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Abstract. The low voltage ride through (LVRT) grid code 

requirements are pushing the new era of multi-MW wind energy 

conversion systems (WECS) to full-power topologies. Lab-scale 

emulation of such multi-MW systems usually substitutes the 

wind energy conversion by a torque-producing emulator (e.g. DC 

machine). Nevertheless, the complete study of the wind energy 

system is more insightful and allows a better analysis of the 

WECS. This work focuses on the design of the blades and the 

wind power calculation for lab-scale emulation of multi-MW 

wind energy systems. Theoretical analysis for the design of the 

lab-scale system is presented and experimental results show the 

wind power characteristic curves for maximum power point 

tracking of variable-speed generators. 
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1. Introduction 

 
   The global wind power installed capacity has 

exponentially increased in the last decade to reach 238 GW 

by the end of 2011 [1]. As the technology of wind energy 

conversion systems (WECS) becomes mature, emerging 

markets increase their investments (e.g. China accounts for 

43% of global new installed capacity in 2011) and the 

wind share of total electricity consumption (e.g. 25.9%  in 

Denmark) makes the wind industry a major actor in the 

energy mix [2]. Along with this growth rate, grid codes are 

worldwide becoming tighter [3]-[4] and low voltage ride 

through (LVRT) requirements are pushing the technology 

forward to achieve a higher degree of control [5]-[6]. Even 

though partial-power wind energy systems based on 

doubly-fed induction generators (DFIGs) is still the most 

installed configuration, many manufacturers are 

implementing full-power topologies in their new models in 

order to fully comply with grid code requirements [5].  

Additionally, offshore wind farms are also increasing 

their role in the European market. For the sake of 

example, 132 offshore wind turbines with a combined 

capacity totalling 523.2 MW were installed and fully grid 

connected in Europe during the first six months of 2012 

[7]. Offshore locations require wind turbines with 

increased rated power (up to 10 MW so far [8]) in order 

to benefit from the economy of scales. Nevertheless, the 

increased size and power of modern wind turbines 

requires the use of parallel devices in order to deliver the 

full power to the grid. 
   In this context of higher-power wind turbines and full-

power topologies, the use of multiphase generators shows 

a good prospect for industrial applications because the 

power is inherently split and the additional phases allow 

some extra benefits [9]. For example, Spanish 

manufacturer Gamesa has developed a full-power 4.5 

MW wind turbine with 6 parallel converters and 18 

phases [10]. Some other topologies that use series 

connected generator-side converters have also been 

proposed to achieve medium voltage on the grid-side 

(Fig. 1) [11]-[12]. 
   The design of a lab-scale full-power WECS similar to 

that of Fig. 1 becomes a highly complex and 

multidisciplinary task. For this reason, many researchers 

have focused their investigations on the electrical energy 

conversion and have replaced the wind turbine by an 

electrical machine that emulates the wind torque on the 

shaft [9],[13]. The studies combining the wind turbine 

performance together with the electrical energy 

conversion are very scarce. However, the development of 

the whole lab-scale system is more insightful and allows 

approaching the problem from different and 

multidisciplinary points of view. This work concentrates 

on the design and characterization of the wind turbine 

(marked in dotted line in Fig. 1) while subsequent studies 

will address the rest of the wind energy system. 



 
Figure 1. Wind energy conversion system with series-connected generator-side converters. 
 

 

   As far as the wind turbine is concerned, the challenge is 

to make a lab-scale design that resembles the performance 

of the multi-MW wind energy systems. The control of the 

wind generator will use a maximum power point tracking 

(MPPT) algorithm to extract the maximum energy from 

the wind [5], but it is firstly necessary to design the blades 

and determine the achievable wind power. Two restrictions 

are imposed for the design: the size of the wind tunnel, 

which will fix the length of the blades, and the fact that the 

same generator will be used later on for control purposes. 
   Wind turbine design is typically done using the Blade 

Element Method (BEM) [14]-[15]. This is a one 

dimensional model with experimental corrections for wing 

tip losses, 3D effects, stall corrections, etc. This model 

basically uses typical wing profiles used in aeronautics as 

wind turbine blades. Once the model is designed, there are 

few tests in wind tunnels, at least for lab models of large 

wind turbines (wind tunnel tests of small scale turbines can 

be found in [16]). Large scale turbines have been recently 

tested in large wind tunnels under controlled conditions 

[17]-[18], providing a database for future modelling and 

design. 
   The paper is organized as follows. Section II presents the 

design of the blades and mechanical structure for the lab-

scale prototype. Section III discusses the MPPT algorithms 

and details the experimental set up used to obtain the wind 

power from the designed prototype. Section IV presents 

and discusses the experimental results and section V 

finally draws some conclusions. 
 

2.  Prototype design 
 

   The aim of this paper is to design, build and test a wind 

turbine similar to the final multi-MW wind energy system. 

In fluid mechanics, similarity holds whenever all the 

nondimensional parameters of both the real and scaled 

wind turbines are the same. In this case, the 

nondimensional parameters that control the problem are 

the Reynolds number Re, that measures the ratio between 

inertia and viscous forces, and the tip speed ratio (TSR), 

that measures the ratio between the blade tip velocity and 

the wind speed. The length scale will be the blade radius R 

and the characteristic velocity of the wind speed U. The 

real model that has been taken as reference is the wind 

energy conversion system described in [19]. It has a 

radius of R1 = 30m, rotates at Ω1 = 12.1 rpm and the rated 

wind speed is U1 = 11.4 m/s. Due to the size of the wind 

tunnel, the blade length will be R2 = 0.3 m. The Reynolds 

number and TSR are defined as: 
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   To force the Reynolds number to be equal in both 

cases, the wind speed needs to be set to: 
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� � 1440 m/s                                (2) 

 

   This velocity is far from the maximum attainable by the 

wind tunnel, mostly due to the change of size between 

the model and the real wind turbine. That is the reason 

why some more accurate tests have been done in wind 

tunnels with bigger test sections (24m by 36m of test 

section in [17] and 9.5m by 9.5m in [18]). In this wok 

only the TSR will be the same in both turbines. In any 

case, this assumption is realistic because the wind 

loading over the blades depends very little on the 

Reynolds number for the wing profile used, provided it is 

high enough. 

   Another important constraint in the design of the scaled 

laboratory model is that it should provide at least 1kW, so 

that the gap between the power of the real (multi-MW) 

and lab-scaled wind turbines is limited. In order to 

estimate the wind speed that would be required to 

achieve such power, the Betz criterion, which fixes the 

maximum energy that can be extracted from a wind 

turbine of radius R2 with a wind speed of U2, is used: 
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and then U2 = 21.5 m/s. 



   Imposing the maximum velocity that can be obtained by 

the wind tunnel U2 = 21.5m/s, and making both TSR equal 

(TSR = 3.33), one gets the rotational speed that needs to be 

used in the model to obtain a correct scaling: 
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   Even though this value is quite high, it is expected to 

have a power production of around 1kW if rotation speeds 

of that order are achieved.   

   The blade profile of the real turbine is required to 

compare the results of the real wind turbine. Since the 

blade data were not available, a new design of the blades 

has been done in this work (See Fig. 2). The Blade 

Element Method (BEM) is used for that purpose taking the 

wing profile FX08S176 as a reference. This profile has a 

ratio of lift coefficient and drag coefficient equal to ε = 

175 for a given attack angle and α = 4º, and their 

corresponding values of CL = 1.05 and CD =0.006.    
   One of the constraints in the design is the use of the 

same generator both for wind power determination and 

later generator control. Since the 1 kW wind generator was 

too bulky to be located inside the nacelle, the generator 

was fixed outside the wind tunnel using a transmission belt 

to connect the rotor axis with the generator axis as it is 

shown in the sketch of Fig. 3 (a) and in the final lab model 

fixed in the wind tunnel in Fig. 3 (b). 

   Instead of using the typical cylindrical tower to fix the 

wind turbine to the tunnel, a custom made structure has 

been used to allow enough space for the belt. Finally, the 

blades were made in fibre over a cast, but only the upper 

surface of the blade was accurately modelled. 
 
3.  Experimental set-up 
 

   The facility used is the wind tunnel in the Aero-

hydrodynamics Laboratory of the University of Malaga. It 

is a closed loop wind tunnel that has a test section of 1m 

by 1m and 5 m long. The maximum air speed is 40 m/s. 

The size of the test section has constrained the size of the 

model as it has been previously discussed. Typically in 

literature, models are tested in big wind tunnels of test 

section wider than 2 m (see [16], [17]). 

   Since the aim of the experimental setup is to determine 

the wind power, there is no need to provide a converter-

based control and it is enough to connect the wind 

generator to a set of three-phase resistances. Consequently, 

the experimental rig for the wind power determination is 

not grid-connected and thus requires a synchronous 

generator (induction generator would need reactive power 

from the grid or a capacitor bank). The synchronous 

generator is fed from a rectifier and a transformer that is 

connected to the grid. The power generated by the 

synchronous generator is dissipated by the variable three-

phase resistances whose values can be changed to obtain 

different operation points of the wind energy system. A 

detailed scheme of the experimental rig with all 

measurement devices is shown in Fig. 4. 

    In the experimental setup it is possible to measure the 

active power in the resistances and thus determine the 

wind power for different wind and turbine speeds.  

   This wind power determination is the basis for the 

maximum power point tracking (MPPT) algorithm that 

will need to be performed in the machine-side control of 

a full-power wind energy system with back-to-back 

converters (Fig. 5). In standard variable-speed drives the 

speed/torque reference is directly set but in wind energy 

conversion systems the generator speed is dependent on 

the measurement of the wind speed. The final control of 

the machine-side thus includes a flux control and a 

speed/torque control that guarantees the extraction of the 

maximum active power using the MPPT curves that are 

determined in this work. The control scheme shown in 

Fig. 5 is planned to be implemented once the 

experimental rig of the full system shown in Fig. 1 is 

built. The experimental results obtained using the rig 

shown in Fig. 4 and the maximum power point 

determination are now examined in the next section.     

 

 

(a) 

(b) 
Figure 2: Front (a) and rear (b) views of the designed blade. 
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Figure 3: CAD sketch of the lab model (a) and the final installation in 
the wind tunnel (b). In this case it can be observed the transmission belt 

and the generator fixed outside the wind tunnel. 

 



 
 

Figure 4: Outline of the experimental rig used for the calculation of the 
generated wind power at different speeds. 

 

 

 
 

Figure 5: Scheme of the machine-side control in wind energy systems 

with full-power topology including maximum power point tracking 
(MPPT). 

 

 
 

 

4.  Experimental results 
 

   The final results are shown in this section. For a given 

velocity of the wind tunnel, the value of the resistor is 

changed and the turbine rotates at different rotation speeds. 

The results shown in Fig. 6 are obtained if the same 

procedure is repeated for different wind velocities. In this 

figure it is shown the power generated versus the generator 

speed for different wind speeds. The interpolated 

maximum of each velocity field is marked with stars, this 

being the main information (the results of power, velocity 

and rotation speed for this maximum) to generate the 

MPPT algorithm shown in Fig. 5. Plotting the 

corresponding maximum power (Pmax) at the 

corresponding generator speed where that maximum is 

located, the maximum power (shown in Fig. 7) is defined 

by the relation: 
 
�!"# � 1.6536e ( 05)!"#
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   On the other hand, representing the generator speed 

versus the wind speed, one obtains the expected rotation 

speed for the MPPT algorithm for each wind speed 

velocity (see Fig. 8).   

 

 

   They are linearly related: 
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   As it can be seen in figures 6 and 7, the real maximum 

power generated is far from the expected design. The 

main reason for this is that the wind turbine is not 

rotating at the designed TSR. In the point of maximum 

generated power the TSR is roughly 0.5 instead of 3.33.  

To check if the experimental model performs according 

to the design, the expected power coefficient Cp (ratio 

between the real power and the maximum power 

contained in the wind) has been calculated. This 

coefficient is shown in Fig. 9, where the stars are the 

experimental values for different TSR The values of Cp, 

calculated by BEM theory, are also depicted in Fig. 9 

using solid line. As it can be seen, real results show that 

there is a minimum TSR to rotate. This means that for a 

given wind speed there is a start-up rotation speed below 

which, the prototype is unable to generate power. In 

dashed lines it is shown the BEM theory displaced to take 

into account this start-up TSR. 
 

 
Figure 6: Power generated by the lab wind turbine for different wind 

tunnel velocities. Interpolated maxima for each curve are denoted with 
stars. 

 
 

 
Figure 7: Maximum power generated by the lab wind turbine for the 

corresponding generator speed where the maximum appears, for each 

wind velocity. 
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Figure 8: Generator speed to get the maximum power generation. 

 

  These theoretical results (dashed line) match the 

experimental results (stars) and confirm the ability of BEM 

to accurately predict the blade performance in the energy 

conversion process. 

 
Figure 9: Experimental power coefficient Cp for the model (stars) for the 

different TSRs obtained at the maximum power for each wind speed.  In 

solid line are shown the BEM theory results. In dashed line it is shown 
the theory overlapped with the experiment.      
 

    Former results show that the design is properly done, 

but the generator is unable to rotate at the rated speed for a 

given wind speed. This can be due to the transmission 

between the axis of the turbine and the generator and the 

losses of the generator that it is rotating far away from the 

rated speed. 
 

5. Conclusions 
    Even though multi-MW wind energy systems are 

currently intensively investigated, the problem of the 

blades design and wind power determination for lab-scaled 

low-power systems has not been properly covered so far. 

This works provides some guidelines to design lab-scaled 

blades with the aim to reproduce the behaviour of multi-

MW systems. Although the blades can be designed using 

standard blade element method, it is shown that it is 

necessary to consider operating conditions that 

simultaneously  reproduce the multi-MW system with a 

range of power, wind speed and turbine rotation that can 

be implemented in a low-power lab. Results of the 

measurements show standard relationships between power. 

Wind speed and turbine rotation that are the basis of a 

maximum power point tracking algorithm in a future 

converter-based control of the wind turbine. 
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