
TSTE26 Powergrid and technology for renewable 
production

Lecture 1
Introduction / Overview

PV-theory

Lars Eriksson
Professor

FS/ISY



• Motivation
• Course overview
• Solar irradiation
• PV-characteristics
• Cell technologies

Solar power introduction
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Elkraftnät och teknik för förnyelsebar elproduktion
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Executive summary – World Energy Outlook 2023 – Analysis - IEA

Change in electricity generation in the Stated Policies 
Scenario between 2021 and 2030

Needed to match NZE deployment in 2030
Announced capacity in 2030
Capacity in 2021
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Course staff
Lectures
• Lars Eriksson
• lars.eriksson@liu.se
• Office B-building Fordonssystem Behind Café Java

Assistant for labs & tutorials: 
• Arvind Balachandran (arvind.Balachandran@liu.se)
• Office L-Building

Course web pages
• Lisam examination booking
• The Open Page
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Elproduktion i Sverige 2016
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Electricity production in Sweden 2016



Electricity production in Sweden 2020-2024

Source: Energiföretagen



Wind power prediktion 22-10-29
(Svensk vindenergi) Vindkraftsprediktion (Svensk vindenergi 22-10-29)
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Understanding PV 

l Semiconductor fundamentals and 
basic characteristics of PV cells

l PV cell technologies
l Solar module configuration, shading
l PV systems

l Converter configurations
l Grid connection
l Stand alone operation



Power System Theory

1) PU-system, phasor representation, 
active/reactive power, 3-phase system

2) Transmission lines & cables
3) Power flow in power system networks
4) Circuit simulation using Simscape for MATLAB
5) Voltage control & stability
6) Transient stability & frequency control

!"#$%&'(F%*+,-.%/.012P-.%4-/,--1%/,+%05%262/-72$%

!" #"

+

−

+

−

$

%&

#"

!"

$

δ
φ

8 9'

8 9(

%&$



Understanding wind power

l Wind fundamentals
l Power vs wind equations
l Basic turbine aerodynamics

l The wind power plant
l Basic equipment

l Generator. Synchronous generator, 
Induction generator

l Gear-box
l Transformer
l Converter

l Mechanical control: Pitch, Yaw, Break
l Variable speed
l Grid connection



Goals
l describe the main principles of the powergrid and how to 

control the voltage and frequency through connected 
generation units and power converters

l describe the functional blocks of a wind turbine system 
and the associated properties for control

l describe the properties of a pv-system and how to connect 
to the powergrid

l describe how battery energy storage is dimensioned
l describe the function and control of power converters for 

integration of a generation unit to the power grid
l understand and use models for the main components of a 

powergrid in system simulation of a power system for 
energy production. 
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Course Contents
• 9 Lectures given in 4 blocks:

– PV-technology, lecture 1-2
– Power system theory, lecture 3-4.
– Wind-power technology, lecture 5-6
– Power converter control, energy storage, lecture 7-9

• 7 Tutorials
• PV-exercises
• Power system basics
• Load flow solution MATLAB Simscape/Simulink
• Wind-turbines and voltage stability
• Converter control
• Transient stability, frequency control
• Exam preparation

• 3 Labs
– Lab 1: PV-module measurements (2x4 Hardware, sign-up needed)
– Lab 2: Power grid and wind-turbine simulation
– Lab 3: Power converter control
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Literature
Main books

1. Electric Power Systems a first course, Ned Mohan, Wiley 2012 
Not available any more, but extract available in Lisam

2. Photovoltaics: Fundamentals, Technology and Practice, Mertens, 
Konrad, Hanser, Karl Friedrich, Wiley 2013 (Available as eBook at Liu 
library)

3. Wind Power Integration: Connection and System Operational Aspects 
2nd ed, Brendan Fox et al, IET 2014 (Available as eBook at Liu library)

Reading guidelines in course information in Lisam.

Other books
l Grid Converters for Photovoltaic and Wind Power Systems, Remus 

Teodorescu, Marco Liserre, Pedro Rodriguez, Wiley 2010 (eBook)
l Wind Energy Explained: Theory, Design and Application, J.F. 

Manwell, J.G. McGowan, A.L. Rogers, Wiley 2002 (eBook, 
Online Access) 
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Examination
• 3 Labs completed 

• Results presented in written report 
• Written exam 14th January 2023. Computer aided examination.

• Allowed to bring one own designed A4 to the exam. 
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Solar power 
Solar thermal energy
• Water heating
Concentrated solar thermal
• Steam turbine driving electric 

generator
Photovoltaic solar energy



Solar power –
Ivanpah Solar Power Facility (Mojave Desert)
• Concentrate sun to heat to electricity

• Steam turbine drives electric generator

Three 140 m boilers in towers. Total 392 MW.
173.500 heliostats (2 mirrors each)
Cost of photovoltaic elements is sinking, more economic presently.



Global PV expansion  

https://youtu.be/mfNE_6ae6B4

Levelized cost of energy (LCOE)

IEA – International Energy Agency

https://youtu.be/mfNE_6ae6B4
https://www.iea.org/
https://www.iea.org/
https://www.iea.org/


PV-system



PV-cells that build solar modules



The Power source!

Solar constant 
(power density, irradiance): 

𝐸! = 1367	 (𝑊 𝑚"



𝐸!"#$%& 𝐴𝑀0 = 1367	 -𝑊 𝑚'

𝐸!"#$%& 𝐴𝑀1.5 = 835	 -𝑊 𝑚'

Spectral irradiance
Spectrum and energy change when 
light passes through the atmosphere
• Reflection
• Absorption
• Scattering

Air mass (AM):
• The relative distance of light travel 

through atmosphere



Solar altitude and azimuth
Local solar altitude 
above horizon, 𝛾(
• Time of year
• Latitude

Azimuth of the sun, 𝜶𝒔
• Orientation of solar 

modules related to 
south



Standard Test Conditions (STC)

1. 𝑬𝑮 = 𝑬𝑺𝑻𝑪 = 𝑬𝑫𝒊𝒓𝒆𝒄𝒕 𝑨𝑴𝟏. 𝟓 +𝑬𝑫𝒊𝒇𝒇𝒖𝒔𝒆= 𝟏𝟎𝟎𝟎 (𝑾 𝒎𝟐
2. 𝑀𝑜𝑑𝑢𝑙𝑒	𝑡𝑒𝑚𝑝, 𝜗*+,-.$ = 25℃
3. 𝐴𝑀 = 1.5



Available radiation H, Energy per Time unit

𝐻𝑜𝑢𝑟𝑙𝑦	𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛:	
𝐻 -𝑊ℎ

𝑚' W ℎ

𝐷𝑎𝑖𝑙𝑦	𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛:	
𝐻 -𝑘𝑊ℎ

𝑚' W 𝑑

𝐴𝑛𝑛𝑢𝑎𝑙	𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛:	
𝐻 -𝑘𝑊ℎ

𝑚' W 𝑎

𝐺𝑙𝑜𝑏𝑎𝑙	𝑎𝑣𝑒𝑟𝑎𝑔𝑒:	
𝐻 = 3.15 -𝑘𝑊ℎ

𝑚' W 𝑑 W 365 -𝑑 𝑎 = 1150 -𝑘𝑊ℎ
𝑚' W 𝑎



Global Horizontal Irradiation (GHI) 
- Annual irradiation on a horizontal plane



Global Horizontal Irradiation (GHI) 
- Annual irradiation on a horizontal plane



Average solar irradiation

Average solar irradiation for different locations

In reality the average power varies between 100 and 300W/m2. 



Average solar irradiation – summer vs winter

Note that 1 MJ/day 
corresponds to an 
average power of 11.6 
W, sao 210 W/m2 in 
Sydney (from previous 
slide) corresponds to 
approx 18 MJ/m2

/day. 



Dependency of orientation and pitch

-𝑘𝑊ℎ
𝑚' W 𝑎



Sun tracking



Solar irradiation Linköping

PV-GIS
European Commision, 
Institute of Energy and 

Transport (IET)

Example:

Optimal angle
𝛽 = 39°

𝐻 39 = 3.0 -𝑘𝑊ℎ
𝑚' W 𝑑

Yearly: 365 W 𝐻 39 = 1095
-/01
*!23

𝑬𝑺𝑻𝑪 = 𝟏 -𝒌𝑾
𝒎𝟐

1095 -𝑘𝑊ℎ
𝑚' W 𝑎

1 -𝑘𝑊
𝑚'

= 1095	 -ℎ 𝑎

1095 full-load sun hours
Database used: PVGIS-Sarah

https://re.jrc.ec.europa.eu/pvg_tools/en/tools.html
https://re.jrc.ec.europa.eu/pvg_tools/en/tools.html
https://re.jrc.ec.europa.eu/pvg_tools/en/tools.html
https://re.jrc.ec.europa.eu/pvg_tools/en/tools.html
https://re.jrc.ec.europa.eu/pvg_tools/en/tools.html
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PV module
320 W at STC
1.6 m2

5kW = 15.6 modules
Total 25 m2



Yield for a solar plant

𝐸𝑛𝑒𝑟𝑔𝑦	𝑜𝑢𝑡𝑝𝑢𝑡[
𝑘𝑊ℎ
𝑚2 ]: 	𝑊!8 = 𝐻9 W 𝜂

𝑅𝑎𝑡𝑒𝑑	𝑚𝑜𝑑𝑢𝑙𝑒	𝑝𝑜𝑤𝑒𝑟[𝑘𝑊]:	𝑃:;8 = 𝐸:;8 W 𝜂

𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒	𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛[
𝑘𝑊ℎ
𝑚2 ]: 	𝐻9

𝐘𝐢𝐞𝐥𝐝, 𝐧𝐨	𝐨𝐟	𝐡𝐨𝐮𝐫𝐬	𝐚𝐭	𝐫𝐚𝐭𝐞𝐝	𝐩𝐨𝐰𝐞𝐫

𝑌<[ℎ] =
𝑊!8
𝑃:;8

=
𝐻9 W 𝜂
𝐸:;8 W 𝜂

= 𝑌=
PV-module efficiency: 𝜂 = >"#$

?"#$
= 0%$

@&
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The PV-cell



The photodiode

Photocurrent	through	photon	
absorption.	

𝐼"# = 𝑐𝑜𝑛𝑠𝑡 9 𝐸
Current	source	proportional	to	

the	irradiance

Normal diode IV-curve

𝐼! = 𝐼( 𝑒
A
A# − 1Shockley diode equation:

• 𝐼(	dark	current
• 𝑉; =

/;
B

=25.9 mV (thermal voltage)



The PV-cell Solar-cell defined with generator 
references
Current direction out of the cell
Only 1st quadrant used



IV-characteristics

Shockley diode equation Short circuit current

Open circuit voltage

𝑉; =
/;
B

=25.9 mV (thermal voltage)
m ideality factor (1<m<2)



Maximum Power Point
• Fill Factor

• Efficiency
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Spectral efficiency
Photon ® Electron/Hole-pair
Photon energy: 𝐸 = ℎ W 𝑓 = 12%

C
𝐵𝑎𝑛𝑑𝑔𝑎𝑝	𝑤𝑎𝑣𝑒𝑙𝑒𝑛𝑔𝑡ℎ:	𝜆D



Single pn-junction PV-cell



Shading from contacts
Contact fingers on the 
top of the panels 
reflect photons from 
entering the panel and 
create electron-hole 
pairs. One alternative 
to decrease the 
shading is to bury the 
contacts in the cell. 



Cell technologies
c-Si, Crystalline silicon cells. Mono or Poly crystalline

a-Si, Amorphous silicon (Thin film) cells



Cell technologies
c-Si, Crystalline silicon 
cells
a-Si, Amorphous silicon 
(Thin film) cells



Mono c-Si, manufacturing

Crystal growth of mono crystalline silicon rod (Ingot)



Poly c-Si, manufacturing

Poly silicon melted and the cooling under 
controlled conditions



c-Si, manufacturing process
Wafer cutting of ingots. Saw width 120 µm
Typical wafer thickness 180 µm



c-Si, manufacturing process



a-Si, Thin film manufacturing 1
Chemical Vapor Deposition
Deposition of silicon from gas phase forming an 
amorphous structure



a-Si, Thin film manufacturing 2

TCO: Transparent Conducting Oxide



a-Si, Thin film manufacturing

Module



Organic PV-cells
Made from conductive organic polymers
Lower production cost (Printed electronics)
Flexible, transparent, lightweight 
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