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Abstract—The study begins with a proposal to design a 
small-scale DC Vernier reluctance machine (DC-VRM) for di-
rect-drive wind generator drives. The motivation centres on the 
increasing need for renewable energy technologies, as well as the 
quest for non-PM and gearless wind generator drives upon 
which the DC-VRM is uniquely compatible. A global optimisa-
tion is first undertaken based on solutions from 2D finite ele-
ment modelling (FEM) to produce optimal benchmark designs 
(OBDs). The OBDs are further evaluated for independent per-
formance improvement of the torque ripple using the simple ro-
tor tooth-pairing technique. The findings show that the torque 
ripple can be drastically reduced when absolved from the inte-
grated optimisation process. On the average, at 0.8 tooth-paring 
ratio, the torque ripple reduces by at least by 50 %, with obser-
vation of special quid pro quo effects in torque ripple and aver-
age torque generation of this machine. Already, 3D FEM simu-
lations have been issued to draw out the end-effect discrepan-
cies, while laboratory validation is still pending. 

 

Keywords—DC Vernier reluctance machine, finite element 
modelling, optimisation, torque ripple, wind generator drives 

I. INTRODUCTION 

Stator-mounted double-salient wound-field machines are 
lately becoming interesting machine variants due to avoidance 
of expensive PMs, less copper volume mainly as a result of 
concentrated winding layouts, robust rotor topologies, as well 
as easy thermal management. Among these machine variants, 
the DC-excited Vernier reluctance machine (DC-VRM) [1] 
stands out due to extended operational limits and improved 
machine reliability in terms of its propensity for brushless and 
adjustable DC field exciters. However, a major challenge for 
these machines is an overwhelmed stator comprising both DC 
field- and AC phase-windings which tend towards increasing 
and complicating the magnetic activity in the stator core, re-
sulting into short-term saturation [2].  

Besides, due to its double salient structure, torque ripple, 
is a cause for worry. This is caused by slotting effects of the 
stator and rotor MMF harmonics on the airgap permeance [2], 
as well as non-symmetric flux linkage and back EMF 
waveform exhibition at rated operating points [3], leading to 
mechanical vibrations and acoustics. Notwithstanding, due to 
the design composition (brushless and no slip-rings), as well 
as performance implication (high torque density) of these 
machine topologies [4], they cannot be overlooked for wind 
power generation.  

Meanwhile, renewable energy technology, which includes 
wind power generation, is presently attracting widespread 
interest because of its crucial role in addressing climate 
change and increasing electricity access, among others [5]. To 
this end, this study is based on the optimisation and design of 
a 15 kW three-phase DC-VRM direct-drive wind generator 
drive, patterned after a 7.2 m diameter wind turbine [6]. Based 
on available turbine power curves, the turbine operating speed 
is pegged at 200 r/min, with a rated wind speed of ~10 m/s. In 
recent times, the popularity of direct-drive wind generator 
drive technologies is growing, given that they do not integrate 
gearboxes in their drivetrains and as such, guarantee a 
simplified drivetrain architecture, while reducing maintenance 
and operational costs [7].  

Regarding the emergence of brushless stator-mounted 
wound-field machines, it is unknown that the DC-VRM has 
been investigated in the past as anticipated in this study, unlike 
counterparts such as the so-called wound-field flux switching 
machine (WF-FSM) and DC-excited flux reversal machine 
(DC-FRM) [8]-[10], to mention a few. In [9], a 10 kW WF-
FSM wind generator drive is prototyped and tested to exhibit 
the ease of the manufacturing process. In [10], a 22 kW four-
phase DC-FRM is artfully designed to mimic the characteris-
tics of its PM-FRM counterpart and offer controllable DC 
field versus output power range despite varying wind profile. 
Unlike these few examples with DC field-excitation, it is more 
commonly seen that PM-excited stator-mounted machines are 
being employed in the small-scale wind power range and for 
multi-phase designs [8], [10]-[12]. 

For the proposed DC-VRM wind generator, the potential 
disruptions and cost per capita posed by price fluctuations of 
expensive rare-earth PMs used for conventional wind genera-
tor designs are allayed, being ‘completely’ rare-earth free 
[13]. DC-VRM exercises a much simpler winding layout com-
pared to WF-FSM or DC-FRM since the DC field- and AC 
phase-windings can be concentrated and wound on the same 
stator pole arm. Besides, with a penchant for high number of 
poles (rotor teeth), the three-phase DC-VRM design not only 
promotes design and control simplicity, but is well-suited for 
the proposed direct-drive wind turbine systems [14]. It is on 
this basis that the novelty of this study has been contemplated. 
It should be said that the study is mainly concerned with the 
electromagnetic design and optimisation strategy of the 
proposed wind generator drive. Hence, inferences made to-
wards the drive performance, which is highlighted due to the 
overall wind turbine architecture, should only be assessed in 
terms of kVA/costs of the power converters. 

The study is based on 2D finite element modelling (FEM), 
upon which the wind generator concept is developed and 
analysed. Multi-objective design optimisation is then 
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undertaken, following which a simple parametric analysis is 
conducted to address prominent torque ripple effects in three 
selected optimum benchmark designs (OBDs). The OBDs are 
then compared for performance with a standard 15 kW non-
overlap-winding (NO) PMSG [15]. At the end of the study, an 
initial account on benchmark concept validation is given 
based on 3D FEM simulations, while practical development 
and testing of a laboratory prototype is emphasized but yet to 
be completed due to outbreak of the COVID-19 pandemic. 

II. CONCEPT THEORY AND DESIGN SPECIFICATIONS 

As earlier mentioned, DC-VRMs are double-salient 
machines, housing both DC and AC windings on the stator. 
The AC windings can either be in concentrated or distributed 
layouts, depending on whether the pole ratio is less or greater 
than 3, respectively [14]. An overwhelming analysis of the 
theory of operation of DC-VRMs using the winding function 
theory and harmonic analysis has been carried out in [14] of 
which it sums to the flux modulation being a result of the ro-
tating permeance acting on a stationary DC MMF. By further 
interactions of the modulated DC field harmonics with that of 
the AC MMF harmonics, torque can be produced only if both 
harmonics exhibit the same:  

• spatial orders, and  
• rotational direction and frequencies.  

A 3-phase 12-stator/10-rotor slots radial-flux concentrated 
winding design topology is selected due to simplicity and 
inherent advantages [3]. The sizing parameterisation is done 
based on the geometric design shown in Fig. 1, from which 
btx=bpt, and brx=bpr, initially. The definition of the design 
parameters are conceived as follows: 

 ߬௦ = గேೞ ,                        (1) 

 ܾ௦ = ߬௦ − ܾ௦௦,        [arc] (2) 

 ܾ௧ =  ܾ,             [arc]               (3)ݐ

 ߬ = గሺିଶሻேೝ ,                (4) 

 ܾ௫ =  ଵܾ,             [arc] (5)ݐ

 ܾ௧௫ =  ଵܾ,          [arc] (6)ݐݐ
where Ns and Nr are the number of stator and rotor slots 
respectively, while the rest can later be discerned in Table I. 
Based on initial sizing technique, the complete machine is drawn 
and solved using a 2D FEM suite developed in-house [16]. By 
setting the important design variables, the optimisation process 
is ready to be undertaken next. 

III. DESIGN OPTIMISATION AND PARAMETRIC VARIATION 

Direct-drive wind generator systems are prone to size and 
mass enlargements, which impose a levy on the capital costs. 
Besides, with purely electrical excitation, additional copper 
losses are introduced by the DC windings imposes a limitation 
on the generator efficiency. For the proposed wind generator 
drive technology, the overall cost can be further increased 
through the power electronics if the generator kVA rating is 
too high. All of these important considerations are captured in 
a review paper in [17]. To this end, a simple multi-objective 
optimisation problem is applied as follows on the proposed 
DC-VRM wind generator: 

 Minimise   ቈ்ܯ௧ଵఎ , (7) 

 subject to  
15	kW ≤ ܲ௨௧ ≤ 20	kWܲܨ > 0.8 , (8) 

where MA is the active mass, η is the efficiency, Pout is the 
generated output power and PF is the power factor. In total, 
nine (9) design variables are defined for the optimisation 
challenge, most of which are captured in Fig. 1(a) except for 
the DC field and AC phase current densities, JDC and JAC, re-
spectively. Figs. 1(b) & 1(c) shows the constructed 12/10 
DC-VRM generic design and flux density map in 2D FEM.  

Though a major issue in DC-VRMs, the torque ripple has 
been deliberately left out of the optimisation procedure. From 
the design point of view, it presents a difficult exercise for the 
torque ripple to be addressed concurrently as either an objec-
tive or a constraint for the examined optimisation problem. 
This is because the torque ripple results from interactions be-
tween the DC and AC MMF harmonics and airgap perme-
ance, with tendencies for exhibiting tradeoff with respect to 
the average torque. Moreover, the torque ripple is due to the 
presence of the cogging torque [2]. Hence, a new approach in 
this study seeks to address this problem by independently ap-
plying a simple rotor tooth-pairing technique on the selected 
optimum benchmark designs (OBDs), based on btx < bpt and 
brx < bpr according to Fig. 1.  

While some techniques which vary split ratio, air gap 
length, ratio of AC to DC coil turns and stator/rotor tooth arc 
ratio have been applied to optimise torque ripple in DC-VRM 
[18], the rotor pairing scheme is yet to be attempted. In refer-
ence [19], it is shown that the rotor pairing scheme, among 
other techniques, when applied to PM-FSM yielded approxi-
mately a 13 % reduction in torque ripple without any reproach 
on the average torque.  

Similarly, rotor pairing, as well as skewing, was applied 
in [20] in a partitioned stator WF-FSM, to reduce the on-load 
DC winding induced voltage which translates to torque rip-
ple. By using the rotor pairing scheme, the results show that 
the peak-to-peak value of the on-load DC winding induced 
voltage in a 12/10-pole machine is reduced by 77 %, while 
the torque is reduced by 10 %. In the next section, the opti-
misation results are presented along with the torque ripple 
minimisation and performance evaluation of some selected 
OBDs. 

 

 
Fig. 1. DC-VRM basic design concepts: (a) geometric design 
and parameters, (b) 2D FEM drawing, and (c) flux density map in 2D 
FEM.
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IV. OPTIMISATION RESULTS AND BENCHMARK 

PERFORMANCE COMPARISON  

In this section, the DC-VRM optimisation results are 
presented and discussed, as well as the implementation of the 
proposed torque ripple reduction scheme in 2D and 3D FEM 
simulations. Based on the multi-objective optimisation prob-
lem, the generated optimal Pareto solutions are displayed as 
shown in Fig. 2, with three OBDs highlighted with reference 
to the observable tradeoffs in MA and η across the optimal 
coastline.  

The torque ripple reduction is undertaken on three selected 
OBDs based on the simple rotor tooth-pairing technique by 
varying adjacent rotor pole widths according to the ratios 
btx:bpt, and brx:bpr as illustrated in Fig. 1. While being 
emphasised for torque ripple reduction, the impact of the 
technique is also underscored for key performance data such 
as average torque (τe), power factor and efficiency as indicated 
in Fig. 3. During the design optimisation process, the rotor 
tooth-pairing ratios are kept as 1. It is clear that torque ripple 
(Δτe) is not seriously impacted if ignored in the global 
optimisation, with the highest recorded value just slightly 
above 20 % among the three selected OBDs.  

However, based on the rotor tooth-pairing ratios, one can 
see that a minimum value for Δτe is obtained in all three cases 
at 0.8. As a matter of emphasis, these reductions are more than 
half of their original values (52.5 % for OBD-I, 62.8 % for 
OBD-II and 59.7 % for OBD-III). It can be equally observed 
that at 0.8, a reasonable performance tradeoff for τe, η and PF 
is obtained in all three selected machines. For example, τe is 
only reduced approximately by 2 % and η by 1 %, while PF is 
unchanged.  

To this end, highlights of the design variables and perfor-
mance characteristics of the selected OBDs in 2D FEM are 
presented in Tables I and II, respectively. In Table II, OBD-II 
is prioritised and compared with results from a commercial 3D 
FEM package, since it provides the best tradeoff between MA 
and η, as well as a modest proof of the design process. 
Consequently, certain performance resemblance can be seen 
from the 2D and 3D FEM solutions, with exception of the 
torque ripple and rated output power. As shown in Fig. 4, the 
latter may be due to some uncaptured end-effects and leak-
ages, while meshing discrepancies could have resulted in the 
former as indicated in Fig. 5. Additional insights can be 
garnered by merely observing the meshing between 2D and 

3D, and the corresponding effect on the cogging torque (ΔτNL) 
comparison in Table II. It confirms the culpability of the 
cogging torque for the torque ripple [2]. With finer meshing 
on the airgap surface of the stator and rotor 3D FEM models, 
the torque ripple evaluation should tally better but at the ex-
pense of increased computation time. 

Further comparison of OBD-II is made with respect to a 
15 kW direct-drive NO-PMSG wind generator as culled from 
[15]. It should be noted that Pout of some of the selected 
optimum machines (e.g., OBD-I and OBD-II) in 2D FEM as 
shown in Table II are slightly below the 15 kW benchmark 
due to tradeoffs in τe and Δτe. It is important to note that, the 
kNm/m3 values for the DC-VRM are typical for copper-
excited electrical machines, compared to that of the NO-
PMSG which is relatively high. In [10] and [20], it is estimated 
as 4.52 kNm/m3 for the 22 kW DC-FRM and 66.5 kNm/m3 
for the 114.5 kW partitioned stator WF-FSM, respectively, 
although it has to be said that a current density of 26.8 A/mm2 
is used in the latter. To this end, 17.39 kNm/m3 appears as a 

 
(a) 

 
(b) 

 
(c) 

Fig. 3. Rotor tooth-pairing implemented for different optimum DC-
VRM benchmarks: (a) OBD-I, (b) OBD-II, and (c) OBD-III (PF is 
given as percentage). 

 

 
Fig. 2. Exhibition of the optimum trending designs and some 
selected benchmarks.  
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reasonable value for the 15 kW DC-VRM wind generator. In 
general, comparing OBD-II at par with the NO-PMSG as 
shown in Table II, it becomes clear that the main limitations 
of the proposed direct-drive DC-VRM are in terms of torque 
density and efficiency, no thanks to the absence of PMs.  

The voltage regulation factor, which is determined as 
given in (9), is evaluated as shown in Table II: 

ܷ߂  = ೄିబೄ × 100%, (9) 

where U0 and US are the generator’s back-EMF and terminal 
voltage, respectively. It is seen that ΔU ranges from 8–18.3 % 
for the DC-VRM, which is a good indication of the generator’s 
overload capability. Meanwhile, typical values of small-scale 
multi-phase PM wind generators are given in the range 15–40 
% [11], [12].  

In terms of efficiency, the evaluated values are within the 
expected range for the proposed DC-VRM wind generator 
concept. In Table III, a modest comparison is made with some 
related machine topologies from the literature [10]-[12], [15], 
[17], [20]. No doubt, it is clear that the obtained efficiency is 
very much satisfactory for a non-PM machine. 

However, a much lower torque ripple and satisfactory 
behaviour of some critical performance constraints have been 
noted. The main argument for the proposed DC-VRM wind 
generators is that it provides a basis for harnessing an 
alternative and cheaper wind technology compared to PM 
generator variants. At the moment, OBD-II is benchmarked 
for fabrication and experimental validation based on the 
proposed 15 kW DC-VRM wind generator concept. However, 
due to the outbreak of the COVID-19 pandemic, the process 
is still ongoing. Meanwhile, a 3D outline of the finalised gen-
erator design, as well as the cut lamination of the stator and 
rotor core assemblage, are shown in Figs. 6 and 7, respec-
tively. 

 

TABLE I.  OPTIMUM DESIGN PARAMETERS 

 Parameters  OBD-I  OBD-II  OBD-III 
Do Stator outer diameter (mm) 700 700 700 
lst Stack length (mm) 86.5 109.6 148.1 
Di Stator inner diameter (mm) 454.9 454.9 454.9 
Dsh Shaft diameter (mm) 250 250 250 
bpr Rotor pole width (mm) [arc] 80.5 80.5 80.5 
bsls Slot opening width (mm) 57.5 57.5 59.3 
hys Stator yoke height (mm) 35.3 52.4 58.1 
hyr Rotor yoke height (mm) 45.0 47.1 47.0 
t0 Tapering index on rotor teeth 0.65 0.66 0.66 

JDC DC current density (A/mm2) 4.31 4.09 4.09 
JAC AC current density (A/mm2) 3.50 3.50 3.51 
t1 Rotor tooth-pairing ratio 0.8 0.8 0.8 ݃ Airgap thickness (mm) 0.8 0.8 0.8 

 

TABLE II.  COMPARING THE OPTIMUM PERFORAMCNE  

 
a∆ࡸࡺ࣎ 

% 
 ࡸ࣎∆
% 

b࢛ࡼ 
kW 

 ࢋ࢘ࢉࡼ
W 

 ࡲࡼ
- 

 ࣁ
% 

 ࢁ∆
% 

 ࢋ࣎
Nm 

c࢛ࡹ 
kg 

dࢋࡲࡹ 
kg 

e࢚ࢀࡹ 
kg 

ࢋ࣎ ⁄࢚ࢉࢇࢂ  
kNm/m3 

࢙࢙ࡼ ⁄࢚ࢉࢇࢂ  
kW/m3 

 ࢍࡼ

kW 

2D FEA: OBD-I 4.8 11.2 2.6 104.5 0.8 84.7 11.7 748.4 30.3 140.6 170.9 22.48 80.22 14.8 
2D FEA: OBD-II 7.4 8.5 1.9 120.2 0.8 87.4 9.7 732.0 28.5 195.9 224.4 17.39 50.16 14.6 
2D FEA: OBD-III 6.2 9.1 2.1 148.3 0.8 88.7 8.0 893.5 35.1 270.3 305.4 15.67 40.03 17.9 
3D FEA: OBD-II 20.5 24.6 1.9 92.2 0.7 87.4 18.3 651.3 - - - - - 14.1 
NOW-PMSG [15] 2.2 2.8 0.6 240 0.9 94.0 - 1000 18.9 58.2 84.86 72.22 250.7 15 

a.Cogging torque (ΔτNL); b.copper loss (PCu); c.mass of copper windings (MCu); d.mass of steel (MFe); e.total active mass (MTot) 

 
(a) 

 
(b) 

Fig. 4. Flux distribution lines in OBD-II: (a) 2D FEM full 
model (SEMFEM), and (b) 3D FEM quarter model (ANSYS 
Maxwell©.  

 

Fig. 5. Mesh architecture in: (a) 2D FEM, and (b) 3D FEM. 
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TABLE III.  EFFICIENCY PERFORAMCNE COMPARISON OF DIFFERENT WIND 
GENERATORS 

Reference Rating  ma  η n 
DC-VRM 14.6 kW 3 87.4 % 200 r/min 

WF-FSM [9] 10 kW 3 78 % 360 r/min 
DC-FRM [10] 22 kW 4 83.5 % 1500 r/min 
PM-FSM [11] 9.8 kW 9 89 % 500 r/min 
PM-FSM [12] 10.3 kW 12 87.8 % 500 r/min 

NO-PMSG [15] 15 kW 3 94 % 150 r/min 
Ferrite PM-FSM [17] 5 kW 3 77 % 30 r/min 

PS WF-FSM [20] 114.5 kW 3 87.8 % 2795 r/min 
Ferrite SPMb [20] 65.6 kW 3 90.6 % 2795 r/min 

WRSMc [20] 216.7 kW 3 77.4 % 2795 r/min 
aPhase number (m), bSurface PM machine (SPM), cWound-rotor synchronous machine (WRSM) 

V. CONCLUSION  

In the study, a 15 kW DC-VRM design is proposed for 
direct-drive wind generator drives based on FEM and global 
optimisation. It is shown that the torque ripple constraint can 
be exonerated from the global optimisation framework, and 
later curtailed in the resulting optimum design candidates by 
using a simple rotor pole-pairing technique. At 0.8 pole-pair-
ing ratio, more than 50 % reduction in torque ripple for the 
proposed DC-VRM is obtained, with negligible impact on the 
torque density. It should be mentioned that the findings are for 
a small-scale generator at a 15 kW power level, hence not 
large generators since it is well known that performance of 
copper-excited machines with respect to PM machines 

improves very much with power level. Hence, the much 
reduced performance figures compared to the PM design is 
expected. Typical torque density (17.4 kNm/m3) and 
efficiency (87.4 %) of small-scale copper-excited electrical 
machines at 0.8 PF have been obtained for the optimum DC-
VRM designs – this is good considering the advantages of 
brushless excitation and passive rotor.  
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