Energy efficiency

Energy efficiency of a wind turbine


This text “Energy Efficiency” is an extraction from a M.Sc. Thesis “HVDC Wind Park Configuration Study” by Chrisopher Skaug and Christian Stranne. The contents have been slightly modified by Torbjörn Thiringer.
1 Wind turbine theory

1.1 Wind distribution

The produced power from a wind turbine depends a lot on how strong the wind is. Calculating how much electric energy that can be produced over a period of time for a specific wind turbine is important for both the manufacturers and the investors. This is why it is important to have a way of describing the wind more than just the mean value of the wind. There have been extensive investigations of wind statistics. For mean wind speed measurements over a long period of time the Weibull distribution describes the wind distributions well. In Figure 1.1 the Weibull distribution is presented. In Equation 1.1 the mathematical expression is shown.
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Figure 1.1. The Weibull distribution.
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(1.1)

k = shape parameter

c = scale parameter

w = wind speed

The wind can now be described with only two parameters. These parameters are also known as site-specific parameters, since a good approximation of the output energy for a turbine requires the specific site data.

If the shape parameter, k, is equal to 2 then the distribution is known as the Rayleigh distribution. The mean wind speed (W) is then easily calculated as equation 1.2 shows.
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The expectation value of the output power can be calculated by using equation 1.3, where P(w) is the wind turbine output power characteristic.
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1.2  Output power calculation

Using Equation 1.3 the produced energy can be calculated for a specific turbine at a specific site. As an example Figure 1.2 shows the Weibull distribution with k=2 and W=7.
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Figure 1.2. Weibull distribution.

The power available in the wind is shown in Figure 1.3. Multiplying the Weibull distribution and the power in the wind results in the power density function, which tells how much energy that is available versus wind speed. As can be seen in Figure 1.4 most of the energy is available around the wind speeds 9-16 m/s and above 25 m/s the energy in the wind is almost insignificant at a mean wind speed of 7 m/s. 

[image: image21.wmf]Figure 1.3.   Power available in the wind.

[image: image22.wmf]Figure 1.4. Power density function.

In this case the power in the wind is used to calculate the power density function. When calculating the power density function for the wind turbine the power in the wind is exchanged with the power characteristic for the wind turbine.
1.3  Aerodynamics

A wind turbine obtains its power input by converting the forces of the wind into a torque acting on the rotor blades. The amount of energy that the blade transfers to the rotor depends on the blade design and pitch angles, the density of the air, the rotor area, and the wind speed. 

With an already existing wind turbine, the manufacturer can often provide a Cp(() characteristic for your wind turbine. Cp describes how much of the available energy in the wind that can be converted into mechanical power. The Cp(() characteristic gives us a power coefficient, that depends on the tip speed ratio lambda, (. As stated in Betz' law the theoretical maximum for this power coefficient is 16/27 or 0.59. But in practise a maximum of about 0.44 is achieved. In Figure 1.5 the Cp(() characteristic for the 180 kW wind turbine used in this investigation is displayed, where ( is the tip speed ratio, and Cp(() is a experimentally derived efficiency coefficient.

[image: image4.wmf]Figure 1.5. The Cp(() characteristic for the 180 kW wind turbine.

The aerodynamic power is calculated by 
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(1.4)

where

A = area swept by the rotor

R = rotor radius

(t = rotor speed

( = air density

w = wind speed

and
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As can be noted from Equation 1.4  the energy output from a wind turbine will vary strongly as the wind varies. The most rapid variations will to some extent be compensated for by the inertia of the wind turbine rotor and the fact that the large rotor area swept by the rotor gives an averaging effect of the wind speed variations over this area.

Most wind turbines are designed to start at wind speeds about 3-5 m/s, which is referred to as the cut-in speed. When the wind speed is greater than about 25 m/s, the wind turbine is shut down. This is referred to as the cut out wind speed. In Figure 1.6 the definitions of cut-in and cut-off speed for a wind turbine are shown. 

[image: image23.wmf]Figure 1.6. Definition of cut-in and cut-off.
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1.4  Aerodynamic control (Stall-regulated turbine)
The stall control method is the cheapest and simplest one. There are no loose details in the turbine that needs any maintenance. The idea of this method is to aerodynamically design the blades in such a way that the output power will be limited at high wind speeds. At the same time it is desirable to be able to convert as much energy as possible for low and median wind speeds, i.e. high Cp-value in a broad range. When the wind is strong, the angle of attack of the wind is larger and thereby causes stall. This limits the torque acting on the generator to the desirable level. To achieve high-energy capture at low wind speeds and limited energy capture at high wind speeds requires advanced design of the blades. However, it is impossible to obtain all these goals at the same time leading to roundness of the power curve, i.e. energy loss. 

One disadvantage is that the turbine is difficult to brake at high wind speeds. There is also a need to prevent over-speeding the turbine when, for example, connection to the grid is lost. Using rotating blade tips or other moving details on the blade can solve this, but this leads to a more complex construction. Another disadvantage is that the wind turbine will sometimes operate slightly above or below the desired static power level depending on the air density and blade pull. The positive aspect of stall controlled wind turbine is that the power fluctuations in high winds are lower compared to a pitch controlled turbine, since the power control is already accomplished by the blades.

1.5 . Variable versus constant speed

The benefits of variable speed versus constant speed can be summarized as follows. The variable speed wind turbines can convert more energy in weaker winds by lowering the rotor speed. The lower rotor speed leads in addition to reduced noise levels. The possibility to control the rotor speed also gives a possibility to reduce stresses on the mechanical structure. This goes for both stall and pitch controlled wind turbines. Reduced power fluctuations increases the power quality and reduces the mechanical stress, i.e. a smaller and cheaper gearbox can be used. However, variable rotor speed in contribution with stall control can not reduce the power pulsations at higher wind speeds.

Disadvantages are the additional cost and power losses in the extra equipment. Grid filter is also needed to obtain a good power quality. The variable speed system complexity leads to increased maintenance cost and reduced reliability. 

2
Loss-modelling of wind turbine components

In this chapter loss models for essential wind turbine components, such as the generator, gearbox, transformer and converter will be derived. As a reference object a 180 kW wind turbine was utilised. Detailed description of this turbine and the generator was available together with measurement data. However, the iron loss data have been derived using measurements made on a 15 kW machine.

The data of the 180 kW wind turbine used are presented in Chapter 3.

2.1  Induction generator

2.1.1 Steady-state model with iron losses

When an induction machine operates in steady state an equivalent scheme can represent the machine, as seen in Figure 2.1. 

[image: image24.wmf]Figure 2.1. Steady-state model equivalent scheme of the induction generator.

2.1.2 Loss components in the induction machine

The losses in the machine consist of copper (Pcu), iron (Pfe), mechanical (Pmech) and stray (PT) losses. The model considers all losses except the stray losses in the machine. These losses can not be easily calculated. Instead, stray losses are added on afterwards, often approximated as 0.5% of nominal output power. The stray losses are neglected in the following. Further, the additional losses in the generator caused by the switching of the valves have been disregarded.

2.1.2.1 Copper losses

The copper losses occur in the stator and rotor windings and are determined as:
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(2.1)

The rotor copper losses can also be determined as:
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where

Pcu1 = stator copper losses

Pcu2 = rotor copper losses

Rs = stator resistance

Rr = rotor resistance

is = stator current

ir = rotor current

P( = air-gap power

s = slip

A way of having low rotor copper losses in an induction machine is to have a low-slip machine, i.e. a low rotor resistance sometimes with copper bars. However, this will lead to a less damped machine and thus to higher power fluctuations from a wind turbine. 

The resistances depend on the temperature. When the machine is operating it gets warmer, leading to higher resistances and thus increased losses for the same operating point. At the same time the machine gets more damped since increased Rr leads to improved damping. The resistances are also dependent on the skin effect. However, this effect can be ignored since the rotor frequency will always be below a few hertz. The stator conductors are thin enough, not to be significantly affected by skin effect at frequencies below 50-60 Hz.

The resistance at a temperature T is determined as:
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(2.3)

where

T0 = reference temperature (20(C)

R0 = resistance at reference temperature (20(C)

Ts,r = temperature of stator and/or rotor winding

Rs,r = stator and/or rotor resistance at temperature Ts,r

2.1.2.2 Iron losses

Basically two types of losses contribute to the iron losses, which are the hysteresis and the eddy-current loss (very complex matter in reality…). Iron losses are produced by the time-varying fluxes in the machine. The losses can be expressed as:
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where

fk = supply voltage frequency

ke = constant for eddy current losses

kh = constant for hysteresis current losses

(s = stator flux

A value of 2 is often used for n, but may be in the range 1,5 – 2,5. Iron losses are rather independent of the loading of the machine. To conveniently represent the iron losses, an iron loss equivalent is used, as seen in Figure 2.2. This iron loss equivalent resistance Rm is strongly dependent of the frequency, but rather independent of the voltage.

In order to make appropriate approximations of Rm, data from the experiment on the 15kW has been used, in which the iron losses were measured. Using a known value for Rm given by the manufacturer at f=50Hz and assuming that the characteristic is similar for the 180 kW generator, a good approximation can be made. The values of the iron loss equivalent, Rm, are presented as a function of frequency in Figure 2.2.

[image: image25.wmf]Figure 2.2. Rm as a function of frequency for the 180 kW machine.

As can be observed from Figure 2.2 the equivalent iron resistance is decreased if the frequency is decreased. The flux is proportional to the input voltage level. By decreasing the input voltage the iron losses can be decreased. In fact, the iron losses are proportional to the voltage in square.

For the 180 kW machine, the following values of ke and kh are obtained.
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2.1.2.3 Mechanical losses

Mechanical losses are not considered in the equivalent circuit, instead they are added afterwards. Mechanical losses consist of friction loss, which is caused by friction of bearings, and windage losses. These losses are mainly dependent of the rotor speed. They are usually assumed to be practically constant for minor speed variations. Data from measurements of mechanical losses for the 6-pole 15 kW machine shows that the loss characteristic depends approximately on the cube of the rotor speed.
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where

kmech = mechanical loss constant.

For the 180 kW generator the friction losses were 1400 W at rated speed.

2.1.3 Total loss function

The total input power is determined as:


[image: image13.wmf]P

in

=

3

×

U

ph

×

I

ph


(2.6)

where

Uph = input phase voltage

Iph = phase current

The total loss in the machine is:
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The efficiency is defined as:
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The mechanical losses depend on the rotor speed and are independent of the flux level in the machine. The iron losses are reduced as the flux level is lowered but the slip will increase instead leading to increased copper losses.

In the case of a variable speed turbine, our wind turbine control system orders a torque/speed demand in order to operate at our desired operating point. Either at maximum Cp(() for weaker winds or a constant speed/torque at higher wind speeds. Controlling the input voltage gives the possibility to control the efficiency of the generator. The efficiency can now be expressed as a function of voltage, speed and torque. In order to maximize the efficiency the total losses in the machine have to be minimized. If Ploss is minimized with respect to the voltage, an expression for the voltage is presented, which can be approximately used to calculate the best operating point according to the efficiency.
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(2.9)

where T is the shaft torque/pole pair.

2.2  Gearbox

The wind turbine uses a gearbox to obtain a suitable speed for the generator and the turbine rotor. 

An approximate formula for the losses in a two-stage wind turbine gear-box is
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where Pn is the rated poser and Pm the power on the low-speed side of the shaft.

2.3  Transformer

To develop a useful loss-model for a transformer, two different transformers have been investigated. The first transformer has a rated power of 500kVA and the second one 1000kVA. In Figure 2.4 the efficiency characteristics of the transformers are shown. Note that the efficiency characteristics are very similar to each other.

[image: image18.wmf]
Figure 2.4. The efficiency characteristics of the investigated transformers

2.4  Converter

In Figure 2.5 the model of a back-to-back converter is shown. 
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Figure 2.5. Converter model.

In reality calculating the losses in a converter is a very difficoult matter. At Ålborg University measurements have been made for a large number of points and results for an 180 kW converter is presented in figure 2.6. §

Figure 2.6. Efficiency of the converter at different switch frequencies.

3 Wind turbine data for the 180 kW wind turbine

Wind turbine:

Hub height
30
[m]

Number of blades
3
[]

Turbine blade radius
11.5
[m]

Turbine moment of inertia
18500 
[kgm2]

Gearbox:

Gearbox ratio
23.75
[]

Generator:

Rated output

180 
[kW]

Nominal voltage

415 
[V]

Frequency

50 
[Hz]

Poles

6
[]

Synchronous speed

1000 
[rpm]

Full load current

295 
[A]

Kvar full load

112 
[kVAr]

Friction losses

1400 
[kW]

Stator resistance

0.0130 
[ohm/phase at 50 Hz]

Rotor resistance

0.0120 
[ohm/phase at 50 Hz]

Stator leakage reactance

0.0820
[ohm/phase at 50 Hz]

Rotor leakage reactance

0.0840 
[ohm/phase at 50 Hz]

Loss resistance

66.00 
[ohm/phase at 50 Hz]

Magnetizing reactance

2.50 
[ohm/phase at 50 Hz]

Generator moment of inertia
4.5 
[kgm2]

Cp(lambda) characteristics:

ws
cp1


5.310
0.320

5.770
0.345

6.260
0.379

6.750
0.414

7.250
0.436

7.750
0.447

8.250
0.447

8.740
0.445

9.240
0.438

9.740
0.428

10.240
0.415

10.740
0.397

11.240
0.375

11.730
0.356

12.230
0.334

12.730
0.313

13.230
0.291

13.730
0.265

14.000
0.2517579

15.0 0.2046885

16.0 0.1686581

17.0 0.1406113

18.0 0.1184539

19.0 0.1007178

20.0 0.0863529

21.0 0.0745949

22.0 0.0648782

23.0 0.0567784

24.0 0.0499727

25.0 0.0442127

26.0 0.0393049
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