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World: Wind Energy Installed Capacity

Installed Capacity [1]
* Global wind power capacity: 1,173.5 GW (which

is nearly 10% of total electricity demand). 2000 P ——
3

* Onshore wind power capacity: 1088.5 GW.

* Offshore wind power capacity: 83GW.

500
0
Plan for Future Offshore Wind Energy [1] 8§ & & W® 8\(685 S SR
As per IRENA’s Plann.ed. Energy Scenarjo (PES), . T S T —
global offshore capacity is projected to rise |
Bio ENergy === Coal - Coal
e 275 GW by 2030.
* 1200 GW by 2050. Fig.1 Global installed capacity share by technology[2].

[1] Renewable capacity statistics 2025. (2025, March 1). https://www.irena.org/Publications/2025/Mar/Renewable-Capacity-Statistics-2025
[2] lea, “renewable 2022 - analysis and forecast to 2027,” International Energy Agency, Paris, Tech. rep., 2022,” accessed:2025-11-10. [Online]. Available:
https://iea.blob.core.windows.net/assets/ada7af90-e280-46c4-a577-df2ed4fb44254/Renewables2022.pdf.
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Asia Pacific: Wind Energy Installed Capacity

The Asia-Pacific region

Installed Capacity [3] . e
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Fig. 2 Asia Pacific region [4].

[3] Exec-Summary_APAC-Offshore-Wind-2025.pdf
[4] https://c4scourses.in/wp-content/uploads/2025/03/image-53.png
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South Asia: Wind Energy Installed Capacity
Installed Capacity [1]
* Total wind energy capacity: 53 GW
* Onshore wind power capacity: 53 GW
* Offshore wind power capacity: 0 GW

Country Comes Under South Asia Region

* Afghanistan (offshore wind energy potential: No)

Bangladesh (Yes)
Bhutan (No)
India (Yes)
Maldives (Yes)

* Nepal (No)

* Pakistan (Yes)

* SrilLanka (Yes)

Fig. 3 South Asia region [5].

[5] https://upload.wikimedia.org/wikipedia/commons/e/e3/South_Asia_%28orthographic_projection%29_without_national_boundaries.svg
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South Asia Wind Energy Capacity Comparison

Table I: Comparative study of installed wind energy in South Asia [1]

Onshore Offshore

wind wind Total wind
Country installed installed |capacity Updates (2024-2025)

capacity capacity
India ~521GW | 0GW ~52 1 GW Offshore auctions planned (37 GW by 2030), no operational

offshore yet

Pakistan ~1.84GW |0GW ~ 1.84 GW All wind farms are onshore (Jhimpir, Gharo corridor)
Bangladesh ~62.9MW |0 MW ~62.9 MW 500 MW offshore project approved (feasibility phase)
Sri Lanka 15 MW oMW 15 MW Small test installations; offshore potential under study
Nepal oMW oMW oMW No grid-scale wind; micro-wind projects only
Bhutan oMW oMW oMW Focus is on hydropower; wind potential low
Maldives ~ 0.6 MW o0 MW ~ 0.6 MW Small turbine installations on islands
Afghanistan |0 MW 0 MW 0 MW
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Offshore Wind Energy Potential in SAARC Countries

Table Il: Comparative study of offshore wind energy potential in SAARC countries

Country Offshore wind energy potential
India [6] 70-74 GW

Pakistan [7] 50 GW

Bangladesh [8] 10 GW

Sri Lanka [9] 56 GW

Nepal [10] oMW

Bhutan [10] 0 MW

Maldives [10] o0 MW

Afghanistan[10] |0 MW

[6] https://tinyurl.com/ubmxm4sf
[7] https://tinyurl.com/3ru86mcv
[8] https://tinyurl.com/4tbt456
[9] https://tinyurl.com/bdfarvén
[10] https://tinyurl.com/2zr857aj

Date:01/12/2025



https://tinyurl.com/ubmxm4sf
https://tinyurl.com/ubmxm4sf
https://tinyurl.com/ubmxm4sf
https://tinyurl.com/ubmxm4sf
https://tinyurl.com/ubmxm4sf
https://tinyurl.com/ubmxm4sf
https://tinyurl.com/ubmxm4sf
https://tinyurl.com/3ru86mcv
https://tinyurl.com/3ru86mcv
https://tinyurl.com/3ru86mcv
https://tinyurl.com/3ru86mcv
https://tinyurl.com/3ru86mcv
https://tinyurl.com/3ru86mcv
https://tinyurl.com/3ru86mcv
https://tinyurl.com/3ru86mcv
https://tinyurl.com/3ru86mcv
https://tinyurl.com/4tbt45j6
https://tinyurl.com/4tbt45j6
https://tinyurl.com/4tbt45j6
https://tinyurl.com/4tbt45j6
https://tinyurl.com/4tbt45j6
https://tinyurl.com/4tbt45j6
https://tinyurl.com/4tbt45j6
https://tinyurl.com/4tbt45j6
https://tinyurl.com/4tbt45j6
https://tinyurl.com/4tbt45j6
https://tinyurl.com/bdfarv6n
https://tinyurl.com/bdfarv6n
https://tinyurl.com/bdfarv6n
https://tinyurl.com/bdfarv6n
https://tinyurl.com/bdfarv6n
https://tinyurl.com/bdfarv6n
https://tinyurl.com/bdfarv6n
https://tinyurl.com/2zr857aj
https://tinyurl.com/2zr857aj
https://tinyurl.com/2zr857aj
https://tinyurl.com/2zr857aj
https://tinyurl.com/2zr857aj
https://tinyurl.com/2zr857aj
https://tinyurl.com/2zr857aj
https://tinyurl.com/2zr857aj
https://tinyurl.com/2zr857aj

Challenges in offshore Wind Turbine Technology

Harsh Marine & Weather Conditions [11]
* Offshore sites face strong winds, high waves, storms, and corrosion.

* Weather restricts installation and maintenance windows, increasing delays and cost.

High Installation & Infrastructure Requirements [11]
* Requires specialised vessels, heavy-lift cranes, and deep-water ports.
* Foundations (monopile, jacket, floating) need precise geotechnical assessments.

* Cable-laying in deep/rough seabed conditions is technically demanding.

Electrical & Grid Integration Challenges [11]
* Long subsea cables introduce losses, require careful thermal design, and are prone to damage.
» Offshore substations must meet strict grid codes: FRT, reactive support, harmonics, etc.

* Synchronization, protection coordination, and SCADA integration are complex.

[11] https://www.gwec.net/reports/globaloffshorewindreport
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Challenges in offshore Wind Turbine Technology

Higher Operation & Maintenance (O&M) Difficulty [11]
* Access to turbines is difficult due to sea states; vessels or helicopters are often required.
* Repairs and troubleshooting at sea are time-consuming and expensive.

* Reliability issues (gearbox, power converters, blades) have greater impact offshore.

Structural & Mechanical Fatigue [11]
* Continuous combined loading (wind + waves) leads to fatigue in blades, tower, drivetrain.

* Largerturbines (15-30 MW) face more complex dynamic behavior and resonance problems.

Environmental & Permitting Barriers [11]
* Long permitting cycles due to environmental impact assessments.
* Restrictions related to marine mammals, bird migration, fisheries, and seabed ecology.

* Noise constraints during piling require mitigation (bubble curtains, noise insulation)

Date:01/12/2025



Challenges in offshore Wind Turbine Technology

Supply Chain Limitations [11]
* Limited global manufacturing for large blades, towers, and subsea cables.
* Shortage of installation vessels and port infrastructure slows deployment.

* Long lead times for critical components increase project risk.

High Capital & Financing Risk [11]
* Offshore projects require billions in upfront investment.
* Costoverruns due to weather delays or component shortages are common.

* Financing depends heavily on long-term stability of policies and power purchase agreements.

Date:01/12/2025



Challenges in offshore Wind Turbine Technology

Technology Gaps (especially floating offshore wind) [11]
* Floating platforms require advanced mooring systems and dynamic cable designs.
* Long-term reliability of floating systems is still being validated.

* Integration with existing ports is complex due to platform size.

Health & Safety Challenges [11]

* Working at height, offshore transfers, and harsh conditions increase safety risks.

* Requires specialized training and emergency response planning.

Date:01/12/2025



Technology Advancements in Offshore Wind Energy

Next-Generation Offshore Wind Turbines
Larger turbine ratings: commercial turbines have grown from 5-8 MW to 14-18 MW, reducing cost per

MW.
Longer blades (100-120+ m) using carbon-fiber composites reduce weight while increasing swept area,

leading to more wind energy harvesting. T

| Tip Height (m)
i+ Rotor diameter (m)
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Fig. 4 Trend of Offshore turbine size, 1980-2030 [11].
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Technology Advancements in Offshore Wind Energy

Floating Offshore Wind Technology o

* Enables deployment in deep waters
(>60-100 m) where fixed-bottom
turbines are impossible.

Dynamic cables and flexible mooring
lines adapted to platform movement.

Floating platforms allow access to high-
wind-speed regions far from shore.

Fig. 5 Floating Offshore Wind Technology [12].

[12] https://www.exsto.com/en/solutions/solutions-subsea/Flotin

Date:01/12/2025
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Technology Advancements in Offshore Wind Energy

Offshore Energy Hubs & Hybrid
Systems

* Future offshore farms are evolving
into multi-energy hubs, integrating:

e Offshore wind + offshore solar.
* Energy storage at sea.

* This allows stable and high-
capacity energy export.

Fig. 6 Floating Offshore Wind Technology [13].

[13] https://www.euro-inox.org/how-european-wind-farms-are-revolutionizing-offshore-solar-integration/
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Technology Advancements in Offshore Wind Energy

Advanced SCADA & Cybersecurity

* High-resolution data acquisition
with sub-second sampling.

* Secure, high-bandwidth fiber links |
for offshore communications. ‘ "‘r

* Real-time control for coordinated ‘é'
turbine-farm optimization. || & || "

51 K

Fig. 7 Floating Offshore Wind Technology [14].

[14] https://www.copadata.com/en/industries/energy-infrastructure/energy-solutions/wind-energy-with-zenon/
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Technology Advancements in Offshore Wind Energy

Digitalization, Automation & Smart O&M ?2§
* Predictive maintenance using Al, il
machine learnjng, and digital twins B B .-,.'.'-‘4. =
reduces downtime. |
* Condition monitoring systems (CMS) & Ultrasonic
. (O] 8 inspection
for blades, bearings, converters, and 3 \“t% -
cables. (o) ) 72;

e Autonomous drones for blade
inspection and offshore survey.

* Robotic crawlers for tower/blade
inspection and underwater asset
monitoring. el

Fig. 8 Smart operation and maintenance technique [15].

[15] https://www.mdpi.com/2218-6581/10/1/26
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Technology Advancements in Offshore Wind Energy

Energy Transmission and Grid
Integration Innovations

Offshore HVDC converter platforms
enable long-distance power delivery
with lower losses.

Multi-terminal offshore HVDC grids are
being developed for future energy hubs.

High-capacity subsea cables with
improved insulation and thermal
performance.

Advanced protection and control
systems, including wide-area
monitoring and fast fault ride-through.

Need to connect bulk
renewable power

Grid integration /
Grid connection

« HVDC, FACTS projects
engineering

« AC substation project
engineering

Need to build reliable and
resilient T&D infrastruture

YOO

DO

KRR

A

Grid
automation

« T&D platforms & devices
- product & projects

« AC substation project
engineering

Orchestrate the DERs

SOOI X

X

Grid edge
orchestartion
« ESS (+H2), BMS,
EV charging

+ Aggregation solutions
(VPP, DERMS)

Fig. 9 Grid integration innovation [16]

[16] https://horizons.questglobal.com/accelerating-energy-transition-with-a-robust-power-grid-engineering-the-sustainable-resilient-and-smart-

grid-of-the-future/
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Technology Advancements in Offshore Wind Energy

Cost Reduction Technologies

Cost efficient

design and Cost-efficient,

e Standardized turbine components etter | operating hign side
. reliability strategy. i offshore wind.
and mass manufacturing. assessment
. . - mproved £
* Improved installation logistics and [ o
.. . Improved  }  predictions.
optimized vessel scheduling. | modellingof |} .
Cu rrent enviro'rr.\ental : ! } 4

« Advanced project planning using grEompEes g condons

3D digital models and simulation. of-the-art.

Fig.10 Cost reduction technology [17].

[17] https://wind.dtu.dk/newsarchive/2024/12/hiperwind-cuts-offshore-wind-energy-costs-by-up-to-9
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Technology Advancements in Offshore Wind Energy

Cost Reduction Technologies

Total installation cost (TIC)
values decrease with time
due to technological
advancements.

However, offshore wind
turbines are more costly
compared to onshore
technologies.
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Notes: TIC = total installed cost; USD = United States dollar; kW = kilowatt.

Fig. 11 Historical and projected global total installation cost (TIC) values [18].

[18] https://www.irena.org/Publications/2025/Jun/Renewable-Power-Generation-Costs-in-2024

Date:01/12/2025


https://www.irena.org/Publications/2025/Jun/Renewable-Power-Generation-Costs-in-2024
https://www.irena.org/Publications/2025/Jun/Renewable-Power-Generation-Costs-in-2024
https://www.irena.org/Publications/2025/Jun/Renewable-Power-Generation-Costs-in-2024
https://www.irena.org/Publications/2025/Jun/Renewable-Power-Generation-Costs-in-2024
https://www.irena.org/Publications/2025/Jun/Renewable-Power-Generation-Costs-in-2024
https://www.irena.org/Publications/2025/Jun/Renewable-Power-Generation-Costs-in-2024
https://www.irena.org/Publications/2025/Jun/Renewable-Power-Generation-Costs-in-2024
https://www.irena.org/Publications/2025/Jun/Renewable-Power-Generation-Costs-in-2024
https://www.irena.org/Publications/2025/Jun/Renewable-Power-Generation-Costs-in-2024
https://www.irena.org/Publications/2025/Jun/Renewable-Power-Generation-Costs-in-2024
https://www.irena.org/Publications/2025/Jun/Renewable-Power-Generation-Costs-in-2024

Technology Advancements in Offshore Wind Energy

& 1 "\ Observers monitor
N . for protected species

Environmental & Noise Mitigation
Technologies

* Bubble curtain systems and vibro-
piling reduce underwater noise

during installation. Lot
) Observers detect

Bird detection radars and Al-based protected species Pt N
wildlife monitoring systems reduce construcion

ecological impact.

Low-noise blade designs to L (@
minimize acoustic emissions.
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Fig. 12 Environmental & Noise Mitigation Technologies [19].

[19] http://www.anglersforoffshorewind.org/blog/noise-mitigation-systems-for-offshore-wind-monopile-installation
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Market Status of Offshore Wind Energy

* Forthe seventh consecutive year, China added the most offshore wind capacity of any country.
* With 4 GW added to the grid in 2024, the country reached 41.8 GW by the end of 2024 [11].

New offshore wind installations (MW)

21106
® Europe

® China
® Rest of world
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3382
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S0 2B 8 g gy Qs M

2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024
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2255

*Compound Anmual Growth Rate.
Source: GWEC Market Intelligence, une 2025

Fig. 13 Annual Installation.
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Market Status of Offshore Wind Energy

Total Offshore Wind Installations by Market [11]

* The global offshore wind market has
been growing by 10% on average
each year over the past decade, with
total installations of 83.2 GW
representing 7.3% of the total wind
capacity at the end of 2024.

e China is the absolute market leader

for cumulative installations,
accounting for half of the global
market share.

Yielnam 1.1% sesmanaasnsg 2 o France 1.8%
Taiwan (China) 3.7% o ; prm—— > Sweden 0.2%

. e © Others 1.2%
Belgium 2.7% oy

Denmark 3.2% o 5
Netherlands 5.9% o

Germany 10.9% ©

------- oChina 50.3%

United Kingdom 19.2% o

Fig. 14 Total offshore wind installations by market.
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Market Status of Offshore Wind Energy

Total Offshore Wind Installations in the Asia Pacific Region (APAC) [11]

APAC contributes 55.6% of total North America 0.2% o~
installed capacity.

China is the absolute market leader in
APAC as well as the world for
cumulative installations, accounting

for half of the global market share. Europe 45.2% o

South Asia region is not participating in

the offshore installed capacity. o APAC 55.6%

Fig. 15 Total offshore wind installations by region.
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Market Status of Offshore Wind Energy

Global Offshore Market Outlook to 2034 [11]

* 350 GW of new offshore wind capacity to be added over the next decade (2025-2034), bringing total offshore
wind capacity to 441 GW by the end of 2034.
* The Compound Annual Growth Rate (CAGR) is expected to remain the highest until 2030.
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Source: GWEC Market Intelligence, june 2025

Fig. 16 New offshore wind installation, global (MW).
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Market Status of Offshore Wind Energy

Offshore Wind Growth to 2034 in Asia Pacific (MW) [11]
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Fig. 17 New offshore wind installation, global (MW).
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Market Status of Offshore Wind Energy

Total Offshore Wind Added Between o Philippines 2.9%

2025 and 2034 in APAC Region [11] e = Sl | 33

° Vietnam 2.1%
o Japan 4.2%

o South Korea 4%

* Within the South Asia region, India is
expected to contribute around 1.9%
to offshore wind development.

e Other South Asian countries—such
as Pakistan, Bangladesh, and Sri
Lanka—do not have concrete
offshore wind deployment plans or
targets.

(China) 6.5%

China76.6%°

Fig. 18 New offshore wind installation, global (MW).
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Capacity Utilization Factor (CUF): Offshore vs Onshore vs Solar

Table lll: Comparative study of CUF [18]

Aspect Offshore Wind Onshore Wind Solar PV

Capacity Utilization 0 0 0

Factor (CUF) 40-60% (best among RES) 25-35% 15-25%

Resource Quality Very strong & consistent wind, low Moderate wind, higher nghly Q(?pendent on sunlight
turbulence turbulence availability, weather, seasons

Lowest variability due to stable Highest variability (day-night

Variability offshore wind patterns Medium variability cycle + weather)
Predictability High Medium Low-Medium

Land Requirement |No land needed Large land area required Very large land area required
Energy Density Highest energy output per unit capacity | Medium Lowest

More stable generation > easier . Needs storage or advanced
Medium

Impact on Grid forecasting grid support

Large—scale reliable power for coastal Land-based wind corridors Dlstrlputed or utll!ty—scale
regions solar in sunny regions

Date:01/12/2025
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Tariff of Offshore, Onshore, and Solar Energy

Table IV: Comparison table with typical (or recent average) tariffs / LCOE (Levelized Cost of Energy for offshore
wind, onshore wind, and solar [18][20].

Technology Approximate Tariff / LCOE
Offshore Wind 6.0-6.5/kWh
Onshore Wind X2.8-3.4/kWh
Solar PV (Utility Scale) 32.5-2.9/kWh
Wind-Solar Hybrid 3.1-3.7/kWh

[20] https://energy.economictimes.indiatimes.com/news/renewable/significant-tariff-differences-across-indias-energy-segments-amid-new-offshore-wind-
funding-crisil/111309881
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Policy and Regulatory Frameworks for Rapid Growth of Offshore Wind Energy

Policy Recommendations [11]

Enact clear deployment mandates and roadmaps:
Legislate offshore wind targets with milestones for both auction volumes and permitting timelines, giving the industry
long-term visibility on pipeline size and schedule.

Establish single-window or lead agency systems:
Centralise all permit reviews (environmental, safety, grid, maritime) under one authority to establish maximum review
durations and reduce inter-agency.

Embed “overriding public interest” in national law:
Mirror Germany’s implementation of the EU principle, ensuring courts value renewables expansion as highly as
environmental standards, which helps reduce legal appeals and accelerates approvals.

Designhate permit-ready zones in advance:
Publish spatial plans with predetermined site areas and grid connection points to give developers confidence that sites
are technically and legally cleared for auction.

Facilitate early stakeholder engagement:
Require preapplication consultations with fishing communities, coastal communities and environmental groups to
identify and mitigate conflicts before formal review, minimising late-stage objections.
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Offshore Grid Delivery Models

Overview Of Offshore Grid Delivery Models [11]

Maritime and Environmental

Jite studies and Tendering

investiqations Financing and Construction  CPeration and
d permitting

procurement maintenance

spatial
planning

>

@ Developer TSO/TO @® OFTO @ State energy agency
Fig. 19 Overview of offshore grid delivery models.

* The figure illustrates how responsibilities for offshore grid delivery are distributed across different phases of
development, from early spatial planning to long-term operation and maintenance.

 This reinforces how delivery models influence the pace, coordination and efficiency of offshore wind
expansion.
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Wind Energy Conversion Systems

Wind Energy Conversion System [21]
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Fig. 20 Basic structure of wind energy conversion system.

[21] Xu, D., Blaabjerg, F., Chen, W., & Zhu, N. (2018). Advanced control of doubly fed induction generator for wind power systems. John Wiley & Sons.
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Wind Energy Conversion Systems

Wind tubines generator

technologies
|

N I

Type 1 (Squirrel cage Type 3 (Doubly fed induction

induction generator) generator)

» Fixed speed o Variable speed (30%)

» No reactive power  Reactive power support

support
\ 4 \ 4

Type 2 (Wound rotor induction

Type 4 (Permanent magnet

SJEEIEL, synchronous generator)

» Variable speed upto (10%)
e No reactive power
support

e Variable speed (100%)
e Reactive power support

Fig. 21 Types of wind turbine technology.
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Types of Wind Turbine Technologies
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Fig. 22 Types of wind turbine technology.
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Schematic of Doubly Fed Induction Generator
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Fig. 23 Schematic of DFIG.
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Control of Doubly Fed Induction Generator

(a) DC motor control for emulation of
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C,(A = Power cofficient for buck 2
(% A) . converter —>5¢
V4. = DClink voltage of back-to-back using PWM
__converter
Qg =GSC active power
* 3 . 1,2
Q, = Stator active power Vea 5 SW'tICh'nQ ———>Sg(sc )
pulses
current respectively gby, for —>Sgsc
I4a,14 =dandqcomponent of GSC V* |GSC using o8
current respectively 5 spwmMm s

K= Torque constant

ab
SCL= system closed loop, OL=open loop 0 gT (b) Control of Grid

side converter

Sn=synchronized. Usn= unsynchronized
Wrot Pl
Wrotd LEL Vo [ switching F—> Stse
v > /oy Switching
' <N ®1(Sn) / > q . | pulses
o (OL) 9 V.5 _|generation —>g G4
o A - (60
V! |RSC using g (5,6
Pl = 1" . abc res SPWM rsc
*—E Syn Flag !
---------- 93[

Vs
Vrated| +| S *1 (Sn)A
: Pl / (c) Control of rotor side converter
0 (Usn)

Fig. 24 Control of DFIG.
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Hardware Setup of Doubly Fed Induction Generator

Table V: Parameters of the
DFIG for a simulation study

Power 2.5MW
Voltage 690V
Frequency 50/60Hz
’ bus 8 Dusito 13 E - St
Rotor/stator ) DFIG Hardware Setup (400V, 2.2kW)
. 2.6377 | ,
trns ratio et Communication
_____ GTAO Signals
- I signal between -
I <=» hostPCand  ----- » GTAI Signals
56y 690V FPGA based .
conticlier - PoOwer Signal

Fig. 25 (a) HIL setup: (1) RTDS, (2) GTAO ports, (3) GTAI ports, (4) programmable source, (5) GSC, (6) L filter, (7) RSC, (8) current prob, (9)
FPGA based controller, (10) buck converter, (11) auto transformer, (12) inductor for buck converter, (13) capacitor for buck converter, (14)
host PC, (15) voltage and current sensors, (16) DSO, (17) DC motor, (18) DFIG.
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Startup and Synchronization Process of DFIG using PHIL Setup

Stepwise Startup and Synchronization
Process of DFIG:

Step 1: acceleration of the rotor.

Step 2: activation of the grid-side converter.
Step 3: activation of the rotor side converter.
Step 4: synchronization.

Fault

bus 2 bus 7 !
|Load|

bus &5

bus 4

bus1

SG,

Fig. 26 Test system.
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Rotor speed
(300rpm/Div.)

Duty ration of buck converter
(0.22/Div.) ’—I—
ts

b T ts Time scale: 2sec/Div.
T to

5]

Fig. 27 Step 1: acceleration of a separately excited DC motor,
which is used as a wind emulator.




Startup and Synchronization Process of DFIG using PHIL Setup

Gird ON PLLON GSC control ON Three phase rotor curnent - ' ¥
t 2 ; b yor
_‘!’_ Main:10, ok‘%‘ |3 ¥ (4NDIV.) i

L ,||||| it
e L LRI
L T R TI BTEE |E
EMI |H|| J e hlt"'“"l' il

B3 e e s o IHM

DC link voltage
(200V/Div.)

Grid peak voltagei

(55V/Di§)
| : f — :
. Phase of grid voltage : j ] , 1
Three phase grid voltage : ; ] 4 ! '
Zoom/ (160V/Div.) WZ (siradianiDr.) T sl 255D , Stator terminal Ileference ' :
] N I A el Stator peak voltage ~ Voltage (78V/Div.) i : 1l
<Zoom! :250> o 50ns/div <Zoom2:100> o 20ms/div : (78\?’D|V) E : E :
| Phase A grid voltage : E . : E Time: 5sec/Div.)
(78V/Div. +Phase A stator voltag : i :
‘ 1 5 &TBV/Div.) ™ i :
Grid voltage is tumed ON at : E : : :
time t1 with : ' : ' _'."
‘ tg_ i “:fl_(]___““ 11 tu;' it13 ‘Et1=4 i
e A TinToR T3-53-4% DaRnnm e ——
: . ot Fig. 29 Step 3: developing the stator terminal voltage
Fig. 28 Step 2: activation of the GSC to control and 8 P ping 8

maintain the DC link to the rated value. using the RSC control.
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Startup and Synchronization Process of DFIG using PHIL Setup

Zoom2: Synchronization between

Zoom1: Phase correction between it ;
s, stator and grid voltage

| stator and grid voltage

A

! PhaseAgrid StatorAgrid s e / ; % I

' voltage voltage c pear vo ag?: Stator peak voltage :

! 78)//D|v .--7-3.V/D'V (TBVIDI)... i (55V/Div.) :

: "' v i ¥ J :: V4 ”.'}; .I":.o"" ¥ :

e v »--70-!'-! e G LSS s 7 ---------------------------------------
Phase correction Synchronization

Fig. 30 Step 4: synchronization process.
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T|1 T2 TlT le
H | | |
| ' e et 38 | SG3 active
=0 i : Theag phase. ) | | power
L | DFIG current 36 | I |
| | | |
1 — | | |
l l 12 !
i Ir“'““l ' ' i SG1 reactive
= : ! , . power
= 20 ¢ | DFIG active | S 11| | |
I power |
' | |
I |
70 ¢ . 61
o _1 : 80 SG2 reactive
= 60+ M1 active | B | power
| I power |
' ' | .
| | 7.6 - |
| I . ! |
- . SG2 active | SG3 reactive
|
@ 160 | | - power 1 g 5t : . pow |
155 1 - : 6l : _
: : |
Time (s) Time (s)

Fig. 31 Operating variables of DFIG and synchronous
generators under a change of the operating point of DFIG.




PHIL Experimentation on Fault Ride Through Behaviour of Doubly Fed Induction Generator-Based
Wind System in the Presence of Fault Current Limiter

\ 33/12.66 kV
e e | J |

i 3 9 10 11 12 1|3 1|4 1|.') 1|6 17 1|8
. -
\, Utility grid FCL ,I e | { | HERERE
% (Fault Considered Y1 L
...... before FCL) .
\ IEEE 33 Bus
K Distribution Network

‘~. samulma inRTDS ,-*

hd -

Seo pe
. -
--------------

Variable armature Voltage
220V, 10A
415V, sonz_ Py
' Three Chopper ] l l
AC Phase S
Supply = roctifier —— ,
DC Motor
SEMIKRON MAKE 25kw 7/
IGBT BASED
CONVERTER — Encoder]
VP 41SVAC, 560 VDC| oy o oo ictics

1, RSC measured actual currents
i, —» RSC reference currents

1 GSC d actual

@, ~» Rotor speed :

6, ~» Stator angle 0, —» Gridangle : ,,1 3 phase, Power RTDS
¥~ DClink voltage " =% Smovwma o~ Amplifier

DFIG based Wind
Emulator

Fig. 32 System under study—DFIG-based wind emulator connected to the IEEE 33 bus distribution network, simulated in real
time through a power amplifier.
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PHIL Experimentation on Fault Ride Through Behaviour of Doubly Fed Induction Generator-Based

Wind System in the Presence of Fault Current Limiter

" Wind power calculation Torgue Gurrent P —=Air density
Wind Velocity l\r‘.|,.¢}—|-”1* *A*C (A _B]*\f"' % reference reference 1 A Turbi pt
p I; n-n: "pl — Ine SWept area
Pitch angle ji.. L s k lt P
ale (P == = E 3 nEe Cr[lgf_',]—- Power coefficeint
i Motor constant V —=Wind velocity
wind
Rotor speed (m) Tuur:m;r Praug,™ Duty ratio of DC-DC
e | chopper
Wind Velocity Reference Current Reference e =8 [ Enter Wind velocity |
{Viina) Partuts Speed = (P aese) rnu V) nce cul .
& Observe ~ Pl : Pl ; (M arec) SWH [ Manually set {I*ys) |
Measured 9 PWM &
power (P.,) MPPT Rotor speed () (Vo) generation 5w,
Reference Actual RSC Current for = Measure power (P..) |
(1) RSC =
Reactive current el ) | Converter [SWes
Reference * —_— abc {v- — - c i
s ’ Gl = i pmvl:umnp:?w Pars)
Actual RSC Current
(lacuch
(b)
Reference DC iinA Rt
u rence
link voltage . bt - Reference currents
Ven) Fad) ‘ g
E Pl : ¢ =P : (Vagec) L Increase (Mgu) |
Vil X Do) | Sroerudion Update e speed (@)
{Actual DC link Actual GSC Current 51 To Look up table
voltage) (lagee) o GsC
Reactive current wee| / @be | (Viapg) | CoRVErter
Reference (I*ge}—— | Reference speed |
Actual GSC Current
(lagae) Perturb & observe (P&0) Method of
MPPT reference rotor speed estimation at
{C) particular wind velocity

Fig 33. DFIG control strategy. (a) DC motor control to emulate wind characteristics by controlling duty ratio of dc—dc chopper. (I
RSC control to track MPPT and to control machine power factor. (c) GSC control to regulate the dc link voltage and to inject th

reactive power.
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PHIL Experimentation Results

<
o g
< | 2w ]
-y e F e o e
s [Au P s Sl I - G
[d II. '.,\' .__.-"' .‘ -";_ _/r‘,-r E T
OFIG - - "\_.-"jf - \L‘\_U‘.- - E
s y PowaFlEn iy )
machine , analysar =
Lonirol Syslem Ao N
(a) (c) (e)
< Fouoe tEeres - IIEY T
L : = =
< ! g W 2 13 Toal | B
e H BB g gm B
2 AU 3| wem o com 000 (00 (002 | B / B /o)
% | s | PF 033 094 083 053 o ® A .
= T £ gusﬁ 1.}13 I.Eg lﬁl = \ i f B Vé
2 = | Arms ] : - ¥ .
2 U 12 13 z S e
b S|Urms 1197 1194 1215
(b) (d) (0

Fig. 34 Experimental results. (a) Setup. (b) DC link voltage. (c) PCC voltage (PAS voltage). (d) DFIG power output. (e) DFIG current.

(f) PCC voltage and current.
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PHIL Experimentation Results

age

M.II‘-N-_}'ul-f-;_lHFII“.Ii T
I-I‘_ nl1 hIl!l |_||'i| |||* IIIII rl L]

(V)

PCC Yoltage

Voltage (kV)

(i) :
-ﬂ.l:lﬂ! o : e Normal Operation . Normal Operation
-UU'B!"‘* Normal "ﬁ:* o

Orperation

(MW)
&
(MW)

Active Power Current (A) PCC Volt
Voltage (kV)

Active Power Current (A)

Fig. 35 PHIL experimental results. (a) RTDS

[ii:i‘J

{A)

results without using FCL.: (i) PCC Voltage at bus 3 _;

5. (i) Voltage and current of phase A. (iii) Active §§ ) ;: —— e | L] ]
power injected at bus 5. (iv) Reactive power & SRR L R LR A
injected at bus 5. (b) RTDS results with FCL: (i) o

PCC Voltage at bus 5. (ii) Voltage and current of 3 = wivra” . - S
phase A, action of FCL (0-2 Q). (iii) Active power 220 £z & LH |
injected at bus 5. (iv) Reactive power injected at % N m fE :E
bus 5. (c) DFIG results with and without FCL: (i) <2 A |
Stator voltage. (ii) Stator flux. (iii) Rotor current. 3 0 2 L o
(iv) Stator current. (d) DFIG results with and i 520 vy ® oo
without FCL continued: (i) Stator voltage zoomed £ ® R T - 3.7 |
version. (ii) Speed of rotor. w0 = i °°°r1"\”‘mwwm

: : AR 890 | -

0 ’JWUWMUL‘W‘JWUWUUH'JWWWUWMW\JW"WWUWW |
] ! g0l )| | "SR ||| S| | S A
40 [ . : . i L S : ! 205 21 215 22 225 23 235 24 245 25

2 21 22 23 24 25 26 2T 28 29 30

(v} {ii)
Time(s) Time(s)
(c) (d)
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Operation of the Fault Current Limiter

Utility L Porg :
@'“ T el DFIG DFIG :
| 1 Wind system Wind syst
: Ulﬁid_fr;:tﬁnal - S TS :
FCL PCC I
@ e e Snaans :
uelity P o PoEE :
DFIG DFIG |
» | Wind system Wind system |
) ] ) ) Unidirectional 4 :
Fig. 36 (a) Intermediate solution: (i) S |
action of unidirectional FCL when fault (a)
occurs after FCL. (i) Action of T~ "~~~ oLl L. T
unidirectional FCL when fault occurs ... 51 e
before FCL. (b) PHIL experimentation | o Arrangement | grid B
~ lgrid 5 (WG 52 X, :
setup of the proposed arrangement to i meedancel | s - TR I O e L —
improve FRT of DFIG wind system when ,,.—;ti@lw A ) [! ey it chs Y
fault occurs before FCL. (c) Pictorial *  — ~Rach et B
nh AfF thae evieterm 1indar etridyy 0 e before FCL) gmmm=T
representation of the system under study 4 Swgfﬁf:‘m;';jq“ F7 soed d;w..l it i it
. . - ! o Vol e Signa
with the proposed arrangement. (i) e . .- signal
During normal operation. (ii) During fault. T . Porc
DFIG Power . 1
Wind system Q.0 AmpRner _ ]
PCC

(b)
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PHIL Experimentation Results
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PHIL Experimentation Results
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PHIL Experimentation Results
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PHIL Experimentation Results
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PHIL Experimentation Results
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PHIL Experimentation Results
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