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Abstract: Based on the shock absorber size and power and power density limitations in motorcycle
application, a linear permanent magnet machine for a regenerative suspension system that recovers
the kinetic energy originating from shock absorber vibration is investigated. To achieve the target
power of 120 W, several design parameters were investigated. The eight-slot eight-pole combination
was used due to its high power density. A hybrid permanent magnet structure was implemented
which was a combination of a classical Halbach array and iron spacers. In addition, the dimensions
of the permanent magnet, and stator inner radius were parametrically studied to enhance the air-
gap flux density and coil volume, which are the main factors affecting performance. The detailed
design generated 124 W of average power under the rated condition, assuming a vibration speed
of 0.157 m/s. Despite the satisfaction of the output power and power density, the large magnetic
force caused by the interaction between the iron core and permanent magnet is the main drawback
of this design, which has a negative impact on driving safety and comfort. To commercialize the
suggested device, additional studies will focus on size, electromagnetic reduction, as well as road
test performance.
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1. Introduction

In recent years, energy harvesting from ambient vibration has received significant
attention, resulting in many publications [1,2]. For example, there are many options, such
as wind or earthquake-induced building vibration, wind or traffic-induced bridge vibration,
and wave-excited offshore structures, for which the vibration and associated energy can be
considerable [3–10]. Passive damping techniques have been utilized to reduce vibration by
dispersing kinetic energy into waste heat through various forms of dampers. Rather than
dissipating the vibration energy as waste heat, an interesting research direction is to use
vibration to harvest large-scale electric energy. A shock absorber, an energy-dissipating
device, is used in parallel with a suspension spring to reduce the vibration excited by road
irregularities, or during acceleration and braking. For many years, energy harvesting shock
absorbers (EHSAs) have been considered and widely commercialized as the major energy
recovery application in electric vehicles (EVs) [11,12]. In the next few years, applications
for energy harvesting from vehicle suspension systems are likely to become widespread
due to their great potential for energy recovery.

EHSAs are categorized according to their working principle, with piezoelectric and
electromagnetic EHSAs, which are now the most common. On the one hand, the piezo-
electric EHSA produces electrical energy using a piezoelectric substance. Since they can
produce damping forces similar to those of conventional suspensions, they must be used in
combination with a primary damper. This limits the ability of the technology to recover
energy. However, the EHSA piezoelectric technique is not the most effective for recovering
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large amounts of energy from suspensions [13]. Due to the lack of ability to generate
forces, these EHSAs must operate in parallel with conventional suspensions. Therefore, it is
restricted to the supply of external sensors or the operation of low-power electrical devices.

In contrast, electromagnetic EHSAs have attracted the attention of researchers over
the last two decades. This approach includes both linear and rotational electromagnetic
EHSAs. Through electromagnetic induction, the linear electromagnetic damper transforms
the kinetic energy of the vertical oscillations of the vehicle directly into electrical energy.
The main difference between it and the rotary electromagnetic damper is that the latter
requires a transmission system to transform the linear oscillating motion in the generator
into a rotating motion.

A hybrid suspension system based on a linear direct current (DC) generator was
established in [14]. The aim of the study was the reduction of energy consumption in
active suspensions. The goal of the study was to reduce energy usage in active suspensions.
A linear electromagnetic energy harvesting shock absorber (EHSA) prototype for energy
recovery employing a vehicle suspension system has already been created in [15]. Due
to the coil and magnets utilized in the suspension, this system became heavy. Numerous
linear electromagnetic actuators for energy recovery in large-scale vehicle damping systems
are designed and optimized in [16]. They obtain up to 3.8 times the efficiency of the model
described in [15] with this modification. This system could recover 2.8 W of electricity at a
velocity of 0.11 m/s. The system is intended to provide up to 33 W of power at 0.25 m/s
with a damping coefficient ranging from 1680 to 2142 Ns/m. Because of the heavy weight
of a linear electro-magnetic EHSA, research [17,18] has been conducted to optimize the
relative speed between the magnetic field and the winding, therefore enhancing efficiency
and lowering weight. The recovered power was approximately 16 W at 0.25 m/s and
approximately 64 W at 0.50 m/s.

Duong and Chun [19] developed optimal designs for an external permanent magnet
tubular machine for harvesting energy from vehicle suspension systems, with maximum
and average recoveries of 339.95 and 96.96 W, respectively. This study suggests several
ideas for achieving this goal. First, a hybrid structure was applied to the PM layer, in which
iron spacers were added and assembled with radial PMs. Second, various combinations of
the number of slots and poles were studied to discover the optimal option that provides
the most collected power. Third, an optimum design that satisfied the multiple design
goals was confirmed using response surface methodology (RSM) based on multi-objective
optimization. Fourth, due to the special short-stroke vibrating condition, a one-phase
model is used instead of a typical three-phase model to obtain the sinusoidal waveform for
an electric drive system. Finally, a prototype was built and tested to validate the utilizing
analysis. However, the greatest disadvantage is that its significant electromagnetic force
causes driving to be uncomfortable and unsafe.

To address the shortcomings of eight-slot eight-pole tubular PM machines [19], Duong
et al. [20] proposed an external PM tubular machine. To overcome the aforementioned
challenges, a unique three-phase, and 11-phase, 12-slot 10-pole topology was investigated
and verified to achieve the project goal. In addition, the effect of the initial position of the
machine on its performance was investigated. The difference between the maximum and
minimum powers for different initial positions was observed to be just approximately 17.7%.
Finally, the proposed design was validated with an average power deviation of approxi-
mately 8.3%.

In addition, for scooter applications, Liu proposed a hybrid suspension system proto-
type that can absorb both the vibration shocks and generate electric power. The feasibility
of this prototype in scooter-related applications was investigated [21]. The proposed hy-
brid suspension system can not only effectively decrease the dynamic shock oscillation
responses with appropriate generator output settings but can also generate the desired
maximum output power of 10 W at an ideal operational speed.

Linear electromagnetic EHSAs may appear to be a good choice for recovering the
energy dissipated in traditional shock absorbers because they do not require movement
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adaption and lowering energy losses. The mass of the permanent magnets, the winding,
and the ferromagnetic core, on the other hand, cause the overall weight of the suspension
to be up to three times that of traditional suspension. This increase in the unsprung mass
of a vehicle has a direct impact on its dynamic behavior [22].

Using a revolving electromagnetic generator, electromagnetic rotation EHSAs trans-
form the kinetic energy (vehicle displacement along the vertical axis) into electrical energy.
EHSAs, based on mechanical transfer electromagnetic technology, are one of the most
established techniques in the scientific literature. Due to its small size, high conversion
efficiency, and simplicity of manufacturing, it is ideal for prototyping. These systems are
classified based on the motion transmission utilized. First, some EHSAs employs a rack
and pinion system to convert movements. A study such as [23] shows the modeling and
testing of a prototype. A car traveling at 40 km/h generated an average power of 19 W.
Another work, such as [24], models and analyses an RP-EHSA system with a focus on the
backlash effect. There is research that develops systems with gyro rectification [25–27].
Power outputs ranging from 3.6 to 15.4 W are obtained.

Second, there is research being attempted to develop hydraulic shock absorbers. The
design, modeling, and performance analysis of H-EHSA (hydraulic) shock absorbers were
provided in [28]. Heavy vehicle systems were developed in [29,30]. These produce outputs
ranging from 41.7 to 339.9 W at velocities ranging from 30 to 70 km/h. Rectified systems
(which only allow one-way turns) with powers up to 110 W can also be found [31,32].
To globally optimize the concept of a hydraulic-electromagnetic energy-harvesting shock
absorber for road vehicles, a human-knowledge-integrated particle swarm optimization
technique was proposed. Under 20 mm/1.5 Hz settings, the efficiency is 59.07%.

Third, some EHSAs accomplish motion conversion using the ball screw method.
These are known as BS-EHSA (ball screw). The studies [33,34] describe approaches for
developing these systems with power outputs of up to 35 W and damping coefficients up
to 3000 Ns/m. In [35], a high-efficiency shock absorber for automobiles with a 10,580 Ns/m
damping coefficient and recovery of close to 7 W. Movement rectification for BS-EHSA
shock absorbers is recommended in [36,37]. To replace traditional oil dampers in car
suspensions, a study [36] proposes a novel form of mechanical motion rectifier-based EHSA
using a ball-screw mechanism and two one-way clutches. In [38], the development of a
BHSA system with separate generators to improve damping force and energy recovery.
Finally, works such as [39] discuss the effect of friction factors on dynamic behavior and
suspension recover ability.

Finally, the cable drive EHSA (CD-EHSA) is presented in [40]. The EHSA (CD-EHSA)
could generate 25 W at speeds ranging from 20 to 30 km/h, with a conversion efficiency of
up to 60%.

In addition, there has been research on the control of EHSA systems for energy
recovery. A multiobjective H∞ active control design technique for EHSA systems is
provided in [41,42]. In [43], a generic control design technique for EHSA systems applied
to civil engineering applications is described.

The use of an EHSA system in motorcycles instead of traditional oil shock absorbers
for energy conversion recovery is investigated in this study. The motorcycle used for
this study is a light, electrically driven vehicle. There are two basic technologies for
energy recovery, as outlined in the state of the art: piezoelectric EHSAs and electromagnetic
EHSAs. The first is discarded because of its low energy recovery capacity and zero damping
capacity. Linear and rotational electromagnetic dampers, on the other hand, are included
within electromagnetic dampers. In this study, a linear electromagnetic shock absorber
is investigated. The design targets include average power and power density of 120 W
and 104 W/cm3, respectively. To maximize the output power, a one-to-one slot-pole ratio
combination and a hybrid permanent magnet structure were used. Additionally, the volume
of a permanent magnet, its magnet ratio, and coil volume were parametrically studied to
enhance the power. Therefore, the detailed model could provide average outpower and
power density of 124 W and 107.2 W/cm3, respectively. However, the 30% larger permanent
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magnet used, which resulted in a larger cogging force, also led to rider discomfort during
the operation.

The rest of the article is organized as follows. Section 2 presents design specifications
such as geometry, operating conditions, and an external circuit. Section 3 shows a detailed
design, which was obtained by using parametric studies of various geometry variables.
Section 4 concludes this article.

2. Concept and Analysis

Based on the requirements of the design, the energy harvester is represented as a
linear induction generator that incorporates shock absorber functions. The magnetic finite
element method is then used to analyze the electromagnetic shock absorber.

The energy harvester is represented as a linear induction generator with shock absorber
functions based on the design requirements. Figure 1 schematically shows the geometry of
conventional shock absorbers in motorcycles. The system transforms the kinetic energy of
suspension vibration between the wheel and a sprung load into usable electrical power.
The length and outer diameter of the shock absorber are in the range of 250–300 mm and
60–70 mm. To maximize the output power, the length and outer diameter chosen were 300
and 70 mm, respectively. The mechanical air gap chosen was 1 mm.
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Figure 1. Conventional shock absorbers on a motorcycle.

To address concerns about practical application, because motorcycles are most often
running on roads with relatively smooth surfaces during operation, the performance
analysis considered was based on such conditions. The vibration frequency of 5 Hz was
used to represent a relatively smooth road, while 2 Hz was used to indicate a rougher road
surface [21]. The peak-to-peak stroke length was assumed to be 10 mm (as determined
in [13]) for a vehicle moving at 70 km/h on a Type B road. Assuming the position of the
vibration coil following the time t is:

x =
Stp

2
sin(ωt) (1)

and vibration speed can be calculated as:

v =
dx
dt

=
Stp

2
ω = vmax cos(2πft) (2)

According to Equation (2), the relation between vibration speed, frequency, and stroke
length can be determined as follows:

vmax = π f Stp(m/s) (3)

where Stp = 10 mm is the peak-to-peak stroke length and f = 5 Hz is the vibration frequency.
These give the maximum vibration speed of 0.157 m/s.
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Table 1 provides a summary of the general specifications. The wire was chosen
according to Korea Standard KS C 3107:2003. The diameter of the pure copper wire chosen
was 0.6 mm, while the insulation thickness was 0.012 mm. This provided wires with a
total diameter of 0.644 mm. The radial and axial PMs were made of rare-earth permanent
magnets (PMs), NdFeB 40SH and 50SH, respectively, which were chosen due to their high
magnetic density (1.26 T and 1.4 T), the relative permeability of r = 1.05 at room temperature
and availability.

Table 1. Design specifications.

Item Value

Motorbike mass (kg) 250
Vibrating speed, v (m/s) 0.157

Stroke length peak-to-peak Stp (mm) 10
Vibrating frequency, f (Hz) 5
Maximum length, L (mm) 300

Outer diameter (mm) 70
Pole pitch/Slot pitch (mm) 30
Mechanical air gap (mm) 1

Axial PMs material 50SH: Br = 1.40 T; µr = 1.05
Radial PMs material 40SH: Br = 1.26 T; µr = 1.05

Electrical steel S20C
Wire diameter, wd (mm) 0.6

Slot fill factor 0.5

The eight-slot wight-pole combination model was used to design an electromagnetic
shock absorber for the motorcycles in this study. The one-to-one slot-pole ratio was found
to produce the maximum output power and power density [19]. Furthermore, the hybrid
permanent magnet construction, which is a combination of a classical Halbach array with
iron spacers ([44,45]), was employed to improve the performance of the linear generator.
The iron spacers were composed of magnetic material and were inserted into the Halbach
array to increase the flux linkage on the winding, as well as to increase the flux density in
the air gap. The magnetic flux density in the air gap can be significantly increased due to
its high relative permeability. The iron core and spacers were made of magnetic carbon
steel (S20C) and faced the coil slots directly in the initial alignment position to optimize
power [20]. The radial PM assemblies employed a total of ten spacers (see Figure 2).

Appl. Sci. 2022, 12, x FOR PEER REVIEW  5  of  14 
 

Table 1 provides a summary of the general specifications. The wire was chosen ac‐

cording to Korea Standard KS C 3107:2003. The diameter of the pure copper wire chosen 

was 0.6 mm, while the  insulation thickness was 0.012 mm. This provided wires with a 

total diameter of 0.644 mm. The radial and axial PMs were made of rare‐earth permanent 

magnets (PMs), NdFeB 40SH and 50SH, respectively, which were chosen due to their high 

magnetic density (1.26 T and 1.4 T), the relative permeability of r = 1.05 at room tempera‐

ture and availability. 

Table 1. Design specifications. 

Item  Value 

Motorbike mass (kg)  250 

Vibrating speed, v (m/s)  0.157 

Stroke length peak‐to‐peak Stp (mm)  10 

Vibrating frequency, f (Hz)    5 

Maximum length, L (mm)  300 

Outer diameter (mm)  70 

Pole pitch/Slot pitch (mm)  30 

Mechanical air gap (mm)  1 

Axial PMs material    50SH: Br = 1.40 T; μr = 1.05 

Radial PMs material    40SH: Br = 1.26 T; μr = 1.05 

Electrical steel    S20C 

Wire diameter, wd (mm)  0.6 

Slot fill factor    0.5 

The eight‐slot wight‐pole combination model was used to design an electromagnetic 

shock absorber for the motorcycles in this study. The one‐to‐one slot‐pole ratio was found 

to produce the maximum output power and power density [19]. Furthermore, the hybrid 

permanent magnet construction, which is a combination of a classical Halbach array with 

iron spacers ([44,45]), was employed to improve the performance of the linear generator. 

The iron spacers were composed of magnetic material and were inserted into the Halbach 

array to increase the flux linkage on the winding, as well as to increase the flux density in 

the air gap. The magnetic flux density in the air gap can be significantly increased due to 

its high relative permeability. The iron core and spacers were made of magnetic carbon 

steel (S20C) and faced the coil slots directly in the initial alignment position to optimize 

power [20]. The radial PM assemblies employed a total of ten spacers (see Figure 2). 

 

Figure 2. Configuration of the eight‐slot eight‐pole electromagnetic shock absorber. 
Figure 2. Configuration of the eight-slot eight-pole electromagnetic shock absorber.

The number of phases also has an important influence on the power output. Generally
speaking, the more coil phases are used, the more power will be produced [16]. In rotating
machines and linear (or one-directional motion) machines, the three-phase winding is
commonly preferred due to its higher efficiency and better economy. However, in a short-
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stroke vibrating system, three-phase winding brings problems with voltage and current
waveforms. To reduce the complexity of the drive system, each coil was series-connected,
using one-phase winding. The external circuit in Figure 3 shows that maximum output
power occurs when the load resistance matches the phase-winding resistance.
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3. Modeling and Parametric Study of EHSA
3.1. Mathematical Modeling of EHSA

The output power of EHSA is proportional to the design of the electromagnetic cou-
pling. As a result, parameters such as magnet size, material characteristics, and geometric
structure of magnet, coil, and magnetic circuit play an important part in the design process.
However, calculating the magnetic field analytically is difficult for ironless systems and
even impossible for systems that contain back iron. Therefore, conclusions from publica-
tions such as [15,16,19,46] are often based on very simplifying assumptions. Nevertheless,
understanding how electrical energy may be retrieved requires a fundamental understand-
ing of magnetic induction theory. The transduction mechanism of an electromagnetic
vibration transducer is based on Faraday’s law of induction. According to this principle,
any change in magnetic flux across a conductive loop of wire induces a voltage in that loop.
Assuming that Br (the radial component of the magnetic flux density) causes the magnetic
flux through the coils, the flux φ can be written as:

φ =
∫

BdS =
∫

BrdS. (4)

The induced voltage is the so-called electromotive force (emf ), Vem f , for each coil can
be expressed using the Faraday–Lenz law as follows:

Vem f =
dφ

dt
= v

dφ

dz
(5)

The emf can also be written as [15]

Vem f = v
∫

Brdl = v(t)Br(z)L (6)

where Br is the radial magnetic flux density in a region, and L is the circumferential length
of the coil. Given an EMF, the current flowing in a short circuit coil (RL = 0) of an Aw
cross-section area can be determined as:

Isc =
Vem f

Rphase
= σv(t)Br(z)Aw (7)

while the power generated in each coil in the short circuit is given by:

P = Vem f Isc = σv2(t)B2
r LAw (8)
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The circumferential length of coil L can be given by:

L = 2πRcN (9)

where Rc is the average radius of the coils:

Rc =
Ros − tsy + Ris

2
(10)

N is the number of turns which is determined as

N =
Aslotk f ill

Aw
∼

Ros − tsy − Ris

Aw
(11)

by fixing the slot fill factor kfill and width of the slot. Thus, by adding Equations (9)–(11) to
(8) the peak power will be

P ∼ σπv2(t)B2
r [
(

Ros − tsy
)2 − R2

is] (12)

3.2. Parametric Geometry Study

To better understand the effects of various factors on the performance of machines,
the individual sensitivity analysis of machine geometrical parameters in this EHSA is
investigated in this section. As stated in Equations (8) and (12), the power is proportional to
the square of magnetic flux density in the radial direction Br, and to the effective volume of
the coil Vcoil = LAw. As a result, there are two ways to increase the power generated by an
EHSA. Increasing the magnetic flux density inside the air gap is one option. The alternative
option is to increase the effective volume of the coil Vcoil , which is equivalent to shortening
the inner stator radius Ris, as shown in Figure 4. The stator radius ratio Kr is given by:

Kr =
Ris
Ros

(13)

where Ris and Ros is the inner and outer stator radius.
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is fixed.

In addition, since the PM is the source of the magnetomotive force that determines
the magnetic loading of the motor, the shape of PM, e.g., the thickness and the length of
PM are also the key parameters of the EHSA. Therefore, the magnet width and thickness
of axial PM, wam and tam, which are represented by the ratio Kw_pm and Kt_pm, should be
investigated. The magnet width ratio Kw_pm is the ratio of the width of one axial PM wam
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and the pole pitch, which was fixed at 30 mm. The magnet thickness ratio Kt_pm is defined
as the ratio between the axial magnet thickness tam and the thickness of a mover tom:

Kw_pm =
wam

wam + wrm
(14)

Kt_pm =
tam

tom
(15)

Finally, due to the high relative permeability of the iron spacer attached to radial PM,
it will increase the magnetic flux density in the air gap. However, it means decreasing the
thickness of radial PM, which will reduce the magnet volume, reduce the magnetic strength
and the magnetic flux density in the airgap can be reduced. The effect of thickness of the
iron spacer tsp will be studied by the iron spacer thickness ratio Ksp, which is defined as

Ksp =
tsp

tam
(16)

It should be noted that when one of the four geometrical parameters varies during the
parametric analysis, the others are fixed. Hence, the interaction effects of these parameters
are neglected. Table 2 shows the lower and upper parametric values and constants in
each study.

Table 2. The lower and upper parametric values and constants in each study.

No. Parameter Lower Upper Constant

1 Kr 0.2 0.7 Kt_pm = 0.7, Kw_pm = 0.3, Ksp = 0.3
2 Kt_pm 0.2 0.8 Kr = 0.6, Kw_pm = 0.3, Ksp = 0.3
3 Kw_pm 0.2 0.8 Kt_pm = 0.7, Kr= 0.6, Ksp = 0.3
4 Ksp 0.2 0.8 Kt_pm = 0.7, Kw_pm = 0.3, Kr= 0.6

Figure 5 shows the magnetic flux density in the radial direction |Br| and average
output power Pout with design parameters. We see that |Br| always decreases with the
decrease of the inner stator radius Ris, which corresponds to an increase in the coil volume.
It should be noted that the value of |Br| in Figure 5 is the root-mean-square (RMS) of the
radial magnetic flux density along the air gap at time t = 0 s.
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Figure 5. Variation of flux density in the air-gap Br design parameters.

In addition, Figure 6 illustrates the effect of the design parameters on the output
power of the EHSA, which is obtained by the integration of the instant power. The output
power values of each parametric case are normalized using the values of the initial design.
According to Figure 6, the maximum output power at the design parameter stator radius
ratio Kr, magnet thickness ratio Kt_pm, magnet width ratio Kw_pm, and iron spacer thickness
ratio Ksp is 0.64, 0.52, 0.25, and 0.4, respectively.
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4. Detailed Design

The 2D FE analysis of the detailed design is described in this part. Table 3 and Figure 7a
show the geometric parameter and performance of the initial and detailed models. A larger
total magnet volume (30%) was used to achieve the required output power due to the
increase in magnet thickness tpm from 6.15 to 9.92 mm. The iron spacer thickness tsp is
increased significantly from 1.845 to 3.968 mm to achieve more output power. As previously
stated, since iron spacers have high relative permeability, increasing the iron spacer will
effectively ‘pull’ the flux away from the magnet stack and increase radial flux density, as
we can see in Figure 8. The maximum flux density in the air gap at t = 0 s of the initial and
detailed model is 1.61 and 1.91 T, respectively, as shown in Figure 8.

Table 3. Comparison of Initial and Detailed Design.

Item Target Initial Detailed

Stator radius ratio Kr 0.6 0.64
Magnet thickness ratio Kt_pm 0.7 0.52

Magnet width ratio Kw_pm 0.3 0.25
Iron spacer thickness ratio Ksp 0.3 0.4
Inner stator radius Ris (mm) 21.5 22.9
Magnet thickness trm (mm) 6.15 9.92

Axial PMs thickness tam (mm) 9.0 7.5
Radial PMs width wrm (mm) 21.0 22.5

Iron spacer thickness tsp (mm) 1.845 3.968
Min average output power (W) 120 99.6 124

Min average power density (W/cm3) 104 86.3 107.3
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Figure 8. Flux density in the air-gap at t = 0 s of the initial model and the detailed model.

Furthermore, the root-mean-square flux density in the air gap at t = 0 s of initial and
detailed is 0.43 and 0.69 T, an increase of 0.26 T or 60.5% compared to a 24.5% increase in
output power. In addition, Figure 7b illustrates the flux density distribution in both models.
The saturation phenomenon still existed and focus on the edge of the stator tooth and iron
spacer in both models.

It can be seen from Figure 9 that the maximum output power of the initial and
detailed model is 520.5 and 626.7 W, an increase of 106.2 W or 20.4%. Figure 9 also shows
a comparison of the cogging force of both models. The maximum cogging force value
of the initial and detailed model is 2490 N and 2910 N, an increase of 420 N or 16.9%,
respectively. It should be noted that the maximum value of the electromagnetic force from
both models is significantly higher than the limitation (≤2000 N). Based on suggestions
from car manufacturers, to maintain driving comfort and safety, the threshold force in a
medium vehicle (passenger car) and a large vehicle (such as a school bus) must be less
than 2000 N and 3000 N, respectively [20]. The higher value of electromagnetic force will
lead to unsafety and uncomfortable driving for passengers. According to [19], it should
be noted that the one-slot one-pole combination is significantly higher than other slot-
pole combinations. However, the one-slot one-pole combination could provide maximum
output power compared to others.
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5. Conclusions

For this paper, a 120 W electromagnetic shock absorber with a cored-type linear gen-
erator and a combination of classical Halbach array and iron spacers was proposed and
investigated. Under the rated conditions with 0.157 m/s vibration speed, the maximum
and average power were 626.7 and 124 W, respectively. The average power density of the
proposed model was 107.3 W/cm3, which satisfied the design target of 104 W/cm3. How-
ever, due to the single-variable optimization investigated in this study, the detailed model
could not provide a globally optimal design. This led to the utilization of a 30% larger per-
manent magnet volume to achieve the output power design target. Furthermore, the main
drawback of this design is that the large magnetic force leads to discomfort and unsafety
when in operation. This drawback was caused by a one-slot one-pole combination which,
however, could provide the maximum output power compared to other combinations.

According to the evidence in this paper, the proposed machine topology could be
applied in an energy harvesting suspension system for motorcycle applications. In a further
study, an optimization algorithm was used to determine the trade-offs between maximum
power and power density, minimum volume, and materials used.
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