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Abstract:  Due to the present day’s energy crisis and growing environmental concerns, supplementing our
energy base with clean and renewable resources like wind has become imperative. With its steady growth
rate over the years, wind energy would become a major player in the clean energy scenarios in the near
future. On the other hand, sites with high wind energy potential are becoming scarce due to social, technical
and economic reasons and the future wind power developments would more be focused on sites with
moderate wind spectra. Keeping this in view, several leading wind turbine manufactures have introduced
turbine designs targeting sites with low to medium wind potential. The current investigation theoretically
analyzes and simulates the performance of some of these new designs under low power density wind
regimes.

Three low wind speed turbines recently introduced by leading wind turbine manufacturers were considered
under this study. Performances of these turbines at a representative site falling under the wind class 3 were
modeled. The model basically combines the Weibull probability density function of the wind velocity at the
site and the velocity — power response of the turbine which is then integrated within the productive functional
limits of the turbine. Expressions for the energy yield and capacity factor of the turbine at a given site are
presented. Wind Energy Resource Analysis (WERA) tool, which is based on the above models, is then used
to simulate the performance of the selected turbines at the representative site. Performance of a conventional
turbine at the given site has also been analyzed for comparison.

Results of the simulation indicates that, with reasonably high capacity factors, all the three low wind speed
turbines perform well under the low power density wind conditions. The key requirements for the turbines
to perform better under low wind regions have been identified as lowering the cut-in and rated wind speeds,
and design improvements for better velocity power response at lower wind spectra.
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1. INTRODUCTION

The global wind power sector is growing at an impressive rate for the past few decades. With an annual
average growth rate of 22% for the past ten years, the global wind power capacity has reached 282.5 GW by
the end of 2012 (GWEC, 2013,). This growth trend is expected to be continued and the forecasts indicate that
the cumulative installations may reach up to 1600 GW by 2030, even under moderate growth scenarios
(GWEC, 2013;). These installations would enable wind energy sector to contribute 14.1% to 15.8 % of the
global electricity demand by 2030. Hence, wind power is going to play major role in the future clean energy
scenarios. As a result, several ambitious wind power projects are being planned in different parts of the
world.

However, sites with high wind resource potential (for example, wind class 6) are getting scarce these days.
Further, many of these sites are located at remote areas. Extending the necessary infrastructure for power
generation and transmission to these sites are economically and technically challenging (Schreck and Laxson,
2005). On the other hand, sites coming under the low wind speed regions (for example, typically wind class
3-4) are abundant and many of these sites are easily available and accessible for large scale installations. For
example, studies conducted by the Stanford group (Cristina and Mark, 2005), analysing the wind
observations from 7753 surface stations around the globe, revealed that there are plenty of class 3 wind sites
which can potentially be used for power generation.

Hence, due to this steady increase in global wind power capacity, scarcity of sites with high wind resource,
and various technical and environmental constraints in utilizing some of the highly potential sites, the future
wind power developments would focus more on regions with low to moderate wind spectra (wind class 3-4).
However, the current commercial turbines are designed to work efficiently at high wind velocities and hence
may not perform well under these low speed wind regimes. This issue has already been identified by the
wind power industry and many manufacturers are introducing turbine models specifically designed for low
wind power density regions. These low wind speed turbines generally have a bigger wind rotor which drives
a relatively smaller generator, thus allowing the rotor to produce enough torque to drive the generator even at
lower wind speeds.

The current paper investigates the performances of some of these ‘new generation’ wind turbines under a site
representing the low power density wind regimes. The performances of these turbines are modelled and
simulated by combining the Weibull probability density of wind velocities at the site with the power curves
of the turbines and integrating this over the productive regions of the system.

2. REPRESENTATIVE WIND REGIME AND LOW WIND SPEED TURBINES

In order to demonstrate the performance of the commercial ‘low wind’ turbines at locations with moderate
wind power density, a representative site was chosen for the study. Three years of wind data from this site
has been analyzed. The selected site has an annual average wind velocity of 5.25 m/s at 10 m height and
hence represents the wind velocity class 3 (NREL, 2013). As the available wind data were from 10 m height,
it was transformed to 100 m equivalents (representing the standard hub height of a modern wind turbine),
using the logarithmic law:

o)

Voo = VIOT

where Z, is the roughness height t the site.

After transforming the velocities to 100 m, the wind spectra at this site were modeled using Weibull
distribution, which is characterized by its probability density function f{¥) and cumulative F(V) distribution
functions such that:
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Fig. 1 Weibull probability density and cumulative distribution functions of wind velocities at the
representative site
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Here, k is the Weibull shape factor and ¢ is scale factor. From the wind data, k£ and ¢ were calculated
following the standard deviation method (Mathew, 2006) presented by:

and
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The k and ¢ for the selected site was found to be 1.4 and 7.18 m/s respectively. Based on this, the probability
density and cumulative distribution functions for the site were generated and presented in Fig. 1.

C

Similarly, three commercial wind turbines (named as T;, T,, T;) proposed for low wind power density areas
by leading turbine manufacturers, were considered for the analysis. To bring out the distinct advantage of
low wind speed turbines, this is then compared with a turbine (T4), which is suitable for moderate to high
wind speed areas. Technical specifications of these turbines are given in Table. 1.

Table. 1 Technical specifications of low wind speed turbines considered for the study

Turbine T, T, T, T,
Rotor diameter (m) 100 82 120 80
Rated power (MW) 2.0 2.0 25 2.0
Cut-in wind speed (m/s) 3 2 3 4

Rated wind speed (m/s) 12 13 12 16
Cut-out wind speed (m/s) | 20 28 25 25
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Fig. 2 Power curve of a typical 2 MW pitch controlled wind turbine

3. PERFORMANCE MODEL FOR THE WIND TURBINES

Figure 2 represents the typical power curve of a pitch controlled wind turbine as considered in this study. V7,
Vr and V), indicate the cut-in, rated and cut-out wind speeds and P is the rated power. From V; to Vi, the
power increases with the increase in wind speed where as from Vi to V), the output is kept constant at its
rated value of Pg. The velocity (V) - power (P) relationship between V; and Vy can be expressed as:

B o=al" +b (©)

where Py is the power developed by the turbine at any velocity V, a and b are constants and # is the velocity-
power proportionality. Applying the above expression to the boundary conditions (P(V;) and P(Vy)), a and b
can be solved and substituting these in the above expression we get:

oy (7)
B = Pr|———r
Ve =Vi

Thus, Py at any wind velocity V between V; and Vj can be estimated in terms of Pg, V; and Vy and n. The
value of n for a particular turbine can be solved by digitizing the turbines power curve and fitting Eq. 7 to the
resulting P and V values (Mathew and Geeta, 2011).

In general, the energy E generated by the turbine over a period of time 7 can be estimated by:
v, ®
E = TJ' B, f(V)dV

Vi

As the power curve has 2 distinct productive regions (from V;to V; and Vi to V), E can be split in to 2 parts
such that:

where Ejz and Egp are the energy yield corresponding to V; to Vz and Vi to ¥ respectively.
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Hence, from Eq. 8 we have:

VR (10)
Eg =T|[ B f0)adv
Vi
And
o (11)
Ero = TR [ f07)av
VR

Substituting for f{¥) and Py in Eq. 10 and simplifying, we get:

V [ N 12)
PR T £ v
ERp = __"R% I (V" _ V[”) E(Kj e () dv
VRn - V[n v, c \ C
Substituting:
k k k 13)
vV Ve
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c c c
And simplifying thereafter, £z can be expressed as:
X (14)
PR T &y x PRTV," [ _ -
Epg = R-C JX4e dX—#[eXI—eXRJ
n n n n
(VR i ) X, (VR -V )
Similarly, As J f(V)dV = F(V), expression for Egp, given in Eq. 11 can be simplified as:
15)

Epo=Th (¢ -]

Once Ej and Ep are computed using Eq. 14 and Eq. 15, the total energy can be calculated using Eq. 9.

The capacity factor Cr - which is the ratio of the energy actually produced by the turbine to the energy that
could have been produced by it, if the machine would have operated at its rated power throughout the time
period — can be calculated as:

(16)

_ E _Ep+Ego
PeT  PT

Cr

4. SIMULATED PERFORMANCE OF THE TURBINES
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Fig. 3 Screenshots of simulation using WERA
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Fig. 5 Annual energy production from different turbines

The expressions described above were numerically solved and the performances of the wind turbines under
the low speed wind regime were simulated using the Wind Energy Resource Analysis (WERA) model
(Mathew and Geeta 2011). Annual energy yield and site capacity factor were considered as the performance
measures. Screenshots of WERA under the simulation is shown in Fig. 3. Results of the simulation are
shown in Figs. 4 and 5.

From the simulation, it can be seen that the turbines T;, T,, T;, which are targeted for low wind speed
regions, have shown good performance at the representative wind regime. The major reasons for the better
performance are:

e These turbines could start generating power even at low wind speeds and thus could exploit even
lower wind speeds for generation. For example, the cut-in wind speed of both the turbines Ty, and T;
is 3m/s. This is because both these turbines have bigger rotor area per its unit power rating ( 3.93
m’/kW and 4.51 m?kW respectively). This enables these rotors to produce enough torque to drive
its generators, even at lower wind speeds. However, in contrast, turbine T, has a relatively smaller
rotor (2.15 m*kW) and still could reduce its cut-in speed requirement to 2 m/s, which is mainly
achieved through its direct drive mechanism and innovative generator design.

e  Further, turbines Ty, T,, T have lower rated wind speeds, which enabled them to have steeper
velocity — power response in the V; to V' performance region.

Between Ty, T,, T;, with a capacity factor of 36%, turbine T; could perform slightly better. However, it
should be noted that, in spite of its smaller rotor, the performance of T, is also impressive (Cg 34.4%). As
rotors contribute significantly in the turbine cost, smaller rotors are definitely an advantage for this system.
As expected, with its higher cut-in and rated wind speeds, the performance of the turbine T, under the present
conditions is not impressive. It could only achieve a capacity factor of 24.6%.
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5. CONCLUSIONS

The objective of the present investigation was to theoretically investigate the suitability of the ‘new
generation’ low wind speed turbines recently introduced by the wind power industry. Performance of three
such turbines are modeled and simulated under a low power density wind regime. This is further compared
with the performance of another ‘conventional’ turbine under the same conditions. It is seen that the new
turbines proposed for low wind speed conditions could perform well under the representative wind regime
chosen for the study. Lowering the cut-in and rated wind speeds and design improvements for better velocity
power response at lower wind speeds are found to be the reasons for this better performance.
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