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PM Vernier Machine for Utility Scale Wind
Generator Applications: Design and Evaluation

P. M. Tlali, Member, IEEE and R-J. Wang, Senior Member, IEEE

Abstract—This paper investigates the feasibility of using
permanent magnet vernier machine technology for large wind
power applications. Optimal permanent magnet vernier ma-
chine designs rated at 1 MW and 3 MW and with different
gear-ratios are generated through the use of multi-objective
finite element based design optimization. The designs are then
evaluated and also compared against the permanent magnet
synchronous machine in terms of performance, costs, size and
weight. Considering the power factor, the study shows that
pole/slot combinations with gear ratios of 5 or less are more
appealing since no substantial benefits can be claimed by going
for higher gear ratio options. While the existing literature
has mainly demonstrated its competitiveness relative to the
permanent magnet synchronous machine for small machine
sizes, it shows in this paper that the permanent magnet
vernier machine also has a promising potential for being an
alternative configuration in utility-scale wind-turbine drive-train
applications.

Index Terms—Design optimization, direct-drive generators,
finite element analysis, magnetic gearing effect, permanent
magnet vernier machines.

I. INTRODUCTION

Wind power conversion has emerged as one of the most
attractive and rapidly growing renewable energy resources.
Research in this field has indicated a crucial need of develop-
ing innovative electrical machine technologies, as they are es-
sential components in this application. Currently, a cascaded
arrangement of mechanical gearbox and a medium- or high-
speed machine is the common configuration implemented in
wind turbine systems [1], [2]. However, to avoid gearbox
issues and to improve on the system reliability, there has been
a paradigm shift towards the use of direct-drive generators
(DDGs) with full scale converters, especially in the offshore
wind farms. Since the DDGs run at the low turbine speed,
they usually have heavy structure and bulky sizes due to high
torque handling requirements in utility scale wind energy
conversion systems.

On the other hand, the past decade has seen a renewed
interest in permanent magnet vernier machines (PMVM). As
shown in Fig. 1, by putting the PMVM technology alongside
current mainstream wind generator technologies, an inter-
esting observation can be made, i.e. while the PMVM is
more closely related to the direct-drive permanent magnet
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synchronous machine (PMSM), it also shares some charac-
teristic properties with the medium-speed (MS) PMSMs due
to its soft magnetic gearing features. This inherent magnetic
gearing effect enables the PMVM to have high torque density,
potential for lighter weight and more compactness than
conventional PMSMs, while also maintaining the similar
structural simplicity [3]–[5].

Despite the aforementioned advantages, the PMVMs are
notably characterized by poor power factor that may in-
crease the converter rating requirement and subsequently
the system cost. Some studies have focused on the power
factor improvement of PMVMs by proposing either more
complex machine topologies (e.g. double-stator [6] or double-
rotor [7]) or special permanent magnet (PM) arrangements
(e.g. Halbach [8] or spoke-type [9]). Even though there are
some comparison studies between PMVMs and conventional
PMSMs in literature, these studies are limited to small power
levels [10]. A quantitative analysis of the applicability and
potential of PMVM technology for utility scale wind power
applications is still lacking in the literature.

This paper aims at studying the feasibility of implement-
ing the PMVM technology for large power wind generator
systems. To achieve this goal, an finite element (FE) based
design optimization study will be conducted for several se-
lected PMVM topologies/design choices at 1 MW and 3 MW
power levels. The realized designs will then be evaluated
against a conventional PMSM of corresponding power rating.
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power rating.



The main objective in this case will be the reduction of
total electromagnetic active material mass and cost while
subjecting to the overall diameter constraint. That’s because
lighter and low cost machine is always a preferred choice in
many applications including the wind energy conversion. The
paper is organized as follows: Firstly, a brief description of
the PMVM configuration will be provided in Section II, and
this will be followed by the explanation of the implemented
optimization strategy and specifications in Section III. Then
the obtained results are presented and discussed on Sec-
tion IV, after which a conclusion will be drawn in Section V.

II. BASIC PMVM CONFIGURATIONS

PM vernier machines operate on the same magnetic
gearing principle as in coaxial flux modulated magnetic gears
(CMGs). That is, a high-speed low-order space harmonic
field is generated by the stator windings, whereas the low-
speed high-order space harmonic field originates from the
rotor PMs. The two field harmonics are magnetically coupled
through modulation by the ferro-magnetic pole-pieces (flux
modulator), which is situated in-between their respective
exciting components. Flux modulator can be in the form
of a separate component, or a split stator teeth or even the
stator teeth themselves. For the magnetic gearing principle to
be effectively realized in PMVMs, the numbers of winding
pole-pairs (ps), rotor pole-pairs (pr) and flux-modulator pole-
pieces (Ns) are strictly related by [11], [12]:

Ns = pr ± ps (1)

The number of stator teeth/slots (Qs) can then be separately
selected according to the applicable rules to achieve stable
field generation with balanced phase flux linkages at chosen
frequency. However, in the case of the PMVM type where the
stator teeth also perform the modulation function (Fig. 2a),
it means the stator-slots number is the same as that of the
modulating pieces, hence Ns can be replaced by Qs in (1).
The cross-sectional views of some of the typical structure
configurations of PMVMs are presented in Fig. 2.

Skaar and Nilssen provided a fairly clear approach to
calculating the winding factors of the tooth concentrated

(a)

(b) (c)

Fig. 2. Typical structures of PMVM machines: (a) Conventional overlap-
winding (b) Tooth concentrated, split tooth (c) Two-slot pitch winding.
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Fig. 3. Gear ratios of two-slot pitch PMV machines.

one-slot pitch winding PMSMs, and concluded that based
on the value of the number of slots per-pole per-phase q,
a feasible region of reasonable winding factors would be(
1
4 < q < 1

2

)
[13]. Furthermore, the same study showed that

all other pole/slot combinations have a balanced air-gap mag-
netic radial forces except those with Qs=2ps±1. To reduce
the unbalanced force magnitudes in pole/slot combinations
utilizing this winding arrangement, one technique is to double
the number of slots while the pole number remains the same.
Based on this observation, the two-slot pitch windings were
developed (Fig. 2c), and their implementation on PMVMs
was demonstrated by several researchers [14]. For the PMVM
development, this type of winding is obtained by just dou-
bling the number of slots from the one slot-pitch winding
conventional PM machines, including those with balanced
magnetic forces. In this case, the purpose of doubling the slot
number with no change in original armature poles is to create
a bigger numerical difference between them, and this gives
more design flexibility which can easily satisfy (1). This then
results in a new range of q values with no negative impact
on winding factor, i.e.

(
1
2 < q < 1

)
, and other advantages

from their original one slot-pitch are retained. Most of the
single slot-pitch combinations always gives acceptable two-
slot pitch windings except those with the basic ratio Qs

2ps
= 3
2 .

Considering all the applicable conditions in developing this
type of winding, the gear ratios of PMVM utilizing it are
defined by (2). It can be clearly seen that the Gr is confined
within a range of (2 < Gr < 5), and converges to 3 as the
stator winding pole-pair number is increased, shown in Fig. 3.

Gr = 3± 2

ps
and Gr = 3± 4

ps
with ps > 2 (2)

III. DESIGN OPTIMIZATION PROCESS

For the design and performance evaluation of PMVMs,
the corresponding specifications and parameters range of
PMSMs, such as input speed, operating frequency, total outer
diameter and stack length, etc., are used as a benchmark and
reference guide. So, a highlight on PMSMs’ performance
and characteristic properties is first given as a preset to the



PMVM’s specifications. In addition, the design constraints,
procedure and strategy are also described in this section.

A. Specifications

Since the optimization objectives are primarily concerned
with the active material weight and volume, a presentation of
these characteristic parameters for a PMSM is given in Fig. 4
as obtained from the literature. This is done for a 1 MW,
3 MW and 5 MW machine output levels to indicate their
characteristic relationship against rating up-scaling as well.
As these machines were optimized by different researchers
based on various specifications, constraints and algorithms,
there is a bit of variance in their performance at each rated
level. Hence the ranges in the figure indicate the dispersion
of active weight and volume highlighting the minimum and
maximum values as obtained from the relevant literature. By
considering their averages, both the active material weight
and volume shows somewhat linear trend against the machine
power rating. Furthermore, it appears from Fig. 4 that about
16.5 tons mass and 20 m3 volume are deemed reasonable for
a 3 MW DD-PMSM generator.

A break down of different material types contributing
to the machines’ active weights provided in Fig. 4 is also
shown by Fig. 5. As seen in the figure, the lamination mass
is always the most dominant since it takes at least 60% of the
total mass. On the other hand, the PM material contributes
the least percentage mainly because of its smaller volume
requirement relative to other material types and also because
of its slightly lower mass density. Therefore, Fig. 5 shows
that the lamination material is the main deciding factor on
the PMSM machine’s total electromagnetic active weight.

Based on the above information, the main design speci-
fications are provided on Table I. A minimum efficiency of
94% is specified for 300 kW machines or less, while 95%
is required for 1 MW machines and above. As the output ca-
pacity of the machine is increased to the mega-Watt level, the
available wind speed distribution, generator physical size and
that of turbine blades dictates the rated speed be decreased
accordingly and the frequency should follow similar trend
to limit the core-losses. Theoretically, larger air-gap radius
would also be needed to accommodate high number of poles
and handle large input torque from the blades. But factors
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Fig. 4. Active mass and volume of PMSM as function of power rating
found from the literature.
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such as available nacelle size, manufacturing and logistic
constraints put the upper limits as to how large a machine
can be. So, the total outer diameter (Dout) of active volume
is considered in this case to give an approximate size of
machine, and the air-gap radius will be determined by the
optimization variables. It is assumed that no special cooling
methods will be implemented for the machines, hence an
armature current density of 5 A/mm2 is set to be the upper
limit as for a natural air-cooled machine. Considering the
strong magnetic attraction forces and manufacturability of
the machine, a reasonable air-gap length corresponding with
machine size should be selected, which is taken to be roughly
0.1% of the total diameter in this study.

TABLE I
MAIN DESIGN SPECIFICATIONS OF MACHINES AT DIFFERENT POWER

LEVELS [1], [15]–[21].

Parameter 60 kW 300 kW 1 MW 3 MW
Maximum diameter (m) 1.2 2.5 3.5 5.0
Air-gap length (mm) 3.0 4.0 4.0 5.0
Rated speed (rpm) 80 50 30 20
Efficiency (%) ≥94 ≥95 ≥95 ≥95
Current density (A/mm2) ≤5 ≤5 ≤5 ≤5

B. Methodology

A hybrid optimization approach was implemented,
whereby a stochastic and a gradient based algorithms, i.e.
Non-dominated Sorting Genetic Algorithm II (NSGA-II) and
Method of Modified Feasible Directions (MMFD) respec-
tively, were used in two sequential steps to obtain one best
final solution. The NSGA-II is initially used to determine
the search region that contains the global optimum within
it. Once in this general vicinity of the global optimum, the
MMFD is used with the NSGA-II’s results as the starting
point to quickly locate the precise optimum point by fur-
ther zooming into the solution area. In this way, the two
algorithms are combined and efficiently employed to find a
true optimum point within much reasonable time. That is
because, since the MMFD started from an already improved
point, it will quickly converge with less number of evaluation
iterations than what would be required if NSGA-II would be
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Fig. 6. Hybrid optimization technique work flow.

used alone to find the very best point. Fig. 6 illustrates the
work-flow of this optimization technique.

In NSGA-II, a number of user-adjustable operators has to
be fine tuned based on the characteristics of the optimization
problem in order to enhance the algorithm’s efficiency and
reliability. The settings of these specific parameters are given
in Table II for the optimization of all machines (1 MW and
3 MW). A fixed initial population size of 60 was also used
for all optimization trials, which is five-times the number of
optimizations variables and deemed reasonable according to
NSGA-II theory as a lager populations size would drastically
increase the number of solver evaluations and optimization
time. The maximum number of generations was set to 600 for
1 MW machines and increased to 1200 for 3 MW machines
because the purpose of the NSGA-II in this case was just to
identify the zone of global optimum but not to arrive at an
absolute optimum point which would definitely need a much
larger value. The mutation probability was set to 0.0833,
which is the reciprocal of the variables number (i.e. 12) as
per the relevant theory of NSGA-II as well [22].

The formulated optimization problem has more than one
objectives and several design constraints as follows:

Minimize: F (X) = [Y]

Subject to: Pout ≥ Prated

η% ≥ ηmin

J ≤ 5A/mm2

where X represents the vector of geometric variables illus-
trated in Fig. 7 with angle ratios defined in (3), including
the axial stack length of the machine, and Y is one or a
set of selected objective functions. That is, the objectives

TABLE II
NSGA-II USER ADJUSTABLE PARAMETERS’ SET VALUES.

Parameter Value
Initial population size 60
Maximum iterations 600 - 1200
Probability of mutation 0.08333
Disindex of mutation 12
Probability of cross-over 0.99
Disindex of cross-over 16
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Fig. 7. Machine geometric optimization variables: (a) Rotor (b) Stator.

include minimization of mass and cost. The minimum powers
and efficiencies are as indicated in Table I for each power
rating. It should also be noted that the temperature and
material characteristics were kept constant throughout the
optimization process.

θpm p =
π

pr
; θsp =

2π

Q
; θmp =

2π

Ns

σpm =
θpm s

θpm p
; σs =

θs
θsp

; σso =
θso
θs

(3)

IV. OPTIMIZATION RESULTS AND DISCUSSIONS

As a preliminary design exercise, the PMVMs are de-
signed and optimized for a rated power of 1 MW. A compar-
ison is made of the power factor and the active weights at
a number of different gear ratios. This is to investigate the
relations between the gear ratios and the design objectives
of large power PMVMs. As shown in Fig. 8, in distributed
overlap winding (OW) machines with (Gr ≥ 5), lower gear
ratio designs are preferred as they tend to have higher power
factor and lighter mass. Further, these Pareto fronts clearly
reveal the competing relationship between the active mass
and power factor in PMVMs.

Fig. 9 shows the optimum designs of PMVMs with
both distributed OW (Gr ≥5) and 2-slot pitch concentrated
winding (CW) (Gr ≤5) configurations. The graphs illustrate
the trend of active mass and power factor as a function of
gear ratios at two different frequencies. It can be clearly
seen that the mass increases with the gear ratio while the
power factor decreases. It should be remembered that the
minimum constraint on power factor was set to 0.65 during
the optimization, and higher gear ratio designs appear to
be testing this threshold, giving an impression that it would
likely go lower than that if the constraint was relaxed. It is at
this rated power level that the two-slot concentrated winding
(CW) machines (Gr ≤5) appear to be more attractive in
terms of power factor and light weight than the conventional
distributed OW machines.

As a benchmark, the average DD PMSM weight is also
added on Fig. 9 for comparison. Although not shown on the
graph, PMSM is known to have a near unity power factor.
Thus, all the PMVM designs here have poor power factor
comparing with the PMSM. But the distributed OW PMVMs
with gear ratio of 5 and the 2-slot-pitch CW PMVMs are
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Fig. 8. 1 MW machine’s active mass vs. power factor: (a) 30 Hz (b) 60 Hz.
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Fig. 9. Total active mass versus gear ratios for 1 MW machines.

much lighter than the DD PMSM. There is clearly a tradeoff
between the light weight and poor power factor in PMVMs.

It can be observed from the results of 1 MW machines
that PMVM designs with operating frequency similar to
that of their conventional DD-PMSM counterparts offer no
significant benefits. Therefore, for the 3 MW design, the deci-
sion was made to go for slot/pole combinations that operate
at medium-speed frequency (≈ 50Hz) but with equivalent
turbine input speed to the DD-PMSMs, since their core-
losses are not so different. That is, in addition to the gearing
ratio, the generators’ rated speed and output frequency were
also the main factors considered in selection of the slot/pole
combinations as presented in Table III.

For the PMV machine, the power factor is one of the
performance indexes that always need a special attention as
it can come out to be detrimental if not properly designed.
With that said, Fig. 10 shows the Pareto-front between the
total active mass and power factor for the five 3 MW PMV

TABLE III
INVESTIGATED SLOT/POLE COMBINATIONS FOR 3 MW PMV MACHINES.

Winding configuration 2-slot CW Distributed OW
Stator slots (Qs) 270 276 240 240 225
Stator pole-pairs (ps) 67 68 40 32 25
Rotor pole-pairs (pr) 203 208 200 206 200
Pole-ratio (Gr) 3.03 3.06 5.00 6.50 8.00
Slots per pole per phase (q) 0.67 0.68 1.00 1.25 1.50
Rated frequency [Hz] 50.75 52.00 50.00 52.00 50.00

machine slot/pole combinations and having different gear
ratios. During the optimizations, the upper limit to the PM
material usage was set to be equal to the maximum PM
mass requirement of the reference PMSGs indicated in Fig. 5,
and the minimum efficiency was set to be 95%. Since the
PMV machines have similar input speeds to those of the
PMSGs, this means a fairly similar ground is created for
the comparison purposes in these two machine types to be
presented later in this section. From the figure, the higher
gear ratios seemingly lead to lower power factors and heavier
total masses. Furthermore, it is realized that some of the PMV
slot/pole combinations can lead to poor power factors with
values less than 0.4. This further asserts the point that at
output power capacities larger than 1 MW, it is always better
to go for lower gear ratio if any benefits are to be obtained
from this type of machine.

In order to estimate the cost of the active materials in a
machine, the specific cost of each material has to be known.
Table IV contains the material prices used in this study, which
may be slightly different to the market values. Based on the
literature [1] and the market trend, 35 $/kVA was assumed
to be the cost for the converter. It should be noted that in
industry the actual converter prices usually follow a stepped
profile instead of this kind of linearized costing model.

TABLE IV
APPROXIMATE COSTS OF DIFFERENT MATERIALS FOR PMSM

COMPONENTS [23].

Material Cost per kilogram ($/kg)
Silicon steel (Lamination) 2.0
Copper (Winding) 6.67
Neodymium Iron Boron (PM) 50.0
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Fig. 11. Comparison of machine and total system costs: (a) Distributed
overlap-winding PMVM (b) Two-slot CW PMVM.

In order to compare the PMV machines with the PMSM,
one design point for each slot/pole combination was taken
from the Pareto-fronts given in Fig. 10 and further optimized.
The objective in this case was to have a lighter and cheaper
PMV machine with best possible power factor. The results
are presented in Figs. 11a and 11b, and on Table V, with the
indicative costs of materials also included.

Even though Silicon steel used for machine cores has
slightly lower mass density than winding copper, it has the
largest impact on the total active mass because of its larger
volume content. The machines’ efficiencies are always higher
than minimum constraint of 95% even though the operating
frequency is relatively high. Increasing the PM mass has rela-
tively little effect on total active mass, but it can significantly
increase the cost of the machine and slightly improve the
power factor. Figs. 11a and 11b show that a cheaper machine
with low power factor leads to an expensive system when
the power converter costs are included. Thus, to select a
good design, a best compromise has to be found between
the machine cost and required converter cost.

Fig. 12 shows the mass distribution of the chosen designs
and compares them to the benchmark PMSG. PMV machines
with lower gear ratios have a good advantage in terms of total
active weight. In summary, designing for a lighter machine
with reasonable power factor at this power rating, requires
choosing a pole/slot combination with lower Gr. This is a
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somewhat different trend to the small power PMVMs where
the lowest Gr values are not necessarily the best.

The results in Table V reveal that the PMVM on its
own can be lighter and cheaper than the PMSM. But when
the power converter costs are considered, the overall system
costs of PMVMs become similar to those of DD PMSMs
because of their high converter rating requirement. It should
be noted that a linear inverter costing model was assumed in
this study, which may not necessarily reflect the true costs in
industry. In the case that the inverter costs follow a stepped
increasing pattern with regard to their MVA rating, the cost of
PMV generator systems may become competitive for certain
power levels. Furthermore, the PMV machines’ power factor
gets improved if the total volume is allowed to increase with
longer stack lengths, but this will inevitably lead to large size
machines, which are unfavorable.

V. CONCLUSIONS

This paper presents an investigation study on the po-
tential design of PMVM for large power wind generator
applications. It is observed that, lower gear-ratios are more
attractive to achieve optimum machines with reasonable total
mass and power factor at utility scale power levels, while
this is not so apparent in small power machines. The lower
PM material usage in a PMVM machine is advantageous
as this translates to a low cost design (about 20% cheaper
than an equivalent PMSM machine at 3 MW level), but this
advantage is offset by the cost of bigger converter capacity
needed for a PMVM, which at the end brings the total cost
of the two systems to level up. Even though the PMVM is
designed to operate at a direct-drive generator input speeds,
its operating frequency may need to be in the same range
as that of medium-speed generators in order to enhance its
best potential. This implies that its inherent soft gearing
effects makes it an intermediate alternative between the direct
drive and medium-speed concepts. The study predicts that it
is feasible and economically reasonable to develop a MW
output level PMV generator for the wind power applications.
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TABLE V
MASS AND COST COMPARISONS OF DIFFERENT 3 MW PMSG ( [15], [19]) AND PMV MACHINES.

Machine type DD PMSG 2-Slot CW PMV Distributed OW PMV
Rotor/Stator pole-ratio 1.0 1.0 3.0 3.05 5.0 6.5 8.0

Characteristic Information
Output power (MW) 3.00 3.00 3.04 3.06 3.00 3.04 3.04
Efficiency (%) 95.0 - 95.91 95.93 97.06 97.08 97.77
Power factor 0.93 - 0.72 0.71 0.65 0.54 0.55
Average torque (kNm) 1910.0 - 2006.8 2020.5 1943.5 1981.5 1962.7
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