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Abstract

The demand for power has increased the necessity for renewable energy sources and the
challenge of generating clean, green electricity. Relying solely on solar energy during daytime
has prompted individuals to seek improved and more consistent prospects in the wind sector.
This research investigated the potential expansion of the Indian wind sector and formulated a
research hypothesis that offers a comprehensive evaluation of the challenges and issues linked
to grid integration for wind turbines. This research explored the evolution of converters in wind
turbines and the issues that have arisen in them over the past years. It also explored the need
for reactive power in WEC and the role of the FACT device. The final section reviews and
analyzes the techniques for monitoring the Maximum Power from WEC. The function of
algorithms is examined as they proved useful for monitoring Maximum Power while enhancing

power quality and stability
Introduction

The Renewable Energy Country Attractive Index ranks India third for renewable energy
potential in 2021 [1]. It consumes the third-most energy worldwide. By 2030, the nation wants
500 GW of renewable energy capacity. By 2022, 175 GW. India had the fourth-largest wind
power capacity (40.893 GW) on July 31, 2022 [2]. Tamil Nadu's 1500 MW Muppandal wind
farm was India's largest. Suzlon Energy’s 1,600 MW Jaisalmer wind farm is India's largest [3].
The government offers expedited depreciation and custom duty exemption on wind electric
generator components to promote wind power nationwide. Chennai's National Institute of
Wind Energy locates and assesses wind resources. Wind projects commissioned before March
31, 2017, were eligible for the Generation Based Incentive (GBI). The government removed
interstate transmission costs and losses for wind and solar projects commissioned by March
2022 to promote wind power sales across India [4]. This step is expected to encourage private

sector investment in wind power projects and facilitate the growth of the wind power industry
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in India. Figure 1 indicates the existing potential of wind energy converters state-wise, while
Fig. 2 shows year-wise growth of wind power installation in India it can be clearly observed
here that after 2017 the installations were reduced as there was a strategic impact of COVID-
19 on industries, again the industries have increased their potential size and in Fig. 3 it can be
clearly understood the forecast of the Indian government to increase renewable energy
penetration. But behind the scenes, there are challenges to accepting wind energy converters
as in order to integrating WEC with the grid at the same frequency and voltage stability limits
is difficult [5]. In the later part, challenges are covered for a wind energy converter for its
synchronization to grid.

India - Cumulative Wind Power Installations by States (%)
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Figure 1: State-Wise Wind Power Convertors Installation [2]
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Figure 2: Year-Wise Growth of Wind Power Installation in India [5]
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Figure 3: Projected Increase in Wind Energy Potential by 2030

The 2021 Renewable Energy Country Attractive Index placed India third for renewable energy
potential [1]. It consumes the third-most energy globally. By 2030, the country wants 500 GW
of renewable energy capacity. By 2022, 175 GW. On July 31, 2022, India had the fourth-largest
wind power capacity (40.893 GW) [2]. Tamil Nadu's 1500-MW Muppandal wind farm was
India's largest. Suzlon Energy's 1,600MW Jaisalmer wind farm is India's largest [3]. The
government accelerates depreciation and reduces custom duties on wind electric generator
components to promote wind power. The Chennai-based National Institute of Wind Energy
assesses wind resources and sites. The Generation Based Incentive (GBI) was available for
wind projects started before March 31, 2017. Wind and solar projects completed by March

2022 have no government interstate transmission fees or losses [4].
Outline of the Paper

Given the challenges, this paper reviews the key papers that have improved WEC grid stability.
After understanding the challenges, it was clear that power electronics converters would be
essential to WEC stability. Sections of relevant study papers were reviewed. After discussing
the understanding and necessity of wind turbine convertor evolution examines power system
faults that may arise with the integration of wind energy converters and how to diagnose them.
After reading more papers, reactive power management is needed for variable wind speed
generation and continuous load shift. In MPPT in Wind Farms and WEC Stability algorithms
were examined. Finally, developed sources must be assessed and extracted for optimum power.

Figure 4 graphs the number of articles reviewed and classified. This review paper has divided
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the material into parts and drafted each section's essential details one at a time. Figure 7 shows

the review paper study methodology-labelled parts (Fig. 5).
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Figure 4: Number of Papers Reviewed for the Research Work and their Classification
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Figure 5: Outline for the Review Paper
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Converters Evolution in Wind Turbine

Applications For dispersed source power interfaces, network couplers, energy quality devices,
non-active power compensation, and power system power flow control, power electronic
converters are required [6]. The storage of DC energy is typical in AC power converters. These
are the weak points of a generator. Power system converters may occasionally be replaced by
converters lacking DC energy storage. Without DC energy storage, AC-AC converters serve
as examples of power system applications. AC-AC converters without DC-ESE are displayed.
For DVRs that are AC-powered, use this adaptor. The AC-AC matrix and matrix-reactance
chopper come first. Circuits for voltage regulators and power control do not alter frequency. A
solid-state transformer was used initially [ 7]. Another topology in this group, power converters,
only modify a portion of the energy. Transformers and AC-AC converters are combined in
hybrid transformers [6, 7]. Frequency converters are AC-AC converters without DC-ESE.
Gadget analysis. Compact AC-AC converters.

Power Electronics in the Wind Power Context

Quality standards are rising as TSOs view wind farms as another generation technology. WT
technology uses power electronics (PE) components to generate a power quality-compliant
electrical output. PE devices in wind blades serve this purpose, but not exclusively. PE

maximizes power output in the wind turbine's control system.

Wind turbines need grid IDs. Grid codes govern wind power grid connectivity. Fault ride-

through, active, frequency, voltage, and reactive power controllers are the main ones.

Systems for controlling wind turbines use power electronics. When the grid is unstable or the
wind is strong enough to damage the turbine, they manage the aerodynamic system to produce
the most electricity at any wind speed. They also limit output or stop generation in those

situations.

Power converters are electronic devices that use semiconductors to convert electrical signals
from one form or level to another. They are an important part of power electronics, which
involves the control and conversion of electrical energy. Power converters can be found in
various applications, such as wind turbine power converters and FACTS systems. Market

research shows that the use of power electronics, especially power converters, is increasing.
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Wind turbines with power converters now make up 85% of the market share, up from 44% in
2000. Manufacturers are introducing more wind turbines with full-power converters, and there
have been no significant new models of older configurations in Western countries in the past 4
years. As grid code requirements become more stringent and demand for reliability and cost
reduction increases, power electronics, including power converters, will become standard in all
large wind turbines. Soon, older types of wind turbine configurations will no longer be

installed.
Fault and Its Diagnosis in Wind Power Converter

Short-Circuit (SC) faults and Open-Circuit (OC) faults are two common errors in power
semiconductor devices [8]. Power converters have a high current or voltage when a wind
turbine starts or gusts. Heat dissipation performance decline and power semiconductor fatigue
accumulation can damage devices over time. Corrosive gas, moisture, and dust in wind farms
can cause power semiconductor devices to malfunction or fail catastrophically. SC faults [9]
generate abnormal overcurrent that can damage the converter and other components. Stop the

driver immediately.

OC faults take time to damage the system. It decreases converter efficiency. An OC fault offsets
the currents in the faulty phase and the healthy phase, causing high harmonic distortion,
oscillating generator torque, and falling grid power factor. However, the OC error may cause
secondary component errors. OC faults can damage other switches. Converters need OC error
FDs. Wind power converter has FD reliability and robustness issues. Wind power converter
fault detectors need to be robust and reliable in the face of wind and load variations, as well as
noise and bias in measured signals. Wind power converter FDs require constant accuracy. Wind
power converter FDs methods require model-reality misfit resolution. This paper evaluates
wind power converter FD techniques using more powerful performance indices in addition to
robustness and reliability metrics. The following are the primary reasons why power

semiconductor devices malfunction in wind power converters, as shown in Fig. 6 and Fig. 8.

Power semiconductor devices commonly fail short circuit and open circuit tests. Impact
ionization, wrong gate signal, external failure, static/dynamic latch-up, high junction
temperature, and impact ionization are other error processes. Bond-wise lift-off, solder layer
breaking, and gate drive faults classify open circuit faults. These all have power semiconductor

gadget flaws. Current-based converter FDs are favoured because they require no sensors and
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are independent of converter parameters. The reference current error method and average
current method define the excess using three-phase current impulses. It also contains the slope
of the phase angle-based vector trajectory technique currently used. The third method, current
vector shape, distorts output phase currents due to an open circuit fault [10]. Voltage-based
methods assess switched bridge voltage and duration [11]. Error voltage-based method uses
the average residue of pole voltages. Wind power converters use the following output voltage

RMS method.

e e

Short Circuit(SC) Open Circuit(OC)
Faults Faults
; H
Wrong Gate Signal Bend wi;‘\e lift-off
External Failure Bond wine napture
Static/Dynamic latch-up Cracking of solder layers

High Junction Temerature
High voltage breakdown
Impact lonization
Second Breakdown
Energy Shocks

Gate drive faults
Drive board open-circuit
Thermal stresses

Figure 6: Typical Faults in Power Semiconductor Devices
Reactive Power and Voltage Stability in Wind Turbines

Most new renewable energy comes from wind. Due to the unpredictability of wind flow, large-
scale wind farms may have an impact on the quality, safety, and stability of the electrical grid.
Active power is based on the potential and design of wind turbine generators. Reactive power
demand is calculated via conversion devices. Reactive power redistribution and voltage
breakdown are caused by wind farms that are connected to the grid. Dynamic voltage stability
is a problem for distributors [12]. Grid reactive power can be increased simply by using reactive
power source devices and asset optimization. Including answers for stability, voltage control,
reactive power, grid integration, unstable grid connections, off-grid wind power generation and
integration, wind power penetration in the distribution grid, wind power uncertainty, flicker,

and harmonics [13]. For different types of wind farms, reactive power regulation is required.
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Power loss results from the long-distance reactive electricity transfer to wind turbines. Reactive
power regulation for wind farms is necessary due to voltage fluctuation [11,12,13]. Due to
network short circuit capacity and impedance, grid parameters have an impact on reactive
power injection at various voltages. Reactive power adjustment is necessary for wind farms
and their contributions to the grid since unadjusted reactive power impacts the hosting system
and has lasting consequences. The following is a ranking of wind energy converter stability
issues from 2012 to 2022. Table 1 summarizes the review of voltage stability of grid

connection issues to maintain power quality along voltage stability.

Table 1: A Review of Voltage Stability and Grid-Connected Issues to Maintain Power
Quality

Author Year Title Findings
Zhouetal. [12] 2013 | Connecting wind power plant with weak grid They discussed the issues in the integration of WEGs in the existing grid and
challenges and solutions highlighted the issue of Voltage stability
Singhetal.[13] 2015  Voltage stability of wind power by using the FACTS They review several FACTS controllers for voltage stability analysis (VSA) of the
devices power system
Badesaetal.[14] | 2016 Impact of wind generation on dynamicvoltage They highlight the analysis of PCC for remotely located wind energy system
stability and influence of the point of interconnection
Bayindiretal. [15] 2016 Effectsof renewable energy sources on the power They use power factory software forsimulating RE sources and comparative
- system analysis between emergent changes to the bus voltage in the system before
and after

the interconnection of non-cenventional energy sources is presented

Wuetal.[16] 2017 | Influence on voltage stability of wind power They used DFIG-based WT's model and performed simulation inthe PSCAD tool
connected to the grid for capacity-based Voltage stability analysis of the system

Rajalwal and 2018 | Impact of DFIG on voltage stability of a network in They use the Modal analysis method for voltage stability analysis of the Wind-

Mishra etal. [17] smart grid: Ananalysis based DG system

Amirreza 2018 Ascenario-based voltage stability-constrained They employed the 118 |EEE Test bus system to conduct research on the Iranian

Gholizadeh et al. lanning model for integration of large-scale wind grid for the interconnection of wind power. Additionally, describe the planning

[18] arms maodel with voltage stability constraints

Sree Lathaet al. 2018  Dynamic voltage stability enhancement of a wind They emphasized the use of FACTS for voltage stability enhancement they use

[191 farm connected to grid using facts- A comparison SVC & Statcom for wind interconnected power system

Sheikhetal.[20] 2021 Voltage stability enhancement of grid-connected Hybrid D-STATCOM improves voltage stability, reduces voltage deviations and
wind farm using hybrid D-STATCOM active power loss

Nallagonda and 2021 Anovel voltage control strategy for a hybrid wind STATCOM and hybrid voltage control strategy improves voltage stability,

Chandorkar[21] energy conversion system with STATCOM reduces THD and power loss

Lietal.[22] 20 Voltagr: stability enhancement of wind farm based on | Hybrid SWC-STATCOM improves voltage stability and reduces power loss, OPF

- hybrid SVC-STATCOM and optimal power flow used for optimal operation

Guoetal.[23] 2021  Voltage stability enhancement of grid-connected Hybrid UPFC improves voltage stability, reduces voltage deviations, and active
wind farms usinga hybrid UPFC power loss

Fahmyetal.[24] | 2022 antage stability improvement of wind farmbasedon | Hybrid UPQC-STATCOM improves voltage stability, reduces voltage deviations,

- hybrid UPQC-STATCOM and active power loss
Dogramaci and 2022 Power quality enhancement and voltage stability Hybrid D-STATCOM improves voltage
Dursun [25] improvement of a wave energy converter system with

a hybrid D-STATCOM

FACT Devices

Transmission line power handling, transient stability, system reliability, load management, and
power flow control are all improved by solid-state flexible FACTS. The FACTS device family
in Fig. 3 is briefly described below: (TSSC) thyristor-controlled series compensator Numbers
TSSC (4), TSSR SVC (5), and SSSC (6). Seventh-grade Thyristor-Controlled Phase-Shifting
Transformer (TCPST) with Static Synchronous Series Compensator UPFC The FACTS

Page No: 8


https://link.springer.com/chapter/10.1007/978-981-96-0009-0_26#Fig3

Journal on Communications(1000-436X) || Volume 21 Issue 3 2026 || www.jocs.review

devices and associated circuits are shown in the tables below. The most unpredictable
renewable energy sources with widespread integration are wind energy conversion systems
[26,27,28,29,30,31,32,33,34,35]. Numerous studies have looked at voltage stability with high
penetrations in power grids. The most extensively researched WECS are DFIG, Squirrel-Cage,
and PMSG. The SCIG-WECS employs grid-reactive power when it is included in a power
system. Reactive power at the common connection is supported by a sizable stator line
capacitor bank. Reactive power is used by DFIG-WECS to control bus terminal voltage.
Compared to DFIG-WECS, SCIG-WECS reduces grid voltage reliability. Kamarposhti [30]
compared the voltage stability of the SCIG-WECS and DFIG-WECS power systems. PV
curves revealed paired maximum loading constraints of the WECS type. FACTS devices SVC
and STATCOM for reactive power compensation were tested using an altered IEEE 14-bus
test configuration. SVC was defeated in voltage help by STATCOM. Fahmy and Hamed [26]
evaluated reactive power management during short circuit failure for STATCOM, SVC, and
DFIG-WECS. SVC underperformed STATCOM. The top stability score is displayed in
Fig. 7 which depicts FACT gadgets and their implementation with application. Table 2 shows
the FACTS device. Figure 7 shows future research on FACTS devices for renewable energy

integration and power system voltage stability.

Future research direction on FACTS device application for
voltage stability improvement of power system with high
renewable energy share

1 5

Research into robust .and efficient Potential application of energy
ancillary services [ storage system to improve voltage
such as voltage control, reactive stability
power compensation and power
quality enhancement ] for
increesing renewable energy Consideration of more renewable
penetration level energy sources for More than one
RE Sources Should be utilized in the
system [as there is less work on
FACT Enabled Hybrid Systems

3 4

Cost and performance trade-off [ for Ex

STATCOM hes Further research on PV-STATCOM [there is
been shown to provide better voltage paucity of research work in this aspect when
rt than SVC, however, it costs there is increasing
more than SVC of the same rating ] renewable energy penetration.]

Figure 7: Further Technological Advancement Needed in FACT Devices for Integration with
Renewable Hybrid System for Large Loads and Voltage Stability [26, 28, 29, 31, 32, 34]
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Table 2: FACTS Device Application

Device
Name

Equivalent Circulit

Pictorial View of Device

Application

TSC

t provides
fast re-
sponse to
the changes
in the sys-
tem parame-
ters. And
Faster con-
tral is
achieved by
the switch-
ing of thyris-
tor operated
devices.

STATC

t used for
power quali-
ty control
like flicker
suppression
and voltage
sag elimina-
tion and to
balance the
phase volt-
ages. In the
case of re-
newvable
enargy pow-
er genera-
tion
STATCOM
can be used
for voltage
stability and
reactive
power con-
trol.

SvC

Best for
sudden short
micro inter-
ruptions and
improves
transient
stability of
the system.

UPFC

Combination
of SSSC  and
STATCOM

SSSC

Controls the
Power factor of
the system and
enhance Power
transfer capa-
bilitles,
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MPPT Algorithms Based Wind Turbines

PV systems and other RESs use MPPT algorithms like WECS. They estimate control factors
like optimal power, voltage, and duty cycle, which are among the hardest. This paper will focus
on WEC-based MPPT algorithm research. MPPT methods fall into two main categories:
indirect and direct power controller represented as IPC and DPC, respectively [37, 38]. The
DPC algorithms monitor the maximum power point by monitoring output electrical power,
while the IPC algorithms boost output power by controlling mechanical power (Pm) using
power-speed curve data. (MPP). Several MPPT methods use artificial intelligence controllers,
which are rarely used in industry. During wind speed changes, MPPT algorithms like perturb
and observe (P&O) and hill ascending search (HCS) are used to adjust control variables. The
P&O algorithm, a sensor-free mathematical optimisation tool for MPP search, tracks control
variables clearly. Many researchers recently chose the P&O MPPT algorithm study trend to

enhance WECS-based captured wind power techniques for the following features:

No prior awareness of system parameters and memory needs; Low system complexity and cost;
Sensor-less algorithm; Parameter insensitivity; Online updates. MPPT algorithms use IPC
control methods like TSR, OT, and PSF [36, 37]. DPC algorithms—which use the P&O [39],
incremental conductance (INC) [40], and optimum relation-based (ORB) MPPT algorithms—
achieve the previously stated optimum relationship. This part summarises MPPT algorithms.

Figure 8 represents the MPPT Algorithms Chart.

MPPT
Algoritms

Iyrid MY St T
I Agorhns Ngorhns

l. l

or 0 5 08
o L] |

Algorithm Algorithm
Figure 8: MPPT Algorithms Chart
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Table 3: MPPT Algorithms in Wind Turbines

Name of
Algorithm

Algorithm Implementation Procedure

Implementing Way

TSR
MPPT  algo-
rithm

{A) To offer the wdeal rotor speed (wref),
the TSR algorithm calculates the best power
extraction based on measured wind, rotor, and

SYMem parameters,

(B} There are two basic technigues that
compute wind speed or employ mechanical
semsors: (1) Wath an accuracy of S-10%,, TSR
algorithms based on mechanical  sensors
calculate the effective wind speed using a
large ber of cters within  the
swept zone of the WT. (i1) The tracking and
energy harvesting of TSR are impacted by the
accuracy of wind spead estimation (WSE),

LRV

To Usiliny
G

o1

MPPT  algo-
rithm

MPIT efficacy s determined by ideal
WT. The OT algonthm requires expenmental
validation m order 0 guaraatee ssmplicity,
spoed, and efliciency

ek

Yo Usitiey
Gl

PSF
MPPT  alge-
rithm

The PSF s calculated using experumental
power lookup tables or WT simulation tests.
Dedmk change and wind speed are estimated
using sensorkess PSF approaches. This calews
lates effectivencss.

e

T Uiy
Gl

rPLO

MPPT  algo-
rithm

. The PRO algonthm changes rotoe
spead and de-link voltage to ob-
serve WECS effects.

. The classic P&O (CPO) MPPT al-
gorithm greatly influences power
and generator spoed until the P-V
curve slope is 2zero. The CPO algo-
rithm does not nced WT parame-
wers or anemometens. CPO agitates
control variables with a precise
siop-size and tacks goal function
achievement until MPP place s
obtained

ERE R

Te Utility

INC
MPPT  algo-
rithm

The INC algorithm improves the effec-
tivencss and reliability of WECS wathout the
use of mechamcal seasors or WT knowlodge
The output power is controlled by keeping an
cyc on the dedink voltage (vde) and current,
a shown m the dagram,

To Loy

el
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The right MPPT method maximises wind power regardless of wind randomness. This paper
describes grid-tied WECS setups for WTs and generator topologies. Several MPPT algorithms
are examined and critically analysed to determine the best one for a given application. This
part helps researchers choose WEC power-boosting methods. Table 3 offers step-by-step

instructions for several wind generator MPPT algorithms.
Conclusion

Research on methods to improve renewable energy is expanding in developing and
underdeveloped nations. In the past, many manufacturers of wind energy converters, including
Suzlon Energy, Enercon India, and others, have put their wind energy converters into service
in coastal regions of India and other locations based on the required wind density. Previous
studies have shown that wind energy converters experience faults, disturbances, the need for
reactive power, and blackouts and delays when their demand is reduced. Therefore, this article
reviews and studies the problems and difficulties with existing machines. This study examined
the possible growth of the Indian wind industry and developed a research hypothesis that
provides a thorough analysis of the problems and difficulties associated with grid integration
for wind turbines. This study examined the development of converters in wind turbines and the
faults that have occurred in them in previous years. It also examined the requirement for
reactive power in WEC and the function of the FACT device. The methods for tracking
maximum power from WEC are reviewed and analysed in the final section. The role of
algorithms is also studied, as they were helpful for tracking maximum power with improved
power quality and stability. With the rise in electricity demand and the difficulty of producing
clean, green electricity, there is a greater need for renewable energy sources. Only using solar
during the day has encouraged people to look for better and more stable opportunities in the

wind industry.
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