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Module 4B19 2008 Crib

3 (a) The power coefficient, C,, is the fraction of the available power in the wind that the wind
turbine is physically able to extract. It has a maximum theoretical value of about 0.6, and modern
wind turbines have power coefficients of the order of 0.4. Tip-speed ratio, A, is the ratio of the
speed that the tip of a turbine blade moves at to the wind speed. A typical sketch of Cp vs A is
shown below.
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It shows that there is an optimum tip-speed ratio for which C, is a maximum. Thus it is
advantageous to maintain A at this optimum value, and since A=oR/v, constant A implies that the
turbine rotational speed must be kept in proportion to the wind speed. Thus variable speed operation
is better at extracting maximum power from the wind.

(b) Consider wind passmg a wind turblne of swept area A at wind speed v. Kinetic energy in the
wind which passes in time T is 0. 5mv* and m = pAvT where p 1s the density of air. If all this energy
is extracted in time T then the power is 0.5pAVIVY/T = 0.5 pAV°. It is impossible to extract all the
energy, and the fraction that is extracted is the power coefficient, C,. Thus:

P=0.5C, pAV3
(¢) (i) Using the power equation and putting in the numbers:

1.5x10% = 0.5x0.37x1.23xAx12* from which A may be found as 3815 m”. Equating swept area
with nd*/4 gives d = 69.7 m.

(ii) Using A=oR/v and putting in the numbers:

9 = »x34.8/12 gives ® = 3.10 rads”

P=Two=Tx3.1 =1.5x10°gives T = 484 kNm

(d) The induction generator needs to operate on the steep part of its torque-speed curve such that the
slip is negative. Thus its speed will be just greater than the synchronous speed of a 6 pole 50 Hz
induction generator which is 2xnf/p = 2xx50/3 = 104.7 rads™'. At a wind speed of 12 ms’ ! the turbine
rotates at 3.1 rads™. Denoting the gearbox ratio ng gives:

ngx3.1>104.7 giving ng = 34.

At rated wind speed the turbine output power is 1.5 MW, and assuming no power losses in the
transmission (eg gearbox losses) 1.5 MW is also the input power to the induction generator.

VA



Assuming operation on the steep part of the torque-speed curve means that the rotational speed of
the generator is very close to its synchronous speed of 104.7 rads-1. Thus the generator torque is
given by

Tx104.7 = 1.5x10° giving T = 14.3 kNm. The Electrical data book torque expression may be
simplified for operation on the steep part of the torque speed curve by approximating the generator
impedance as R,"/s, giving

3s¥2
T="—01"

wsR 2
in which V is the phase voltage of 6.6 kV/V3 = 3.81 kV (star-connected). Rearranging and putting
in the numbers gives the slip as -0.012. At this slip the generator phase current may be found as:

14 3810

I, = = =
VR +R /) + (X, + X0 f(044035/(—0.012))7 + 1.1°

2

The generator power loss is 3x132%x(0.4 + 0.35) = 39.4 kW and so its output power is
1.5 MW —39.4 kW = 1.46 MW. The generator consumes reactive power of
3x132%x(0.6 + 0.5) = 57.5 kVAr.

4 (a) (i) One of the main problems of renewable electrical energy sources is that their power outputs
vary widely and sometimes unpredictably. This is especially so in the case of wind power.
Furthermore, the times of peak output may not be well-matched to times of peak demand. Diversity
of supply means that by connecting many such sources into a large interconnected grid, the
variability of the power output of the sources is ‘smoothed out’. This helps to ensure that supply
and demand are better matched.

(ii) Even with maximum integration of the power supply network, above a certain threshold of
energy being sourced from renewable there will be periods of time when total supply and demand
are not well matched. Energy storage helps overcome this problem by storing excess energy when
supply exceeds demand, and the recovering that energy when demand exceeds supply. Pumped
storage schemes are one example of how excess electrical energy can be ‘stored’ in the potential
energy of water, to be released when needed. Other examples are batteries (chemical energy),
compressed air energy storage, flywheel storage, hydrogen.

(b) The phase current is:

I= (Vi - V)iX = ([Vi|(cosd+jsind) - [V2|)jX = (|Vi|(-jcosd+sind)+j| V2 [)/X

Sy =3V, I" = 3|V, |°* = 3|V, |(cosd+isind)(|V[sind-j(|V2|-|V1|cosd))/X

S, = 3V,l" = 3|V,|I* = 3|V,|(JV)|sind-j(] V|| Vi|cos8))/X

Multiplying out:

S1 = PrjQu = 3((IVi[[ValsindyX+j(1V1 - V1] Valeos8)/X)

$2 = P2+jQ2 = 3((IV1[[Valsin8)/X-j([ V2™ V1l[V2lcos8)/X)

12



P, and P, are the same — this is expected since the line is lossless. Q, and Q, differ by the amount
equal to the reactlve power consumed by the line. The average value of Q, and Q; is
(Qi+Q2 = 3(|V2| |V1| )/2X). Thus the average complex power transmitted along the line is

S = 3(|V1|[V2Isind)/X + j3(|Va/[Vi[H)2X
(¢) (i) P =+3V,lcosg and cosg = 1, V2= 11 kV and P = 10 MW. Solving for I gives 525 A.

(ii) Line re51stance << line reactance so the lossless line equation derived in (b) may be used.
Average Q is 31*X/2 (factor of 2 because Q = 0 at load, Q = 31X at wind farm to supply line
reactive power and the average is therefore 31°X/2).

Quve = 3%5252x2/2 = 827 kVAr = 3(V,? — V,2)/2X. Putting in the numbers and solving for V; gives
Vi =11.15kV.

P =10 MW = 3V, V,sind/X. Putting in the numbers and solving for § gives 9.4°.
(iii) Line power loss is 3I°R = 3x525*x0.4 = 331 kW.

(d) Increasing transmission voltage to 33 kV means that for the same power transmltted the current
will be reduced to one third of its original value. Since line power loss scales with I?, the new power
loss will be one ninth of the original loss ie 36.8 kW.

(e) If the capital cost of the upgrade is known, as well as the real interest rate and the borrowing
period for financing the upgrade then the annual repayment based to year 0 may be found using
annuitisation tables.

The benefit of the upgrade is that for a given output from the wind farm, following the transmission
upgrade the power loss is far less and so there is more electrical power available to sell to
customers. Knowing the typical wind variation at the site enables the annual saving in electrical
energy to be calculated, and knowing the cost per kWhr of electricity would mean that the annual
saving following the upgrade could be found. Providing this income exceeds the annual borrowing
cost of financing the upgrade then the upgrade will pay in the long run. The greater the extra
revenue the shorter the payback period.
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