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ABSTRACT

This paper proposes a Vernier machine with an improved stator design that adopts open stator slots and permanent magnets

installed on both the rotor and stator. Compared to an existing Vernier machine in the literature, referred to as Design 1, the

exclusive stator slots for permanent magnets in the proposed machine help mitigate demagnetisation issues by physically

isolating the windings and the magnets. Additionally, the open stator slot design facilitates the installation of form‐wound coils

which is desirable for large generators used in direct‐drive wind power applications. Using 2‐dimensional finite element

analysis, the proposed design is compared with a conventional surface‐mounted permanent magnet machine, a conventional

Vernier machine and Design 1. The findings indicate that the proposed Vernier machine uses both odd and even harmonics to

generate torque, and it can exhibit superior electromagnetic performance, including torque and efficiency, compared to the

conventional surface‐mounted permanent magnet machine and conventional Vernier machines and demonstrate comparable

electromagnetic performance to Design 1. Furthermore, to enhance the torque‐to‐mass ratio of the proposed Vernier machine,

through‐slots below the stator magnets are introduced and found to be effective without significantly compromising torque and

efficiency. The simulations have been validated by experiments based on a prototype.

1 | Introduction

Direct‐drive permanent magnet (PM) machines are increasingly

popular for wind power applications particularly for offshore

installations [2]. This is mainly due to the frequent maintenance

and failures associated with gearboxes, which are used to in-

crease generator speed but reduce their torque, thereby lowering

generator sizes and costs. Direct‐drive technology eliminates the

gearbox by directly coupling the turbine shaft to the generator,

making the drive train system simpler and more efficient.

However, because of their lower generator speed, the direct‐

drive machines must produce much higher torque than their

geared counterparts to achieve the same output power. This

results in bulkier and more costly generators. Consequently,

extensive research is underway to improve the torque density of

wind generators.

Recently, Vernier machines have become popular because of

their high torque density and simple structure as shown in

Figure 1b. Moreover, their multi‐pole structure and inherent
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low torque ripple make them well‐suited for low speed direct‐

drive applications [3–5]. They use the flux modulation/mag-

netic gear principle to generate high torque [6]. However,

compared to the conventional surface‐mounted permanent

magnet (SPM) machines (see Figure 1a), Vernier machines

have a lower power factor [7]. To address this issue, several

novel topologies were proposed in the literature to improve

both the power factor and torque density of the Vernier

machines [8–18].

The low inter‐pole leakage flux in the Halbach PM array and

the flux concentration feature of the spoke PM array were

utilised to achieve high torque density compared to a classical

surface‐mounted PM Vernier (SPM‐V) machine [8–10]. In

addition, a consequent pole PM arrangement in the rotor can

reduce PM usage for the same output power [11, 12, 19, 20].

To further improve torque density, topologies with either dual

stators [13] or rotors [14] are also proposed. However, a dual

airgap increases the complexity of the structure and is not

desirable for large size multi‐MW direct‐drive machines. For

smaller power machines, a split‐teeth stator with fractional

slot concentrated windings (FSCW) is proposed to improve

the torque per unit volume by reducing the end‐winding

length [8, 15, 16].

The split‐teeth stator has empty slots between the flux modu-

lating teeth (FMT) that are typically unutilised. It has been

found that by installing PMs in these empty slots, the torque of

the machine could be improved significantly, leading to the

development of magnets on both sides (stator and rotor) PM

Vernier (MB‐PMV) topologies. This topology requires rotor sa-

liency to modulate the stator PM flux and induce voltage in the

stator windings, thus generally employing consequent pole ro-

tors. Various combinations of PM arrangements in the rotor and

stator have been explored to create new topologies [21–24].

However, compared to an integer slot Vernier machine, a split‐

teeth stator with FSCW has to compromise torque for the

advantage of shorter end windings [25]. MB‐PMV topologies

with open stator slots and integer slot windings are rarely found

in the literature because of the difficulty of installing the PMs

without empty FMT slots.

The existing open stator slot MB‐PMV topology uses Halbach

array PMs in the stator slot opening as shown in Figure 1c [1].

This Vernier machine could achieve 54% higher torque density

with 37% larger PM volume compared to a classical SPM‐V

machine. However, placing the PMs in the stator slot opening

close to copper windings can result in thermal issues, especially

for high power/electrical loading applications. The high tem-

perature of the windings increases the risk of PM irreversible

demagnetisation which is critical for machine reliability and a

key issue in Vernier machines at high power ratings. Moreover,

Halbach array PMs increase the cost of the machine because of

the complexity of magnetisation and installation.

To harness the advantages such as high torque density and

address the aforementioned challenges such as complexity of

magnet magnetisation and installation of the existing Vernier

machines (see Figure 1c), this paper proposes a Vernier ma-

chine with an improved stator design as shown in Figure 1d.

The stator adopts an open slot structure with single‐layer integer

slot windings which is ideal for high power direct‐drive ma-

chines [26]. Additionally, it incorporates an exclusive stator slot,

akin to the split‐teeth stator, for installing the PMs. The

dimension of these exclusive stator slots (opening angle and

depth) are determined by the stator PMs, and they are not

linked with the rotor slots. By segregating the slots for copper

windings and PMs, physical isolation is achieved, easing the

installation of the PMs. Moreover, the open stator slot with

single‐layer windings facilitates the use of form‐wound coils

which can be pre‐wound and easily inserted into the slots. A

simple PM arrangement with parallel magnetisation is

employed in both the rotor and the stator, ensuring ease of

installation.

To fully reveal the potential of the proposed Vernier machine,

its electromagnetic (EM) performance, such as torque, power

factor, efficiency, torque to mass and torque to cost as well as

demagnetisation withstand capability, was compared against

the conventional SPM, SPM‐V machine and Design 1 [1]. Key

specifications and major performance indicators, including

active power, torque and power factor of the four investigated

machines, will be compared thoroughly. Additionally, the pro-

posed Vernier machine features through‐slots below the stator

PMs to reduce the overall mass of the machine with the

FIGURE 1 | Comparison of 2D models between (a) conventional

SPM, (b) conventional SPM‐V, (c) Design 1 [1] and (d) proposed

Vernier machine.
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potential use of these through‐slots as ventilation ducts also

briefly discussed in this paper.

2 | Working Principle of the Proposed Vernier
Machine

The fundamental working principle of a Vernier machine with

PMs installed only in the rotor is widely discussed in the liter-

ature [27]. The fundamental armature magneto‐motive force

(MMF) is modulated using the airgap permeance created by the

open stator slots. The modulated field is then coupled to the

fundamental MMF created by the rotor PMs. By harmonically

coupling the armature and PM fields, the tangential component

of the airgap flux density can be significantly enhanced. This

enhancement helps Vernier machines generate high torque. To

enable the harmonic coupling, the slot/pole number combina-

tion in a Vernier machine follows the rule given by the

following equation:

Pr = Z − Ps or Pr = Z + Ps (1)

where Z is the number of stator slots, Pr is the number of rotor

pole pairs and Ps is the number of stator winding pole pairs. The

slot/pole number combination with Pr = Z − Ps is proven to

generate higher torque than Pr = Z + Ps [28]. Hence, to

maximise the torque capability, the present paper has also

chosen the slot pole number given by the following equation:

Pr = Z − Ps (2)

The proposed Vernier machine has a consequent pole structure

in both the rotor and stator. Moreover, the PMs and the stator

windings share half of the total number of stator slots. There-

fore, the MMF generated by the stator windings and PM exci-

tation needs to be re‐analysed to gain insight into the working

principle.

2.1 | Airgap Flux Density Because of
Armature MMF

For the proposed Vernier machine, only half of the number of

stator slots are used for stator windings. Therefore, for 3‐phase

machines investigated in this paper, the slots/pole/phase (q) is

given by the following equation:

q = Z/(12Ps) (3)

It is worth noting that Z includes both the stator winding and

PM slots. Substituting Equation (3) in Equation (2), we get the

following equation:

Gr = 12q − 1 (4)

where Gr is the gear ratio of the Vernier machine defined as the

ratio of Pr to Ps. This implies that the minimum Gr possible for

the proposed Vernier machine to realise an integer slot winding,

that is q = 1, is 11.

The armature MMF (Fc) for an integer slot winding is given by

the authors in Ref. [6]

Fc(θs, t) =
3

̅̅̅
2

√
TphIph
Psπ

[ ∑
n=1,7,13,…

kwn
n
cos(nPsθs − ωt)

+ ∑
n=5,11,17,…

kwn
n
cos(nPsθs + ωt)]

(5)

where Tph is series turns per phase, Iph is the root mean square

(RMS) value of phase current, kwn is the nth harmonic winding

factor, θs is the angular position in the airgap with respect to

stator reference and ω is the electrical angular frequency.

Because of Equation (2), only the slot harmonics of the order of

( Z
Ps

− 1 = Gr) can be utilised for torque production. Consid-
ering only the fundamental and the lowest order (Gr) slot har-

monics, Equation (5) can be further simplified as follows:

Fc(θs, t) =
3

̅̅̅
2

√
TphIph
Psπ

[kw1 cos (Psθs − ωt)

+ (kwGr

Gr
)cos (Prθs + ωt) ]

(6)

Similarly, considering only the DC and the fundamental com-

ponents, the airgap permeance (Λ) of the doubly salient struc-

ture of the proposed Vernier machine is given by the following

equation:

Λ(θs) =
g

μ0
[Λ0s + Λ1s cos(Zθs)] × [Λ0r + Λ1r cos(Prθs + ωt)] (7)

where Λ0s and Λ0r are the DC component of the airgap per-

meance created independently when the rotor and stator are

slotless, respectively, and their peak fundamental components

are Λ1s and Λ1r, respectively.

The airgap flux density Bga, considering only the working har-

monics, is given by the following equation:

Bga(θs, t) = B1 cos(Prθs + ωt) + B2 cos(Zθs) + B3 cos(Prθs
+ ωt)

(8)

The three terms in Equation (8) are the result of the interaction

of the armature MMF and airgap permeance terms as shown in

Table 1.

2.2 | Even Order Harmonics in PM MMF

A conventional SPM‐V machine has PMs of opposite polarity

forming one rotor pole pair. Therefore, the MMF has symmet-

rical positive and negative half cycles without even order har-

monics. The rotor PM MMF, the direction of which is opposite

to the fundamental armature MMF, therefore, can be repre-

sented as follows:

FrPM = ∑
i=1,3,5…

Fir cos i(Prθs + ωt) (9)
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However, for the proposed Vernier machine both the rotor and

stator have consequent pole structures. The rotor/stator core

acts as the virtual magnet poles with opposite polarity for the

PM flux. As a result, the positive and negative half cycles of the

MMF will not be symmetrical, meaning that even‐

order harmonics exist. To demonstrate this phenomenon, the

12‐slot/11‐rotor pole pair model shown in Figure 1d is analysed

without considering the slotting effect. The flux distribution

generated by the rotor and stator PMs is separately shown in

Figure 2a,b, respectively. For a slotless model, the airgap flux

density harmonic spectra represent the harmonics of the PM

MMF. The comparison of radial airgap flux density spectra is

shown in Figure 3. Their magnitude is normalised using their

respective fundamental harmonic as reference. It can be

observed that, as expected, the even‐order harmonics exist in

the airgap flux density generated by both the rotor and stator

PMs. However, with more space between adjacent stator PMs,

their even‐order harmonic is significantly higher. This can be

visualised in the flux distribution plot (see Figure 2b) with a low

flux concentration at the centre of iron pole (virtual South pole)

and a high flux concentration in stator PMs (virtual North pole).

With a negligible magnitude of even‐order harmonics, the rotor

PM MMF (FrPM) can be approximated as Equation (9). However,

the MMF created by the stator PMs (FsPM), after consideration of

the even‐order harmonics, is given by the following equation:

FsPM = ∑
i=1,2,3…

Fis cos[i(Z/2)θs] (10)

For steady torque production, the fundamental rotor PM MMF

[F1r cos(Prθs + ωt)] and the second‐order harmonic of the stator

PM MMF [F2s cos(Zθs)] interact with the airgap flux density
harmonics generated by the armature MMF as listed in Table 1.

It is interesting to note that the armature MMF created a sta-

tionary airgap field [B2 cos(Zθs)] which can interact with the
stationary stator PM MMF for torque production. For Design 1

(see Figure 1c), instead of the even‐order harmonics, the

fundamental stator PM MMF [F1s cos(Zθs)] contributes to tor-
que production.

3 | 2D FEA Modelling and Performance
Comparison

A conventional 3 kW SPM machine was chosen to benchmark

the investigated Vernier machines, that is, the conventional

SPM‐V, Design 1 [1] and the proposed machines. The key ma-

chine parameters are listed in Table 2. An outer rotor topology is

selected as it can be directly coupled to the turbine hub and is

desirable for multi‐pole structures often adopted in wind gen-

erators. OPERA 2D (Dassault System), an FEA software pack-

age, was used for the analysis and optimisation of these

topologies. This optimisation tool uses a combination of deter-

ministic (sequential quadratic programming) and stochastic

methods (genetic algorithms and simulated annealing). Both the

conventional SPM and Vernier machines are globally optimised

for maximum torque where the d‐axis current is zero. The

variables used for the global optimisation are the same as those

discussed in [7]. These variables include the split ratio (stator

outer diameter over rotor outer diameter), the magnet thickness

ratio, the magnet pole arc ratio, the slot opening ratio and the

stator back iron thickness ratio. For a fair comparison between

the topologies, during the optimisation process, the machine

volume, the copper loss, the phase current and PM volume are

kept constant. It is worth noting that, the final optimised SPM‐V

machine has a smaller PM volume than the other machines as

shown in Table 2. Because of their higher PM inter‐pole leakage

flux, increasing PM volume cannot further increase the torque.

TABLE 1 | Airgap flux densities because of armature MMF.

Armature MMF terms Permeance terms Resultant airgap flux density terms

F1 cos(Psθs − ωt) Λ0rΛ1s cos(Zθs) B1 cos(Prθs + ωt)
F1 cos(Psθs − ωt) Λ0sΛ1r cos(Prθs + ωt) B2 cos(Zθs)
FGr cos(Prθs + ωt) Λ0rΛ0s B3 cos(Prθs + ωt)

FIGURE 2 | Comparison of PM flux distribution with no slotting

effect in the proposed Vernier topology. (a) Rotor PMs and

(b) stator PMs.

FIGURE 3 | Comparison of normalised radial airgap flux density

spectra analysed in the slotless model of the proposed Vernier

machine with rotor and stator PMs excited separately.
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Hence, the machine utilises the armature reaction flux for

maximising the torque by reducing the PM thickness (magnetic

airgap length). A Gr of 11 has been selected for the Vernier

machines as that is the minimum value possible for the pro-

posed machine with an integer slot winding. This would result

in a winding with q = 1 for the conventional and proposed

Vernier machine and q = 2 for other machines. Different slot/

pole number combinations are possible with this Gr. However,

as an example, only the slot/pole number combination

(Z = 72,Pr = 66 and Ps = 6) with optimal performance was

presented in this paper (except for conventional machine). It is

worth noting that a higher gear ratio is possible, however, it

would worsen the power factor of Vernier machines and hence

a higher gear ratio was not investigated.

3.1 | Open Circuit Flux Distribution

The comparison of one pole pair model of the investigated

machines with their open circuit flux distributions (at an instant

when phase A has the maximum flux linkage) is shown in

Figure 4 (2 pole pairs for the conventional machine). The radial

airgap flux density spectra for this flux distribution are

compared in Figure 5. The slot/pole number combination for

one pole pair model of the Vernier machine is Z = 12, Pr = 11

and Ps = 1. From the spectra, it can be observed that Design 1

has a 12th order fundamental created by the stator PMs in

addition to the 11th order fundamental produced by the rotor

PMs. Whereas, in the proposed Vernier machine with PMs

installed only in half of the number of stator slots, the funda-

mental is the 6th order. However, as discussed before, a 12th

order even harmonic is generated because of the larger space

between the PMs. As mentioned previously, these 11th and 12th

order harmonics can interact with the armature MMF har-

monics shown in Table 1 to produce torque.

3.2 | Induced EMF and Torque

The comparison of line‐line induced electromotive force (EMF)

waveform and their spectra between the conventional SPM and

Vernier machines is shown in Figure 6. It can be observed that

the proposed Vernier machine achieves the highest induced

EMF (2104 V). This is 5%, 42% and 212% higher than that

generated by the Design 1, the SPM‐V and the conventional

SPM machines, respectively. Compared to the conventional

SPM machines, the Vernier machines can achieve more sinu-

soidal EMFs which is beneficial for reducing the torque ripple.

The comparison of cogging torque waveforms and their spectra

is shown in Figure 7. The calculated cogging torque ripples

[(CTmax − CTmin)/Tav � 100%, where CTmax and CTmin are the

maximum and minimum values of cogging torque and Tav is the

rated average torque during one electrical period] is shown in

Table 2. Although the cogging torque of the proposed machine

is significantly low compared to the conventional SPM machine,

it is slightly higher than that of the SPM‐V machine and the

Design 1. It is worth noting that cogging torque reduction

techniques such as skewing or PM shaping were not applied in

this analysis.

Since the phase current is the same for the investigated ma-

chines, without heavy saturation, the average on‐load torque

will largely follow the trend of the phase EMF. The comparison

of the torque waveforms is shown in Figure 8. The average

TABLE 2 | Key parameters of investigated machines.

Parameters
Conventional

SPM

Vernier machines

SPM‐V
Design
1 [1] Proposed

No. of rotor

pole pair

16 66

No. of stator

slots

96 72 72 36

No. of stator

winding

pole pairs

16 6

No. of stator

PM pole

pairs

0 0 72 36

Rated

speed (rpm)

170

Frequency

(Hz)

45.3 187

Rotor outer

diameter

(mm)

426.4

Airgap

length (mm)

2

Stack

length (mm)

110

PM

volume

(dm3)

0.408 0.345 0.41 0.41

Rotor PM

over total

PM volume

ratio (%)

100 100 40 55

PM material NdFeB (Br = 1.3T,μr = 1.06)

Phase rms

current (A)

2.5

Turns/phase 832

Phase rms

voltage (V)

693 1506 1841 2140

Active

power (kW)

3 4.5 5.9 6.3

Average

torque (Nm)

171 254 331 354

Torque

ripple (%)

24 0.38 0.63 3.4

Cogging

torque (%)

13.6 0.36 0.5 2.1

Power factor 1 0.69 0.74 0.68
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torque for the proposed Vernier machine, as shown in Table 2,

is almost 7%, 39% and 207% higher than Design 1, SPM‐V and

conventional SPM machines, respectively. The on‐load torque

ripples [(Tmax − Tmin)/Tav � 100%, where Tmax and Tmin are the

maximum and the minimum values of on‐load torque during

one electrical period] shown in Table 2, suggest that they are

mainly driven by the cogging torque (of 6th harmonic order) as

shown in Figure 8b.

In order to investigate the contribution of airgap flux density

harmonics to the on‐load torque, the Maxwell stress tensor

method is adopted, and the two Vernier machines with PMs

installed on both the rotor and stator, that is, Design 1 and the

proposed machine were compared as shown in Figure 9. This

confirms the torque‐producing mechanism discussed in sec-

tion 2.2. Since the proposed Vernier machine uses a larger PM

volume in the rotor than Design 1, as shown in Table 2, the

torque contribution from the 11th order harmonic is higher.

FIGURE 7 | Comparison of cogging torque between the conventional

SPM and SPM‐V machines. (a) Waveforms and (b) spectra.

FIGURE 6 | Comparison of induced EMF between the conventional

SPM and SPM‐V machines. (a) Waveforms and (b) spectra.

FIGURE 4 | Open circuit flux line distributions with the phase A

having the maximum flux linkage. (a) Conventional SPM machine,

(b) SPM‐V machine, (c) Design 1 and (d) proposed Vernier machine.

FIGURE 5 | Comparison of open circuit radial airgap flux density

spectra between the investigated machines.

6 of 14 IET Electric Power Applications, 2025

 1
7

5
1

8
6

7
9

, 2
0

2
5

, 1
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://ietresearch
.o

n
lin

elib
rary

.w
iley

.co
m

/d
o

i/1
0

.1
0

4
9

/elp
2

.7
0

0
3

2
 b

y
 T

est, W
iley

 O
n
lin

e L
ib

rary
 o

n
 [2

5
/0

4
/2

0
2
5
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v

ern
ed

 b
y

 th
e ap

p
licab

le C
reativ

e C
o

m
m

o
n

s L
icen

se



The comparison of torque‐current characteristics is shown in

Figure 10. The phase current is gradually increased to around

twice the rated current. The proposed Vernier machine al-

ways produces higher torque than the other investigated

machines.

3.3 | Power Factor

Generally, one of the major disadvantages of the Vernier ma-

chines is that they often have a relatively low power factor

compared to conventional SPM machines [29]. This would

mean that for the same active power, they would need to have

more expensive power converter because of larger apparent

power. The comparison of power factor between the conven-

tional SPM and Vernier machines is shown in Table 2. It is

found that the conventional SPM machine has a unity power

factor. However, the Vernier machines generally have a poorer

power factor, which is because of their higher synchronous

reactance resulting from higher inductances and operating

frequencies (see Table 2). In addition, it is also found that the

proposed Vernier machine achieves a relatively lower power

factor of 0.68 compared to 0.74 and 0.69 for Design 1 and the

SPM‐V machine, respectively. This is mainly because although

the proposed Vernier machine could produce higher induced

EMF than Design 1, its relatively higher winding inductance as

shown in Figure 11, has resulted in a lower power factor.

However, compared to the SPM‐V machine, the proposed ma-

chine can achieve much higher torque with a comparable power

factor.

3.4 | Torque to Cost and Torque to Mass

Compared to geared machines, the larger size of the direct‐drive

counterparts will result in higher costs and heavier mass. Hence

it is important to evaluate the torque to cost (T2C) and torque to

mass (T2M) of these investigated machines for a fairer com-

parison. For the calculation of cost and mass, only the active

material is considered. The mass density and the cost of each

active material component used for the calculation are 7650 kg/

m3 and 2.5 €/kg for silicon steel, 7400 kg/m3 and 50 €/kg for

NdFeB and 8940 kg/m3 and 8 €/kg for copper. The comparison

of the active material cost and T2C between the machines is

shown in Figure 12 and Table 3. The cost of the machines is

mainly driven by the PM volume. As mentioned before, the

SPM‐V machine uses a lower PM volume and hence a lower PM

cost. The second major cost is the copper wires. Conventional

SPM machine has a relatively lower copper cost due to their

shorter end‐winding lengths. For the same airgap diameter and

coil pitch (slot/pole) as the conventional SPM machines, the

Vernier machines have a longer end‐winding length because of

FIGURE 10 | Comparison of torque‐current (rms) characteristics

between the conventional SPM and Vernier machines including

measured results.

FIGURE 8 | Comparison of torques between the conventional SPM

and SPM‐V machines. (a) Waveforms and (b) spectra.

FIGURE 9 | Comparison of torque producing harmonic components

in airgap flux density between Design 1 and the proposed Vernier

machine.

FIGURE 11 | Comparison of d‐axis inductance (without the presence

of PMs) between the conventional SPM and Vernier machines.
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their lower slot/pole number combinations. Compared to other

machines, the proposed Vernier machine uses only half of the

slots for windings. Hence for the same phase current, the stator

slot depth for the proposed machine is almost doubled

compared to the other machines, increasing the cost of the

stator core. This increased slot depth can be visualised in

Figure 4d. Although the overall cost of the proposed Vernier

machine is higher, the T2C ratio is found to be 74% and 15%

higher than the conventional SPM and SPM‐V machines,

respectively. Whereas, its only 3% lower compared to Design 1.

The comparison of the mass of the active components is shown

in Figure 12b. It is observed that the stator core, the main

component driving the mass, is much heavier for the proposed

machine because of its large slot depths. This has increased the

overall mass of this machine and therefore the T2M is much

lower (by 30%) than Design 1 and SPM‐V machine as shown in

Figure 12b. However, the T2M is still significantly higher (by

47%) than the conventional SPM machines.

3.5 | EM Losses and Efficiency

For calculating the efficiency, only the EM losses, that is, the PM

eddy current, iron core and copper losseswere considered.Unlike

the conventional PM machines, the Vernier machines have high

eddy current losses in the PMs [30] and rotor (solid) back iron.

This is because their fundamental armature MMF rotates asyn-

chronously with the rotor. Hence, the rotor back irons of all the

machines investigated in this paper are laminated which is

similar to the stator core. However, a laminated rotor may be a

challenge for large multi‐MW direct‐drive offshore wind appli-

cations. Hence, Vernier machines may require a solid frame to

support the laminated rotor core. The prototype built and tested

for the proposed Vernier machine incorporates these design re-

quirements and is discussed in section 4. To reduce the PM eddy

current loss in the Vernier machines, 2 circumferential segmen-

tations were used for all the radially magnetised PMs. No seg-

mentations have been used for the stator Halbach PMs of Design

1. Similarly, no segmentation has been used for the conventional

SPM machines as their PM eddy current loss is negligible. The

comparison of EM losses between the conventional SPM and

Vernier machines is shown in Figure 13.

It can be observed that Vernier machines have relatively higher

losses compared to the conventional SPM machines. This is

because of their higher operating frequencies resulting in higher

iron core losses. Also, the longer end‐windings result in higher

copper loss. Although the proposed Vernier machine has higher

losses, its relatively high torque helps achieve an overall effi-

ciency of 96.18% which is better than the conventional SPM

(95.1%) and SPM‐V (95.48%) machines. However, Design 1 with

high torque and relatively lower losses has the maximum effi-

ciency (96.36%) marginally better than the proposed Vernier

machine.

3.6 | Thermal Performance

Two simplified 3D models were constructed using JMAG soft-

ware package for both Design 1 and the proposed machine to

evaluate their thermal performances. To obtain essential pa-

rameters such as the convection coefficient of the rotor’s outer

surface and the thermal resistance of the air gap, two corre-

sponding models of typical outer rotor SPM machines were built

in motor‐CAD. Unlike the proposed machines, these typical

SPM machines do not have magnets on the stator; instead, these

TABLE 3 | Performance comparison.

Parameter SPM‐V machine Design 1 [1] Proposed machine With through‐slots

Induced EMF (V) 857 1160 1216.5 1208.5

Average torque (Nm) 254 331 354 352

Cogging torque (%) 0.36 0.5 2.1 2.1

Torque ripple (%) 0.38 0.63 3.4 3.3

Power factor 0.69 0.74 0.68 0.675

T2M (Nm/kg) 1.76 1.77 1.46 1.67

T2C (Nm/€) 1.59 1.77 1.74 1.82

Efficiency (%) 95.5 96.36 96.18 96

FIGURE 12 | Comparison of the active components (a) cost in Euros

and (b) mass in kg.
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areas are replaced by iron. However, these machines are

assumed to have the same convection coefficient and air gap

thermal resistance. The rotor’s outer surface dissipates heat

through forced air convection because of rotation and radiation.

In motor‐CAD, the obtained heat transfer coefficient for forced

air convection is 6.8 W/m2/°C, and for radiation, it is 6.3 W/m2/

°C. Consequently, in the JMAG thermal model, the rotor’s outer

surface is assigned a combined heat transfer coefficient of

13.1 W/m2/°C with an ambient temperature of 25°C. The inner

surface of the stator is considered to be cooled down by natural

convection. In motor‐CAD, the obtained heat transfer coeffi-

cient for natural air convection is 3.9 W/m2/°C and for radia-

tion, it is 6.3 W/m2/°C. Consequently, in the JMAG thermal

model, the stator’s inner surface is assigned a combined heat

transfer coefficient of 10.2 W/m2/°C with an ambient temper-

ature of 25°C. Other essential thermal parameters are listed in

Table 4 with the various losses shown in Figure 13. The winding

part is represented using equivalent thermal conductivity in

different directions obtained from motor‐CAD software. The

copper filling factor of the slot is 0.4, with corresponding ther-

mal conductivities of 0.59 W/m·K in the radial and tangential

directions, and 251 W/m·K in the axial direction. An equivalent

air gap with a thickness of 0.037 mm introduces the contact

thermal resistance between the housing and rotor iron. It is also

worth noting that in JMAG, the airgap region is modelled using

two identical thermal resistances (1.45°C/W) because of

convection—one linked to the rotor surface and the other to the

stator surface—connected in series to establish a heat flow path

between the stator and rotor. As a result, the JMAG model in-

tegrates both finite element analysis and a lumped parameter

network with the latter specifically applied to the airgap region.

The temperature distribution of the investigated machines at

170 rpm is shown in Figure 14. For clarity, only the temperature

on the stator is presented since themagnets, being adjacent to the

windings, exhibit the highest temperature. It can be observed that

Design 1 has a lower overall temperature, primarily because of the

lower stator core iron loss (see Figure 13). However, the tem-

perature gradients between the slots and magnets are around

2°C–3°C for both Design 1 and the proposed machine, indicating

that the location of the magnets does not significantly impact PM

thermal performance of these two machines.

3.7 | PM Demagnetisation

The demagnetisation analysis is performed under a symmetrical

3‐phase short circuit. It is to be noted that the Halbach arrays in

TABLE 4 | Thermal parameters of different machine materials.

Thermal conductivity (W/m/°C) Specific heat (J/kg/°C) Density (kg/m3)

Housing 168 833 2790

Iron 30 460 7650

Coil 0.59 (radial) & 251(axial) 385 8933

Magnet 7.6 460 7500

Air (25°C) 0.026 1004 1.185

FIGURE 13 | Comparison of EM losses between conventional SPM

and Vernier machines.

FIGURE 14 | Temperature distributions of (a) Design 1 and

(b) proposed design.
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Design 1 are close to the windings and hence may experience

higher temperatures than the stator PMs in the proposed Ver-

nier machine. However, for simplification, the operating tem-

perature of both the rotor and stator PMs is assumed to be 60°C

which gives a knee point of 0.12T, a Br of 1.152T and a Hc of

−871kA/m. The comparison of the d‐axis short circuit current

and d‐axis flux linkage (at peak d‐axis current [Id,peak]) is shown

in Figure 15. Because of the relatively high inductance of the

Vernier machines (see Figure 11), the Id,peak is almost 7 times

lower than that of the conventional SPM machines as shown in

Figure 15a. Since the Vernier machines are harmonically

coupled, the rotational direction of the rotor is opposite to that

of the conventional SPM machines and hence the polarity of d‐

axis currents is opposite. The Id,peak is found to be almost the

same for all the Vernier machines. The d‐axis flux linkage of the

Vernier machines is therefore proportional to their inductances,

that is, the proposed machine has the highest d‐axis flux linkage

followed by Design 1 as shown Figure 15b.

The flux distribution in the machine and the flux density dis-

tribution in the PMs at the instant of Id,peak is compared between

Design 1 and the proposed Vernier machine as shown in

Figure 16. The coloured region (< 0.12T) indicates the demag-

netised area in the PM. It can be observed that both the rotor

and stator PMs are partially demagnetised in Design 1. How-

ever, in the proposed Vernier machine, even with a higher d‐

axis flux linkage, the PMs are not demagnetised. This is because,

for the same PM volume between the two machines, the pro-

posed machine can have thicker PMs as only half of the stator

slots are installed with PMs. A thicker PM improves the irre-

versible demagnetisation withstand capability. For the same

reasons, both the conventional SPM and SPM‐V machines did

not show any demagnetisation in the PMs. It is worth noting

that, if a higher temperature of the PMs next to windings is

considered (very much possible as stator windings generally

have a high operating temperature), the demagnetisation with-

stand capability of Design 1 may be further worsened.

The above results show that the proposed Vernier machine has a

comparable torque, power factor, T2C, efficiency and a better

demagnetisation performance compared to the existing Design 1.

Moreover, they show superior performance compared to the

conventional SPM and SPM‐V machines. However, one of the

drawbacks of the proposed Vernier machine is their bigger stator

core increasing theirmass and thereby lowering the T2M ratio. To

improve their T2M ratio, through‐slots are proposed below the

stator PMs and are discussed in detail in the next section.

3.8 | Proposed Vernier Machine With Through‐
Slots

The comparison of the 2D one pole pair model of the proposed

Vernier machine with and without through‐slots is shown in

Figure 17.

The dimensions of the through‐slots are optimised to maximise

the T2M ratio. The performance comparison of the proposed

Vernier machines with and without through‐slots is shown in

Table 3. It can be observed that the T2M ratio is improved by

14% (from 1.46 to 1.67) compromising only 0.7% and 0.18% of

the average torques and efficiencies, respectively. Through‐slots

also help improve the T2C ratio by 4.6% making it better than

Design 1. Apart from using these through‐slots for reducing the

mass of the machine, they can also be used as ventilation ducts

FIGURE 15 | Comparison of d‐axis short‐circuit current and flux

linkage between the conventional SPM machine and Vernier

machines. (a) d‐axis current under 3‐phase short‐circuit and (b) d‐axis

flux linkage at peak d‐axis current (Id,peak) with and without PMs

excited.

FIGURE 16 | Comparison of d‐axis flux distribution in the machine

and flux density distribution in the PMs at the instant of Id,peak.

(a) Design 1 and (b) proposed Vernier machine. The coloured

region indicates the demagnetised areas in the PMs.
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to improve the cooling. Large direct‐drive wind generators will

have multiple axial stator core packages. Therefore, the forced/

natural air through the airgap of the machine can circulate

along these through‐slots to improve the thermal performance

of the machine. As these through‐slots are near the stator PMs

and windings, they can be effective in removing the heat

because of copper and PM eddy losses.

4 | Experimental Validation

To validate the simulations, a prototype of the proposed Vernier

machine was constructed, and the stator and rotor laminates as

well as the completed stator and rotor are shown in Figure 18a–

c. The machine specifications for this prototype match those

listed in Table 2. The prototype, mounted on the test rig, is

illustrated in Figure 18d.

4.1 | Noload Tests

To measure the phase EMF, the protype machine was spun at its

rated speed by the drive motor shown in Figure 18d. Three‐

phase EMFs were measured, and the measured phase A EMF

has been used as an example to compare against the simulated

result as shown in Figure 19. Since the proposed machine

generates predominantly sinusoidal EMF with minimal har-

monic components, the spectra are not presented here because

of space limitations.

Overall, there is a generally good agreement between the simu-

lated andmeasured results, albeit with a slight discrepancywhere

the measured EMF is marginally lower than the simulated

counterpart. It is worth noting that because of the external rotor

structure, the prototypemachine has only one bearing on the left‐

hand side end‐plate as shown in Figure 18d. This single bearing

arrangement posed challenges in maintaining perfect concen-

tricity between the stator and rotor, resulting in unavoidable ec-

centricity during testing. The impact of rotor eccentricity on

machine performance will be discussed in the following section.

The Vernier machine exhibits a phase resistance around 5Ω.

The relatively high phase resistance is mainly because of the

large number of turns per phase (832) as shown in Table 2. The

measured d‐axis inductance is approximately 357 mH which is

slightly higher than the simulated value of around 310 mH

shown in Figure 11. This discrepancy is primarily attributed to

the end‐windings that were not accounted for in the 2D FE

models used for calculating the d‐axis inductance.

4.2 | Eccentricity Analysis

To assess the impact of rotor eccentricity on machine perfor-

mance, the phase EMF and rated torque were calculated for

various levels of eccentricity, ranging from 0 mm (no eccen-

tricity) to 0.6 mm. It is worth noting that only static eccentricity

is considered, and it occurs in x‐axis. The finite element results

are shown in Figure 20. As rotor eccentricity causes a non‐

uniform airgap, it was observed that both the phase EMF and

on‐load torque generally increased. However, this also led to a

rise in the peak‐to‐peak variation of the on‐load torque.

FIGURE 17 | Comparison of one pole pair model of the proposed

Vernier machine. (a) Without through‐slots and (b) with through‐slots.

FIGURE 18 | Proposed Vernier generator prototype. (a) Stator and

rotor laminates, (b) stator, (c) rotor and (d) complete machine on

test rig.

FIGURE 19 | Simulated and measured phase back‐EMF.
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Despite best effort being made to mitigate the rotor eccentricity,

it might have contributed to the observed discrepancy between

the simulated and measured phase EMFs (see Figure 19). It is

also worth noting that the cogging torque of the proposed

Vernier machine is very small, which cannot be accurately

measured using the existing test rig shown in Figure 18d.

4.3 | Onload Tests

The prototype machine was tested as a generator with its speed

and torque varied to simulate different operating conditions. It is

important to note that this operating mode differs from the sim-

ulations, where the proposed machine was operated as a motor.

This approachwas chosen for practical reasons, as the test rig and

associated control algorithms were designed to operate the pro-

totype machine as a generator. However, this difference should

not affect the accuracy of the investigation. The distinction be-

tween motoring and generating modes lies only in the current

phase angle (not its magnitude) which determines the sign of the

output torque but does not affect its magnitude.

The onload torque against rotor position and average torque

against phase rms current were measured, and compared

against the simulated results as shown in Figure 21. Again, as

for the phase EMFs, the measured average torque is also slightly

different from the simulated one, primarily attributed to the

aforementioned rotor eccentricity.

5 | Conclusion

This paper proposes a Vernier machine with an improved stator

design, incorporating dedicated stator slots for the installation of

stator permanent magnets (PMs). The machine features PMs on

both the rotor and stator as well as form‐wound coils, specifically

optimised for direct‐drive wind power applications. This inno-

vation addresses themagnet installation challenges of the existing

Vernier topology, where stator PMs and windings share the same

slots (Design 1). The electromagnetic performance of the pro-

posed Vernier machine is compared with conventional surface‐

mounted permanent magnet (SPM) machines, SPM Vernier

(SPM‐V) machines and Design 1. The study reveals that the pro-

posed Vernier machine uses both odd and even harmonics to

generate torque, and it can outperform the conventional SPMand

SPM‐V machines. Although it shows marginally lower or com-

parable electromagnetic performance to Design 1, its other ben-

efits such as enhanced demagnetisation withstand capability and

easier installationof stator radial PMs,make theproposedVernier

machine a promising candidate for large direct‐drive wind power

applications. Furthermore, the introduction of through‐slots

beneath the stator PMs can further enhance performance met-

rics such as torque‐to‐cost and torque‐to‐mass ratios. The nu-

merical results have been validated through tests on a prototype.
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