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PREFACE
The expansions of transmission systems directly follow the increasing demand on electrical 
energy. As the size and complexity of transmission network increases, there are more 
problems associated with load flow, power oscillations, and voltage quality and eventual 
degradation in performance of power system.  High voltage direct current (HVDC) 
is a potential option for transmitting bulk amount of electricity over long distances. For 
long distance power transmission, HVDC lines are economic, and losses are also less in 
comparison to AC transmission. It interconnects the networks that have different frequencies 
and characteristics. 

In recent years, HVDC technology has been considered as one of feasible planning 
alternatives in India to boost power grid delivery capacity and to eliminate identified 
network difficulties. It is a matter of great pleasure that National Convention of Electrical 
Engineers is being organized for the first time in this north-east Indian State Tripura by the 
Institution of Engineers (India). The theme on the convention is ‘Recent Advancement in 
HVDC Transmission’ which is also found very much befitting in the context of the State and 
the region as a whole. The State Tripura as well as the entire north-eastern region (NER) 
of India has strategic importance for its international boundary with different neighboring 
countries like Bangladesh, Bhutan, Mayanmar and China. The region is rich in gas, oil 
and hydro resources. The NER accounts about half of the hydroelectric potential of the 
country and Arunachal Pradesh alone accounting for 85 per cent of it. However, despite 
potential, a minuscule has been exploited so far.  Hence, HVDC link may establish a secure 
and stable interconnection between the north-eastern grid and the rest of the Indian grid, 
which would also take care of the large potential of energy in the region. India has also the 
opportunity to exchange energy with various neighboring countries close to NER through 
HVDC transmission corridor of NER. Further, because of these openings, more projects in 
the North-East could be planned.

The proceedings of this 34th National Convention of Electrical Engineers on ‘Recent 
Advancement in High Voltage Direct Current (HVDC) Transmission’ includes various 
papers on the theme and sub-theme of the convention which are selected for presentation 
in technical sessions during 2-days convention. Papers have been received from different 
sectors of Electrical Engineering, industries, academic and research institutions and also 
from abroad. The proceedings in the form of this book are rich in content and would be 
helpful for stakeholders of power and energy sector. Though utmost care has been taken to 
edit the book, there might have been some unintended errors for which we may be excused. 

Dr. Rup Narayan Roy

Dr. Priyanath Das

Dr. Subhadeep Bhattacharjee

Editors
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HVDC Technology: Shaping the Grid 
of the Future

R P Sasmal
Former Director, Power Grid Corporation of India Limited

Introduction
Due to the concerns over climatic changes and 
the search for clean power, the thrust is now by 
Governments /Environmentalists to tap large 
Hydro power at remote locations and transmit this 
to distant load centres. This problem has become 
more complex with strong public resistance, 
narrow transmission corridor, limited availability 
of Right Of Way (ROW), minimum transmission 
line route through forest and protection of flora 
and fauna for such large block of power and 
long length of the transmission corridor. It has 
been observed that the quantum of power being 
considered for transmission over 2000-4000 
km are in the range of 10,000-40,000 MW in 
one large basin or near-by basins particularly in 
large countries like China (Yunnan and Sichuan 
provinces), India (North Eastern Region), Africa 
(Grand Inga etc.), Russia (Siberia etc.) where 
hydro potential has yet to be tapped. This calls 
for high intensity power transmission corridor i. 
e. MW per meter of ROW. HVDC (high-voltage 
direct current) is a highly efficient alternative for 
transmitting large amounts of electricity over long 
distances and for special purpose applications. As 
a key enabler in the future energy system based 
on renewables, HVDC is truly shaping the grid of 
the future.

In addition to significantly lowering electrical 
losses over long distances, HVDC technology 
is easily controlled and can stabilize and inter-
connect AC power networks that are otherwise 
incompatible. The HVDC market is growing 

rapidly and has become an important part of many 
transmission networks. Once installed, HVDC 
transmission systems often form the backbone 
of an electric power system, combining high 
reliability with a long, useful life.

The Development of HVDC Technology
Today there are two main technologies. HVDC 
LCC or HVDC Classic, the first developed 
technology. LCC is used primarily for connecting 
remote generation over long distances, Grid 
interconnection and DC links in AC grid, over- 
land or subsea, where conventional AC methods 
cannot be used. Today there are more than 170 
HVDC installations in all parts of the world. A 
classic HVDC transmission typically has a power 
rating of more than 100 megawatts (MW) and 
many are in the 1000 – 12,000 MW range. They 
use overhead lines, cables, or a combination of 
cables and lines.

The second one is HVDC VSC, launched in 1997, 
is an adaptation of HVDC classic used to transmit 
electricity using environmentally friendly cables, 
overhead lines or a mix of cables and overhead 
lines. It can be used for a) Connecting remote 
generation, b) Grid interconnections, c) Off- 
shore wind connections, d) DC links in AC grids, 
e) Power from shore, f) City center in-feed and 
Connecting remote loads. With HVDC Classic 
and VSC, it is possible to transmit power in 
both directions and to support existing AC grids 
in order to increase robustness, stability and 
controllability.

Key Note Speech
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The Development of HVDC VSC Technology

When the technology was introduced it was 
based on a two-level converter and had the same 
basic functionality as today, but with relatively 
high losses. The focus of development over the 
years has been to maintain functionality, improve 
performance and reduce losses in order to make it 
more economical.

The technical developments have made it possible 
to handle higher DC voltages applying a cascaded 
two-level converter (CTL) and multilevel 
converters (MMC). Technology modules 
developed and refined during the last 15 years 
have made it possible to create converters with 
increased power, technical performance and lower 
losses, while retaining operational functionality 
and use experience from the start of the VSC era. 
As transmission capacity has been increased and 
electrical losses reduced, HVDC VSC technology 
has the right properties to become the natural 
choice for transmission projects. HVDC is a 
viable option to integrate renewable resources 
like wind power and has several competitive 
advantages when compared against HVAC. One 
advantage that will be increasingly valuable in the 
near future is the controllable nature of HVDC 
lines. Balancing generation and load has become 
more complicated with the increased penetration 
of intermittent renewable resources.

VSC technology is a prerequisite to solving many 
of the energy system challenges of the future. It 
has the right properties to support:

l Further integrating remote renewables 

such as hydro, wind and solar generation 
into the energy system 

l Stabilizing transmission grids with large 
shares of volatile generation in the power 
networks 

l Facilitating energy sharing and trading by 
interconnecting energy markets

l Overcoming limits in new right-of-
way by land and sea cable transmission 
and AC to DC conversion in existing 
overhead line corridors

l Enabling remote load connections such 
as off- shore platforms and remote loads

l Feeding electricity into densely populated 
urban centers

l Constituting the backbone of a DC grid 
to transmit bulk power through congested 
areas

HVDC or HVAC ?

The difference in cost of equipment and operation 
of HVAC and HVDC can be significant. HVDC 
lines are built using a smaller right of way, to 
provide more power per conductor, to occur 
less power losses, and to operate without 
reactive compensation. Depending on specific 
circumstances, the break-even distance of 
overhead lines between AC and DC line ranges 
from 500 km to 800 km. Therefore, HVDC would 
be the most cost effective choice to transport bulk 
power from remote renewable resources when the 
distance is approximately 650 km or more.
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First 800 kV HVDC project of India
The North Eastern region (NER) of India and 
Sikkim are endowed with large hydro potential and 
it is estimated that more than 50,000MW surplus 
power needs to be transferred out of the region 
to deficit regions like Northern (NR), Western 
(WR) and Southern region (SR) over a distance of 
more than 2000 km. The transmission system for 
the above transfer of power needs to be evolved 
stage wise matching with the development of 
generation projects. In case of AC transmission 
system, reactive power management and control 
of voltage within limits is a serious problem, 
particularly when the generation level of hydro 
projects is low. HVDC technology, on the other 
hand, provides controlled power flow, flexibility 
of operation, damping control during system 
disturbance and also maintains system parameters 
within limits through its control mechanism. 
Keeping in view all these aspects, a high capacity 
±800kV HVDC link from NER to Agra (NR) is 
found to be most optimum transmission system 
considering the Right-of-Way requirement, 
transmission cost and line losses.

The transmission line route for evacuation of 
power from North-Eastern part of the country to 

Northern/Southern/Western part of India has to 
pass through different terrain and limited right 
of way, which needs to be utilized judiciously. 
In view of these Right-of-Way constraints, it 
would not be feasible to plan an independent 
transmission system for each project. Therefore, 
various pooling stations need to be developed 
where power from different nearby generation 
projects can be pooled and transmitted onward 
to other part of the country over high capacity 
transmission lines. Accordingly in the first stage 
(the generation coming up in the present time 
frame), two pooling stations are to be located 
at Biswanath Chariali in North Eastern region 
and Alipurdwar near Siliguri in Eastern region. 
The long transmission distance, right of way 
constraints and staged addition of transmission 
capacity makes HVDC systems at ± 800kV the 
most suitable option for transmission of power 
from the pooling stations. Another advantage 
with the HVDC system in this case was the 
feasibility of using a multi terminal scheme due 
to the relative locations of the pooling stations. 
Therefore POWERGRID build a multi terminal 
HVDC system with 3000 MW (2x1500MW) 
rectifiers at Biswanath Chariali and Alipurdwar 
each and inverter at Agra as shown in Fig 1 below.

The capacity of the HVDC transmission line is 
6000 MW. For the purpose of multi-terminal 
configuration, the HVDC line between Biswanath 
Chariali and Agra is Looped-In –Looped- Out at 
HVDC Terminal at Alipurdwar. At a later stage, 
POWERGRID intends to convert the multi-

terminal HVDC scheme into two separate bipolar 
schemes of 6000 MW each as and when more 
generation capacity is added. For this purpose, 
suitable provisions for addition of 3000 MW 
bi-pole as a parallel converter at both converter 
stations has been kept. Therefore in the future 
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with the addition of new HVDC line of 6000 MW 
capacity and new inverter station of 6000 MW at 
a suitable location, two HVDC Bipoles each of 
6000 MW capacity shall be made operational.

This 800 HVDC link is designed to be operated 
in Bipolar, Monopolar ground return, and 
Monopolar metallic return. Necessary high 
speed switches on neutral busses and high-speed 
switches at 800 kV level are installed to operate in 
different configurations. At Agra, two independent 
electrode lines are constructed for two parallel 
converters to improve reliability and shall share 
the same electrode station.

An Important design factor of the project, 
considering its high power rating, is the capability 
of the control and protection system to handle all 
faults and disturbances with minimum impact on 
the healthy parts of the NER-Agra 800 HVDC 
link.

Some of its other salient features are:

• It is the first 800 kV HVDC project in 

the World having 12 pulse Converter 
Terminals.

•  The project is designed with continuous 
33% overload feature

• Each pole is designed for 2000 MW, 
which is the highest capacity pole in the 
world.

• The Earth electrodes are designed for 
5000 A DC continuous current which shall 
be 1st of its kind in the world. Another 
salient feature of the Multi terminal is 
that at the Inverter end, two Bipoles shall 
be sharing the same earth electrode.

• This is the first 800 kV Project in the world 
having Indoor DC Hall (75 x 75 x 40 m) 
for DC Yard equipment, i.e., Smoothing 
Reactors, DC Filters, DC Disconnectors 
etc. at Agra Terminal.

• The project has reverse power capacity 
from Agra to Biswanath Chariali of 1000 
MW in Monopolar and 1500 MW in 
Bipolar Mode.

Fig: Valve Hall NER Agra Project
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Champa Kurukshetra HVDC Project:
The objective of the above project is to establish 
a transmission system for Independent Power 
Producer (IPP) generation projects coming up 
in Chhattisgarh, Central India for transfer of 
power to different target regions viz. Western 
and Northern region. This link is now become 
an important link between Western and Northern 
Region of Indian Grid. Total length of the HVDC 
Link is about 1305 KM and DMR is running on 
the same tower carrying the +ve and –ve Pole 
conductors. The rectifier of the HVDC link is 
located in the Champa District of Chhattisgarh, 
the coal rich state of India, where a lot of Thermal 
base generating units of several Independent 
Power Producers (IPP), having total capacity of 
about 15000 to 16000 MW, are under operation. 
Out of which, 6000 MW Power has been allocated 
to northern region through the said link. Inverter 
station is located at Kurukshetra, Haryana; in 
northern part of India (Northern Region), from 
where the power shall be evacuated for high 
power demanding states e.g. UP, Punjab, Delhi, 
Haryana, Rajasthan etc. One Bi-poles is under 
operation and by next year this link shall be 

operational for 6000 MW after commissioning of 
Bi-Pole-2 i.e. addition of 3000 MW power on the 
same transmission link. This HVDC link is first of 
its kind in the world, as having HVDC at 800 KV 
level with dedicated metallic return. 

The project is the first ± 800 kV Transmission 
system having a Dedicated Metallic Return 
(DMR) Conductor instead of conventional 
Ground Return. The DMR solution is selected to 
overcome the constraints/difficulties being faced 
with regards to the selection of earth electrode 
site and during the operation of the electrodes of 
existing HVDC systems. Some of the advantages 
of having the third conductor as a return path are 
following:

• It eliminates the element of uncertainty 
about the proper functionality of the earth 
electrode station.

• It avoids acquisition of separate land for 
each earth electrode stations, construction 
and maintenance of electrode station, 
which involves requirement of large 
amount of steel rods and coke. The 
construction of new transmission line 

Fig: DC yard Hall of NER Agra Project
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between earth electrode station and 
respective HVDC terminal station shall 
be avoided.

Raigarh (Chhattisgarh) Pugalur 
(Tamilnadu) Trichur (Kerala) HVDC 
Project
Out of the 15000-16000 MW quantum of power 
transfer requirement from Raigarh (Kotra), 
Champa, Raigarh (Tamnar) and Raipur generation 
complex by IPPs in Chhattisgarh, about 10000 
MW power is indicated for transfer to Southern 
region as the target region and balance power is 
to be transferred to the Western/ Northern region. 
Considering the quantum of power transfer 
requirement (about 10000 MW) to Southern 
region, high capacity transmission corridor 
± 800 kV, and 6000 MW Raigarh – Pugalur 
HVDC Transmission link has been conceived 
and presently under construction. This HVDC 
link also envisaged dedicated metallic return 
conductor path avoiding conventional electrode 
station and electrode line.

Out of this 6000 MW power, Kerala has a share 
of 2000 MW. For transfer of the 2000 MW from 
Pugalur to Trichur, 2 x 1000 MW Voltage Source 
Converters (VSC) symmetrical monopoles HVDC 
systems is envisaged. The two symmetrical 
monopoles converter stations will be connected 
by a combination of HVDC Overhead line (150 
kms) and ±320 kV DC XLPE underground cables 
(28 kms). A transition station is also construction 
to connect HVDC overhead line with HVDC 
underground cable. First bipole is likely to be 
commissioned by 2019-20.

Voltage Source Converters
Starting with a test installation in 1997 and the 
first commercial project Gotland in 1999, Voltage 
Source Converters (VSC) has been introduced in 
HVDC to provide black-start capability, which 
enable power transmission without a power 
network on the receiving side. In the beginning, 
this was realized by two-level and three-level 
topologies. The disadvantage of these topologies 
is the demand for filtering. At a later stage these 
topologies were extended by using the cascaded 
two level topology.

The first HVDC installation using Modular 

800 kV HVDC Suspension tower with DMR

800 kV HVDC Tension Tower with DMR
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Courtesy: ABB
01: Bipolar HVDC VSC 
scheme
02: One IGBT Module
03: IGBT with 6 sub-module

Multilevel Converter (MMC) topology was 
commissioned in 2010. Since that time, this 
topology has evolved, in conjunction with the 
cascaded two level topology, as a kind of standard 
for VSC-HVDC systems because of their 
advantages like black start capability, operation 
without filter, low switching frequency of IGBTs, 
easy modular setup and several other unique 
features. Also, the motivation for using VSC-

HVDC has become wider over time due to the 
integration of renewable energy sources on to the 
grid and the capability to enhance existing AC-
grids. 

The Modular Multilevel Converter consists out 
of a series connection of equal sub-modules that 
in most cases utilize standard industrial IGBT 
modules as shown below. 

There are many factors in deciding which 
technology is best suited for a particular 
application, including investment costs (capital 
expenditure), system losses, system availability, 
power and voltage levels, means of transmission, 
availability of land and AC network support.

Unique properties / system features of HVDC 
VSC.

Independent power transfers and power 
quality control : The HVDC VSC system allows 
fully independent control of both the active and 
the reactive power flow within the operating 
range. The active power can be continuously 
controlled from full power export to full power 
import. Normally each station controls its reactive 
power flow independently of the other station.

Absolute and predictable power transfer and 
voltage control : The active power flow can be 
determined either by means of an active power 
order or by means of frequency control in the 
connected AC network. The converter stations 
can be set to generate reactive power through 
a reactive power order or to maintain a desired 
voltage level in the connected AC network. In an

AC network, the voltage at a certain point can be 
increased or reduced through the generation or 
consumption of reactive power i.e. HVDC VSC 
can control the AC voltage independently in each 
station.

Low power operation: Unlike HVDC Classic 
converters, the HVDC VSC converter can operate 
at very low power, or even zero power. The active 
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and reactive powers are controlled independently 
and at zero active power the full range of reactive 
power can be utilized. In this way the HVDC 
VSC converter can operate as a SVC, Static VAR 
Compensator. 

Power reversal: An HVDC VSC transmission 
system can transmit active power in either of 
two directions with the same control setup and 
with the same main circuit configuration. Active 
power transfer can be quickly reversed without 
any change of control mode and without any 
filter switching or converter blocking. The power 
reversal is obtained by changing the direction of 
the DC current and not by changing the polarity of 
the DC voltage as for HVDC Classic.

Reduced losses in connected AC systems: By 
controlling the grid voltage level, HVDC VSC can 
reduce losses in the connected grid. Transmission 
line ohmic losses can be reduced. Significant 
loss reductions can be obtained in each of the 
connected networks. 

Increased transfer capacity in the existing 
system Voltage increase: The rapid and accurate 
voltage control capability of the HVDC VSC 
converter makes it possible to operate the grid 
closer to the upper limit. Transient over-voltages 
would be limited by the rapid reactive power 
response. Limiting factors for power transfer 
in the transmission grid also include voltage 
stability. In case of an imminent voltage collapse 
in the AC network, HVDC VSC can support the 
grid with the necessary reactive power.

Fast restoration after blackouts: HVDC 
VSC can aid grid restoration in the event of 
power disruptions, when voltage and frequency 
support are much needed. In the event of a 
power disruption, a black-start capability can be 
implemented in HVDC VSC systems, which will 
help the operators to speed up grid restoration. 
This feature has been implemented by many 
utilities in the World.

Islanded operation: The HVDC VSC converter 
station normally follows the AC voltage of 
the connected grid. The voltage magnitude 
and frequency are determined by the control 
systems of the generating stations. In the event 
of a voltage collapse or “black-out,” the VSC 
converter can instantaneously switch over to its 
own internal voltage and frequency reference and 
disconnect itself from the grid. The converter can 
then operate as an idling “static” generator, ready 
to be connected to a “black” network to provide 
the first electricity to important loads. The only 
precondition is that the converter at the other end 
of the DC line and/or cable is unaffected by the 
blackout.

Undergrounding: VSC is well suited to be used 
with HVDC cables with XLPE insulation for 
DC power transmission that is well suited for 
undergrounding. The cables are buried all the way 
into the DC part of each converter building. When 
the landscape has been restored after the cable 
laying, the transmission route quickly becomes 
invisible.

System layout of the VSC converter system
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Magnetic fields: The two HVDC cables can 
normally be laid close together. As they carry 
the same current in opposite directions, the 
magnetic fields from the cables more or less 
cancel each other out. The residual magnetic 

field is extremely low, comparable to the level of 
the earth’s magnetic field. Magnetic fields from 
HVDC cables are static fields, which do not cause 
any induction effects, as opposed to the fields 
from AC cables and lines. 
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Operating configurations: VSC converters can 
form a transmission system in various operating 
configurations. The most common operating 
configurations are briefly indicated below 
highlighting the main advantages / disadvantages:

Conclusion
HVDC transmission systems shall play a major 
role in the Indian power sector for grid operation, 
stability of the systems, inter-connecting the 
nation in years to come with 122 GW of renewable 
energy by 2022 as major source of generation. 
Further as per the “DESERT POWER 2050 – 
Integrated Plan for Desert Power Development” 
Installable capacity in four (4) deserts is envisaged 

to be about 300 GW. About 10% total capacity 
(30 GW) is proposed to be established by 2050 in 
the form of Concentrated Solar Plant (CSP) four 
deserts (Rann of Kutch, Thar, Laddakh Lahul & 
Spiti). Total 26 nos. (18 nos. VSC) HVDC projects 
are planned for implementation for evacuation of 
desert solar power. This will likely to become the 
backbone of the transmission infrastructure in 
Indian Power sector in future. 
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State-of-the-Art Non-Invasive Electrical Techniques 
for Transformer Insulation Monitoring

A. K. Pradhan, B. Chatterjee and S. Chakravorti*
Department of Electrical Engineering, Jadavpur University,  Kolkata, India.
*On lien from Jadavpur University

Abstract
Failure of power transformers due to insulation degradation is an issue of major concern among 
power utilities.  Over the past two decades, quite a few electrical diagnostic techniques have been 
developed for the evaluation of insulation health of power transformers and minimize the risk of power 
outage. As the cellulosic insulation within power transformer cannot be accessed from outside, the 
prime objective of modern diagnostic technique is to perform measurement without opening it. With 
continuous improvisation from researchers across the globe, some of these non-invasive electrical 
techniques have now reached maturity and are being successfully used in practical diagnostic testing. 
The paper presents brief overview of various state-of-the–art non-invasive techniques used for 
condition monitoring of power transformer.
Keywords: Transformer Insulation, Moisture, Condition Assessment Techniques, PDC, RVM, FDS

Introduction
A large portion of the power industries at various 
countries throughout the globe is getting old. 
Collected statistics reveal that the most of the 
high voltage transformers were installed at early 
stage of 1960s and ’70s. Significant numbers of 
equipment, particularly transformers, are close 
to the end of their designed life or have already 
surpassed it. More than 40% of the high voltage 
transformers are more than 30/40 years old in 
many power utilities through the world including 
India. 

Independent power producers, transmission as 
well as distribution companies are optimizing 
the asset utilization, consequent upon the 
deregulation of electricity market. It is done by 
employing existing equipments in operation at 
ever-higher capacity levels. However, in many 
cases, nameplate ratings are exceeded to defer 

the capital investment for new facilities or in the 
refurbishment of existing facilities. Therefore, 
majority of the power utilities have focused 
on developing various advanced condition 
assessment techniques of HV equipment to extend 
the operating life of the existing infrastructure. 
Extension of transformers life can be possible 
only if utilities can assess the present condition 
properly. Reliable diagnostic tools for condition 
monitoring of high voltage equipment such as 
transformers is also quite important from the 
point of view of reduction of maintenance.

Moisture in Transformer Insulation
The operating life of an in-service transformer 
primarily depends on its composite oil-paper 
insulation. However, transformer insulation 
undergoes various stresses including chemical, 
electrical, mechanical, environmental stresses 
during its operation resulting gradual degradation 
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of its dielectric properties. The degradation 
is primarily a scission reaction of cellulosic 
insulation, which is greatly accelerated by 
heat as well as the presence of moisture and 
oxygen. Among them, moisture is particularly 
responsible for detrimental of the cellulosic parts 
of insulation, as it can initiate hydrolysis and 
scission reaction of it [1-4].  Presence of moisture 
in oil-paper insulation and its adverse effect has 
been recognized since 1920s. According to Clark 
(1942), the operating life of cellulosic insulation 
in terms of mechanical strength is halved if the 
moisture content in it becomes doubled. Fabre and 
Pichon (1960) reported that, the rate of the thermal 
aging of cellulosic insulation is proportional to 
the presence of moisture content in it. Based on 
the moisture presence, insulation is categorized 
into three groups, viz. Thick Insulation, Thin Cold 
Insulation and Thin Hot Insulation.

Moisture Content in Transformer Insulation

During manufacturing of transformer in factory, 
the paper insulated windings undergo extended 
drying process prior to oil-impregnation. At this 
stage, the new transformer contains moisture 
content of less than 0.5% by weight in the 
cellulosic parts and 6 ppm in oil [2-3]. However, 
due to aging of transformer insulation, the 
moisture content increases gradually. In the case 
of severely deteriorated transformer insulation, 
the moisture content of cellulosic insulation can 
be more than 4%.

Moisture in Transformer – Where?

Moisture generally resides in oil in dissolved 
state. Sometimes, it is absorbed by polar aging 
products (bonded water) and forms hydrate. 
Besides, cellulose fibers residing in the oil may 
contain some moisture. In a transformer, the 
total moisture is distributed among the cellulosic 
insulation and oil. However, majority of moisture 
is contained within the cellulosic insulation.

Moisture Distribution in Transformer

Under steady working conditions, thermodynamic 
equilibrium between moisture absorbed by 
insulating paper and moisture dissolved in oil is 

maintained. However, moisture transfer between 
oil and paper can be caused by temperature 
gradient, moisture concentration gradient and 
pressure gradient.

Moisture Transfer Mechanism

Under normal operation, the temperature gradient 
is primarily responsible for moisture transfer 
dynamics. As temperature increases, fraction 
of the moisture in paper migrates to oil. When 
temperature decreases moisture returns to paper 
[2]. This moisture migration from oil to cellulose 
at lower temperatures is very slow and may result 
in free water in bulk insulation of transformer.

Effects of Moisture in Transformer Insulation

Water is a polar liquid with high permittivity. It is 
aligned in the direction of strong electrical field. 
The migration of moisture from cellulose to oil has 
been found to be associated with the phenomenon 
of static electrification that appears when charge 
accumulated at the interfaces between dry and 
moist zones. Cellulose has greater affinity for 
moisture than oil. Therefore, water molecules 
replace the oil in oil impregnated cellulose. Thus, 
both oil and paper lose their dielectric properties 
due to ingress of moisture.

Serious Problems due to High Moisture 
Content

High moisture content often makes the results 
of other condition monitoring methods, such as 
furan measurement, ambiguous. Free water in oil 
accumulates at the bottom portion of transformer 
tank. However, if the water is directed onto 
windings suddenly through oil pump operation, 
major electrical breakdown or short-circuit 
may occur due to insulation failure. Moisture 
production and aging increases with temperature 
– thus a moist transformer needs to be de-rated.

Moisture Detection

A. Crackle Test: A classical method for detecting 
moisture in oil is the ‘crackle test’ [5]:

A red hot glass rod is dipped into the collected oil 
sample. With low moisture content a slight hissing 
noise is generated, but for high moisture content 
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such test produces a distinctive ‘crackling’ sound 
as the water boils. Crackle test could detect only 
large amounts of water, typically above 50ppm.

B. Karl Fischer Titration (KFT): A widely used 
automatic coulometric method for estimation 
of very small concentrations of moisture in 
oil [2], which can be lower as 1-2 ppm. As the 
moisture migration between the cellulose and 
oil is very slow, the Karl Fischer test provides, 
close estimation of the insulation quality of the oil 
alone. However, Karl Fischer test does not provide 
no indication virtually of the moisture content 
in cellulosic insulation system. A transformer at 
20°C may have only 20 ppm of moisture in oil, 
but the paper could have moisture content as high 
as 4% by weight, indicating severe degradation of 
the paper.

Problems with Karl Fischer Titration

KFT measures the amount of moisture dissolved 
in transformer oil. Some of the moisture is 
chemically bonded to the agents as byproducts 
of oxidation.  However, this bound water is only 
partially available for measurement by KFT. With 
the increase in aging status of the oil, the moisture 
gets bounded at the sites provided by degradation 
of ageing byproducts. A portion of the moisture 
gets bounded to the particles suspended in oil and 
these moistures would not be readily available for 
KFT measurement.

Moisture Migration Between Paper      
and Oil

When a large transformer is dried on site by 
hot oil circulation, the moisture content of the 
oil may quickly be reduced to a very low level. 
But measure the oil moisture content again in a 
few months’ time; it may well go back to its pre-
treatment value.

Because the paper holds the majority of the 
moisture, while the oil take up only a small 
fraction of that. The oil directly in contact with 
the paper reaches saturation quickly and moisture 
exchange is inhibited until fresh unsaturated oil 
replaces it. 

As the total insulation system attempts to reach 
equilibrium again after oil-processing, more 
moisture will migrate slowly from the still moist 
paper into the now very dry oil.

Moisture Equilibrium between of Paper and 
Oil

As reported in several literatures, equilibrium 
curves show amount of moisture present in paper 
versus oil at different temperatures.

Equilibrium Curves:

l Fabre-Pichon curve [2]

l Weidmann curve [6]

l Oommen curve [7]

l Griffin curve [8]

Fig.1. Typical equilibrium curve of oil-paper 
insulation [8]

Through these curves, the moisture in cellulose 
can be estimated through determining the 
moisture in oil. 

Method of Conventional Estimation:

l Take oil sample.

l Determine moisture in oil by Karl Fischer 
test.

l Moisture estimate in cellulosic insulation 
from moisture equilibrium curves.

With inaccuracies of 2 ppm in the Karl Fischer 
test and 5 degrees in temperature measurement, 
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the moisture assessment from the equilibrium 
curves can easily be placed in the incorrect zone.

Problems in Relation to Moisture Equilibrium

Moisture equilibrium requires a long time to 
attain. Time required to reach equilibrium varies 
from hours to several days based on temperature. 
Moreover, the time to equilibrium can vary with 
the direction of water flow. The process of water 
absorption from oil to paper is slower than the re-
absorption of water by the paper from oil. Besides, 
the temperature within transformer varies with 
time as the load is changed continuously along 
with ambient temperature.

Transformer Insulation Diagnostics
Transformer insulation diagnosis tools may be 
divided into two groups: i) those characterizing 
the overall state and ii) those characterizing 
local defects present in the insulation system. 
Insulation diagnosis through dielectric response 
measurement provides information on the overall 
condition of the insulation, whereas local defects 
inside the insulation can be better localized 
partial discharge tests and the frequency response 
analysis (FRA-method).

While traditional oil examination methods are 
still an important basis for the observation of 
insulation ageing, however, the following methods 
are the main issue of this article as effective tool 
for multi-layer composite insulation diagnostics: 

i) Polarization and Depolarization Current 
(PDC) Measurement.

ii) Recovery Voltage Measurement (RVM).

iii) Frequency Domain Spectroscopy (FDS).

These three standard methods collectively 
known as the dielectric spectroscopy are used for 
condition assessment of the composite insulation. 
Methods (i) and (ii) are in time domain, while 
method (iii) is in frequency domain. 

Time-Domain Methods
PDC Measurement

Polarisation and depolarisation currents (PDC) 

measurement is direct and simple technique 
for the condition monitoring of transformer 
insulation [9-12]. Through the technique, the 
“dielectric response function” of composite oil-
paper insulation system is quantified in time 
domain and most significant parameters of the 
different components of the composite insulation 
can be evaluated by post processing. This PDC 
measurement technique can well be employed for 
assessing the condition of transformer insulation 
under on-site conditions using appropriate 
instrumentation.

A steady charging voltage having magnitude of 
U0, which is ripple free, is applied to the test 
object. The test object is fully discharged prior 
to the measurement to eliminate memory effect.  
The polarization current ipol(t) flowing through the 
test object is given as follows

          (3)

where, C0 represents the geometric capacitance 
of the insulation under test, and δ(t) is the delta 
function arising due to application of steady 
voltage at t = t0.

The current (as shown by eqn.3) has three 
components: The first part is dependent on the 
conductivity of the insulation, which does not 
depend on any polarization process. The last 
part of the polarization current is due to various 
polarization processes. The second part (the delta 
function) is quite difficult to record in practice.

Once the magnitude of the polarization current 
becomes very low or is nearly constant due to the 
dc conductivity or, the measurement process is 
stopped. After that, the test object is short-circuited 
for a certain period (t = tp) and the depolarization 
(or discharging) current idepol is measured.   During 
measurement of depolarization current, change 
of the voltage from U0 to zero can be treated as 
negative voltage step at the  time instant of t = tp. 
If the second term in eqn.3 is neglected, which is 
quite negligible, the depolarization current can be 
represented as
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           (4)

However, the second component of eqn. (4) can 
be neglected, if the completion of all polarization 
processes takes longer charging period. Hence, 
the depolarization current in eqn. (4), becomes 
proportional to the dielectric response function 
f(t). Eqn. 3 and eqn. 4 are thus basis for the 
evaluation of the dielectric response function 
f(t), i.e. for investigation of  dielectric materials 
properties in the time-domain. The typical nature 
of the polarization and depolarization current has 
been shown in Fig. 2.

Fig 2. Polarization and Depolarization current of 
composite insulation [10]

Typical PDC Measurements

The PDC can be measured by “two electrode” 
system as shown in Fig.4. Both the currents are 
recorded from starting at not less than at 0.1 to 1s 
after the switching processes and measurements 
are made up to hours. The magnitude of the applied 
voltage during polarization current measurement 
(as shown in Fig.3) is kept nearly 1000V [10-12].

However, the power supply used in PDC 
measurement must be free of ripple and provide 
very stable voltage once the switching is done. 
In case of PDC measurement, switching is done 
through using relays. The magnitude of the 
polarization and depolarization current is in pA 
range. Therefore, electrometer is used to record 
the currents.

The connection diagram for PDC measurements 

in the case of real-life transformers is shown in 
Fig.4.

Fig 3. Two active electrode test set-up for PDC 
Measurement [10]

Fig 4. PDC measurements on a transformer with 
two-active electrodes[10]

Measurement of Recovery Voltage

The fundamentals of the RVM technique resulting 
in a “polarisation spectrum” were presented by 
Bognar, Kalocsai, Csepes, Nemeth and Schmidt 
at the 1990 CIGRÉ Session [13-15]. The typical 
waveform of recovery voltage is shown in Fig. 
5. Similar to Fig. 3, a dc voltage having known 
magnitude of U0 is applied to the insulation under 
test (which is discharged completely through 
short-circuiting the terminals) during a particular 
time interval t1, which must be long enough to 
disperse completely the after-effects due to the 
application of the voltage. After a small short-
circuiting period a “return” or “recovery” voltage, 
Ur(t), is measured across the terminals of test 
object with a voltmeter having very high input 
impedance [16-17].

The recovery voltage within insulation is 
developed due to the active relaxation process 
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of dipoles within it, which are not completely 
relaxed during short-circuit period. The shapes 
and magnitudes of the recovery voltages, Ur(t), 
may vary depending on the magnitude of the 
applied voltage as well as the duration of t1 and  
short-circuit period. Therefore, for making any 
analysis based on the quantitative results of this 
technique, all three factors need to be considered 
into account.

Fig 5. Nature of Recovery Voltage waveform [10]

Fig 6. Equivalent  model of transformer oil-paper 
insulation system [10]

The results of RVM could be explained by 
representing the dielectric with the equivalent 
circuit as shown by Fig. 6. If dc voltage U0 is 
applied to the equivalent circuit (as shown in 
Fig. 6) during 0≤t≤t1, the polarization of various 
dipoles within insulation occur. As a result, 
polarization currents along with the conduction 
current through R0 flow into the circuit. In the case 
of C0, the polarization process occurs instantly, 
whereas the branch capacitors are charged with 
some delay according to their time constants (RiCi). 
Based on the duration of charging period (t1), the 
various dipoles within insulation are either fully or 
partially polarized. However, during short-circuit 
period C0 discharges instantly whereas dipoles 
takes finite duration for discharging based on their 

corresponding time period. After a finite short-
circuit period, when the circuit is made open for 
t > t2, the recovery voltage Ur(t) is developed due 
to the partial relaxation of dipoles. The magnitude 
of the recovery voltage, which is thus not only 
dependent on to U0, but also dependent on the 
charging time as well as short-circuiting time. The 
initial slope of the recovery voltage is proportional 
to the duration of depolarization current (t2), 
which is thus related with the polarization process 
intensity for a specific instant.

The moisture in the cellulosic parts in the 
transformer’s insulation system can be estimated 
through analyzing “polarization spectrum” 
obtained from the RV measurement [18-20]. This 
spectrum is generally obtained through applying 
a numbers of individual charging voltages U0 to 
the insulation, followed by a discharging period. 
In practice, the charging period (Tc) and the 
discharging period (Td) are enhanced, keeping a 
fixed ration of (Tc/Td) = 2 for the measurement 
steps. However, it is to be mentioned here that, 
no measurements are taken during the individual 
charging short-circuiting period.

After short-circuiting period of Td, the recovery 
voltage for a particular cycle is measured and 
recorded based on its peak value. The amplitude 
of the polarization spectrum Urmax is employed 
along with the charging period Tc for that cycle 
for assessing the insulation condition. In order 
to obtain polarization spectrum, some kind of 
interpolation is needed through combining the 
individual measuring points.

Frequency Domain Method
Transformer insulation aging byproducts are 
mostly polar in nature. Hence, they affect dielectric 
dissipation factor (tanδ ) as well as capacitance 
in quite different way in different frequency 
ranges. The knowledge of variation of tanδ 
and capacitance at different frequencies forms 
the basis of condition assessment of oil paper 
insulation in Frequency domain spectroscopy 
(FDS). For this purpose, the composite insulation 
is subjected to a sinusoidal excitation over a wide 
range of frequencies typically from (1 mHz-
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1 kHz) for a minimum of two cycles and the 
corresponding response current is measured [10]. 
The dielectric response current is then transformed 
from time domain to frequency domain by using 
either Laplace or Fourier transformation. For a 
sinusoidal excitation voltage of  , the current 
that flows through the insulation for a particular 
angular frequency (ω) can be written as

             (5)

where   is the complex capacitance. The 
complex capacitance can be further split into real 
and imaginary parts as

            (6)

Since  and  are related to the complex 
permittivity of the insulating medium, hence 
equation (6) can be further written as

          (7)

where C0, ε0 and σ0 represents geometric 
capacitance, permittivity of free space and dc 
conductivity, respectively. Now, the dielectric 
dissipation factor (tanδ) can be represented as

              (8)

It is evident from equation (8), that   and tanδ  
are both frequency dependent parameters. FDS 
results give a spectrum, a set of values of    and 
tanδ measured for a range of frequencies, which 
are often presented as the real and imaginary 
parts of capacitance or relative permittivity.                       
Fig. 7 shows the typical FDS spectrum obtained 
for composite oil paper insulation [21]. It is to be 
noted that the percentage paper moisture content 
is related to the dielectric dissipation factor by the 
following equation [22].

           (8)

Hence, the paper moisture content can be 
estimated from the dielectric dissipation factor 
profile of the insulation.

From Fig. 7, it can be pointed out that different 
sections of FDS spectrum are an indicator of 

Fig 7. Typical FDS spectrum obtained for 
composite oil-paper insulation [21]

Fig 8. FDS measurement set-up [23]

properties of both oil as well as the solid parts 
of insulation. 

Typical FDS Measurement 

Fig. 8 shows the typical arrangement of FDS 
measurement on site. The sinusoidal excitation 
voltage from 1 mHz-1kHz is impinged on the 
high voltage bushing of the transformer for two 
cycles and the corresponding response current is 
recorded from the low voltage terminal. The tank 
and the core of the transformer is connected to 
guard terminal of the measuring equipment. The 
supply voltage may vary from 5V-200V (r.m.s.). 
From the amplitude and phase of the applied 
excitation and the response current, different 
dielectric parameters (dielectric dissipation 
factor, complex capacitance, etc.) are calculated 
for different frequencies.
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Salient Features of FDS Measurement

Apart from estimation of moisture content of the 
solid parts of insulation, another important aspect 
of FDS measurement is that the method enables 
to calculate the Capacitance ratio for a given 
transformer. Capacitance ratio (CR) is defined as 
the ratio of the capacitance measured at 1 Hz to 
capacitance at the power frequency. The typical 
value of CR for a good transformer is about 3-5 
[24]. Since a complete frequency spectrum is 
available, it is plausible to discriminate different 
polarization mechanisms. Effect of moisture 
content and aging can be separated. Since, FDS 
is robust against noise, hence it is a preferred 
choice to be performed on site. Effect of surface 
creepage currents on transformer bushings are 
eliminated as the measuring equipment employ 
a three terminal device.  However, FDS results 
are severely affected by changes in temperature 
during measurement. FDS measurements can 
become quite lengthy at very low frequencies. 
During FDS measurement, at least two cycles of 
ac voltage is required for measuring the phase-
shift and magnitude of voltage and currents. 
Hence, measurement of single value of “C - tanδ” 
at 1 mHz requires more than 2000s [11].

Conclusions
Considering the importance of condition 
based maintenance, measurement of dielectric 
response offers new possibilities of on-site non-
invasive assessment of insulation high voltage 
transformers. This paper discusses three such 
methods used for condition monitoring. However, 
it should also be noted here that one method is 
not sufficient to gather complete information 
about the composite insulation system of high 
voltage power equipment. Further researches are 
necessary in this direction.
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Abstract
This paper reveals the limitation of multi-infeed HVDC network and highlights the importance of 
FACTS controllers in the network for reliable operation. HVDC has been proved to be cost effective 
for transmission of bulk power over long distance,but at the same time it is vulnerable, from stability 
view point,to faults which occurs in connected remote AC network. Operation of HVDC system with 
low ESCR may be major concern to utilities across the world. Multi-infeed HVDC network should 
be planned and operated with utmost care, as fault in remote terminal may deteriorate the operational 
performance of all connected links in vicinity, which may lead to temporary power shut down and 
huge financial loss. Voltage and power stability problems in the multi-infeed network along with real 
and reactive power compensation have been discussed in this paper employing Unified Power Flow 
Controller (UPFC).Integration of UPFC in multi-infeed network regulates power flow in adjacent AC 
transmission system which in turn maintains voltage overall stability during sudden loss of generator 
or fault in the network. A sample multi-infeed HVDC network model with UPFC is represented in 
PSCAD/EMTDC environment to demonstrate the significance and importance of UPFC controller 
large power network.

Keywords:- Multi-infeed HVDC Converters, ESCR, UPFC, Real, Reactive Power Compensation.

Introduction
Demand for electric power is increasing every 
day at a faster rate and to supply the required 
power it is not possible to be generated very near 
to the load centers due to environment constraints 
and different power generation methods. 
Power generated at the remote areas should be 
transmitted effectively with less cost and loss to 
the load centers which is the main objective of the 
engineers. HVDC technology proved to be more 
feasible than HVAC transmission due various 
advantages like asynchronous connection, less 
number of conductors to carry bulk power 
over longer distance and under water power 
transmission using submarine cables. HVDC 
transmission usage has become predominant 

because of its ability to control power over wider 
range, modern semiconductors technology in 
convertor station and FACTS controllers. HVDC 
transmission lines can be switched to its thermal 
limits to carry more power with the help of 
FACTS controllers. Single-infeed HVDC network 
have been used in earlier days but due to the 
increasing power demand at the load centers over 
long distance and also because of the advantages 
over HVAC lines,more and more HVDC links 
are connected using common AC buses to form 
“Multi-infeed network” to have both operational 
and economic benefits. 

Multi-infeed HVDC systems too has its own 
constraint in carrying power over long distance 
to different locations. Special attention should 

State-of-the Lecture
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be given to multi-infeed network as weak AC 
system strength interconnection or fault condition 
or both at a particular location will affect the 
performance of all the connected links in the 
multi-infeed network. Single-infeed HVDC links 
are easier to operate and control than the multi-
infeed network as variation in voltage and power 
due to faults are well within converter station 
control range. But in open access as more and 
more HVDC links are connected,fault or load 
variation at one location will have its adverse 
effect on all the connected system which leads to 
sudden variation in power and voltage in all the 
links which are hard to control and stabilize[1].
Multi-indeed network operation depends mainly 
on AC system strength which is represented using 
ESCR (Effective short circuit ratio) value, if the 
AC system strength is strong then the system will 
effectively feed the power to the load centers but 
if the same system is weak then it will leads to 
more operational difficulties. Another concern in 
maintaining system stability in HVDC network 
is commutation failure, fault at one location will 
introduce large changes in voltage and power in 
the system and the network can only be stabilized 
with proper compensating device connected in 
the network. As many links are connected in the 
multi-infeed system, oscillation in one link due to 
fault or load variation will deteriorate the system 
performance and will introduce oscillations in all 
the connected links.

System voltage and power should be maintained 
constant before and after the occurrence of fault 
or load changes which is essential for stable 
system operation and there are some ways to 
attain it. Islanding methodology is one way of 
maintaining the system stability but it requires 
shutting down or isolation of the faulted network 
from the remaining healthy system. Once the 
system is turned down then it is really hard to 
restart the system as it is connected with cold load 
pick-up and other financial problems. Another 
way of attaining it is by using FACTS controllers 
in the network which proved to be the best way 
for maintaining system stability as it compensates 
both real and reactive power which are essential 

for the network to recover from system faults and 
load changes. Weak AC system in the multi-infeed 
is of main concern as any fault in weak system will 
introduce large oscillation in the network which 
should be rectified properly with compensating 
device, failing will leads to complete failure 
of the network. This paper focuses on one such 
compensating device, namely the UPFC (Unified 
Power Flow Controller) which is the most versatile 
component among the FACTS controllers and 
helps to compensate real and reactive power in the 
connected network to control voltage and power 
flow and to suppress oscillations.

Multi-infeed HVDC System 
Representation in PSCAD/EMTSC 
Environment 
This section deals with the sample model of 
multi-infeed HVDC network in PSCAD/EMTDC 
environment. The configuration comprising of 
four point to point (bipolar)HVDC links which 
are connected at inverter side AC buses using AC 
lines and are modeled using CIGRE benchmark 
model [2] for various system study and analysis. 
Bipolar links are represented as BP throughout 
this paper for convenience and the numerical 
represents the corresponding link (BP1-biploar 
link 1, BP2- bipolar link 2, BP3-bipolar link 3 
and BP4- bipolar link4). BP1 and BP2, BP2 and 
BP3, BP3 and BP4 are connected at inverter 
terminal with 150km AC line and BP1 and BP4 
are connected with a long 500km AC line to form 
a sample multi-infeed network (Fig. 1), with 100 
MVA UPFC connected in between bipolar link 2 
and bipolar 3. First set of analyses (with ESCR 
changes and different fault at different location) 
is carried out without UPFC in the network and 
the second set of analyses is done with a UPFC 
connected in the same network to show the 
significance and need of the FACTS controller in 
the network. Throughout this analysis x-axis is 
taken as time in sec.

UPFC as Real and Reactive Power 
Compensator
UPFC is a multipurpose FACTS controller 
which combines the features of both STATCOM 
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(Static Synchronous Compensator) and 
SSSC(Static Synchronous Series Compensator). 
Two converters are connected in network, one 
converter in shunt and the other in series with the 
AC line with common capacitor in between the 
two converters to exchange real power between 
them. Series connected converter will injects 
controllable voltage to make the desired power 
changes in the network as it exchanges both real 
and reactive power to the network, but the shunt 
part can exchange only reactive power to regulate 
the voltage at shunt connected AC bus terminal 
but its primary duty is to supply the real power 
demand of series converter [3]. 

The significance of UPFC as real and reactive 
power compensator in multi-infeed HVDC 
network is reported in this paper. UPFC has 
four control parameters; shunt converter has two 
control parameters (Vref and DCgain)and series 
converter has two parameters (Thetaord and Gconst) 
respectively, which should be adjusted properly 
to have effective system operation to maintain 

Figure 1. Sample Multi-infeed HVDC network model 
with inverter terminal connectivity with 100 MVAUPFC 
connected in between bipolar link 2 and bipolar link 3.

Figure 2. Sample UPFC controller for real and reactive 
power compensation

system stability. Out of these four control 
parameters, shunt converter parameters (Vref and 
DCgain) are identified [4] as most contributory 
parameters and these parameters are tuned 
accordingly to exchange real and reactive power 
in the network.  Mere connection of UPFC in the 
network won’t help to compensate the demand 
required by the system. Improper tuning will 
create more operational problems and so proper 
selection of control parameter and tuning are 
essential to compensate the real and reactive 
power in the multi-infeed network.

Case Studies
The detailed analysis has been done for multi-
infeed network sample system model shown in 
Fig. 1(without UPFC) with various ESCR values 
and fault condition (1p-f-single phase to ground 
fault, 3p-f-three phase to ground fault) at both 
inverter and rectifier ends. The impedance angles 
at rectifier and inverter ends are maintained as 
840 and 740 respectively. The test results consist 
of AC voltages (both instantaneous and RMS 
in per unit), DC voltage and current (positive 
and negative pole of both DC converters in per 
unit) and power (in MW) at switch yard at both 
rectifier and connected inverter end. A rigorous 
analysis has been carried out for different ESCR 
values and fault condition (fault is introduced 
at 0.3 sec and cleared at 0.4 sec)at both inverter 
and rectifier terminals without UPFC in sample 
system shown in Fig. 1.Once the ESCR values are 
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lowered, and if some fault is introduced in one of 
the links, large power swing and oscillation are 
observed in all the connected links. In second set 
of analyses, same multi-infeed network model is 
considered (Fig. 1)with a 100 MVA, 230kV UPFC 
connected in between BP2 and BP3 inverter end 
AC buses. Multi-infeed network shows improved 
performance and the oscillation were suppressed 
once the UPFC is introduced into the network as 
it helps to compensate real and reactive power 
required by the network to maintain system 
operation. Detailed analyses have been carried 
out in this section without and with UPFC to 
demonstrate the importance of FACTS controllers 
in the network.

Multi-infeed network analysis without 
UPFC 
Four bipolar links (BP1, BP2, BP3 and BP4) are 
connected at inverter terminal using AC lines and 
each bipolar link is modelled to carry2000MWof 
power,and for each system reactive power 
compensation is done using filters and shunt 
capacitors at AC buses to carry out the normal 
operation. The PSCAD/EMTDC model of multi-
infeed network has been shown in Fig. 1. The 
study has been done with varying ESCRat all 
four-bipolar links (both at inverter and rectifier 
end), and various analyses have been carried out. 
Throughout this paper ESCR values for strong 
system, at both inverter and rectifier end, is 
considered as 3.4 and weak as 1.9. Multi-infeed 
system behaviour without UPFC for BP1 link 
inverter end weak with 1p-f at same end, while 
BP1 rectifier end and all other bipolar links are 
strong without any fault is shown in Figs. 3, 4, 5 
and 6 respectively.

Multi-infeed Network Analysis with UPFC 
in between BP2 and BP3 
The same sample system shown in Fig. 1 is 
considered for analysis to show the importance of 
UPFC in power network with varying ESCR values 
at both bipolar rectifier and inverter terminals 
with different faults condition. The bipolar link 1 
inverter end is made weak(ESCR=1.9) with1p-f 
is introduced at inverter end, while BP1 rectifier 

Figure 3. Bipolar link (BP1)inverter terminal-weak along 
with1p-f introduced at BP1 inverter end; while BP1 
rectifier end and all other bipolar link terminals (both 
inverter and rectifier) are strong without fault

Figure 4. Bipolar link (BP1) inverter terminal-weak 
along with 1p-f introduced at BP1 inverter end; while 
BP1 rectifier end and all other bipolar link terminals 
(both inverter and rectifier) are strong without fault

end and all other bipolar terminals are strong and 
without any fault (same case represented in Figs. 
3, 4, 5 and 6). UPFC helps to compensate real and 
reactive power in the network as per the need and 
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Figure 5. Bipolar link (BP1) inverter terminal-weak 
along with 1p-f introduced at BP1 inverter end; while 
BP1 rectifier end and all other bipolar link terminals 
(both inverter and rectifier) are strong without fault

Figure 7. Bipolar link (BP1) inverter terminal-weak 
along with 1p-f introduced at BP1 inverter end; while 
BP1 rectifier end and all other bipolar link terminals 
(both inverter and rectifier) are strong without fault and 
the network is connected with UPFC

Figure 6. Bipolar link (BP1) inverter terminal-weak 
along with 1p-f introduced at BP1inverter end; while BP1 
rectifier end and all other bipolar link terminals (both 
inverter and rectifier) are strong without fault

Figure 8. Bipolar link (BP1) inverter terminal-weak 
along with 1p-f introduced at BP1 inverter end; while 
BP1 rectifier end and all other bipolar link terminals 
(both inverter and rectifier) are strong without fault and 
the network connected with UPFC
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with proper tuning of UPFC control parameters, 
oscillations can be suppressed to maintain system 
stability which are represented in Figs. 8, 9, 10 
and 11 respectively.  From the Figures (3-6) and 
(7-10), it is evident that UPFC exchanges the real 
and reactive power in the network and helps to 
maintain system operation.

Analysis of Results
The behavior of multi-infeed HVDC network for 
different system condition should be observed 
and properly analyzed for operational benefits, 
and also for maintaining the reliable power supply 
across the load centers. Many factors should 
be considered like strength of the AC system, 
system behavior during fault condition andneed 
of FACTS controllers for real and reactive power 
compensation. ESCR changes make significant 
impact on system operation, and changes in the 
HVDC network should be properly addressed for 
effective operation along with controller selection 
at appropriate location.

It is clear from the above results(Figs. 3-6) that 
while feeding power to load centers with one of 

Figure 9. Bipolar link (BP1) Inverter terminal-weak 1p-f 
introduced at BP1 inverter end; while BP1 rectifier end 
and all other bipolar link terminals (both inverter and 
rectifier fault and the network connected with UPFC) 
are strong without fault and the network connected with 
UPFC

Figure 10. Bipolar link (BP1) Inverter terminal-weak 
1p-f introduced at BP1 inverter end; while BP1 rectifier 
end and all other bipolar link terminals (both inverter 
and rectifier) are strong without fault and the network 
connected with UPFC

the AC systems is weak with low ESCR value 
(BP1 inverter end is weak with 1p-f fault), while 
BP1 rectifier end and all the other bipolar links 
(BP2, BP3 and BP4) are strong,still the network 
is not in a position to feed reliable power (even 
though three out of four bipolar links are strong at 
both the ends)to the network and oscillations are 
introduced,which not only exists in adjacent links 
but are transmitted to all the links connected in the 
multi-infeed system. Multi-infeed HVDC systems 
should be planned with fast-acting compensating 
devices such as UPFC to ensure power evacuation 
and also reliable network operation.

The various analyses have been carried out for 
different combinations for system condition 
(different ESCR values and faults at inverter 
and rectifier end) without and with UPFC. The 
behaviour of multi-infeed HVDC system without 
UPFC is represented in (Figs.3-6) where BP1 
inverter end is weak with a fault (1p-f) at inverter 
end, while BP1 rectifier end and all other bipolar 
link (BP2, BP3 and BP4) are strong without any 
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fault. If the ESCR value is low then the link feeding 
power is reduced and oscillations are introduced 
in the all network, even if only one terminal is 

f) at inverter and rectifier end in the multi-infeed 
network. Except two cases (4x5 and 5x5 in table 
1) all other cases show oscillation, and dip in 
power which shows the importance of knowing 
system behaviour and need of FACTS controller 
in the network and rating accordingly.

Same configuration shown in Fig. 1 is considered 
with a100MVA, 230kV UPFCin between BP2 
and BP3 at inverter end AC buses to compensate 
the needed real and reactive powerto maintain 
the network stability. From the (Figs.7-10) it can 
be observed that the multi-infeed network shows 
improved performance with the introduction 
of UPFC in the network. In same way UPFC is 
introduced in all the other cases and the control 
parameters are properly adjusted to maintain 
system stability. UPFC has four control parameters, 
two for each UPFC converters(shunt and series 
converter) which should be tuned [4] for each 
and every individual case for proper exchange 
the real and reactive power in the network. From 
Table 2 (control parameters values are different 
for different cases) it is clear that mere connection 
of UPFC in the network won’t help as the control 
parameters should be tuned and adjusted for every 
case and improper tuning will result in improper 
functioning of the network. 

From Table 2, it can be observed that UPFC 
controls parameters (Vref, DCgain, Thetaord and Gconst)
need to be properly adjusted for different system 
condition [5]. These UPFC control parameters 
have three values as shown in the Table 2, out of 
which first two values are fixed which represents 
maximum and minimum values of UPFC control 
parameters (Vref, DCgain, Thetaord and Gconst) and 
the third one is initial value adjustment, where the 
initial value is adjusted for each case within the 
minimum and maximum limit to control the real 
and reactive power exchange in the network. Two 
control parameters in UPFC (DCgain and Thetaord) 
which are related to shunt and series inverter part 
can operate both in capacitive and inductive mode 
based upon the requirement. In this way, UPFC 
can supply or absorb real and reactive power to or 
from the network once its control parameters are 
properly tuned.

Table 1. Swing in real power (in MW during dip) in 
the multi-infeed network due to changes in AC system 
strength at inverter and rectifier end during normal and 
fault condition, suffix R and I in the table represents the 
corresponding bipolar rectifier and inverter end

weak. Oscillation in one link is transmitted to the 
other connected link in the multi-infeed network 
and the individual bipolar converter station 
controls are not in a position to suppress the 
oscillation to maintain stable operation. Table 1 
shows the change in real power (in MW) during 
power swing due to ESCR changes and different 
fault condition at inverter and rectifier end,20 
different cases are simulated and analyzed with 
different ESCR values (Strong ESCR value = 3.4, 
Weak ESCR value =1.9) and faults (1p-f and 3p-
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UPFC shunt inverter control parameters (Vref 
and DCgain)are considered as most contributory 
parameters among the four UPFC control 
parameters for maintaining system stability. For 
example check column two in Table 2 (case 1: 
BP1 inverter end is weak without any fault in the 
network (BP1 rectifier end and all other bipolar 
links in the network are strong), case 2: BP1inverter 
end is weak and also a 1p-f at BP1 inverter end 
(BP1 rectifier end and all other bipolar links in 
the network are strong), case 3: BP1 inverter end 
is weak and also a 3p-f at BP1 inverter end (BP1 
rectifier end and all other bipolar links in the 
network are strong), case 4: BP1 rectifier end is 
weak and a 1p-f at BP1 inverter end (BP1 inverter 
end and all other bipolar links in the network are 
strong), case 5: BP1 rectifier end is weak and a 
3p-f at BP1 inverter end (BP1 inverter end and 
all other bipolar links in the network are strong), 
UPFC series inverter parameters (Thetaord and 
Gconst) are tuned and fixed to a constant value and 
only UPFC shunt converter control parameters 
(Vref and DCgain) are adjusted for every case for 
every particular columnto compensate real and 
reactive power need in the network and to maintain 
system stability. Similarly, in column 3, ESCR 
changes and different faults are introduce only 
in BP2 inverter and rectifier end (other bipolar 
links are strong and no changes are made to those 
links) and UPFC control parameters are tuned 
and adjusted (note- for column three new UPFC 
series converter parameters (Thetaord and Gconst) 
are tuned and fixed and then only UPFC shunt 
inverter control parameters (DCgain and Thetaord) 
are adjusted for different system condition to 
compensate real and reactive power need). Same 
trend is followed for column four and five where 
ESCR changes are made and different faults are 
introduced only at BP3 and BP4 respectively (no 
changes are made to other bipolar links and they 
remain strong without any fault). New UPFC 
series inverter control parameters (Thetaord and 
Gconst) are tuned and adjusted for column four and 
five and they remain fixed and only UPFC shunt 
inverter control parameters (Vref and DCgain) are 
adjusted to maintain network stability which is 
evident from Table 2. 

UPFC shunt control parameters (Vref and 
DCgain) play an important role in maintaining 
system stability once the proper value of UPFC 
series inverter (Thetaord and Gconst) is made. In 
general, ESCR value plays a very important 
role in maintaining system stability and also 
for feeding rated power from one location to 
another. Any changes in AC system strength will 
indirectly affect the real and reactive power flow 
in the network which will ultimately leads to 
improper operation, if the system is not suitably 
compensated with real and reactive power with 
FACTS controller. Low ESCR values with fault at 

Table 2. UPFC control parameters setting (Vref, DCgain, 
Thetaord and Gconst) for multi-infeed network stabilization. 
For each column, series converter control parameters 
(Thetaord and Gconst) are fixed and only shunt converter 
control parameters (Vref and DCgain) are adjusted
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inverter end will pose more operational challenges 
than low ESCR values and fault at rectifier end 
which can be observed from the table 1(4th and 
5th row), where power swing and oscillation are 
less when compared to inverter side system fault 
(1st , 2nd and 3rd row). Multi-infeed network 
operation is complex as any operational changes 
or fault at remote location will directly affect 
the performance of other connected systems in 
the network which are represented in Figs.3-6. 
Fault at one terminal is enough to deteriorate the 
entire multi-infeed network performance and so 
it is essential to have compensating device in the 
network. Importance of FACTS controllers [6] is 
demonstrated in this paper, but mere connection 
won’t help to compensate real and reactive 
power demand in the network as proper tuning is 
essential.

Conclusions
In current scenario, as many HVDC systems are 
connected in close electrical proximity for feeding 
power efficiently, it is the system requirement 
to have FACTS controllers in network. Such 
network operation becomes relatively sensitive 
and complex,as fault at any location will 
introduce oscillation in all connected HVDC links 
embedded in network. The operational limitation 
should be considered mandatorily before 
planning and installation of multi-infeed HVDC 
network, as any improper operation may lead to 
cumulative loss. Thus, FACTS controllers are so 
essential in the complex large network in order to 
dynamically compensate real and reactive power 
for system stability. This paper analyzes a sample 
multi-infeed HVDC system modelled in PSCAD/
EMTDC environment with four bipolar point 
to point HVDC link with different AC system 
strength and fault conditions at inverter and 
rectifier end. UPFC is connected between BP2 
and BP3 AC buses to show it’s importance in the 
network to compensate real and reactive power. 
UPFC shunt control parameters (Vref and DCgain) 
are considered as most contributory parameter 
and these parameters are tuned accordingly to 
stabilize the network for different AC system 
strength and fault conditions.

Appendix
System details for Sample multi-infeed HVDC 
network:

AC voltage at BP1, BP2, BP3 and BP4 rectifier 
end: 345kV AC voltage at BP1, BP2, BP3 and 
BP4 inverter end: 230kV

Power at rectifier and inverter end switchyard 
(BP1, BP2,BP3 and BP4): 2000MW

Total reactive power supplied by the combination 
of filters and shunt capacitor at each converter 
station: 0.625 pu

UPFC: 100 MVA, 230 kV.

x-axis:time (in sec)
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Introduction
The higher levels of industrialization have resulted 
in significant climate change since pre-industrial 
era. To arrest the increasing impact on climate, 
there have been dispersed and varied efforts by 
countries, agencies and other stakeholders. 2015 
United Nations Climate Change Conference or 
COP21 in Paris was one such effort. The objective 
of holding this international conference was to 
reach a concurrence on a binding and universal 
agreement on climate by all nations. India as 
a signatory to the Paris Climate Agreement has 
committed among others to have at least 40% 
generation from non-fossil source by 2030.

In order to achieve a sustainable development path 
keeping economic and environmental objectives 
inconsideration, India in 2008 released National 
Action Plan on Climate Change (NAPCC). One of 
the eights objectives of NAPCC was the National 
Solar Mission (NSM). NSM launched in 2010 
aimed at deploying 20GW of grid connected solar 
power by 2022. To meet targets committed under 
Paris Climate Agreement, Indian Government in 
2015 set a target of 175 GW capacity addition 
by 2022from renewable energy source which 
included revised target of solar power capacity 
addition of 100GW, 60 GW of capacity addition 
from wind power and another 15 GW from 
biomass and small hydro power.

In order to promote renewable energy capacity 
addition, the Government of India has initiated 

various Policy measures. The Policy measures 
have ranged from providing Accelerated 
Depreciation (AD),Generation Based Incentive 
(GBI), Viability Gap Funding, Feed-in-tariff, 
must-run status, preferential open access, etc. 
These measures have helped in accelerated 
capacity addition in the renewable energy space. 
In 2007, the renewable capacity installed was 
about 11 GW (8.7% of installed capacity) that has 
increased five folds to about 72 GW (~21% of 
installed capacity) in October 2018.

The renewable source such as solar and wind 
having free-fuel are intermittent in nature. 
Outputs from these plants are variable in nature 
as it depends on natural elements. The increasing 
share of renewable energy in the grid has affected 
the traditional approach of balancing which 
necessitates responses closer to the real time. 
This balancing requirement has started altering 
the existing electricity market in a significant 
way and its impact needs to be understood before 
renewable energy reaches30%-40% proportion of 
the Indian energy basket.

Generation Mix Projections
Numerous studies are being conducted to project 
the generation mix of India. As per National 
Electricity Plan published by Central Electricity 
Authority (CEA) in January 2018, the total 
installed capacity at the end of 2021-22 is 479 GW 
of which renewables would constitute about 175 
GW which is 37% of the total installed capacity.
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By 2026-27, the installed capacity as projected by 
CEA is 619 GW of which renewable is expected 

to contribute about 44% of the total installed 
capacity.

Similarly, multinational companies have done 
many studies. As per BP Energy Outlook 2018, 
renewables will overtake gas and then oil by 2020 
as the second largest source of energy production.

Increasing Need of Grid Balancing
In FY 2017-18, renewable energy sector has 
added 11,788 MW of capacity to the grid whereas 
thermal capacity addition was lesser at 8710 MW. 

Increasing penetration of renewable energy is 
altering the fundamentals of the power sector. 
Renewable sources like wind and solar are 
subject to variations due to reasons attributable 
to nature. This infirm nature of renewables is 
posing a significant challenge for grid operators in 
integration with conventional sources of energy.

During the earlier years of capacity addition, 
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Renewable Energy (RE) had an important effect 
on grid variability. The pulsation in the grid 

increased from 5-7% in 2012 to about 15% in 
2016 as is evident from the graph below

With rampant addition of solar power, huge 
demand supply gap is expected in the evening 
if other sources of energy are not brought online 
in time. Various studies are being done to access 
the present balancing potential of the grid. One 
such study is done by GIZ in their Report on 
Forecasting, Concept of Renewable Energy 
Management Centres and Grid Balancing. With 
lesser thermal capacity addition and increased RE 
capacity addition, the thermal balancing potential 

is expected to decrease. In this scenario, it is 
critical that balancing mechanisms are developed 
in time for seamless integration of RE energy.

Flexibility in Operations
To meet the balancing requirements, flexibility is 
required in plant operations. Flexibility of power 
plant can be thought as its ability operate at lowest 
possible load under stable operating conditions, 
the start-up time and ramp rate.
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However, this flexibility may come at certain 
costs. At minimum load, the power plant operates 
at lower efficiency. Similarly, faster start up times 
and higher ramp rates put greater stress on plant 
resulting in reduction in useful life of the plant.

Options for Grid Balancing

Different plant types have different operating 
characteristics. The most common options for 
achieving grid stability or balancing are Hydro 
power and thermal power plants. Electrical 
Storage Systems are also being thought of as 
another option for grid stability.

Hydro Power Plants: Hydro balancing potential 
is restricted due to control and use of plants by the 
Irrigation Department. Further, most hydro plants 
in the country are nor reservoir based and therefore 
cannot be used for balancing. This option also gets 
diluted as development of pumped storage plants 
may take about 8-10 years as it is usually afflicted 
with Rehabilitation and Resettlement issues.

Electrical Storage System (ESS): Though ESS 
is being used in many parts of the world but large 
scale deployment viability is yet to be proven. 
Repeated wear and tear also increases the capital 
required for operating the plant. Environmentally, 
disposal of ESS like lead acid batteries, lithium 
ion may be a challenge and may pose a threat to 
the environment. Therefore, this option may not 
be suitable considering environmental factors and 
commercial viability.

Thermal Power Plants: Both coal and gas based 
power plants can be used for balancing. However, 
operating coal based plant not only pollutes the 
environment but also take longer time to come 
online for balancing. While coal based plants 
can take upto 8 hours to come to stable operating 
condition from cold start, gas based plants may 
take only few minutes to some hours. Therefore, 
gas based plants can be preferred over coal 
based plants in view of higher flexibility of gas 
based plants and that the gas based plants are 
environment friendly.

Gas based plants can be categorized as open 
cycle or combined cycle power plants. While 

Open cycle gas based plants are better in terms of 
ramp rate and start up time, they are inefficient in 
comparison to combined cycle plant. Therefore, 
not only scarce resource like gas gets wasted, the 
emission from open cycle gas based plant is also 
higher.

In the given context and particularly for India, 
it is therefore best to use combined cycle gas 
based power plants for balancing of the grid. Gas 
required for operating gas based power plants 
should be provided and suitable tariff mechanism 
should be devised for reserve capacity for peaking 
support. The Government may think of extending 
incentives provided to renewable energy to gas 
based plants also as they also generate electricity 
in an environment friendly manner. Creation 
of capacity market may also be thought of 
considering the reserves requirement.

Conclusion
With a clear focus of the Government to deploy 
large-scale renewable energy power plants in 
the country, it is essential that the appropriate 
mechanisms may be developed for security of 
the grid. While there are options such as pumped 
storage, coal based power plants, open cycle gas 
based power plant, but gas based combined cycle 
power plant (CCPP) is best suited for balancing of 
the grid. CCPP is not only environment friendly 
but it can also quickly react to grid requirements.

In order to utilize the potential of gas based 
power plants for grid balancing in the country, 
appropriate financial compensation have to be 
provided. The compensation would be required 
for earmarking the capacity of the power plant 
for bringing it online on requirement basis and 
for making payments for increased cost due to 
thermal stress on the power plant. The regulation 
and policy have to aligned with the changing 
market dynamics on priority basis for seamless 
integration of renewable energy with the existing 
conventional power plants.
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Power Distribution Systems in Tripura –     
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Introduction
Power sector in Tripura reeled through different 
phases of reforms since the time of merger of 
the state with Union of India in 1949. During 
the time of merger, record shows that state’s 
own generation was about 0.03 MW from Diesel 
sources. Since then efforts have been taken to 
increase the generation capacity. In 1972 state’s 
own generation from Diesel sources was 3 MW 
with a total consumer strength of 7666 Nos. and 
total Transmission & Distribution Networks of 
1083 Kms.  Power sector was then functioning as 
a part of State PWD. In a major initiative, Power 
Department was created in 1984 separating 
from the state PWD with a specific objective of 
rendering better services to the people of the state. 

Power Sector under Corporation
In a further major Reforms and Restructuring 
initiative with the advent of the Electricity Act 
2003, Tripura State Electricity Corporation 
Limited was formed under the Companies Act 
– 1956 on 9th June 2004 as a fully State owned 
Company as the sole successor entity of erstwhile 
Department of Power, Government of Tripura. 
The Corporation started its functioning w.e.f 1st 

January 2005 with about 3.10 Lakhs consumers, 
total transmission & distribution network of 
14,238 Km and own Generation of 69 MW. Peak 
Demand during the year 2005 was about 158 MW. 
The state used to meet the demand by drawing its 
share allocation from the central sector generating 
stations apart from the power available from its 
own generating stations. 

The corporation took-up various activities for 
strengthening and augmentation of Generation 
capacity, Transmission and Distribution Networks 
to meet the growing demands of the state with an 
objective of creating the conditions for sustainable 
development of the state power sector along with 
improvement in efficiency of services to all the 
categories of consumer with good quality of 
power at reasonable prices.

Continuous and sustained efforts undertaken 
during the past few years have started yielding 
meaningful results in improving the position 
gradually and will improve further in next 3 to 
5 years on implementation of all the planned 
activities. The benefits of the improvements are 
being passed to the consumers through intra-state 
distribution tariff as the tariff is kept unchanged 
for last two financial years.
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Tripura is currently a Load Shedding Free State 
and present maximum peak demand is about 306 
MW. This demand reaches to 466 MW with bulk 
sale of 160 MW to outside the state. The state 
maintains uniform supply of power to both rural 
& urban areas. Operation of entire power supply 
system in 24x7 is managed through the State 
Load Despatch Centre in coordination with the 
NE Regional Load Despatch Centre. 

Challenges
Tripura has over 60% of its total geographical 
area under forest cover with varying density and 
equal measure of rivers criss crossing the valleys 
between two adjacent hill ranges dotted with tribal 
hamlets. Under such situation the task of network 
expansion for providing access to electricity 
to remote village dwellers became critical and 
challenging. Besides the above, the present 
distribution network particularly 11 KV, LT Line 
has become quite old and weak (30 to 35 years 
old) having extremely long overhead LT lines 
with aged bare conductors. This calls for major 
augmentation and strengthening of distribution 
systems for providing 24x7 quality and reliable 
power supply to the consumers of the state.

In the state owned generation sector, the existing 
21 MW Frame V Gas Turbine Units are presently 
being operated in open cycle configuration 
exhausting the flue gas into atmosphere without 
recovery of the same for any other purpose. 
While undertaking initial planning for executing 
the Project setting up of Heat Recovery 
Steam Generator was not considered due to 
non availability of adequate water for steam 
generation and cooling purpose in conventional 
water cooled condensing system. The only 
Hydro Electric Generating station of the state i.e. 

Gumti Hydro Electric Power station (3x5 MW) 
is the oldest power Station of the state which was 
commissioned in the Year 1976. With the passage 
of time all the units of Gumti Hydro Electric 
Power Station became derated and lowering the 
capacity to near 8 MW.

In addition to the above, the consumer base of the 
state is predominantly domestic category based 
being as high as 88% of the total consumers while 
industrial consumer appeared very little (about 
1% of total connected load).  The combined affect 
of low intra-state tariff and high technical & 
commercial losses was posing a serious concern 
for the state power sector. 

In view of the state’s general financial condition 
coupled with profile of the consumer mix, the 
intra-state sale of electricity alone was found to 
be not a very attractive commercial proposition 
for financial viability of the corporation. In order 
to overcome this situation, corporation started 
to take considerable efforts in planning viable 
corporate strategies covering replacement of 
existing gas thermal units with higher capacity & 
higher efficiency, modernization & life extension 
of the hydro electric project, bulk sale of surplus 
power outside the state, implementation of 
loss reduction activities, large scale access of 
electricity to urban & rural households, creation, 
renovation & augmentation of urban & rural T&D 
infrasturctures etc.  both at short-term as well as 
long-term perspective to match with growing 
requirements of the state with particular emphasis 
to the national objective of “24x7 Power For All 
(PFA)” at affordable cost vis-à-vis improvement 
of the financial position of the Utility.

1. Installation of Frame - 6 F.03 (Capacity 120 
MW) Combined Cycle Gas Turbine (CCGT) 
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at Rokhia & Baramura replacing the existing 
Open Cycle GTG Sets.

2. Renovation & Modernization of Gomati 
Hydro Electric Project for Life Extension.

3. Enhanced Generation of Solar Power from 
Roof Top Solar Systems.

Transmission
1. In order to manage smooth and reliable 

evacuation of power within the state, major 
initiative has been taken for creation of 
robust & adequate transmission & sub-
transmission system through implementation 
of World Bank Funded NER Power System 
Improvement Programme. This will help to 
evacuate and draw required amount of power 
from various sources of generation including 
OTPC Pallatana and Monarchak Project also. 
The project is expected to be completed by 
2020.

2. Up-gradation of TSECL’s Surjamaninagar 
132 KV Substation to 400 KV Substation.

Distribution
1. Augmentation, Renovation and Modernization 

of entire Distribution Systems particularly 
11 KV, LT Line through Externally Aided 
Funding Support from ADB.

2. Implementation of different System 
Strengthening Flagship Schemes like IPDS, 
DDUGJY in both Urban & Rural Areas 
through Central Assistance.

3. Conversion of Existing Over Head Lines (11 
KV & LT) into Under Ground Lines through 
Externally Aided Funding Support from ADB.

Aggregate Technical &Commercial 
(AT&C) Losses
The existing AT&C losses of State is 16.26% at 
Utility level for FY 2017-18 and AT&C losses of 
FY 2016-17 is 16.61%, FY 2015-16 is 20.94%. 
TSECL has started making investments to reduce 
the high levels of AT&C losses and the results are 
expected to show up soon in near future.

To project the future loss trajectory, the proposed 
AT&C loss trajectory by Ministry Of Power for 
the state Tripura has been adopted as the baseline. 
Gradual improvement in collection efficiency has 
also been considered and it has been targeted to 
go up to 99.13% by FY 2018-19.

YEAR 2015-16 2016-17 2017-18 2018-19 2019-20
AT&C Loss 33.80% 30% 25% 20% 15%

Schemes Planned for Reduction of AT&C 
Losses
1. Implementation of Transmission & 

Distribution System Schemes in Urban & 
Rural Areas.

2. Rollout of Smart & Pre-Paid Metering.

3. Centralized IT enabled Billing system.

4. Implementation ERP system

Activities Planned for Reduction of AT&C 
Losses
1. Concerted action against hookline

2. Franchisee for loss making feeder.

Improving Consumer Services
1. Extension of Centralized IT Enablement 

Customer Relationship Management (CRM)/
Metering, Billing & Collection (MBC).

2. Implementation of Mobile Consumer Service 
Van.

3. Strengthening of Central Customer Care 
Services with new features.

After implementation of the schemes prepared 
within next 3 to 5 years, it is expected that the 
state power supply system will see a paradigm 
shift in providing 24x7 reliable and quality power 
supply to all the households in the state including 
a financially viable power utility.
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Abstract
Now-a-day’s High Voltage Direct Current (HVDC) transmission system is extensively used as an 
alternative to High Voltage AC (HVAC) transmission in modem Power Systems. HVDC transmission 
system is gradually become necessary due to its noticeable technical and ecological benefits. HVDC 
systems are advantageous due to their growing power ratings, transported over larger distances as well 
as multi-terminal systems. In order to warrant the safety, security and reliability of such systems, the 
current protection schemes need to provide adequate protection for the predicted HVDC systems. This 
paper discusses a thorough review of different protection schemes of HVDC systems for any type of 
faults highlighting their advantages and disadvantages, including factors that badly influence their 
performance. The authors critically evaluate the current protection schemes and expose the shortcomings 
and other factors that render them unsuitable for the protection of long HVDC transmission lines. 

Keywords: HVDC, Transmission line, Protection

Introduction
Since the first commercial HVDC system 
installation in 1954 a huge amount of HVDC 
transmission systems have been installed and 
successfully incorporated into transmission 
networks round the world for almost 50 years 
[1]. During the last 30 years, HVDC has become 
the dominating technology for long distance 
transmission of bulk power [2]. In the 1960s and 
1970s, 800kV HVAC was introduced in several 
countries. But that technology has come to a pause. 
In contrast, HVDC technology has developed fast 
and so resulting in a shift from ac to dc for bulk 
power transmission systems [3]. Apart from long 
distance transmission, HVDC technology offers 
the chance of connecting asynchronous systems 

together permitting power to transfer among 
different systems. Fig. 1 Describes a typical 
HVDC substation construction.

Disadvantages of HVDC Transmission [4]
1. Expensive Converter stations are required to 

connect with the AC power grids.

2. Comparing to AC systems, design and 
operation of multi-terminal HVDC systems 
are complicated.

3. Converters produce current and voltage 
harmonics during conversion process. So, 
installation of expensive filter-compensation 
units and reactive power compensation units 
are mandatory.
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4.      During short-circuits in the AC power systems 
close to connected HVDC substations, faults 
also appear in the HVDC transmission system 
due to the duration of the short-circuit.

5.      A modern multi-terminal HVDC transmission 
system requires six to eight number of 
substations and having equal amount of 
capacities. The greater the number of 
substations, the lesser the differences in their 
capacities. So, practically it is not possible 
to build an HVDC transmission system with 
more than five substations.

6. The high-frequency elements found in DC 
transmission systems can produce radio noise 

in communications lines to nearby HVDC 
transmission lines. To avoid this, installation 
of expensive “active” filters are necessary on 
HVDC transmission lines.

7. Grounding of HVDC transmission includes 
a difficult and complex installation, as it is 
necessary to build a reliable and permanent 
connection to the Earth for suitable function 
and to eliminate the possible formation of a 
dangerous “step voltage”.

8. Current flow via the Earth in monopole 
systems can be the cause of electro-corrosion 
in underground metal installations, mostly in 
pipelines.

Fig. 1 Typical HVDC substation [5]

Advantages of HVDC Transmission [4]
1. Undersea cables where high capacitance 

causes additional AC losses (e.g., the 500-km 
Northern India and Western India Vindhyachal 
Back-To-Back link).

2.      Bulk power transmission without intermediate 
taps, for example, in distant areas.

3. Increasing the capacity of a present power 
grid, where installations of additional wires 
are difficult or expensive.

4. Allows power transmission among 
unsynchronized AC distribution systems.

5.  HVDC can carry more power per conductor of 
a given size, reducing the profile of wiring for 
a specified power transmission capacity.

6. Connection of a remote generating plant to 
the distribution grid;  for example, Mundra 
(gujarat) line in India (IEEE 2005).

7. Without increasing the maximum prospective 
short-circuit current Stabilization of an AC 
power grid.

8. Reducing corona losses (due to higher voltage 
peaks) compared to HVAC transmission lines 
of similar power.
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9. Reducing line cost, as HVDC transmission 
needs less conductors;

Causes of HVDC Line Faults
The protection of the DC line during line faults 
is of vital importance for continuous supply 
of power. Though the DC transmission line is 
designed to perform safely from any flashover 
by proper designing, the chance of short circuits 
because of trees, bush fires and insulator pollution 
is very high, particularly in the distant areas and 
where sufficient inspection and maintenance is not 
possible. Furthermore, weather conditions such 
as strong winds, high temperature, and humidity 
favour the occurrence of flashovers [6].

HVDC Line Fault Development
The key characteristic of a dc line fault is that once 
started, it will not quench itself until the current 
is brought down to zero and deionising the arc 
[7], [8]. DC line faults produced by lightning on 
overhead lines are often self-clearing, deionising 
the current zeros due to the line oscillations. 
However, this cannot be guaranteed [7] and 
the current must therefore be brought down to 
zero by control action to ensure fault clearance. 
On occurrence of the dc fault the line voltage 
collapses and current through rectifier rises, while 
the inverter current will tend to fall. Increasing the 
firing angle of rectifier the pre-set current value 
is maintained. At the inverter end, normal control 
action causes the firing angle to decrease, even 
less than 90° for rectification to try and to preserve 
the inverter current. The inverter end converters 
are not permitted from going into rectification 
mode by observing the inverter extinction angle 
and not exceeding a specific maximum value. 
Thus normal control of converter is not suitable to 
lessen the fault current to zero. The fault current 
can be reduced to zero by driving both converters 
into inversion once protection has detected the 
presence of a line fault.

Role of HVDC Line Protection
The role of the dc line protection is, therefore, to 
detect any line faults and by extinguishing the fault 
and restore the system as quickly as possible, if the 

fault is not permanent. For a permanent fault, the 
protection systems must lockout only the faulty 
line. Majority of the DC line faults are transient 
in nature and are clean after short de-energisation 
of faulted pole [9]. These transient fault currents 
are much lesser in HVDC systems (approx. 2 to 
3 pu) comparing to ac systems [7], [10], [11]. 
This small amount of fault current with the small 
value of impedance of the dc line, results in small 
voltages on the whole system even for distant 
faults [12].These small voltages indicate that the 
maximum power that can be transferred during 
the fault is very less. So, it is important to isolate 
the faulty line and reactivate the system with the 
shortest possible delay [12]. Also depending on 
the ac system strength and the pre fault power, 
the loss of the power injection provided by the 
HVDC system threat the receiving systems 
stability due to sudden mismatch between load 
and available power. In order to minimise any 
stability problems, the dc injection should be 
re-established as soon as possible which, again 
stresses the importance of fast fault clearance and 
system recovery.

Protection Schemes
In order to ensure the safety and reliability of 
HVDC systems, the current protection values 
and systems need to be evaluated to assess their 
suitability to adequately protect future HVDC 
systems. HVDC System protection can be divided 
into two major groups [13]:

• AC side protection functions.

• DC side protection functions

The AC side protection contains protection 
of the ac filters, converter transformers, shunt 
reactors, shunt capacitors, and busbars. The DC 
side protection contains the protection of the dc 
filters, valves, smoothing reactor, and dc line. 
Combining all the DC protection functions with 
the all the AC protection functions except for the 
protection of the dc transmission line, we can 
then associate these protection functions with the 
converter station. We can therefore break up the 
protection of the HVDC scheme into two more 
relevant components viz.
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• Converter Station Protection

• DC Transmission Line Protection

The converter station protection systems are 
conventional and are in general either unit 
type protection or protection based on simple 
current and voltage thresholds. These protection 
functions should not be badly influenced by the 
proposed future HVDC systems. The DC line 
protection schemes however, especially the main 
protection schemes, are based on the system 
transients that occur during the fault condition. 
These dynamics are influenced by several factors, 
one of which being the transmission line lengths 
[14]. Therefore, it is expected that the existing 
main protection schemes will be influenced by 
increasing transmission line lengths [14].

Methods of HVDC Line Protection
The most commonly used methods today in the 

protection of HVDC lines are:

• Voltage derivative protection.

• Travelling wave protection.

• Differential protection.

• DC Voltage level protection.

Voltage Derivative Protection

When a DC line fault occurs, the travelling waves 
initiated by the fault cause the DC voltage and 
line current to decrease and increase at a certain 
rate respectively. This method makes use of this 
travelling wave concept and is normally used as 
the DC line main protection. The DC voltages and 
currents are measured and the derivatives dU/dt 
and dI/dt are then obtained either by the use of 
a differentiator circuit or suitable algorithm. Fig. 
2 shows a block diagram of the most commonly 
used voltage derivative protection scheme.

Fig 2. High level Block Diagram of a Voltage Derivative Protection Scheme

Travelling Wave Protection

This method of protection is based on travelling 
wave theory and thus the name. In this method 
the instantaneous voltages and currents are 
continuously sampled. In order to detect the 
wave front, the difference between two samples 
is measured. If this difference is greater than the 
threshold the protection is initiated and three 
different sample measurements will start to 
determine if the wave has sufficient amplitude 

for a specific time [15]. If all these measurements 
are greater than the set thresholds, a line fault is 
detected [15].

Current Differential Protection

The differential line protection is generally used as 
backup protection and involves the measuring and 
comparing of the currents at both line ends. This 
information is relayed to the converter stations 
via a telecommunication infrastructure. The 
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difference between the two measured currents is 
known as the differential current and if it exceeds 
a set threshold for a predefined time the protection 
will operate. This is a relatively simple method 
of fault detection that provides good reliability 
and protection coverage. Fig. 3, illustrates how 

the differential current is normally calculated. 
The differential protection method can also be 
relatively easily applied to multi-terminal HVDC 
Systems and Fig. 4 illustrates how the differential 
current is calculated for a parallel multi-terminal 
system.

Fig 3. Differential current calculation for two terminal point to point HVDC system

Fig 4. Differential current calculation for parallel multi-terminal HVDC system

The disadvantage of this method is that because 
of the line lengths used in HVDC systems 
(especially in cable systems), errors are 
introduced at each line end. These errors are due 
to the charging and discharging currents caused 
by any voltage variations [16]. The above errors 
limit the sensitivity settings that can be applied in 
order to avoid malfunctions and hence the ability 
of the protection to detect high impedance faults 
is reduced.

DC Voltage Level Protection

DC voltage level protection is used to respond 
to voltage depressions over a large time interval 
to detect high impedance faults or faults close 

to the inverter terminal. This method provides 
good protection coverage and is normally used 
as a backup to voltage derivative or travelling 
wave protection[1]. The level and time delays are 
selected such that normal switching operations or 
any other voltage transients that are not initiated 
by dc line faults will not cause the protection to 
operate. Some of these conditions include:

• Rectifier and inverter ac system faults

• Rectifier and inverter blocking

• Inverter commutation failures

The protection operating level is normally 
chosen as high as possible considering the 

Proceedings of 34th National 
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lowest normal operating voltages. The scheme 
can, via the telecommunication infrastructure, 
receive information from the commutation failure 
protection at the inverter terminal thus allowing 
the level protection to be blocked in the event of a 
commutation failure [1].

Conclusions
Protection of HVDC transmission system is an 
important task for the protection engineers. There 
are various reasons of fault in HVDC lines. In 
this paper various protection schemes have been 
reviewed. Authors have observed that currently 
used dc line main protection systems are dependent 
on the fault loop impedance and, therefore, have 
limited protection coverage. This represents a 
major drawback in the HVDC protection systems.
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Abstract
With diminishing fossil fuel and larger global push for making environment clean, renewable energy 
sources like wind, solar etc. are getting more and more importance in planning of power systems. These 
renewable sources are being integrated into existing power grids. But intermittency of these sources 
and other technical issues involved with them make the job of power engineers very challenging. A very 
fast controllable medium is required to evacuate the renewable power into the existing grid without 
affecting the stability of overall power system. High Voltage Direct Current (HVDC) transmission with 
its inherent fast controllability feature is the most widely known technology for integrating intermittent 
and weak renewable sources to existing grid. But classical line commutated converter (LCC) based 
HVDC system has its own limitation like excess dependency on neighboring AC network, reactive 
power consumption by converters, large requirement of harmonic filters, etc. In this scenario, Voltage 
Source Converter based HVDC (VSC-HVDC) system has attracted more attention due to its beneficial 
features such as 1) independent active and reactive power control; 2) VSC-HVDC system can feed 
islanded and passive networks; and 3) there is no commutation failure problem. This has encouraged 
many power technology companies to focus their vision on development of VSC-HVDC especially in 
the application of renewable energy resource’s integration to grid. As India has very large shore line 
and large desert area, so VSC HVDC is the best feasible solution to evacuate this power to existing grid 
to fulfill the increasing electricity demand.
Keywords: Renewable Energy, VSC-HVDC, Multi Modular Converter, Indian Power System

Introduction
Fast and stable controllability of power is a 
major advantage of HVDC transmission over 
conventional AC transmission systems. HVDC has 
a major role in evacuating the renewable energy 
to grid and providing grid access to renewables. 
Conventional thyristor based LCC HVDC system 
has been a well-established technology for more 
than 50 years now, especially when bulk power 
needs to be transferred over a long distance. But 
when a weak source like wind or solar system 
need to be connected, then LCC HVDC system is 
not the preferred choice due to-

• LCC HVDC requires a receiving network 
of a strength exceeding the power of the 
HVDC link.

• A LCC will require additional equipment 
in order to perform a “black start” (start 
to deliver power to a network without 
other generation sources in the network)

• The reactive power (typically 50%) must 
be supplied externally and is usually done 
in steps with switched filters and other 
capacitive elements

• Large footprint of LCC HVDC (due to 
filter and reactive power equipment) 
makes it unsuitable for offshore 
applications.

• Sudden dip in voltage may lead to 
commutation failure in LCC HVDC 
which limits ride through capability of 
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wind farms

• The polarity reversal in LCC gives 
other stresses in HVDC cables. Thus oil 
impregnated mass cables must be used 
for LCC.

VSC HVDC system has various advantages like-

• VSC HVDC is able to start to deliver 
power to a network without other 
generation sources

• Small footprint, compact design (due to 
absence of reactive power and filtering 
elements) makes it suitable for offshore 
applications

• Continuously controlled reactive power 
compensation

• Full power flow control

• Decouples the wind park from the grid

• Fault ride through capability to wind 
farms together with a DC chopper

Other than renewable energy applications, VSC-
HVDC system has other manifold applications as 
well which are becoming increasingly important 
for present day power systems. These will be 
discussed in subsequent sections. But VSC-
HVDC has some disadvantages too, i.e. high 
switching loss because of very high switching 
frequency and VSC valves (Insulated Gate Bipolar 
Transistors (IGBTs)) has no fault interruption 
capability i.e. unlike LCCHVDC fault cannot 
be interrupted by withdrawing firing pulse (due 
to having energy stored in capacitors and anti-
parallel diodes connected across IGBTs). But with 
modern day multi modular converters (MMC) 
these disadvantages are no more a limiting factor 
for VSC-HVDC. In subsequent sections different 
converter topologies for VSC-HVDC, different 
application aspects of VSC-HVDC system and 
prospects of VSC-HVDC system in India is 
discussed in detail.

Evolution of VSC-HVDC System
After first VSC-HVDC commercial project 
in Gotland in the year of 1999, VSC-HVDC 

technology has undergone a series of evolutionary 
milestones- and finally it reached to the present 
day of modular multilevel converter (MMC) 
technology. Most of these milestones majorly 
aim to make the switching losses comparable to 
LCC HVDC system, increase the rating of VSC 
converters and to add fault interruption capability 
into VSC-HVDC system.

Started with pulse width modulated (PWM) two 
level and three level converter based technology, 
MMC has surpass all the earlier topologies 
because of higher switching losses - two level or 
three level converter has much higher switching 
losses (because of high switching frequency 
to suppress harmonics switching losses are 
almost 2.5 times more than conventional HVDC 
system), higher electromagnetic interference 
problem (needs additional design to suppress 
radio frequency noise) and inferior harmonic 
performance (may require high pass filter of 2 and 
4 times of switching frequency). So, in this section 
only different MMC configurations and their 
advantages and disadvantages configuration shall 
be discussed. Mainly two types of configurations 
exist for MMCa) With full H bridge modules and 
b)With half H bridge modules. The basic function 
of MMC is to extract almost sinusoidal (stepped 
sinusoidal) voltage waveform from a constant 
DC voltage. To get the stepped sinusoidal voltage 
several modules are connected in series and they 
are switched on/off one by one. So the voltages of 
each module get added to give almost sinusoidal 
waveform.

With full H bridge Modules: This configuration 
has been shown in Figure 1 (a). Here four 
IGBTs are connected as an H-bridge and the 
capacitor is connected in between them. With this 
configuration a voltage can be generated of three 
levels +ve, zero and –ve. The main advantage of 
this configuration is its inherent ability to interrupt 
fault current. By appropriately controlling the 
polarity of each module voltages the driving Emf 
to the fault can be opposed, thus interrupting fault 
current. But number of elements is much higher 
in count than half bridge configuration. So, it got 
lesser reliability than half bridge configuration. 
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Even the valve hall is bigger compared to half 
bridge topology of same rating.

With Half H Bridge Modules: This 
configuration has been shown in  Figure 1(b). 
Here two IGBTs are connected in one arm of H 
and a capacitor is connected across them. With 
this configuration a voltage can be generated of 
two levels- +ve or –ve and zero. Element count 
is least with this configuration. Also switching 
losses are comparable with conventional HVDC 
system as switching of individual module is much 
lesser. So, with very low switching of individual 
modules, superior harmonic performance can be 
achieved. But half bridge configuration doesn’t 
have inherent fault interruption capability.

Figure 2 shows different converter topologies for 
VSC HVDC system. Most of the VSC-HVDC 
projects use two symmetrical monopole. As with 

Figure 1: Different Converter Configuration for VSC-HVDC system- a. With full H-Bridge module, b. With half 
H-bridge module

Figure 2: Different system topologies for VSC-HVDC system

this topology there is no DC bias in the transformers, 
so no special design is required for transformers. 
But in recent times some of the projects are using 
bipole as well where transformers need to be 
rated for DC as well. But eventually the choice of 
particular topology depends on amount of power 
to be transferred, rated DC voltage, return path 
(ground return or metallic return), AC system 
conditions, environmental restrictions, cost etc.

VSC HVDC as a Solution to Integration of 
Renewable Energy Resources 
Reactive Power Capability: Reactive power 
capability of a VSC is determined by current rating 
of the switching devices, DC voltage rating and 
steady state stability limit. When a VSC converter 
is connected to AC grid, reactive power injection 
or absorption will depend on the magnitude of 
voltage level of converter and AC grid. If the 
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VSC voltage magnitude is higher than AC grid 
voltage, then VSC injects reactive power i.e. it is 
in capacitive mode of operation. In the same way 
if VSC voltage magnitude is lower than AC grid 
voltage, then VSC absorbs reactive power i.e. it 
is in inductive mode of operation. Focusing on 
reactive power capability, it can be seen that as 
the grid AC voltage decreases, the reactive power 
capability increases. A VSC transmission system 
can instantly take any operating point within the 
capability curve. A thorough look shows that with 
proper design criteria of maximum dc voltage 
and maximum dc current the capability curve 
can comply with reactive power requirements 
specified in most Grid codes.

Fault Ride-through Capability: VSC-HVDC 
can sustain quite severe faults or disturbances 
because of its fast switching capabilities and 
smooth control system. It can also control the fault 
current to a desired value within the range of semi-
conductor current carrying capability. During a 
fault, the AC grid bus voltage drops drastically 
as well as significant reduction of power at AC 
grid is also experienced which further requires 
reactive power to support the grid voltage. The 
AC side VSC has to reduce power feed to AC grid 
without hampering the operation of wind farm 
side VSC. Therefore, the surplus power produced 
in dc link due to undisturbed operation at wind 
farm side converter will be dissipated through 
dynamic breaking system (DBS). 

During fault condition, the grid side dc can be 
charged using some power out of the excessive 
power generated at dc link. This makes grid 
side VSC capable of supporting reactive power 
requirement at AC grid to maintain the voltage. 
Once the fault gets cleared, the wind farm and 
AC grid can again be connected through dc link. 
This allows wind farm to keep generating power 
continuously without getting tripped. In this way 
the VSC can provide fault ride through capability 
without stressing the wind turbine generator.

Frequency Regulation: During any fault or 
disturbance, the active power export from VSC to 
the grid can be reduced to zero. This results in 

availability of excessive power at DC link. This 
excessive power can be dissipated using DBS. 
Therefore, wind power generators can continue 
generating rated power at same frequency for 
an intermittent time, without facing any severe 
stresses due to sudden change in power at AC 
side. This will allow the wind power generators 
to slow down at much less pace thereby obtaining 
a smooth frequency regulation as well as better 
power oscillation damping. Further wind turbine 
generators will not be required to be designed for 
different power changes with respect to different 
grid codes, which will be economically beneficial 
as standardized design solution for wind turbine 
generators can be obtained.

Other Benefits: Since VSC based HVDC has 
capability of decoupling the main AC grid from 
the Renewable power generation, there are 
various other advantages apart from obeying the 
Grid code requirement.

The power quality characteristic also gets 
decoupled in a sense that voltage flicker or 
energization transients on any side grid do not get 
reflected to other side grids. 

• In case of phase unbalance on any one 
side grid, will not have any ill-effects on 
other side grid as this can be taken care 
through switching capabilities. 

• Since grid compliance can be obeyed 
by VSC-HVDC on behalf of renewable 
power, there is a window of opportunity 
to standardize these renewable power 
production products 

• Renewable power efficiency can be 
increased by letting VSC of renewable 
side modify the AC frequency depending 
on availability of resources. 

• When renewable power system gets 
connected to an existing AC grid through 
AC lines it might happen that short circuit 
current rating of the AC grid might exceed 
its present design limits. In this case VSC-
HVDC solution can be used as it can also 
limit the short circuit current contribution 
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to AC grid thereby reducing the risk of 
exceeding the short circuit current rating 
of AC grid. 

• Black Start capability: This is a unique 
facility of VSC-HVDC which can be 
used to start the wind farm. The grid side 
converter is connected to AC grid, which 
charges the DC storage.

Prospects in India 
As power demand in India is increasing at a rapid 
speed; foreseen peak electricity demand is 283 
GW by 2022. Indian power system has always 
been an ideal system for conventional HVDC 
system as power generating centers are separated 
by a long distance from load centers and bulk 
demand need to be supplied through this long 
distance. Also previously when all the regional 
grids were not fully synchronized, back-to-back 
stations were employed to connect the regional 
grids. But as fossil fuel is getting exhausted and 
larger push for clean environment and to cope with 
the rapid increase in electricity demand, energy 
mix of Indian power system is going to change 
in next decades. India has a very long shore-line 
which is ideal for offshore large wind farms. The 
power of these wind farms can be evacuated 
through VSC-HVDC links. Several topologies 
possible for this links- one offshore terminal-one 
onshore terminal, one offshore terminal-multi 
onshore terminal, multi offshore terminal-one 
onshore terminal, multi offshore terminal-multi 
onshore terminal. India also has large desert area 
which has very good prospect for solar and wind 
power. India’s 330,000 sq. km desert area has a 
potential to generate 220-450 GW of solar or wind 
power. Ministry of Renewable Energies (MNRE) 
along with Power Grid Corporation of India Ltd. 
(PGCIL) has identified four desert zones- Rann of 
Kutch, Thar complex, Laddakh, Lahul and Spitti. 
Solar and wind power from these power sources 
shall be transmitted to the load centers through 
mostly VSC-HVDC links. Even development of 
a DC grid through VSC-HVDC is a very feasible 
and effective solution to interconnect all these 
zones. As cities in India are growing at a very fast 

rate, space and right of way problems are coming 
up in a big way. So, VSC-HVDC transmission 
with cable transmission shall be used to transmit 
power to the heart of cities. India has islands like 
Andaman, Lakshadweep which can be connected 
through VSC-HVDC with submarine cable to the 
mainland. Even cross country VSC link between 
India and Sri-lanka has been proposed. So VSC-
HVDC technology may be the prominence factor 
for growth of Indian power system and utilizing 
the available renewable energy potential to meet 
the increasing demand.

Conclusion 
Recent trends in power system show that the 
penetration of renewable energy is increasing 
day by day. This has introduced new challenges 
in terms of integration with AC power grids. The 
challenges exist in wide variety of fields like from 
Reactive power.
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Abstract
In recent times, the HVDC schemes are being designed with Dedicated Metallic Return (DMR) lines 
instead of conventional earth return. In conventional Earth electrode the ground currents may impact 
the electrical installations, oil & Natural gas pipelines, railway lines and hand pumps & water bodies 
etc. The uncertainty with the ground resistivity may impact the over all scheme capability. Considering 
such constraints with respect to the environmental impact of earth electrode, it is prudent to use DMR 
Lines instead of Conventional Ground return which have earth electrode station. POWERGRID  also 
adopted DMR for the recent prestigious project of Champa Kurukshetra Bipole-1.In this paper some  
fault cases are included with respect to DMR Lines and the types of relevant protections used in 
DMR Lines. Compared to conventional Electrode line DMR Lines having complex types of Protection 
coordination required to check the short circuit and Open circuits of DMR Lines. The general principles 
of differential and over voltage protections are used for detection faults in DMRs. In this paper some 
types of faults Cases with Transient fault recorder plots included based on faults happened in this 
Champa Kurukshetra Project. The protection coordination of DMR lines and comparison of DMR 
Lines in respect of  conventional earth electrode s included in this paper .The protection scheme 
coordination done for DMR lines to isolate promptly any part of equipment under extreme stress and to 
prevent undue disturbance to the system. The Protection zones of DMR Lines and actions of different 
protections due to fault in different zones with some fault cases explained in this paper. If DMRs are 
faulty PMR can be used as a metallic return. The protections for this PMR configuration are also being 
discussed in this paper. Due to Low Voltage line (DMR Line) and more combinations of Operational 
modes with DMR Lines compared to usual HV Conductor, the protection coordination is complex. 
But lot of operational flexibility to maintain power flow can be achieved in HVDC Link with DMR 
configuration with the help of HVDC switches (Breakers).

Keywords:- DMR(Dedicated Mettalic Return), NBOV(Neutral Bus Over Voltage),  NBGS(Neutral Bus 
Ground switch),PMR(Pole metallic return)

Introduction
As per the Long-term Open Access demands,it is 
estimated that IPP generation projects with long-
term power transfer requirement of about 15000-
16000 MW is coming up in Raigarh (Kotra), 

Champa, Raigarh (Tamnar) and Raipur generation 
complex in Chhattisgarh progressively in near 
future.  Out of the 15000-16000 MW quantum 
of power transfer requirement, about 5000 MW 
power is indicated for transfer to Northern region 
as the target region and balance power is to be 
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transferred to the Western region. For this +/- 
800kV, 3000MW HVDC bipole between Champa 
Pooling Station and Kurukshehtra has been 
commissioned by POWERGRID. The system 
shall be utilizing a Dedicated Metallic Return 
Conductor running of the Tower carrying the 
HVDC Transmission line instead of Conventional 
Ground Electrode Station .Currently scheme 
is being upgraded to 6000MW inline with 
increased power requirement of northern Region. 

Some of new HVDC Projects in the world have 
adopted DMR lines in place of Conventional 
Ground return scheme. The DMR Technology 
eliminates the un certainty of ground resistivity, 
environmental impacts of ground currents and 
restriction in ground current magnitude. However 
the protection system to be coordinated such that 
to avoid tripping and to maintain high reliability 
of system.

Figure 1. Single Line Diagram with DCCT Locations scheme

Champa Kurukshetra Bipole link has 2 poles 
with 2 DMR lines and each pole having 
capability of 1500MW.The operator having 
flexibity to run single pole with single DMR at 
its full capability of 1500MW. The grounding 
reference point is located at Inverter end in its 
station itself with double point earthing and a 
temporary ground switch NBGS (Neutral Bus 
ground switch provided at Champa station for 
providing temporary grounds during DMR Fault 
cases. The other switches are DMRTB (Dedicated 
metallic Return Transfer Switch) and PMRTB 
(Pole Metallic Return Transfer Breaker). PMRTB 
connects DMR lines with station level Neutral 
area. Incase of single pole running with DMR and 
Other pole HV conductor (PMR),if DMR Fault 
happens it will transfer its  current from DMR 
to its parallel path HV conductor by opening 
PMRTB. where as DMRTB connects, incase 
of DMR faults,the operator have a flexibility to 

connect other pole HV line with running pole 
neutral while other Pole in shut down condition. 
It transfers current from DMR to Other Pole 
HV Conductor. These switches only present at 
Champa where as in Inverter ,the neutral area and 
connected through isolators. With DMR & PMR 
combinations Pole/Bipole scheme can run with 
different combinations as below. 

 Monopolar Modes: (1500MW)

v P1/P2 on HV Line-1/Line-2 with PMR//
DMR1//DMR2 

v P1/P2 on HV Line-1/Line-2 with PMR//
DMR1 or DMR 2 

v P1/P2 on HV Line-1/Line-2 with DMR1//
DMR2 

v P1/P2 on HV Line-1/Line-2 with DMR1 
or DMR2 only 
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v P1/P2 on HV Line-1/Line-2 with PMR 
only 

Bipolar Modes  :    (3000MW)

v P1 HV Line-1 & P2 HV Line-2 with 
DMR1 & DMR2

v P1 HV Line-1 & P2 HV Line-1 with 
DMR1 or DMR2

The switching over from one mode to another 
mode can be achieved by operation of PMRTB 
and DMRTB. With the change of DMR/PMR 
configuration the equivalent resistance of 
scheme changes  ,requiring adoption of same in 
protections. To monitor open circuit and short 
circuit in conventional electrode by using pulse 
echo electrode line monitoring ,due to Low voltage 
and long distance line this solution is not feasible 
in DMR Lines.  However by adopting sensitive 
current differential and voltage difference 
protections fault identification and isolation can 
done effectively.

Protection Classification
To achieve required selectivity, reliability and 
quick response the DMR line is divided into two 
zones. The main protection of DMR are

The DMR protections mainly classified into 
different zones. there are 

1. DMR Zone.

2. Individual Station neutral zone.

In case of detection of a fault, action shall be done 
in the following order of preference: 

(a)  Balancing the pole current in bipolar 
operation using converter   station 
grounding

(b) Necessary switching operation and 
reclosing it and then reverting to normal 
operation if the fault has cleared.

(c) Switching to metallic return  mode both 
in automatic and manual mode with an 
operating telecommunication.

(d) Blocking of converters.

DMR Zone:

1. Neutral Bus overvoltage protection

2. Differential protection in each DMR

3. Differential protection between two DMRS

4. Current Unbalancing.

5. Voltage difference protection.

Neutral Zone Protection:

1. Differential protection in station level Neutral 
Zone.

2. Earth Over current.

3. Switch Protections.

These protections are incorporated in specially 
designed HVDC Control system by using high 
accuracy Voltage and current signals  from the 
protected zones.

DMR Zone Protections
NBOV(Neutral Bus Over Voltage Protection):

DMR open circuit fault leads to drifting of neutral 
voltage at rectifier to a high value which may 
damage the neutral equipment.  NBOV protection  
picked up based on neutral Bus voltage against 
the threshold values of neutral arresters .As a 
primary action it will close NBGS and reduce 
stress on neutral equipment as a temporary 
measure. The station ground at Champa is not 
rated for continuous current rating in case of 
monopole operation .However Incase of Bipole 
balance power with DMR configuration ,during 
open circuit faults on DMR, the operator can run 
system continuously through NBGS(Temporary 
ground switch at Champa) because in  Bipole 
balance condition only the spill current flow 
through DMR.

Differential protection in each DMR between 
stations:

HVDC station should have high accuracy telecom 
for better control. By using same telecom this 
protection will monitor each DMR currents 
between Rectifier & Inverter. In case of telecom 
failure this protection will be disabled.By using 
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this telecom feature system can detect very high 
resistance short circuit and Open circuit in DMR. 
In case of transient DMR Faults this protection 
will initiate temporary ground connection 
sequence at Champa .During this fault NBGS 
will be closed by a protective action. Due to low 
resistance path current will follow path from 
Kurukshetra Permanent ground to champa end 
temporary ground or vice versa based on pole 
current. By Providing a parallel low impedance 
path to the ground ,the fault current can be 
diverted allowing the deionisation of earth fault 
to extinguish. After a certain time delay NBGS 
will be opened automatically to check DMR Line 
healthiness. If  the fault persists still then system 
will be blocked by a protective action. The DMR 
differential protection in each DMR,which will 
compare DMR currents between inverter and 
rectifier is most sensitive and fastest response for 
short or open circuit faults of DMR.

Differential Protection between two DMRs in 
each station:

As per scheme both DMRs having almost same 
resistance, so both should carry same current 
ideally. This protection is a station level protection. 
Each station having different protection modules 
.It will continuously monitor two DMR line 
currents with in the station. Incase of earth fault 
on one of DMR line,the difference of currents can 
be observed in DMRs.

Current Unbalancing:

In Normal Bi-pole Case the current through DMR 
is very low which is spill current. During the 
Bipole balance operation to monitor continuously 
the health of DMR Lines, Power unbalance 
will be intentionally created by Controls in 
regular intervals between the Poles ,to check the 
healthiness of DMR.

Voltage difference Protection

Based on Configuration controls can estimate 
the neutral Voltage by multiplying with Scheme 
resistance and current through DMR. Where as 
exact Neutral Voltage feedback will be received by 
Voltage  to controls. Incase of any discrepancy of 

Voltages between these two this protection will be 
Picked up. During DMR short circuit the effective 
resistance of DMR line will be reduced than the 
actual. During this fault cases this protection will 
act as a backup protection for the above current 
protections.

Voltage Difference = Measured Neutral Voltage-
Calculated neutral Voltage.

Measured neutral voltage = INeutral*(predefined 
scheme resistance in Ω)

In champa kurukshetra scheme each DMR having 
27Ω.Incase of parallel DMR configuration the 
effective resistance is 13.5Ω.Incase of single 
pole running at 1500MW the rated current is 
1875A,800kV DC Voltage. The calculated neutral 
voltage is -27.312V.For example the DMR short 
circuit happened at rectifier end in DMR1.the net 
effective resistance is 27Ω

The Voltage difference protection ,differential 
protection between two DMRs ,Current 
unbalancing protections acts as a backup 
protections.

Neutral Zone Protections
Differential Protection in Station Level Neutral 
Zone:

The station level Neutral area zone will be covered 
under this protection module. Incase of short 
circuit on station level neutral zone this protection 
will act and block the pole. This protection 
mainly depends on KCL current equation based 
on incoming and outgoing currents. This module 
always monitors the currents in neutral zone, the 
difference of incoming and outgoing currents 
should be zero.

Earth Over current at Kurukshetra:

This protection will act as a backup protection 
for the DMR short circuits as well as station level 
zones. Incase of DMR short circuits or Neutral 
short circuit ,the earth current will flow through 
permanent ground connection of Kurukshetra. 
Incase of earth current flows more than a thre 
should for a continuous period then this protection 
will block the system.
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Switch Protections.

NBGS, PMRTB and DMRTB all LVDC breakers 
having simple switch configuration with a 
commutation circuit in parallel. During fault 
cases switching of breaker takes place based on 
configuration, there by extinguishing faults by 
providing parallel paths(Eg:DMR to PMR by 
opening PMRTB and DMR to temporary ground 
by closing NBGS). In case of Failure of breaker 
operation , this protection will protect the breaker. 
The  current through the switch  is measured with 
the series CT of that particular circuit. After a  
certain time delay if the current remains above 

a threshold value  after issuing a open command 
to breaker, a reclose command will be issued by 
controls to protect the breaker .Since the breaker 
carrying DC Current, therefore switch protection 
schemes employed to prevent damage to breaker 
incase of on load opening of breaker. The breaker 
during such event of failure to commutate DC 
Current or on load opening were reclosed. This 
is achieved by monitoring the presence of current 
through the breaker after its opening.

Graphs of Some Fault Cases in DMR
Differential Protection between two DMRs in 
each station:

Figure 2. Transient Fault record during differential protection operation in without telecom operation

The Scheme is running in Monopolar mode 
with 2 DMRs without telecom. Before the fault 
DMR1 & DMR2 carrying equal currents due to 
identical.. During the fault DMR1 carrying 774 
A and DMR2 carrying 274A.Due to difference of 
the current between DMR1 & DMR2 ,protection 
operated and issued block command. During this 
test temporary earth path sequence disabled to 
check the blocking capability of Pole.

Voltage difference Protection during without 
telecom operation:

In the above Transient recorder before the fault 
all currents normal. This mode of operation is 
pole-1 with two DMR case. The Main difference 
between differential protection between two 
DMRs and Voltage differential protection, During 
Short circuit in both DMRs at a time, both DMR 
will carry almost same current. The differential 
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current is not sufficient enough to pickup. During 
this case differential protection between two 
DMRs not able to detect the Fault. But during this 
case the net effective resistance will be decreased 
,and the neutral voltage will be reduced than the 
actual. In the above graph a dip of 9 kV in VDN 

Figure 3. Transient Fault record during Voltage differential protection operation in without telecom 
operation

Figure 4. Single Pole Operation with PMR & DMR parallel Combination

can be observed. This protection is a backup 
protection to the Differential protection between 
DMR Lines incase of Without telecom operation. 
This protection has more time-delay compared to 
other protections.

In the above Transient recorder before the fault all 
currents normal. The single Pole operation with 
2 DMRs in parallel with PMR mode. After CLD 
protection Latch PMRTB opened and current 
transferred to HV conductor of Other Pole. 
Same can be observed in transient fault recorder 

of Champa. The fault happened on DMR2,the 
current in DMR2 is in increasing manner where as 
the DMr1 current in decreasing manner slightly.
after the Fault recovery the DMR current is zero 
approximately where as PMR carrying equal Pole 
Current.

Differential protection in each DMR between stations:
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Figure 5. Single Pole Operation with PMR & DMR parallel Combination before fault after DMR Fault 
Single Pole with PMR Configuration

Conclusions
This paper provides an overview of DMR line 
and neutral protections of India’s first +/-800kV 
UHVDC Champa kurukshetra project with DMR 
configuration. The DMR configuration requires 
more coordination in the protection compared to 
the conventional ground electrode.The real time 
faults in champa kurukshetra project analyzed in 
different cases.
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Abstract
With the increasing energy demand, the efficient and quality power supply is also required that will 
ensure a greener environment. Therefore, the developments of renewable energy sources have become 
vital. Renewable energy sources like hydro power, solar, wind etc. are abundant in the nature but 
it is not necessarily situated near the utility point. So, it is required to transport the power to the 
urban centers where it will be used. Efficient electrical energy transmission system plays an important 
role in the future electrification and digital energy sectors. The energy transmission system finds the 
most effective way to distribute a huge amount of electricity from the renewable energy sources to 
the locations where it will be consumed. Among the various transmission technologies high voltage 
DC(HVDC) transmission is a well-established technology which has been using to transmit electrical 
energy to long distances. The main objective of this paper is to critically review the issues related 
to the HVDC transmission. This paper discusses the HVDC technology as a promising option for 
long distance renewable energy transmission, its economic feasibility and reliability issues, with 
environmental impact assessment. The paper also highlights the possibility of dispatching renewable 
power through HVDC link from renewable resource rich province to non-renewable dominate region.

Keywords:- Electricity Transmission, HVDC, Renewable Energy, Environmental Impact

Introduction
Society is very much concerned about the 
decarbonized of the energy sector, which requires 
the minimization of the use of fossil fuels and 
increasing the use of renewable energy sources 
(RES). One of the recent challenges of the 
power transmission networks in the world is to 
integrate the large amount of renewable energy 
sources like offshore wind farms, photovoltaic 
(PV), concentrated solar power (CSP), hydro 
plant etc. into the power system [1-3]. Most of 
the high potential wind farms are located in the 
isolated places. Most of the CSP plants and the 
big-scale PV plants are built in the remote areas, 
like deserts (with higher solar radiation for CSP) 
and unpopulated regions[4]. So, it is required 
to transport the power to the urban centers 

where it will be used. Efficient electrical energy 
transmission system plays an important role in 
the future electrification. The energy transmission 
system finds the most effective way to distribute 
a huge amount of electricity from the renewable 
energy sources (on shore or off shore wind 
farm, tidal power station, tidal stream power, 
off shore drilling platform, Concentrating Solar 
Power, hydro power, etc) to the locations where 
it will be consumed. The selection of the energy 
transmission technology depends upon many 
factors, like social influence, environmental impact 
and financial criteria [5]. The paper discusses the 
high voltage direct current(HVDC) technology as 
a promising option for long distance renewable 
energy transmission. The paper also highlights 
the possibility of dispatching renewable power 
through HVDC link from renewable resource rich 
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province to non-renewable dominate region.

High Voltage Direct Current (HVDC) 
System
HVDC is a well-proven technology used to transmit 
electrical power long distances worldwide. In 
the basic HVDC setup, two AC transmission 
grids interconnected by the HVDC link. At the 
interconnection between the AC grid and the 

HVDC transmission line is a converter station, 
also called a rectifier that converts (rectifies) AC 
to DC. After that, the converted DC current is 
transmitted through the HVDC transmission line. 
At the receiving side there is another converter 
station which is called an inverter station is used 
to convert the DC power back to AC power.[6]. 
Fig.1 shows the basic topology of the HVDC 
system.

Fig. 1 Basic topology of an HVDC transmission link

Environmental Impact of HVDC System
The power transmission is used to send energy 
from the generation sites to the industrial places 
or the urban areas. To mitigate the increasing 
energy demand, the capacities of the transmission 
lines are need to be increased. The high voltage 
transmission line generally carries 400-1000 
kV, which has to pass all kinds of topography, 
like villages, urban areas, desert, mountains 
and ocean. In recent years, the impacts of these 
transmission lines on the human being and the 
environment have drawn some attention. The 
growing environmental awareness in all over the 
globe has a big impact on both the cost and the 
implementation of the transmission projects. In 
last few decades, people from different countries 
raised an objection against the overhead lines 
due to detrimental health effects from magnetic 
fields. Furthermore, objections are raised on 
environmental grounds, including visual impact, 
audible noise, impact on birds and other wildlife. 
People from few countries are prepared to pay the 
extra cost to mitigate the environmental issues [7]. 

Some of the ways HVDC system impacts the 
environment positively are as follows:

a) Visual Impact: The traditional AC overhead 
lines required more space per MW than the HVDC 
overhead lines. Implementation of the HVDC 

lines reduces the space per MW which reducing 
the visual impact of the towers [8]

b) Right-of-Way (ROW) Width: The ROW width 
of a DC line related to an AC line is considerably 
less. This assists suitable routes in densely 
populated places and in the regions with difficult 
terrain [8].

c) Magnetic Field: The magnetic field produced 
by a DC line is stationary while that of AC is 
alternating, which can cause induction of body 
currents [8].

d) Electric Field: Electric field is produced by 
the potential difference between the earth and the 
overhead conductor. Due to the lack of steady-
state displacement current DC has less electric 
field problem than that of AC [8].

e) Radio and Telephone Interference: The radio-
interference level of an HVDC overhead line is 
lower than that of HVAC overhead lines. For the 
HVDC, it is 40dB (MV/m); while for the HVAC 
380 KV overhead transmission line, the value is 
50dB (MV/m) [8].

Economical Impact of HVDC System
The costs for electrical power transmission 
lines are not so easily defined. There are many 
variations due to many factors such as cost of the 
line corridor land, labor costs, terrain difficulty, 
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etc. A simple estimation would be to say that the 
costs for a DC transmission line are 80- 100% 
of its AC equivalent. The main advantage is 
that a long HVDC line can carry almost double 
the power at the same voltage. Unlike power 
transformers AC/DC high voltage rectifiers are 
very expensive. This costs don’t depend to the 
length of the line and for a HVDC system to prove 
its worth it must have a so called “equity point”. 
This point is reached when the combined costs 
of the convertion stations + the cost of the line 
is equal or less to its AC equivalent. For normal 
DC lines this length would be around 7-800 km 
for underground and underwater cable the legth 
would be around 50 km. For this length is more 
feasible to build HVDC lines. A three phase AC 
line (with three cables) de 500 kV is ~1.5 times 
wider than a 500 kV DC line (with two cables). 

Also DC pylons are only about 80% as tall for 
the same compared lines. In the case of very long 
AC lines when reactive power compensators 
(capacitive power reactors (coils)) are needed so 
their costs are draw the balance towards HVDC 
transmission. For the same transmitted power 
and considering the power losses for the same 
conductor size (diameter), the isolators costs a 
HVDC system would be (for long lines) about 
87% of its AC equivalent. If electricity needs to be 
transported by underwater or underground cables 
then the AC transmission becomes infeasible 
because of the cables capacitive effect so the 
equity point is reached at only ~50 km [9].

The Fig. 2 shows that the AC curve is steeper than 
the DC curve due to the considerably lower line 
costs per kilometer [10].

Fig. 2 Cost analysis

HVDC and Renewable Energy
The geographical dispersion and variability of 
renewable energy sources imply that these must be 
connected across large territories to ensure a stable 
supply [11-12].For an example in the US, wind 
energy is mostly where the people aren’t living. 
The heavily populated cities or urban complexes 
of the east and west coasts are thousands of miles 
away from the central states with high wind energy 
which is challenging the high voltage alternating 
current (HVAC) transmission networks to 
minimize high loss transmission issues. Not 

only USA but also in international platform, the 
same problem exists: that is how to transmit the 
most of untapped remote renewable resources 
to the populated urban areas. In this situation 
the HVDC is a very promising option due to its 
high capacity, long-distance transmission system 
with low losses. HVDC network is more costly 
to build than HVAC power lines, but an HVDC 
network becomes more cost-effective in the long 
transmission for distances of 400 miles or more 
on land and just 30 miles underwater. HVDC 
lines of 800 kV or more are commonly referred to 
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as UHVDC (ultra-HVDC). The most of world’s 
renewable resources are located in remote places, 
and require long-distance transmission [13].

Promising projects of HVDC transmission 
in the world

European HVDC Projects and Vision

To achieve the European Union (EU) renewable 
energy goals, a super grid proposal is intended 
to integrate regional energy markets into a single 
European market. Till now, numerous number 
of major HVDC interconnections have been 
completed or are in planning stage. EU vision 
is strengthens by super grid, which allowing 
the diversification, operational flexibility and 
integration of the dispersed and massive RES of the 
region. This vision also considers intercontinental 
interconnections with neighbouring regions. 
Some of the HVDC projects are shown in Fig.3(a). 
Some of the European projects are, in 2015, a ± 
320 kV VSC-HVDC 65 km long underground 
transmission line was connected between France 
and Spain, to double the energy exchange capacity 
between both countries. This is an example of 
how HVDC technologies can eliminate power 
flow constraints caused by congestions. The new 
system can transmit a rated power of 2000MW 
[14]. NordLink VSC-HVDC project is the one of 
the major European projects to connect the German 
and Norwegian electricity markets to exchange 
1400 MW of renewable energy. Norway will be 
able to export its hydroelectric power to Germany, 
while Germany will be able to export surplus 
wind and solar power [14]. BorWin2 is another 
HVDC project which connects the German grid 
with two North Sea offshore wind farms. The Veja 
Mate and Global Tech 1 offshore wind farms are 
located 125 km offshore (northwest of the island 
of Borkum, where sea depths are approximately 
40 m), and will have a combined power generation 
capacity of 800 MW. Given the distance offshore, 
the submarine cable connection to the mainland 
grid would require HVDC, combined with the 
black start and compact design benefits of VSC 
based HVDC technology [16].

HVDC Projects in North-American and Vision

Many HVDC links are implemented in both 
United States of America and Canada and have 
many ongoing projects. Recently, there are over 
20 HVDC projects in North America, including 
the three-way 5GW TresAmigas interconnection, 
the AWC Project (a multi-terminal submarine 
project connecting PJM Interconnection to the 
New York Independent System Operator), and 
several HVDC projects aimed at providing 
access to large-scale wind generation across the 
Great Plains. Canada also has major proposals 
for HVDC links under development. One is an 
HVDC link project with a length exceeding 1100 
km that will link Muskrat Falls to Soldiers Pond, 
Newfoundland, to transmit hydro power between 
the two points. Another one is a proposal for an 
HVDC submarine line crossing Lake Erie to 
exchange 1000MW between the markets of the 
Ontario Independent Electricity System Operator 
and PJM Interconnection LLC. In spite of the 
technical considerations, and environmental, 
economical, operational and political challenges, 
a highly reliable and efficient transmission grid 
could be useful according to many studies in 
North America. To transmit the huge amount of 
RES across the country, investments are required 
to reinforce the transmission infrastructure [14]. 
The HVDC projects in USA are shown in Fig. 
3(b).

African HVDC Projects and Vision

In Africa three major HVDC projects are 
operating for long distance applications. The first 
African HVDC link, Cahora-Bass was established 
in 1979. The second and third project was Inga-
Kolwesi and Caprivi Link respectively. Latter, 
the VSC technology is introduced in the system 
and the first scheme is to combine this technology 
with OHL. It is also an important link in the 
South African Power Pool which provides an 
interconnection with Central-West part of Africa. 
Some of the future projects are interconnection 
between Mozambique and the Southern Africa 
Power Pool, between South Africa and the 
Democratic Republic of Congo, from Ethiopia to 
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Fig. 3 HVDC projects in world wide

the East Africa Power Pool, and from Zambia to 
Namibia. African countries are so much interested 
in the benefits of grid integrations and the energy 
trading between the regions with insufficient 
energy resources and those with surplus energy 
production. The integration and enhancement 

of power grid capacities within the regions of 
North Africa, Central/East Africa, West Africa, 
and South Africa would further develop into a 
continental grid system through interconnections 
[14]. The present corridors and future HVDC 
projects in Africa are shown in Fig. 3(c). 
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China HVDC Project 

In China, the UHV period began in 2006 with 
the construction of the Jingdongnan-Nanyang-
Jingmen 1000 kV AC line. A year later, Yunnan-
Guangdong, the first ± 800 kV HVDC line was 
operating .At present, China has several UHV 
power transmission lines in operation,and is the 
world leader in the deployment and development of 
grid technology, particularly UHVDC technology. 
The country has deployed an extensive network 
to integrate their massive RES portfolio and, in 
a few years, plans to build at least 13–20 new 
UHVDC lines. The IEA estimates that China will 
invest more than US$ 4 trillion in UHV projects 
from 2015 until 2040 to renovation the way it 
transmits and distributes electricity. Investments 
in both ultrahigh-voltage alternating current 
(UHVAC)and UHVDC infrastructure support the 
development of stronger regional net works in 
China. UHVAC projects are promoting regionally 
well connected networks, while UHVDC lines 
enable connections only between RES and 
major loads. As inter-regional power transfers 
are becoming more complex, special attention to 
grid stability and management issues is needed. 
Controversy regarding the selection between 
UHVAC or UHVDC technologies is also one of 
the many problems detected in the acceptance of 
trans-regional electricity transmission projects.
Those in operation or under construction range 
from 1100 km to over 2500 km, with capacities 
from 5GW to over 10GW.Concerning MTDC 
projects, China has two MTDC VSC-based links 
inoperation: Nanao (three-terminal) and Zhoushan 
(five-terminal) [14].

Indian HVDC Project 

Fig.3(d) shows the major HVDC projects in India. 
Several ±500 kV HVDC lines were developed 
during the 1990s and 2000s to create transmission 
corridors for the transfer of power from 
generation clusters (hydropower in the northeast 
and northern regions, and coal-based power in 
the eastern and western regions) to concentrated 
power demand pockets in the northern, western 
and southern regions. The country’s first ±800 kV 

and the world’s first multi-terminal HVDC project 
– the North-East Agra ultra HVDC (UHVDC) 
link – was operationalised in November 2015, 
with the completion of Pole 1 aggregating 1,500 
MW. The project is capable to transfer of 6,000 
MW from India’s north-eastern region to the 
northern region. The country’s second ±800 kV 
project, the 6,000 MW Champa-Kurukshetraline 
– is operational with 3,000 MW capacity. India’s 
third ±800 kV project – the 6,000 MW Raigarh-
Pugalur-Trichurproject [19].

The 800 kV Raigarh-Pugalur UHVDC system, 
connecting Raigarh (Chattisgarh) in central India 
and Pugalur in the southern state of Tamil Nadu, 
is currently under construction by the Power 
Grid Corporation of India. The project is being 
executed by ABB, along with its consortium 
partner, Bharat Heavy Electricals Limited and 
is expected to be completed in 2019.Once 
commissioned, the 1,830 km link will be among 
the longest in the world. With a capacity of 6,000 
MW – the equivalent of more than six large power 
plants – it will be enough to meet the electricity 
needs of over 80 million people in India. The two-
way link will integrate thermal and wind energy 
for transmission of power to high consumption 
centres located thousands of kilometres away, 
supporting electricity demands in the south, 
when wind strength is low, and transmitting 
clean energy to the north, when there is excess 
wind power. HVDC transmission links help to 
conserve land as they occupy only one-third of 
the space compared to the alternative. In this case, 
that amounts to a saving of approximately 244 
square kms of space – around one-third the area 
of Bengaluru. The mega project will also feature 
technologies selected to minimize the footprint of 
the transmission stations [19].

HVDC is also contributing towards the creation 
of the SAARC grid. The 1×500MW HVDC 
BTB India-Bangladesh interconnector has been 
operational since September 2013, while the 
second 1×500 MW HVDC BTB converter unit is 
under way. After its completion in June 2018, the 
link’s capacity increases to 1,000 MW. To further 
enhance power trade with Bangladesh, an AC 
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interconnection from the Northeast and eastern 
part of India to Bangladesh has been proposed 
along with a 500/1,000 MW HVDC BTB terminal 
in Bangladesh. In addition, an HVDC connection 
between Madurai in India and Anuradhapura 
in Sri Lanka, through the Palk Strait, is under 
consideration [19].

Desertec

Desertec was established in 2009 on the basis 
of the TRANS-CSP concept, aiming to provide 
Middle East Asia, North Africa and Europe with 
a sustainable supply of renewable energies by 
2050. The project is planning to establish 100 
GW of CSP plant in North Africa and export it 
to Europe to satisfy 15% of EU demand. The 
approach is based on utilize the solar energy 
from the deserts, where solar energy is abundant 
and constantly available. This renewable energy 
source can be converted into electrical energy and 
transmitted to the centers of demand. Fig. 3(e) 
shows the development of a super grid to connect 
North African and the Middle East Asian desert 
regions with Europe. The implementation of the 
DESERTEC Concept and thus the substitution of 
fossil fuels with clean energy from deserts and 
arid regions could reduce 80% of global CO2 
emissions. In deserts not only solar energy is 
abundant, but also wind blows strongly and can be 
included in the concept, as well as other RES [4]. 
The solar energy would be transmitted via HVDC 
power lines across North Africa and connected to 
Europe across the Mediterranean Sea [21]. 

Pan Asian Project

Asia’s geography suggests two logical 
transmission routes for a Pan-Asian Energy 
Infrastructure. One crosses Asia mostly by 
land, the other largely by sea. Both are shown 
in Fig.3(f) In both cases, Australia is connected 
to the Indonesian island of Alor via East Timor. 
The infrastructure then crosses Indonesia’s island 
chain westward to Java. From Java, a land-based 
infrastructure can cross Indonesian Sumatra, 
Malaysia, Thailand, and Laos before reaching 
China’s Yunnan province. From there, China’s 
domestic grid can provide carriage from Yunnan 

to Shanghai for interconnection with Japan and 
South Korea across the East China Sea. A sea-
based infrastructure can turn northward from Java 
into the shallow Java Sea and onward into the 
South China Sea. It can then turn northeast a short 
distance south of China’s Hainan Island. It can 
then pass through the Taiwan Strait en route to 
an East China Sea interconnection linking Japan, 
South Korea, and central coastal China through 
the port of Shanghai [21].

Itaipu - HVDC Transmission

The Itaipu HVDC Transmission Project in Brazil, 
owned by Furnas Centrais Elétricas S. A. in Rio 
deJaneiro (an Elétrobras company), is by far the 
most impressive HVDC transmission in the world. 
It has atotal rated power of 6300 MW and a voltage 
of ±600 kV DC. The Itaipu HVDC transmission 
consists of two bipolar DC transmission lines 
bringing power generated at 50 Hz in the 12600 
MW Itaipu hydropower plant, owned by Itaipu 
Binacional, to the 60 Hz network in São Paulo, in 
the industrial centre of Brazil [10].

Leyte - Luzon HVDC Power Transmission 
Project, Philippines

National Power Corporation of Philippines 
has constructed a 440 MW, 350 kV monopolar 
HVDC link to transfer power from the geothermal 
power plant on the island of Leyte, to the southern 
part of the main island of Luzon to feed the 
existing AC grid in the Manila region. The use of 
geothermal power has an impact on environmental 
improvements in a global scale [10].

Gotland - Wind Power Evacuation

GEAB is a subsidiary to Vattenfall AB, which 
has funded the project together with the Swedish 
National Energy Administration. Rated at 50 MW, 
the transmission has connected the wind power 
park on the southern tip of Got land (Näs) to the 
city of Visby (Bäcks), some 70 km away. It will 
run in parallel with the existing AC connection 
[10].

Conclusion
The main advantage of the HVDC transmission 
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is the ability to transfer huge amount of energy 
over a long distances with lower losses and 
the lower capital cost than AC transmission. 
The HVDC transmission technology is more 
favorable than HVAC transmission in the context 
of the environmental impact. It is evident that 
there are many successful implementation of the 
HVDC projects in all over the world and plays 
a crucial rule in the economic development and 
the improvement in the standard of living. It has 
shown that HVDC transmission technology took 
a vital rule to transmit the renewable energies 
which are located in the remote or the unpopulated 
place to the utility point. The possibility of 
dispatching renewable power through HVDC link 
from renewable resource rich province to non-
renewable dominate region. The planner of the 
power grid system should implement more HVDC 
transmission system and upgrade the transmission 
technology to transmit more renewable energy 
from the generation sites to the urban centers.
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Abstract
In this paper, the fuzzy logic based self-tuning controller is designed using fuzzy logic toolbox in the 
Simulink software MATLAB. Fuzzy logic rules are designed to regulate firing angle (alpha) in invertor 
side. The proposed controller is designed to optimize the performance of High Voltage Direct Current 
(HVDC) system by using MATLAB Simulink software. 12 Pulse Thyristor based HVDC link is used 
to test the performance of proposed control scheme on invertor side of HVDC link. The proposed 
model is examined against AC ‘line to ground’ fault on Invertor side of HVDC link. The results are 
observed and compared with traditional control system of Thyristor based HVDC Transmission. The 
results validated that Fuzzy Logic based HVDC Transmission control system rectified the AC fault 
applied on invertor side of HVDC link more efficiently as compared to traditional PID control system. 
The results also validated that fuzzy logic based self-tuning controller possesses the potentiality to 
improve the stability and performance of the system.

Keywords:- High Voltage DC Transmission, Power Quality Control, PID Control, Fuzzy Logic, 
MATLAB/Simulink

Nomenclature
Vd Mean Direct Voltage         (pu)
Vd_ref Reference for Mean Direct Voltage   (pu)
Vd_FL Mean Direct Voltage with Fuzzy
 Logic Control system          (pu)
Vd_PI Mean Direct Voltage with 
 PI Control system          (pu)

Rc Commutating resistance      (ohm)
Vdo Ideal no-load direct voltage        (pu)
Id Direct current           (pu)
Id_ref Reference for Direct Current        (pu)
Id_FL Direct Current with Fuzzy
 Logic Control system          (pu)
Id_PI Direct Current with Fuzzy Logic 
 Control system           (pu)

Introduction
High Voltage Direct Current (HVDC) system 
is efficient as compared to AC system for long 
distance power transmission. As HVDC system 
is handling high power for longer distances, the 
possibility of occurrence of fault is comparative 
more and causes huge power losses. Some 
examples of uncertainties or faults in the system 
are lightning strokes, transient instability, 
external disturbances, etc. These uncertainties 
create nonlinearities and oscillating appearances 
in the nature of power and results in power 
system instability with high power losses. In 
order to improve the power quality diminished 
by these nonlinearities, mainly in HVDC power 
transmission link, these systems are designed 
with stabilizers/controllers which acts against 
any faults and thus maintains the system stability. 
Power or voltage stability can be achieved by 
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controlling firing angle. PID control system is the 
traditionally used control system for maintaining 
the stability of HVDC link by controlling the firing 
angle. PID or PI controllers are widely used across 
the power industries because of its simplicity 
and reliability [4]. However, there are modern 
control techniques which are more efficient 
for maintaining systems’ stability. The modern 
artificial intelligence control schemes possess the 
potential to improve the system performance as 
compared to traditionally used PID or PI control 
techniques. And it is always desirable to design a 
control system which could improve the system 
performance further, to act against diverse faults 
effectively. Even though Artificial Intelligence 
(AI) Techniques are available to improve the 
system stability, merely PID control system have 
been used for improving power system stability 
[4]. For more efficient and astonishing results than 
PI or PID control system, the implementation of 
an AI technique is proposed in this paper.

Several intelligent techniques have been 
developed by researchers for intelligent decision-
making. The traditional AI techniques are Neural 
Network (NN), Fuzzy Logic System (FLS) and 
Evolutionary computing techniques such as 
Colony Optimization, Genetic Algorithm (GA), 
etc. The developed techniques that are desired 
by biological evolution process and human 
brain possess much better proficiency to find 
solutions for complex systems [3]. Thus, Genetic 
Algorithm, Fuzzy Logic and Neural Network are 
selected to discuss, and to reveal, why FLS should 
be considered for designing the proposed control 
scheme.

Genetic Algorithm is the fast-growing area 
of Artificial Intelligence which is known for 
process of natural evolution. In this technique, a 
population of optimum solutions is generated, and 
the fitness of the solution get apprises and new set 
of more optimum solution gets generated and this 
continuous procedure to find upmost optimum 
solution ends when either a maximum number 
of generations are generated, or the required 
fitness rate is achieved for population [3]. Firstly, 
if the genetic algorithms process ends because 

of maximum number of generations, then the 
generated solution may or may not be considered 
as optimum solution. Secondly, the GA is 
governed by many complex nonlinear parameters 
which restricts the quality and proficiency of 
generated solution.

Neural Networks consists of several connected 
parallel processors, called as neurons. These 
neurons have learning and analysis ability similar 
to the brain which operates to find solutions for 
complex problems. The synaptic connections are 
used to store and transfer the attained knowledge. 
Firstly, after learning and training, it is hard to 
justify the quality of solutions provided by this 
technique. Secondly, neurons cannot be retrained 
once trained, and thirdly the processing time is 
also high for complicated systems as the neuron 
network becomes massive [3].

These disadvantages of Genetic Algorithm and 
Neural Networks over fuzzy logic makes it a 
favourable choice for controlling the firing angle 
on invertor side by replacing traditional PI control 
system. In the next section, the overview of Fuzzy 
Logic System is discussed to understand the 
methodology of this proposed project.

Fuzzy Logic System Overview
The fuzzy logic system was firstly developed in 
earlier 1960s by Mamdani. It is an alternative 
to the classical controlling method which uses 
decision making logic originated by specific 
algorithm (Artificial Intelligence). Fuzzy logic 
provides more intuitive way to tune the controller 
as compared to other similar decision-making 
techniques like NN or GA without using complex 
analytical control theories. Studies have also 
validated the excellence response of fuzzy logic 
against nonlinear power system. Fuzzy rules in 
terms of ‘If- Then’ statements are used by using 
boundary conditions of the selected system [2]. 
The fuzzy logic system operates in four basic 
steps as shown in Figure 2. 

Step 1 - Fuzzification:  Determination of 
membership functions by using boundary 
conditions and converting crisp input values into 
set of fuzzy variables [1]. 
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Step 2 - Rule Base: Rule-base consists of set of 
rules by using ‘If-Then’ statement. Behavioral 
analysis of the system is essential to implement 
the appropriate these fuzzy rules. The utmost 
spread connector is AND but other connectors 
such as ‘OR, NOT, IF AND ONLY IF’ can also be 
use with IF-THEN rules [1].

Step 3 - Inference Mechanism: Inference Engine 
or Mechanism is the heart of the fuzzy logic 
system. Inference Mechanism applies reasoning 
to compute the crisp fuzzy output and provides 
the degree of membership function defined in 

fuzzification step. Mamdani and Sugeno are the 
majorly used inference mechanism, out of which, 
Mamdani inference mechanism is commonly 
used [2].

Step 4 - Defuzzification: Defuzzification is 
conversion of fuzzified values into the single 
crisp output [1]. It is the exact opposite step 
of fuzzification where the crisp output will be 
delivered after processing through fuzzy rule-base 
algorithm. The defuzzified output is demonstrated 
in Figure 1.

HVDV Link Overview
Detailed model of 12-pulse, 1000 MW 
Thyristor based HVDC transmission system 
(Silvano Casoria- Hydro Quebec) is selected for 
implementing Fuzzy Logic Algorithm. Selected 
HVDC link consists of 1000 MW DC transmission 
interconnection which is used for transmitting 
power from 5000 MVA, 500 KV network to 
10000 MVA, 345 KV network. The rectifier and 
inverter are interconnected through a 300 km 
distributed line which consists of series connected 
two 6-pulse transistors (altogether 12-pulse 
transistor) [5]. DC line fault at the rectifier is 
protected by Rectifier Protection system and 
AC line to ground fault is protected by Inverter 
Protection system. The control and regulations of 
firing angle (alpha) is used to act against faults in 
this traditional HVDC link [4]. All the regulations 

and controls are of Proportional Integral type. The 
rectifier and invertor of the HVDC link consist 
of protection system which generates reference 
current for both convertors and initiates the 
operation of DC power transmission. DC fault 
protection detects the faults on rectifier side line 
and clear the faults by taking appropriate actions. 
Similarly, commutation failure prevention 
control clears commutation failure due to dips in 
AC voltage. Alpha firing angle is computed by 
convertor controller to maintain power stability. 
The minimum and maximum limits of alpha for 
rectifier is 5o <alpha<166o and the minimum and 
maximum limit of alpha on the invertor side is 
92o <alpha<166o [5].

The schematic diagram of HVDC link considered 
in this study is illustrated in the figure below;

Fig 1. Fuzzy Logic Control System Steps
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Fuzzy Logic System Design
In order to formulate fuzzy logic algorithm for 
controlling alpha firing angle, it is essential to 
establish boundary conditions. The boundary 
condition for controlling the firing angle on 
invertor side can be expressed as;
• 92o <alpha<166o
The above equation indicates that the minimum 
and maximum value of alpha firing angle on 
invertor side should be 92o and 166o. By using 
this condition, membership function of the 
proposed fuzzy logic system is designed. IF-Then 
fuzzy rules are established in Rule Editor section 
of FLS to find the desired optimum alpha firing 
angle value as a crisp output for the respective 
error values of system.
For example- If Error is Positive and Change in 
Error is Positive, then Output ‘K’ is Positive.
Error and change in error are the two inputs to 
proposed fuzzy logic system. The output for 
Fuzzy Logic System (FLS) is desired optimum 
alpha firing angle value for the respective error 
‘e’. The commonly used Mamdani Inference 
Mechanism is used for designing the proposed 
fuzzy control scheme. The overall properties of 
fuzzy logic system for controlling firing angle are 
as shown in the Figure 3.

Fig 3. Properties of Fuzzy Logic System (MATLAB)

The mean direct voltage is directly proportional to 
the alpha firing angle computed by the convertors. 
Fact of proportionality is validated by using the 
expression of mean direct voltage of 12 pulse 
bridge;

Vd=2×(Vdo×cos(α)−Rc×Id) [5]

where Vd- mean direct voltage, α- firing angle, 
Vdo- ideal no-load direct voltage, Rc- equivalent 
commutating resistance, Id- direct current.

Hence, the error in mean direct voltage and change 
in error of mean direct voltage are the two inputs 
considered for designing the proposed fuzzy logic 
system. The designing of fuzzy rules is based on 
behavioural analysis of selected HVDC system. 
The behavioural analysis of the system is carried 
out by using traditional PI controller. Further, the 
analysis revealed the variation in the values of 
mean direct voltage with the variation in alpha 
firing angle values. By using this system analysis, 
the fuzzy rules are designed to provide optimum 
firing angle output for the respective error as 
demonstrated in the Table 1.

Table 1. Fuzzy Rules for alpha firing angle

The surface of the fuzzy logic rules for the desired 
firing angle output is demonstrated by using 
Fuzzy Logic Surface Viewer in the Figure 4. The 
figure 4 shows the variation in the value of alpha 
firing angle value with the variation in the value 
of mean direct voltage error and change in error.

Fig 2. Schematic diagram of HVDC link (MATLAB)
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Fig 4. Rules Surface for alpha firing angle (MATLAB)

Fig 5. Comparison of mean direct voltage with Fuzzy Logic and PI control

Fig 6. Comparison of direct current with Fuzzy Logic and PI control
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Simulation Results
The proposed fuzzy logic system is tested on the 
selected HVDC link to observe the behaviour of 
the HVDC system. The simulation study is carried 
out in MATLAB Simulink software. The system 
is tested against the AC Line-to-Ground fault 
applied on the inverter side of the HVDC link. 
The fault is applied at t=0.7 sec and cleared at 
t=0.8 sec at the inverter. The simulation is carried 
out for the duration of 1.4sec. The behaviour of 
mean direct voltage Vd and direct current Id is 
observed and compared with fuzzy logic system 
and PI control system as shown in Figure 5 and 
Figure 6 respectively.

Figure 5 and Figure 6 clearly shows that both 
direct voltage and direct current of inverter side 
of HVDC link is stabilizing more effective with 
proposed fuzzy logic control system (red line) 
as compared to traditional PI control system 
(blue line). These results validated that the fuzzy 
logic artificial intelligence system possesses the 
potentiality to improve the system performance.

Conclusion
The fuzzy logic based self-tuning controller 
is designed for improving the stability of the 
HVDC link on inverter side. The fuzzy logic rules 
are formulated by analysing the performance 
of selected HVDC system using traditional PI 
controller. The proposed controller is tested 
against AC line to ground fault on inverter side 
of the selected HVDC link. Further, the results 
of HVDC link parameter on inverter side with 
PI control system are compared with the results 
of proposed Fuzzy Logic control system using 

appropriate graphs to understand the performance 
of the proposed controller. The results validated that 
the performance of fuzzy logic based self-tuning 
control scheme provides better system stability 
with less oscillation as compared to traditional 
PI control system. In this paper, it is validated 
that fuzzy logic control scheme possesses the 
potentiality to improve the performance of system 
by efficiently controlling the selected parameters. 
Future work will be devoted on designing a neural 
network based fuzzy logic controller for both 
rectifier and inverter side of HVDC link.
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Introduction of High Voltage Direct Current 
(HVDC) transmission has revolutionized the 
existing power system in India. The biggest 
advantage being ease of long distance and 
bulk power transmission, it has facilitated the 
transmission of electricity from power rich states 
to power deficit states which co-incidentally 
happen to be economically poor and economically 
rich respectively.

Quest for clean and renewable power is increasing 
globally year by year. Governments are looking at 
different ways to solve their energy crisis; inter-
connection of HVDC systems is one in that. Lots 
of investment is going into connecting different 
power grids and thousands of Megawatts of 
power is being sent everyday across these grids.

The first long distance High Voltage Direct 
Current was sent in 1882 over 57 km and only 
1.5kW was sent in Germany. Now the longest 
transmission is the Rio Madeira transmission link 
in Brazil which has a length of 2385km and sends 
7.1GW of power.

In these 130 years the concept of Direct Current has 
again come into relevance with people realising 
its advantages over long distance transmission 
and how the problems that were earlier faced 
can be overcome. Thomas Edison popularised 
the concept of DC everywhere but it never really 
caught the imagination of the people. Now after 
numerous researches and new innovations in this 
field, the industries are again looking at HVDC 
to overcome the problems of HVAC transmission.

The average size of the HVDC transmission 
systems has increased in the recent years. The 
market for this transmission system is also 
increasing with more countries getting involved 
with the project and installing more HVDC grids.

HVDC has various advantages like for long 
distances it is much cheaper to transmit power, the 
transmission losses are less for larger distances, 
they do not have any maximum transmission 
distance and one of the very big advantage is that 
it allows the power to be transferred from one 
AC grid to another having different frequencies. 
This helps in linking incompatible grids, brings 
stability and increases the economy.

The main concerns with HVDC are that its 
converter stations are expensive and the system 
of controlling the power flow must be well 
communicated so the multi-terminal systems are 
costly. There are big companies getting involved 
in the HVDC market and are coming up with 
innovative ideas to solve some of the issues 
concerning this market.

In HVDC the basic process at the transmitting end 
is to convert the AC to DC and at the receiving end 
convert this DC back to AC. These conversions 
can be done by using rectifiers and inverters. The 
other important devices used in this are filters, 
thyristors, Insulated Gate Bi-junction Transistor 
(IGBT) and Voltage Source Converter (VSC). 
There is a lot of research going on in the VSC 
field because it is one of the key aspects to reduce 
the losses. The power can be sent by overhead 
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lines or undersea cables.

 It is not out of place to mention that in mid, 
2001 AD, IEI, Tripura centre arranged All India 
seminar for two days,

Day-1. “Power Generation in India”,

Day-2.  “Proposal for Construction of HVDC 
1200 kV Transmission Line for Inter Country 
Power Transmission and Load Sharing Among 
the SARCC Countries”.  

(Unquote: on those days Pakistan had 4000 MW 
surplus power, Tala  hydel project, Bhutan of  
1020 MW at the commissioning stage whereas 
india and had Bangladesh had power shortage.)

In this seminar our neighbouring countries 
like Bangladesh, Nepal, Bhutan, and Srilanka 
(proposed to be connected with submarine cable) 
attended the seminar and had presented paper also. 
Only delegates of Pakistan through confirmed 
their participation by a letter initially but could 
not attend due to non availability of VISA at last 
moment. Apart CEA, PGCIL, NTPC, NHPC, 
BHEL, NEEPCO etc had attended the same.

Recommendation of the seminar was sent to CEA, 
Govt of India, SARCC secretariat, Concerned 
Ministry of All member countries of SARCC.

However with the advancement of time, 
understood that technology has been advanced 
with manufacturing of higher grade of equipments 
/ material availability, testing facility in the 
country matching to the need and target fixed in 
the National Plan.

HVDC Transmission Network in India – Presently 
in operation.

765kV/400kV lines: about 1,03,000 ckm

 220kV lines: about 132,000 ckms

ω  HVDC Bipole(±500kV): 7,500 ckms–

3ω nos.  HVDC Back-to-back: 7 nos. (3000MW)

ω  Fixed series Compensation (FSC)– 22 nos.; 

Thyristor Controlled Series Compensation(TCSC) 
– 6 nos.

Advantages of HVDC

Controlled Power Exchange

ω  Improve stability of AC system

ω  Transmission at Reduced Voltage

ω  Minimize power reduction in case of pole 
outage

ω  Benefits at low ambient temperature ω  

ω Asynchronous link

Major Projects Details:

+/-500 kV, 1500 MW Rihand – Dadri HVDC 
Project.(1991)

Main Data: Power rating : 1500MW 

No. of Poles : 2

AC Voltage : 400 Kv

DC Voltage : + 500 kV

Converter Transformer Rihand Terminal : 6 x 315 
MVA

Dadri Terminal: 6 x 305 MVA

Length of over head DC line: 816 KM

±500kV, 1500MW HVDC Bi-Pole Transmission 
link¬ supplies Bulk Power from Thermal Power 
Plant of Rihand (Eastern part of Northern Grid) to 
Dadri (Western part of Northern Grid).  

Each pole continuous power carrying capacity is 
750¬  MW with 10% two hours overload and 33% 
five seconds overload capability.

Reverse power flow capability available.¬  During 
inclement weather condition power¬ transmission 
is possible at ±400 kV DC voltage.

+/- 2 x 250 MW HVDC Vindhyachal Back to 
Back Station (1989)

Main Data: 

(i) Power rating : 2 x 250 MW.

(ii)  No. of Blocks : 2

(iii)  AC Voltage : 400 kV

(iv)  DC Voltage : ± 70 kV 
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(v) Converter Transformer : 8 x 156 MVA

System Salient Features: (i) It connects 
Vindhyachal Super Thermal Power Stations 
(Western Region) to Singrauli Super Thermal 
Power Stations (Northern Region) in Indian Grid. 

(ii) Each Block power carrying capacity is 250 
MW. 

(iii) Bidirectional power flow capability is 
available. 

(iv) The project achieve load diversity of Northern 
and Western region in Indian Grid by meeting 
high demand from surplus power available in 
either regions 

(v) First commercial Back to Back HVDC Station 
in India

2 x 500 MW HVDC Chandrapur Back to Back   
Station.

Start date: November 1993 Completion date: Dec 
1997 

Main Data: Power rating : 2 x 500 MW. 

No. of Blocks : 2 

AC Voltage : 400 kV

DC Voltage : 205 kV 

Converter Transformer : 12 x 234 MVA

  +/- 2 x 500 MW HVDC Chandrapur back to back 
Station. Start date: November 1993 Completion 
date: Dec 1997

Main Data:

Power rating : 2 x 500 MW. 

No. of Blocks : 2 

AC Voltage : 400 kV

 DC Voltage : 205 kV

converter Transformer : 12 x 234 MVA

System Salient Features: (i) It connects 
Chandrapur Thermal Power Stations (Western 
Region) to Ramagundum (Southern Region) 
Thermal Power Stations in Indian Grid

(ii) Each Block power carrying capacity is 500 
MW.

(iii) Bidirectional power flow capability is 
available. 

(iv) The project achieve load diversity of  Western 
and Southern region in Indian Grid by meeting 
high demand from surplus power available in 
either regions 

(vi) Second commercial Back to Back

(vii)  HVDC Station in India. + 500 kV 

+/_500 kV, 2000 MW, HVDC Talchar – Kolar 
Transmission Link Completion date: June 2003

 Main Data: Power rating : 2000 MW

 No. of Poles : 2 

AC Voltage: 400 kV 

DC Voltage - + 500 K

+/_500 kV ,2000 MW, HVDC Talchar – Kolar 
Transmission Link Completion date: June 2003

 Main Data: Power rating : 2000 MW 

No. of Poles : 2 AC

Voltage : 400 kV

 DC Voltage : + 500 kV

 Converter Transformer Talcher : 6 x 398 MVA

 Kolar : 6 x 398 MVA

 Length of over head DC line: 1369 KM.

 Converter Transformer Talcher : 6 x 398 MVA

 Kolar : 6 x 398 MVA

 Length of over head DC line: 1369 KM.

Up gradation of +/- 500 kV HVDC Talchar – 
Kolar link from 2000 MW to 2500 MW

HVDC Talchar – Kolar link was designed for 
2000 MW continuous rating¬ with inherent short 
term overload capacity depending on- Ambient 
temperature¬ Prevailing voltages at Talcher 
and Kolar¬ Cooling mechanism. ¬Further, DC 
Bipole lines with quad conductor was capable to 
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transmit 1250¬ MW continuously with marginal 
incremental loss. The inherent overload capability 
was utilized to meet the system¬ contingencies 
by up gradation of Talcher – Kolar HVDC link 
capacity from 2000 MW to 2500 MW .  This 
enhanced capacity is to be used only under 
contingency and not for¬ increasing HVDC 
Capacity for firm transfer of 2500 MW

+/- 1 x 500 MW

HVDC Sasaram back to back Station. 

Completion date: Sep 2002 Main Data

(i) Power rating : 1 x 500 MW. (ii) No. of Blocks 
: 1 (iii) AC Voltage : 400 kV (iv) DC Voltage : 
205 kV (v) Converter Transformer : 6 x 234 MVA 
Connects Pusauli (Eastern Region) to Sasaram 
(Eastern part of Northern Grid) of Indian Grid 
(Power Transfer mainly from ER to NR)

(ii) +/- 2 x 500 MW HVDC Gazuwaka Back to 
Back Station. Completion date: Block 1 : Feb 
1999 Block 2 : March 2005 Main Data: (i) Power 
rating : 2 x 500 MW. (ii) No. of Blocks : 2 (iii) AC 
Voltage : 400 k (iv) DC Voltage : 205 kV ( Block 
1) 177 kV (Block 2 ) (v) Converter Transformer 
Block 1 : 6 x 234 MVA Block 2 : 6 x 201.2 MVA

2 x 500 MW HVDC Gazuwaka Back to Back 
Station. Completion date: Block 1 : Feb 1999 
Block 2 : March 2005 Main Data: (i) Power rating 
: 2 x 500 MW. (ii) No. of Blocks : 2 (iii) AC 
Voltage : 400 k (iv) DC Voltage : 205 kV ( Block 
1) 177 kV (Block 2 ) (v) Converter Transformer 
Block 1 : 6 x 234 MVA Block 2 : 6 x 201.2 MVA

+/- 2 x 500 MW HVDC Gazuwaka Back to Back 
Station. 

System Salient Feature (i) It connects Jeypore 
(Eastern Region) to Gazuwaka (Southern Region) 
Thermal Power Stations of Indian Grid (ii) Each 
Block power carrying capacity is 500 MW. (iii) 
Bidirectional power flow capability available. (iv) 
The project achieve load diversity of Eastern and 
Southern region in Indian Grid by meeting high 
demand from surplus power available

+/- 500 kV, 2500 MW HVDC Ballia – Bhiwadi 
Transmission Link. 

Pole 1 Commissioned on 31-03 10 Main Data: 
Power rating : 2500 MW , No. of Poles : 2, 
AC Voltage : 400 Kv, DC Voltage : +/- 500 kV 
Length of over head DC line : 780 Km. Converter 
Transformer Ballia : 8 x 498 MVA, Bhiwadi 8 x 
498 MVA

+/- 500 kV, 2500 MW HVDC Ballia – Bhiwadi 
Transmission Link System Salient Features:

(i) Bi-Pole + 500 kV, 2500 MW, HVDC 780 
km Transmission lines from Ballia (Eastern part 
of India) to Bhiwadi (Northern part of India) 
of Indian Grid. (ii) Each pole power carrying 
capacity is 1250 MW. (iii) During unfavorable 
weather condition, operation at 70% to 80% 
DC voltage is possible. (iv) Reverse power flow 
capability is available.

Future Program
800 KV HVDC Multi Terminal Systems

B.01. POWERGRID is installing +/-800 kV, 6000 
MW HVDC multi-terminal system of approx 
length of 1728 km from North Eastern Region 
to Agra One Rectifier station in Biswanath 
Chariali (in North Eastern Region), second one 
in Alipurduar (in Eastern Region) and Inverter 
station at Agra (in Northern Region)

Converter stations at Biswanath Chariali and 
Alipurduar each handles a power of 3000 MW 
and Converter station at Agra handles 6000 MW 
power  This Tr. System originates from Assam 
and passes through West Bengal,ω Bihar and 
terminates in Uttar Pradesh  First Multi Terminal 
project in India ω

B.O2. 1 X 500 MW India Bangladesh Inter-
connector project

From Berhampur (India) to Bheramara  
(Bangladesh) 400KVDC 

(Project Completed)

B.03.  India – Sri Lanka Interconnection
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B.03.  ± 400 kV, 4 x 250 MW HVDC Bipole 
Transmission Link • From Madurai (India) to 
Sri Anuradhapura (Sri Lanka) • Project having 
Overhead line (app 334 km) and Submarine Cable 
( app 90 Km)

B.04. Champa- Kurukshetra ± 800 KV , 3000 
MW HVDC Link  IPP generation projects coming 
up in Chhattisgarh for transfer of¬ power to 
different target regions viz. Western and Northern 
region.  Above generation projects are mainly 
coming up in Raigarh (near¬ Kotra), Champa-
Janjgir and Raigarh (Near Tamnar) complex.  
Based on the transmission system requirement 
for transfer of power¬ to Northern Region from 
these generation projects , following WR – NR 
interconnector for IPP Projects in Chhattisgarh is 
proposed :-  Establishment of 3000MW 800KV 

HVDC Bipole Terminal¬ Station each at Champa 
Pooling Station (WR) and Kurukshetra (NR) 
respectively (provision to upgrade the terminals 
at 6000MW at a later date).

The list shown above is not exhaustive but 
indicative. Major parameters are shown, some 
parameters may be missing which is unintentional 
and regretted.

B.05. Agra to Biswanath Chariali (Assam),  

800 KV, HVDC LINE, 6000MW constructed by 
PGCIL now operational to transmit power from 
N-E STATES to rest of India.

Highest HVDC voltage so far India attained IS 
800 kV BY PGCIL. Next target is 1200KV HVDC 
which is under R&D, when achieved India will be 
world leader in E-HVDC Transmission.
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Abstract
Inexhaustible grid interfacing framework is being elevated generally with a specific end goal to safe 
watch the utilization of ordinary sources of Energy. Grid interconnection of high end inexhaustible 
sources with that of the grid causes unsettling influences and prompts the perpetual shut down of the 
inverter. Customary controller, for example, linear controller and non-linear controller perform well 
under adjusted state of activity however this controller ends up slow amid grid unsettling influences. 
Controller in view of AI Techniques has been created in this way to deal with make the controller stable 
amid adjusted and un-adjusted state of activity. MatLab Simulink based framework has been created 
for checking the legitimacy of the proposed controller.

Keywords:- Current Control Techniques, Fuzzy, Artificial Neural Fuzzy Inference System, Solar PV 
System

Introduction
Sun oriented Photovoltaic grid associated 
framework has extensive variety of utilizations 
beginning from independent framework  grid 
associated applications. Expanding in the 
productivity of sun powered cell additionally 
builds the execution of sunlight based photovoltaic 
grid associated network. Expanding in the sun 
powered photovoltaic network associated grid 
additionally builds the power quality issues to 
which it is associated. Power quality issues, 
for example, variety in the voltage level at the 
point of PCC, Peak hour control taking care of 
limit and THD presented in the electrical cable. 
Being a discontinuous wellspring of vitality, 

Solar photovoltaic framework must be competent 
to disconnect itself amid grid fault condition. 
Islanding task is an imperative element of an 
inexhaustible grid connected framework.

Numerous analyst have concentrated on the 
present control loop and voltage control loop 
utilized as a part of the Inverter controller circuit 
to control the expectations of grid connected PV 
system. Calculation in view of linear and nonlinear 
system are most appropriate for outlining the 
present controller. However these controllers 
requires a nitty gritty scientific examination for 
their execution and plan. Again from security 
perspective these controller does not demonstrate 
tasteful execution amid transient condition and 
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grid aggravation condition, for example, single 
line to ground fault condition. Astute strategies, 
for example, Fuzzy and Neural Network based 
controller can be connected to these issues. Aim 
of AI-systems over customary procedures are they 
doesn’t require any detail numerical investigation 
for their Implementation and thus are anything 
but difficult to actualize and ends up vigorous 
amid grid fault condition. 

Artificial Neural Network methods have picked 
up the fame in the controller design due to its 
flexibility to the circumstance to which it is 
associated. Preparing strategy connected to this 
controller drives the controller to carry on like a 
human neural control activity where it applies its 
experience to discover a choice under fluctuating 
grid condition. Inverter Current control topologies 
has been picked for this situation as it interfaces 
both the sustainable power sources and that of the 
network for control.

Fuzzy Control Techniques
This segment displays a Fuzy logic controller, 
which works under both adjusted and lopsided 
condition. This is conceivable because of the 
nonattendance of Mathematical induction. 
Nonlinear system can be best taken care of by 
Fuzzy rationale controller. Here the execution 
of the controller is tried both under adjusted and 
unequal condition. Notwithstanding the current 
controlled Fuzzy rationale controller, this part 
additionally acquaints another controller with 
control the DC-capacitor voltage, over the inverter 
input terminal.

Propose Control Strategies
Schematic diagram of the proposed control 
strategies is shown in Figure 1.

Figurer 1 Schematic strategies of current controller

Figure 2 Schematic diagram for Fuzzy rationale 
Controller

The proposed current controller comprises of 
two fundamental parts (a) DC voltage to be 
kept up crosswise over capacitor (b) Coupling 
Inductor (Lf). DC voltage required to be kept up 
at the input of inverter is controlled by an external 
voltage controlled loop and important gate signal 
was delivered by inward current control loop. 
Coupling inductor is utilized to smoothen the 
swell of consonant current infused from inverter 
to the network.

In the proposed work, Fuzzy rationale controller 
based PWM Controller is utilized to create 
required switching signal for the inverter. 
Exchanging Signal along these lines acquired 
is enhanced and given to PWM converter for 
network synchronization. The required DC 
connect voltage is in this way kept up consistent 
by a Fuzzy rationale controller.

Design of Fuzzy logic Controller for Inner 
Current Control Loop
Schematic diagram of Fuzzy rationale controller 
is shown in Figure 2.

The proposed Fuzzy rationale controller has 
two information (a) Current error (b) Change in 
current error. With a specific end goal to cover the 
whole scope of error, proposed Fuzzy rationale 
controller has five nos. of MFs. These MFs are 
regular for both Input and output. Triangular 
membership work is utilized to cover the scope of 
factors, with two input and five variable capacity, 
25 level sets can be gotten. Membership functions 
for information and output factors is appeared in 
Figure 3.

Design of Fuzzy Logic Controller for Outer 
Voltage Control Loop

DC Voltage at the input of inverter is controlled by 
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Figure 3 - MF for input, change in error and output for 
current controller

Figure 4 - MF for input, change in error and output for 
current controller

Table 2. Rule Table for Membership Function

Figure 5. Basic ANFIS Structure

a capacitor. This capacitor typically gives steady 
voltage and the required real power request by 
the grid. Under relentless activity condition extra 
real power request must be equivalent to control 
supply by the inverter with some measure of extra 
power misfortunes. Fuzzy rationale controller 
is executed to keep up a steady voltage over the 
capacitor at the input of inverter.

Fuzzy rationale control factors are picked in 
agreement to the dynamic execution of the 
controller. Mistake and change in error are 
thought to be the contribution of controller. Thus 
real power request introduce at the grid output 
side is thought to be output of the Fuzzy rationale 
controller. Both input and output are spoken to by 
seven linguistic factors. These linguistic variables 
are

• Negative Large (NL)

• Negative Medium (NM)

• Negative Small (NS)

• Zero (ZE)

• Positive Small (PS)

• Positive Medium (PM)

• Positive Large (PL)

Fuzzy rationale representation of Linguistic 
Variables is shown in Figure 4.

Design of ANFIS Controller 
ANFIS utilizes Takagi-Sugeno Fuzzy induction 

framework for its task. Output of ANFIS 
normally utilizes a combination mix of input 
factors with some steady factors. These linear 
joined factors are for the most part regarded as 
weight work. Last output of the ANFIS structure 
is normally a weighted aggregate normal of the 
information changed into output. Fundamental 
ANFIS structure comprising two information, for 
example, x and y and one yield z is appeared in 
Figure-5.
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Rule for Takagi-Sugeno fuzzy inference system 
becomes an If and Then statement.

Rule-1= If x is A1 and y is B1 then f1=P1x+q1x+r1

Rule-2= If x is A2 and y is B2 then f2=P2x+q2x+r2

Layer-1:-

In this layer for every node i, square node function 
becomes

O1,i =µA,i(x) where i=1,2

O1,i = µB,i(y) where i=1,2

Here x speaks to contribution to node I or layer-1 
and “A” and “B” speaks to linguistic factors 
connected to that specific node. The linguistic 
factors can be either a triangular or Gaussian 
participation work. Parameters ascribed to layer-1 
are named as preface parameter.

Layer-2:-

Node level for layer-2 is π. Output of layer-2 is 
the product of all incoming signals.

O1,i = µA,i(x) X µB,i(x)   where i=1,2

Output of layer-2, represents the strength of fuzzy 
rule.

Layer-3:-

Node level for this layer is N. It represents the 
ratio of strength of fuzzy rule to sum of strength 
of fuzzy rules.

O3,i = wi =wi / (w1+w2)     for i=1,2

Output of layer-3 represents the normalised 
strength of fuzzy rule.

Layer-4:-

This layer referred as adaptive node. Node 
function for layer-4 can be written as

Oq,i = wifi = wi (p1x + qiy + ri)

Layer-5:-

Output of layer-5, represents the weighted sum 
average of the linearly variable input. The output 
equation for its layer can be written as

Oc,i = Σwifi

This confirms that adaptive neural fuzzy inference 
system (ANFIS) is similar to that of Takagi-
Sugeno type fuzzy inference system.

Simulation
Framework for grid associated Solar PV was 
researched with MATLAB based Simulink 
programming. Proposed Fuzzy and ANFIS based 
framework was examined through controller at 
various working point for checking the approval 
of controller. Square chart for controller of PI-
systems is appeared in Figure 6.

Figure 6. PI-controlled current control techniques for 
grid connected PV-system

Figure 7. Fuzzy logic input based on Gaussian Surface 
Membership Function

Results acquired from PI-controller are encouraged 
into Fuzzy rationale box for additionally process 
and preparing of information for producing the 
FIS petition for the controller. Gausssian surface 
Membership work is utilized as a part of the FIS 
record. Nine number of MFs containing FIS 
document was created utilizing experimentation 
strategy. Input and output participation work was 
appeared in Figures 7 and 8 individually.

From the unfaltering state reaction of PI controller 
it is discovered that underlying overshoot of 
24.9% does not have critical execution and in this 
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Figure 8. Fuzzy logic output based on Gaussian Surface 
Membership Function

Figure 11. Reference Voltage and Fuzzy Controlled 
Voltage- Outer voltage control loop for inverter

Figure 12. Percentage of Modulation Index maintained 
by Inverter

Figure 13. Direct axis Current Status

Figure 14. Quadrature axis Current Status

Figure 9. Steady state response of PI controller

Figure 10. Time response of Fuzzy PI Controller

way making the framework reaction slow under 
unique condition. However Fuzzy rationale based 
PI controller has critical change in the execution 
under steady condition. As appeared in Figure 10, 
Fuzzy PI controller postures 0 overshoot while in 
the task.

Direct and quadrature pivot current status is 
appeared in Figures 13 and 14. For keeping 
away from the age of reactive power by inverter, 
quadrature axis current is normally kept up at zero 
level. Thus immediate pivot current is kept up at 
1.27. Fuzzy based controller tries to keep up the 
Id current status by limiting the fault exhibit in the 
framework to right around zero level. This can be 
found after some time scale run between 1.78 to 
2.5 sec.

Figure13 shows that a percentage of modulation 
index of 1 is maintained by the controller for 
producing effective output.
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ANFIS based controller for PI-controller requires 
some measure of exact information for their 
execution. Along these lines it is required to gather 
the information from beforehand mimicked PI-
controller based framework. Information are to be 
viewed as with the end goal that less measure of 
mistake must exist between contributions to yield 
of the framework. Consequently information 
should be prepared and approved before applying 
the preparation calculation to give choice under 
factor stacking conditions.

Conclusion
In this paper Fuzzy rationale and ANFIS based 
controller for input current control loop and 
external voltage control loop has been illustrated. 
The Matlab based outcome along these lines got 
for two diverse controller has been portrayed 
independently. With a specific end goal to have a 
near investigation among both the controller same 
stage has been kept up for both controller.

Fuzzy rationale controller gives better execution 
when contrasted with PI controller. This is on 
the grounds that Fuzzy gives more noteworthy 
adaptability to PI controller by giving bigger 
territory to information acknowledgment and 
Interpretation. However this controller requires 
a great deal of experimentation technique for 
showing signs of improvement enhanced outcome.
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Abstract
Climate change is recognized as a great potential challenge to human society; the excessive use of fossil 
fuels is one of the main factor of environmental problems worldwide. The challenges of producing and 
using energy resources sustainably and protecting our natural environment represent an opportunity to 
pursue sustainable economic growth, and an effective path to climate change mitigation and adaptation.

Among sustainable renewable energy sources, photovoltaic systems assume an increasing relevance. 
In the last decade, many plants have been built, however, since they are mostly installed on the ground, 
the opportunity cost of land and environmental impacts are often high. To solve these problems floating 
photovoltaic (FPV) energy systems have been created.

In the paper, overland and on water solar photovoltaic plants are briefly compared; potential applications 
of FPV systems in agriculture and aquaculture are addressed; finally, the NRG Island patented system 
is illustrated.

A test-bed study conducted in Singapore in 2016/7 confirms that in general FPV systems not only 
have higher efficiency in energy production, but also entail land conservation and water saving, due 
to a reduction of water evaporation, with positive impacts on the ecological system; such factors 
compensate higher investment cost, and proved that the NRG Island patented system performs well. 

Introduction
Climate change is recognized as one of the 
greatest potential challenges to human society. 
Energy/Climate and environmental policies are 
inextricably linked, since all energy production 
and consumption has environmental impacts. 
The challenges of producing and using energy 
resources sustainably and protecting our natural 
environment represent an opportunity to pursue 
sustainable economic growth, while contributing 

to climate change mitigation and adaptation.

The Fifth Assessment Report of the 
Intergovernmental Panel on Climate Change 
(IPCC, 2013) confirms that human influence on 
the climate system is clear and growing, with 
impacts observed across all continents and oceans. 
A substantial emissions reductions over the next 
few decades and near zero emissions of CO2 and 
other long-lived greenhouse gases by the end of 
the century represent the main pathways that are 
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likely to limit global warming. Implementing 
such reductions poses substantial technological, 
economic, social and institutional challenges, 
which increase with delays.

A large body of literature shows that solar 
energy installations have several positive 
aspects: reducing greenhouse gases, increasing 
energy independence, creating job opportunities, 
accelerating electrification (Singh, 2013; Ehsanul, 
2018; Sampaio and Gonzalez, 2017) However, 
competition for land use and environmental 
negative impacts on the ecological systems 
represent in many cases severe problems, which 
limit the adoption of this technology particularly 
in the agricultural sector. Additionally evaporation 
loss from lakes and reservoirs can potentially be 
large, particularly in arid and semiarid climates 
and water saving is becoming a priority in many 
regions (Martínez. et al., 2008). To solve or 
mitigate these problems floating photovoltaic 
(FPV) energy generation systems have been 
studied and implemented worldwide from 2007 
in Japan, USA, Italy, Spain, France, Korea, etc. 
(Trapani and Redòn Santafè, 2014; Sahu et al, 
2016; Patil et al., 2017).

This paper after a brief comparison of overland 
and on water solar photovoltaic plants, describes 
the NRG Island patented system; finally, 
considerations on the potential of the FPV 
technology to be a path to the energy-land-water 
sustainability in agriculture are presented.

Overland and Floating Photovoltaic 
Energy Systems
In 2016/7 in Singapore an important test-bed, 
comparing ten FPV installations to solar plants 
with the same characteristics installed on the 
ground close to test basin, has been conducted 
(Reindl, 2018). In the first year, the construction 
and the operational phase have been analyzed 
and data collected, which have been later used to 
conduct numerical simulations by models in order 
to identify factors causing the different observed 
behaviors. Results obtained demonstrate how, 
depending on the climatic and environmental 
characteristics of the installation context, floating 

photovoltaic systems show higher energy 
production and a significant capacity to save 
land and water respect the overland equivalent 
systems, confirming previous studies (Patil et al., 
2017).

Energy production is highly dependent from the 
temperature of the photovoltaic panel, which 
should be not too high (Dubey, 2013). This 
behavior depends on intrinsic characteristics of 
the panel such as: the encapsulating material used, 
how it thermally dissipates the heat and absorption 
properties; as well as from external conditions, 
mainly atmospheric parameters such as irradiance 
level, ambient temperature, humidity, wind speed 
and installation conditions.

Different air-cooling and water-cooling techniques 
have been studied and developed to reduce the 
operating temperature on the photovoltaic panel 
(Siecker et al., 2017). The floating photovoltaic 
generation system can naturally do that, since:

● on water temperature is lower by different 
degrees than on land;

● water evaporation further subtracts heat 
from the photovoltaic modules;

● wind, which additionally mitigates the 
temperature, is more intense and it is 
positively correlated with the basin size; 
the impact on the stability of the structure 
should be always assessed (Choi, 2014).

The efficiency of FPV benefits also from the 
refraction coefficient of sunlight, which depends 
on the latitude and the composition of the water.

For the previous reasons the installation have 
different performances in different locations. 
In Bologna, located in the North Italy at 44° 
29’ 56.2380’’ N, where a sensible variation in 
energy production is observed along the year, 
floating systems outperform on land installation 
in Summer, when the days are longer and 
the temperature are higher, but not in Winter                               
(Figure 1).

A different situation can be observed in Singapore, 
in the Republic of Singapore, 1°17.3802′ N, where 
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Figure 3. Forecast and measured energy 
production

a very stable temperature can be observed along 
the year (Figure 2). In this case, the efficiency of 
floating installations is always higher.

An interesting outcome of the Bologna floating 
installation is the fact that measured energy 
production is 8% higher than model forecast 
(Figure 3).

Existing PV and FPV technologies are modular 
and therefore flexible in size, which make them 
capable to adapt to local specificity and respond 

Figure 1. Comparison of energy production (MWh) between on land and floating installation by month in Bologna, 
Italy

Figure 2. Average temperature in Singapore and Bologna

to very different energy requirements.

Apart energy production, many others aspect 
should be considered, including: legal, social, 
economic and environmental dimensions         
(Table 1).

Environmental authorizations, which represent a 
critical aspect often not adequately considered, 
are generally easier to obtain for on water 
installations.
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The economic conditions affecting construction, 
operating and maintenance costs, as well as 
energy price and public incentives are critical 
to determine the profitability of the investment, 
which is an essential condition for success 
or failure of the technology and its global 
sustainability. The application of the Kyoto 
Protocol and the Paris agreements, signed at the 
21◦ Conference of the United Nations Framework 
Convention on Climate Change and entered 
into force on 4 November 2016, guarantees that 
measures to increase the share of sustainable 
renewable energy sources in the energy mix are 
a priority for national governments, since this can 
lower environmental and climatic pressures, and 
that such measures will be adequately supported.

The cost of the surface is sensibly lower for water, 
since the opportunity cost of the land can be very 
high when food production and/or urbanization 
assume strategic importance and the resource is 
scarce.

Table 1. Comparison of on land and floating installations

Thanks to technological progress and economies 
of scale, the investment costs of PV systems 
have been reduced by 75% in the last decade; 
further reduction are foreseen in the next future. 
Not considering the land/water cost required 
for installation, FPV systems have currently an 
average cost 10%-30% higher than traditional 
plants, based on the plant dimension; but they 
allows an increase in production around 15%.

The maintenance on PV systems depends on 
many factors and requires proper attention. 
Access to the systems and stability are important 
characteristics in particular for FPV, but also 
the possibility to easily repair any damaged part 
and the consideration of the impact induced by a 
local damage on the entire system should not be 
neglected, since consequences could be severe.

Environmental aspects are quite different between 
the two types of installation.

FPV systems entail water saving due to a reduction 
of evaporation by 40% up to 80%, thanks the 
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Table 2. NRG Island plants

Figure 4. NRG Island floating photovoltaic installation at 
Pontecorvo (IT)

Figure 5. NRG Island floating pin scheme

minimization of the water surface in contact with 
the air and wind. This aspect is significative in 
environments characterized by water scarcity.

The protection from solar radiation for the 
covering effect of panels and floats prevent algal 
bloom, while floating installations do not affect 
the aquatic fauna. The quality of water may be 
negatively impacted by a reduction in the exchange 
of oxygen with the atmosphere; controlled air 
circulation should therefore be preserved as much 
as possible.

The patented NRG Island floating 
photovoltaic system
NRG ENERGIA, is an Italian company, active 
in the research and development of floating 
photovoltaic systems since 2010, in that year the 
first project was realized in Italy of 500kW power, 
in the Naturalistic Oasis of Bubano near Imola in 
North Italy (Table 2).

Since 2015 different plants have been installed in 
Central and South of Italy on basin managed by 

Reclamation and Irrigation Boards. All of them 
produce solar energy, which is used locally to 
support the pressurized irrigation systems, and 
partially exported back to the grid. The last one 
is part of the international test-bed conducted in 
2016 in Singapore.

Figure 4 shows a complete installation on a 
small basin at Pontecorvo (IT); it represents the 
common solution adopted, which consists of a 
continuous platform placed above the water level 
by replicating a floating module which is the 
support of the photovoltaic panels.

The floats are made up of modules 100x50x40 
cm, manufactured in high density polyethylene. 
The connection between the floats is secured 
by special connectors with polyethylene snap 
closure as illustrated in Figure 5. The Islands are 
composed of tubular box-shaped 20x30x2 mm in 
austenitic stainless steel or aluminum, assembled 
to realize a matrix for the aggregation of the 
floating elements and the same time to support the 
photovoltaic panels as represented in Figure 6.
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Figure 6. NRG Island floaing module scheme

Since the modules are free to move relatively to 
each other no structural resonance effects exists, 
this guaranties good stability to the all system. 
The design of the Island makes it compatible 
with photovoltaic panels available on the market. 
Tilt angle for the solar panels can vary in order 
to maximize energy production; such angle 
influences the distance between row lines of PV 
panels, which is defined to minimize interactive 
shadows and optimize maintenance operations. 
The uplift and drifting effects of wind and waves 
are also considered in relation to the structural 
behavior of the system. Estimated wave height 

during wind speed of 10m/s or less, using SMB, 
FEM method and Willson method, was 0.4m or 
less showing low impact on the structure.

NRG Company for each installation prepares an 
ad hoc study, considering all the local specifities 
not only energy requirement, to identify the 
most suitable solution considering available 
options. The size, the geometry, the extent of the 
installation on the water surface,

the alignment with the cardinal axis, as well as the 
number of photovoltaic panels, their dimension 
and tilt angle, are always identified case by case 
after an accurate analysis considering technical 
and economical aspects. The technological 
solution adopted, the materials used, the design 
and installation, entail not only a good structural 
performance of the floating platform and optimal 
efficiency in energy production, but also the 
capacity to adapt to variation in water levels, 
which may occur along the year; short time for 
the on-site construction; excellent conditions for 
any operational maintenance for the PV panels or 
the floating platform.

Geometry of aluminium frames

A comparison of installation cost, not including 
surface and authorizations, is offered in the 
left section of Table 3 for three types of plants 
characterized by peak power of 20, 100 and 
1000 kW respectively, while average energy year 

production is quantified on the right.

Even if photovoltaic panels and inverters are 
identical, the higher cost of frames and floats 
respect the overland installation, makes more 
expensive the floating system of 12% for small 
plants, and of 8% for big ones. These differences 
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are sensibly lower respect the ones calculated by 
similar installation adopting other patents (Ferrer-
Gisbert, 2013).

The ratio energy/cost is instead always more 
favorable for the floating installation due to higher 
efficiency in energy production, confirming the 
economic viability of the FPV. On average these 
plant have an economic life of 25 years, which is 
the period covered by the producer warranty, but 
operating lifetime is longer.

To assess the economic convenience of installing 
a floating photovoltaic system, we have correlated 
the consumption and expected production vectors 
of a “typical customer”, which by load profile can 
be a Cava, or a Reclamation Consortium.

The analysis of the comparison made, has allowed 
us to develop a model that expresses in kwh, the 
amount of electricity taken from the network, the 
amount of electricity produced by the photovoltaic 
fed into the grid and that consumed directly.

The quantification of the economic value of these 
quantities gives us the measure of the expected 
savings from an investment of this kind.

However, it is not sufficient to quantify the use 
of energy to have a model that reliably expresses 

Table 3 Investment cost and energy production for overland and floating plants of different capacity

Source: NRG ENERGIA

the trend of the investment, therefore we have 
included:

- a progressive decay on an annual basis of 
the productivity of the plant due to usury 
(0.5%);

- an annual maintenance fee;

- an increase in electricity purchase costs 
of 1% per annum;

- an in-depth evaluation of the fixed and 
proportional costs of electricity which, not 
being solely a function of consumption, 
can not be allocated proportionally. 
This analysis allowed us to calculate the 
expected real cost of energy expenditure;

- the benefit deriving from the super 
amortization of 130% of the hopes in 
years.

The same analysis carried out without taking into 
consideration the benefit deriving from the super 
amortization entails a significant increase in the 
repayment time.

Water saving represent an additional externality. 
In South Italy, in normal condition evaporation 
is around 1024 l/m2; where FPV systems have 
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been installed evaporation dropped to 500 l/m2, 
reducing by over 50% water losses as previous 
NRG installations show. Additionally, the patented 
NRG Island maintaining a good circulation of 
air below the panels does not reduce oxygen 
exchange, so even small surfaces can be used.

Floating photovoltaic energy systems in 
agriculture and aquaculture
The adoption of FPV in the agricultural sector 
could have positive effect by reducing energy cost, 
preserving land for productive uses, increasing 
water availability and reducing risk of energy and 
water shortage.

Energy cost is significantly increased in the last 
decades, mainly in fuel derived by petrol. Shift 
to alternative solar energy source represents 
an effective way to reduce operating cost and 
increase farm income and many opportunities 
to adopt FPV even on small basins at farm level 
exist. Electricity is not only the primary source 
of power for lighting farm buildings, and often 
for heating and cooling, but can enter specific 
agricultural process. Harvested crops with a high 
moisture content generally undergo drying to 
meet storage and processing requirements, this 
process could be undertaken using electricity. 
Dairy operations require electricity for operating 
milking systems, cooling milk, and supplying 
hot water for sanitation. Greenhouse, nursery, 
and floriculture require many energy-intensive 
activities such as temperature regulation, plant 
disease and insect control, fertilization, and timely 
watering. Photovoltaic plants could not only 
benefit all the previous activities, nut could also 
benefit hog producers; central farrowing houses, 
nurseries, and hog barns; poultry brooding and 
grow-out houses.

A significant portion of crop production is 
irrigated requiring energy to operate the 
pumping equipment. The transformation of 
traditional gravitational systems into pressurized 
systems entails higher energy consumption; the 
adoption of self-produced solar energy could 
significantly reduce farm costs. In most cases, 
this modernization has requested the construction 

of water reservoirs by public bodies such as the 
Reclation and Irrigation Boards, here the resource 
would be better managed if evaporation losses 
from the water surface were reduced and this 
could be a secondary effect of energy production 
by FPV installations.

Another sector which could highly benefit of FPV 
is aquaculture which includes fish, shrimp and 
mussels farming. European aquaculture industry 
has grown, in a relatively short time, from a 
‘cottage’ industry to become a dynamic European 
and Global sector. Energy needs vary with 
production processes and species, but can involve 
specialized breeding tanks as well as grow-out 
tanks for fingerlings, feeding and monitoring 
systems for temperature and water control, as well 
as lighting. Development of offshore aquaculture 
installations, which represent an important option 
for the sector, will inevitably include significant 
automation with substantial energy requirements, 
and energy generation has to take place on sites 
where FPV systems can be easily implemented.

Conclusions
Effective adaptation and mitigation responses to 
climate change highly depend on adopted policies 
and measures across multiple scales. Clean energy 
is envisaged as a means to reach sustainability; 
technology development, diffusion and transfer, 
as well as finance are essential to enhance policies 
effectiveness.

Renewables capture two-thirds of global 
investment in power plants, as they become, 
for many countries, the least-cost source of 
new generation. Rapid deployment of solar 
photovoltaics, led by China and India, helps 
solar become the largest source of low-carbon 
capacity by 2040, while in the European Union, 
renewables account for 80% of new capacity. 
Floating PV plants are increasingly adopted 
even at large scale, China undertakes to install 
1GWp of water-based solar before 2018, in a 
single province Anhui (Shanghai Chapter of the 
European Chamber, 2018).

FPV plants are a promising approach to address 
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globally the energy/land/water sustainability; 
the agricultural sector could highly benefit from 
this technology, which represents a synergic 
response to the previous issues. In fact, in many 
area, including the Mediterranean Region, water 
saving is becoming a necessity due to climate 
change and FPV installations not only produce 
clean energy, but are also a feasible approach 
to adopt evaporation mitigation techniques by 
covering, which adoption, despite the proven 
efficacy, has been prevented by high costs even 
in case of recyclable materials. Additionally the 
installation on water surface do not subtract land 
to other uses, and land preservation is assuming 

a strategic relevance in a context of population 
growth and competing uses. In a comprehensive 
valuation, positive environmental externalities 
compensate higher investment cost of the floating 
installations, which could be implemented in 
different contexts, from small basin in farms, up 
to channels and big basin managed by Irrigation 
Boards, or even offshore for aquaculture.

The patented NRG Island floating photovoltaic 
system has proved to be a feasible and available 
technology capable to join good performances in 
energy production with excellent performance in 
the environmental dimensions, at lower cost of 
other existing patents.
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Abstract
The objective of realising the integration of power generated by renewable energy sources (RES) 
such as wind and solar with the grid to provide a sustainable and resilient power system operation 
faces many challenges in terms of maintaining power quality (PQ). The widespread applications of 
power electronics driven or controlled loads and other sophisticated equipment in industries, offices 
and homes are responsibly contaminating the modern power distribution systems with unwanted 
harmonics. The harmonic currents originating from the nonlinear loads cause voltage drops in the 
power distribution system. The presence of harmonics causes many ill effects which include greater 
transformer and line losses, derating of distribution system equipment, reduction in system stability, 
heating up of electrical equipment and accessories which lead to a reduction of their lifespan etc. The 
problems associated with PQ can be resolved by using power electronics based on custom power 
devices (CPD) on the distribution side of the power system. Generally, harmonics related PQ problems 
are mitigated with the help of voltages source converter (VSC) based active power filters (APFs) 
with different configurations on the distribution side of the power system. The unified power quality 
conditioner (UPQC) is one of the flexible CPDs which has the competence to eradicate various forms 
of PQ problems. This type of CPD is realized by combining two APFs (series and shunt). In this 
paper, a model of a current source converter (CSC) based UPQC with the integrated fuzzy-PI control 
system is proposed in order to mitigate voltage sag and harmonics related problems simultaneously in a 
secondary power distribution system. The proposed model has been simulated in the Matlab/Simulink 
platform and the simulation run results are also presented to support its suitability for improving power 
quality in a power distribution system manifested with voltage sag and harmonics related PQ problems.

Keywords:- Power quality, Custom power device, UPQC, Current source converter, Fuzzy logic 
controller

Introduction 
The power distribution companies will be facing 
the challenges of supplying good quality power 
to their customers who are using sensitive loads 
in the very near future. There has been the ever 
growing approach of the utilities to adopt new 
and RES based power generation systems and 
their integration with the conventional power 
grids. Also, the extensive applications of power 

electronics driven or controlled nonlinear loads 
and other sophisticated equipment in industries, 
offices and homes are increasing day by day. This 
scenario conscientiously pollutes the modern 
power distribution systems with unwanted 
harmonics thereby degrading the electric PQ.  
The presence of harmonics causes a reduction in 
the lifespan of power equipment and accessories 
due to greater power losses in the form of heat. 
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The modern power distribution systems encounter 
various forms of PQ problem such as voltage dip 
or sag, swell, interruption, under-voltage, over-
voltage, sustained oscillation, voltage imbalance, 
notching, dc offset, voltage flicker etc. [1-5]. 
These types of PQ problems can be mitigated by 
using power electronics based CPDs for instance 
distribution static synchronous compensator 
(D-STATCOM), dynamic voltage restorer 
(DVR), UPQC and active power filters (APF). 
The frequency of the occurrence of voltage sag 
is comparatively larger than other types of PQ 
problem. The power system faults, energizing 
of heavy inductive loads and intermittent loose 
connection in the power wiring are responsible 
for causing voltage sag or dip [2, 6]. This type of 
PQ problem can hamper the production process of 
industries where sensitive loads such as adjustable 
speed drives (ASD), process control equipment, 
digital computers etc. are widely used and as a 
result, huge financial losses will be incurred [6, 8]. 
Amongst the various types of CPDs, the UPQC is 
considered to be one of the most versatile CPD 
capable of alleviating both the voltage sag and 
harmonically related PQ problems effectively. 
In most of the literature, the UPQC is designed 
and implemented with the help of VSC topology 
due to various reasons as discussed at [6-9, 11-
13]. There are many the advantageous features of 
CSC topology as described at [6-9, 11-13]. The 
UPQC is constructed by combining the series 
and shunt APFs. The series APF of the UPQC 
injects voltage for ensuring the voltage at the 
load terminals balanced and free from distortion 
whereas the shunt APF injects current on the AC 
system such that the currents entering the bus 
to which the UPQC is connected are balanced 
sinusoids in a coordinated manner [2]. As the 
output voltage and current waveforms of the CSC 
topology are good sinusoids, this topology can 
be treated as the best option for use in the series 
APF of the UPQC system where the voltage is to 
be injected in series with the power distribution 
system through the coupling transformers [2, 
12-13]. The CSC based UPQC will operate with 
greater reliability as the large series inductor can 
limit the rate of rising of current in the event of 

a fault. The implementation of the CSC based 
UPQC will provide better responses in terms of 
providing more fault tolerant capability, more 
reliable, efficient converter operation and simpler 
AC side filter circuit arrangements.

In this paper, a model of CSC based UPQC 
capable of mitigating voltage sag and elimination 
of harmonics simultaneously in a secondary power 
distribution system with an integrated fuzzy-PI 
controller is proposed. The model so developed 
has been simulated in the Matlab/Simulink 
environment to ascertain its performances. 
The simulation run results are also discussed to 
confirm its suitability for using as a feasible CPD 
to enhance PQ in a secondary power distribution 
system.

Structure of the Proposed UPQC
The simplified structure of the proposed CSC 
based UPQC is shown in Fig. 1. It consists of two 
numbers of CPDs viz. a series and a shunt APFs 
sharing a common DC link reactor. The shunt APF 
is capable of generating or assimilating reactive 
power in order to support the voltage at the point 
of common coupling (PCC).

Figure 1. Structure of the proposed UPQC

The series APF of the UPQC can restrain the 
customer voltage from any deviation in magnitude. 
The necessary energy exchange between the 
series and the shunt APFs of the UPQC is done 
through the common DC link reactor. The UPQC 
can compensate not only the harmonic currents 
emanating from the nonlinear load but also 
harmonic voltages of the distribution supply 
system. Hence, it can improve the PQ delivered 
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for other harmonic sensitive loads sharing the 
same bus in the power distribution system [18, 19-
20]. The shunt and series coupling transformers of 
the UPQC are fed from two separate CSCs. The 
switching devices for CSCs should have large 
reverse voltage blocking capability. Therefore, 
gate turn off thyristors (GTO) have been selected 
as the switching elements for both the series 
and shunt APFs of the proposed model. The 
shunt APF has been connected on the load side 
as this way of configuring the UPQC ensures 
better performances in terms of providing the 
capability to operate with zero power assimilation 
or injection, achieving unity power factor at load 
terminals, compensating full reactive power and 
so on.

Figure 2. Schematic diagram of the control system for the proposed model

Control Strategy of the Proposed Model
The UPQC should able to tackle any deviation 
of the current and voltage waveforms from 
their desired patterns at the PCC by initiating its 
operation. The shunt APF converts the source 
currents into balanced sinusoidal currents and 
the series APF will convert the load voltage to 
a balanced sinusoidal voltage. The series APF 
mitigates the problem of voltage sag at the PCC by 
injecting appropriate compensating voltages and 
regulate it to the desired value for proper operation 
of the load. Likewise, the shunt APF of the UPQC 
alleviates the current linked problems caused 
by the harmonics by injecting the appropriate 
compensating currents. The schematic diagram 
of the control system for the proposed model is 
depicted in Fig. 2.

In the process of developing the control system 
structure, the reference signals are generated by 
sensing the voltage and current for the series and 
shunt APFs respectively. Based on these reference 
signals, the switching pulses required for the 
CSCs employed in both the APFs of the UPQC 
are generated by using hysteresis band PWM 
controllers. The hysteresis band PWM technique 
provides advantageous features such as simplicity 

of implementation, faster response, inherent peak 
current limiting capability and does not require 
any information about system parameters [21]. 
The control system of the proposed model can 
be divided into two subsections as discussed 
hereunder.

Series APF Control System

In the proposed model, the objective of the 
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series APF is to deter any type of voltage related 
disturbances such as voltage sag initiated by faults 
on the supply side. The series APF is designed to 
act as controlled voltage source by imposing high 
impedance for the harmonic currents to flow from 
the loads to source and vice-versa. The reference 
load voltages are determined by multiplying a 
phase lock loop (PLL) based unit vector templates 
with a constant equal to the maximum value of 

the fundamental supply voltage [23]. This filter 
ensures to inject suitable voltage magnitude 
between the PCC and load in order to make the 
load voltage balanced, sinusoidal, free from 
distortion and provides the desired voltage profile. 

Considering that a sinusoidal and balanced 
3-phase supply voltage is available at the 
secondary distribution, it can be expressed as:

   (1)

where Vm is the maximum value of supply voltage 
on each phase. The supply voltages of each phase 
given in equation (1) are converted from abc 
frame to αβ0 coordinate frame by using Clarke’s 
Transformation. Clarke’s transformation for these 
source voltages can be written as:

          (2)

The series APF controller determines the reference 
signals required for the series CSC circuit by 
comparing the positive sequence component with 
the distorted supply voltage [24-26]. Then, the 
reference voltages are computed by using the αβ0 
coordinate frame voltages available at equation 
(2). For generating the reference voltage signals 
(vsa*, vsb*and vsc*), the αβ0 coordinate frame 
is transformed to abc frame using the inverse 
Clarke’s transformation as given below:

          (3)

Now, the hysteresis band PWM controller 
generates the required switching pulses for the 
GTO switches used in the series APF by comparing 
the 3-phase sensed load voltages (vL) with that of 
the reference voltages shown in expression (3).

Shunt APF Control System

The shunt APF is designed to mitigate problems 
related to current caused by harmonics. In CSC 
based UPQC, it controls the DC link reactor 
current but in the case of VSC based UPQC, it 
controls the DC link voltage. It also performs the 
tasks such as absorption of current harmonics, 
compensating the reactive power and negative 
sequence current originating from the load etc. 
[25]. In the proposed UPQC, instantaneous 
reactive power (p-q) theory has been adopted 
to control of shunt APF. Based on this theory, 
the instantaneous 3-phase voltage and current 
are converted into αβ0 coordinate frame from 
the abc coordinate with the help of Clarke’s 
transformation method as given expressions (2) 
and (4) respectively.

          (4)

The instantaneous active and reactive powers in 
orthogonal coordinates can be written in matrix 
form [25] as shown in equation (5).

            (5)

The reference current of shunt APF can be 
determined from equation (6) given below.

  (6)
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The reference current in equation (6) is then 
converted into abc frame by using inverse Clarke’s 
transformation for obtaining the reference source 
currents (i*sa, i*sb, i*sc) as given in expression (7) 
in for compensating the harmonic, reactive and 
neutral currents of the loads [24].

           (7)

The switching pulses for GTO switches of the 
shunt APF are generated by comparing the actually 
sensed currents with the reference currents given 
in expression (7). As the proposed UPQC is based 
on CSC topology, the DC current (Idc) must be 
greater than the maximum value of the harmonic 
current to be generated by the shunt APF. The 
magnitude of Idc is sensed and compared with a 
reference dc link current. A discrete PI controller 
is then used to process the error signal in order 
to regulate the DC link current. The PI controller 
output signal is considered as switching power 
losses of the shunt APF and it is added to the 
real power loss component for deriving the 
reference source current [25]. Although the PI 
controller is capable of providing a good control 
action for any nonlinear and complex industrial 
process, it needs stringent and proper tuning of 
its parameters. Generally, the power distribution 
system dynamics is very fast and unpredictable. 
Thus further tuning of the PI control parameters 
at different instants of time and events is essential 
for smooth and better operation. In the control 
system of the shunt APF, the output of the discrete 
PI controller is fed to a Mamdani type fuzzy 
logic controller (FLC) for tuning the PI control 
parameters for achieving better performances at 
various operating conditions. This FLC contains 
two numbers of inputs and a single output. These 
inputs are the error in DC link current and the 
change in error in DC link current as given below:

             (8)

           (9)

where e (i) represents the error current and de 
(i) indicates the change in error current in the ith 
iteration. Idcref is the reference DC link reactor 
current and Idc (i) is the dc link current in the ith 
iteration. The outputs of the FLC are chosen as 
the change in Kp value and the change in Ki value.

          (10)

          (11)

where Kpref and Kiref  are the reference values of 
proportional and integral gains respectively. ΔKp 
and ΔKi are changed in Kp and Ki [13, 29].

Table 1  Control rules of the proposed FLC

Fig. 3  Fuzzy inference system file of the FLC

Seven membership functions have been 
considered for the input variables as well as the 
output variable namely NB, NM, NS, Z, PS, PM 
and PB indicating negative big, negative medium, 
negative small, zero, and positive small, positive 
medium and positive big respectively. A set of 49 
control rules has been created for the proposed 
FLC as shown in Table 1.

Considering the coverage, sensitivity and 
robustness of universe, three different shapes 
membership functions Z, Triangular and S on 
the left, at the middle and on the right sides 
respectively have been selected for both the 
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input variables ‘e’ (error input) and ‘de’ (change 
in error) [13, 30].  A fuzzy inference system 
file named “fuzzy_UPQC_CSC.fis” has been 
developed for the shunt APF controller as shown 
in Fig. 3. For reducing the steady state error in the 

output of FLC, an external integrator is connected 
to the output of the FLC [13, 31].

Simulation Results
Fig. 4 shows the complete Simulink model of 
the proposed CSC based UPQC controlled by an 
integrated fuzzy-PI control system.

Fig. 4  Simulink model of the proposed CSC based UPQC

Fig. 5  Source and load voltage waveforms

In order to examine the performance of the 
proposed UPQC, the model has been simulated in 
various operating conditions as discussed below.

Simulation of the secondary distribution 
system without operating UPQC 

The secondary power distribution system of the 

proposed model has been analyzed first without 
operating the UPQC and also excluding 3-phase 
voltage sag generator. Figures 5 (a) and (b) 
show the source and load voltage waveforms 
respectively in this operating condition.

It is observed that the power distribution system is 

capable of catering the desired voltage magnitude 
of 415 V (RMS) or 586 V (peak to peak) to the 
3-phase rectifier (nonlinear) load. The total 

harmonics distortion (THD) values of the source 
and load voltages are established to be 0.58 % and 
0.70 % respectively. The source and load current 
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waveforms in this operating mode are also depicted in Fig. 6 (a) and (b) respectively.

Fig. 6  Source and load current waveforms

Fig. 7  Source and load current harmonic spectrums

The source current waveform at Fig. 6 (a) has 
lots of distortions for a few milliseconds initially. 
The load current waveform which is shown in 
Fig. (b) also contains unwanted harmonics. Both 

the current waveforms are not in pure sinusoidal 
nature. The THD values for the two currents have 
been investigated with the help of FFT analysis 
and the results are given in Fig. 7.

The source current has a THD value of 10.84% and 
the load current contains a THD value of 21.41% 
as shown in Fig. 7 (a) and (b) respectively. From 
this simulation results, it is observed that the 
nonlinear load injects undesirable harmonics to 
the power distribution system.

Simulation of the secondary distribution 
system with the proposed UPQC 

The effectiveness of the proposed model under 
faults condition on the source side with a nonlinear 
load connected to the distribution system has been 
investigated with the operation of the proposed 

UPQC. A 3-phase fault block from the Matlab/
Simulink toolbox has been utilized to produce 
voltage sag during the period from 0.1 seconds 
to 02 seconds. The waveforms for the source, 
injected and load voltage under this operating 
condition is shown in Fig. 8 (a), (b) and (c) 
respectively.

From the Fig. 8 (a) shows that the distribution 
source voltage has voltage sag during the period 
from 0.1 seconds to 0.2 seconds. The series APF 
of the UPQC injects the necessary voltage to the 
distribution system through the series coupling 
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transformers during this period as shown in Fig. 
8 (b) so as to mitigate the voltage sag.  Fig. 8 (c) 

shows the regulated load voltage waveform which 
has the desired magnitude of 415 V (RMS) or 586 
V (peak to peak) to operate the load smoothly.

Fig. 8  Source, injected and load voltages

Fig. 9  Source and load voltage harmonic spectrums

Fig. 10  Source and load current waveforms

Fig. 9 depicts FFT analysis results for the source 
and load voltages under this operating condition. 
From Fig. 9 (a) and (b), it is found that THD 
value of the source voltage reduces from 0.58% 

to 0.36% and 0.70% to 0.55% for the source and 
load voltages respectively. Fig. 10 (a) and (b) 
show the source and load current waveforms 
observed under the same operating condition.
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The FFT analysis of these currents indicates that 
there is the presence of harmonics but at reduced 

levels. The results of the FFT analysis are shown 
in Fig. 11 (a) and  (b) respectively.

Fig. 11  Source and load current harmonic spectrums

Table 2 Parameter settings for simulation

The THD value of the source current has 
significantly decreased from 10.84% to 0.63% as 
depicted in Fig. 11 (a). Also, the THD value of the 
load current is found to be appreciably reduced 
from 21.41% to 6.21% as shown in Fig. 11 (b). 
From these results, it is confirmed that the shunt 

APF component of the proposed model executes 
the task of mitigating the current related problems 
occurring in the power distribution system 
correctly. The values of different parameter 
settings of the model used during the simulation 
are given in Table 2.

Conclusions
In this paper, an attempt has been made to 
investigate the performance of a UPQC model 
based on the much overlooked CSC topology 
using an integrated fuzzy-PI controller for 
improving power quality in a secondary power 
distribution system. The various aspects and 
issues related to modelling and simulation of the 
proposed model have been discussed in details. 
The proposed model is found to be capable of 
executing the voltage sag mitigation as well as 
harmonics compensation tasks simultaneously 

and appreciably. The simulation run results under 
various operating conditions reveal that the 
proposed UPQC can provide a considerably clean 
and regulated voltage to the load at the desired 
magnitude of the magnitude of 415 V (RMS) or 
586 V (peak to peak).  By operating the UPQC, 
the THD value of the load voltage and current 
could be brought within the limits specified by 
the IEEE standard 519-1992. Therefore, the 
proposed model can be treated as one of the 
possible solutions for enhancing power quality in 
the power distribution system. 
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Abstract
Echoing the clarion call of recent advancement in High Voltage Direct Current (HVDC) transmission, 
the authors propose to harness it by using renewable source of energy i.e. ‘Solar’. In this civilized world, 
even today billions of people are deprived of education, good health and standard living most of them 
living in remote rural village areas. The world energy consumption is 16TW. The sun gives 23,000 TW 
every year. Thus, the solar energy is capable of meeting the world’s energy requirement for anytime to 
come. On a hot, sunny day at room the sun sends down roughly 1KW (the power of a toaster) for every 
square meter of the ground. The biggest challenge is to make it cost effective so that it can be easily 
marketed to individual households and organizations. The need is to efficiently manage this initiative 
so that the awareness and importance is transferred to the remotest locations. To make it cost-effective, 
the technology needs to be re-engineered by using High Voltage Direct Current (HVDC) in order 
to produce higher benefits with lower cost. The Solar PV ecosystem will become more efficient by 
adapting the ‘Smart Grid Technology’ which helps utilities assess, plan, implement and manage smart 
grid communications networks to enable data and voice communications across the power grid. It 
helps optimize intelligent utility network (IUN) capabilities to improve reliability, increase agility and 
reduce costs, while establishing common, standards-based, security-rich communications for emerging 
operational needs [1].In this paper, the authors have re-engineered the current setup circuitry, identified 
load and capacity, prepared circuit diagram and produced a proposal integrating the management and 
technology aspects of harnessing solar energy in a rural Indian school of Ayodhya.

Keywords:- Solar Energy, Smart Village, Renewable Energy

Introduction
Worldwide fossil fuels are reducing at a very high 
rate and if we do not switch to other form of energy 
at this stage, we will leave nothing for our coming 
generations. Fossil fuel on the earth is finite, it 
takes 1000 of years for fossil fuel preparation. 
People won’t be able to burn and derive energy 
any more beyond the lasting periods which is 
close to 100 – 200 years for most of these fuels.

Other important factor is the impact caused to the 
environment and the derived pollution, product 

from fossil fuels combustion, leading global 
warming and subsequent climate change. This 
situation affects inhabitants all over the world.

We see the growing public concern about 
environmental problem and air pollution. Air 
becomes polluted when notorious gases and black 
carbon particles are released into the air. These 
are mainly sulphur di-oxide, carbon mono oxide 
and nitrous oxide. Sulphur di-oxide occurs mainly 
when coal and oil are burnt in power plants. 
Carbon mono-oxide and carbon do-oxide are 
another harmful greenhouse gases caused due to 
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burning of fossil fuels. Nitrous oxide only occurs 
at high temperatures, it facilitates and causes acid 
rain, it is known to cause a trifurcation which is 
caused again by power plants.

Renewable Energy
In the past twenty years, the potential of solar 
energy, water, water, biomass, wind and geo-
thermal has been rediscovered. With the help 
from modern technologies, this energy sources are 
converted to electricity, heat and fuel. However, 
their full potential has not yet been achieved.

Solar energy being abundant in nature is a suitable 
alternative at this stage, since we now have the 
technology to channelize this solar energy for 
power generation. Half of the earth is always 
receiving incessant energy in the form of solar 
radiation. On a hot, sunny day at room the sun 
sends down roughly 1KW (the power of a toaster) 
for every square meter of the ground. This amounts 
to almost 23000 tera-watts every year against our 
total requirement of 16 tera-watts. Thus, solar 
energy is not only free but abundant almost 1000 
times more as compared to our requirement. 

With the much of the abundantly available energy 
from the sun, why is it that our villages and 
remote cities are suffering for lack of energy for 
their night life and education? Why do we depend 
on fossil sources which do not belong to us? 
Moreover, it won’t last for more than 100 years.

Solar energy has a special place among potential 
future energy sources, being extra ordinarily 
abundant wherever the population exists. 

Review of Literature
In 2007 only 12.4% of the total primary 
energy supply worldwide was delivered from 
sustainable power sources. Other sources of 
energy represented: 34% for oil, 26.4% for coal, 
20.9% flammable gas and 5.9% nuclear energy 
(Intergovernmental Panel on Climate Change, 
2007)[2]. 

Despite a huge potential, it appears that a 
significant solar energy industry has yet not 
established, particularly in developing countries, 

where additional work is needed to identify where 
these resources are located and how to create high 
quality maps that would allow their exploitation. 

The India Government has set a very huge target 
of producing 100 GW of solar energy by the 
year 2021-22 under the National Solar Mission 
(MNRE, 2015)[3]. 60 GW of it is envisaged 
to be generated by the ground mounted grid-
connected solar power and rest from the roof-
top grid interactive solar power. To monitor the 
generation of solar power, Ministry has also fixed 
year-wise targets for the country. The Ministry is 
putting all endeavours through different schemes 
of Central Government and State Governments to 
accomplish the target of the current year which is 
12,000 MW.  

Several projects has been initiated by the Ministry 
of New & Renewable Energy to achieve the 
above mentioned objective like “Scheme for 
Development of Solar Parks and Ultra Mega Solar 
Power Projects”; “Scheme for setting up 300 MW 
of Grid connected Solar PV Power Projects” 
by Defense Establishments under Ministry of 
Defense and Para Military Forces with viability 
Gap Funding; “Scheme for Development of 
Solar PV Power Plants on Canal Banks/ Canal 
Top””; “Scheme of setting up 1000 MW of Grid- 
Connected Solar PV Power Projects” by CPSUs 
with Viability Gap Funding ; “Solar PV Power 
Projects” by NTPC/NVVN; “Setting up of 2000 
MW Grid connected solar power” with Viability 
Gap Funding through Solar Energy Corporation 
of India (SECI);“Scheme for Setting up of 15000 
MW of Grid connected solar power” to accomplish 
this target. Apart from this, Ministry has also 
launched an ambitious scheme for roof-top solar 
installation. Parallelly, other state governments 
are coming up with solar power projects under 
their own policies.

Despite tremendous focus from the government 
and environmentalists, the access and follow-up 
difficulties for renewable technologies in rural 
areas continue to exist which has been highlighted 
in different studies. The closure or halt of many 
solar projects not only makes the villages de-
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electrified, but also renders these projects, set up 
with capital subsidy from the Government, as 
dead infrastructure.

Study
Although, the targets are being set from decades 
to go solar and the technology is also available 
since 130years and it is being implemented 
successfully for 20years, but still the coverage 
is not progressing as per the expected targets. 
Solar implementation is still perceived to be too 
expensive. 

Problems with Solar Energy - Why it is 
Not More Widely used?
The typical characteristic of Solar Energy is that 
it is distributed and based on radiation of photons 
as against the Fossil Fuel which is based on 
combustion of carbon and hydrogen and results 
in emission of Green House Gases (GHG) which 
is un-desirable.

We are blessed to have abundant, reliable and 
pollution-free power from the sun all over the 
world. However, there are problems in harnessing 
this solar energy, mainly the expensive cost and 
inconsistent availability, have prevented it from 
coming up as a more utilized energy source. 

Source: Press information bureau, 2016.

In Asia, still Solar power is only a tiny fraction of 
all power produced in the continent, even though 
there is an abundance of sunshine in the vast 
regions of the continent. To harness more of this 
free energy, we need to discover new materials, 
modern technology, develop new production 
techniques and resolve the problem of storing 
energy during the dark. 

The main reason of slow progress of solar power 
project is the cost. It is 5 to 11 times more expensive 
to produce solar power than conventional power 
i.e. from coal, hydro or nuclear sources. 

Innovative approaches to generating or storing 
renewable energy with different levels of 
complexity keep appearing around the world. 
While many of them are either simple or aimed 
to solving very specific needs, others are just the 
opposite. In most cases, further research is needed 
to be able to scale them to industrial proportions 
in an affordable way.  

Therefore, the study revolves around integration 
of the two aspects which consists of firstly the 
technological changes in the current setup to 
make it cost-effective and secondly, a strong 
management to plan, implement and maintain 
solar setup within the stipulated time, cost and 
quality. 
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Proposed Solution
The first aspect which is technological changes 
in the current setup is based on knowledge, re-
engineering and re-designing the current setup 
circuitry eliminating the redundant component.

While the electrical device needs AC power, 
contrary to it the electronic devices require DC 
power and Solar generates DC power but in 
today’s scenario we convert this DC to AC as a 

conventional approach. Thus, the new approach 
proposed is to take DC power from the solar 
panels to directly charge the electronic devices 
like computers, laptops, mobiles, microwaves, 
etc. This would eliminate the need for expensive 
inverters and AC/DC conversion adapters and 
would enable IT education which is which is 
currently being hampered due to erratic power 
supply in rural and remote areas.

The reason we are using AC power today is that 
the power generated in power houses needs to 
be transmitted to individual buildings, which 
cannot be transmitted as DC because it leads to 
power wastage (termed as copper-loss).Thus, it 
is converted to AC during transmission from the 
power houses and hence all our current electrical 
and electronic equipment are having the input 
source as AC. But the fact is that all the electronic 
equipment run on DC, so today although they 
have input source as AC, they have in-built 
adapter to convert it to DC before transmitting it 
to the electronic equipment. Now, if we re-design 
the current setup, generating DC solar power at 
the rooftop which doesn’t need that long-distance 
transmission, can power the devices as DC, 
without the need to converting it to AC and without 
the need for any inverter and adapter. Also, the 
need for grid is eliminated particularly in remote 

and difficult terrains. Hence it would provide 
appropriate solution to the problem of excessive 
cost by eliminating the cost of inverters, adapters 
and grid in the entire solar implementation. 

Study proposes DC circuitry for all the electronic 
setup like IT organizations, computer laboratories, 
and electronic shops with the solar panel on their 
rooftops. 

Giving an example of a computer laboratory of 
a rural Indian school running 10 laptops with 
basic amenities like light, fan and charger, the 
consumption comes to less than 300W which can 
be fulfilled by a 300W photo-voltaic solar panel 
on their rooftop. The proposed circuitry involves 
a charge controller that feeds direct current (DC) 
power to a bank of lead-acid batteries, which 
connects directly to the electronic appliances 
without the need of an inverter that outputs 
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alternating current (AC) power (the one used for conventional power supply today) as depicted 
below:

Circuit diagram

The cost and ROI is calculated below assuming sunny days in a year as 300 and full sunshine 
hours as 5.ROI calculation

*Cost further goes down if we add the solar incentive and 
remove the current conventional power incentive

Thus, the proposed solution provides a much 
simpler system which comes out to be less 
expensive to produce and maintain the required 
power supply generated by the solar panels at 
the rooftops. The return on investment (ROI) 
estimates the return in 5-6 years for to power 
10 to 25 Classroom PCs, compared to the return 

of 15-20 years for a conventional AC system. A 
single inverter alone costs thousand to lakhs of 
rupees which is eliminated in the proposed DC 
system.

The second aspect, which is the management of 
solar energy, the author tries to define what Smart 
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Grid is and what the success criteria of a solar 
project are. 

SMART GRID

Technically a smart grid is the combination of 
several a smart object like smart solar meters, 
sustainable power sources, intelligent appliances 
and energy efficient assets. The key aspects 
of Smart Grid are solar power monitoring and 
control of the creation and dissemination of solar 
power[4].

The electrical sector has opportunities through the 
design, installation and maintenance of devices 
such as both way metering, storage and invertor-
phone combination.

The cost of solar power is decreasing continuously 
as the volume of renewable power increases and 
the cost of panels go down. We must move the DC 
network and DC equipment.

In Europe, Smart grid policy is organized as Smart 

Grid European Technology Platform[4], while in 
USA, the policy is described in 42 U.S.C.ch. 152, 
subch. IX § 17381.

In India too, there is a need to focus on the 
upgrades in electronic communication technology 
to determine the impediments and expenses of 
the solar grid. Earlier metering used to drive 
peak power costs to be averaged out and billed 
to all customers equally, but that’s not the case 
today. The technological advance has removed 
those limitations, and now there is a need for 
more sophisticated control systems, to manage 
the connection of sources to the grid [5]. Power 
from photovoltaic cells are now calling for the 
imperative for large, centralized power stations. 
The rapid growth of the renewable technology 
point to a major change from the centralized grid 
topology to the distributed topology, with power 
being both generated and consumed right at the 
limits of the grid. Finally, distributed power 
stations also minimize the growing worries over 
militant attack in few nations that is less reliant 
on centralized power stations that were seen to be 
potential assault targets [5].

Author proposes a roll-out of smart grid technology 
for Solar power in India which leads to the basic 
re-engineering of the solar power industry.

Smart Grid Technology

There are following fundamental technology used 
to derive the smart grid technology[6].

• Managing Solar Growth with proactive 
Monitoring

• Intelligent Appliances
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• Smart Solar Substations

• Remote Monitoring of Conducting 
Cables

• Demand Response Support

• Integrated Communications

• Smart Power Meters (dual)

Smart Grid program that cross organizational 
boundaries, encompasses modern tools to 
effectively communicate using the interfaces such 
as e-Mail and web browsers. Most common uses 
would be to:

• Analyse and track inter-dependencies of 
projects and the activities within the project.

• Scheduling and tracking progress

• Detailed Cost calculations

• Publish progress reports, 

• Publish individuals’ task details,

• Handle changes, risks, and issues and manage 
the workflow

• Enforce controls, like, in the “checking in” 
and “checking out” of documentation. 

Solar Smart Grid Management is the sum of 
measures planned and carried out to achieve 
the objective of lever aging solar power in the 
minimum cost while the comfort levels (in offices 
or dwellings) and the production rates (in grids 
or rooftops) are maximized. Solar management 
also includes on-grid, off-grid and hybrid setups. 
The appropriateness is determined in each case. 
This shows that how much solar energy should 
be used, what is the ideal consumption and how 
much solar energy can be saved for the grid.

The implementation needs to be pro-actively 
planned, executed, monitored and controlled 
with assessment of all the risks and issues. The 
above method as a whole is referred here as solar 
management.

Conclusion
In rural areas, Affordability is an important 
consideration in realizing solar energy access. 

Even if the installation is provided almost free 
by the highly ambitious government policies, the 
finances for solar energy production, operation 
and maintenance might turn out to be higher than 
the paying capacity of villagers. It still needs to go 
a long way to make the solar panels less expensive 
depending upon the time and money invested by 
government and private industry into solar energy 
research and development. Thus, the biggest 
challenge is to make it cost effective so that these 
solar panels can be easily marketed to individual 
households and organizations[9]. Education is 
also crucial to generate a global socio-cultural 
impact on how energy consumption is perceived 
and awareness on the cost of energy production 
as well as depletion of traditional energy sources. 
The need is to efficiently manage this initiative so 
that the awareness and importance is transferred 
to the remotest locations. 

To make it sellable and cost-effective, we need 
to take a different approach to produce higher 
benefits with lower cost i.e. designing an 
improved way to power electronic devices using 
solar power directly at DC [10]. 

Author believes that if the given approaches are 
implemented methodically with efficient solar 
management and proposed technological reform, 
it will particularly address the Indian situation of 
the rural Infrastructure Settings, which will shape 
the village as a Smart Village like a Smart City of 
any State in the country.

List of Abbreviations
AC  Alternating Current

HVDC High Voltage Direct Current

MNRE Ministry of New and Renewable Energy

MW Megawatt

PV Photo Voltaic

ROI Return on Investment

SECI Solar Energy Corporation of India

TW Terawatt

UPS Un-Interrupted Power Supply
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Abstract
Most of us would have travelled through train at least once in our life as Indian railways are highly 
interconnected within the country. Amongst those who have travelled would also have used the 
washrooms while travelling and it would never be a surprise if we had ever come across a situation 
in which we found out that there was shortage of water in the washroom. This situation mainly arises 
due to poor information regarding shortage of water in the train and unpreparedness for water refilling 
while the train arrives a particular station. This embedded project aims to bring about a solution for this 
problem by implementing IoT and mesh network communication between the train coaches by sharing 
the water level information. It is implemented by using ESP-8266 Wi-Fi modules, Arduino Uno and 
Ultrasonic sensors. This way station can be informed regarding which train coach has least water in it 
and the workers can be positioned accurately to ensure filling without any delay. In order to sense the 
level of water in train coaches, a sensor node installed within which detects the water level status and 
forwards it to the upcoming station database. From the station database the information is passed to 
workers to their mobile phones that notifies, which coach has low water level and the workers should 
fill that coach with water.

Keywords:- Arduino Uno, ESP-8266 Wi-Fi module, IoT, Mesh network communication, Ultrasonic 
sensors

Nomenclature
Q   Quantity

WLD Water Level Detector

Introduction
Water is a precious commodity for all living thing 
in earth and we humans are no different, in fact 
we can survive without food for days but not with 
water. We use it not only for drinking but also for 
cleanliness and refreshment. So water is important 
where ever we go. Travelling is something that 
we all humans mostly do, and in India travelling 
through train is the most common, cheapest and 
efficient mode of transportation. Journeys through 
train may take hours and at this instances lack of 
water to meet our basic needs becomes frustrating 

and agonizing. This is a regular scenario in Indian 
railway and the prime cause is not that there in 
unavailability of water but unmonitored refilling 
of water at the required train coaches. It brings 
an important need in monitoring the quantity of 
water available for passenger usage and ensuring 
timely refilling at the allotted station without any 
delay. This project aims at solving the problem 
by providing better and effective notification 
mechanism directly to the worker who fills the 
water tank of the trains.

Objective of the Proposed System
The objective is to design smart water level 
detecting system for train using IoT. This will 
enable to monitor the Water level in each coach 
and transmit the data signal to a stations database 
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so that it could be analysed and assign workers to 
fill up the water tank when the train arrives. Each 
coach has sensor and Wi-Fi node, and every node 
in the train are mesh connected so that no data 
is lost when connection is broken. All the data 
from each coaches send to main coordinator node 
that is located in the engine and from there it is 
send to station database .The workers can access 
the details of the water level in the coach using 
physical web in their mobile or other connectivity 
device.

Water Level Detection
Purpose:  Day-by-Day there are more complaints 
on train water management system. People who 
are travelling in trains are facing problems due to 
lack of water. So in order to avoid that we came 
up with a solution named ‘Aqua Q Sense’ which 

detects the train water level status and sends it to 
upcoming station database. From that information 
workers will be allotted to fill the required tanks. 

Operation:  Firstly, the coaches are installed with 
a ultrasonic sensor node above 5 cm of the tank 
which will detect the water level. The sensor node 
installed will send ultrasonic waves of frequency 
ranging 20-22KHZ. The waves sent by ultrasonic 
sensor are received back after they are reflected 
from the water surface.  The received signal is 
collected by the echo and the information is sent 
to a Wi-Fi node installed within the train coach. 
Each train coach is installed with different Wi-
Fi modules and the modules are connected in a 
mesh network. The connected Wi-Fi nodes give 
information to the coordinator node that is to the 
main control unit and from the main control unit 
the data is sent to upcoming station database.

Fig. 1  Block Diagram

Water Level Detector Unit : Block Diagram 
consists of two water level detector units which are 
connected to each other and they are connected to 
a main control unit. Water level detector consists 
of an ultrasonic sensor which is connected to a 
Wi-Fi node. The sensed data from water tanks 
with ultrasonic sensor is observed by Wi-Fi node 
and through that Wi-Fi node the data is sent to 
main control unit. 

Main Control Unit :  Main control unit consist of 
Arduino, LED indicators, LCD and Wi-Fi module. 

This is the part that is located in the engine of the 
train. Here the data from each connected coaches 
are received, which includes coach ID and water 
level present in the tank of that particular coach. 
These data are collected and transmitted to the 
database of the station.

Station Control Unit : Station control unit 
receives the data coming from the upcoming train 
and stores it. The worker receives the data and 
coach number from this data base and thereby 
they can position themselves to fill the tank.

Block Diagram Description
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Hardware Description
Arduino : The Arduino Uno is a microcontroller 
board based on the ATmega328. It has 14 digital 
input/output pins (of which 6 can be used as 
PWM output), 6 analog inputs, a 16 MHz ceramic 
resonator, a USB connection, a power jack, 
an ICSP header, and a reset button. It contains 
everything needed to support the microcontroller; 
simply connect it to a computer with a USB 
cable or power it with an AC-to-DC adapter or 
battery to get started. The Uno differs from all 
preceding boards in that it does not use the FTDI 
USB-to-serial driver chip. Instead, it features 
the Atmega16U2 (Atmega8U2 up to version 
R2) programmed as a USB-to-serial converter. 
Revision 2 of the Uno board has a resistor pulling 
the 8U2 HWB line to ground, making it easier to 
put into DFU-mode.

Revision 3 of the board has the following new 
features:

Feature1  1.0 pin out: added SDA and SCL pins 
that are near to the AREF pin and two other new 
pins placed near to the RESET pin, the IOREF 
that allow the shields to adapt to the voltage 
provided from the board. In future, shields will be 
compatible with both the board that uses the AVR, 
which operates with 5V and with the Arduino Due 
that operates with 3.3V. The second one is a not 
connected pin that is reserved for future purposes.

Feature2  Stronger RESET circuit.

Feature3  Atmega 16U2 replace the 8U2.

“Uno” means one in Italian and is named to mark 
the upcoming release of Arduino 1.0. The Uno 
and version 1.0 will be the reference versions of 
Arduino, moving forward. The Uno is the latest in 
a series of USB Arduino boards, and the reference 
model for the Arduino platform.

Fig. 2  Arduino with pin details
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Input and Output:  Each of the 14 digital pins on 
the Arduino Uno can be used as an input or output, 
using pin Mode(), digital Write(), and digital 
Read() functions. They operate at 5 volts. Each 
pin can provide or receive a maximum of 40 mA 
and has an internal pull-up resistor (disconnected 
by default) of 20-50 k Ohms.

In addition, some pins have specialized functions:

Serial:  pins 0 (RX) and 1 (TX). Used to receive 
(RX) and transmit (TX) TTL serial data. These 
pins are connected to the corresponding pins of 
the ATmega8U2 USB-to-TTL Serial chip.

External Interrupts: pins 2 and 3. These pins can 
be configured to trigger an interrupt on a low value, 
a rising or falling edge, or a change in value. See 
the attach Interrupt() function for details.

PWM:  3, 5, 6, 9, 10, and 11. Provide 8-bit PWM 
output with the analog Write() function.

SPI: 10 (SS), 11 (MOSI), 12 (MISO), 13 (SCK). 
These pins support SPI communication using the 
SPI library.

LED13: There is a built-in LED connected to 
digital pin 13. When the pin is HIGH value, the 
LED is on, when the pin is LOW, it’s off.

The Uno has 6 analog inputs, labeled A0 through 
A5, each of which provide 10 bits of resolution 
(i.e. 1024 different values). By default they 
measure from ground to 5 volts, though is it 
possible to change the upper end of their range 
using the AREF pin and the analog Reference() 
function. Additionally, some pins have specialized 
functionality:

TWI:  A4 or SDA pin and A5 or SCL pin. Support 
TWI communication using the Wire library.

There are a couple of other pins on the board:

AREF: Reference voltage for the analog inputs. 
Used with analog Reference().

Reset: Bring this line LOW to reset the 
microcontroller.  Typically used to add a reset 
button to shields which block the one on the board.

Wi-Fi Module : The ESP8266 Wi-Fi Module 

is a self contained SOC with integrated TCP/IP 
protocol stack that can give any microcontroller 
access to your Wi-Fi network. The ESP8266 
is capable of either hosting an application or 
offloading all Wi-Fi networking functions from 
another application processor. Each ESP8266 
module comes pre-programmed with an AT 
command set firmware, meaning, you can simply 
hook this up to your Arduino device and get about 
as much Wi-Fi-ability as a Wi-Fi Shield offers (and 
that’s just out of the box)! The ESP8266 module 
is an extremely cost effective board with a huge, 
and ever growing, community. This module has a 
powerful enough on-board processing and storage 
capability that allows it to be integrated with the 
sensors and other application specific devices 
through its GPIOs with minimal development up-
front and minimal loading during runtime. Its high 
degree of on-chip integration allows for minimal 
external circuitry, including the front-end module, 
is designed to occupy minimal PCB area. The 
ESP8266 supports APSD for VoIP applications 
and Bluetooth co-existence interfaces; it contains 
a self-calibrated RF allowing it to work under all 
operating conditions, and requires no external 
RF parts. There is an almost limitless fountain 
of information available for the ESP8266, all of 
which has been provided by amazing community 
support. 

Note: The ESP8266 Module is not capable of 5-3V 
logic shifting and will require an external Logic 
Level Converter. Please do not power it directly 
from your 5V dev board. This new version of the 
ESP8266 Wi-Fi Module has increased the flash 
disk size from 512k to 1MB.

Features:

•802.11 b/g/n

•Wi-Fi Direct (P2P), soft-AP

•Integrated TCP/IP protocol stack

•Integrated TR switch, power amplifier and 
matching network

•Integrated PLLs, regulators, DCXO and power 
management units
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•+19.5dBm output power in 802.11b mode

•Power down leakage current of <10uA

•1MB Flash Memory

•Integrated low power 32-bit CPU could be used 
as application processor

•SDIO 1.1 / 2.0, SPI, UART

Sensors and Display
Ulatrasonic Sensor : The ultrasonic ranging 
module HC-SR04 is used in this paper. Its stable 
performance and high ranging accuracy make it a 
popular module in electronic market. Compared 
to the Sharp IR ranging module, HC-SR04 is 

Fig. 3  ESP8266 Module and its pin details

Fig. 4  Ultrasonic Sensor and Angle for best performance

Fig. 5  Sequence Chart

more inexpensive. But it has the same ranging 
accuracy and longer ranging distance.

SPECIFICATION: Power supply: 5V DC, 
Quiescent current: < 2mA, Effectual angle: < 15°, 
Ranging distance: 2cm – 500 cm, Resolution: 1 
cm, Ultrasonic Frequency: 40k.
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A short ultrasonic pulse is transmitted at the time 
0, reflected by an object. The senor receives this 
signal and converts it to an electric signal. The next 
pulse can be transmitted when the echo is faded 
away. This time period is called cycle period. The 
recommend cycle period should be no less than 
50ms. If a 10μs width trigger pulse is sent to the 

signal pin, the Ultrasonic module will output eight 
40 kHz ultrasonic signal and detect the echo back. 
The measured distance is proportional to the echo 
pulse width and can be calculated by the formula 
above. If no obstacle is detected, the output pin 
will give a 38ms high level signal.

Theory behind ultrasonic level sensor  First, let us 
talk about some theory behind ultrasonic method 
of fluid lever measuring. The idea behind all 
contactless methods is to measure distance between 
transceiver and fluid. As said before, we transmit 
short ultrasonic pulse and we measure travel time 
of that pulse from transceiver to liquid and back 
to transceiver. Ultrasonic pulse will bounce from 
liquid level since because change of density of 
ultrasonic pulse travel medium (ultrasonic pulse 
first travel through air and bounce of liquid with 
higher density than air). Because water has higher 
density, majority of pulse will bounce off.

Liquid Crystal Display (LCD) :  LCD screen 
is an electronic display module and find a wide 
range of applications. A 16x2 LCD display is 
very basic module and is very commonly used 
in various devices and circuits. These modules 
are preferred over seven segments and other 
multi segment LEDs. The reasons being: LCDs 
are economical; easily programmable; have no 
limitation of displaying special & even custom 
characters (unlike in seven segments), animations 
and so on. A 16x2 LCD means it can display 16 
characters per line and there are 2 such lines. In 

Fig 6. Working of Ultrasonic Sensor

this LCD each character is displayed in 5x7 pixel 
matrix. This LCD has two registers, namely, 
Command and Data. The command register stores 
the command instructions given to the LCD. A 
command is an instruction given to LCD to do 
a predefined task like initializing it, clearing its 
screen, setting the cursor position, controlling 
display etc. The data register stores the data to 
be displayed on the LCD. The data is the ASCII 
value of the character to be displayed on the LCD. 
Click to learn more about internal structure of a 
LCD.LCD stands for liquid crystal display. They 
come in many sizes 8x1, 8x2 , 10x2 , 16x1 , 16x2 
, 16x4 , 20x2 , 20x4 ,24x2 , 30x2 , 32x2 , 40x2 
etc. Many multinational companies like Philips 
Hitachi Panasonic make their own special kind of 
LCD’s to be used in their products. All the LCD’s 
performs the same functions (display characters 
numbers special characters ASCII characters etc). 
Their programming is also same and they all have 
same 14 pins (0-13) or 16 pins (0 to 15).

Software Tool description
Arduino IDE : Arduino programs may be 
written in any programming language with a 
compiler that produces binary machine code. 
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Fig 7. LCD with Pin details

Table 1  Pin Description of LCD

Atmel provides a development environment 
for their microcontrollers, AVR Studio and the 
newer Atmel Studio, which can be used for 
programming Arduino. The Arduino project 
provides the Arduino integrated development 

environment (IDE), which is a cross-platform 
application written in the programming language 
Java. It originated from the IDE for the languages 
Processing and Wiring. It was created for people 
with no profound knowledge of electronics. It 
includes a code editor with features such as syntax 
highlighting, brace matching, cutting-pasting and 
searching-replacing text, and automatic indenting, 
and provides simple one-click mechanism to 
compile and upload programs to an Arduino board. 
It also contains a message area, a text console, a 
toolbar with buttons for common functions and a 
series of menus. A program written with the IDE 
for Arduino is called a “sketch”.[40] Sketches are 
saved on the development computer as files with 
the file extension .ino. Arduino Software (IDE) 
pre-1.0 saved sketches with the extension .pde. 
The Arduino IDE supports the languages C and 
C++ using special rules to organize code. The 
Arduino IDE supplies a software library from the 
Wiring project, which provides many common 
input and output procedures. User-written code 
only requires two functions, for starting the 
sketch and the main programs loop, that are 
compiled and linked with a program stub main() 
into an executable cyclic executive program 
with the GNU tool chain, also included with the 
IDE distribution. The Arduino IDE employs the 
program AVRdude to convert the executable code 
into a text file in hexadecimal coding that is loaded 
into the Arduino board by a loader program in the 
board’s firmware.

A minimal Arduino C/C++ sketch, as seen by the 
Arduino IDE programmer, consist of only two 
functions: 

setup() - This function is called once when a 
sketch starts after power-up or reset. It is used to 
initialize variables, input and output pin modes, 
and other libraries needed in the sketch.

loop() - After setup() is called, this function is 
called repeatedly by a program loop in the main 
program. It controls the board until it is powered 
off or is reset.

Structure Arduino programs can be divided in 
three main parts: Structure, Values (variables and 
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constants), and Functions. In this tutorial, we will 
learn about the Arduino software program, step by 
step, and how we can write the program without 
any syntax or compilation error.

Let us start with the Structure. Software structure 
consist of two main functions −

Setup( ) function

Loop( ) function

The setup() function is called when a sketch 
starts. Use it to initialize the variables, pin modes, 
start using libraries, etc. The setup function will 
only run once, after each power up or reset of the 
Arduino board. After creating a setup() function, 
which initializes and sets the initial values, the 
loop() function does precisely what its name 
suggests, and loops consecutively, allowing your 
program to change and respond. Use it to actively 
control the Arduino board.

Project Implementation
The project was started with inspiration and need 
to solve a problem that seems to be affecting lots 
of people who travel through Indian railway. 
Studies were done before the design of the system 
regarding its feasibility to be applied in the 
Indian railway. The concept of IoT was used in 
the system design which consist of several sensor 
node which communicate with each and the 
interconnection of these nodes are done through 

Fig 8. Arduino IDE

mesh network, Arduino microcontroller was a 
used for controlling and decision making of the 
system .It uses Wi-Fi communication to transmit 
data between the nodes .ESP nodes are used as 
Wi-Fi nodes which also have microcontroller 
capability which adds for better processing.

Mesh Network : A mesh network is a local 
area network (LAN), wireless local area 
network (WLAN) or virtual LAN (VLAN) that 
employs one of two decentralized connection 
arrangements: full mesh topology or partial mesh 
topology. In a full mesh topology, each network 
node (workstation or other device) is connected 
directly to each of the others. In a partial mesh 
topology, some nodes are connected to all the 
others, but others are only connected to those 
nodes with which they exchange the most data. 
Mesh networks are expected to play an important 
part in the Internet of Things (IoT). Unlike 
nodes in a star topology, which require a router 
to deliver Internet service, network nodes can 
“talk” directly to each other without requiring 
the assistance of an Internet connection. A big 
advantage of this decentralized topology is that 
there cannot be a single point of failure (SPoF). If 
one node can no longer operate, the others can still 
communicate with each other, directly or through 
one or more intermediate nodes. In the past, when 
mesh networks were always wired, the topology 
could be expensive (and complicated) to deploy 
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because each node had to be physically connected 
to the other nodes. Today, however, advances in 
wireless communication and short-range wireless 

personal network (WPAN) specifications have 
removed the physical and financial barriers.

Fig 9. Mesh Network

Fig 10. Circuit Diagram of WLD Unit in Coaches

Fig 11. Circuit Diagram of Main Control Unit
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Fig 12. Initial  hardware setup and status in LCD

Fig 13. Prototype of the Project

Fig 14. Status of Water shown in the Web page

Results
The concept and idea of the project was 
successfully implemented at various stages. Water 
level present in the tank was measured using 
ultrasonic sensor. The communication between 
nodes was established using mesh network 

topology in the ESP modules. The water level data 
was transmitted between the nodes with the use of 
Arduinouno board and the data was displayed on 
a website which the user can also access using a 
mobile device with internet connectivity and the 
same data is displayed in LCD located in Engine.
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Fig 15. Status of Water shown in the Arduino serial output

Future Scope

IoT based embedded systems are now becoming 
solution for many problems and its application is 
increasing tremendously. The idea of connecting 
devices to each other and communicating with 
each other makes problem detection fast and 
saves human time interacting with machines. 
This project also does the same, the ease with 
which the user can access data and take necessary 
actions to rectify the given situation. Also future 
application involves development of physical 
web were there won’t be any need for particular 
app or software to be installed in the users mobile 
device but the user can access it through url of a 
particular database.

Conclusions

The concept and application of IoT and embedded 
system clearly resolves the problem with lack of 
water for basic necessities while travelling in train. 
It increases the efficiency of water management 
and comfort of travelling in a train by ensuring the 
proper refilling of water tank on train coaches. By 
introduction of IoT and wireless sensor network, 
the embedded system can able to make various 
smarter railway systems with reduced cost and 
efficiency.
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Abstract
Now-a-days with the integration of distributed generators (DGs) in distribution systems makes more 
polluted and complex may have power flow of bidirectional. Due to the penetration of these DGs in 
the power system will affect the quality of supply, stability and security during the adverse conditions. 
However, the high proliferation of RES based DGs can flow the power in reverse directions during 
peak generation time which can also harm the systems reliability. From the past fifteen years the 
distribution networks are equipped with some voltage regulators, switched capacitors/reactors and 
power electronic based switching devices to improve the performance of the network. Sometimes 
static compensator (STATCOM) may be installed for fast and precise voltage regulation in distributed 
network, especially for the sensitive/critical loads. But these devices response time are not flexible in 
distribution of electric power with support of high distributed generation penetrated to power distributed 
network. Latest development in power electronic converters, such as Electric Spring (ES) enhances 
the operation and time of response for the distribution systems more reliable with penetration of DGs. 
The paper reviews various feasible challenging issues pertaining to electric springs in power systems.

Keywords:- Renewable Energy Sources (RES), Distributed Generators (DGs), Electric Springs (ES)

Nomenclature
RES -  Renewable energy sources

ES -  Electric Spring

FACTs -  Flexible AC Transmission System

NC load -  Non-critical load

P.E -  Potential Energy

K.E -  Kinetic Energy

Introduction
In recent years, the penetration levels of 
renewable energy sources (RES) like wind and 
solar, integrating to the power system networks 
are increasing significantly in both developed 

and developing countries for decarburization 
[1]. With the increasing prominence of energy 
and environmental issue, energy internet has 
become a focal topic in global research. One of 
its important features is the full use of renewable 
energy as primary energy [2]. This is conductive 
to the full utilization of renewable energy due 
to its flexibility, economy and high efficiency. 
However, proliferation of RES leads towards the 
power system security, reliability and stability 
problems. In conventional power systems, the 
power flow is unidirectional (i.e. from substations 
to consumers) and the power is generated by 
the power companies in a centralized manner to 
meet the load demand, that is, power generation 
follows the load demand. On the other hand 
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voltage regulation in power system networks 
are accomplished through tap-changing under-
load transformers, set voltage regulators, and 
fixed/switched capacitors [3]. Sometimes static 
compensator (STATCOM) may be installed for 
fast and precise voltage regulation in distribution 
network, especially for the sensitive/critical loads 
[4]. While the operating of these devices, which is 
mechanical in nature and are effective in managing 
slow variations (on the time-scale of hours) in 
voltage, their lifetime could be dramatically 
reduced from the increased number of operations 
needed to handle faster voltage variations due to 
sudden changes (on the time-scale of minutes) 
in active power generated by RES based DGs. 
An alternative to way to overcome this issue is, 
to utilize the power electronics interfaces of the 
power system network itself to maintain better 
voltage regulation by handling fast variations of 
voltage.

The Latest development in power electronic 
converters, such as Electric Spring (ES) 
enhances the operation and time of response 
for the distribution systems more reliable with 
penetration of DGs. On the other hand the ES can 
ensure that the load demand should follow the 
power generation instead of the power generation 
following the load demand as in the case of 
traditional power systems [5]-[6]. This paper 
reviews feasible challenging issues related to ES, 
control strategies and applications of ES in the 
power system network.

The Electric Spring
Electric Spring (ES) is a new smart FACTs 
device in the recent years. The ES device that can 
provide electric active suspension functions for 
voltage and frequency stability in a distributed 
manner for future smart grid. The concept of ES 
has developed by taking Hooke’s law [7] as the 
source concept. As we know that, the mechanical 
spring [8] has been an indispensable component 
in mechanical engineering, since British physicist 
Robert Hooke firstly discovered its scientific 
principle in the 1660’s. However, no spring 
in electric version has so far been reported in 
electrical engineering. In 2012, R. S. Y. Hui et. al. 
[9], a new power electronic device was introduced 
to fill the gap; we term this device as electric 
spring. The main function of the ES is to improve 
the system stability. It can effectively erase the 
voltage oscillation of mains voltage caused by 
large penetration of renewable energy sources in 
a distribution network. A new generation of smart 
loads is generated after embedding the ES with 
certain types of electrical appliances (heating, 
cooling and lighting loads, which is tolerant to 
fluctuating supply and referred to as noncritical 
–NC load). Those smart loads can adapt their 
power demand to follow power supply. This 
unique feature makes ES a favourable solution 
to stabilize future smart grid with considerable 
access to intermittent renewable energy sources. 
The below Figure (1) show that, how the ES will 
be incorporated into the transmission/distribution 
system to damp the voltage oscillations.

Fig 1.  Schematic diagram of network with ES
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Let us discuss a crisp review on mechanical 
spring and its elasticity [8], which has following 
functions: It provides mechanical support; it 
stores mechanical energy; and it can help to damp 
the mechanical oscillations. When a mechanical 
spring is contracted and extended from its neutral 
position, mechanical energy is released and stored 
in the mechanical spring. The force it exerts is 
proportional to its change in displacement. The 
operation principle of the mechanical spring was 
covered by Robert Hooke in 1678. The Hooke’s 
law [7] mathematically defines the force of an 
ideal mechanical spring as follow:

F = –Kx                       (1)

Where F is the vector of the force; K is the 
spring constant and x is the displacement vector. 
The potential mechanical energy stored in the 
mechanical spring can be expressed as follow:

             (2)

Similar to the mechanical spring as mentioned 
above, an ES is an electronic device based on 
the adaptation of Hooke’s law into electrical 
engineering. The main functions of ES are listed 
as follow: It provides electric voltage support, it 
stores electric energy and it can help to damp the 
electric oscillation. Analogous to equation (1), the 
basic physical relationship of the ES is shown as 
follow

             (3)

           (4)

Where q is the electric charge stored in the 
capacitor, Va is the voltage across the capacitor 
and Ic is the current flowing into the capacitor 
[9]. It can be seen that, the equation (3) shows the 
dynamic voltage regulation function of the ES is 
made possible by two operation modes:

v Inductive mode for voltage reduction; 

v Capacitive mode for voltage boosting. 

The energy storage capability of the electric 
spring can be seen from the potential electric 
energy stored in capacitor as shown in equation 
(5). Therefore, the capacitor C serves as the 
energy storage element for the ES.

             (5)

From equation (4), by controlling current flowing 
through the capacitor ic, the charging and 
discharging of capacitor determine the operation 
of ES.

Therefore, the ES can be depicted as a current-
controlled voltage source which is shown in 
Figure 2. It can be observed that, the ES voltage 
Va can be generated and is dynamically controlled 
by the current Ic. The operation of ES can be 
explained by comparing with the operation of 
mechanical spring as shown in Figure 3.

It can be observed that the ES with a voltage of 
Va, is series connected with a dissipative electric 
load with voltage Vo. This series branch of the ES 
and dissipative load attached to the main bus can 
stabilize the ac mains voltage Vs. at its nominal 
reference value Vs* i.e. for example 220 V or 240 

Fig 2. Simplified circuit of ES
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V. The relationship between the mains voltage 
Vs, the non-critical load voltage Vo and the ES 
voltage Va can be expressed by a vector equation 
as follows:

aso vvv −=
             (6)

Similar to the three operation modes of mechanical 
spring (neutral position, mechanical push, and 
mechanical pull), the three operation modes of 
the ES are: 1) Neutral mode; 2) Voltage boosting 
mode; and 3) Voltage bucking mode shown in 
figure (3). The voltage boosting mode and voltage 
bucking mode are exerted by controlling the 
polarity of the ES voltage, when the ES voltage is 
respectively 900 lagging and 900 leading the load 
current. In neutral mode, the ES voltage Va equals 
to zero. The ac mains voltage Vs and the load 
voltage Vo are equal to the nominal reference Vs* 
shown in figure (3). The mains voltage remains 
at its nominal value when the generation equals 
to consumption. Hence, the ES dose not works. 

Fig 3. Comparison of a mechanical spring and an ES

Fig 4. Phasor diagram of ES for the three modes.

In this state, Va =0 when the ES is idled, and Vs 
=Vo = Vs*. In voltage boosting mode, when ES is 
not activated, while the power generation is under 
power demand, i.e. the mains voltage Vs, and 
the load voltage Vo are lower than the nominal 
reference Vs* (i.e. Vs< Vs*). After ES is turned 
on, to support mains voltage back to the desired 
value, the ES generates a voltage Va which is 900 
lagging to its current to boost Vs back to Vs*. In 
voltage bucking mode, when the power generation 
exceeds the demand, the ac mains voltage Vs and 
the load voltage Vo has a higher amplitude value 
than the nominal reference Vs*. (i.e. Vs > Vs*). 
In order to stabilize Vs at its nominal value, the 
ES conducts voltage suppression by generating a 
voltage Va. The phasor diagram for three modes 
has shown in Figure 4.

With the discovery of electric spring, voltage 
boosting and voltage suppression functions of 
electric springs are realized. But in order to 
facilitate voltage damping functions for electric 
spring, a dissipative load is required to connect 
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in series with the electric spring. Such loads 
are capable of tolerating high degree of voltage 
fluctuations and are known as “non-critical 
loads”, which is shown in the Figure 5. The other 
categories of loads are “critical loads” which 
has to maintain constant voltage throughout its 
operation.

Life supporting medical equipment and security 
system of a building are examples of critical 
loads. The non-critical load along with the power 
circuit of electric spring forms the “smart load” 
which effectively absorbs the disturbance within 
the grid.

Fig 5. Electric spring incorporated power system

Fig 6. Schematic of single Phase half bridge power inverter

Fig 7. Power inverter circuit of ES

Analysis of ES
A detailed analysis of electric spring further 
improves its scope in exploring its hidden 
potential considering its significance in future 
grids. Mathematical equations can support the 
realization of electric spring at practical level. This 
paper elaborates the mathematical analysis power 
inverter of the electric spring which provides an 
insight to the modelling of electric spring [10]. 
The power converter circuit of the electric spring 
could simply single phase half bridge power 
inverter as shown in Figure 6. The use of the low-
pass filter comprising an inductor and a capacitor, 

a sinusoidal voltage with controllable magnitude 
according to the control of the modulation index 

at the mains frequency can be generated as the 
output of the LC filter.
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To analyze the circuit in a simple manner, 
half bridge power inverter can be replaced                            
with converter consisting of a diode as shown in 
Figure 7.

Let VES represents the voltage injected by the 
Electric Spring and Lf, Rf and Cf are the inductance, 
resistance and capacitance of the output filter at 
the inverter terminal. Neglecting inverter losses, 
the power at DC side of the converter is given by

          (7)

By Applying KVL on the AC side of the inverter

           (8)

           (9)

By applying KCL on the AC side we get

          (10)

From Figure 7, the terminal voltage Va at the half 
bridge module can be written as

        (11) 

Note that ‘PWM’ is the switching function 
commanding the switches to turn on/off. Let, 
Ts be the switching period and h the order of 
harmonics. Decomposing into fundamental and 
high frequency harmonic components we get

     (12)

Hence the terminal voltage averaged over one 
switching period can be written as

    (13)

In equation (13), the first term is the fundamental 
frequency (50 Hz) component of Va (t) averaged 
over one switching time period. Assuming the 
switching frequency is much higher than the 
fundamental frequency, this term is effectively a 
DC component. The second term would result in 
a sinusoidal function with high frequency. From 
equation (8), the current Iinj at the output of the 
inverter can be expressed as

The half bridge inverter is thus represented by 
a fundamental frequency voltage source with 
voltage is given by

          (15)

Where,  and “M” is the 
modulation index

Vdc = DC link voltage

The state-space averaged model of the electric 
spring can be derived by rearranging the equations 
(7)—(11) and (15) we get,

      (16)

      (17)

        (18)

From equations (16) and (17), the state space 
averaged model can written in matrix form is 
follows as

                (19)

              (14)
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The averaged circuit model is shown in               
Figure 8; the half bridge power inverter in figure 
(7) is replaced with a controllable voltage source.

It should also be noted that, the reactance of the 
filter capacitor Cf is very high for the fundamental 
frequency and was neglected for system level 

Fig 8. Model for the power circuit of Smart Load and Electric Spring

Fig 9. Block diagram of ES controller

simulations. Also, VES and Va are almost in the 
same phase as the real power exchange through 
the inverter is negligibly small.

The ES Controller
The above mentioned argument is valid for a 
system level simulation only and therefore, a 

control scheme for electric spring is essential for 
the smooth transition of voltage from one level to 
the other (reference voltage). This paper exhibits 
a control scheme with PI controller that can be 
implemented for an electric spring as shown in 
Figure 9.

In figure (9), it consists of two closed loop 
controller including an AC voltage controller to 
regulate the power line voltage and a DC bus 

voltage controller to regulate the inverter DC bus 
voltage. The individual transfer function of the 
digital PI controller in discrete from is expressed 
as

                 (20)

Where u(t), u(t-1) and e(t), e(t-1) are the transfer 
function output and error input of the controller 
at the present and pass sampling, respectively. 
Kp is the proportional gain constant, Ti is the 
integral time constant and Ts is the sampling 
time of the controller. The output of the PI 

compensator driving the AC line voltage error to 
zero decides the modulation index. The DC link 
voltage controller decides the phase angle of the 
injected voltage. When the angle of the reference 
sinusoidal voltage is measured with respect to the 
system current flowing through the non-critical 
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voltage, it is going to be very close to 90o. The 
deviation from 90o phase angle is decided by the 
real power exchange with the DC bus.

Applications of ES
The period of influence of electric spring in smart 
grids started with the various applications such 
as momentary power imbalance[11] the author 
enlighten the use of ES in a  three-phase  circuit 
and its feasible operation in reducing power 
imbalance for a  power system of commercial 
building. A control scheme for such smart loads 
to reduce power imbalance within the building’s 
electric power system has been evaluated initially 
with an experimental prototype. This in turn 
enhances the voltage regulation but later extended 
so many power system technical problems. The 
ES is used to solve problems such as harmonics 
[12]; ES is used for neutral current mitigation [13] 
and power factor correction [14].

ES Compared with Traditional Facts 
Devices
The traditional FACT devices such as SVC and 
STATCOM can effectively handle pure reactive 
power. But, they fail to handle active power 
effectively. Unlike, these devices, the ES are new 
smart-grid devices that can alter both active and 
reactive power [15]-[17]. Although the structure 
of ES resembles a static synchronous series 
compensator (SSSC) [18], it differentiates itself 
from a SSSC by the following: 1) employing 
an input voltage control rather than an output 
voltage control; 2) having the ability to alter the 
active and reactive power in the series connected 
noncritical load. In [19], the ES is compared with 
STATCOM. 

For a given range of supply voltage variation, the 
total reactive capacity required for each option 
to produce the desired voltage regulation at the 
point of connection is compared. Finally, it turns 
out that a group of distributed ESs requires less 
overall reactive power capacity than STATCOM 
and yields better total voltage regulation. This 
makes ESs a promising technology for future 
smart grids where selective voltage regulation 

for sensitive loads would be necessary alongside 
demand-side response.

Conclusion
Power system instability is identified as a 
key problem which modern grids with power 
inverters are about to face in the future. Taming 
the intermittent power and routing it to different 
loads based on priority while maintaining stability 
is going to be a big deal in forthcoming days. 
Electric spring technology has been identified as 
one of the technique which is capable of sorting 
out this problem. This paper points out the various 
analyses, control schemes and applications that 
are applicable for electric spring, in hope of its 
technical advancement in smart grid. All these 
intricate have been elaborated, by reviewing the 
available literature published in this area. Detailed 
analysis of ES, on the strong foundation of 
mathematical modelling along with its utilization 
towards voltage regulation, active and reactive 
power management has been evaluated.
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Abstract
Railway is making approx 16% expenditure of its budget over fuel bill i.e. Diesel & Electricity. 
Electricity Energy is more Energy Efficient & Environment friendly and it has inherent advantages, 
Hence Railway is promoting Electric Traction. To improve the Operating Ratio, efforts are being made 
to reduce the Fuel Bill i.e. Electricity Bill. Although railway has taken no of measures and raised 
the issues with State Electricity Regulators but its impact on cost reduction was minimal. Deemed 
Distribution License status enables Indian Railways to purchase power directly from generators at 
reasonable rates just by paying wheeling charges to STU & CTU. Through Open Access, the saving 
in Electricity cost worked out is huge. Hence, efforts are being made to purchase power through Open 
Access to reduce Traction Energy Bill over Indian Railways. The Problem being faced in obtaining 
approvals & Opportunities in future regarding Open Access in Indian Railway is discussed in this 
paper.

Indian Railway : An Overview
Indian Railways is world fourth largest Railway 
System on date. It comprises total 67,368-route 
kilometre and out of that route 29288 RKMs is 
electrified till 2017-18, which is about 43.47% 
of total Route Kilometres on Indian Railways.  
Indian Railways consumed over 18.98 billion 
units of electrical energy for its traction and non-
traction applications during 2017-18 which is 
about 1.28% of total electrical energy generated 
in the country.  The total energy bill paid for 
consuming this energy was about Rs. 11,893 
Crs. which includes Rs. 10,082 Crs. for Traction 
applications and Rs. 1,811 Crs. for non-traction 

applications.  Presently about 54% of passenger 
traffic and about 65% of freight traffic is being 
carried on electric traction.  Whereas, the fuel 
expenditure for electric traction is just 36% of 
total fuel expenditure of Indian Railway.

Further, the energy requirement for electric 
traction which constitute around 85% of electrical 
energy consumption on IR has been growing at 
a compound annual growth rate (CAGR) of 4% 
over last decade due to continuous increase in 
share of Electric traction. Hence, there is constant 
pressure to reduce the cost of electricity purchased 
for Electric Traction. Although, Railways is 
consistently working towards controlling its 
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energy bill.  Railway has also taken various 
Energy conservation Measures and adopted no 
of Energy efficient technologies. But its overall 
impact is quiet insignificant in Traction.

In the past Railway was getting Traction supply 
from DISCOMS as a consumer and paying the 
hefty charges as Energy bill. Although Indian 
Railways was a bulk consumer of electricity in 
transport sector and was working in the interest 
of Nation. But, DISCOMS were charging 
higher traction tariff to meet out their overhead 
expenditure and hiding their inefficiencies. The 
few reasons of higher tariff were :

• Recovery of loss through Cross subsidy 
charges,

• High Transmission and Distribution losses of 
DISCOMS.

• Inefficiency & high Administrative costs

• Overhead Expenditures.

Railway has raised the issue at every forum to 
fix the Railway tariff at optimum level but states 
didn’t consider Railways request. Although, state 
regulator has took few steps like multi-year tariff, 
directly DISCOMs to reduce the transmission 
& distribution losses in time bound manner, 
eliminate cross- subsidy, bring tariff to cost to 
supply etc. but still the Railway tariff was on 
higher side & relief provide by state regulator was 
minimal.

Deemed Licensee status enables Indian Railways 
to directly buy content (energy) from generators 
by paying haulage (wheeling) charges to central 
and state transmission systems under Open 
Access. While the Electricity Act 2003 has saved 
the Railway Act and has given Deemed Licensee 
status to Railways, due to various reasons, these 
provisions remained non-operational. Realizing 
potential towards reducing traction energy bill 
through deemed licensee status, operationalization 
of deemed licensee status for Indian Railways 
was taken up on priority. Matter was vigorously 
persuade in the Central regulatory Commission 
(CERC). Finally, in its historic Judgement on 5th 
Nov.’15.  CERC ordered that:

Indian Railways is an authorized entity under 
Railways Act to undertake transmission and 
distribution activities in connection with the 
working of the Railways, independent of its status 
under the Electricity Act. Indian Railways is a 
deemed Licensee under third proviso to Section 14 
of the Electricity Act and no separate declaration 
to that effect is required from the Appropriate 
Commission.

All concerned RLDCs, State Transmission 
Utilities and SLDCs are directed to facilitate long 
term access and medium term access in terms of 
Connectivity Regulations from the generating 
stations or other sources to the facilities and 
network of Indian Railways.

Challenges faced so far

Obtaining NOC from DISCOMs

Getting connected as Deemed Distribution 
Licensee was a real challenge for IR as process 
of getting No Objection Certificates (NOC) was 
not easy. Although the Railway got recognize 
as Deemed Distribution Licensee by Central 
Electricity Regulatory Commission and also 
supported Ministry of Power for Open Access 
but it was indeed a tough journey for Railway to 
obtain NOC (LTOA/MTOA) in different states 
as Deemed Distribution Licensee. Railway has 
applied for NOC in state SLDC office and they 
further internally seek NOC from their DISCOMS.  
State DISCOMs were not willing to issue NOC to 
Railways on pretext of some or the other trivial 
issues.  Railway was one of the best pay master for 
the DISCOMs & there was sure shot guaranty of 
payment in time from the Railways end.  Hence, 
state DISCOMs do not want to let out customer 
like Railway from their clings and made the road 
tuff for Railways for Open Access.

The efforts were made from the top level of 
Railway Board i.e. Member Traction. The 
regular meetings were held with the Chief Secy. 
of States / Power Secy. of State and Sr. Officials 
of DISCOMs and were requested to direct 
the concerned state officials to provide NOC.  
Hon’ble Minister of Railways also wrote D.O. 
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letters to Chief Minister of States and asked 
them to expedite NOC for open access in favour 
of Railways.  Railway has approached States 
Electricity Regulatory Commissions also to issue 
suitable direction to the SLDC to issue NOC for 
Railways.  The positive direction from Regulatory 
Commission to State SLDC also helped a lot in 
getting the NOC in the States.

The regular chasing and meetings were done 
at ground level as well to make the amicable 
environment for providing the NOC to Railway.  
Due to such efforts, state SLDC started to provide 
NOC reluctantly with number of conditions. The 
first NOC was received in the State of Maharastra 
in year 2016 to Indian railways.

Long Term/Medium Term Power Purchase 
Agreement 

To obtain the NOC for Open Access, it was pre-
condition to have a long term / medium term 
power purchase agreement with the generator 
before filing the application for MTOA / LTOA in 
state SLDC. The power scenario in India was very 
dynamic and rates of electricity are varying with 
time. The rates of non-renewable power sources 
which was earlier Rs.10-15 per unit has slashed 
downs to Rs. 3 to 5 per unit with the time.  There 
was apprehension that it may further reduce.  The 
rate of thermal energy was also unstable due to 
problem of coal in India.  Permission of new coal 
mines were not being given and it was affecting 
coal production & resulting into reduced plant 
capacity. In such volatile market, it was tuff to 
decide whether to go for Long term agreement 
or Medium term agreement with the Generating 
Cos. The both Medium term and Long term 
power purchase agreement have their inherent 
advantages and disadvantages. Finally, Railway 
decided to go for medium term power purchase 
agreement to gain experience in Open Access.  

Railway did its first medium term agreement for 
about 500 MW power from Ratnagiri Gas Power 
Private Limited (RGPPL) for Traction load in 
states of Maharashtra, Gujarat, M.P. & Jharkhand 
at rate of about Rs. 4.70 per unit. Railway, through 
its company namely Railway Energy Management 

Company Limited (REMCL) contracted 50 MW 
power through open tendering system using 
Ministry of Power’s bidding document @ Rs. 
3.69 per unit in its Central Transmission Utility 
(CTU) connected network from Dadri to Kanpur 
in U.P. 

500 MW Power tied up with Jindal India Thermal 
Power (JITPL) through open tender for the States 
of Haryana, Delhi, UP, Punjab, MP, Rajasthan, 
Bihar etc.  Average rate was anticipated to Rs. 4.0/
unit. REMCL has also tied up power of 400 MW 
for Southern States like Tamil Nadu, Telangana 
and Andhra Pradesh.  

Railway has also set up Thermal Power Plant 
(Captive Plant) in Joint Venture with NTPC at 
Nabinagar station in Bihar.  It has total generating 
capacity of 1000 (250 x 4) MW.  Its first unit 250 
MW has started supply power from Sept., 2017. 
From this plant, Railway will avail traction power 
through LTOA in different States.  

Railway is exploring many more such agreement 
in future.

Creation of necessary Infrastructure in GSS, 
TSS & SLDC

To avail the open access power it is mandatory 
to have ABT meters in Grid Sub station (GSS) 
and Railway traction sub station (TSS) along 
with 0.2S accuracy clause CT/PT.  Earlier, for the 
metering purpose Tri-vector meters were used in 
Indian Railways and the accuracy class of CT/PT 
was 0.5.  Provision of ABT meter and replacement 
of existing CT/PT with new accuracy class CT/PT 
was a difficult task.  The main challenges were 
to get the approval from DISCOMS/TRANSCO 
regarding ABT meter scheme, its make & 
specification etc and after that execution of work 
as per SLDC/DISCOMS norms in their Grid Sub 
Station (GSS).  The Railway has requested state 
DISCOMS/TRANSCO to do these modification 
by their own as deposit work and Railway was 
ready to bear the cost.  But state DISCOMs were 
not agreeing on this issue as by doing so, they get 
more time to delay the process of issue of NOC 
to Railways.  Basically DISCOMs do not want to 
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release Railway from their clings and to enter into 
the open access.

Although, CERC has already mentioned that if 
the existing CT/PT are of 0.5 accuracy class then 
these CT/PT will be replaced with 0.2 S accuracy 
class if these CT/PT got defective or any other 
modification work is planned and they are their 
part of it.  But DISCOMs were not ready to except 
these guide lines and forcing Railway to provide 
0.2S accuracy class CT/PT along with ABT meter 
to start the Open Access.

To address the concerned of DISCOMs, Railway 
has awarded different works State wise through 
open tender on priority, so the process of 
provision of ABT meters and CT/PT can be done 
in minimum possible time in Grid Sub Station 
(GSS).  For the provision of ABT meters and 
Data Connectivity between SLDC and Railway 
Control Centre (RCC), one centralized work was 
planned by Railway Board on PAN India basis. 
Relaxation were sought from the DISCOMs 
through Regulatory Commission to accord 
permission to start the Open Access Process just 
by proving ABT meters and CT/PT in the GSS 
only subject to pending these works in Traction 

Sub Station and associated work.  Finally, SLDC 
were made agreed to start the open access with 
provision of ABT meters and CT/PT in GSS only.

Precise Forecasting of Traction Load

For the open access every consumers have to 
forecast its consumption in 15 minutes time block 
for the following day. Any variation in scheduled 
v/s actual drawl is resulted into DSM charges 
(kind of penalty with certain conditions). In case 
of Railway traction power supply system is from 
difficult to predict the load at individual Traction 
Sub Station precisely in 15 minutes time block.  

In Indian Railways, on the same track passenger 
as well as goods trains are running simultaneously 
due to uncertainty in train running, the load also 
fluctuates. Although, there is a schedule time for 
each and every passenger train given in Railway 
time table also but there is no time line for the 
goods train. Sometimes, it is very high, some time 
medium and of few instances it is almost zero in a 
day. By nature load curve is like that and it cannot 
be change or alter.  Therefore it is very difficult to 
predict the load of trains on a traction sub station.  
The load curve of TSS is as shown below:

The situation become worst in case of any 
accident, derailment, unusual happening which 
jeopardize the whole trains running system.  In 
such scenario if Railway do not predict the load 
consumption precisely then they are chances that 
there will be heavy penalty in form of DSM and 

it may eaten up the whole saving. It has been 
seen that if we clubbed the load of adjoining sub 
station then the load curve become quite flat and 
forecasting of load can be done more precisely.  It 
also help to segregate based load with peak load.
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From the above, it is clear that the peaks are very 
few and we can easily segregate base load with 
peak load.  Therefore, Railway has requested 
to club all the TSS pertaining to one state and 
consider Railway as single entity.  At the first, 
SLDC/DISCOMs were not ready to consider all 
TSS of Railway as single entity but after lot of 
persuasion and considering the nature of load and 
importance of Railway in development of states, 
SLDC/DISCOMs finally agreed to consider, 
Railway as single entity for the forecasting and 
calculation & billing of load.

Opportunities

Railway has successfully migrated for 
procurement of power under Open Access in 9 
states till date. In this process, Railway has gained 
sufficient experience in procedures & practices 
followed by different States for open access like 
obtaining the approval from SLDC, handling the 
Power Purchase Agreement with the Generators, 
creation of infrastructures (ABT meters & CT/
PT), raising the issues with State Regulatory as 
well as Central Electricity Regulatory Authority 
for the favourable decision etc.  In short we can 
say that Railway has successfully entered into 
open access and its phase –I work is almost over.

The new opportunities in open access are as 
follows:   

v Railway has already got approval for the 

open access in 9 States and making it efforts 
to obtain NOC in the States of Punjab, 
Orissa, West Bengal etc.  The Punjab State 
Regulatory Commission has already issued 
directives to the Punjab SLDC to issue NOC 
in the favour of Railway and similar is the 
condition in Orissa and West Bengal.  Now 
the focus is to obtain the NOC in these states 
as early as possible and start power flow 
under Open Access. Railway has also initiated 
its proposal for obtaining  NOC for Open 
Access in the  remaining  states like Himachal 
Pradesh, Jammu & Kashmir, Uttrakhand etc 
where the traction load is quite less or nil.  But 
electrifications works are in progress in these 
states and in near future there will be adequate 
traction energy load.

 The power sector is dynamic state & the cost 
of renewable energy is reducing day by day 
and the cost on thermal energy is on rising 
trend. On date it is difficult to predict power 
sector scenario in next 15- 20 or say in next 
30 years. In initial phase or say first phase, 
to gain experience Railway has entered into 
midterm agreement with the generating 
companies.  On date many of such agreement 
are midway or on the verge of completion and 
Railway immediately required to either renew 
these agreements or inter into fresh agreement 
with the new generators.  It will be again a 
dice situation whether to enter into midterm 
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power purchase agreement or long term power 
purchase agreement.

v Till date only, 50% routes are electrified but 
recently Cabinet Committee has accorded 
approval for the electrification of remaining 
Broad Gauge lines.  It means there will be 
100% electrification of B.G. lines in Indian 
Railways.  It will result into increase in 
consumption of electric traction. It is expected 
that electric consumption will just doubled 
when 100% trains will run on electric engine.  
The electrification work is going on rapid pace 
and last year Indian Railway has completed 
electrification of 4000 RKM.  The target for 
current year for electrification is between 6000 
to 10,000 RKM with such pace it’s expected 
that all the B.G. lines will be electrified 
in coming 4 – 5 years.  To create a better 
environment for the open access, efforts are 
being made to create necessary infrastructure 
in all the upcoming electrification routes 
just to avoid delay in procurement of power 
under open access once section is electrified.  
All the Executing Agency has been directed 
to arrange to provide ABT meters along 
with 0.2S accuracy clause CT/PT in all the 
upcoming GSS & TSS with the ongoing 
works.

v Railway is procuring the power under open 
access through generator to meet out its 
base load requirement.  By clubbing the 
requirement of more than one TSS, the load 
curve has already been made flatten but still 
there are some peaks and though. There is 
requirement to make the forecast taking into 
account these peaks and tough.  The base 
load demand can easily be met out by the 
LTOA/MTOA power but for the economical 
reasons there is need to have some Short Term 
Agreement for Peak Power or meeting out 
Contingent requirements.

 Railway can arrange peak power requirement 
through power exchange at optimum cost as 
per its requirement, therefore, Railway has 

entered into agreement with Power Trading 
Corporation (PTC) for procurement of traction 
power through power exchange as and when 
required.  At present, there are two power 
exchanges in India where the power can be 
traded. Although the volume of power trading 
is quite low but still lot of scope is there to 
maximize the energy cost for Railway under 
open access.

v Railway has consumed 18.98 BU during 
2017-18 out of these units 87.65% power is 
utilized for the traction purposes and 12.35% 
power is utilized for non-traction purposes 
which comprises electric consumption for all 
Railway Stations, Office Buildings, Railway 
Colonies, Rest House etc.  Till date Railway 
has entered for Open Access in the field 
of Traction power only.  But after having 
adequate experience in Traction power, 
Railway is planning to procure its Non-
Traction Power also through the Open Access.

 Railway is procuring Non-traction power 
at voltage level 11 kV or less.  The number 
of inter connection points with DISCOMs 
are very large as compared to traction load.  
Generally there are average 10-15TSS in a 
state like Haryana whereas total TSS in non-
traction will be approx 200. The total load 
connected at these points also vary from few 
KW load to MW depending on its locations.  
Provision of ABT meters along with CT/PT at 
all such locations is a herculean task. Further 
controlling and monitoring of energy at all 
such locations is also difficult.  But Railway 
is taken it as a challenge and trying some 
innovative method to find out its solution.

 Procurement of power in Open Access in non-
traction area will not only help in reducing the 
energy cost but will also help in flatten the 
base load curve of traction power.  The day 
is not for away when the complete energy 
requirement of Railway will be met through 
open access.
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Future Road Ahead
Railway has already migrated into Open Access in 
9 states for Traction power supply. Proposals has 
also initiated for availing power in Non-Traction 
applications. The impact of power supply through 
Open access has started reflecting in Energy bill 
& it is on reducing trend inspite of increase in 
Electricity consumptions. Few states have also 
offered Traction Tariff at reduced optimisation 
cost (at par in market), if Railway is ready to do 
long term power agreement with them and ready to 
withdraw application for Open Access. From the 
above it is clear that the Railway is progressing in 

right direction. Now the Focus area is as follows:

• Obtaining NOC for Open Access for 
remaining states.

• Long/ Medium Term Power purchase 
Agreement with Genco.

• Formalize policy  to purchase power from 
Power Exchange.

• Use of Computer based Programme/
Algorithm for Precise Forecasting of Railway 
Load to maximize profit

• Arrangement of Backup Power to meet 
exegencies.
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Abstract
Event Condition Action (ECA) model is based on AODV routing protocol for MANET is designed 
and simulated. The ECA model makes quick routing decisions considering the dynamic nature of 
the ever changing adhoc network. The ECA scheme made up of three components namely Event, 
Condition and action. Here different combinations are possible in the order of execution of these three 
components. Before making any decision or action, the system will check the necessary conditions and 
the result will trigger event, which will make runtime decisions. In the current work, ECA model is 
combined with QoS parameters in AODV routing process. A simulation software is developed to test 
the performance. The simulation results shows considerable performance improvement as compared 
to basic AODV model.

Keywords:- Adhoc Routing, Adhoc Wireless Networks, Quality of Service (QoS), Event Condition 
Action (ECA) , ECA Simulation

Introduction
MANET has self configuring and independent 
mobile nodes, which will act as router, sender and 
receiver for data communication [3] and are in 
constant motion. for transmission if information 
between these types of scenario as a challenging 
task since the sender has to find out and construct 
the path taking care of different QoS parameters 
and constant movement of the nodes. 

AODV is one such routing algorithm which will 
consider the distance in terms of hop count and 
the routing queries propagated considering the 
direction in which the destination node is existing. 
The algorithm needs to flood the packets and 
needs to send RREQ to find out the path as well as 
the destination. The traversing back will confirm 
the returning path that will finally reach to the 
source node. The Event Condition Action model 
will test the conditions of the next forwarding 

node before stabilizing that particular link. If all 
the resource constraints are satisfied then that 
particular link will be made permanent and RREQ 
will propagate towards destination. In ECA model 
if the condition is satisfied that particular action is 
executed as described at [1].

Table 1. Abbrevations
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Related Work
Wireless networks are deployed and connected 
anywhere, anytime and users will exchange 
information using these adhoc networks [34]. 
According to this paper ECA scheme based 
on adhoc on demand distance vector routing 
protocol for a ubiquitous network is modelled. 
Adhoc network has applications in real time 
systems such as hospital environment where 
ECG sensor transmit data measured to the 
destination computer system where monitoring 
and controlling department the measurements 
of critical parameters are measured [4]. In these 
types of systems data is transmitted hop by hop 
basis and requires intelligent routing. ECA pattern 
based approach is event driven that can be used to 
model applications and services related to control 
and management [6]. The ECA model have 
expensive applications in real time applications 
such as IOT, where sensors, actuators or any device 
supporting a TCP/IP layer can be independently 
be connected with the Internet. According to this 
paper, ECA pattern based frame work contains 
device layered service layer where device layer 
deals with sensors, actuators and controllers that 
can be used in building management, security, 
heating and lighting. Service layer functionality is 
represented as web services.

QoS requirements in adhoc network needs to 
be fulfilled in order to achieve efficiency in the 
overall process [9]. Multicast network with 
adhoc property is created and nodes joining the 
network is based sustainability of QoS. This 
paper presents performance evaluation with 
regard to session and packet level QoS criteria. 
Delay sensitive applications need QoS support in 
terms of bandwidth and delay. Routing protocols 
for MANETs are designed to search for shortest 
path with minimum hop count [5]. This papers 
proposes a model which ensures that the delay 
does not exceed a maximum value. 

Energy saving is an important issue in any 
network. AODV-ECA [7] can reduce and balance 
energy consumption to prolong the network 
lifetime by switching between different operating 

states. The nodes need to perform or may be in one 
of these states of condition test, triggering event 
and performing action. This will form distributed 
processing and save lot of energy. [8] describes 
channel allocation techniques which is needed to 
communicate with the neighbouring node.

Most of the adhoc routing algorithm considers 
hop count as a metric for route selection. But this 
is not the efficient technique to construct high 
quality path because, we are neglecting other QoS 
parameters such as bandwidth, buffer space and 
cpu resources available at nodes along the path 
from source to destination [10]. AODV is one 
such routing algorithm, which uses hop count 
or shortest path as the main metric for the path 
selection. It uses the routing table entries present 
at each and every node, one entry per destination 
[11]. This routing table has entries for forwarding 
the data packet to the destination and bringing the 
acknowledgement back to the source. Sequence 
number is needed to be maintained at source 
to avoid routing loops occur during routing 
process [16]. Since basic AODV algorithm will 
not take care of the QoS parameters, we need 
to add additional features into the algorithm 
[12]. Detailed description of the AODV RFC 
3561 [13] is studied and QoS related algorithms 
are implemented. These QoS parameters will 
be affected by different constraints such as 
node mobility, limited resources of the nodes 
[14, 15, 17, 18], etc., Due to these reasons, 
designed application [19] must satisfy their QoS 
requirements in terms of end to end delay and 
bandwidth. Since in MANET, each and every 
node in the network needs to act in multiple roles 
of sender, receiver and router [20], and are mostly 
battery powered, energy depletion of the nodes 
will occur quickly resulting in node failure.

AODV is on demand routing protocol [22], that 
establishes route to destination node only when 
required. Frequent route breakage can be avoided, 
if we consider proper QoS requirements, while 
creating the route. Each mobile agent may have 
different QoS requirements, that needs to be 
considered before establishing the connection 
between source and destination. Also there is must 
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be a path between the current node and next hop 
node[23]. When both of the nodes are operational, 
then only the agent will visit its next destination 
taking that path.

IEEE 802.11 is a wireless based standard [24], 
which is used to support multiple types of 
communication services such as data, voice, 
image and video with different QoS requirements. 
Due to Node mobility, a continuously changing 
communication topology is created, in which 
paths break and new one forms dynamically. The 
routing table of each router in an adhoc network 
must be kept up-to-date. This causes link failure 
in the channel during the communication, leads 
to the degradation of the QoS, as MANET 
applications requires strict QoS requirements 
[25]. To deal with this problem, we can check the 
availability of the resources before constructing 
the path.

Due to bandwidth constraint and dynamic 
topology of the mobile adhoc network [26], 
supporting QoS is a challenging task. Therefore 
the routing protocols in adhoc networks must 
be adaptive to face frequent topology changes 
because of node mobility to support QoS routing. 
The parameters such as delay, bandwidth, jitter, 
loss rate in the network should be available and 
manageable [27]. Bandwidth is a QoS routing 
parameter in a real world mobile network [21], 
which is sufficiently needed to deliver the packets 
to the destination node with minimum delay. In 
adhoc networks, certain QoS parameters like 
error rate, delay and packet loss are increased, 
while throughput and delivery rates are decreased 
in transport layer due to MAC issues. This is due 
to the impact of multiple wireless hops and node 
mobility in the network.

Adhoc networks are usually prone to transmission 
errors. To reduce such errors, transmission 
techniques which combines Hop-by-Hop (HBH) 
and End-to-End (E2E) retransmission schemes 
[28], are implemented, to ensure the reliability. In 
the HBH retransmission scheme, a lost packet in 
each hop is retransmitted by the intermediate node 
to ensure link level reliability. In E2E scheme, 

source will wait for ACK of data from destination 
node. If source is not received ACK with in global 
time out period, then it will retransmit the data 
once again.

ECA-PC (Event Condition Action - Post 
Condition) rules [29] helps to manage the events 
happening at the ubiquitous computing system. 
In ECA model, policy rule may tell when event 
occurs in a situation, where conditions is true, 
then action is executed. These rules are useful to 
define an algorithm in context-aware applications 
[30].

ECA rules can be written/implemented in several 
language such as c, xml [31], android, java [30, 
32] etc. These models can be used in systems like 
database, sensor network, adhoc network, e.t.c.

Proposed ECA Based QoS Routing Model
ECA State Diagram

The overall process of ECA is divided into 
7 phases. 1. Data Generation (DG) 2. Route 
Request (RREQ) 3. Route Response (RSP) 4. 
Timeout/Error at Route Reply pair(ERR) 5. Data 
Transmission (DT) 6. Error Handling at Data 
Transmission (EDT) 7. Route Maintenance (RM)

Phase 1 : Data Generation(DG) :

The invoked application program will generate 
data, if sufficient resources are available(DG-C1). 
The routing table present at the route cache 
is searched for the valid entry for the source- 
destination pair. If valid entry is detected (DGC2), 
then packets will utilize the same path to take 
the data to the destination (DG-A2). If no valid 
entry is found(DG-C3) or if particular source-
destination entry does not exists(DG-C4), then 
new RREQ procedure (DG-A3) is invoked to 
search for a new route.

Phase 2 : RREQ Preparation (RREQ) :

The RREQ packet is prepared at the source 
node ( RREQ-A1), when no route cache entry is 
detected during the event RREQ-E1, provided OS 
can reserve sufficient resources (RREQ-C1) to 
perform the task. After successfully creating the 
RREQ packet, the resources required to broadcast 
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the packet (RREQ-A2) is checked (RREQ-C2). 
Event (RREQ-E3) will be triggered when, the 
RREQ packet is received, where destination 
node field is checked against the received node. 
If the RREQ packet is reached to destination 
(RREQ-C3), then it is processed (RREQ-A3) 
and route reply (RREQ-A4) packet is prepared. 
If the RREQ packet is at the intermediate node 
(RREQ-C4), then it is further forwarded to the 
next node, which satisfies the required resource 
constraints (RREQ-C5) at the event (RREQ-E4).

If sufficient energy is present at the next node 
(RREQ-C6), then (positive) ACK(RREQ-A7) 
otherwise NACK(RREQA8) is returned. If ACK 
is received at the intermediate node (RREQ-E5), 
and if ( RREQ-C7 and RREQ-C8) conditions 
are satisfied, then route cache table entry 
needs to be updated (RREQ-A9), followed by 
releasing the resources (RREQ-A10). If ACK is 
received(RREQ-E5),with in local time out period, 
then n2n connectivity is successfully established. 
If NACK is received at the intermediate 
node(RREQ-E6), then another node is queried 
regarding the resource availability (RREQ-A5), 
and the process is repeated by the action 
(RREQ-A13). This involves sending RREQ 
packet to the node(RREQ-A12), using random 
strategy for next hop node selection (RREQ-A12) 
and RREQ local timer is started to wait for the 
ACK (RREQ-A13).

RREPLY timer is already started and it is waiting 
at the source node during RREQ packet is broad 
casted. Event RREQE7 is triggered when RREPLY 
is not received with in RREPLY s2d global time 
out period. Now ( RREQ-A14) action routine is 
invoked in order to check RREQ re-transmission 
count, and this will trigger event (RREQ-E8) at 
the source node.

If the RREQ attempt count at the source node 
exceeds the maximum permissible value 
(RREQ-C10), then no more RREQ attempt is 
made and the searching process for the route is 
halted (RREQ-A15).

If the RREQ attempt count at the source node 
is within permissible limit (!RREQ-C10), 

then RREQ process is reinitiated by the action 
(RREQ-A16). The same action will be executed 
if the global Route Error signal is received at the 
source node within RREPLY s2d timeout period.

If the maximum RREQ attempts exceeds at the 
intermediate node (RREQ-C10), at the event 
RREQ-E9, then the local broadcast error is sent to 
all the neighbouring nodes within the radio range 
and route error signal is sent to the source node to 
recalculate the fresh route. RREQ process is re-
initiated by the action RREQ-A16 at the source 
node.

Local RREQ timeout will occur at the intermediate 
node that will trigger, the event (RREQ-E9). The 
number of RREQ attempts to establish the route 
to the next hop node is checked and if it exceeds 
(RREQ-C11), then local broadcast error message 
is generated (RREQ-A17), and route error signal 
is sent to all neighbouring nodes with in the 
radio range to update their Routing Table entries. 
Route error signal is also sent back to the source 
node(RREQ-A18), requesting to recalculate the 
fresh route.

If the RREQ attempt count is within the permissible 
limit(!RREQ-C11) at the intermediate node, then 
id of the next node to send the RREQ packet is 
generated on random basis and it is transmitted 
to the next node during the action (RREQ-A19).

Phase 3: Route Response (RSP):

When RREQ packet reaches destination, RREPLY 
packet will be constructed, which will use the 
route just established, but in reverse direction, 
towards the source node.

Phase 4: Error Handling at Route-Reply pair 
(ERR) :

The source node is waiting for RREPLY after it 
transmits RREQ packet. At RREPLY timeout, if 
the route response packet is not received, then the 
source node needs to retransmit RREQ packet 
once again (Request is re-initiatized), till MAX 
RREQ AT TEMPTS count is reached. When the 
number of retransmission count was crossed, the 
”Destination UnReachable” error message is sent 
to the application at the source node. 
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Phase 5: Data Transmission (DT) :

This phase makes use of forward routing table, 
in which there is unique best QoS entry for the 
next hop is present. From this table next hop 
information is collected and appropriate timers 
are initialized in this phase.

Phase 6 : Error Handling for Data Transfer(EDT):

The algorithm maintains local timeout procedure 
(RTS, CTS) for node to node (intermediate) and 
global RERR mechanism for end to end ( source 
to destination) connectivity.

Timeout: The connectivity is checked using 
RTS, CTS signals. If CTS is not received within 
timeout, then RERR message needs to be 
generated. Packets will be placed at the buffer and 
appropriate Route Maintenance actions needs to 
be taken to re-establish the connection. However 
unique sequence number to the original packet 
ensures the rejection of duplicate packets received 
at the receiver(if any).

Phase 7 : Route Maintenance (RMN): This phase 
will handle disconnection occur due to either 
node movement or energy depletion at the battery. 
In Adhoc networks, since the nodes are moving, 
disconnection can occur frequently, causing the 
termination of the connection between source and 
destination nodes. In both cases, the route needs 
to be re-established quickly, without much data 
loss.

Local correction can be done if the condition, s2d 
RT T > Repair Time is satisfied. Otherwise if the 
time taken for local repair is longer than s2d RT 
T, then RERR message needs to be sent back to 
source which results in global route correction, 
as this RERR message will be informing to 
source, and all the nodes in the path regarding 
the disconnection. Now the source node needs 
to generate fresh RREQ, which establishes new 
route to the destination.

Mathematical Analysis
The time taken to establish local (n2n) connectivity 
can be expressed using the equation,

n2n con tm(SN,E) = RREQ tm(SN,D) + NACK 

tm(D, SN)+

 RREQ tm(SN,B) + NACK tm(B, SN) + 
RREQ tm(SN,E) + ACK tm(E, SN)          (1)

where n2n con tm(SN,E) is the time delay to 
receive positive ACK after RREQ packet is 
broad-casted. RREQ tm(SN,D) is sending RREQ 
packet to the neighboring node E. NACK tm(D, 
SN) is returning NACK for insufficient resources. 
Finally at node E, the required resources are 
available and it will return ACK tm(E, SN).

The communication between source node (SN) to 
destination node (DN) is multi hop as the packet 
required to travel through one or more intermediate 
nodes ( N1,N2, ... ), till the destination node is 
reached, as shown in the Fig??. The time spent in 
the process can be mathematically expressed as,

s2di tm(SN,DN) = tm(SN,E) + tm(E, F) + tm(F,G) 
+ tm(G,H) + tm(H,DN)            (2)

where s2di tm(SN,DN) is the time taken by the 
RREQ packet to cross all the intermediate nodes 
in the path. tm is the time taken by the RREQ 
packet to establish intermediate connection 
between current node and next hop node. Node to 
Node connectivity time (n2n con tm) is given by 
the formula:

n2n con_tm = (n − 1)   (req_tm+ nack_tm) + req_
tm+ ack_tm             (3)

where req_tm, is the time required by the route 
request packet to reach receiver, nack_tmis the 
time spent in generation

and transmission of negative ACK, indicating 
that the node does not have sufficient resources 
to handle the current traffic. ack_tmis the time 
spent in generation and transmission of ACK 
packet. The node having sufficient resources are 
obtained in the search process so that the next hop 
node is determined. The path establishment time 
for source to destination is given by the formula, 
where we have 9 intermediate nodes.

route_tm(s2d) = tm(n0, n1) + tm(n1, n2) + ....... + 
tm(n9, n10)             (9)

where route_tm(s2d) is the time taken to establish 
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the connectivity between source node (n0) 
and destination node (n10), while n1 ... n9 are 
intermediate nodes in the route. tm is the time 
taken by the RREQ to establish node to node 
connection. 

Global route reconstruction technique, which 
is invoked when the path cannot be corrected in 
s2d_RTT. The graph is plotted by taking number 
of intermediate nodes in the route along the X-axis 
against the time taken to re-establish the path along 
the Y-axis. The task involves the time required to 
send Route Error message back to the source node 
from the damaged link/node followed by creating 
and sending new RREQ to the destination node 
and the process is represented by the equation,

gl_route_cor_tm(s2d) = RERR_tm(BR_link, SN) 
+ RREQ_tm (SN,DN)            (5)

where BR_link denotes node where the link is 
broken.

The time consumed in the global route 
reconstruction process by the summation of 
RERR message propagation time ( RERR_tm(BR 
_ink, SN) ) and the RREQ packet propagation 
time (RREQ_tm(SN,DN) ). In the graph, the 
readings are considered for single global route 
error correction requirement by varying the 
number of intermediate nodes between source 
node and destination node.

Simulation Algorithm
Alg. 1 : Simulation Algorithm

1. Source application generates data

2. Checks route cache for valid source-destination 
pair

3. If valid s2d pair is present, then send data 
packet in the already existing path.

4. Otherwise Initiate new RREQ.

5. Search new route towards destination using 
direction based flooding technique which is based 
on resource constraint

6. When RREQ reaches to destination, RREPLY 
packet is created and it will traverse back to the 

source

7. When the RREPLY is reached to source node 
then, data is transmitted.

Alg. 2 : RREQ Traversing Algorithm

1. The source node broadcast RREQ packet 
querying whether the required resources are 
available at the receiving node.

2. If the resource constraints are satisfied then the 
node will reply +ve ACK.

3. Otherwise NACK will be replied and source 
will enquire next node on random basis.

4. The process(1-3) will repeat until destination 
node is reached.

5. At the destination RREPLY packet is created 
and send back to source node confirming the 
stable route.

Simulation and Results
Simulation Environment

MANET having 100 nodes deployed in random 
basis over a region of 1Km * 1Km area as shown 
in the Fig.1. The nodes are allowed to move 
arbitrarily with maximum speed of 10 m/s in 
different directions. The deployed nodes will 
be made to run m number of delay sensitive 
applications at any given point of time. So in 
this environment, we develop a quality of service 
routing by using proposed protocol for the given 
application. 

Both algorithms are simulated in the above 
deployment for 10 seconds and the trans-receiver 
circuitry works at operating radio frequency of 
2.4GHz. The wireless interface circuit transmits 
and receives data at the rate of 10Mbps. The data 
signal will travel in the wireless media (free air) 
at the speed of 2*10e8 meter per second (mps). 
The routing table search time (RT SRCH TM) 
is assumed to be 5*10e-6 sec. The input link 
bandwidth ( IN LINK BW 10 ) and output link 
bandwidth (OUT LINK BW 10 ) at the interface 
has bandwidth 10*10e6 bps. The cpu processes 
the data at the speed of 3*10e6 bps. The IO and 
CPU buffer can store up to 20 packets at any 
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instance of the simulation. The packet sizes of 
RREQ, RREPLY, DATA and RERR packets sizes 
are defined as per AODV RFC. All the nodes are 
initialized with residual energy ( INIT ENERGY) 

Table 2. ECA-AODV Simulation Parameters

Fig 1. Initial Node Deployment

of 10 Joules(watt-sec). The radio range of all 
nodes are uniform and is 250m. Each packet          
in the simulation can cross (MAX HP CT ) 16 
hops. The simulation parameters are listed in the 
Table 2.
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We have simulated ECA based AODV for creating 
a path between source and destination node with 
several types of applications. These built path 
varies from three node path to nine node path 
and results obtained for all the paths. Similar 
experiments have been done by simulating the 
original AODV protocol for the comparison.

The simulation results shows that ECA is 
performing well compared to original AODV. In 
the ECA model, before constructing the path the 
senders will confirm the availability of sufficient 
resources at the receiver node. This creates resource 
aware path between source and destination node 
makes efficient resource utilization.

The delay involved is minimum in ECA compared 
to original AODV where the simulation uses an 
iterative method to select the next hop in the route 
creation process.

In the ECA model, the next node in the route 
creation process is selected in random basis, with 
a probability p. Due to this the convergence of 
connectivity, in most of the cases, occurs at the 
early stages of the loop, resulting in minimum 
delay. But in case of AODV, which uses serial 
loop in the searching process which may select 
the same next hop node very frequently, will drain 
the battery of few nodes in the network, causing 
the connectivity failure ( disconnection).

Results
ECA model gives better performance in path 
building without any overheads.

Fig.2 analyzes how the delay is effected by 
increasing the size of RREQ load in local (n2n) 
connection establishment. Graph is plotted for 
Number of route requests generated from source 
node along the X-axis against the time consumed 
to generate RREQ packets along the Y-axis. The 
size of the RREQ traffic is incremented in every 
consecutive data transmission cycle will help 
to study the behavior of both algorithms, how 
increase in traffic load will affect the performance 
of the protocols.

Initially source node sends one RREQ and time 
required to receive positive ACK is calculated. 
In the next iteration, the RREQ traffic will be 
incremented by 1 ie, 2 RREQ’s are sent from 
two different source nodes and time taken to 
receive positive ACK is measured. Both readings 
are added and this process is repeated for 20 
simultaneous RREQ’s sent from different source 
nodes. The experiment is repeated for AODV 
model where the source node will wait till suitable 
next hop node is determined, based on minimum 
hop count towards destination node without 
considering QoS requirements.

As the number of RREQ’s generated at the source 

Fig. 2: Time Spent For Generation of RREQ
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node increases, AODV slows down in its response, 
ranging from 100 msec to 1800 msec while 
ECA responds very fast to the increasing load, 
ranging from 15ms to 400ms, when the number 
of iterations in the simulations are considered.

In the Fig.3, graph is plotted by taking hop-count 

from source towards destination node along 
X-axis, which is labelled as 1 for source(0) to 
1st hop node, labelled as 2 for 1st hop node to 
2nd hop node and so on till the destination(10) is 
reached, which is labelled as 10, against the time 
consumed in establishing connection along the 
Y-axis.

Fig 3. Node to Node connectivity Time (n2n-con)

Fig 4. End to End Path Establishment Time (s2d )

At the source node, the RREQ packet needs to 
be created due to which the graph shows initial 
higher value. In the intermediate nodes, the time 
in establishing the connection remains almost 
constant for ECA, since it will select the node to be 
transmitted in random basis in the loop iteration. 
So in most of the cases, the convergence of 
connectivity occurs at the early stages of the loop. 
In case of AODV, which searches sequentially the 

neighbouring nodes to select the next best hop 
node, which increases connectivity delay.

The Fig.4 shows path establishment time for 
various intermediate nodes. The graph is plotted 
for Number of intermediate nodes Vs Path 
establishment Time. These are the intermediate 
nodes the packet needs to cross in order to reach 
the destination.
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The graph in Fig.5 is plotted for the number of 
data packets created and transmitted along X-axis 
against, the number of packets dropped due to 
node/route failure along the Y-axis. The size of 
the data traffic is increased after every consecutive 
data transmission cycle. The nodes along the 
route will consume energy and their levels are 
continuously dropped in the transmission and 
receiving process. Finally they will loose all their 

energy resulting in route/node failure. Also due 
to node movement, any two nodes in the route 
will move far away from each other and finally 
they will disconnect. In both of the above cases, 
corresponding route between source-destination 
pair is said to be broken, and packets will not be 
able to reach the destination node and data packets 
traveling in the path is said to be dropped.

Fig 5. Data packet drop in the network

Fig 6. Local Path Reconstruction/correction Time

Fig.6 is plotted by taking number of local route 
correction request message along X-axis against 
the time taken to reconstruct the path along the 
Y-axis. The local correction method is used to 
establish the route when the broken link can be 
corrected within s2d_RT T . This involves the time 
taken for broadcasting the RERR message to all 

the nodes within the radio range which will inform 
local node failure and will update their respective 
routing tables to reflect the change in the network 
topology, and searching for the best next hop node 
to re-establish end to end connection.

Fig.7 is the analysis of global route reconstruction 
technique, which is invoked when the path cannot 
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Fig 7. Time taken in Global Route Error correction

be corrected in s2d_RTT . The graph is plotted 
by taking number of intermediate nodes in the 
route along the X-axis against the time taken 
to re-establish the path along the Y-axis. The 
task involves the time required to send Route 
Error message back to the source node from the 
damaged link/node followed by creating and 
sending new RREQ to the destination node.

Conclusion
QoS status of the neighbouring node is checked 
before statbilising a particular link in the RREQ 
propagation process. This ensures reliable, error 
free route to establlish between source and 
destination.

ECA QoS aware model checks the QoS status of 
the neighbouring nodes before selecting the next 
node to forward the RREQ packet, which will 
guarantee the establishment of reliable route to 
the destination. The resulting route, increases the 
reliability of the data transfer since it satisfies QoS 
requirements, which constructs a more stable path 
as compared to original AODV, as it uses normal 
flooding of RREQ packets without considering 
any QoS requirements.

The simulation results shows that the ECA 
model gives better results, while considering 
the local connectivity time, source to destination 
connectivity time, number of data packets 
successfully delivered to the destination, local and 
global error correction time, compared to AODV.
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Abstract
Recent developments in converters have given pathway to high-gain-step up converter having low 
output voltage ripple. High-gain-step up converters can be found between Photovoltaic Voltage (PV) 
and Direct-Current (D-C) loads. The intention of this work is to identify multi converter system for 
multiple input sources and to improve time response of high-gain-step up-converter. Closed-loop 
Multi-Converter System(MCS)is utilized to regulate load voltage.  This effort recommends suitable-
controller for “closed-loop-controlled-SEPIC-REBOOST Converter fed DC motor”. The estimation of 
the yield in ‘open-loop’&‘closed- loop-circuit’ has been done using MATLAB or Simulink. Closed-
loop-control of MCS with PI and FOPID-Controllers are investigated and their responses are evaluated 
in conditions of rise time, peak time, settling time and steady state error. It is seen that FOPID controlled 
MCS gives better time domain response in terms of motor speed. A ‘Prototype of MCS’ has been 
fabricated in the laboratory& the ‘experimental-results’ are authenticated with the simulation-results.

Keywords:- Multi-Converter System (MCS), SEPIC-REBOOST, FOPID, Photovoltaic Voltage

Introduction
“For sustainable energy applications, a high 
step-up-converter with voltage-multiplier 
modules “was recommended by Huang. This 
work introduced a new-separated high stride-
up-converter for sensible essential applications. 
Through an adjustable voltage-multiplier module, 
the introduced-converter achieved a high stride 
up get without utilizing either an expansive-
obligation-proportion or a high turn’s extent. The 
voltage-multiplier modules were made out of 
coupled-inductors and exchanged-capacitors. On 
account of the idle lossless fastened execution, 
spillage imperativeness was reused, which 
facilitated a gigantic voltage spike over the 
essential switches and upgrades capability [1]. 
Because of the indistinguishable course of action 

resistor of the boost-inductor, customary boost-
converters were not prepared to surrender high 
voltage pick. A high-profitability high-stride 
up converter was proposed, with little voltage 
burden on control switch, control diodes and 
yield capacitors. The boost-converter filled 
in as a dynamic-brace-circuit to smother the 
voltage-spike on control turn in the midst of 
the kill-transient period. The key variables for 
sustainable-energy-power-conversion in modern 
applications were Efficiency, control quality, 
and unwavering quality. Du introduced a new 
plan to enhance exhibitions of high-voltage 
expansive limit photovoltaic power stations. 
‘Novel high-proficiency step-up converter’ was 
given by Tseng[2]. ‘Examination of incorporated 
lift fly-back step-up converter’ was displayed 
by Liang[3]. The working models, theoretical 
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examination, and diagram arrangement of a high-
capability wander up converter were shown. The 
coordinated boost fly-back converter (IBFC) 
used coupled-inductor methodologies to achieve 
high-stride-up voltage with low commitment 
extent, and thusly the inclination-pay-circuit was 
discarded.
“Renewable-energy-systems with photovoltaic-
power-generators, operation and modelling” 
was recommended by-Bialasiewicz. A generous 
increment of photovoltaic (PV) power-generators 
establishments has occurred as of late, because of 
the expanding proficiency of sun oriented cells 
and in addition the enhancements of assembling 
innovation of sun oriented boards. These 
generators are both grid-associated and remain 
solitary applications [4]. A hybrid fuel cell power 
system was proposed &it comprises of a ‘fuel-
cell, an isolated-unidirectional-converter, a bi-
directional-converter, an-inverter and a-battery’. 
A new unidirectional-converter, hybrid- full - 
bridge-LLC-resonant converter, was proposed 
and goes about as a unidirectional-converter in 
the system[5]. 
Plan and analysis of a grid-associated photovoltaic 
power-system was given by Zhao[6]. An elevated 
effectiveness high step-up converter with little 
switch-voltage-stress for ‘fuel cell’ system-
applications was exhibited by Pan[7]. The voltage-
spike that happens on the power- switch is eased 
permitting a low-voltage-appraised power-switch 
with low RDS(ON) and in this way decreases 
the conduction-misfortunes was exhibited by-

Kuo-Ching Tseng. This examination displays a 
novel DC-DC-converter for renewable-energy-
conversion-systems with photovoltaic (P V) sun 
based cell or fuel-cell-stack input. The proposed 
converter was depended on a boost-converter and 
a voltage-doublers setup with a coupled inductor 
to accomplish high advance up voltage change 
ratio[8].
The exceeding-writing do not deal with input-
combination of ‘SEPIC and RE-BOOST 
converters’. These effort suggests a combination 
of ‘SEPIC and RE-BOOST-converters’ to 
enhance power-output. The exceeding-writing 
does not deal with ‘comparison of responses 
of PI & FOPID-controlled MCS-system’. 
This effort proposes FOPID for the control of 
‘SEPIC&REBOOST-system’.

System Description
The ‘Block-Diagram of Closed-Loop-MCS with 
PI-Controller’ is exposed in Fig-1. ‘Actual-speed’ 
is evaluated with the ‘reference-speed’ and the 
error is applied to PI. The ‘output of PI’ is given 
to a comparator which evaluates ‘saw-tooth’ with 
the ‘output of PI’. The MCS-system updates the 
width of pulse-applied to the MOSFET of SEPIC 
& RBC.
The Block-Diagram of Closed-Loop-MCS with 
FOPID-Controller is exposed in Fig-2.‘Actual-
speed’ is evaluated with the ‘reference-speed’ and 
the ‘error is applied’ to FOPID. The ‘output of 
FOPID’ is given to a comparator which evaluates 
saw-tooth with the ‘output of FOPID’. The FOPID 

Fig.1. ‘Block-Diagram of Closed-Loop-MCS with PI-Controller’
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Fig. 2. ‘Block-Diagram of Closed-Loop-MCS with FOPID-Controller’

system updates the ‘width of pulse’ applied to the 
MOSFET of SEPIC& RBC.

Analysis
Equivalent ‘L and C’ are expressed as follows:

              (1)

            (2) 
‘Output of PID’ is as follows:

           (3)
K1-‘Proportional-error-constant’ 
K2-‘Integral-error-constant’ 
K3- ‘Derivative-error-constant’

‘Efficiency’ is calculated as follows:
             (4)

V1 - ‘Input-Voltage’
V2-‘Output-Voltage’
I1- ‘Input-Current’
I2 –‘Output-current’

Simulation Results
Multi level inverter system with multiple input 
sources of closed-loop-system with PI-controller 
is appeared in Fig-3. The input-voltage of MLIS-
MIS is appeared in Fig- 4 & its value 14 V. The 
Motor-speed of MLIS-MIS is appeared in Fig-5 
&its value is 600RPM. The Torque-Response of 

Fig 3. Closed-loop-MCS with PI-controller
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MLIS-MIS is appeared in Fig-6 & its value is 
0.9N-m.

‘Closed-loop-MCS with FOPID-Controller’ is 

appeared in Fig-7. The Motor-speed of MLIS-
MIS is appeared in Fig-8 &its value is 550 RPM. 
The Torque-Response of MLIS-MIS is appeared 
in Fig-9 & its value is 1 N-m.

Fig 4. Input-voltage

Fig 5. Motor-Speed

Fig 6. Torque
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Fig 7. Closed-loop-MCS with FOPID-controller

Fig 8. Motor-Speed

Fig 9. Torque
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Table1. Evaluation of Time-domain-parameters (Vref=600rpm)

Fig 10. Hardware-Snap-Shot

The ‘evaluation of Time-domain-parameters’ 
(Vref=600rpm) is given in Table 1. By using-
FOPID-controller, the‘settling-time’ is decreased 
from 3.8 to 3.0 sec; the ‘steady-state-error’ in 

speed is decreased from 2.2 to 1.4 Rpm; the rise-
time is reduced from 2.3 sec to 2.2 sec ; the peak-
time is reduced from 2.8 to 2.5 seconds. Therefore 
the response with FOPID-controller is better-
than-that of PI- controlled-MLIS-MIS -system.

Hardware Results
Multi level inverter system with multiple input 
sources for hardware-snap shot  is exposed in       
Fig-10. The Output-voltage of solar is appeared in 

Fig-11. The Output-voltage of battery is revealed 
in Fig-12. The switching-pulse for Sepic & re-
boost converters (M1,M2) is appeared in Fig-13. 
The output-voltage of Sepic& re-boost converter 
is revealed in Fig-14.

Fig 11. Output-Voltage of Solar
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Fig 12. Output-Voltage Of Battery

Fig 13. Switching-Pulse for ‘Sepic& Re-boost-Converters’

Fig 14. Output-Voltage of Re-boost-Converter
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Conclusion
The performance comparison of boost-converter 
and re-boost-converter is done in simulation 
using Simulink.  Simulation-results are compared 
in terms of output-voltage. The results ensure 
that Modified-Re-boost-converter produce better 
performance compared to the boost-converter. 
‘Prototype of MCS-system’ is constructed 
&tested. The experimental-results are validated 
with simulation-results. Closed-loop-controlled-
MCS for DC-motor with PI and FOPID-controller 
is modelled and simulated. The ‘simulation-
results’ indicated that the settling-time is as low 
as 3 sec using FOPID. The ‘steady-state-error’ 
in speed is1.4 RP Musing FOPID. Therefore 
FOPID-controlled-MCS-fed DC-motor has better 
dynamic-response. The present-work deals with 
Closed-loop-controlled-MCS with PI and FOPID-
controllers. The evaluation of responses with ‘PI 
and PR’ will be done in future.
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Abstract
This paper deals with the symmetric optimum tuning of the proportional-plus-integral (PI) controller 
parameters intended for the control of a 100 MVA Voltage Source Converter (VSC)-based HVDC 
transmission system for asynchronous interconnection between offshore and onshore AC networks. In 
order to demonstrate the success of the proposed PI tuning technique, the dynamic performances of the 
VSC-based HVDC transmission system have been investigated for three test cases using MATLAB / 
Simulink. The simulation results confirm the satisfactory dynamic performance of the proposed VSC-
based HVDC transmission system under these test cases. 

Keywords: HVDC Transmission, Offshore AC Network, Onshore AC Network, PI Controllers, Voltage 
Source Converter

Introduction
The voltage source converter (VSC)-based HVDC 
transmission system has now been evolved as 
the most competitive technology offering cost-
effective and reliable means for asynchronous 
interconnection between two AC networks [1], 
[2]. For transmitting DC power from one AC 
network system to another AC network system, 
two VSCs connected via a DC cable are controlled 
[2]. Rapid and independent control of active 
and reactive powers, improved power quality, 
increased transmission stability, reduced short-
circuit current, less requirement for harmonic 
filters and easier integration with renewable 
resources etc. are some of the advantages of 
the VSC-based HVDC transmission system as 
compared to the classical counterpart [2]–[4]. 

The control system design is one of the most 
researched topics in the area of VSC-HVDC 
transmission system. Ref. [5] presented an 

overview to the VSC-HVDC technology with 
in-depth discussion on key multi-level converter 
topologies and control strategies. Two-level, 
multi-level, modular multi-level and cascaded 
multi-level VSCs are some of the most used 
topologies available for HVDC applications [5]–
[7]. Several key issues related with VSC-HVDC 
technology such as reliability, protection and 
multi-terminal control have been commented 
upon in [8]. For power system stability studies, 
Ref. [9] proposed two generic dynamic models 
of VSC-HVDC with special attention to filter 
and phase-locked-loop (PLL). A direct-current 
vector control strategy for HVDC light system 
has been reported in [4] and is compared with the 
conventional strategy. 

Among several control strategies for VSC-based 
HVDC transmission system, however, the vector 
control strategy involving proportional-plus-
integral (PI) controllers is the most employed 
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control strategy [9]. Nevertheless, proper tuning 
of the PI controller parameters has always been 
a tedious task for the control systems design 
engineers [10]. In this paper, the control of a 
100 MVA voltage source converter (VSC)-based 
HVDC transmission system has been detailed. The 
symmetric optimum technique [10] has been used 
for the tuning of the PI controller parameters. The 
paper is organized as follows––The control system 
for proposed VSC-based HVDC system has been 
presented in Section-II. The symmetric optimum 
tuning of the PI controller parameters has been 
dealt in Section-III. The dynamic performances 
of the VSC-based HVDC transmission system 
have been investigated for three test cases and the 
simulation results have been presented in Section-
IV. The conclusions have been given in Section-V.

VSC-based HVDC Transmission System
Fig. 1 shows the proposed VSC-based HVDC 
transmission system which links the offshore and 
onshore AC networks operating at two different 
frequencies (60 Hz and 50 Hz, respectively) [11]. 
The power has to be transferred from offshore AC 
network to the onshore AC network. This may 
be considered the similar case that of an offshore 
wind farm generating power which is transferred 
to the onshore grid. The control systems for 
offshore VSC (Control # 1) and onshore VSC 
(Control # 2) have been illustrated schematically 
in Figs. 2–3, respectively. These control systems 
are based on vector control principle and have 
been implemented in synchronous rotating d-q 
reference frame. At offshore terminal, both 

active and reactive powers are controllable. 
At onshore terminal, on the other hand, the DC 
voltage and reactive power are controlled. It is 
worth noticeable that, the angular frequencies (ωs 
and ωg) as well as the phase angles (θs and θg) 
meant for control systems of offshore and onshore 
VSCs, respectively have been estimated using 
PLL technique. The parameters of the VSC-based 
HVDC transmission system have been listed in 
Appendix.

Control Strategy and Tuning of the PI 
Controller Parameters
The d-q axes current references (  and ) 
for inner loop in Control # 1 have been estimated 
using reference values of active and reactive 
powers (  and ) as well as measured values 
of d-q axes voltages (  and ) at offshore 
terminal as follows [11]

           (1)

            (2)

On the other hand, the d-axis current reference         
( ) for inner loop in Control # 2 has been 
estimated using an outer DC voltage controller 
whereas, the q-axis current reference for the same 
has been estimated using the DC voltage (
), DC current ( ), the reference value of the 
reactive power ( ) as well as measured values 
of the d-q axes voltages (  and ) at onshore 
terminal as follows [9],[11]

Fig 1. Proposed VSC-based HVDC transmission system
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Fig 2. Control # 1 for offshore VSC

Fig 3. Control # 2 for onshore VSC

            (3)

           (4)

where,                                                       (5)

It is worth noticeable that, similar coupling reactors 
have been chosen (Ls = Lg and Rs= Rg ) to be used at 
both (offshore / onshore) VSC terminals. Besides, 
the sampling time (Tc) and switching frequency 
for inner loop in both control systems have been 
chosen as 100 μs and 5 kHz, respectively. Clearly, 
the inner control loops in both control systems are 
identical. The PI controllers have been employed 
in inner control loops in both control systems for 
offshore and onshore VSCs. Therefore, the open-
loop transfer function for inner loop (the same has 
been illustrated in Fig. 4(a)) can be expressed as 
follows

   (6)

where,                                                                 (7)

                                                                                             (8)

In addition, Kp and Ti are the parameters of the 
PI controller of inner control loop. Using the 
symmetric optimum technique with a = 2.4142 
[10], the PI controller parameters in inner control 
loops can be determined as follows

             (9)

            (10)

The corresponding open-loop Bode plots as well 
as pole-zero map and step response of closed-loop 
have been depicted in Fig. 5(a). A phase-margin 
of 45o has been noted. The closed-loop poles are 
located in the left-half of the complex plane. The 
damping factor of complex conjugate poles has 
been noted 0.707 in the pole-zero map of closed-
loop system. This reveals that the closed-loop is 
stable.
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Fig 4. The mathematical block diagrams of (a) inner current loop (b) onshore DC voltage control loop

Fig 5. The open-loop Bode plots as well as pole-zero map and step response of closed-loop with tuned 
parameters of PI controller employed in––(a) inner current loop (b) Onshore DC voltage loop
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Fig 6. Dynamic performances of the VSC-based HVDC transmission system under step change in reference 
active power for offshore VSC from 95 MVA to 55 MVA at t = 0.6 s

On the other hand, the outer DC voltage loop in 
Control # 2 is shown in Fig. 4(b). The open-loop 
transfer function for outer DC voltage loop in 
Control # 2 can be expressed as follows 

             (11)

where,                                                           (12)

In addition, Tv is the sampling time for outer 
control loop; Kpv  and Tiv are the parameters of the 
PI controller of DC voltage loop in Control # 2. 

Using the symmetric optimum technique with a = 
2.4142 [10], the PI controller parameters in outer 
DC voltage loop of Control # 2 can be determined 
as follows

         (13)

                                  (14)

The corresponding open-loop Bode plots, pole-
zero map and step response of closed-loop are 
depicted in Fig. 5(b) which reveal the stability of 
closed-loop.
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Simulation Results and Discussions 
The VSC-based HVDC transmission system meant 
for transfer of power from an offshore AC network 
(operating at 60 Hz frequency) to an onshore AC 
network (operating at 50 Hz frequency) has been 
simulated using MATLAB / Simulink. In order 
to judge whether the PI controllers are properly 
tuned or not, the simulation results have been 
presented considering the following cases:

Case 1: Step change in reference active power for 
offshore VSC. 

Case 2: Step change in reference reactive power 
for offshore VSC.

Case 3: Step change in reference DC voltage for 
onshore VSC. 

Case 1: Step change in reference active power 
for offshore VSC from 95 MVA to 55 MVA at 
t = 0.6s.

Initially the reference active and reactive powers 
for offshore VSC are set at 95 MVA and 10 MVAR, 
respectively. At time t = 0.6 s, there happens a step 
change in the reference active power only. The 
new reference value for active power is now set 
at 55 MVA.

Fig 7. Dynamic performances of the VSC-based HVDC transmission system under step change in reference 
reactive power for offshore VSC from 10 MVAR to 40 MVAR at t = 1.2 s
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It can be seen from Fig. 6 that at offshore 
terminal, the measured active power achieves its 
new reference quickly while the reactive power 
remained at 10 MVAR. The variation in the d-axis 
current and hence, in three-phase currents are in 
accordance with the active power reference; while 
there happened no change in the q-axis current. 
On the other hand, the reduction in transferred 
active power causes a dip in the DC voltage. The 
DC voltage controller for onshore VSC takes care 
of it. The DC voltage is again maintained at its 

reference value of 50 kV. The variation in the 
d-axis current and hence, in three-phase currents 
for onshore VSC can be observed in respect to 
the change in active power reference for offshore 
VSC. The active power received onshore can also 
be noticed nearly identical to that delivered from 
offshore terminal. The reference reactive power 
for onshore VSC is set at 0 MVAR (in order to 
achieve unity power factor operation of onshore 
VSC); therefore, the value of q-axis current is 
observed zero at onshore terminal.    

Fig 8. Dynamic performances of the VSC-based HVDC transmission system under Step change in reference 
DC voltage for onshore VSC from 50 kV to 47.5 kV at t = 1.7 s
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Case 2: Step change in reference reactive 
power for offshore VSC from 10 MVAR to 40 
MVAR at t = 1.2 s.

At time t = 1.2 s, there happens a step change 
in the reference reactive power only. The new 
reference value for reactive power is set at 40 
MVAR. It can be seen from Fig. 7 that at offshore 
terminal, the measured reactive power achieves 
its new reference quickly while the active power 
remained at 55 MVA. The variation in the q-axis 
current and hence, in three-phase currents at 
offshore terminal are in accordance with the 
change in reactive power reference. The reference 
reactive power for onshore VSC is set at 0 MVAR 
(in order to achieve unity power factor operation 
of onshore VSC); therefore, the value of q-axis 
current is observed zero at onshore terminal. 

Since, the reactive power at both terminals are 
controlled independently, therefore, the variation 
in three-phase currents at onshore terminal is 
insignificant as compared to that at offshore 
terminal (a minute variation may be observed 
because there happened a very small change in 
the d-axis current and the d-and-q axes currents 
are cross coupled). The DC voltage controller 
for onshore VSC takes care of small changes in 
the measured DC voltage due to small change in 
d-axis current at onshore terminal. Further, the 
active power received onshore can also be noticed 
nearly identical to that delivered from offshore 
terminal.

Case 3: Step change in reference DC voltage 
for onshore VSC from 50 kV to 47.5 kV at t = 
1.7 s.

At time t = 1.7 s, there happens a step change in 
the reference DC voltage only. The new reference 
value for DC voltage is set at 47.5 kV. It can be 
seen from Fig. 8 that the DC voltage controller 
for onshore VSC forces the measured DC voltage 
to achieve its new reference quickly with a small 
undershoot. The active and reactive powers at 
offshore terminals are measured as 55 MVA and 
40 MVAR, respectively. The variation in the 
d-axis current and hence, in three-phase currents 
as well as active power at onshore terminal are 

in accordance with the change in measured DC 
voltage. The reference reactive power for onshore 
VSC is set at 0 MVAR (in order to achieve 
unity power factor operation of onshore VSC); 
therefore, the value of q-axis current is observed 
zero at onshore terminal. On the other hand, no 
variation in the d-q axes currents at offshore   
terminal.

Conclusions
A VSC-based HVDC transmission system 
linking offshore and onshore AC networks (two 
asynchronous AC networks operating at 60 Hz 
and 50 Hz frequencies, respectively) was studied. 
The vector control strategy was implemented 
for the control of proposed VSC-based HVDC 
transmission system and the parameters of PI 
controllers were tuned using symmetric optimum 
technique with a = 2.4142. The control system for 
the offshore VSC was formulated so as to control 
both active and reactive powers. For the onshore 
VSC, on the other hand, the control system was 
formulated so as to control the DC voltage and 
reactive power. The dynamic performances of 
the proposed VSC-based HVDC transmission 
system were investigated for three test cases using 
MATLAB / Simulink. A fast and satisfactory 
dynamic performance was observed under all 
test cases confirming the proper tuning of the PI 
controller parameters.

Appendix
Rated power: 100 MVA; Reference onshore DC 
voltage: 50 kV; Line-line voltage (offshore / 
onshore): 24.5 kV (r.m.s.); Operating frequency 
(offshore): 60 Hz; Operating frequency (onshore): 
50 Hz; Coupled AC reactors (offshore / onshore): 
7.5 mH/ 1.06 Ω ; DC capacitors: 1000 μF.
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Introduction
Historical Perspective

Bangladesh Power Development Board (BPDB) 
started with 200 MW Generation Capacity in 
May 1972. BPDB was re-organised (unbundled) 
into Generation, Transmission, and 
Distribution utilities :

z Power Grid Corporation of 
Bangladesh (PGCB).

z Dhaka Power Distribution 
Company (DPDC).

z Dhaka Electric Supply Company 
(DESCO).

z West Zone Power Distribution 
Company (WZPDC).

z Palli Bidyut Samiti (PBS).

Abstract
The present paper depicts the current scenario of Power Sector in Bangladesh. The paper encompasses 
Generation Profile including Future Projection in Bangladesh and present and future transmission 
scenario. Paper also highlights high voltage dc (HVDC) transmission system with special reference to 
Bangladesh – India recent Initiatives on Power and Bangladesh – India Cross Border Transmission.  
The paper also indicates on HVDC economics and future prospects in Bangladesh

z BPDB (Generation, WZPDCL, NWZPDCL, 
SZPDCL).

z Northern Electricity Supply Company 
Limited (NESCO).
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Bangladesh Power Sector

Table 1 Power sector at a glance

Table 1 Power sector at a glance

Power System Master Plan (PSMP)
PSMP 2010: Long term planning up to 2030

Study completion: February 2011

Findings – generation capacity requirement:

- By 2021 : 24,000 MW (base); 26,000 MW 
(high)

- By 2030 : 39,000 MW (base) ; 47,000 MW 
(high)

- Coal based capacity by 2030: 20,000 MW 
(base)

Other key findings:

- Coal and Nuclear for base load power 
requirement.

- Cross Border Trade with neighboring 
countries.

Repowering of gas based power plants

Gas Based Steam Turbine System is inefficient. 
Even open cycle Gas Turbine has been phased 
out in most of the countries (except for peaking 
power). Efficiency is found in the tune of 

l Steam Turbine – less than 30% Efficiency.

l Open Cycle – about 40% Efficiency.
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l Combined Cycle – about 60% Efficiency.

Ghorashal Repowering Study (World Bank 
Assistance).

New Transmission Lines to be added from 
2010-2030

Table 2 Capacity till 2030

Table 3 Future transmission lines

Fig.3 GDP growth rate

Table 4 Required substations

400 and 230 kV substations required from 
2010 - 2030

Distribution Including Rural Electrification

Distribution planning for electrification includes 
town/city distribution in both public and private 
sectors. The length of considered ddistribution 
lines is about 35,000 km of voltage level 
below 33 kV. Rural electrification distribution 
is contemplated through Palli Bidyut Samiti 
(PBS). Also JICA and World Bank funding 
help for massive strengthening of rural network 
in Bangladesh. Besides, World Bank has been 
assisting in a very large scheme for Solar Home 
System for rural lighting purpose.

Viewpoints of PSMP 2016 
• Enhancement of imported energy 

infrastructure and its flexible operation
• Efficient development and utilization of 

domestic natural resources (gas and coal) 
• Efficient development and utilization of 

domestic natural resources (gas and coal) 
• Maximization of green energy and promotion 

of its introduction 
• Improvement of human resources and 

mechanisms related to the stable supply of 
energy



177

Proceedings of 34th National Convention of Electrical Engineers

Projection of Costs of Energy Supply and 
Tariff Policy 
In order to cope up with future energy challenges, 

emphasis has to be given on renewable power 
generation and low loss transmission system 
particularly through HVDC.

Fig.4 Projected energy scenario

Table 5 Mode of Generation Ratio Worldwide

Fig.5 Wind speed profile in some prospective location of Bangladesh
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HVDC – Present Scenario
Bangladesh is already importing 660MW of 
electricity from India: 500MW from Bahrampur 
through the existing HVDC substation in 
Bheramara, and another 160MW from Tripura 
via Comilla. Siemens recently announced that in 
June this year, it fully commissioned the second 
block of the high-voltage direct-current (HVDC) 
back-to-back link in Bheramara, Bangladesh, to 
connect the electricity supply networks of India 
and Bangladesh with a transmission capacity of 

up to 500 MW. Block 1 is in operation since 2013 
and offers a transmission capacity of up to 500 
MW. With Block 1 and 2 operating in parallel, 
the Bheramara HVDC back-to-back link has a 
capacity of up to 1,000 MW. Block 2 was been 
put into commercial operation since July 2, 2018, 
to support the customer’s operating needs. From 
Bheramara at the Western border of Bangladesh, 
the 230kV grid of the country will be connected 
via a substation and overhead lines to India’s 
400kV grid.

Fig. 6 Indo-Bangla transmission network

India – Bangladesh Interconnector  

Scope of Works: 1x 500 MW HVDCBTB Station, 
Bheramara, Bangladesh Side T/L, India Side T/L, 
India Side Sub Station at Behrampur 

Indian Portion 

Transmission Line: Baharampur (India) – 
Bheramara (Bangladesh) 400kV Double Circuit 
line. (Indian Portion): App 71 Kms (Twin ACSR 
Moose Conductor). Loop-in and loop-out of 
Farakka-Jeerat 400kV Single Circuit line at 
Baharampur (India): 3 km 

Sub-station: Establishment of 400kV switching-
station at Baharampur (India). 2 Nos of 400 kV 
line  bays for loop-in and loop-out of Farakka-
Jeerat 400kV Single circuit line, 1 No. of 80 

MVAR Bus Reactor, Space provision for at least 
2 no. of 400kV bays.

Bangladesh Portion

Transmission Line: Baharampur (India) – 
Bheramara (Bangladesh) 400kV Double Circuit 
line (Bangladesh Portion) : App 27  Kms (Twin 
ACSR  FINCH Conductor). Loop-in and loop-out 
of Ishurdi - Khulna South 230kV Double Circuit 
line at Bheramara(Bangladesh) : App 5 Kms 

Sub-station: Establishment of 500 MW HVDC 
back-to-back station. Installation of 500 MW 
HVDC back-to-back terminals. 4 nos of 230 kV 
line bays for LILO of Ishurdi -Khulna South 
230kV Double Circuit line. 2 No of 400 KV Line 
bays (for  Bheramara – Bherampur D/c line). 
Space provision for at least 2 no. of 230kV bays.
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Energy Security
In the case of importing power from other 
countries, the risk of supply interruption caused 
by adverse relationships between the two 
countries needs to be considered. Electric power, 
which is different from other types of supply, is 
technically easy to shut down even in minutes. So 
it is necessary to avoid excessive reliance on other 
countries in order not to place oneself in a serious 
situation. Specifically, the capacity of imported 
power from one country should be within the limit 
of generating reserve margin and also 10% of all 
supply capacity in order to continue the supply in 
the event of supply interruption. 

Massive Blackout Due yo Large Scale 
Power Loss of Supply
It is desirable to import as much power as 
possible through one connecting point from the 
viewpoint of economic efficiency. However, if a 
huge amount of power is transmitted through one 
connecting point, it can lead to the risk of massive 
blackout, such as blackout across the entire 
country during the shutdown of the connecting 
line. Massive blackout occurred on 1st November 
2014, triggered by 500 MW power loss of the 
BTB break down on the inter-connection line 
from India. In concrete terms, it is preferable 
that the amount of imported power through one 
connecting point is within 10% of the demand.

Table 6 Cost estimation of HVDC transmission 400MW transmission system

Fig. 7 HVDC economics

HVDC Economics



180

Proceedings of 34th National Convention of Electrical Engineers

Conclusion
Bangladesh is a populous country and has been 
facing lot of challenges in power sector. Also 
Transmission and distribution losses are quite 
high in Bangladesh which is an impediment for 
efficient transfer of power over long distances. 
In contrary to our convention HVAC system, 
HVDC is more economical and lower losses for 
transmitting bulk amounts of power over long 

distances.  HVDC has the opportunity to establish 
interconnection systems among different nations.  
The paper presents the recent power development 
scenario in Bangladesh and also directs towards 
the requirement of HVDC link with its neighboring 
countries for energy exchange.  It is the need of 
the hour that policy maker of Bangladesh should 
emphasize on HVDC technology for better power 
flow management in order to establish a stable 
network in the country.
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