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Experimental verification of the one-phase linear actuator  
with permanent magnets for robotic system applications 
 

Abstract 
 
In this paper an experimental results of a static and transient characteristics 
of the linear motor is to be presented. The linear motor consists of the one 
cylindrical unmovable coil surrounded by a soft ferromagnetic case and  
a moveable core made from sequence of ferromagnetic and permanent 
rings. The model of the linear motor is to be presented with mechanical, 
electrical and magnetic consideration. At the end of this paper the 
experimental results are presented with focus on static magnetic force and 
transient response for a series  input voltage steps. The aim of this 
investigation it was to check the static and dynamic characteristics and 
assume the usability for application in robotic systems.  
 
Keywords: Multidisciplinary modelling, electromagnetic linear actuator, 
permanent magnet linear motor, robotics. 
 
1. Introduction 
 

Electromagnetic actuators are commonly used in automation and 
robotic application. The main advantages of the electromagnetic 
linear actuators are the simple design structure, the fast response for 
input signal, a possibility to achieve a high linear acceleration and  
a low cost of maintenance. Moreover, a linear motion is a natural 
output, so there is no need of any mechanical transmission. Because 
there is no gearing the only friction points are the required linear 
guides and the lifespan can be relatively long [3].  

Among many specific expectations, the linear motor for robotic 
applications should be capable of generating significant force. It is 
often desirable to remain position after turn off the power supply. 
What is more, great simplification the drive mechanisms is crucial 
for robotic systems [4]. That is why the one-coil actuator with 
moveable core constructed from many section of permanent 
magnets and ferromagnetic rings has been taken under 
consideration. By using permanent magnets, much higher force-to-
volume ratios can be acquired than using electromagnets and better 
drive performance can be obtained. The control process can be 
carried out by the open loop control if permanent magnets are used. 
The force exerted between the permanent magnets and the coil was 
first calculated theoretically and then verified empirically.  

Although motors with two or more coils (phases) have lower 
oscillation after transient response for a input voltage step the one-
coil actuator have been taken under consideration, because it is 
easier to control and the process of validation of the simulation 
model can be more convenient. The basic scheme of the one-phase 
linear actuator with permanent magnets has been depicted in the  
Fig. 1.  
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Fig. 1. The scheme of the one-phase permanent-magnet tubular linear motor,  

1-coil, 2-ferromagnetic case, 3-holder, 4-linear bearing, 5-pemanent magnet, 
6-ferromagnetic ring, 7-fixed link 

 

To complete an adequate mathematical model the following 
actions have been taken:  
1.  Definition and specification of the object and its environment. 

On the basis of designation of the model, determination its 
accuracy and scope of validity.  

2.  Identification of all processes and relations in the object.  
3.  For each phenomenon define assumptions and simplifications. 

Taking a decision whether the phenomenon is space 
distributed or discrete. If distributed, assuming continuity, 
symmetry and number of space dimensions (1D, 2D or 3D)  

4.  Definition of mathematical relations.  
5.  Decision on how to solve the model. As the rule, it comprises 

nonlinear partial or ordinary equations, so computer 
programme is necessary. A commercial package would be the 
best choice, but in the case of many various energy streams 
involved (e.g. Multiphisics case), one does not find any 
commercial code and one must device a special programme.  

6.  Verification the code; validation the model. 
 
2. Simulation model 
 

The magnetic energy from the coil and from the permanent 
magnets are coupled, and the interaction depends also on the 
position of the core. A distribution of the magnetic field is not 
uniform in the air gap so it must be modelled as a continuous in 
space. If the core velocity is not high, the air pressure resistance 
may be omitted [1]. Also electrical properties may be accepted as 
discrete in space, as the current changes in coils are comparatively 
slow. As the motion process of the core is short, the temperature 
increase is small and the process may be assumed as an 
isothermal, and all material parameters to be constant. To 
summarize, there are many nonlinear phenomena, and they are 
strongly coupled [2]. The mechanical equations have been 
implemented in the Matlab package and the Maxwell equations 
have been used in the ComsolMultiphysic’s package. Two 
programs are working together respectively. In the Fig. 2 the 
interaction between mechanic, electric and magnetic phenomena 
are presented with division to the two program packages. In the 
Fig. 2 an interchange of data between the two programs is shown.  

For the linear motor dynamic evaluation the two (electro-
magnetic and mechanic) equations have been taken under 
consideration: 
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where: 
u(t) – voltage supplied to the coil, V; 
R – Ohm resistance of the coil, Ω;  
i(t) – current in the coil, A 
 – magnetic flux in the air gap, Wb; 
z – core displacement, mm; 
m – core mass, kg; 

loadF  – additional resisting force; 

eF   – electromagnetic force;  

tF   – friction force;  

t – time, s; 
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Fig. 2. The interaction between mechanic, electric and magnetic phenomena  

with division to the two programs (MatLab and ComsolMultiphysic’s) 

 
The magnetic flux   is a sum of two components: 
 

im 
    (3) 

where: 

m  – magnetic flux from permanent magnet rings; 

i  – magnetic flux from the coil. 

 
The magnetic flux has been computed in two dimensional 

simulation model in the ComsolMultiphysic’s package (Fig. 3). 
Because of the model symmetry, only a half of the device has 
been taken under consideration [5, 7]. 

 
a) 

 
 
b) 

 
 
Fig. 3. Magnetic flux calculation in the FEM (finite element method) model:  

a) ferromagnetic coil case between permanent magnets; b) ferromagnetic coil 
case at the edge of the permanent magnets 

The value of magnetic flux (Fig. 3) as a function of the core 
displacement and as a function of the coil current have been 
implemented to the dynamic equation (4) and the simulation 
model has been completed  in MatLab-Simulink package (Fig. 4 
and Fig. 5). 
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Fig. 4. Dynamic model of one the one-phase actuator with magnetic field value 

implemented in the coil subsystem 
 
 

 
 
Fig. 5.  The coil subsystem  with magnetic field values evaluated from partial 

differential equations (resolved in ComsolMutiphysic’s)  
 

 
3. Experimental results 
 

The elements of  the laboratory model of the linear actuator are 
presented in the Fig. 6.  

 

 
 
Fig. 6 The laboratory linear actuator permanent-magnet tubular linear motor:  

1-coil with ferromagnetic case, 2 - linear bearing, 3 - permanent magnet ring,  
4 - ferromagnetic ring,  5 - position sensor, 6 - specialize current sensor 
“center 223” 
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The coil was made from 300 copper wires with the diameter of 
1 mm. The coil resistance is equal to R=2.1 Ω, and the inductance 
is equal to L=5.5 mH. The coil was supplied from the brushless 
PWM servo amplifier from the Advance System Control 
company. 

 
Static characteristics 

 
In the Figure 7 the value of coaxial magnetic force between 

permanent magnets and ferromagnetic case as a function of core 
displacement is depicted. The coil was unsupplied and the 
electromagnetic force was evaluated by the force sensor KMM20. 
The distance 18 mm between each permanent magnets was 
divided into 37 parts for static measurement of force in each point. 
The maximal force from permanent magnet is approximately 40 N 
for the configuration presented in the Figure 3a. This kind of force 
generates additional oscillation but on the other hand if the power 
supplier unit unpredictable failed it helps to stop accelerated core. 
Moreover, desired position can be maintained after the power unit 
is switch off.  

 

 
 
Fig. 7. The magnetic force between permanent magnets and ferromagnetic case  

when coil is switch off 
 

 

 
 
Fig. 8. The magnetic force between permanent magnets and ferromagnetic case  

for coil supplied with the static voltage value 
 
The value of coaxial electro-magnetic force between permanent 

magnets and the supplied coil with the ferromagnetic case is 
depicted in the Figure 8. The interaction between magnetic field 
changes the equilibrium position. This can lead to smooth 
movement if proper current control algorithm is going to be 
implemented.  

 
Dynamic characteristics 

 
The dynamic characteristics have been achieved for the core 

displacement in time, as a function of many different time voltage 
impulses supplied to the coil. The coil has been supplied by 
voltage square signal with length time vary from 0.3 to 12 seconds 
(Figure 9). After each voltage step the next one has the same 
amplitude and the same time, but inverse polarity. The core has 
been pulled and pushed alternately sixteen times.  

In the robotic system application the moving range can depend 
only on the permanent magnets and ferromagnetic rings quantity. 

In order to measure the core displacement in time, the linear 
potentiometer sensor has been used. Based on preliminary 
calculations of current, it was determined that a 10 A current 
sensor would be adequate to measure the coil current. The 
specialize current sensor “center 223” has been used. All 
measurement data have been gathered by real-time dSpace 
package with using analogue to digital converters.  

 

 
 
Fig. 9. The displacement of the core as a function of time for different value  

of impulse length 

 
The step response of a linear actuator is a useful tool to gauge its 

performance in point-to-point manoeuvrability. Other important 
characteristics are the percent overshoot, settling time, and steady-
state error. In the Figure 10 a two examples of the core 
displacement as a function of time for different value of coil 
current are presented. It can be seen that after each input voltage 
step the core position is changing proportionally to the length of 
the both: the permanent magnet and ferromagnetic ring dimension.  

 
a) 

 
 
b) 

 
 
Fig. 1. The core velocity step response as a function of time for current in the coil: 

 a) 5 A, b) 8 A 

 
Due to low friction the dynamic response on the input step 

voltage depends on the magnetic and mechanic inertia. The 
mechanic inertia can be easily changed due to the length and mass 
of the core. In the Figure 10 the one step of the moving core is 
presented for different value of the impulse time and current value 
in the coil. The core can achieve the velocity of 1.8 m/s during 
0.02 second (Fig. 10a) or even the 4.3 m/s for the higher current 
and shorter time of the voltage impulse (Fig. 10b). The next 
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important feature is to keep the core position until the next step 
voltage with inverse polarity. There oscillation and overshoot are 
relatively low-intensity, mainly because of the magnetic force 
between permanent magnets and ferromagnetic case of the coil.  
 
4. Conclusions 
 

In this paper, the design, construction, and testing of the one-
phase linear actuator with permanent magnets moving core were 
discussed. Mathematical model of transient processes for 
computer simulation purposes has been presented with a few 
various energy streams consideration. For the non-uniform 
energy density field in the 3D space partial differential equations 
have been applied. Because of the model symmetry and the long 
simulation computation time only half of the electromagnetic 
device has been taken under consideration [6]. For the object 
under consideration a multidisciplinary model combined the 
finite element analysis with computational engineering tools and 
applications such as the control system design, signal processing 
and dynamic simulations. It can be observed much output 
information in specific points of the device as a function of input 
construction data. In the future investigations the 
multidisciplinary model will be used for the control algorithm 
optimization process. 
 
5. References 
 
[1] Khan M. U., Bencheikh N., Prelle Ch.: A Long Stroke 

Electromagnetic XY Positioning Stage for Micro Applications. 
IEEE/ASME Transactions on Mechatronics, Volume: 17, Issue: 5, 
Page(s): 866 – 875, Oct. 2012. 

[2] Demenko A., Belahcen A., Hameyer K., Brock S.: Modelling of 
magnetic and electric circuits. Article in COMPEL International 
Journal of Computations and Mathematics in Electrical 36(3), May 
2017. 

[3] Gosiewski Z., Henzel M., Falkowski K., Zokowski M.: Numerical and 
Experimental Testing of Bearingless Induction Motor. Mechatronic 
Systems And Materials Iv, Book Series: Solid State Phenomena, 
Volume: 198, Pages: 382-387, 2013. 

[4] Szymak P., “Selection of Method for Underwater Robot Control, 
Mechatronic Systems And Materials: Mechatronic Systems And 
Robotics, Book Series: Solid State Phenomena, Volume: 164, Pages: 
149-154, 2010. 

[5] Urban Ch., Günther R., Nagel T., Richter R., Witt R.: Development of 
a Bendable Permanent-Magnet Tubular Linear Motor. IEEE 
Transactions On Magnetics, vol. 48, NO. 8, august 2012. 

[6] Piskur P., Tarnowski W.; Just K.: Model of the Electromagnetic 
Linear Actuator for Optimization Purposes. 23rd European 
Conference On Modelling And Simulation (ECMS 2009), Pages: 708-
713, 2009. 

[7] Tomczuk B., Waindok A.: Integral Parameters of the Magnetic Field 
in the Permanent Magnet Linear Motor. Conference: International 
Symposium on Electromagnetic Fields in Mechatronics, Electrical and 
Electronic Engineering, Intelligent Computer Techniques In Applied 
Electromagnetics Book Series: Studies in Computational Intelligence 
Volume: 119 Pages: 277-281, 2008. 

_____________________________________________________ 
Received: 18.04.2017     Paper reviewed     Accepted: 02.06.2017  
 
 
 
Krzysztof JUST, MSc 
 
He was graduated from the Military University of 
Technology in Warsaw with a degree in Airplane 
Studies in 2004. He is working in the Aviation Base in 
Polish Army. He graduated doctoral studies at the 
Technical University of Koszalin. He deals with 
problems of design and control of electromagnetic linear 
motion actuators. 
 
 
 
 
e-mail: justk5@op.pl 

 
 
Paweł PISKUR, PhD, eng. 
 
He was graduated from the Military University of 
Technology in Warsaw with a degree in Airplane 
Studies in 2004. He obtained a doctorate in mechanics in 
Koszalin University of Technology in 2009. For more 
than ten years he was working for the Marine Aviation 
Base in Polish Army. Since 2017 he is working as an 
assistant in the Polish Naval Academy. His research area 
is strictly connected with automatics, mechatronic 
systems, robotics and control theory. 
 
 
e-mail: p.piskur@amw.gdynia.pl 

 
 
Radosław BIELAWSKI, PhD, eng. 
 
He was graduated from the Military University of 
Technology in Warsaw with a degree in Armament in 
2004. He obtained a doctorate in mechanics in Warsaw 
University of Technology in 2017. For more than ten 
years he was working for the Air Tactical Base, Air 
Operational Centre and War Studies University in 
Warsaw. His research area is strictly connected with 
new materials for aviation and ways of connection. 
 
 
 
e-mail: bielawski@meil.pw.edu.pl 

 
 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


