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1 INTRODUCTION 
In the modern transit systems, linear motor propul-
sion technology has been paid increasing attention. 
Linear motor transit system, which is benefit for 
earth environment, makes possible super high-speed 
and mass transportation. It can also accommodate to 
steep slopes and sharp turns.  

In order to research the propulsion control tech-
nology for linear motor, a set of linear synchronous 
motor carrier system has been built up in our Lab. It 
consists of two sets of long-stator (long armature 
windings) PM LSMs that are driven independently 
by two inverters. Permanent magnets are mounted at 
the bottom of the carrier. Fig.1 shows the external 
view of the system in our Lab.  
 
 
 
 
 
 
 
 

 
 

 
 
Figure 1: External view of the carrier system 

Direct thrust control (DTC) is applied in the con-
trol scheme, which is derived from the direct torque 
control used in rotary motors[1]. In order to realize 
high precise position and velocity control, two feed-
back loops are used. In this paper, the construction 
of the carrier system is described first. Then, the 
fundamental of the DTC is analyzed. Finally, the 
experimental results are given, which demonstrate 

that DTC is an effective method for PM LSM espe-
cially at low speed range. 

2 SYSTEM CONFIGURATION 

Fig. 2 shows the cross section of the carrier system. 
The guild way is about 6 m in length. The carrier 
which is about 65 kg in weight is supported by four 
rollers to move on the the guideway The armature 
windings of PM LSMs are installed on the two sides 
of the guideway. Fig. 3 indicates the structure of the 
carrier with four permanent magnets that are 
mounted in each corner at bottom. Table 1 shows the 
specifications of the whole system. 

 
 
 
 
 
 
 
 
 
 

Figure 2: The cross section of the carrier system 

The accurate electrical parameters of the PM 
LSM are needed in order to realize direct thrust con-
trol when carrier moves at low speed range. These 
parameters include stator resistance Rs, armature in-
ductance Ld, Lq and permanent magnet flux link-
age pmλ . 
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Figure 3: The structure of the carrier 

Table 1: Specifications of the carrier system 
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Weight 
Maximum load 
Pole pitch 

200×600×700 mm 
65        kg 
60        kg 
87        mm 

PM
 L

SM
 Number of phase 

Number of poles 
Pole pitch 
Rated current 
Gap length 

3 
6 
87       mm 
13       A 
5         mm    
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 Width 
Length 
Height 

0.5      mm 
6         m 
0.15    mm 

 
Stator resistance is conveniently detected by 电桥

仪器. Through analyzing the transition process of 
the stator current caused by injecting pulse DC volt-
age into armature windings, armature inductance Ld 
and Lq can be obtained. By keeping carrier still in 
different position on the guide way and injecting DC 
current into armature windings, the effective PM 
flux, which is coupled with stator windings, can be 
figured out by testing the electromagnetic force. Fig. 
4 shows the static force test results which illustrate 
that the electromagnetic force is related with stator 
current (ia) and the relative position (δ ) between 
permanent magnet and armature axis, where, the 
relative position δ is represented in form of electri-
cal load angle. Table 2 shows the electrical parame-
ter detection results for PM LSM. 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
Figure 4: The test results of static force 

Table 2: Specifications of the carrier system 
 
 
 

 
 
 

 

3 DIRECT THRUST CONTROL FOR PM LSM 

3.1 Math Equations of PM LSM 
The PM LSM can be modeled in the mover refer-
ence frame (d-q) as follows: 
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where 
pmλ , dL ,

qL  are the permanent magnetic flux 
linkage, armature inductances, respectively. 

pn  is the 
pole pair number, p is the differential operate. 

δλλ cosssd =    δλλ sinssq =  (4) 

where sλ represents the amplitude of the stator 
flux linkage. 

Substituting (4) into (3), we obtain 
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Equation (5) shows that the electromagnetic force 
is the function of load angleδ . By adjusting the sta-
tor voltage vector, it is convenient to change δ  as 
well as xF . This is the basic concept of DTC. 

3.2 Fundamental of DTC for PM LSM 
The scheme of conventional two-level voltage 
source inverter is shown in Fig.5. It can supply 8 dif-
ferent voltage vectors, in which, 0v , 7v  are zero vec-
tors. 
 

 
 
 
Figure 5: Two level voltage source inverter and the voltage 
vectors 

Number of pole pairs  
pn  3 

Stator resistance    sR  0.84Ω  
Stator d-axes inductance dL  7 mH  
Stator q-axes inductance 

qL  8 mH  
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pmλ  1.2 mWb  
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Where Vdc is the inverter DC voltage, Sa, Sb, Sc 
represent the switch situation of the phase a, b and c 
respectively. If the upper switch is on, it equals “1”; 
otherwise, it equals “0”.  

The stator flux linkage sλ  is controlled by apply-
ing these voltage vectors. During the switching in-
terval ( tΔ ), each voltage vector is constant, and the 
voltage equation (1) can be rewritten as follow: 

)()( tdtirtvtt sssss λλ +−Δ=Δ+ ∫  (8) 

Neglecting the small voltage drop on stator resis-
tance, equation (8) implies that the end of the stator 
flux vector sλ will move in the direction of the ap-
plied voltage vector. Supposing that during each 
sampling period the carrier stays still, the load angle 
δ  is changed, and xF  is changed as well by adjusting 
the stator voltage vector. 

The vector plane is divided into six zones, as 
shown in Fig. 6. In each zone, two adjacent voltage 
vectors are selected to increase or decrease the am-
plitude of sλ , and also increase or decrease the load 
angle δ , respectively. Through choosing proper 
voltage vector in each zone, the end of sλ  will move 
in a ring.  

 
 
 
 
 
 

Figure 6: Plane division and the control of stator flux linkage 

Force hysteresis controller and flux hysteresis 
controller are used to obtain quick output response. 
The switching functions are given as follows: 
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where, *
sλ , *

xF  are stator flux linkage reference 
and electromagnetic force reference respectively. 

sλ̂ , xF̂  are estimation results of sλ  and xF  respec-
tively. 1ξ , 2ξ  are the tolerances of the hysteresis 
controllers. 

Fig. 7 illustrates the system structure of the direct 
thrust control for one PM LSM. In the stator refer-
ence frame, the stator flux linage and the electro-
magnetic torque are estimated from the measured 
values of voltage and current by the following equa-
tions: 
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However, during the low speed range, the arma-
ture back electromotive force is rather small. The 
stator flux linkage can not be precisely estimated by 
equation (11~14), so the current mode is adopted in 
this case: 

pmsddsd iL λλ +⋅=  (16) 

sqqsq iL ⋅=λ  (17) 

Figure 7: The scheme of DTC system for PM LSM 

The electromagnetic force reference is deter-
mined by route PI adjuster and speed PI adjuster. 
The control regulations are given as 
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4 EXPERIMENTAL RESULTS 

Control algorithms were realized by DSP TMSLF 
2407 based digital control system. The sampling pe-
riod is set as 0.1 ms. Two sets of photoelectric en-
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coder system are used to detect the instantaneous 
position of the carrier. During every double pole 
pitch range (360° electrical angle), there are 29 volt-
age pulses fed back to processor. The parameters of 
the PI adjustors are shown in Table 3. 
 
Table 3: Parameters of the PI adjustors 

 KP KI 

Route Adjuster 100 80 

Speed Adjuster 40 5 

 
Fig. 8 shows the armature current (phase A) 

waveform, when the carrier moves at some constant 
speed: In case A, the reference speed is set as 
0.05m/s. Since the armature pole pitch is 0.087m, 
the synchronous frequency can be calculated as 
0.287Hz. In case B, the reference speed is set as 
0.1m/s, and the synchronous frequency is 0.575Hz. 
Fig. 9 depicts the armature current (phase A) wave-
form, when the carrier moves at some varying speed: 
In case A, the reference speed changes abruptly from 
0.1m/s to -0.1m/s. In case B, the reference speed 
changes from 0.1m/s to 0.2m/s. 

 
 
 

 
 
 

 
Figure 8: The armature current waveform (phase A) when ref-
erence speed is constant. 

 
 

 
 
 
 

Figure 9: The armature current waveform (phase A) when ref-
erence speed is varying. 

Design a reference speed curve for the carrier 
system, as shown in (19). It contains 6 phases: 
speed-up, steady move, speed-down, reverse speed-
up, reversely steady move and reverse speed-down. 
The maximum single-track distance is 5m, and the 
maximum speed is 0.5m/s.  

Fig.10 shows the experimental results. Fig. 10(a) 
gives the reference speed (up) and real speed 
(down). Fig. 10 (b) gives the reference position (up) 
and real position (down). Fig. 10(c) gives the arma-
ture current waveform. In the speed-up and speed-
down phases, the peak value of the current is 7A, In 
the steady move phase, the peak value is 3A. Fig. 

10(d) gives the electromagnetic force curve. The 
maximum value is 20N. 

)(2422
)(2214
)(1410
)(102
)(20

5.025.0
5.0
25.05.0

5.0
25.0

st
st
st
st
st

t

t

t

v

<<
<<
<<
<<
<<

⎪
⎪
⎪

⎩

⎪⎪
⎪

⎨

⎧

−
−
−=

                        (20) 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10: Experiment results when the carrier moves accord-
ing to designed speed curve  

5 CONCLUSIONS 

The direct thrust control has been successfully ap-
plied in a set of linear motor carrier which is im-
pelled by two sets of long-stator PM LSM. The ex-
periment results demonstrate that direct thrust 
control is an effective method to realize good speed 
and position control for PM LSM carrier at low 
speed range.  
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A: V=0.05m/s, f=0.287Hz B: V=0.1m/s, f=0.575Hz 

A: V changs from 0.1m/s to -
0.1m/s 

B: V changs from 0.1m/s to 
0.2m/s 

(a) Reference speed curve (up) and 
real speed curve (down) 

(b) Reference route curve (up) and 
real route curve (down) 

(c) Armature current (phase A) (d) Electromagnetic force 



<<
  /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 /LeaveColorUnchanged
  /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


