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Abstract: Global industrialization, population explosion and the advent of a technology-enabled
society have placed dire constraints on energy resources. Furthermore, evident climatic concerns have
placed boundaries on deployable energy options, compounding an already regrettable situation. It
becomes apparent for modern renewable energy technologies, including wind generators, to possess
qualities of robustness, high efficiency, and cost effectiveness. To this end, direct-drive permanent
magnet (PM) wind generators, which eliminate the need for gearboxes and improve wind turbine
drivetrain reliability, are trending. Though rare-earth PM-based wind generators possess the highly
sought qualities of high-power density and high efficiency for direct-drive wind systems, the limited
supply chain and expensive pricing of the vital raw materials, as well as existent demagnetization
risks, make them unsustainable. This paper is used to provide an overview on alternative and viable
non-conventional wind generators based on the so-called non-PM (wound-field) stator-mounted flux
modulation machines, with prospects for competing with PM machine variants currently being used
in the niche direct-drive wind power generation industry.

Keywords: direct-drive; flux modulation machines; non-conventional machines; permanent magnet
(PM); stator-mounted; wound-field; wind generator

1. Introduction

Globally, the deployment of renewable energy generation systems has been rising,
outpacing that of nuclear power and fossil fuels. Despite the negative impact of the
COVID-19 pandemic, the largest ever increase in renewable power capacity installed was
recorded towards the end of the year 2020 and had a rating of 256 gigawatts (GW) [1].
Equally, wind power generation has been expanding, with the last decade seeing an over
300% increase in both onshore and offshore generating capacities, from 198 GW in 2010 to
743 GW in 2020, as shown in Figure 1. Similarly, there appears to be steady growth in
annual additions, with 2020 (+93 GW) seeing the largest addition in installed capacity since
2015 (+64 GW). With these premises, it is safe to infer the vital role of wind energy system
development in energy transition and the quest for renewable and sustainable energy.

In South Africa for instance, traditionally installed power generation plants have
been coal-based owing to the abundance of fossil fuels [2,3]. But due to fluctuations in
fossil fuel prices (partly due to global demands for cut-back on environmentally hazardous
fuel usage), coupled with an ever-increasing energy demand due to population, as well
as industrial and infrastructural growth, the Republic is slowly but steadily adjusting to
current realities and is already benefitting from a budding renewable energy industry. Its
Renewable Energy Independent Power Producers Procurement Programme (REIPPPP) is
attracting investments through the private sector, and to date boasts of an onshore wind
power dominated installed capacity that stands at 52% of total renewable power [3]. To
this end, the diversification of the electricity mix through the use of renewable energy
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sources has huge benefits for South Africa, namely energy security, energy affordability,
environmental sustainability, industrialization and job creation.

Wind 2022, 2, FOR PEER REVIEW 2 
 

 

 
Figure 1. Wind power global capacity and annual additions, 2010–2020 [1]. 
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Wind turbines convert kinetic energy from the wind first into mechanical energy and 
then later into electrical energy [4]. The development trend of modern wind turbines has 
had characteristics of the following order [5]: 

• Firstly, a robust hub structure that would overcome gusty wind conditions; 

• Secondly, an economical size that favours larger offshore wind turbines capacities 
within the range of 5–10 MW; 

• Thirdly, the use of a variable speed design that improves operation efficiency com-
pared to that of fixed speed wind turbines which only operate efficiently at a partic-
ular peak speed; 

• Fourthly, the elimination of gearboxes in the design of wind turbines to alleviate 
maintenance costs;  

• Fifthly, the use of permanent magnets (PMs), which are constituted of the rare-earth 
materials—Neodymium-based powerful magnets used for manufacturing of the 
more efficient and high-torque density wind generators;  

• Lastly, the use of superconductors or advance materials/design technologies to re-
duce the size and mass of wind generators, hence improving the levelized cost of 
energy (LCOE). 

Drivetrains, which are indicative of the speed and torque range of wind generators, 
have direct impact on LCOE. LCOE is an index for measuring the investment costs versus 
the commercial viability of a technology over time, in this case—wind turbines. The three 
main wind turbine drivetrains are low-speed (gearless or direct-drive), medium-speed 
(usually single-stage geared) and high-speed (multi-stage geared) systems. The direct-
drive systems consist of a low-speed shaft directly coupled with a generator. Since they 
operate at lower speed ranges, they require an increased number of pole pairs to achieve 
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Wind turbines convert kinetic energy from the wind first into mechanical energy and
then later into electrical energy [4]. The development trend of modern wind turbines has
had characteristics of the following order [5]:

• Firstly, a robust hub structure that would overcome gusty wind conditions;
• Secondly, an economical size that favours larger offshore wind turbines capacities

within the range of 5–10 MW;
• Thirdly, the use of a variable speed design that improves operation efficiency compared

to that of fixed speed wind turbines which only operate efficiently at a particular peak
speed;

• Fourthly, the elimination of gearboxes in the design of wind turbines to alleviate
maintenance costs;

• Fifthly, the use of permanent magnets (PMs), which are constituted of the rare-earth
materials—Neodymium-based powerful magnets used for manufacturing of the more
efficient and high-torque density wind generators;

• Lastly, the use of superconductors or advance materials/design technologies to reduce
the size and mass of wind generators, hence improving the levelized cost of energy
(LCOE).

Drivetrains, which are indicative of the speed and torque range of wind generators,
have direct impact on LCOE. LCOE is an index for measuring the investment costs versus
the commercial viability of a technology over time, in this case—wind turbines. The three
main wind turbine drivetrains are low-speed (gearless or direct-drive), medium-speed
(usually single-stage geared) and high-speed (multi-stage geared) systems. The direct-drive
systems consist of a low-speed shaft directly coupled with a generator. Since they operate at
lower speed ranges, they require an increased number of pole pairs to achieve appreciable
torque levels. For bigger wind turbines that require more torque, a better alternative of PM
direct-drive generator technologies is proposed to help reduce the weight of machines as
opposed to the super-conductor generator technologies [6]. The medium-speed systems
are much more compact and usually consist of a single-stage or two-stage gearbox and
generator [7]. They can be easily scaled up for larger power applications with a reasonable
mass. The commonest wind turbine configuration is the multi-stage gearbox and generator
system that operates at high-speed (HS) [8]. HS wind turbine uses the gearbox to increase
the speed of the rotor shaft. A pictograph of the highlighted wind generator drivetrains
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and how they impact the wind generator and gearbox sizes is illustrated in Figure 2 [9].
The advantage of direct-drive systems over gearbox types is escalated with increasing
turbine size since a much larger and capital-intensive gear and bearing system will be
required, should the latter be contemplated. The gearbox, being regarded as the weak
link in drivetrains, has an average lifespan of 5 years and wears out in a way that it loses
shape or has misalignments when used for over 20 years [5]. Hence, continuous repair
and maintenance are needed for gearboxes, imposing additional cost premiums on geared
systems.
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Thus, to keep the turbine size compact is often an objective of careful drivetrain selec-
tion and wind generator type. The rare-earth permanent magnet synchronous generators
(PMSGs) are very reliable and have been trending in recent times, especially for direct-drive
wind power generation [6,10]. This is due to the fact that PMSGs produce a very high-
torque density and exhibit a high efficiency, which make them the mainstay technology for
direct-drive systems [8].

However, several limitations of rare-earth PM generators have led to increasing re-
search for alternatives. The rare-earth-element constituents of PMs, though abundant in
nature, are landlocked to a specific geography; the 2018 USA geological survey shows
that 80% of global PM demand is met by China due to its large amounts of Lanthanum,
Neodymium and Yttrium ores [9,11]. This dependence poses potent risks of supply varia-
tions and overpricing, as experienced in the economic bubble of 2011 [9]. Additionally, PMs
suffer risks of demagnetization by large stator currents, high temperature, short-circuit
currents produced by inverter faults, as well as ageing [12]. Electrical machines designed
with no neo-PMs would alleviate most of the drawbacks mentioned above and result in the
evolution of wind generators that are efficient and affordable [9]. To this end, rare-earth-
material substitutes such as ferrites have been used and considered as suitable alternatives
to neo-based PMs. However, their low PM energy product and vulnerability to irreversible
demagnetization are the main issues with respect to electric machines design [11].

Alternatively, conventional non-PM generators such as the electrically excited syn-
chronous generator (EESG) and doubly fed induction generator (DFIG) have been de-
veloped and are widely used in wind turbine applications [10], where EESGs have been
deployed as a low-speed direct-drive machine with an overall good generator efficiency
while being less costly. However, windings on the both rotor and stator make high-power
EESGs overly weighty and, with regards to DFIGs, transmission of 20–30% power over
slip-rings (say 3 MW for a 10 MW wind turbine) is quite challenging (considering potential
arcing and maintenance issues).
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Another trending alternative is the use of high-temperature superconducting (HTS)
windings on EESGs, permitting the size of the generator to be reduced for direct-drive
systems [6]. In reference [13], modular HVDC generator concepts have been suggested
because of their potential to reduce the size and mass of the wind generator especially
for large offshore winds. Additionally, based on the direction of flux across the airgap,
axial and transverse flux wind generators are being contemplated since they exhibit a low
cogging torque, low winding losses and high-torque density, as well as being well-suited
for the trending direct-drive wind power generator systems; however, their construction
can be very complicated [14].

In summary, the conventional wind generators such as the DFIGs, PMSGs and EESGs
remain the dominant industrial technologies today, with barely 1% dedicated to emerging
wind generators [10]. Clearly, the main drivers for the choice of the appropriate wind
generator of the future are low-cost, high-torque density, highly efficient and highly reliable.
To this end, emerging non-conventional machines such as flux modulation machines
(FMMs), which are new and emerging, are currently being investigated for variable-speed
wind generator concepts. Their operation is based on the principle of modulated armature
static fields that could be paired along with those produced by the field source thanks
to inherent rotor gearing effects to yield high-torque density [15,16]. They also exhibit
stator-mounted design features that enhance thermal management as well as promote
stationary PM or brushless non-PM excitation, respectively [17]. Their design flexibility
means they can be modularly constructed, leading to various novel topologies exhibiting
features, some of which are best suited for wind energy generation applications [15–19].
FMMs are characterized as having three active parts, namely an armature, field excitation
exciters and a flux modulator. As such, the FMM topologies can be classified as either
having only one active part stationary or all three parts rotating, as shown in Figure 3 [15].
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Pseudo-conventional stator-mounted machines are like the switched reluctance ma-
chines (SRMs) with windings only on the stator with a salient rotor iron core abound.
However, they suffer from low efficiency, noise, vibrations and complex control [19]. In
order to improve on their deficiencies, non-conventional stator-mounted FMMs such as
PM double-salient machine (PM-DSM), PM flux reversal machine (PM-FRM) and PM flux
switching machine (PM-FSM) have been proposed, respectively, in [20–22], with construc-
tion in which the rotor is a salient iron core and both armature windings and PMs are
on the stator. However, these PM FMMs suffer from high cogging torque because of the
non-uniformity of its air gap, viz., double-salient topology. Moreover, when designed with
PMs, there is a risk of demagnetization and increased PM eddy current loss due to the
alternating armature field. To cater to these problems, the design of DC- or electrically
excited variants has been conceived, even for wind generator applications [18,23,24]. With
a robust rotor, high rotor pole numbers and brushless design, the DC-excited variants are
well-positioned for the trending direct-drive wind generator designs. However, the perfor-
mance evaluation and design optimization of the DC-excited non-conventional machines
for use in the industry (and especially for high-power wind generators) is still emerging.
Hence, it is on this basis that this review paper is undertaken. The aim of the paper is to
review the limitations and potentials of non-PM stator-mounted machines for direct-drive
wind generators and, by so doing, produce an exposé on the current research gaps. To
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clearly establish the gaps, the conventional non-PM wind generators are first rehashed. To
this end, an emphasis on PM designs is not further contemplated in this inquiry.

The next section of the paper is used to discuss different types of conventional non-PM
wind generator topologies such as Squirrel cage induction generators (SCIGs), wound
rotor induction generators (WRIGs), double-fed induction generators (DFIGs) and EESGs.
Section 3 is used to cover the emerging non-PM stator-mounted machines, e.g., reluctance
synchronous generators (RSG), DC-excited Vernier or variable reluctance machines (DC-
VRMs), wound-field flux switching machines (WF-FSMs) and DC-excited double-salient
machines (DC-DSMs), to mention a few. In Section 4, some concluding remarks are
then given.

2. Conventional Non-PM Wind Generators

Conventional non-PM wind generators refer to non-PM variants of fully developed
classic electrical machine topologies that have gained widespread adoption in the wind
industry. They are broadly classified into brushed or brushless induction (asynchronous)
or synchronous machines. Induction machine variants include squirrel cage induction
generators (SCIG), wound rotor induction generators (WRIG) and, by extension, doubly
fed induction generators (DFIG), while the electrically excited synchronous generators
(EESG) represent the synchronous machine variants. This section examines how these
classical machines have fared in wind power generation applications—their speed-torque
characteristics, modes of controls as well as challenges and mitigation.

2.1. Squirrel Cage Induction Generators (SCIG)

SCIGs dominated the wind power generation industry before year 2000, when they
were employed in constant-speed, high-powered (<1.5 MW) drivetrains until the late
1990s [25,26]. These machines run at a high speed and, as such, require a gearbox drivetrain
system that allows the wind speed to be matched up to the speed of the generator. They
can be used for both fixed-speed and semi-variable-speed applications. For fixed speed,
they are directly connected to the grid (Danish concept), while for semi-variable speed,
they are connected to the grid through an expensive full-scale power electronics converter
as depicted in Figure 4 [27–29]. SCIGs hardly allow the wind turbine to be operated at
maximum efficiency because of the fixed speed operation attribute; hence, the energy yield
is minimized. Nonetheless, the squirrel cage rotor arrangement ensures good reliability,
low cost and robust system performance [30]. They characteristically have a high starting
current and low starting torque and would usually require a soft starter for startup pro-
cedure. They consume reactive power from the grid and will need capacitors for power
factor compensations and good voltage regulation [27].
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Since control is one of the disadvantages of SCIGs, ref. [30] proposes an affordable
control mechanism that is less sensitive to SCIG parameters as compared to conventional
strategies. This control scheme makes use of the back-to-back power converter that connects
the squirrel cage induction generator stator to the grid. The grid-side converter is used
to control the reactive power and bus DC voltage for the reason of accomplishing the
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codes of the grid, while the stator-side converter uses the indirect vector control scheme to
control the generator torque. Another model showing the electrical and mechanical parts
relationship of a wind generation system via an electric circuit, which gives insight towards
the behaviour of SCIG wind turbine system, is analysed in [28], whereby a simplified model
comprising a distribution static synchronous compensator (D-Statcom) for distribution
system power quality compensation, excitation capacitors and loads are used to analyse
the voltage and frequency dynamic behaviours of the SCIG during transient conditions.
Major electrical machine manufacturers such as GoldWind have implemented a three-stage
gearbox 3 MW SCIG, as well as Enercon and Siemens, but for a power range of 2.3–3.6 MW
and Suzlon for 0.6–2.1 MW [31].

2.2. Wound Rotor Induction Generators (WRIGs)

As an upgrade of the SCIG, the WRIG incorporates a multi-stage geared drivetrain
and a variable-resistance rotor in an Optislip or semi-variable speed concept [32]. A power
converter composed of a diode-rectifier and chopper controls the rotor’s resistance [33].
A change in rotor resistance influences the generator’s torque-speed characteristics and
ensures a variable speed turbine operation [34]. An increased variable speed range means
a higher energy extraction potential by the rotor slip. As such, the speed range of the
generator depends on the size of the rotor’s resistance.

Optislip or semi-variable speed is achieved by governing energy extraction from the
rotor and dissipating the same through the variable resistor. Due to the desirable wider
speed range, an increased slip would result in a higher rotor energy extraction potential
and a larger rotor resistance. Thus, the speed capability would depend on the size of the
rotor resistance. Typically, the semi-variable speed ranges of WRIGs are less than 10%
above the synchronous speed [32,35].

WRIG’s advantage over SCIG is that its starting current can be reduced with the aid of
external rotor resistors, hence improving the starting torque and having an improved power
factor. Nonetheless, the WRIG’s torque density can be said to be medium. Additionally, a
drawback due to the use of slip rings and brushes is evident, creating the need for high
maintenance and the low reliability of the machine. A complex control system will also
be needed to improve the power factor of these machines because they consume reactive
power from the grid [10]. Commercial implementations of wind power systems using
WRIGs include Suzlon S88-2.1 MW [27] and Vestas V80-1.8 MW [36].

2.3. Doubly Fed Induction Generators (DFIG)

Holding about half the market share, the DFIG, however old, is one of the most
popular generators used in wind energy conversion systems [37,38]. True to its name,
the DFIG has both stator and rotor windings feeding the grid. Its architecture is basically
that of a WRIG but with a rotor-connected partial-scale power converter that replaces the
external variable resistor and feeds rotor-dissipated power back to the grid as shown in
Figure 5 [29,39]. By controlling rotor frequency, the power converter controls the rotor
speed. This makes for a wide variable-speed range control (typically 30% of synchronous
speed) [32,40]. The 25–30%-rated power converter provides a cost-effective means of
reactive power compensation and seamless grid connection, hence the DFIG’s popularity.
General Electric’s GE 4.8-158 (4.8 MW) [14] and Gamesa’s G90 (2 MW) [41] represent some
examples of wind turbines that use DFIGs.
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During operation, the rotor’s magnetic field will rotate at a speed proportional to the
frequency of the AC signal applied to the rotor windings via the rotor side power converter.
This rotating field created in the rotor then links the stator windings, hence inducing an
EMF in them through which a current later develops a stator rotating magnetic field flows.
The frequency of the stator is constant regardless of the variation of speed in the rotor, but
for this to be achieved, the frequency of the AC signal that is fed to the rotor windings
needs to be adjusted. It is this control mechanism that allows DFIGs to operate at a wide
variable speed range.

The popularity of DFIGs in wind turbines has led to the design of models that allow
for continuity in operation when faults are experienced on the power system (Fault Ride
through or FRT) [39,42]. However, the partial-scale converter makes the FRT capability
somewhat trivial as only a small fraction of the power generated can be controlled. Addi-
tionally, regular maintenance would be required on the expensive and weighty gearbox
as well as on the frail brushes which have an average lifespan of about 12 months [27].
These are notable factors limiting the DFIG’s application in offshore WECS. Major players
in the machine manufacturing industry such a Vestas, Nordex, General Electric, Gamesa,
Ming Yang and Guodian United Power have also played a major role in commercializing
three-stage gearbox DFIGs for an average power range of 1.5 MW to 3.3 MW [31].

2.4. Electrically Excited Synchronous Generators (EESG)

In a bid to eliminate the maintenance requirement and failures of the gearbox, gear-
less drivetrain WECS have been proposed. The EESG is an example of this low-speed
(10–25 rpm), high-torque salient-multipole solution [43]. With high torque requirements
comes the need for increased rotor diameter to accommodate a multipole structure. This
is responsible for a bulkier and heavier machine when compared with the PMSG. EESG’s
architecture consists of an externally excited rotor field and a three-phase wound stator.
A full-scale power converter as shown in Figure 6 is usually employed in EESGs, which
allows for total grid isolation. Additionally, this ensures reactive power compensation,
smooth grid connection, effective FRT and near-perfect speed variation capabilities [27].

Besides being an expensive solution, the losses accrued due to the use of a full-scale
converter are significant since all the power generated must be transported through it. This
impinges on the EESG’s efficiency. Additionally, EESGs require slip rings and brushes or a
constant low frequency (500 Hz) rotating transformer for rotor excitation (about 3% of rated
power), thus increasing the cost of maintenance [44]. The use of field windings increases
copper usage, which contributes towards the machine’s heaviness and reduced efficiency.
This makes EESGs a less popular option for large offshore wind energy installations [45].
Enercon is a popular manufacturer of wind turbines with EESGs. Examples are E126
(7.5 MW) [46] and E-82-E3 (3 MW) [47] and E-112 (4.5 MW) [48].
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3. Non-Conventional Non-PM Electrical Machines

“Non-conventional” refers to emerging generator types that have stimulated research
by possessing characteristics that show viability in wind turbine applications. “Non-PM”
applies to generator topologies that do not use any kind of permanent magnets for flux
linkage or excitation. In retrospect, the study of non-PM generators is necessary because it
improves the array of viable alternatives in the electric machine mix. Equally important is
its potential to break global dependability on China for the supply of rare-earth metals—an
important raw material in the energy-dense NdFeB-based PMs—and thus prevent potent
risks of demand and supply crises. Additionally, PM flux is non-adjustable, and the cheaper
ferrite magnets suffer risk of demagnetization. Lastly, with regards to machine design, a
solely active stator and a brushless robust rotor are desirable features for improving system
maintainability, reliability and flexibility.

In this section, emerging (non-conventional) non-PM machines are considered. Their
potential in wind energy application is explored by discussing their torque development
philosophy, maintainability and controllability as well as current constraints to adoption.
Worthy of note is the fact that the undermentioned non-conventional generator topologies
are still in various development phases and not yet commercialised [14,42].

3.1. Reluctance Synchronous Machine (RSM)

A reluctance synchronous machine is a type of variable reluctance machine being used
for a wide range of power applications including in wind turbines. With no windings on
its rotor construction, copper losses are eliminated, and the size of the cooling fan reduced,
meaning that friction and windage losses are also reduced. A number of reasons are
responsible for RSG’s popularity; the efficiency of this machine is high, and its construction
is simple and rugged with a comparatively reduced physical size, thereby making a case
for cost effectiveness [19,49–51]. Its stator construction is like that of the induction machine,
but the rotor is just an iron core with distributed anisotropy as a result of barriers in flux
and its optimized bridged shape. For improved rotor robustness, laminations can be
aligned using non-magnetic, non-conductive studs, and high-power density and efficiency
would be attained if the stator poles were segmented and constructed with no overlapping
winding slots.

The development of the reluctance synchronous machines (RSMs) has been long
and well documented [52–55]. Its performance (such as torque density and efficiency)
has been to found to be on par with, and sometimes even better than, the induction
machines’ (IMs) [56–61]. Standard designs show negligible passive-rotor losses, and with
the eradication of slip rings and brushes, the RSM offers similar robustness compared to
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the IM. In comparison with the PMSG, which displays a higher efficiency and power factor,
the absence of rare-earth metals makes the RSM an attractive and cost-effective solution.

Multivariable design optimisations abound for the RSM, all geared towards achieving
PM-comparable machine performance. Dipenaar investigated the consequences of eradi-
cating the complex rotor structures (usually constituted of multiple flux barriers (MFB)—a
structural stability concern—or axial laminations) of RSG by using, first, a simplistic salient
pole (based on similar design parameters of machines evaluated in [62] and [63] and,
later on, a split-pole rotor design for a 5 MW power-level, medium-speed (a compromise
between reliability and mass) drive design [64]. This split-pole setup (an MFB redesign
with much less complexity) yielded a high efficiency of 98% and a less-than-5% torque
ripple achieved through rotor skewing and a fractional slot winding (as demonstrated in
ref. [65]). Also worthy of note was the 20% betterment in power factor (0.65) achieved on
the split-pole rotor in comparison with the salient pole rotor. Similarly, the rotor and stator
of a 5.5 kW power-level high speed (1500 r/min) RSM was optimised with an objective to
maximise its drive system efficiency (93.2%; a 3.5% superiority in comparison with an IE3-
classed induction machine of similar design parameters), improve power factor and, as a
result, reduce inverter losses. It was noted that an optimisation algorithm aimed at inverter
losses minimisation automatically resulted in a power factor (0.79) improvement [66].

While rotor skewing results in torque ripple reduction, it also decreases average
torque. Thus, an optimal skewing angle must be sought that presents a reasonable trade-off
between average torque and torque ripple with the objective of better overall machine
performance. Though one-slot-pitch is purported as conventional [17,20], it may be safe to
infer that skewing angle is largely dependent on machine performance objectives as recent
optimization results have been achieved with other skewing angles [10,19].

Notable downsides of the RSG include poor power factor and the challenges of
establishing adequate system control. However, due to its reasonable performance, there
has been ongoing research to forestall these shortcomings. The RSG’s easy self-excitation,
using capacitor banks, makes it a valuable option when deploying power systems in
isolated locations [51,67].

3.1.1. Torque Ripple

The operation of RSMs is based on reluctance torque where the generation of torque is
as a result of the difference in permeance of the d- and q-axes. Thus, the interaction between
stator-current-induced magnetic flux and rotor permeance harmonics create torque ripple.
Careful design considerations are necessary to prevent torque ripples from significantly
affecting the RSM performance. The effects of skewing rotors with multiple flux barriers
have been examined using a multi-objective FEM [68]. This showed that careful selection
of a skewing angle, for a continuous and discrete skew, shows a significant reduction in
torque ripple albeit slightly compromising the average torque. Another finding shows a
direct relationship between the stator slot size and torque ripple and confirms less ripple
for cylindrical stators as opposed to salient-pole stators [69].

Several publications have examined general design parameters necessary for reducing
torque ripple [70,71]. Furthermore, other studies examined the effects of rotor structures
(with respect to its width, position and shape of flux barrier) on torque ripple and have
proffered optimized rotor solutions [72–75].

3.1.2. Power Factor

A weighted factor relationship (independent of flux barrier, pole number and power
level) has been established between the average torque and the power factor of a RSG [76].
This ensures that average torque and power factor could be estimated, with up to 95%
accuracy, for any specific weight point of the generator. This enables designers to vary the
weighted factor to achieve the desired power factor. Another study relates the power factor
with the current space phasor angle Φ and shows maximum power factor values when
the current angle is between 72◦ and 75◦. However, the maximum power factor occurs at
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the minimum kVA value [77]. The assisted and compensated RSM (known as ARSM and
CRSM) are two interesting topologies [78]. As shown in Figure 7, they have round rotors
with windings on the d- and q-axes, differentiating them. Flux generated in the d-axis
windings of the ARSM minimizes the current requirement of the d-axis as opposed to
lowering q-axis flux linkage. The q-axis rotor windings of the CRSM perform the function
of permanent magnets in PM-assisted synchronous reluctance machines by providing
excitation. However, in principle, the ARSM and CRSM are wound-rotor machines and
introduce the maintenance requirements associated with slip rings and brushes.
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3.1.3. Control

RSGs are usually difficult to control judging from the non-linearity of the flux linkages.
Some theories favour a forward-thinking, saliency-based sensorless control that explores
the anisotropic nature of reluctance machines’ flux patterns [79,80]. However, most syn-
chronous machine operations require parameter estimation and hardware for adequate
control. Generally, a number of control schemes have been proposed: the direct torque
control or torque vector control explored in [81,82], lauded for its ruggedness and swift
response but possessing torque ripples [83,84], and the contrasting “traditional” vector
control discussed in [85–87], merited for its torque response and efficiency [79,88].

3.2. DC-Excited Vernier Reluctance Machine (DC-VRM)

The Vernier reluctance machine (VRM) is another type of reluctance machine that is ro-
bust, having a simple structure and a high-torque density. It operates with the vernier effect
where a minutely small rotor displacement produces large permeance axes displacement,
thus generating more torque as the rotor speed slips from the rotating field speed. This
makes it suitable for low-speed wind power applications [89]. Like the other reluctance
machines, the VRM has more rotor poles as compared to its stator poles for the vernier
effect to be possible [90]. Several models for more accurate analysis of the VRM have been
suggested.

To succeed with the non-PM variants, their stator PMs are replaced with stator wind-
ings that allow the flexibility of flux control of the machine. Hence, procedures for for-
mulating stator/rotor pole combinations, matching winding configurations and winding
factors of the DC-excited VRM (DC-VRM), were developed in [91]. Here, the static state
performance criteria were established for back-EMF, inductance, cogging torque, static
torque, torque ripple and unbalanced magnetic force (UMF). This was made possible by
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utilizing a simple rotor pole-pairing technique. Additionally, a general FMM model for effi-
cient and accurate parameter analysis of the DC-VRM was proposed in and compared with
a similar wound-field FMM [92]. Another analysis on DC-VRMs was performed in [93]
with the quest to improve its power factor. This DC-VRM is stator-DC winding excited via
concentrated windings that allow flexibility in a wide speed range. Talking of the stator
concentrated windings of DC-VRMs, ref. [94] compares various novel stator field winding
configurations in a bid to evaluate higher torque density and back electromotive force.

Torque ripple, a composition of cogging and pulsating torque, is a notable weakness of
VRMs. Various approaches for ripple reduction have been proposed in [95]. These include
variations of air gap length, stepped rotor skewing and rotor tooth-chamfering. Optimized
benchmark designs (OBDs) based on torque ripple reduction using rotor pole pairing for
direct-drive wind power generators were investigated in [96]. Using a 15 kW DC-VRM
as a case study, a reduction of more than 50% was observed at a pole pairing ratio of 0.8.
However, torque ripple minimization techniques for DC-VRMs are a compromise of a
slightly reducing the average torque.

3.3. Wound-Field Flux Switching Machine (WF-FSM)

FSMs can be the PM type (PM-FSM) or field-wound (WF-FSM) [97]. Rhetorically, the
latter is of our main interest because it does not use PMs but only windings for its field. The
flux switching mechanism has a fundamental principle of using the salient rotor for field
modulation while producing flux-linkage polarity switching in the armature windings.
Hence, reluctance is minimized by aligning the stator and rotor poles, with an increased
inductance path, and vice versa [98,99]. Once again, the rotor of the FSM has no windings or
PMs but just a laminated iron core. This allows for a simple and rugged rotor construction
that is robust and reliable even when running at very high speeds. The rotor has no copper
loss and reduced eddy current losses, allowing it to be cooler and only requiring small fans,
hence reducing the size of the machine for a given power output [100,101]. The bearings
also run cooler, and this prolongs their lifespan. The stator windings are concentrated,
therefore making their construction and cooling simple. Its phases are independent of each
other; hence, if one is faulty, the others are not affected, but would run with two phases
only at a reduced power output. Faults being isolated mean easy troubleshooting and less
severe damage to the machine.

New manufacturing technology is needed for FSM because their technology has not
yet matured fully. Their recent emergence makes them hard to design, while special power
converters are needed for precise control and are still emerging. The power density and
peak efficiency of this machine is not optimal, and due to its double saliency, the noise
produced is difficult to control. To this end, high-torque ripples create vibrations within the
machine.

In an optimisation study, a low-power, high speed (1500 r/min), three-phase, dual
rotor FSG with a capability for a constant DC-voltage output over a wide speed ranges
and load currents was developed and suited for DC microgrids [102]. The dual rotor
configuration presents a way to use non-overlapping concentrated coils on both field and
armature windings (as opposed to distributed windings), resulting in less end-winding
utilisation and ultimately copper loss reduction [103]. Equally, a higher power density
objective justified the use of a more-than-one phase system as explained in [24]. A rotor
and stator pole-arc optimisation was performed for back EMF maximisation and torque
ripple minimisation and a 12-degree pole arc selected for both stator and rotor as this
presented the best compromise for the abovementioned objectives as well as made for easy
manufacturability.

A new generator variant, using high temperature superconducting (HTS) material,
has been tested on FSMs. Exploited mainly for its excellent power density and efficiency
characteristics, the HTS opens up an opportunity for direct-drive WECS [104,105]. A
constant-output-voltage HTS-FSM that employs BSCCO-2223 HTS tape was studied in [106]
in comparison with a similarly sized PM-FSM. The results of this study showed a no-load
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EMF of the HTS-FSM being 1.49 times greater than the PM-FSM. Equally, the power density
of the HTS-FSM was found to be 49% better than the PM-FSM. Equally, in the quest for
better electromagnetic performance as well as cost and weight effectiveness, two variants
(single- and double-polarity) of a high-power, double-stator, direct-drive HTS offshore-
classed wind generator was analysed in [107]. While both machines produced similar
average torque waveforms (11 MNm), the double-polarity variant provided better cost and
materials savings (about $33,200).

An experimental test using a 10 kW WF-FSM was discussed in [18] with the aim of
detailing manufacturing procedures for achieving simple industrial-scale designs for geared
medium-speed wind generator applications. Additionally, two design variants of the WF-
FSM were evaluated to show their potentials in locally developed wind power technologies
in [108]. The study evaluates the efficiency, torque and power factor improvements by
different arrangements of armature and field coils, shown in Figure 8. Of the two designs
in Figure 8, D-II showed improved performance characteristics over D-I.
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In reference [109], a comparative study on the WF-FSM with another non-conventional
wound-rotor synchronous machine (WRSM) for wind generator application was under-
taken. The WRSM with a nonclassical non-overlap winding is designed, optimised and
compared to the WF-FSM at 3 MW geared medium-speed wind power generation. At
such power levels and wind generator drivetrain, both machines are proof that they are
capable of utility-scale wind power. The study is experimentally validated with small
kW prototypes based on converter-fed and direct-grid connected wind power generation.
Other experimental studies on the WF-FSM have been undertaken in [18] and [110] for
wind power generator performance.

3.4. Double-Salient DC Machine (DSDCM)

The DSDCM is the non-PM variant of the well-established DSPM and, as such, shares
a similar architecture and operating philosophy [20,111,112]. As a hybrid of the SRM, it
characteristically inherits the benefits of the low cost, simplicity and reliability. Since it has
DC-excited field windings, its flux can be regulated to provide enhanced efficiency over
the variable speed range, which may obliterate the need for position sensors and power
converters. This makes it a possible choice for direct-drive wind turbine applications [113].

A 6/4-pole topology requiring a stator–rotor pole ratio of 1.5 is the traditional design
of the three-phase DSDCM—a so-called basic unit. However, this topology has been
questioned for high-power direct-drive applications since they would require increased
pole pairs (6k/4k where k is any positive integer) to enhance power density. The use of
the basic unit topology would mean narrower stator slots and the increased use of copper
leading, to obvious disadvantages of increased reactance and winding losses. Thus, with
an alternative 3k/4k topology proposed in [114], a 24/32-pole topology for low speed wind
energy applications was evaluated against a 48/32-pole traditional topology for efficiency,
power density and voltage ripple and showed good performance. Similarly, in [110], a
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novel 6k/4Nk topology (where N is any integer except one and multiples of three) was
proposed and three variants evaluated as in Figure 9, showing the superior performance of
a lower cogging torque, higher power density and higher efficiency when compared with
traditional designs.
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Figure 9. Structure of three-phase DSDCM: (a) 6/8-pole [k = 1, N = 2]; (b) 12/16-pole [k = 2; N = 2];
(c) 6/16-pole [k = 1; N = 4] and (d) 24/16-pole [conventional topology, k = 4].

For better system reliability and resilience, several interesting multiphase fault-tolerant
variants of the DSDCM have been discussed in [23]. These variants may operate without
the use of position sensors and power electronic converters and boast of a continuous
power quality supply even in the event of phase faults.

3.5. DC-Field Excited Flux Reversal Machine (DC-FRM)

Flux reversal machines are yet another modification of the SRM borne out of the
quest for improved torque density, lower pulsating torque and better controllability [115].
The DC-FRM architecture is achieved by substituting the PMs in PM-FRM with DC-field
excitation. The stator of the FRM has both DC-field and armature windings mounted on it.
The armature windings are concentrated and wound on each stator pole, while the DC-field
windings are arranged to mimic the PM-FRM so that they provide a similar flux-linkage
polarity reversal as the PM-FRM does.

A simple, rugged and robust mechanical construction of the rotor is observed in the
DC-FRM, where neither windings nor field excitation are present. This allows for rotor
reliability, less maintenance and suitability for low-speed direct-drive applications such
as in wind systems. The absence of windings also means that copper losses are omitted;
hence, the efficiency of the machine is high. The light weight of the FRM rotor leads to their
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inertia upon rotation being small, therefore allowing a quicker change of rotor speed with
respect to time. Due to the design isolation between its phases, it exhibits fault-tolerant
characteristics [116].

The non-uniformity of the airgap across the DC-FRM construction translates to the
development of a cogging torque during machine operation. This results in a deterioration
of the machine’s performance and shows up as noise and vibrations especially at low
operating speeds [117]. Figure 10a shows a basic cross-section of a 6/8-pole PM-FRM.
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A unique four-phase DC-FRM with its architecture designed to mimic the PM-FRM
was proposed and developed in [24] for wind power generation as shown in Figure 10b.
Its performance was evaluated against two variants of the PM-FRM topology with similar
configurations to ensure fair and equitable comparison. The results show a more superior
power density output from the PM topologies, justifying the preferred use of the more
energy-dense magnets. However, a more holistic comparison involving flux controllability
and cost effectiveness would reveal the merits of the DC-FRM as indicated in Table 1.

Table 1. PM-FRM vs. DC-FRM (adapted from [24] with costs from 2015).

Items PM-FRM DC-FRM

No. of armature phases 3 4 4
Power (kW) 58 64 22

Power Density (MW/m3) 1.98 2.10 0.71
Flux Controllability Low Low High
Material Cost (USD) 1245 1398 308

Cost-effectiveness 46.6 45.8 71.4

While flux controllability (which enables the generation of a constant voltage output
over variable speed range) and cost effectiveness represent big wins for the DC-FRM, it
inherits a number of characteristic flaws namely, high cogging torque [117] and low power
factor [118].

3.6. Brushless Doubly-Fed Machines

It should be mentioned that similar to the DFIGs, are the so-called brushless doubly
fed induction machines (BDFIMs), which avail a higher reliability compared to the former,
especially for wind power generation. They do not require slip rings and brushes, hence
qualifying them as brushless wound-field machines. A state-of-the-art overview under-
taken in [119] highlights their different design topologies and evolutionary studies. BDFIMs
have two stator windings with different pole numbers and operating frequencies, which
cross-magnetize with the rotor to achieve synchronous operation. Recent developments
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as highlighted in [119] show that BDFIMs are yet to attain commercial scale, but some
attempts are being made on their prospects for industrial scale wind generators.

Moreover, there are brushless doubly fed reluctance machine (BDFRMs) that are in
possession of a reluctance rotor but two stator windings. Their rotors exist in three main
topologies—simple salient pole, multi-layer flux barrier and axially laminated design of
which a hybrid design can be formed among any of the three [120]. Due to cascaded
stator winding design, BDFRM enjoys different operating modes such as simple induction,
cascade induction, single-fed synchronous, doubly-fed asynchronous and doubly-fed
synchronous modes. The main challenge of BDFRMs is relatively low-torque density and
efficiency compared to DFIGs; however, this has not prevented their foray into wind power
generation [120].

4. Comparative Analysis of Non-Conventional Non-PM Electrical Machines

The quantitative and qualitative analysis of the various non-conventional generators
are studied in this section to provide an inference on their suitability for WECS. Table 2 is a
summary of key performance parameters investigated among the different wind generators
highlighted in the preceding section while using the conventional small- and large-scale
power PMSGs reported in [90,121] as benchmarks. It also shows areas of strength and
weakness. It is noteworthy to mention that the characteristic parameters are for machines
tested over kW and MW power ranges and, at most, constrained to experimental results.
As such, the data presented, at best, estimates the empirical behaviour of these machines as
opposed to providing articulate industrial valuation.

Table 2. Comparison of non-conventional non-PM wind generators.

Type
Torque
Density

(kNm/m3)

Average
Torque (Nm)

Torque
Ripple (%) Power Factor Cost Efficiency

(%)
Speed
(r/min)

RSG [64] 18.5 97.7 × 103 4.92 0.54 Low 97.94 500
DC-VRM [85] 17.39 732.0 8.5 0.8 Low 87.4 200
WF-FSM [110] 31.6 77.8 × 103 3.74 0.8 Low 97.0 360
DSDCM [113] 3.92 38.22 7.46 - Low 89.3 500
DC-FRM [24] 6.68 179.9 6.28 - Low 72.5 900

PMSG (kW) [90] 24.01 1011.1 3.42 0.97 High 94.4 150
PMSG (MW) [121] 109.25 2789 × 103 2.06 0.94 High 95.0 15

A glance at Table 2 immediately reveals the cost benefits of these novel generator types
at reasonable torque per generator litre performance. With robust rotors and absence of
PMs, these cost savings are expected both in terms of operational and capital costs. Another
interesting outcome is the dominant speed of their drivetrains. As shown, these are mostly
in the low- and medium-speed range, thus, requiring fewer or no gear stages. Thus, in
addition to being brushless, the recurring maintenance costs attributed to higher stage
geared systems are either minimised or eliminated.

While there are as yet no clear-cut favourites among the proposed brushless wound-
field generators, since each configuration has its merits and demerits, the emerging low-
speed characteristics necessitate the need for high-torque density generators. As discussed,
direct-drive generators are usually larger, denser and more expensive to install than their
gearbox-driven counterparts. The mainstream adoption of the direct-drive systems would
depend on modifications to this system in a bid to drive down costs while upholding
the generator performance—something that already appears feasible based on certain
performance data in Table 2.

The sub-optimal power factor, torque ripple and efficiency obtainable from most of
these non-PM non-conventional generator types are the main concerns for researchers. It is
on this basis that more studies are expected in the coming years to tackle these challenges
and make the proposed wind generator variants commercially viable.
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5. Conclusions

In this study, different conventional and non-conventional wind generators have
been examined. It is understood that the direct-drive PM wind generators are the current
industrial mainstay due to their high torque density and efficiency performance, but
they are faced with high costs and demagnetization risks. Meanwhile, non-PM generator
candidates providing low cost and variable flux options are being considered over PM
wind generator variants. However, non-PM excited generators are limited by their classical
rotor field-excited windings and presence of slip rings and brushes which lower their
efficiency and reliability. On the other hand, stator-mounted wound-field FMMs, which are
brushless in nature due to a robust rotor design, are beginning to trend. The identifiable
brushless wound-field wind generator candidates examined in this study, all of which are
yet to be commercialized, are RSM, DC-VRM, WF-FSM, DSDCM and DC-FRM, among
others. Moreover, these machines exercise the so-called robust rotor topology, meaning that
their wound-field excitation is not necessarily propagated using slip rings and brushes.

In this study, quantitative and qualitative comparative assessments on these new
generation wind generators, though still at preliminary design stages, are conducted. For
example, at small (15 kW) power levels, it is seen that the torque per volume of a DC-
VRM operating at 200 r/min is 17.4 kNm/m3, which is reasonable when compared to a
conventional PMSG operating at 150 r/min, which yielded 24 kNm/m3. The predicted
torque density of the DC-VRM is because it operates on the flux modulation principle
and as such, can provide high torque capability based on magnetic gearing effects [15,16].
Meanwhile, it is observed that the torque ripple of the DC-VRM is 2.5 times that of the
PMSG, and this is usually the Achilles’ heel of FMMs because of their double-salient design.
Additionally, due to high saturation effects and cross-magnetic fields of the stator-mounted
field and armature windings, the power factor of the DC-VRM is poorer, as seen in this case.
It is not surprising that the presence of field windings, among other things, also meant that
the efficiency of the DC-VRM is much lower (87.4%) compared to that of the PMSG (94.4%).
In addition, the speed regimes of the studied brushless wound-field wind generators are
suggestive of ranges in the low- and medium-speed wind generator drivetrains, a trend
that could be somehow associated with their characteristic high pole numbers.

In general, the highlighted non-conventional non-PM wind generators show promise
in terms of low-cost and high-torque density performance. However, issues relating to
torque ripple, power factor and efficiency performance are some of the notable challenges
driving new research while aiming to position these non-PM FMMs as viable wind gener-
ator technologies for futuristic high-power direct-drive wind power generation systems.
The highlight of the discussions on these emerging non-PM wind generators is that they
offer a low-cost, low maintenance and high-torque density solution.

Author Contributions: Conceptualization, U.B.A., O.P. and K.K.; methodology, U.B.A., D.U., K.K.
and O.P.; software, U.B.A., O.P. and J.L.M.; validation, U.B.A., O.P. and J.L.M.; formal analysis, D.U.,
K.K. and U.B.A.; investigation, D.U., K.K. and U.B.A.; resources, U.B.A., O.P. and J.L.M.; data curation,
D.U., K.K. and U.B.A.; writing—original draft preparation, D.U., K.K. and U.B.A.; writing—review
and editing, U.B.A., O.P. and J.L.M.; visualization, D.U. and U.B.A.; supervision, U.B.A., O.P. and
J.L.M.; project administration, U.B.A.; funding acquisition, U.B.A., O.P. and J.L.M. All authors have
read and agreed to the published version of the manuscript.

Funding: This research work is supported in part by the Eskom Power Plant Engineering Institute
(EPPEI) Renewable Energy Programme, Stellenbosch University, South Africa.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data for this study is presently archived with the third author,
U.B.A., and can be made available.

Acknowledgments: U.B.A. is grateful to Hillary C. Idoko, Department of Electrical Engineering,
Tshwane University of Technology, South Africa, for redrawing some of the figures used in this study.



Wind 2022, 2 445

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

AFDSM Axial Flux Doubly Salient Machine
ARSM Assisted Reluctance Synchronous Machine
ASP Asymmetric Stator Pole
BDFIM Brushless Doubly-Fed Induction Machines
BDFRM Brushless Doubly-Fed Reluctance Machines
BLAC Brushless Alternating Current
BLDC Brushless Direct Current
BSMM Brushless Stator Mounted Machine
CPSR Constant Power Speed Range
CRSM Compensated Reluctance Synchronous Machine
DC Direct Current
DFIG Doubly Fed Induction Generator
DSDCM Double-Salient Direct Current Machine
DSM Double-Salient Machine
DSPM Double-Salient Permanent Magnet Machine
EESG Electrically Excited Synchronous Generator
EMF Electromotive Force
FEM Finite Element Method
FMM Flux Modulation Machine
FRM Flux Reversal Machine
FRT Fault Ride Through
FSG Flux Switching Generator
FSM Flux Switching Machine
HS High Speed
HTS High Temperature Superconducting
HVDC High Voltage Direct Current
kW Kilowatt
LCOE Levelized Cost of Energy
MFB Multiple Flux Barriers
MW Megawatt
OBD Optimized Benchmark Design
PM Permanent Magnet
PMSG Permanent Magnet Synchronous Generator
RSG Reluctance Synchronous Generator
RSM Reluctance Synchronous Machine
SCIG Squirrel Cage Induction Generator
SRM Switched Reluctance Machine
UMF Unbalanced Magnetic Force
USD US Dollar
VRM Vernier Reluctance Machine
WECS Wind Energy Conversion System
WF Wound Field
WRIG Wound Rotor Induction Generator
WRSM Wound Rotor Synchronous Machine
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