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Abstract 

This study looks at the various methods used to improve the low-voltage ride-through (LVRT) 
capabilities of wind turbine systems (WT) that are based on double-fed induction generators (DFIG). 
The Type-III WT machine, which is mostly based on DFIG, is instantly connected to the grid without 
the digital power interface, making the terminal voltage or reactive electricity output unmanageable. 
This is because the world utilizes between 20% and 25% of renewable energy from wind. Consequently, 
new LVRT techniques based on the use of extra-active interface technologies were described in this 
work. The low-voltage fault problem is now being addressed by a variety of approaches. This research 
attempts to identify such working ways by bridging the gap in terms of total adaptive performance, 
operating complexity of controllers, and cost-effectiveness by analyzing LVRT strategies for DFIG-
based wind energy conversion system (WECS). Based on their grid integrations, this study focuses on 
methods to improve LVRT’s reliance on relationship establishment in three key areas. The wind turbine 
system in this study is connected to a dynamic voltage restorer (DVR) and static synchronous 
compensator (STATCOM) for active and reactive power regulation during the fault detection process. 
This paper highlights the operation of both synchronous and non-synchronous reference frames. It also 
shows how the use of STATCOM in conjunction with synchronous reference frame (SRF) theory 
improves active and reactive power during disturbances. The MATLAB Simulink is used to simulate 
and analyze the mathematical models of the complete system. 
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INTRODUCTION 

The atmosphere warms because of the intermittent sunshine created by the wind. The pressure levels 
are the result of the hot and cold air zone formation. Wind flow is caused by air moving from a high-
pressure area to a low-pressure area [1–3]. We call the kinetic energy of water “energy in motion.” The 
aerodynamically designed blades of a wind turbine rotate because of this cinematic energy. The blades 
can never be driven at an electricity-neutral speed by wind alone. The gearbox helps to increase the 

rotor shaft rpm in some wind energy conversion 
system (WECS) topologies. The mechanical energy 
of the shaft is transformed into electrical power by 
generators. They send this electricity to the grid [4]. 
A sophisticated device called a WECS transforms 
wind energy from a kinetic to an electrical form. 

 
The key component of a WECS is a wind turbine, 

which captures wind through its blades, causing 
them to rotate as shown in Figure 1. Figure 2 shows 
a schematic of the network wind power conversion 
block with both components. Turbine aerodynamic 
performance is governed by the power coefficient 
CpC_pCp, which is influenced by the tip speed ratio 
and blade pitch angle. The rotation of the turbine  
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Figure 1. Model of wind energy conversion system. 
 

 
Figure 2. Equivalent circuit diagram of DFIG for both direct axis 

and quadrature axis. 

 
blades is transferred through a drivetrain, which may include a gearbox to match the low-speed rotation 
of the turbine with the high-speed requirements of the generator. In some systems, a direct-drive 
mechanism is used to eliminate the need for a gearbox. The generator, typically a doubly fed induction 
generator (DFIG), permanent magnet synchronous generator (PMSG), or squirrel-cage induction 
generator (SCIG), then converts the mechanical energy into electrical energy. Power electronics play a 
vital role in controlling the output of the WECS, regulating the voltage and frequency, and ensuring 
grid synchronization, particularly in variable-speed wind conditions. The control system is integral to 
the WECS, managing various functions, such as turbine blade pitch control, yaw control for wind 
direction alignment, and generator operation to optimize power output. In grid-connected systems, the 
control system ensures stability and smooth integration of wind-generated electricity into the grid. 
Additional components, such as anemometers and wind vanes, provide real-time wind data, whereas 
transformers adjust the voltage levels for grid compatibility. This WECS model efficiently manages the 
conversion of wind energy into usable electrical power, thereby contributing to renewable energy generation. 
 

The second type is a wind turbine variable-speed system that uses a double-fed induction generator 
(DFIG) [5, 6, 8] The DFIG winding stator is directly connected to the grid, and the winding rotor electric 
converter has a power rate of about 30%. The third type is a variable wind turbo with a SCIG electronic 
conversion system or fully rated synchronous generator. These two generators usually require a 
multistage gearbox. Low-ratio gearbox systems (PMSG) can supply direct power to synchronous 
generators including permanent synchronous magnet generators. An interesting alternative is the use of 
a single- or two-phase gearbox [7, 9]. 
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DOUBLY-FED INDUCTION GENERATORS 

Figure 3 shows the mathematical model of DFIG. It contains every equation in the model, including 

torque, voltage, and flow equations. In this study, it is assumed that the rotor current is positive to the 

inflow and the stator current is positive to the outflow. This explains the positive orientation of the 

current. The diagram below shows the DFIG architecture implemented in a d-q synchronous rotating 

coordinate system [10]. 

Vds = 𝑅𝑠𝑖𝑑𝑠 + 𝑑Ψds/𝑑𝑡 - 𝜔dqsΨds  (1) 

Vqs = 𝑅𝑠𝑖𝑞𝑠 + 𝑑Ψqs/𝑑𝑡 + 𝜔dqsΨqs  (2) 

Vdr = 𝑅𝑟𝑖𝑑𝑟 + 𝑑Ψdr/𝑑𝑡 - 𝜔dqrΨqr  (3) 

Vqr = 𝑅𝑟𝑖𝑞𝑟 + 𝑑Ψqr/𝑑𝑡 + 𝜔dqrΨdr  (4) 

Ψds = 𝐿𝑠𝑠𝑖𝑑𝑠 + 𝐿𝑚𝑖𝑑𝑟  (5) 

Ψqs = 𝐿𝑠𝑠𝑖𝑞𝑠 + 𝐿𝑚𝑖𝑞𝑟  (6) 

Ψdr = 𝐿𝑚𝑖𝑑𝑠 + 𝐿𝑟𝑟𝑖𝑑𝑟  (7) 

Ψqr = 𝐿𝑚𝑖𝑞𝑠 + 𝐿𝑟𝑟𝑖𝑞𝑟  (8) 

(Torque) Tm = 1.5𝑝𝐿𝑚(𝑖𝑞𝑠𝑖𝑑𝑟 − 𝑖𝑑𝑠𝑖𝑞𝑟) = 1.5p(Ψds𝑖𝑞𝑠 − Ψqs𝑖𝑑𝑠)  (9) 

 

The voltage, instantaneous current, and flux for each stator winding and rotor winding in the d-q 

 ynch onou    f   nc   y t   a     not   by th  va  ab    u,  , an  ψ  n th    uat on  that fo  ow.  _  

and R_r represent the stator and rotor resistance of the windings, respectively. The DFIG leakage 

inductances for the stator and rotor are denoted by Lls and Llr, respectively. 𝐿𝑚 Symbolizes the mutual 

inductance. The stator-side self-inductance is represented by  𝐿𝑠𝑠, which satisfies 𝐿𝑠𝑠=𝐿𝑚 + 𝐿𝑙𝑟. 𝐿𝑟𝑟. 

According to the model equation 𝐿𝑟𝑟 = 𝐿𝑚+Llr. 𝜔dqs, 𝐿𝑟𝑟  stands for the rotor-side self-inductance, 

while 𝜔dqr represents the stator-side magnetic fields, an  ω      p    nt  th   otat ng angu a  v  oc ty 

of the rotor-side magnetic field [11, 12]. 

 

The equation of the motion of the rotor is defined as follows: 

Tm − Te =
𝐽

𝑃

𝑑𝑤𝑟

𝑑𝑡
  (10) 

where Tm denotes the mechanical torque denoted by Tm. The input torque is applied to the DFIG, Te 

is the electromagnetic torque of the DFIG, J is the rotational inertia of the DFIG, p is the polar logarithm 

of the DFIG, and 𝑤𝑟 is the DFIG speed [13–15]. 

 

 
Figure 3. LVRT curve. 
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LOW-VOLTAGE RIDE-THROUGH TECHNIQUE 

Figure 4 shows the rotor-side converter, which supplies power to the rotor windings to activate the 

induction generator. When compared to PI control with an internal control loop, the actual part of the 

rotor current irq with irqref is limited to zero. The output of the current controller is the voltage vrq of 

the rotor-side converter. The necessary 3-phase voltages for the rotor winding are generated by a 

similarly operated section of the ground and vrd, which drives the ground and irq to their reference 

values. Stated differently, the rotor-side converter generates varying excitation frequencies based on 

wind speed [16–20]. 

 

One basic approach uses a synchronous dq-axis framework with the d-axis to operate an induction 

generator based on the position of the stator flux vector. This is referred to as the vector power of the 

SFO. SFO is the name. It is also possible to provide reactive and active control separately. Typical 

vector control of inductor generators frequently uses orientation frames, such as rotor-flow orientation 

and magnetizing flux orientation. The stator-powered direction (SVO) is another frequently used 

technique in DFIG vector controllers [21–24]. 

 

DYNAMIC VOLTAGE RESTORER CONTROL AND OPERATION 

Power quality is simply the optimal power supply within voltage and frequency tolerances. The 

quality of electricity may be due to consumer equipment malfunction. These issues are linked to 

voltage-related issues that affect the efficiency of electrical equipment, including voltage imbalance, 

swelling, harmonics, slope, and insufficient power factors. 

 

Energy quality issues include lightning, power outages, equipment failure, and switching disruptions. 

The user is not sufficiently satisfied, even if the power system employs several filter technologies to 

obtain the required power quality. To minimize and mitigate instability disadvantages, compensate for 

them, and increase system dependability, new power electronic controllers have emerged in the past 

few decades, giving rise to bespoke power. The use of custom power units (CPDs) for effective voltage 

modification is on the rise, according to the IEEE and IEC standards. Voltage distortions are currently 

the largest problem for industrial clients among other tension-related problems. CPD is one of the most 

effective techniques to reduce voltage-related issues. A dynamic voltage restorer (DVR) includes an ICT, 

a voltage source converter (VSC), an energy-storing unit, and a filter, as illustrated in Figure 4 [25–30]. 

 

STATCOM CONTROL AND OPERATION (STATIC SYNCHRONOUS COMPENSATOR) 

Static synchronous compensator (STATCOM) is a reactive power-controlled device that can be 

regulated. By generating or absorbing reactive electricity at the point of a common connection, it 

provides voltage support without the need for large external or capacitor banks. Figure 5 depicts a basic 

voltage source conversion system. The converter receives a DC voltage from the charged capacitor Cdc, 

 

 
Figure 4. Configuration of dynamic voltage restorer (DVR). 
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Figure 5. Configuration of static synchronous compensator (STATCOM). 

 

 
Figure 6. Flow chart for controller fuzzy logic fault current detection. 

 

which generates a set of controlled three-phase output voltages with the AC power system’s frequency. 

By altering the amplitude of the output voltage U, the reactive power exchange of the converter and AC 

Coupling 

transformer 

Voltage 

source 

inverter 

Superconducting 

magnetic energy storage  

SMES 
dc-dc 

converter 

Controller 

P and Q 
References 

Cd 

Vd 

AC bus 

Get the values of 3 phase voltage and current 

Divide the 3 phase value of voltage and current into its fundamental value. Ia, 
Ib, Ic and Va,Vb, Vc and obtain the zero sequence value V0 and I0 

Apply to FIS1 for faulty phase detection (using fundamental 
value of voltage and current) 

Apply to FIS2 for ground detection (using value of 

zero sequence voltage and current) 

Type of fault is either  
LIL2, 1213, LIL3, LILILS 

Type of fault is either  
LIG, LIG, LG, LILIG, 1213G, LILSG 

Stop 

Ground? 

Fault? 

Start 

No 

No 

Yes 

Yes 



 

 

Strengthening Low-Voltage Ride-Through in Wind Energy Systems         Bibhu Prasad Ganthia and Praveen B.M. 

 

 

© STM Journals 2024. All Rights Reserved 52  
 

systems can be controlled. When the amplitude of the output voltage U is greater than the AC system’s 

UT, a leading current is produced; in other words, the system recognizes the STATCOM as a conductor 

and produces reactive power. When the output voltage amplitude decreases below that of an AC system, 

the STATCOM is considered an inductor, and a trailing current is generated. In this case, the reactive 

power is absorbed. If the amplitudes were the same, there was no power exchange. There is no such 

thing as a lossless converter. The phase-angle adjustment method can also be used to control the reactive 

power generated or absorbed by increasing or decreasing the capacitor voltage UDC and, therefore, the 

output voltage U as shown in Figure 6. The formula for the transmitted active power is derived from a 

series of computations. 

 

The characteristics of the STATCOM explicitly demonstrate its ability to manage very low system 

voltages (as low as 0.15 per unit), which is the value corresponding to the coupling transformer 

reactance. In contrast to an SVC, which, at the maximum capacitive output, becomes an uncontrolled 

capacitor bank, this is a stark difference. A STATCOM can maintain the system voltage at very low 

voltages, as long as the DC capacitor has sufficient energy to supply losses. 

 

Logic Controller with Fuzzy 

The flow diagram of the proposed concept is shown in Figure 7. Two related fuzzy inference systems 

were created. First, to identify the incorrect phase or phases, and second, to identify the ground. The 

Table 1 shows the guidelines and strategies for their success. The tension and current inputs were used 

in each step. The FIS file is utilized as a function of triangle membership and is in the Mamdani format. 

Membership rules are divided into three categories: low, medium, and high. The show is called “trip” 

and includes triple membership rules. Low flight, edge voyage, and high journey are the three types of 

line [31–35]. 
 

The Notion of Synchronous Reference Frames or SRF Theory 

Among the various control systems used in STATCOM, SRF theory is the most reliable and 
appropriate for DVR and STATCOM. Having a frame rotating at a synchronous velocity is the main 
idea of this phrase. Table 1 shows the guidelines and strategies for their success. The tension and current 
inputs were used in each step. The FIS file is utilized as a function of triangle membership and is in the 
Mamdani format. Membership rules are divided into three categories: low, medium, and high. The show 
is called “trip” and includes triple membership rules. Low flight, edge voyage, and high journey are the 
three types of lines [31–35]. 
 

The Notion of Synchronous Reference Frames or SRF Theory 
Among the various control systems used in STATCOM, SRF theory is the most reliable and 

appropriate for DVR and STATCOM. Having a frame rotating at a synchronous velocity is the main 
idea of this phrase. SRF-based controls are of good quality when compared to other methods; however,  
 

 
Figure 7. Basic proposed diagram of SRF theory. 
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they require PLL technology. Based on PLL [36–37], the new phase-locking technique functions under 

distorted and unbalanced load scenarios. SRF theory is one of the main strategies used in this 

methodology to lower the THD. The main advantage of the SRF theory is the absence of time-dependent 

spatial coordinate translation. The Park equation is used in the SRF theory. Through this procedure, 

three-phase voltages or currents are converted into a synchronously rotating d-q reference frame. By 

eliminating high-frequency components, the filter system filters the continuous vital components 

created by the Park’s metamorphosis. The DC component of the filter circuit does not produce any 

phase errors [38–41]. In SRF theory, the three-phase load current is converted to the synchronous d-q 

referral frame. There is a basic and harmonic component of the d-q currents. Reverse Park 

transformation was used to create three-phase harmonic signals. 

 

MATLAB SIMULINK DESIGN 

As shown in Figure 8, the VSC is a DVR. To address worsening routine voltages and reduce the 

likelihood of load or generator problems, they are commonly connected to the grid via a line filter 

(usually an LC type) and serial coupling transformer. Different DVR architectures were evaluated in 

terms of their power and voltage ratings. Here, the DVR protection system and crowbar protection are 

compared [42–48]. Good steady-state sinusoidal errors were used to track the positive- and negative-

sequence voltage components in each system. 

 

The MATLAB Simulink model for a WECS using a DVR, as shown in Figure 8, integrates a wind 

turbine, generator, and DVR system to mitigate voltage sags and swells during grid disturbances. A 

generator (usually a PMSG or doubly fed induction generator) is powered by the mechanical power 

generated by the wind turbine [49]. Power electronics interfaces ensure a stable voltage and frequency 

while the generated electrical power is sent to the grid. 

 

The DVR is a key component in this model and is designed to protect the WECS from voltage 

disturbances in the grid. It operates by injecting the required voltage to maintain the grid voltage levels 

during faults or fluctuations, thereby effectively stabilizing the system. In the Simulink environment, 

DVR is modeled using VSCs, energy storage elements (such as batteries or capacitors), and control 

algorithms [50–54]. The control system continuously monitors the grid voltage, and when a sag or swell 

is detected, the DVR injects a compensating voltage, ensuring a smooth and uninterrupted operation of 

the WECS. The Simulink model includes detailed subsystems of the wind turbine, generator, grid 

connection, and DVR control logic. 

 

The MATLAB Simulink model for a WECS using a STATCOM, as shown in Figure 9, focuses on 

reactive power compensation and voltage stability in the grid-connected wind energy system. Similar 

to the previous model, the wind turbine generates electrical power via a generator, which is fed into the 

electrical grid. However, unlike the DVR model, which directly addresses voltage sags and swells, the 

STATCOM in this setup enhances grid stability by dynamically managing the reactive power flow. The 

STATCOM was linked to the grid and WECS at the point of common coupling (PCC) in the Simulink 

model [55–58]. It is composed of components that may inject or absorb reactive power, such as 

capacitive or inductive elements, and a VSC. The control system in the STATCOM continuously 

monitors the grid voltage and adjusts the reactive power accordingly, to maintain the voltage levels 

within the desired limits. This helps improve power quality, enhances voltage stability, and mitigates 

issues such as voltage flickers and imbalances caused by fluctuating wind power generation. The 

Simulink model includes a wind turbine, generator, STATCOM with its control system, and grid 

interface, offering a comprehensive simulation of the WECS under varying grid conditions. 

 

As shown in Figure 9, the static synchronous compensator is a reactive power-regulated device. To 

fix the damaged normal voltages and avoid possible load or generator issues, they are typically 

connected to the grid via a line filter (typically an LC type) and a serial coupling transformer. Various 
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STATCOM topologies were examined in terms of power and voltage ratings. The crowbar and 

STATCOM protection systems were compared in this study [59, 60]. Every device tracks positive and 

negative program voltage constituents with good steady-state sinusoidal errors. 

 

In both MATLAB Simulink, models for WECS using a DVR and STATCOM play critical roles in 

enhancing the grid stability and power quality. The DVR model was designed to mitigate voltage sags 

and swells by injecting compensating voltage during disturbances, ensuring continuous and stable 

WECS operation. On the other hand, the STATCOM model improves voltage stability by dynamically 

managing reactive power, addressing voltage imbalances, and fluctuations in wind power generation. 

These models demonstrate effective techniques for integrating the WECS into a grid while maintaining 

a reliable and stable electrical output. 

 

SIMULINK RESULTS (COMPARISON USING DVR AND STATCOM) 

The comparative results using the two Flexible AC Transmission Systems (FACTS devices (DVR 

and STATCOM) are shown below. Figure 10 illustrates the terminal voltage settling after the transient 

without SRF theory and Figure 11 illustrates the terminal voltage settling after the transient with SRF 

theory. MATLAB Simulink findings were used to compare the two FACTS devices: the STATCOM 

and the DVR. The objective was to analyze how these devices help stabilize the terminal voltage of a 

WECS under grid disturbances. The comparison is particularly focused on the impact of these devices 

with and without the use of SRF theory, which is a widely used control strategy for managing grid-

connected systems. 

 

 
Figure 10. Terminal voltage settling after transient without SRF theory. 

 

 
Figure 11. Terminal voltage settling after transient with SRF theory. 
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In Figure 10, the terminal voltage response of the WECS under grid disturbances without the use of 

SRF theory. Both the DVR and STATCOM are used independently to mitigate voltage fluctuations 

caused by sudden changes in wind speed or grid faults (such as sags, swells, and other disturbances). 

Figure 11 illustrates how the terminal voltage behaves after a transient disturbance when no advanced 

control strategy, such as the SRF Theory, is applied. 

 

DVR Performance 

The DVR injects a compensating voltage during transients to restore normal operation. Without the 

SRF Theory, the DVR responds directly to voltage deviations but may exhibit slower response times 

and higher settling times because of the lack of precise control in detecting and compensating for 

unbalanced conditions. 

 

STATCOM Performance 

The STATCOM manages reactive power to stabilize the terminal voltage. Without the SRF theory, 

the STATCOM still provides compensation, but like DVR, it may have a limited dynamic response, 

resulting in a longer settling time and less efficient voltage regulation under severe transient conditions. 

 

In this scenario, the terminal voltage may exhibit oscillations or a delayed return to steady-state 

values owing to the absence of advanced control strategies that could enhance the accuracy and speed 

of the voltage compensation. 

 

In Figure 11, the performance of the DVR and STATCOM is compared with the SRF theory applied 

as the control mechanism. The SRF theory helps in transforming three-phase voltage signals into a 

synchronous rotating reference frame, making it easier to detect and control voltage imbalances and 

disturbances. 

 

DVR Performance with SRF Theory 

The DVR response becomes more accurate and faster when SRF theory is applied. DVR can more 

efficiently detect sags, swells, and other disturbances in real-time and inject a precise compensating voltage. 

This results in a faster terminal voltage settling with reduced oscillations and improved system stability. 

 

STATCOM Performance with SRF Theory 

Similarly, the STATCOM benefits from an SRF control strategy. It can more effectively manage the 

reactive power and stabilize the terminal voltage more quickly after a disturbance. The SRF theory 

allows for a more coordinated and dynamic response, improving the overall voltage profile and reducing 

settling time.  

 

The key differences between the results are shown in Figures 10 and 11 show a faster voltage settling 

time and improved stability when the SRF theory is applied. Without SRF theory, both DVR and 

STATCOM still perform their roles in compensating for voltage disturbances, but their effectiveness is 

reduced owing to slower response times and potential overshoot or oscillations in the terminal voltage. 

With the SRF theory, the control over the grid-tied system is enhanced, allowing for more precise 

voltage control and reducing the impact of transients on the WECS. Overall, the application of the SRF 

theory significantly improves the performance of both FACTS devices, with the DVR excelling in 

voltage compensation during disturbances and the STATCOM effectively managing reactive power to 

maintain grid stability. 

 

In this study, a comparative analysis of the low-voltage ride-through (LVRT) capability of a WECS 

using a DVR and STATCOM was thoroughly examined. The objective was to evaluate the effectiveness 

of these two FACTS devices in stabilizing the terminal voltage under different wind speed variations, 

with and without the application of the SRF theory. The results indicate that both the DVR and  
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Table 1. LVRT Capability Settling Times (in milliseconds). 

Wind variation (m/s) Controller Reference Base DVR STATCOM 

4 m/s Settling time (msec) 11 12 11.3 11.04 

8 m/s Settling time (msec) 12 12.5 12.8 11.2 

12 m/s Settling time (msec) 13 13.5 13.7 12.7 

16 m/s Settling time (msec) 14 14.5 13.9 13.3 

Remark Settling speed 
 

Fast Faster Fastest 

 

STATCOM significantly improve the system’s ability to handle voltage disturbances during transients. 

However, the STATCOM demonstrates superior performance in terms of faster settling time and 

enhanced stability, particularly when the SRF theory is applied. The capability of the STATCOM to 

dynamically manage reactive power allows it to respond more swiftly to voltage variations, leading to 

quicker system stabilization. However, the DVR also provides effective voltage compensation, but its 

performance is slightly slower than that of the STATCOM, particularly at higher wind speed variations. 

The findings from Table 1  further highlight that both the DVR and STATCOM perform better than the 

reference controller, with the STATCOM exhibiting the fastest response across all wind variation 

scenarios. This makes STATCOM a more suitable option for applications requiring rapid voltage 

stabilization and efficient LVRT capability in a WECS. 

 

In conclusion, while both DVR and STATCOM are effective for enhancing LVRT capability in 

WECS, STATCOM proves to be a superior solution for applications requiring faster voltage 

stabilization, making it ideal for more dynamic and variable wind conditions. 

 

CONCLUSION 

Voltage modules and angle-independent control are key features that enable STATCOM to produce 

and consume active and reactive power. A circular power chart was illustrated after the consumed and 

generated capacities were computed and simulated. From the circular power chart, it can be deduced 

that the STATCOM generated/consumed power increases in tandem with the converter voltage. 

Consequently, the amount of electricity generated or consumed increases with the amplitude of the converter 

voltage. This implies that the converter voltage values can be changed to alter power. Additionally, 

regulation is accomplished by altering the sinusoidal source phase of the transistor control mechanism. 
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