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Abstract: This research presents a method of modeling and numerical simulation of a re-
luctance stepper motor using reduced finite-element time-stepping technique. In presen-
ted model, the circuit equations are reduced to non-stationary differential equations, i.e. 
the inductance mapping technique is used to find relationship between coil inductance 
and rotor position. A strongly coupled field-circuit model of the stepper motor is pre-
sented. In analyzed model the magnetostatic field partial differential equations are cou-
pled with rotor motion equation and solved simultaneously in each iterative step. The 
nonlinearity problem is solved using Newton-Raphson method with spline approximation 
of the B-H curve. 
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1. Introduction 
 
 A stepper motor, as its name suggests, moves one step at a time, unlike those conventional 
motors, which spin continuously. If we command a stepper motor to move some specific 
number of steps, it rotates incrementally that many number of steps and tops. Because of this 
basic nature of a stepper motor, it is widely used in low cost, open loop position control sys-
tems. Open loop control means no feedback information about the position is needed. This 
eliminates the need for expensive sensing and feedback devices, such as optical encoders. 
Motor position is known simply by keeping track of the number of input step pulses. They are 
used in consumer products, computer technology, complex drives and machines etc. 
 Classically, the analysis of field-circuit systems is composed of two parts: the analysis of 
electric circuits described by differential equations, where magnetic flux is a function of field 
potentials and magnetic field described by boundary value problem [1, 6]. Many researchers 
propose numerical procedure to investigate the coupled system of equations [5, 8]. Unfortu-
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nately, strongly coupled field-circuit models have disadvantages related with good definite of 
global matrices of equations system. Sometimes they lead to stability loss of numerical solution.  
 In the work a standard model with electric circuit equations considered as a function of 
field potentials is compared with a surrogate model, where the circuit equations are functions 
of non-stationary inductances. 
 In this paper the modeling method and its numerical approach is examined using the 
fou-phased variable reluctance stepper motor. The time stepping finite element approximation 
including inductance maps is applied to calculate the coupled field-circuit problem also con-
sidering mechanical motion. The validity of this method is also verified by the experiments. 
 
 

2. Modelling technique 
 
 Standard analysis of the electromagnetic systems is composed of three parts: analysis of 
n-phased electric circuit [3]:  
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 An above equations are expressed by impedance matrix, where n = 1 ... 4 (four-phased 
motor model). The analysis of electromagnetic field constructed as the following boundary 
value problem [6]: 
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 The magnetic vector potential A is the magnetic field variable, μ is a permeability and j is 
a current density of the winding. In this model the eddy current problem is ignored, because 
the stator and rotor are laminated. 
 The second order differential motion equation (3) consists of magnetic moment M which is 
a mechanical excitation, rotor inertia J, friction b and rotor angle Θ [1, 3]. 
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Analysis of the mechanical motion is following [1, 3]:  
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 In case of the rotational system, the displacement of the rotor can be assumed as a one 
degree of freedom motion problem which is performed along axis φ. 
 Assuming that the magnetic circuit is linear and the coil inductances are independent of the 
stator current excitation, a relationship between the rotor position and windings inductance can 
be determined and written in lookup tables which are exactly called maps of inductance. In 
this fact creating a surrogate non-stationary circuit model, including inductance maps can be 
very helpful and useful in simulation.   
 In many electromechanical systems, the torque generation can be explained using the prin-
ciple of electromechanical energy conversion in a solenoid. The solenoid has N turns, and 
when it is excited with a current i, the coils sets up a flux Φ. The incremental mechanical 
energy in terms of the electromagnetic torque and change in rotor position is written as [2, 5]: 

  ,θ∂=∂ em TW  (5) 

where Wm is energy converted into mechanical work, Te is the electromagnetic torque, and 2 is 
the incremental rotor angle. If the inductance is linear vs. the rotor position (i.e. inductance 
does not depend on the current), then the torque can be derived as [1, 2]: 
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 The differentiation of the inductance can be considered in evaluated model with 
quasi-constant torque expressed in Nm/A2. It means, the surrogate model of reluctance stepper 
motors is equipped with non-stationary equivalent circuit [1, 2, 4, 7]. In this way the circuit 
equation (1) is simplified to non-stationary initial value problem: 
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 In these types of motors the mutual inductances are small enough (Fig. 4) to be excluded 
from calculation [1]. 
 
 

3. Numerical experiment 
 
 A variable reluctance stepper motor is considered in numerical experiment. The device 
consists of four-phase windings with eight slots. There is examined 2D problem using 3D first 
order approach, in which the eddy current problem is neglected. The data of the motor are pre-
sented in the Table 1. 
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 The simulation is performed for the model with 145 440 nodes. The mesh of the coupled 
model is shown in Fig. 1 and Fig. 2.  
 

Table 1. Motor parameters 

Quantity Value Unit 

Outer diameter of stator 39 mm 
Inner diameter of stator 34 mm 
Outer diameter of rotor 26.96 mm 
Inner diameter of rotor 5 mm 
Air gap width 0.02 mm 
Motor length 30 mm 

Resistance/phase 15 Ω 
Rotor inertia   8.5 gcm2 
Friction   10-5 Nms 

 

 

Fig. 1. 3D mesh of the reluctance stepper motor 
 

 

Fig. 2. Quarter part of the model mesh of solid magnetic parts 
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 The stepper motor consists of four windings with 108 turns each excited from pulse current 
source. The mechanical parameters of the rotor are: moment of inertia J = 8.5 gcm2 and fric-
tion b = 10-5 Nms. In the model the rotor as well as the stator are considered as magnetic mate-
rial characterized by B-H curve.  
 The significant changes of inductance profile are determined in terms of the stator and rotor 
pole arcs and number of rotor poles. Phase inductances versus rotor position are shown in Fig. 3 
for a constant phase current. There also exists relatively small mutual inductance between phase 
windings (Fig. 3). So, in the modelled problem they can be excepted in simulations.  
 

 

Fig. 3. Inductance vs. rotor position for research model 

 
Fig. 4. An input current in motor winding  f (t) 
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Fig. 5. Inductance vs. rotor position for research model 

 
 In analyzed stepper motor model, the inductance depends on rotor position such as is pre-
sented in Figure 5. When the functions are placed in lookup tables as maps, then motor cir-
cuits are strongly simplified and makes the numerical solution easier and faster.  
 The displacement responses presented in Fig. 6 proves that the accepted technique is cor-
rect. Step response signals are identically and the time consumption of the calculation is signi-
ficantly reduced. For computation one step displacement which is presented in Fig. 6 the gain 
is about 70 percent. 
 

 
Fig. 6. Comparison of linear distributed model and simplified non-stationary model  

using inductance lookup table method 
 

4. Conclusion 
 This paper shows how to create useful and simplified stepper motor model based on re-
duced field-circuit description. The simulation experiment shows that all properties of stepper 
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motor are obtained. Step response has oscillations and steady-state position is equaled to basic 
step. This approach is helpful, when the equivalent circuits are built with the condition of the 
magnetic circuit linearity (without saturation). An advantage of this approach is reduced time 
consumption during simulation, especially in case of closed-loop analysis with controller or 
optimization needs. The proposed method can be used to design electromagnetic drives and 
may contribute to the improvement of the drives dynamics. The phase inductance L of a SRM 
is determined by the phase current I and the rotor position θ and is a highly nonlinear function 
of both rotor position and phase current. It is well known that the ANFIS (Adaptive Neuro-
Fuzzy Inference System) is a very powerful approach for building a complex and nonlinear 
relationship between a set of input and output data. For this reason, in the next work, the phase 
inductance of a SRM will be calculated by using a method based on the ANFIS. 
 
 
References 
[1] Krishnan R., Switched reluctance motor drives Modeling, Simulation, Analysis, Design, and Applica-

tions. CRC Press (2001). 
[2] Lee B.S., Bae H.K., Vijayraghavan P., Krishnan R., Design of a linear switched reluctance machine. 

IEEE Industry Appl. Conf. (IAS ‘99) 4, Oct. 3-7, Phoenix, AZ: 2267-2274 (1999). 
[3] Bernat J., Kołota J., Stępień S., Dynamic of Reluctance Stepper Motor Depending on Different Air 

Gap. Monograph: Information Systems Architecture and Technology – Model-based Decision. 
pp. 179-191 (2008). 

[4] Bae H.K., Krishnan R., A novel approach to control of switched reluctance motors considering 
mutual inductance. IEEE Ind. Electronics Conf., Nagoya, Japan: 369-374 (2000). 

[5] de Oliveira A., Antunes R., Kuo-Peng P. et al., Electrical machine analysis considering field – cir-
cuit – movement and skewing effects. Compel: The International Journal for Computation and 
Mathematics in Electrical and Electronic Engineering 23(4): 1080-1091 (2004). 

[6] Stępień S., Patecki A., Modeling and Position Control of Voltage Forced Electromechanical Actua-
tor. Compel: The International Journal for Computation and Mathematics in Electrical and Elec-
tronic Engineering 25(2): 412-426 (2006). 

[7] Omekanda A.M., A new technique for multidimensional performance optimization of switched reluc-
tance motors for vehicle propulsion. IEEE Trans. Ind. Appl. 39(3): 672-676 (2003). 

[8] Dunlop Wu W., Stephen J.B., Collocott J., Kalan B., Design optimization of a switched reluctance 
motor by electromagnetic and thermal finite-element analysis. IEEE Trans. Magn. 39(5): 3334-3336 
(2003). 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /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 /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /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 false
  /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

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  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 /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


