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ABSTRACT 

Wind energy conversion systems such as windmills are being used from ancient times to automate the processes involved in 

production, agriculture and transport. The modern wind turbine used in many industrial applications is nothing more than optimized 

version of low altitude wind energy conversion system, such as wind mill. More recent approach to wind energy conversion system is 

called High Altitude Wind Energy (HAWE) conversion system or kite power. This is completely a different approach for extraction of 

wind power from high altitude. Estimation of wind power extraction from kites flying at high altitudes is discussed in this paper. 

Estimation of power generated from high flying kites using the power prediction models by Pauli Rautakorpi et al. (2013), Jerome 

Marchand (2011), Argatov et al. (2009), Houska (2007), and Lloyd (1980) is obtained. For prediction of wind power generated in the 

mathematical model of Lloyd (1980), only the lift mode of kite motion prescribed is considered for comparison. Results are compared 

for all the five models, using the same kite motion parameters such as area of kite, density of air, height of kite etc. Using the kite motion 

data given by Pauli Rautakorpi et al., calculations are made for the kite height up to 5000 m (5 km) for maximum power and power 

extracted from wind. Results obtained for maximum power are compared. Also results are obtained for two different values of tether 

angles. 
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INTRODUCTION 

      Wind energy conversion systems are of two types. First one is ground based wind turbine system and second one is tethered system 

or kite. High altitude winds are stronger, more regular, and with a higher statistical occurrence throughout the year (Vijay Kumar R, 

1984). The tether allows the kite to access the wind resource at higher altitudes. Kite powered system can fly up to several hundred 

meters of altitude and thus having certain potential advantages over the wind turbine systems. Estimation of maximum power of kites 

using five mathematical models are compared in this paper. Calculations are made for the kite height up to 5000 m (5km) for maximum 

power and power extracted from wind, for all five models using the kite parameters given by Pauli Rautakorpi et al.(2013). Two models 

were compared by Kumari Sanno and K. V. S. Rao (2014).  

MATERIALS AND METHODS 

      Five mathematical models for power prediction from high altitude kites are compared in this paper. All the kite motion parameters 

are provided by Pauli Rautakorpi et al.(2013). Calculations are made for two tether inclination angles( 𝛉) 20 deg and 30 deg from the 

horizontal. For the maximum power estimation in all the models, parameters taken are as follows: 

Table.1.Parameters used in maximum power estimation 

𝑨 Kite Area = 5 (𝑚2) 𝐻 Height from ground (m) 

𝑪𝑳 Kite Lift Coefficient =  1.2 𝑉 Wind speed at an altitudeH (𝑚/𝑠) 
𝑪𝑫 Kite Drag Coefficient =  0.15 𝑉𝐿 Tether release speed or load velocity of kite (𝑚/𝑠) 

〈𝑭
││
𝒍𝒂𝒆𝒓〉 Average longitudinal aerodynamic force acting 

on the tether 
𝑣𝐿 Tether Release Speed Coefficient =  0.33 

〈𝑭𝒓
𝒈𝒓𝒂〉 Average kite gravity components 𝜌 Air (Wind) density at sea level =  1.225 (𝑘𝑔/𝑚3) 

〈𝑭
││

𝒍𝒈𝒓𝒂〉 Average tether gravity components 𝜃 
Average Angle between horizontal and kite Position vector 

(degree) = 300, 200 

〈𝑭𝒄𝒇〉 Average centrifugal force of the kite 𝜃∗ 
Average angle between vertical and kite position vector 

(degree) 

〈𝑭𝒍𝒄𝒇〉 Average centrifugal force for the tether 𝐻 Height from ground (m) 

𝑮𝒆 Aerodynamic Efficiency =  8 =  
𝐶𝐿

𝐶𝐷
   

Kite Model by Pauli Rautakorpi et al. (2013): Maximum power formula developed by Pauli Rautakorpi et al.(2013), is given in 

equation(1).  

                     𝐏𝐌𝐀𝐗 =
𝟏

𝟐
𝛒𝐀𝐂𝐋𝐕𝟑 𝐬𝐢𝐧𝟑 𝛉∗ 𝟒

𝟐𝟕
𝐆𝐞√𝟏 + 𝐆𝐞

𝟐. [𝟏 +
𝟐

𝟑

[〈𝐅
││
𝐥𝐚𝐞𝐫〉−〈𝐅𝐫

𝐠𝐫𝐚
〉−〈𝐅

││

𝐥𝐠𝐫𝐚
〉+〈𝐅𝐜𝐟〉+〈𝐅𝐥𝐜𝐟〉]

𝛒𝐂𝐋𝐊𝟎
𝐌𝐀𝐗𝐕𝟐 𝐬𝐢𝐧𝟐 𝛉∗ ]……..(1) 

Kite Model by Jerome Marchand (2011): For maximum power equation developed by Marchand J.(2011) is given in equation(2). 

                                    𝐏𝐌𝐀𝐗 =
𝟐

𝟐𝟕
𝛒𝐀

𝐂𝐋
𝟑

𝐂𝐃
𝟐 (𝟏 +

𝐂𝐃
𝟐

𝐂𝐋
𝟐)

𝟑 𝟐⁄

𝐜𝐨𝐬(𝛉)𝟑 𝐕𝟑………..…..……..………………(2) 

Kite Model by I. Argatov et al. (2009): The maximum power formula developed by Argatov I. et al. (2009), is given in equation(3).  

𝐏𝐌𝐀𝐗 =
𝟏

𝟐
𝛒𝐀𝐂𝐋𝐕𝟑 𝐜𝐨𝐬𝟑 𝛉

𝟒

𝟐𝟕
𝐆𝐞√𝟏 + 𝐆𝐞

𝟐. [𝟏 + 𝟐𝐯𝐋

[〈𝐅𝐜𝐟〉−〈𝐅𝐫
𝐠𝐫𝐚

〉−〈𝐅
││

𝐥𝐠𝐫𝐚
〉−〈𝐅

││
𝐥𝐚𝐞𝐫〉]

𝛒𝐂𝐋𝐊𝟎𝐕𝟐 𝐜𝐨𝐬𝟐 𝛉
]…………...(3) 

Kite Model by Houska (2007): The maximum power formula developed by Houska (2007) is in equation(4). 
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                                                   𝐏𝐌𝐀𝐗 =
𝟒

𝟐𝟕

𝟏

𝟐
𝛒𝐀𝐂𝐋𝐆𝐞

𝟐 (𝟏 +
𝟏

𝐆𝐞
𝟐)

𝟑
𝟐⁄

𝐕𝟑…………….………………...(4) 

1) Kite Model by Lloyd (1980): The maximum power formula developed by Lloyd M. (1980) is given in equation(5). 

                                              𝐏𝐌𝐀𝐗 =
𝟏

𝟐
𝛒𝐕𝟑𝐀𝐂𝐋

𝟒

𝟐𝟕
𝐆𝐞

𝟐…………..……………………………....(5) 

Comparison of Estimated Maximum Power of Kite using Five Models: The maximum power has been calculated using above 

equations (1) to (5) and tabulated below in table 2 and 3 for each model at 30 deg and 20 deg tether inclination angle from ground. 

Tabulated results of table 1 and 2 are shown in the graphical form in figure 1 and 2 respectively. 

Table.2.Maximum power (KW) calculated by different theories of the kite at high altitude(30 deg) 

S. No. Height 

of kite 𝐇(𝐦) 

𝐏𝐌𝐀𝐗(𝐊𝐖) 

[Pauli R. et al.] 

𝐏𝐌𝐀𝐗(𝐊𝐖) 

[J.Marchand] 

𝐏𝐌𝐀𝐗 (𝐊𝐖) 

[Argatov et al.] 

𝐏𝐌𝐀𝐗 (𝐊𝐖) 

[Houska] 

𝐏𝐌𝐀𝐗 (𝐊𝐖) 

[M Lloyd] 

1 145 15.46 15.74 18.33 24.233 23.68 

2 195 17.53 17.87 20.71 27.52 26.89 

3 245 19.32 19.71 22.77 30.342 29.64 

4 500 26.16 26.75 30.45 41.19 40.25 

5 750 31.03 31.83 35.68 49.01 47.88 

6 1000 34.99 36.01 39.73 55.44 54.17 

7 1500 41.38 42.84 45.77 65.96 64.45 

8 2500 50.87 53.33 53.17 82.11 80.22 

9 5000 66.32 71.77 58.62 110.51 107.97 

Table.3.Maximum power (KW) calculated by different theories of the kite at high altitude(20 deg) 

S. No. Height  

of kite 𝐇(𝐦) 

𝐏𝐌𝐀𝐗(𝐊𝐖) 

[Pauli R. et al.] 

𝐏𝐌𝐀𝐗(𝐊𝐖) 

[J.Marchand] 

𝐏𝐌𝐀𝐗 (𝐊𝐖) 

[Argatov et al.] 

𝐏𝐌𝐀𝐗 (𝐊𝐖) 

[Houska] 

𝐏𝐌𝐀𝐗 (𝐊𝐖) 

[M Lloyd] 

1 101.5 16.98 17.26 19.04 20.80 20.32 

2 136.5 19.27 19.60 21.57 23.62 23.07 

3 171.5 21.24 21.61 23.74 26.04 25.44 

4 350 28.77 29.34 31.89 35.36 34.54 

5 525 34.16 34.90 37.54 42.06 41.10 

6 700 38.56 39.48 42.00 47.58 46.49 

7 1050 45.69 46.98 48.84 56.61 55.31 

8 1750 56.40 58.47 57.91 70.47 68.85 

9 3500 74.42 78.70 68.02 94.84 92.66 

RESULTS AND DISCUSSION 

 Using the five mathematical models, power and maximum power have been calculated however the value of power and maximum 

power are close to each other for respective model for every height of the kite and hence only maximum power of the kite are shown in 

the Table 2 and Table 3. At 145 m height of flying by kite, For the same data of (Table 2) kite motion given at 30 degree inclination 

angle, maximum power predicted by the model of Pauli Rautakorpi et al.(2013) is 15.46 KW whereas, Lloyd’s model (in lift mode) 

predicts the maximum power generated as 23.68 KW. Similarly Houska’s(2007) model predicts the maximum power generated as 24.23 

KW, Argatov I. et al.(2009) model predicts the maximum power generated as 18.33 KW, Marchand J.(2011) model predicts the maximum 

power generated as 15.74 KW.  Given data lowest power of 15.46 KW is predicted by the model of Pauli Rautakorpi et al.(2013) and 

highest power of 24.23 KW is predicted by Houska(2007) model. At 5000 m height of flying by kite,The results obtained for Lloyd 

M.(1980) model (lift mode) for maximum power is 108 KW and that of the model of Pauli Rautakorpi et al.(2013) is 66.32 KW. Similarly 

the results obtained for maximum power for Houska(2007) model is 110.51 KW, for the model of Argatov I. et al.(2009) is 58.62 KW 

and Jerome Marchand J.(2011) model is 71.77 KW. For the given data lowest power of 58.62 KW is predicted by Argatov I. et al.(2009) 

and highest power of 110.51 KW is predicted by Houska(2007) model. Thus the variation between lowest power and highest power is 

about 60% at 145 m flying height of the kite and same is about 90% at 5000 m flying height of the kite. 

  
Figure.1.Maximum Power with respect to Height (θ=20 

degree). 

Figure.2.Maximum Power with respect to the Height (θ=30 

degree) 
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For 30 deg tether angle (Fig. 1) model by Houska(2007) and Lloyd M.(1980) with increasing height the curve of the max 

power of kite is steeper whereas in the case of Argatov I. et al. (2009) it is relatively flat. The similar trend (Fig. 2) is being followed 

for 20 deg also. 
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