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Abstract 
 

We have studied linear magnetic gears. Since linear magnetic gears are excellent in terms of ease of manufacture and economy, we stud-

ied linear magnetic gears in this paper. The speed and the force of the secondary side of the magnetic gear are determined according to 

the gear ratio. In additional, the linear magnetic gear also performs a linear reciprocating motion different from the rotary magnetic gear. 

Therefore, in this paper, the model selection was made through reference works. The selected models had analyzed in accordance with 

gear ratio.Especially, the characteristics analysis method was compared with total harmonic distortion and force ripple. Also, it is possi-

ble to predict and compare the total harmonic distortion, the force ripple, and the speed according to the gear ratio. Finally, the speed 

comparison between the primary side and the secondary side of the gear ratio was carried out and the validity of the research direction of 

the linear gear was verified through all the results. All results are important for predicting gear ratio selection of precision linear magnetic 

gears. Therefore, in this paper, the load force is set opposite to the secondary side, and through this process to obtain accurate results 

from the analysis of the linear magnetic gear. From the analysis results of this paper, we can analyze the combined model of linear mag-

netic gear and linear generator. 
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1. Introduction 

Anelectric machine cannot independently deliver power and de-

pend upon gears to deliver this power source. These gears consist 

of toothed wheels where the wheels deliver power to a mechanical 

system by utilizing teeth on both the primary and secondary gear. 

These gears are used in a variety of mechanical systems that are 

run at both low and high speeds (D. E. Hesmondhalghand D. Tip-

ping, 1980; K. Tsurumoto and S. Kikushi., 1987; K. Ikuta et al., 

1991). Generally, these systems span wind power generators, au-

tomobile systems, and household appliances (K. Atallah and D. 

Howe, 2001). While gears deliver power, they are not without 

their limitations. Gears use metal materials and cause mechanical 

losses. Specifically, when gears experience extreme temperatures 

at high speed rotation, the gear teeth are weakened causing abra-

sion, friction loss, vibration, and noise. Additionally, gears can be 

very maintenance heavy requiring constant maintenance to oper-

ate. This being said, magnetic gears can effectively compensate 

for the disadvantages over conventional gears (M. Chenet al., 

2014; P. O. Rasmussenet al., 2005). The mechanical loss of the 

magnetic teeth can be minimized by using permanent magnets, 

which also reduces the constant need for maintenance. Further-

more, it is possible to reduce the overall size and weight. This is 

based upon a high energy density due to the discovery of a rare 

earth magnetic substance. Additionally, it is possible to reduce 

manufacturing costs throughout the manufacturing process. For 

these reasons, a variety of research has been conducted focusing 

on the use of magnetic gears when leveraging permanent magnets. 

In particular, the focus of past research has been on rotary gears. 

However, in a linear motion system, such as wave power genera-

tion, utilizing a linear gear is inevitable (K. Atallah et al., 2006; C. 

T. Liu et al., 2016). For this reason, research on magnetic gears of 

tubular structure has recently been conducted, but difficulties in 

manufacturing and high cost are noted as key limitations. A simi-

lar result can be obtained by simplifying the tubular structure to a 

linear structure (L. Wanget al., 2014). 

In this paper, we analyzed the force characteristics of linear mag-

netic gears using permanent magnets according to gear ratio. First, 

the model selection was determined by referring to reference (L. 

Wanget al., 2014), and the analysis was carried out by adjusting 

the gear ratio of the secondary side accordingly. An analysis of the 

Total Harmonic Distortion (THD) was performed after obtaining 

the pull-out force of each gear ratio (N. Yousefpooret al., 2012). 

Next, the magnitude, torque ripple, and speed of the force ob-

tained from the transient analysis were calculated. 
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Fig. 1: Structure of Linear Permanent Magnet Gears. 

 
Table 1: Parameters of the Analyzed Linear Permanent Magnet Gear 

Parameter Values 

Thickness of primary mover [mm] 8 

Thickness of secondary mover [mm] 5 
Thickness of steel pole [mm] 6 

PM thickness on primary mover [mm] 5 

PM thickness on secondary mover [mm] 2.5 
Number of pole-pairs on primary mover 8 

Number of pole-pairs on secondary mover 32~44 

Length of each air-gap [mm] 1 
Stack length [mm] 10 

 

Lastly, the amount of error, characteristics of the gears, and calcu-

lated values were compared with each gear ratio for a final as-

sessment. All analytical processes were performed using the two-

dimensional (2-D) finite element analysis method. 

2. Structure and analysis method of linear 

magnetic gears 

In this paper, we analyzed the study on force characteristics of 

according to the gear ratio by fixing the high-speed mover of the 

linear magnetic gear to 8 poles and changing the number of poles 

of the low-speed mover using a 2-D finite element analysis meth-

od. In addition, we conducted transient analyses of the force and 

force ripple of the linear magnetic gears and the mover speed of 

the low-speed mover for various ratios. We analyzed a total of 8 

gear ratios. First, the gear ratios were divided into integer and non-

integer ratios. Then, characteristic analyses were performed for 

non-integer gear ratios of half and quarter. 

 

 
Fig. 2: Analysis Result According to Gear Ratio: (A) Pull-Out Force, (B) 

THD. 

3. Selection of analysis model 

The linear magnetic gears studied in this paper are shown in Fig. 

1. The magnetic gear has a structure similar to the magnetic cou-

pling but has steel poles between the drives on both sides. This 

supports the principle that both sides of the rotor system are 

modulated by steel poles and driven in the opposite direction of 

the driver. Figure 1 shows a rotating magnetic gear as well as a 

linear magnetic gear. The high-speed mover and low-speed mover 

in the linear magnetic gear are referred to as primary and second-

ary, respectively throughout the rest of this paper. As with rotating 

magnetic gears, the number of poles on the primary side is fixed at 

eight, and when moving at a maximum speed of 1 m/s, the speed 

of the secondary side moves in the opposite direction. Since the 

selection of the gear ratio is based on reference 4, the gear ratio 

ranges from 4 to 5.5 based upon the gear ratio at that time. In gen-

eral, motion of the rotating magnetic gear are opposite in direction 

to the primary. On the other hand, linear magnetic gears must 

reciprocate motion due to the limit of the length of the linear mag-

netic gear. Therefore, in this paper, we analyzed the reciprocating 

motion as well as the unidirectional motion. Particularly, in order 

to see the section where the force converges when moving in one 

direction, the overall length of the secondary side is lengthened 

and the analysis is proceeded. The parameters of the analytical 

model are noted below in Table I. Linear magnetic gears must  

 

 
Fig. 3: Force Ripple Analysis Result According to Gear Ratio. 

 

Accurately calculate the mass when considering the movement 

according to the gear ratio. The number of steel poles can be ob-

tained by Ns= p1 + p2, and the mover speed and gear ratio can be 

obtained from equation (1) and equation (2) as noted below (L. 

Wanget al., 2014). 
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Wherep1 and p2 are the number of primary poles and secondary 

poles, ω1, ω2 and Gr refer to the primary speed, secondary speed, 

and gear ratios. Also, the negative sign indicates the directions of 

the primary and secondary sides are opposite to one other. 

4. Pull out force analysis and THD analysis  

Pull-out force is only obtained when the primary side speed is 

given; not the secondary side. The value is determined by predict-

ing the maximum force the magnetic gear can produce and is the 

most important analysis in the initial design process of the mag-

netic gear. The results of the gear ratio increased along with an a 

substantial increase in the pull-out force are shown in Fig. 2 (a). 

When the gear ratio is a non-integer; the pull-out force decreases 

steadily. Figure 2 (b) shows the result of the THD analysis and the 

corresponding equation to determine THD is found in (3). 
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Here, Fn denotes the n-th harmonic component of one iteration of 

the pull-out force of each gear ratio. Figure 3 shows the result of 

force ripple transient analysis according to gear ratio. The force 

ripple can be obtained by utilizing equation (4). 
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Fig. 4: Load Force According to Position in Transient Analysis. 

 

 
Fig. 5: The Reciprocating Motion of the Secondary Side and the Flux 

Line. 

 

F in equation (5) represents the force according to the gear ratio. 

These results were obtained by leveraging the results of the steady 

state analysis as mentioned above. Specifically, it refers to the 

result of the convergence section when the velocity is 1 m/s. How-

ever, in applications where actual linear magnetic gears are used, 

there is a limit in the finite element analysis in the steady state due 

to the reciprocating motion of the primary side is required. There-

fore, Fig. 4 demonstrates the load force according to the position 

of the primary and secondary sides in the linear reciprocating mo-

tion from the transient analysis. This means that when the primary 

and secondary move in opposite directions, the load force on the 

primary side is applied in the opposite direction of the secondary 

side. If there is an infinite motion in one direction, such as a rota-

ry, the load force may take into account only integer values that 

are opposite to the secondary. In the case of linear reciprocating 

motion, however, the sinusoidal function should be considered in 

the load force. Figure 5 shows the operating speeds of the primary 

and secondary mover. From both Figs 4 and 5, one can see that 

each gear moves in the opposite direction during the reciprocating 

motion; at a speed determined by the gear ratio at that time. In 

addition, Table II and Table III shows the analysis results for the 

secondary speed and force of each gear ratio with respect to the 

primary side 1 m/s speed and force. Here, Ideal values can be 

calculated using Equation (1). Therefore, it can be confirmed that 

the FEA result and the ideal value match very well and it shows 

the reliability of the analysis results. 

 

 

 
 

Table 2: Speed Results According to Gear Ratio 

Ratio FEA Ideal Speed Error 

4 0.249 [m/s] 0.25[m/s] 0.48 [%] 

4.25 0.233 [m/s] 0.235[m/s] 1.15 [%] 

4.5 0.222 [m/s] 0.222[m/s] 0.33 [%] 

4.75 0.21 [m/s] 0.211 [m/s] 0.25 [%] 
5 0.201 [m/s] 0.2[m/s] 0.45 [%] 

5.25 0.186 [m/s] 0.190[m/s] 2.35 [%] 

5.5 0.182 [m/s] 0.182 [m/s] 0.01 [%] 

 
Table 3: Force Results According to Gear Ratio 

Ratio FEA Ideal Force Error 

4 24.9 [Nm] 26 [Nm] 4.22 [%] 

4.25 24.71 [Nm] 24.94 [Nm] 0.93 [%] 

4.5 24.33 [Nm] 23.23 [Nm] 4.76 [%] 
4.75 24.18 [Nm] 22.99 [Nm] 5.2 [%] 

5 24.36 [Nm] 24.93 [Nm] 2.3 [%] 

5.25 23.85 [Nm] 24.11 [Nm] 1.06 [%] 
5.5 23.78 [Nm] 24.43 [Nm] 2.66 [%] 

5. Conclusion 

In this paper, we analyzed force characteristics according to the 

ratios of linear magnetic gears. Based upon the characteristics of 

rotary type magnetic gears, as noted through previous studies, we 

then applied said characteristics to linear magnetic gears. In terms 

of gear ratios, the results were similar. Further analysis was also 

conducted on the reciprocating movement and its effects on a 

linear magnetic gear. As such, the results of this paper will be used 

in a mechanical system requiring linear motion. 
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