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Abstract – In this paper, a dual-stator, spoke-type linear vernier machine (DSSLVM) for wave 
energy extraction application was proposed. This machine is capable of producing a competitively 
high thrust force and force density at a low operation speed in direct drive systems. The operation 
principal and working of the proposed DSSLVM were studied. The stator core height is adjusted to 
improve the overall force density of the proposed machine while reducing the force ripple. To evaluate 
the advantages of the proposed DSSLVM, the main performance was compared with that of a recently 
developed linear primary permanent magnet vernier machine (LPPMVM). The proposed machine 
exhibited greater thrust force and force density, an improved power factor and lower force ripple with 
the same permanent magnet (PM) volume compared to the LPPMVM. 
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1. Introduction 
 
In recent years, research has emphasized the extraction 

of energy from renewable energy resources such as wind 
turbines, hydropower, solar and ocean energy as they are 
comparatively cheaper and environmentally friendly 
processes. Ocean energy in the form of waves is a 
significant source of renewable energy. There are mainly 
two methods for capturing and converting the wave energy 
of the sea. The first one utilizes rotating electrical machines 
as with the generation of other forms of renewable energy. 
It uses a complex intermediate gear to convert the slow 
moving wave’s linear motion to high-speed rotating motion 
to be utilized in rotating machines. Thus, the overall 
system suffers from high maintenance and lower reliability. 
The other method is to directly drive the machine from the 
reciprocating motion, i.e., linear generators. These machines 
act as a direct drive system, eliminating mechanical gears 
and reducing the energy conversion steps from rotary to 
linear motion, which in turn reduces the maintenance costs 
and increases the efficiency [1]. Consequently, the overall 
cost of the system is reduced with improved reliability.  

However, permanent magnet (PM) linear machines 
suffer from a bulky size due to a large number of winding 
poles to fulfill the low-speed operation requirement, which 
decreases the power density of the machine. Recently, 
magnetic gears (MGs) have been used to resolve this issue 
due to their flux-modulating capability, which converts the 
slow moving flux of PMs to higher speeds. Besides that, 
these MGs have better reliability due to less physical 

oscillation, acoustic noise and maintenance costs compared 
to mechanical gears. Based on this principle, some high-
performance magnetic gears with high power density have 
been developed [2, 3].  

Furthermore, a pseudo direct drive machine was 
proposed, which utilizes MGs to convert the low-speed 
magnetic flux to high speed for electrical generation [4]. 
However, this machine suffers from manufacturing aspect 
due to having three air gaps and two moving parts. To 
resolve this issue, a generic torque-maximizing machine 
having only one air gap and a higher torque density is 
developed, and a linear version of it has been developed 
since [5, 6]. However, these machines have magnets on the 
translator which makes their mechanical and thermal 
design more unstable and less robust [7]. It also increases 
the manufacturing cost of such machines. Linear vernier 
hybrid machines (LVHs) have been developed to resolve 
this issue. These machines have magnets on the stator and 
work on the principle of flux reversal [8]. These machines 
were further researched to improve the force density in 
single-stator linear primary permanent magnet vernier 
machines (LPPMVMs) and dual-stator higher temperature 
superconducting (HTS-LPPMVM) [9, 10].  

However, linear vernier machines mentioned above 
suffer from a low power factor due to longitudinal end 
effects of linear structure and vernier nature. Which 
requires a high rated converter for the machine operation 
and increases the overall cost of the system [11, 12]. To 
resolve this problem, a flux focusing spoke-type design 
was proposed in [13]. It effectively increases the flux 
density value in the air gap, which improves the power 
factor of the machine along with the power density through 
a dual-stator compact design. However, the linear version 
of this model has not yet been proposed. 
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In this paper, a new topology of the linear stator vernier 
machine, named the dual-stator spoke-type linear vernier 
machine (DSSLVM), was proposed for high force density 
with an improved power factor. This machine uses PMs in 
the translator. These magnets are magnetized in the axial 
or horizontal direction to operate with both stators 
simultaneously. The spoke-type PM arrangement in the 
translator increases the effective utilization of the magnet’s 
flux and generates a high flux density in the air gap. The 
proposed machine is designed as a flat type with similar 
stator dimensions and the same air gap length, which is 
different in the tubular design i.e. inner and the outer stator 
diameter. Based on the number of winding pole pairs and 
the number of teeth on stator and translator pole pairs, this 
machine is able to generate a higher force density at a low 
speed. In addition, the rectangular magnets were easily 
magnetized in the horizontal direction, which reduces the 
overall cost of the machine. 

To clearly identify the advantages of the proposed 
DSSLVM, its performance was compared with that of a 
recently developed LPPMVM of [14] while keeping the 
overall PM volume and slot current density constant. In 
Section II, configurations of the proposed DSSLVM and 
LPPMVM are discussed. Section III illustrates the working 
and design principle of the proposed machine. In Section 
IV, the electromagnetic performance of the proposed 
DSSLVM is compared to that of LPPMVM via time-
stepping finite element analysis (FEM). Finally, the 
conclusion is presented in Section V. 

 
 

2. Configuration of the Proposed DSSLVM 
 
Fig. 1 shows the configuration of the recently developed 

LPPMVM. Its laminated iron stator core consists of six 
primary teeth and each tooth surface was mounted by five 
PMs, magnetized in the perpendicular and adjacent 
alternate directions as a surface-type PMVM. Distributed 
winding was adopted, and coils were wound across the 
primary teeth. Its translator is composed of iron with a 
slotted structure.  

The proposed DSSLVM consists of two stators and one 
translator with spoke-type magnets inserted as shown in 
Fig. 2. Stator slots were designed as a split pole type 
instead of an open slot type in order to increase the housing 
space for the winding [15]. Each stator was divided into six 
pole shoes, each of which was further divided into three 

split teeth that were used to modulate the flux of the 
translator PMs in the machine. Distributed coils were 
wound across the pole shoes. Windings of both stators can 
be connected in series utilizing only one inverter, as in a 
normal PM machine, or can be controlled separately 
according to the requirement. The two stators have the 
same construction, and their positions are maintained 
unaligned by one-half of a slot pitch in order to more 
effectively utilize the translator PM flux [13]. The ratio of 
the split tooth tip to the split tooth pitch τs was maintained 
at 0.3 in order to produce the maximum thrust force, 
whereas the split tooth root to tooth pitch ratio was 
maintained at 0.5 as it does not have a significant effect on 
the output of the machine [16]. The proposed DSSLVM 
contained one translator composed of a flat iron core with a 
spoke-type array of inserted PMs. The heights of the 
translator core and PMs were kept the same. The PMs were 
magnetized in the horizontal direction, and the flux 
operated simultaneously with both stators. In contrast, this 
flux only goes through half of the machine in conventional 
dual-stator surface-mounted PM machines. Spoke-type 
magnets in the translator focus the flux more effectively in 
the air gap and decrease the leakage flux, resulting in a 
comparatively higher air gap flux density [13]. 

 
 

3. Working and Design Principle 
 
The LPPMVM operates on the principle of vernier 

hybrid machines (VHMs), based on the flux reversal 
phenomenon in normal PM machines [9]. The flux linkage 
to the stator coils is maximized when the translator teeth 
are fully aligned with the magnet poles and is minimal at 
the unaligned position. The proposed DSSLVM operates 
on the principle of the “magnetic gearing effect,” in which 
the flux of the magnets in the machine is modulated by a 
slotted structure in order to interact with a smaller number 
of pole pair magneto motive force (MMF). This principle 
can be illustrated by the equation given below: 

 
 pm sP N p= ±  (1) 

 
where Ppm is the translator pole pair number, Ns is the 

Fig. 2. Configuration of the proposed DSSLVM 

 
Fig. 1. Configuration of the basic LPPMVM 
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number of stator split teeth, and p is the winding pole pair 
at the stator. The air gap magnetic flux density is directly 
proportional to the PM pole pairs in the vernier machine. 
This air gap flux density is then modulated by the variable 
permeance of the split tooth structure of the pole shoes to 
produce a high-speed flux with p pole pairs, which is the 
same as the designed winding pole pair. This phenomenon 
enables the flux of a greater number of PM poles of the 
translator to interact with the flux produced by the smaller 
number of stator-wound pole pairs, as in the presented case. 
Spoke-type translator PMs magnetized in the horizontal 
direction focus the flux more efficiently in the air gap 
utilizing its maximum potential. Therefore, the cost of 
utilizing highly sintered NdFeB magnets can be reduced by 
decreasing the volume used in the machine [13].  

Magnetic field analysis of the proposed DSS-LVM was 
performed with the so called unit block approach [17]. The 
permeance function is described as the permeance per unit 
area, P(x), and is calculated as 
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where j is the number of slot shifts for short pitch winding, 
Po is the average permeance of the air gap and Pm is the 
amplitude of mth harmonic. L, x and Ns are the translator 
active length, distance moved in the horizontal direction 
and total number of smaller slots on the pole shoes of one 
stator.  

The new proposed machine demonstrates permeance 
variation due to slots in the pole shoes and the spoke-type 
structure of the translator. Therefore, to calculate the 
permeance function, the carter factor is added to consider 
the effects of all the variations mentioned above [18], and 
[19]. Therefore, assuming infinite permeability for the iron 
core and using Ampere’s law, Fgap, which is the average of 
the fundamental component of the MMF of both air gaps, 
can be calculated as 
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where Br, gm and hm are the magnet residual flux density, 
magnet thickness in the horizontal direction and the 
magnet height, respectively. µo is the relative permeability 
of the air, µm is the magnet permeability and τr is the 
magnet pole pitch of the translator. Furthermore, the air 
gap flux density, BPM (x), is calculated considering only the 
lower-order component of MMF, n =1 and the permeance 
coefficients of m = 0, 1 which can be described as  
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The first term of (4) is due to the direct effect of PM and 

have a shorter wave length while the second term of the 
above expression has a long wavelength. It interacts with 
the flux produced by the stator winding currents, which has 
a p pole pair, to produce a steady force as also described in 
(1). This is also known as the gearing effect in vernier 
machines. This analytically calculated air gap flux density 
distribution is verified with the transient 2D FEM, as 
shown in Fig. 3. The end effect is ignored in this analysis 
as those are notably higher only in high speed linear 
machines while the proposed model speed is low i.e. 1 m/s 
[12].  

Currently, there are two kinds of topologies for linear 
machines, short travel progressive or oscillatory, and long 
straight travel with a longer translator or stator as compared 
to the other. In the former case, the length difference 
between the translator and stator cores is not much as these 
machines are used for short travel applications, e.g., pen 
recorders, free power pistons or wave energy extraction [20, 
21]. The latter case topology is more suitable for long 
linear motion, e.g. maglev. The proposed DSSLVM falls 
into the former category. In the DSSLVM, extra PM poles 
are inserted in the translator according to prevailing motion 
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conditions on the seashore. The same magnet volume as for 
the LPPMVM is used, while the active volume of the 
magnets, i.e., the volume of working magnets at a given 
moment for the both stators, is 67% of the PMs utilized in 
LPPMVM. 

Furthermore, the back iron height of the stator core was 
adjusted and its effect was analyzed on the force ripple and 
force density of the machine. The analysis is illustrated in 
Fig. 4. The split tooth height and width are also adjusted to 
avoid any saturation and to decrease the detent force in the 
machine. The flux density distribution at the rated load 
case is shown in Fig. 5, where the maximum flux density in 
the stator and translator cores of the proposed DSSLVM is 
less than 1.8 T. 

Since the flux density distribution presented in Fig. 5 
shows a relatively low-flux density in the translator core 
in the proposed machine, the translator core height is 
analyzed to determine the effect on the back EMF. The 
height of the core is varied while maintaining the same 
magnet height and mechanical air gap length. Fig. 6 
shows that the maximum no-load back EMF is achieved at 
approximately 7 mm, which is similar to the magnet height. 

 
 

4. Electromagnetic Comparison 
 
The proposed DSSLVM is compared with the LPPMVM 

of [16] to determine the advantages of the proposed design. 
Design parameters of both machines are described in 
Table 1. 

Both machines have the same slot current density, 
although the proposed DSSLVM utilizes a less active 
magnet volume compared to LPPMVM due to a shorter 
translator core height design. The number of turns per phase 
is modified for the proposed machine while maintaining 
the same slot current density. The slot area and the number 
of turns in the proposed machine are modified to distribute 
turns equally on both stators, whereas in LPPMVM they 
are on one stator. The 2D transient FEM is performed to 
compare the performance of both machines. 

Fig. 7 compares the no-load flux linkage of both machines. 
The maximum flux linkage value in DSSLVM is 0.3 Wb, 
which is 50% higher than the 0.2 Wb of LPPMVM due to 
the flux focusing design of the proposed machine, which 
more efficiently directs the PM flux to the stator coils. 

The no-load back EMF values of both machines, which 
can be obtained by differentiating the no-load flux linkage, 
are compared in Fig. 8. The peak values of the back EMF 
in the LPPMVM and the proposed DSSLVM are 60 V and 
86 V, respectively. Specifically, the proposed DSSLVM 
produces a no-load back EMF 43% larger than that of the 
LPPMVM while utilizing a 33% less active magnet 
volume. 

The output thrust force in the linear machine is 
expressed as 

 
Fig. 5. Flux density in the DSSLVM with a load condition

 

3 4 5 6 7 8 9 10 11
30

40

50

60

70

80

90

 

N
o 

lo
ad

 b
ac

k 
EM

F 
[V

]

Translator core height [mm]

 Back EMF

 
Fig. 6. Load back EMF versus translator core height 

Table 1 Design parameters of LPPMVM and DSSLVM 

Items Unit LPPMVM[16] DSS LVM
Rated current A 13 

Magnet remanence T 1.2 

Air gap length mm 1 2*1 
No. of turns per phase - 142 131 

Magnetic gear ratio - 17 

No. of teeth on one pole shoe - - 3 
Winding pole pairs on one stator - 1 

No. of pole shoes on one stator - 6 

Thickness of PM mm 4 3.2 
Height of one stator mm 101 66.5 

Height of translator core mm 56 7 
Active length of one stator mm 360 

Active length of the machine mm 360 383 
Active PM volume cm3 120 80 
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Fig. 8. Comparison of no-load back EMF 
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Where ,a be e  and ce  are the rms phase back emf of 

three phase and ,a bi i  and ci  are the rms values of 
armature current. Fig. 9 compares the average value of the 
thrust force between the proposed DSSLVM and 
LPPMVM, which demonstrated respective values of 2293 
N and 1662 N. This demonstrates that the average thrust 
force of the proposed DSSLVM is 38% higher than that of 
LPPMVM. The force ripple in the proposed machine is 
also lower, i.e., 1.6% as compared to 3% in LPPMVM [16]. 
The thrust force density of the proposed machine, which is 
the ratio of the average thrust force to active volume of the 
machine, is also 57% greater than that of LPPMVM. This 
is mainly because of the dual-stator topology of the 
proposed DSSLVM with a higher overall output thrust 
force and adjusted back iron length. The larger flux density 
design of the DSSLVM also results in a higher detent force, 
as listed in Table 2. The detent force is 1.81% of the 
average thrust force in LPPMVM and 3.7% in DSSLVM, 
which is mainly due to the spoke-type structure in the 
proposed machine. 

Furthermore, spoke-type PM machines such as the 
proposed DSSLVM have different reluctance values in the 
d and q-axis directions, producing additional reluctance 
force compared to that of the surface-type PM machine. In 
general, the electromagnetic thrust force in spoke type PM 
machines is expressed as 

Table 2 Transient FEA performance comparison 
Items Unit LPPMVM[16] DSSLVM 

No-load back EMF V 60 86 
Detent force N 30 (1.8%) 84 (3.7%) 

Average thrust force kN 1.66 2.29 
Thrust force ripple N 49 (3%) 38 (1.6%) 

Thrust force density kN /m3 285 448 
Power factor - 0.26 0.40 

 

 
Fig. 10. Characteristic of IPM model: (a) Steady state 

vector diagram; (b) Thrust force vs load angle 
 

 23 1cos ( ) sin 2
2 2em pm a d q a
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 (6) 

 
Where Ia is the peak value of the phase current, β is the 

phase current angle measured from q- axis. Ld and Lq are 
the direct and q axis inductances. The first term in (6) is the 
force due to PM flux and the 2nd term is due to reluctance 
variation in the machine. Therefore, to achieve the 
maximum thrust output, the excitation current is applied 
with a load angle β related to the back EMF vector. Fig. 
10(a) shows the steady state vector diagram in IPM 
machines while the variation in the thrust force output with 
respect to load angle β is shown in Fig. 10(b). A maximum 
thrust force is obtained at a load angle of 9°, as illustrated 
in Fig. 10. 

The proposed machine analysis suggests that DSSLVM 
is also capable of a high power factor due to its flux 
focusing design. The power factor of DSSLVM is compared 
with LPPMVM, while keeping all of the other parameters 
at similar values. The proposed machine exhibits a power 
factor of 0.4 compared to 0.26 for LPPMVM. This verifies 
the flux focusing design and better utilization of magnetic 
material in the proposed DSSLVM. However the overall 
lower value of the power factor in both machines is due to 
the larger air gap to pole pitch ratio and longitudinal end 
effects due to linear structure and vernier nature of the 
machines [11, 12]. Table 2 summarizes the transient FEA 
performance comparison of the proposed DSSLVM with 
LPPMVM. 

 
 

5. Conclusion 
 
In this paper, a new dual-stator topology for a linear 
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machine was presented, which exhibits a considerably high 
thrust force and thrust force density for low-speed 
applications using spoke-type PMs. The back iron length of 
the stator core is adjusted to increase the force density and 
decrease the force ripple. The translator core height is also 
adjusted to maximize the back EMF. The advantages of the 
proposed DSSLVM were determined by comparing the 
FEM analysis results with those of a recently developed 
LPPMVM. The comparison suggests that the proposed 
machine has a greater no-load back EMF, force density, 
improved power factor and lower torque ripple than the 
presented LPPMVM, all while utilizing a lower active 
magnet volume. Only the detent force in the proposed 
machine is a little higher compared to LPPMVM due to the 
spoke-type structure of the proposed machine. Furthermore, 
the proposed DSSLVM has magnets on the translator, 
which makes the design less stable and more complex due 
to the manufacturing process compared to LPPMVM. 
However, utilizing the same PM volume as LPPMVM with 
a higher force density and improved quality of output 
power and power factor makes DSSLVM a more viable 
option for low-speed, high-thrust force applications, e.g. 
wave energy extraction. 
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