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 This paper introduces a portable and user-friendly innovation in food 

processing by replacing traditional molding methods with a linear DC motor 

(LDM). Traditional methods, which involve manual pressing, are energy-

intensive and time-consuming, reducing productivity. The proposed LDM 

offers a simple, cost-effective, and robust solution capable of producing 

constant thrust, unlike conventional LDMs that require complex and 

expensive control methods and are limited to short displacements. The 

research focuses on modelling and analyzing an LDM with constant thrust 

characteristics for food processing applications. The primary objective is to 

model the thrust using the permeance analysis method (PAM), ensuring 

constant thrust capability. Verification was conducted using the finite 

element method (FEM) and measurement results, showing a percentage 

difference of 1.7% and 6.5%, respectively, between PAM and the other 

methods. The study provides valuable guidance for designing LDMs with 

constant thrust capabilities, enhancing the efficiency and practicality of food 

processing devices. 

Keywords: 

Food processing 

Linear actuator 

Linear DC motor 

Presser 

Slot-less 

This is an open access article under the CC BY-SA license. 

 

Corresponding Author: 

Raja Nor Firdaus Kashfi Raja Othman 

Fakulti Teknologi dan Kejuruteraan Elektrik, Universiti Teknikal Malaysia Melaka 

Hang Tuah Jaya Street, 76100 Durian Tunggal, Melaka, Malaysia 

Email: norfirdaus@utem.edu.my 

 

 

1. INTRODUCTION  

Linear actuator (LA) has been widely used in the industry for various applications such as 

aerospace, railway transportation, electric vehicle, agriculture, pumping system, and air compressor [1]-[7]. 

Recently, demand of portable devices in food and beverage processing has encouraged more LA to be used 

for such applications [8]-[12]. Traditional devices of portable food pressers that are commonly utilized by the 

community are shown in Figure 1 [13]. The compression module is divided into two main parts, known as 

the chamber and plunger. When the dough is being applied inside the chamber, the plunger will compress the 

dough according to the applied external force by the human, thus producing the resultant dough. Nowadays, a 

typical linear actuator (TLA) has been used to replace the traditional devices of portable food processing 

applications [14]-[17]. TLA uses a rotational motor connected to gears and ball screws. When the shaft of the 

rotational motor rotates, the gears and ball screws rotate as well, thus the rod or plunger starts to move in a 

translation motion. The assembly of TLA with the external chamber shows that the system requires more 

space, even though it protects the food material from the gear, ball screw, and grease inside the actuator 

itself. Thus, TLA is not practical for a simple and portable application. 

https://creativecommons.org/licenses/by-sa/4.0/
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For such reasons, the authors proposed a new direct contact linear DC motor (LDM) to replace TLA 

that allows the dough to be compressed inside the LDM itself without compromising the cleanliness, as 

shown in Figure 2. The absence of a gear and ball screw allows a direct contact motion. The mover and coil 

casings are made from aluminum and plastic, respectively. This will ensure the cleanliness of the dough even 

if it is in direct contact with the mover itself. 

For this application, the desired LDM that uses a DC supply as its main source should produce a 

constant thrust characteristic along the mover displacement. Figure 3 shows the comparison of thrust 

characteristics between a typical LDM and the proposed LDM. The typical LDM has a single peak of thrust 

characteristics over displacement compared with the proposed LDM, which produces constant displacement. 

In typical LDM, the compression time is not periodically stable when it operates from the starting position to 

the end. This will affect the quality of the dough. To overcome the problem, a new LDM needs to be 

modelled with constant thrust characteristics over displacement. 
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Figure 1. Traditional food presser 

devices 

 

Figure 2. Proposed new direct contact 

linear actuator 

 

Figure 3. Thrust characteristics 

of typical and proposed LDM 
 

 

Many studies have extended the research on thrust characteristics of linear motors. For instance, 

Cheema et al. [18] proposed a direct thrust control (DTC) of a linear permanent magnet motor. They aimed 

to reduce the ripple in flux for achieving smoother thrust characteristics. Furthermore, Zhu et al. [19] studied 

several tabular linear permanent magnet machines that used a partitioned stator. Their research was to present 

the effect of a partitioned stator on the thrust characteristics of the motor. In addition, Jiao et al. [20] 

published a paper on a linear permanent magnet vernier machine. 

Their research improved the force density of the linear motor with the implementation of a Hall-

Bach array of permanent magnets. For LDM, Zhao et al. [21] discussed the dynamic analysis of a moving 

magnet actuator. They had presented a simulation and experimental approach for predicting the force of the 

actuator with and without a spring condition. Meanwhile, Hassan et al. [22] designed a tabular linear 

oscillatory motor with the Hall-Bach magnet array. They compared the thrust characteristics with various 

types of permanent magnet arrays.  

There are lots studies not limited to those mentioned above regarding linear motor and linear DC 

motor. However, most of them focused on developing a linear actuator with the high-power density using a 

single or more current phase for longer displacement [22]. In the case of LDM with using DC, most of the 

literature focused on developing precision and short stroke displacement. None of them focused on 

improving the stable thrust characteristics and longer stroke of displacement. 

This paper focuses on the modeling and analysis of a LDM with constant thrust for food processing 

applications. The research addresses the gap in conventional LDMs, which typically use a single phase to 

achieve constant thrust characteristics. Traditionally, multiphase systems have been employed to maintain 

constant thrust in LDMs using a DC supply. The LDM discussed here is an innovative power molding device 

designed for the production of traditional cookies, with a particular emphasis on portability—a feature 

lacking in previous designs. Conventional LDMs exhibit a single peak thrust characteristic relative to 

displacement, which is unsuitable for portable devices used in food processing. Therefore, the primary 

objective of this project is to model the thrust of the LDM using the permeance analysis method (PAM) to 

achieve constant thrust and extended displacement characteristics. A prototype LDM was developed as part 

of this research, and its performance was verified using the finite element method (FEM) and measurement 

results. Ultimately, this paper offers guidelines for designing an LDM with constant thrust characteristics, 

applicable to various uses: i) Section 2 describes the research method of this paper. It describes the basic 

structure and the specification of the LDM. Then, 2.2 describes the modeling and magnetic circuit of LDM. 

The modeling of LDM is using PAM based on the flux path in the LDM and based on the flux, the magnetic 

circuit will be constructed; ii) Section 3 is discussed about the result and discussion. It includes the analysis, 

prototype and the validation; and iii) Last section will conclude this research.  
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2. RESEARCH METHOD 

2.1.   Basic structure and specification 

The basic structure of a typical LDM is shown in Figure 4. It has a symmetrical structure for each 

pole with a stator and a moving part. The stator part consists of a back yoke and coils while the moving part 

consists of permanent magnets, moving yokes, and a shaft. The criteria to design LDM to operate, the 

displacement coefficient, α must be designed to be half of the displacement length. This is to ensure that 

thrust still can be produced until the end of the LDM shaft displacement. 

Normally, the permanent magnet is arranged back-to-back so that the flux will flow above towards the 

center of the coil. The coil is connected in series or parallel connection, but each coil must be in a different pole 

configuration. This means that each coil must be supplied with a different current direction from the other. 

When the flux is generated by the coil current, the flux at the right side of the mover is strengthened, and the 

flux at the left side of the mover is weakened. Thus, a thrust towards the right direction is generated. 

Basically, the thrust in the same direction is promoted by Fleming’s left-hand rule because the coil 

current flows perpendicularly to the flux of the permanent magnet. Therefore, when alternating the current 

flows in the coil, the mover moves to the right and left directions. This basic principle of LDM is illustrated 

in Figure 5. The right motion of LDM is shown in Figure 5(a). It means that the flux flows from the south 

pole to the north pole. Meanwhile, Figure 5(b) shows the moving direction is from left motion which is flux 

flow from the north pole to the south pole. 

Figure 6 shows the basic structure of LDM for this research. The basic structure of LDM consists of 

a stator, moving yokes, coils, a permanent magnet, and a shaft. SS400 steel was used for the stator and 

moving yokes. Meanwhile, NdFeB35 and SUS304 were used for the permanent magnet and mover, 

respectively. There are several selected parameters fixed and varied in order to achieve the target 

performance of the designed LDM. The LDM was intended for portable application. Table 1 shows the fixed 

parameters obtained from the preliminary experiment, whereas Table 2 shows the variable parameters 

calculated based on the desired specification.  
 
 

   
(a) (b) 

 

Figure 4. The cross-sectional view  

of typical LDM 

 

Figure 5. Basic principle of LDM:  

(a) right motion and (b) left motion 
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Figure 6. Basic structure of LDM in this research 
 

 

Table 1. The fixed parameter of LDM 
Element Values [MM] 

ls 183 

hs 4 

lpm 20 
lmy 8 

g 0.5 

r1 5 
 

Table 2. The variable parameter of LDM 
Element Values [MM] 

ls 55, 60, 65 

wc 10.5,11.5,12.5 

hc 13, 14, 15 
r2 26, 27, 28 

r3 5,10,15,20,25,30 

lc 55, 60, 65 
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The target performance of the proposed LDM for food processing application is shown in Figure 7. 

The displacement at constant thrust is known as effective displacement xop. The target xop and thrust are  

≥30 mm and 80 N respectively. The target performance was obtained from the preliminary experiment 

conducted with the industry. The preliminary experiment involved a traditional molding device that had been 

used by the community to produce traditional cookies such as tart and samperit. 
 

 

 
 

Figure 7. Target performance of designs LDM 
 

 

2.2.  Modeling and magnetic circuit 

Permeance analysis method (PAM) is one of the methods that can be used to model the thrust 

characteristic related to the electromagnetics and physical size of LDM. The modeling developed in this 

research can be used to calculate the thrust of the other linear machine that has a similar structure to LDM. 

Figure 8(a) shows the flux lines of LDM at 0 mm position of the mover which simulated by using FEM of 

the Ansys Maxwell software. Basically, the thrust is not maximum at the central point but this point is 

selected to be discussing in this paper to analyze the effect of magnetic flux when permanent magnet is 

placed between coils. From the analysis, the constant thrust produced when the flux is not symmetry at both 

right and left side. Besides that, the thrust starts to decrease when both flux of left and right start to symmetry 

each other. There are two flux lines considered in this PAM which are at the left and right sides. 

Nevertheless, the permeances models were built depending on the estimated flux path at the air gap 

(including coil) by assuming that the permeability of the yoke was regarded as infinity [23].  

All flux lines must be mutually perpendicular at each point of intersection [24]. Each figure was 

bounded by two adjacent flux lines while two adjacent equipotential lines must be in curvilinear square. The 

width ratio of the average width to the average height of each square should be equal to unity. Figure 8(b) shows 

the simplified flux lines of LDM in this research. The resulting flux lines were observed at 0 mm position of the 

mover. It was recognized that it has two paths of flux lines which are the left and right side of LDM.  
 

 

(a) 

 

(b) 

N S
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Figure 8. The path of flux of LDM in this research: (a) the flux lines of LDM simulated by FEM  

and (b) simplified flux lines of LDM for PAM 
 
 

Figure 9 is the developed permeance models for LDM in this research. The permeance equation is 

different for every displacement of the mover. Figure 9(a) shows the permeance model of LDM for this 
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research. The permeance model was only considered at zero displacement of a mover because at this point 

the designed motor has constant thrust characteristics. While Figure 9(b) is obtained from the region of the 

flux leakage above the permanent magnet. Figure 10 is the magnetic equivalent circuit at the left and right 

sides of flux lines of the permeances model. At the left side of LDM, there were ten permeance models but at 

the right side, there were only three permeance models. 
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Figure 9. The permeance model of LDM in this research: (a) permeance model 

and (b) details of permeances 8 
 
 

Basically, the permeance value can be calculated based on the developed permeance equation in the 

permeance model. The equation of the permeance model is based on the basic formula of the permeance 

shape. The (1) provides the basic formula in permeance: 
 

Þ =
𝜇𝑜𝑎

𝑙
 [H]  (1) 

 

where Þ is the permeance value in (H), μO is the air permeability in (H/m), a is the air gap area in (m2), and l 

is the gap length in (m). 
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Figure 10. The magnetic equivalent circuit of LDM: (a) left side and (b) right side 
 
 

By referring to the basic formula and based on the shape of the permeance model, it can be denoted 

as (2)-(21). 

 

Þ1 =
𝜇𝑜𝑙𝑚𝑦

𝜋
𝑙𝑛(1 + (𝑟3 − 𝑟2)) [H]  (2) 

 

Þ2 =
𝜇𝑜(𝑟3−𝑟2)

𝜋
𝑙𝑛 (1 +

𝑤𝑐

2
) [H]  (3) 

 

Þ3 =
𝜇𝑜(𝑟2−𝑟1)

𝜋
𝑙𝑛 (1 +

𝑤𝑐

2
) [H]  (4) 

 

Þ4 = 0.52𝜇𝑜 (𝑟2 +
𝑟3−𝑟2

2
) [H]  (5) 
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Þ5 =

𝜇𝑜2[2𝜋[𝑟1+(
𝑟2−𝑟1

2
)+
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2 )

2
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𝑔

2
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9

)

4
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9
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The total permeance for magnetic equivalent circuit for left and right side are shown as: 
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131211)( ÞÞÞÞ ++=rightT
 [H] (21)

  

Considering that the permanent magnet has demagnetization curve as shown in Figure 11 [25]. It 

has a remanent magnetic flux density of Br and a coercive force of Hc. The total permeance, for each 

magnetic equivalent circuit used to determine a slope of a linear line called permeance line. An intersection 

point between these two lines is called the operating point of permanent magnet or K point. At this point, it 

will give a value of operating magnetic flux density of permanent magnet, Bk. 
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Figure 11. The demagnetization curves 
 

 

The slope of a permeance line depends on the α angle. The α is given by (22). 
 

Mr

pmCT

AB

lH

2

Þ
tan =  (22) 

 

The equation of permeance line can be denoted as (23). 
 

( )( )kk HaB tan=  (23) 

 

The demagnetization curve of permanent magnet can be represented by the linear as in (24). 
 

r
c

r BH
H

B
B +=  (24) 

 

The value of Bk and Hk can be determined by solving in (23) and (24), respectively. The flux of the 

permanent magnet at the airgap can be represented as (25).  
 

𝜑𝑚 = 𝐵𝑘𝐴𝑚 [Wb] (25) 

 

Given that n is the magnetic circuit on the left or right side. Since the thrust of LDM was produced at the 

center of coil, and assuming all flux flow towards the coil thus: 
 

𝜑𝑐 = 𝜑𝑚 [Wb] (26) 
 

𝐵𝑘(𝑛) =
𝜑𝑐

𝐴𝑐 [T] (27) 
 

𝐹(𝑛) = 𝑁𝑐𝐼𝑐𝐵𝑘(𝑛)𝑙𝑐 [N] (28) 
 

𝐹𝑇 = 𝐹(𝑙𝑒𝑓𝑡) + 𝐹(𝑟𝑖𝑔ℎ𝑡)[N] (29) 
 

whereas a, b, c, d, and e are the permeance values of region 8 in [H], Br is the magnetic remanence in [T], Bk 

is the operating magnetic flux density of permanent magnet in [T], Bk(n) is the magnetic flux density of coil in 

[T], n is the coil at the left or right side, Hc is the coercive force in [A/m], Hk is the operating coercive force 

of permanent magnet in [A/m],  is the angle of demagnetization curve in [°], Am is the area of magnet in 

[m2], Ac is the area of coil in [m2], lc is the length of coil in [m2], m  is the flux of permanent magnet in [Wb], 

c  is the flux of coil in [Wb], F(n) is the force produced in [N], FT is the total force produced in [N], F(left) is 

the force produced at the left side of magnetic circuit in [N], F(right) is the force produced at the right side of 

the magnetic circuit in [N], Nc is the number of turn of coil and Ic is the supplied current at the coil in [A]. 
 

 

3. RESULTS AND DISCUSSION  

3.1.  Analysis 

Several analyses were conducted by changing the dimension of the varied parameters. From the 

analysis, constant thrust can be achieved along the effective displacement xop when lc is varied. The result of 

the analysis is as in (30). 
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xop = lc [N] (30) 
 

This is because as the lc is getting wider, there are no significant changes of flux, which means that there are 

no changes of Bk(n) which contribute to the production of thrust. This allows constant thrust along the 

effective displacement xop. The increasing values of wc, hc, r2, r3, will increase the value of thrust as these 

affect the dimensions of coil and permanent magnet sizes. These values do not affect the shape of the thrust 

characteristic waveform. The prototype of LDM was fabricated for experimental validation, as shown in 

Figure 12. 
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Figure 12. Selected model of LDM for fabrication 
 

 

3.2.  Prototype 

Figure 13(a) shows the prototype of LDM in this research. The advantage of using LDM is a higher 

average thrust. Figure 13(b) is the experimental setup of the prototype LDM. The mover is attached with a 

load cell to measure the resulting amount of force when the mover moves. The resistance value of the coil is 

17 Ω and the number of turns of each coil is 1206.  
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Figure 13. Prototype of LDM for food processing application: (a) prototype and (b) experimental setup 

 

 

3.3.  Validation 

Figure 14 shows the frequency characteristics for LDM coils at a mover position of 50 mm. Basically, 

there are two coils which connected in series to equalize the current flowing inside the design LDM. The 

frequency characteristics were measured by using LCR meter. Fundamentally, the LCR meter shows the value 

of inductance, L and resistance, R only for range of frequency between 12 Hz until 100 kHz. While, for the 

others parameters such as phase difference, Ѳ and impedance, Z was calculated as in (31) and (32). 
 

𝜃 = 𝑐𝑜𝑠−1 (
𝑅

𝑍
) (31) 

 

𝑍 = √𝑅2 + (𝑗𝑤𝑙)2 (32) 
 

Based on the result obtain, the frequency of power supply in LDM is suggested to be below than 100 Hz 

because the value of resistance is stable and low at this range of frequency. It is also will help to minimize the 

usage of power rating and reduce the consumption of electricity. 

Figure 15 shows comparison of performance using FEM, PAM, and the measurement result in LDM 

for validation purpose. Fundamentally, the result of FEM is the most accurate and must be higher comparing 

with others methods. While the PAM result must be lower than FEM but higher than experimental. It is 
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because of PAM will have an error about 6.5 % lower than FEM. The experimental result is the lowest 

because the existence of the friction force due to high normal thrust produced by LDM. While, the constant 

thrust has a certain ripple in FEM is because of the setting at the analysis setup during analysis process. For 

smooth waveform, the time step should be reducing as small as possible. The PAM methods can catch the 

ripple if more permeance model were developing for every position of the mover. Thus, the PAM methods 

can produce similar characteristics as FEM which is basically more accurate. Moreover, to reduce the ripple 

in experimental, the thrust value should be measured in small displacement as possible.  
 

 

  

(a) (b) 

 

Figure 14. Frequency characteristics for prototype of LDM: (a) effect of L & R, and (b) effect of Ѳ & Z 

 

 

  

(a) (b) 

 

Figure 15. Comparison of performance in LDM for validation: (a) cogging thrust, and (b) thrust at i = 6 A 

 

 

By referring to the graph of cogging thrust, the experimental result higher than the PAM and FEM 

because 20 kgf capacity of load cell had been used in this research. In fact for the accuracy, low capacity of 

load cell should be implied in low current, instead it is not appropriate to be measured for higher current. The 

load cell of 20 kgf is used in this research to synchronize the entire measured current, i. Based on  

Figure 15(a), the percentage difference between PAM with FEM and the measurement result is 6.5% and 

1.7% respectively. It can be seen that the constant thrust among the displacement, xop has only a small 

significant difference values among these three methods. All three methods were in good agreement of each 

other. Table 3 summarizes the validation of LDM at position 50 mm. Figure 15(b) shows the thrust produced 

when current is injected 6A. The percentage difference between PAM and FEM is about 5.6%. Meanwhile, 

the percentage difference between PAM and measurement is 1.5%. The percentage difference between them 

is less than 10% which marked this method is significant method to do the comparison.  
 

 

Table 3. The LDM performance 
Method Constant thrust [N] Displacement, xop [mm] 

FEM 68 30 

PAM 63.67 30 

Measured 59 27.5 

 

 

4. CONCLUSION  

For modeling the constant thrust the LDM, the PAM is used and will be simulated using FEM 

known as Ansys Maxwell. The result from PAM and FEM is validated with the measurement result. The 
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LDM was designed for food processing application. It shows that the percentage difference between PAM 

with FEM and measurement result was 6.5% and 1.7% respectively. The constant thrust can be achieved 

along the effective displacement xop when lc is varied. Academically, this paper provides guidance on 

designing an LDM for a constant thrust capability using PAM. Therefore, it is believed that this LDM is 

suitable for food processing devices which could contribute to the wealth and economy of the food industry.  
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