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lectrical Engineering Division Board (ELDB) is pleased to release the Second

Annual Technical Volume of ELDB today on November 11, 2016. The Annual
Technical Volume of ELDB includes selected articles from All India Seminars and National
Convention organized under the aegis of Electrical Engineering Division Board during the
year 2015-2016. The tapping of renewable energy sources, distributed generation, micro grid,
smart grid and retrofitting & refurbishment of existing equipment and systems have been the
thrustarea of All India Seminars during the current year.

The articles picked up from these seminars, reporting observations of field engineers,
supplemented by factual data and working experience are covered in this Volume. The first
three articles discuss the experience of retrofitting and refurbishment of substations,
transmission lines and systems by incorporating modern monitoring, protection and control
equipment to increase the reliability and power quality of the electrical systems.

The articles on operating experience of solar and wind generating plants, operation of
micro grid, integration of DGs into grid will guide and help the power system engineers in
taking up the challenges of tomorrow. The actual innovative experiments and pilot projects
reported by TATA Power on solar, floating solar, and tailrace water energy recovery by mini
hydro is the new area to be tapped. The use of solar tree is an innovative idea proposed for
minimizing the land requirement of solar farms.

It is hoped that the sharing of knowledge and experience with other professional co-
workers through this volume will build the confidence amongst power system engineers and
speed up the implementation of innovative ideas in coming decade.
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L
S B Dubey, FIE

Chairman

Electrical Engineering Division Board, IEI
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It gives me immense pleasure to learn that the Electrical Engineering Division Board
of the Institution is successfully bringing out its Volume 2 of Annual Technical
Volume as per the decision of 126th CATE/682nd Council Meetings held at Pachmarhi,
Madhya Pradesh during June, 2014.

I congratulate the Chairman and the Members of the Electrical Engineering Division
Board and the Editorial Team of Technical Department for their sincere effort to bring out this
Annual Technical Volume containing selected articles from All India Seminars and National
Convention organized under the aegis of Electrical Engineering Division Board.

I believe that this compiled volume will be helpful for the academic, research as well
as the industry professionals and will stimulate further research into these emerging fields of

technology.

Prof (Dr) Nil Ratan Bandyopadhyay, FIE
Chairman, CATE, IEI
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Retrofits and Upgrades in Power Transmission Systems
using HVDC and FACTS Technologies

M. Arunachalam

Department of Electrical Engineering,

Raja Rajeswari College of Engineering,
Bangalore, Karnataka

E-mail : arunachalammlaiyandi @gmail.com;

Abstract

Tayi Krishna Rao

Former Chief Engineer, Transmission Corporation
of Andhra Pradesh Limited,

Hyderabad, Telengana
tayikrishnarao@gmail.com

The demand for electrical power is increasing at a fast rate. The power transmission systems are
becoming more and more complex and it is becoming difficult to construct the new transmission lines in
areasonable time frame as there are constraints like getting the Right of Way (RoW), arranging the funds
etc. In this scenario, it is important that more and more existing transmission assets are utilized
effectively by improving their system capabilities with much reduced investments.

In this respect, high voltage direct current and flexible ac transmission system technologies can be
employed effectively in retrofitting and upgrading the existing assets of the transmission system with
marginal investments.

In this paper, some sample projects on which the authors have worked and implemented like the up
gradation by converting a 3-¢, 230 kV, double circuit ac line in to a dec link providing asynchronous link
and also introducing new FACTS devices like controlled shunt reactor in a 400 kV line to replace fixed
reactors are discussed.

Introduction The following approaches are used depending on

In the present day technological advancementsand ~ therequirements.

engineering maturity, the electrical and electronic
control equipment are being designed and installed
to give service to the owner for a life span of about
40 to 50 years. Whereas, the technological
inventions and advancements are taking place at a
fast rate. In this respect, the modern technologies
like high voltage direct current (HVDC) and
flexible ac transmission systems (FACTS) play
important roles in making the present day power
transmission system assets more and more
effective and efficient by enhancing the
capabilities and introducing the controllability.
HVDC and FACTS are the enabling technologies
in enhancing the capabilities of the existing
transmission systems with comparatively much
lesser investments and faster implementation.

N

Converting the existing 3-¢ ac lines in to a dc
bipolar line and thereby enhancing the power
transfer capability to a maximum of about 3.5
times the existing capability with the additional
benefits of capable of controlling the amount of
power transfer at will, providing asynchronous
tie,reduced losses and no additional demands for
right of way (RoW).

The capabilities of the existing HVDC system can
be enhanced by adding series or parallel HVDC
substations. The investments are made in a pre-
planned staged manner.

In case of power levels considered are of the order
of 500 to 1000 MW, FACTS technology can be
employed. The cases considered for discussion in
this paper are:

/
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a) Replacing the fixed shunt reactors in 400 kV
substations with thyristor based controlled shunt
reactor (CSR). CSR is a new FACTS device
introduced by BHEL.

b) Introducing capacitors in series with the line. In
the case of fixed capacitor, it is called as fixed
series capacitors (FSC) and in the case of thyristor
controlled variable capacitance, it is called as
thyristor controlled series capacitors (TCSC).

¢) In addition to improve the power transfer
capability of the line as in the case of FSC, the
power can also be + locations in a power system to
secure the stability of the system.

d) SVCs are also being introduced at the industrial
substations to provide dynamic VAr compensation
to tackle the rapidly changing VAr requirements of
loads resulting in better voltage profile, enhancing
the capability of drawing more power from utility
at power factor close to unity and increasing the
production and profit.

The cases, one for each of the above, on such
systems the authors have worked are presented in
this paper.

Conversion of Existing ac Lines into dc Lines

In this method of system upgradation, the existing
ac line conductors and the insulators are proposed
tobeused.

Assuming that the effective ac current rating of the
existing conductors and its dc current ratings are
same and also that the peak value of the voltage
rating of the existing ac line tower insulators
provide the same dc rating, the line when converted
into dc can transmit nearly 1.5 times the power.

It is to be noted that, the additional befits are
complete controllability, less losses and
asynchronous tie.

The Indian National HVDC (NHVDC) in which
the 230 kV double circuit line linking between
lower Sileru and Barsur for power transfer
between AP and MP was an asynchronous tie and

through NHVDC project the link was converted in
to a dc link of 200 kV, 200 MW mono-polar,
implemented in two stages. In the first stage
(phase 1), 100 kV 100 MW rating was realized in
mono-polar mode. In the second stage (phase 2)
the capability was further upgraded to 200 kV 200
MW. It was an experimental line with the key
equipment like thyristor valves and controls were
developed digenously. Though the project was
conceived and executed as an R&D project with
the aim of developing the technology capabilities
in the country, today it gives an opportunity to
extend the knowledge for upgradation of the
system by converting the existing ac line into a dc
link. This aspect is discussed in [1],[2] including
the design of the valve and control. The important
features like the design of various type tests which
were conducted for the new thyristor valve which
are connected in series with the existing ones with
the different type test capability are discussed
below.

NHVDC is in monopolar mode with two 6 pulse
converters connected in series, the bottom six
pulse converter which is of standing structure and
the upper six pulse converter is of the state-of-the
arthanging structure. Figure 1 shows the connection
schematic of these two converters. Both the
converters are of double valve structures. They are
shown in Figures 2 and 3.

It may be noted that in NHVDC phasel, 3.2kV,
1000 A, 55 mm thyristors, 96 numbers in series are
used and in phase 2 , 7 kV, 1800 A, 100 mm, 48
numbers thyristors in series are used. In both the
phases the state-of-the-art design, that is, air
insulated, water cooled and fibre-optically
triggered, is used. The valve losses are considerably
less in phase 2 as there are only 48 thyristors and as
these thyristors are of with larger wafer area the on
state voltage drop is also less helping in resulting
in less losses.

As it is noticed from Figures 2 and 3 that the
bottom terminal of phase 1, valve 1 is at ground

J
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potential and in phase 2 the bottom terminal of the
valve is at 100 kV. Therefore, one has to simulate
the impedance of phase 1 valve with proper
impedance and connect it between bottom terminal
of phase 2 valve and ground while conducting the
dielectric type tests on phase 2 wvalves. This
impedance has to be different for different type
tests like ac withstand, dc withstand, switching,
lightning and steep front impulse withstand tests.
Through computer simulation were carried out

with the suitable series impedances to verify  Figure 3 : Thyristor valve NHVDC phase IT

whether the new valve is experiencing the required OVERVIEW OF HVDC
withstand test voltages. THYRISTOR VALVE
The operational type tests were successfully NHVDC PHASEI NHVDC PHASE I
carried out at Central Power Research Institute FLOORA MOUNTED TYFE  * SUSPENDEDVAINE
1 1 S55mon DIA. BHYRIS TOR - 75 THYRISTOR
(CPRI) Bangalore. Figure 4 shows the picture of A AOG TIEREETR. . ITEIRD THTRIETOR
ELECTROMNICSE ELECTROMICS
NATIONAL HVDC FROJECT o T TURATLE
it gl
. 4 200kVdc
TOTAL :200 KV, 200 MW 1000 A DPERATIONAL TYPE » DPERATIONAL TYPE TEST
12 - PULSE MONOPOLE 3 i TESTAT GEC, UK AT CPRI
I S S o
NATI ONAL HVDC =T the phase 2 double valve structure erected at CPRI
PHASE II
ATDITIONAL 100 KV i i Bangalore for type tests.The test voltages were
100 MW 6. PUL SE I . .
BRID GE ron wele calculated as per IEC and the test were performed
asper IEC [3].
I NATICNAL HVDC Upgradation of HVDC Converter Station by
= 100 KV 100 MW Adding Series or Parallel Sub-stations
+ = oz EEEDEE HVDC converter stations can be upgraded by
STTTE introducing series or parallel HVDC sub-stations

Figure 1 : Series connection schematic of NVDC phase 1 and [4] Figures 4and 5 give the schematic of addition
phase2 converters of series and parallel sub-stations, respectively for
upgradation purposes.

|| o

Figure 2 : Thyristor valve NHVDC phase I Figure 4 type test arrangements at CPRI Bangalore.
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Figure 6 : Parallel connected HVDC substation

Figure 6 also shows the schematic of NE -Agra
+800 kV 6000 MW phase 1 being executed in the
country. In phase 2 of the project parallel
substations will be added as shown in Figure 7 to
upgrade the rating from 6000 MW to 12000 MW. It
is a multi-terminal UHVDC system being
executed in the country with many first of the type
inthe world.

Upgradation of Transmission System using
FACTS Technology

Like HVDC, FACTS is also an enabling
technology to make the transmission system more
valuable. Controlled shunt reactor (CSR) is a
FACTS device introduced by BHEL [5]. It is used
to replace the fixed shunt reactor in in 400 kV
transmission line to improve the voltage profile,
reduce the losses and improve the power transfer
capability. Figure 8 shows the schematic of such a
scheme.

FACTS devices like thyristor controlled series
compensation (TCSC) are also used to upgrade the

\

capability by introducing thyristor based variable
capacitance in series with the line to improve the
power transfer capability and the power
transmitted is controllable. The upgradation in the
case of the Kanpur- Ballabgargh system is carried
out in stages [7]. First fixed capacitor was
introduced and later a portion of the fixed (8%) is
made variable by introducing thyristor controlled
reactor (TCR) in parallel to the eight percent
portion of the fixed capacitor making it variable up
to 20% with a boost factor of 2.5. Figure 9 shows
the schematic of the scheme. A number of lines in
the country have been upgraded using FSC
schemes improving the voltage profile, reducing
the losses and upgrading the power transfer
capabilities. Table 1 gives the details.

Figure 7 : Schematic of NE-Agra phase-2 upgrading to

12000 MW

Static VAr compensators (SVCs) are used to inject
necessary reactive power in to the system to
control the voltage profile of the utility and
industrial busses. SVCs are thyristor based. Now
turn off device based STATCOMs are more and
more referred for their superiority in fast control
and ability to supply rated reactive power at much
reduced bus voltages. Table 2 gives some of the
projects executed in the country and the befits
realized.

12
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TABLE -1
BHARAT HEA VY ELECTRICALS LIMITED
REFERENCES FOR SERIES COMPENSATION
SL CUSTOMER/ VOLTAGE DESCRIPTION CAPAQTOR BANK IMPROVEMENTS
NO. LOCATION OF THE RATING ACHIEVED/ANTICPATED
FEEDER
1. KSEB 220kv 221 KM LONG 36 Ohm,650A, = INCREASE IN POWER
KOZHIKODE LUDUKKF 23.4kv,45.75SMVAr, TRANSFER CAPABILITY
KOZHIKODE 40% COMPENSATION FROM 170M\W TO 230
MW. VOTAGE FROM 0.8PU
TO 0.9 PU
1. 0SS REDUCTION:38MW
2. PDD J&K 132kv 152 KM LONG 433 = INCREASE IN POWER
WANPOH UDHAMPUR- OHMA00A,17.32kV, TRANSF ER CAPABILITY
PAMPORE 2X20.28MVAr, by70MW. VOTAGE FROM
60% COMPENSATION 0.85PU TO 0.92 PU AT
PAMPORE
1. OSS REDUCTION:1. 4MW
3. MPEB 220kv 240KM LONG 34.80HM,600A,20.88kV, =INCREASE IN POWER
PICHHORE DOUPLE GWALIOR TO 2X36.6MVAr, TRANSFER CAPABILITY
CIRQUIT BINA 45% COMPENSATION by60MW. VOLTAGE FROM
LINE 0.84PU TO 0.9 PU AT
GWALIOR
4 MSEB 220kv 84.6KM LONG 24.20HM,650A,14.8kv, * INCREASE IN POWER
MIRAJ KARAD TO 30.66MV Ar, TRANSFER CAPABILITY
MIRAJ 70% COMPENSATION by30M\W. VOTAGE FROM
0.82PU TO 0.9 PU AT
MIRAJ
= LOSS REDUCTION:2.5 MW
S. MPEB 220kv ITARSI - 34.80HM,600A,20.88kV, = INCREASE IN POWER
HANDIA DOUPLE BARWAHA 2X36.6MVAr , TRANSFER
CIRQUIT 45% COMPENSATION = VOLTAGE AND
LINE TRANSIENT STABILTY
IMPROVEMENT
6. MPEB 132kv 210KM LONG 50.0 OHM,350A,17.5kV, * INCREASE IN POWER
BUAWAR DAMOH- 184MVATr, TRANSFER CAPABILITY
BIJAWAR- 60% COMPENSATION by6MW. VOT AGE FROM
PRITHVIPUR 0.82PU TO 0.9 PU AT
BIJAWAR
* LOSS REDUCTION:20MW
7. MSEB 220kv 80KM LONG 22.30HM,650A,14.5kV, = VOTAGE FROM 0.85P U
AURANGABAD DOUPLE BABLESHWAR-  2X28.2MVAr, TO 0.92 PUAT
CIRQUIT AURANGABAD  60% COMPENSATION AURANGABAD
LINE = LOSS REDUCTION:1.85
MW
8. POWER GRID, 220kv 174KM LONG 30 OHM, 800A, 24.0kV, = INCREASE IN POWER
KISHENPUR,J&K | DOUPLE KISHENPUR 3X19.2MVAr , TRANSFER CAPABILITY
CIROUIT TO 42.86% COMPENSATION
LINE PAMPORE,J&K
CONTRORLED SHUNT REACTOR - o . -
FIBST TIMF IN FMBTA g‘?:‘;'_': t
(e G
il : T e =i
|l i P I et B ‘ I,_:—_:_:_ nﬁn—jfu ™ rf-rrl.- m’"i-ﬂ ——
' i l 1 : 1
1 <
b HH S Ry ——— -n-:-
a ¥ i — s s
Figure 8 : Schematic of controlled shunt reactor Figure9 : Schematic of TCSC controlled shunt reactor
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TABLE -2

BHARAT HEA VY ELECTRICALS LIMITED
SVCs COMMISSIONED

SL CUST OMER/ VOLTAGE No. OF SETs REMAR4KS
NO. LOCATION
1. BHEL,BHOPAL, 11kv#3.7SMVAr 1 REACTIVE POWER
GBX CONTROL
2, MPEB,BARSOOR 12kv£30.0MVAr 1 VOLTAGE CONTROL
OF 220KVLINE
3. TNEB 11kv+15/-30 3 -—-DO----
MVAr
4. SAIL ALLOY STEEL 33kv0-35MVAr 1 POWERFACT OR
PLANT,DURGAPUR IMPROVEMENT OF
SMS WITH ARC
FURNACE
5. SAIL,BSP,BHILAI 11kv 1 REACTIVE POWER
0-12.5MVAr CONTROL FOR RAIL
AND STRUCT URAL
MILL
6. TISCO 33kv0-50MVAr 1 REACTIVE POWER
JAMSHEDP UR CONTROL FOR HOT
STRIP MILL
7. SAIL,RSP,ROURKELA  33kv0-50MVAr 1 POWERFACTOR /
VOLTAGE CONTROL
OF TANDEM MILL
8. SAIL VSP,VEZAG 1.65kv$5.0MVAr 2 REACTIVE POWER
CONTROL OF MEDIUM
MERCHANT
STRUCT URAL MILL
9. HDC, MALANPUR 33kv+100MVAr 1 FLICKER CONTROL OF
ARC FURNACE LOAD

Enhancing the Capabilities by Overcoming the
Limitations Like Thermal, Dielectric and
Stability

The systems capability can be both during summer
and winter period through off line computations.
The line will be able to deliver larger power during
winter as the ambient temperature is likely to be
low and hence the line current can be larger for the
same sag.

Moreover, the thermal ratings of the lines are much
larger. In order to utilize this capability, FACTS are

used along with on-line monitoring and
computational feature so that possible maximum
capability of the line is utilized.

When the line is operating with enhanced power
level, any load throw-off or any other forced
trappings may result in over voltages of
unacceptable level. FACTS devices based voltage
suppressors can help in this regards.

The stability issues also come in the way of
utilizing the potential capability of the asset. SVCs
and STATCOMs play important roles in enhancing

J
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the stability of the system and helps to reduce the
margin provide for safe operation.

FACTS based power swing damping helps to
reduce the oscillations fast and provide the system
with better security and hence enable to transmit
larger power.

Conclusion

HVDC and FACTS are the enabling technologies
and used to upgrade the capabilities of power
transmission systems. In this paper, upgradation of
the system by converting the ac line in to dc link to
improve the power transfer capability, increase the
efficiency, introduce full controllability and also
provides asynchronous tie. Series and parallel
HVDC substations can be added in the existing
HVDC converter stations for upgrading the
capacity. FACTS technology also helps to improve
the power transfer capability, improve the voltage
profile and stability. A number of projects in which
the authors have worked using the indigenously
developed schemes have been discussed in this

paper.

~
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Experiences in Substation Retrofitting

S.Rao Cheepuri E. Sreenivasulu

Asa Bhanu Technical Services Limited,
Hyderabad, Telengana

E-mail : srao.cheepuri@asabhanu.com, sreenivase(@asabhanu.com; bsarang@asabhanu.com

Introduction

There are two scenarios in general for improving
the aging substations to perform again at its full
potential and be in line with modern substations
which have been designed.

The design criteria for modern substation are as
giveninFigure 1.

* Reliability

* Security

* Interoperability

* Re-configurability

* Controllability

* Maintainability

* Operational flexibility

* Economic cost

* Environmental impact
The two scenarios are,

* Replacing part of the existing primary/secondary
sub-station equipments on account of their age or
condition of the equipment or need of new
technologies, etc known as sub-station
retrofitting.

* Expanding the capacity, voltage or performance
of the existing substation using new technologies
and suitably rated equipment.

.

Figure 1 : Modern sub-station design criteria

B.Sarang

In retrofit projects, the old and new parts must be
compatible and the continuity of the substation’s
operation must be assured during the transition.
Outages must be used only where no other
possibility exists; and their duration must be as
short as possible. The operation of the overall
transmission network must be unaffected by the
work. Project teams must therefore carefully
analyze and gain a detailed understanding of the
existing system.

Therefore, retrofit projects are, by their nature,
more challenging than projects in which
everything is built new from scratch.

Substations perform adequately during the
retrofitting exercise provide service to the full
designed potential (economical and technical)
meeting the modern substation criterion leading to
smart grid technologies.

In this paper, authors have described their
experiences in retrofitting the various existing
substations.

Need of Retrofitting in Substations

Retrofitting is a process by which the primary and
secondary equipments in a substation are replaced
by adequate plan without disrupting the service
beyond the agreed minimum, fully considering
safety, economy and speed.

Substations to begin with are installed as per the
adopted and available technology and applicable
standards and then age during their service. The
primary electrical equipment like transformers,
switchgear, cables etc. designed to have 30 to 35
years life and secondary equipment like protection
and control are expected to have 8 to 10 years of

J
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Good maintenance comprising of routine
maintenance, periodic maintenance overhaul,
preventive and failure maintenance help to attain
the service life of the equipment nearing to the
design values. However, high cost of operations,
maintenance and servicing cause negative impacts
on reliability and forces the utilities to
upgrade/renovate their old substations and there
by achieve the minimum overall cost and high
reliability.

For the secondary equipment, additionally the
constant upgradation of technologies with focus
on ease of operations, size reduction, automation,
speed of performance, ability to remote
monitoring and remote operation influence the
utilities to constantly pursue upgrading by
replacement before expiry of life.

For both primary and secondary equipments, the
capacity expansion, faulty technologies and
equipment, non availability of spares drives the
utilities to go for retrofitting.

The ever increasing land prices and non-
availability of lands on one hand and increasing
civil costs on the other hand lead us to new set of
choices in technologies.

The main concern of a retrofit is the need to have
minimal disruption to the continuity of services.
To reach this goal, a comprehensive survey of new
technologies has to be done and the cost benefit
analysis should be addressed, visa vise safety and
speed retrofit work.

Primary Equipment Design for Retrofitting
This section discusses different design criteria for
retrofitting the primary equipment. Also various
advanced technologies are analyzed and
considered through an examples of disconnecting
circuit breaker, hybrid GIS switchgear as a
potential retrofit options in existing substations.

Primary Equipment Design Criteria

The primary equipments are chosen by common

N

basic criteria such as reliability, flexibility, safety,
environmental impact, footprint and cost.

Reliability
Controllability of power transfer, high efficiency
and redundancy improvement.

Safety

Limitation of touch and step potential (voltage),
risk of fire or explosion, avoidance of
unauthorized users or intrusion by continuous
surveillance, and seismically qualified equipment.

Environmental Impact

Limitation of electromagnetic and electric field,
low level of noise emission, and use of waste
recycling.

Flexibility

Plug-and-play design, integrated compact design,
low level of maintenance and easier operation.

Footprint

Generally, as small and compact as possible.
Costs

Low cost equipment, minimized life-cycle cost.
Case Study 1

Existing disconnector and its associated earth
switch retrofitting with a single combined
disconnecting circuit breaker (DCB).

DCB is basically a standard circuit breaker with
additional features of a disconnector and is type
tested in accordance with both CB and
disconnector standards. Model of the DCB is
shown in Figure 2. The circuit breaker contacts in
open position are thus open disconnector contacts
as well. The combined equipment replaces the
conventional combination of circuit breaker and
separate disconnectors. It permits a simpler and
more compact substation layout, with increased
availability due to the reduction of maintenance
requirements, low failure rate, increased safety
and low life cycle cost.
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Figure 2 : Disconnecting circuit breaker with one set of moving
contacts/poles

As the experience of disconnector has not been
satisfactory, it was decided to be retrofitted with
highly established SF6 gas type breaker, DCB was
chosen as aresult of study.

For safety and reliability reasons, there are some
special features applied to the design and
construction of DCB which are —

* Reliability composite insulation across open gap
providing minimal leakage currents and proven
long term properties, such as, flash over resistant,
aging withstand and low mass.

* The number of sealed joint is minimized to
reducerisks of leakage to less than 0.5%.

e SF6 volumes are also minimized, 10 times as
much as in live-tank breakers.

* External grounding switch outside the breaking
chamber with visible grounded and ungrounded
positions provide maximum safety for operating
personnel. This switch also gives the visual
indication for operation of DCB, which is shown in
Figure 3.

Figure 3 : Operating procedure of DCB-visual indication

Advantages of DCB

* The most significant improvement is that DCB
brings the new possibilities for substation design.
When designing a sub-station, there are a lot of
considerations that have to be taken, namely, load,
surrounding power network, power losses,
reliability and maintenance for apparatus etc.

* The traditional way of building substation with
many busbar systems and DS decreases rather than
increases the availability. The consideration of
increasing the availability is leading to conclusion
to take out all DS out of the substation and only use
CBs. However, a disconnection function is still
needed for safety reason. The new DCB with the
integrated disconnection function is an alternative
that can fulfill both of the functions.

* The maintenance interval of DCB is 15 years, like
modern CB, but the overall maintenance demand
decreases when disconnectors are eliminated.
With the combined DCB maintenance interval of
15 years, the use of double bus bar systems is not
necessary. If a double bus bar system is still
needed, due to very high requirements for service
availability, a good solution is to use a double bus
bar /double breaker system (the very limited DCB

J
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maintenance only affects one bus bar).

* Another advantage is space saving which is in the
range of 20% to 50% less as shown in Figure 4.

Thus, a combined DCB can save cost in all aspects
whose statistics may be approximated in
comparison with standard CB and DS combination
as follows.

Planning work (25%), design work (25%), land
acquisition and preparing (30%), project
management and time (25%), building costs
(30%), outage costs (50%-60%), maintenance
costs (50%-60%), the overall life cycle cost (LCC)
will be far lower than conventional design.

The environmental effects are the lowest in terms
of SF6 usage, metallic and plastic material.

Figure 4 : Space requirement comparison of 145 kV sub-stations
(conventional CBs and DS against DCB)
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Figure 5 : Typical 400 kV DBB OHL feeder H-GIS
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Case Study 2

Conventional AIS switchgear bay retrofitting with
hybrid gas insulated switchgear (H-GIS).

To facilitate, upgrade or replace aging AIS
switchgear bay, H-GIS is being increasingly
applied. The reasons are as outlined below.

H-GIS is awell established type of SF6 switchgear
which is compact in size, reliable in operation and
economical in cost. H-GIS combines the air
insulated bus bar and feeder connection features of
GIS and GIS features are adopted for the rest of the
equipment to form H-GIS. Compared with AIS, H-
GIS greatly saves space and vastly reduces
installation and maintenance of equipment in the
substation.

The main components of these hybrid substations,
namely, circuit breakers, instrument transformers,
disconnectors, and grounding switches are based
on GIS technology, while busbars and bushings
originate in conventional AIS technology. A
typical 400 kV double bus bar OHL feeder bay
module of H- GIS in various views is shown in
Figure 5 for reference. Air insulated bus bars and
feeder connections are highly reliable and need
minimal maintenance. This results in optimization
of'cost and space.

Hybrid compact switchgear applications mainly
used in the refurbishment, expansion of AIS
substations and upgrading of voltage and capacity
particularly in cases when such modifications
need to be accomplished with the substation in
service. Circuit breakers, disconnectors,
grounding switches, and instrument transformers
housed in gastight enclosures, H-GIS provide the
possibility to complete the work in the shortest

time and without the need for additional space.
Advantages of H-GIS

* Modular, reliable operation, performance, high
degree of intelligence and very little requirement
for maintenance.

/

Electrical Engineering Division Board




Annual Technical Volume

¢ AIS bus bar in H-GIS : Economical, reliable and
has low maintenance.

All live contacts in SF6, adopting GIS features
experience has proven that H-GIS virtually
maintenance free. This combines with a high level
ofreliability to ensure a lower life cycle cost.

Factory pre-assembled and tested that ensures a
higher quality of finished bay than if it is
assembled under site conditions minimizes
installation time on site and reduces the possibility
of delay due to adverse site conditions. On line
monitoring and diagnostics for local and remote
indication is possible.

Substation Modularization

A modular approach to substation design offers
cost and time savings during the design and
construction phases. The use of standardized
components reduces the number of possible
variations and hence the risk of design errors.
More predictable costs also offer a higher level of
confidence in the project estimation process.

Versatility

The hybrid switchgear modules offer a series of
modules for HV substations including: single bus
bar (SBB); double bus bar (DBB); DCB. It can also
be installed as a high voltage bay on a mobile truck
for use in emergencies or if work has to be carried
out on existing HV bays.

Space Saving and Reduced Civil Works

The hybrid design can save up to 60% ~70% of the
space normally required for a conventional AIS
substation, while also reducing the need for civil
works, such as, foundations, steelwork and cable
trenching operations. Space saving is
demonstrated through Figures 6 and 7.

Case Study 3

Retrofit works of 275 kV and 132 kV AIS sub-
station by eliminating age old 275 kV mesh
arrangement.
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Figure 6 : Conventional 400 kV AIS double bus bar sub-station
(typical)
120M

FOOT AREA.
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400KV H-GIS
Figure 7 : Conventional 400 kV H-GIS double bus bar sub-station
(typical)
Initial Plant Arrangements

A 275 kV, 4 corner mesh AIS sub-station is fed
from a 400 kV feeder in LILO arrangement. 400
kV is step down to 275 kV through inter bus
transformers and connected to 275 kV mesh sub-
station. Mesh sub-station caters the loads at 132
kV and 275 kV through mesh feeder and mesh
transformer circuits (Figure 8). For plant initial
existing arrangements shown in black colour.
Space constraints.

Very minimum disturbances to existing utilities/
customers and maximizing the services
availability.

Increased load requirements for distribution
elimination of mesh arrangements for better
availability and operation conveniences.
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Figure 8 : 275/132 kV sub-station (initial plant arrangements)

Aging of existing 275 kV switchgear and
difficulties in maintenance and spares (Figure 8).

Under this project, substation retrofitted by
demolishing the mesh arrangement of 275 kV AIS
by keeping only MC4 equipments and SGT4A,
SGT3 in service and modifying the control and
protections accordingly at 275kV. Also in 132 kV
side constructed new lines and connected to 275
kV substation and 400kV lines with new SGTs.
Final arrangement of the substation is shown in
Figure 9.

Planning and Execution

Project was planned to execute in various stages to
complete the retrofit works. Total 10 stages
covering a span of 4 years were proposed for the
completion of the project with very minimal
disruption of services by the utilities.

Detailed studies have been made on the existing
site drawings of275kV and 132 kV sub-stations.

In order to reflect the new equipment details/

information, at first the drawings that need to be
modified as per the site drawing, are listed, which
isincluded with circuit diagrams, wiring diagrams,
connections diagrams, block diagrams, lay-outs
and cable schedules.

The existing drawings were modified by separate
green and red colour coding of the drawing by
removing and including the details related to new
equipment as applicable.

Green colour coded drawing shows the equipment
demolished or removed and red colour coded
drawing shows the newly installed equipment. The
red colour coded equipment drawings will
supersede the existing equipment drawing with
newer equipment drawing and demolished
equipment drawings will be obsolete. All existing
drawings affected by the retrofit works and
drawings and documents covering the safety and
conforming to the work progress were prepared
and delivered (Figure 9).
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Figure9:275/132 kV sub-station (final plant arrangements)

Secondary Equipment Design for Retrofitting

In this section, some retrofit options on sub-station
secondary equipment are discussed. The main
functions of the secondary system of the sub-
station are categorized into protection,
monitoring, communication, backup and
emergency controls. The retrofit design for sub-
stations may vary since the criteria for upgrades
may be different. This section describes different
strategies for retrofitting the secondary equipment
atalarge typical substation.

Needy sections where sub-station secondary
equipment retrofit is split into following

Switchyard Monitoring Devices

The main function of the sensors is to measure
signals from primary equipment in the sub-station.
Original copper-wired analog sensors are replaced
by optical fiber-based sensors for monitoring and
metering.

\.

Retrofitting of these devices transforms the old
sub-stations to modern sub-stations.

Monitoring devices / sensors available is,
e Temperature sensors
e Pressure sensors
e Vibration sensors

e Oil and gas monitoring devices

Besides the protection of the transformers, the
monitoring of the operation of transformers is
essential as well. Dissolved gas analysis (DGA)
monitoring is one of the most valuable diagnostic
tools available. On-line and in-line DGA sensors
are two new methods for transformer monitoring.
Existing substations are mainly using off-line and
at-line methods to evaluate the oil condition of the
transformer.

Current and Voltage Sensors

Widely used current and voltage transformers are
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based on magnetic circuits. This may create series
of problems, such as measured signal bandwidth
limitation, magnetic saturation, etc.

To overcome these challenges, such as, gas
insulated CT, PT, and oil minimum current
transformers, magneto-optic current transformer,
Optical CT and PT are currently available.

» The most prominent advantages of this kind of
technologies are high accuracy, no saturation,
reduced size and weight, safe and environmental
friendly, higher performance, wide dynamic
range, high bandwidth and low maintenance.

Intelligent Electronic Devices (IEDs)

Recent multi-functional intelligent electronic
devices (IEDs) provide higher performance,
reduction in operating cost, reduction in size,
increase in efficiency and improvement in
robustness in the existing sub-stations. The main
advantages of multi-functional IEDs are that they
are fully IEC 61850 compatible, have compact
size and offer various functions contained together
in one design. New IEDs are complex and offer
variety choices of settings and functions.

Some options for retrofitting sub-stations
secondary equipment in the areas of IEDs/relays
are listed below.

* Multi functional metering and monitoring relay
uses a multiplexer that has high speed synchronous
communications, bit error correction, data
management, and alarms with diagnostic at the
same time.

» Multi-functional safety relay combines multiple
functions of individual safety relays in a single
device. The arrangement of the functions in the
diverse variants ensures that the most common
applications can be realized with minimum
engineering and cost expenditures.

* Transmission line protection relay

* Transformer protection relay

N

* Bus protection
* Faultrecorder
Fiber Optic Cables

The electrical substation environment has many
environmental challenges to reliable and secure
communications. These challenges involve high
voltages, extreme temperatures, high-current
faults, electro-magnetic interference and
electrostatic discharges. To overcome these
challenges and to have a reliable, safe, secure and
economical communications, the best option for
upgrading the substations is to use fiber optic
cables to interconnect all monitoring, control and
protection parts. Also, no external power is
required for fiber optic transceivers which are
designed to work in the harsh sub-station
environment. The reliability, performance and
weight of this wiring material can affect the entire
performance of the sub-station. The other
advantages of this technology are higher speed,
longer distance of transmitting information,
greater immunity to electromagnetic interferences
and lower cost.

Wireless Communication

Wireless communication is another option for data
transfer from substation switch yard to control
house which does not require wire installation in
the switch yard. This solution is easy to install and
provides compact low cost solution. Data transfer
speed is not critical because data are not used in
real-time control applications. Considering
recordings size and number of units in the switch
yard data rate of 115 or 256 kbps should enable
relatively fast data transfer.

Because of high level of EMI in sub-stations,
output power of transmitters should be higher than
power required for normal outdoor application.

Retrofitting Jobs Execution Strategies

Retrofitting jobs are more challenging and their

~
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execution needs detailed site investigations,
detailed execution planning, compatibility and the
continuity of the substation’s operation must be
assured during the transition complete knowledge
on existing equipments and its technology and new
equipments as well, detailed interface engineering
before the start of actual execution at site and
testing as necessary.

These strategies includes defining detailed project
intent documents, developing modular standard
solutions and detailed planning in staged manner
are discussed in through a case study on
retrofitting a bay control and protection schemes.

Case Study 4

Standard Bay Solution for a Control and
Protection Scheme to Feeder Circuits

There is a strong demand by utilities all over the
world to renovating their existing conventional
control, protection and Automation circuits by
utilitizing digital multi-functional protective
relays.

Usage of these relays along with traditional
switches, annunciation panels and panel board
meters are growing need for Protection and control
scheme retrofits.

A standard bay solution (SBS) for control,
protection and monitoring of a feeder bay will
encompass the complete functionality required to
effectively manage the interface between the sub-
station and a circuit element. The solution shall
establish a design to facilitate a connection
between the bus bars and the circuit, inclusive of
all the primary, light current equipment and
infrastructure required, to provide a safe and
functional connection for the service life of the
bay. The bay boundary and interface design
incorporates all elements (line, cable and
transformer), the bus bars, light current functions,
civil infrastructure and core interfaces with the
sub-station auxiliary systems.

Considerations for Retrofit

The approach provides for the development of
effective and sustainable techniques for
replacement activities within the live operational
sub-station environment. Hence the following
criteria that Utilities set the specifications such
that the solution shall ensure and demonstrate:

* Is cost effective throughout the bay life cycle.
* Is safe and simple to maintain.

* Maximizes substation reliability and
availability during construction, operation and
maintenance.

* Does not fail in a manner that will adversely
affect personnel or adjacent circuit integrity.
» Utilizes latest technology with due regard to
social and environmental responsibilities.
* Minimizes the introduction of lifetime liability
issues.
* Provides a seamless interface with existing and
alternative supplier’s equipment.
* Provision of full bay availability at the rated
levels defined and associated documentation.
* Minimize disturbance to the network and loads.
* Perform in a safe manner (including failure) -
maintaining 100% availability of adjacent bays.
» Capable of being maintained in a safe and
efficient manner.
* Minimize equipment unreliability.
* Demonstrate reliable and secure automated and
remote operation.
The solution shall contain a high level of self-
supervision and alarm detectable failure modes.
Design Standardization for Retrofit

The purpose of this design process is to develop a
standard solution confirming all specifications,
which can be repeatedly used within the network
for the purpose of retrofit and ideally any
subsequent new connections. The design

J
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conformance will concentrate more on the bay
application rather than each component.

Designs ensure that all possible pre-outage work is
maximized by installing equipment and cabling
and completing site functional testing prior to
commencement of the outage and connection
following replacement.

Figure 10 shows typical control and protection
function arrangement for newly installed
protection and control cubicles. Here the green
colour code demonstrates the removal of the
cubicle and associated protection devices. The red
colour code exhibits the new protection functions
included as part of SBS retrofit.

Figure 11 Shows typical retrofit arrangement of
protection and control cubicles in relay room.
(conventional relay panels against new multi-
functional relay panels as part of SBS retrofit.

Site Investigations and Retrofitting Execution
Plan

The design takes into account of potential
restrictions associated with replacement in a live
and operational sub-station. Due consideration is
given to the lifetime management of the bay such
as access to equipment for maintenance and the
impact to adjacent bays caused by maintenance or
access issues, both during and after construction.
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Figure 11 : Plan of portable relay room

Hence detailed site investigations and reporting
mechanism was developed prior to take off the
project.

Some of the conformities addressed during
investigations are:

* identify standard bay footprint size (min and
max) for which the whole bay design is valid.

+ identify bay volume (m’ min and max) for which
the design is valid.

* define bay centers (for maintenance access).

* expected construction practices (use of cranes
near over-sailing conductors).

» acknowledge clearances (electrical and safety).

« identify exceptions to safety rules with program
for alternative safety case.

* demolition of the existing bay equipment.
Benefits of Retrofit Design

The benefits of retrofit of the existing sub-stations
can be summarized as follows.

* Cost reductions in operation, maintenance and
service.

* Prolonged equipment service life
* Higher productivity and availability of assets

 Improving reliability, entire performance and
efficiency

* Improved maintainability

~
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* Lower installation time

* Enhanced communications
* Better utilization of data

* New functionality

* Increased cost efficiency, performance and
availability of the system

Equipment Aging and Condition Monitoring

Retrofitting activity is closely associated with the
ability of understanding the status of aging by
continuous monitoring.

Preserving and or enhancing system reliability and
reducing operation and maintenance cost are top
priorities for electric utilities. Electrical equipment
deteriorates (wear out) while in service for a host
of causes. The primary reasons include
©Asabhanu Technical Services Ltd.

Sustained heating due to electrical current flow,
insulation degradation due to voltage tress, wear
and material fatigue of mechanical parts, corrosion
from chemicals in the soil, air and a slow but
steady deterioration due to the effect of sun, wind,
rain, ice and snow.

As system equipment continues to age and
gradually deteriorates the probability of service
interruption due to component failure increases.

Concept of Life Time

Equipment performs both technical and economic
functions in Power systems. There are three
different concepts of life time.

Physical Life Time
Equipment starts to operate from new condition to
a status in which it can no longer be used in normal

operating state and must be retired. Preventive
maintenance can prolong its physical life time.

Technical Life Time
A piece of equipment may have to be replaced due

to technical reason although it may still be
physically used. For example a new technology is

\developed for a type of equipment and

manufacturers no longer produce spare parts.
Economical Life Time

A piece of equipment no longer valuable
economically, although it still may be usable
physically.

1. When the depreciated cost of equipment reaches
Zero.

2. When the O and M costs which grow with age,
equal to t he depreciated value of equipment.

Optimizing Equipment Life Cycle
Various issues to be considered for the optimizing
equipment are:

Condition Monitoring

Some condition monitoring system include
infrared inspection, dissolve gas-in- oil analysis,
frequency response etc.

Substation equipment can be cost effectively
monitored through SCADA systems. Online
techniques include alarms, namely, current,
temperature and pressure to continuous
monitoring of dissolve gas in oil.

Life Extension

Equipment replacement is expensive, resource
intensive, and operationally disruptive. For this
reason utilities are increasingly looking at life
extension strategies as a way to defer replacement.
Equipment life extension program is coupled with
a condition monitoring program and as the
equipment reaches a certain degree of
deterioration, life extension options are examined
and adopted.

Repair against Replace

Utility practices vary widely and some utilities
compare repair verses replace and decide when to
replace. Others only replace equipment if it fails or
becomes overloaded.

Optimized Life Cycle Management

The ultimate goal of a utility is to provide reliable

electricity for the lowestrates.

J
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The policies of utilization, operation, inspection,
maintenance-repair, retirement and replacement in
an integrated manner aimed at minimizing total
levelised cost are vital. Optimized life cycle
management requires good data, effective
conditions and remaining life analysis and
evaluation, sound implementation.

Conclusion

The retrofit design used to upgrade the existing
sub-station with minimal disruption to service is
discussed. Different technologies are analyzed and
considered. These devices may enhance the
performance of a substation or can replace its
existing equipment. The retrofit designs not only
perform the main functions more efficiently but
also may introduce some new functionality as well
as increasing operation time of sub-station for at
least 10 years. This will allow utilities to have time
in preparing capital investment for upgrading
current aging infrastructure. With new
technologies, such as, digital communication
system or fiber optic wiring, such devices will
have a better performance and synchronism with
the whole substation.

Different retrofit scenarios, strategies and options
are outlined to retrofit the existing sub-stations to

N

meet some pre-defined requirements.

It is vital to adopt retrof itting work process design
to be detailed and prioritized step by step work
progress to be determined. Outage time to be
minimized and pre-outage work maximized safety
and speed are vital.

The following are goals concluded for this
approach:

1. Adding new equipments to supplement existing
sub-station as well as paving the way for the future
replacement of legacy solution.

2. Replacing existing equipment due to
performance or age deterioration as well as
making it compatible for total future replacement.
Balancing the need for open system design and
cyber security demands while expanding the best
practices and gradually training personnel for new
equipment.
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Introduction

In a fast developing country like ours, addition of
power generation capacity and expansion of
transmission network are inevitable and need to be
planned and implemented. Power system studies
are conducted from time to time and EHV
transmission lines and EHV sub-stations are
planned to meet the system requirements.
Retrofitting of age old EHV sub-stations and up
gradation of EHV lines and connected EHV sub-
stations can also be planned as an alternative
option to meet the system requirements instead of
planning entirely new lines and sub-stations. With
the passage of time, land acquisition for new EHV
sub-stations and gaining access to corridors for
new EHYV transmission lines are getting extremely
difficult and expensive too. This apart, the
statutory clearances are required for new EHV
lines from telephones, railways, airports, high
ways and forest department which get delayed due
to various reasons. It was in this context that
Andhra Pradesh State Electricity Board explored
the alternative means to enhance the transmission
capability. One such feasible alternative
considered by the Board was conversion of
existing 66 kV dc line from Hyderabad to
Nizamsagar for 132 kV operation. This conversion
project was engineered, designed, constructed and
commissioned successfully by the Board's
engineers. In this paper the technical issues
involved and methodology adapted to utilize
existing 66 kV d c line for transmission of power at
132kV are discussed.

EHT Transmission Network at Nizamsagaras
Existing before Upgradation.

The Nizamsagar Hydro Power Generating Station
has two generators each of 5 MW Capacity. These
generators are run only for 6 months in a year
depending upon availability of water head. The
Nizamsagar switch yard was earlier connected to
Hyderabad (Erragadda sub-station) by 66 kV dc
line. During mid-fifties, power was transmitted
from Nizamsagar to Hyderabad. Later Nizam
sagar area has become a load centre due to
extensive use of pump sets for agricultural
purpose. Consequently power is being drawn from
Hyderabad. The 33 kV bus at Nizamsagar SS is
connected to four 33 kV feeders. In view of steep
rise in load growth, the existing 66 kV feeders
from Hyderabad to Nizamabad were found
absolutely inadequate.

Examination of Existing 66 kV dc Towers
All the vital data related to the original designs of

towers could be retrieved from the available
documents.

The tower drawings and related technical details
were thoroughly examined. The parameters
adapted for design of existing 66 kV double circuit
towers have been worked out.

Technical Details of Original 66 kV d c Line

The following are the technical details of the
original 66 kV d ¢ line before conversionto 132 kV
operations.

Length of'the line : 103km

Normal span : 280m

J
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Height of bottom cross-arm

ofnormal suspensiontower  : 13.792m

Height of bottom cross-

arm of normal angle tower : 12.496m

Vertical spacing between cross-

arms of suspension tower : 3.00m

Vertical spacing between

cross-arms of tensiontower  : 2.40m

Conductor 0 30+7/2.59 mm
WOLFACSR

Ground wire : No ground wire

Max sag of conductor at

600 C and still air : 5.486m

No. of disc insulators in
suspension string 2 4

No. of insulators used in

tension string : 5
Itis observed that the original 66 kV dc line though
erected as early as mid fifties, the towers and the
conductors are in fairly good condition.

Methodology Adapted for Upgradation

* Wolf ACCR conductor already strung on existing
66 kV double circuit line was used after repairs/
replacement of damaged conductor.

* Metal cross arms of suspension towers were
replaced by insulator cross-arms. Solid core
insulators were used.

e The spacing of insulated cross-arms for
suspension towers were calculated to meet the
requirements of 132 kV line. The insulated cross
arms were fixed to the towers accordingly by
providing suitable adapters.

* The conductors were fixed to cross arms using
suspension clamps.

* The ground clearance from the bottom cross arm
suspension point was found adequate for 132 kV
line as existing 66 kV double circuit towers were
liberally designed and there was no need to
increase the height of towers.

N

~

* The metal cross-arms of angle towers were re
used.

* The spacing of cross-arms of angle towers were
calculated as per the requirement of 132 kV lines.
These metal cross-arms were fixed to the angle
towers by providing suitable clamps.

* The tension insulators strings were fixed to the
towers and conductors clamped. However
jumpers were fixed horizontally using solid core
insulators so as to get adequate metal parts
clearance of jumpers.

* The creep-age distances of string insulators and
solid core insulators were found to be 2628 mm
and 2850 mm, respectively against 2200 mm
required for 132kV lines.

Changes Made to Operate at 132 kV

The cross arms of the suspension towers were
dismantled and insulated cross arms were fixed to
the towers. For this purpose long rod insulators
and disc insulators are used as shown in the
Figurel. Special attachments were provided on the
towers to hold the long rod insulators which were
again held in the upright position by insulator
strings consisting disc insulators.

The total creep-age distances of string is 2628 mm.
The total creep-age distance of long rod insulator
is 2850 mm. The suspension clamps were fixed to
these insulated cross arms as shown in the Figure 1.
There is no swing of the conductor.
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Figure 1 : Arrangement for 132 kV double circuit suspension
tower
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Figure 2 : Crossarm arrangement for 132 kV angle tower

This arrangement facilitated adequate ground
clearance as well as metal parts clearances. The
picture indicating the above arrangement is given
in Figure 3 of Annexure 1.

The cross arms of the angle towers were retained.
The tension insulators each consisting of 10 discs
were assembled as in the case of conventional
towers as shown in the Figure 2. The picture of the
above arrangementis given in Figure 4 of Annexure 2.

New 132 kV /33 kV Sub-Station at Nizamsagar

The new 132kV / 33kV sub-station at Nizamsagar
has two 132 kV feeders towards Hyderabad. On 33
kV bus the existing four feeders are retained and
two additional 33 kV feeders are also provided.

The 132 kV dc line to Hyderabad (the upgradedbn
line) is now connected to the new 132 kV /33 kV
sub-station at Gummadidala and Kowdikpalli by
loop in and loop out arrangement. The connected
132 kV line is already fully loaded as the two
132kV circuits are together transmitting over 100
MW. The three 132 kV / 33 kV sub-stations and
132 kV connected dc lines are all working
satisfactorily ever since the upgraded 132 kV
double circuit line has been commissioned in April
1991.

Performance of Upgraded 132 kV dc Lines

The connected 132 kV dc line was constructed in
April 1991. Three 132 kV/33 kV sub-stations were
connected to this line subsequently as per

priorities. The performance of the line has been
satisfactory. The electrical clearances actually
obtained and those specified are indicated in Table 1.

Economics of Conversion Project

The estimate cost of a new 132 kV dc line 103 kV
long is Rs 580 lakhs as existing in 1991. This
estimate cost was exclusive of cost of
implementing statutory conditions/clearances.
The actual cost of execution of the project
including cost of additional materials is Rs 107
lakhs, exclusive of cost of statutory clearance/
implementation.

Statement of Actual Costs Incurred

Insulated cross arms Rs. 67.10 lakhs
Solid core insulator
Attachments to the towers

and additional hardware

Costof dismantling of Rs.25.62 lakhs
conductor, insulators,

hardware, fixing of insulated

cross arms, solid core insulators,

hardware, fixing of clamps

and restringing of conductors.

Payment made to Dept. Rs. 36 lakhs
of Telecommunications for

re-engineering of the telecom

network.

Miscellaneous and Rs. 14 lakhs

Administrative expenses

Total actual expenditure * Rs. 142.72 lakhs

*Total amount is exclusive of credits for the
materials replaced / discarded.

Implementation of Up-gradation using HTLS
Conductor and SRC Insulators

» High temperature low sag (HTLS) conductors,
now available in the market have unique
characteristics which can be explored and adapted
for up-gradation of EHV transmission lines. For
example, up-gradation of 132 kV line for operation
at 220 kV may be considered.

J
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Table 1: Clearances provided for the upgraded 132 kV line

~

Description Clearance
Provided

Bottom conductor to ground clearance.

For suspension tower 7.70m

For tension tower 6.49m

Conductor to metal part clearance

I) Suspension 1.742m
ii) Tension 2.320m
Minimum phase to phase vertical clearance

Jumpers for angle towers are

arranged in the horizontal

plane with respect to the

cross arms 3.70m

Std Clearance Remarks
1S-5613/1976

6.1m Clearance is adequate
6.1m Clearance is adequate
1.530m Clearance is adequate
1.530m Clearance is adequate
3.70m Clearance is adequate

* Use of HTLS conductor also called ‘aluminum
conductor composite core’ and SRC (silicon
rubber composite) insulators can be considered for
the up-gradation of EHV transmission lines.

* Maximum sag of HTLS conductor at high
temperature, nil wind, 320m span works out about
6 m against 6.6 m of existing 132 kV lines strung
with Panther ACSR. The current carrying capacity
is about 800 A against 480 A of existing 132 kV
lines with Panther ACSR.

* The low sag helps to get necessary ground
clearance with minimum modifications to the
tower. Vertical spacing of conductors are to be

Table 2 : Parameters for design of 132 kV suspension tower

ensured if necessary making modification to the
cage of the tower.

» The H.T.L.S conductor only weighs about 70%
of Panther ACSR. Thus the vertical load on the
tower due to conductoris low.

* The maximum tension in the conductor at 5°C
and % the full wind load or at 32°C and full wind is
less than 3000 kg where as the tower is designed
for maximum conductor tension of about 3800
kgs.

* The coefficient of thermal expansion (a) is very
low as the conductor core is made of a composite
material with different characteristics.

N

Description Parameters Parameters
Adopted for existing recommended for
132kV dc lines conversion to 220 kV
(Panther ACSR) operation with HTLS
conductor
Suspension Tension Suspension Tension
Height of Bottom cross-arm
above ground level 14m 12.5m 14m 14 m
Vert. spacing of cross arm 52m 4.0m 5.1m Insulated 5.1 m
Cross- arm
Suspension string length 1.6 1.800 m Insulatd S.R.C insulators
Cross arm
Maximum design tension 3800 kg 3000 kg
at 32° and % of full wind
Tension at maximum 1900 kg 2000 kg
temperature still wind
Maximum sag 6.6 m 6.0 m
Ground clearance 6.1 7m
Current carrying capacity 480 A 800 A plus
Weight of conductor 976 kg 750 kg
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» The important parameters adapted for design of YP conversion of 132 kV de lines for 220 kV

132 kV towers with panther ACSR conductor and operation and conversion of 220 kV lines for 400
kV operation utilizing latest developed materials

conductor for conversion to 220 kV operation are like HTLS conductor and SRC insulators. This
indicated in Table 2. would save the additional corridor, time and

those to be considered for stringing HTLS

) ) money and would facilitate quick realization of

The following points may be noted from Table 2. S
benefits of upgraded transmission lines.

* Body and cage portion of 132 kV suspension

Annexure : 1

tower needs a few modifications. G W peak may
need some change to ensure a shield angle of 30°.
The horizontal clearance of power conductors
have to be checked up and necessary modification
has to be made.

* As regards tension tower, the height of bottom
cross arm above ground is required to be 14 m
against the existing height of 12.5 m the cage
portion needs to be lifted by about 2 m. After a
review of design calculations, the changes can be
implemented by providing necessary
reinforcement.

* The horizontal spacing of power conductors at all
Figure 3 : 132 kV double circuit (converted) suspension tower
the three levels of cross arms have to be checked up

and necessary clearances are to be provided.
Annexure : 2

* The additional forces on the angle tower due to
increase of tower height have to be checked up vis-
a-vis reduction in loads due to lesser tensions and
lesser weight of conductors.

Conclusion XN
The upgradation of 66 kV dc line for 132 kV :g'.‘;:.':‘;
<1 <
operation was cost effective and facilitated most ~ u: 1 2
efficient utilization of available corridor. This éi

project amply demonstrated that by proper
planning of works and timely procurement of
materials, it is possible to upgrade the line of about
100 km. long within 3 to 6 months. With the
successful conversion of the 66 kV line for 132kV

. L. . . . Figure 4 : Crossarm arrangement for 132 kV angle tower
operation, it is worth while also to consider taking  (converted)

NS i"‘.
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Abstract

Introduction

As a part of green initiatives the Electricity
Department Andaman and Nicobar Islands (A&N)
has installed a commission of 5 MW solar
photovoltaic (SPV) power plant in collaboration
with National Thermal Power Corporation
(NTPC) at Garacharma, Port Blair. The power
plant is connected to 33 kV grid supply. Purpose of
the project is to generate clean energy without
emission of CO, and supply to grid. Being Islands
the eco system and environment is very sensitive.
The power generation emits pollutant gases which
is one of the environment air pollution. The power
generation in A and N Islands is mainly by diesel
power plants. The cost of generation per unit at
present is around Rs. 26/- which is very high. As a
global policy all the countries in the world are
focusing on harvesting energy from renewable
sources of energy. The Union Teritory
Administration of Andaman Nicobar Islands is
also in the line of global policy promoting
renewable energy sources like bio-mass, wind and

\solar power.

Performance Evaluation of SMW Grid Connected Solar
Photovoltaic Power Plant Established in A & N Islands

India is located in the equatorial sun belt of the earth, thereby receiving abundant radiant energy from the
sun. The India Meteorological Department (IMD) maintains a nationwide network of radiation stations
which measure solar radiation and also the daily duration of sunshine. In most parts of India, clear sunny
weather is experienced 250 to 300 days a year. The annual global radiation varies from 1600 kWh/sq m to
2200 kWh/sq m. The equivalent energy potential is about 6,000 million GWh of energy per year. In this
paper, the grid connected solar photovoltaic power plant established by Electricity Department,
Andaman and Nicobar Islands, is presented, and its performance is evaluated.

Keywords : Solar photovoltaic, Mobile solar; Rainy climate; Isolated communities; Stand alone

The 5 MW solar power plants, Garacharma, has
been commissioned nearly one and a half years
back to contribute green power in the grid. It is
very necessary to examine the performance of any
plant from engineering point of view so that
necessary improvement and corrections can be
made in the system. The findings of the
performance in this paper will help the planners of
the Islands to rightly choose the renewable energy
sources and design hybrid system in efficient way.

Brief Details about the SPV Plant Garacharma
The technical details of 5 MW SPV plant,
Garacharma, Andaman and Nicobar Islands has
beenshowninTable 1.

Construction of Solar Cell

® They are constructed by layering special
materials called semiconductors into thin, flat
sandwiches.

® These are linked by electrical wires and arranged
on a panel of a stiff, non-conducting material, such
as, glass. The panel itselfis called a module.

® Modules are then interconnected, in series or/
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parallel, or both, to create an array with the desired
peak dc voltage and current.

Working of Solar Cells

® The junction of dissimilar materials (n and p type
silicon) creates a voltage.

® Energy from sunlight knocks out electrons,
creating a electron and a hole in the junction.

® Connecting both sides to an external circuit
causes current to flow.

® [n essence, sunlight on a solar cell creates a small
battery with voltages typically 0.5 V dc.

® Function 1: Photo generation of charge carriers
(electrons and holes) in a light absorbing material.

® Function 2: Separation of the charge carriers to a
conductive medium, such as a metal contact or a
wire in order to transmit the electricity.

It supplies a voltage and a current to a resistive load
(light, battery, motor).

Power=Current xVoltage

Table 1 : Sample module specification

Make Photon
Technology Crystalline silicon
Nominal Power Pmax Watts 235

No. of cells /module No.s 60
Cellsize p-Sq. 156

Cell efficiency % 13.5t015
Open ckt voltage Voc Volts 36.3
Short ckt current Isc Amps 8.42
Voltage at maximum power Vmp  Volts 29.6
Current at maximum power Imp Amps 8.06
Temperature coefficient voltage Voc mV/’K -133.26
Temperature coefficient current Isc mA/’K +2.28
Temperature coefficient power %/’K -0.48456
NOCT of module °’C 43.8
Module FF % 0.72t00.74
Module dimension 1660 x990 x 42
Module area m’ 1.64

No. of modules per structure Nos 24
Module orientation on str. (LS/Prt) LS
Bypass diodes Nos./Amps 3/15
Diode box (sealed / semi tr. / with cover)

Connecting sleeve / securing sleeve

Cables within module (size, length, 4sq. mm, 0.9 mtr.,
Cu/Al) 2nos

Benefits of SPV Power Generation
1 Saving environment from green house effects.
1 System is eco-friendly.

1 Reduce the pollution.

1 Reduce the conventional fuel consumption.

] Silent operation.

Annual Month Wise Generation

Annual month wise generation has been tabulated
in the Table 2. The same data as bar diagram has
been shown in Figure 1. From the bar diagram it is
clear that the maximum generation is in the month
of March and least generation is in the month of
July. If we see the generation in ascending order
month wise the trend is as follows:

July-September-June-November-December-
October-August-April-February-January-March.

Monthly Peak Generation

The monthly peak generation has been shown as
bar diagram in Figure 2. The maximum peak
generation of the period was observed on 18th
November 2013 and the minimum peak
generation was observed on 18th November 2013.
The peak generation of most of the month are more
than 5 MW the installed capacity. From this it is
clear that the SPV Plant is capable of generating
power to its maximum capacity.

Table 2 : Annual monthwise power generation

Month Average Total
Generation, kWh Generation, kWh

August (2013) 19403.45161 601507
September 15551.83333 466555
October 18918.35484 586469
November 18400.63333 552019
December 18823.77419 583537
January (2014) 24283.03226 752774
February 26389.82143 738915
March 27221.63226 843852
April 21796.26667 653888
May 17988.54839 557645
June 18174.56667 545237
July 14058.45161 435812

/
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Figure 1 : Monthwise generation from August 2013 to July 2014
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Figure 2 : Bar diagram for monthly maximum peak generation
NetEnergy Export

The energy exported during the period from July
2013- August 2014 has been shown as bar diagram
in Figure 3. The maximum energy export is during
March month where as minimum energy export is
during July. Total energy exported during 12th
month 7152785 kwh.

LI FEF S

Figure 3 : Net energy export monthwise from August 2013 to
July 2014

Special Data for Different Weather Condition

Special data for whole day were taken for a rainy
day, a cloudy day and a sunny day for the month of
August 2014. The graphs of power generation for
these three days have been shown in Figures 4, 5
and 6, respectively. In rainy day generation is less
and irregular. In cloudy day the generation is less
but variations are less. On a sunny day the
generation is more but sudden fall in generation by
SPV plant due to clouds affect the stability of
diesel power plants running in parallel.
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Figure 4 : Load on 6th August from 6-10 am to 3-20 pm
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Figure 6 : Load on 25th August 2014 from 5-41 am to 5-21 pm

Monthly Average Irradiance

The monthly average irradiance for the period
Aug.2013 to July 2014 for the plant area has been
shown in Table 3. The same data has been
represented in Figure 7 as bar diagram. From the
Figure it is evident that maximum irradiance is in
May and minimum is in October.

Monthly Average Insolation

The monthly average insolation for the period
August 2013 to July 2014 for the plant area has
been shown in Table 4. The same data has been
represented in Figure 8 as bar diagram. From the
figure it is evident that max. insolation is in
November month and minimum is in July.

/
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Table 3 : Monthly average irradiance for the period from August
2013 to July 2014

Month Monthly Average
(2013-2014) Irradiance, w/m’
August 996.12
September 850.64
October 738.42
November 988.45
December 958.00
January 1034.96
February 1091.03
March 1035.80
April 1076.03
May 1104.87
June 1027.80
July 969.19
1200 -i
T 1000 |
800
. 60 [ mSerlesl
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e
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Figure 7 : Monthly average irradiance (2013-2014)

Energy Production and Number of Days in
Percentage

The installed capacity of Garacharama SPV Power
Plant is SMW. If the generation curve of a day is
seen, practically rated solar power is assumed
available for 5 hrs in a day. Hence, for 100%
efficiency a 5 MW plant can produce maximum
25000 kWh. The details of generation is tabulated
inTable 5.

Table 4 : Monthly average insolation for the period from August
2013 to July 2014

Month Monthly Average
(2013-2014) Insolation, kWh/m”/day
August 4.77
September 3.78
October 3.94
November 35.85
December 5.21
January 5.08
February 5.79
March 6.77
April 5.46
May 4.41
June 4.32
July 3.64

Table 5 : Energy production

Total
Days

Generation
(MWH)
Range | % Sept | Oct | Nov | Dec | Jan | Feb | Mar | Apr | May | Jun
05 1020 131 130 319 [ (3% (31 %03 |03
S00 (2040 31 130 30 28 |27 (31|28 |31 |30 [30 |9 |B
10-15 (4060 (30 123 |28 |27 |26 |31 |28 [31 |30 |29 |2 |2
1320 [60-80 (26 |18 125 |24 2 26 |28 30 (27 |23 |20 |13 286
20-25 80000 |13 110 18 16 14 27 27 130 20 (06 (17 |3 |2
(100 {4 {1 3 [ |8 [T T M8 3 |3 |0 (N

No. of days energy produced Days

in%

3
383
3l

%9
9.7
904
783
584
152

# Series]
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Figure 8 : Monthly average insolation (2013-2014)

From data it is clear that nearly on 25% of the days
in an year the plant operates at 100 %. Nearly 58%
of the days plant operates at the efficiencies from
80%-100%. Nearly 96% of the days the plant
operates below 40% efficiency.

Net Energy Imported

The net energy imported during the period August
13-July 14is 53416 kWh used as station auxiliary.

Diesel Saving per Annum

Energy exported during one year period
7152785 Units

Market costof HSD =Rs 54
SFC ofthe Govt Power Plant=0.278 1/unit
Generationunit/1=3.59=3.6

Diesel saved for production of 7152785 units=
1986884.72=19868851

Cost of the diesel saved/annum
1986885%x54=Rs10,72,91,790

Say Rs. 10,72,92,000 per/annum

Saving as per Actual Cost of Generation

in Rs=

Actual cost of generation per unit=Rs 26.00

Energy exported during one year period
7152785 units

J
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Total cost of energy produce by SPV Plant in terms
of diesel generation=7152785x26
=Rs18,59,72,410

Say Rs=18,60,00,000 per annum

Recovery Time of Plant Cost

The cost of the plant when installed was Rs
12,00,00,000 (12 crore) per MW

Total cost of SMW Plant at the time of installation
=Rs60,00,00,000

Recovery time as per total cost of energy produce

by SPV Plant in terms of diesel generation
60,00,00,000/ 18,60,00,000 = 3.22 years, say four
years. Considering other factors could be 5 years.

Conclusion

In this report be have tried to give an over all view
of SMW power plant. The plant is just nearly one
and halfyear old. It is taken operational data of one
year ie, from August 2013 to July 2014.

In the data analysis one has analysed the following
parameters:

1. Daily generation for twelve month.
2. Monthly generation.

3. Monthly peak generation.

4. Netenergy export.

5. Sample daily generation on rainy, cloudy and
sunny day.

~

6. Monthly average irradiance.

7. Monthly average insolation.

8. Netenergy imported.

9. Diesel saving per annum.

10. Saving as per actual cost of generation.
11. Recovery time of plant cost.

From data analysis of power generation of one
year duration it is clear that the plant has
successfully operated for the whole year and
exported 7152785 units from August 2013 to July
2014 to the grid.

If it is seen from saving in diesel point of view the
saving in diesels was 1986885 liters for the above
mention period.If we see from cost of actual per
unit of electrical energy the saving is Rs 15, 02,
10,000 per annum. From above one can say that
the power generation by SPV is eco-friendly and
cost effective. It will be more popular and
acceptable in future as the cost of SPV plants are
slashing down.
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Abstract

Energy and pollution are the present burning questions. So, there is an impending demand of an
alternative green power. Solar, as believed, is the only major alternative in comparison to other sources of
available renewable energies. For absorbing the sun solid silicon-crystalline photo-voltaic (SPV)
method is the best. SPV panels are laid on structures at tilt angle. SPV is a land consuming system.
Scarcity of land is the greatest crisis of the earth. Solar Power Tree is invented for installing PV-modules
on a tall pole-like structure with branch- like panels and takes only 1% of land than conventional SPV

layout.

Introduction

There is a big hue and cry over energy crisis from
all over the world mainly for two reasons, firstly
the natural resources are going to be exhausted
very soon and the other is whether we should
continue with the available natural resources of
carbonaceous compound which is posing threat of
greenhouse gas effect to human being every day.
People are trying over different sources to find out
non conventional energies, mainly some sort of
renewable source of energy or the green energy
like solar power, wind power, tidal power, hydro
power etc. Power from sun, as it is thought today, is
the only major alternative in comparison to other
sources of renewable energies presently being
tried to replace the conventional source of fossil
fuel like coal, gas, oil etc.

Then how to tap the power of sun to be absorbed
for our purpose? There are many ways being
devised time to time for absorbing the sun rays
coming towards the surface of earth, but most
efficient and easily available is the solid silicon
crystalline photo voltaic (PV) module form till

date. There are other forms like amorphous or thin
film etc. But efficient most is the solid crystalline
PV cells for direct absorption of sun light. The
other methods of sun absorption like reflection,
concentration, water heating etc. are the costly and
complicated and efficiency is also less compared
to PV modules.

One need to erect the PV panels under the sun so
that the surface of panel gets the maximum sun of
the day being laid at an angle. Today the general
method is that hut like inclined structures are made
over the land surface to hold the solar panels. Now
for an example, the generation of 2 MW power
from PV module system requires the land of 10
acres approx. for housing the panels only. But land
is going to be the greatest crisis of the earth rather
it is already a burning crisis in most of the
countries. The cultivable land which is going to be
the costliest commodity in the near future, if used
for other than agriculture, it will be uncountable
loss. Our many national projects are facing the
severe problem of acquisition of land. Therefore if
land area is used for capturing the solar power it

J
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would never be cost effective and viable for the
human society.

Therefore there is a need for devising a method and
fabricating a suitable device so that the solar power
can be absorbed without occupying much surface
area, rather utilizing the minimum amount of land
and the electricity must be economically viable.

Here comes the idea of a Solar Power Tree a new
invention of installing PV modules on a tall pole
like structure with leaf like branches surrounding it
following a pattern of spiralling phyllotaxy as
found in a natural tree. It would take only 1% of
land area in comparison to general PV-housing
layout as being practiced at present. As example, it
requires 0.2090 m’ basements for 2.5 kWh PV
power, whereas by present general method of
housing the PV arrays a land of 20.90 m’ is
necessary for layout. It has so many other
advantages to be discussed in this paper.

General Methodology

In our country the solar power generation system
are generally being designed by this type of solid
crystalline (PV) in different places. One needs to
erect the PV panels under the sun so that the
surface of panel gets the maximum sun of the day
being laid at an angle. The very common
application of solar panel is that a poll of small
height having one or two panels clamped on its top
with a single or couple of lights (stand alone) fixed
below to enlighten the roads etc. For more power
in kilowatts it is required to have suitable structure
over the landed area in an open space to hold the
solar panels. Therefore hut like permanent fixed
structure are made (Figure 1) to lay the PV panel
over them. Now for an example for the generation
of IMW power from PV module system i.e,
conventional inclined hut like structures (Figure 2)
requires the land surface of 5 acres to 6 acres
approximately for housing the panels only. But
land is going to be the greatest crisis of the earth

(a) (b)

Figure 2 (a,b,c,d) : Conventional solar plants (other countries)

countries. One can find there are news of fights
frequently between the farmers and the
administration for acquisition of land for any
industrial purposes. Again most of the agricultural
areas are generally away from the conventional
power plants and are in need of electricity. But
again if you cover the agricultural land for laying
solar panels then how cultivation would be
possible? The cultivable land ifused for other than
agriculture it would be uncountable loss. And thus
many national projects are facing the severe
problem of acquisition of land. Therefore if vast
land is used for capturing the solar power it would
never be cost effective and viable for the human
society.

Need for New Invention

Therefore there is a need for devising a method
and fabricating a suitable device so that the solar
power can be absorbed without occupying much
surface area or land which is going to be the
costliest commodity in the near future. Rather, the
device and method should be such that it would be

rather it is already a burning crisis in most of the

N
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utilizing the minimum land for maximum solar
power absorption by creating maximum solar
surface and it was only possible by devising a
holding system of PV modules with a vertical pole
standing on the ground and holding the PV panels
ataheight.

Here comes the idea of a device of installing a tall
metallic pole of 15.24 m to 21.33 m height founded
on a basement of (0.609 x 0.609) m’ area, which
will hold all the required panels on its body like a
tree (Figures 2b, 2c¢, 2d). The surface land
therefore is used only a maximum of 0.372 m’ to
0.464 m’. Of course, it needs some base foundation
for holding the taller pole but most of the
foundation work will be below the ground surface.

Land constraint is not only a problem of our
country it is a common problem for many
countries of the earth.

Uniqueness and Advantages of Solar Power Tree

The uniqueness of this single pole/solar power tree
system is that the solar PV modules will be fixed
throughout the tall pole following a pattern of
spiralling phyllotaxy with due adjustment of load

Solar Power Tree

Figure 3 : Prototype of solar power tree (tall 9.144 m) capacity
2.5kWh (max)

distribution over the pillar for its balancing. At the
same the pattern is so maintained that the top
panels wouldn't obstruct the bottom ones and each
panel of the tree would get the maximum sun in a
day time.

The other uniqueness is that all the Solar Panels
will be hanging through their connecting stem-
system attached with the main trunk (Pole) and
may be made flexible in all direction so that they
can best avoid the wind pressure due to heavy
storm affecting over the main pole/trunk. The
leaves (panels) would preferably be spring loaded
and the Joints of stems would be flexible. The
panels will be naturally facing towards the sun at
an angle as required so that they can fix up
maximum solar energy in a day time.

The advantages of this system is that it takes about
1% of land area in comparison to general PV
housing layout, as example it requires 0.5 m’
basement for 2.2 kWh PV power (Figure 8)
whereas for the same solar power by present
general method ofhousing the PV arrays, aland of
50 m”is necessary for layout.

The other advantage is that this system does not
require the acquired big landed property at a single
place, rather for this type of solar power generation
the Road sides, the islands in between wide roads /
highways, the boundary walls of paddy lands, the
crossings of boundary walls etc. can be used.

Another advantage is that even if the divider walls
of paddy land are used for solar power tree
plantation, the shadow being created by the panels
would not touch the land in most of the cases (as
the solar power trees would be very tall) and even
if it touches, it will not cover the surrounding field
by its penumbra so that growth of plants would be
restricted.

The unique advantage is that because of pattern of
laying of panels following phylotaxy of natural
trees and using the small size panels, the shadows

J

40

Electrical Engineering Division Board




Annual Technical Volume

~

coming from the panels of upper level do not
interfere with the lower panels in most of the
daytime. If sometimes they obstruct the lower
ones that cover only very small percentage of
panel area and for a little while only.

The dust deposition on the panels is a big problem
for such type of solar power generation. Generally,
as the panels of SPT are placed at higher height
they are less subject to dust deposition. Again as
the SPT structure is like a pagoda tree and an
arrangement of water spraying from the top of the
tree could make the panels clean if it works for a
few minutes in the morning every day.

There is a big advantage in laying of panels
inherited in this device of SPT that all the panels
can be laid in east-west direction, unlike the

. . Figure 5 : Solar power tree at night
general fixed hut like structure where they are laid

in south-north direction in general. An easy ) nu
method can be devised with this SPT so that all the =t -
- -
panels can be tilted around an angle of 45" as to get - T~
the maximum sun for whole the day. Instead of ] b,
-
= S
-t R,
Rotating upto 180° —
e
_—A TN
- —
Top tube ”

— — 7
Handle

Figure 6 : Proposed SPV for 5 solar power tree kWh
sophisticated electro-automated device, a simple

mechanical device of pulling a rope can tilt all the

panels from east —west to west—east direction to

get the maximum sun path in a day quite

economically.
Bush and bearing

system Figure 4 shows the swivelling system of solar

—"

power tree. The picture of the solar power tree
working at night is shown in Figure 5.

Example

Bottom tube

Detailed Technical Specification (Fabrication,

Installation and Commissioning of Solar Power
Tree)

Figure 4 : Swivelling system of solar power tree This is a collection of 26 nos solar PV panels,/
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which is mounted on a single tall pole with the help
of suitable supporting arrangement. Total power
generation is 1000 Wh at peak hour on a clear
sunny day.

e The arrangement maintains a phyllotaxy pattern.

e The electricity so produced being stored in a
battery bank of suitable capacity

e The battery bank being protected from
overcharging by Auto Cut-off

e The Battery bank is also attached with alternative
charging system from 230V ac power

e A multiple lighting arrangement is provided for
spending the accumulated solar energy

e Power supply to the lighting arrangement from
battery bank with suitable timer/ manual switch.
Mechanical System

Figure 6 shows the general arrangement of the PV
panels, panel supports and the pole. Altogether 26
nos of panels are arranged in a phyllotaxy pattern.
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Figure 7 : Assembly to be anchored at the site of erection

The dimensions are tentative and may be deviated
if required according to height of the pole. After
erection the whole assembly is to be painted to
prevent from corrosion.

The whole assembly as shown in Figure 7 is to be
anchored and grouted firmly at the site of erection.

Electrical System

The schematic diagram of the electrical system is
shown in Figure 8.

Civil Works

The pole and battery bank arrangements are shown
in Figure 9 and Figure 10 respectively.

Timer / Manual

Charger

Switch

Lighting

arran.g: ement

Controller with auto cutoff
Battery bank

Figure 8 : Schematic diagram of electrical system

e

PV panels

Anchor

m 3’ Grouting

Figure 9 : Foundation of pole

Z

Batery Bank How ing

Figure 10 : Foundation of battery bank

Bill of Material
Detailed Description Quantity
Pole with supporting arrangements 1 no.
(Figure 11)
Solar PV panel 26 nos
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Controller and charging system 1 set
(Figure 12)

Additional charging system from I no
230V acelectric power line

Battery bank of suitable capacity 1 set
Weather proof metallic battery I no

housing with grouting at site

Cut off system for excess power capture 1 no

High efficiency LED light module 2nos
with mounting and glass covering
Timer/manual switching system I no
for lighting

Concealed weather proof cable routing 1 set

Erection and associated civil work 1 set
including Anchor, pit and grouting

Anti-corrosion painting of the 1 set
total assembly

Table 1: Solar data collection

~

Table 1 shows the variation and comparison of

Data Collection

controller current between standard 40 W panels
fixed with an inclined hut like structure on the
ground and similar type panels attached with the
solar power tree under the invention at a height.

The graphical plot for the above data set is shown
inFigures 13, 14 and 15.

Figure 11 : Proposed plantation of solar power trees on highway
sides

N

Date 24.07.11 25.07.11 27.07.11
Panel Standard Layout Solar Power Tree Standard Layout Solar PowerTree  Standard Layout Solar Power Tree
Time A A A A A A
11:30am 4.96 4.4 4 4.70 3.88 4.16
11:45am 4.26 4.14 3.92 4.47 2.76 431
12:00 pm 2.24 3.78 3.92 4.59 2.72 4.12
12:15pm 2.08 35 3.12 3.71 2.8 422
12:30 pm 1.84 2.1 3.76 3.57 2.56 3.58
12:45pm 332 3.98 3.76 4.70 2.16 445
1:00 pm 3.20 33 3.68 3.96 2 3.43
1:15pm 3.20 3.42 3.92 4.79 1.04 2.92
1:30 pm 2.32 2.94 3.72 3.06 0.8 1.68
2:15pm 2.96 3.50 3.64 4.16 3.56 3.67
2:30pm 3.24 425 3.6 4.48 3.88 5.20
2:45pm 3.64 4.36 3.6 4.10 24 4.40
3:00 pm 1.88 1.86 3.24 4.15 2.04 4.69
3:15pm 1.44 2.07 2.88 3.54 2.08 3.78
3:30 pm 1.80 2.56 3.12 2.82 2.56 3.33
3:45pm 1.20 2.33 2.56 3.36 2.56 3.32
4:00 pm 1.32 2.35 2.48 2.77 2.44 2.94
4:15pm 1.12 2.27 2.64 3.16 2.42 2.80
4:30pm 0.68 1.89 1.12 2.32 24 2.07
4:45pm 0.54 1.65 0.8 1.65 2.08 2.33
5:00 pm 0.24 1.05 0.25 1.16 1.22 228
5:15pm 0.20 1.00 0.12 1.04 0.88 2.08
5:30 pm 0.10 0.89 0.11 0.98 0.20 1.40
5:45pm 0.11 0.88 0.09 0.10 0.22 1.50
. L 43
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Figure 12 : Solar power tree - a tall single trunk with multi-stage
branches
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Figure 13 : Graphical presentation : comparison of output

current between a panel of conventional low height structure
(series 1) and a panel of solar power tree (series 2) at height on
24/07/2011
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Figure 14 : Graphical presentation : comparison of output
current between a panel of conventional low height structure
(series1) and by a panel of solar power tree at height (series 2) on
25/07/2011.
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Figure 15 : Graphical presentation : comparison of output
current by a panel on ground (series1) and by a panel of solar
power tree at height (series 2) on 27/07/2011.

Conclusion

The solar power trees can be planted without any
acquisition of vast land exclusively for this
purpose in a particular place. They can be installed
on the road sides as they consume around 0.371 m’
of area for a single tree. The village roads and the
big boundary walls of paddy lands can provide
sufficient space for planting solar power trees that
can supply enough power for electrification of
villages and irrigation activities. The state and
national highways are big sources for Solar Power
Tree (SPT) plantations. Two sides of single road
high ways and the three sides of double road
highways including island in between can be
utilised for solar power trees (Figure 11). A simple
calculation shows that if the national highway is
used for plantation of solar power trees from
Kolkata to Asansol which is around 300 km in
length it would be possible to produce 110 MW by
installing solar power trees of 2 kW capacity
through the road sides at a certain interval (say
I15m between two trees). This would actually
require 660 acres of land for the same power
generation at a single place by the existing method
of laying out solar panels in a conventional way
i.e. over the roofs of low height fixed structures.
Hopefully if this new method of SPT plantation is
adopted widely it would be possible to produce
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sufficient energy and to satisfy the demand of
power for the world keeping the best ecological
balance and preserving the nature as it is.
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Abstract

Wind energy is getting a considerable attention worldwide from the fraternity of the power system
engineers as clean and green energy that can help reduce the carbon content and limit dependence on
conventional fossil fuels. Doubly fed induction generator (DFIG) is the most commonly used variable
speed turbine among the available wind energy conversion systems. Low voltage ride through (LVRT)
ensures continuous connectivity of wind farm with the grid and early recovery in case of
faults/disturbances. This is possible through proper operation and control. In this paper, sliding mode
control (SMC), a variable structure control method is used to dampen the oscillations, arises due to
unbalanced grid voltage conditions. The performance is also improved, as it results into symmetrical and
sinusoidal grid current injections. The simulations have been carried out on 1.5 MW DFIG based wind
turbine systems of MATLAB®/SIMULINK". The results presented demonstrate that the proposed
controlling method is able to dampen the torque, stator power, and currents ripples in comparison with
the conventional vector control method.

reliable and stable power system operations. Grid
code is nothing but a set of basic rules for operators
and wind farm planners. It basically requires
meeting the fault ride through (FRT) requirement
and to maintain the grid voltage within
permissible limits [2]. It emphasizes continuous
connectivity of wind farm with the grid and early
recovery in case of faults/disturbances. This can

Introduction

Wind energy is recognized as the most technically
competent, economical, and environment friendly
option among the available renewable energy
sources. The expansion of wind energy sources is
constantly increasing across the world to obtain
pollution free environment. This growth is assisted

by encouraging government guidelines and
competitive market players, which leads to
continuously increase of installed wind power
capacity worldwide [1].

Wind energy is highly intermittent, unstable, and
unpredictable in nature, which makes the modern
electric grid more distributed, deregulated,
dynamic, and complex. This poses new challenges
for power system engineers when integrated to
conventional electric grid. Stringent grid code and
guidelines are developed to overcome the
challenges and enforced across the utilities for

be achieved through proper operation and control.

Among the available wind generation
technologies, doubly fed induction generator
(DFIG) based variable speed wind turbines are
accepted worldwide. As, it presents noticeable
advantages like the variable speed generation to
optimize the turbine speed at low wind speed, the
vector control of active and reactive power based
on proportional integral (PI) controllers, the
reduction of mechanical stress and the use of a
power converter with rated power only 25%-30%
oftotal system power.
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Figure 1 : LVRT controlling methods for DFIG based wind turbine

In DFIG connected wind energy system, a number
of control methods based on fuzzy logic are
presented under balanced grid voltage conditions
[3]. In induction wind generators, unbalanced
three-phase stator voltages cause a number of
problems, such as over current, unbalanced
currents, reactive power pulsations, and stress on
the mechanical components from torque
pulsations. The paper [4] presents a control
strategy for DFIG based wind system, which
enhances the speed and reactive power controllers
under unbalanced grid voltages.

Under unbalanced grid voltage conditions, the
dynamic performance of DFIG is adversely
affected due to oscillations. The author [5]
proposed a new vector proportional integral (VPI)
controller to dampen the oscillations. This author
[6] presents direct active and reactive power
control of grid-connected DFIG-based wind
turbine systems under unbalanced grid voltage
condition. The controller reduces the power
ripples but simultaneously odd order harmonics
are generated, which increases the additional cost
of filtering. In this paper, a low cost solution is
presented using sliding mode control. This method
is a nonlinear control method that alters the
dynamics of a nonlinear system by application of a
discontinuous control signal that forces the system

to slide along a cross-section of the system’s

N
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normal behaviour.

Overview of Low Voltage Ride through(LVRT)
Solutions

In past years, wind turbines were designed to be
disconnected from the grid in case of fault
conditions, which resulted into uneconomical
operation of wind turbines. Recent published
research provides many software solutions, as
depicted in Figure 1.

DFIG Mathematical Modeling

In recent years, several configurations are used for
the dynamic model of DFIG systems, which can be
shown in various reference frames, such as,
stationary reference frame, or rotating reference
frame. In this paper, DFIG is modeled in a rotating
reference frame [7] under balanced and
unbalanced operation conditions.

Balanced DFIG Model

Using the assumption of linear magnetic circuits,
the stator and rotor voltage expressions of the
DFIG based wind turbine as shown in Figure 2,
under balanced operating condition are written as
follows [8]:

A%
Vr _ dr _
Var

. do
Ry + jr — (o —oa)d)q,
(1
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ddg
Rij+—% -
V. = (VdsJ_ ST g s
Slv, | d ()
qs . gs
RSqu +_dt +('0S¢dS
Where i, i, i, and i, are, respectively, the direct

and quadrature stator and rotor currents. R;and R,
are stator and rotor resistances. ®,, ® are stator and
rotor electrical angular speed. The stator and rotor

fluxes can be expressed as:
. = ¢ds _ Lsids + Midr
y (I)qS LSiqS + Mlq}" (3)
b, = ¢dr _ Lridr +M, ids
g ¢ql’ Lriqr + Mqu
Where L, L, and M are stator, rotor and mutual
inductances. The active and reactive powers at the

stator are defined as:

PS: vdslds+v 'qu; Qs: vqsldx—i_vdslqs (4)

.
The principle of conventional vector control (VC)
method consists of orientating the stator flux in
such a way that the stator flux vector points into the
d -axis direction. This approach is realized by
setting the quadrature component of the stator flux
to the null value:

6=  ¢,~0 )

Using the condition that per phase stator resistance

is neglected, and grid system is in steady state that
is having a single voltage V_ that leads to stator’s

. .
Wind turbine
control

Figure 2: DFIG based wind turbine

constant flux f, the voltages can be easily deduced

as.

Va

s: 07 Vqs: (Dsd)sz VS (6)
The following equations are obtained when
replacing the rotor flux eqn. (3) in eqn. (1) and
using the above condition in eqn. (6), the rotor

voltages become:

=L didr R i : Md¢ds
Vdr=s r?"’ rld”iermrlqr-'_ L d,
K

. (7
di

- qr ., p : M
Vgr=0L, & +erqr—0L,,0)rldr +o)rL—<|)S
s

Where V, which is the stator voltage magnitude is

assumed constant, and ®,=®, —® =g, is the slzip
frequency, and gis the sliprange andis o =1-

L.L

sr

the leakage coefficient, with regard to eqn.(5), the
fluxes are simplified as indicated below:

¢ds: L sids+M idr
0=Lji, +Mi, 3

From eqn. (8), the stator currents can be deduced
as:

¢, —Mi,
i =
ds Ls
9
M )
qu —L—qu

By using eqns (4), (6) and (9), the stator active and
reactive powers can then be expressed only against
these rotor currents as:

M
B=V, i
Ly (10)
M . (I)d
Qs =-V; L_S(ldr —ﬁ)
Unbalanced DFIG Model

As stated in [9] during unbalanced grid voltage,
the DFIG system can be separated into positive,

negative and zero sequences. In this paper, two

methods are proposed to separate positive and
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negative sequences:

- delay inverse component canceling (DICC)
method.

-notch filter method.

In the first method, the components in the three
phase a, b, ¢ system are transformed into two-

phase o, P stationary reference frame. Then, the
positive and negative components can be

determined by the following expression:

Yay 10 0 -1) "0
Ve | 1]0 1 1 0| Vs an
vl 2l 00 1 =T
V% 01 -1 0Jly (-1

The obtained positive and negative sequences
from eqn. 11 in stationary reference frame are
transformed into positive and negative sequences
inrotating reference frame as follows:

vt v'

ds : os

cos(®,) sin@®,)

+ i +
Vs zl —sin®;) cos®;) || Vs (12)
v 2| cos(—0;) sin(-0;) | |~

¢ —sin(-0,)cos(-0,) )|
vqs vBS

Figure 3 shows the three phase stator voltage of
DFIG wind turbine, in which the unsymmetrical
voltage dip is applied between 1.5 s to 1.6 s, as
shown in Figure 4. Afterwards, with separation
method, the positive and negative sequences of
stator voltages in the rotating frame d and q are
separated. Assuming the zero sequence
component of grid voltage is zero, the unbalanced
stator voltages can be written as follows:

~

o dbg
V; Ryigg + d ts +(Ds¢qs
V;_ _ s _ (14)
v . ddy, _
” Rslqs + Tjs - (Dsd)ds
1500 T T
1002 ‘ ‘ i | T | ]
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Figure 3 : Three phase grid side stator voltage
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Figure 4 : Positive and negative sequence components of
unbalance voltages in dq reference frame

The voltages at the rotor side are:

it d(l);r +
v R + —((x)s —oa)d)qr
V+ . dr | dt
P v - + (15)
)| Rl + Tq + (05— Mg
- R, + Lar (0, +o0 )
B vdr rdr s qr
VV = B = d B (16)
v
" — qr _
g erqr +7+((DS +(D)(I)dr

The stator and rotor fluxes are:

+ -+ + + -+ +
s Lyigy + Mg, || $ar Lyig, +M g

+ + + +
Oys ~ leqs + My, || bgr ~ erqr +M g
n R ld ¢ds ¢ _ | — — - | — —
- 19 stds T T OsPgs bas Lgige + Mig,. || 04y L,ig, + Miy,
s = = (13) - N I
o . ;s . Oys Lgigs + Mig, )\ Ogr L,iy,. +Miy,
” Rslqs + d + (Dsd)ds
' (17)
. P 49
Electrical Engineering Division Board




Annual Technical Volume

Under unbalanced grid, the active and reactive
powers as stated in eqn. (4) is decomposed into
different pulsating components, which can be

rewritten as:
+ + — - i
Vds  Vgs Vds Vs s
5
+ + — — -+
Qs Vas  Vds  Vgs  TVds || lgs
= (18)
Pysin2 v —vie v | i
ssin Vas Vds qs ds ds
Qs cos2 - - + + —
Vds  Vgs Vds Vys lgs

In order to obtain a constant stator power, the
oscillating terms of the active and reactive powers
P

ssin29

0. in eqn. (18) are neglected, therefore,
only the average terms are controlled. By

inverting eqn. (18) the stator currents can be

calculated as follows :
-+ + +
Lds Vds Vs
-+ + T
lqs _ Ps Vqs Qs Vs
N oy P i (19)
lds 1 Vds 2 Vqs
lgs Vgs Vs

The positive stator flux is aligned along with the
d+ -axis and rotates at the speed of s, whereas the
d- -axis rotates at an angular speed of —m_, with the

phase angle to the a-axis being -6, .

Therefore, by using eqns. (13) and (14) with stator
flux orientation under unbalanced grid, the stator

currents are simplified as follows:

i:irs ¢JS i:z'—r
igs |_ 1| 0| M|igr 0
iz | Ls|og | Ls|ig
igs 0 i

Combining eqn. (20) with eqn. (19), the rotor
currents are written as follows:

i Vi v;S o
| LB Ve | L O [, 0
i M D, _v;S M D, V;s ¢c;s
Iqr Vs Vs 0

21)
Sliding Mode Control

The details of the conventional SMC have been
presented in [10], the sliding mode control (SMC)
strategy with unbalanced DFIG model is
considered in this paper. According to the SMC
theory, the errors of direct and quadrate rotor
currents are chosen as sliding surface:

—+ 4 —+
Sl er ): Igr —lgr

.+ 4F 4
SZ qu ): lqr - lqr

O\ (22)
S3 er )= lgy —lay
Sallor Yiar ~iar
4s_Fipy, (23)
dt

When the trajectories of rotor current converge
towards sliding surface:
d

Ls5=0

i 24)

The following equation is obtained by replacing
the rotor flux of eqn. (17) in eqn. (15), eqn. (16)
and combining with eqn. (23) and eqn. (24) :

J
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4 Rr -+ o+
ig + Igr =00+ vy
7 ) r "y GLL, s
R, 4+ 4 -+ M + M +
1. +1,. +0,.1;. + Voo — g (O — O
L qr T tqr rtdr oL.L, qs GL},LSd)Ad( s r)
i+ B i M-
dr . dr ar LI, ds
s« R M M
_lqr +Elqr T Ol + oL,L, Vgs — 6L L Psd (ms +(0r)_
(25)
1 0 00
D 1 (01 00
=— 26
oL |0 0 1 0 (26)
0 0 01
F + Kysat(S))
_1| F5 + Kysat(S2
v o _p-l| f2+Kasat(52)

" F3 + K}S(Zt(SS) (27)
F4 + K4SClt(S4)

Where K, K,, K,, K, are positive control gains and
sat(Sy) =1, S;>\,
S I |Si| < (28)
-1, S, <N\

Where is the width boundary layer and indicates 1,
2,3 0r4.

Many PWM techniques for three-level inverters
have been studied in many paper. In this paper, the
PWM technique is applied with two bipolar
carriers, half period of phase V. ,, V.., This
technique is characterized by three parameters: the
modulation index (MI), the modulation rate » and
V, is the three-phase voltage, k =0 to 3. Two steps
of this VSI control algorithm for the arm k are as
follows: This first step consists of determining the

intermediate signals:
-tV >V, , thenV, =V /2
-tV <V, , thenV,=0

\ -ifV,*>V,, thenV, =V /2

-if VK < Vcar,z then Vklz' V(: 2 (29)
The second step consists of determining the main
signal:

V=Vt Vi (30)

Then, the gate control of the sitch 7}, is:
-ifV,=V./2,then(F,,F,)=(0,1)
-ifV,=-V, /2, then(F,, F,)=(0,0) 3D
-if V,=0,then (F,,, F,,)=(1, 1)

Simulation Results

The generator is tested under single line to ground
fault condition on phase ‘a’; at 1.5 s an unbalanced
voltage drop 020 % is created for a time of 0.5 s as
shown in Figure 3. In this paper, all the physical
quantities are expressed in per unit values and the
quantities of the rotor are referred to the stator side.
The switching frequency of converter is 1 KHz;
the nominal dc voltage of converter is 2000 V. The
phase locked loop (PLL) estimates the frequency,
the grid voltage magnitude and the stator angle.
Wind speed varies from 11 m/s to 10 m/s. To
examine the validity of the proposed SMC
scheme, these results are compared with the
conventional single SMC method published in[11].
Figure 5 (a), (b), Figure 6 (a), (b), Figure 7 (a), (b)
and Figure 8 (a), (b), show that, during grid
voltage unbalance, if conventional control is
applied, the active and reactive powers contain
important oscillations, due to the nature of the
second harmonic at twice the grid frequency (100
Hz) with magnitude of 0.78 pu. Whereas, by using
the proposed control method, these oscillations are

dramatically reduced.
{
’_§_ rs “_i {
£ 5y
L :
i t " : é ' 4
bt 4
(LN D U O N P | B fun NN uw s W oty
(a) Tieae {s) (b) Time (5)

Figure 5: Stator active power: (a) conventional single SMC, (b)
proposed dual SMC
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Figure 6 : Harmonic spectra of the stator active power:

(a) conventional single SMC, (b) proposed dual SMC
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Figure 7 : Stator reactive power : (a) conventional single SMC, (b)
proposed dual SMC
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Figure 8: Harmonic spectra of the stator reactive power : (a)
conventional single SMC, (b) proposed dual SMC

Conclusion

In this paper, an improved control strategy for
DFIG based wind turbine under unbalanced grid
voltage is presented. The dynamic behaviour of
DFIG by the proposed control algorithm proved to
be suitable by a set of simulation tests using the
Matlab®/ Simulink® environment. The results
obtained show that with the conventional single
SMC scheme, the magnitude of the second
harmonic oscillations can become high,
intolerable and may lead to electrical and
mechanical failures. After removing the voltage
unbalance, in the conventional control method
small oscillations appear in the powers and
currents waveforms. On the contrary, when the
proposed dual SMC scheme is used these power
oscillations are effectively damped to a reasonable
level.
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Abstract

The Brushless Doubly Fed Reluctance Machine (BDFRM) is basically a modified synchronous
reluctance machine and its operation is similar to doubly fed induction machine. In recent years it is
gaining more importance as it is robust, more efficient and allows use of fractional rating power
converter. These benefits and unusual pole combinations motivated researchers to do detailed
investigation with reference to variable speed applications including generating action. Performance of
this machine is greatly dependent on design and modulation of interaction between stator windings
through rotor which is decided mainly by saliency of rotor. Design issues and their impact on machine
performance are addressed here. In this paper, a time stepping two-dimensional finite element method is
used for modelling and analysis of BDFRM. Finite element machine model is used for studying the
performance of machine with different stator and rotor configurations. Performance of BDFRM with
different stator and rotor configuration are analyzed using time stepped finite element analysis. This
approach is used to examine the capabilities and behavior of BDFRM at various conditions. A prototype
type developed for 2-4-6 is tested for validation ofthe facts.

N. Gopalakrishnan  Y.P.Nerkar  G.A.Vaidya

Keywords : Rotor saliency, Reluctance rotor, Axially laminated rotor; Flux barriers

Introduction spite of continuous development activities being

The Brushless doubly fed reluctance machine isan ~ c@rried out, a few research papers are available on
design, performance optimization and behaviour
of machine. Performance of BDFRM with

different configurations such as radially laminated

attractive alternative for conventional controllable
machines for wind power generation due to the

absence of brushes as well as rotor winding with

the consequence of elimination of rotor copper rotor, ducted rotor and axially laminated rotor with

losses and partial converter rating [1,2,3]. Over different poles on rotor and in stator windings is

last few years considerable work is carried out in studied extensively and presented in this paper.

the area of design or transformation of reluctance Reluctance Machine

machine into BDFRM [4, 5, 6]. Conceptual and
theoretical analysis, comparison with other
counter parts are reported [7, 8]. The control
strategies applied for BDFRM are covered
extensively by different research workers [9, 10,
11]. With the use of increased automation and
enhanced complexity, many field applications
demand variable speed operation with efficient,
reliable, simple and cost effective solution.
BDFRM is still considered as a new machine and
under development and investigative phases. In

N

The reluctance machines were developed before
70s and used for some low torque constant speed
applications. Torque developed by machine was
based on variation of reluctance produced by the
salient rotor construction. The characteristic
features such as simple construction, maintenance
free operation and flat torque speed characteristics
have retained the interest of developers and users
regardless of overall inferior performance of this
machine [12]. Efforts were put in for improving
performance of plain reluctance machine [12].

/
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Gradual development in this direction leads to the
fabrication of switched reluctance machine.
Further development took place leading to design
and fabrication of axially laminated rotors or
BDFRM.

It is observed that performance of plain reluctance
machine is greatly affected by saliency ratio. It is
the ratio of direct axis inductance to quadrature
axis inductance. Higher the saliency ratio, better
is the performance. Plain reluctance machine has
the maximum saliency ratio in the range of 2 to 3.
The saliency ratio can be improved by modifying
rotor structure so as to align mutual flux in the
direction of direct axis. The ideal value of saliency
ratio is about 15. These modified machines is
popularly known as line start synchronous
reluctance machines. These machines are having
flat torque speed characteristics. For variable
speed operation, power electronics converter
having rating equal to kW capacity of machine is
necessary. It increases the overall cost of setup.
Another version of the machine catering needs of
variable speed applications is the switched
reluctance machine where number of stator and
rotor poles are different. Invariably rotor is of
conventional reluctance type having more number
of poles than that of number of poles for stator
winding. The advantage of this machine is simpler
power electronics interface and associated cost
reduction. However limitations as described
earlier are still valid. It is therefore necessary to
amend older machine into a new one. One of such
relatively new type of reluctance machine has two
windings on stator and a modified rotor geometry.
This is brushless doubly fed reluctance machine
capable of overcoming many short comings of
reluctance machine. This extremely interesting
machine is discussed in next section.

Brushless Doubly Fed Reluctance Machine

The classical BDFRM has two stator windings
wound for different number of poles. Windings are

distributed and may be full pitched or short
pitched. One winding is wound for p number of
poles and other is wound for q number of poles.
The rotor has salient poles without any winding on
the rotor. The rotor laminations are stacked
radially such that saliency is created. The number
ofrotor poles (Pr) is given by eqn. (1)

pPtq
B’:( 2 )

The schematic representation of BDFRM is shown
in Figure 1. It is seen that one of the winding
wound for p number of poles which is connected to

)

nearby grid and excited by normal power
frequency supply called as power or primary
winding. Other winding wound for q poles is
excited by either a dc source or by a variable
frequency variable voltage supply derived from
the grid or from any separate source. The
interaction of two magnetic fields produced by
stator currents produces electromagnetic torque in
the machine.

Grid Control Winding

§ pole pairs

Power Winding
P pole pairs

Reluctance
Rotor

2

—
1 Inverter [
1 [
T F

Figure 1 : Schematic representation of BDFRM

Working of BDFRM

The salient rotor of BDFRM modulates the
interaction between two sets of stator winding
currents. Operation of machine depends on this
mutual interaction. The angular speed of rotor wr is
given by eqn. (2) where power winding angular
frequency is op and that of control winding is wc.

o, +0
P C
o, =(—J
P.

2)

J
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If power winding frequency remains constant,
operation of machine is decided by the control
winding frequency. With known rotor poles and
keeping the power winding frequency constant,
control winding frequency can be selected to
achieve variable speed operation of rotor.
Depending on the magnitude of wc; there can be
three modes of operation. In Mode 1 (®, < 0),
machine operates below synchronous speed. In
Mode 2 (w, = 0), control winding is excited by dc
supply resulting in synchronous (rated) speed. In
Mode 3 (0>0), where machine runs at super
synchronous speed.

Design and Modelling of BDFRM

Design of BDFRM is complex as there are two
independent stator windings placed in the same
slot. Rotor has no winding. Ampere turn (MMF)
requirement of machine need to be fulfilled by
stator. Current magnitude is also large and
therefore area of cross-section of conductors used
for stator winding is also large. Selection of current
density is one of the most important factors. Dual
excitation and different pole combination results
in flux concentration in certain sections of
machine. It causes machine to work with moderate
saturation and puts limits on air gap flux density;
which is another important design parameter.
Other design considerations are base speed,
electro-magnetic torque, ampere conductor
loading, slot dimensions etc. It is necessary to take
into account different economic and operational
parameters into account for design of BDFRM.

Performance of reluctance machine depends on
various parameters such as saliency ratio,
selection of number of poles for stator and rotor,
winding layout, choice between power and control
winding and control strategy. Out of above
mentioned parameters saliency ratio, correct
selection of number of poles for stator and rotor
and winding layout are design related issues.
Saliency ratio is related to rotor design. Selection

of number of poles for stator and rotor decides the
coupling between magnetic fields. Winding layout
can be single or double winding type. In this paper
results obtained with two separate winding for
stator windings are presented. Keeping the
winding layout same which is two separate
winding type; machine is analyzed for different
pole combinations of stator and rotor
configurations.

Saliency Ratio

Saliency ratio (L/L,) is one of the important
factors associated with performance of reluctance
machine. Performance parameters such as torque,
power factor, efficiency depend on saliency ratio.
Performance of machine is better with increased
saliency ratio. Figure 2 clearly indicate
improvement in power factor with saliency ratio.
Please refer eqn. 3. It is seen that power factor
improves with increase in saliency ratio. Please
refer eqn. 4. Electromagnetic torque also increases
with increase in saliency ratio.

1
0.8
& 06
04
0.2
0 L] 1 | 1
0 10 1 20 30
Figure 2 : Effect of saliency ratio on power factor
)
q
PF . = TN 3)
)
q
3 . .
T, = E(p + q)()\'dclqc - lqcldc ) 4)

where L, and L, represent direct and quadrature
axis inductances respectively, A, and A, represent

direct and quadrature axis flux linkages due to

control winding current, i, and i, represent

quadrature and direct axis control winding currents.
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Ducted rotor, single barrier type rotor, multiple
barrier type rotor and axially laminated type rotor
are shown in Figure 3. Plain reluctance rotor is
shown in Figure 3 (a). Ducted rotors are shown in
Figure 3(b) and Figure 3(c), respectively. Axially
laminated (ASA) rotor is shown in Figure 3 (b). In
barrier type rotors number of barriers and shape of
barriers determines the saliency level. Salient type
rotor has the lowest saliency ratio and axially
laminated rotor has the highest saliency ratio.
Construction cost for axially laminated rotor is
significantly large.

4
o X

(b)

R

=
=

(d

Figure 3 : Different rotor configurations

Pole Combinations

Stator windings are designed for different number
of poles. Number of rotor poles are decided using
mathematical relation shown in eqn. (1). Actual
number of poles for stator and rotor of these motors
is decided on the basis of requirement of coupling
factor. Coupling factor is related to self and mutual
interaction of magnetic flux produced by each
winding. Coupling factor should be 1 for ideal
machine. But it generally in the range 0f0.75 to 0.9
due to leakage flux in machine. In BDFRM value
of coupling factor depends on different pole
combinations [13]. In some combinations
combined flux in some portion is aiding while in

other combinations it is subtractive due to cross-
coupling [14]. There may be problems in
calculating coupling factor accurately due to
different pole numbers or even odd number of
poles on rotor. Varied geometry and composition
of different materials increase non-liberalities and
It is observed that
the machine with closest pole combination has

computational complexities.

better coupling factor [13]. Odd number of poles
may be selected on rotor however odd number of
poles has poor acceptability in general. In this
paper major emphasis is done with even number of
poles of stator and rotor. Commonly used
configurations are 2-4-6 and 4-6-8.

Mathematical Modeling of BDFRM

Performance of a well-developed machine can be
obtained by simulation under steady state and
transient conditions using phase coordinate
model. This model is used for obtaining
performance characteristics of BDFRM. Concept
of multiple reference frame used for BDFRM is
introduced in Figure 4.

Paxis

qd

0 N
<
& o)

aaxis

Figure 4 : Multiple reference frame for BDFRM

There are two synchronously rotating reference
frames one for power winding and another for
control winding. q axis leads the d axis. Frame of
power winding leads to control winding frame.
Please refer eqn.5 and eqn.6. Concepts of phasor
coordinates are introduced using these equations.

Vi iR

. d
Vy |[=R,| iy +E(7‘RYB) (%)
Vg ip

J
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" 4
=R.|i, +E(xryb) (6)

Ip

where, A, and A, are given by eqns (7) and (8).
[Lyys] and [L,,] are self-inductances for power and
control winding respectively and [L,y,,,] indicates

mutual inductance of machine.

Lpr Lry Lgp||ir
My =| Lyr  Lyy Lyp ||iy |+
Lpr Lpy Lpp|lip (7)
Lg, Lgy Lgp ||,
Ly Ly Ly |i,
Lg. Lp, Ly | ip
er Lry Lrb i},
7“ryb = Lyr Lyy Lyb iy +
Ly Ly, Lpp || Ip (3)

Lp, Lpy, Ly ||l
Ly, Ly, Ly ||i,
Lp, Lp, Lpy|i,

Speed equation is given by eqn. (9). Te is
electromagnetic torque developed by the machine
and 7, is the load torque and J be the moment of

inertia of the machine.

d
JE((Drm):Te_Ti (9)

Finite Element Analysis

Finite element method is very popular due to its
capability to solve non-linear problems. Electrical
machines are complex geometries, Boundary
conditions and material specifications affect the
performance of rotating machine. Higher order
non-linear partial differential equations which
only can be solved by FEA.

ANSYS Maxwell 16.02 platform is used to

Figure 5 (a) : 2/6/4 combination with salient and axially laminated
rotor

Figure 5 (b) : 4/8/6 combination with salient and axially laminated
rotor

develop a finite element model of BDFRM. A 2kW
machine is designed for two different pole
combinations with different rotor constructions.
First combination is 2/6/4 in which 2 and 6 pole
windings are embedded in stator; and rotor has 4
poles on it. Likewise the second combination is
4/8/6 with 6 pole rotor; and 4 and 8 pole windings
in stator. Machine with above mentioned pole
configurations are simulated separately with
salient type rotor and axially laminated rotor.
Finite element models of BDFRM are shown in
Figure 5(a) and Figure 5(b).

BDFRM models are simulated with limited time
step finite element analysis with backward Euler
Time Integration Method. Assumption for FEM
study was that higher number of poles are
considered for power winding and lower number
ofpoles are considered for control winding.

Results and Discussions
Winding Currents

Currents drawn by power winding of BDFRM for
different configurations mentioned earlier are
shown in Figures 6 (a-d)

Power winding currents in 2-4-6 configuration are
unbalanced and distorted. Comparatively 4-6-8

/
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Figure 6(a) : Power winding current for 2-4-6 combinbation with
salient rotor
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Figure 6(b) : Power winding current for 2-4-6 combinbation
with axial rotor
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Figure 6(c) : Power winding current for 4-6-8 combinbation
with salient rotor.

Time [ms])

Figure 6(d) : Power winding current for 4-6-8 combinbation with
axial rotor

combinations have balanced and fairly sinusoidal
current waveforms. Also magnitude of current
required to produce torque is also relatively lower
in 4-6-8 configuration if compared with magnitude
of current with 2-4-6 configuration. Coupling
factor of 4-6-8 configuration is better.

Currents drawn by control winding for 4-6-8
combinations are shown in Figure 7 (a-d). These
currents are perfectly balanced and sinusoidal as
against current waveforms obtained with 2-4-6
combination. Magnitude of torque produced in

;
I=
E

-20

(A]
howbd
/u.
5
g
&
T s
3
%

Time [ms]

Figure 7(a) : Control winding current for 2-4-6 combinbation
with salient rotor
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Figure 7(b) : Control winding current for 2-4-6 combinbation
with axial rotor
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Figure 7(c) : Control winding current for 4-6-8 combinbation
with salient rotor
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Figure 7(d) : Control winding current for 4-6-8 combinbation
with axial rotor

BDFRM depends on frequency and magnitude of
applied voltage of control winding [1]. Still rotor
modulation plays major role defining the
waveshape of current flowing through control
winding. Due to poor coupling and poor
modulation, 2-4-6 configuration with salient rotor
has unbalanced current waveshape.

Flux and Flux Density Plots

The distribution of flux inside the BDFRM and
associated flux density values can be obtained

from simulation studies. Figures 8 (a-d) and/
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Figure 9 : Flux density distribution in BDFRM

Figures 9 (a-d) show flux plot for different
combinations mentioned above. The axial rotor
has better flux distribution avoiding saturation as
against conventional rotor configuration.
Maximum flux density in stator teeth portion is
around 1.77 T for conventional rotor used with 2-4-6
combination.

Torque Production

Torque developed by BDFRM is obtained when
power winding is excited by 50 Hz mains and
control winding is excited by variable frequency
variable voltage supply. Waveforms of torque
developed are shown in Figure 10 (a-b) for 2-4-6
winding configuration, with salient rotor and
axially laminated rotor. Machine is designed for

750 rpm. Simulation study is carried out for 4-6-8
N

Table 1 : Torque produced by different configurations of BDFRM

Configuration Average Torque, Nm Ripple Content, %
2-4-6 Salient 4.95 131.12
2-4-6 Axial 9.83 82.86
4-6-8 Salient 9.19 64.11
4-6-8 Axial 15.51 36.47

winding combination at 500 rpm. Figure 10 (c-d)
represents torque waveforms for 4-6-8 pole
combinations. It is noticed that 2-4-6 pole
combinations produces pulsating torque. The
pulsations are reduced with 4-6-8 combination
with axially laminated rotor. Comparative study of
different pole configuration of BDFRM and
corresponding values of average torque and ripple
current is presented in Table 1.
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Figure 10(a) : 2-4-6 Configuration with salient rotor
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Figure 10(b) : 2-4-6 Configuration with axially laminated rotor
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Figure 10 (c) : 4-6-8 Configuration with salient rotor
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Figure 10(d) : 4-6-8 Configuration with axially laminated rotor
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Figure 10 (a-b-c-d) show nature of torque produced
by each configuration of BDFRM during same
interval. Average value of torque and
corresponding percentage ripple developed are
summarized in Table 1.

It is noticed that BDFRM with 4-6-8 pole
combination and with axial rotor has the highest
torque production with less percentage ripples.
This is due to better coupling factor and higher
saliency ratio.

Rotor Surface Forces

Unbalanced magnetic pool is one of the major
operational constraints of BDFRM. Magnitude of
unbalanced magnetic pool depends on magnetic
flux density and length of air gap, Analysis carried
out for various cases is presented in Figure 11(a-b).
It is noticed that the unbalanced magnetic pool is
the minimum for 4-6-8 pole combination and with
axial rotor combination.

1000 ™ ~,
\

- A N
£ gl AR
= !
2w Em YRy \
2 . ﬂk}\/\,—-_
§w § 1
F] 20 |
) H -

1 ASArotor

0 0

15 13 15 19 15 W X
Time{ms] Timejms]
(a) (b)
Figure 11 : Unbalanced magnetic pulls develed in BDFRM
magnetic flux lines a) 2-4-6 combination and b) 4-6-8 combination
(dotted line salient rotor and continuous line ASA rotor)

10 15 19 1% 200 0

Experimental Results and Discussions

A 2-4-6 poles configuration BDFRM is fabricated
having salient pole rotor structure. The peculiarity
of this machine is that it has a single winding
embedded in stator slots catering need of two
windings. The arrangement of winding is as shown
in Figure 12(a) which is arranged in 36 slots. The
coil groups of winding are arranged such that
regrouping of terminals form 2 and 6 poles
simultaneously. Figure 12(b) shows photographs
of fabricated BDFRM. The fabricated machine has
been tested for different conditions such as,

End A
Power wWindin 6 pole
R yine(spolegy

1 5 |9 13 7 |21 25 |29 |33
2 [8 | 14 e [22 26 [30 [as
3 i 1 15 (19 |23 27 |31 |35

8 |12 16

1

|

r y b

Control winding (2poles)

End B

Figure 12(a) : Winding arrangement of 2-4-6 poles BDFRM

Figure 12(b) : Fabricated rotor and stator assembly of BDFRM

excitation at power frequency is given from 6 pole
side followed by BDFRM is supplied from both
power and control sides.

The voltage(blue) and current(yellow) waveforms
captured during testing working at certain
operating condition with power winding is excited
with 50 Hz supply is shown in Figure 13. It can be
observed that voltage and current waveforms are
fairly sinusoidal and the operating power factor is
about 0.8 lagging which is fairly agree the design
value.

For variable speed operation variable frequency
variable voltage excitation is given to control
winding. By wvariation of control winding
frequency change in speed is obtained and the
variation in speed with change in control winding
excitation frequency is shown in Figure 14.

The current drawn by both winding during
variable speed operation is shown in Figure 15
which shows distortions in current wave forms due
to modulation of airgap flux density mutual
coupling between two windings.

J
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Figure 13 : Power winding voltage and current waveforms
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Figure 14 : Variation of speed of BDFRM with change in
excitation frequency
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Figure 15 : Current drawn by BDFRM under dual excitation

The tests results presented here are sample ones.
The results of detailed investigations will be
presented as a separate paper. It is observed that
the fabricated BDFRM is working reasonably well
however torque pulsation and noise are issues to
be addressed.

Conclusions

* A few of the finite element models developed for
BDFRM are presented. Simulation results are
comparable with those presented in open
literature.

* It is observed that simplest design configuration
is 2-4-6 salient rotor but it suffers from severe
torque pulsations along with distorted currents.
Situation is better with axial rotors.

N

* 4-6-8 combination shows improved results for
both the combinations but results with axial rotor
are remarkable.

* To validate the actual design, a 2 kW prototype
machine is designed and fabricated with 2-4-6
poles combination. From the sample test results
presented, it can be seen that it is working
satisfactory. However needs certain modifications
for effecting improvements.
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Abstract

Unified Power Flow Controller (UPFC) is a Flexible AC Transmission Systems (FACTS) device that can
control active and reactive power flow on the transmission line and the bus voltage. Considerable
research has been done in the development of various controllers for this device and most of the
controller design has been verified through simulation only. In order to understand how to effectively
incorporate FACTS devices into existing Power Systems a hardware prototype is necessary in addition
to simulation studies. This paper presents the development of various components of the UPFC
laboratory model. In this study, the authors have investigated and analyzed the effect of the system for a
step change of dc voltage and PCC bus voltage. In order to illustrate the effectiveness of the control
algorithm, simulation and experimental studies have been conducted using the MATLAB/SIMULINK
and dSPACE DS1104 data acquisition board. The results of the study show a closer agreement between
simulation and experimentation.

Keywords : FACTS; UPFC; Transmission line, Voltage source converter, Laboratory model

Introduction of large scale dynamics of actual system [3]. The

FACTS devices hold considerable promise in the ~¢Xperimental results so obtained will provide

form of power system controllers of the new valuable data to evaluate different models, test

generation. The UPFC is the second generation of NeWly proposed algorithms, compare results

the FACTS devices that is able to provide series obtained using different algorithms, and analyse

and shunt compensations in transmission systems ~ the dynamic performance. Experimental results

[1]. Considerable research work has been done on ~ Will provide the basis with which to predict the

developing various control strategies of different device performance in actual power system

FACTS controllers mostly through simulation operational conditions. In short the module can be
[2].But there is a general lack of experimental used to study the power system performance in
verification of many of the proposed controllers steady state, transient state and post transient
steady state conditions. The experimental set-up of
UPFC Lab Model consists of following parts :

a) Transmission line.

unable to replicate the real operational conditions. P) UPFCmodule.
A few researchers [3-5] have attempted to build the ¢) dSPACE 1104.

model of UPFC in order to meet this purpose. The ~ ) Loads.
e¢) Sending end and receiving end cubicles.

under practical conditions. A hardware prototype
for verification is quite necessary in addition to
simulation studies as the simulation results are

information about the laboratory model available =
in open literature is of low rating only. Hence, a 1) Phaseshifting transformer.
high rating laboratory model (about 10 kVA) will ~Transmission Line Model

be fully capable of capturing the depth and breadth ~ Since the publication of a paper on Unified Power
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Flow Controller (UPFC) by Gyugyi [6] there is a
widespread interest in FACTS controllers as seen
by the papers published in open literature [6-13]. A
close study of papers [2-3], [14-18] reveal that
modeling and parameter selection of transmission
line needs to be elaborated in detail. The study of
FACTS controllers could have been enhanced by
the use of a scaled down model of an existing over
head transmission line which will also help the
students to understand the behaviour of practical
transmission line systems under steady state and
transient conditions in both simulation and
experimental studies. This lacuna is addressed by
fabricating a laboratory model of an existing true
line developed on the method of per unit systems
widely used in power system literature. It is shown
that the performance of the model with that of the
true line under steady state and transient conditions
can be obtained with good accuracy.

A scaled down model of 620 MVA, 275 kV, 3 ¢, 50

Hz, 300 km long line, whose parameters are given
in [19] is developed. The mutual inductances
between the three phases, skin effect and the
influence of ground wire are neglected. The
highlights of this developed model are :

a) The X/R ratio of the model is kept same as that of
the true line.

b) The model is made of six & sections. Each n
section will represent a 50 km line.

¢) As the current carrying capacity of the model is
20 A it can be used in dynamic studies with good
accuracy.

d) The model is flexible i.e it can be arranged to
represent a short line, medium line or long line by
connecting the requisite number of T sections.

e) While designing and building the hardware,
proper care has been taken to see that the complete
model is not too bulky but at the same time it is able
to emulate the performance of the true line.

The specifications of true line [19] along with

Table 1 ; Specifications of the transmission line and scaled down
model at the rate of SOHz.

Description Actual Scaled Down Value,p.u
System System

Base power 206.667 MVA 3.333kVA 1.0

Base voltage 158.771kV 254.034V 1.0

Baseimpedance  121.9758 Q 19.36 Q2 1.0

Powerrating 620 MVA 10kVA 3.0

Voltage rating 275kV 440V 1.732

Frequency 50Hz S0Hz 1.0

Resistance 0.0345Q/km  0.0052Q/km  2.7874x 10"

Inductive 0.323 Q/km 0.0513 2.6x10°
reactance

Shunt 9.52uS/km  59.696 uS/km 1.16 x10”
admittance

Series 0.001 H/km  0.16319mH/km  8.276x10°
inductance

Shunt 30.303nF/km  190.12nF/km  3.69x10°
capacitance

those of scaled down model are given in Table 1.
The transmission line is fabricated in modules of
50 km. The = section of the model is shown in
Figure 1. Based on the information given in [3],
[14] the accuracy is taken to be around 0.25% and
frequency of interest for harmonics is limited to
600 Hz [16]. This has led to choice of number of
sections of the line to be six. This choice has made
the model economical and minimised the error due
to numerical calculations.

Testing
The testing of the model is carried out in two
stages:
A) Hardware testing and
B) Simulation Studies.
8.2 mH 027 Q
L, /| MI \ ANV *
\ input red Vompm
w12 — 4773 uF ——
4773 pF

Figure 1 : 50 km model of transmission line (single phase is only

shown)
/
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Hardware Testing

The first part of the hardware testing was to
measure the inductance and the ESR of the
inductor. The ESR value of the inductor came out
to be 0.27 Q) and hence it was concluded that there
is no need to use the additional resistors. Next part
of the testing was to ensure the values of
inductance and resistance with respect to current
remain constant in the working range of 5 Ato 20 A.
Once these were confirmed the next part of the
testing was to determine the charging current and
to verify the bilateral property of the transmission
line. The results obtained were the same and the
charging current was found to be 1.12 A. Each of
the six-m sections fabricated has the required
values within a tolerance limit of + 1 %.

Simulation

A comparison of the performance results of the
scaled down model with the true transmission line
is necessary under different conditions as detailed
below to know whether the transmission line
model is able to emulate the true line. For this
purpose a simulation study was conducted in
MATLAB to determine the following :

1) Steady state values of voltages and currents.

i) Impedance against frequency characteristic to
determine the occurrence of poles and zeros.

iii) Transient and energizing voltage response at
the receiving end.

Table 2 : Magnitude of voltages and currents in true line and
scaled down model

Name True Line Scaled Down
Transmission Line
Voltage, V 258541.96 415.38
Voltage, pu 0.944 0.944
Angle, deg -0.940 -1.03
Current, A 705.71 7.13
Current, pu 0.5429 0.54427
Angle, deg 89.35 89.25
Travelling 1.65 1.67
Time, ms
Poles, Hz [151;444;704;918] [149;436;695;907]
Zeros, Hz [2;301;580;819] [2;297;572;805]

N
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Figure 2 : Impedance against frequency response
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Figure 3a : Transient response of scaled down model
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Figure 3b :Transient response of true line
The results are given in Table 2, and shown in
Figure 2 and Figure 3, respectively.

UPFC Module

The single line diagram of the experimental setup
along with the UPFC module is shown in Figure 4.
It consists of four circuit breakers CB1, CB2, CB3
and CB4 that can be used to connect or disconnect
manually different FACTS devices like STATCOM,
SSSC and UPFC from the test system to
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440 V, 50 Hz
MAINS  Sending end
Vs L 00

SERIES

SYMBOLS Sence

Vg - sending end voltage.
Va- receiving end voltage.
Ry, Ly- resistance and inductance of

transmission line.
CB - Circuit Breaker.

MEASURED

VALUES REFERENCE

VALUES

Figure 4 : Single line diagram of experimental set-up

demonstrate the action of these FACTS devices.
Depending upon the status of the Cb’s
performance of various FACTS devices are
investigated as given below in Table 3.

Hardware Description

Figure 5 shows the front panel and Figure 6 shows
the front view of the UPFC module. The hardware
of the UPFC module consists of various
components which are described below :

Shunt Transformer

The 3 phase, 10 kVA transformer has its windings
wound on a core made of CRGO stampings. It has
a primary, secondary and tertiary winding and
each phase is identical and rated at 254 V (rms). All
the terminals of the windings are brought to the
front panel of the module for ease of connection.
The windings can be connected in
star/delta/zigzag as per requirement.

Table 3 : Status of circuit breakers and links in experimental

set-up
CB’s Link CB’s FACTS Remarks
Open Closed Device
CB2,CB3  OPEN CB1,CB4 STATCOM  Steady state
CB1,CB4 OPEN CB2,CB3 SSSC Steady state
CBI1 CLOSED CB2,CB3,CB4 UPFC Steady state

CB2,CB3  OPEN CB1,CB4 STATCOM  Dynamic
state

CB1,CB4 OPEN CB2,CB3 SSSC Dynamic

state
CBl1 CLOSED CB2,CB3, UPFC Dynamic
OPENED CB4 state
SUDDENLY

UPFC Inverters

The UPFC module consists of two 6 pulse
inverters. Inverter Bridge I is connected to the ac
system through shunt transformer with turns ratio
of 1:1. While Converter Bridge II is connected to
SSSC through a booster transformer of 10:1 turns
ratio. The dc side of shunt inverter is connected to
two 10000 pF, 1000 V dc capacitors which are
connected in series, while the series side of the
inverter is connected to two 3300 pF, 1000 V dc
capacitors which in turn are connected in series. A
HRC fuse connects the positive sides of the dc
capacitors. The midpoint of the shunt capacitors is
connected through a metallic link to that of series
side capacitors. By opening the metallic links
either inverter I or inverter II can be brought into
operation.

No.1 - Indicators for the 3-¢ supply at the sending end.
No.2to 6 - MCB's 1,2,3,4,5.

No. 7 — shunt transformer terminals for SY side connection.
No.8 —dclink capacitor connection terminals.

No. 9 — series transformer connection terminals.

No. 10— Power analyser for sending end.

No.11 - dc voltmeter.

No.12 - dc ammeter.

No.13 - Indicators for dc.

No. 14— Power analyser for receiving end.

No.15 - Indicators for 3- ¢ mains.

No. 16 - Slot for dSSPACE interconnections.

No. 17 - Connections for CT’s 4,5,6,7,8 and 9 input side (sending end)
and connections for PT's R,Y,B for input side ( sending end).

No. 18 - Connections for CT's 10, 11 and 12 for output side (receiving
end)and connections for PT's R,Y,B for output side ( receiving
end).

Figure5 : Front panel of UPFC module

J

66

Electrical Engineering Division Board



Annual Technical Volume

No.1 - IGBT's of Shunt side

No.2 - IGBT'’s of Series side.

No.3 - Driver Circuit for shunt side IGBT's.
No.4 - Driver Circuit for series side IGBT's.

No.5 - Control Card for interfacing with dSPACE
No. 6 - Shunt transformers.

NO.7 - DC Capacitors.
Figure 6 : Front view of UPFC module

Choice of Switching Devices

The switching devices used in the UPFC module
must have self commutating capability. Power
semiconductors which have self commutating
capability include GTO thyristor, MOS controlled
thyristor (MCT), static induction thyristor(SIT)
and insulated gate bipolar-junction transistor
(IGBT) [20-21]. The IGBT is extensively used in
low and medium applications because of
following advantages :

1) Availability of IGBT’s of rating up to 1200 A,
4.5kV.

2) Low on state losses even at high voltage rating.
3) High switching frequency.

4) Simple and low power gate driver requirements.
5) Possibility of Snubberless operation is possible.

Hence, IGBT’s 100 A, 1200 V (Mitsubishi IGBT
Modules CM 100DY-24NF have been chosen to

N

Figure 7: Dead band verification (rise time and fall time)

build the inverters of the laboratory UPFC module.
The inverters are operated at 440 V (line to line).
Proper snubber circuits are designed and used so as
to reduce the electrical stresses on the IGBT
switches. Over current protection is also provided.
Short circuits across the inverter dc side should be
avoided, ie, two switches on the same leg should
not be turned on at the same time. This is achieved
by designing proper dead-band time. The dead
band time that is set is based on the IGBT
characteristics. The dead band verification is
illustrated in Figure 7.

Driver Card with Protective Circuit and dSPACE
Connections

A 12V, 5 A SMPS power supply with isolation
gives the necessary power to the driver card for
generating the trigger pulses for the IGBT's of
Inverters I and II as per the commands received
from dSPACE board. Whenever the line current
exceeds 25 A or whenever there is a short circuit a
protective signal is generated in the driver card
shutting down the equipment (Figure 8).

Figure 8 : Interfacing card
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Figure 9 : Functional units of the dSSPACE DS1104 PPC controller
board

The dSPACE DS1104 Data Acquisition and DSP
Board

DAC
8 channels
16-bit

The host computer is interfaced with the
experimental UPFC module through the control
desk (CD) software with dSPACE DS1104 PPC
controller. The signals like currents, voltages and
dc voltages are sensed using current transformers
and voltage transducers. The dSPACE Ds1104
R&D controller board [22] is a hardware that
upgrades a PC to a powerful development system
for rapid control prototyping. It is a single board
system based on the 250 MHZ Motorola Power PC
603e processor (PPC). The PPC controller board
has the following main parts which are shown in
Figure9.

1)I/O Units

This is set of on-board peripherals. It includes 8
D/A channels, 4 ADC inputs of 16 bit, 8 channels
of'analog output which are 16 bit, 20 bits of digital
I/O ports and a serial interface.

ii) DSP Sub-system

The DSP subsystem is based on Texas Instruments
(TT) TMS320F240 DSP. It has three-phase PWM
outputs plus 4 single PWM outputs. The resistive
load for the UPFC module is of a special design
and it is possible to incorporate the dynamic
condition by suddenly changing the impedance of
the load from the three phases at the same instant

Figure 10 a : Resistive load front view

Figure 10 b : Inductive load

by either switching ON or OFF the MCB’s as
required.

Loads

The rating of the load is 4kW per phase. Each
phase has 8 resistors 50 each connected in parallel

and shown in Figure 10a. The variable inductive
load 3 phase, 440V, 20 A. is shown in Figure 10b.

Cubicles

To minimise the connections of the UPFC module
with other hardware components, two cubicles one
for sending end and another for receiving end are
designed and fabricated. These cubicles are shown
in Figure 1la to Figure 1lb. Connectors are
provided for connecting the transmission line
models, Variac, UPFC module, rectifier and phase
shifting transformer. A microprocessor based delta

Figure 11a: Sending end
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Figure 11 b : Receiving end

measurement is implemented in the receiving end
cubicle to measure the phase difference between
the sending end and receiving end voltages and
display the delta. A phase sequence relay with
control circuit is built in each module for

monitoring the phase sequence.

Figure 12 ¢ : Maximum angle of §

Phase Shlftlng Transformer Table 4 : Different values of 8 calculated

The purpose of the phase shifting transformer Calculated 3, deg Experimental 3, deg
(PST) is to introduce a phase difference between 5 721
the sending end and receiving end voltages of the i(s) 12;?
transmission line for power flow. The design of 20 21.49
PST was a challenging task, as 3 phase, 440 V, 20 25 2629
. - 30 32.43
A, 50 Hz, on load tap changer with 9 variation from 35 36.23
0° to 40° is not readily available in the market. The 40 39.28

PST was constructed as a two core symmetrical
PST with one main transformer the primary and
secondary are star connected of which taps are

provided on the secondary side. The series
transformer consists of a primary transformer
which is delta connected and secondary has centre
g 172227 T TTII0S . tapped windings for each phase and centre tap is

of Transformer2 | _ ¢z

BECTCRIToE=CL connected to the primary of the main transformer

as shown in Figure 12a.
Primary Winding of
N Main Transformer

Simulation and Experimental Results

Cy

The overall experimental setup of UPFC module

Primary Winding of
Transformer 2 |

and its accessories is shown in Figure 13. The

Secondary Winding
of Main Transformer

parameters of the UPFC laboratory model such as
resistance and leakage inductance of shunt and

series transformers are obtained experimentally
and are given in the Table 5.

Using these parameters a mathematical model of
Figure 12 a : Circuit diagram of PST (phase-A secondary only is UPFC is developed in MATLAB SIMULINK. A
shown) simulation study to observe the response of the/
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Table 5 : Parameters of UPFC model

Parameters Symbol Values
Frequency f S0Hz
Angular frequency ® 314 rad/sec
RMS line to line voltage \'A 260V
Transmission line R, 0.27Q
L, 8.2mH
DC link capacitor C.. 6650 pF
Shunt transformer R, 1.55Q
L, 2.59mH
Series transformer R, 23.8Q
L. 62mH
Load Parameters R, 25Q
L, 24.61 mH

N

system is carried out for 25 sec for step response in
the dc reference voltages and load bus reference
voltage.

Scenario I : Change in dc Link Voltage (v,...,)

After the system reaches steady state att=1.5seca
step disturbance is given wherein the dc voltage
reference value (v, is changed from 480 V to
460 V. Similarly a step disturbance is introduced at
t = 6 sec where vdcref is changed from 460 V to
480V in simulation. In the hardware setup, the dc
link Voltage has to be kept higher because of

ssof:
500
450
400
350
300

Vg NUPFC)

N
]
-]

g 200
150
100

50|

Vi

=== Vacrer

[ 2 4 6 8 10
Time(sec)

Figure14a:V, andV,,(simulation)

deref

derer|

ac

4 10 12 14 16
Time(sec)

Figure14b:V, and V. (hardware)

voltage drop in the transformer impedance, cables
and contact resistances etc. A step disturbance is
introduced from 520 V to 500 V in hardware at t =
1.5 sec; and another disturbance occurs att=6 secs
when the dc reference value vdcrefis restored to its
original value of 520V from 500 V. The simulation
and hardware results are shown in Figure 14a to
Figure 14b respectively. In both the cases the dc
link voltage can be seen to follow closely the
change in the dc reference value and settle down to
the set value quickly.

Scenario II : Change in Load Bus Voltage (v,)

At t =15 sec a step disturbance is given wherein
the voltage reference value (v,) is changed by 6 V.
Due to the limitations of the hardware this voltage
can be changed only by = 5% of the supply
voltage. At t =20 sec the voltage is reduced by 6V
in simulation.

Similar disturbances are introduced in the
hardware at t =16.95 sec and t =20.95 sec
respectively. From the waveforms-simulated
waveforms (Figure 15a and Figure 15¢) and
hardware waveforms ( Figure 15b and Figure 15d)
itis seen the results fairly agree.

v,V JUPFC)

—15

148 14.85 149 13.95 15

Time(sec)

Figure15a:V, ;and V,, (1stdisturbance simulation)

16.85 169 16.95 17 17.05 17.1

Time(sec)

£

.andV,, (Istdisturbance hardware)

2ref 2act

Figure15b:V.

“19.8 19.85 19.9 s 20

19.95
Time(sec)

Figure15c:V, andV,, (2nd disturbance simulation)
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N

228 22.85 22.9 23 23.05

22.95
Time(sec)

Figure15d:V, andV,, (2nd disturbance hardware)

Conclusion

This paper has presented in brief the design
aspects and development of the experimental
setup of the UPFC laboratory model. The
description of the state- of- the- art. DSP dSPACE
DS1104 and its integration with the UPFC module
are also explained. The PI based controller
developed for the module isexperimentally
verified using the laboratory model. This
laboratory model will provide an excellent
platform to design new novel controllers and
validate them experimentally emulating practical
conditions in the power systems.
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Abstract

A.Rajoba S.V.Lobo

With the advent of industrialization, the need of the hour is to strike a critical balance between man and
nature which can be struck by efficient engineering and by adopting cost effective, innovative as well as
environment friendly technologies. Tata Power (one of India’s largest private utility company), has been
apioneer in advocating sustainable development. The business model of Tata Power has sustainability as
one of'its pillars and community development has always been on the forefront of Tata Power’s projects.
The projects which are highlighted in this abstract focus on decentralized distributed generation
development in the field of solar, hydro, gasification and bio gas generation.

Keywords : Sustainability; Innovation; Decentralized distributed generation; Solar; Hydro kinetic
turbine; Biomass gasification, Bio-gas, Telecom tower

Abbreviations the same time bringing about overall development
of the society. This critical balance between man
and nature can be struck by efficient engineering
and by adopting cost effective, innovative as well

ac : alternating current
dc : direct current

DDG : decentralized distributed generation as environment friendly technologies. Tata Power

DG : diesel genset (India’s largest private power company, has been a

Ip67 :internal protection class pioneer in advocating sustainable development.

: . The business model of Tata Power has
kWp : kilowatt at peak capacity L L. )
. sustainability as one of its pillars and community
LPG:liquefied petroleum gas development has always been on the forefront of

MPPT : maximum power point tracking

PLF : plant load factor

Tata Power’s projects. Some of the initiatives
taken by the clean tech projects department at Tata
Power in the clean energy development and in the

PV : photovoltaic . . .
P community development areas are described in

TPCL: Tata Power Company Limited this paper.
4G : fourth generation services from telecom gt Power Initiatives
companies . .
P Under the current centralized generation
Introduction

paradigm, electricity is mainly produced at large

United Nations report [1] defines sustainable
development as development that meets the needs
of the present without compromising the ability of
the future generations to meet their own needs.
This involves conserving the environment and at

generation facilities, such as, large thermal power
plants, solar parks, wind parks or hydro plants.
The electricity is then shipped through a vast
network of transmission lines and distribution
grids to the end consumers. This also leads to lot of

N
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losses and the final electricity reaching the end
consumer is only some fraction of what is
generated. There is a recent quest for energy
efficiency and reliability and reduction in green
house gas emissions which lead to explore
possibilities to alter the current generation
paradigm and increase its overall performances.
Decentralized distributed generation which means
generating close to the point of use helps in
mitigating most of the problems highlighted above
and also helps in providing an increase in energy
efficiency by reducing transmission and
distribution losses. This paper focuses on
decentralized distributed generation and the
various innovations which have been
implemented by Tata Power and which are proving
to be a successful model for replication in the
decentralized distributed generation space.

Hydro

Tata Power has three hydel power plants (in MW
range) generating electricity by using the hydro
energy. In this process, it also has water in its tail
races which flows at velocities ranging between 1
m/s to 3 m/s. In its endeavor for adopting
innovative technologies as well as for making best
use of the resource available, Tata Power has
installed a 10 KW hydro kinetic turbine in the tail
race of its hydro power station at Bhira. The
uniqueness of this turbine is that it can generate
electricity if water streams have velocities ranging
between 0.75 m/s to 4.2 m/s and at water depths
exceeding 2.5 m. This pilot has run consistently for
the last 18 months and has given encouraging
results. Tata Power has assisted the technology
provider (M/S Casmir Group) to indigenize the
turbine (generator stator winding including
lamination punching and power evacuation—10 kW
variable ac-dc-50 Hz, 415 V, 3 phase ac) and bring
the cost down further making power affordable for
the inhabitants living around such river / streams.
Figure 1 describes the setup used to evacuate

N
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Figure 1 : Development work on power evacuation system
power using simple three phase bridge rectifier,
storage capacitor and solar inverter with MPPT to
extract maximum power.

The activities conducted include improving the
efficiency of the existing inverter by selection of
more efficient components as well as providing an
ideal test bed during the development and
refinement phase. Figure 2 gives a snapshot of the
installation at the tail race in Bhira.

Efforts are also ongoing to fine tune the
commercially available matrix inverter with the
turbines.

This project will also aim to provide electricity to
the areas along the river streams wherein the above

Figure 2 : Snapshot of the installation in the tailrace at Bhira,
Maharashtra
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technical parameters are satisfied. Tata Power has
developed this decentralized distributed
Generation solution that can be deployed in
tailraces of existing hydro power plants, rivers and
canals. This way small cluster of decentralized
distributed generation can be developed along
water bodies. This technology is also suitable for
extracting power from ocean currents since the
blades are bi directional and the material used is
compatible for harsher conditions encountered in
sea. The technology is also scalable as many such
turbines can be installed to cater to a larger
population / cluster of villages along the tail races,
rivers and canals.

Solar

Tata Power has successfully commissioned three
solutions in the solar space. Features of the same
are described below:

Single Axis Tracker

The strategic location of India makes it a great
source of solar power. In its endeavor to promote
renewable power production, Tata Power has
commissioned a solar system at an institute in
Lonavala, a hill station between Mumbai and Pune
in Maharashtra, India. This system has a capacity
of 69.12 kWp (288 PV modules of 240 W each
with single axis tracking) and is providing a plant
load factor (PLF) of 17% based on site having
solar irradiance of 500 W/m’ to 750 W/m’. This
irradiance is generally low and not very ideal for
solar PV installation leading to low PLF in such
areas. In order to boost PLF, Tata Power installed a
single axis east west tracker which tracks the
movement of the sun and tilts the angle of the solar
panels by 10 every 4 minutes. This feature has
increased the PLF by 15% as compared to a fixed
tilted system. The system was installed and has
been generating exceeding expectations.

Figure 3 gives an illustration of the solar
installation at the institute in Lonavala. The tariff

Figure 3 : Snapshot of the installation at the institute in Lonavala

structure is such that the customer is saving on his
electricity bill and thereby also paying off the
investment in the solar plant quickly. This is a
successful model for DDG in areas which have
moderate to high solar irradiation. The system is
engineered in house in such a way that it can be
scaled up to a size of a MW sized plant as well as
installed on a rooftop at kW scale, thus taking care
ofthe scalability and replicability aspects.

Floating Solar

It is well known that land is a precious commodity
and solar projects require lot of land. Typical
estimate is 4.2 MW to 4.4 acressMW. Land
availability as well as affordability are therefore
two stumbling blocks for any solar based power
plant. To address this issue, Tata Power has
designed an in house floating system with techno
commercially optimal materials which can
support solar modules and float them on water
bodies. This allows solar based PV installations to
be located on water bodies and thereby not
compete for precious land. A demo of 30.6 kWp
capacity has already been installed in the hydro

Figure 4 : Snapshot of the 30.6 kWp installation at Walvhan
anchoring system designed for floating the system on water body
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Figure5 : Illustration of the unique anchoring system

area at Walvhan and is working successfully for
the past five months. Figure 4 gives a snapshot of
the installation and Figure 5 gives an illustration of
the unique anchoring system.

The salient features of the system are illustrated
below:

e The system is grid connected. Can withstand
wind speeds up to 150 km/hr.

e Solar modules are PID free, light in weight, have
positive tolerance of power and are splash proof.

e In house power evacuation system wherein
cables are floated on water thereby avoiding need
of'submarine cables.

e Plant has generated a total of 9429 kWh till
26/8/2015.

o String inverter placed on the raft itself.

e Anchoring system which allows only vertical
movement depending upon the level of the water
body but does not allow any lateral movement.
Also a reel in reel out arrangement to anchor the
position is designed. This is especially helpful
during monsoon when high waves tend to be
created owing to windy conditions.

e FEarth leakage protection and graded surge
protection provided. A walkway provided in
passage of string combiner box.

e No harmful effects to local flora and fauna as
certified by a National Environmental Institute.

N

e Entire design as well as integration and
installation done in house.

e The terminal box of the solar module is
conforming to [p67.

e Reduction in evaporation loss of water due to
high ambient temperatures in summer.

e Expected increased yield in performance of
modules due to passive cooling when compared
with land based systems.

e Engineering done in such a way that the entire
system can be scaled up to a MW capacity
depending upon the lake area available.

e Entire system is scalable and replicable and we
are in talks with interested parties for the solution
to be deployed in other water bodies.

This system being in house is also cost effective
and makes the overall solar power cost affordable,
sustainable and competitive with land based
systems. This system will be utilized as part of
solar systems to be installed on still water bodies as
a DDG solution which will ensure electricity
supply to inhabitants across still water bodies.

Backup Supply for Telecom Tower

Tata Power has also demonstrated a solar solution
for telecom towers at one of the telecom tower
location in the senior camp site next to our hydro
power plant at Bhira. The solution installed has a
capacity of 3.75 kWp and has been catering to the
electricity requirements of the double BTS site
since 1/4/2015. Figure 6 gives a snapshot of the
installation of the system.

Figure 6 : Snapshot of the installation over the porta cabin at the
senior camp site in Bhira (about 100 km from Pune)

~
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The salient features of the system are described
below:

e In house design of the structure on which solar
modules are installed. As can be seen from the
installation, the installation is on top of the
portacabin (which houses the power management
system) thereby not competing for any land.

e Makes use of solar modules under the thin film
category thereby generating even in dim lights /
shadow. This is particularly advantageous as the
tower shadow will fall on the modules thereby
hampering generation in case of polycrystalline
based PV modules.

e Since telecom towers have to ensure 100%
availability, they need uninterrupted power. In
areas, wherein grid availability is less, telecom
towers utilize diesel gensets as back up power
source. This solution will be reducing dependence
on the diesel gensets thereby resulting in savings
in diesel related expenditure to telecom tower
operators as well as help in curbing release of
green house gases.

* In house optimization of the power management
system resulting in enhanced life of existing
battery (temperature compensated charging cycle
introduced and check on voltage difference within
battery bank). This value addition has been tested
at the demo site with considerable success.

e The power conditioning unit in the current set-up
is capable of accepting input from four different
sources (solar, wind, Grid, diesel genset all
simultaneously) and can also accord priority to the
input source which should be consumed by the
telecom tower power electronics first. It also offers
the role of a SMPS and thus can replace even a
SMPS in existing telecom sites. It can be easily
retrofitted in existing telecom sites and has an
efficiency 0f 95%.

e Overall generation so far (data till 25/7/2015)
indicates solar system has supplied 32.9% in April,

38.8% in May, 18.62% in June and 17.93% in July
of the total electricity requirement by the telecom
tower site. Further add on can be incorporated as
per site requirement. This scheme is cost effective
as long as the power generated is equal to /less than
that of DG capacity.

Replication of this solution at other tower
locations will help in utilizing renewable energy
and minimize utilization of diesel in diesel gensets
which are used currently for back up power
requirements in telecom towers. The solution
currently is in use for a single tenant site but can be
scaled to cover the double and triple tenant sites
also. This solution can also be scaled to the soon to
be launched 4G services across the country.

Gasification

Tata Power has commissioned a 14 kW biomass
based gasification system in our colony in
Trombay. Tata Power has also developed in house
a8kW to 14 kW gas engine through Tata Motors in
collaboration with Indian Institute of Science. This
system takes in the biomass (twigs, fallen tree
branches from streets, coconut shells, etc.) and
produces producer gas which is then used to light
up the street lights in the colony. The system is run
in the evening to cater to the street light
requirements. Figure 7 gives a snapshot of the
installation in our premises in Trombay colony.

It is also widely know that the kind of biomass
varies across various geographies. It therefore
makes sense to devise a system which can accept

Figure 7 : Snapshot of the installation of 14 kW gasifier at
Trombay colony
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any form of biomass thus providing some kind of
fuel flexibility. Tata Power is developing an in-
house gasification system which shall be able to
accept any form of biomass in thousands of
villages across India requiring 10 kW to 20 kW of
power. The gas produced is used to run a gas
engine which then generates electricity. This multi
fuel capable system is likely to be commissioned
shortly and shall be a demo unit to be put up in Tata
Power’s hydro areas.

The results from the demo unit will be used to
optimize the system which can be replicated as a
DDG solution across villages in India.

Wasteto Energy

All over India, lot of solid waste is generated
which ends up in the dump yards. This is not only a
health nuisance but also a social stigma. This waste
is accumulating in the dump yards and soon the
dump yards will run out of space to accommodate
fresh waste produced on a daily basis across India.
To address this issue, Tata Power has used the age
old technology of a ‘gobar gas plant’ and further
modified it to take in food and canteen waste for
energy generation. The generated gas is being
utilized for cooking purposes, thereby saving on
liquefied petroleum gas (LPG). This plant is
running at our hydro plant in Khopoli wherein
residential food and canteen waste is used to
produce bio gas daily to be used as cooking fuel in
the canteen. As a measure of performance, 20 kg of
food waste generates roughly 1 Nm’ of bio-gas. As
it turns out, substituting the cooking fuel with the
gas generated from the bio gas plant is more
economic than generating power from this
resource. As of now, the entire cooking is being
done on bio-gas and has substituted LPG in the
area. This is a successful model which can very
well be replicated in areas where kitchen waste is
available.

Tata Power has also installed on similar lines a 2
TPD bio-gas plant in one of its thermal stations in

Mumbai wherein the waste from the canteen is fed
to an anaerobic digestor (underground pit) and bio
gas is collected in a floating dome on top of the pit.
This gas is then used to run the cooking stoves in
the canteen in place of LPG based cylinders. As of
now this system has run for four years and has
reduced the dependency on LPG by half at the
power station. The standalone bio-gas solution can
be easily replicated in areas wherein food waste is
produced in plenty such as agricultural yards, cdf
abbatoirs, food plazas, malls as well as gated
communities and municipal corporations. The
solution also helps in reducing the amount of
waste going into the landfill thereby saving on
precious land as well as improving the overall
hygiene and standard of living.

Going forward, Tata Power is developing
solutions wherein efficient utilization of plastic
waste and food waste shall be demonstrated at a
food mall on the national highway. This solution
shall provide oil and bio-gas as by products which
shall help in solving the solid waste problem as
well as create value added products.

Conclusion

All in all, it can be seen that being a responsible
corporate citizen we are devising models which
can sustain on their own thereby creating a win
win situation for all stakeholders involved. These
solutions are not only contributing in reducing
dependence on conventional fuels for basic energy
needs but also reducing green house gas emissions
thereby helping in conserving the environment.
The initiatives also have a revenue stream thereby
making the overall models sustainable. The focus
is therefore to implement more such solutions in
the decentralized space so as to achieve the
objective of spreading invisible goodness as well
as be sustainable.

Reference
1. WCED, http://www.un.org/documents/ga/res/42/ares42-187.htm.
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Abstract

With increasing installations of solar farms, monitoring and detection of faults in PV plants has gained
ample importance for the healthy and optimum functioning of the plants. DC side of PV system involves
common faults such as line-line short circuit, open circuit and mismatches due to shading and
degradation in PV arrays which lead to damage of good modules and even fire hazards. A system was
devised that can alert the plant owner in case of any fault in the system and efficiently specify the reason
of failure and location of fault. An algorithm was formulated and tested for 1 kW simulated PV farm to
detect and locate faults depending on analysis of the parameters which are monitored continuously. The
validity of the fault simulations was verified using an experimental 450 W solar farm set up. The
algorithm successfully detected, specified and located faults on the practical set up. The developed
monitoring system can be easily implemented in real time and can be used as a reliable tool for fault
diagnosis in PV systems.

Keywords : Data analysis, dc side; Fault detection; Fault location
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Introduction

The need for alternatives to fossil fuel based
energy generation sources and growing concern
for global environment has resulted in burgeon of
solar photo voltaic installations. The total installed
capacity in India as on April 2015 is 3.74 GW
according to Central Electrical Authority (CEA)
[1]. Photovoltaic systems are basically designed to
trap the solar energy directly and convert it to
electricity. In order to generate the maximum
possible energy, the entire system design needs to
be proper.

Though manufacturers specify the life of the PV
modules to be 25 years, the fact that PV systems
are exposed to environmental conditions, brings
various disturbances in the system. The faults in
the DC side include grounding issues, line to line
fault, open circuit fault, mismatch between the

power generating units, partial shading of the
panels and so on. Such faults may occur due to
contact failure, corrosion of wire, hail impact,
moisture, etc as stated by Bazzi et al.[2]. Two years
monitoring study of 27 PV systems by S. K. Firth
[3] showed an annual fault occurrence rate in the
range of 1.1% to 11.7%. Since the system consists
of interconnected PV modules, failure of just one
module may lead to severe output power
reduction. 7 fire emergency scenarios originating
from solar installations have been reported [4].
These mishaps were due to faulty insulation
material, short circuit in combiner box, electrical
arcing between PV modules and so on. PV faults
and subsequent fire-hazards on April 5, 2009, in
Bakersfield, California, and April 16, 2011, in
Mount Holly, North Carolina due to ground fault
and line-line fault provide clear evidence of lack of
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knowledge among PV system manufacturers and
installers about different PV faults [4].

Finding fault and locating it, can help in faster
recovery of fault. It has direct benefit of reduced
power loss during the fault period. Secondly, early
detection of fault would result in a reduced risk of
accidents like fire hazards which may affect both
personnel and installed equipments. Due to the
large size of the PV plants it is very difficult for
personnel to locate the fault. Therefore, fault
locating algorithm would result in less labour
requirement for the equivalent amount of
monitoring. In the long run, it would lead to more
cost-effective installations and improve
sustainability of PV systems.

Several fault detection procedures have been
proposed and experimented in literature partially
or completely fulfilling the objective of fault
finding and locating. Due to the ease in collecting
these electrical parameters, most of the present
fault detection techniques are based on electrical
equivalent model of solar panel rather than
techniques like visual and thermal imaging. A
Chouder and S Silvestre proposed monitoring
systems based on power loss approximation [5].
Some fault detection systems are based on high
frequency reaction measurement and time domain
reflectometry, where a high frequency noise is fed
into the system and the reflected signal is analysed
to find the fault [6],[7],[8]. Such method of fault
detection involves huge cost and complexity. Zhao
et al [9] proposed a decision tree-based diagnostic
method for photovoltaic cells. Fault location
finding had not been achieved by this algorithm.
Tadj et al [10] proposed a GISTEL model to
diagnose the PV array based on fuzzy logic based
satellite image. In order to increase the accuracy in
fault diagnosis, intelligent machine learning
algorithms have been used [11], [12],[13]. These
algorithms had been successful in diagnosing the
line to line fault type. In another work artificial

N

neural network had been used to estimate the
voltage of individual modules [14]. Here fault
location could be found. But the algorithm when
applied to huge field becomes too complicated. In
2013, outlier rules had been used to detect faults in
solar PV system [15]. The faults like line-line
faults with and without fault impedance, open-
circuit faults, degradation faults and partial
shadings had been detected by this method. But
this method did not state the user the reason of the
fault. Further the panel level fault location was not
done by this method.

The goal was to develop a system that could
analyze the data received from the solar field and
specify and locate the fault in the system. For this
purpose, it was important to study the effect of the
various faults on different parameters of the PV
system. Hence a MATLAB Simulink model of PV
farm was constructed and faults were simulated to
understand their effects. Further for diagnosing the
fault, an algorithm was developed that could detect
and locate the faults accurately. It was then
implemented in hardware and tested in a small PV
farm.

Simulation and Study of Effect of Faults

Performance of a PV system is basically
interdependent. The weakest link in the system
which is the poorest performing module limits the
power generating capability of the entire system.
So in order to devise a fault detection system it was
necessary to understand how the system
parameters are affected by faults. The effect of
various kinds of faults on the PV system had been
studied by simulating the faults in MATLAB
simulink environment. The effect of faults on the
-V characteristics and the maximum power point
(MPP) was analyzed. In these simulation studies it
was considered that fault in PV array are the only
source of fault. Since fault current settles in
negligible time, the effect of transients was not
considered in this study. Therefore, the focus in
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this study is on the system state before fault (pre-
fault condition) and state after the fault (post fault
condition).

The P-V and I-V characteristics of solar cell were
plotted using the MATLAB Simulink tool by
varying the load connected to it [16]. To study the
effect of faults on the working of panel, the 10 W
solar panels were connected in 5 x 4 configuration
to form a 200W solar array. Bypass diodes were
connected with each solar panel. Blocking diodes
were also connected in each string to prevent the
flow of negative current through the panels. As per
NEC requirement, the negative bus of the system
was grounded.

Line-Line Fault

In a PV system, line-line fault mainly occurs when
there is a short circuit of PV modules or
interconnection of cables of different potential.
Insulation failures of cables caused due to animals
chewing the cable insulation, short circuit in DC
junction box are some of the major reasons for this
fault. Different line-line fault conditions were
simulated by shorting the panels as shown
Figure la. The effect of faults on PV curve is
shown in Figure 1b. Itis seen that short circuit of 1
panel causes a power reduction up to 16%. String
current reduces to zero when the operating voltage
is greater than open circuit voltage of string.

Open Circuit Fault

An open-circuit fault is caused by an accidental
disconnection of a normal current-carrying
conductor. This is a common failure that may

S 100

20 40 60
Voltage (V)
L1« No Line-Linc Fault
(2) (b)
Figure 1 : Line-line fault (a) different faults created, (b) PV curves
under faulty conditions

N

occur in the solar field. Open circuit may be due to
cell cracking. Fatigue due to cyclic stress and wind
loading may also cause disconnection of the
wiring which may lead such failure. Such faults
may lead to high voltage wires left open and hence
risk of shocks. Different open circuit fault
conditions were simulated as shown in Figure 2a.
The effect of faults on PV curve is shown in
Figure 2b. It is seen that one open circuit leads to
power reduction which is proportional to the
amount of field open circuited.

Mismatch Fault

Mismatch in PV module is said to occur when
electrical parameters of one or more panels are
significantly changed from the others. Since solar
panels are dependent on the irradiance and
temperature, variation in irradiance and
temperature among the interconnected cells also
leads to mismatch faults. They are the most
common compared to that of line-line and open
circuit fault. Further, they often lead to irreversible
damage of PV modules and hence contributing to
greater power loss. Conventional protection
devices cannot detect these faults as they do not
cause high fault current. These faults can be
divided into two groups, permanent and
temporary. Temporary mismatch may be due to
shading or dust accumulation which can cause
huge power reduction up to 50%. Permanent
mismatch could be due to hot spot formation, PN
junction degradation or anti-reflective coating
deterioration. Degradation of just 1 panel could
lead to areduction of power by 3%-5%.

Power (W)
E & 8

2

40 60 100
01- No Open Circuit Fault Vollage M

(2 (b)

Figure 2 : Open circuit fault (a) different faults created, (b) PV
curves under faulty conditions
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From the simulation study it can be concluded that as shown in Figure. Taking irradiance and
plant performance varies non linearly which the temperature data, estimated value of power was
amount of fault created. Fault in a particular panel ~ found using a MATLAB model of the actual solar
may affect the entire system. Moreover the plant. This value is then compared with the actual
problem of fault finding becomes difficult as the power being produced are compared to find if
plant operates at the same operating point under there is a fault. Further string currents and panel
different fault conditions. voltages are compared to find the reason and
location of fault. The flowchart for the algorithm is
shown in Figure 3.

Fault Detection —The Proposed Algorithm

Fault detection can be accurately done only by
analysing the variations in the voltage and current Y@lidation of Algorithm

of individual panels under different faulty The algorithm was then implemented in
conditions. For this purpose the string currentsand MATLAB. To validate the algorithm, a graphical
panel voltages at maximum power point was user interface was created in MATLAB with the
collected. Therefore, for a 2x5 solar field, the data  help of GUIDE [17]. The graphical user interface
collected were irradiance (1)), temperature (7), demonstrates the working of the algorithm in a
currents in each string (I,= current in string /) simulation environment. It contained controls that

voltage across 10 panels (V,= voltage accross allow the user to simulate different faults in the

Py

panel j in string T) and the entire system voltage system. The data collected is then analysed to find

(V,....), current (I, ) and power (P, ..) at maximum
power point. A 1 kW solar field was simulated The results from the simulation showed that under
under different faulty conditions and the results any faulty condition, the algorithm was able to
were stored in a database to observe the trends of ~ detect the fault type and location. The algorithm
panel voltages and string current. The algorithm Wwas tested for 70 different fault conditions. The

was then formulated for detecting and finding fault ~conditions in which productivity of plant reduced
more than 50% were not taken into consideration.

the type and location of the fault.

meas. meas.

( '""“'V““’;'“"‘“E'T ] All the 70 fault conditions could be detected and
| catculate Press = Vs * Tness | located properly by the algorithm. Though this

algorithm takes in more number of inputs, a fault
detection accuracy of 100% was obtained using
this algorithm. Moreover there is no training

[ Estimate P, from E &T ]

If
| Pest= Preas | >€

required for this algorithm.

v v
[ input Smng Currents | [ Noraut ] Hardware Implementation
[ Compare Slnng Currents to Though the simulation results showed that the
find Faulty Strin .
y 2 algorithm was able to detect fault under any faulty
lnputfl;zlr-;l ;f::;ags:s for situation, it was implemented in real time to prove

its feasibility. This is because the real time scenario
@ @ @ differs a lot from the simulated environment. The
simulated system was considered to be ideal with

( string Open Circuit ] [ Panel Short Circuit (" Panel ES):?:ii;tmn or all the panels behaving exactly in a similar way to
change in irradiation and temperature. But in the

Figure 3 : Flow chart for fault detection algorithm
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connected to a 100Ah battery which is further
connected to resistive bulb load of 280W. The
complete block diagram of the system built is

Remote Monilonng

Stagion shown in Figure 4.
Data Bus
; The data collection nodes were constructed which
NODE1 . « e . .
consisted of resistive voltage divider to sense the
[Nomaa]_ [NODEJI— [Nom:z}_
voltage of each panel, current sensor ACS712 to
— ) measure the string currents, irradiance sensor
I which measures the short circuit current of a
reference cell to calculate the irradiance level and
BATTERY temperature sensor LM35. The sensors collect
| ] data and transmit to the central remote monitoring
station through RS485 communication. At the

central monitoring station, a front end was created
using C# in Visual Basic 2010 platform which is
interfaced with MATLAB to continuously

Figure 4 : Block diagram for the hardware implementation

Table 1 : Component details for hardware set-up

Equipment Type Detailed Parameters . . .
PV module Polycrystalline AtSTC:V =21.5V,I =4.8A, monitor the Worklng of the PV system. The details
V,~172V,1,~436A, of the PV Components used in the experimental set
P,=75W up are shown in Table 1.
EntirePVarray 2 x3 Module AtSTC:V, . =34.4V,] - Results and Discussion
configuration 13. 08A P = 450W

Maximumpower MPPT100/30  Systemvoltage=12/24V, The remote PV monitoring system was developed
point tracker Max. PV voltage=95V, and deployed in Room No F62 CSIR-CSIO,

Min. PV voltage=17/34V,

Max, PV Inputpower Chennai to validate the working of the algorithm.

—450W@12V The data collection nodes were assembled behind
Battery Lead acid Capacity: 100 Ah, the first panel of each string. Figure 5 shows a 450
Voltage =12V W solar array, formed by 2 x 3 configuration of

Load Resistivebulb ~ Wattage of each bulb=35W,
(18 configuration)  Load voltage=12V 75W solar panels, connected toa 12V, 100 Ah lead

acid battery which is connected to 280 W resistive

real time case, though the panels have similar  bulb loads. The nodes were powered by a 12 V, 7Ah

rating, there exists slight variation in the

. e Data Cdlection Node Cannected

characteristics of the panels. Moreover accurate Bchind Solar Penels :
. . = | suimg 1) ['suing21 s-mgs

data collection for the purpose of analysis also | I r-mu

poses a problem in real time. So it was essential to

build a hardware model of the system so that the
algorithm could be established as an efficient
method to locate faults in solar PV system. A 450
W solar array was constructed for test purpose. The
field consisted of 75 W solar panels connected in 2

x 3 configuration. The panels were connected to a
maximum power point tracker to match the load

with the panel output. The MPPT output is Figure5S : Installed fault detection system

\. J
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Figure 6 : Effect of open circuit on power production
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Figure 7 : Effect of mismatch (shading) on power production

battery placed in room F62. The Rs485
transmission lines (Data+ and Data-) are
connected to the RS485 converter, which is
connected to the serial port of PC where the front
end is developed in Visual Basic. Figure 5 shows
the complete arrangement.

Effect of Faults on PV System on Real Time

Open circuit fault was created by open circuiting
string 2. Since the panels are connected in 2x3
configuration, open circuiting 1 string caused 33%
fault in the system. The power drawn from the
solar and irradiance is shown in Figure 6. Similarly
mismatch fault was created in the PV system by
partially shading panel one of string two at t =33
minute. It can be seen from Figure 7 that there is a
sudden in the power drawn from solar panel due to
shading of just one panel. The drop in power
production is 14% due to shading. The effect of
faults on the power curve of the system is found to
match the simulation results.

Working of the Remote Monitoring Station

Front end is designed for the fault detection
system. The front view displays the power curve

SOLAR FIELD FAULT DETECTION SYSTEM t=te

S0LAR T
Pettn

Satar 7Y Instation

-

OVIRALL FERFORMANCE

VOLTAGE (V) an

cumsINTm Qusas
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IUUBANCE (War'2) 0177

Figure 8 : Front end view showing open circuit fault

and the values of voltage and current from each
panel. The Visual Basic application developed
calls the MATLAB function to analyze the data
received and displays the received results.

Figure 8 shows the front end display when there is
an open circuit fault in the system. It is seen that the
algorithm is able to find and locate the fault in the
system. The open circuited string 2 is highlighted
by the program to notify the user the location of the
faulty panel. The analysis result panel shows the
fault type and location. Similarly in case of other
faults also the algorithm was able to find and
display the fault location on the front end.

Scalability of the Algorithm

The algorithm was tested on a simulated 20 kW
solar farm made up of 9 x 9 arrangement of 250 W
solar panels. 76 different instances of mismatch,
short circuit fault and open circuit fault (36 short
circuit, 36 mismatch, 4 open circuit) were created
and the algorithm was tested. The occurrence of a
failure was detected in all the cases while 68 faults
could be located. Thereby giving a detection

~

accuracy of 100% and locating accuracy of

89.47%. In this calculation, it was considered that
all fault conditions are equi-probable. The
algorithm was not able to locate the fault in the
system only when all the strings were equally
faulty. As we know, occurrence of such fault is less
probable, the accuracy can be higher than 89.47 %.
Therefore, to scale up the algorithm to any given
field, number of modules in series and parallel,

open circuit voltage and short circuit current of/
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each panel can be used to develop the modified
algorithm.

Feasibility of the Developed Hardware

For the fault detection system that has been
constructed, 3 data collection nodes are used. The
data collection nodes are powered from a 12 V
battery. Each data collection node takes 0.05A
current for its operation. The total power
consumption by the fault detection system is 12 x
0.05 x 3 =1.8 W. So the power consumed by the
fault detection unit for the 450 W plant is just 0.4%
of'its total capacity. Similar calculation fora 1 MW
plant showed that the power consumption of the
monitoring unit is only 0.03% of the plant
capacity.

Conclusion

Faults in the dc side tend to bring down the
productivity of the entire plant. The effect of
common types of solar PV faults like line-line,
open circuit, degradation and partial shading was
shown in simulation as well as demonstrated for a
real time 450 W PV array. A fault detection
algorithm was devised and tested to give an
accuracy of 100% and locating accuracy of
89.47% was obtained for such system.

Although the algorithm is based on PV module
level measurement, the algorithm can be easily
implemented any PV installation with minor
modifications. The main advantages of the devised
monitoring system are cost effective, flexible and
potential for implementation in PV farms. The
monitoring station can be made wireless in future
to increase the ease of installation. More advanced
algorithm can be developed that could take in less
number of inputs to provide the same results. The
simultaneous occurrence of faults can be dealt
with using a combination of artificial intelligence
and data analysis.
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