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Abstract—This paper presents and compares two permanent
magnet vernier (PMV) motors with fractional slot concentrated
windings (FSCWs) and integral slot distributed windings (ISDWs).
The ISDW PMV motor is newly proposed and optimized for a
fair comparison with the existing FSCW one. The equations of
back electromotive force of both motors are investigated and de-
rived showing that the ISDW PMV motor has the potential to
obtain higher torque capability. Also, their electromagnetic per-
formances, such as torque capability, fault tolerance, loss, and ef-
ficiency, are calculated and compared by using the finite-element
analysis. Then, the maximum power strategy for PMV motors op-
erating at high speed is presented. The simulated results show that
both motors possess excellent flux weakening capability. Finally,
the effectiveness of the theoretical analysis is verified by the finite-
element analysis results and experiments on a prototype FSCW
PMV motor.

Index Terms—Flux weakening capability, fractional slot, inte-
gral slot, permanent magnet motor, vernier motor.

I. INTRODUCTION

COMPARED with conventional permanent magnet motors,
the direct-drive permanent magnet motors have a lot of ad-

vantages. With the absence of a reduction gear, the problems,
such as backlash, friction loss, and maintenance can be elimi-
nated. In addition, to some extent, the complexities and failure
possibility of the system can be lowered; thus, enhancing re-
liability and efficiency [1]–[3]. The permanent magnet vernier
(PMV) motors have been regarded as an excellent candidate
used for direct-drive applications, because it can offer high
torque at low speed. With the growing demand for the desir-
able direct-drive, the PMV motors have attracted increasingly
attention and have been a hot topic in many fields, such as elec-
trical vehicle, wave energy conversion, ship propulsion, railway
traction, and wind power generation [4]–[7].

PMV motor was first proposed in 1995 by A. Ishizak. It made
clear that the PMV motor can obtain high torque at low speed
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and the steady torque equation was derived in [8]. Then, Toba
and Lipo presented comprehensive design considerations of sur-
face PMV motor for pursuing torque maximizing [9]. After that
various new PMV topologies have been proposed to further im-
prove torque density. In [10] and [11], both the torque density
and power factor of the PMV motors has been improved by
employing spoke magnets. To save costly rare earth magnet and
cut cost, new motors with less rare-earth permanent magnet ma-
terial, weaker ferrite magnets, or no magnets has become good
solutions [2], [12]–[15]. A PMV motor with ferrite has been
proposed in [16], which reached the targeted torque for electri-
cal vehicle and met the cost constraints. Also, a consequent pole
PMV motor was proposed in [17] to alleviate flux leakage and
reduce rare-earth magnet consuming.

Recently, it has been verified that fractional slot concentrated
windings (FSCW) motors possess high power density, high effi-
ciency, high fault tolerance, and low torque ripple [18]–[20], as
well as reduction of the copper usage due to the short end turns.
Considering these merits of the FSCW motors, a single-layer
FSCW was adopted in a multiphase PMV motor for electrical
vehicle applications in which the desirable fault-tolerant capa-
bility was improved [4]. An analysis of a PMV motor with
FSCW also showed that the cogging torque and output torque
ripple were insignificant [21]. In [22], the electromagnetic per-
formances of six FSCW PMV motors with different slot per
pole per phase value were compared. All of these studies con-
firm that the FSCW is also suitable for the PMV motor because
the magnetic gearing effect is still working in these topologies.
However, the comparison between PMV motors with FSCW
and integral slot distributed windings (ISDW) is insufficient. It
is well known that for the conventional FSCW and ISDW surface
PM motors, their torque densities are close to each other when
their PM pole-pairs number is identical. However, this conclu-
sion is not suitable for PMV ones. This is because the harmonic
component of PM, which is modulated by the flux modulation
poles (FMPs), can produce a continuous torque except for the
fundamental one in the conventional PM motor.

Apart from the high torque capability, high-speed operation
is also an attractive feature in up-to-date applications, such as
electric and hybrid traction. In [23], the comparisons between
conventional PM synchronous and PMV motors showed that the
PMV ones had better flux weakening capability. However, only
the ISDW PMV motor was carried out and the corresponding
FSCW one was not considered. In [24] and [25], flux weakening
capability of a surface PM motor was significantly enhanced by
employing the FSCW to replace the ISDW. It means that various
winding layout have dramatic influence on the flux weakening
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Fig. 1. Cross sections of PMV motors. (a) FSCW motor. (b) ISDW motor.

capability of PM motors. Hence, it is very essential to investigate
and compare PMV motors with FSCW and ISDW, respectively,
for the purpose of giving a comprehensive evaluation of flux
weakening capability of the PMV motors.

The major objective of this paper is to evaluate and confirm
the merits and demerits of the FSCW and ISDW PMV motors.
In Section II, an ISDW PMV motor will be newly proposed and
optimized for a fair comparison with the existing FSCW one.
Their operation principles will be described in Section III in or-
der to derive and analyze their no-load back electromotive forces
(back-EMFs). In Section IV, the electromagnetic performances,
such as torque capability, fault tolerance, loss and efficiency,
of the two motors will be compared. In Section V, their flux
weakening capability will be discussed and analyzed by using
the presented flux weakening control strategy. The prototype
motor and its experimental results will be shown in Section VI.
Finally, the conclusions will be drawn in Section VII.

II. TOPOLOGY AND FEATURES

The topology of the existing five-phase FSCW PMV motor
in [4] is shown in Fig. 1(a). There are 20 slots in the stator
and 62 poles in the rotor. Each stator tooth is split into two
FMPs; thus, containing 40 FMPs totally. For the proposed ISDW
counterpart, its stator also has 20 teeth and each tooth is split
into two FMPs alternately; thus, containing 30 FMPs totally,
which differs from the existing one. According to the magnetic
gearing effect [8]–[11], the number of PM poles in the outer
rotor of the ISDW motor can be set to 56, 58, and 62, which is
similar to the existing one when the ISDW motor has 30 FMPs.
Obviously, the 62 rotor poles ISDW PMV motor has the same
rotor pole pairs as the existing FSCW one, but its winding pitch
is very long as well as the 58 rotor poles ISDW one which
significantly increases the end length of winding and results
in high copper loss as compared to the existing FSCW PMV
motor. Hence, taking the suitable winding layout and rotor pole
number into consideration, the ISDW PMV motor with 56 rotor
poles are chosen, and the newly proposed ISDW one is shown
in Fig. 1(b). With the magnetic gearing principle, the number of
armature winding pole pair of the existing FSCW and proposed
ISDW motors can be calculated to be 9 and 2, respectively.
Hence, it should be noticed that the number of armature winding

TABLE I
COMPARISON OF DESIGN SPECIFICATIONS

Item and symbol FSCW PMV Initial
ISDW PMV

Optimized
ISDW PMV

Phases, Np h 5 5 5
Number of slots, S 20 20 20
Number of FMPs, Z1 40 30 30
Number of rotor pole pairs, Z2 31 28 28
Number of armature winding pole
pairs, p

9 2 2

Outside stator radius, Rs o (mm) 60 60 60
Inside stator radius, Rs i (mm) 25 25 22
Outside rotor radius, Rr o (mm) 70 70 70
Inside rotor radius, Rr i (mm) 60.5 60.5 58.5
Air-gap radius, Rδ (mm) 60.25 60.25 58.25
Rotor yoke width, wr y (mm) 6 6 9
Stack length, ls t k (mm) 60 60 60
Armature tooth width, wa t (mm) 6.6 6.6 6.7
Fault-tolerant tooth width, wf t

(mm)
3.8 – –

FMP angle, β fm p (degree) 4.5 6 4
PM thickness, hp m (mm) 3.5 3.5 2.5
Air-gap length, δ (mm) 0.5 0.5 0.5
Per slot area, (mm2) 168.9 139.6 166.8
Stator turns per coil, N t p c 48 40 48
Series coils per phase, N s c p p 2 2 2
PM material N35H N35H N35H
Remanence of PM, Br , (T) 1.23 (20 °C) 1.23 (20 °C) 1.23 (20 °C)
Coercive force of PM, Hc ,
(kA/m)

890 (20 °C) 890 (20 °C) 890 (20 °C)

Iron lamination 50 WW465 50 WW465 50 WW465
Copper mass (kg) 1.09 1.84 2.21
Magnet mass (kg) 0.61 0.61 0.37
Iron mass (kg) 3.54 3.75 3.94
Total mass (kg) 5.24 6.2 6.52

pole pair and rotor pole pair of the both PMV motors are not
identical, which is distinct from that of the conventional PM
motors. It is essential to discuss the difference in designing PMV
motors as compared to the conventional PM motors. The authors
have designed and fabricated three kinds of conventional FSCW
PM motors with high reliability in previous works, including
surface PM type for coupling a magnetic gear, interior spoke
PM type, and interior V-shaped PM type. They are designed
with the same outer rotor radius, current density, and slot fill
factor, and their detailed specifications can be found in [26].
For facilitating comparative study, the two PMV motors herein
also designed with the same outer rotor radius, current density,
and slot fill factor as the existing conventional PM motors. The
effective magnetic loading of the PMV motors, as compared
with these conventional PM motors, is low due to the existence of
substantial useless space magnetic field harmonics. Therefore,
the slot area and electrical loading design for the PMV motors
should be reconsidered and enlarged to compensate the low
magnetic loading. Hence, the both PMV motors in this paper
should be designed with larger slot area and higher ampere turns
than that of the conventional PM motors. The key design data
are summarized in Table I. It can be seen that the both motors
have the same air-gap length, outside rotor radius, stack length,
and current density. Also, their grades of material of magnet,
core, and armature winding are all the same. It should be noticed
that only the final optimized design data of the FSCW motor are
listed, while for the FSCW one, both of the initial and optimized
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Fig. 2. Magnetic flux density of PMV motors at nominal current. (a) FSCW
motor. (b) ISDW motor.

Fig. 3. Average torque versus the width of rotor yoke.

data are listed, and its current density, slot fill factor, outer rotor
radius, and stack length are fixed in the optimization procedure.

Two 2-D finite-element models of the two PMV motors are
built based on the design parameter in Table I, respectively.
Fig. 2 illustrates their magnetic flux density distributions at
nominal current. It can be seen that the maximum flux density
of the FSCW PMV motor is in the range from 1.4 to 1.6 T in
the stator teeth and rotor yoke. However, for the ISDW PMV
motor, the maximum flux density in the rotor yoke is over 2.0 T.
It is obvious that compared with that of the FSCW PMV motor,
the rotor yoke of the ISDW PMV one is liable to be saturated.
This is due to the operation principle of PMV motor, which will
be interpreted in the next section.

In order to alleviate the magnetic saturation in the rotor as
shown in Fig. 2(b), the rotor yoke width of the ISDW PMV mo-
tor should be considered and increased at first. In addition, as
revealed in [9] and [28], no-load back-EMF and output torque
of the PMV motor are very sensitive to the PM thickness and the
ratio of FMP tooth width to FMP pitch. Therefore, these key pa-
rameters are chosen to investigate and optimize the performance
of the proposed ISDW PMV motor.

In Fig. 3, the effect of rotor yoke width on average torque
is investigated. When wry varies from 6 to 7 mm, the output
torque increases because saturation in the rotor yoke is allevi-
ated. Contrarily, the output torque decreases with the increase
of wry from 7 to 12 mm due to the reduced diameter of air gap.
When considering a compromise between mitigating saturation
and enlarging the length of air-gap diameter, wry is chosen to
be 9 mm for the next optimization step. Fig. 4 shows the out-
put torque versus PM thickness. It can be seen that the torque

Fig. 4. Average torque versus the thickness of PM.

Fig. 5. Average torque versus the angle of FMP.

TABLE II
RESULTS OF THE INITIAL AND OPTIMIZED ISDW PMV MOTORS

Items Initial Optimized

Rotor speed (r/min) 600 600
Nominal current (Arm s ) 10 10
Nominal current density (Arm s /mm2) 6.6 6.6
Nominal electrical loading (Arm s /cm) 105.7 131.1
PM flux linkage (m·Wbrm s ) 33.6 44.8
Fundamental amplitude of back-EMF (V) 82.6 111.5
Average torque (N·m) 44.0 61.8
Air-gap shear stress (psi) 4.95 6.95
Motor mass (kg) 6.2 6.52
Motor volume (L) 0.92 0.92
Average torque per motor mass (N·m/kg) 7.1 9.5
Average torque per motor volume (N·m/L) 47.8 67.2

decreases from 58.9 to 49.7 N·m (a reduction of 15.6%) when
hpm increases from 2 to 4 mm. It means that a thin PM is more
suitable for the PMV motor. However, a thin PM may be more
likely to suffer from the irreversible demagnetization. There-
fore, even though the output torque reaches the maximum value
when hpm is equal to 2 mm, hpm = 2.5 mm is chosen. Fig. 5
shows that the average torque of a PMV motor is also affected
by the angle of FMP, which is chosen to be 4°. The initial and
optimized ISDW PMV motors are compared in Table II. The
no-load back-EMF of the optimized motor has an increase of
35% than that of the initial one. It benefits from the larger slot
area for coils and alleviative magnetic saturation in the rotor
yoke. In addition, the torque density of the optimized motor
also improved significantly.

After the optimization of the output torque of the ISDW PMV
motor, it is very essential to check the irreversible demagneti-
zation of the proposed ISDW and the existing FSCW motors
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Fig. 6. Minimum flux densities versus rotor positions of both PMV motors.
(a) FSCW motor. (b) ISDW motor.

because the irreversible demagnetization can seriously influ-
ence their electromagnetic performances. To investigate the ir-
reversible demagnetization of PMs, both motors are operated
under nominal load and overload representing twice the nom-
inal current density in this paper, and the temperature of PMs
is held constant of 70 °C. Meanwhile, the critical flux density
of irreversible demagnetization is assumed to be 0 T in the
magnetization direction of PMs. Fig. 6(a) and (b) show the min-
imum normal flux density versus rotor positions of both motors
under nominal load and overload, respectively. It can be seen
that the FSCW motor exhibits superior capability of withstand-
ing irreversible demagnetization as compared to ISDW motor,
which is due to its thicker PMs. Obviously, partial irreversible
demagnetization occurs in both motors when they operate under
overload conditions. Fig. 7 illustrates the detailed flux density
distributions in PMs of both motors at nominal and overloads to
further observe the partial demagnetization region. As expected,
the worst demagnetization occurs in the ISDW motor, which is
marked in circle, when it operates at twofold overload. Also, it
can be calculated that the demagnetization region only accounts
for ∼0.1% of the total PM region. Hence, the influence due to
partial demagnetization in both motors is very slight which can
be ignored, and the PMs of both motors are safe when they
operate under nominal load and overload.

III. OPERATION PRINCIPLE

It is well known that the operation principle of the PMV motor
is based on the so-called magnetic gearing effect [8]–[11], [27],
[28]. The low pole-pairs number of armature windings with
high magnetic speed is modulated by the FMP to match the
high pole-pairs number of PM with low magnetic speed. Thus,

Fig. 7. Flux density distributions of PMs at the worst demagnetization of both
PMV motors under nominal load and overload. (a) FSCW motor under nominal
load. (b) FSCW motor under overload. (c) ISDW motor under nominal load.
(d) ISDW motor under overload.

a small displacement of the rotor results in a significant change
of the flux, which yields to a high torque. To utilize the magnetic
gearing effect and maximize torque capability, the number of
rotor pole-pairs Z2 , FMPs Z1 , and armature winding pole-pairs
p should satisfy the following relationship:

Z2 = Z1 − p (1)

Z1 = 2aNphqp (2)

a =
Z1

S
(3)

where a and q are a positive number and the number of slot per
pole per phase, respectively.

To identify the magnetic gearing effect in the PMV motor, its
no-load back-EMF is developed and obtained by PM magne-
tomotive force FPM and the magnetic permeance P due to the
toothed FMP structure. FPM and P of the PMV motor can be
expressed as

FPM(θ, θm ) ≈ FPM1cosZ2(θ − θm ) (4)

P (θ) ≈ Ps0 + Ps1cos(Z1θ) (5)

where θ and θm are the mechanical angle on the stator and the
one on the rotor, respectively. Then, the air-gap flux density of
PM modulated by FMPs can be obtained as

B(θ, θm ) ≈ FPM(θ, θm )P (θ)

= BPM1cos((Z2 + Z1)θ − Z2θm ) + BPM0cosZ2(θ − θm )

+BPM1cos((Z2 − Z1)θ − Z2θm ) (6)

where BPM0 = FPM1Ps0 and BPM1 = FP M 1 Ps 1
2 .

From (6), it can be seen that air-gap flux density in the PMV
motor consists of three components. The second term represents
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the flux density only produced by PM, in which the modulation
effect on the PM magnetic field can be neglected. Hence, the
second term can be regarded as the component like the conven-
tional motor [8]. The first and third terms are produced based on
the modulation effect between PMs and FMPs. The first term
represents a short wavelength of rotational magnetic field with
a high pole-pairs number; thus, the back-EMF induced by this
component is insignificant. For the third term, since its pole-
pairs number of the rotational magnetic field is the same as the
fundamental component of the armature windings, much more
considerable back-EMF than the one in the first term can be
obtained. Therefore, BPM1 is generally referred to as the fun-
damental component of flux density in the PMV motor [8], [9].
Also, it is termed as an additional prominent component, which
is unique one produced by the magnetic gearing effect in the
PMV structure [9]. For the conventional PM motor, there exist
no other harmonic components to produce useful back-EMF, ex-
cept for the fundamental component. This is due to the constraint
that the pole-pairs number of the armature windings and PMs
must be identical. However, in the PMV motor, the pole-pairs
numbers of armature windings and PMs are not identical. Both
the fundamental and harmonic components of the flux density
can be effectively utilized so that higher back-EMF and higher
torque density can be achieved. Considering both components
of the air-gap flux densities, the phase back-EMF of the PMV
motor can be expressed as

Eph = EPM0 + EPM1

= Kw0NtpcNscppDg lstkωm BPM0

+Kw1NtpcNscppDglstkωm
Z2

p
BPM1 (7)

where ωm is the mechanical angular velocity, Dg is the air-gap
diameter, and Kw0 and Kw1 are the harmonic and fundamental
components winding factor.

By substituting (1) and (2) into (7), the phase back-EMF of
PMV motor Eph becomes

Eph = Kw0NtpcNscppDglstkωm BPM0

+Kw1NtpcNscppDg lstkωm GrBPM1 (8)

Gr = 2aNphq − 1. (9)

In the PMV motor, the amplitude of the BPM1 is less than
the BPM0 , whereas the BPM1 provides main back-EMF due to
the magnetic gearing effect. However, it is very hard to enhance
the BPM1 to reach the amplitude of BPM0 . Thus, selecting a
higher Gr , namely magnetic gear ratio is an effective way to
enhance the amplitude of back-EMF. Further observation from
(9) reveals that a higher slots per pole per phase value q is
appropriate to obtain high back-EMF. It is worthwhile to note
that Kw1 can significantly affect the back-EMF of the harmonic
component as well as the value of q. Therefore, the design of
winding layout for the PMV motor is very essential. Although
the rotor PM and armature winding pole-pairs number are not
identical, the winding connection also can be described and
analyzed by the star of slots like the conventional PM motors.

Fig. 8. No-load air-gap flux density versus the rotor position.

Fig. 9. Space harmonic spectrum of no-load air-gap flux density of the both
motors.

IV. PERFORMANCE ANALYSIS

In this section, two five-phase PMV motors with FSCW and
ISDW will be quantitatively analyzed and compared at the PM
temperature of 20 °C by means of the time-stepping finite-
element method. Their key dimensions and specifications are
listed in Table I.

A. Back-EMF and Torque

The air-gap flux density waveforms of the two motors only
due to PM are shown in Fig. 8. It can be seen that both motors
have similar level of magnetic loading. The maximum flux den-
sity of the FSCW and ISDW are 1.22 and 1.17 T, respectively.
Fig. 9 shows their corresponding space harmonic spectrum. Ob-
viously, the 9 pole pairs cannot exist in a conventional PM
motor with 31 PM pole pairs. However, for the FSCW motor,
the useful harmonic flux density of 9 pole pairs is obtained by
using the flux modulation as well as the 2 pole pairs for the
ISDW one with 28 PM pole pairs. The flux densities of 9 and
31 pole pairs in the FSCW motors are up to 0.098 and 1.022 T,
respectively. Then, their appropriate winding connections and
winding factors can be easily obtained by using the method of
star of slots. Fig. 10(a) and (b) illustrates the star of slots of the
fundamental and harmonic component of the FSCW motor. In
order to facilitate to show direction of the conductor, the positive
and negative directions of conductor in one slot are marked as
solid and dotted lines, respectively. To maximize the winding
factor of the fundamental component, the phasor 1, −2, −11,
12 are connected together for constituting one phase. Then, the
winding layout also would be used for the harmonic component
as shown in Fig. 10(b). Since the two components have the same
star of slots, their winding factor is identical with the value of
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Fig. 10. Star of slots of the FSCW motor. (a) Fundamental component.
(b) Harmonic component.

Fig. 11. Star of slots of the ISDW motor. (a) Fundamental component.
(b) Harmonic component.

Fig. 12. No-load back-EMF waveforms of PMV motors.

cos9° (0.988). The star of slots of the ISDW motor is shown
in Fig. 11(a) and (b). The winding factor of the fundamental
component one is unity which is well-known advantage of the
ISDW. However, it is quite remarkable that the winding factor
of the harmonic component is zero. Thus, it can not contribute
to a useful induced voltage although the harmonic flux density
in the air gap is very prominent.

The no-load back-EMF waveforms of the two motors at nom-
inal speed of 600 r/min are shown in Fig. 12. Both of them are
very sinusoidal due to the inherent merit of the PMV motor. It
can be seen that the back-EMF amplitude of the both motors are
significantly higher than the conventional PM motor, revealing
that both of them can offer higher torque [4]. In addition, it
should be noticed that the back-EMF of the ISDW PMV motor
is twice that of the FSCW one. Compared with the FSCW PMV

Fig. 13. Comparison of torque capability of PMV motors.

motor with the slots per pole per phase value of 2/9, the ISDW
PMV motor has a unity value, which means that the ISDW one
possesses higher value of Gr . It can be calculated that the Gr

of the ISDW motor is 14, which is more than four times that
of FSCW one with 31/9; thereby, achieving stronger magnetic
gearing effect and higher back EMF. Due to their sinusoidal and
symmetrical back-EMFs, both motors are suitable for brushless
ac operation. By using id = 0 control and applying nominal cur-
rent into the five-phase windings, the output torque waveforms
versus rotor positions of the two motors are obtained as shown
in Fig. 13. It can be seen that the torque ripple of the two motors
are insignificant, which benefit from the sinusoidal back-EMF
and low cogging toque. The ISDW motor exhibits a significant
advantage over the FSCW one in terms of torque capability at
fixed motor volume, magnetic loading, electrical loading, and
similar PM pole-pairs number. Therefore, it implies that higher
value of slots per pole per phase has more potential in obtain-
ing higher torque for either ISDW or FSCW PMV motors on
the condition of similar numbers of PM pole pairs and slots.
This conclusion can be used as an effective and necessary sup-
plementation for the relationship between FSCW and ISDW
motors [28].

B. Loss and Efficiency

Apart from the aforementioned performance of no-load back-
EMF and output torque, loss and efficiency are also important
characteristics of the PM motor. This section will compare and
analyze the loss and efficiency of the two motors at nominal
operating conditions.

To calculate the copper loss of the motors, the total length of
armature windings should be determined at first. A simplified
winding model, in which end-turns winding are assumed to be
semicircular, is used to calculate the total winding lengths. The
copper loss pcu of the two motors can be express as follows:

pcu =
I2
a ρcu(lstk + lend)NtpcS

Acond
(10)

where Ia is the rms armature current, ρcu is the electrical re-
sistivity of copper, lend is the average armature end-winding
lengths, and Acond is the area of per conductor.

The iron core loss and PM loss are evaluated by the finite-
element analysis. Fig. 14 compares the loss of the two motors
at the nominal speed of 600 r/min and nominal current of 10
Arms , including copper loss, iron core loss, and eddy loss in
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Fig. 14. Loss detail at nominal operating conditions.

magnet. It can be observed that the copper loss and iron core
loss are dominant in the total loss of the two motors, while the
PM loss comprises only a small part of their total loss (4.9%
of the FSCW and 8.1% of the ISDW). In the case of copper
loss, the FSCW motor has an overwhelming advantage, which
is only half of the ISDW one. This is because the FSCW one
adopts concentrated windings, which significantly reduce the
end length of windings. Neglecting the friction and windage
loss and stray loss, the efficiency of the two motors can be
expressed as follows:

η =
Toutωm

Toutωm + pcu + piron + ppm
(11)

where Tout and ωm are the average output torque and mechan-
ical angular velocity of the two motors, respectively, and pcu ,
piron , and ppm are copper loss, iron core loss, and PM loss,
respectively. The efficiency of the ISDW motor is 88.9%, which
is slightly higher than the FSCW one of 87.1%.

V. FLUX WEAKENING CAPABILITY

In order to investigate and predict the flux weakening capa-
bility of PMV motors, the characteristic current Ich should be
calculated in the first place, defined as

Ich =
λm

Ld
(12)

where λm and Ld are the rms magnet flux linkage and d-axis
inductance, respectively. The optimal flux weakening region can
be achieved when the Ich is equal to the nominal current Ir [24].
For the conventional surface PM motor, Ich is much larger than
Ir because the surface mounted magnets increase the effective
air-gap length and lower the inductance. While in case of the
PMV motor, it inherently has large inductances and generally
overtakes the magnet flux linkage; thus, inevitably leading to
poor power factor. In addition, it is worth to mention that the
large inductance also reduces Ich even smaller than Ir [28]. Im-
portant parameters with respect to the flux weakening capability
of the two motors, including the nominal and characteristic cur-
rent values, are calculated and listed in Table III. Obviously, the
values of Ich are about half the values of Ir in the two motors.
It means that both motors can be fully weakened theoretically
[29].

A maximum power control strategy at the flux weakening
operation region for the PMV motors herein will be proposed
and presented. The average output torque and output power of

TABLE III
CURRENT AND INDUCTANCE PARAMETERS

Items FSCW ISDW

Magent rms flux linkage (Wb) 0.0171 0.0448
D-axis inductance (mH) 3.15 10.30
Characteristic rms current (A) 5.43 4.35
Nominal rms current (A) 10 10

Fig. 15. Current strategy for maximum power under limited voltage and cur-
rent amplitudes.

the two motors are expressed as follows:

Tout = 5Z2 [λm iq + (Ld − Lq )idiq ] (13)

Pout = Tωm = 5ωm Z2 [λm iq + (Ld − Lq )idiq ] (14)

where Ld and Lq are the d-axis and q-axis inductances, re-
spectively, and id and iq are the d-axis and q-axis currents,
respectively.

The optimal current vector for maximum power under limited
voltage and current amplitudes are shown in Fig. 15. At low-
speed region (region I), both motors operate under the maximum
torque per ampere (MTPA) control along the red straight line
OA from origin point to point A. The point A shown in Figs.
15–Fig. 17(a) represents the both motors operate at the corner
speed of 600 r/min and nominal rms current of 10 A. Meanwhile,
the terminal voltages of the both motors reach their limits, and
are noted as ulim . Then, the speed of the two motors cannot
continue to increase due to the limited capacity of inverter. In
order to widen the speed range, the phase angle of current angle
has to lead q-axis to produce a demagnetization current id ; thus,
ensuring the terminal voltage not to beyond its limit. The flux
weakening region herein is termed as region II. In this region,
the current vector goes along with the red arc AB from point
A to point B as shown in Fig. 15. Figs. 16(b) and 17(b) show
the output power of the two motor. Obviously, it can be seen
that from the point A to point B (region II), the output power
is going up. After reaching the point B, the maximum power
control is adopted for the next flux weakening region (region
III). The current vector is drawn in red straight line BC from
point B to point C as shown in Fig. 15. In this region, the current
amplitude reduces, while the terminal voltage keeps its limit.
Also, there exist the following rules:

ulim = ωe

√
(Lq iq )2 + (Ldid + λm )2 (15)
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Fig. 16. Calculated output versus speed envelope for the FSCW motor. (a) Torque. (b) Output power. (c) Terminal voltage. (d) Current. (e) Current angle.
(f) Power losses. (g) Efficiency. (h) Power factor.

dPout

did
= 0. (16)

Substituting (14) into (16) and satisfying (15) gives the ex-
pression of current vector in the flux weakening region III as

Id = −λm

Ld
, Iq =

ulim

ωeLq
. (17)

The output characteristics versus speed of the both motors
are calculated and shown in Figs. 16 and 17, respectively. From
Fig. 16(a) and (b) and Fig. 17(a) and (b), it can be seen that both
motors have the advantage of wide speed range, which benefit
from their inherently large d-axis inductances. At base speed and
nominal current, the output torque and power of the ISDW motor

is 1.31 times higher than that of the FSCW one. Therefore, the
ISDW motor can offer much higher torque than the FSCW one.
Figs. 16(c) and 17(c) show the terminal voltage versus speed
of the both motors. It can be found that the limits of terminal
voltage of the FSCW and ISDW motors are 100 and 264 Vpk ,
respectively. It means that although the ISDW motor can offer
high torque and output power, it also demands an inverter with
greater capacity at the same time. The current and current phase
angle versus speed of the both motors are shown in Fig. 16(d)
and (e) and Fig. 17(d) and (e), respectively, which are consistent
with the aforementioned analysis. The losses distributions and
efficiency of the both motors are shown in Fig. 16(f) and (g)
and Fig. 17(f) and (g), respectively. It can be observed that
the FSCW motor takes the advantage of lower copper loss at
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Fig. 17. Calculated output versus speed envelope for the ISDW motor. (a) Torque. (b) Output power. (c) Terminal voltage. (d) Current. (e) Current angle.
(f) Power losses. (g) Efficiency. (h) Power factor.

the same current due to its reduced end length of winding and
resistance, whereas it suffers from very high iron loss at high
speed due to its lower armature winding pole pairs as compared
with the ISDW motor. Therefore, the efficiency of the FSCW
motor is inferior to that of the ISDW one as shown in Figs. 16(g)
and 17(g). The power factors versus speed of both motors are
shown in Figs. 16(h) and 17(h). It can be seen that both motors
suffer from poor power factor at low speed, while power factor
significantly enhance with the speed.

Table IV shows a quantitative comparison of the FSCW and
ISDW PMV motors at low speed of 600 r/min and high speed

of 3000 r/min. The maximum torque and output power of the
ISDW motor are 2.31 and 2.66 times that of the FSCW one. Also,
an inverter with much higher capacity should be employed for
the ISDW motor since it has much higher apparent power than
that of the FSCW motor. The FSCW motor takes the merits of
lower total mass and copper usage due to the employment of
concentrated winding layout. The efficiency of the ISDW motor
is slightly higher than that of the FSCW one at low speed, while
at the high speed of 3000 r/min the efficiency of the ISDW motor
is much higher than that of the FSCW one due to its much lower
iron loss.
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TABLE IV
QUANTITATIVE COMPARISON OF THE FSCW AND ISDW PMV MOTORS

Items FSCW ISDW

Outside rotor radius, Rr o (mm) 70 70
Stack length, ls t k (mm) 60 60
Winding type Concentrated Distributed
Copper mass (kg) 1.09 2.21
Magnet mass (kg) 0.61 0.37
Iron mass (kg) 3.54 3.94
Total mass (kg) 5.24 6.52
Motor volume (L) 0.92 0.92
Slot fill factor 0.5 0.5
Maximum stator voltage (Vrm s ) 75 190
Maximum stator current (Arm s ) 10 10
Maximum apparent power (kV·A) 3.50 9.30
Maximum output power (kW) 1.95 4.17
Rational speed (r/min) 600 3000 600 3000
Maximum torque (N·m) 26.7 – 61.7 –
Maximum torque per motor mass (N·m/kg) 5.1 – 9.5 –
Maximum torque per motor volume (N·m/L) 29.0 – 67.2 –
Efficiency (%) 87.1 75.8 88.9 93.2
Copper loss 155 60 315 72
Iron loss 82 400 130 148
Magnet loss 12 100 39 68
Current (Arm s ) 10 5.7 10 4.7
Current density (Arm s /mm2) 6.6 3.8 6.6 3.1

Fig. 18. Prototype motor. (a) Stator. (b) Rotor.

Fig. 19. Experimental setup.

VI. EXPERIMENTAL RESULTS

In order to experimentally validate the theoretical analysis,
the PMV motor with FSCW has been built as shown in Fig. 18.
The performance tests of the prototype motor are conducted on
an induction dynamometer as shown in Fig. 19, in which the
experiments refer to the room temperature of the motor and the
magnets of 70 °C. The experimental results of the four-phase
no-load back-EMF waveforms at the speed of 600 r/min are
shown in Fig. 20, in which ea , eb , ec , and ed represent the

Fig. 20. Experimental results of the no-load phase back-EMFs (20 V/div,
1 ms/div).

Fig. 21. Comparison of the experimental and simulated phase back-EMFs.
(a) Waveforms. (b) Harmonic analysis.

Fig. 22. Experimental torque and current waveforms (4 N·m/div, 2 A/div,
20 ms/div).

back-EMF waveforms of phase A, phase B, phase C, and phase
D, respectively. The comparisons of experimental and simu-
lated results of the back-EMF waveforms and corresponding
harmonic analysis are shown in Fig. 21. It can be seen that the
measured fundamental component is about 8% lower than the
simulated one which is mainly due to the effect of lamination
factor, end effect, and manufacturing error. The total harmonic
distortion of the simulated and measured results in the FSCW
motor are 7.8% and 4.3%, respectively. Fig. 22 shows the torque
(Te ) and current waveforms under id = 0 control, in which ia ,
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Fig. 23. Experimental torque and output power versus speed.

Fig. 24. Experimental efficiency versus speed.

ib , and ic represent the current waveforms of phase A, phase B,
and phase C, respectively. It is noticed that the measured torque
ripples is larger than the simulated ones. This is due to the fact
that simulated torque waveforms only take into account the rip-
ple resulted from electromagnetic force, while the operating,
practical, and manufacturing torque ripples are neglected.

By using the LCR meter, the inductance of the prototype
motor can be measured. The average value of the simulated
self-inductance is 3.16 mH, which is slightly smaller than that of
the experimental one with 3.21 mH. Nevertheless, the simulated
results agree with the experimental results in principle; hence,
to provide partial support for the flux weakening analysis of
the PMV motors. In addition, it is worthwhile to note that the
measured average mutual inductance is very small, which can
be neglected as compared with the self-inductance. Thus, it
verifies the FSCW PMV motor can offer desirable fault tolerant
capability [4], [18], [26].

Flux weakening capability of the FSCW and ISDW PMV
motors are first verified by light load test on the prototype FSCW
motor. Fig. 23 shows the experimental results of the torque
and output power versus speed at voltage and current limits of
27 Vpk and 6 Arms . It can be seen that speed of the FSCW motor
can be extended with flux weakening operation. Also, its output
power can be increased by utilizing the maximum power control
strategy, which partially validates the aforementioned theo-
retical analysis. The experimental efficiency of the prototype
motor is shown in Fig. 24. The efficiency at the corner speed of
100 r/min is only about 68%, whereas its maximum efficiency
is only about 72%, which occurs at the speed of 200 r/min. The
experimental results illustrate the efficiency of the prototype
motor is low. Nevertheless, the low efficiency is credible and
reasonable because the motor operates at light load, in which

its copper loss is very prominent as compared with other losses
and hence significantly reducing the efficiency. The ISDW
PMV motor is being fabricated and the nominal torque and
power tests for the both motors will be carried on in the future.

VII. CONCLUSION

In this paper, two five-phase PMV motors with FSCW and
ISDW have been presented and analyzed, respectively. The va-
lidity of theoretical analysis of the two motors has been verified
by simulations. Furthermore, the FSCW PMV motor has been
prototyped and tested. The experimental results provide partial
support for theoretical analysis. Utilizing the well-known mag-
netic gearing effect both of them can output a high torque at
low speed, which is attractive for direct-drive applications. The
comparative studies on the two motors also show that the ISDW
motor can offer much higher torque than the FSCW one. This is
because that the ISDW one has greater slots per pole per phase,
which can increase the modulation ratio of magnetic gearing
effect. Although the output torque capability of the FSCW mo-
tor is relatively lower than that of the ISDW one, the FSCW
one has the merit of reduced copper usage and the consequen-
tial reduction in copper loss. In addition, the FSCW one can be
an excellent choice from the point of high reliability and fault
tolerance. Hence, taking into account the special requirements,
such as torque density and fault tolerance in some applications,
motor designers should be careful to select appropriate wind-
ing layout and slots per pole per phase for PMV motors. When
flux weakening strategy is employed, the simulated and exper-
imental results show that both PMV motors can operate over
a wide speed range. Therefore, it can be concluded that both
of the FSCW and ISDW PMV motors have a bright future in
direct-drive applications. At last, it is worth to mention that these
findings in this paper also can be easily extended and employed
for the conventional three-phase PMV motor designs.
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