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Abstract—For small-scale wind generators to operate effi-
ciently in remote and residential areas, careful consideration must
be given to the selection of the generator topology. The purpose of
this study is to conduct an in-depth comparison of various design
options available for wind generators. These designs include
a permanent magnet vernier generator (PMVG), a permanent
magnet synchronous generator (PMSG), and a wound-rotor
synchronous generator (WRSG). The study thoroughly evaluates
various performance aspects, such as cost, efficiency, torque
density, power factor, and ripple torque, to help make an
informed decision when choosing the most appropriate generator
structure for small-scale wind power applications. Evaluation of
the designs is validated by comparing two-dimensional finite
element results. The findings of this study provide valuable
guidance in choosing a generator that is both high-performing
and cost-effective for small-scale wind power generation.

Index Terms—Permanent magnet, synchronous generator,
small-scale wind generator, vernier generator, wound-rotor

I. INTRODUCTION

In the dynamic realm of sustainable energy solutions, the

role of small-scale wind generators has transcended mere func-

tionality to become integral components in a spectrum of ap-

plications, ranging from residential installations to commercial

enterprises and off-grid environments. The upward trajectory

of their adoption underscores the increasing acknowledgment

of wind power as a decentralized and environmentally friendly

alternative, particularly advantageous in regions endowed with

favorable wind conditions. As the prominence of small-scale

wind generators continues to ascend, the imperative of select-

ing the most fitting generator structure becomes an intricate

task, with considerations extending beyond mere functionality

to encompass critical aspects such as cost efficiency and spatial

constraints [1]. PMSG is popular in small-scale wind power

systems due to their higher efficiency, compact size, and

lightweight design [2]. However, their superior performance

comes at a higher cost due to the incorporation of expensive

permanent magnets (PM). In contrast, the WRSG is emerging

as a popular alternative in wind power systems due to its

cost-effectiveness and reliability [3]. However, their cost-

effectiveness comes with certain drawbacks. These generators

face challenges such as larger physical footprints and utilizing

significant amounts of copper in their rotor windings, hence

their poor efficiency. Introducing a novel perspective to the

domain of PM generators, PMVG emerges as a compelling
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alternative. By strategically employing a reduced quantity of

PMs, the PMVG strikes a delicate balance, offering a cost-

effective solution without compromising on essential perfor-

mance attributes [5], [7]–[12]. This research aims to make a

significant contribution to the evolving landscape of small-

scale wind power. All the electromagnetic parameters of

WRSG, PMSG, and PMVG are comprehensively compared

using the Finite Element Method (FEM) to determine the most

suitable generator for small-scale wind turbine applications

in terms of cost, weight, efficiency, losses, power factor, and

torque ripple

The rest of the paper is structured as follows: Section II de-

scribes the wind turbine system, Section III field-circuit design

approach, Section IV outlines machine topology selection, and

Section V electromagnetic comparison, and the conclusions

are provided in Section VI.

II. WIND TURBINE SYSTEM

Fig. 1 shows a proposed small-scale wind energy system

utilizing either the PMVG, PMSG, or WRSG generator. The

wind turbine with fixed-pitch blades directly connects to the

shaft of the chosen generator. The generator converts the

wind turbine’s mechanical power into AC power, which is

synchronously rectified to DC power using a three-phase

converter. In the WRSG case, the DC link voltage provides the

excitation voltage for the field windings, while the remaining

power goes to a DC grid or AC inverter. For PMVG and

PMSG, the DC power feeds a DC grid or connects to an AC

grid converter.

Fig. 2 presents the characteristics of the small-scale wind

turbine. It shows that the 4.2 kW rated turbine power at 320

rpm turbine (generator) speed occurs at 12 m/s wind speed.

Additionally, the cut-in turbine speed of 100 rpm at 3 m/s

wind speed is shown.

III. FIELD-CIRCUIT DESIGN APPROACH

The equations for the PM and non-PM generator options

are very similar. We will only discuss the non-PM WRSG

equations in detail in this paper. The PM generator equations

are simply derived assuming a fixed value for the field current

and no field circuit losses. The analysis uses the positive

generator model, meaning positive quantities are obtained

when electrically positive currents flow out of the generator

and mechanically positive torque is anticlockwise.
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Fig. 1: Schematic diagram of the PMVG- or PMSG- or WRSG-based wind
energy system.
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Fig. 2: Turbine power versus turbine speed, with wind speed a parameter.

In the simulation, the finite element analysis software cal-

culates the abc flux linkages as output variables based on

the abc current input variables. The dq output flux linkages

and dq input currents are determined using the Park or

dq transformation. The performance of the WRSG is then

determined based on the dq flux linkages and voltages. The

dq flux linkages are calculated according to [13]:

λd = λf − LdId, (1)

λq = −LqIq, (2)

where Id and Iq are the steady state dq-axis stator currents.

Ld and Lq are the dq-axis self-inductances. λf is the field

inductance and is fixed for the PM generator and λf = LdfIf
for the non-PM WRSG, where Ldf is the coupling inductance

representing the magnetic coupling with the field circuit and

If is the field current. The dq stator voltages are given by

Vd = ωeLqIq −RsId, (3)

Vq = ωeλf − ωeLdId −RsIq, (4)

where ωe is the electrical angular frequency and Rs is the

phase-winding resistance. The torque is expressed as

τem =
3

2
p(λdIq − λqId), (5)

where p is the number of pole pairs of the rotor. The dq-axis

stator power is given by

Ps =
3

2
(VdId + VqIq), (6)
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Fig. 3: Cross-section structure of optimum models (a) PMVG 24/34 (b) PMSG
24/22, and (c) WRSG 16/18.

Ss =
3

2

√

V 2
d + V 2

q

√

I2d + I2q . (7)

The power factor can then be calculated as

Pf =
Ps

Ss

. (8)

The electrical output power, the mechanical input power,

and the percentage efficiency are calculated respectively by

Pg = Ps − Pcu(f), (9)

Pt = Pg + Pcu(f) + Pcu(s) + Prot, and (10)

η =
Pg

Pt

× 100%, (11)
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Fig. 4: Winding connection of (a) PMVG 24/34 (b) PMSG 24/22, and (c)
WRSG 18/16.

where Pcu(f) is the field copper losses (zero for the PM

generator), Pcu(s) is the stator copper losses and Prot is the

total rotational losses.

IV. MACHINE TOPOLOGY

As mentioned earlier in this paper, three different structures

with different slot/pole combinations—PMSG (24/22), PMVG

(24/34), and WRSG (16/18)—are designed and optimized for

4.2 kW small-scale wind turbines. The optimization has been

carried out to reduce the mass and size of the generator. The

2D cross-section and winding connections of all optimized

models are depicted in Fig. 3 and 4, respectively. Detailed

specifications and dimensions of all models are provided in

Table I.

TABLE I: Detailed specifications and dimensions of all models.

Parameters PMVG PMSG WRSG

Material M400-50A M400-50A M400-50A
PM N48H N48H -
Slot number 24 24 16
pole number 34 22 18
slot/pole/phase (q) 0.57 0.36 0.37
Fill factor 0.4 0.4 0.45
Outer diameter (mm) 260 260 260
Stack length (mm) 111 120 125
Frequency (Hz) 85 55 42.6
Speed (rpm) 300 300 320
Coil pitch 2 1 1
Winding layer 2 2 2
Winding factor 0.925 0.95 0.945

TABLE II: Electromagnetic performance of all models.

Parameters PMVG PMSG WRSG

Air gap (mm) 1 1 0.45
PM height (mm) 3 3.4 0
PM (Kg) 1.1 1.22 0
Rotor (Kg) 2.1 2.2 17.3
Stator (Kg) 9.3 11.67 10.3
Copper (Kg) 8.1 7 13.5
Total Mass (Kg) 20.6 22.1 41
Material cost ($) 247 258 217
Cost (pu) 1.13 1.18 1
Copper Loss (W) 263 254 707
PM Loss (W) 3.4 5.5 0
Stator Iron Loss (W) 57 62 78
Rotor Iron Loss (W) 9.5 4.5 50
Total Loss (W) 333 327 836
Efficiency (%) 92.3 92.6 80
J (A/mˆ2) 3.6 4 4.8
PF 0.84 0.95 0.8
Ld (mH) 72 54 62.5
Lq (mH) 75.5 62 60
Self Inductance (mH) 95.5 64.5 91.5
Current (A) 6.5 6.6 11.25
Torque (N.m) 131 131 125
Ripple (%) 3.4 2.8 6.5
End Winding Inductance (mH) 4 1 0.6
Stator Leakage Inductance (mH) 23 28.8 12
Torque / Rotor Volume (N.m/m ˆ3) 43 42 30
Torque per Mass (N.m/Kg) 6.35 5.92 2.95

V. ELECTROMAGNETIC ANALYSIS

All structures were designed and optimized for small-scale,

direct-drive, medium-speed wind turbine generators with a

frame size of D160. Their electromagnetic performance was

compared based on FEM using Ansys Motor-CAD software.

Table II provides a comprehensive performance comparison.

The PM option designs demonstrate clear weight advantages

over the WRSG, with the PMVG excelling particularly in

this aspect. Despite the indication of a larger coil pitch,

implying an increase in end winding mass, this is effectively

counterbalanced by the shorter stack length and reduced

PM mass. This combination results in a significantly more

compact design, making the PMVG especially well-suited for

the application. While PM option designs offer substantial

weight advantages due to the higher magnetic flux generated

by permanent magnets, the associated cost increase requires

careful consideration. Economic viability hinges on a thor-

ough cost-benefit analysis to determine whether the weight

reduction justifies the potential rise in generator cost. In

this context, WRSGs present a potentially more cost-effective

alternative due to the absence of expensive PMs. However,

achieving comparable flux levels necessitates increased copper

usage in the rotor windings, leading to a thicker and heavier

rotor to combat saturation. This solution, while addressing

the saturation issue, unfortunately, results in a larger rotor

volume and higher copper mass, consequently increasing core

and copper losses and impacting overall efficiency. Therefore,

the optimal choice between PM and WRSG options depends

heavily on the specific application’s priorities and constraints.

The flux distribution of all models is depicted in Fig. 5. As

shown, the possibility of saturation effects in the WRSG is

higher than in the others.
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Fig. 5: Flux distribution of (a) PMVG 24/34 (b) PMSG 24/22, and (c) WRSG
18/16.

A. Airgap flux density

The radial and tangential air-gap flux densities, along with

their fast Fourier transform, are depicted in Fig. 6, revealing

multiple harmonic components as outlined in Table III. These

harmonics are heavily influenced by both the stator and rotor

poles. In the PM-based configuration, the amplitudes of the

operative harmonic components, denoted as Bt and Br, are

larger than those in the WRSG. In contrast, the amplitudes

of the non-working components of Bt and Br are lower in

the PM-based setup compared to the WRSG. This difference

could potentially impact core loss and introduce torque ripple,

which could affect overall system performance.
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Fig. 6: Airgap flux density, (a) Bt, (b) Br, (c) magnitude of FFT on Bt, (d)
magnitude of FFT on Br.



TABLE III: The radial and tangential airgap flux density per harmonic (v).

PMVG

v Br(T ) Bt(T )
7 0.2 0.05

17 0.83 0.28
41 0.2 0.17
51 0.2 0.07
55 0.05 0.05

PMSG

v Br(T ) Bt(T )
11 0.87 0.18
13 0.2 0.1
35 0.22 0.2
37 0.05 0.04
55 0.1 0.05

WRSG

v Br(T ) Bt(T )
6 0.1 0.01
8 0.7 0.05

10 0.28 0.03
24 0.1 0.02
26 0.17 0.03

B. Loss and EF

In the domain of low-power generators, where efficiency

is paramount, a comparative analysis was conducted between

PMVG, PMSG, and WRSG. The results showed that PMVGs

exhibit nearly identical efficiency to PMSGs despite their

higher frequency. Conversely, WRSGs demonstrated signifi-

cantly lower efficiency due to their reliance on wound rotors

for connection. These wound rotors introduce increased resis-

tance, leading to elevated energy dissipation and consequently

higher copper and rotor core losses compared to PM-based op-

tions. Therefore, the heightened efficiency and lower losses of

PM-based options, make them a promising choice for various

small-scale wind turbine and energy harvesting systems.

C. PF and cost comparison

In assessing costs, the power factor emerges as a pivotal

factor. The WRSG, although potentially boasting lower mate-

rial costs, introduces a concern regarding its PF. The WRSG

tends to exhibit the lowest PF, primarily attributable to its low

synchronous inductance [?], [14]. It’s important to note that

the PM-based options present a higher PF compared to the

WRSG. The disparity in PF becomes a critical consideration,

as a lower PF can significantly impact the cost of associated

components like the inverter and converter. While the WRSG

may appear to have a cost advantage in terms of materials,

the overall system cost may escalate due to the additional

expenses tied to compensating for its lower PF. PMSG has

the highest PF (0.95) among the three generators, followed

by PMVG (0.84) and WRSG (0.8). This means PMSG is the

most efficient in terms of power conversion.

D. Torque Analysis

Fig. 7 demonstrates a comparative analysis of torque for

all models at a power level of 4.2 kW. As shown, the PM-

based options exhibit identical torque values and minimal

torque ripple. Conversely, the WRSG displays lower torque
due to its higher operating speed, accompanied by a sig-

nificantly higher torque ripple compared to the PM-based

options. The rated torque for the PM-based models is 135

N·m, with corresponding torque ripple values of 3.4% and

2.8% for the PMSG and PMVG, respectively. In contrast,

the WRSG exhibits a torque of 125 N·m, with a significantly

higher torque ripple of 6.5% due to the higher non-working

harmonic, approaching the upper acceptable limit (5%) for this

application. The PM-based options demonstrably exhibit lower

torque ripple, a crucial factor for small-scale wind turbine

applications. This characteristic translates to reduced stress on

the drivetrain components, contributing to improved reliability

and potentially longer operational life.

E. Thermal Analysis

Thermal analysis is essential for ensuring the safe and effi-

cient operation of electrical machines. During operation, heat

generated by internal losses must be removed to prevent over-

heating and damage to components. Analyzing the temperature

distribution within the machine helps determine the need for a

cooling system to dissipate excess heat [15]. This paper utilizes

the Lumped Parameter Thermal Model (LPTM) implemented

in Motor-Cad software to conduct a thermal analysis of all

models without a cooling system. This approach allows for

a comprehensive evaluation of component temperatures under

natural convection conditions. Fig. 8 presents the maximum

steady-state temperatures for all models. As shown, the end

winding temperatures reach 94°C, 96°C, and 101°C for the

PMVG, PMSG and WRSG, respectively. Similarly, the core

temperatures reach 93°C, 95°C, and 98°C for the PMVG,

PMSG and WRSG, respectively. These results demonstrate

the superior thermal performance of the PM-based options

compared to the WRSG. This difference may be attributed

to the lower overall losses and current density associated with

the PM-based designs.

VI. CONCLUSION

This paper investigated three generator options for 4.2

kW small-scale wind turbine applications: PMVG, PMSG,

and WRSG. PM-based options were found to be lighter,

more efficient, exhibit lower torque ripple, and have superior

thermal performance compared to WRSG, making them a

more attractive choice for this application. However, the cost

of materials for PM-based options is slightly higher. However,
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Fig. 7: Torque comparison all models.
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Fig. 8: Thermal comparison without cooling and heat extraction system of (a) radial cross-section of PMVG (b) radial cross-section of PMSG, (c) radial
cross-section of WRSG, (d) axial cross-section of PMVG, (e) axial cross-section of PMSG, and (f) axial cross-section of WRSG.

due to the higher PF, especially for PMSG, the total cost

of the system can be cheaper due to the lower cost of the

converter. Nevertheless, their higher initial cost still needs

careful consideration.
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