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Preface 

The Alternative Energy Promotion Centre (A EPC) was established in 1996 as an apex 
government body to promote the use of renewable energy technologies to meet 
energy needs in rural areas of Nepal. With successful completion of the first phase of 
the Energy Sector Assistance Programme (ESAP), AEPC has initiated second phase 
of the programme from March 2007 with su pport from Government of Denmark and 
the Government of Norway. The support to solar energy is one among the different 
programme components.  

Working for promotion of the PV techno logy among the rural population out of 
access to electricity, ESAP has been carrying out different trainings for capacity 
building of partner organizations. As a training  tool to use in Solar Design Engineers’ 
training, a manual has been developed with effort from experts and other concerned. 

This volume of Training Manual for Engineers on Solar PV System consist of 
technical details required for feasibility study, designing and implementation of 
institutional Solar Photovoltaic systems. The manual is with adequate information 
and guidelines to be used in training fo r engineers working in solar PV or with 
interest to work in the sector. 
 
Authors’ team of PV expert, Prof. Dr. Dinesh Kumar Sharma and energy expert, 
Engineer Shree Raja Shakya has put their significant effort for preparing this manual. 
I would like to acknowledge their effort in this endeavour. 
 

 
I further would like to acknowledge the su pport of all responding institution and 
individuals who provided the valuable information to complete this manual. 
 
 

Executive Director 
Alternative Energy Promotion Centre (AEPC) 

 
 
 
 
 
 
 
 
 

I would like to thank SSP manager Mr. Ma dhusudhan Adhikari and Sr. Energy officer  

Dr. Narayan Prasad Chaulagain 

Ram Pd Dhital for support while preparing this manual and would like to thank 
AEPC Energy officer Mr.Mukesh Ghimire, SSP programmer officer Mr. Chaitanya P  
Chaudhary for their support in this attempt.  
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Training manual for Engineers on Solar PV System 
 
 
 
1. Objective: To provide training to the Engineers capable of working and 

willing to work on Solar Photovoltaic Systems. 
 
2. Duration: 8 days (49 hours) + 1 day Field Visit 
 
3. Minimum Qualification of trainee: Bachelor’s degree in Engineering. 
 
4. Minimum Qualification of trainer: Engineers or PV experts with good 

experience in design and installation of Solar Photovoltaic Systems. 
 
5. Reference materials:  

a) Solar Photovoltaic System Design Manual for Solar Design Engineers, 
AEPC/ESAP 

b) Solar Electricity Technical Training Manual (Level 1), AEPC/ESAP. 
c) Solar Electricity Technical Training Manual (Level 2), AEPC/ESAP. 
d) Training manual for training of Solar technician trainers 
 

6. Suggested course outline:  
i. Skill standards of CTEVT and skill testing/ certification procedure. 
 

ii. Features requirements of certification procedure for Solar PV Technician 
level-1. 

 
iii.  Features requirements of certification procedure for Solar PV Technician 

level-2. 
 

iv. History and development of solar photovoltaic in Nepal featuring history, 
installed capacity, users and promoting institutions, donors, future plans and 
programs. 

 
v. Basic of electrical engineering theory. 

 
vi. Components of solar PV systems 

a) Solar cell, module, array 
b) Storage batteries 
c) Charge regulators 
d) Inverters and converters 
e) Wiring and installation practices 

 
vii. Solar home system (SHS) design and installation 

a) Components of SHS 
b) Installation norms and practices of SHS 
c) Basic design of SHS 

viii.  Repair and maintenance of components of solar PV systems 
a) Modules / arrays 



  

 

b) DC ballast 
c) Charge controllers 
d) Batteries 
e) DC converters and inverters 

 
ix. Design aspects of large (institutional) PV systems – non pumping applications 

a) Load calculation 
b) Sizing of module/ array 
c) Sizing of storage battery 
d) Sizing of wires and cables 
e) Installation procedures/ safety and protection 

 
x. Design aspects of water pumping schemes 

f) Load calculation 
g) Sizing of module/ array 
h) Sizing of storage battery 
i) Sizing of wires and cables 
j) Installation procedures/ safety and protection 
k) Socio-techno economic feasibility study of large solar photovoltaic 

systems.  
 
 
Training Schedule 
 

Session Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 8 
I 1 & 2  5.3 & 

5.4 
Part of 

6.5,   
6.6 & 
7.1 

7.4, 7.5 
& 7.6 

Part of 
8.1, 8.2 
& 8.3 

9.1, 9.2 
& 9.3 

10.1, 
10.2 & 
10.3  

Part of 
11.1 - 
11.4 & 
11.5 

II 3 & 
Part of 

4.1 

6.1 Part of 
7.1 

7.7, 7.8 
& 7.9 

Part of 
8.3, 8.4 
& 8.5 

9.4 & 
9.5 

10.4, 
10.5, 

10.6 & 
10.7 

Part of 
11.5 

III Part of 
4.1, 4.2 
& 5.1 

6.2 Part of 
7.1 

7.10 Part of 
8.6 & 
8.7 

Part of 
9.6, 9.7 
& 9.8 

10.8 Part of 
11.5, 
11.6, 

11.7 & 
11.8 

IV Part of 
5.1 & 
5.2 

6.3 & 
6.4 

Part of 
7.1, 7.2 
& 7.3  

7.10 Part of  
8.7 

Part of 
9.8 

10.8 Part of 
11.8, 

11.9 & 
11.10 

 
The duration of each session will be 90 minutes. There will be 15 minutes break 
between the sessions. 

Field visit should be conducted after the completion of chapter 10.
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Chapter 1  Skill Standards, Testing/ Certification Procedures 
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CHAPTER 1 
 

Skill Standards of CTEVT, Skill Testing/ Certification Procedures 
 
 
 
Duration:  90 minutes 
   
Physical Facilities required: Class room with white board and multi-media projection 
facility. 
 
Materials required: Brochures of Skill Testing Division (STD) of CTEVT 
 
Procedures:  

1. Instructor explains the composition of CTEVT, its aims and objectives. 
2. Instructor explains the functions of Skill Testing Division of CTEVT processes 

involved in skill certification. 
3. Q & A session, Examples 

 
Instructor: Invited guest speaker from CTEVT – STD 
 
Reference:  

1. Skill Standards for Solar Technicians Level 1 and Level 2 
2. Rules and Regulations of CTEVT – STD 

 

Lesson Plan 
 
Sub-
chapter 

Lesson details Teaching 
Methodology 

Facilities 
required 

Duration Remarks 

1 Skill Standards of 
CTEVT, Skill 
Testing/ Certification 
Procedures 

Lecture Class room 90 mins.  
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    CHAPTER 2 
 

Features and requirements for Skill Standard Tests and Certification 
procedures for solar photovoltaic Design Engineer and Technicians  

 
 
 
Duration:  90 minutes   
 
Materials required:  

a) Solar Technicians Level 1 and Level 2 Skill Standards 
b) CTEVT documents on Skill Certification for Solar PV Technicians Level 1 and 

Level 2 
c) Solar photovoltaic Design Engineer requirements 

 
Procedures: The instructor/s explain 

a) Objective of Solar photovoltaic Design Engineer Certificate 
b) Objective of Solar PV Technicians Level 1 and Level 2 Certificate 
c) Processes involved in Skill Testing 
d) Certification procedures 
e) Q & A session 

 
Instructor:  

a) Invited guest speaker from CTEVT 
b) The Trainer 

 
Reference:  

1. Skill Standards for Solar Technicians Level 1 and Level 2 

Lesson Plan 
 
Sub-
chapter 

Lesson details Teaching 
Methodology 

Facilities 
required 

Duration Remarks 

2 Features and 
requirements for Skill 
Standard Tests and 
Certification 
procedures for Solar 
photovoltaic Design 
Engineer and Solar 
Technicians Level 1 
and Level 2 

Lecture Class room 90 mins.  
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CHAPTER 3 
 

History of Development of Solar Photovoltaic in Nepal 
 
 
Duration:  45 minutes 
   
Physical Facilities required: Class room with white board and multi-media projection 
facility. 
 
Materials required: Reference materials 
 
Procedures: The instructor/s  

a) explains the development stage of Solar PV in Nepal 
b) provides updated statistics of use of Solar PV in Nepal 
c) elaborates on the roles/ responsibilities of various agencies involved in the 

promotion of solar PV in Nepal (AEPC, ESAP, REP, CTEVT, CRE, CES, KU, 
etc.) 

 
Instructor: The Trainer 
 
Reference:  

1. Solar Photovoltaic System Design Manual for Solar Design Engineers, 
AEPC/ESAP 

2. Solar Photovoltaic Data Book, AEPC/ESAP 
3. Brochures of various institutes 

 
Lesson Plan 
 
Sub-
chapter 

Lesson details Teaching 
Methodology 

Facilities 
required 

Duration Remarks 

3 History of 
development of Solar 
cells 

Lecture Class room 45 mins.  
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Solar Energy 
 

The energy from the sun can be exploited directly in the form of heat or first converted 
into electrical energy and then utilized. Accordingly the solar energy is classified into 
solar thermal and solar photovoltaics (PV). 

  

Solar thermal has numerous applications like water heating, drying vegetables and 
agricultural products, cooking etc. In Nepal the solar water heaters are being extensively 
used in urban areas. The   applications of solar dryers and cookers have found moderate 
use simply because of the low level of dissemination of these technologies. 

 
The solar PV, on the other hand, is extensively used not only in the developing countries 
but also in highly developed countries. The application of solar PV is virtually unlimited. 
Countries like Germany, Japan and United States of America have initiated highly 
subsidized rooftop programs for solar PV. The level of subsidy is up to 65% of the total 
system cost. In Nepal solar PV is extensively used for communications, home lighting, 
drinking water pumping etc. The installed capacity of Solar PV in Nepal now exceeds 3.4 
MWp mark and over 93,000 households are electrified using this technology. 
Considering the positive impact that solar PV can bring to the rural population of the 
developing countries like Nepal, the Government of Kingdom of Denmark has supported 
Energy Sector Assistance Program (ESAP) to promote alternative energy sources, 
including PV. ESAP target was to subsidize installation of 25,000 Solar Home Systems 
within a time span of 5 years. Similarly, a sizeable project with assistance from European 
Union (EU) is being implemented to promote institutional Solar PV in Nepal. 

  
The solar PV can be considered the only form of electricity that can be generated any 
time and anywhere provided sunshine is available. The earth receives more energy from 
the sun in just one hour than the world uses in a whole year. The annual total amount of 
solar energy incident on the surface of the earth is estimated to be about 795 x 1012 MWh, 
which is 8300 times greater than the global energy demand in 1991. The Environmental 
savings from the Photovoltaic modules are highlighted in table 3.1 below: 

 
Table 3.1 Environmental Savings from Photovoltaic Modules 

 
 

Description Savings of one 50Wp module * 
Electricity saved per year 90 kWh 
Electricity saved per life of PV module 2700 kWh 
Barrels of oil saved over lifetime of PV module 4.8 barrels 
Pounds of coal saved over lifetime of PV module 2700 lbs 
Carbon Di-oxide kept out of the air over life of PV 4000 lbs 
Sulfur Di-oxide kept out of air over life of PV 23.3 lbs 
* Based on:  

Coal required to produce 1 kWh = 1 lb 
Carbon Di-oxide emission = 1.5 lb/kWh 
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Photovoltaic (PV) Technology 
 
Photovoltaic (PV) Technology is a process of generating electrical energy from the 
energy of solar radiation. The principle of conversion of solar energy into electrical 
energy is based on the effect called photovoltaic effect. The smallest part of the device 
that converts solar energy into electrical energy is called solar cell. Solar cells are in fact 
large area semiconductor diodes, which are made by combining silicon material with 
different impurities.  The sand, a base material for semiconductor, is the most abundantly 
available raw material in the world. The ordinary sand (SiO2) is the raw form of silicone. 
 
The solar energy can be considered as a bunch of light particles called photons. At 
incidence of photon stream onto solar cell the electrons are released and become free. The 
newly freed electrons with higher energy level become source of electrical energy. Once 
these electrons pass through the load, they release the additional energy gained during 
collision and fall into their original atomic position ready for next cycle of electricity 
generation. This process of releasing free electrons (generation) and then falling into 
original atomic position (recombination) is a continuous process as long as there is the 
stream of photons (solar energy) falling onto the solar cell surface. 
  

History of Development of PV Technology 
 
The birth of PV technology dates back to 1839 AD when Edmund Becquerel, the French 
experimental physicist, discovered the photovoltaic effect while experimenting with an 
electrolytic cell made up of two metal electrodes placed in an electricity conducting 
solution—generation increased when exposed to light. 
 
In 1876 William Adams and R. Day discovered that the junction of selenium and 
platinum also exhibit photovoltaic effect. This discovery led the foundation for the first 
selenium solar cell construction in 1877. 
 
The photovoltaic effect remained theoretically unexplained until the great scientist Albert 
Einstein described this phenomenon in 1904 along with a paper on his theory of 
relativity. For his theoretical explanation of photo-electric effect, Albert Einstein was 
awarded a Nobel Prize in 1921. 
 
Another breakthrough in development of PV technology was the discovery of the method 
for monocrystalline silicon production by Polish scientist Czohralski in 1918. This 
discovery enabled monocrystalline silicon solar cells production. The first silicon 
monocrystalline solar cell was constructed only in 1941. 
 
In May 1954 The Bell Laboratories of USA (Researchers D. Chapin, C. Fuller and G. 
Pearson) published the results of discovery of 4.5% efficient silicon solar cells. 
 
First commercial photovoltaic product with 2% efficiency was introduced in 1955 by 
Hoffman Electronics-Semiconductor Division. The cost of a 14 milli Watt peak power 
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solar cell was US$ 25 (or US$ 1,785 per Watt). The efficiency of commercially available 
solar cell increased to 9% in 1958. 
 
The first PV powered artificial satellite of the earth, Vanguard I, with 0.1 W of solar cell 
occupying an area of approximately 100 cm2 and powering a 5 mW back-up transmitter 
was launched in 17 March 1958. Three more PV powered satellites were launched in the 
same year. The first PV powered telephone repeater also was built in Americus, Georgia, 
USA in the same year. 
 
Sharp Corporation was the first company to develop the first usable PV module (group of 
solar cells put together in a single module) in 1963. 
 
By 1974 the cost of PV power came down to US$ 30 per watt from US$1785 per watt in 
1955. With the dramatic reduction in the cost, the PV power once affordable only in 
space vehicle became an alternative source of electrical energy for terrestrial applications. 
The fig. 3.1 below illustrates the decrease in price (US$ per peak watt) of solar PV with 
time. 

 
 

 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
As the price started falling down the demand and production of the PV modules started 
growing. In 1980 ARCO Solar became the first manufacturer to produce PV modules 
with peak power of over 1 Mega Watt (MW). By 1983 worldwide production of PV 
modules exceeded 21.3 MW with a business volume of 250 million US$. The total 
installed capacity of PV modules exceeded 1000 MW worldwide in 1999. As of end of 
2002, total installed capacity of PV power exceeds 2000 MW and a business volume of 
about 2 billion US$ (400 MW @ 5$/Wp). 

Price in US$ 

Fig. 3.1 Average selling price trend of PV modules 

do
lla

r 

Watt peak power
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Nepal could not remain in isolation with development pace of PV technology. With only 
8 Solar Home System (SHS) installations in 1992/93, it increased to over 93,362 SHS by 
end of 2006. The fig. 3.2 below highlights the trends in growth of SHS installations in 
Nepal which constitute above 3414 kWp as of December, 2006. The trend of SHS 
installation shows a steep rise after 2000 due to the subsidy policy implemented by 
AEPC/ESAP. Till December 2004, 51 solar PV pumping systems have been installed, of 
which 28 were installed after 2000 with subsidy provided from AEPC. 
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Figure 3.2: Installation of SHSs - Installed till December 2006  
 
The estimated market potential is huge and about 4,750 kWp of photovoltaic power is 
currently being used in various public and private sectors (telecommunication, utility 
supply, stand-alone, water supply, aviation etc.) in Nepal  are shown in Table 3.2. 

 
Table 3.2:  Application of PV Power by Sector 

S.N. Service PV Power, kWp No. of Installation 
1 Telecommunications 1001 3,000+ 
2 Utility supply (centralised) 100 2 
3 Stand-alone system 3414 93,000+ 
4 Water supply 120 51 
5 Aviation 37 45 
6 Miscellaneous 78 100+ 
 Total 4,750  

 

In near future more and more PV systems will be used for various types of services. 
There is a plan to install 150,000 solar home systems in areas where national grid will not 
reach within second phase of ESAP (March 15 2007 – March 15 2012. These facts 
indicate that time has come to pay special attention for PV powered systems for income 
generating activities. 
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Institutions involved in the promotion of solar photovoltaic technology in Nepal 

Various institutions are involved in the development and promotion of solar PV 
technology. Bank and Financial Institutions like Agriculture Development Bank/Nepal 
(ADB/N) and local commercial banks have been playing an active role in rural energy 
program by financing stand-alone SHS . Non Government Organizations like Center for 
Self-help Development (CSD), Center for Renewable Energy (CRE), Nepal Solar Energy 
Society (NSES), have been successfully involved in limited banking activities and 
mobilizing donor assistance for the promotion, development and dissemination of SHS. 
Donor agencies like DANIDA/ESAP, USAID, SNV/Nepal, KfW, UNDP, UNICEF, 
NORAD, European Union etc. have been contributing by providing financial support in 
the form of grant-aid and soft loan. Manufacturer/Installers are manufacturing various 
components of SHS and providing quality service. Government Institutions like National 
Planning Commission (NPC), the Ministry of Environment Science and technology 
(MOEST), the Water and Energy Commission Secretariat (WECS) of the Ministry of 
Water Resources, the Ministry of Finance, etc., have influenced the RETs development’s 
policies and programmes.  

 

Applied R & D and Human Resource Development Centre/Institutions such as NAST, 
NARC, RECAST, CES/IOE, KU etc., are involved in different levels of applied R & D 
activities. Institutes like CES/IOE, CTEVT are involved in human resources development 
at different levels for the successful planning, designing, installation, operation and 
maintenance of RET projects. 

 

RETS 

In order to assure the quality of the components to be used in SHS, AEPC/ESAP has 
prepared and successfully implemented a standard named, Nepal Interim Photovoltaic 
Quality Assurance (NIPQA). In order to check and verify technical parameters of SHS 
components a special laboratory named as Renewable Energy Test Station (RETS) is set 
up and functional. 
 

Renewable Energy Testing Station (RETS) under NAST has started to certify the various 
SHS components for quality assurance. An independent body like Nepal Bureau of  
Standard and Metrology (NBSM), can play a very important role in controlling the 
quality of the components/devices/systems of the SHS so that healthy competition among 
the suppliers can be initiated and quality assurance can be guaranteed to the users. 
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CHAPTER 4 
 

Basics of Electrical Engineering 
 
 
Duration:  120 minutes 
   
Physical Facilities required: Class room with white board and multi-media projection 
facility. 
 
Materials required: Reference materials 
 
Procedures: The instructor/s  

a) explains the basics of electrical power system 
b) provides basic knowledge on the solar radiation 

 
Instructor: The Trainer 
 
Reference:  

1. Solar Photovoltaic System Design Manual for Solar Design Engineers, 
AEPC/ESAP 

2. Solar Electricity Technical Training Manual (Level 1), AEPC/ESAP. 
 
Lesson Plan 
 
Sub-
chapter 

Lesson details Teaching 
Methodology 

Facilities 
required 

Duration Remarks 

4.1 Electrical Power 
Supply System 

Lecture Class room 60 mins.  

4.2 Solar Photovoltaic 
Technology 

Lecture Class room 60 mins  
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4.1 Electrical Power Supply Systems 
 
Electrical energy is a very convenient form of energy, which can be easily generated, 
transmitted, stored and used.  Any other form of energy can be easily converted into 
electrical energy. An example of this is solar electricity in which the energy from the sun 
(solar radiation) is converted into electrical energy by solar cells. Electricity is the branch 
of science that studies the theory and practices of electrical energy. Electrical engineering 
on the other hand is a branch of engineering that deals with generation, transmission, 
distribution and use of electrical energy. 
 
Electrical energy is transmitted from one point to another by means of charged particles 
called electrons. There are three fundamental terminologies used in electricity: Voltage, 
Current and Resistance. 
 

Voltage 
 
Voltage or the potential difference is a force that compels the electrons to move from one 
point to another in predetermined manner. In water supply system analogy, the voltage 
can be compared with the pressure of water in the storage tank that forces the water to 
flow in the pipeline. The unit of measurement of the voltage is Volt and is abbreviated 
and symbolically represented as ‘V’.  
 

Current 
 
Current is the quantity of charged particles flowing in given direction per unit time. The 
current can be compared with the amount of water flowing in the pipeline per unit time. 
The unit of measurement of electrical current is Ampere and is abbreviated as ‘A’. 
Symbolically the letter "I" represents the current. 
 

Resistance 
 
Resistance is the property of the material to oppose the flow of current through it. The 
unit of resistance is Ohms and abbreviated as ‘�Ÿ’. Symbolically the letter 'R' represents 
the resistance.   
 
The electrical law that relates the above three fundamental parameters is called Ohm’s 
law. According to this law, assuming that all other parameters remain constant, the 
current through an electrical circuit is directly proportional to the applied voltage and 
inversely proportional to the resistance of the circuit: 

R
I

I

VI

�v

�v
 

R
V

I �   (4.1.1) 
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The electric current is further classified into direct current (DC) and alternating current 
(AC). The current is called DC if the direction of flow of current does not change with 
time. It means the DC current always flows in one direction only. The voltage that causes 
the flow of DC current is referred to as DC voltage. Examples of DC voltages are the 
output voltages of storage batteries, DC generators etc. 
 
If the direction of flow of current changes periodically with time then such current is 
called AC current. And the voltage causing the flow of AC current is called AC voltage. 
Examples of AC voltages are the city supply, output of AC generator etc. The rate or 
frequency at which the direction of current changes is termed as cycle per second or 
Hertz (Hz). In one cycle the current changes its direction of flow. In Nepal the frequency 
of AC voltage is 50 cycles per second or 50 Hz. 
 
The other terminologies used in electrical supply systems are power, energy, active load, 
reactive load, power factor, crest factor, harmonics and Loss of Load (LoL) probability. 
 

Power and Energy 
 
Electrical power may be defined as the energy delivered by the electrical source 
(generator) to the load (acceptor) per unit time- 
 

 
t
E

P �  (4.1.2) 

 
where P is the power in Watts (W), E is the energy in Joules (J) and t is the time in 
seconds. 
 
If the supply system is DC, then the power can be expressed as the product of voltage and 
current, i.e. 
 

 RI
R

V
IVP �u� � �u� 2

2

 (4.1.3) 

 
Re-writing the formula (4.1.2), we can define the energy as product of the power and 
time 
 
 tPE �u�  (4.1.4) 
 
Thus the energy can be defined as the power delivered to the load in given duration of 
time. In electrical terms the energy is expressed in Watt- Hours (Wh) 
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Active and Reactive loads 
 
Depending upon the characteristics of the load it can be subdivided into active and 
reactive types. This classification of load type is more pertinent to AC supply than DC 
supply. If the load is active (i.e. it does not contain any reactive elements like inductance 
and capacitance) then the current through the load and the applied voltage cycling are in 
phase. In other words the maxima and minima of the voltage and current coincides 
(Fig.4.1.1).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     
 
Now if the load is either inductive or capacitive in nature then there will be phase 
difference between the applied voltage and the current flowing through the load 
(fig.4.1.2). 
 
A purely resistive load is an example of active load. The motors, tube-lights and other 
loads containing reactive elements (inductance, capacitance) are the examples of reactive 
loads. 
 

V

t

I

t

Vmax 

Vmin 

No phase 
difference

Fig. 4.1.1 Voltage and current waveforms for active load 
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Real and Apparent Powers 
 
A very important consideration for AC loads is the difference between apparent power 
and real power. With purely resistive loads, the current and voltage cycling are in phase 
with each other. This means that when the voltage is maximum, the maximum current is 
flowing to the load. The power delivered to the load by the source (apparent or moving in 
the wires and measured in VA) and consumed by the load (measured in watts) are same. 
This power is called real power.  Thus for a purely resistive load: 
 
 � � � �IVVApowermovingorPowerApparent �u�  (4.1.5) 
 
 � � � �IVwattspowerconsumedorpoweral �u� Re  (4.1.6) 
 
Here the voltage V and the current I are Root Mean Square (RMS) average values. 
 
However with inductive loads, such as motors, there is a “pushing backwards" by the 
load due to electric fields built up in the coils of the motor itself. The current cycling lags 
the voltage cycling, so the current and voltage are out of phase (fig. 4.1.2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The product of the average voltage and average current is now called "apparent" power 
flowing to the load. But the real power consumed in the load is less. 
 

V

t

I

t

Vmin 

  Phase 
difference (�3) 

Fig. 4.1.2 Voltage and current waveforms for reactive load 
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Power Factor 
 
The amount by which the real power is less than the apparent power is related to the 
cosine (cos) of the phase difference (�3) between the current and voltage. The value cos �3 
is called the power factor. The real power, apparent power and the power factor is related 
according to the following expression: 
 
 � � � � � � � ��McosRe �u� VApowerapparentwattspoweral   (4.1.7) 
 

Crest Factor  
 
The crest factor of the voltage or current waveform is defined as the ratio of peak (or 
maximum) value to the root mean square (rms or effective) value. 
 

Harmonics 
 
The AC voltage or current waveforms produced by the generator of electricity is 
harmonic in nature. It means the instantaneous value starts from zero, reaches maximum 
positive value, again drops to zero, then reaches maximum negative value and comes 
back to zero again making a complete cycle (fig. 4.1.1). This cycle repeats again and 
again as long as the generator continues to generate the power. Thus the instantaneous 
value of voltage or current is a function of time and mathematically can be represented as 
sine or cosine function of time: 
 
 � � � � � � � �ftVtv �S2cosmax�  (4.1.8) 
 
 � � � � � � � �ftIti �S2cosmax�  (4.1.9) 
 
here-    � � � �tv and � � � �ti  are instantaneous values of voltage and current; 
  maxV and   maxI are maximum or peak values; 
 f is the frequency in Hz  and t is the time in seconds. 
 
From the above equation, it is evident that the voltage or current waveform (we will refer 
these waveforms as signals in further discussions) expressed mathematically as a sine or 
cosine function contains only one frequency. This frequency is called fundamental 
frequency. Now if we pass this signal through a network containing non- linearities (i.e. 
through a network in which the relation between the current flowing through the network 
and the applied voltage in non-linear), the signal (voltage or current) at the output of the 
network will contain more than one frequency components that were not present in the 
input signal. These new frequency components (sine or cosine functions with new 
frequency values) are called harmonics. In general the values of the harmonics 
frequencies are integer multiple of fundamental frequency. 
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Loss of Load (LoL) Probability 
 
It is the probability that the generator of electricity fails to meet the demand of the load. 
When the power consumed by the load exceeds the power delivered by the source, a 
condition called overload occurs and the whole system will fail. LoL is an indication of 
the reliability of power supply system. Lower the value of LoL higher is the system 
reliability. 
 
4.2 Solar PV Technology 
 
In this chapter definitions of the terminologies used specifically in solar PV technology 
will be given. These terminologies are Irradiance, Insolation, radiation (global, direct, 
diffused), peak-sun, sun-path, seasonal variation of solar radiation, true and magnetic 
south, manual and automatic tracking of PV module/array etc. Other specific definitions 
related to system components of complete solar PV system will be given in 
corresponding chapters. 
 
The Light from the Sun 
 
The PV process converts solar radiation   into useful electrical energy. Therefore it can be 
considered that the fuel for the generation of solar electricity is the energy received from 
the sun in the form of radiation. 
  
Our understanding of the nature of light has changed back and forth over the past few 
centuries between two apparently conflicting viewpoints (a highly readable account of the 
evolution of quantum theory has been discussed very often). 
 

�� In the late 1600's, Newton's mechanistic view of light as being made of   
small particles prevailed. 

 
�� By the early 1800's, experiments by Young and Fresnel had shown 

interference effects in light beams, indicating that light was made up of 
waves. 

 
�� By the 1860's, Maxwell's theories of electromagnetic radiation were 

accepted, and light was understood to be part of a wide spectrum of 
electro-magnetic waves (EMW) with different wavelengths. 

 
�� In 1905, Einstein explained the photoelectric effect by proposing that light 

was made up of discrete particles or QUANTA of energy. This 
complimentary nature of light is now well accepted. 

 
Light is referred to as the particle/wave duality, and is summarized by the equation: 
 

 
�O
hc

hfE � �  (4.2.1) 
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Where, 

�g ��  frequency of light of Wavelength �O , �g in HZ and �O in meters. 
E ��  energy of "packets" or "photons" in coming light in Joules 
h ��  Planck's constant (6.625 x 10-34 JS) 
c ��  Velocity of light (3 x 108 m/sec) 

 
In defining the characteristics of photovoltaic or "solar" cells, light is sometimes treated 
as waves, other times as particles or photons. 
 

The Sun 
  
The sun is a sphere of intensely hot gaseous matter with a diameter of 1.39 x 109 m and is 
about 1.5 x 1011 m away from the earth. As seen from the earth, the sun rotates on its axis 
about once every four weeks. However, it does not rotate as a solid body: the equator 
takes about 27 days and the polar regions take about 30 days for each rotation. 
 
The sun is a continuous fusion reactor with its constituent gases as the "containing 
vessel" retained by the gravitational forces. The temperature of the innermost region, the 
core, of the sun is estimated to be around 107 K. The energy created by the fusion 
reaction is transferred out to the surface in a succession of radiative and convective 
process and finally radiated into the space. 
  
Direct and Diffused Radiation at the Earth's Surface 
 
Sun light is attenuated by at least 30% during its passage through the earth’s atmosphere. 
The main causes of such attenuation are: 
 

- Rayleigh scattering or scattering by molecules in the atmosphere. 
- Scattering by aerosols and dust particles. 
- Absorption by the atmosphere and its constituent gases. 

 
The degree of attenuation is highly variable. The most important parameter determining 
the total incident power under clear conditions is the length of light path through the 
atmosphere (referred to as Air Mass or AM). 
 
The total radiation received at the earth’s surface is the cumulative total of direct 
radiation and diffused radiation. The figure 4.2.1 illustrates the various components of 
radiation received on the earth’s surface. The composition of terrestrial sunlight is further 
complicated by the fact that, apart from the component of radiation directly from the sun, 
atmospheric scattering gives rise to a significant indirect or diffuse component. Even in 
clear, cloudless skies, the diffuse component can account for 10 to 20% of the total 
radiation received by a horizontal surface during the day. For less sunny days, the 
percentage of radiation on a horizontal surface that is diffuse generally increases. Sun 
light reflected from the ground also contributes significant radiation to an inclined 
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surface. Snow mirrors about 70% to 80% of the light it receives, while a grass field 
reflects only about 15 to 20%. These effects are known as "Albedo Effect". 

 

The Solar Constant 
  
The radiation emitted by the sun and its spatial relationship to the earth result in a nearly 
fixed intensity of solar radiation outside the earth’s atmosphere. The solar constant, Ion, 
is the energy from the sun per unit time, received on a unit area of surface perpendicular 
to the direction of propagation of the radiation at the earth's mean distance from the sun 
outside the atmosphere. The World Radiation Center (WRC) has adopted a value of 1367 
W/m2 as the solar constant. 
 

Irradiance 
 
Irradiance, I, is defined as the intensity of solar radiation per unit time on a unit surface 
area of the earth. The unit of I is taken as W/m2.  
 

Insolation 
 
Insolation is the total energy received from the sun in a day in a unit surface area on the 
earth. The unit of insolation is watt-hour per sq.m. per day. For Nepal the yearly average 
insolation can be taken around 4500 to 5500 Wh/m2/day. 
 

Source of radiation- 
the Sun

 

 

Atmospheric 
absorption 

Diffuse, 
scattering 

Reflection from 
the ground 

Earth

Reflection 
by clouds 

Direct radiation 

Diffused radiation 

Total radiation (global radiation) as 
sum of direct and diffused radiation

Fig. 4.2.1 Direct, diffuse and total radiation on the earth’s surface 
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Peak Sun 
 
Peak sun is the number obtained by division of insolation by 1000 W per sq.m. per day. 
In most cases, the peak sun or the insolation is treated as a single parameter because they 
are interrelated by a constant coefficient. 
 

Air Mass 
 
Although radiation from the sun's surface is reasonably constant, by the time when it 
reaches the Earth's surface it is highly variable due to absorption and scattering in the 
Earth's atmosphere.  
 
When skies are clear, the maximum radiation strikes the Earth's surface when the sun is 
directly overhead, and sunlight has the shortest path length through the atmosphere. 
  
This path length is usually referred to as the "Air Mass" through which solar radiation 
must pass to reach the Earth's surface.  The condition when the sun is directly overhead, 
the distance through which the sunrays penetrate the atmosphere is shortest and is 
referred to as Air Mass 1 or AM1. 
 
AM1.5 (equivalent to a sun angle of 48.2º from overhead or 41.8º from horizontal plane) 
has become the standard for photovoltaic standards. The air mass can be estimated at any 
location using the following formula: 
 

 �¸
�¸
�¹

�·
�¨
�¨
�©

�§
�¸
�¹

�·
�¨
�©

�§��� 
2

1
h
s

AM  (4.2.2) 

 
Where s is the length of the shadows cast by a vertical post of height h.   
 

Locating the Sun’s Position 
 
In PV system it is very important to face the modules/array in such angle to the horizontal 
surface that permits the sunlight to fall into the module surface for maximum possible 
duration and intensity. The angle at which the module is inclined is called tilt angle. To 
determine the optimum tilt angle it will be necessary to locate the position of the sun 
from the given site on the earth. 
 
The earth's daily rotation on its axis and the annual rotation of the tilted earth around the 
sun both affect the angle at which sunlight passes through the atmosphere as seen from 
any point on the earth.  The position of a site on earth with respect to the sun is 
determined by two continuously changing angles, namely: the sun's hour and declination 
angles, and by one fixed angle that specifies a site's location on earth, namely the latitude. 
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The sun's hour angle for a particular location depends on the momentary position of the 
earth in its axial rotation. Since the earth makes a complete 3600 rotation in 24 hours, the 
hour angle changes 150 every hour. The hour angle is measured from the local meridian, 
or the sun's highest point in the sky at solar noon (not necessarily 12:00 hours), with 
angles between sunrise and solar noon being positive and angles after noon being 
negative. 
 
The sun's declination angle is the angular position of the sun at its highest point in the sky 
with respect to the plane of equator it depends on the momentary position of the earth in 
its revolution around the sun. Changes in the declination angle are caused by a simple 
fact: the earth's axial tilt of 23.340 remains constant and in the same direction during the 
earth's entire orbit around the sun. In the northern hemisphere, the declination angle 
reaches its most northern and positive peak of +23.450 on June 21st (the summer solstice) 
and drops to its most southerly and negative peak of –23.450 on December 21st (the 
winter solstice). 
 
The apparent motion of the sun is indicated in fig. 4.2.2 for an observer at latitude 280 
north. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
An area facing due south at a tilt angle that equals to the site's latitude would obtain the 
average optimum amount of direct-beam solar radiation over the entire year. But if the 
designer wishes to maximize the solar energy received during the winter months, the 
surface should approximately be equal to the latitude angle plus 110, while the best 
orientation during the summer months is the site's latitude minus 110. 

�G

620

N 

E 

Observer's horizon 

Winter solstice 

Summer solstice 

Equinox 

�G = declination of the earth = 23.30

Observer facing 
south

Fig. 4.2.2 Apparent motion of the sun 
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The optimal tilt angle of a PV array at any given time equals the latitude angle minus the 
declination angle, the angle that the sun makes at solar noon with respect to the plane of 
the equator. The declination angle changes throughout the year. It can be calculated by 
the following trigonometric equation (formula 4.2.3): 
 

 
� � � �

�»�¼

�º
�«�¬

�ª ��
�u�u� 

365
284

360sin45.23
N

sunofanglenDeclinatio   (4.2.3) 

 
Where, 
    N is the day number in the year (N=1 for January 1 and N=365 for December 31). 
 
Using the above equation, the optimal array tilt angle can be determined for monthly 
adjustments, or for adjustments any time. The optimal tilt angle will be latitude minus the 
declination angle (considering the sign of the angle). 
 

True and Magnetic South 
 
The orientation of array/module towards true south (for northern hemisphere) and true 
north (for southern hemisphere) is essential to ensure that maximum amount of sunlight 
falls on the array surface throughout the day. It would have been optimal solution if the 
array could track the sun path: facing east in the morning, south in the noon and west in 
the afternoon. Although such tracking systems are available in the market, they cost 
money and consume power. Therefore for fixed orientation of array permitting optimal 
incidence of sunlight, it has to be oriented towards true south. 
 
North-south direction is along any meridian (a line approximating the surface of the 
earth, from the north pole to south pole and connecting points of equal longitude) and 
east-west is along any parallel (a circle approximating the surface of the earth, parallel to 
the equator and connecting points of equal latitude), because of the way the graticule has 
been defined. These lines are perpendicular except at the poles of the earth. The direction 
determined by the orientation of the graticule is called geographical or true direction. 
True south is therefore the direction towards the south geographical pole. 
 
The direction indicated by south (or north) seeking magnetic needle (compass) is 
influenced only by earth's magnetic field. The direction of the magnetic pole is not 
usually parallel to the meridian. The difference between true north (south) and magnetic 
north (south) is called magnetic declination. 
  
Therefore the south direction indicated by the compass has to be corrected by magnetic 
declination to find the true south direction. 
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Manual and Automatic Tracking Systems 
 
Although fixed mounting structures of module/array oriented towards true south and 
tilted at fixed angle are simple and worry free, modules do not get good exposure in the 
morning and evening hours of the day. By mounting the modules on tracking structure, 
gains in total daily output of power of 30% or greater can be achieved because the 
modules are facing the sun directly during all the sun shine hours. 
 
Trackers can be motor driven (powered by the battery) or solar powered themselves. The 
solar powered design involves two tubes of Feron and oil on either side of the modules. 
Each tube is partially shaded by mask. As the sun moves, one tube becomes more 
exposed than the other. The Feron expands and either pushes a piston of transfers oil to 
the other side which causes the structure to move to follow the sun. Motor driven trackers 
also use two light sensors on either side of the module. Depending upon the difference in 
the outputs of two sensors, the motor drives the structure in either direction to follow the 
sun (fig. 4.2.3). 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Trackers can follow the sun along only one axis (east-west) or can have dual axis (east-
west and tilt angle) for complete seasonal compensation. 
 
Manual tracking along east-west axis is not practical, as the orientation has to be changed 
manually from east to west at fixed interval. Therefore, this type of tracking is generally 
automatic. The tilt angle adjustments to compensate seasonal change in sun-path could be 
accomplished manually once every three months. 
  
Large utility scale PV systems have the modules mounted on dual axis trackers, to 
maximize module output and minimize average costs. But for small scale array/modules 
use of trackers is an economical issue. The gain provided by the tracker (in terms of 

 

Fig. 4.2.3 Sketch of PV array with tracking system
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reduced number of modules for given load) has always to be compared with the 
investment and maintenance cost of the tracker. However, manual seasonal adjustment of 
tilt angle is advisable to all the PV installations. 
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Review Questions 
 
1. The unit of measurement of electric current is 
 

a. Volts 
b. Ohms 
c. Ampere 
d. Watts 

 
2. In an electric circuit with fixed resistance, the current flowing through the circuit 

…… if the applied voltage is doubled. 
 

a. decreases 
b. remains unchanged 
c. doubles 
d. increases four times 

 
3. The power factor is the ratio of 
 

a. voltage to the current 
b. energy to the power 
c. real power to apparent power 
d. peak to rms value 

 
4. The intensity of solar radiation per unit time on a unit surface area of the earth is 

called 
 

a. Irradiance 
b. Insolation 
c. Solar constant 
d. Air mass 

 
5. The yearly average insolation in a given locality is 6500 Wh/m2/day, the peak sun 

value is 
 

a. 6500 
b. 650 
c. 65 
d. 6.5 

 
6. The value of air mass in standard test condition of PV modules is 
 

a. AM1 
b. AM1.5 
c. AM2 
d. AM0 
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7. Yearly average optimum amount of direct beam radiation in northern hemisphere 

can be achieved if the tilt angle is equal to 
 

a. site latitude 
b. site latitude plus 110 
c. site latitude minus 110 
d. 900 

 

8. The angle that the sun makes at solar noon with respect to the plane of the equator 
is called 

 
a. solar constant 
b. true south 
c. magnetic south 
d. declination angle 

 
9. Calculate the optimum tilt angle of the PV array for a site located at the latitude of 

300 in northern hemisphere for 20-th May. 
 

10. A one-meter long rod erected vertically produces shadow of 0.8 m. Calculate the 
value of air mass. 
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CHAPTER 5 
 

Fundamentals of Solar Photovoltaic 
 
 
Duration:  195 minutes 
   
Physical Facilities required: Class room with white board and multi-media projection 
facility. 
 
Materials required: Reference materials 
 
Procedures: The instructor/s  

a) explains the basic principles of photo-electric conversion, basic parameters of a 
solar cell, generations of solar cells, basics of solar photovoltaic technology 

b) explains the construction and parameters of solar modules and solar arrays. 
 

 
Instructor: The Trainer 
 
Reference:  

1. Solar Photovoltaic System Design Manual for Solar Design Engineers, 
AEPC/ESAP 

2. Solar Electricity Technical Training Manual (Level 1), AEPC/ESAP. 
3. Solar Electricity Technical Training Manual (Level 2), AEPC/ESAP. 
 

Lesson Plan 
 
Sub-
chapter 

Lesson details Teaching 
Methodology 

Facilities 
required 

Duration Remarks 

5.1 Basic principles of 
photovoltaic effect 

Lecture Class room 55 mins.  

5.2 Solar cells Lecture, 
demonstration 

Class room  50 mins  

5.3 Solar Modules Lecture, 
measurements 
and 
demonstration 

Class room 
and open 
sunlight area 

60 mins  

5.4 Solar Array Lecture Class room 30 mins  
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5.1 Basic Principles of Photovoltaic Effect 
 
Solar Cells are devices, which convert solar energy directly into electricity.    
 
The most common form of solar cells is based on the photovoltaic (PV) effect in which 
light falling on a two-layer semi-conductor device produces a photo voltage or potential 
difference between the layers. This voltage is capable of driving a current through an 
external circuit and thereby producing useful work. 
 
To have a deeper understanding of PV effect, it is essential to become familiar with the 
principles of construction and operation of a two-layer semiconductor device popularly 
known as PN junction. 
 
It is well known from the first course of physics that all mater is made of atoms which 
consist of a small dense nucleus containing positive and neutral particles (protons and 
neutrons) a surrounding “cloud” of fast moving negatively charged particles (electrons). 
The outer most electrons (valence electrons) seem to be arranged in symmetrical 
elongated shells or orbitals, like stretched out clouds. Neighboring atoms share outer 
electrons, forming “bonds”. These bonds where electrons are shared between atoms is 
what holds all mater together. The valence electrons play very important role in defining 
the electricity conducting capacity of a material. 
 
As defined in earlier chapter, the electric current is the flow of free (un-bonded) charged 
particles (electrons) in a matter. An electron can take part in conduction of electric 
current if it is loosely bonded with the atoms. In all metals, the valence electrons are 
loosely bonded with the atom and with some minimal external energy applied (in the 
formal thermal energy) they become free and ready to take part in conduction of electric 
current. In metals each atom can release one electron to become free. Therefore the 
number of free electrons available in metals is very high (in one cubic meter of matter 
there are about 1029 atoms; each atom releasing one electron to become free results in 
about 1029 free electrons in metals) resulting very good conduction capacity (very low 
resistivity) by the metals.  On the other hand, materials classified as insulators have 
valence electrons tightly bonded with atoms. Great deal of external energy is required to 
let these electrons free.  At normal temperature, the insulators have virtually no free 
electrons to contribute for electricity conduction. That is why the conduction capacity of 
insulating materials is extremely low (very high resistivity). 
 
There is another group of material whose conductivity (or say resistivity) lies between 
that of conductors and insulators. This group of materials are called semiconductor. 
These semiconductors are basic building blocks of all the electronic components and the 
solar cells. Silicon and Germanium are the examples of semiconductor materials. A 
silicon atom has 4 outer electrons. Crystalline silicon consists of orderly bonding of each 
silicon atom with 4 neighboring silicon atoms. Such a highly ordered structure of atoms is 
also called a crystal lattice. Each of the four outer electrons of one atom is shared by 
surrounding four atoms to form an effect of 8 outer electrons (the most stable condition) 
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for each atom. The bond that binds each outer most electrons together is called covalent 
bond (fig. 5.1.1). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
At the atomic level, light acts as a flux of discrete particles called photons. Photons carry 
momentum and energy but are electrically neutral. When semiconductor material is 
illuminated by light, photons of light actually penetrate into the material, traversing deep 
into the solid. Photons with enough energy can collide with bonded electrons and knock 
them out of their original position. During the collision the photon disappears and its 
energy is transferred to the dislodged electron. The newly dislodged electron now 
becomes free and can wander around the semiconductor material as conduction electron. 
This free electron carries a negative charge and usable energy. It is at this moment of 
releasing the electron that sunlight energy has been converted into electrical energy. And 
this effect of converting light energy into electrical energy is called photovoltaic effect. 
 
Whenever an electron is freed, it leaves a vacant position in its original position in the 
covalent bond. Such an incomplete bond (with missing electron) is called a "hole". A 
nearby electron with higher energy level can jump from its bond into the hole and fill it, 
but this leaves a hole where the electron came from. In this way the hole moves in the 
material. But wherever the hole is, an electron is missing, so there is a localized net 
positive electrical imbalance there. The atom with a hole is referred to as positive ion. 
Therefore the hole appears to be a positive charge moving in the solid, although it is 
really an absence of an electron moving about. Overall, the net charge of the material is 
neutral. 
 
In the absence of any external electrical field, newly freed electrons wander for a short 
time and then recombine with a wandering hole. During recombination, the energy 

 

Co-valent bond 
Photon 

Fig. 5.1.1  Crystalline structure of semiconductor material 
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gained by the freed electron is released and converted into heat.   The key idea of 
producing usable output current is to sweep the freed electrons out of the material before 
they recombine with the holes. This task of sweeping the free charge carriers is 
accomplished by creating internal electric field in a junction of two different types of 
semiconductors.  
 
In pure silicon, the number of freed electrons is always equal to holes. Adding impurities 
in it can increase the conductivity of pure or intrinsic silicon. The impurity is referred to 
as dopant and the process of adding dopant is called doping. Depending upon the type of 
dopant used, the impure or extrinsic semiconductor is called P type or N type 
semiconductor. By joining these two types of semiconductors, it is possible to create 
internal electric field to sweep freed electrons out of the material and force them to 
produce usable current. 
 

P Type Semiconductor 
 
Boron is a type of semiconductor material having only three valence electrons. If we add   
boron   to intrinsic semiconductor, then each boron atom will bond with three atoms of 
silicon leaving one covalent bond of silicon half complete (fig.5.1.2).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The half complete bond represents a hole. The nearby electron can vibrate and jump into 
this hole leaving a hole in its original position. So there exists in the semiconductor 
structure a wandering absence of an electron. In other words, each doped boron atom will 
create absence of electrons (in other words- the holes) with net positive charge. That is 

Deficit of one 
electron leaves 
"Hole" 

Fig.5.1.2   P-type semiconductor 
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why the extrinsic semiconductor doped with trivalent impurity is called P type or positive 
type semiconductor. The concentration of boron is quite low, usually around one boron 
atom to every 106 silicon atoms. The overall net charge in the semiconductor is neutral. 
But in the small regions, the boron atom has net negative charge because one extra 
electron has fallen in the empty bond. And the silicon atom from where the electron ran 
away remains positively charged because one electron is missed from the bond. 
 

N Type Semiconductor 
 
Now if penta-valent impurity (e.g. phosphorous) is added to intrinsic semiconductor, the 
four outer electrons of dopant make covalent bond with four silicon atoms (fig. 5.1.3).  
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
The fifth electron of dopant atom breaks away easily as there is no bond to hold it. This 
free electron moves around the material carrying negative charge. Since there exists 
localized excess of negative charge, the extrinsic semiconductor is called N type 
semiconductor. 
 
The concentration of phosphorous atoms is again quite low, but typically greater than the 
boron concentration, usually around one impurity atom for every 103 silicon atoms. 
 

The PN Junction or Internal Electric Field 
 
Regions of P type and N type semiconductors are created adjacent to another to form a 
PN junction (fig.5.1.4). Immediately after creation of the adjacent regions, free electrons 
from N type semiconductor cross the junction and permanently fall into the holes of P 
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Silicon 
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Fig. 5.1.3 N-type semiconductor 
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region. As this cross over continues, every boron site that contributed a hole becomes 
permanently negatively charged.  
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
And every phosphorous atom that gave up an electron becomes permanently positively 
charged. Two equivalent but oppositely charged regions grow on the either side of the PN 
interface or junction, creating an electric field. This internal electric field, also called, 
potential barrier, is oriented to push electrons in one direction, towards the N type region. 
Any holes are swept by this field toward the P type region. Any stray charges that enter 
the zone of influence of the electric filed are immediately swept out of that zone, so the 
zone is also called depletion region. 
 

The Solar Cell 
 
The solar cell is nothing but a large area PN interface or junction. It is the internal electric 
field of the PN junction that sweeps electrons out of the cell. When light penetrates into 
the semiconductor material, knocking free electrons and giving them potential energy, the 
freed electrons wander until they are pushed by the electric field across the PN junction. 
They are forced out of the cell, and are available for useful work. 
 
The electrons with higher energy level flow out of the cell through the wire to the load. 
After releasing the excess energy into the load these electrons return back to the cell and 
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Permanent internal electric field and lines of force 

Fig. 5.1.4  PN Junction and internal electric field 
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fall into the holes. So as soon as an electron leaves the cell from one side and enters the 
wire, an electron at the other end of the wire moves into the cell. So the solar cell cannot 
“run down” like a battery, nor can it “run out of electrons”. It produces output (electrical 
energy) in response to the input “fuel” (light energy). A solar cell thus cannot store 
electrical energy; it can only convert light energy into electrical energy.   
 
5.2 Solar Cells 
 
In this section discussion will be made on various aspects of a solar cell: various types 
(generations) of solar PV cell technologies, electrical parameters, effect of temperature 
spectral response etc.  
 

Types of Solar Cells 
 
The solar cell technology has evolved dramatically; from the crystalline structure cells to 
thin film (ribbon) cells to the cells based on Carnot principle. Accordingly, the PV cells 
are classified into generations. The first generation of cell technology is based upon bulk 
crystalline structure of various semiconductor materials. The second-generation solar 
cells are thin film type cells. The third generation cells are based on entirely new 
principle. 
 
�x First Generation Solar Cells 
 

Mono-crystalline silicon (where the atoms align into a large single crystal) remained 
predominant cell production technology for last 40 years. At the time being silicon is 
almost the only material used for solar cell mass production. As the most often used 
semiconductor material it has some important advantages: 

- In nature it can be easily found in large quantities; 
- Silicon oxide forms 1/3 of the earth’s crust; 
- It is not poisonous, and it is environment friendly, its waste does not represent 

any problems;  
- It can be easily melted, handled, and it is fairly easy formed into 

monocrystalline form; 
- Its electrical properties endurance of 1250 C allows the use of silicon 

semiconductor devices even in most harsh environment and applications. 
 

In process of manufacturing silicon based solar cell, wafers of pure silicon are 
produced in first place. Then by doping appropriate impurities, large area PN junction 
is formed. 
 
In techniques, pure silicon is the only widely used chemical element produced so 
pure. The percentage of pure silicon (semiconductor grade silicon) in material is at 
least 99.9999999%. Metallurgical grade silicon (98-99% purity) is produced from 
silicon di-oxide by reduction in specially designed furnace at 18000C. By using more 
complex process the metallurgical grade silicon is further purified. 
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Monocrystalline silicon is produced from pure silicon by utilization of Czochralski 
(Cz) method. In this method the silicon is extracted from melt in induction oven with 
graphite lining at the temperature of 14150C. Silicon crystal of defined orientation 
(called seed) is placed on a rod. In the melt, spinning the rod makes the crystal grow. 
The rod spinning speed comes to 10 to 40 turns per minute, whilst the movement at 
length comes between 1 micrometer and 1 millimeter per second. It allows production 
of monocrystalline rods (called ingots), which measure 30 cm in diameter and several 
meters in length. Individual round wafers of required thickness are sawed from the 
cylindrical ingot by using diamond saw. If the sides of the cylinder are cut first, 
making a long block, then when the wafers are cut they are square. 
 
Monocrystalline silicon based solar cells have excellent efficiency (up to 13% in 
standard test conditions- STC) in converting light energy into electrical energy. The 
limitations of this technology are high production cost associated with wastage of 
precious pure silicon during sawing (almost 40-50% of the material is converted into 
dust) and slow process of growing the ingot. 

 
Another method of creating a block of silicon is to melt purified silicon rocks in a 
rectangular block shaped mold. When the silicon is cooled slowly, it solidifies into 
the block shape. But in the solidifying process, the atoms do not align into large 
single crystal as in the Cz method. Small regions of single crystal structure form next 
to each other, forming a polycrystalline block of different grains. 

 
At the boundaries between the grains, it is possible for defective atomic bonds to 
interfere with the current flow, and typically a slightly lower output is produced 
compared to equivalently processed single crystal cells. As with Cz cells, 
polycrystalline wafers are produced by slicing the large block. The typical efficiency 
of polycrystalline cell is around 10-12%. 
 
The solar cell made of a single type of semiconductor material is called homojunction 
cell. Example is the silicon cell where the junction is formed by doping the silicon 
material with different impurities. The other PV cell materials and designs employ a 
heterojunction structure in which the junction is formed between two different 
semiconductors that have different energy band gaps. The examples of heterojunction 
PV cells are amorphous silicon alloy (a-Si:H), Copper Indium Diselenide (CIS), 
Cadmium Telluride (CdTe), Gallium Arsenide (GaAs) etc. 

 
Independent of the methods of manufacturing the individual wafers, the solar cells 
based on bulk   wafers have the structure as shown in fig. 5.2.1. 
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The typical solar cell consists of a P type wafer of about 250000 nm thicknesses with 
rear end of the surface covered by metallic gridlines for external connections. An 
extremely thin layer (about 300 nm thick) of N type silicon is grown by diffusion 
method on top of the P type wafer to produce the PN junction. Anti-reflective 
conductive coating of around 150 nm thicknesses is applied to the N layer. Finally, 
metallic grid connection is applied for external connections. In this way an individual 
cell is manufactured. 

 
�x Second Generation Solar Cells  
 

The slicing process in the previous two methods is wasteful. This is because the 
wafers are around 250000 nm thick, and the saw blade is about this thickness as well. 

 
One method of producing wafers avoids most of this waste by growing a thin ribbon  
from the melted silicon. The ribbon is either pulled sideways off the top of the melt, 
or pulled up through a die. Very fast growth rates are possible, but the speed results in 
polycrystalline structures. However, if pulling is done very carefully and slowly, near 
single crystal structure is possible. As the ribbon thickness is same as that of wafer 
thickness, no sawing is necessary. The ribbon sheet is simply scribed and broken to 
produce rectangular wafers of required size. 

 
However the surface of the wafer is not typically flat, and often bulges or waviness in 
the surface makes further manufacturing steps and interconnection difficult. The 
efficiencies of the ribbon silicon cells are similar to polycrystalline silicon cells. As 
with bulk cells, the materials used in thin-film cells could be amorphous silicon, CIS, 
CdTe, Cu2S, GaAs etc. 
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Fig. 5.2.1 Structure of traditional (Bulk) Solar Cell 
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�x Third Generation Solar Cells     
 

The third generation PV technology is a new concept based on different conversion 
principles that allow the solar energy conversion value to be more closely approached 
Carnot value. 

 
Since the early days of terrestrial PV, a common perception has been that "first 
generation" silicon wafer based solar cells would be replaced by a "second 
generation" of lower cost thin film technology, probably also involving a different 
semiconductor. Historically, Cds, a-Si, CIS, CDTe and now thin film Si have been 
regarded as key thin-film candidates. Since any mature solar cell technology must 
evolve to the stage where costs are dominated by those of the constituent materials, be 
it silicon wafers or glass sheet, it is argued that PV must evolve, in its most mature 
form, to a "third generation" of high efficiency thin-film technology with energy 
conversion values double or triple the 15-20% range presently targeted from the first 
and second generation technology. 

 
Unavoidable entropy production associated with light absorption that limits solar 
energy conversion efficiency to 86.8%. To reach this efficiency, converters must be 
perfectly absorbing but re-emit light with a specific spectral content. The chemical 
potential associated with spontaneous emission for each photon energy must have a 
particular value and be constant throughout the absorption volume. 

 
Several advanced conversion approaches are theoretically proved to be capable, in 
principle, of meeting these requirements (tandem, hot carrier, multiple band cells). 
Others are bound by a slight low energy conversion efficiency of 85.4% 
(thermophotovoltaics). A third group (multiple electron-hole pairs) has intermediate 
bounds (85.9%), while the impurity photovoltaic effect has the efficiency bound 
77.2%. All are appreciably higher than the bound for conventional cells (40.7%). 

 
Tandem cells are now in commercial production with triple junction cells based on 
GaInP/GaAs/Ge have been developed for use on spacecraft with terrestrial 
efficiencies approaching 30%. Quadruple junction devices with efficiencies 
approaching 40% are presently under development in various parts of the world.  
Besides other methods are still under the research and development for commercial 
production. 

 
The cost of the module based on the "third generation" PV is initially higher than 
conventional one at present, but due to the overall higher efficiency the operation 
(electricity generation) cost will be drastically reduced. The latest development in this 
sectors shows that there is a great prospect for the cheaper production of "third 
generation" PV cells within next decade. 
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Spectral Response 
 
It is well known fact that white light is the combination of light sources of various colors 
of different intensities. Therefore different sources of light may appear equal in 
brightness to an observer (human being) but will contain different amounts and intensities 
of colors. For example, fluorescent light is typically stronger in blue tint than 
incandescent lights. Also throughout a day, there is difference in the spectral content of 
morning, noon, and evening sunlight, as can be seen by looking at the sky. 
 
Light (here we refer to visible light only) is just a narrow range of all electromagnetic 
radiation that is emitted by the sun. Radiation is a moving electric-magnetic field, and the 
field vibrates regularly at a very rapid pace. The speed at which the field propagates is 
equal to the speed of light i.e. 3 x108 meters per second.  The distance the 
electromagnetic wave travels during one complete cycle of vibration is called the 
wavelength of radiation. The visible light (fig.5.2.2) is radiation between approximately 
400 nanometers (violet color) and 800 nanometers (red color). 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 

 
 
The spectral response is a measurement of the “response” (measured by generated 
current) when a solar cell is exposed to a spectrum or range of light. A 100% response 
would mean for 100 photons of a certain wavelength that are absorbed, 100 electrons 
would be freed and swept out for use. 
 
Light of the same color or wavelength will produce different amounts of current in 
different semiconductor devices. The spectral response of a typical Cz silicon cell begins 
about 350 nm, peaks around 800 nm and falls off rapidly beyond 1100 nm. The response 
range spans the entire visible spectrum and reaches into near infra-red. The fig. 5.2.3 
provides general picture of spectral responses of various semiconductor materials used to 
manufacture the solar cell. 

 Fig. 5.2.2 Light Spectra from Common Sources 
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Because a cell’s response to light depends on the wavelength of that light, just knowing 
the total energy of the light is not enough information to predict cell output. Also, two 
light sources can appear to be similar in brightness to the human eye, but one may emit a 
great deal of extra radiation beyond the visible range where our eye will not notice but to 
which the solar cell will respond significantly. A standard “typical outdoor spectrum” has 
been defined as the spectrum from the sun that filters through 1.5 AM (Air Mass). 
 

Electrical Parameters of a Solar Cell 
 
The graphical representation of the relation between the current and voltage produced by 
a solar cell is the standard form of representing the output of the cell. This graphical 
representation is called current-voltage curve (I-V curve). The   I-V curve (fig.5.2.3) 
represents the snap-shot of all the potential combinations of current and voltage possible 
from a cell under specified environmental conditions like irradiance, air mass and 
surrounding temperature.  

Fig. 5.2.3 Spectral Response of Solar Materials 
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The key terminologies used in the above curve are: 
 

Short Circuit Current (Isc)  – It is the maximum current (in A or mA) produced 
by the cell under given conditions of irradiance and surrounding temperature. Isc 
is the current when the load is short-circuited, i.e. the output voltage is zero. The 
output power at this point is essentially zero. 

 
Open Circuit Voltage (Voc) – It is the maximum voltage generated by the cell 
under given conditions of light and temperature. Voc is the voltage when the load 
is open-circuited, i.e. the output current is zero. The output power at this point is 
again essentially zero. 

 
Maximum Power (Pmax) – It is the maximum power that can be delivered from 
the cell under specific environmental conditions. The point at I-V curve at which 
the maximum power is attainable is called Maximum Power Point (MPP). 

 

Current at Maximum Power (Imp)  – It is the current that results in maximum 
power. Imp is also called the “Rated” current of the cell. 
 
Voltage at Maximum Power (Vmp) – The voltage that results in maximum 
power output is called Voltage at maximum power. Vmp is also called “Rated” 
voltage of the cell. 
 
Fill Factor (FF)  – The fill factor is a figure of merit that indicates the 
“squareness” of the I-V curve. It is the ratio of the actual maximum power Pmax 
to the unattainable but ideal power that would result from operating at Isc and 
Voc.  
 

I, (P) 

V 

PmaxI-V curve 
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Fig. 5.2.3 I-V curve of a solar cell 
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Total Area Efficiency – It is the ratio of electrical power output (typically the 
Pmax) to the total light power incident on the entire cell area including frames (if 
applicable), interconnects and pattern lines on the surface. 

 
The above parameters are equally applicable to the modules and arrays. 
 
Mathematically, some of the above parameters can be expressed as: 
 
 mpmp VIP �u� max  (5.2.1) 
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The voltage at maximum power point (MPP) of a single solar cell is approximately 0.5 
volt under full sunlight. This voltage varies with the exact semiconductor materials used 
and is slightly affected by the temperature. The most important fact is that this voltage 
does not depend upon the area (or size) of the cell. 
 
On the other hand, the current produced by a cell is the function of cell area, intensity of 
light, the semiconductor material used and the surrounding temperature. The larger the 
surface area, the more light will enter the cell and more current will be released. The 
typical value of Imp for a Cz monocrystalline cell is about 30 mA per square centimeter 
and for a Amorphous cell it is about 9 mA/cm.sq. 

Example 5.2.1 
 
Suppose a certain model of the solar PV module has the following parameters: 
 Peak Power (Wp)-   35 Watts 
 Open Circuit Voltage (Voc)-  20.8 V 
 Maximum Power Voltage (Vmp)- 16.4 V 
 Short Circuit Current (Isc)-  2.3 A 
 Maximum Power Current (Imp)- 2.14A 
 
The maximum or peak power according to formula 4.2.1 is: 
 Pmax =  Vmp x Imp = 16.4 x 2.14 = 34.99 W 
 
This value is equal to the Peak Power value (35 Wp) indicated by the 
manufacturer of the module. 
 
Theoretically achievable maximum power is : 
 Pideal = Voc x Isc = 20.8 x 2.3 = 47.84 W 
 
The Fill-factor of the module is therefore (formula 4.2.2): 
 FF = 34.99/47.84 = 0.73 
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Solar Cell Models 
 
The simplest solar cell model (fig. 5.2.4) consists of diode and current source connected 
in parallel.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The magnitude of the current source is directly proportional to the solar radiation. Diode 
represents PN junction of a solar cell. Equation of an ideal solar cell, which represents the 
ideal solar cell model, is: 
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Where is: 

phI – photocurrent (A),   

sI  – reverse saturation current (A) (approximately in the range of 10-8/m2 ), v- diode 
voltage in volt,   

tV  – thermal voltage in volt (25.7 mV at 250C),  
m  – diode factor.  

 
The thermal voltage tV for given temperature can be calculated with the following 
equation: 
 

 
e

kT
Vt �  (5.2.4) 

 
Where is: 

k-  Boltzmann constant = 1.38 x 10-23 J/K,  
T-  temperature (K),  
e -  charge of electron = 1.6 x 10-19 Columbs. 
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Fig. 5.2.4 Ideal Solar Cell Model 
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The real solar cell model (fig 5.2.5) consists of serial resistance (Rs), parallel resistance 
(Rp) to reflect the voltage drops and parasitic currents and the load resistance (Rl) to 
determine the operating point in the I-V curve.  
 
 
 
 
 
 
 
 
 
 
   
 
 
 

Effect of Environment on Output of the Cell 
 
The I-V curve of a solar cell is really just a “snap-shot” view of the potential out put 
under static environmental condition (solar radiation and temperature). If these 
parameters are changed, the output (voltage and current) of the device will change. 
 
As the intensity of light changes, so does the number electrons released. So the direct 
result of a change in light intensity is a change in the output current in all voltage levels. 
 
The short circuit current Isc of a cell is directly proportional to the light intensity. The 
standard value of Isc is provided by manufacturer at the intensity of light of one sun or 
peak insolation that equals to 1000 W/sq.m (100 mW/sq.cm). If the value of Isc is known 
for Standard Test Condition –STC (light intensity = 1000 W/sq.m; cell temperature = 
250C and Air mass = 1.5), then the magnitude of Isc at other light intensity can be 
calculated using the following relationship of direct proportionality: 
 
     Isc (at given light intensity) = Isc (at STC) x (given light intensity/ 1000 w/sq.m)
 (5.2.5) 
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Fig. 5.2.5 Real Solar Cell Model 
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 Example 5.2.2 
  
If the magnitude of Isc for certain cell at 1000 W/sq.m is 2 A, then at the 
light intensity of 800 W/sq.m would be: 
 
Isc (800 W/sq.m) = 2 x 800/1000 =1.6 A 
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The open circuit cell voltage (Voc), on the other hand, varies more slowly in a 
logarithmic relationship with light intensity. 
 
When the cell temperature rises (due to rise in ambient temperature), the main effect is to 
reduce the voltage available at most currents. There is slight rise in current at very low 
voltage. The change in voltage is directly proportional to the rise in temperature. The 
proportionality coefficient is called temperature coefficient and measured in terms of +/- 
V per 0 C or +/- mA per cm.sq. per 0C. Sometimes the proportionality coefficient is 
expressed in terms of percent change per degree change in temperature. The typical 
values of temperature coefficients for Voc   and Isc for various cells are given in table 
5.2.1. 
 
Table 5.2.1  Temperature Coefficient of various cell types 
 
Cell type Voc Isc Remarks 
Cz 
(monocrystal) 

-0.0023 V/deg.C or 
-0.37% /deg.C 
 

+0.004 mA/cm2/deg.C 
or 
+0.01 mA/cm2/deg.C 

Applicable to Voc 
and Isc only, but can 
be applied to give 
approximate values 
for Vmp and Imp as 
well 

Amorphous 
Silicon 

-0.0028 V/deg.C or 
-0.32% /deg.C 
 

+0.013 mA/cm2/deg.C 
or 
+0.10mA/cm2/deg.C 

Applicable to Voc 
and Isc only, but can 
be applied to give 
approximate values 
for Vmp and Imp as 
well 

  
The fall in voltage and slight rise in current at very low voltage results in overall 
reduction in maximum power by 0.5% per deg.C in Cz cells and 0.3% per deg. C in 
amorphous cells. 
 
5.3 Solar Modules 
 
A single Cz solar cell of size 4 sq. inch (�# 105 sq.cm) will produce around 3.05 A of Imp 
and 3.36 A of Isc at STC. Assuming Vmp to be 0.5 V, the maximum power generated by 
the cell would not exceed 1.52 Wp (Watt peak). This is too low power for any practical 
applications. In fact, increasing the size of the cell can increase the power, but there are 
practical limitations of cell size. Therefore, numbers of cells are connected in series and 
parallel to increase the current, operating voltage as well as the output power. 

    
When two cells are connected in series the voltage doubles (or the total output voltage is 
the product of voltage produced by individual cell and the numbers of cells connected in 
series). But the current through the series connected cells will be equal to the current 
produced by a single cell. 
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The I-V curve with series connected cells will now have the voltage axis shifted 36 times. 
 
Now if we connect number of cells in parallel, the total output voltage will not change but 
the total current will be equal to the product of current produced by one cell and number 
of cells connected in parallel.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The I-V curve with parallel-connected cells will now have the current axis shifted 36 
times. 
 
From above two examples it can be concluded that the power will be multiplied by 
number of cells no matter how these cells are connected (in series or in parallel).  
 
A solar module is nothing but number of cells connected either in series (in most of the 
cases it is the series connection that makes a module) or in parallel and encapsulated in a 
single frame. In other words, a solar module is a collection of cells connected in series 
and sometimes in parallel to produce a basic building block with enough voltage to do 
useful work. In most common load for a solar PV application is a 12V storage battery. To 
charge a 12 V battery fully, the charging voltage needs to be not less than 14-15 V. So 
most modules are made of enough cells in series to produce at least 14.5 V at MPP, to be 
able to efficiently charge the batteries. To achieve this voltage, 30-36 Cz cells or 24-28 

 Example 5.3.1 

If 36 cells with Vmp = 0.5 V and Imp = 3 A are connected in series then: 

 
The Vmp for 36 series connected cells = 0.5 V x 36 = 18 V, and 
Imp 36 series connected cells = current produced by the single cell = 3A 
 
The total power (at MPP) in this case would be :  
 Pm = Vmp x Imp = 18 x 3 = 54 Wp. 

 Example 5.3.2 
 
If 36 cells with Vmp and Imp as in previous example are connected in parallel, then: 
 
Vmp for 36 parallel connected cells = Vmp of single cell = 0.5 V, and 
 
Imp for 36 parallel connected cells = Imp (of a single cell) x 36 = 3 x 36 = 108 A. 
 
The total maximum power in this case will be again 

 Pm = 0.5 V x 108 A = 54 Wp. 
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thin film silicon cells are connected in series. The I-V curve for a single cell is added 
along the voltage axes 36 times.  
  
If the main application for the modules were not 12 V battery charging, then some other 
number of cells might be more appropriate. Therefore the ultimate application voltage 
determines the number of cells needed in series. The most common market for large 
power photovoltaic modules is still 12 V battery charging, so that is why most 
manufacturers produce modules with around 30 to 36  Cz cells in series. 
 
The parameters of a module are same as that of a cell- the open circuit voltage (Voc) 
which now depends upon the number of cells connected in series, the short circuit current 
(Isc) which is equal to the short circuit current of a single cell, Vmp, Imp and Pmax at 
MPP.  A typical I-V curve of a solar module is shown in figure 5.3.1 below. 

 
 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
The process of manufacturing a module is as follows. The individual cells are first 
connected in series in back to front fashion by using thin tin plated copper ribbons. The 
interconnected cells are carefully placed over a rear support plate ensuring optimal 
packing density.  Encapsulation is the next step of module manufacturing. Encapsulation 
is required to protect the cells from the environment and to support them in module. The 
two most common encapsulants are transparent silicon rubber and ethylene vinyl acetate 
(EVA) plastic. Usually a top cover of plastic or tempered glass is added to offer better 
protection against the elements.  Glass covers are more scratch-resistant and remain 
transparent longer, but they do not flex as much as plastic covers. Finally aluminum 
frame is attached to the encapsulated module to offer support for installations. 
 
Bringing the electrical wires out of the module requires careful design. The electrical 
connectors are a pair of contacts that protrude from the back of the module and are 
sometimes encased in a small junction box (JB). The external wires can be screwed to the 

 

Fig. 5.3.1 Typical IV curve of a module 
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terminals of the junction box that are marked as positive and negative terminals.  Some 
low power modules do not incorporate JB in their design; instead two different colored 
wires of fixed lengths are extended directly from the back of the module. The point from 
where the wires protrude is hermetically sealed. The modules are finally tested in the 
laboratory under simulated STC. 
 

Blocking Diode 
 
The blocking diode is a low forward voltage drop semiconductor device that blocks the 
flow of current in reverse direction. During the day when there is sufficient sunlight, the 
solar module acts as a generator of electricity. It means during the day the current flow 
from the module to the storage battery. But during nights the module IV curve is shifted 
downwards to zero current level (fig. 5.3.2).  
 
 
 

 

 

 

 

 

 

 

At this moment the battery voltage will see the module as a drain (i.e. the module will be 
seen as a load) and current will start flowing from the battery to the module, thus losing 
precious energy gained during the daytime. The amount of reverse leakage current will 
depend upon the battery voltage and the shape of IV curve. Poorer the IV curve (i.e. the 
current drops rapidly at lesser voltage level and this is the case of fewer cells connected 
in series), higher will be the reverse leakage current. The magnitude of this current for a 
36 cell Cz module is around 50 mA at the voltage level of fully charged 12 V storage 
battery.   Though the leaking current will not harm the module but if precautions are not 
taken, the current stored in the battery will leak to the module and converted into heat 
during dark hours.. Therefore to reduce the leaking current a diode is connected in the 
path between the module and the battery in such a way that during the day it is forward 

Reverse leakage 
currents 

I

V 

More cells in series 

Fewer cells in series 

Battery voltage 

Curves at no light 

Fig. 5.3.2 Reverse Leakage Current through the module 
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biased from module point of view and during the night it remains reverse biased from 
battery point of view. The figure 5.3.3 illustrates the function of a blocking diode. 

 
 
 
 
 
 
 
                                                                                                                                                                              
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
With the blocking diode, the leakage current is limited to the reverse saturation current of 
the diode (normally in the range of micro Amperes). The penalty   for using the blocking 
diode is the forward voltage drop in it during the daytime charging of the battery. This 
drop is about 0.7 V for silicon diodes and 0.3 V for low forward drop Schottky diodes or 
germanium diodes. Even if the module does not incorporate a blocking diode, it has to be 
inserted during the wiring of the system. In most cases a charge regulator has the 
blocking diode in it. If the load of a PV module is not a storage battery, then blocking 
diode can be omitted. 
 

By-pass Diode 
 

Another critical component of a module is the by-pass diode. When part of a PV module 
is shaded, the shaded cell will not be able to produce as much current as the unshaded 

Sun 
Battery 

Solar Module Current flow to the battery Solar Module
Current from the battery 

Fig. 5.3.3 a Module connected to the battery without blocking diode 

Battery

Solar Module Current flow to the battery 

Sun

Solar Module

Only negligible Current 
flow from the battery 

Fig. 5.3.3 b Module connected to the battery with blocking diode 

Diode 
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cells. Since all the cells are connected in series, the same amount of current must flow 
through every cell. The unshaded cells will force the shaded ones to pass more current 
than their new Isc (with lower light intensity).  The only way the shaded cells can operate 
at a current higher than their Isc is to operate in a region of negative voltage: that is to 
cause a net voltage loss to the system. The current times this negative voltage gives the 
negative power produced by the shaded cells. In other words, the shaded cells will 
dissipate power as heat and cause “hot spots”. And the shaded cells will drag down the 
overall IV curve of the group of cells or module. Figure 5.3.4 below explains the effect of 
shaded cells on over all IV curve of the module. 
 

 
 
 
 
 
 
  
 
 
 
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
As seen from the first graph, even with only one cell 50% shaded, there is a significant 
drop in current in the voltage range of battery charging. One cell completely shaded is 
even worse. But note that the module is not completely “turned off” by one completely 
shaded cell. For a module with three cells shaded the impact is of course worse still. But 
it is worthwhile to notice that the effect of 25% shading on the three cells is not as bad as 
75% shading on one cell, the same total area of shading. Having the shading spread over 

Fig. 5.3.4 Effect on IV curves from the cells shaded in different level 
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many cells is not as sever as having all the shading located in one or a few cells. This is 
why special precautions are to be taken while selecting the location for installing the 
module.  Moreover, frequent cleaning of the module is required to avoid shading of the 
cells by bird shit. 
 
Figure 5.3.5 below best illustrates the loss in power and heating effect due to the shading 
of cells.  
 
 
 
 
 
 
 
 
  
 
 
 
 
 
  

 
 
 
 
 
As it can be seen from the above figure at normal battery charging voltage of around 14 
V, the shaded module output current is about 1.2 A as against nominal operating current 
of 2.6 A of unshaded module. Without shading the module would have produced 2.6 x 14 
= 36.4 W. With one cell 75% shaded, the output power is just 1.2 x 14 = 16.8 W. The 
shaded cell ( as well as other cells in the module) must pass 1.2 A of current, but in order 
to do this it must operate in its reverse voltage range at a net voltage drop of about –7 
Volts. 

 
This means it is dissipating power in the form of heat at the rate of  - 7 x 1.2 = - 8.4 W. If 
a standard single cell was producing 2 W of power in normal condition, the shaded cell is 
absorbing and wasting more than 3 times its nominal output. The reduction in module 
output current with shaded cell will result in less energy delivered to the battery and 
perhaps eventually result in system failure due to inadequate battery charging. The effect 
of shading will be more sever, if the operating voltage is lower (cell will be forced to 
operate in higher negative voltage). 

 
It would have been better if the shaded cells were taken out temporarily to limit the 
amount of local heating and to prevent damage to the plastic and stress to the cells. This 
can be done by installing diodes in parallel with group of cells in the module. These 
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Fig. 5.3.5 Effect of Partial Shading of Cells 
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diodes are called by-pass diodes. As seen from the fig. 5.3.5 above, for the currents 
greater than the new Imp' of shaded cell, the cell is in reverse polarity (i.e it is consuming 
power). For the current less or equal to Imp', the shaded cell, along with other unshaded 
cell are in normal polarity (generating power). Now if   a diode is connected parallel to 
the cell, then an effect of by-passing the difference current (difference between normal 
Imp and the shaded cell Imp') by the diode to other unshaded cells can be observed (Fig. 
5.3.6). The Imp' is passed by the shaded cell itself to other cells. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The by-pass diode for the current above Imp' becomes forward biased (as the polarity of 
the cell reverses for the current above Imp'). In this case the diode will pass the difference 
current to other cells, thus reducing the heating effect to the shaded cell and increasing 
the module power even with shaded cell in series with other cells. In normal condition 
(unshaded cell) the cell is in its normal polarity and therefore the diode is reverse biased. 
All the cell current passes through the cell it self. The price paid for adding a by-pass 
diode is the forward voltage drop of about 0.7 V in it. 

 
It is impractical to add a diode to each cell. Instead the cells in the module are divided 
into three strings of equal cells and by-pass diodes (two numbers) are inserted between 
each string. Example of insertion of by-pass diodes in a module with 36 cells is shown in 
Figure 5.3.7. 
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Fig. 5.3.6  Operation of the By-pass Diode 
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In above figure each string of cells is considered as a single cell, making an equivalent of 
three cells connected in series. The by-pass diodes will operate in the manner explained 
previously. Most of the large modules incorporate field replaceable by-pass in the 
junction box. The smaller modules without junction box may not contain the by-pass 
diodes at all. 
 
 
5.4 Solar Array 
 
Solar array is a group of similar modules connected in series and parallel to increase the 
power delivered by the PV system. As in case of series and parallel connection of cells, 
series connection of modules increases the final array voltage. In this case the current 
supplied by the array is equal to the current produced by a single module. Parallel 
connection of modules increases the output current keeping the voltage level at par with 
the voltage produced by the single module. In both cases the total power of the array will 
be equal to the product of power of single module times the number of modules used in 
connection. The array configuration (i.e. the number of modules connected in series or 
parallel) is dictated by the required system voltage. The peak reverse voltage that a 
module can withstand also governs the number of series connected modules in an array. 
 

The parameters of an array are same as that of a single cell or single module. The only 
difference is in their magnitudes. 
 

The input to configuring an array is the final required system voltage. For example if the 
load is a 24 V DC pumps, only two modules are to be connected in series to produce 24 
V nominal outputs. Strings of two modules connected in series further can be connected 
in parallel to obtained required power levels. The figure 5.4.1 below is the suggestive 
array configuration for a 24 V DC system. 
 
 
 
 
    

+

 

Cells 

Fig. 5.3.7 By-pass diodes in Module 
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If the system requirement is 48 V batteries bank charging then four modules are to be 
connected in series. Number of these strings can further be connected in parallel to 
increase the total power. Suppose 16 modules of 40 Wp capacities are to be configured in 
an array to charge the bank of 48 V batteries. The array configuration can be performed 
in two distinct ways. In first method (parallel-series) four modules can be connected in 
parallel to produce a string, and four of these strings connected in series to produce 48 V 
nominal output (fig. 5.4.2a). In second method (series-parallel) four modules are first 
connected in series to make a string and finally four of these strings are further connected 
in parallel to obtain required power level. 
 

In both cases the system voltage will be 48V and will deliver the same power to the 
battery bank. 

 
The first method (figure in the left) has the draw back. If one string is   removed for any 
reason (e.g. replacement of module), then the array is required to reconfigure or there will 
be no power available for the load. In second method (right figure), any string can be just 
removed and the array will still be supplying the reduced power at the same voltage level. 
Therefore the second method is considered more preferred method of array configuration. 
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+ 
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+ 

Nominal 24 
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Fig. 5.4.1 Example of an array configured for 24 V DC applications 
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Isolation Diode 
 
If one string becomes severely shaded, or if there is short circuit in one of the modules, 
the diode connected in series with each string (see fig. 5.4.2 b) prevents the other strings 
from loosing current backwards down the shaded or damaged string. By use of these 
diodes the shaded or damaged string is "isolated" from the others, and more current is 
sent to the load. These diodes perform the same function as the blocking diodes, but 
because they isolate the damaged or shaded string, they are also called isolation diodes. 
Note that in case or parallel-series connection of modules only one diode at the one end 
of the output is used as blocking diode (fig. 5.4.2 a). 
 

Large size arrays are also in use in Nepal. The largest   is the array installed in Bode, 
Bhaktapur for water pumping purpose. It has the total installed power of 40,000 Wp.  
 
The Zero Energy House (ZEH) at the Center for Energy Studies, Institute of Engineering, 
uses a 6.5 kWp array to power its facilities. 
 
 
 
 
 
 
 

a b 

Fig. 5.4.2 Methods of configuring an array (a) parallel-series (b) series-parallel 
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A 40 kWp array at Bode, Bhaktapur 

 

Array used for water pumping at Ghorahi, Dang 

 

Array used at Zero Energy House, Institute of Engineering 
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Review Questions 
 
1. The electrical conductivity of semiconductor is 
 

a. very high 
b. same as that of copper 
c. very low 
d. same as that of glass 

 
2. An atom with a 'hole' is 
 

a. neutral 
b. positively charged 
c. negatively charged 
d. not charged 

 
3. When the intrinsic semiconductor is doped with tri-valent material, the resulting 

extrinsic semiconductor is called 
 

a. PN junction 
b. intrinsic semiconductor 
c. N type semiconductor 
d. P type semiconductor 

 
4. Purity of semiconductor grade silicon is about 
 

a. 98% 
b. 99.9999% 
c. 99.9999999% 
d. 100% 

 
5. The current at maximum power point of a solar cell is 
 

a. less than 1 A 
b. less than short circuit current 
c. greater than short circuit current 
d. equal to short circuit current 

 
6. The maximum power that can be delivered from the module is the product of 
 

a. short circuit current and short circuit voltage 
b. open circuit voltage and open circuit current 
c. current at maximum power and open circuit voltage 
d. current and voltage at maximum power point 
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7. The open circuit voltage of a solar module 
 

a. decreases with rise in cell temperature 
b. increases with rise in cell temperature 
c. does not vary with temperature 
d. increases logarithmically with rise in temperature 

 

8. There are at least…….. by-pass diodes in a module 
 

a. 36 
b. 18 
c. 9  
d. 2 

 
9. 24 cells with Vmp =0.6 V and Imp = 1.2 A each are connected in series to form a 

module. Calculate the Vmp and Imp of the module. 
 

10. The short circuit current of a module at light intensity of 100 mW/sq.m is 4.6 A. 
Calculate the short circuit current of the module when the light intensity is 600 
W/sq.m. 
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CHAPTER 6 
 

Components of a Solar Photovoltaic System 
 
 
Duration:  330 minutes 
   
Physical Facilities required: Class room with white board and multi-media projection 
facility. 
 
Materials required:  

a) Reference materials 
b) Samples of various types and catalogues of batteries, charge regulators, lamps, 

DC-DC converters and DC-AC inverters, wire-size tables, PV standards and a 
calculator. 

 
Procedures: The instructor/s  

a) exposes to the operating principles, constructions and parameters of the 
components of solar PV system like battery, charge controllers, lamps and other 
loads, DC-DC converters and DC-AC inverters, wiring. 

b) provides an overview of the installation practices 
 

 
Instructor: The Trainer 
 
Reference:  

1. Solar Photovoltaic System Design Manual for Solar Design Engineers, 
AEPC/ESAP 

 
Lesson Plan 
 
Sub-
chapter 

Lesson details Teaching 
Methodology 

Facilities 
required 

Duration Remarks 

6.1 Batteries Lecture and 
demonstration 

Class room 90 mins.  

6.2 Charge Controllers Lecture and 
demonstration 

Class room  90 mins  

6.3 Lamps and other 
loads 

Lecture   and 
demonstration 

Class room  45 mins  

6.4 DC-AC inverters Lecture and 
demonstration 

Class room 45 mins  

6.5 DC-DC converters Lecture and 
demonstration 

Class room 30 mins  

6.6 Wiring and 
installation practices 

Lecture and 
demonstration 

Class room 30 mins  
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6.1 Batteries in Solar PV Systems 
 
Electrical storage batteries are usually used in PV systems, as the demand for energy does 
not always coincide with its production. The primary functions of a storage battery in a 
PV system are as follows:- 
 
(a) Energy Storage Capacity and Autonomy: to store electrical energy whenever the 

PV modules produce it and supply energy to electrical loads as needed. 
(b) Voltage and Current Stabilization:  to supply power to electrical loads at stable 

voltages and currents by suppressing or “smoothing out” transients that may occur in 
the PV system. 

(c) Supply Surge Current; to supply surge or high peak operating currents to electrical 
loads or appliances. 

 
Battery Types and Classifications 
 
Generally electrical storage batteries could be categorized into two main groups-Primary 
and secondary batteries. 
 
Primary batteries can store and deliver electrical energy; but they cannot be recharged. 
Example of primary battery is dry cell used in radio, torchlight, watches etc. 
 
Secondary batteries can store/deliver electrical energy as well as can also be recharged by 
passing a DC current through it in an opposite direction to the direction of discharge 
current. General examples of such batteries are common lead acid batteries used in 
automobiles and PV systems. 
 
Battery Design and Construction 
 
Battery manufacturing is an intensive heavy industrial process involving the use of 
hazardous and toxic materials. Some common components of the lead acid batteries are 
as follows (fig. 6.1.1): 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.6.1.1 Construction of Battery
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�x Cell 

The cell is the basic electrochemical unit in a battery consisting of a set of positive 
and negative plates divided by separators; which are immersed in an electrolyte 
solution enclosed in a case. In a typical lead-acid battery each cell has a nominal 
voltage of about 2.1 Volts. Therefore a 12-volt battery consists of 6 cells in series 
connection. 

 
�x Active Material      

In lead-acid batteries the active materials are lead dioxide (PbO2) in the positive 
plates and metallic sponge lead (Pb) in the negative plates. The amount of active 
material in a battery is generally proportional to the capacity that a battery can 
deliver. 

 
�x Electrolyte      

An electrolyte is a conducting medium, which allows the flow of current through 
ionic transfer between plates in a battery. In a lead acid battery the electrolyte is a 
diluted sulfuric acid solution, either in a liquid (flooded) form, gelled or absorbed in 
glass mats. In flooded nickel-cadmium batteries the electrolyte is an alkaline solution 
of potassium hydroxide and water. 

 
�x Grid     

In a lead –acid battery the grid is typically a lead alloy framework that supports the 
active material on a battery plate; and which also conducts current. Antimony and 
calcium are also used as alloying agents to strengthen the lead grids, which impart 
characteristic effects on battery performances such as cycle performance and gassing. 
Some grids are made of long spines of lead with the active material plated around 
them forming tubes; which are called as tubular plates. 

 
�x Plate      

A plate, sometimes called as an electrode consists of grid and active material. A 
pasted plate is made by coating a mixture of lead oxide, sulfuric acid, fibers and water 
on the grid. The thickness of the grid and plate very much affect the deep cycle 
performance of a battery. Thin plates are generally used in automotive batteries, 
whereas thick plates are used in deep cycle batteries. 

 
�x Separator     

A separator is a porous insulating divider between the positive and negative plates in 
a battery, which prevents the plates from coming into electric contact and short-
circuiting; but allows the flow of electrolyte and ions between the positive and 
negative plates. Separators are generally made of micro-porous rubber, plastic or 
glass-wool mats. 

 
�x Element     

An element is a stack of positive and negative plate groups and separators assembled 
together with plate straps interconnecting the positive and negative plates.                                                 
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�x Terminal Posts    

Terminal posts are the external positive and negative electrical connections to a 
battery. A battery is connected in a PV system   and to the electrical loads at the 
terminal posts. In lead-acid batteries the terminal posts are generally made of lead or 
lead alloy. 

 
�x Cell Vent       

Cell vents allow the escape of gases produced inside the battery during charging 
process or permit addition of water if required. Each cell of a complete battery has 
some type of cell vent. 

 
�x Case      

The plates, separators and electrolyte in a battery are contained in a typically enclosed 
case, generally made of plastic or hard rubber. Clear battery cases or containers allow 
easy monitoring of electrolyte levels and battery plate conditions. 

 
 
Lead-Acid Battery Chemistry 
 
During discharge cycle the battery is connected to an electrical load and current flows 
from the battery to the load. In this process the active materials are converted into lead 
sulfate (PbSO4) as given by the following chemical equation: 
 
Positive Plate  Electrolyte   Negative Plate   Positive Plate Electrolyte Negative Plate 
 
PbO2              +  2H2SO4   +     Pb              �Æ      PbSO4       +    H2O      +  PbSO4  
 
During battery charging the direction of chemical reaction is reversed as follows: 
 
Positive Plate  Electrolyte  Negative Plate   Positive Plate  Electrolyte  Negative Plate 

 
PbSO4           +    2H2O     +   PbSO4         �Æ  PbO2            +    2H2SO4  +     Pb 
 
As the battery is discharged the active materials PbO2 and Pb in the positive and negative 
plates respectively, combine with the sulfuric acid solution to form PbSO4 and water. The 
dilution of the electrolyte has important consequences in terms of specific gravity and 
freezing point of the electrolyte. 
 
�x Formation 

Formation is the initial process of battery charging during manufacture, when lead 
oxide (PbO) on the positive plate grids are changed to lead dioxide (PbO2) and lead 
on the negative plates into metallic sponge lead (Pb). The need for additional cycles 
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in the field to achieve the rated capacity of the battery depends upon the extent to 
which the battery has been formed during manufacturing 

 
�x Specific Gravity       

Specific gravity is defined as the ratio of the density of a solution to the density of 
water. Specific gravity is typically measured by a hydrometer. By definition water has 
a specific gravity of one. In a fully charged lead-acid battery the electrolyte consists 
of about 36% sulfuric acid by weight or 25% by volume; and the rest is pure water. 
Specific gravity of the electrolyte is related to the battery state of charge, which 
depends upon the design electrolyte concentration and temperature.                          

 
According to the manufacturers of “VOLTA” brand deep cycle lead-acid batteries the 
specific gravity of electrolyte of such batteries should be in the range of 1.240 to 1,250 at 
25�qC. The state of charge and specific gravity of such batteries are tentatively as follows 
(Table 6.1.1): 
 

Table 6.1.1 Specific gravity of cell and status of charge for Lead-acid battery 
 

S.No.  Specific Gravity of Cell Status of Charge 
   1.     1.250                                             Fully charged. 
   2.     1.190                                             50% Charged 
   3.     1.100                                             Fully discharged 

 
Specific gravity very much depends upon the temperature of the electrolyte. For every 
rise of 10�qC above 25�qC an amount of 0.007 should be added to the specific gravity 
reading at 25�qC as temperature correction factor. Similarly for every fall of 10�qC below 
25�qC a temperature correction factor of 0.007 should be deducted from the standard 
specific gravity reading at 25�qC. The following table 6.1.2 explains this phenomenon. 
 

Table 6.1.2  Variation of specific gravity with temperature 
 

S.No. Temperature Specific Gravity Reading 
1 15�qC 1.243 
2 25�qC 1.250 
3 35�qC 1.257 

 
 
An electrolyte having a specific gravity reading of 1.250 at 25�qC will show a reading of 
1.243 at 15�qC or will give a reading of 1.257 at 35�qC. 
 
While the specific gravity can be used to assess the state of charge of a lead acid battery, 
low or inconsistent specific gravity readings between series connected cells in a battery 
may indicate sulfation, stratification or lack of equalization between cells. In some cases 
a cell with a low specific gravity may indicate a cell failure or internal short-circuit within 
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the battery. Therefore the measurement of specific gravity could be a valuable aid in the 
routine maintenance and diagnosis of battery problems in solar PV systems. 
 
�x Sulfation 

Sulfation is a normal process that occurs in lead acid batteries resulting   from 
prolonged operations at partial state of battery charge. During sulfation lead sulfate 
crystals grow up on the positive plates, and reduce the chemically active area and thus 
capacity of the cell. During normal battery discharge the active materials of the plates 
are converted into lead sulfate. The deeper the discharge is, the greater the amount of 
active material that is converted into lead sulfate. During recharge the lead sulfate is 
converted into lead dioxide and sponge lead on the positive and negative plates 
respectively. If the battery is recharged soon after being discharged, the lead sulfate 
converts easily back into active material. 

 
However if a lead-acid battery is left at less than full state of charge for prolonged 
period (say days or weeks) the lead sulfate crystallizes on the plate and retards the 
conversion back to active material during recharge. The crystals essentially “lock 
away” active material and prevent it from reforming into lead and lead dioxide; which 
consequently reduces the available total capacity of the battery. If the lead sulfate 
crystal growth is too large, plates could be physically damaged. Sulfation also causes 
higher internal resistance within the battery making it more difficult to recharge. 

 
Sulfation is a common problem experienced with lead-acid batteries in PV systems. 
To minimize the sulfation of lead-acid batteries the PV array should be designed to 
recharge the battery bank on the average daily conditions during the worst insolation 
month of the year 

 
�x Stratification 

Stratification indicates the condition of a flooded lead-acid battery in which the 
specific gravity/concentration of the electrolyte increases from the bottom to the top 
of the cell. Undercharging or not providing enough overcharge to gas and agitate the 
electrolyte during finishing charges can cause stratification. Prolonged stratification 
can result into the bottom of the plate being consumed, while the upper portion 
remaining in relatively good shape. This ultimately leads to the reduction in the 
capacity and life of the battery. Periodic equalization charges can prevent 
stratification problem. 

 
Battery Terminology and Performance Characteristics 
 
�x Ampere-Hour (Ah)    

An ampere-hour is equal to the transfer of 1 amp over a period of 1 hour and is equal 
to 3,600 coulombs of charge. For example a battery, which delivers 7 Amperes for a 
period of 10 hours is said to have delivered 70 Ampere-hours.  

 
�x Capacity      

Capacity refers to the ability of a battery to store or deliver electrical energy. It is 
commonly expressed in Ampere-hours. Usually the capacity of a battery in Ah is 
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given for particular discharge rate. Slower the discharge rate, higher will be the 
capacity of the battery. The capacity of a battery depends upon the following factors: 

 
(a) Design factors such as the quantity of active material; the number/design/physical 

dimensions of plates; the specific gravity of electrolyte, etc. 
(b) Operational Factors such as discharge rate, depth of discharge, cut-off voltage, 

temperature, age, cycle history of battery, etc. 
 
Lower operational temperature generally reduces the rated capacity of a battery. 

 
The graph in fig. 6.1.2 relates the battery capacity correction factor for different 
temperatures. 
 
 

 
     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
�x Open Circuit Voltage     

Open circuit voltage is the voltage of the battery at rest or in steady state and which is 
not in the charge or discharge cycle. Depending upon the design, specific gravity and 
temperature of the battery the open circuit voltage of a fully charged battery is about 
2.1 volts per cell. 

 

�x Cut-off Voltage         
Cut-off voltage is the lowest voltage, which a battery system is allowed by the 
manufacturer to reach in operation.  Manufacturers often rate battery capacity to a 
specific cut-off or end-point voltage at a defined discharge rate. 

 

�x Terminal Voltage 
Terminal voltage is the voltage between the positive and negative terminals of a 
battery either during charge or discharge cycle. 

 

 
Fig. 6.1.2  Battery capacity correction   
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�x Cycle 
Cycle refers to a discharge to a given depth of discharge followed by a complete 
recharge. Life of the battery is measured in number of cycles. 

 

�x Rate of Charge/Discharge 
The rate of charge or discharge of a battery is expressed as a ratio of the nominal 
battery capacity to the charge/discharge time period in hours. For example, a 5-
Ampere discharge for a nominal 100 ampere-hour battery would be considered as a 
C/20 discharge rate. 

 
�x State of Charge 

The state of charge (SOC) refers to the amount of energy in a battery expressed as a 
percentage of the total energy stored in a fully charged battery. A battery that has 
been discharged 60% is said to be at 40% state of charge. 

 
�x Depth of Discharge 

The depth of discharge (DOD) is the percentage of capacity that has been withdrawn 
from a battery compared to its total fully charged capacity. By definition the depth of 
discharge and the state of charge of a battery total 100 percent.  

 
�x Allowable Depth of Discharge 

The maximum percentage of full rated capacity that could be withdrawn from a 
battery is known as its allowable depth of discharge. Allowable DOD depends upon 
the design cut-off voltage and discharge rate. In stand-alone PV systems the low 
voltage load disconnect set point of the battery charge controller dictates the 
allowable DOD limit at a given discharge rate. Depending upon the type of battery 
used in a PV system the design allowable DOD may be as high as 80% for deep cycle 
batteries or as low as 15% to 25% for SLI batteries. 

 
The allowable depth of discharge also depends upon the autonomy of battery bank, 
i.e. upon the capacity required to operate the system loads for a given number of days 
without energy input from the PV modules. The higher the discharge rate or current 
withdrawal the lower is the capacity that can be withdrawn from a battery to a 
specific allowable DOD or cut-off voltage. Higher discharge rates also result in the 
terminal voltage to be lower than that with lower discharge rates, sometimes affecting 
the LVD set point. 

 
The maximum allowable DOD is also a function of ambient temperature (fig.6.1.3). 
With decrease in temperature the level of allowable DOD decreases substantially. 
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�x Autonomy 

In a stand-alone PV system autonomy refers to the time a fully charged battery can 
supply required energy to the system loads when there is no energy supplied by the 
PV modules. For common and less critical PV systems the autonomy period ranges 
from two to five days. 

 
�x Self-discharge Rate  

Even in open circuit mode (i.e., without any charge or discharge cycle) a battery 
undergoes reduction in its state of charge primarily due to the internal mechanisms 
and losses within the battery itself. Different types of batteries have different self-
discharge rates. Higher temperatures generally contribute to higher discharge rates 
particularly for lead-antimony type of batteries. 

 
�x Temperature Effects 

Higher operating temperatures accelerate corrosion of the positive plate grids causing 
greater gassing and electrolyte loss in the battery. Lower operating temperature 
generally increases the battery life; however the battery capacity is significantly 
reduced at lower temperatures, particularly for the lead-acid batteries. Whenever 
severe variations in the operating temperatures exist, batteries should be located in an 
insulated enclosure to minimize the battery temperature swings. 

 
�x Corrosion 

Immersion of two dissimilar metals in an electrolyte or in direct contact of the 
dissimilar metals cause one material to undergo oxidation or lose electrons and at the 
same time cause the other material to undergo reduction, i.e., gain electrons. 

 
Corrosion of grids supporting the active material is naturally an on-going process and 
may finally dictate the useful life of a battery. Battery terminals also undergo 
corrosion due to the action of electrolyte gassing from inside the battery. Therefore 

 
Fig. 6.1.3 Maximum DOD as a function of temperature 
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flooded type lead-acid batteries generally require periodic cleaning and tightening of 
the terminal posts 

 
�x Battery Gassing 

Gassing takes place during recharging when the battery is nearly fully charged. At 
this point the cell voltage rises sharply. In flooded type lead-acid batteries the gasses 
are releases from the cell vents and contribute to water loss. In sealed or valve 
regulated (i.e. maintenance-free) batteries however an internal recombinant process 
causes the reformation of water from the hydrogen and oxygen gasses generated 
under normal charging condition; as such no electrolyte maintenance is required. All 
gassing reactions consume a portion of the charging current, which cannot be 
delivered on the subsequent discharge, thereby reducing the efficiency of battery 
charging. Some degree of gassing is required to agitate and prevent stratification of 
the electrolyte, particularly in flooded type lead-acid batteries. When a flooded lead-
acid is charged heavy particles of sulfuric acid form over the surface of the plates; and 
afterwards fall to the bottom of the battery. Over time the electrolyte stratifies and 
develops greater concentration of the acid at the bottom of the battery than at the top. 
If left unmixed the reaction process could be different from the bottom to the top of 
the plates. By gently gassing the flooded batteries the electrolyte is thoroughly mixed, 
thereby preventing the stratification of the electrolyte. However excessive gassing and 
overcharging could result in the break-up of active material from the grids, 
consequently reducing the life of the battery. Excessive gassing could also cause 
higher temperature leading to accelerated corrosion of the grids and thereby 
shortening the battery life.  

 
Recommended typical charge regulation voltages (at 25�qC) are given below (Table 
6.1.3); however specific battery manufacturers should be consulted for their 
suggested values. 

 

Table 6.1.3 Recommended Charge Regulation Voltages 

 
 Flooded Lead- 

Antimony Battery  
Flooded Lead- 
Calcium Battery  

Sealed Valve 
Regulated Lead-
Acid Battery 

Per cell 2.40 – 2.47  2.33 – 2.40  2.33 –2.40 

Per nominal  
12 Volt battery  

14.4 – 14.8 14.0 – 14.4  14.0 – 14.4 

  
The fig. 6.1.4 below illustrates the cell voltage, specific gravity, Ampere-hours delivered 
to load and drawn from the battery during the charging and discharging process of a lead-
acid battery. 
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�x Battery Charging 

Battery manufacturers often refer to the following the modes of battery charging: - 
 
Bulk or Nominal Charging 
Bulk or nominal charging is the initial portion of a charging cycle, performed at any 
charge rate, which does not cause the cell voltage to exceed the gassing voltage. Such 
charging takes place generally between 80% and 90% of the state of charge. 
 
Float or Finishing Charging 
Once a battery has been nearly fully charged most of the active material in the battery 
will be converted into its original form. Then the voltage and/or current regulation are 
generally required to limit the amount over overcharge supplied to the battery.  
Finishing charges are generally conducted at low charge rates. 
 
Equalizing Charge 
Equalizing charges are periodically conducted to maintain consistency among the 
individual cells of a battery. Such charge generally consists of current-limited charge 
to higher voltage limits than set for the float charge; and is generally maintained until 
the cell voltages and specific gravities remain consistent for a few hours. For batteries 
deeply discharged on a daily basis an equalizing charge is recommended in every 1 or 
2 weeks. For other types of battery discharges it could be conducted every one or two 
months depending upon the nature and depth of the battery discharge. 

 
 
 
 

 
Fig. 6.1.4 Typical voltage and specific gravity characteristics of a lead- acid battery 
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General Classification of Lead-Acid Battery 
 
Many types of lead-acid batteries are used in PV systems, each having specific design 
and performance. Generally they are one of the following three categories. 
 
�x SLI Batteries 

Starting, lighting and ignition (SLI) batteries are lead-acid batteries primarily 
designed for shallow cycle services and mostly used to power automotive starters. 
The large number of plates per cell of such battery enables it to deliver high discharge 
currents for short periods. However they are not suitable for long life under deep 
cycle services. In developing countries SLI batteries are sometimes used in PV 
systems, where only one type of locally manufactured battery is available or when the 
difference in the up-front cost of the deep cycle battery and SLI battery is very high. 
Although generally not recommended in most PV applications, SLI batteries may 
provide 2 or more years of useful services in small stand-alone PV systems, where the 
average daily depth of discharge (DOD) is limited to 10% to 20% and the maximum 
allowable DOD is limited to 40% to 50%. 

 
�x Motive Power or Traction Batteries  

These batteries are designed for deep discharge cycle services as generally required in 
electric vehicles or forklifts, etc. Such batteries have a fewer number of plates per cell 
than SLI batteries, however the plates are made much thicker and constructed more 
durably. These types of battery are also very popular in PV systems due to their deep 
cycle capabilities and longer life cycles 

 
�x Stationary Battery  

Stationary batteries are used commonly in un-interruptible power supplies (UPS) to 
provide back-up power to computers, telecommunication equipment, etc. These 
batteries are designed for deep discharge and limited cycle service; and they are 
commonly float charged continuously. 

 

 
Captive Electrolyte Type of Special Lead-Acid Battery 
 
�x Valve Regulated Lead-Acid Battery 

Valve regulated lead-acid (VLRA) batteries are captive electrolyte type of lead-acid 
batteries where the electrolyte is immobilized by means of specially designed 
pressure regulating mechanism on the cell vents; and the battery is sealed under 
normal operating conditions. Electrolyte cannot be generally replenished on these 
types of battery; therefore, they should not be subjected to excessive overcharge 

 
�x Gelled Battery  

In gelled lead acid batteries the electrolyte is specially ”gelled” by adding silicon 
dioxide in the electrolyte. Cracks and voids develop within the gelled electrolyte 
during the first few cycles, which provide path for gas movement between the 
positive and negative plates, facilitating the recombinant process. 
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�x Absorbed Glass Mat Batteries 
In absorbed glass mat (AGM) type lead-acid batteries the electrolyte is absorbed in 
glass mats, which are sandwiched in layers between the plates. Under condition of 
controlled charging the pressure relief vents in AGM batteries are designed to remain 
closed, preventing the release of any gasses and water loss. 

 
The above mentioned batteries are costlier than the flooded lead-acid batteries; and are 
used in special applications only, for example as a battery bank in low temperatures to 
avoid freezing of the electrolyte as found in flooded type lead-acid batteries. 
 
Modern Rechargeable Batteries 
 
�x Nickel-Cadmium Rechargeable Battery 

In nickel cadmium rechargeable batteries nickel oxyhydroxide (NiOOH) is generally 
the active material in the charged positive plate and cadmium metal is the active 
material in the charged negative plate of the battery. The primary cell voltage is 
commonly 1.2volts. These batteries have found diverse applications in consumer and 
electronics market. For the same capacity range they are quite costlier than the similar 
lead-acid batteries; although they have a longer life cycle and higher allowable DOD. 
The main disadvantages of nickel cadmium batteries are the following aspects:   
(a) It has got memory effect. 
(b) It is environmentally hazardous as it contains toxic material viz. cadmium. 

 
�x Nickel Metal Hydride Rechargeable Battery 

The basis of this latest metal hydride technology is the ability of certain metallic 
alloys to absorb the smaller hydrogen atoms in the interstices between the larger 
metal atoms. As in nickel cadmium battery generally nickel hydroxide is used as 
positive electrode and aqueous potassium hydroxide is used as electrolyte. But in 
place of cadmium metal hydride alloys as used as active material for the negative 
electrode of the cell. The primary cell voltage is 1.2 Volt. As compared to Ni-Cd 
batteries NiMH batteries are initially costlier; but their energy density is about 20% to 
30% higher than similar NiCD batteries; and they have longer life cycles. These 
batteries do not have memory effect and are considered as environmentally friendly. 
They do not pose any serious disposal problem. If fact these batteries are now rapidly 
replacing the market of Ni-Cd batteries. 

 
�x Lithium Ion Battery 

Lithium ion batteries use lithium compounds and are rechargeable. They have a 
higher energy density than even NiMH batteries; and posses a primary cell voltage of 
about 3.7 Volts. They have a lower self-discharge rate and are quite environmentally 
friendly. But as compared to any other type of rechargeable    batteries they are still 
costlier. 

 
The table 6.1.5 below provides quick reference to the merits and demerits of different 
types of batteries used in solar PV system. 
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Table  6.1.5  Comparison of different types of batteries 
 

Type of battery Merits Demerits 
Flooded Lead-Acid 
battery (LSI type) 

�x Widely available 
�x Low cost 
�x Good for automotive use 

�x Shallow cycle 
�x Heavy weight 
�x Very poor cycle life 
�x Contains toxic element 

Flooded Lead-Acid 
battery (Modified LSI 
type) 

�x Deep cycle 
�x Good for use in solar PV system 

and electric traction vehicles 

�x Heavy weight 
�x Poor cycle life 
�x Costlier 
�x Contains toxic element 

Flooded Lead-Acid 
battery (Tubular plate 
type) 

�x Improve deep cycle 
�x Better for use in solar PV system 

and electric traction vehicles 

�x Heavy weight 
�x More costlier 
�x Contains toxic element 

Nickel Cadmium battery �x Long cycle life 
�x Deep cycles 
�x Withstand harsh environment 

�x Expensive 
�x Memory effect 
�x Contains toxic element 

Nickle Metal Hydride 
battery 

�x Prolonged cycle life 
�x Deep cycles 
�x Better performance in cold 

climate 
�x Light weight 
�x Lower operating cost 
�x Non-toxic 
�x No memory effect 

�x Up-front cost very high 

 
 
�x Methods of Battery Charging 

Charging lead-acid or any other types of secondary batteries is a matter of replacing 
the energy depleted during the discharge cycle. Charging may be accomplished by 
various methods; but the objective of driving current through the battery in the 
direction opposite to that of the discharge remains the same. 

 
�x Constant –Current Charging 

In constant current charging the charger provides a relatively uniform current 
regardless of the state of charge or temperature of the battery. Constant current 
charging assists to eliminate any charge imbalance in the battery, especially when 
several cells/batteries are charged in series. 

 
�x Constant-Voltage Charging 

Constant voltage/potential charging is the most common method of charging 
secondary batteries. In this mode of battery charging the charger voltage is held 
uniform regardless of the battery state of charge. The charge current is initially 
greater; but as battery gets recharged the charge current declines or tapers down. PV 
modules basically act as constant- voltage chargers. 
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�x Charge Acceptance 
Charge acceptance (i.e., efficiency) is the term used to describe the efficiency of the 
battery. No battery is 100% efficient. A 90% charge acceptance means that for every 
one ampere-hour of charge introduced into the battery or cell, the battery or cell will 
be able to deliver 0.9 ampere-hour of current to the load during discharge cycle.  The 
charge acceptance of lead-acid batteries may be higher than 85%. Charge acceptance 
is affected by a number of factors including cell temperature, state of charge, age of 
cell, charge current, method of charging, etc. 

 
Battery Auxiliary Equipment 
 
�x Enclosures  

Batteries should be preferably installed in suitable enclosures that are insulated or 
could have passive heating/cooling devices to protect the batteries from excessive 
temperatures. If the enclosure is located above ground some type of shading should 
be provided. 

 
�x Ventilation 

Batteries often produce gases namely hydrogen. Passive ventilation techniques such 
as vents or ducts should be provided. 

 
�x Catalytic Recombination Caps 

A substitute for standard vent caps on lead acid battery is the catalytic recombination 
caps (CRC) whose main function is to reduce electrolytic loss from the battery. CRC 
contains particles of platinum or palladium, which absorbs hydrogen generated from 
the battery during finishing or overcharge cycles. The hydrogen is again combined 
with oxygen in the CRC to form water, which drains back into the battery. 

 
Battery Test Equipment 
 
�x Hydrometer 

Hydrometer is used to measure the specific gravity of electrolyte of lead-acid 
batteries. As mentioned earlier the specific gravity of electrolyte is closely related to 
the state of charge of the battery. Hydrometer should be calibrated preferably at 25�qC. 
If possible properly calibrated and tested battery hydrometers only should be used in 
PV systems. When measurements are taken from the electrolyte at other temperatures 
a correction factor as described above must be applied. 

 
�x Voltmeter 

Analog or digital type voltmeter (or multimeter) is generally used to measure the 
terminal voltages of batteries. 

 
�x Load Tester 

A battery load tester is an instrument, which draws current from a battery with an 
electric load, while recording the voltage. Although not designed for measuring 
capacity it may be used to determine the general health or consistency among the 
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batteries in a system. Load test data generally express a discharge current over a 
specific time period. 

 
 
Battery Maintenance 
 
The maintenance requirement for lead-acid batteries varies significantly depending upon 
the type, design and application of the battery. Maintenance recommendations provided 
by the specific battery manufacturer should be properly studied and followed. 
Maintenance considerations should include cleaning of cases, terminals and cables, 
tightening terminals, coating of terminals by petroleum jelly, water addition and 
performance checks. Water should be distilled or de-mineralized or de-ionized, having a 
pH value of 6.5 to 7 and a conductivity of 2 to 6 micro-siemens (�Ps). Performance checks 
may include recordings of specific gravity, temperature measurements, cell voltage 
readings or even a capacity test. 
 
Battery Safety Considerations 
 
�x Handling Electrolyte 

Sulfuric acid of the electrolyte can destroy clothing and burn the skin. For these 
reasons protective clothing such as acid-proof apron, and face shields should be worn 
by personnel working with the battery, If required acid should be poured slowly into 
the water while mixing. The water should never be poured into the acid. Appropriate 
non-metallic funnels and containers should be used when mixing electrolyte solution. 
 
To neutralize sulfuric acid spills or splashes on clothing, the spill should be rinsed 
immediately with a solution of baking soda and water. If electrolyte is accidentally 
splashed in the eyes, the eyes should be forced open and flood with clean water for at 
least 15 minutes. If necessary a doctor should be consulted. 

 
�x Personnel Protection 

When performing battery maintenance, personnel should wear protective clothing 
such as aprons, ventilation masks, goggles or face shields and acid-proof gloves to 
protect from acid spills or fumes. Jewelry on the hands and wrists should be removed 
and properly insulted tools should be used to protect against inadvertent battery short-
circuits. 

 
�x Dangers of Explosion 

During operation batteries may produce explosive mixture of hydrogen and oxygen 
gases. Keep spark, flames, burning cigarettes, kerosene lamps or other ignition 
sources away from the batteries at all times. While making or breaking connections to 
a battery from a charging source or electrical load, it should be checked and ensured 
that the charger or load is switched off so as not to create sparks or arcing during the 
connection. 
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Battery Disposal 
 
Batteries are considered as hazardous item as they contain toxic materials such as lead, 
acids and plastics that can harm human beings and the environment. If recycling facilities 
exist, deliver the complete battery with electrolyte to the recycling organization or to their 
scrap dealers. Under no circumstances should the batteries be disposed off in the landfills 
or near the water springs and resources. The electrolyte should not be allowed to seep 
into the ground and the battery should not be burned. 
 
 
6.2 Charge Controllers/Regulators 
 

Charge regulators (also called charge controllers) are the electronic gadgets used to 
protect the storage batteries from being over charged or over discharged. The basic 
function of the charge regulator (CR) is to disconnect the module or array from the 
battery when the battery is charged to a preset level and disconnect the load (which is 
connected to the battery) when the battery is discharged to the preset level. Advanced CR 
also senses the battery temperature and adjusts the charging current accordingly. Another, 
but less important, use of the CR is as a meeting point of all the cables coming from 
module to battery and battery to load. In other words the CR also serves the purpose of 
junction box. As the PV cell costs continue to fall, the battery in a stand-alone PV system 
becomes an increasingly large part of the system cost. The life of the battery now has the 
greatest impact on the economic viability of a small PV system. The CR in small PV 
system is the primary driver of system reliability and battery life. A good regulator will 
affect the system performance more than any other component, and an improved 
regulator can potentially reduce 20-year system costs by 20 to 40 percent because the 
battery needs to be replaced less often. 
 
CR may not be the part of the solar PV system where the module or array output is 
directly connected to the load other than the battery.  
 

Basic Principle of Operation 
 

The state of the charge of a battery is proportional to its open circuit terminal voltage. 
Therefore the terminal voltage of the battery can be taken as the reference to assess its 
state of the charge. The electronic circuitry of CC continuously monitors the battery 
voltage and depending upon the preset voltage levels, disconnects the array from the 
battery or battery from the load. The CR is broadly subdivided into two categories: the 
shunt regulator (SHR) or the series regulator (SR). 
 
 

�x The Shunt Regulator 
 

The SHR bypasses the module or array current through an active load (other than the 
actual load). In this case the bypass load is connected parallel to the module (fig. 6.2.1). 
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In normal charging mode, i.e. when the battery is not fully charged, the switch is in OFF 
position and the entire module current is passed to the battery via blocking diode. When 
the state of the charge of the battery reaches pre-determined level, as indicated by the 
voltage level of the battery, the control circuit turns ON the switch. In this case the entire 
module current is passed to a very low resistance active load, which dissipates all the 
module power. In fact the active load could be any other usable device or the second set 
of battery that needs charging. When the battery charge level drops below module 
reconnect level, the control circuit turns the switch OFF and the module current is again 
passed to the battery. Note that when the switch is in ON position, the current from the 
battery does not flow to the active load because of the blocking diode. Hence the 
blocking diode has two-fold application in case of use of shunt regulators. 
  
The SHR are simple in design, cost effective but are not suitable for large power 
applications. In large power application, the active load has to dissipate large power as 
heat. Therefore for small PV applications, like solar home systems, shunt regulators are 
preferred over series regulators. 
 
�x Series Regulators 
 
Series regulators (SR) operate in entirely different principle that the shunt regulator. In 
SR the path between the module and the battery is simply disconnected by a switch when 
the charge level of the battery is over the preset level (fig. 6.2.2). 
 
In normal charging condition the switch is in ON position and the current from the 
modules is passed to the battery through the blocking diode. When the state of charge of 
the battery reaches the pre-set level, the control circuit turns the switch OFF blocking 
passage of current to the battery. SR is more suitable for large power PV application as 
there is no need to dissipate the module power in the form of heat. The module is simply 
disconnected and remains idle. The circuitry of the SR is more complex that that of SHR. 
The only remarkable drawback of SR is the loss of energy in switching element. This loss 
depends upon the internal resistance of the switching element. 
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Fig. 6.2.1 Operation of a Shunt Regulator 

Load 
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The CR also disconnects the load from the battery when the discharge level is below the 
set point. The control circuit senses the battery voltage level and when it falls below 
certain set point, the circuit turns OFF the switch (load switch) inserted in series between 
the battery and the load. When the battery state of charge is increased by charging, the 
load switch is turned ON by the circuit and power is available for use by load. 
 
In earlier designs, the switches used in both of the versions were mechanical switches 
(relays) controlled by control signal. These mechanical switches have limited life span 
and are prone to mechanical as well as electrical failure. In more recent design the 
mechanical switches are replaced by electronic (semiconductor) switches. These 
electronic switches (Bipolar transistors, MOSFETs, SCRs) can handle large current and 
operate reliably. 
 
Parameters of CR   
 
The basic parameters of a CR are: 
 

�x Low Voltage Disconnect (LVD) – This is the voltage level of battery at which the 
load is disconnected from the battery to protect it from over discharge. The LVD 
level depends upon the type of battery used and the type of load. If the load is 
critical (e.g. vaccine refrigerator) then LVD is set to very low. For non-critical 
loads like laps or TV the LVD level can be set at relatively higher side to ensure 
higher life cycle of the battery.  

�x Low Voltage Reconnect (LVR) – This is the voltage level of the battery at which 
the load is reconnected after being disconnected due to LVD. LVR value is higher 
than the LVD value. For example for a 12 V lead acid battery the LVD level 
could be 11.8 V (corresponding to 50% discharge level). The LVR in this case 
may be 12 V or greater. The difference between LVR and LVD is called 
hysteresis. Provision of LVR is required to avoid toggling of the load between on 
and off. 
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Fig. 6.2.2 Operation of a Series Regulator 

Load 
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�x High Voltage Disconnect (HVD) – This is the voltage level of the battery at which 
the module is disconnected from the battery to protect it from over charging. The 
HVD level again depends upon the type of battery used, the battery temperature 
and the ambient temperature. The HVD set pint for lead acid battery is around 
14.2 – 14.8 V. In general HVD set point corresponds to 100% state of charge 
(SOC) of the battery type used. 

�x High Voltage Reconnect (HVR) – This is the voltage level of the battery at which 
the module is reconnected to the battery after being disconnected at HVD. The 
HVR is applicable to the CR based on simple ON-OFF design. For PWM based 
CR, the HVR has no significance. 

�x Voltage drop across CR while charging – It is the permissible voltage drop in CR 
while charging the battery. For shunt type CR, it is the drop in blocking diode 
only. In case of series CR, it is the total drop in blocking diode and the switch 
element.  

�x Voltage drop across CR while discharging – It is permissible voltage drop in CR 
while discharging the battery through the load. It is basically the voltage drop in 
series load switch for both types of regulators. Normally the permissible total drop 
(charging and discharging) is less than 5% of the system voltage. 

�x Maximum charge current capacity (Icmax) - It the maximum charging current in 
Amperes that CR can handle safely. Note that it is not the peak charging current 
which can occur due to surge or other interference. 

�x Maximum load current capacity (Ilmax) - It is the maximum   current in Amperes 
that CR can deliver to the load safely. 

�x System Voltage- It is the voltage for which the CR is designed. 
�x Self consumption (or quiescent) current - It is the current in mA that the CR draws 

from the battery for its operation.  
�x Level of Radio Frequency Interference (RFI) – It as indication of the level of 

interference caused by the CR to other electronic devices (e.g. radio, TV). 
�x Reverse Leakage Current - It is the current that is passed from the battery to the 

dark module through the CR. Usually the blocking diode is used to limit this 
current in shunt regulators. In series regulators this value depends upon the type 
of switch used, provided no blocking diodes are used. 

�x Reverse Polarity Protection Level - It is the type of protection incorporated in the 
CR design to avoid the damage to the CR, module or battery from the wrong 
sequence of polarity of module and battery connected to the CR. Generally the 
protection level shall be such that nothing is damaged by connecting the module 
and/or the battery in wrong polarity sequence. 

 
Other parameters may include permissible environmental conditions for safe operation of 
CR, enclosure characteristics, labeling etc.  
 
Methods of Charging the Battery by CR 
 
Independent of the basic type of CR (shunt or series) the technique used to charge the 
battery may vary from CR to CR. In this sub-section brief overview of various techniques 
will be discussed. 
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�x Simple ON-OFF Method  
 
The early design of CR used simple ON-OFF regulation mechanism. The regulator 
interrupts charging early in the cycle when the HVD set point is reached. To prevent 
instability, a hysteresis of 1 V ( i.e. HVR is less than HVD by 1 V)is generally used to 
reconnect the module or array, and this causes the battery voltage to drift down for a 
period of time before charging can start again (fig 6.2.3). 
  
Research has shown that the batteries charged with standard set points will typically 
average between 55% and 60% SOC for a period of years. This causes stratification of 
the electrolyte and sulfation of battery plates, thus increasing internal resistance, which 
further reduces charge efficiency. Because of these problems ON-OFF charge regulators 
are replaced by more advanced Pulse Width Modulation (PWM) regulators. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
�x PWM Method 
 
The better algorithm to charge the battery is Pulse Width Modulation (PWM). While in 
ON-OFF method the module was disconnected from the battery during the last part of 
charging cycle, in PWM the module is switched on and off with the certain frequency. 
Normally the voltage level of the most of the batteries goes down when the charging 
device is removed. By connecting and disconnecting the charging device with a duty 
cycle, charging can go on much longer and the battery will reach a much higher state of 
charge. The duty cycle is defined as the ratio between ON time and OFF time of the 
charging current. In PWM method the ON time of charge current (or the ON time of the 
series switch) is gradually decreased (the OFF time gradually increased) as the battery 
SOC increases. When the battery reaches its 100% SOC, the series switch is completely 
turned OFF. The figure 6.2.4 below illustrates the charging algorithm with PWM method. 
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Fig. 6.2.3 ON-OFF charging algorithm 
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�x Three Stage (or Trickle charge) Method 
 

In this method the battery is charged with maximum constant current (Imax) till the 
battery voltage reaches some preset value (normally 2.3 Volt per 2 V cell). After this 
point, the battery is charged with a constant voltage (from this point the current drawn by 
the battery starts decreasing). When the battery reaches its (almost) full state of charge, 
i.e. when the charge current accepted by the battery is around 20% of Imax, maintenance 
charging is applied by limiting the magnitude of charging current to very low level. The 
figure 6.2.5 illustrates the charging algorithm of three stage method. 
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Fig. 6.2.4 PWM charging algorithm 
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Fig. 6.2.5 Three stage charging algorithm 
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While ON-OFF regulators stop the whole charging process when the cell voltage is at its 
maximum (HVD set point), trickle charging continues maintenance charging until the 
battery reaches its full state of charge. When the cell voltage just reaches its maximum 
value, the actual state of charge is only 60%. With maintenance charging the SOC could 
be increased to 100%.  In PWM regulators there is no such term as maintenance charging. 
The regulator continues charging the battery until the duty cycle is zero. If there is self 
discharge of the battery, a low duty cycle charging will again be initiated. This process 
can be considered as maintenance charging. 
 

The advantage of  PWM regulators with controlled pulses compared to other methods 
are: 

�x Compact lead sulfate can be broken up to improve battery capacity and charge 
acceptance. 

�x Charge efficiency can be improved and effects of aging can be reduced. 
�x Operating life of the battery can be increased. 
�x Higher voltage pulses can punch through resistive coating between the grid and 

active materials on the plates. 
�x The opportunity for a gas bubbles to form can be reduced, and 
�x Down pulses further improve charge efficiency and reduce gassing. 

 

The recent advancement in CR design has helped to produce intelligent regulators which 
senses the battery temperature and adjust the maintenance charging current to suite the 
given temperature, adjusts the HVD, HVR set points depending upon the life of the 
battery and the battery temperature, displays the SOC of the battery and total Ah drawn 
from the battery etc. These intelligent CR are microprocessor based and relatively costlier 
than conventional simple design regulators. 
 
�x Battery temperature consideration in CR 
 

The end of charge voltage (or the HVD level) used by the CR to switch off module/array 
current or to switch into a trickle charge mode should be allowed to vary according to the 
battery temperature. As the battery internal temperature decreases, the chemical reactions 
all proceed slower. In order to fully charge the battery, the voltage must be allowed to 
rise more for a colder battery, so that   the chemical reaction can proceed to completion. 
The nominal final charge voltage at 250 C is about  14.5 V for a 12 V lead –acid battery. 
As the battery temperature drops, the voltage for final charge must increase, and 
conversely as the battery heats up, the final charge voltage must be reduced. This 
phenomenon is handled by an option in many CR designs and called "temperature 
compensation" or TC. The temperature compensation coefficient for a 12 V lead –acid 
battery can be taken as 30 mV/0C (this value is often given in battery specification sheet). 
 

For example, if a 12 V battery were at 150C, the final charge voltage should not be 14.5 V 
(set for 250C) but should be almost 14.8 V. conversely, if the battery is in hot climate, and 
the battery temperature is 300C, the final charge voltage should be reduced to about 14.35 
V. 
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With temperature compensation, or TC, built into the CR, batteries in cold climates will 
receive the full charging they require, and batteries in hot climates will not be 
overcharged and experience excessive gassing. 

 
�x Boost charging option  
 
All batteries require some overcharging now and then to reverse sulfation and reach full 
charge. Gassing in the battery, which is initiated by some small overcharge, cleans the 
internal plates. If this is done once every three weeks, it will reduce battery deterioration 
and increase deep recharge capacity. The process of overcharging the batteries beyond 
their final end of charge voltage is called boost charging. While boost charging the HVD 
set points are temporarily increased to higher value. Some CR incorporate the function of 
this "boost charging". The biggest difference between the various types of CR is the 
timing when the boost charging takes place. Some CR only boost charge the battery when 
it is connected for the first time, just after installation. This cost more in electronic 
circuits, while the boost function is not very effective. Others apply the boost charge 
function every time the LVD set point is reached. In this way, the extra sulfation is 
removed shortly after it is formed on the plates. However, overcharging too frequently 
also is not recommended, because this will shorten the battery life. The optimum situation 
seems to be to make boost charge possible about once every three weeks. 
 
 
6.3 Lamps and Other Loads 
 
All loads possible to be connected to the grid electricity supply system are applicable to 
the PV system as well. The only limiting factor is the available power to drive the load. 
As the PV electricity is considered to be precious, specially designed low power 
consuming loads are considered for PV applications. Vast majority of the load type used 
in PV system are lights, radio/cassette, television, computers and water pumps. In this 
chapter overview of some of the common types of loads is provided. 
 
Lights 
 
Lighting is a basic necessity with a very high priority in households all over the world. 
When electricity first arrives in a village, lighting is by far the most common application. 
In conventional rural electrification with grid extension, there are few incentives to apply 
energy-efficient lighting. Consumers lack the knowledge of alternatives and the usually 
low electricity tariff does not provided strong incentive to consider an optimum choice of 
lighting source. However, when solar PV provides the electricity for rural lighting, the 
situation is completely different. The high electricity cost per unit stimulates careful 
selection of the right type of lamp. 
 
Lights can be categorized into four groups with regards to their use in household 
application: 

�x general lighting – illuminates the whole room or large area 
�x localized lighting – illuminates part or localized area of the room only 
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�x task lighting- used to illuminate a table or working area 
�x orientation lighting – illumination level sufficient only to recognize shapes 

 
The duty of Solar PV designer is to select appropriate light type as per deemed 
application.  
 
Basic technical parameters of lights are: 
�x Luminous Flux 
 

Luminous flux is the term used to measure the light output of a lamp in all directions 
as perceived by the human eye. Its measurement unit is Lumen (lm), which takes into 
account that the eye is more sensitive to some colors than others. Lights with a lumen 
output less than about 20 lm are not meant for general lighting, but usually function as 
orientation lights only. 
 
�x Illuminance 
 
Illuminance is the measure of the amount of light that falls on the given surface. The unit 
of measurement of illuminance is Lux. For reading, a minimum illuminance of about 50 
Lux is required. For general lighting 20 to 25 Lux is sufficient, and for orientation 
lighting 10 Lux or even lower can be sufficient. 
 
�x Luminous Efficacy 
 
Luminous efficacy is a term used to measure the efficiency of lights to convert electrical 
energy in to light. It is measured in lumens per watt. Higher the efficacy, more light is 
produced for given input electrical power. Luminous efficacy is also measured in lumen 
per watt. But since measurement of lumen requires expensive set-up, more preferable 
measurement term is Lux per watt. A Lux meter is readily available in the market at 
reasonable price. The standard practice is to measure Lux output of a lamp at a distance 
of one meter from the light source. While selecting the light for solar PV application, 
efficacy of the lamp has to be considered as a major factor. 
 
The fluorescent tubes (FT) or also called tube lights (TL) with a reflector appear to be 
especially optimal in combining a high level of illuminance with a high luminous 
efficacy. The efficacy of FT without reflector is in the range of 2-5 Lux/W, while that of 
incandescent lamps is generally below 1 Lux/W. Adding a reflector in TL produces an 
approximate three fold increase in efficiency: up to 12 Lux/W. The highest efficacy is of 
white light emitting diode (WLED) clusters, around 14 Lux/W, but their illuminance is 
very low. Compact fluorescent lamps (CFL) have the efficacy level almost at par with FT 
or sometimes slightly higher. 
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Basic Lamp types used in PV applications 
 

�x Fluorescent Lamps 
 
Till to day, the fluorescent tubes (FT) and Compact fluorescent lamps (CFL) remains 
dominating type of lamps in the solar PV systems. Generally, 6 to 11 Watt lamps are used 
for home system applications but higher watt lamps (40 W and over) are also in use for 
other lighting applications. The FT or CFL is a high efficiency light source in which 
electrical energy is converted into light without great loss of energy as heat as it happens 
in incandescent lamps. In incandescent lamps, the tungsten filament is first heated to very 
high temperature by the electrical supply. The glow from the heated filament is the actual 
light output produced. In this way great deal of electrical energy is converted into heat 
energy in incandescent lamps. 
 

A schematic diagram of a FT construction is shown in figure 6.3.1. 
 

 
 
 
The glass tube is coated with fluorescent (Phosphor) paint and filled with mercury vapor. 
When an electric current passes through the mercury vapor, the molecules absorb kinetic 
energy and are ionized. When an ionized atom recombines with an electron, and the 
electron drops back to its original energy level, the mercury atom radiates ultraviolet 
(UV) light. Ultraviolet light is not visible to the human eye. So a fluorescent material is 
painted on the inner surface of the tube that converts the ultraviolet radiation into visible 
light. AC voltage of sufficient magnitude is required to initiate ionization of mercury 
vapor. Therefore all the FT or CFL operate only with AC source. However, in solar PV 
systems, DC supply is pre-dominant and therefore fluorescent lamps require well-
designed ballasts (an electronics gadget that convert 12 V DC from the battery into high 
frequency AC voltage suitable to turn the fluorescent lights on) to ensure that the tubes 
will operate for more than 5,000 hours and will not interfere with radio or television 
reception. The ballasts, in most of the case of solar PV applications, have been the most 
problematic component of the system. 
 
 

Fig. 6.3.1 Construction of FT 
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�x Incandescent (Filament) Lamp 
 
These are the least efficient lamps for solar PV applications. However, considering their 
low cost, low watt 12 V DC incandescent bulbs can substitute lights to be used for 
orientation purpose. Although not efficient, halogen lamps can be used in the places 
where localized high illumination level is required (e.g. operation theaters, health posts, 
projectors etc.). 
 
�x White Light Emitting Diode (WLED) Cluster Lamp 
 
WLEDs are semiconductor devices like the PV cell itself. In ordinary PN junction, when 
a free electron falls into hole they release additional energy in the form of heat. It is well 
known fact that heat is also a form of electromagnetic radiation like the light. Now if the 
impurities (dopants) are properly chosen, the released energy during recombination can 
be obtained in the form of visible lights. The light emitting diode (LED) operates in the 
above principle. Depending upon the type of material used different light colors (red, 
green, yellow etc.) can be emitted. But these coloured LEDs have no significant 
application in lighting, where white light color is preferred. Adding appropriate 
impurities, the PN junction can be constructed to emit nearly white light. Those LEDs 
emitting white lights are called white LEDs (WLED). Recent development in the WLED 
technology has produced high intensity (upto 8-10 Candela, Candela is also a unit of 
luminous intensity). 
 
The very promising aspect of WLED is that they are compact, have high luminous 
efficiency and extremely durable. The power consumed by a single WLED is about 100 
mW. The mean time between failures of WLED is 100,000 burning hours. In other words 
a WLED can operate safely for over 40 years if operated 6 hours daily. WLEDs operate 
directly from DC supply and therefore complicated electronics (like ballast for FTs) is 
omitted, thus increasing system reliability. 
The illumination level produced by a single WLED may not be sufficient for general 
lighting, though a torchlight made up of a single WLED is more than illuminating than 
kerosene wicked lamp. Therefore numbers of WLEDs are clustered in a enclosure for 
high illumination level. The number of WLEDs to be clustered will depend upon required 
illumination level. One example of clustered WLED lamp designed by Nepalese 
designers is a lamp named "Tukimara". This lamp consists of cluster of three WLEDs and 
is powered by three dry cells of 1.5 V each (Fig. 6.3.2). 
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Other Loads 
 
Knowledge of the parameters of the load to be used with the solar PV systems is very 
critical for designing the PV system. The parameters include power consumed by the 
load; type and magnitude of supply voltage required and for AC operated loads, the 
power factor and frequency. 
 
The most common types of loads, apart from the lights, are radio/cassette players, 
Television sets (Black and white; color), computers (desk-top as well as lap-tops), 
printers (Laser as well as ink jet), scanners, fax machines, cordless telephones, Satellite 
receivers, vaccine refrigerators etc. The parameters of these loads are briefly discussed 
below. 
 
�x Radio   
 
Portable radios consume very low power, less than 1 W and are operated from 3-4.5 V 
DC. If these radios are to be powered from PV system, then a special device called DC-
DC converter is required. The converter down converts 12 V DC from the battery to 
required voltage level. 
 
�x Cassette Players  
 
These gadgets come in various power ratings and supply voltage requirement. Most 
common type players consume 10-50 watts and can be operated from 12 V DC directly. 
Smaller units operate from 4.5 to 9 V DC and consume upto 5 watts of power. High 
music power players operate from AC only. 
 
�x Television 
    
Power consumed by a TV set depends upon its type (Black and White or Color), the size 
of the screen and the technology used to manufacture them. Traditional tube based B/W 

Fig. 6.3.2 Tukimara Lamp 
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television of the screen size 12-14" consume around 15-20 Watts and can be operated 
both from AC or 12 V DC. 
  
The tube based color television consumes far more power than their B/W counterpart. 
The 12-14" color television will consume around 40-60 watts of power. Higher screen 
size color television consumes proportionally more power. The supply requirement for 
most of the color televisions is AC. Limited brands of color television with smaller screen 
size also operate with 12 V DC. 
 
Recent development in Liquid Crystal Display (LCD) technology has made possible 
manufacturing of color televisions based on this technology. The LCD television sets are 
flat in design, light weight and consume extremely low power. A 14" LCD color TV will 
consume less than 15 W of power. Moreover, these LCD TVs operate from 12 V DC 
supply directly, thus eliminating the need for costly DC-AC inverters. 
 
�x Computers 
  
A desktop computer with 14-17" color monitor may consume around 150 W of power 
and can be operated from AC supply only. The laptop computers come with LCD screen 
and consume relatively low power – in the range of 20-30 W. The laptop computers also 
cannot be operated directly from 12 V DC supply. A small capacity inverter may suffice 
to charge the internal battery of the laptops. 
 
�x Printers 
 
There are three basic types of printers available for home/office computer applications: 
dot matrix, ink-jet and laser. All these commercially available printers operate from AC 
only. Among these, the Laser printer is most power consuming type of printer. In print 
mode it consumes around 1000 W of power. The least power-consuming printer is ink-jet 
printer; it consumes around 30 W in print mode. The dot-matrix printer consumes around 
200 W in print mode. 
 
�x Scanners 
 
These devices consume less than 10 W and operated by AC through an adapter. 
 
�x Fax Machines 
 
Fax machines are generally operated from AC. They consume about 500 W of power in 
transmit/receive mode. The stand-by power consumption is low (around 10 W). 
 
For power and supply voltage requirements of other appliances, the designer is advised to 
refer the technical brochure of the device. 
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6.4 Inverters 
 
Inverter is an electronic device that converts DC voltage into AC voltage of required 
magnitude and frequency. In solar PV applications inverters are used to power the 
equipment/devices that operate from AC source. The DC to AC conversion is required as 
the solar PV system generates and stores energy in the form of DC voltage and current 
only. The inverters are some time called DC-AC converters. 
 
Basic Principle of operation of inverters 
 
The basic idea behind DC-AC conversion is to turn ON and OFF the DC supply voltage 
(e.g. 12 V) at a regular interval (as governed by the frequency of the required AC signal; 
e.g. 50 Hz) and boost the magnitude of switched voltage to required level (e.g. 220V). 
The graphical representations shown in figure 6.4.1 below illustrate the basic principle of 
the conversion. 
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Fig. 6.4.1 Basic Principle of DC-AC conversion 
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Functionally, the block diagram of the simplest inverter would be as shown in fig. 6.4.2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The DC input supply, say 12 V, is fed to a switching circuit, which makes and breaks the 
current path on a fixed regular interval. The switch On-Off time is controlled by the 
switch control circuit. The output of the switching circuit now is rather quasi AC than 
DC. By the term quasi, it is to be understood that the AC is not the type of AC in which 
the flow of current reverses periodically. In the present case, the current either flow in 
one direction or do not flow at all. In technical terms, this AC is shifted in voltage axis by 
a level equal to its negative swing. Now if this quasi AC voltage is passed through an 
electronic component (capacitor) that blocks the DC voltage level, AC voltage in true 
sense is obtained. Thus obtained AC voltage magnitude does not exceed the input DC 
level. Voltage boosting circuit (transformer) is further used to increase the magnitude of 
the AC voltage to required level.  
 
 
Parameters of an Inverter 
 
The basic parameters of an inverter are as follows: 
 
�x Rated Output Power 
 
This parameter indicates the continuous power that an inverter can deliver in normal 
operating condition. The unit of rated output power is VA. The power is expressed in 
VA, because the inverter can also be used to power loads with reactance like motor. 
  
�x Nominal output voltage  
 
It is the magnitude of output voltage (RMS value) that the inverter produces steadily. 
This voltage is specified with fixed level of deviation like 200V +/- 10% for given range 
of fluctuation of input DC voltage. 

Switch 
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+
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Fig. 6.4.2 Functional diagram of DC-AC conversion 
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�x Nominal Frequency 
 
It indicates the frequency of the output voltage or current waveform and expressed in Hz. 
As with the voltage, the value of frequency is also specified with tolerance level, 
generally about 2% from the nominal value of 50 Hz. 
 
�x Efficiency 
 
Efficiency of an inverter is an indication of the losses of energy occurred during the 
conversion from DC to AC. Efficiency is the ratio of output power delivered to the 
nominal load (i.e. the maximum load for which the inverter is designed) and the total 
input power drawn from the DC source. The efficiency is expressed in percent and is 
specified for the upper limit of load. Typical efficiency of good inverter exceeds 80% 
range. 
 
�x Maximum Quiescent Current 
 
It is the current drawn by the inverter from the DC source in idle (no load) condition. 
 
�x Surge Capability 
 
It is an indication of the capability of the inverter to deliver the power beyond its nominal 
power for a very short period of time. This capability is very important where the load 
takes large surge current for a short period time and then draws nominal rated current rest 
of the time. Examples of such loads are color television, motors, refrigerators etc. The 
surge capability is usually defined in percent of its nominal capacity for given duration 
(e.g. 150% of rated capacity for 2 seconds). 
 
�x Total Harmonic Distortion (THD) 
 
The AC supply from the grid line has sinusoidal waveform containing a single frequency 
component called fundamental frequency. In other words, if the waveform of the grid 
supply is perfectly sinusoidal, it will contain the frequency component of 50 Hz only, i.e. 
no other frequency components are present in that waveform. But if the waveform is 
other than sinusoidal (e.g. rectangular or square), it will contain the frequency 
components that are integer multiple of fundamental frequency. These additional 
frequency components are called harmonics. The total harmonic distortion (THD), 
expressed in percent, is the ratio of power contained in all other frequency components to 
the power contained in the fundamental frequency only. The THD is the measure of 
similarity between the real waveform and the ideal sinusoidal waveform. The THD of 
ideal sinusoidal waveform is essentially zero. 
 
Other additional parameters may include operating environmental conditions 
(temperature and humidity levels), safety measures (electric shock protection, reverse 
polarity protection, over-load protection, low input voltage warning etc.), noise levels etc. 
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Types of Inverters 
 
Inverters are classified into different groups based on the following criteria: 
 
�x Output Power Rating 
 
According to this rating, inverters are in low power (upto 500 VA), medium power (upto 
5000 VA) and high power (above 5000 VA) inverters. 
 
�x Output Waveform  
 
As per this criterion, the inverters are sub divided into sinusoidal, quasi-sinusoidal and 
square wave types (fig. 6.4.3). The output of a sinusoidal (or sine wave) inverter is 
sinusoidal in shape and thus it has very low or negligible THD value. It is the most 
preferable type of inverter as it produces the waveform identical to the waveform 
available in grid supply. This type of inverter has low efficiency and cost more. Quasi 
sine wave inverter has the waveform resembling the sinusoidal waveform. This type of 
inverter has higher THD value than the sine wave inverter but is more efficient and cost 
effective. The square wave inverters are simple in design, have highest efficiency, low 
cost but have highest THD value. It is the challenge of the designer to select the most 
appropriate inverter based on the cost, application and quality of the waveform. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
�x Single or three phase type 
 
As with the grid supply, which could be single phase (two wires labeled as phase or live 
and neutral) or three phase (three live wires and one neutral wire or three live wires), 
inverters are also designed to produce single phase or three phase supply. Inverters to be 
used with loads requiring three phase supply are classified as three phase inverters. 
Usually large power inverters are three phase type. 
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Fig. 6.4.3 Different types of waveforms 
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�x Continuous duty or back-up type 
 
The inverters designed for continuous operation are called continuous duty inverters. The 
inverters used to power loads like television, refrigerator, motors etc. are generally 
continuous duty type. The inverters used in computers as uninterruptible power supply 
are referred to back-up type because the inverters power the computers for a short period 
of time allowing users to save their work when the grid supply fails. 
 
 
6.5 DC-DC Converters 
 
DC-DC converters (DDC) are the devices used to derive DC voltage of higher or lower 
magnitude from the fixed input DC voltage. DDC are generally used to power electronic 
devices that operate from the voltage other than the system voltage of solar PV.   For 
example, a radio/cassette player requiring 6V DC is to be operated from 12 V storage 
battery of the solar PV system. The radio will be damaged instantly if connected directly 
to the 12 V batteries. The only option would be first to down convert the 12 V DC to 6 V 
DC and then operate the radio. Similarly, a 24 V DC operated ink-jet printer can be 
operated from 12 V batteries by the use of appropriate DDC.  
 
Basic Principles of DC-DC Conversion 
 
There could be two versions of DC-DC conversion: from lower DC to higher DC (e.g. 
from 12 V to 24 V) or from higher DC to lower DC (e.g. from 12 V to 6 V). The first 
type of DDC is also called up-converter where as the second type is referred to as down- 
converter. 
 
The simplest form down-converter type DDC can be implemented using a resistor in 
series between the source and load (fig. 6.5.1). 
 
 
 
 
 
 
 
 
 
 
 
In the above figure, the 12 V DC input is converted into 6 V output by dropping extra 6 V 
in a series resistor Rs. This arrangement is simple but its efficiency is very low as the 
power is dissipated in series resistor as heat. Down-converter types DDC are easily 
available as integrated circuit (IC) package. The output voltage of these IC can be 
adjusted from fixed low voltage to voltage nearly equal to the input DC voltage by use of 
an external potentiometer. 

12 V DC in Rs Rl (Load) 6 V

6 V 

Fig. 6.5.1 Simple down converter type DDC 
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The up-converter type DDC is more complex in design. The input DC is first converted 
into the AC by switching on and off in pre-determined interval and then this switched AC 
is up-converted by voltage booster. Finally, the higher magnitude AC is rectified to get 
required DC level (fig. 6.5.2). The feed-back from the output is provided to the switch 
control circuit to maintain the constant output DC level irrespective of the load (of course 
in the given limit of change in load resistance). The magnitude of the output voltage can 
be varied by varying the ratio between on and off times of the switch. The switch and 
output level control circuit is available as IC package. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Solid state DDC is also available in the market in the form of a slab. In this type of DDC, 
the input and output voltage levels are fixed. 
 
 
Basic parameters of DDC 
 
The basic parameters of a DDC are: 

�x Input voltage range- It is the range of input DC voltage within which the DDC 
produces steady output voltage 

�x Output voltage regulation – It is the range of swing of output voltage when the 
output load current changes from zero to maximum permissible value 

�x Efficiency – It is the ratio of output power delivered to the load and the input 
power drawn from the source 

�x Rated output current – It is maximum current that the DDC can deliver to the 
load. 

�x Radio Frequency Interference (RFI) level – This parameter indicates the level of 
interference made to other electronic devices from the operation of DDC. 

 
Other parameters may include operating environmental conditions, safety measures, 
alarms etc. 
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Fig. 6.5.2 Functional diagram of up-converter type DDC 
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6.6 Wiring and installation practices 
 
Wire sizing (i.e. selection of the wires of appropriate size and type) is the critical aspect 
of solar PV system design. It is important to choose proper size wire in PV system to 
ensure safe operation and minimize voltage as well as power losses. National electric 
codes or standards specify how to choose wire type and size in great detail. Most of the 
national codes refer to the AC supply system only. For DC applications, in most cases, 
codes are simply not available. National PV standard, if available, must be used for sizing 
the cable.  
 
Size and Types of Wires   
 
Wires can be solid or stranded, bare or insulated, ordinary PVC insulated or with UV 
protection type insulation. Solid wire consists of a single   wire of required cross-
sectional area; where as stranded wires are made of multiple numbers of wires of smaller 
cross-sectional area. Often AC house wiring is done with solid wire or stranded wire with 
less number of wires. This is because, owing to the high system voltage (220 V in Nepal), 
the relative magnitude of the current flowing through the wires is low. But in PV 
applications, the DC voltage level is relatively lower than the AC, and therefore for same 
load the magnitude of the current will be relatively large. For higher currents, the cross-
sectional area of the wire size must be larger. Solid wires with larger cross-sectional area 
become stiff and difficult to work with, and stranded wire is often used in PV 
installations. 
 
Wire can be made of aluminum or copper. Aluminum wire can be considered for very 
long wire runs (e.g. national grid transmission lines), because it cost less than equivalent 
copper wire. But for most wiring applications in PV systems, copper wire should be used. 
 
Type of insulation used in wire is also important in PV. Indoor wire, not exposed to the 
outdoor environment can have ordinary PVC insulation. But the outdoor wire must have 
special insulation (UV resistant insulation) so that the insulating material will not 
deteriorate over time due to exposure to Ultra-violet (UV) light. The wires need not to be 
directly exposed to the sunlight to deteriorate, as even light reflected on the back of the 
modules from the ground will eventually weather the wire insulation. 
 
The standard unit of size of the wire is square millimeter (sq.mm. or mm2). But in 
practice various other standards are in place: these are American Wire Gauge (AWG), 
Standard Wire Gauge (SWG), Brimingham Wire Gauge (BWG), US Steel Wire Gauge 
(US-SWG) and number based sizing system such as 7/22, 3/20 etc. However the wire 
size in the given standard can be converted in to mm2 using appropriate conversion table 
or consulting the wire manufacturer's specification sheet. It is also the usual practice to 
specify the size of the wire in diameter (instead of cross-sectional area). 
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Review Questions 
 
1. The specific gravity of a lead acid battery with 50% state of charge (SOC) is 

around 
 

a. 1.320 
b. 1.250 
c. 1.110 
d. 1.190 

 
2. The condition of a flooded lead acid battery in which the specific gravity 

decreases from top to the bottom of the cell is called  
 

a. sulfation 
b. formation 
c. stratification 
d. corrosion 

 
3. A 100 Ah capacity fully charged battery is discharged at 5 A rate for 8 hours. The 

depth of discharge of the battery after this period is 
 

a. 40% 
b. 5% 
c. 60% 
d. 8% 

 
4. One of the followings is not the essential parameter of a charge regulator 
 

a. High Voltage Reconnect 
b. Total Harmonic Distortion 
c. Radio Frequency Interference 
d. Reverse Leakage Current 

 
5. The minimum level illuminance required for comfortable reading is 
 

a. 50 Lux 
b. 10 Lux 
c. 200 Lux 
d. 2000 Lux 

 
6. Typical efficiency of a good inverter should be over 
 

a. 50% 
b. 80% 
c. 60% 
d. 75% 
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7. An electronic device that converts DC voltage of one magnitude to the DC 
voltage of another magnitude is called  

 
a. Inverter 
b. Converter 
c. Charge Regulator 
d. Ballast 

 
8. A 20 Watt Tube light operated from 12 V DC supply is turned on for 5 hours. 

Calculate the energy consumed (in Ah) by the light. 
 

9. Select the appropriate inverter (i.e. the VA rating, input voltage, output voltage, 
output frequency) to operate a 29" color television and a laptop computer that 
requires 200V AC supply at 50 Hz. 

 
10. The size of the cable increases with decrease in 
 

a. maximum allowable voltage drop 
b. length 
c. maximum permissible current 
d. cross sectional area 
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CHAPTER 7 
 

Solar Home System Design and Installation 
 
 
Duration:  490 minutes 

180 minutes (Practical) 
 
   
Physical Facilities required:  Class room with white board and multi-media projection 
facility and open space for SHS installation. 
 
Materials required:  

a) Catalogues of various types of modules, batteries, charge regulators, lamps, DC-
DC converters and DC-AC inverters, wire-size tables, PV standards, calculator 
and reference material. 

b) Working components of SHS, multimeter, hydrometer, clamp meter, electronic 
tool kit, spare parts and other accessories. 

c) A complete SHS unit and a wooden board for installation of SHS (one for each 
trainee) 

 
Procedures: The Instructor/s  

a) explains an overview of the practices and procedures of designing Solar Home 
System 

b) provides an overview of the installation practices of Solar Home System 
c) demonstrate the installation process of Solar Home System 
d) The trainees install the SHS individually. 

 
Instructor: The Trainer 
 
Reference:  

1. Solar Photovoltaic System Design Manual for Solar Design Engineers, 
AEPC/ESAP 

2. Solar Electricity Technical Training Manual (Level 1), AEPC/ESAP. 
3. Solar Electricity Technical Training Manual (Level 2), AEPC/ESAP. 
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Lesson Plan 
 
Sub-
chapter 

Lesson details Teaching 
Methodology 

Facilities 
required 

Duration Remarks 

7.1 Design of Solar Home 
System (SHS) 

Lecture and 
numerical examples 
and exercise 

Class room 250 mins.  

7.2 Installation of Solar 
Module 

Lecture and 
demonstration  

Class room 30 mins  

7.3 Installation of Charge 
Controller 

Lecture and 
demonstration 

Class room   30 mins  

7.4 Installation of Battery Lecture and 
demonstration 

Class room 30 mins  

7.5 Wiring of the solar 
home system 
components 

Lecture and 
demonstration 

Class room 30 mins  

7.6 Lamp installation 
procedures 

Lecture and 
demonstration 

Class room 30 mins  
 
 

7.7 Switch installation 
procedures 

Lecture and 
demonstration 

Class room 30 mins  

7.8 Power socket 
installation procedures 

Lecture and 
demonstration 

Class room 30 mins  

7.9 Components assembly 
of Solar Home System 

Lecture and 
demonstration 

Class room 30 mins  

7.10 Installation of solar 
home system 
components systems 

Lecture and 
demonstration 

Class room 180 mins  
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7.1 Design of Solar Home System (SHS) as per requirement of customer  
 

Design of the solar home system should begin after the collection of detail information 
about electricity consuming loads or devices and their operation from the customer. The 
sample of the load profile from the SHS using customer is as given in the table 7.1.1  
 
Table 7.1.1: Load profile of the SHS user 
 

Particular Quantity Power 
(Watt) 

Daily operation 
(Hours) 

Remarks 

Electric lamp 1 10 3 Living room 
Electric lamp 1 7 3 Kitchen 
Electric lamp 1 5 1 Bed room 
Radio 1 3 3 Living room 
Television 
(Black/White) 

1 15 2 Living room 

Total  48   
 
The daily-required electric energy for operating all the devices for the mentioned number 
of time in the table 7.1 should be calculated by following procedures. 
 
Energy required for electric lamp 
 
Energy consumption for operating each lamp is calculated by multiplying the power 
rating (Watt) of it by the time of operation in hour.  
 
  EL =  PLHL   ……………………… (7.1.1) 
 
where, 

EL = Energy consumption by the lamp (Watt-hours) 
PL = Power rating of the lamp (Watt) 
HL =– Daily operation time of the lamp (hours) 

 
For example daily energy consumed by the 10 watt lamp in the table 7.1.1 for operating it 
for 3 hours per day is EL = 10 x 3 = 30 Watt hours. 
 
Similarly, energy consumed by all the lamps is calculated and the total daily energy 
consumed by all the lamps is given by summation of all the energy consumption 
 
  EL Total  = EL1 + EL2 + EL3 + .....    (7.1.2) 
 
For the lamps given in the table 7.1.1, the total energy consumption for lighting lamps 
becomes, 
  EL Total = (10W x 3 hours) + (7W x 3 hours) + (5W x 1 hour) 
   = 30 Wh + 21 Wh + 5 Wh 
   = 56 Wh.   
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Energy required for radio 
 
Energy consumption for operating radio is also calculated by using the expressions 
similar to the energy consumption for operating lamp. 
 
  ER = PRHR   ……………………… (7.1.3) 
 
where, 

ER = Energy consumption by the radio (Watt-hours) 
PR = Power rating of the radio (Watt) 
HR = Daily operation time of the radio (hours) 

 
Energy required for operating radio as per mentioned in the table 7.1.1 is given by using 
the equation 7.1.3 as following. 
 
   ER = 3 Watt x 3 hours = 9 Watt-hour   
If more than one radio is used then the required energy is calculated by using following 
equation, 
 

ER Total = ER1 + ER2 + ………..       (7.1.4) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Energy required for television 
 
Energy required for operating television is also calculated by using the expressions 
similar to the energy consumption for operating lamp. 
 
  ET = PTHT        (7.1.5) 
 
where, 

ET = Energy consumption by the television (Watt-hours) 
PT = Power rating of the television (Watt) 
HT = Daily operation time of the television (hours) 

 

Generally, the power consumed by the small capacity radio and cassette players 
will not be mentioned. In this condition, power can be assumed to be between 3 to 
5 Watts by considering size of the radio, battery type (small pen touch battery or 
large torch light battery) and number of battery. Power rating is generally 
mentioned in the large capacity radio and cassette players.  If in case power 
rating is not mentioned but operating voltage and current are mentioned then we 
can obtain the power by multiplying rated current and voltage. For example if 9V 
DC,1A is written at the back side of the radio cassette player then energy 
consumed by it becomes 9V x 1A = 9 Watt. 
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Energy required for operating television as per mentioned in the table 7.1.1 is given by 
using the equation 7.1.5 as following. 
 
   ET = 15 Watt x 2 hours = 30 Watt-hour   
 
If more than one radio is used then the required energy can be calculated by summation 
of all the energy requirements as following, 
 

ET Total = ET1 + ET2 + ………..       (7.1.6) 
 
 
 
 
 
 
 
 
 
 
Finally total daily energy requirement for operating all the devices of the solar home 
system users is calculated by using the equation 7.1.7. 
 
    E = EL Total + ER Total + ET + ….. (7.1.7) 
 
For the devices mentioned in the table 7.1.1 the total daily energy requirement is given 
by, 
   E = 56 Wh + 9 Wh + 30 Wh = 95 Wh   
 
 
Selection of Solar PV module 
It is very important to know the information regarding the place where solar PV module 
is going to be installed before determining the size of the PV module. Information such as 
how many days in the year does sunshine occur in a year, which month have maximum 
sunshine hour and how much, which month has least sunshine hour and how much as 
well as in an average how much hour sun shine per day through out the year. If the 
customer cannot give the above information, then contact nearest meteorological station 
and obtain the required data. If this is not possible then consult the World Meteorological 
Map to determine the solar insolation at the place considered. Normally for Nepal, solar 
insolation is 4.5 kWh/m2/day (or Peak Sun of 4.5 hour). Insolation for different palces is 
given in the appendix 3. 
 
After determining the Peak Sun, the current to be generated by the solar module is given 
by using the following equaltion. 
 
           (7.1.8) 
 vP

M
BxH

E
I

 
� 

Generally, power required for operating television is mentioned at the back cover 
of it. The power rating depends upon the television type (Black and White or 
Color), screen size and technology (glass tube or liquid crystal display -LCD). 
Color television of the same size will consume double the power as the 
Black/White television. Similarly, the regarding technology, LCD television 
consumes half the power compared to glass tube type.  
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where, 
 

IM = current generated by solar module (Ampere) 
E = required total energy (Watt Hour) 
HP = peak sun (hours) 
Bv = battery voltage (Volt) 

 
Generally 12 V battery is used in the solar home system, so use BV = 12V in the above 
equation. 
 
using equation 7.1.8 for the table 7.1.1, we get, 

Ampere 1.75  
12Vx   Hours4.5

hours-Watt 95
  � � MI  

 
After determining the value of IM consult the solar module catalogue to select the module 
that rated current or current at Peak Power is equal to or greater than IM calculated.  
 
 
Selection of Battery 
 
Selection of battery consists of determining the capacity of battery (Ampere-hour), 
voltage of battery (Volt) and type of battery (Ordinary battery or Deep Cycle battery). 
 
Capacity of the battery is given by using the following expression, 
 
 

   AB xN
E

C
VB B x DOD x 

 
�K

�    (7.1.9) 

 
where, 
  CB = battery capacity (Ampere-hour or Ah) 
  E = daily energy consumption (Wh) 
  ��B = battery charging efficiency (normally 0.8 to 0.95) 
  BV = battery voltage (Volt) 

 NA = number of days to be operated without sunshine 
(Autonomy Days) 

  DOD = Depth of Discharge 
 
Now considering NA = 3 day, ��B = 0.8  and DOD = 50% (or 0.5) and using the equation 
7.1.9 for conditions given in table 7.1.1 to determine the capacity of battery, we get  
 

    Ah 37.59  
12x  5.0x  8.0

 3x  95
 � � 

V
daysWh

C  
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The capacities of the battery available in the market are of standard sizes so during 
selection of the battery choose the available battery with the capacity that is just above 
the calculated capacity of the battery required. For example if calculated battery capacity 
is 59.37 Ah than select the standard 60 Ah battery. Since we have considered DOD = 
50% and BV = 12V the selected battery should be deep cycle battery. 
 
If ordinary (swallow cycle) battery with DOD = 20% (or 0.2) is taken instead of deep 
cycle battery, then capacity of the required battery becomes,  
 

   Ah 43.481  
12x 2.0x  8.0
days 3x  Wh 95

  � � 
V

C    

 
That is we need to select battery with the capacity of 150 Ah. 
 
  
Selection of Charge Controller 
 
Charge controller should be able to with stand short circuit current (ISC) of the module 
and maximum battery to load current (IL max). Load current can be calculated by using 
following equation, 
 
 
          (7.1.10) 
 
where, 

IL max = maximum battery to load current (Ampere) 
BV = solar energy storing battery voltage (Volt) 
PT = Total power (Watt) 

 
To determine total power (PT) the power consumed by all the appliances like lamps, 
radio, TV has to be added. For the example in the table 7.1 the total power is calculated 
as  
 
  PT = 10 watt + 7 watt + 5 watt + 3 watt + 15 watt  = 40 watt 
 
and maximum load current is given by 
 

  A 33.3  
V 12

 watt40
    max � � � 

V

T
L B

P
I  

 
Generally the charge controller should be selected whose current bearing capacity should 
be two times that of IL max and ISC. The voltage rating of the charge controller should be 
same as the operating voltage of the solar home system. 
 
 
 

V

T
L

B
P

I   max � 
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Selection of DC/AC Inverter 
 
Inverter are generally use in the solar home system to operate color television. Hence the 
input DC voltage of the inverter should be 12 V and output AC voltage should be 220 V. 
the frequency of inverter should be that of the national grid frequency (50 Hz). Waveform 
of the inverter should be pure sine wave but the cost of this type of inverter is little higher 
than the inverter with square wave.  The power rating of the required inverter is 
calculated by using the following equation, 

        
          (7.1.11) 

           
where, 
  

Pinverter  = Power rating of inverter (VA) 
Pload  = Load power (Watt) 
PF  = Load Power factor  
Efficiency = Inverter Efficiency 

 
Usually during selection of the inverter power factor PF is taken as 0.8 and efficiency is 
taken as 0.8. 
 
Example: If 21” color television whose rated power is 50 Watt is to be operated with 
220V AC supply then capacity of the inverter to be selected is determined by using the 
equation 7.1.11 as following, 
 

   VA 78  
8.0x 8.0

50
  inverter � � 

Watt
P  

 
It is to be noted that during turning ON of the switch of the television the initial power 
consumed by the television will be higher than the rated power. The inverter should be 
capable of supplying this surge power. Therefore, the power rating of the inverter 
selected should be 2 to 3 times of this calculated power. For the above example, the 
inverter with the capacity of 200 VA should be selected. 
 
Selection of DC/DC converter 
 
Some small electrical appliances like radio, cassette player will operate at the voltage 
lower than 12V DC. For example small radio can operate in 3V DC with 500 mA current 
and some cassette player have 25 Watt capacity which can operate in 9V DC with 3A 
current. During selection of the inverter, attention should be given to determine if the 
selected inverter could supply the required voltage and current. The size and cost of the 
inverter for 12V DC supply with 3V DC, 500mA output is quite different from the 
inverter for  12V DC supply with 9V DC, 3A output. Therefore, during the selection of 
the inverter for solar home system detail information on the required voltage and current 
of the appliances to be operated by the system should be known before selection process.  
. 

EfficiencyxPF
P

P
load

  inverter � 
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The output voltage of the selected DC-DC converter should match the required input 
voltage of the appliance.  
 
 
Selection of switch 
 
During selection of switch, we should consider the current flowing through the switch 
and voltage applied. The voltage applied in the solar home system is 12V DC, so DC 
rated switch selection must be done.  Switches are used for operating the electric lamps or 
television. Generally, electric lamp consumes less than 1A current so switch should be 
selected with DC rating of 2A. If the DC rated switch is not available in the market then 
5A AC switch can be used. For television operation, the selection of 15A rated AC switch 
is appropriate. 
 
 
Selection of the wire size for solar home system 
 
In solar home system five different types of wire size are used as shown in the figure 
7.1.1. 
 
 
 
 
 
 
 
 
 
 
 
  
 
 

 
 
 

Figure 7.1.1 Wire sizing of solar home system 
 
 
 
Wire joining the solar module and charge controller ‘A’ 
 
The selection of wire joining solar module with the charge controller called ‘A’ wire 
should be as short as possible and should be resistant to sun light and water as well as 
ultra violet ray in sun light. The outer cover of this wire should be UV protected type. 

‘E’ wire 

Switch 
socket

Inverter Battery 

Solar 
module ‘A’ wire 

Charge 
controller ‘C’ wire

 
Junction 

Box 

Lamp 
 

‘B’ wire  

Lamp 

Lamp 
 

Switch ‘D’ wire

 

+ -
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The inner diameter of the conductor of the wire depends upon the voltage drop between 
the solar module and charge controller. The thickness of the conductor indicates how 
much energy can be dropped between the solar module and charge controller. The size of 
the wire required is calculated by using the Standard Wire Gauge (SWG) formula as 
following. 
    

V
I  L  3.0

  
M

�'
�u�u

� S       (7.1.12) 

where, 
 S  = Cross Sectional Area of wire (mm2) 

L = Length of wire joining solar module and charge controller 
(meter)  

 IM = current flowing from solar module to charge controller (Ampere) 
 �' V = maximum allowed voltage drop percentage (5%) 
 
 �' V indicates the voltage drop or voltage loss across the wire. 
 
For example, if L = 3 m, IM= 4A and �' V= 3% then using equation 7.1.12, we get 
 

22 mm 1.2  mm 
3

4  3  3.0
  � 

�u�u
� S  

 
Use the table in appendix 4 to select the wire with cross sectional area of 1.2 mm2. Here 
the size of the wire (diameter) is given in Standard Wire Gauge (SWG), American Wire 
Gauge (AWG) and British Wire Gauge (BWG).  
 
The S cross sectional area of the wire is calculated by using following expression 
 

4
  

2d
S

�S
�   

 

or,    
�S
4S

  d �  

 
 where,  
 S = Cross sectional area of wire (mm2) 
 d= Diameter of wire (mm) 
 �S= 3.14 (Constant) 
 
For above wire having calculated wire diameter of 1.23 mm, SWG wire number 18 
should be selected. Instead of selecting single strands containing wire, multiple strands 
containing wire can also be selected which has more bending strength, less voltage loss 
and hence help to store more energy in the battery. Hence instead of SWG 18, SWG 7/22 
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(7 strands of SWG 22 wire) can be used which cross-sectional area becomes 3.57 mm2 
(nearly 3 times more than SWG 18).  
 
Wire joining charge controller and battery ‘B’ 
 
The size of the wire joining the charge controller and battery is also calculated by using 
the equation 7.1.12 as above but the value of �' V should be taken as 1%. Besides, for this 
purpose there is no need to use UV protected wire, as it is located inside the house. While 
sizing ‘B’ wire the value of current (I) should be the largest value of current flowing 
through the wire. During the charging process, the current flowing through this wire is 
similar to the current received from module IM and during discharging process the current 
in this wire is equal to the total load current connected to it. The value of current taken for 
calculating the cross sectional area should be the higher value of both current. 
 
In the above example if the maximum load current is 4A or less and distance between the 
charge controller and battery is 1 m then required wire size is given by,  
 

   2mm 2.1  
1

4 x 1 x 3.0
  � � 

Am
S  

Here also the distance between the charge controller and battery should be least as 
possible for decreasing the loss across the wire.  
 
Wire joining charge controller and junction box ‘C’ 
 
For calculating the size of the wire joining the charge controller and junction box use 
equation 7.1.12 with the value of  �' V taken as 1%. The current is taken as the maximum 
total load current flowing through it. 
 
Wire joining junction box and lamp ‘D’ 
 
Take �' V up to 5% in the equation 7.1.12 for calculating the size of the wire joining the 
junction box and lamp. 
 
Wire joining junction box to DC switch socket or inverter or TV (Black/White)‘E’ 
 
Take �' V less than 5% in the equation 7.1.12 for calculating the size of the wire joining 
the junction box to DC switch socket or inverter or TV (Black/White). 
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7.2 Installation of Solar Module 
 
Before the installation of solar module the physical inspection and electrical test of the 
module should be done. 
 
The physical inspection consist of the following observations 
(a) Check whether glass of module is broken/scratch or not. 
(b) Observe whether solar cells of a module are connected to one another inside the 

module. 
(c) Check whether Aluminum frame housing the module is damaged or not. 
(d) Condition of the junction box cover OK or not. 
(e) Condition of the wire connecting screw inside junction box OK or not. 
 
If the condition (a), (b) and/or (c) is not fulfilled then change the module. If condition (d) 
and (e) is not fulfilled then we can still use the module by replacing the faulty parts of the 
module. 
 
For the electrical testing of the module, expose the module to the good intensity sun light 
and measure the DC voltage. For this, the selector knob of the multimeter should be 
adjusted to the position indicating more than 20V DC range. Orient the module to the 
clear sky sun light and connect the positive (+) terminal of the module to the positive 
terminal of the multimeter and negative (-) terminal to the respective negative terminal. If 
the module is to be used for 12V system then the multimeter should reads around 18 to 22 
V. For the 6V module, the multimeter reading should be between 9 to 11V. If solar 
module is damaged, it will not indicate above-mentioned voltage and in such case the 
module needs to be changed.  
 

  
 

Figure 7.2.1 Measurement of solar module voltage 
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If the physical and electrical test of the solar module is satisfactory then only proceed for 
the installation of the module. For this, select the place where the pole used to hold the 
module can be erected stably. This place should be free from shadow casting obstructions 
from sunrise to sun set.  It should also be inaccessible to the children. As efficiency of the 
module decreases when dust or bird excreta get accumulated on the solar module there 
should be provision for cleaning the module from time to time. Erect the pole with stable 
and strong foundation after determining the appropriate location.  
 
After that, assemble the support structure to the solar module for fixing it to the pole. 
Different types support structures are shown in the figure 7.2.2 below. 
 
 

   
 
 

    
 

Figure 7.2.2. Solar modules with support structure   
 
Open the junction box cover of the module and connect one end of the wire joining 
module with the charge controller. Measure the distance required to extend the wire from 
the module junction box up to the charge controller terminal and cut the wire. Figure 
7.2.3. shows the junction box of the module with wire connected to it. 
 
  
 
 



Solar Home System Design and Installation   Chapter 7 

 108

   
 

 

 
 

Figure 7.2.3. Wire connections at the junction box of the modules 
 
 
After that, assemble the solar module to the supporting pole. During tightening of the nut 
and bolts, left them little bit loose for adjusting the position of the module towards the 
south direction. Use the compass to determine the south direction and turn the solar 
module towards the south direction. Then tighten the nut and bolts to fix the module to 
the supporting pole rigidly. 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.2.4. Use of compass to determine south direction 
 
Finally loosen the nut bolts joining the module frame with support structure to tilt the 
module 30�q toward north. 

 

SOUTH DIRECTION 
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Figure 7.2.5. Tilting of the solar module to 30�q North 

 
After tilting the module at 30�q tighten the nut and bolts joining the solar module frame 
and support structure. For titling the module to 30�q use the set square containing 30�q, 60�q 
and 90�q angles. If the solar module is located at the dust prone places then solar module 
must be cleaned at least once a week. 
 
 
7.3 Installation of Charge Controller 
 
Before installing the charge controller, determine the proper place for its location. The 
place for the installation of the charge controller should be free from the sunlight and 
rain, easily accessible, far from fire and smoke sources and not accessible to the children 
(on the wall above wooden board). Beside this, the distance between solar module and 
charger controller should be shortest as possible. As well as distance between battery and 
charge controller should also be shortest as possible. Considering above points and 
consulting with the customer the appropriate place for the installation of the charge 
controller should be determined. 
 
Charge controller generally contains two holes to hang it over the wall. For installing it 
first, mark the position of the hole using pencil by putting the charge controller in straight 
position over the predetermined place. Remove the charge controller and drill the hole by 
using the hand drill and insert the nylon grip inside the hole by using hammer until the 
surface smoothen. Then position the charge controller in the place and use the screw to 
fix it on to the wall. Tighten the screw exactly on the nylon grip hole. To test the rigidity, 
hold the charge controller by two hands and pull little bit forward. If the charge controller 
totally loosen and come out then select other more rigid place for installation. Some 
suppliers provide the cabinet for housing charge controller and battery, in such case there 
is no need for fixing charge controller on the wall. 
 
During connecting the wire coming out of the solar module to the charge controller care 
should be taken to cover the module by cloth during sunshine period. After connecting 
the wire to the charge controller, the cloth should be removed. By doing this it will 
protect the charge controller.  

SOUTH 

300 

NORTH 
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7.4 Installation of Battery 
 
Battery should be installed at air circulating open space with no sun light falling over it 
and leveled surface. Its location should not be easily accessible to the children. There is 
no need to cover the battery. As battery produces hydrogen during charging and 
discharging process, there should not be any activity near the battery that result danger of 
catching fire like cigarette smoking, lighting kerosene lamp etc. The location of the 
battery should be isolated from any source of the fire. 
 
During installation of the battery the short circuit connection between positive (+) and 
negative (-) terminal of the battery should be prevented as it produce large amount of 
current flow which might result undesirable accident. Do not touch positive and negative 
terminals of the battery with bare hand at any cost. 
 
During operation of the battery, rusting might occur around the terminal of the battery 
and wire connecting screw might get loosen due to the ambient condition. To prevent this 
nut bolts should be tighten properly and Vaseline or petroleum jelly should be applied 
over the connecting terminals. 
 
Connect the positive (red) wire of the battery to the corresponding positive battery 
terminal of the charge controller and connect the negative (black) wire of the battery to 
the corresponding negative battery terminal of the charge controller. After that, connect 
the corresponding black and red wire coming out of the charge controller to the 
respective negative and positive terminals of the battery. After that, screws located at the 
battery terminals should be tighten properly and vaseline or petroleum jelly should be 
applied over the connecting terminal surface to prevent rusting. 
 
During the initial operation, the battery should be fully charged during daytime and only 
nominal load should be connected during night time for few days so that its voltage will 
comes around 12.5V and specific gravity between 1.240 to 1.250 range.  
 
 
7.5 Wiring of the solar home system components 
 
Wiring the solar home system should be done by following the systematic procedures for 
effective and efficient result. 
 
7.5.1 Locating the path of wiring and marking it 
Wiring is done firstly by determining the location of the lamps after consultation with the 
costumer. Most of the costumer may not know where to install the lamp, as they have not 
used the electrical lamps before. The installer should guide them to finalize the location 
of the lamps keeping in view that lamps position should illuminate in all direction, 
provide light to the nearby rooms, corridor and lobby so that people may feel easier to 
move around and children cannot reach the lamps. Mark the position of the lamps 
locations by using the marker. 
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After that locate the place for installing the junction box that should be situated at the 
maximum distance of 15 feet from the charge controller and should be at same distance 
from all the lamps as much as possible. After locating the position of the junction box and 
lamps, determine the shortest path between junction box and lamps followed by marking 
the path with chalk. During determining the path for the wiring of the lamp locate the 
position of the switch (preferably near the side of the door) and provide the provision for 
wiring the switch with red wire as well. 
 
7.5.2 Types of junction box and their installation procedures 
 
In solar home system only one pair of wire exist at the outlet of the charge controller but 
there will be multiple pairs of wires connecting several lamps. In this condition, junction 
box is used to connect the charge controller to multiple numbers of loads simultaneously.  
 
 
 
 
 
 

 
 
 
 
 

Figure 7.5.1. Method of joining one pair of wire simultaneously with three pairs of wire 
 
Generally, two connector blocks of conducting materials are placed inside the junction 
box. The connector block possesses the provision of connecting many wires at a time. In 
one connector block red wire (+) from the controller and all the red wire from the lamps 
are connected and in another connector block black wire (-) from the controller and all 
the black wire from the lamps are connected. 
 
 
 
 
 
 
 
 

 
 

 
 
 Figure 7.5.2. Method of joining the wires in junction box 
 
The picture below shows the sample of junction box used in Nepal for SHS 
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Figure 7.5.3. Sample of junction box used in Nepal 
 
 
Junction box should be installed at the wall as charge controller. There are two holes in 
the junction box for fixing it at the wall. The procedure for the installation is similar to 
that of installing charge controller. 
 
During connection of wire inside the junction box, first connect all the red (+) wires to 
the (+) connector block of the junction box and all the black (-) wires to the (-)connector  
block of the junction box. After that connect the red wire coming from the (+) terminal of 
the charge controller to the (+) connector block of the junction box and connect the black 
wire coming from the (-) terminal of the charge controller to the (-) connector block of 
the junction box. Connection of the wire to the connector blocks of the junction box is 
shown in the figure 7.5.4.  
 
 

 
 
Figure 7.5.4.  Connection of the wire to the connector blocks of the junction box 
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7.5.3 Wiring procedures 
 
Wiring should be started after the identification of the location to install lamps and 
switches as well as installation of junction box. Following tools and materials are needed 
for the wiring purpose, 
 
Tools 
 
1.   Wire Cutter –  used for cutting wire 

2.   Wire Stripper  –  used for taking out the insulator of the wire 

3.   Flat Screw Driver – used for tightening screws 

4.    + or Philips Screw Driver – used for tightening screws of charge     
controller 

5.   Hammer Medium – used for fixing wiring clips in the wood 

6.   Hand Drill – used for making hole (smaller than screw) in 
the wood 

7.   Combination Plier – used for cutting wire, taking out nails and 
holding things 

8.   Crimping Tool – used for attaching the cable shoe on the wire 

9.   Multimeter – used for checking wiring connection, 
functioning of switch, measuring voltage of 
the battery and solar module. 

During wiring process, all these tools should be kept in one bag or in the half jacket 
containing multiple pockets. By doing this tools will not get lost and can be obtained 
instantly when required. 

 

Materials 

1. Wiring clip for holding two wires joining solar module to charge controller, 
charge controller to battery, and battery to junction box 

2. wiring clips for holding the wire joining junction box to lamps 
3. small nails for fixing clips 
4. screws of different sizes 
5. red and black insulation tapes 
6. torch light 
 
While wiring it is necessary to use wooden batten or plastic batten along the path through 
which the wire passes for holding it upon the batten by using clips. Start the wiring from 
the junction box to switch and from the corresponding switch to lamp as shown in the 
figure 7.5.5. If the mud plaster is used in the rural house then wooden peg/grip (1 inch 
long) should be used in the drilled holes and after that batten fixing nail or screw be 
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applied over the wooden peg. If the wall is made from the baked brick then use the nylon 
grip for proper holding of the batten. The batten should be locked at two ends (by nail or 
screw) for small length and should be locked at four ends for longer one. 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.5.5. Use of batten for wiring 
 
After fixing the batten on the wall start the process of holding wires on the batten. Care 
should be taken not to cut the wire too long and too short. Clips should be used at the 
distance of 1 inch on the batten for holding the wire. Extra length of 3” – 4” should be 
left at the end of the wire near junction box for the joining purpose. A loop of 4” should 
be provided in the red wire for using the switch as shown in figure 7.5.6.  
 
If the switch is already provided in the supplied lamps of SHS then there is no need of 
making loop. Provide around 3” – 4” of extra length to the wire at the end near lamp 
holder for connection to the lamp. If power socket is to be installed then follow the 
procedure as mentioned above. 
 
If the wooden or plastic batten is not available then use clips on the wooden frames, 
beam, and column as much as possible for holding the wire. 
 
As per mentioned above perform the wiring process for joining solar module to charge 
controller, from charge controller to battery and junction box. 
 
 
 

Place for 
switch 

Place for 
lamp 

Junction 
box 

Wires on 
the batten 
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Figure 7.5.6. Wiring from junction box to lamp 
 
 
 
7.6 Lamp installation procedures 
 
Solar lamps possess two �Ö shaped holes for holding it on the wall and over the beam as 
shown in the figure 7.6.1. In some lamps, these holes can be seen from outside where as 
in some lamps the cover at the housing end needs to be removed for viewing them.  
 
For installation of the lamp, first mark the position of the lamp frame holes on the 
location specified for its installation by using pencil. If the location consists of wooden 
wall or beam simply use the screw at the marked point for fixing the lamp. If the base 
frame for installation is made from other material use wooden grip or nylon grip for 
screwing purpose as used for installing charge controller. While tightening the screw left 
about ¼ “ of screw free for inserting the lamp frame holes and after that pull it as shown 
in the figure 7.6.2 for the locking purpose. Tighten the screw fully. During the process, 
make sure that wires of the lamp should be facing towards the end of wire extending from 
the junction box.  
 

Wire loop 
for switch 

Extra wire 
for lamp 
connection  
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Figure 7.6.1. Holes made at the frame of the lamp for installation purpose 
 
 

 
 
 

 
 
 
 

Figure 7.6.2. Method of using screw over the holes of lamp frame 
 

The wire connection of the lamp is done by joining red (+) wire coming from the junction 
box (color of wire joined at (+) positive terminal of battery) to the (+) mentioned positive 
terminal of the lamp and joining black (-) wire coming from the junction box (color of 
wire joined at (-) negative terminal of battery) to the (-) mentioned negative terminal of 
the lamp.  
 
For connecting the wire to the terminal, remove the ½” insulation from the end of the 
wires and twist 1-2 turn to the bare end of the conductor. Loosen the screw of the 
terminals and insert red wire inside the (+) terminal of the lamp and insert black wire 
inside the (-) terminal of the lamp. Tighten the screw of the terminal to secure the 
connection of the wire to the respective terminals. Check the connection of the wire to the 
terminal by slightly pulling it. If the wire pull out then tighten the screw for fixed 
securing. The wire connection to the terminal of the lamp is shown in the figure 7.6.3. 
 

Holes at 
lamp frame 



Chapter 7  Solar Home System Design and Installation 

 117

 
 

Figure 7.6.3  Wire connection to the solar lamps 
 
 
7.7 Switch installation procedures 
 
Two types of switches are generally used in the solar home system. First type is wall 
mount switch, which is fixed permanently on to the wall of the house by using the 
mounting screws. Second type is bed switch or hanging switch, which is not fixed on to 
the wall but instead hanged with the help of wires. The quality of latter one should be of 
better one other wise there is possibility of frequent failure.  
 
 

   
 

Figure 7.7.1. Types of switch 
 
 
Switch should be installed on the predetermined location marked initially during wire 
layout design. Use screw to fix the switch on the wooden wall. If the wall is made from 
mud or brick use wooden or nylon grip for holding screw.  

Hanging 
switch 

Wall mount 
switch 



Solar Home System Design and Installation   Chapter 7 

 118

The wiring of the switch starts with the cutting of the red wire in the middle of the loop 
provided by using the wire cutter. Use the wire stripper to remove the ½ inch of the wire 
insulation from the cut ends of the wire. During removing insulation make sure that no 
piece of wire get broken or no stain from the stripper be made o the wire. If the insulation 
removed wire is very flexible, twist 1-2 turns. Then remove the screw from the wire 
holding holes inside the switch by using screwdriver and insert the insulation removed 
wire ends into two different holes. Do not insert the insulation containing part of the wire 
inside the wire gripping holes of the switch. Tighten the screw to grip the wire end inside 
the holes and test the gripping of wire by pulling the wire slightly.  
 
In some lamps switch is already included in the lamp itself as shown the figure 7.4.2. For 
these type of lamps there is no need for the installation of the switch on the wire passing 
through the lamp but care should be taken to determine the position of lamp so that 
switch is easily accessible. 
 

 
 

Figure 7.7.2. Solar lamps with inbuilt switch 
 
7.8 Power socket installation procedures 
 
For the operation of television and cassette player, the power needs to be given through 
the battery. For supplying the power to these appliance three-pin socket will be used. The 
location of the socket should be in that place where usually family gathering take place 
such as living room. For the installation of the socket mark the position in the wooden 
pillar or wall for the housing the socket. Extend the 3/22 grade wire from the junction box 
to the socket. Remove the insulation from the end of the extended red and black wires 
and insert it into the holes in the terminal of the socket. Screw the holes containing the 
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inserted wires inside the terminals of the socket. For the uniformity in the wiring 
connection use (+) red wire on the left side of the socket and (-) black wire on the right 
side when viewed from front side as shown in the figure 7.8.1. 
 
  
 
 
 
 
 
 
 
 
 

Figure 7.8.1. Wiring connection for socket 
 
If there is switch also in the socket then use the wiring method as shown in the figure 
7.8.2. 
  
 
 
 
 
 
 
 
 
 

 
 
 

 
 Figure 7.8.2. Wiring connection for socket with switch 

 
7.9  Components assembly of Solar Home System 
 
During the installation of the solar home system each components of the system must be 
tested and installed separately followed by joining each other as following,  

a) Connection of the wire going towards the battery  to charge controller 

b) Connection of the wire coming from charge controller to the battery 

c) Check the functioning of the indicator in the charge controller showing condition of 
the battery 

d) Connection of the wire coming from the solar module to the charge controller 

Red 

Red 

Back side view Front side view 

Switch

Black

± —Red Black 
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e) Check the functioning of the indicator in the charge controller showing the charging 
of  the battery from the module 

f) Connection of the wire coming from junction box to the charge controller 

 

7.9.1 Connection of the wire going towards the battery to charge controller 

Wire for connecting charge controller with the battery is generally supplied separately by 
the SHS manufacturer. This wire is generally thicker than the one used for connecting the 
lamps and it contains cable shoe at one end for connecting it to the battery as shown in 
the figure 7.9.1. 

 

 
 

Figure 7.9.1   Wire for connecting charge controller with battery 
 
The other side of this wire does not contain cable shoes. The insulation of about ½” 
should be removed from this free end and its red wire should be connected to the terminal 
of the controller printed with battery (+). During connection of the wire to the terminal , 
the wire should be inserted into the hole of the terminal and screw should be tightly used 
to fix it properly. The length of the bare wire inserted into the terminal should be equal to 
the thickness of the terminal only and cut the wire if extend beyond that to prevent short 
circuit. Follow the same procedure for the black wire by connecting its free end with the 
battery (-) printed terminal of the charge controller. 
 
7.9.2 Connection of the wire coming from charge controller to the battery 

 
This connection should be done very carefully. If mistake occurs this might damage the 
charge controller. For connecting it, first identify the positive (+) terminal of the battery. 
Connect the red wire with cable shoe coming from battery (+) printed terminal of the 
charge controller to the (+) terminal of the battery. Then connect the black wire with 

Cable Shoe 
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cable shoe coming from battery (-) printed terminal of the charge controller to the (-) 
terminal of the battery carefully.  
 
 
 

  
 

Figure 7.9.2   Positive (+) and negative (-) sign printed in the battery 
 
 
After connecting the wire to the battery observe whether the battery condition-indicating 
indicator of the charge control light. If the indicator light properly then connection is 
considered as correct. If the indicator does not light properly, examine the connections 
made at the battery and charge controller once again.  If the connections are found 
perfect, apply petroleum jelly, grease, or Vaseline at both terminals of the battery. If the 
connections done to the battery and charge controller are OK but battery condition 
indicating indicator is not functioning correctly then there is the possibility faulty in of 
either charge controller  or battery. In this case first replace charge controller if this does 
not work then replace battery. 
 
 
7.9.3   Connection of the wire coming from the solar module to the charge controller 

 
Before joining the wire coming from solar module to the charge controller check the wire 
if there is proper voltage generated from the solar module. For this adjust the selector 
switch of the multimeter to DC 50V range and connect the red probe of the multimeter to 
the (+) terminal and black probe to the (-) terminal of the solar module. Remove ½” long 
insulation from the red and black wire coming from the solar module. Connect the red 
probe of the multimeter to the red wire coming from (+) terminal of the solar module and 
black probe of the multimeter to the black wire coming from (-) terminal of the solar 
module. The voltage should read between 12 – 22 V if the voltage coming from the 
module if functioning well.  If the meter shows negative value then check the wire 
connected to the junction box of solar module (connection of red and black wire may be 
interchanged). If every things goes well connect the red wire coming from the (+) 
terminal of the module to the terminal of the charge controller printed (+) below the solar 
module sign. Follow the same procedure for the black wire coming from the (-) terminal 
of the module by connecting (-) terminal of the module to the terminal of the charge 
controller printed (-) below the solar module sign. Cover the solar module with cloth 

+ 
+
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during connecting it to the charge controller to prevent electric shock. If the connection 
goes well then indicator in the charge controller showing the charging of the battery by 
solar module will light.  
 
 
7.9.4   Connection of the wire coming from the junction box to the charge controller 
 
Before connecting the wire coming from junction box to the charge controller, switch off 
all the light and loads connected to junction box. Then connect the red wire coming from 
(+) terminal of the junction box to the respective positive connector of the charge 
controller with (+) printed below sigh of lamp. Now carefully connect black wire coming 
from (-) terminal of the junction box to the respective negative terminal of the charge 
controller with (-) printed below sigh of lamp. If there is short circuit inside the 
connections of the junction box with red and black wire coming from load touching each 
other then the fuse of the charge controller might goes off or the spark might occur 
burning wire. If this happens, disconnect the wire joining the junction box with charge 
controller and check the connections at the junction box. Check the short circuit along the 
length of the wire joining the junction box with charge controller by using multimeter. If 
every thing goes well then connect red wire first and just touch the bare end of the black 
wire coming from the junction box to the respective terminal of charge controller. If it 
connections and wire condition are OK then it should not give spark. Connect the black 
wire to the controller if every thing goes well.  
 
 
7.9.5   Connection of the DC/DC Converter 
 
To connect the input of the DC/DC converter to the power socket join the wire coming 
from (+) and (-) terminal of the converter to the respective connector of the three pin 
plug. Then connect the plug to the socket and switch ON the converter. If there is power 
indicator in the converter then it should light. Then measure the output voltage of the 
converter. If multimeter shows proper voltage reading then installation of the converter is 
considered as done correctly.  
 
 
 
 
7.9.6   Connection of the DC/AC Inverter 
 
For connecting the DC/AC inviter to the system, first of all connect the required length of 
wire to the three pin plug taking into consideration of the polarity of the three pin socket 
i.e. (+) and (-) terminals. Then connect the other end of the wire to the respective (+) and 
(-) DC input terminals of the inverter. The inverter main switch and socket switch must 
be switched OFF before these connections. After finishing the connection, switch ON the 
socket switch followed by inverter main switch. Measure the AC volt output from the 
inverter. If the reading shows around 220 V then installation of the inverter is considered 
as done correctly. 
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7.10   Installation of solar home system components  
 
The trainees are required to install Solar Home System consisting of  
 
1. Solar module 
2. Battery 
3. Lamp 
4. Charge Controller 
5. DC/DC Converter 
6. DC/AC Inverter 
 
 
Review Questions 
 
1. Before connecting wire (joining charge controller to the battery) to the charge 

controller  
 

a. Wire should be connected to the battery 
b. Wire should not be connected to the battery 
c. Wire should be connected to the lamp 
d. Wire should be connected to the module 

 
2. While connecting terminal of charge controller with that of the battery 
 

a. (+) terminal of the charge controller should be connected to the (+) 
terminal of the battery 

b. (+) terminal of the charge controller should be connected to the (-) 
terminal of the battery 

c. (-) terminal of the charge controller should be connected to the (+) 
terminal of the battery 

d. (-) terminal of the charge controller should be connected to the (-) terminal 
of the battery 

 
3. Petroleum jelly is applied to the terminals of the charge controller 
 

a. Right 
b. Wrong 

 
4. Switch need to be connected to all types of lamp 
 

a. Right 
b. Wrong 

 
5. Before joining the junction box to the charge controller following inspection 

should be done 
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a. Disconnect wire coming from solar module 
b. Disconnect wire coming from lamp 
c. Disconnect wire coming from battery 
d. Check the wire going to junction box for short 

 
6. If short circuit happens, analog multimeter shows 
 

a. �D �:  
b. 100 �:  
c. 0 �:  
d. 300 �:  

 
7. In Nepal generally solar module is tilted at 
 

a. 10�q North 
b. 15�q North 
c. 30�q North 
d. 60�q North 

 

8. Resistance of fuse will have a value of 
 

a. 220 Ohm 
b. 50 Ohm 
c. 0 Ohm 
d. 1000 Ohm 

 
9. Inverter efficiency depends upon 
 

a. Load power (Watt) but not Inverter Efficiency  
b. Load Power factor but not Inverter Efficiency  
c. Inverter Efficiency but not Load Power factor  
d. Both Load power (Watt) and Inverter Efficiency 

 
10. Current flowing through the wire is   
 

a. Increase as cross sectional area of the wire increases 
b. Decreases as cross sectional area of the wire increases 
c. Increase as length of the wire increases 
d. Decreases as maximum allowed voltage drop percentage increases 
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CHAPTER 8 
 

Repair and Maintenance of Components of Solar Photovoltaic System  
 
 
Duration:  220 minutes 
  140 minutes (Practical) 
   
Physical Facilities required: Class room with white board, multi-media projection 
facility and table with open space. 
 
Materials required:  

a) Catalogues of various types of modules, batteries, charge regulators, lamps, DC-
DC converters and DC-AC inverters, wire-size tables, PV standards, calculator 
and reference material. 

b) Working and damaged components of SHS, multimeter, hydrometer, clamp 
meter, electronic tool kit, spare parts and other accessories. 

 
Procedures: The Instructor/s  

a) Provides an overview of the repair and maintenance of different components of 
Solar Home System 

b) The trainees test, repair and maintain components of Solar Home System 
indivually. 

 
Instructor: The Trainer 
 
 
Reference:  

1. Solar Photovoltaic System Design Manual for Solar Design Engineers, 
AEPC/ESAP 

2. Solar Electricity Technical Training Manual (Level 2), AEPC/ESAP. 
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Lesson Plan 
 
Sub-
chapter 

Lesson details Teaching 
Methodology 

Facilities 
required 

Duration Remarks 

8.1 Solar Module Lecture and 
demonstration 

Class room 30 mins.  

8.2 Battery  Lecture and 
demonstration

Class room 40 mins  

8.3 Charge Controller Lecture and 
demonstration 

Class room  40 mins  

8.4 Solar Lamp Lecture and 
demonstration 

Class room 35 mins  

8.5 DC-AC Inverter Lecture and 
demonstration 

Class room 35 mins  

8.6 DC-DC 
Converter 

Lecture and 
demonstration  

Class room 40 mins  
 
 

8.7 Demonstration of 
various 
components, their 
testing and 
repairing 
procedures 

Lecture and 
demonstration 

Class room 140 mins  
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8.1 Solar Module  
 
Solar PV module is considered as damaged if the value of short circuit current (ISC ) and 
open circuit voltage (VOC ) deviates too much from the value given in the specification. If 
this happens, the new module should replace it. During installation of the new module, 
the above-mentioned parameter should be checked again.  
 
If bypass diode is being used in the module and the terminals of the module shows zero 
or negligible value of ISC and VOC then bypass diode must have been short-circuited. This 
can be checked by using simple multimeter. If the bypass diaode is found damaged then 
replace it with new one and again check ISC and VOC of the new diode for conformity. 
 
If the module is seen broken or cracked then there is no option but to replace it with the 
new module. 
 
 
8.2 Battery 
 
Physical Inspection and General maintenance of Battery 
 
During the physical inspection of the battery, clean the dust accumulated over it by clean 
and dry cloth. Observe if there is any cracked developed around the container of the 
battery. If there is any crack and the leakage of electrolyte replace the battery. 
 
Battery should be kept in open-air circulated, sun light prevented and children 
unaccessible smooth level place. It should not be kept covered. As hydrogen gas is 
generated during charging and discharging process prevent any source of fire near battery 
such as cigarette smoking, lighting kerosene lamps etc. 
 
Care should be taken while working with battery as it contains sulphuric acid inside it. If 
acid get spill over the hand wash the hand with water immediately and contact the nearest 
health post or medical facilty. The acid containing hand should not touch eye. If that 
happens it might damage the eye and even result blindness. Prevent the children from 
staying near the battery when adding distilled water to the battery. 
 
The top surface of the battery should be clean and dry. The vent plug of the battery 
should be left open all the time. The contacting surface of the terminal should be clean by 
“0” number abrasive paper. Screw connection should be kept coverd by petroleum jelly 
and vacelline to prevent rusting. 
 
The water level in the battery should be checked every 3 month and distilled water should 
be added to maintain water level above lower limit level by topping up distilled water up 
to the upper limit level of all six compartments (cells) of the battery. All the caps of the 
compartments of the battery should be closed tightly after filling it with distilled water.   
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The battery should be maintained above 6�q C as its electrolyte consisting of solution of 
sulphuric acid does not work well below that temperature. For the cold places, it is better 
to keep battery inside the room and wrapt it with warm cloth or rolls of cotton around the 
battery except top portion of it to maintain the required temperature.  
 
The battery should not be left unused after adding sulphuric acid solution into it. If it is 
left unused for long time there will be self discharge process going on inside it which will 
damage the battery permanently. The battery should be charged to full level at least once 
a month if it is to be left unused for long time. 
 
During operation of the battery, the terminals of the battery may result rusting due to the 
ambient condition and screw may get loosen. To prevent this vaseline or petroleum jelly 
should be applied around the terminal connections. If the rusting occur in the terminal 
connections with the appearance of the white or green amorphous powder, remove the 
rusting layer with the use of washing soda or warm water to clean them. While cleaning 
make sure that it doesnot get inside the battery. Apply vaseline or petroleum jelly over 
the connections. 
 
There will be large current flowned between (+) and (-) termninals of the battery if they 
are connected or short-circuited. Hence, the two terminals of the battery should not be 
touched at the same time with bare hands. 
 
Every battery has certain operating life. If its operating life finishes, the battery will 
charge quickly and discharge very quickly once the load is connected to it. In this 
condition, the new one should replace the old battery. 
 
Old battery can be sold to the scrapt buyer for recycling. Therefore, the disposable old 
battery should be kept safe without spilling its inside acid until it is being sold for 
recycling. 
 
 
Battery Water and Electrolyte Level observation 
 
The performance of the battery depends also on the purity of the battery water used in the 
electrolyte of the battery. For the battery water purpose only distilled water, 
demineralised water or de-ionised water should be used. Tap water or underground water 
should not be used for the battery water purpse. Technically battery water should consists 
of Ph value between the range of 6.5 and 7 and conductivity between the range of 2 to 6 
micro simen (��S). The battery water storing bottle or container should not contain any 
dust or contamination. 
 
Funnel should be used over the vent plug while adding battery water to the battery. Lines 
showing lower level and upper level of the electrolyte are marked ouside the battery 
container.  If the electrolyte level goes below lower level mark, battery water should be 
added up to the upper level by opening six vent plugs on the top surface of the battery 
and adding battery water on each of the cell of the battery.   
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Battery Acid and Specific Gravity Measurement 
 
In Lead acid battery dilute, pure sulphuriuc acid is used as the electrolyte. The purity of 
the battery acid used inside the battery determines the perfromane and life of the battery. 
Only battery grade sulphuric acid should be used and use of commercial and technical 
grade sulphuric acid should be strictly avoided.  
 
The specific gravity of the electrolyte of fully charged battery is 1.250 (at 25�q C) or more 
depending upon the design of the manufacturers. The specific gravity of electrolyte of the 
new battery lies between 1.240 to 1.260. The state of charge will be about 50% if the 
specific gravity of the electrolyte is 1.190. If the specific gravity goes below 1.100 the 
battery might be in damaged condition.  
 
The battery are generally supplied by manufactuere in dry discharged condition. For the 
operation of the battery, battery grade sulphuric acid having specific gravity of 1.240 to 
1.260 should be used. 
 
The specific gravity also depends upon the temperature of the electrolyte. Generally, the 
value of specific gravity is given for the electrolyte at 25�q C. For every rise in 10�q C of 
electrolyte, the specific gravity value should be increased by 0.007 for the monitoring 
purpose. 
 
The specific gravity is measured by using hydrometer. It consists of upper rubber ball, 
middle glass tube with measuring facility and lower small plastic pipe as shown in the 
figure 8.2.1. 
 
 
 
 
 

 
 

Figure 8.2.1 Hydrometer 
 
For measuring specific gravity of electrolyte first press the rubber ball of the hydrometer 
and dip its plastic pipe into one of the battery cell through vent plug hole. Slowly release 
the pressure on the ball so that the electrolyte of the cell is sucked upward until the 
middle glass tube of the hydrometer get filled with it. Release the pressure totally upon 

Rubber ball Plastic pipe 
Middle 
glass tube Meter 
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the rubber ball and take the reading of the specific gravity by observing the value of the 
marking level in the meter that is coincident with the upper level of the liquid filled inside 
the tube. The figure showing the measurement from hydrometer is shown in the figure 
8.2.2. 
 
  
 

 
 

Figure 8.2.2  Measurement of specific gravity by Hydrometer 
 

After taking the reading of the specific gravity, the entire electrolyte sucked upward 
during measurement should be sent back to the respective cell compartment of the 
battery. Single measurement of specific gravity might contain error so several 
measurements should be taken and the value that repeats the most should be considered. 
 
 
Battery Voltage and its Measurement  
 
a) Open Circuit Voltage 
Voltage between two terminals of the battery when it is not receving any energy from the 
module and when it is not supplying any energy to the load is called open circuit voltage 
(O.C.V.). Approximately one cell of battery produces O.C.V. = Specific Gravity + 0.84. 
Battery cell having sopecific gravity of 1.250 would produce O.V.C. of 1.250 + 0.84 = 
2.09 volt. A 12V battery contains 6 such cells and the O.C.V. for the fully charged battery 
becomes 2.09 X 6 = 12.54V.  
 
b) Terminal or Load Voltage 
Voltage observed between (+) and (-) terminals of battery during charging and 
discharging process is called terminal voltage, the value of which is always less than 
O.C.V. 
 
 
 

Upper level of 
water Meter 

reading 
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c) End Point Voltage 
The minimum allowable voltage during discharging process of battery is called end 
voltage (E.P.V.). For 12V standard Lead acid battery, E.P.V. is taken as between 10V to 
10.5V. 
 
Generally, in the ordinary battery when there is no charging process and no load 
connected to it, if O.C.V. is 12.6 there will be 90% energy stored inside the battery. If the 
battery O.C.V. is 11.5V, the stored energy will be less than 50% and there will be chance 
of being damaged for swallow cycle battery. The battery will be considered dead if the  
O.C.V. reaches below 11V. 
 
The voltage is measured by using analog or digital multimeter. For measuring voltage of 
the battery multimeter should be set at 50V range. Then the red (+) probe of the meter 
should be conneted to the (+) terminal of the battery and black (-) probe of the meter 
should be conneted to the (-) terminal of the battery. Load should not be connected during 
measurement of O.C.V. but load should be connected and operated during the 
measurement of terminal voltage. 
 
Hard Sulphation 
When battery gets discharged fine grain of crystalline PbSO4 get deposited over the 
positive and negative plates of the battery cells. But during charging process these 
crystalline grain get dissolved and convert into the active material of the plates. But if the 
battery is left for long time in the discharged or partily charged condition, the PbSO4 
form will convert into the permanent hard crystal covering the active material of the 
plates. These hard sulphate deposites act as the insulator for electrfical charg and thus 
increases the battery internal resistance. This will prohibit the battery from charging 
process and during discharging process no energy will be released. This state of the 
battery is called dead state. 
 
If the battery is going through hard sulplation following indications will be observed, 

a) Lower specific gravity of the electrolyte 
b) Lower voltage of the battey cell 
c) Higher temperature of the electrolyte during charging and discharging process 
d) White grain are seen over the battery plates 

 
Hard sulphation also result when over charging is done to the battery. If the regular 
operation of the battery is interrupted due to the formation of hard sulphation then battery 
should be replaced by the new one. 
 
 
8.3 Charge Controller 
 
Charge controller is considered as damaged or in not in normal condition if the following 
conditions are observed, 
a) Unability of solar module to charge battery 
b) Battery do not reach over-charge protection state 
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c) No voltage in the load connector of the charge controller 
d) Lighting of the bulb even when battery is in under charge state 
 
 
a) Unability of solar module to charge battery 
�x Check the voltage of the solar module at the charge controller connector. 
�x If the there is no voltage check for the loose connection at the connector or check 

by-pass diode of the solar module. 
�x Examine RFC Choke 
�x Check the reverse protection diode if it is open 
�x Examine the short circuit of the source and drain terminal of the charging circuit 

MOSFET 
�x Check the voltage (as per manufacture specification or not) of the control circuit 

used in the charging circuit 
�x Examine whether the track from the charging circuit to the PCB is open or not 
�x Check MOSFET 
 
Replace the components if it is found not functioning properly and check the operation of 
charge controller.     
 
b) Battery do not reach over-charge protection state 
�x Check the voltage of the drain and source gate of the MOSFET used in the 

overcharge protection circuit using multimeter. If found not functional replace it 
with new MOSFET. 

�x Examine the voltage of the ocercharge circuit as per given in the circuit 
�x If the battery is old or dead, then also charge controller would not go to the over 

charge protection mode during the charging of the battery from the solar module. 
 
c) No voltage in the load connector of the charge controller 
�x No load voltage occurs if the fuse went off 
�x If track is open in PCB load voltage may not occur 
�x If Load MOSFET is open then also load voltage may not occur. Check it by using 

multimeter 
�x Examine voltage as per given in the load circuit. If not found as per given check 

for the components of the circuit 
�x Check load ON/OFF switch 
 
The circuit diagrams for Series PWM, Shunt PWM, Series ON/OFF, Shunt ON/OFF type 
charge controllers are given in the figure 8.3.1. to 8.3.4. The possible problems and 
remedies for them are given in the table 8.3.1. 
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Figure 8.3.1. Circuit diagram for Series PWM type charge controller 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8.3.2. Circuit diagram for Shunt PWM type charge controller 
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Figure 8.3.3. Circuit diagram for Series ON/OFF type charge controller 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8.3.4. Circuit diagram for Shunt ON/OFF type charge controller 
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Table 8.3.1. Possible problems and remedies for the Series PWM, Shunt PWM, Series 
ON/OFF, Shunt ON/OFF type charge controllers 
 
A.  Series PWM Controller 
  

S/
N 

Problems Causes Remedies 

1 
Solar module 
does not 
charge battery 

1. Damage of MOSFET Q1  
2. Short circuit of MOV 
3. Track open 
4. Loose Connector 
5. Damage of solar module 

bypass diode 
6. Damage of the blocking diode 
7. Hard sulphation in the battery 
8. Damage of solar module 
 

1. Check  MOSFET Q1 
2. Check MOV 
3. Examine if track is open or not 
4. Check connector if loose or not 
5. Examine solar module bypass 

diode 
6. Check blocking diode 
7. Measure battery voltage and 

specific gravity of electrolyte 
8. Check solar module 
 

2 

No voltage in 
the load 

terminal of 
charge 

controller 

1. Burnt down of fuse 
2. Damage of MOSFET Q2 
3. Track open 
4. Open circuit of any 

component 
5. Damaged/Burnt down of IC 
6. Damage of switch used in 

charge controller 
7. damage of diode 

 

1. Check  fuse 
2. Check MOSFET Q2 
3. Examine if track is open or not 
4. Check for open circuit of 

MOSFET Q2 components (LVD 
section circuit) 

5. Check IC 
6. Examine switch used in charge 

controller 
7. Check diode 
 

3 

Low Voltage 
Disconnection 
not activated 
or light lamps  
even if battery 
voltage drop 
below 10.8V 

1. Damage of MOSFET Q2 
2. Incorrect setting of 

potentiometer set point 
3. Damage of DB diode 

 
 

1. Check MOSFET Q2 
2. Adjust the setting knob of 

potentiometer. If it does not work 
change charge controller 

3. Check DB diode 
 
 

4 

Red indicator 
lights even at 
Low Voltage 
Disconnection  

1. Resistor connected to LED3 
being open 

2. Track open 
3. Damage of DB diode 
4. Damege of LED3 

 

1. Check if Resistor connected 
LED3 is open 

2. Examine if Track is open or not 
3. Check DB diode 
4. Check LED3 and replace if not 

functioning 
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S/
N 

Problems Causes Remedies 

5 

High Voltage 
Disconnection 
not activated 
even if battery 
voltage rises 
up to 14 -
14.8V or solar 
module 
charging 
battery even 
above set 
point 

1. Damage of MOSFET Q1 
2. Incorrect setting of 

potentiometer set point 
3. Any component of High 

Voltage Disconnection (HVD) 
being open 

4. Track open 
5. Damaged/Burnt down IC 
 
 

1. Check MOSFET Q1 
2. Adjust the setting knob of 

potentiometer. If it does not work 
change the charge controller 

3. Check if component of High 
Voltage Disconnection (HVD) is 
open 

4. Examine if track is open 
5. Check IC 
 
 

6 

Yellow or 
green 
indicator not 
lights even if 
Battery is 
charging  

 

1. Resistor connected to LED 
may be open 

2. Track open 
3. Damaged/Burnt down 

Transistor Q3 
4. Damaged LED 
 
 

1. Check if Resistor connected to 
LED is open 

2. Examine if track is open or not 
3. Check Transistor Q3 
4. Check LED and replace if found 

damaged 
 

  
 
  
B.  Shunt PWM Controller 
 

S/
N 

Problems Causes  Remedies 

1 
Solar module 
does not 
charge battery 

1. Damage of MOSFET T1  
2. Short circuit of MOV 
3. Track open 
4. Loose Connector 
5. Damage of solar module 

bypass diode 
6. Damage of the blocking diode 
7. Hard sulphation in the battery 
8. Damage of solar module 
 

1. Check  MOSFET T1 
2. Check MOV 
3. Examine if track is open or not 
4. Check connector if loose or not 
5. Examine solar module bypass 

diode 
6. Check blocking diode 
7. Measure battery voltage and 

specific gravity of electrolyte 
8. Check solar module 
 

2 

No voltage in 
the load 

terminal of 
charge 

controller 

1. Burnt down of fuse 
2. Damage of MOSFET Q2 
3. Track open 
4. Open circuit of any 

component 
5. Damaged/Burnt down of IC 
6. Damage of switch used in 

1. Check  fuse 
2. Check MOSFET Q2 
3. Examine if track is open or not 
4. Check for open circuit of 

MOSFET Q2 components (LVD 
section circuit) 

5. Check IC 
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S/
N 

Problems Causes  Remedies 

charge controller 
7. damage of diode 
 

6. Examine switch used in charge 
controller 

7. Check diode 
 

3 

Low Voltage 
Disconnection 
not activated 
or light lamps  
even if battery 
voltage drop 
below 10.8V 

1. Damage of MOSFET Q2 
2. Incorrect setting of 

potentiometer set point 
3. Damage of DB diode 
 
 

1. Check MOSFET Q2 
2. Adjust the setting knob of 

potentiometer. If it does not work 
change charge controller 

3. Check DB diode 
 
 

4 

Red indicator 
lights even at 
Low Voltage 
Disconnection  

1. Resistor connected to LED3 
being open 

2. Track open 
3. Damege of LED3 
 

1. Check if Resistor connected 
LED3 is open 

2. Examine if track is open or not 
3. Check LED3 and replace if not 

functioning 

5 

High Voltage 
Disconnection 
not activated 
even if battery 
voltage rises 
up to 14 -
14.8V or solar 
module 
charging 
battery even 
above set 
point 

1. Damage of MOSFET Q1 
2. Incorrect setting of 

potentiometer set point 
3. Any component of High 

Voltage Disconnection (HVD) 
being open 

4. Track open 
5. Damaged/Burnt down IC 
 
 

1. Check MOSFET Q1 
2. Adjust the setting knob of 

potentiometer. If it does not work 
change the charge controller 

3. Check if component of High 
Voltage Disconnection (HVD) is 
open 

4. Examine if track is open 
5. Check IC 
 
 

6 

Yellow or 
green 
indicator not 
lights even if 
Battery is 
charging  

 

1. Resistor connected to LED 
may be open 

2. Track open 
3. Damaged/Burnt down 

Transistor Q3 
4. Damaged LED 
 
 

1. Check if Resistor connected to 
LED is open 

2. Examine if Track is open or not 
3. Check Transistor Q3 
4. Check LED and replace if found 

damaged 
 

  
 
 
 C.  Series ON/OFF Controller 
 

S/
N 

Problems  Causes  Remedies 

1 Solar module does 1. Burnt down of fuse 1. Check fuse 
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S/
N 

Problems  Causes  Remedies 

not charge battery 2. Damage of MOSFET T1  
3. Short circuit of MOV 
4. Track open 
5. Loose Connector 
6. Damage of solar module 

bypass diode 
7. Damage of the blocking 

diode 
8. Hard sulphation in the 

battery 
9. Damage of solar module 
 

2. Check  MOSFET T1 
3. Check MOV 
4. Examine if track is open or not 
5. Check connector if loose or not 
6. Examine solar module bypass 

diode 
7. Check blocking diode 
8. Measure battery voltage and 

specific gravity of electrolyte 
9. Check solar module 
 

2 
No voltage in the 
load terminal of 
charge controller 

1. Burnt down of fuse 
2. Damage of MOSFET T2 
3. Track open 
4. Open circuit of any 

component 
5. Damaged/Burnt down of IC 
6. Damage of switch used in 

charge controller 
 

1. Check  fuse 
2. Check MOSFET T2 
3. Examine if track is open or not 
4. Check for open circuit of 

MOSFET Q2 components (LVD 
section circuit) 

5. Check IC 
6. Examine switch used in charge 

controller 
 

3 

Low Voltage 
Disconnection not 
activated or light 
lamps  even if 
battery voltage drop 
below 10.8V 

1. Damage of MOSFET T2 
2. Incorrect setting of 

potentiometer set point 
 
 

1. Check MOSFET T2 
2. Adjust the setting knob of 

potentiometer. If it does not work 
change charge controller 

 
 

4 

Red indicator 
lighting even at 
Low Voltage 
Disconnection  

1. Resistor connected to LED2 
being open 

2. Track open 
3. Damege of LED2 

 

1. Check if Resistor connected 
LED2 is open 

2. Examine if track is open or not 
3. Check LED2 and replace if not 

functioning 

5 

High Voltage 
Disconnection not 
activated even if 
battery voltage rises 
up to 14 -14.8V or 
solar module 
charging battery 
even above set 
point 

1. Damage of MOSFET T1 
2. Incorrect setting of 

potentiometer set point 
 
 

1. Check MOSFET T1 
2. Adjust the setting knob of 

potentiometer. If it does not work 
change the charge controller 

 
 

6 Yellow or green 1. Resistor connected to 1. Check if Resistor connected to 
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S/
N 

Problems  Causes  Remedies 

indicator not lights 
even if Battery is 
charging  

 

LED1 may be open 
2. Track open 
3. Damaged LED1 

 
 

LED1 is open 
2. Examine if track is open or not 
3. Check LED1 and replace if found 

damaged 
  

 
 D.  Shunt ON/OFF Controller  
 

S/N Problems  Causes Remedies 

1 Solar module does 
not charge battery 

1. Burnt down of fuse 
2. Damage of MOSFET T1  
3. Short circuit of MOV 
4. Track open 
5. Loose Connector 
6. Damage of solar module 

bypass diode 
7. Damage of the blocking 

diode 
8. Hard sulphation in the 

battery 
9. Damage of solar module 
 

1. Check fuse 
2. Check  MOSFET T1 
3. Check MOV 
4. Examine if track is open or 

not 
5. Check connector if loose 

or not 
6. Examine solar module 

bypass diode 
7. Check blocking diode 
8. Measure battery voltage 

and specific gravity of 
electrolyte 

9. Check solar module 
 

2 
No voltage in the 
load terminal of 
charge controller 

1. Burnt down of fuse 
2. Damage of MOSFET T3 
3. Track open 
4. Open circuit of any 

component 
5. Damaged/Burnt down of IC 
6. Damage of switch used in 

charge controller 
 

1. Check  fuse 
2. Check MOSFET T3 
3. Examine if track is open or 

not 
4. Check for open circuit of 

MOSFET Q2 components 
(LVD section circuit) 

5. Check IC 
6. Examine switch used in 

charge controller 
 

3 

Low Voltage 
Disconnection not 
activated or lights 
lamp  even if battery 
voltage drop below 
10.8V 

1. Damage of MOSFET T3 
2. Incorrect setting of 

potentiometer set point 
3. Damage of transistor T2 
 
 

1. Check MOSFET T3 
2. Adjust the setting knob of 

potentiometer. If it does 
not work change charge 
controller 

3. Ckeck transistor T2 
 
 

4 Red indicator lights 1. Resistor connected to LED2 1. Check if Resistor 
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S/N Problems  Causes Remedies 
even at Low Voltage 

Disconnection  
being open 

2. Track open 
3. Damege of LED2 
 

connected LED2 is open 
2. Examine if track is open or 

not 
3. Check LED2 and replace 

if not functioning 

5 

High Voltage 
Disconnection not 
activated even if 
battery voltage rises 
up to 14 -14.8V or 
solar module 
charging battery even 
above set point 

1. Damage of MOSFET T1 
2. Incorrect setting of 

potentiometer set point 
3. Any component of High 

Voltage Disconnection 
(HVD) being open 

4. Track open 
5. Damaged/Burnt down IC 
 

1. Check MOSFET T1 
2. Adjust the setting knob of 

potentiometer. If it does 
not work change the 
charge controller 

3. Check if component of 
High Voltage 
Disconnection (HVD) is 
open 

4. Examine if Track is open 
5. Check IC 
 

6 

Yellow or green 
indicator not light 
even if Battery is 
charging  

 

1. Resistor connected to LED1 
may be open 

2. Track open 
3. Damaged LED1 
 
 

1. Check if Resistor 
connected to LED1 is 
open 

2. Examine if Track is open 
or not 

3. Check LED1 and replace 
if found damaged 
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8.4 Solar Lamp 
 
The fault of the lamp may be due to the following reasons. 
a) Damage of the switch 
b) Unavailability of DC volt to the lamp from the junction box 
c) Burnt down of fuse 
d) Burnt down of lamp 
e) Damage of the ballast 
 
There fore before checking the ballast, checking for all possible reasons from (a) to (d) 
should be followed. If these checking show positive result then only ballast should be 
checked. 
 
Any component of the ballast should be removed from PCB before replacing it with new 
one. Multimeter should be used to check the taken out component of the ballast and if 
found damaged it should be replaced by new one. 
 
i. Checking of Choke or Fuse 
Set the multimeter to Ohm-meter range. Continuity in connection should be shown when 
connectiong probes of the multimeter with two terminals/wires of the choke or fuse. If 
there is continuity in connection then meter shows 0 Ohm or buzzer will ring. 
  
ii.  Checking of Diode 
While measuring diode resistance from Ohm-meter the value of resistance should be 500 
Ohm to 600 Ohm from one side and very high resistance when connection is reversed. 
 

iii.  Checking of Resistor 
The value of the resistance measured by Ohm-meter should be as per the color coding of 
resistance. 
 

iv. Checking of Transformer 
The measured resistance of the coils of the transformer by Ohm-meter should be as per 
the windings of the coil. 
 
v. Checking of Transistor 
Forward and reverse resistance of base-collector, base-emmiter and collector-emitter of 
transistor should be measured for checking transistor. The value shown by multimeter 
during checking transistor should be as following. 
 

 Example: for  NPN Transistor 
 Forward resistance (base-collector) -  low Ohm  
 Forward resistance (base-emitter) -  low Ohm  
 Collector – emitter resistance -  high Ohm  
 Reverse resistance (base – collector)-  high Ohm  
 Reverse resistance (base – emitter)-  high Ohm  
 Reverse collector – emitter resistance-  high Ohm  
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The circuit diagram for the ballast with pre-heating and ballast without pre-heating is 
given in the figure 8.4.1. to 8.4.2.  
 
The possible problems and its solutions for ballast of the lamp is given in the Table 8.4.1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 8.4.1 Circuit diagram for the ballast with pre-heating 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8.4.2 Circuit diagram for the ballast without pre-heating 
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Table 8.4.1  Possible problems and its solutions for ballast of the lamp 
 
A.  Ballast with pre-heating 
 

S/N Faults Causes Remedies 

1 
 

Lamp not 
lights 

/ illuminate 

Battery may be deep discharge  Measure battery voltage 
No input voltage in lamp Check input voltage. Input voltage valushould 

be 10.8 to 12V. 
Damage of charge controller Check charge controller 
Pins of the lamp may not be 
touching holder properly 

Rotate the position of the lamp 

Damage/Burnt down of transistor 
of ballast 

Check transistor and if found damaged 
replace it 

Fuse may be burnt down/ damaged Check fuse and if found burnt down/ damaged 
replace it 

Damage of transformer of ballast Check transformer for continuity and if found 
damaged replace it 

2 
Continuous 
fuse burnt 

down 

Short circuit of diode D1  Check diode D1 and if found short replace it 
Short circuit of transitors Check transistors and if found short replace 

them 
Primary Winding of transformer 
may be burnt down/ damaged 

Check Primary Winding of transformer 

3 

 
No Pre-heat 
occurs 

Damage of Relay Check Relay and measure voltage of the 
positive pin. It should be about 12V. If pin 
voltage is OK then check resistor R5 and C4. 
Replace them if found burnt down/ damaged 

 
B.  Ballast without pre-heating 
 

S/N  Faults Causes Remedies 

1 
 

Lamp not 
light/illumina

te 

Battery may be deep discharge  Measure battery voltage 
No input voltage in lamp Check input voltage. Input voltage 

valushould be 10.8 to 12V. 
Damage of charge controller Check charge controller 
Pins of the lamp may not be touching 
holder properly 

Rotate the position of the lamp 

Damage/Burnt down of transistor of 
ballast 

Check transistor and if found damaged 
replace it 

Fuse may be burnt down/ damaged  Check fuse and if found burnt down/ 
damaged replace it 

Damage of transformer of ballast Check transformer for continuity and if 
found damaged replace it 

2 
Continuous 
fuse burnt 

down 

Short circuit of diode D1  Check diode D1 and if found short 
replace it 

Short circuit of transitors Check transistors and if found short 
replace them 

Primary Winding of transformer may be 
burnt down/ damaged 

Check Primary Winding of transformer 
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8.5 DC/AC Inverter 
 
DC/AC inverter should be examined as per procedures mentioned below,  
 
�x Measure at output for 220V AC 
�x Measure at input for 12V DC 
�x Check Fuse 
�x If input shows 12V DC and fuse seems OK but output doesnot give 220V AC , 
then inverter is considered as damaged and should be send to suppliers for further 
repairing.  
 
 
8.6 DC/DC Converter 
 
Following are the possible problems in DC/DC Converter 
a) No DC output from Converter 
Check the ON/OFF switch. If found OK check the voltage at different points of the 
components as per circuit diagram given by manufacturer. If measurement shows 
deviation from the standard value, replace the damaged component by the same 
number/rating component. 
 
b) No matching output voltage with respect to the selector switch 
Check the switch by using multimeter. If found faulty replace it with new one. 
 
The circuit diagram for the DC/DC Converter is given in the figure 8.6.1. The possible 
problems and its solutions for DC/DC Converter is given in the Table 8.6.1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 8.6.1  Circuit diagram for the DC/DC Converter 
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Table 8.6.1  The possible problems and its solutions for DC/DC Converter  
 
S/N Faults Remedies 
1 
 
 

No output voltage in any position 
of selector swtich 

Check input voltage and it should be 
around 12V. If input voltage is OK check 
IC LM317  

2 No voltage observed in all positions 
of selector swtich 

If all position of selector switch shows zero 
output voltage and selector switch 
connection seems OK then IC should be 
replaced 

3 Some positions of the selector 
switch shows voltage and some 
positions does not shows voltage 

Check resistance of the positions of the 
selector switch that does not shows voltage. 
If resistance shows open circuit then 
change the resistance. If resistance is OK 
then check selector switch.  

 
 
8.7   Demonstration of various components, their testing and repairing 
procedures 
 
The demonstration class shall be conducted involving demonstration of testing and 
repairing procedures for 
 
1. Solar module 
2. Battery 
3. Lamp 
4. Charge Controller 
5. DC/AC Inverter 
6. DC/DC Converter 
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Review Questions 
 
1. The voltage of the discharged battery is about 
 

a. 14 V 
b. 18 – 21 V 
c. 11 V 
d. 12.6 V 

 
2. In Lead Acid battery the reason for hard sulphation is due to 
 

a. Over charging  
b. Over Discharging 
c. Charging up to 12.6V 
d. Discharging up to 11V 

 
3. If all the lamps does not illuminate, the reason can be due to 
 

a. Burnt down of bulb 
b. Damaged charge controller 
c. Damaged DC/DC converter 
d. Damaged DC/AC Inverter  

 
4. If blocking diode inside the charge controller becomes open circuit 
 

a. No lamp will illuminate 
b. Battery will not be charged 
c. Will not charge battery at night 
d. Over charge of battery will occur 

 
5. If one of the lamp of SHS doesnot light, first of all 
 

a. Replace the lamp and check 
b. Repair charge controller 
c. Repair the ballast 
d. Add distilled water to the battery 

 
6. In the damaged transistor 
 

a. Both side resistance of base-collector will be high 
b. Both side resistance of base-collector will be low 
c. Both side resistance of emitter- collector will be high 
d. Both side resistance of emitter-collector will be low 
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7. Resistance of fuse will have a value of 
 

a. 220 Ohm 
b. 50 Ohm 
c. 0 Ohm 
d. 1000 Ohm 

 
 
8. If IC inside charge controller damaged then  
 

a. Replace with any IC 
b. Replace IC with transistor 
c. Repair IC and connect it 
d. Replace IC of same number only 

 
9. Output voltage of the DC/AC inveter is  
 

a. 150 V 
b. 200 V 
c. 220 V 
d. 12 V 

 
10. If module is cracked 
 

a. Repair the module and use it 
b. Use the same module 
c. Replace the module with new one 
d. Replace module base frame 
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CHAPTER 9 
 

Design Aspects of large Solar Photovoltaic Systems (non-pumping 
application) 

 
 
Duration:  360 minutes 
  120 minutes (Field Visit) 
   
Physical Facilities required: Class room with white board and multi-media projection 
facility. 
 
Materials required: Catalogues of various types of modules, batteries, charge regulators, 
lamps, DC-DC converters and DC-AC inverters, wire-size tables, PV standards, 
calculator and reference material.   
 
Procedures:  

a) The instructor provides an overview of the practices and procedures of designing 
a complete solar PV system for non-pumping applications. 

b) At the end of the Chapter, visit to large non-pumping solar PV installation site is 
arranged.  

 
Instructor: The Trainer 
 
 
Reference:  

1. Solar Photovoltaic System Design Manual for Solar Design Engineers, 
AEPC/ESAP 

 
 



Design aspects of large Solar PV Systems (non-pumping applications) Chapter 9 

 150

Lesson Plan 
 
Sub-
chapter 

Lesson details Teaching 
Methodology 

Facilities 
required 

Duration Remarks 

6.1 Load calculations Lecture and 
numerical examples 
and exercise 

Class room 30 mins.  

6.2 Sizing of Module 
/Array 

Lecture and 
numerical examples 
and exercise 

Class room 30 mins  

6.3 Sizing of Storage 
Battery 

Lecture and 
numerical examples 
and exercise 

Class room  30 mins  

6.4 Sizing of Charge 
Controller 

Lecture and 
numerical examples 
and exercise 

Class room 30 mins  

6.5 Sizing of Wire/ 
Cable 

Lecture and 
numerical examples 
and exercise 

Class room 60 mins  

6.6 Sizing of Inverter Lecture and 
numerical examples 
and exercise 

Class room 30 mins  
 
 

6.7 Sizing of DC-DC 
Converter 

Lecture and 
numerical examples 
and exercise 

Class room 30 mins  

6.8 Installation 
Procedures, 
Safety and 
Protection 

Lecture and 
numerical examples 
and exercise 

Class room 120 mins  
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9.1 Load Calculation 
 
The design of a solar PV system begins with the calculation of energy consumed by the 
installed load in one day. Inaccurate calculation of the load may lead to system failure or 
high loss of load probability. Generally, people want more electricity, but there is always 
a tradeoff between what people want and what they actually are willing to pay for. There 
could be two approaches in calculating load:  

�x The fund available is fixed, and the load size is determined based on available 
fund; 

�x The fund is not a problem, and the load is determined based on user’s 
requirement. 

 
The first step in load calculation is to prepare a table of daily consumption of electrical 
energy by various appliances to be powered by the solar PV. By load we will refer to the 
energy consumed by particular appliances per day. There are few concerns that the 
designers need to check before preparing the load table. 
  

A. Accurate load knowledge – The entire solar PV system design will be based 
on the size of the load. If the information is inaccurate, the initial cost will be 
too high or the battery and array/module could be too small and the system 
will eventually fail. It is therefore essential that time be taken to look carefully 
at the load requirements and the expected usage pattern. Using literature 
values for load consumption is common, but it is more accurate to have the 
load demand measured to be sure. Often nominal numbers are presented in 
literature, and a particular piece of equipment may require more or less power 
than stated. If an existing application is being retrofitted with a PV power 
system, it is very important to not just look at the old generator capacity and 
try to recreate it with PV. Very often an oversized diesel generator was 
installed, perhaps because that size was used elsewhere or to allow for future 
growth. A PV power system can be designed to accurately match the current 
load requirement without limiting the ability to expand in the future to meet 
grater demand. The load profile throughout the year must be accurately 
determined. Any seasonal variation might influence the choice of tilt angle or 
battery size for autonomy. The "duty cycle" or hours of operation for 
intermittent loads must be estimated carefully. In the case of 
telecommunications equipment, not only the hours of transmitting but also the 
hours of standby or quiescent operation need to be included in the load 
calculations. 

B. Load efficiency – Improving load efficiency is the quickest way to reduce PV 
power system cost. A more efficient load device may even be slightly more 
expensive than an existing or conventional load device (for example CFL 
against incandescent lamps). 

C. Load profile throughout the year – An average value (daily, weekly, monthly 
or yearly average) for the load is useful for rough system sizing, but seasonal 
variation of the load throughout the year will influence the choice of tilt angle 
for the array and the final array and battery size. The insolation on a flat 
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surface varies greatly, with the least during the winter and the greatest during 
the summer. Now if the load demand is small in winter and large in summer, 
as with air cooling loads or refrigerators or water pumping for irrigation as 
well as drinking purpose, then tilting the array in optimum angle for summer 
days will give an insolation profile that best matches the load profile. If the 
load is relatively constant every month of the year then a different tilt angle is 
better. Tilting the array up increases the insolation intercepted during the 
winter months and sacrifices some during the summer months, with a 
resulting profile that is more constant throughout the year to better match the 
requirements of a constant load. 

D. AC or DC – As far as possible DC loads should be preferred over AC loads to 
minimize the cost and avoid use of inverters. Use of inverters add the cost, 
reduces system reliability and introduce power loss. 

E. Apparent and real power consideration – For sizing purpose, the real power in 
watts consumed in the load is the value needed. For wiring design and inverter 
choice, the apparent power will be important because the current that will be 
flowing in the wires into a heavily inductive load will be greater than what 
would be calculated by just dividing watts by volts. Also the inverter must be 
chosen so that it can handle the expected apparent power (or the power factor) 
of the loads. 

 
The load (or the energy consumed) is generally expressed in Watt-hours (Wh). But for 
more accurate sizing of the array and battery, sometimes the load is expressed in Amepre-
hours (Ah). If Wh is known, Ah can be calculated as (formula 9.1.1): 
 
 Ah = Wh / system voltage (9.1.1) 
 
For example if a 12V DC operated 10 Watt lamp is turned on for 5 hours, then the total 
load is: 
 

Wh = 10 W x 5 hours = 50 Wh. 
This value expressed in Ah would be 50/12 = 4.17 Ah. 

 
Now if a color television with 60 W power consumption is operated from 220 V AC for 5 
hours, then the Wh value would be 60 W x 5 hours = 300 Wh and in Ah it would be 
300/220 = 1.36 Ah. It   seems that Ah value of 10 W lamp is much more higher than that 
of a 60 W color television. It is so because of the system voltage. Therefore whenever the 
load is expressed in Ah, the system voltage has to be spelled out e.g. 4.17 Ah @12 V or 
1.36 Ah @220 V. To avoid confusion, it is better to express Ah of the all loads in a single 
voltage of the PV system (12, 24, 48 or 96 etc.).  In the above example of color 
television, if we calculate the Ah @ 12 V, it would be 300 Wh/12V= 25 Ah. This value 
now is far greater than the Ah value of 10 W lamps. 
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The Load Table 
  
The next step of load calculation is to prepare load tables for AC and DC loads. The 
suggested load tables (tables 9.1.1 and 9.1.2) are shown below. 
 

Table 9.1.1  Load table for AC loads 
 

A B C D E 
AC device or appliance 

(i) 
Device 
Watts 

Hours of 
daily use 

Days of use 
per week 

Average Wh 
per day 

i =1 to N, where N is the 
total number of devices 

    

     
     
     

(1) Total average AC Wh per day   
 
Mathematically the results of the above table can be expressed as: 
 
 Total average AC Wh per day (W1)= { �™ (B x C x D)}/7 (9.1.2) 
 
The Wh calculated using (9.1.2) has to be supplied from the DC source via inverter. 
Therefore the DC equivalent Wh required to generate total average AC Wh would be: 
 

DC equivalent Wh per day (W2) = W1 / efficiency of the inverter 
(in decimal expression i.e. 0.9 for 90%) (9.1.3) 

 
The load table for DC device and appliance can be calculated in similar way as done with 
AC load. 
 

Table 9.1.2  Load table for DC loads 
 

A B C D E 
DC device or appliance 

(i) 
Device 
Watts 

Hours of 
daily use 

Days of use 
per week 

Average Wh 
per day 

i =1 to N, where N is the 
total number of devices 

    

     
     
     

(2) Total average DC Wh per day   
 
 
The same mathematical expression (9.1.2) will be used to calculate total average DC Wh 
per day (W3). 
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Finally the total Wh required to operate all the AC and DC loads (W4) will be equal to: 
 W4 = W2 + W3 (9.1.4) 
 
The total daily average load in Ah (A) can be calculated by dividing W4 by the system 
voltage: 
 
 A = W4/ system voltage (9.1.5) 
 
The above procedure of preparing the load table is best suited if the load is uniform 
throughout the year. If there are loads that are seasonal in nature, then the load table has 
to be prepared for each month of the year. 
 
 

 
 
 
 
 
 
 
 
 
 
 

Example 9.1.1 
 
Followings are the details of the load to be used in a remote small Hospital powered by 
solar PV. Calculate the total average load for summer and winter. 
 
 

s/n Description 
of load 

Power 
consump-
tion (W) 

Opera-
ting 
voltage 
(V) 

Nos. Daily 
operating 
hours (H) 

Opera- 
ting season 

Remarks 

1 Lamps 10 24 10 12 all  
2 Halogen 

lamp 
200 24 3 3 all  

3 Vaccine 
refrigerator 

480* 
(Wh) 

24 1 24 all *- total 
energy 
consumpti
on in 24 
hours 

4 Fan 20 W 24 5 10 During six 
summer 
months only 

 

5 Color 
television 

40 220 V 
AC 

1 3 all  
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Maximum Load Current 
 
The knowledge of the maximum current (I max load) drawn by all loads when operated 
simultaneously is important while selecting the charge regulators. The I max load   is the sum 
of currents drawn by all the loads. While calculating   I max load, care should be taken in 
determining the current drawn by the loads like telecommunication equipment, fax 
machines, printers, photocopiers etc. These equipment draw significantly high current in 
one mode (operation) and very low current in other mode (stand-by). While calculating I 
max load the current drawn by these equipment in operation mode should be considered.   

In the above load profile items 1-4 are operated from 24 V DC and item 5 requires an 
inverter to produce 220 V AC. Moreover the fans are used only for six summer 
months.    
 
Using formula 6.1.2 we can calculate total average AC Wh (W1) per day: 
 W1 = (40 x 3 x 7)/7 = 120 Wh @ 200 V AC  
 
DC equivalent Wh for this AC load (formula 6.1.3) is:  
 W2 = 120 / 0.9 (inverter efficiency) = 133.3 Wh, say 140 Wh.   
 
Now let us calculate the total average DC Wh load (except the fan load) using the 
formula 6.1.2 again (here we assume that all the loads are used 7 days a week): 
 W3 = (10 x 10 x 12) + (200 x 3 x 3) + (480)  = 1200 + 1800 + 480 = 3480 Wh  
 
The fan load is: 
 W3 (fan) = 20 x 5 x 10 = 1000 Wh 
 
Therefore the total average daily loads of the hospital for winter months (when fans 
are not in use) and summer months (when fans are in use) are: 
 W4 (winter) = W2 + W3 = 140 + 3480 = 3620 Wh 
 
 W4 (summer) = W2 + W3 + W3 (fan) = 140 + 3480 + 1000 = 4620 Wh. 
 
Since all the DC loads are operated from 24 V DC, we can take this value as the 
system voltage for DC side. An inverter with 24 V DC as an input need to be selected 
for the operation of the television set. 
 
Finally the total average daily load in Ah would be (formula 6.1.5): 
 A (winter) = 3620/24 = 150.8 Ah 
 A (summer) = 4620/24 = 192.5 Ah. 
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Critical and Non-critical Loads 
 
Critical loads like vaccine refrigerators, telecommunications equipment, emergency room 
lighting, and operation theater lighting etc. need to be operated without interruption. If 
these are connected through the charge regulator, the LVD of CR may get activated at 
some point of time and interrupt the supply. To avoid such situation, all the loads 
considered to be critical are to be connected directly from the battery bypassing the CR.  
 
Nominal System and Array Voltage 
 
While calculating load in Ah, it is very critical to define which voltage was used to 
convert Wh into Ah. The nominal voltage of a power module (modules that are used for 
charging 12 V batteries) is taken as 12 V, though it may operate in any voltage range 
from 0 to Voc. The solar PV system voltage may be different than the nominal module 
voltage. For example if large AC loads are to be used, the large capacity inverter is 
required. The nominal DC input voltage for large capacity inverters are no more 12 V, 
they are rather 48 V or higher. Higher system voltage is selected in order to reduce the 
size of cable. With higher voltage, the same power can be delivered at lower current. And 
since the required size of the cable depends upon the magnitude of the current, usually 
high voltage-low current configuration is used. In this case the module/array voltage 
should match the system nominal voltage. And all the DC loads are to be selected to 
operate from the nominal system voltage. 
 
For a small home system 12 V could be selected as the system voltage. The DC input of a 
low capacity inverter is also 12 V. Therefore there should be no problem in using 12 V 
DC loads and smaller AC loads operated through the inverter. But if the AC load is large 
(in the range of few kVA), the input DC voltage required may be even 120 or 240 V DC. 
In this case the array is wired to produce 120 or 240 V as system voltage. Now there 
should be no question of using 12 V DC operated appliances in the system under 
consideration, unless separate module/array is wired to produce a system voltage of 12 V.  
 
 
9.2 Sizing of Module /Array 
 

The goal of array sizing is to balance the usually opposing goals of maximum reliability 
and minimum cost. The mechanics of the calculations are quite simple, but the judgment 
on the part of designer and the user about the efficiency and appropriateness of the loads 
that make a system cost effective. 
 

The basic information required for array sizing is: 
 

A. Environmental Information: The environmental information required for 
proper array sizing is Insolation in the given location, ambient temperature 
extremes, latitude, longitude, module mounting techniques and autonomy 
days. Usually the insolation is recorded on a horizontal surface. A 
mathematical model of the movement of the sun must be used to translate the 
data to what would be incident on a tilted surface. The average daily 
maximum and minimum temperatures for each month must be known. The 
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maximum temperatures will be needed to predict the loss of voltage by the 
array and can impact the choice of modules. The minimum temperatures are 
needed to calculate battery size to prevent freezing. Latitudes and longitudes 
are needed to identify optimum tilt angle of the array. Finally module-
mounting technique (fixed at one angle, adjustable during the year or with a 
sun tracker) is to be known as it can have a large impact in overall array 
output and sizing. 

 

B. Load information: Total Wh and Ah consumed per day, any seasonal 
distribution of load pattern. 

 

C. Other information likes ground cover, permissible voltage loss in cables, load 
surge etc. 

 
The first step in sizing the array is to determine the estimated design insolation or the 
peak sun for given locality. For Nepal, the solar radiation data sheet for various parts of 
the country can be used (see appendix 3). To be in safer side, the minimum insolation 
(monthly average) should be considered as estimated design insolation. For most part of 
Nepal a value between 4.5 to 5.5 could be consider safe. The required total array output 
current can be calculated using the following formula: 
 
 I array =  Total average daily load in Ah @ system voltage /  
  (peak sun x derating factor x Columbic efficiency)    (9.2.1) 
 
Here, the derating factor is generally taken equal to 0.9 and the Columbic efficiency 
equal to 0.95. 
  
If a single module cannot deliver the current (here we refer to Imp of the module) 
calculated using formula (6.2.1) above, then number of modules have to be connected in 
parallel to produce the required level of current. The number of modules to be connected 
in parallel can be found by using the following formula: 
 

 
mp

array
p I

I
N �  (9.2.2) 

 
It is to be noted that Np may not be the whole number. The actual value of Np should 
always be rounded up to the next highest integer value. 
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As we see from the above example, slight increase or decrease in design insolation value 
significantly affects the number of modules required to meet the daily load demand. 
Therefore it will be the responsibility of the designer to consider most optimum and safe 
value of insolation and the tilt angle to arrive at optimum number of modules required. 
 
The required number of modules is also a function of Imp.  Higher the value of Imp, lower 
will be the number of modules required. But modules with higher Imp cost more. And 
again, the judgment and market knowledge of the designer will play critical role in 
optimizing the cost of the array.  
 
The next step is to determine the number of strings of parallel-connected modules to 
obtain desired system voltage. This number is found by using the following formula: 
 

 Ns =  nominal system voltage / nominal module voltage (9.2.3) 
 

The total number of modules required to deliver the daily average energy (in Ah) at the 
system voltage is: 
 

 Nt  = Np x Ns     (9.2.4) 
 
 

It is to be noted here again that if sun-tracking system is used, the insolation level could 
be greatly increased (by 30% in average). By increasing the insolation level, the number 
of modules required is decreased. Moreover, the ground reflectivity also plays not less 
significant role in the availability of solar radiation in the inclined surface. However the 
effect of reflection from the ground (called 'Albedo effect') usually been considered while 
calculating insolation in inclined surface. 
 
 
 

Example 9.2.1 
 

Suppose the daily load requirement is 575 Ah and the peak sun 
(minimum monthly average) for the locality is 5. The total array 
current required, as per formula (6.2.1) would be: 
 

 I array = 575 / 5 x 0.9 x 0.95 = 134.51 A 
 

Now a module with Imp = 3.1 A is selected to form an array, then 
the number of modules to be connected in parallel would be: 
 

 Np = 134.51 /3.1 = 43.39 rounded to 44. 
 

Now if we consider the peak sun to be 5.5, the number of modules 
will drop down to 40 only. And if we take the value of peak sun to be 
4.5, the number of modules will increase to 49. 
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9.3 Sizing of Storage Battery   
 
Battery system sizing and selection criteria involve many decisions and trade-offs. 
Choosing the right battery for a particular PV application depends upon many factors. 
While no specific battery is appropriate for all PV applications some common sense and a 
careful review of the battery literature with respect to the particular application 
requirements will help the system designer to greatly narrow down his choice. The 
following parameters summarize some of the considerations in battery selection and 
design. 
 

�x Type of system and mode of 
operation 

�x Size and weight 
�x Battery autonomy 
�x Max. allowable DOD 
�x Daily DOD requirements 
�x Temperature and environmental 

conditions 
�x Cycle life and calendar life 
�x Reputation of the manufacturer 
�x Sealed or unsealed 
�x Self-discharge rate 
�x Disposal regulations 

�x Maximum cell capacity 
�x Charging characteristics 
�x Gassing characteristics 
�x Susceptibility to freezing 
�x Susceptibility to sulfation 
�x Electrolyte concentration 
�x Terminal configuration 
�x Maintenance requirements 
�x Cost factor 
�x Warranty period 
�x After-sales-services 

 
 
However as a rule of thumb the required capacity of a battery bank may be roughly 
calculated as follows (formula 9.3.1): 
  

 
EFFDOD

DOAD
C Ah

�u
�u

�  (9.3.1) 

 
Where  C = required capacity of the battery bank in Ampere-hour 
 DAh = daily load in Ampere-hour. 
 DOA = Days of autonomy 
 DOD = Max. allowable depth of discharge  (say 0.8 for deep cycle batteries)       
 EFF = Efficiency of the battery system (generally 0.7 to 0.9) 
 
 
Battery Subsystem Design 
 

Once a particular type /make of battery has been selected, the designer should consider 
the battery subsystem, i.e., the number of batteries in series and parallel, selection of 
proper type and size of wires, over-current and disconnect requirements. 
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�x Series Connection of Battery 
Batteries connected in series have only one path for the current to flow and the total 
voltage is the sum of the individual battery voltages.   
 
�x Parallel Connection of Batteries 
Batteries connected in parallel have more than one path for the current to flow and the 
voltage across the entire circuit is the same voltage as across the individual parallel 
branch.   
 

Battery Bank Voltage Selection 
Battery bank voltage selection is often dictated by the load voltage requirements, most 
often 12 or 24 Volts for small remote stand-alone PV systems. For bigger loads requiring 
a larger PV array it is sometimes wiser to go to the higher voltages, if possible, in order to 
reduce the system load current. Lower system currents minimize the size and cost of 
conductors, fuses and other current handling components of the PV system. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Example 9.3.1 
 
Problem: 
Appropriate battery bank is to be designed and selected for the 
following case: 
 
Total daily energy consumption- 20 Ah @ 24 V 
System voltage-   24 V 
Load type- Telecommunication 

equipment at remote 
location 

Maximum allowable DOD- 60% 
Efficiency of battery system- 0.8 
 
Solution: 
Since the load is Telecommunication equipment installed in 
remote location, the autonomy days has to be selected at higher 
limits, say 5 days. The total required battery capacity is 
calculated using formula 6.3.1: 
 
 C = (20 Ah x 5)/(0.6 x 0.8) = 208.33 Ah at 24 V. 
 
To achieve this capacity we can use one deep cycle battery 
rated at 200 Ah or use two 100 Ah batteries connected in 
parallel. Since the battery voltage is generally 12 V, we may 
use two 200Ah batteries in series to meet the system voltage 
requirement or use 4 nos. of 100 Ah batteries configured to 200 
Ah at 24 V. 
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9.4 Sizing of Charge Regulator 
 
While selecting the charge regulator, the following parameters of the CR need to be 
checked and matched with the PV system parameters: 
 
Operating Voltage 
 
The sizing or selection of CR starts with selecting the operating voltage. It is evident that 
the operating voltage of CR and the system voltage of solar PV must be the same.  
 
Maximum Load Current Capacity 
 
Next step is to calculate the maximum load current capacity of CR. The maximum load 
current handling capacity of CR should be greater than the maximum possible load 
current resulting from the simultaneous operation of all the appliances powered by the 
PV. The maximum possible load current can be calculated by using the following 
formula (9.4.1): 
 
 Ilmax = {�6 power consumed by appliances} / system voltage (9.4.1) 
 
While using the above formula, the critical loads directly supplied from the battery 
bypassing the CR are to be excluded. Similarly by system voltage we mean the DC side 
voltage. The above formula is applicable to the AC load operated through the inverter.  
 
 
Maximum Charge Current Capacity 
 
The maximum charge current capacity of the selected CR should always be greater than 
the maximum current supplied by the PV array under STC. The maximum possible 
current from the array is the short circuit current. It is therefore advisable that the charge 
current capacity of the CR be selected greater or equal to the total short circuit current 
produced by the array. 
 
 
Self-consumption  
 
Self- consumption (or quiescent current) of the CR should be as low as possible. 
Generally, the PV standard of the given country specifies the maximum allowable level 
of self-consumption. 
 
 
Level of Protection  
 
The CR must have provision of protection from over current or short circuit on the load 
side.  This protection could be appropriately rated fast blow type wire fuse or electronic 
fuse. Another essential level of protection is the reverse polarity protection on the array 
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and the battery side. The CR should also incorporate appropriate measure for protection 
against surge induced from the array side. 
 
Reverse Leakage Current  
 
The selected CR must have negligible or almost zero reverse leakage current from battery 
to array. 
 
 
Voltage Drop Across the CR  
 
The level of voltage drop in the CR (from array to battery and from battery to load 
terminals) shall be less or equal to the specified percent of the system voltage. 
 
 
Level of Radio Frequency Interference  
 
The level of radio frequency interference (RFI) induced by the CR at specified distance 
from the CR should be negligible or less than specified value. 
 
 
Low Voltage Disconnect Set Point 
 
The LVD set point of the selected CR should be field adjustable. The selected value of 
LVD depends upon the type of the battery used, the surrounding temperature and the 
permissible daily depth of discharge (DOD). The LVD set point should be adjusted as per 
specifications spelled in the standards or as per the specification of the battery. 
 
 
High Voltage Disconnect Set Point 
 
The HVD set point again depends upon the type of the battery selected. Some CRs have 
built in function of detecting the state of the charge of the battery and adjusting HVD 
accordingly. If this auto-adjustment facility is not available in the CR, then reference has 
to be made to the standards or specification of the battery to determine the HVD set point. 
 
 
Charging Algorithm 
 
Simple ON-OFF type CR should be avoided as far as possible. The minimum algorithm 
shall be PWM. If the cost permits, the three stage intelligent charger would be the best 
option. The selected CR should be fully solid-state type. 
 
 
Operating Ambient Conditions 
 



Chapter 9  Design aspects of large Solar PV Systems (non-pumping applications) 

 163

The selected CR must operate without failure in the extreme environmental conditions of 
the locality. Therefore the maximum permissible ambient temperature and humidity of 
the selected CR should match with the environmental conditions of the locality. 
 
 
Workmanship 
 
The CR enclosure should display good workmanship and should provide protection 
against dust, water, oil, smoke and insects. 
 
�x Regulators for large AC systems 
 
The large PV system using AC only in conjunction with the inverter may not need 
separate charge regulator.  The large inverters usually have built in charge regulators as 
the array output is directly fed to the input of the inverter. In such cases, the designer 
should verify that the inverter meets all the requirements pertaining to the function of the 
charge regulator. 
 
 
9.5 Sizing of Wire/ Cable 
 
There are two factors that dictate the selection of wire size. Properly selected wire size 
must satisfy both the factors equally. 
 
�x Ampacity Based Sizing 
 
The sizing of the wire based on the current handling capacity (the capacity that does not 
produce overheating of the wire) is the first approach in wire sizing. The household AC 
wiring is based on this principle only as the voltage drop in the wire does not play major 
role in AC applications. The current handling capacity (or Ampere- Capacity or 
Ampacity) of the wire is chosen to be slightly greater (usually 25%) than the maximum 
load current that will flow the wire. The wire specification chart usually specifies the 
Ampacity for given wire size in the form of a table. 
 
While calculating the DC load current, the total real power required to operate the load is 
to be divided by the system voltage. But for AC load currents, the apparent power needs 
to be divided by the system voltage. Since for reactive AC loads apparent power is higher 
than the real power, Amapcity of the wire need to be higher.  
 
�x Voltage Drop Based Sizing 
 
For the wire to be used in low voltage, high current applications voltage drop across the 
wire is another important factor to consider. All conductors have some small resistance, 
which causes a loss of voltage in a circuit depending on the size and length of the wire. 
The specific value of voltage drop (voltage factor) for given wire size is expressed in 
terms of volt/amp/meter. The voltage drop in wires causes less voltage applied to the load 
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from battery or from array to the battery. Less charging voltage means less energy stored 
and less voltage at load means unstable operation of the load. Therefore the national 
standards specify the maximum allowable voltage drop in each segment of the wire. The 
selected wire may meet the Ampacity requirements but may not be suitable with regards 
to the allowable voltage drop. The Nepal Interim PV quality assurance (NIPQA) has 
specified the following level of voltage drop (�¨V) in each wire segment: 

�x Less than 5% between CR and loads 
�x Less than 3% between array and CR and CR to inverter 
�x Less than 1% between CR and the battery 

 
The voltage drop in each wire segment can be calculated using the following formula: 
 
 �¨V = Maximum current flowing through the wire x 

          Wire length (both way) x Voltage factor (9.5.1) 
 
NIPQA has specified the formula for determining the wire size (in sq.mm) based on both 
Ampacity and voltage drop requirements: 
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Where is, 
 S – Required wire size (cross-sectional area of the copper wire in sq.mm), 
 L  – Length of the wire in meters, 
 Im – The maximum current in Ampere, and 
 �¨V – Maximum allowable voltage drop in percent. 
 
 

It is to be noted here that the above formula takes care of voltage factor as well as the 
Ampacity level of the copper wire and is included in the multiplier coefficient equaling to 
0.3. The size of the wire for each segment is to be calculated using the above formula. 
 
The wire sizing between array and the battery requires great deal of attention compared to 
other wire segments. The effect of voltage loss in the wires between the array and the 
battery is slightly different than the effect between the battery and the loads. The main 
effect for the load case is the reduced voltage level to the loads, impairing performance of 
some of the voltage critical loads. However, the main effect of small size wire between 
the array and the battery bank is to reduce the amount of current that flows into the 
battery. The voltage potential of the array applied to the battery terminals is reduced at all 
currents, thereby “dragging in” the entire IV curve. Because the batteries operate in a 
narrow range of voltage close to the “knee” of the array IV curve, the net effect is to 
operate the array (as seen by the battery) at a lower current level (fig. 9.5.1). 
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The consequence of improperly sized wire is that the actual charging current would not 
be what the designer expects, and over the time the battery would never be fully 
recharged and the system would fail. 
 
Besides being large enough to minimize voltage drop, the wire from the array to battery 
(it includes both the wires from array to CR and CR to battery) should have an ampacity 
rating of at least 1.4 times the array operating current Imp. This is for safety reasons. It is 
possible for an array to operate in a short circuit condition. The array could in fact operate 
for prolonged periods at up to 20% above its Isc, due to reflection of light white clouds, 
or reflectance of light from white sand, snow, light-colored buildings or structures. 
 
 
9.6 Sizing of Inverter 
 
Inverter sizing is based on the following criteria: 
 
�x Surge Capability 
 
Most of the reactive loads (usually inductive loads like motors, compressors and color 
televisions in degaussing mode) require a surge of power 4-6 times their nominal running 
power to start. The selected inverter must be able to deliver the surge power requirement 
of the load. 
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by the battery) 

Battery operating 
point

Reduction in 
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Fig. 9.5.1 Effect of voltage drop in array-battery wire 
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�x Continuous power output 
 
The inverter must be able to deliver its rated output power continuously for at least 30 
minutes without overheating and thermal runaway.  
 
�x Efficiency 
 
Efficiency is the measure of the power wasted by inverter while performing DC to AC 
conversion. This adds to the total load that the PV must operate and increases array size 
and initial cost. The selected inverter must have above 90% efficiency almost over the 
entire power range (i.e. from 10% of the rated load to over 100% of the rated load). Care 
must be taken to ensure that the rated efficiency is applicable to both purely resistive as 
well as highly reactive loads. 
 
�x Voltage regulation 
 
The selected inverter must produce stable output over permissible variation in the input 
voltage. 
 
�x Total Harmonic Distortion 
 
The inverter must produce very low harmonic distortion. High level of distortion caused 
by the harmonics may severely affect the performance of inductive loads like motors. 
 
�x Waveform 
 
The waveform of the inverter output can be an important factor in matching inverter to 
load. The square wave inverters cannot surge sufficiently, perhaps only 10-20% above 
the maximum continuous power. The efficiency (with respect to the fundamental 
frequency) can be as low as 50-60% and the voltage regulation capability is low. 
However owing to the lower cost, these inverters are useful for small inductive loads or 
resistive loads. 
 
The modified square wave or so-called quasi- sine wave inverters have better surge 
handling capabilities (up to 300-400%) and have good voltage regulation. Efficiency of 
these inverters could be more than 90%, because the waveform contains fewer harmonic 
components compared to square wave. 
 
Pure sine wave inverters have efficiency and surge capability slightly below modified 
sine wave inverters. But the quality of output is very high, as required by the delicate 
electronic loads. However high cost of these inverters prohibit extensive use in common 
applications. 
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�x Serviceability 
 
The inverter design should allow easy servicing in the field by allowing cards (printed 
circuit boards) to be swapped and exchanged to minimize down time. 
 
Apart from the criteria discussed above, the designer should also check the standards 
applicable and select the inverters meeting the local standards. 
 
 
9.7 Sizing of DC-DC Converter 
 
The DC-DC converter must be selected based on the following parameters: 
 
�x Output voltage 
 
The output voltage of the DDC should match the input supply voltage requirement of the 
load. The DDC output may not exactly match the load supply requirement, but it should 
be within the acceptable limits. 
 
�x Maximum output current 
 
The DDC must be able to supply the load current drawn by the device under continuous 
operation mode. Therefore the maximum current delivered by the selected DDC must be 
greater than the load current. 
 
�x Efficiency 
 
For low power applications, the efficiency may not be a parameter of great concern, as 
the total losses in the DDC may contribute only few percent of the total system load. But 
for loads with continuous operation, like telecommunication equipment, the efficiency of 
the DDC should be relatively high.  
 
�x Interference level  
 
The radio frequency interference (RFI) induced by switch mode DDC would be of the 
concern when it is used to power the radio receivers or sensitive electronic test / 
measuring instrument. The induced RFI may cause the reception of the stations 
impossible or cause error in measurement. The RFI level should be as per applicable 
standards. 
 
�x Overload and reverse polarity protection 
 
The selected DDC must have adequate protection against overload or short circuit. This 
could be wire or electronic fuse of appropriate rating. Similarly, the DDC should have the 
protection against connecting the load in wrong polarity. 
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9.8 Installation Procedures, Safety and Protection 
 
The actual installation procedure begins with the design of installation diagram, site 
selection for installation of array and battery bank, preparation of bill of quantities of the 
required items, installation materials and list of safety measures. In this chapter, overview 
will be given to the various steps of installations pertaining to non-pumping applications. 
However many of these could also be applied to pumping applications as well. 

 
The installation process for smaller systems consisting of one module, a CR, a battery 
and few DC loads may be very simple. But the larger systems require special attention to 
minimize probability of system failure and also to minimize overall cost of the system. 
 

9.8.1 Line Diagram for Installation 
 
The entire PV system should be diagramed before final costing and installation. The 
diagram should include wiring of modules in the array or sub-arrays, regulators; AC and 
DC load centers, battery bank, inverter, grounding and circuit protection. 

 
For a very simple system such as solar home systems, a simple wiring plan can be 
sketched as shown in figure 9.8.1.1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The module capacity; length and size of wires; type and model of CR; type, capacity and 
voltage of the battery; load center details etc. are to be indicated in the diagram for easy 
installation process. However, actual location of the components of the system will 
depend upon the plan of the building where the system is to be installed. Selecting the 

Module 

CR  

Battery Load 
C

To 
loads 

Cable 1 

Cable 2 

Cable 3 
Cable 4, 
switches 

Fig. 9.8.1.1   Installation diagram for simple PV system 
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best locations for mounting the module and installing the CR, battery and load center can 
minimize the required length of the cables. 
 
The larger system requires more attention as simple errors can result in system 
malfunction or complete collapse of the system. Therefore for larger systems complete 
system diagram should be made. But rather than drawing all the components of the 
complete system at once, it will be helpful to sketch a simple system block diagram (fig. 
9.8.1.2) and then add components and complexity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The next step would be detailing each blocks of the simplified block diagram. The steps 
could be: 

�x Decided if a single regulator is available to handle the full array current. If not 
split the array into sub-arrays. 

�x If both AC and DC loads are to be used, decide the ratio of the respective powers. 
For example if majority of the load is AC and DC load is just few DC lamps, then 
most probably separate module may be wired for DC load and array configured 
for AC loads. 

�x Decide the input voltage of the inverter and arrange modules in the sub-arrays to 
produce required DC system voltage. 

�x Wire the battery bank. 
�x Create AC/DC load centers. 
�x Decide on adding isolation/blocking diodes. 
�x Add disconnect switches, circuit breakers or fuses. 
�x Re-calculate required wire size and length for each sector. 
�x Ensure that the electrical system, the structures, junction boxes and load centers 

are grounded and protected from lightning. 
 

Array 

Regulator 

Battery Bank Load 
Center 

Inverter 
AC loads DC 

l d

Fig. 9.8.1.2 Simple block diagram of larger system 
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�x Number of CR and Sub-array 
 
It is often easier and wise to divide a large array into smaller sub-arrays of required 
system voltage. These sub-arrays are then combined in parallel to produce full array 
current at system voltage. The first reason to break a large array into sub-arrays is that the 
charging current from the entire array may be too large for the charge regulators desired 
(selected CR with required facilities and options may not be suitable to handle full array 
current). Secondly, the wire size may be too high to carry the full array current; may be 
very expensive; stiff and difficult to work with. Finally, maintenance or repairs can be 
done on some modules or controllers without the entire system being shutdown. 
 
Number of sub-arrays is primarily the function of current handling capacity of the 
selected CR. The number of sub-arrays and CR can be calculated using the simple 
formula: 
 
 NCR or N sub-array =  (Np x Imp x 1.25)/ CR charge current rating (9.8.1.1) 
 
Where is: 
 NCR – Number of CR required; 
 Nsub-array – Number of sub-arrays required; 
 Np  – Total Number of modules connected in parallel in the array; 
 Imp  – Nominal current of the module. 
 
In the above formula the factor 1.25 represents over-rating of CR current capacity for 

safety reasons. 

 
As an example lets consider an array of 40 modules with 3.4 A nominal current 
connected in series (two modules in each string to produce 24 V system voltage) and 20 
strings in parallel (fig. 9.8.1.3).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

String 1  2     3  --------------------------------     19           20    

Fig. 9.8.1.3 Example of an array with 40 modules at 24 V system voltage 

CR 
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Suppose the selected CR has the current rating of 30 A and the system voltage of 24 V. 
Then according to (6.8.1.1), the required number of CR or sub-arrays is: 
 

NCR = (20 x 4.1 x 1.25)/30 = 3.42 rounds up to 4. 
 
Thus each sub-array will now consist of strings of 5 parallel-connected modules. And a 
CR with 30A current rating controls each sub-array (fig. 9.8.1.4).   
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

The number of sub-arrays calculated using above formula needs to be rounded up to next 
highest integer. As far as possible, each sub-array should contain equal number of strings. 
In case if it is not possible, one sub-array may be slightly smaller than others.  

 
�x Module wiring on structures 
 
Once the number of sub-arrays and controllers have been calculated, it would be wise to 
make a sketch of how the modules in the sub-array would be interconnect. In above 
example each sub-array consists of a total of 10 modules; two modules (one string) 
connected in series to produce 24 V system voltage and 5 strings connected in parallel to 
increase the current level at system voltage. Assuming that a single support structure can 
accommodate 10 modules (5 rows and two columns), the wiring diagram, with isolation 
diodes for each string, would look as shown in fig. 9.8.1.5. 

 
In the figure it is assumed that the modules have two separate junction boxes each for 
positive and negative terminals. Some modules may have single junction box with 
separate terminals for positive and negative outputs. The weatherproof field diode box is 
used to house the isolation diodes and combining terminals (bus bars) to produce single 
outlet for each sub-array. 

 
 

CR CR 

Sub-array 1      Sub-array 4 

Fig. 9.8.1.4  Dividing an array into sub-arrays 
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As the last stage of array installation design, complete diagram with individual sub-arrays 
as the input to the system may be sketched as follows (fig. 9.8.1.6a). This is the case 
when the number of CR is equal to number of sub-arrays. 

 
 
 

+           - +           - 

+           - +           - 

+           - +           - 

+           - +           - 

+           - +           - 

  +        - 
  Sub-array out 

Isolation diodes Bus bar 

Fig. 9.8.1.5 Schematic sketch of module wiring for a sub-array 
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In the case when a single CR is used but the array is grouped into sub-arrays, the final  
installation sketch would look like (fig. 9.8.1.6b): 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                
            
  
�x Fuse and Protection Design 
 
Once the array wiring design is sketched and the wire size of each sector calculated, the 
next logical step would be to decide the number and rating of the fuses, circuit breakers 

CR1 CRn 

From sub-array 1 
      +            - 

From sub-array n 
       +            - 

Battery bank 

DC combining 
box with bus 

To loads 

Fig. 9.8.1.6a  Sketch of  final interconnection of sub-arrays with separate CR 

CR To Load center 
To battery 
bank 

From sub-array 1 

From sub-array n 
DC 
combining 

Fig. 9.8.1.6b  Sketch of final interconnection of sub-arrays with single CR 
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and disconnects. It is usual practice to add fuses or circuit breakers of rated capacity at 
the output of each sub-array.  Similarly PV disconnect circuit breaker is installed at the 
array input of CR. A separate battery disconnect circuit breaker of rated capacity is also 
required to isolate battery bank during installation and for maintenance purpose. Fused 
outlets from battery bank is also has to be designed for DC as well as AC loads. A 
suggestive sketch of complete PV layout with fuses and circuit breakers is shown in fig. 
9.8.1.7 below. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The ratings of the fuses or the circuit breakers should be at least 1.5 times the maximum 
current flowing through the sector. 
 
 
9.8.2 Installation Steps 
 
The major safety considerations for installation of array and battery bank are to be 
outlined first. These considerations are as follows (but not limited to): 
 
�x Array 

�x Establish and enforce safety procedures 
�x Follow national electric code for installations 
�x Fence array and control access 

CR 

Battery bank 

From sub-
arrays 

Sub-array disconnect 

PV 
disconnect 

Bus bars 

To DC 
loads 

To inverter 

To common 
negative 

Battery disconnect 

Load 
breakers

Fig. 9.8.1.7 Fuses and disconnect arrangement 




























































































































































