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Abstract 
 

This paper deals with the design of a Permanent Magnet 
Linear Generator Multi Air-gap Structure (MALG) using 
the Finite Element Method (FEM). The cogging force, which 
occurs due to the interaction between stator teeth and the 
Permanent Magnet (PM), is reduced by the MALG 
dimensions. The generated voltage is analyzed for both no- 
load on the multi-air gap flux density. This paper predicts 
the thrust force and flux linkage. 
 

1. Introduction 
 
Linear electric machines are electromagnetic, electrostatic, 

piezoelectric, and magneto-striction force devices capable of 
producing progressive or oscillatory translational (linear) motion 
directly [1, 2, 3]. 

A Permanent Magnet Linear Generator Multi Air-gap 
Structure is an electromagnetic device that develops short travel 
linear motion. The MALG is intended for an electroacoustic 
converter. An electroacoustic machine converts acoustic energy 
into electrical energy, and vice versa, converts electric energy 
into acoustic energy Fig 1. An acoustic wave is created as 
"input" using a linear motor. This acoustic wave is amplified by 
the heat recovered as "output" using a linear generator. The 
advantages of the Permanent Magnet Linear Generator Multi 
Air-gap Structure over a traditional structure are its 
compactness, very high dynamic range due to the lightness of 
the moving part, and higher efficiency. 

 

 
 

Fig. 1.Electroacoustic converter. 
 
In the multi-air gap concept, the aim is to increase, within a 

given volume, the number of air-gap surfaces generating 
electromagnetic conversion [4, 5]. 

Despite these advantages, the Permanent Magnet Linear 

Generator Multi Air-gap Structure generally has to deal with a 
high cogging force. The double-sided linear electric generator 
has a cogging force that is much lower compared to the single 
and double-sided iron core generator. 

The cogging force is produced by the interaction between the 
permanent magnet and the slotted iron structure. The cogging 
force produces a pulsating force ripple resulting in vibrations 
and acoustic noise that is detrimental to the MALG Structure. 
This paper presents investigations on methods to reduce cogging 
force. 

In this paper, a MALG Structure is designed using a 2D finite 
element method. The main design parameters are the 
electromagnetic force (emf) across the stator bars and the 
cogging force. The slot opening width length is chosen to give a 
minimum cogging force. The permanent magnet thickness was 
varied over a wide range and the voltage and cogging force are 
calculated each time by FEM.  

Fig 2 shows the structure chosen to implement the linear 
electric generator using 2D FEM ANSYS Maxwell software. 

 

 
  

Fig.2 Magnetic structure, three-phase linear generator. 
 

2. Calculating main parameters 
 
The first step in designing and analyzing a Permanent Magnet 

Linear Generator Multi Air-gap Structure is to determine the air- 
gap field produced by the magnets. The fields may be 
determined precisely by finite element analysis. Generally, 
harmonic displacement is used to describe the oscillatory motion 
of an electric machine or moving part. 

 
2.1. Electromagnetic equations 
 

Whereas fields may be determined precisely by finite element 
analysis, a magnetic circuit approach yields approximate results 
that are acceptable for practical purposes. Thus, neglecting 
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saturation and leakage, we have: 
 

0 *m g gB B Hμ= =   (1) 

 
Neglecting the reluctance of core, Ampere’s law yields: 
 

2 0g m mgH H h+ =   (2) 

 
Assuming rare-earth magnets, their demagnetization 

characteristic can be written: 
 

m r rc mB B Hμ= +   (3) 

 
Combining (1), (2) through (3) yields. 
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mB : PM operation flux density, T 

mH : PM operation field intensity, A/m 

g : Air-gap, mm 

rB : Residual flux density, T 

rcμ : PM recoil permeability, H/m 

gB : Air gap flux density, T 

gH : Air gap magnet field intensity, A/m 

mh : Magnet thickness, mm 

The electromagnetic force (emf) is proportional to linear 
speed. 

 
e kx= −     (5) 

 
e : emf, V; k : function with PM flux density and generator 

width; x : speed. 
 

2.2. Mechanical equations 
 

The obtained mechanical values prohibit the use of 
traditional mechanical systems because acceleration is too high. 

Displacement of the moving part is written in the following 
form: 

( )sin 2mx x ftπ= ;
2
s

m
Lx =  (6) 

 
Speed is the derivative of displacement  
 

( )2 cos 2
2
sLx f ftπ π=  (7) 

 
Acceleration is the derivative of speed. 
 

( )2
2 *x f xπ= −   (8) 

 
The speed of synchronism ( V ) or displacement is 

independent of the number of the permanent magnets pole pairs. 
 

2V fτ=    (9) 

 

sL : the stroke; f : the mechanical frequency andτ : the 

pole pitch. 
The electromagnetic force is calculated as follows: 

 

( ) ( ) ( )

( )

e t i tF t
x t

=


  (10) 

 
The highest interaction electromagnetic force per given 

current occurs when e(t) and i(t) are in phase with each other. 
 

3. Carried out simulations 
 
The main characteristics of the MALG being studied were 

obtained as in [6, 7, 8]. 
For our purposes here, ANSYS-Maxwell software was used 

with the Finite Element Method. Maxwell Transient is able to 
evaluate interactions between transient electromagnetic fields 
and motion [9, 10, 11]. 

The MALG Structure has equal slot and pole pitches. The 
cross section of the linear electric generator is shown in Fig 3 
and specification design data is given in Table 1. 

 

 
 

Fig. 3 MALG slot dimensions. 
 
The main variable dimensions are optimized to minimize the 

cogging force value. The studied variables are the air-gap 
thickness, PM thickness and slot opening width. 

The slot pitch of the structure is: 

11 21s b bτ = +    (11) 

 
τs: slot pitch, b11: width of rectangular slot, b21: width of tooth. 
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The slot factor bs and bw are used to draw the cogging force 

curve with the position, permanent magnet thickness, and air- 
gap thickness. bs	 = 	 		  This parameter gives information on 

the evolution of the cogging force ([0.20, 0.80]). bw	 = 		  This parameter gives information on the 

optimization of winding and the decrease of iron mass ([0.40, 
0.60]). Slot width is varied to optimize the bars dimensions.  

 
3.1. Air-gap 

 
In the design parameters of the MALG, air-gap thickness is 

the parameter that has the most influence on performance. The 
air-gap is very important in the electromagnetic 
parameterization of a linear generator, because it affects 
performance. 

When the airgap thickness increases, the air-gap magnetic 
flux density decreases similarly. This helps decrease the cogging 
force greatly. 

We analyzed the cogging force amplitude characteristic with 
different air-gap thicknesses. The cogging force amplitude 
characteristic with different air-gap thicknesses and positions is 
shown in Fig 4. 

The maximum flux density in the teeth is 1.3789 T. 
 

3.2. PM thickness 
 
     We chose NdFeB to make our prototype, with magnetic 
properties provided in Table 2. 

The PM volume is varied with different PM thicknesses and 
using simulation calculation. Decreasing PM thickness causes a 
reduction in the equivalent current density of the PM that results 
in decreasing the cogging force. Reducing PM thickness has 
more effects, the largest of which is enhancing the linear electric 
generator output voltage. The moving plate generates varying 
flux and induces voltage in the windings. The cogging force 
amplitude characteristic with different permanent magnet 
thicknesses and positions is shown in Fig 5. 

 

 

 

 
 

Fig. 4 Cogging force versus position and air-gap thickness. 
 

 
 
3.3. Slot opening width 

 
We chose to use M300–35A to make our prototype, with 

typical provided in Table 3. The magnetic properties of a 
ferromagnetic material are described graphically in terms of the 
material’s B-H curves and core losses.  

When the slot opening width varies, the flux linking the bars 
changes as the permanent magnet passes through the slot, 
affecting the cogging force and output voltage. The semi-open 
slots in the fixed part can decrease the cogging force, because 
the cogging force is the interaction between the permanent 
magnet edges and fixed part slot edges. 

 

TABLE 1: SLOT DIMENSIONS 
 

Element Symbol Value (mm)
Slot opening height h14 1.0 
Slot wedge height  h13 0.0 
Slot body height h11 5.0 

Slot opening width b14 0.8 
Slot wedge width b11 2.0 

Slot body bottom width b21 2.0 
Slot pitch - 5.0 
Pole pitch τ  5.0 
PM length - 5.0 

PM thickness hm 5.0 
Air gap g 0.8 

Generator length - 230 
Generator width - 50 

Stroke  Ls 20 
Generator power 1 kW 

TABLE 2: MAGNETIC PROPERTIES OF MAGNETS
 

Characteristic  Units Min Nominal Max 

Br, Residual 
Induction 

mT 1170 1200 1230 

HcB, Coercivity kA/m 836 887 939 

HcJ, Intrinsic 
Coercivity 

kA/m 2,388 - - 

BHmax, 
Maximum 
Energy Product 

kJ/m3 263 279 295 
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Fig. 5 Cogging force versus position and PM thickness. 
 

 
 
Despite a very marked decrease of the cogging force in the 

case of semi-open slots, the leakage flux is higher, which can 
reduce the efficiency of the linear electric generator. 
The cogging force increases when the relative opening width 
slot (bs) increases Fig 6. 
 
3.4. Optimization 
 

The 2D finite element method is sufficient to analyze the 
Permanent Magnet Linear Generator Multi Air-gap Structure. 

Optimization methods try to find the maximum or minimum 
of a function where restrictions or constraints on the 
independent variables may exist. 

In optimizing the MALG, the objective function and 

constraints can be computed using a numerical field 
computation approach (FEM). 
 

 

 

 
 

Fig. 6 Cogging force versus position and bs. 
 

MALG optimization can be formulated as a constrained 
optimization problem with more than one objective 
(minimization of cost, minimization of the amount of PM 
material, maximization of efficiency and output power). 

The independent variables used in MALG design dimensions 
are the PM thickness (hm), air-gap (g), relative slot opening 
width (bs), and relative slot width (bw). 

The objective function is not easily expressed in terms of the 
independent variables. We therefore did use the objective 
function for modeling directly, but rather for modelling the 
performance characteristics of the MALG, used in the 
constraints, in terms of the independent variables. Table 4 shows 
the final optimized MALG details, with resistive losses using 
FEM, 70 W (aluminum materials). 

The cogging force amplitude is zero in average value per unit 
area air-gap Fig 7. 

 

 
 

Fig. 7 Cogging force three-phase MALG versus position. 
 

The parasitic contact force between stators and the moving 
part depends on the air-gap. 

At position g = 0.3 mm, the plate is moved laterally. Plate 
movement increases the area of the lower stator, and decreases 
the area of the upper stator by an equal amount. The cogging 
force through the two stators is still equal. 

TABLE 3: TYPICAL DATA FOR M300-35A 
 

B(T) H(A/m) at 50 Hz P(W/kg) at 50 Hz 
0.1 30.9 0.03 
0.2 40.2 0.08 
0.3 46.4 0.15 
0.4 52.1 0.24 
0.5 57.9 0.35 
0.6 64.4 0.48 
0.7 72.0 0.61 
0.8 81.1 0.76 
0.9 92.6 0.92 
1.0 108 1.10 
1.1 130 1.30 
1.2 168 1.54 
1.3 250 1.82 
1.4 510 2.20 
1.5 1440 2.62 
1.6 3490 2.98 
1.7 6700 3.25 
1.8 11300 3.41 
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Cogging force is strictly linked to the mutual position of all 
permanent magnets and all winding. 

 

 
 
 The voltage amplitude characteristic with the position is 
shown in Fig 8. Moving part speed is 0.5 m/sec.  
 

 
 

Fig. 8 No-load voltage versus position. 
 
In Permanent Magnet (PM) electric linear generator the no-

load voltage has a shape of a square (trapezoidal) waveform. 
Given the current of each phase Fig.9, we studied the thrust 

force in the electric linear permanent magnet generator. 
 

 
 

Fig. 9 Three-phase current versus position 
 
Fig. 10 shows the thrust force versus displacement 

characteristic, which gives the relationship between the 
tangential force and displacement from the equilibrium position. 

 

 
 

Fig. 10 Thrust force three-phase MALG versus displacement. 
 

4. Conclusions 
 

The Permanent Magnet Linear Generator Multi Air-gap 
Structure is designed and simulated using 2D FEM ANSYS 
Maxwell software.  A prototype is being built at this time. 

We investigated the effects of parameters including air-gap 
width, permanent magnet thickness, and slot opening width 
upon the cogging force. After analysis, the best parameters to 
decrease the cogging force were chosen. 
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TABLE 4: MALG OPTIMIZATION  
 

Element Symbol Value (mm) 
Slot opening height h14 1.0 
Slot wedge height  h13 0.0 
Slot body height h11 5.0 

Slot opening width b14 0.5 
Slot wedge width b11 2.5 

Slot body bottom width b21 2.5 
Slot pitch - 5.0 
Pole pitch τ  5.0 
PM length - 5.0 

PM thickness hm 3.0 
Air gap g 0.3 

Relative slot opening bs 0.20 
Relative slot width bw 0.50 
Generator length  230 
Generator width  50 

Stroke Ls 20 
PM mass 0.25875 kg 

Generator power 1 kW 
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