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ABSTRACT Non-overlap winding technology continues to remain relevant in the design of wound-field
machines as an alternative for high torque density permanent magnet machines. In this paper, the finite
element analyses-optimisation of two variants of the non-overlap wound-field machines viz., wound-field
flux switching machine (WF-FSM) and phase shifting wound rotor synchronous machine (WRSM), are
compared, first in terms of their performance for large-scale converter-fed wind generator drives, then
experimentally as sub-scaled converter-fed versus direct grid-connected wind generators, respectively. This
study is unique because there are no prior attempts to design, optimize and analyse on these machines for
medium-speed wind power generation, as well as experiment on sub-scale prototypes for direct-grid and
converter-fed operation. All investigations are contemplated in the medium-speed wind generator drivetrain
which provides a tradeoff for generator efficiency and size. From the global optimisation of both machines
at large-scale power levels, the torque per mass of the WF-FSM is found to be 50 % lesser compared to the
WRSM. This is due to approximate volume, with closely matched optimal split and aspect ratios. In terms of
the sub-scaled experimentation, both generators can easily vary their generated output power to match with
varying wind resource, but direct grid-connected WRSM generator yields better efficiency performance
compared to the WF-FSM converter-fed operating mode, given that the generator terminal voltage of the
former is highly regulated.

INDEX TERMS Converter-fed, direct grid-connected, finite element analyses, non-overlap winding, opti-
mization, medium-speed wind generators, wound-field flux switching machine (WF-FSM), wound rotor
synchronous machine (WRSM).

I. INTRODUCTION

Wind power capacity grew by a record additional capacity
of 93 GW in 2020, with most of the new generation coming
from onshore installation [1]. The cost of wind power gener-
ation is decreasing to the point that wind energy is becoming
more competitive with fossil fuel generation. Offshore wind
installations are designed with very large turbines, usually
with power capacity more than 5 MW, as well as futuristic
concepts of up to 20 MW [2], [3]. Onshore wind generators
are typically in the 0.5 to 3 MW range.
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High-speed (above 600 r/min) geared wind generators,
because of their small size and low weight, have dominated
the wind industry, but the drawback of these generators is the
complex gearbox design that requires three stages [4]. Low-
speed (below 100 r/min) wind generators do not require a
gearbox, but these machines become very large, heavy and
costly [5], [6]. Medium-speed (100-500 r/min) solutions are
becoming more attractive drivetrain options which reduces
complexity while at the same time improving efficiency.
It has been shown in [7] that medium-speed solutions can lead
to improved annual energy yield.

Permanent magnet synchronous machines (PMSMs) have
long been the preferred choice for wind generation systems.
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PMSMs require no rotor winding and thus the physical size
of the machine is reduced. Although this reduction in size
can save on the total manufacturing costs, rare-earth per-
manent magnets are costly, and susceptible to large price
variations and sourcing constraints [9]. Non-permanent mag-
net machines, such as wound-field machines, have generally
lower overall material costs. Classical wound-field machines,
such as the wound rotor synchronous machine (WRSM),
have typically high losses associated with the brushed rotor
windings as well as low power density [8]. On the other
hand, the wound-field flux-switching machine (WF-FSM)
is an example of a non-classical wound-field machine and
it is characterised by high torque densities due to the flux
modulation nature [10]. The WF-FSM is designed with the
windings on the stator, which make them brushless among
other things. Also, due to their large pole numbers for designs
exhibiting high winding factors, as well as the so-called DC
winding induced voltage pulsation, it is difficult to fix their
voltages and frequency to the conventional grid, thus they are
usually converter-operated [11], [12].

Meanwhile, interest in non-overlap windings has reignited
due to the associated lower manufacturing costs, lower
cogging torque and improved torque density [13]. They
have been common in permanent magnet (PM) machines,
but recent developments have focused on non-PM electric
machines [14]. Overlap windings are characterized by a sinu-
soidal magnetomotive force (MMF) when the coils/slot/phase
is high. This means that some MMF harmonic content is
reduced, which translates to improved machine performance,
but the winding manufacturing becomes more complex.
Moreover, end-winding lengths are also very large, and the
slot filling ability is low. By the adoption of non-overlap
windings, many of the associated disadvantages of the dis-
tributed winding layout can be negated such as leading to a
simple winding layout and reduced end-winding losses. The
main disadvantage, however, is that the MMF spectrum of
non-overlap windings consists of many sub- and higher-order
harmonics. Harmonic reduction techniques based on phase-
shift winding shows an improvement of the main harmonic,
while the sub- and higher-order harmonics are largely dimin-
ished [15], [16].

The phase-shift winding WRSM, which exhibit flux-
variation characteristic and reactive power compensation,
typical in wound-field excited generators, is a very attrac-
tive option for direct grid-connected wind power genera-
tion [17]-[18]. The flux-variation characteristics allow for
regulation of the phase voltage when the wind speed varies.

To this end, this study is a follow-up on the study dis-
cussed in [19], wherein the non-classical non-overlap phase
shifting winding WRSM is designed, optimised and com-
pared alongside the WF-FSM for 3 MW medium-speed wind
power generation, for the first time. At such power levels
and generator drivetrain, the attempt is to produce alternative
wind generator technologies, which could compete with well-
known PM variants in the niche utility scaling and drivetrain
technology of future of wind power generation [2], [20], [21].
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The intent of the current study is to experimentally evaluate
the sub-scale performance of the phase-shift winding WRSM
for direct-grid wind power generation as against the WF-FSM
converter-fed wind generator drive, for the first time and with
both machines designed in the medium-speed wind turbine
operating regime. The study still highlights as already done
in [19], the optimization and theoretic performance evalua-
tion of both generator variants for medium-speed converter-
fed systems at 3 MW power levels.

Il. THEORETICAL DESIGN AND OPTIMISATION

The machines intended for the design optimisation are the
three-phase 10 rotor poles/12 stator slots (10/12) WF-FSM
design and the 16 poles/18 slots (16/18) WRSM, previously
conceptualised and analysed in [12], [16], [22], [23] and [24].
A cross-sectional layout of each of the proposed machines
and wind generator drivetrain are shown in Figures 1 and 2,
respectively.
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FIGURE 1. Cross-sections of non-overlap wound field machines: (a) 10/12
WF-FSM, and (b) 16/18 WRSM.
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FIGURE 2. Proposed variable-speed wind energy system: (a) Sample
geared medium-speed drivetrain, and (b) unvaried amplitude of
generator supply current in dq vector frame.

The design optimisation conducted is to be based on
a multi-objective multi-variable optimization algorithm —
NSGA-II - originally proposed by authors in [25]. The high-
light of this algorithm is in its ability to evolve multiple
solutions of the competing objective parameters from a pool
of both parental and offspring populations into a converged
true Pareto-optimal front. It is important to emphasise that the
accuracy of the optimisation is further linked to the tuning of
specific parameter settings in line with the population size
and the maximum number of generations. Hence, similar
parameter settings are implemented at fixed population size
of 20 and maximum iterations of 100, for both machines. The
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optimisation problem is formulated as:

minimise F (x) = |:MA:| )
Ks
pF 0.8
subject to | Poy; > | 3MW 2)
n 97 %

where F (x) is a vector of the objective parameter functions,
comprising the total active mass (M4) and per unit torque
ripple (ks) of the prescribed machines. These objectives have
been nominated based on the following considerations:

« A lower active mass is adjudicated to ensure a better
power/mass ratio. The lower the mass, the less material
is required and in turn, the cheaper the machine and the
lower the top-tower mass.

o Torque ripple is important for large electric machines,
and especially for wind generator applications. Thus,
very high torque ripple translates to vibrations in the
machine, affecting its structural stability and causing
excessive wear on the drivetrain components.

o The constraints placed on the efficiency and power fac-
tor are also important for the optimum performance of
the proposed wind generator drivetrains. In [26], it is
reported that a high efficiency/power factor unit reduces
the kVA and costs of the drivetrain converters.

A number of design parameters are independently varied in
both machines such as the phase current angle («), armature
current density (J), field current density (Jr), stack length
(Is), stator outer diameter (D,,;), stator interior diameter
(D) and rotor shaft diameter (Dyy,), to mention a few. Based
on the number of dimensional and non-dimensional variables,
a total of 14 and 21 design variables were realised in the
WEF-FSM and WRSM designs, respectively. A reflection on
some of the key base machine parameters conceived before
the optimisation process, and the common design constants in
both machines are presented in Table 1; the shaded columns
report data captured for the optimal benchmark designs as
later elucidated in Section III.

Dimensional and non-dimensional parametric optimisa-
tion is a common technique in modern electrical machine
design and optimisation [27]. The choice of dimensional
parameters such as stator outer and inner diameter because
of the objective to reduce active mass, which we understand
depends to a large extent on the conceived split ratios for
wound-field machines [28]. In addition, the selection of non-
dimensional parameters such as current density and current
angle is because of tracking of performance variables such as
torque and power factor, for which their optimal values yield
tradeoffs [23].

The analysis algorithm as shown in Figure 3 is based
on an in-house 2-D finite element analysis (FEA) package
(SEMFEM) [29], which is then coupled to the optimiser

(VisualDOC®) for the optimisation process as shown in
Figure 4. SEMFEM is a fast and efficient program instituted
for time-stepped static FEA simulation of electrical machine
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TABLE 1. Initial and optimal display of selected design parameters.

b . WF-FSM WRSM
Arameters T itial | Final | Iniial | Final
D,y (m) 2307 2354 1672 1744
g D;, (m) 1.633 1.635 1233 1.288
'z 8 1,, (m) 0.534 0527 0558  0.426
= Dy, (m) 0.840  0.892  0.653  0.790
R J(A/mm?) 1.000  1.080  1.235 1.921
= Jr (A/mm?) 4908 4999 4718 4763
o (deg.) 49.745  89.870 76762 _ 88.610
Pow (MW) 2058  3.019 1997  3.065
" pF 0596  0.803 0789  0.810
= n (%) 96.335  97.051  96.386  97.528
= K5 (%) 26473 4554 26189  5.166
g Mg, (ton) 6930 7226  3.660 = 2.831
E] M, (ton) 2614 2812 2690  2.130
g M, (ton) 9.544 10038 6350  4.961
7. (kNm) 53.124  78.268  49.045  76.096
Nm/kg 5566 7797 7723 15.338
£ (r/min) 360
g £ (Hz) 60
g pea(Qm) 2.073 x 1078
g g (mm) 3
O Ksp 0.45
Ksr 0.45

Msa = stator active mass, Mz4 = rotor active mass, 7. = electromagnetic torque, 24 =
mechanical speed, fo = frequency, pcu = copper resistivity, g = airgap length, Ksp = slot
fill factor for phase windings, Ks¢= slot fill factor for field windings

Preliminary design
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—

Physical dimensions
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l

Winding design &
layout

I

FIGURE 3. FEA design algorithm.

2D-FEA simulation

Design
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in 2-D. Based on the sample population size, the design
variables are fed as input into the optimisation workflow
shown in Figure 4, where the converge criteria is calculated
and validated in FEA (Figure 3). The problem is looped con-
tinuously for convergence until the assigned generations are
completed. The convergence to the true Pareto-optimal front
in both machines is then adjudicated after the optimisation
process, with the results and the benchmark performance
comparison of both machines considered next.

Ill. OPTIMISATION RESULTS AND COMPARISON

Figures 5 and 6 show the optimum data of the Pareto-optimal
front, as well as dispersion of the feasible solutions. Two
optimal benchmark designs, one from each of the studied
machines, earlier presented in Table 1, are identified in the
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FIGURE 5. Pareto-optimal trends for 3 MW WF-FSM (1 pu = 4.961 ton).
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FIGURE 6. Pareto-optimal trends for 3 MW WRSM (1 pu = 4.961 ton).

figures. Observe that the per unit values of the active mass
are based on the nominal value of the WRSM benchmark.

A tradeoff between the contrasted objectives (active
mass and torque ripple) of both machines is portrayed in
Figures 5 and 6, where increase in active mass results in
torque ripple reduction, and vice versa. Also, the optimised
torque ripple values are minimised to less than 5 %, especially
for the WF-FSM which is notorious for high cogging torque
due to its double salient structure. For the same torque ripple
value, the active mass of the WF-FSM design is two times
more than the WRSM design, although both seem to maintain
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the same torque per litre volume. The significantly higher
mass of the WF-FSM is due to its inherent stator-mounted
nature as both the phase and field windings housed on the
stator, with the split and aspect ratio closely matched as
shown in Table 2.

TABLE 2. Comparison of optimal split and aspect ratios.

Ratios WEF-FSM WRSM Deviation
Ao (Din/Dou) 0.694 0.738 5.962 %
. (Lse/Din) 0.322 0.331 2.719 %

In Table 1, a further comparative data of the optimal bench-
mark designs, a higher phase current density is realised in the
WRSM compared to the WF-FSM, due to larger slot filling
areas of the phase windings. A linear interpolation of the
optimisation dataset is undertaken of which the relationship
between the stator outer diameter and the phase current den-
sity, as evinced in Figure 7, clearly shows an inverse relation-
ship. The behaviour of D, reflects the slot area allocation in
such a way that the stator slots house only the phase windings
in the WRSM, whereas for the WF-FSM, both the phase and
field windings are collocated on the stator. Hence, one can see
that as D,,,; decreases in the WRSM, J increases, whereas, for
the WF-FSM, D,,,; increases with increase in J.

58 v h_
0.72 T1.16 T1.35TL50 T 0.72 T1.16 T1.35T1L.50 T
(a)

FIGURE 7. Optimal characteristics between stator outer diameter and
phase current density.

The per unit reactance of the optimal benchmark machines
are compared as shown in Table 3. Note that, X; is reportedly
greater than X, because they are both evaluated at o« = 70°.
Although with 12 % deviation, note that X can be approx-
imately prescribed at 0.5 pu for both machines. This is due
to similarities in constraints imposed on the airgap length,
power factor, power and supply current of both machines.
It is reported in [30] that such small values (X; < 1 pu)
would be profitable to the converters, in terms of reduced
loss, KVA rating and cost. However, it can be argued that the
fixed airgap length (g = 3 mm), assumed for both machines,
influenced the low X value obtained in the WRSM more than
the WF-FSM considering the smaller stator outer diameter of
the former [31].

Figure 8 maps the 2-D FEA flux line distributions and flux
densities for the optimal machine benchmarks at rated load
conditions. The peak airgap flux density is observed at 2.84 T
and 2.52 T in the WF-FSM and WRSM, respectively. The
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TABLE 3. Comparison of reactances for benchmark wound-field
machines.

Parameters WEF-FSM WRSM
Xa(pu) 0.491 0.394
X, (pu) 0.506 0.482
X; (pu) 0.498 0.438
Vr (V) 639.488 634.275

I rus) (KA) 3.296 3.266

X = d-axis reactance, X, = q-axis reactance, X; = synchronous reactance, Vr = line
(terminal) voltage, /s rms) = RMS supply current

70

e

60| 4

Torque, 7 (kNm)

50 8

40} 1

I | I |
50 100 150 200 250 30C
Electrical angle (deg.)

FIGURE 8. 2-D FEA field lines and flux densities for 3 MW machines
under rated conditions: (a) WF-FSM, and (b) WRSM.

higher peak airgap flux density recorded in the WF-FSM is
due to cross-coupling effects [23].

The higher-level saturation in the rotor core of the WRSM
compared to the WF-FSM is due to very high ampere-turns
of its rotor field windings, as elucidated by the optimum
current density values in Table 1. Such oversaturation of
the rotor core has been attributed to high torque ripple
effects in WRSMs [32]. The issue could be addressed by
decreasing the slot fill factor of the field windings, but at
the expense of declining the optimal torque density of the
WRSM. In Figure 9, the 2-D FEA predicted torque wave-
forms of the optimal benchmarks under rated load conditions
are shown.

An effective comparison on the studied machines has been
undertaken as shown in Table 4. A substantial reduction in
size and mass of the proposed WRSM wind generator for
the same power level and performance constraints as that
of the WF-FSM has been observed. However, other factors
need to be properly weighed such as fabrication and main-
tenance costs, which should be lower for the WF-FSM. But
more importantly, the non-utilisation of PMs has been fully
demonstrated in the studied wound-field machine topologies.

IV. EXPERIMENTAL DEMONSTRATION

In this section, sub-scaled prototypes of the WF-FSM [28§]
and the phase-shifted winding WRSM are demonstrated [24].
The machine design and rated parameters of both prototypes
are presented in Table 5. As earlier indicated, the WF-FSM
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FIGURE 9. Electromagnetic torque waveforms of 3 MW optimal wind

generator benchmarks under rated conditions.

TABLE 4. Effective performance comparison of the studied 3 MW

non-overlap wound-field wind generators.

Design issue WEF-FSM WRSM
Mass saving Low High
Field excitation Cheap Expensive
Simple and robust rotor Yes No
Simple stator No Yes
Temperature management Extrinsic Intrinsic
Active copper slot areas Small Large
Torque density Low High
Saturation Light Heavy
Converter Yes Yes
Gearbox Yes Yes
Reliability High Low
Synchronous reactance Low Low
Airgap length Underestimated Overestimated

TABLE 5. Main parameters for non-overlap winding machine prototypes.

Parameters WF-FSM WRSM

Stator outer diameter (mm) 600 260

Rotor outer diameter (mm) 414.7 203.6
Stack length (mm) 104 125

Air gap thickness (mm) 0.7 0.45
Number of rotor poles 10 16
Number of stator slots 12 18
Rated speed (r/min) 360 375
Rated frequency (Hz) 60 50
Rated phase current (A) 9.8 4.86
Rated field current (A) 15.6 5.00
Rated line voltage (V) 590 350

Rated terminal power (kW) 10 3

is tested as a converter-fed generator while the WRSM is
tested as a direct grid-connected generator. Figure 10 shows
the test rig for the 10 kW WF-FSM generator prototype,
while Figure 11 shows that of the 3 kW WRSM. Due to
voltage limitation of the power converters, measurements
conducted for the WF-FSM were done at half the prescribed
rated conditions.
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FIGURE 11. Test rig for 3 kW 16/18 pole/slot WRSM generator prototype.

Slip rings

The comparison of the no-load and rated torque profiles,
as well as voltage regulation, between FEA and measure-
ment for both prototype machines, is shown in Table 6.
The disagreement between simulated and measured results
is due to manufacturing defects on the prototypes as well
as unsolicited fringing effects in the FEA models, especially
for the WF-FSM. The finite element analysis process cannot
fully account for the end leakages, especially with errors
during the manufacturing process. The improper estimation
of the end leakages means that the actual phase winding
inductances are not in line with the theoretical values. This
is also compounded by constraints on the fill factors while
mounting the windings.

TABLE 6. Comparison of torque profiles and voltage regulation for
non-overlap winding machine prototypes.

WE-FSM WRSM
FEA Test FEA Test
Cogging torque (%) 10.6 5.0 7.3 5.4
Torque ripple (%) 10.2 14.1 6.7 8.2
Average torque (Nm) 244.5 219.9 83.7 81.8
Voltage regulation (%) 9.2 19.2 4.5 5.6
Core loss (W) 211.4 249.3 60.8 62.6

In Figures 12 and 13, the generator efficiency is evaluated
for the WF-FSM and WRSM, respectively, under rated phase
current and varying load conditions of the field current. It is
clear from both figures that more power can be generated as
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FIGURE 12. Efficiency and field current versus generated power tests on
the converter-fed WF-FSM generator prototype, I, oo4 = 9-2 A and
180 r/min.
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FIGURE 13. Efficiency and field current versus generated power tests on
the grid-connected WRSM phase-shift winding generator prototype,
I oad = 492 A and 375 r/min.

field current is increased, which can be easily aligned to the
varying wind resource for optimum power capability. Addi-
tionally, it can be noted that, unlike the WF-FSM converter-
fed generator, the WRSM direct grid-connected generator
offers higher efficiency performance across a diverse oper-
ating load regime. No doubt, the wider improved efficiency
range of the WRSM is due to a better voltage regulation
recorded in Table 6, since the generator terminal voltage is
tied to the grid voltage.

Also, the experimented steady-state heat maps for the
WEF-FSM at different temperature hotspots, as well as the
thermal test heat runs under short-circuit condition are pre-
sented in Figures 14 and 15. These hotspots are prioritized by
careful inspection of the broad surrounding of the machine’s
stator under prolonged short-circuit tests as captured in
Figure 16 using a digital thermographic camera. The different
hotspots show the rapid thermal build up in parts of the
field coils compared to the armature coils. This is due to the
intrinsic positioning and higher current density of the former,
although the performance of the machine is not threatened as

VOLUME 10, 2022



K. S. Garner et al.: Optimization and Performance Evaluation

IEEE Access

FIGURE 14. Key thermal hotspots for WF-FSM prototype.
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FIGURE 15. Heat runs under short-circuit condition for WF-FSM prototype.

FIGURE 16. Snapshot displaying very low-profile thermal activity on the
stator body and thermal concentration on the coils of the WF-FSM
prototype.

the risk of demagnetization is zero. Regarding the WRSM,
only the temperature rise over time of the prototype casing
under rated field and phase current is shown in Figure 17.
This is because, unlike the WF-FSM prototype, the WRSM
prototype is built within an enclosed frame.

VOLUME 10, 2022

Temperature (°C)

0 1000 2000 3000 4000 5000 6000
Time (s)

FIGURE 17. Heat run under full load condition for the WRSM prototype.
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FIGURE 18. FEA predicted and measure torque under varying load current
for the WF-FSM prototype (I = 15.6 A).

—8—2D-FEA —e—Experimental

=] -~ oo w
o o =1 =1

o
o

Electromagnetic torque (Nm)
[~ w L
L=} (=} L=}

-
o

(=

0 1 2 3 4 5
RMS phase current (A)

FIGURE 19. FEA predicted and measure torque under varying load current
for the WF-FSM prototype (I = 5 A).

Lastly, the electromagnetic torque versus load current
profiles of the WF-FSM and WRSM are provided in
Figures 18 and 19, respectively. The comparison between
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FEA and experiments show good match, although due to its
stator-mounted nature, some notable discrepancy is observed
for the WF-FSM due to increased saturation with increasing
load current, as well as manufacturing defects.

V. CONCLUSION

In this study, finite element analysis-based optimisation on
large-scale and experimentation on sub-scaled power lev-
els of two distinct non-conventional, non-overlap wound-
field machines have been investigated for medium-speed
wind generator drivetrains in converter-fed versus direct grid-
connected modes, for the first time. The comparison is based
on 10/12 pole/slots wound-field flux switching machine
(WF-FSM) and 16/18 wound-rotor synchronous machine
(WRSM). Based on benchmark design candidates from the
global optimisation of both machines at large-scale power
levels, the torque per mass of the WF-FSM is observed to be
half of that of the WRSM subjected under the same torque per
litre. The optimal mass discrepancy in both machines could
be attributed to the evolution of closely matched optimal split
and aspect ratios. In terms of sub-scaled experimentation,
the WF-FSM was tested in converter-output mode while
the WRSM was tested in direct grid-connected mode. The
experimental results clearly show that both generators easily
vary their generated output power to match with varying
wind resource, but the latter can offer an improved effi-
ciency range since the generator terminal voltage is better
regulated.
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