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Wind Turbine Simulators for Control Performance Test of DFIG
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Abstract  - This paper proposes a new wind turbine simulator using 
a squirrel cage induction for control performance test of DFIG 
(doubly-fed induction generator). The turbine static characteristics are 
modeled using the relation between the turbine torque versus the 
wind speed and the blade pitch angle. The turbine performance is 
subjected to a real wind speed pattern by modeling the wind speed 
as a sum of harmonics with a wide range of frequency. The turbine 
model includes the effect of the tower shadow and wind shear. A 
pitch angle controller is designed and used to protect the 
coupled generator by limiting the turbine speed to the 
maximum value. Experimental results are provided for a 
3[kW] wind turbine simulator at laboratory. 

1. Introduction

  For laboratory-scale research of the wind energy conversion 
systems, it is important to develope a hardware simulator for the 
wind turbine which is able to produce realistic conditions that occur 
in a real wind turbine. Various simulators have pointed out different 
ways to achieve this aim and inherent problems of emulating a wind 
turbine or a generalized load. The advancement of turbines design, 
converter topologies and control algorithms increase the necessity of 
wind turbine simulators by using DC, induction motors or 
servomotors in laboratory. The main components of the wind turbine 
generation system consist of the high inertia turbine and a low 
inertia generator coupled with a shaft. Gearbox is usually used to 
change the slow rotation of the blades into a quicker rotation which 
is more suitable for generating electricity. The wind speed variations, 
gusts and turbulences affect the turbine output power. The wind 
speed pattern is distributed unequally over the wind turbine blades as 
the wind velocity is higher at higher altitude.
  Several wind turbine simulators have been developed to simulate 
the wind turbine dynamics. There are different simulator designs 
depending on their applications. The simulator can be used in order 
to study different aspects related to the connection of the generator 
to the grid. 
  Since late 1990's, doubly-fed induction generators have become the 
most commonly used in wind power generation. It is a wound rotor 
type of induction machines with slip rings attached to the rotor and 
fed by the power converter. With DFIG, generation can be 
accomplished in variable speed ranging from sub-synchronous speed 
to super-synchronous speed. The power converter feeding the rotor 
winding is usually controlled in a current-regulated PWM type, thus 
the stator current can be adjusted in magnitude and phase angle. The 
rotor-side converter operates at the slip frequency and the power 
converter processes only the slip power. Thus if the DFIG is varied 
within 30% slip, the rating of the power converter is only about 30% 
of the rated power of the wind turbine. In this type of machine 
control the net power out of the machine is a summation of the 
power coming from the stator and the rotor. 
  This paper proposes a complete wind turbine model for both steady 
state and transient condition for DFIG applications. The importance of 
aspects such as pitch angle control, the drive train, wind shear, tower 
shadow and wind speed simulator are investigated.

2. Operating Principles and Control of DFIG

  A schematic diagram of the overall system is shown in Fig. 1. 
Back-to-back PWM converters are connected between the rotor and 
the utility grid. Above synchronous speed the four-quadrant converter 
operates as a source of active power delivering power to the grid 
parallel to the DFIG. Below synchronous speed, the four-quadrant 
converter provides active power from the grid into rotor circuit. Fig. 
2 illustrates these relationships. The rotor voltage equation describes 
clearly the power flow in the DFIG for super-synchronous and 

Fig. 1 Basic configuration of DFIG wind turbine system
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Fig. 2 Output power as a function of (a)slip (b)speed ratio

sub-synchronous operation as 

                               (1)

where   is the voltage transformation ratio between stator and 
rotor and s is a slip.
  Adjustment of the q-axis component of the rotor current can 
control either the generator torque or the stator active power of the 
DFIG.

      

     





         (2)

On the other hand, regulating the rotor d-axis current component can 
control directly the stator reactive power.

     

     





      (3)

  It is noticeable that the stator active and reactive power 

components are proportional to the   and  , respectively. As the 

magnitude of   is kept constant, both power components can be 
controlled by adjusting the relative rotor current components.    
Using the turbine aerodynamic power characteristic and a suitable 
wind speed measurement, the stator power reference, input to the 
rotor-side control system, can be determined, as shown in Fig. 3.    
The stator reactive power reference is determined by the desired 
system power factor. 
  Once both of the reference and measured active and reactive power 
are determined and controlled, simple proportional integral (PI) 
regulators can be used to control the d-q components of the rotor 
current as shown in Fig. 4.
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Fig. 6 Pitch angle controller

Fig. 5 Operatimg modes of DFIG
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       3. Wind Turbine Simulators

 
 3.1 Wind speed simulator

  An appropriate wind speed model is essential to obtain realistic 
simulations of the power fluctuations from wind turbine during 
continuous operation of the wind generation system. In general, the 
wind should be modeled as a stochastic process. However, the wind 
variation can be modeled as a sum of harmonics for the analysis of 
wind power generation system operation. The wind speed is 
simulated with the relation [1]

               
 



                  (4)
where   is the wind speed at time t,   is the mean wind 
speed,   is the harmonic frequency and   is the harmonic 
amplitude. The harmonic amplitude at frequency   can be expressed

     

  
 


     ∙            (5)

  The traditional approach to modeling atmospheric turbulence as a 
stochastic process has been to use the Dryden spectra. For 
engineering purposes it is assumed that the power spectra of 
atmospheric turbulence can be approximated by the Dryden spectra. 
The longitudinal Dryden power spectrum is defined by

           












             (6)

where   is the turbulence intensity,  is the turbulence length and 
  is the harmonic frequency. The harmonic samples N are assumed 
equal to 15 and the frequency in the range 0.1-10 Hz.

3.2 Turbine characteristics and pitch angle control

  The design of a wind turbine simulator begins by producing a 
wind speed pattern which is similar to the real wind in order to 
represent the interaction of turbine blades with the wind speed 
distribution over the rotor swept area. The resulting wind data are 
then applied to the static power curve  , in order to determine 

the driving torque with considering the pitch angle control. The wind 
turbine can be characterized by its    curve, where the tip-speed 

ratio   is defined as the ratio between the linear speed of the tip of 
the blade to the wind speed. It is shown that the power coefficient 
  varies with the tip-speed ratio. It is assumed that the variable 

wind turbine is operated at high   values most of the time. The 

power captured by the wind turbine can be written as (4) [2] 

                
                      (7)

where   is the air density,   is the turbine radius,   is the wind 
speed, and   is the power coefficient, which for variable-speed 

pitch-controlled wind turbine depends on both the pitch angle   and 
the tip speed ratio

                     


                                (8)

where    is the blade rotational speed.
  The pitch angle control of the blade is used to protect the turbines 
and to limit the output power at high wind speed. The output power 
is decreased as the pitch angle increases. The operating regions of 
the wind turbine are illustrated in Fig. 5. There are two wind turbine 
operating regions determined by wind speed.  In the region less than 
the rated power, the blade pitch angle is set to give maximum 
power. The shape of the curve in this region reflects the basic law 
of power production, in which the power is proportional to the cube 
of the wind velocity. The second region occurs when sufficient wind 
is available for higher speed than the rated value. In this region the 
blade pitch control regulates the turbine speed to its maximum 
permissible value. The pitch angle controller consists of the speed 
controller and pitch mechanism of which block diagram is shown in 
Fig. 6.

3.3 Tower shadow and shear effect
  
  The wind shear produces torque oscillations due to the wind 
velocity variation with the height, this torque can be modeled as [3]

                                        (9)

where  tshear  is an empirical coefficient of the wind shear. 
  The tower shadow torque oscillations can be modeled as

                                    (10)
where   ≤  ≤ 
 
3.4 Control of squirrel-cage induction motor  

  Fig.7 shows the control block diagram of a squirrel-cage induction 
motor which implements the characteristics of wind turbines, where a 
conventional vector control method is used. The torque current   is 

controlled continuously as mentioned in (7), (9), and (10). The motor 
torque reference is calculated using the turbine power equation and
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Fig. 7 Control block diagram of induction motor.
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Fig. 8 Turbulent wind speed  (a)Wind speed 
[m/s], (b)Turbine torque [Nm], (c)Turbine power 
[kW], (d)Pitch angle[deg.]

the turbine speed. The torque reference is then divided by the torque 

constant   to obtain the torque current reference 
 . The motor 

excitation current is supplied by controlling the d-axis current  . 

                        
4. Experimental Results

  The configuration of the 3[kW] DFIG wind turbine system at 
laboratory has been shown in Fig. 1. The characteristics of the wind 
turbine are simulated using a torque-controlled induction motor drive. 
The motor is fed by a PWM controlled IGBT converter. The stator 
of the DFIG is connected to the utility grid. The rotor is connected 
to the grid through back-to-back PWM converters to provide a 
bidirectional power flow. The converter switching frequency is 
5[kHz], and the current and the speed control sampling periods are 

100[ ] and 1[ms], respectively.
  Fig. 8 shows the DFIG performance for a turbulent wind speed. 
The turbine power oscillations correspond to that of the wind speed. 
The turbine torque and power follow the wind speed pattern with a 

(a)
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(c) 10[Nm] 

2 Nm/divGen.T

0 [W](d)
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Fig. 9 Tower shadow and shear effects (a) 
Shear torque, (b)Shadow torque, (c)Turbine 
power, (d)Total turbine torque.

small delay due to system dynamics and inertia as shown in Fig. 8 
(b) and (c). The pitch angle remains minimal at low wind speed. 
However, the pitch angle increases when the wind speed increases 
higher than 13[m/s]. The tower shadow and wind shear are simulated 
and set to the standard value,
  Figs. 9(a) and (b) show the turbine reference and measured 
torques. It is obvious that the turbine torque is influenced by the 
effect of tower shadow and shear torques. Also, the effect of these 
periodic pulsations are quite significant for the variations of the 
turbine torque and power as shown in Fig. 9(c) and (d). 

5. Conclusions
 
  To test the control performance of DFIG wind turbines, a new 
wind turbine simulator has been developed to emulate the real wind 
turbine operating conditions. The simulator uses a torque controlled 
cage-type induction motor as a wind turbine. The wind speed profiles 
have been expressed as a sum of harmonics with wide range of 
frequencies. The tower shadow and wind shear oscillations have been 
constructed using the existing functions. The tower shadow and wind 
shear have a quite significant effect on the total output torque. The 
pitch angle controller shows good performance in case of 
continuous wind speed variation. The newly designed wind 
turbine simulator can be used usefully to develop a control algorithm 
of the wind turbine generator. 

  This work has been supported by the KEMCO (Korea 

Energy Management Corporation) under project grant 
(2004-N-WD12-P-06-3-010-2006).

REFERENCES

[1] David Parker, "Computer based real-time simulator for renewable 
energy converters," IEEE International Workshop on Electronic 
Design, Test and Applications Proc., Jan. 2002, pp. 280-284

[2] Q. Wang and L. Chang, "An intelligent maximum power 
extraction algorithm for inverter-based variable speed wind 
turbine systems," IEEE Trans. Power Electro.,  vol. 19, No. 5, pp. 
1242 - 1249, Sept. 2004.

[3] M. Chinchilla, S.  Arnaltes, and J. L. Rodriguez-Amenedo, 
"Laboratory set-up for wind turbine emulation," IEEE ICIT 
Proc., vo. 1,  2004, pp. 553 - 557.



<<
  /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


