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Abstract — Patients with chronic respiratory conditions such 

as Chronic Obstructive Pulmonary Disease (COPD) receive long- 

term oxygen therapy (USOT) to sustain their lives [1],[2]. With the 

development of oxygen concentrator (OC) devices that can 

produce the concentrated oxygen required for USOT, COPD 

patients are required to use these devices for more than 12 hours 

daily depending on the prescription [3],[4]. OC are medical 

devices that separate oxygen from the atmosphere using physical 

means to produce concentrated gas for medical purposes [5],[6]. 

The use of conventional motors based on the permanent magnetic 

rotary motor operating principle in OC devices increases the mass 

of the device and the operating noise disturbs the patients 

[3],[4],[7]. In this study, with the advances in magnet material, a 

tubular linear motor (TLM) structure with a strong, fixed coil 

moving permanent magnet, which is stronger than the linear 

motor used in many fields such as medical electronics, 

nanotechnology, defence industry, maglev trains, is designed and 

proposed for use in OK devices. It is difficult to optimise the TLM 

due to multiple design parameters and each parameter has a non- 

linear relationship with the static electromagnetic force. In this 

study, the thrust of the TLM is optimised by the finite element 

method (FEM) using the magnetic magnetostatic and transient 

solvers in Ansys Maxwell3D. Optimisation method based on FEM 

3D model was used to optimise the design parameters. Comparing 

the pre- and post-optimisation of the TLM designed for use in the 

OC device, the thrust force was increased from 567.91 fN to 5.82 

nN at the same working stroke distance. 

 
Keywords— Tubular linear motor, Oxygen concentrator, TLM, 

FEM, Optimization 

I. INTRODUCTION 

Oxygen is an indispensable element for both healthy and sick 

individuals [5]. The expulsion of carbon dioxide, which is 

released during the transfer of atmospheric oxygen from the 

lung to the cell through the blood and the formation of energy 

in the mitochondria, through the lung is defined as respiration. 

If the wall of the alveoli in the lung, which absorbs oxygen from 

the air and transfers it to the blood, is damaged, it absorbs less 

oxygen. This is also called pulmonary emphysema [8]. COPD 

is a common, preventable and treatable disease associated with 

an increased chronic inflammatory response of the airway and 

lung to harmful particles and gases and is usually progressive, 

limiting permanent airflow [9],[10]. Direct and indirect 

treatment costs in COPD are increasing rapidly. Currently, the 

global economic cost of COPD is US$ 2.1 trillion and is 

estimated to be US$ 4.8 trillion by 2030 [11]. In adults over 40 

years of age, the prevalence of COPD has been reported to be 

11.7% in the world and 19.1% in Turkey with regional 

variations. In Turkey, deaths due to respiratory system diseases 

are the third leading cause of death and 45.6% of these deaths 

are due to COPD [12]. 

The most important aim of COPD treatment is to prolong life 

by improving quality of life. COPD treatment can be 

categorised under three headings: prevention of disease 

development (primary prevention), early diagnosis and disease 

prevention (secondary prevention), treatment of COPD and 

prevention of complications (tertiary prevention). As tertiary 

prevention methods, Pulmonary Rehabilitation, Long Term 

Oxygen  Therapy  (USOT),  Non-Invasive  Mechanical 
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Ventilation (NIMV), Surgical and Bronchoscopic Treatment of 

Emphysema can be counted [13]. 

Oxygen is considered a drug for medical use and must be 

prescribed by a physician [14]. The prescription specifies flow 

rates for different levels of activity and sleep. In such O2 

prescriptions, continuous oxygen flow rates are usually 

specified, taking into account the patients' past data and 

experience in USOT treatment. 

In the literature, it is recommended that the most economical 

and suitable option for USOT is the OC device [15],[16]. The 

OC devices used today are both heavy and quite noisy due to 

the crankshaft classical compressor structure used in their 

structure [7],[17]. A study titled Evaluation of USOT Efficacy 

and Mortality was conducted on 112 COPD patients with a 

mean age of 70.52 ± 9.75 years. In this study, device noise, 

sleep irregularity, increased energy cost, nasal cannula 

discomfort, limitation of movement, headache and concern that 

the treatment would be addictive were reported as factors 

affecting compliance with USOT [3]. In another study, it was 

reported that 39% experienced problems during USOT and the 

noise factor caused by the device was pointed out among these 

problems [17],[18]. The efficacy of the long cannula was 

investigated in patients receiving USOT with a home OC 

device, and the use of long cannula-short cannula was followed 

up with pulse oximetry and ECG. No significant difference 

was found between O2 saturation values. It was reported that 

patients' complaints about device noise decreased with the use 

of long cannula [4]. 

In the late 1970s, a satellite designed to study the Earth's 

atmosphere needed to cool a heated component. Oxford 

University began work on the development of linear machines. 

Since then, Oxford-type oil-free linear compressors have been 

widely used in Stirling cryocoolers [19]. In [20], the 

development of three models of Oxford-type moving-coil 

linear compressors was analysed. In [21], a new double vane 

compressor for electric vehicle air conditioning systems was 

designed and dynamically analysed. It is stated that the 

mechanical efficiency of the double vane compressor is better 

than that of the single vane compressor. In [22], with the 

support of the Republic of Turkey Ministry of Science, Industry 

and Technology and Arçelik A.Ş., the design and CAD model 

of a new moving magnet linear compressor for household 

refrigerators were presented. R600 refrigerant gas is 

compressed by the linear compressor. The accuracy of the 

analytical model presented is demonstrated. 

II. MATERIAL AND METHOD 

Finite Element Method (FEM) is a method used by engineers, 

researchers and scientists to solve engineering problems from 

different fields. With FEM, which is used in the solution and 

design of electromagnetic problems, any engineering problem 

that can be defined by finite spatial partial differential equations 

with appropriate boundary and initial conditions can be solved. 

To give an example, when magnetic analyses of an existing 

cube-shaped electrical material are performed with FEM using 

Ansys Maxwell software; the cube material is divided into 

small pieces and Maxwell equations are solved in each of these 

small pieces. The basic equations of electromagnetics; 

Faraday's law of induction, Gauss's law of magnetism, 

Ampere's law, Gauss's law are used on small parts of the 

cube[23],[24]. 

 

A. TLM Design 

In the literature, fixed coil moving magnet structures have 

been proposed in linear actuator studies in recent years. After 

NdFeB, samarium cobalt alloy magnets, neodymium, iron and 

boron elements are magnets with permanent induction and high 

energy. In actuators with moving coil structure, depending on 

the movement, there may be dispersion in the coil and breaks 

in the wires over time. For these reasons, TLM design with 

fixed coil-moving magnet structure was preferred. 

 

Fig. 1 2D Section View of the designed TLM 

Orange coloured cylinders are copper coils with 300 spirals 

each. Two coils are connected in series. The coils are sectioned 

and then Separate Badies are applied and one terminal is left. 

Coils are wound on pvc pipe. 15V DC voltage was applied to 

the series connected coils during t and then the voltage was 

repeated periodically by changing the voltage polarity. 

Since the number of moving parts in the design is more than 

1, the vacuum material named Dummy is defined in the Band 

object. Dummy object contains 8 NdFe35 magnets (cylindrical 

8x8 mm in size) and an aluminium pipe containing these 

magnets. Since the Maxwell software does not accept flat 

objects in the dummy object, the magnets and the pipe were 

chosen to be polygonal. 

Within the Band structure, the Dummy object moves to the 

right and left (along the Y axis). There is no contact between 

Dummy and Band objects and sufficient movement space is left. 

The force parameter acting on the Dummy on the Y axis is 

calculated and graphed, and the eddy effects, magnetic field 

and lines are obtained as a result of the analysis. 

In Fig.2, an external circuit diagram was designed to 

connect two separate coils used in maxwell 3d in series. The 

inductance of the coils wound in the laboratory environment 

was measured as 68uH and the ohmic resistance was measured 

as 3.4 Ω. 

 

Fig. 2 External circuit diagram 
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The design was subjected to Validation Check and it was 

seen that there was no error in the design. Thanks to the Motion 

Setup parameter setting, 30 mm movement of the Dummy 

object from the origin in the direction of the +y axis was 

provided. 

 

B. TLM Optimetrics Parameter Analysis 

The move parameter is defined in order to put distance 

between the magnets used in the design and to make analysis. 

Move parameter is set to be 0mm, 4mm and 8mm. For example, 

when move=8mm, the distance between the magnets is 8mm 

and the magnets are positioned at equal intervals along the +y 

and -y axes relative to the origin. 

The magnetomotive force (F=N.I) in coils is defined as 

“ampere x turn” in Maxwell. For example, the value 1500 can 

be perceived as 1500 turns x 1 ampere or 750 turns x 2 amperes 

since there is no N (turn) unit. Since each of the coils in the 

design is 300 turns, it is accepted here as 300 turns x 2.5 A. In 

order to analyse the variation of the force F according to the 

applied current value, another parameter named AMP_TUR is 

defined. This parameter took two different values, 750 and 

1500. 

According to the values of Move and AMP_TUR parameters, 

6 iterations were formed. The analysis of the force force in 

maxwell3d was completed in about 5 hours. 
 

Fig. 3 Optimetrics parameters and their values 

Fig. 4-6 shows the positions of the magnets according to the 

value of the move parameter. 
 

Fig. 4 Position of coils and magnets when Move=0mm 

 

Fig. 5 Position of coils and magnets when Move=4mm 

 

 

Fig. 6 Position of coils and magnets when Move=8mm 
 

III. RESULTS 

In the design, the distance between the coils and the width of 

each coil is 50 mm and the total length of the magnets is 64 mm. 

When the Force_Y graph given in Fig. 7 is analysed, the 

maximum force on the +y axis is 567.91fN when 

AMP_TUR=750, move=0mm. Since the force in the direction 

of movement of the TLM will be taken as basis, it is understood 

from the two-parameter optimetrics parameter analysis that 

there is a correlation between the maximum force that can be 

measured in the y-axis analysis and the coil width and magnet 

width. 
 

Fig. 7 Optimetric analysis of the force on the y-axis with respect to time 

 

The thickness of the pvc pipe material in which the coils are 

wound is reduced from 3.4 mm to 0.5 mm, provided that the 

parameters AMP_TUR=750, move=0mm remain constant. The 

effect of the air gap between the dummy object and the coils on 

the force on the +y axis was investigated. 
 

Fig. 8 TLM diameter and air clearance 

The optimetric analysis of the half diameter parameter r was 

performed in 9 iterations with 1 mm increments in the range of 

5.45 mm-13.45 mm and took 4 hours. In Fig. 9, the effect of r 

parameter change on Fy force is analysed. The maximum value 

of Fy force was 5.8225 nN at 47 ms when r=11,45 mm. The Fy 
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force at r=11,45mm given in Fig. 9 created an instantaneous 

thrust force without vibration. 

 

Fig. 9 Analysis of r-Fy change with respect to time 

After the optimisation study, Table 1 shows the thrust force 

generated by the TLM in the y-axis direction and the values of 

other parameters before and after the optimetric parameter 

analysis. 

 
TABLE I 

TLM OPTIMETRIC PARAMETER VALUES BEFORE AND AFTER ANALYSIS 

Parameter 

Name 

Pre-Design Post-Design 

Value Unit Fymax Value Unit Fymax 

move 0 mm  
 
567,91 

fN 

0 mm  
 
5.82 

nN 

Amp_tur 750 ampertur 750 ampertur 

Pvc 
thickness 

3.4 mm 0.5 mm 

r yarıçap 5.45 mm 11.45 mm 

 

In the studies carried out to optimise the magnetomotive 

force in TLM, it has been determined that the amperextur 

parameter is directly proportional. If the current value applied 

to the coils of the motor and the number of coil spirals are 

increased, the thrust produced by the TLM increases. When the 

thickness of the non-ferromagnetic material used in the 

simulation and on which the coils are wound is reduced, the 

magnetomotive force increased. There is a non-linear 

relationship between the gap between magnets and 

electromagnetic force. 

IV. CONCLUSIONS 

Oxygen is a basic medical requirement for patients in mild 

and/or severe cases. The demand and supply for OC devices 

has increased significantly recently due to the Covid-19 

outbreak, etc. It has advantages such as the ease of receiving O2 

therapy in the patient's home environment and the OK device 

can operate for thousands of hours. However, the noise of the 

device has been the subject of many complaints and many 

studies have been conducted. TLM motor was proposed instead 

of the conventional motor used in these devices and 

electromagnetic analyses of the structures and motor 

parameters were successfully optimised. In the future, OC 

devices have the potential to be used more effectively by 

reducing the noise and reducing the size with the development 

of magnets and the widespread use of TLM technology motors. 

The OC devices with TLM can be synchronised with the studies 

given in[25] and it can be observed whether the desired patient 

O2 saturation level is reached. 
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