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Module 4B19

RENEWABLE ELECTRICAL POWER

Answer not more than three questions.

All questions carry the same number of marks.

The approximate percentage of marks allocated to each part of a question is indicated
in the right margin.

Write your candidate number not your name on the cover sheet.
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10 minutes reading time is allowed for this paper at the start of
the exam.
You may not start to read the questions printed on the subsequent
pages of this question paper until instructed to do so.
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1 (a) Give one advantage and one disadvantage of variable speed wind turbines.
Define the terms ’tip-speed ratio’ and ’power coefficient’ in relation to wind turbines. [10%]

(b) A wind turbine has a power coefficient (𝐶𝑝) vs tip-speed ratio (𝜆) characteristic
given by:

𝐶𝑝 = 0.15𝜆 exp
(
−𝜆

8

)
It operates as a variable speed turbine at its optimum tip-speed ratio from wind speeds of
6 m s-1 up to its rated wind speed of 12 m s-1. The cut-in and stall wind speeds are 3 m s-1

and 20 m s-1, respectively. For wind speeds between cut-in and 6 m s-1 the turbine’s
angular speed is fixed at the value corresponding to the wind speed of 6 m s-1. At wind
speeds between rated and stall its angular speed is held fixed at the value corresponding to
rated wind speed. Its rated power is to be 5 MW. Wind speed data at the site of the wind
turbine is provided in the table below.

Wind speed (m s-1) 2 5 8 11 14 17 21
Number of days 15 40 120 90 60 35 5

(i) Show that the optimum tip-speed ratio is 8, at which the corresponding power
coefficient is 0.441. [10%]

(ii) Determine the turbine radius. [5%]

(iii) Find the output power at all the wind speeds given in the table and hence find
the total annual energy produced in MWhr and the capacity factor. [30%]

You may quote without proof: 𝑃 = 0.5𝐶𝑝𝜌𝐴𝑣
3, 𝜆 = 𝜔𝑅

𝑣 , and take 𝜌 to be 1.23 kg m-3.

(c) The turbine of part (b) is coupled to a 16-pole doubly-fed induction generator (DFIG)
via a gearbox. At the wind speed of 10 m s-1 the slip of the DFIG is -0.01. The stator
winding of the DFIG is star-connected to the 11 kV, 50 Hz grid.

(i) Find the generator and turbine angular speeds at the wind speed of 10 m s-1.
Hence find the gearbox ratio (to three significant figures). [15%]

(ii) Draw a system diagram and use it to explain how the slip energy converter
facilitates variable speed operation. [10%]

(iii) Find the range of output frequencies required of the slip energy converter. [20%]
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2 (a) Show that the output power of a hydroelectric scheme is given by 𝑃 = 𝜂𝜌𝑔𝐻𝑄

and define all the terms in this expression. Also explain how pumped storage hydroelectric
schemes work, and give three benefits of them as the grid moves towards net zero operation. [20%]

(b) Cruachan power station is an example of a pumped storage hydroelectric scheme. A
high level resevoir holds 10 million m3 of water when full, providing a net head of water
of 363 m to the 4 turbine-generator sets. When empty the net head of water is 340 m.
The system is 73% efficient when generating and is capable of operating at its maximum
volumetric flow rate for 22 hours. Assume that the 4 turbine-generator sets are identical,
and contribute equally when generating, and that the net head of water changes linearly
with time over the 22 hours.

(i) Determine the maximum volumetric flow rate, and sketch a graph showing
the net head of water vs time over the 22 hour generating period. [10%]

(ii) Find the peak and minimum power generated and hence find the total energy
supplied to the grid in GWhr over the 22 hour generating period. [10%]

(c) The generators of part (b) are all 10-pole salient-pole synchronous machines star-
connected to the 50 Hz, 3-phase, 16 kV grid. They are all rated at 100 MW and can deliver
up to 30 MVAr of leading or lagging reactive power whilst delivering rated power. Their
equivalent circuit parameters are 𝑋𝑑 = 2.5 Ω and 𝑋𝑞 = 1.8 Ω.

(i) Find the VA rating of the generators and their angular speed. [10%]

(ii) Draw a phasor diagram for the case when a generator is operating at rated power
and delivering 30 MVAr of lagging reactive power, and find the phase current, load
angle and line-line excitation voltage. [20%]

(d) Recently the Energy System Operator has contracted Cruachan to provide grid
support by providing additional inertia and reactive power. It does this by having one of
its generators permanently synchronised to the grid on no-load.

(i) Explain how rotational kinetic energy helps to stabilise the grid frequency
against sudden changes in demand or generated power. Why is grid-connected
battery energy storage increasingly required? [10%]

(ii) When the frequency drops from 50 Hz to 49.8 Hz the generator supplies 3.2 MJ
of energy to the grid from its rotational stored kinetic energy. Use this information
to find its moment of inertia. [10%]

(iii) Find the line-line excitation voltage when the generator supplies 50 MVAr of
lagging reactive power, and draw a phasor diagram to illustrate this situation. [10%]
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3 A pn+ junction Si diode has the parameters given below at a temperature of 300 K.

𝑁𝐴 acceptor density on p-type side 5.0 × 1022 m-3

𝑁𝐷 donor density on n-type side 5.0 × 1024 m-3

𝑛𝑖 intrinsic carrier density 1.0 × 1016 m-3

𝐷𝑒 minority carrier electron diffusion constant 0.01 m2 s-1

The junction area is 10-2 m2. The p-type region is 300 𝜇m thick and uniformly doped.
The n-type region is 1 𝜇m thick and uniformly doped.

(a) Consider the excess minority electron concentration, Δ𝑛, in the p-type region. The
continuity equation is

𝜕 (Δ𝑛)
𝜕𝑡

= −Δ𝑛
𝜏𝑒

+ 𝜇𝑒𝐸
𝜕 (Δ𝑛)
𝜕𝑥

+ 𝐷𝑒
𝜕2(Δ𝑛)
𝜕𝑥2 ,

where 𝜇𝑒 is the hole mobility, 𝐸 is the electric field, 𝜏𝑒 is the minority carrier electron
lifetime and 𝐷𝑒 is the minority carrier electron diffusion constant.

(i) Show that under steady-state conditions, Δ𝑛 is given by

Δ𝑛 = 𝐴

[
exp

(
𝑒𝑉

𝑘𝑇

)
− 1

]
exp (−𝐵𝑥) ,

where 𝐴 and 𝐵 are constants, 𝑉 is the applied bias, 𝑒 the electronic charge, 𝑇 the
temperature and 𝑥 the distance from the edge of the depletion region. State all
assumptions. Find expressions for the constants 𝐴 and 𝐵. [30%]

(ii) The current density, 𝐽𝑒, due to electrons is given by

𝐽𝑒 = −𝑒𝐷𝑒
𝑑𝑛

𝑑𝑥
.

Hence, estimate the reverse saturation current, 𝐼𝑠, given that 𝐴 × 𝐵 = 2 × 1013 m-4.
State all assumptions. [20%]

(b) Assume the electrodes contacting the p-type and n-type sides are totally transparent,
so that the junction can be illuminated from either side. For optimum solar cell operation,
should the sunlight enter from the p-type side or from the n-type side of the diode? Explain
your reasoning. [20%]
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(c) When the diode is exposed to AM1.5 sunlight, it develops an open-circuit voltage
of 0.6 V.

(i) What is the ideal short-circuit current which could be expected from the cell?
You may assume the reverse saturation current is 𝐼𝑠 = 0.3 nA. [15%]

(ii) Estimate the minority carrier diffusion length, 𝐿𝑒, of electrons if the optical
generation rate is 2 × 1025 m-3 s-1. State all assumptions. [15%]
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4 (a) Sketch current–voltage characteristics (𝐼–𝑉 curves) to describe how the
following conditions affect the fill factor (𝐹𝐹0), short-circuit current (𝐼𝑠𝑐) and open-circuit
voltage (𝑉𝑜𝑐) of a solar cell.

(i) An increase in optical generation rate. [10%]

(ii) An increase in Shockley–Read–Hall recombination in the depletion region. [10%]

(iii) The presence of a shunt pathway for current at the edges of the solar cell. [10%]

(b) Describe the structure of a multĳunction solar cell and explain how multĳunction
solar cells can achieve higher efficiencies than single-junction solar cells. [30%]

(c) Describe two strategies for increasing the optical path length within a solar cell. [10%]

(d) A multi-crystalline Si solar cell has experimentally measured 𝑉𝑜𝑐 and 𝐼𝑠𝑐 values of
0.6 V and 3 A respectively when exposed to AM 1.5 (1 kW m-2) solar illumination. Under
conditions of strong forward bias in the dark, the current is observed to be resistively
limited above 2 A. The limiting resistance is 20 mΩ. The area of the cell is 100 cm2 and
the temperature during the measurement was 300 K.

(i) Estimate the fill factor for the p-n junction in the cell. [20%]

(ii) Give an estimate for the efficiency of the cell. [10%]

END OF PAPER
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4B19 RENEWABLE ENERGY: SOLAR PHOTOVOLTAIC POWER 

 

Formulae and Constants – Revised 2025 

 

Built-in potential for a solar cell 

 

𝑉𝑏𝑖 =
𝑘𝑇

𝑞
ln (

𝑁𝐷𝑁𝐴

𝑛𝑖
2 ) 

 

Reverse saturation current of a p-n junction diode 

 

𝑰𝒔 = 𝒆𝑨 [
𝒏𝒊

𝟐𝑫𝒆

𝑵𝑨𝑳𝒆
+

𝒏𝒊
𝟐𝑫𝒉

𝑵𝑫𝑳𝒉

] 

where 

𝑳𝒆,𝒉 = √𝑫𝒆,𝒉𝝉𝒆,𝒉 

 

 

Optical generation rate in a semiconductor at distance 𝑥 from the light-entering  surface 

𝑔0(𝑥) = ∫ 𝜙0(𝜆)α(𝜆) exp(−α(λ)𝑥) 𝑑𝜆
𝜆2

𝜆1

 

where 𝜙0(𝜆) = (1 − 𝑅(𝜆))𝜙(𝜆) and 𝜙(𝜆) is the incident photon flux at wavelength  of the 

solar spectrum. 

 

Reflection co-efficient at normal incidence from the third layer of a 3 layer system comprising 

of a thin film sandwiched between two bulk materials extending away from their interfaces with 

the thin film is given as: 

𝑅 =
𝑛2

2(𝑛1 − 𝑛3)2 cos2 𝜗 + (𝑛1𝑛3 − 𝑛2
2)2 sin2 𝜗

𝑛2
2(𝑛1 + 𝑛3)2 cos2 𝜗 + (𝑛1𝑛3 + 𝑛2

2)2 sin2 𝜗
 

where  

𝜗 =
2𝜋𝑛2𝑑

𝜆
 

 

and 𝑛1, 𝑛2 and 𝑛3 are the refractive indices of 3 materials 𝑚1, 𝑚2 and 𝑚3 respectively: 𝑑 is the 

thickness of the thin film 𝑚2  sandwiched between materials 𝑚1 and 𝑚3. Direction of light 

flow is taken to be from 𝑚1 to 𝑚3. 

 

Fill Factor for a Si solar cell 
 

𝐹𝐹0 =

𝑒𝑉𝑜𝑐

𝑘𝑇 − ln (
𝑒𝑉𝑜𝑐

𝑘𝑇 + 0.72)

𝑒𝑉𝑜𝑐

𝑘𝑇 + 1
 

where 𝑉𝑜𝑐 is the open-circuit voltage for the cell. 

 

 



Constants 

Electronic charge unit  e: 1.602 × 10-19 C 

Boltzmann’s constant  k: 1.381 × 10-23 J K-1 

Speed of light   c: 2.998 × 108 m s-1 

Planck’s constant  h: 6.626 × 10-34 J s 

Dielectric permittivity free space 𝜺𝟎: 8.854 × 10-12 F m-1 

Relative permittivity of Si 𝜺𝒓:11.9 

Refractive index (for weakly and non-absorbing wavelengths) 𝑛 = √𝜺𝒓  

Band-gap energy of Si: 𝑬𝒈:1.12 eV


