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Abstract 

 
Electric vehicles have advantages such as reduced maintenance and fuel costs 
compared to internal combustion engines. However, their limited driving range 
still hinders their widespread adoption compared to internal combustion 
engines. Harvesting wasted energies through vibrations in electric vehicles is a 
good approach to complement the energy of their batteries. Space constraints 
in electric vehicles require devices with high power output per unit volume. This 
study aimed to design a novel vibration energy harvesting using the geometrical 
model for electric vehicles. Different configurations and their performance in 
maximum flux linkage, electromagnetic coupling coefficient, induced voltage, 
and generated power were investigated. The modeling, excitement, and 
analysis were conducted using ANSYS Maxwell software with four 
configurations under similar conditions. These were the Halbach array with 
three magnets, one coil, and flat back shield; the Halbach array with three 
magnets and one coil with a stepped back shield; the double magnet array with 
two magnets, one coil, and flat back shield; and the fourth one was a double 
magnet array with two magnets, one coil and stepped back shield. The 
MATLAB Simulink software was used to obtain further results and power output 
analysis. The results of the analysis show that the Halbach array with three 
magnets, one coil, and a stepped-back shield is the best configuration for 
harvesting energy from vibrations, producing an electromagnetic coupling 
coefficient of up to 110 Wb/m, a voltage of up to 36 V, and generated power 
density of 0.13 W/cm. A reasonable increase in output using less volume was 
obtained compared to the other studies. The energy harvested will be applied 
in future studies to extend the range of agricultural electric vehicles, reducing 
farmers’ income spent on fuel and maintenance. 

  
 Keywords: agricultural transportation; electric vehicles; electromagnetic vibration 
 energy harvester volume; electromagnetic coupling coefficient; Halbach magnet  
 arrays 

 

1. INTRODUCTION  

 The agricultural sector is vital to global food security, but it faces challenges in 
transportation costs due to its significant impact on farmers’ income (1, 2). Thus, the effects 
of transportation costs on farmers’ income must be minimized (3). Electric vehicles (EVs) 
offer a promising solution for agricultural transportation. EVs have numerous advantages 
such as reduced maintenance and low costs for fuel. Electric motors have fewer moving 
parts than internal combustion engine (ICE) vehicles, resulting in lower maintenance costs 
and less downtime for farmers. Moreover, concerning fuel efficiency and cost savings, EVs 
eliminate reliance on fossil fuels, significantly reducing operational costs associated with 
fuel purchases. EVs are also environmentally friendly producing zero greenhouse gas 
emissions, contributing to cleaner air and a more sustainable agricultural ecosystem (4). 
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 However, a key drawback to the widespread adoption of EVs in agriculture is their 
limited range compared to ICE vehicles (5). This limitation can be particularly troublesome 
for farmers who must transport farm inputs and outputs through isolated areas without 
charging stations for EV batteries with ranges of only 150 to 200km (6). To address this 
challenge, research focuses on innovative solutions that can extend the range of electric 
vehicles through energy harvesting (7). This will facilitate their adoption in agricultural 
transportation. One such promising area of research is vibration energy harvesting (VEH). 
 The VEH technology has the potential to enhance agricultural transportation by 
capturing the wasted energies from vehicle vibrations during operation (8). Furthermore, 
this captured energy can be converted into electrical energy, and more can be used to 
recharge electric vehicles' batteries. This effectively extends their range or maximizes the 
efficiency of the battery supply. 
 Studies have shown that the configuration of magnets and coils within a VEH system 
impacts the amount of energy harvested (9-11). Among various configurations, those 
employing three magnets with a Halbach magnet-coil arrangement and two magnets with 
a coil arrangement have demonstrated higher performance (12, 13). These configurations 
optimize the magnetic field for improved flux linkage with the coil, a crucial factor in 
determining the amount of energy captured. 
 While existing studies highlight the effectiveness of these magnet coil configurations, 
further research is needed to develop better-performing vibration energy harvesters. This 
study aimed to produce a more productive geometrical configuration of a VEH and study 
its effect on flux linkage, power, and voltage outputs using a smaller volume since space 
requirement is a constraint in the electric vehicle power system. The energy harvested will 
be used to extend the driving range of agricultural electric vehicles in future studies. 
 The current research delved into the effects of geometrical configuration on the 
performance of the VEH using the Halbach three magnets-coil array and the double 
magnet-coil array. Various geometrical configurations' performances were investigated by 
implementing the modeling and simulation techniques. It was mainly to identify the optimal 
configuration that maximizes flux linkage with the coil, leading to the highest possible power 
and voltage output from the VEH system. 
 

2. METHODS  

 The modeling and simulation techniques were employed in this study to evaluate the 
performance of various magnet-coil configurations containing adjusted back shields. By 
utilizing specialized software and design tools (ANSYS Maxwell, Simplorer, and MATLAB), 
virtual models of the VEH system were created and their operation was simulated under 
similar excitation conditions. The simulations permitted the analysis of the impact of 
different configurations on key performance metrics such as power output, voltage 
generation, and overall efficiency. 
 
2.1 The electromagnetic vibration energy harvester 

 There are principally three types of vibration energy harvesters. They are the 
piezoelectric, electrostatic, and electromagnetic vibration energy harvesters (14). 
Piezoelectric harvesters rely on the piezoelectric effect, where certain materials like lead 
zirconate titanate (PZT) generate a voltage when mechanically stressed (15, 16). 
Electromagnetic VEH designs utilize a coil and magnet arrangement. Vibrations cause 
relative movement between the magnet and coil, inducing a current in the coil according to 
Faraday's Law of electromagnetic induction (9, 17). Electrostatic Vibration Energy 
harvester designs exploit the principle of varying capacitance between two plates. 
Vibrations cause a change in the distance between the plates, altering the capacitance and 
generating a voltage across them (18, 19).  
 While all technologies have their place, in designing and modeling a VEH for an 
agricultural tricycle, an electromagnetic harvester is generally the most recommended 
option for several reasons. It is such as scalability since their designs can be tailored to fit 
the size and weight constraints of the tricycle. Concerning tunable resonance, one can 
optimize the harvester to resonate at the dominant vibration frequency experienced by the 
tricycle while traveling. Moreover, they have relatively high power output compared to 
electrostatic harvesters. Electromagnetic designs can generate enough power to contribute 
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meaningfully to the tricycle battery. Electromagnetic harvesters have lower maintenance; 
their simpler design with fewer moving parts translates to lower maintenance requirements. 
They have a higher efficiency, simple configuration, and cost (20, 21). The electromagnetic 
vibration energy harvester (EVEH) model was thus used for this research. 
 The electromagnetic vibration energy harvester is a device that converts the vibrations 
of their environment into electrical energy (22, 23). They have two key components. That 
is the mechanical and electrical parts. The description of the various parts and operating 
principle is compiled from studies in (17, 19). 
 The mechanical part constitutes the magnet. This is an important component of the 
powerhouse of the harvester, a permanent magnet made of the neodymium iron boron 
(NdFeB) material. The magnet creates a static magnetic field within the harvester. The 
copper coil which is a tightly wound wire is wrapped around in a cylindrical manner. The 
coil sits within the magnetic field generated by the magnet. Linked to the magnet is usually 
a seismic mass. The seismic mass is a weight attached to a spring or other flexible 
structure. The seismic mass is designed to resonate at the desired vibration frequency. 
The mechanical part is completed with the spring. This component provides mechanical 
support for the seismic mass and allows it to move freely in response to vibrations. 
 For effective performance, additional external circuitry is present, and is used for 
impedance matching (ensuring efficient power transfer) and voltage regulation (providing 
a stable output voltage). The core principle behind the EVEH operation is Faraday's Law 
of electromagnetic induction (24-26). 
 There are generally two types of coil magnet architectures used in the EVEH. That is 
the magnet in-line coil architecture and the magnet across coil architecture (9). In the 
architecture of a magnet in-line coil, the permanent magnet and the coil are positioned 
along the same axis. The magnet sits inside the coil, with the magnetic field running through 
the center of the coil. This arrangement is accompanied by a back iron plate or the shield 
is placed behind the magnet. As the seismic mass vibrates, the magnet moves slightly 
within the coil. This movement changes the magnetic flux passing through the coil, inducing 
a current according to Faraday's Law. The back iron plate helps to channel and concentrate 
the magnetic field, further enhancing the efficiency of flux linkage with the coil. In the 
magnet across-coil configuration, the permanent magnet is positioned perpendicular to the 
axis of the coil. The magnet sits on one side of the coil, with its magnetic field passing 
through the width of the coil. Vibrations cause the seismic mass to move, altering the 
distance between the magnet and the coil. This change in distance results in a variation of 
the magnetic flux passing through the coil, inducing a current. However, the magnet in-line 
architecture is the most widely used mechanism for the EVEH while the magnet across 
configuration is under study for application (13). The magnet in-line coil in Figure 1 was the 
architecture chosen for this research work. 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Architectural array of the magnet in-line coil structure showing the placement of the 
magnet in line with the magnet 

 
2.2 The Halbach magnet array 

 The EVEH relies on the efficient interaction between magnets and coils to convert 
vibrations into electricity. The Halbach array, a specific arrangement of permanent 
magnets, offers a unique approach to enhance this interaction and boost the performance 
of EVEH designs. Unlike the standard configuration that constitutes a row of permanent 
magnets placed side-by-side, all magnetized in the same direction, the Halbach array takes 
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a different approach. It involves alternating the magnetization direction of adjacent magnets 
in a specific pattern. This seemingly simple arrangement creates a remarkable effect. On 
one side of the array, the magnetic fields of the alternating magnets reinforce each other, 
creating a significantly stronger magnetic field than a standard arrangement. Conversely, 
the alternating fields partially cancel each other out on the other side of the array, resulting 
in a drastically weaker magnetic field. This unique property of the Halbach array offers 
distinct advantages for the EVEH applications (27, 28). 
 The Halbach array is implemented into the EVEH design by placing it on one side of 
the coil, with a strong magnetic field directed towards the coil. The weaker magnetic field 
on the opposite side minimizes interference with other components in the harvester. There 
are primarily two types of Halbach arrays. That is the circular Halbach array and the linear 
Halbach array (29). The linear Halbach array was chosen for this research work based on 
the structural requirements and suitability for the design. The simulations were done using 
the method of finite element analysis which is an important tool in design and simulations 
(30). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2. Schematic representation of a linear magnet array showing the (a) alternating magnet, (b) 

head-to-tail magnet, and (c) Halbach magnet arrays with concentrated fields on one side of the 
magnet array 

 

 Figure 2 shows the normal arrangement and the linear Halbach arrangement of 
magnets. The magnets and their orientation are shown using arrows while the generated 
resultant combined magnetic field flux lines are shown in color around the magnet arrays. 
The models were done using the Finite Element Method Magnetics (FEMM) which is 
software for solving electromagnetic problems on 2D planar and axisymmetric domains 
(31). The software used here is ANSYS Maxwell R2023. The program addresses both 
linear and nonlinear magnetostatic and transient problems (32).  It is seen that the magnetic 
flux is more concentrated in the Halbach array in Figure 2 (c) unlike the normal arrays 
shown in Figures 2 (a) and (b). As mentioned earlier, this magnetic field concentration is 
useful in harvesting more energy from the EVEH as the coil will be linked to more flux. 
 
2.3 Modelling of the electromagnetic vibration energy harvester 

 The VEH mechanical model describes the harvester's movement due to vibrations. 
It's typically represented as a single-degree-of-freedom second-order mass-spring-damper 
system, as shown in Figure 3. 
 
 
 
 

(b) (a) 

(c) 
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Figure 3. Mechanical model of the EVEH using a mass spring damper system 
 

 The ANSYS Simplorer mechanical analogous and electrical domains of the EVEH are 
shown in Figure 4.  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. An ANSYS Simplorer developed a model showing the mechanical, and electrical domains 

and components of the EVEH 
 

Mathematically, the mechanical system of the EVEH is represented in equation (1). 
 
𝑚𝑥̈(𝑡) +  𝑐𝑥̇(𝑡) +  𝑘𝑥(𝑡) =  −𝐹(𝑡)                                                                                             (1)                            
  
Where m is the mass of the vibrating magnet (kg), c is the damping coefficient representing 
energy dissipation (due to friction), k is the spring constant representing the stiffness of the 
structure, x(t) is the displacement of the mass relative to its rest position (m),  𝑥̇(t) is the 
velocity of the mass (m/s), ẍ(t) is the acceleration of the mass (m/s2), F(t) is the external 
force or excitation due to vibration (N), and t is the time of vibration (s). 
 The differential equations governing the transducer are derived from equations (2) and 
(3). Equation (1) is the equation of an unloaded oscillator. When loaded with an electrical 
load, an extra term is added to (1) as the induced current flows. The back action of the 
induced current introduces a constant K, which is the electromagnetic coupling coefficient 
(transduction factor) as shown in equation (2) (33, 34). 
 
𝑚𝑥̈(𝑡) +  𝑐𝑥̇(𝑡) +  𝑘𝑥(𝑡) +  𝐾𝑖(𝑡) =  −𝐹(𝑡) (2) 

𝑈(𝑡)  =  𝐾𝑥̇(𝑡)  =  (𝑅𝑐𝑜𝑖𝑙 +  𝑅𝑙𝑜𝑎𝑑)𝑖(𝑡)  +  𝐿𝑐𝑜𝑖𝑙 . 𝑖(𝑡)   (3)
                                                                                                               
 Equation (3) represents the electrical model of the EVEH. The electrical model 
describes the conversion of mechanical motion into electrical energy. Rcoil, Rload, and 
Lcoil represent the coil resistance, load, and inductance of the coil respectively. The 
induced voltage U(t), is derived from Faraday’s law of electromagnetic induction as follows: 
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 𝑈(𝑡) = −𝑁
𝑑𝜑

𝑑𝑡
=  −𝑁

𝑑𝜑

𝑑𝑥
𝑥̇(𝑡) = 𝐾𝑥̇(𝑡)              (4) 

  
Where N is the number of turns of the coil while φ represents the flux of one coil turn. K 
depends on the geometry of the coil and the magnetic configuration or circuit (35). Equation 
(4) shows that the energy harvested or induced voltage depends on the number of turns 
including the change in position of the magnet relative to the coil and the speed of the 

magnet. The term 𝑁
𝑑𝜑

𝑑𝑥
 represents the electromagnetic coupling coefficient (K) while 𝑥̇(𝑡) 

represents the speed of the magnet as the seismic mass of the VEH vibrates. Thus, K 
depends on the number of turns of the coil and the flux linkage to the coil or change in flux 
which are quantities that depend on the geometry of the VEH. Since the generated power 
depends on K which in turn depends on the geometry, the geometry alteration significantly 
affects the power generated. 
 At low frequencies, the coil inductance (Lcoil) is zero. Solving for the current (i(t)) in 
equation (3) and substituting in (2) shows an additional electrical coefficient of damping 
(Ce), which results from the back action of the induced current on the harvester's 
mechanical part. 
 

𝑖(𝑡) =  
𝐾𝑥̇(𝑡)

𝑅𝑐𝑜𝑖𝑙+𝑅𝑙𝑜𝑎𝑑
                                                                                                                     (5)  

                                                                                  
 The expression for Ce is shown in equation (6) and the current in (5). 
 

𝐶𝑒 =  
𝐾2

𝑅𝑐𝑜𝑖𝑙+𝑅𝑙𝑜𝑎𝑑
                                                                                                                       (6) 

 
 Following the theory of maximum power transfer on the application of impedance 
matching, maximum power is transferred to the load when the optimum resistance of the 
load equals the resistance of the coil during energy harvesting. However, this theory is 
inapplicable in electromagnetic vibration energy harvesters. This shortcoming of the 
application of the maximum transfer theory is due to its inability to consider the electrical 
damping effect (when current flows) on the mechanical behavior of the system (36). The 
analogous electrical value of the mechanical damping was thus included in calculating the 
optimal resistance value of the load. This method is more accurate. The value of the optimal 
resistance value of the load to maximize the harvested power output is defined in equation 
(7). 
 

𝑅𝑙𝑜𝑎𝑑, 𝑜𝑝𝑡 =  𝑅𝑐𝑜𝑖𝑙 +
𝐾2

𝐶
                                   (7)                                                                                    

  
The load voltage and power values are obtained from the numerical solution of equations 
(2) and (3). Thus, the load resistance voltage and its corresponding power output are 
expressed as in (8) and (9). 
 

𝑉(𝑡) =  𝐾𝑥̇(𝑡)
𝑅𝑙𝑜𝑎𝑑

𝑅𝑐𝑜𝑖𝑙+𝑅𝑙𝑜𝑎𝑑
                 (8) 

𝑃 =  
𝑉2

𝑅𝑙𝑜𝑎𝑑
                                                                                                                                (9)      

                                                                                                       
2.4 Simulation of the different coil-magnet configurations 

 Four different configurations of the VEH were modeled and simulated. The K value of 
each configuration was calculated using equation (4). The obtained value in each model 
was then fed into the MATLAB Simulink model to obtain the values of the power generated 
from each harvester. 
 The load voltage (V) value can also be obtained from ANSYS Maxwell after 
simulations using the transient reports and rectangular plots. However, proper analysis can 
only be conducted on MATLAB using the polyfit function. From the plot of voltage generated 
versus time, the average value of the generated load voltage can be estimated. By 
combining these equations, the harvester's performance could be analyzed. 
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 The ANSYS Maxwell models to test the effect of different geometrical configurations 
on the voltage and power generated in the EVEH are shown in Table 1. Four different 
structures of the EVEH were modeled using the software. The voltage and power 
generated from each of the models will be compared. The 2M1CFBS configuration 
represents a coil array, with two magnets repelling each other and a flat back shield. The 
repelling force provides more flux concentrations than the attracting forces (27, 37). The 
configuration 2M1CSBS is the same as the 2M1CFBS configuration except that it has a 
stepped-back shield. The H3M1CFBS configuration is a Halbach array that consists of 
three magnets, one coil, and a flat back shield. The two end magnets are arranged axially 
while the middle magnet is arranged radially according to their magnetic orientation from 
the north to the south pole. The H3M1CSBS configuration is the same as the H3M1CFBS 
configuration except that it has a stepped-back shield. The four configurations form different 
electromagnetic vibrational energy harvesters that will be examined and compared based 
on their outputs. The material used for the magnet is NdFeB N52 (neodymium iron boron) 
which has a coercive force of 977 KA/m and residual flux of 1.48 T while copper is used for 
the coil. 
 To validate the methodology for this research, the 2M1CFBS and the H3M1CFBS 
configurations which are reported as the best models for vibration energy harvesting as 
well as the design parameters were adopted from (12). The results of this study were 
compared with their work to observe any improvements. The main parts of the EVEH 
constitute the magnet inner, outer radius, and height, the coil inner, outer radius, and 
height, the back shield inner, outer radius, and height, the metallic elements inner, outer 
radius, and height as well as the coil-magnet, magnet-back shield air gaps and the mass 
of the moving magnet. 
 
Table 1. Different experimental setups with their coil magnet configurations and additional metallic 

elements 

Identity of model 
setup 

Number of 
magnets 

Number of 
coils 

Type of back 
shield present 

2M1CFBS 2 1 Flat 
2M1CSBS 2 1 Stepped 
H3M1CFBS 3 1 Flat 
H3M1CSBS 3 1 Stepped 

 
 Table 2 shows the modified parameters and their dimensions. The volume of the 
stepped-back shield models, with dimensions carefully chosen based on design tolerances 
of at least 1mm, was added to the parameters. 

 
Table 2. General parameters adopted for the EVEH design (12) 

Parameters  

Magnets inner radius 2 mm 
Magnets outer radius 12 mm 
Magnets height 24 mm 
Magnets material NdFeB N52 
Magnet coercive force  977 KA/m 
Magnet residual flux 1.48 T 
Coil inner radius (Rin) 14 mm 
Coil outer radius (Rout) 16.5 mm 
Coil height 12 cm 
Coil material Copper 
Number of coil turns 2483 
Resistance of coil 510 Ω 
Coil fill factor 0.65 
Back shield inner radius 18.5 mm 
Back shield outer radius 20 mm 
Back shield height 24 mm 
Back shield material 1010 steel 
Moving mass 0.792 Kg 
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Metallic element inner radius 14 mm 
Metallic element outer radius 16.5 cm 
Metallic element height 5.5 mm 
Metallic element material 1010 steel 
Excitation  10 Hz 
Constraint volume of transducer (Flat back 
shield) 

30.15 cm3 

Relative motion limit 4 mm 
Source: Modified from Ordoñez, Robert (12) 

 
 Each of the four models was set up on the ANSYS Maxwell software and the magnets 
were set in motion in the band using motion setup tools from the ANSYS transient solver. 
A voltage is induced in the coil as the magnet oscillates (vibrates) relative to the coil. The 
schematic representation of each model setup is shown in Figure 5. The 3D section models 
are depicted on the right, while the 2D representations are on the left for better viewing and 
understanding.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Different geometries of the EVEH showing the (a) 2M1CFBS, (b) 2M1CSBS, (c) 
H3M1CFBS, and the (d) H3M1CSBS configurations; 2D equivalents are shown on the left for easy 

visibility and understanding 
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 The four models were each, connected to an external circuit that contains the load 
resistance and excited. The simulations were run using Maxwell axisymmetric 2D 
modelling which gives better meshing and more accurate results with less computer 
resources and time than 3D simulations. 

 

Figure 6. Numerical implementation of the model to obtain the power generated from the EVEH 
 

 The flux linkage and position data were then taken to MATLAB for post-analysis to 
calculate the value of K. Using the polynomial curve polyfit function, the flux change on the 
coil with the position of the moving mass (magnet) was computed. The value of the gradient 
of this curve obtained is the electromagnetic coupling coefficient (K) of the transducer. The 
variation of the power generated with vibrations was computed numerically using the 
MATLAB Simulink implemented model of equations (2), (3), and (9) shown in Figure 6.  
 The power density which is the power generated per unit volume of the EVEH will be 
calculated for each device using equation (10). This term is essential since adapting an 
energy harvesting device in an electric vehicle will require minimal volume and space 
constraints for the EVEH device. 
 

 𝑃𝐷 =  
𝑃

𝑉
                                                                                                                          (10) 

                                                                                                            
Where PD is the power density measured (W/cm3), P is the power and V is the volume of 
the EVEH device. 
 

3. RESULT AND DISCUSSION  
 Figure 7 shows the simulation results of the magnetic flux density from the 2D 
axisymmetric finite element analysis of each of the four models. The magnetic field lines 
and the magnetic flux density in brown and rainbow colors are shown on each model part 
(magnet, coil, back shield, and steps). 
 The variation in magnetic flux linkage on the coil for the four different configurations 
can be noticed. 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7. Axisymmetric 2D simulation results of (a) the H3M1CWME and (b) the H3M1C 

(a) (b) 
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Figure 7. Axisymmetric 2D simulation results of (c) the 2M1CWME and (d) the 2M1C configuration 

(continuation) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8. Plot of the magnetic flux linkage on the coil of the EVEH versus the position of the moving 
magnet arrays showing the (a) Halbach array with three magnets, one coil, and stepped back 

shield, (b) Halbach array with three magnets, one coil with flat back shield, (c) two magnets with 
one coil configuration with stepped back shield and (d) the two magnets with one coil configuration 

with flat back shield 

  
 Figure 8 shows the graphs of the flux linkage with the position of vibrating or moving 
mass (magnet) for each EVEH model. Figure 8(a) which is the  Halbach array with three 
magnets and one coil with a stepped back shield (H3M1CSBS) is realized to produce a flux 
linkage of up to 0.22 Wb at the position -2 mm. Meanwhile, the same configuration with a 

(a) (b) 

(d) (c) 

(d) (c) 



JEMMME (Journal of Energy, Mechanical, Material, and Manufacturing Engineering) 
Vol. 9, No. 2, 2024  doi: 10.22219/jemmme.v9i2.36498 

Kobbbi | Modeling and simulation of magnet-coil arrays for vibrational energy … 95 

 

flat back shield  (H3M1CFBS) in Figure 8(b) produces a maximum flux linkage of 0.19 Wb 
at the same position of -2 mm. Likewise, the configuration with two magnets, one coil, and 
a stepped back shield (2M1CSBS) in Figure 8(c) is observed to produce a flux linkage of 
up to 0.17 Wb at the position -2 mm. Meanwhile, the configuration in Figure 8(d) with a flat 
back shield produces 0.14 Wb of flux linkage at that same position. 
 Table 3 compares the results obtained from this study and those from (12) in terms of 
flux linkage. The models used to compare with their work are the H3M1CFBS and the 
2M1CFBS configurations since they are similar in structure.  
 

Table 3. Comparison of the results obtained from this study and previous studies for validation of 
methodology 

Configuration Flux linkage (Wb) 

 Our study Ordoñez, Robert (12) 

H3M1CFBS (at -2 mm) 0.19 0.2 
2M1CFBS (at -2 mm) 0.14 0.18 

  
 The values in Table 3 show close similarity. This shows the validity of the methodology 
used in this study. The minimal difference may be due to the use of different software. 
 The maximum instantaneous voltages generated from each of the models and their 
corresponding electromagnetic coupling coefficients (K) are shown in Table 4.  
 The Halbach array is seen to produce more energy than the non-Halbach arrays. The 
configurations with a stepped-back shield are seen to perform better than those with flat-
back shields. A difference of at least 7 V is observed in the generated voltage between the 
configurations with stepped-back shields and those with stepped-back shields. The 
increase in voltage generation in the configurations with stepped-back shields is due to an 
increase in flux linkage to their coils. This increase in flux linkage is due to the reduction of 
the air gap between the magnet and the back shield. A reduced air gap leads to a reduction 
of the magnetic reluctance to the flux linkage which then increases the amount of linkage 
flux to the coils. The air gap between the back shield and the magnet in the configurations 
with flat back shields (the 2M1CFBS and H3M1CFBS configurations) is more than the air 
gap in the configurations with stepped back shields (the 2M1CSBS and H3M1CSBS). The 
modification has concentrated the flux more on the coils, it leads to more power generation.  
 

 Table 4. Maximum flux linkage, electromagnetic coupling coefficient values (K), and 
corresponding generated voltages of different magnet-coil configurations 

  
Comparing the configurations, it is realized that more power is generated per unit volume 
(19.77 cm3) in the geometries with stepped-back shields compared to a volume of 30.15 
cm3 in the flat-back shields. The Halbach array with one coil, three magnets, and a stepped-
back shield array has generated a power density of 0.13 W/cm3, calculated using equation 
(10). 
 

4.  CONCLUSION  
 The configurations with stepped-back shield geometries produced more flux linkage, 
induced voltage, transduction factor, and power with less device volume compared to the 
configurations with flat-back shields. However, the Halbach array with three magnets and 
one coil with a stepped back shield (H3M1CSBS) produced the highest amount of flux 
linkage, transduction factor, induced voltage, and generated power compared to other 
configurations under the same excitation conditions. Thus, it is the recommended 

Configuration Maximum 
flux 
linkage 
(Wb) 

Electromagnetic 
coupling 
coefficient 
(Wb/m) 

Maximum 
generated 
voltage (V) 

Power 
generated 
(W) 

Total 
volume 
(cm3) 

H3M1CSBS 0.22 110 36.00 2.54 19.77 
H3M1CFBS 0.19 95 23.75 1.11 30.15 
2M1CSBS 0.17 85 27.40 1.47 19.77 
2M1CFBS 0.14 70 20.00 0.78 30.15 
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configuration for harvesting vibrational energy in electric vehicles for application in 
agricultural transportation. Less volume was also taken by the device compared to devices 
from previous studies. Volume is a very important constraint in energy harvesting devices 
since they must fit into very tiny available spaces in the electric vehicle transmission 
system. 
 H3M1CSBS configuration is considered to be optimized using an artificial intelligence-
based algorithm to produce the best value of harvested energy using minor resources such 
as coil diameter, height, and magnet sizes. The optimized model should be realized and 
adapted to a real-world agricultural transportation electric tricycle and tested for 
performance. 
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