EMF. On the 
contrary, the induced voltages in the inductors of the PMV 
machines have much higher values than that of the PMS 
machine. This results in a decrease of the power factor in 
the PMV machines. Fig. 6 shows the waveforms of the 
terminal voltage for the PMS and PMV machines. The 
phase angles between the terminal voltage and the input 
current are 15.48°, 47.47°, and 28.52°, for the PMS 
machine, PMV machine I, and PMV machine II, 
respectively. The power factors of the PMS machine, PMV 
machine I, and PMV machine II are 0.96, 0.68, and 0.88, 
respectively. This indicates that PMV machines require 
power factor-correction methods, which increases the cost 
of their control systems. 

 
3.3 Efficiency 

 
Table 3 compares the efficiency of the PMS and PMV 

machines, which is obtained using the following equation: 
 

 out

out copper iron

P
P P P

η =
+ +  (4) 

 
where Pout, Pcopper, and Piron are the output power, copper 
loss, and iron loss, respectively. The iron loss is calculated 
based on the iron loss model proposed by Bertotti [6]. 
Compared with the PMS machine, the efficiency of PMV 
machine I is decreased by 2% and the efficiency of PMV 
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machine II is improved by 1%, as shown in Table 3. The 
copper loss of PMV machine I is 32% higher than that of 
the PMS machine. This is due to the increase of the 
resistance in the end winding, as previously mentioned, 
and it thus decreases the efficiency of PMV machine I. The 
effects of the end winding depend on the core lamination. 
For the case when the input current is constant, Fig. 7 
shows the variations of the copper loss according to the 
core lamination for the PMS and PMV machines. The core 
lamination is changed from 26 to 260 mm, and the variable 
dimensions are expressed as a ratio of the core lamination 
to the outer diameter of the rotor. Although the increase in 
the core lamination improves the output power of the 
machines, the output power per unit volume is the same for 
each machine. Compared with the PMS machine, the 
copper loss of PMV machine II is lower regardless of the 

core lamination, but the copper loss of PMV machine I is 
lower when the ratio of the core lamination relative to the 
outer diameter of the rotor is over 0.2. In the case of the 
iron loss, the PMS machine and PMV machine I have 
similar values for the iron loss, as shown in Table 3. 
However, the iron loss of the PMV machine II has a value 
that is 2.2 times greater than that of the PMS machine. Fig. 
8 shows the variation in the iron-loss density with 
rotational speed for the PMS and PMV machines. As the 

 

 

 

 
Fig. 9. Comparison between efficiency and rotational 

speed with variations in core laminations: (a) core 
lamination 26 mm; (b) core lamination 130 mm; 
and (c) core lamination 260 mm 

Table 3. The components of the terminal voltage for the 
PMS and PMV machines 

 PMS PMV I PMV II 
ia·Ra [Vrms] 5.93 7.85 4.47 

Ls·dia/dt [Vrms] 29.58 117.01 57.94 
ea [Vrms] 100.85 99.49 102.14 

 

 
Fig. 7. Variations of the copper loss according to the core 

lamination 
 

 
Fig. 8. Variations of the iron-loss density according to the 

rotational speed 
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rotational speed increases, the iron-loss density of PMV 
machine II increases significantly compared with the PMS 
machine and PMV machine I. Thus, the difference in 
efficiency of the PMS and PMV machine II can be varied 
according to the rotational speed. 

Fig. 9 compares the efficiency of the PMS and PMV 
machines when the rotational speed and the core lamination 
are varied under the condition of identical output power per 
unit volume. PMV machine I tends to have a higher 
efficiency than that of the PMS machine when the ratio of 
the core lamination to the outer diameter of the machine is 
over 0.2. The difference in the efficiency between the PMS 
machine and PMV machine I is reduced as the rotational 
speed increases. PMV machine II has less copper loss and 
higher iron loss when compared to that of the PMS 
machine and PMV machine I. Therefore, at low speed, the 
efficiency of PMV machine II has the highest value 
compared to that of the other machines. In addition, the 
difference in the efficiency of the PMS machine and PMV 
machine II increases with a decrease in the core lamination 
at low speeds. For example, when the core lamination is 26 
mm and the rotational speed is 50 rpm, the efficiency of the 
PMV machines is 7% higher than that of the PMS machine, 
as shown in Fig. 9(a). 

 
 

4. Conclusion 
 
This paper compares the performances of PMS and 

PMV machines under the condition of the same output 
power per unit volume. We considered two types of PMV 
machines. One has surface-mounted PMs on the rotor and 
the other has inserted PMs between the FMPs on the stator 
and teeth on the rotor. Compared to the PMS machine, the 
magnetic gearing effect in PMV machines can reduce the 
number of slots and the number of turns per phase. In 
addition, the PMV machines used fewer PM materials 
than the PMS machine. However, the inductor voltages of 
the stator windings for the PMV machines were much 
higher than those of the PMS machine. This resulted in a 
decrease of the power factor in the PMV machines. As is 
well known, the low power factor of PMV machines 
requires the application of a power factor-correction 
method, which increases the cost of the control system. 
However, considering the amount of PM materials used, 
PMV machines have a comparable cost. With respect to the 
efficiency, PMV machine I has a better performance than 
the PMS machine when the ratio of the core lamination to 
the outer diameter of the machine is over 0.2. Further, 
PMV machine II has less copper loss and higher iron loss 
when compared to the PMS machine and PMV machine I. 
Thus, the efficiency of PMV machine II is superior at low 
rotational speeds compared to the other machines discussed 
in this paper.  
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