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Abstract: This paper investigates the prospect of permanent magnet vernier machine (PMVM)
technology for wind power applications. Two types of PMVMs are defined based on the winding
arrangements and resultant gear ratio ranges. A comprehensive design study of the selected PMVM
topologies is conducted at 1 and 3 MW power levels. The optimized candidate designs of the PMVMs
are then evaluated and also compared against the equivalent permanent magnet synchronous ma-
chine (PMSM) in terms of performance, costs, size and mass. While the existing research publications
mainly focused on the PMVM designs of (G, = 5), this study reveals that the pole/slot combinations
of PMVMs with (G, < 5) are more appealing as there is a good trade-off between a reasonable power
factor and high power density in these designs. It shows, in this paper, that the PMVM is a promising
alternative to common PMSM technology for utility-scale wind-turbine drive-train applications.

Keywords: design optimization; direct-drive generators; finite element analysis; magnetic gearing

effect; permanent magnet vernier machines

1. Introduction

Wind energy is one of the most important renewable energy sources. The worldwide
wind power generation capacity has been growing at a substantial rate over the past
decades. Research in wind turbine systems has indicated a crucial need to develop high-
performance and cost-effective electrical machine technologies, as they are an integral part
of wind turbine power-trains and play a significant role in wind energy conversion. Doubly-
fed induction generator (DFIG) with a partial-scale power electronic converter (PEC) and
a single or three-stage gearbox has been the most dominant wind turbine power-train
technology since the early 2000s. Another common wind turbine power-train technology
involves a permanent magnet (PM) synchronous generator with a full-scale PEC and a
single or multi-stage gearbox [1,2]. Owing to gearbox issues and related system reliability
concerns, there has been a paradigm shift towards the use of direct-drive (DD) generators
with full-scale PECs, especially for offshore wind power applications. However, since the
direct-drive generators run at a low turbine speed, they are inherently heavier and larger
due to high torque handling requirements in wind turbine systems.

In the past decade, there has been much interest in magnetically geared electrical
machine technologies [3]. Amongst others, permanent magnet vernier machines (PMVM)
received a lot of attention [4-6]. The inherent magnetic gearing effect enables the PMVM to
have high torque density, potential for less weight and more compactness than conventional
permanent magnet synchronous machines (PMSM), while also keeping the same structural
simplicity. Despite these distinct advantages, the PMVMs are notably characterized by
poor power factor, which increases the PEC rating requirement. In an attempt to improve
the power factor of PMVMs, some researchers proposed more complex machine topologies
such as double-stator [7] and double-rotor [8] PMVMs, while others studied special PM
arrangements like Halbach [9] or spoke-type [10].
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Some early comparison studies between PMVMs and conventional PMSMs can be
found in the literature. However, they mainly focused on electric vehicles (EV) and general
low-speed industrial drive applications [4,11-13]. A systematic method for designing
direct-drive PM vernier wind generators is presented in [14] and validated based on a
designed 5 kW prototype [15]. The work reported in [16,17] is probably the first attempt
at the design, practical evaluation and comparison of a surface-mounted PMVM with a
benchmark conventional PMSM for wind power applications.

More recently, the quantitative analysis of the applicability and potential of PMVM
technology for utility-scale wind power applications has been conducted in [18-21]. The gen-
eral conclusion drawn from these studies is that systems involving PMVM designs are not
yet competitive in comparison to those of conventional PMSMs with several-megawatt
(MW) power levels. This is because the only benefit that seems to be guaranteed from
PMVM is the significant reduction in machine volume, while the advantage of lower active
mass is discounted by the fact the total machine mass in direct-drive generator systems is
heavily dominated by the structural mass.

Furthermore, other benefits such as higher efficiency and lower cost obtained at the
PMVM level seem to be overturned when the whole system is considered, mainly due to the
increased power converter costs and losses associated with the PMVM system. Moreover,
it was further revealed that when observed from the slot-pitch-ratio (SPR) point of view,
the design of PMVM seems to be a trade-off between the improved performance and
demagnetization risk [18]. Interestingly, the majority of the available PMVM designs at
multi-MW output level are limited to only a pole-ratio (G,) of five (5), including the studies
in [18,19]. Hence, this paper will extend the current knowledge gap by further looking into
other pole-ratios greater and/or less than five. This will provide a wider picture of what
could lead to the optimal design at this power level.

An interesting aspect of the PMVM technology is that a standard PMVM (with a single-
stator and a single-rotor) has the same mechanical simplicity and gear-less layout as that of
a conventional DD-PMSM, which suggests that the PMVM is simply another DD-PMSM.
On the other hand, a PMVM usually operates at a slightly higher frequency due to its
inherent magnetic gearing features, which are closer to that of the medium-speed (MS)
geared PMSMs. A more intuitive view can be gained by putting the PMVM technology
alongside current mainstream wind generator technologies, as shown in Figure 1, which
clearly shows that the PMVM technology shares some advantages and unique characteristic
properties with both the direct-drive (high torque capability and low maintenance) and medium-
speed (lower mass) PMSMs.

This paper is the extended version of [20], which aims at studying the feasibility of
implementing the PMVM technology for high-power wind generator systems. To achieve
this goal, a detailed design optimization study using the finite element method (FEM) is
conducted for a number of selected PMVM topologies/design choices at utility power
levels. The realized PMVM designs are then evaluated against a conventional PMSM of
corresponding power rating. With the ever-increasing power capacity and size of turbines
in the wind energy industry, it becomes more challenging to mount a nacelle on the top of
a tower. A lighter and lower-cost wind generator is always preferred in the wind power
industry. Thus, the main design objective in this study is to minimize the total mass and cost
of active electromagnetic material of a PMVM, while subjecting it to the overall dimensional
constraints and design specifications.

In this updated paper, for the sake of completeness, the fundamental working prin-
ciple of the PMVM is given in Section 2, the basic winding configurations of PMVMs are
described in Section 3, and this will be followed by a brief description of the field-circuit
model of PMVMs in Section 4 and the explanation of the implemented optimization strat-
egy and specifications in Section 5. Then, the obtained results are presented and discussed
in Section 6. In comparison with [20], the validation of the formulated PMVM design
optimization approach is also included in Section 7, after which relevant conclusions are
drawn in Section 8.
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Figure 1. PMVM vs. DD-PMSM and MS-PMSM characteristics at utility power levels (© [2020] IEEE.
Reprinted, with permission from [20]).
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2. Fundamental Working Principle

The basic operation of PM Vernier machines relies on the Magnetic Gearing princi-
ple [22,23]. In this concept, 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 ferromagnetic pole-pieces (flux modulator), which are normally situated in-between
their respective exciting components. Flux modulator can be in the form of a separate
component or a split stator tooth or even the stator teeth themselves. For the magnetic
gearing principle to be effectively realized in PMVMs, the number of winding pole-pairs
(ps), rotor pole-pairs (p;) and flux-modulator pole-pieces (N;) is strictly related by [22,24]:

N; = pr =+ Ps 1)

In addition, it has been proven that a pole/slot combination given by N; = p, + ps
enables a better performing PMVM design as opposed to the other combination with
Ns = pr — ps [25]. The number of stator teeth/slots (Q;) can then be separately selected
according to the applicable rules to achieve stable field generation with balanced phase
flux linkages at the chosen frequency. However, in the case of the PMVM type where the
stator teeth also perform the modulation function, it means the stator-slots number is the
same as that of the modulating pieces; hence, N; can be replaced by Qs in (1).

With regards to the surface-mounted PMVM, a linearized and simplified geometrical
structure of which is presented in Figure 2, the modulated air-gap flux density can be
approximated as:

Bpm(6,t) = Fppm(0,t) A(6) = {Fppi cos[pr(6 — wit)]} [Ag — Aq cos(Ns6)]

e
2

= Fpann Ao cos[pr(0 — wyt)] {cos[(Ns — p;)0 — prwrt]

+ cos[(Ns + pr)6 — preoyt]} @

4 B/h d
with Fppp = p ‘Mr “l/lm Sin(kpM§> and E()r:wy
oMr
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where Fpy is the PMs magneto-motive force (MMF) distribution, the term sin(kpp;%5*)
reflects the nth order PM pitch factor, and A is the air-gap permeance function, with its
average and higher-order harmonic components represented as [22,26]:

Ts
@)
Ny :Lo, 2p 078125 5 | sin (1.62}7‘(1—50)
’8 T | 078125 — 2 (e E

where Ay and A, are the average and the specific magnitude of the vth harmonic perme-
ance coefficients obtained from a conformal mapping method, the parameters, 7; and 7,
are respectively the slot pitch and slot opening, as illustrated in Figure 2. Furthermore,
the coefficient 8 is determined by the relation [23,26]:

1 1

13:,_—
2 ) /1+(%)2 4)

where ¢’ = ¢+ % in Equations (3) and (4) is the equivalent magnetic air-gap length. Both
the average (/o) and vth (Ay) harmonic magnitudes depend on the value of 8, which in
turn is a function of the slot-opening to air-gap ratio (%). That is, Equation (2) shows
that in addition to the fundamental field harmonic (p,), the no-load air-gap flux density is
composed of the two other harmonic components generated as a result of the modulation
effect, namely: (Ns — p;) and (N;s + p;). Therefore, when the stator winding pole-pair
number is selected as Qs — pr = ps, the no-load induced voltage of the machine is:
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Figure 2. Linearized and simplified typical geometry of a PMVM.
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Continuing on the similar analogy to that of the back-EMF, and with the assumption
that the machine is running at a steady-state speed with pure sinusoidal currents, the air-gap
electromagnetic torque for a three-phase PMVM is then formulated as shown below:

2v2B
Tg g31]0;17(77KWlI\]PhDglstk(Kconv + Kudd)
r
(6)
EL . 6N, Ly,
o . waleDglstk(Kconv + Kudd) with K = #gp

where K; is the linear current density in {%] .

The presence of three constituent terms is now evident in both the developed open
circuit voltage and torque expressions. The first term is equivalent to the component found
in classical PMSMs, while the second and the third terms are due to the vernier effect.
A further inspection of Equation (5) reveals that Kconp and K, are the two terms playing
key roles in PMVM’s operation, and they can greatly be affected by the variables Dy, L5, hm
and the slot opening ratio (c, = T?Ss"), as also evident from (3) and (4). The characteristics of
Keonp and K43 with various values of PM thickness and slot opening ratio are, respectively,
provided in Figure 3 for a small PMV machine with 10 rotor PM pole-pairs and 12 stator
slots. In Figure 3a, it can be seen that K.y, decreases with an increase in slot opening ratio
Co, Whereas it increases with PM thickness for each specific ¢,. As shown in Figure 3b, K4,
displays a somewhat different tendency, i.e., K,4; rapidly increases with an increment of
PM thickness and reaches its peak point at a specific h,, value, after which it keeps on be-
coming smaller with larger PM thickness. Moreover, the similar increasing and decreasing

tendencies of K45 are also observed with respect to increasing the slot opening ratio.
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Figure 3. Variation of Equation (5) components as a function of PM thickness and slot opening ratio:
(@) Keono, (b) Kyga, (€) Koern = Keonv + Kgga-

Consequently, the sum of Ko and K,y; gives the Kyery, term, which reflects the
combination characteristics of its constituent terms, as shown in Figure 3c. It can be clearly
seen that Ky, also reaches its maximum value at a specific i, but saturates at a slightly
lower value with further increasing /. This can be expected as thicker PMs lead to a
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larger effective air-gap rendering a weakened modulation effect of the air-gap flux density.
This implies that the optimal PM thickness of PMVMs tends to be smaller than that of
conventional PMSMs for the same output performance. Thus, the PMVM has the potential
for a comparatively lower PM material usage.

3. Basic PMVM Configurations

In single air-gap PMVMs, various PM rotor structures such as surface-mounted, inset,
interior and Halbach arrays can all be used. However, judicious selection of slot-pole
combinations and winding arrangements can result in different types of PMVM designs.
In this paper, the most common types of PMVMs are classified into two major groups
based on the winding arrangements and resultant range of gear ratios, namely, Type-A and
Type-B PMVMs.

3.1. Type-A PMVMs

These types of machines encompass both the conventional overlap winding PMVMs
(OW-PMVM) and the split-tooth concentrated winding PMVMs (Split-tooth PMVM).
The common feature between these two machine types is that their ratio of rotor to stator
pole-pairs (i.e., G;) has a minimum value of five (5) for the three-phase machines. That is,
considering Equation (1):

Pr _ N;s F ps N

= =71 7
Ps Ps Ps:F @

Gr:

and with N; equal to Qs for OW-PMVM and N; being the number of modulating pieces or
total teeth splits in the case of Split-tooth PMVMSs, G, can further be expressed in terms of
the number of slots/pole/phase (g) as:

N.
Gr:p—sﬂFlz&FFl ®)
S

It must be kept in mind that in the case of the Split-tooth PMVMs, g is calculated
based on the number of stator tooth-splits (instead of stator teeth) for Equation (8). Hence,
the minimum possible G, in this type of PMVMs is five (5).

The cross-sectional views of some typical PMVM structures in this group are pre-
sented in Figure 4. The first structure (Figure 4a) can be seen as a simple derivation from
traditional PMSMs through adjustment of their electromagnetic pole/slot combinations to
conform with Equation (1). Since there is usually a bigger numerical difference between its
stator slots and stator pole-pairs, the distributed overlapping-winding is normally used.
In addition, the stator teeth perform both the roles of major flux paths and modulating
pieces. Therefore, open stator slots are very common in this configuration as they enhance
the flux modulation effect. Relatively longer end-winding length is an obvious drawback
for this machine.

On the other hand, the tooth-concentrated, split-tooth PMVM (Figure 4b) directly
implements ferromagnetic pieces to modulate fields from either side of the air-gap to
realize field coupling. This allows the armature windings to be wound around each of
the main stator teeth, giving the possibility of shorter end-winding lengths and fault toler-
ance capability between the phases. Consequently, this increases the machine’s reliability
and results in fewer winding losses. Some of the drawbacks of this structure include
increased magnetic reluctance due to longer magnetic paths, relatively high torque ripple
and significant frequency-dependent losses as a result of the rich harmonic content of the
tooth-concentrated winding arrangement.
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(b)

Figure 4. Typical structures of Type-A PMVMs with (a) conventional overlap-winding, (b) tooth
concentrated, split tooth (© [2020] IEEE. Reprinted, with permission from [20]).

3.2. Type-B PMVMs

A fairly clear approach to calculating the winding factors of the tooth-concentrated
fractional slot pitch winding is available from the winding theory. According to Skaar
and Nilssen [27], a feasible region of reasonable winding factors exists for % < q <
%. Furthermore, the same study showed that all other pole/slot combinations have a
balanced air-gap magnetic radial forces except those with Qs = 2p; £ 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 retaining the same number of poles.

Based on this observation, the two-slot pitch windings were developed (Figure 5),
and their implementation on PMVMs was demonstrated by several researchers [28]. For the
PMVM development, this type of winding is obtained by just doubling 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 without
changing the 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 g values with no negative impact on winding factor, i.e., (% <g< 1) ,
and other advantages from their original one slot-pitch are retained. Most of the single
slot-pitch combinations give acceptable two-slot pitch windings except those with the basic
ratio %}f% Considering all the applicable conditions in developing this type of winding,
the corresponding gear ratios of PMVM are defined by (9). It can be clearly seen from
Figure 6 that G, is confined within a range of (2 < G, < 5), and converges to three (3) as
the stator pole-pairs increase.

4
Gr=3j:E and G, =3+ — with ps>2 9)

Ps Ps

Figure 5. A typical structure of Type-B PMVMs (© [2020] IEEE. Reprinted, with permission from [20]).
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Figure 6. Gear ratios of Type-B PMVMs (© [2020] IEEE. Reprinted, with permission from [20]).

4. Steady-State Field-Circuit Model of PMVM

The design analysis and performance evaluation of the PMVMs in their steady-state
mode of operation is realized by employing a coupled field-circuit model. Thus, the output
performance is calculated through the equations derived from the fundamental per-phase
equivalent circuit shown in Figure 7. As displayed on this generator mode circuit, ey,
is the induced electromotive force (EMF), Ry, Uy and Iy are the phase resistance, phase
voltage and phase current, respectively. In order to account for the core and magnet eddy-
current losses, a shunt resistance R, is also included. Since the electromagnetic analysis is
performed in 2D-FEM, the synchronous inductance is split into L,; and L., which represents
the main and end-winding inductances, respectively. All the equivalent circuit parameters
enclosed by the dashed lines in Figure 7 are readily obtained from the 2D FE model. Other
remaining parameters are deduced from analytical calculations.

Le R¢ I¢

Figure 7. Per-phase equivalent circuit of the PMVM.

One of such parameters is the core-loss, which is a function of flux density magnitude,
volume of magnetic conducting material within a machine and mainly the rate of change
of flux density. In addition, the considered component’s material magnetic properties also
play a huge role in the resultant core losses. Thus, by using the multi-step static FE analysis,
the core losses are approximated by employing the Steinmetz-based Equation (10). Since
this model equation uses flux variation and magnitude deduced from several independent
static solutions, it gives satisfactory accuracy, albeit much faster compared to transient FEM

simulations.
/ CSE

where T is the period, AB is the peak—to—peak flux density, Csg, @ and S are the lamination
material loss model coefficients.

P dt (10)
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In order to simplify the machine performance computations, the instantaneous 3-phase
output quantities are projected onto the dq0-axis reference frame through the use of the dq0
transformation matrix. The dg-axis steady-state circuits fixed to the rotor reference frame
corresponding to the phase circuit in Figure 7 are provided in Figure 8. From these circuits,
the steady-state dg-axis voltage equations can be expressed as:

Vd = —/\qwr + Lelqwr — IdR¢ and Vq = /\dw, — Lgldwr — LJR(P (11)
---------- I- d;‘ [qLeWT Rd) ----------}q-; IdLewT R¢ I
aC - 7U W
! N ! N
+

rr@) B3R Vi

(a) (b)

Figure 8. Rotor reference frame equivalent circuits: (a) d-axis and (b) g-axis.

Furthermore, the dg-axis current components are also deduced from the circuits in

Figure 8 as follows:
Eq Eq
and I =1 12

Ren mET Ry (2

With the equivalent circuit and other associated parameters known, the air-gap elec-
tromagnetic power and developed average electromagnetic torque (for surface-mounted
PM rotor) can also be computed from the general equations:

In =1+

Tem = gGrps(/\qul —Aglyn) and Ppy = TEM%”S (13)
where 1; is the speed in revolutions per minute.

In the generator mode of operation, the difference between the air-gap electromagnetic
power and mechanical power at the machine shaft is due to rotational losses and shunt
core losses. On the other hand, the air-gap electromagnetic power differs from the output
electric power at the machine terminals by the armature copper losses. That is, numerical
addition of the developed air-gap power and the sum of rotational and shunt core losses
will yield the shaft mechanical input power, while subtraction of armature losses from it
gives the generator output power. The output electrical power consists of useful active
power and reactive power, both of which can be approximated from the phase circuits in
Figure 8:

3
Active Power: Pout = 5 (Valg + Vyly)

. (14)
Reactive Power: Q,,; = E(Vqld — Valy)

Subsequently, the efficiency and power factor (PF), which is a function of the phase
angle difference between the output voltage and current, may also be obtained from the
preceding equations. It must be noted that during the early design optimization stage,
the windage and frictional losses, which constitute mechanical losses, are ignored in order
to simplify the problem.

5. Design Optimization Process

For the design and performance evaluation of PMVMSs, the corresponding ranges
of specifications and parameters of PMSMs, such as input speed, operating frequency,
total outer diameter and stack length, etc., are used as a benchmark and reference guide.
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Therefore, a highlight of 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. For the wind generator designs, it is desirable
to consider a range of operating speeds of a wind turbine by optimizing the generator
at several operating points of the wind turbine [29-31]. Given the scope of this work,
the design optimization study in this paper is conducted based on the rated operating
conditions of a generator.

5.1. 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 Figure 9 as obtained from the literature. This is performed for 1-5 MW machine out-
put 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 show a
somewhat linear trend against the machine power rating. Furthermore, it appears from
Figure 9 that a mass of about 16.5 tons and volume of 20 m> are deemed reasonable for a
3MW DD-PMSM generator.

— 00F - 68.5 _
2 - Average mass (3 =
£ 34.0 HCA Total mass range y £
2 30.0 H == Average volume g
& =1 Total %olume range P < %
= Ve =
& 215 s =
3 < — - 320 &
5 165 |- L — - 27.0 =
SR o = - 20.0 7
Z 100 | I E
= _ = Z
ol omes

Rated Power [MW]

Figure 9. Active mass and volume of PMSM as a function of power rating found in the literature
(©[2020] IEEE. Reprinted, with permission from [20]).

A breakdown of different material types contributing to the machines’ active weights
provided in Figure 9 is also shown by Figure 10. As seen in the figure, the lamination mass
is always the most dominant since it takes at least 60% of the total mass while the PM
material contributes the lowest percentage.

Based on the above information, the main design specifications are summarized in
Table 1. 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 capacity of the machine is
increased to the mega-Watt level, the available wind speed distribution, physical generator
size and that of turbine blades dictate the rated speed to be decreased accordingly, and
the frequency should follow a similar trend to limit the core losses. Theoretically, a larger
air-gap radius would also be needed to accommodate a high number of poles and handle
large input torque from the blades. However, factors such as available nacelle size, man-
ufacturing and logistic constraints create the upper limits as to how large a machine can
be. Therefore, the total outer diameter (D) of active volume is considered in this case to
give an approximate size of the 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 /mm? is set to be the upper limit
for a natural air-cooled machine. Considering the strong magnetic attraction forces and
manufacturability of the machine, a reasonable air-gap length corresponding to machine
size should be selected, which is taken to be roughly 0.1% of the total diameter in this study.
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Figure 10. Different active material weight distribution vs. power rating of PMSM (© [2020] IEEE.
Reprinted, with permission from [20]).

Table 1. Main design specifications of machines at different power levels [1,32-37].

Parameter 60 kKW 300 kW 1MW 3MW
Maximum outer 12 25 35 5.0
diameter (m)
Air-gap
length (mm) 3.0 4.0 4.0 5.0
Rated 80 50 30 15
speed (rpm)
Efficiency (%) >94 >94 >95 >95
Current density
<
(A/mm?) <5 <5 <5 <5

5.2. Methodology

Although gradient-based algorithms are time efficient for electrical machine design
with many design variables, they are susceptible to becoming trapped into a local optimum
and numerical noise [38]. On the other hand, non-gradient-based algorithms are proven
to have capabilities of locating the global optimum point, but they are computationally
very expensive. In this study, a hybrid optimization approach was implemented in an
attempt to leverage their respective advantages, whereby stochastic and a gradient-based
algorithms, i.e., Non-dominated Sorting Genetic Algorithm II (NSGA-II) and Method of Modified
Feasible Directions (MMEFD), respectively, 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 further zooming into the solution area. In this way, the two
algorithms are combined and efficiently employed to find a true optimum point within a
very reasonable time. That is because, since the MMFD started from an already improved
point, it will quickly converge with fewer evaluation iterations than what would be required
if NSGA-II was used alone to find the very best point. Figure 11 illustrates the workflow of
this optimization technique.
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Figure 11. Hybrid optimization technique workflow.

In NSGA-II, a number of user-adjustable operators have to be fine-tuned based on
the characteristics of the optimization problem in order to enhance the algorithm’s effi-
ciency and reliability. The settings of these specific parameters are given in Table 2 for the
optimization of all machines (1 and 3 MW).

Table 2. 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

A fixed initial population size of 60 was also used for all optimization trials, which is
five times the number of optimization variables and deemed reasonable according to the
NSGA-II theory as a larger population 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 the global optimum. 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 [39].
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The formulated optimization problem has more than one objectives and several design
constraints, as follows:

Minimize: F(X) = [Y]
Subject to:  Poutr > Pypeq
7% > Hmin
] <5A/mm?
PF > 0.65

where X represents the vector of geometric variables illustrated in Figure 12 with angle
ratios defined in (15), including the axial stack length of the machine, and Y is a set of
selected objective functions such as the minimization of mass and cost. The minimum
powers and efficiencies are as indicated in Table 1 for each power rating. It should also be
noted that the temperature and material characteristics were kept constant throughout the
optimization process.

T 27 27
Oy =0 7 B=g s twEg
T SR (15)
pm - meip 7 s — gsp 7 S0 — 95

Figure 12. Machine geometric optimization variables of (a) rotor and (b) stator (©[2020] IEEE.
Reprinted, with permission from [20]).

6. Optimization Results and Discussions

As a preliminary design exercise, the PMVMs are designed and optimized for a
rated power of 1 MW. The considered slot/pole combinations of the PMVM are detailed
in Table 3. The pole-slots are selected based on the input speed and the expected rated
frequency. As indicated in the table, the combinations are further grouped into two
frequencies. The lower frequency (~30 Hz) corresponds to that of a conventional DD-
PMSM, while the other one matches that of the medium-speed PMSM with a single-stage
gearbox (=60 Hz). The basic idea behind this is to evaluate the performance of the PMVM
when it is operated at the direct-drive and medium-speed PMSM frequency conditions,
with similar input speed and gear ratio. This is because a PMVM looks rather similar to a
conventional DD-PMSM structurally, but it incorporates a magnetic gearing principle in its
operation. This inherent feature makes it look closer to the medium-speed machines from
the operational frequency point of view, as illustrated in Figure 1. Thus, it is important to
assess the performance characteristics, total active mass, volume and cost of PMVMs for
both operating frequencies.
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Table 3. Investigated slot/pole combinations for 1 MW PMVMs.

Winding Configuration Type A Type B
Stator slots (Qs) 72 72 75 135 135 144 84 162
Stator pole-pairs (ps) 12 8 10 18 15 24 20 40
Rotor pole-pairs (p;) 60 64 65 117 120 120 64 122
Pole-ratio (G,) 5.0 8.0 6.5 6.5 8.0 5.0 3.2 3.05
Slots/pole/phase () 1.0 15 1.25 1.25 15 1.0 0.7 0.68
Rated frequency [Hz] 30 32 32.5 58.5 60 60 32 61

To investigate the relations between the gear ratios and the design objectives of large
power PMVMs, a comparison is made of the power factor and the active weights at a
number of different gear ratios. As shown in Figure 13, in Type-A PMVMs (G, > 5),
lower gear ratio designs are preferred (for both frequencies) 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. It is also evident that
PMVMs operating at higher frequency have less total mass and better power factor.
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Figure 13. A 1MW PMVM’s active mass vs. power factor: (a) 30Hz (b) 60 Hz (©[2020] IEEE.
Reprinted, with permission from [20]).

Figure 14 shows the optimum designs of PMVMs with both Type-A (distributed over-
lapping winding) and Type-B (2-slot pitch concentrated winding) 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 Type-B PMVMs
(G, < 5) appear to be more attractive in terms of power factor and lighter in weight than
the Type-A PMVMs.
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Figure 14. Total active mass and power factor vs. gear ratios for 1 MW machines (©[2020] IEEE.
Reprinted, with permission from [20]).

As a benchmark, the average DD-PMSM weight is also added in Figure 14 for com-
parison. 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 compared with the PMSM.
However, the Type-A PMVMs with G, = 5 and the Type-B PMVMs are much lighter than
the DD-PMSM. There is clearly a trade-off 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 operat-
ing frequency similar to that of their conventional DD-PMSM counterparts offer no benefits.
Therefore, for the 3 MW design, the decision was made to go for slot/pole combinations
that operate at medium-speed frequency (=50 Hz) but with equivalent turbine input speed
to the DD-PMSM. That is, in addition to the gearing ratio, the generators’ rated speed and
output frequency were also the main factors considered in the selection of the slot/pole
combinations, as presented in Table 4.

Table 4. Investigated slot/pole combinations for 3 MW PMVMs.

Winding Configuration Type A Type B
Stator slots (Qs) 240 240 225 270 276
Stator pole-pairs (ps) 40 32 25 67 68
Rotor pole-pairs (p;) 200 208 200 203 208
Pole-ratio (G;) 5.0 6.5 8.0 3.03 3.06
Slots per pole per phase (g) 1.0 1.25 15 0.67 0.68
Rated frequency (Hz) 50 52 50 50.75 52

For the PMVM, the power factor is one of the performance indexes that always need
special attention as it can come out to be detrimental if not properly designed. With that
said, Figure 15 shows the Pareto-front between the total active mass and power factor
for the five 3MW PMVM slot/pole combinations with 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 PMSMs indicated in Figure 10, and the minimum
efficiency was set to be 95%. Since the PMVMs have similar input speeds to those of
the PMSMs, this means a fairly similar ground is created for comparison purposes in
these two machine types. From the figure, the higher gear ratios invariably lead to lower
power factors and heavier total masses. Furthermore, it is realized that some of the PMVM
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 a lower gear ratio in PMVM designs.
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Figure 15. Total active mass vs. power factor for 3MW PMVMs (© [2020] IEEE. Reprinted, with
permission from [20]).

In order to estimate the cost of the active materials in a machine, the specific cost of
each material has to be known. Table 5 gives 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 USD /kVA was assumed to be the cost of 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 5. Approximate costs of different materials for PMSM components [40].

Material Cost per Kilogram (USD/kg)
Silicon steel (Lamination) 2.0
Copper (Winding) 6.67
Neodymium Iron Boron (PM) 50.0

In order to compare the PMVMs with the PMSM, one design point for each slot/pole
combination was taken from the Pareto-fronts given in Figure 15 and further optimized.
The objective in this case was to have a lighter and low-cost PMVM with the best possible

power factor. The results are presented in Figure 16a,b, and in Table 6, with the indicative
costs of materials also included.
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Figure 16. Comparison of 3MW PMVMs and system costs: (a) Type-A PMVM (b) Type-B PMVM.
Note that the solid markers represent the system (generator and converter) costs while the cor-
responding hollow markers show the generator cost (©[2020] IEEE. Reprinted, with permission
from [20]).

Table 6. Mass and cost comparisons of different 3 MW PMSM [32,35] and PMVMs.

Machine Type DD-PMSM PMVM (Type B) PMVM (Type A)
Pole-Ratio 1.0 1.0 3.0 3.05 5.0 6.5 8.0
Characteristic Information
Output power (MW) 3.0 3.0 3.04 3.06 3.0 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
Total diameter (m) 5.0 5.0 5.0 5.0 5.0 5.0 5.0
Stack length (m) 1.30 1.19 1.403 1.399 1.378 1.377 1.372
Generator active material mass (tons)
PM 1.90 1.92 1.39 1.39 1.39 1.40 1.40
Core iron 10.30 11.70 6.87 7.08 6.98 9.71 10.36
Winding copper 3.12 3.31 3.45 3.56 3.74 3.98 441
Generator mass 13.38 16.90 11.72 12.04 12.11 15.09 16.18
System cost distributions (in USD thousands)
PM 95.0 96.0 69.5 69.5 69.5 70.0 70.0
Core iron 20.6 23.4 13.74 14.16 13.96 19.42 20.72
Winding copper 20.81 22.08 23.01 23.75 24.95 26.55 29.41
Generator (active) 136.41 141.48 106.25 107.41 108.41 115.97 120.13
PE converter 108.39 106.11  140.0 142.0 155.1 186.7 183.3
Total system 244.8 24759 24625 24941 26351 388.9 303.43

Even though Silicon steel used for machine cores has a 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 the minimum
constraint of 95 %, even though the operating frequency is relatively high. Increasing the
PM mass has relatively little effect on total active mass, but it can significantly increase
the cost of the machine and slightly improve the power factor. Figure 16a,b shows that
a low-cost generator with low power factor still 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 generator cost and required converter cost.

Figure 17 shows the mass distribution of the chosen designs and compares them to
the benchmark PMSM. It can be seen that PMVMs with lower gear ratios have a good
advantage in terms of total active weight. It shows that designing for a lighter machine
with a reasonable power factor at this power rating favors pole/slot combinations with
lower G,. This is a somewhat different trend to the small power PMVMs where the lowest
G, values are not necessarily the best.



Energies 2022, 15, 4912

18 of 26

B PM mass [ Copper mass [l Iron mass

Mass [Tons]
S
1

G, Ilfll 1303 306 | 50 6.5 8.0 |
Type DD-PMSM  TypeB PMVM Type-A PMVM

Figure 17. Comparison of active material weights of 3MW PMSM and PMVMs (©[2020] IEEE.
Reprinted, with permission from [20]).

The results in Table 6 reveal that the PMVM on its own can be lighter and cheaper than
the PMSM. However, 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 converter costing model was assumed
in this study, which may not necessarily reflect the true costs in the industry. In the case
that the power converter costs follow a stepped increasing pattern with regard to their
MVA rating, the cost of PM vernier generator systems may become more competitive for
certain power levels.

The cross-sections of these optimized PMVMs are provided in Figures 18 and 19. It
can be observed that these PMVMs have thin teeth, wide and shallow slots, which also
explains why they have less active iron content than PMSMs. Furthermore, the slot-pitch
to air-gap length ratios from these machines are invariably less than 16 (ranges from 11.5 to
13.8), and this means that they have less risk of irreversible demagnetization [18].
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Figure 18. Cross sections of optimized 3 MW Type-A PMVMs: (a) (1/40th) of Type-A PMVM with
Qs/ps/pr =240/40/200, (b) (1/16th) of Type-A PMVM with Qs/ps/pr = 240/32/208, (c) (1/25th) of
Type-A PMVM with Qs/ps/pr = 225/25/200.

(b)

Figure 19. Cross sections of optimized 3 MW Type-B PMVMs: (a) (1/27th) of Type-B PMVM with
Qs/ps/pr =270/67/203, (b) (1/28th) of Type-B PMVM with Qs/ps/pr = 276/68/208.
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As illustrated in Figure 20, the color-coded bar charts indicate the normalized mass
scales of the investigated designs for different power ratings together with their respective
gear ratios. Although the lightest designs are invariably associated with a low gear ratio of
5 for power rating up to 1 MW, the relationship between the mass and gear ratios is not

very distinctive. However, at 3 MW output capacity, it becomes clear that the lowest G,
has the lightest mass and the highest G, has the heaviest mass. This is in stark contrast to

smaller output machines (15 kW or less), which seem to be heavier at low gear ratios.
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Figure 20. Total mass indications as a function of power ratings and gear ratios.
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It should be reiterated that the PMVM designs in this work are subject to a minimum
power factor constraint, which is a holistic approach for comparing the PMVM power-train
with that of conventional DD-PMSM'’s. From a system cost (both generator and PE converter)
perspective, judicious selection of gear ratios is very important for effective exploitation of
the performance benefits of PMVMs. Based on the study, some specific design guidance of
PMVMs for wind power applications can be given for different power levels, as shown in
Figure 21. Type-A PMVMs with high gear ratios (G, > 5) are particularly advantageous

for small wind power (sub 50-kW) applications, while low gear ratio (G, < 5) Type-A

and Type-B PMVMs are better suited for medium (sub 1-MW) to high (1—10MW) power
wind applications.

Type-A PMVM

Type-A PMVM
Gear ratio>5

Gearratio=5

Type-B PMVM

Small wind turbines: sub 50-kW

Gear ratio <5

Medium wind turbines: sub 1-MW
Applications: Community, farms or
large businesses

Applications: Houses, farms or
small businesses

Large wind turbines: 1-10 MW

Applications: Land based or off-
shore wind farms

Figure 21. Recommended PMVM gear ratios for different wind power applications
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7. Prototype Validation

In order to practically verify the theoretical operating principle and validate the
formulated FE-based optimal design approach, a 15kW PMVM prototype was developed.
The key dimensions that describe the constructed PMVM are provided in Table 7. Figure 22
shows the machine’s no-load flux plot, no-load and full-load flux density distributions.
The stator and rotor yokes have maximum flux density magnitudes of approximately 1.5
and 1.7 T, respectively, while the over-saturated regions appear on the edges of the teeth
base.

Table 7. Prototype machines” dimensional parameters.

Parameter Value
Outer diameter (Doyt) 433 mm
Stack length (Lgy) 151 mm
Rotor yoke height () 13.6 mm
Rotor magnet height (t,,;) 3.9mm
Magnet pole span () 0.88
Air-gap length (g) 1.5mm
Stator yoke height (£ ) 13.6 mm
Stator slot angle ratio (o) 0.74
Slot opening ratio (0 ) 0.82
Stator tooth length (I5¢) 27.96 mm
Stator slots (Q) 36
Winding pole-pairs (ps) 3
Rotor pole-pairs (py) 33
Winding type Overlapping

(b)

Figure 22. Prototype PMVM (1/6th) FEM simulation results: (a) no-load flux lines, (b) no-load flux
density distribution, and (c) full-load flux density distribution.

The full machine’s structural layout, rotor and stator components are shown in
Figures 23 and 24, respectively. Both the stator and rotor are made of M400-50 electri-
cal steel laminations. The grade of NdFeB magnets used is N48H.
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Figure 23. Longitudinal cross section of PMVM prototype structure (winding not shown).
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Figure 24. Machine construction: (a) all sets of PMs are mounted onto the rotor core, (b) side view of
wound stator with distributed overlapping windings, and (c) assembling of the PMVM prototype.

A photo of a laboratory test setup is shown in Figure 25. A geared induction motor
(prime mover) is used to drive the prototype machine such that its performance is evaluated
in the generator mode. A back-to-back converter is implemented for power conditioning
and circulation, while the field-oriented technique is used for the machine’s torque control.

Current / voltage
waveforms of PMVM
Control system Back-to-back
converter

Oscilloscope
P Data acquisition

Lorenz

PMVM prototype torque sensor

45-kW geared
induction motor

Figure 25. The laboratory test setup for the PMVM prototype machine.

Both measured and predicted no-load RMS phase voltages of the PMVM prototype as
a function of input rotor speed are depicted in Figure 26, which shows a linear relationship
of voltage to rotor speed with a good correlation between the two results. Figure 27
displays the no-load phase back-EMF waveform of the PMVM at a rated speed of 150 rpm.
An excellent agreement between the measured and FEM simulated results is evident.
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Figure 26. Measured and predicted no-load phase voltage versus rotor speed.
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Figure 27. Open-circuit phase voltage waveforms at rated speed.

The prototype’s no-load power losses, which include the mechanical losses, eddy-
current and hysteresis losses in both the electromagnetically active and non-active compo-
nents at various speeds are provided in Figure 28a. The total loss graph rapidly increases
at higher speeds because of the excessive core loss that is frequency-dependent. The mea-
sured total losses correlate reasonably well with the sum of the measured bearing loss
and simulated frequency-dependent losses up to the rated frequency. However, at higher
frequencies, the discrepancy between the measured and predicted total losses becomes
more significant.

As shown in Figure 28a, the PM losses and eddy current losses in the stator conductors
located in open slots have also been accounted for in the predicted total loss. The remaining
discrepancy between the measured and total approximated losses is likely due to (i) the
inaccuracy of the implemented core loss model at higher frequency [41,42], (ii) under-
estimated mechanical losses, and (iii) the leakage flux-induced losses in the supporting
structure since the simulations were only calculated for the active part of the machine.

Figure 28b presents the active output power at various operating speeds, proving
that a power of 15kW is achieved at the rated load current and speed. This result serves
as the confirmation that a designed machine is able to practically deliver the expected
output power at rated operating conditions, which validates the implemented design
optimization approach.

On the one hand, the obtained practical power factor shown in Figure 29a slightly
deviates from the FEM predicted result. However, the trend demonstrated by this result
also verifies the fact that the PM Vernier machine’s power factor varies a lot with its torque
loading at the maximum torque angle. Due to the overwhelming practical no-load losses
indicated in Figure 28a, the PMVM'’s efficiency is also reduced from 94% to just above
93%, as shown in Figure 29b. The difference is due to the constructional imperfections and
inaccurate approximations of certain parameters during the FE modeling. These include
the end-winding leakage inductance, temperature and harmonic effects on the losses.
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Figure 28. Prototype PMVM performance at constant rotational speeds: (a) no-load losses as a
function of rotor speed, (b) active power as a function of phase current.
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Figure 29. Prototype PMVM performance at constant rotational speeds: (a) power factor vs. torque
loading, (b) efficiency at increasing power.

Table 8 presents the machine’s steady-state performance comparison between the
experimental and FEM-based results. It can be observed that there is a generally good
correlation between them. In addition to confirming the PMVM'’s operational principle,
the experimental results presented in Figures 26-29 and Table 8 prove the validity of
the implemented design procedure and performance analysis methods. Consequently;, it
may be inferred that the accuracy of the design and modeling approach for the utility-
scale PMVMs is acceptable, and the deduced predictions from FEM will be in reasonable
agreement with actual manufactured high-power PMVMs.
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Table 8. FEA results comparison with the measurements.

Parameter Predicted Measured Unit
Average torque 1042 1038.23 Nm
Torque ripple 1.25 3.45 %

Cogging torque 1.66 1.8 %
Winding losses 480.4 570.2 w
No-load losses 476.4 506 W
Output power 15.4 15.2 kW

Power factor 0.78 0.71 p-u.
Efficiency 94.2 93.2 %

8. Conclusions

This paper presents an investigation study on the design and potential implementation
of PMVM for large power wind generator applications. Although high gear ratios are
usually preferred for small power PMVMs to realize dense torque designs, it is found that
lower gear ratios are more attractive to achieve optimum machine designs with reasonable
total mass and power factor for utility-scale PMVMs. This is partly attributed to larger
equivalent air-gaps and increased leakage flux experienced by large-sized PMVMs.

The study shows that optimum PMVM designs at utility-scale usually push for the
lowest gear ratio of five in Type-A machines. This tendency unveiled the competency of
Type-B machines with a gear ratio of around three.

The lower PM material usage in a PMVM is advantageous as this translates to a
low-cost design (about 20% cheaper than an equivalent PMSM at 3 MW level), but this
advantage is offset by the cost of bigger converter capacity needed for a PMVM, which at
the end causes the total cost of the two systems to level up. Although this study was based
on a relatively conservative PM price, the conclusions drawn here are still legitimate even
with higher PM prices (e.g., 60-70% increase in PM prices).

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 make it an intermediate alternative between the direct-drive and medium-
speed concepts. The study predicts that it is feasible and economically viable to develop
high-power PM vernier generators for the wind power applications.
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