
Abstract This paper analyzed the operating principles and 
power and torque characteristics of the wind turbine and 
the direct current motor (DC motor), and investigated the 
operating characteristics of the wind turbine compared to that 
of the DC motor. The torque imitation scheme, which has 
good performance and high feasibility, together with the 
whole wind turbine imitation system, was provided. The wind 
turbine imitation system includes not only a hardware 
platform composed of PC, data-collection board and 
thyristor-based velocity-regulator, but also monitor software 
of wind turbine imitation. The experimental results of 
different occasions verify the correctness and feasibility of 
the wind turbine imitation scheme proposed in this paper, 
which provided a valid idea for wind turbine imitation and 
investigation of wind power generation techniques in the 
laboratory.

Keywords wind turbine, DC motor, imitation, character-
istics, wind power generation

1 Introduction

Wind energy is a kind of renewable blue source that produces 
no pollution. It is of great significance to resolve the energy 
crisis and the environment pollution throughout the world 
so that wind energy will be rapidly developed and widely 
applied in practice. This has made wind power a research 
focus of scholars in different countries [1–7]. In recent years, 

with wind power technology having gained fast development, 
many advanced technologies proposed from the laboratory, 
such as variable blade control, variable speed constant 
frequency (VSCF) generation, direct-drive without gear 
box, etc., have been applied to actual spots [3]. The early 
investigation and research conducted in the laboratory could 
actively drive forward the development of wind power 
technology. With researchers exploring hard, more and more 
new technologies and theories would be presented and 
verified. Because there is no wind turbine (or wind plant) in 
most laboratories, it is important and practical to research 
how to simulate the characteristics of the wind turbine under 
laboratory conditions [8]. However, only a few documents 
have introduced the characteristics of the wind turbine and 
have given a deep analysis together with an actual scheme. 
Control for the generator and converter is mainly introduced 
in Ref. [9] where a doubly-fed induction generator (DFIG) is 
driven by a direct current motor (DC motor), which is used 
to imitate a wind turbine. However, imitation of the character-
istics of the wind turbine was not discussed in detail. Although 
the rough control strategy of wind turbine imitation with 
electric motor has been presented in Ref. [10], the practical 
project and the imitation equations were not developed. In 
Ref. [11], the characteristics of the wind turbine at optimal 
operation are imitated through regulating the voltage of a 
DC motor, but the characteristics at no-optimal operation 
could not be imitated. With its simple principle and perfect 
performance, the DC motor is superior to any other devices 
for wind turbine imitation. To imitate the universal character-
istics of the wind turbine, this paper firstly analyzed the 
operating principles and power and torque characteristics of 
the wind turbine in contrast to those of the DC motor. Next, a 
power imitation scheme and a torque imitation scheme were 
put forward and compared. The torque imitation scheme gains 
more research interest in this issue because of its relatively 
simple realization and high performance. The whole wind 
turbine imitation system, which includes hardware platform 
and monitor software, was created. Finally, imitation 
experiments for the characteristics of the wind turbine 
under different operating conditions were carried out. The 
experimental results verify the high feasibility and good 
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performance of the wind turbine imitation scheme proposed 
in this paper. The scheme can be expected to lay the 
foundation of research for wind power techniques in the 
laboratory. 

2 Characteristics comparison of a wind 
turbine with DC motor 

To imitate the characteristics of the wind turbine, the essential 
differences of characteristics of the wind turbine and those of 
a DC motor should first be investigated according to their 
operating principles.

As is known by aerodynamics, the output mechanical 
power of a wind turbine can be calculated as follows [12]

P D v Cwo p=
p
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where r is air density, Dw is the diameter of the turbine, v 
is the wind speed and Cp is the wind turbine’s power 
coefficient.

Cp is important to denote wind turbine efficiency. It should 
be noted that the power coefficient is a function of the ratio 
between the turbine’s angular velocity vw and the wind speed 
v. This ratio, called the tip speed ratio, denoted by l, is given 
by
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A typical relationship between Cp and l is shown in Fig.  1. 
It is clear from this figure that there is a value of l, for which 
Cp is maximized so as to maximize the converting power for 
a given wind speed v. The l, which is called the optimal tip 
speed ratio, can be denoted by lopt, and the corresponding Cp, 
called the optimal wind turbine’s power coefficient, can 
be denoted by Cpmax. If l is greater or less than lopt, turbine 
efficiency will degrade.

The optimum power curve (Popt) consists of those points. To 
maximize the converting power, it is therefore desirable for 
the generator to operate on this curve [12].

The conclusions for the fixed-pitch wind turbine traits are 
as follows:

1) under rated wind speed, the increase of wind speed 
for a given wind turbine’s angular velocity will increase its 
output power, and vice versa;

2) as the wind turbine’s angular velocity changes for a 
given wind speed, the output power would vary. One specific 
angular velocity, which is called the optimal angular velocity, 
can achieve the maximum output power;

3) the optimal angular velocity is unique for a given 
wind speed. As the wind speed changes, the optimal angular 
velocity would vary correspondingly.

The wind turbine’s torque characteristics are shown in 
Fig.  2(b). Similarly, the optimal operation points of torque 
curves at different wind speeds form the optimum torque 
curve of the wind turbine, which is shown as Topt. Operating 
on this curve, the wind turbine can capture the maximum 
wind power. The wind turbine’s torque characteristics are in 
essence the same as those of the wind turbine’s power; they 
only reflect the operation characteristics of the wind turbine 
from different point of views.

The maximum output power and the optimal torque of the 
wind turbine gained from Eqs.  (1) and (2) are given by
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where k S D Cw w w=0 25 3. ( / ) maxr lopt p .
From the equation above, it is obvious that the maximum 

output power is related to the cube of the turbine’s angular 
velocity, and the optimal torque of the wind turbine is related 
to the square of the turbine’s angular velocity.

The equivalent circuit of a separately excited DC motor 
is shown in Fig.  3, where Ra, Rf, La and Lf represent the 
resistance of armature winding, resistance of exciting coil, the 
inductance of armature winding, and the inductance of 
exciting coil, respectively. udcm and idcm are the terminal 
voltage of armature winding and the armature current, 
respectively. uf and if are the terminal voltage of exciting coil 
and the exciting current, respectively. ea is electromotive 
force of armature winding.

The steady-state mathematic model of the DC motor is 
given by Refs.  [13–15] 
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Where Ce and Ct are the electromotive force constant and 
torque constant, respectively, and Ce = Ct. w is the main flux 
linkage. Tde is the electromagnetic torque. vm is the angular 
velocity.

Fig.  1 Cp-l curve of the wind-turbine

The power characteristics of the wind turbine at various 
wind speeds, which is shown in Fig.  2(a), can be obtained 
from Fig.  1 and Eq.  (1). As seen in Fig.  2, the peak power for 
each wind speed occurs at the point where Cp is maximized. 
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If various losses of the DC motor can be ignored, the 
electric power of the motor is equal to its mechanical output 
power as follows 

Pdo = Tdevm (5)

From Eqs.  (4) and (5) it can be given that

P
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e
dcm e=

w
wv v( )−  (6)

If armature reaction can be ignored and w is constant, Pdo 

is only related to udcm and vm, that is Pdo = f (udcm, vm). And if 
udcm is a constant, then Pdo = f (vm) is conic. As udcm varies 
continuously, there is a bunch of conics about Pdo, which is 
shown in Fig.  4(a).

By ignoring various losses, the electromagnetic torque 
of the DC motor is equal to its mechanical output torque as 
follows:

T
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As can be seen in this equation, Tde is also related to udcm 
and vm, that is Tde = f (udcm, vm). Suppose udcm is a constant, so 
the relationship between Tde and vm is linear. As udcm varies 
continuously, a bunch of beelines about Tde can be obtained, 
as shown in Fig.  4(b). 

The conclusions contrasted the characteristics of the 
wind turbine (see in Fig.  2) with those of the DC motor (see 
in Fig.  4) as follows:

1) Both power characteristics and torque characteristics 
may be described by a bunch of curves with angular velocity 
as their abscissa. The change of v may give rise to a variety 
of wind turbine’s power (torque) characteristics. Similarly, 
changing udcm can regulate the DC motor’s power (torque) 
characteristics.

2) While v or udcm are constant, the output power of a wind 
turbine or a DC motor is directly related to their angular 
velocity. As a result, as their angular velocity changes, there 
is an optimal angular velocity at which the maximum output 
power can be attained. If angular velocity is greater or less 

Fig.  2 The characteristics curve of the wind turbine
(a) Po = f (v, vw); (b) Tl = f (v, vw)

Fig.  3 The equivalent circuit of the separate excited DC motor

Fig.  4 The characteristics curve of the DC motor
(a) Pdo = f (u, vm); (b) Tde = f (u, vm)
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than the optimal angular velocity, output power would 
decrease. Therefore, there are optimal power curves for both 
wind turbines and DC motors.

3) There are different aspects between the characteristics 
of the wind turbine and those of a DC motor. For a given udcm, 
the power or torque of a motor is linear with its angular 
velocity or is related to its square, respectively. However, for 
a fixed v, the relationship between a wind turbine’s power 
or torque and its angular velocity is relatively complex, 
because the relationship between Cp and l cannot be directly 
expressed by parsing equation. The latter relationship 
can only be described by tabling method according to the 
parameters of an actual wind turbine.

3 DC motor control in the wind turbine 
imitation

As is known from the analysis above, the power/torque 
characteristics of the wind turbine are found to be similar to 
those of a DC motor. The action of udcm for output power/
torque of the DC motor is almost the same to the action of v 
for a wind turbine’s output power/torque. If their differences 
are ignored, the simplest method to imitate the wind turbine 
can be obtained by varying udcm to emulate the change of 
the wind speed. However, this method only imitates the 
characteristics of the wind turbine partly, so it is not feasible 
for actual situations. Therefore, finding a more precise 
method is necessary.

Because a wind turbine is an energy conversion machine, 
the essence of wind turbine imitation based on the DC motor 
is to control the power/torque of the DC motor, but not to 
adjust its speed. This idea is shown in Fig.  5. The reference 
output power (torque) of a DC motor is calculated using the 
mathematic model of the imitated wind turbine, whose inputs 
are the present wind speed and the measured angular velocity. 
With the reference output power/torque as control instruction, 
the motor could operate in the way the wind turbine does. 
The model of the wind turbine obtained from its operation 
principle is shown in Fig.  6. The output of the wind turbine 
model can be power or torque according to the two different 
imitation schemes which are to be discussed consequently. 

the torque imitation. The power imitation emulates the wind 
turbine’s power characteristics by controlling the DC motor’s 
power output. Similarly, the torque imitation emulates the 
wind turbine’s torque characteristics by controlling the DC 
motor’s torque output.

As is seen from Eq.  (6), by controlling udcm, the output 
power Pdo of the DC motor can be regulated. In the power 
imitation scheme, the control object is Pdo and the control 
variable is udcm; the latter is given by 
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Obviously, not only the calculation of udcm requires speed 
measurement, but it can also be affected by speed measure 
errors. In addition, the voltage signal is highly sensitive and 
is easily disturbed. Therefore, the power imitation scheme has 
greater errors and is difficult to perform/implement.

As Eq.  (4) describes, idcm is directly proportional to Tde, that 
is to say, the regulation of Tde can be realized conveniently by 
controlling idcm. Therefore, the torque characteristics of the 
wind turbine can be imitated by changing the idcm of the motor. 
In the torque imitation scheme, the control object is Tde 
and the control variable is idcm. With the advantages of 
easy implementation and high precision, this scheme will be 
studied in detail.

The torque imitation scheme based on linear PI loop 
controller is shown in Fig.  7. The control algorithm includes 
two parts: reference torque calculation and motor torque 
control. The reference torque is obtained from the wind 
turbine model using the emulated wind speed and the feed-
back angular velocity [16]. However, it should be noticeable 
that when calculating the reference torque, the feed-back 
angular velocity should first be transformed into the angular 
velocity of the wind turbine in terms of the gear ratio between 
the turbine and generator, that is vw = vm / N.

4 Experiment for wind turbine imitation

A VSCF wind power generation experiment system based on 
the wind turbine imitation technique was built, as shown in 
Fig.  8. Supported by a digital signal processors (DSP)-based 
control system, the DFIG is running with VSCF generation 
[17,18]. As a generator-driven device, a DC motor is used 
for wind turbine imitation under the control of the wind 
turbine imitation system. A master computer was set up for 
the cooperation of the two systems.

The hardware platform for wind turbine imitation consists 
of a PC, data-collection board, and a thyristor-based velocity-
regulator, which is shown in Fig.  9. In addition, the wind 
turbine monitor software has independently been developed, of 
which the main interface is shown in Fig.  10. With the aid of 
the monitor software, the PC acts as a control center of the 
wind turbine imitation system. The data-collection board has 
the ability to input or output analog/digital signals, which 

Fig.  5 The idea of wind turbine imitation using a DC motor

According to the different control objects of the DC motor, 
the emulation of the characteristics of the wind turbine could 
be classified into two schemes: the power imitation and 
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makes it possible for the board not only to feed back the 
operation parameters of the DC motor, but also to output 
the control signals to the thyristor-based velocity-regulator. 
The 3-phase bridge thyristor- based velocity-regulator [19,20], 
which is modified to control the armature current of the motor, 
acts as the motor driver.

Figures  (11) and (12) show the experiment results for 
the wind turbine imitation at two kinds of representative 
situations. In the top graphic, the top curve describes the 

change of the wind speed, and the one at the bottom describes 
the change of the angular velocity. The middle graphic and 
the bottom graphic illustrate the ideal output power of the 
wind turbine and the output power of the DC motor, which 
emulates the wind turbine respectively. The experiment 
results are shown in Fig.  11 when the turbine speed changes at 
a given wind velocity. In contrast, as the wind velocity 
linearly changes for a given turbine speed, the experiment 
results of the imitation system are shown in Fig.  12. The DC 
motor imitates the operation characteristics of the wind 
turbine well in both situations above. 

Figure  13 describes the rotor/stator currents of DFIG in 
the course of imitation. Being the load of the motor, DFIG 
operates with variable output power and speed in this course. 
The change of stator current reflects the change of the 
generator output power when the grid voltage is constant, 
while the variable frequency of the rotor current reflects the 
change of the angular velocity.

5 Conclusion

This paper analyzed the operating principles and power and 
torque characteristics of the wind turbine and the DC motor. 
The torque imitation scheme proposed has good performance 
and is easy to carry out. Hardware platform and monitor 
software for the wind turbine imitation system were created. 
Eventually, the experiments of the imitation system were 

Fig.  6 The model of the wind turbine

Fig.  7 The structure of the wind turbine imitation scheme

Fig.  8 The structure of the wind power generation experimental 
system
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performed in different situations, and the experimental results 
confirm the correctness and feasibility of the proposed 
imitation scheme. Not only does it provide a valid idea for 

Fig.  9 Wind turbine imitation control system

wind turbine imitation and investigation of wind power 
generation technique in the laboratory, but it also lays a 
foundation for an in-depth study of wind power. 
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Appendix

Wind turbine imitation: blade radius: 4.3  m; rated power: 
10  kW; the optimal wind coefficient: 0.43; tip-speed ratio: 9.

DC motor: rated power: 10  kW; rated speed: 1  500  r/m; 
rated voltage: 440  V; rated current: 39.3  A; excited-voltage: 
220  V; excited-current: 2.74  A.

Thyristor-based velocity regulator: 3-phase full-bridge 
rectifier and smoothing reactor (100  mH /15  A). 

References

 1. Tang Y, Xu L. A flexible active and reactive power control strategy 
for a variable speed constant frequency generating system. IEEE 
Transactions on Power Electronics, 1996, 10(4): 472–478

Fig.  10 The main interface of the wind turbine imitation monitor 
software

Fig.  12 Imitation experiment when wind speed varies and motor 
velocity keeps constant

Fig.  11 Imitation experiment when wind speed keeps constant 
and motor velocity varies

Fig.  13 Stator current and rotor current of generator in progress 
of wind turbine imitation



367
 2. Boldea I, Tutelea L, Serban I. Variable speed electric generators 

and their control: An emerging technology. Journal of Electrical 
Engineering, 2002, 3: 20–28

 3. Liu Qihui, He Yikang, Bian Songjiang. The investigation of 
cutting-in control of variable-speed constant-frequency wind-
power generator with no-load. In: Proceedings of CSEE, 2004, 
24(3): 6–11 (in Chinese)

 4. Ye Hangye. The Technique of Control of Wind Power Generation 
System. Beijing: China, Machine Press, 1998 (in Chinese)

 5. Liao Yong, Yang Shunchang. The excitation control of alternation 
current excited generator. In: Proceedings of CSEE, 1998, 18(2): 
87–90 (in Chinese)

 6. Huang Keyuan, He Yikang, Bian Songjiang. Investigation of 
a matrix converter-excited variable-speed constant-frequency 
wind-power generation system. In: Proceedings of CSEE, 2002, 
22(11): 100−105 (in Chinese)

 7. Lin Chengwu, Wang Fengxiang, Yao Xingjia. Study on excitation 
control of VSCF doubly fed wind power generator. In: Proceed-
ings of CSEE, 2003, 23(11): 122−125 (in Chinese)

 8. Liu Qihui. The investigation of operation and control for a 
variable-speed constant-frequency wind power generation 
System. Ph. D. Dissertation, Zhejiang University, 2005, 3 (in 
Chinese)

 9. Pena R, Clare J C, Asher G M. Doubly fed induction generator 
using back-to-back PWM converters and its application to 
variable-speed wind-energy generation. Electric Power 
Applications, IEE Proceedings, 1996, 143(3): 231−241

10. Bhowmik S, Spee R, Enslin Johan H R. Performance optimization 
for doubly fed wind power generation systems. IEEE Transactions 
on Industry Applications, 1999, 35(4): 949−958

11. Bian Songjiang, Pan Zaiping, He Yikang. The imitation of the fan 
characteristic by the DC motor. Acta Energiae Solaris Sinica, 
2003, 24(3): 360−364 (in Chinese)

12. Liu Qihui, He Yikang, Zhao Rende. The maximal wind-energy 
tracing control of a variable-speed constant-frequency wind-
power generation system. Automation of Electric Power System, 
2003, 27(20): 62−67 (in Chinese)

13. Tang Yunqiu, Shi Nan, Zhao Rende, et al. Study of Electric 
Machine. Beijing: China Machine Press, 2001 (in Chinese)

14. Chai Zhaoji. Electric Drive and Speed-regulation System. Beijing: 
Beijing University of Aeronautics & Astronautics Press, 1992 (in 
Chinese)

15. Chen Boshi. Electric Drive Automation Control System. Beijing: 
China Machine Press, 1992 (in Chinese)

16. Park J. Wind Power and Its Utilization. Beijing: China Energy 
Press, 1984 (in Chinese)

17. Xu Lie. Fault ride through of DFIG based on wind turbines. Elec-
trical Power Application, IEE Proceedings 2003, 143(3): 1−8

18. Datta R, Ranganathan V T. Direct power control of grid-connected 
wound rotor induction machine without rotor position sensors. 
IEEE Trans on Power Electronics, 2001, 16(3): 390−399

19. Huang Jun, Wang Zhaoan. Power Electronics and Convert 
Technology. Beijing: China Machine Press, 1997 (in Chinese)

20. Li Cunbao, Zhao Yongjian. Power Electronics Devices and Their 
Utility. Beijing: China Machine Press, 2000 (in Chinese)



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /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
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /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 (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


