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1. Introduction  

The adoption of Doubly-Fed Induction Generators (DFIGs) in Wind Energy Conversion Systems 

(WECSs) has become widespread in the market for medium-sized wind turbines [1]-[4]. DFIG-based 

wind turbines offer several advantages over other types. They allow for variable-speed operation, 

optimizing energy capture across different wind speeds. Additionally, they use a partially rated power 

electronic converter, typically around 30% of the total generated power, which helps reduce costs and 
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 This paper introduces a novel Model Predictive Control (MPC)-based 

strategy to enhance Low-Voltage Ride-Through (LVRT) capability for 

wind turbines equipped with Doubly Fed Induction Generators (DFIGs). 

According to modern grid codes, grid-connected wind turbines must 

remain operational during voltage dips and support the grid by injecting 

both active and reactive power. However, voltage dips pose significant 

challenges for (DFIG)-based wind turbines because voltage dips can 

induce significant large inrush current in the rotor, potentially damaging 

the rotor converter. Conventional control methods employ proportional-

integral (PI) controllers for rotor current regulation and crowbar circuits to 

protect the converter by diverting high rotor currents away from the 

converter when they exceed their safe limit. While effective in protecting 

the hardware, crowbar activation temporarily disconnects the rotor from 

control, leading to a loss of power injection capabilities and noncompliance 

with grid codes. To overcome these limitations, this paper proposes an 

MPC-based rotor current controller formulated as a Quadratically-

Constrained Quadratic Programming (QCQP) optimization problem. This 

controller explicitly incorporates rotor current and voltage constraints 

while optimizing control performance during grid faults. MATLAB-based 

simulations for both low- and medium-voltage dips demonstrate the 

superiority of the proposed approach over conventional PI controllers. The 

results confirm that the MPC strategy ensures LVRT compliance without 

the need for a crowbar circuit, maintaining stability and improving 

performance during a wide-range of fault conditions. 
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energy losses. These WECSs also provide high efficiency, lower harmonic distortion, and improved 

power quality [5].  

Recently, there has been a noticeable shift towards the use of Permanent Magnet Synchronous 

Generators (PMSG) for wind power generation to increase output power and maximize the energy 

capture through the use of full-scale converter setups [6]-[9]. PMSM-based wind turbines offer a 

balance between generator size and maintenance requirements, by eliminating the necessity for 

individual gearboxes, achievable through a high number of pole pairs [10]-[12]. Comparative studies 

between PMSGs and DFIGs indicated a 40% reduction in failure rate for PMSGs at the preliminary 

operative stage [13]-[15]. The integration of fully scaled converters enables these systems to manage 

reactive power and improve grid connectivity. This separation from the grid enhances system 

resilience, allowing for better fault tolerance without additional hardware requirements [11], [16]. 

Furthermore, the WECS efficiency is superior when compared to other types of turbines [17]-[21]. 

Although the transition to PMSGs offers benefits such as reduced maintenance and improved 

efficiency [22], [23], DFIGs remain the dominant technology in wind power generation. This is 

despite the significant challenges they face, particularly in maintaining compliance with grid codes 

during faults. 

Fig. 1 illustrates the integration of a DFIG-based WECS with a three-phase grid through two 

conversion stages. A wound rotor induction generator is used to convert the mechanical power 

captured by the wind turbine blades into electric fugal energy [20], [24]-[27]. The stator of the DFIG 

is directly connected to the grid, while the rotor is connected to the grid through a Rotor-Side 

Converter (RSC) and a Grid-Side Converter (GSC) [25], [28]-[31]. One of the main advantages of 

DFIGs is that the generator speed can be adjusted by controlling the rotor-injected power and 

frequency. This is achieved by using a power electronic converter rated at a fraction (approximately 

30%) of the wind turbine's total rated power [31]-[35]. 

 
Fig. 1. Schematic diagram of the DFIG-based WECS 
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Fig. 2 represents the control system architecture of a DFIG-based wind turbine. At low wind 

speeds, the turbine controller adjusts the generator torque setpoint (𝑇𝑔
∗) to run the generator at its 

optimal speed, consequently maximizing the WECS efficiency. At high wind speeds, the turbine 

controller adjusts the pitch angle setpoint (𝛽∗) to regulate the generator power and speed at their rated 

values. The RSC controller adjusts the rotor voltage (𝑣𝑟) to control the generator torque and stator 

reactive power (𝑄𝑠), while the GSC adjust the GSC voltage (𝑣𝐶) to control the DC link voltage (𝑉𝑑𝑐) 

and the GSC reactive power (𝑄𝐺𝐶). 
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Fig. 2. Control system architecture of a DFIG-based wind turbine 

The rapid expansion of wind energy and its integration into the electrical grid have presented 

various challenges related to stability, reliability, and functionality. As wind energy penetration levels 

increase, the LVRT requirement has been included in the grid codes of most countries [36]-[40]. The 

LVRT requirement mandates that wind farms remain connected to the grid with full control over their 

active and reactive power during certain voltage dips and fault durations. LVRT is essential for 

maintaining the stability of wind power plants; and ensuring they stay connected to the grid during 

voltage dips; to prevent outages [41]-[43].  

Meeting the LVRT requirement for Doubly Fed Induction Generator (DFIG)-based wind turbines 

is a demanding task. As illustrated in Fig. 2, when a sudden voltage dip occurs at the DFIG terminals, 

significant currents flow from the DFIG’s stator and rotor towards the fault, posing a risk of 

permanently damaging the power electronic converters (RSC and GSC), which are typically rated for 

only about 30% of the generator’s full power capacity. To protect the converters from these high 

currents, protection devices such as a crowbar (Fig. 2) or a dynamic series resistance can be employed. 

Crowbar resistance is applied to divert the high currents away from the converters, while the dynamic 

series resistance is inserted in series with the rotor to limit the magnitude of the rotor current.  

Recent LVRT requirements pose a significant challenge that impacts the design and control of 

power converters in DFIGs. Several studies have been conducted to assess the performance of various 

LVRT techniques on numerous WECSs during grid faults [44]-[50]. These techniques can be 

classified into hardware and software solutions. Section 2 will discuss and explain these techniques. 

This paper proposes a novel Model Predictive Control (MPC) strategy to enhance the Low 

Voltage Ride Through (LVRT) capability of DFIG-equipped wind turbines. The strategy addresses 

challenges related to voltage dips and grid compliance. The proposed control strategy ensures that 
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rotor currents remain within safe limits and effectively mitigates disturbances caused by voltage dips 

and grid faults. Furthermore, the controller aims to improve the performance of reactive power 

injection, thereby aiding in voltage recovery after fault clearance. 

The structure of this paper is outlined as follows: Section 2 presents the definitions and 

requirements related to LVRT. A summary of the DFIG model and its analysis is provided in Section 

3. The proposed Model Predictive Control (MPC) controller for rotor current control is detailed in 

Section 4. Section 5 presents the simulation results, and Section 6 offers the concluding remarks of 

the paper. 

2. Low-Voltage Ride-Through Capability  

Grid-connected wind energy projects have experienced a surge in capacity, leading power utility 

operators to revise grid regulations and incorporate technical requirements for connecting wind power 

plants. The goal is to ensure grid consistency and reliability. While these regulations may differ from 

state to state, they share common foundations such as the ability to withstand low-voltage ride-

through, limits on voltage and frequency variations, control of active power and frequency, 

management of reactive power, voltage regulation, and power factor control [51], [52]. Low-voltage 

ride-through (LVRT) allows wind energy systems to stay connected to the utility grid during voltage 

dips and grid disturbances, reducing power generation losses [53]. Grid codes are customized to meet 

specific needs, including variations in the severity of voltage dips and the allowable duration for wind 

turbines to remain connected to the grid [54], [55]. 

Fig. 3 illustrates the LVRT curve, with a specific emphasis on the code constructed by German 

utility operators, known as the E-ON code [56], [57]. It is essential for wind turbine generators to 

remain connected to the utility network during a grid dip when the line voltage remains above the 

specified limit shown in Fig. 3 a. Apart from meeting the requirement of active power, WECS must 

also inject reactive current, as indicated in Fig. 3 b, while ensuring that it does not exceed the 

converter's current limits. This injection of reactive power assists the utility in stabilizing the grid 

voltage. The amount of reactive power to be injected depends on the extent of the grid voltage dip, 

the level of reactive current present before the dip, and the grid’s current rating. According to Fig. 3 

b, LVRT capability should be activated when a voltage sag is detected below 90% of its nominal 

value. For a voltage sag between 50% and 90%, a reactive current of 2% should be provided for each 

1% voltage dip. When a 50% drop in the grid voltage occurs, WECS will deliver a 100% reactive 

current [58]. As mentioned previously, strategies to improve LVRT capabilities in WECS can be 

classified into two categories: adjustments to control schemes and modifications to auxiliary 

hardware. Hardware techniques entail the utilization of external components such as chopper-

controlled braking resistance  energy storage modules, and fault current limiters, as well as other 

alternatives [59]. Hardware solutions typically involve fewer complex controllers but are bulkier and 

more costly compared to software-based control alterations. Hence, this study focuses on the latter 

approach [60]. 

3. Modeling and Analysis of DFIG During Voltage Dips 

In this section, the dynamic model of a DFIG and the analysis of its performance during voltage 

dips are summarized. 

3.1. Induction Generator Model 

A WRIG features a cylindrical rotor that rotates within a stationary stator core. Both the rotor 

and stator cores are constructed using laminated ferromagnetic sheets and are separated by a uniform 

air gap. The stator and rotor slots house three-phase symmetrical windings, which are evenly 

distributed along the inner circumference of the stator and the outer circumference of the rotor.  

The modeling equations of the WRIG in terms of phase variables (a, b, and c) are usually hard to 

analyze and simulate because they contain time-varying coefficients. For this reason, the model is 
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much simplified using dq0 variable transformation which replaces the three-phase (a, b, and c) 

variables with a set of (d, q, and 0) variables associated with two orthogonal fictitious windings 

rotating at an arbitrary speed. 

Using the dq0 variable transformation, the dynamics of a Wound Rotor Induction Generator 

(WRIG) are described by the following equations [61]. 

  
(a) (b) 

Fig. 3. LVRT requirement: (a) voltage limit curves; (b) reactive current injection during fault 

 𝑣𝑑𝑠
𝑎 = 𝑖𝑑𝑠

𝑎 𝑟𝑠 + 𝑝𝜆𝑑𝑠
𝑎 − 𝜔𝑎𝜆𝑞𝑠

𝑎

𝑣𝑞𝑠
𝑎 = 𝑖𝑞𝑠

𝑎 𝑟𝑠 + 𝑝𝜆𝑞𝑠
𝑎 + 𝜔𝑎𝜆𝑑𝑠

𝑎

𝑣𝑑𝑟
𝑎 = 𝑖𝑑𝑟

𝑎 𝑟𝑟 + 𝑝𝜆𝑑𝑟
𝑎 − (𝜔𝑎 − 𝜔𝑟)  𝜆𝑞𝑟

𝑎

𝑣𝑞𝑟
𝑎 = 𝑖𝑞𝑟

𝑎 𝑟𝑟 + 𝑝𝜆𝑞𝑟
𝑎 + (𝜔𝑎 − 𝜔𝑟) 𝜆𝑑𝑟

𝑎

 

𝜆𝑑𝑠
𝑎 = 𝐿𝑠𝑖𝑑𝑠

𝑎 + 𝐿𝑚𝑖𝑑𝑟
𝑎

𝜆𝑞𝑠
𝑎 = 𝐿𝑠𝑖𝑞𝑠

𝑎 + 𝐿𝑚𝑖𝑞𝑟
𝑎

𝜆𝑑𝑟
𝑎 = 𝐿𝑟𝑖𝑑𝑟

𝑎 + 𝐿𝑚𝑖𝑑𝑠
𝑎

𝜆𝑞𝑟
𝑎 = 𝐿𝑟𝑖𝑞𝑟

𝑎 + 𝐿𝑚𝑖𝑞𝑠
𝑎

 

(1) 

 𝑇𝑔 = 𝑃(𝜆𝑑𝑠
𝑎 𝑖𝑞𝑠

𝑎 − 𝜆𝑞𝑠
𝑎 𝑖𝑑𝑠

𝑎 ) = 𝑃𝐿𝑚(𝑖𝑑𝑟
𝑎 𝑖𝑞𝑠

𝑎 − 𝑖𝑞𝑟
𝑎 𝑖𝑑𝑠

𝑎 )

𝑄𝑠 = 𝑣𝑞𝑠
𝑎 𝑖𝑑𝑠

𝑎 − 𝑣𝑑𝑠
𝑎 𝑖𝑞𝑠

𝑎  (2) 

Where; 

(𝑑, 𝑞)   = direct and quadrature axis 

(𝑠, 𝑟)   = stator/rotor quantities.  

(a, s, e, r) = arbitrary, stationary, synchronous rotate and rotors’ reference frames, respectively. 

(𝑣, 𝑖, 𝜆, 𝜔𝑟 , 𝑃) denote voltages, currents, flux linkages, rotor speed and the pair poles, 

respectively. 

Equation (1) expresses the stator and rotor voltages in terms of the stator and rotor currents and 

flux linkages. The flux direct and quadrature stator and rotor flux linkages can be expressed in terms 

of the stator and rotor currents using (1). The generator electromagnetic torque and the stator reactive 

power can be calculated using (2).  

The modeling equations in (1) and (2) can be compactly written using the space vector notation 

(e.g. 𝑣⃗𝑠
𝑎 ≝ 𝑣𝑑𝑠

𝑎 + 𝑗𝑣𝑞𝑠
𝑎 ) as follow [61]; 

 𝑣⃗𝑠
𝑎 = 𝑟𝑠𝑖𝑠

𝑎 + 𝑝𝜆𝑠
𝑎 + 𝑗𝜔𝑎𝜆𝑠

𝑎 (3) 
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 𝑣⃗𝑟
𝑎 = 𝑟𝑟𝑖𝑟

𝑎 + 𝑝𝜆𝑟
𝑎 + 𝑗(𝜔𝑎 − 𝜔𝑟) 𝜆𝑟

𝑎 (4) 

 𝜆𝑠
𝑎 = 𝐿𝑠𝑖𝑠

𝑎 + 𝐿𝑚𝑖𝑟
𝑎 (5) 

 𝜆𝑟
𝑎 = 𝐿𝑟𝑖𝑟

𝑎 + 𝐿𝑚𝑖𝑠
𝑎 (6) 

Using (3)-(6), it can be shown the rotor voltage expressed in the rotor reference frame (substitute 

𝑎 with 𝑟) can be written as  [61]: 

 𝑣⃗𝑟
𝑟 = (𝑟𝑟 + 𝑝𝜎𝐿𝑟)𝑖𝑟

𝑟 + 𝑒𝑟
𝑟 (7) 

 
𝑒𝑟

𝑟 ≝
𝐿𝑚

𝐿𝑠
𝑝𝜆𝑠

𝑟 (8) 

Equation (8) can be regarded as the fundamental equation that relates the rotor voltage (𝑣⃗𝑟
𝑟), 

which can be controlled using the RSC, the rotor current (𝑖𝑟
𝑟), and the internal (induced) rotor voltage 

(𝑒𝑟
𝑟)  [62]. It can be seen that large internal rotor voltages will cause large rotor currents. This will be 

discussed further in the next subsection. 

3.2. DFIG at Full Voltage Dip 

Under typical operating conditions, the stator voltage space vector (10) rotates continuously at a 

steady speed, 𝜔𝑒 = grid frequency, and remains at a constant magnitude 𝑉𝑠. Neglecting  𝑟𝑠 , equation 

(11) for 𝜆𝑠
𝑠 can be derived from equations (3) and (10), [61]. 

 𝑣⃗𝑠
𝑠 = 𝑉𝑠𝑒

𝑗𝜔𝑒𝑡 (9) 

 
𝜆𝑠

𝑠 =
𝑉𝑠

𝑗𝜔𝑒
𝑒𝑗𝜔𝑒𝑡 (10) 

According to (9) and (11), the magnitude of the rotor internal voltage is denoted by (12), where 

the slip 𝑠 ≔
𝜔𝑒−𝜔𝑟

𝜔𝑒
 [56]. The value of 𝑠 depends on the rotor speed. A typical range is −0.3 ≤ 𝑠 ≤

0.3. It can be concluded from (12), that the magnitude of the internal voltage |𝑒𝑟
𝑟| should be less than 

30% of the stator voltage. 

 |𝑒𝑟
𝑟| ≈ 𝑉𝑠|𝑠| (11) 

On the other hand, it can be shown that the magnitude of the internal voltage at the moment of a 

full voltage dip is given by (12), [61]. This indicates that the internal rotor voltage can be significantly 

higher than its normal operating value. This can cause very large rotor currents to flow through the 

rotor, which can pose significant risk to the power electronic converters. 

 |𝑒𝑟,𝑚𝑎𝑥
𝑟 | ≈ (1 − 𝑠)𝑉𝑠 (12) 

In the case of partial voltage dip, the magnitude of the internal rotor voltage will be between the 

extreme cases of no voltage dip as in equation (12) and full voltage dips as in equation (13). If no 

proper control is provided, even with small to medium voltage dips, the LVRT requirement imposed 

on the DFIG-based wind turbines might not be achieved. This will be addressed by the proposed MPC 

design in Section 4. 

4. MPC Design of the Rotor Side Converter Controller   

The use of MPC methods, as proposed by [63],  offers numerous benefits for RSC control. MPC 

methods have the ability to handle constraints, allowing for the explicit incorporation of rotor current 

and voltage constraints within the controller. Additionally, these techniques enable effective feed-
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forward compensation of deterministic disturbances, such as stator voltage. This facilitates quick 

rejection of stator voltage dips without waiting for the rotor currents to reach high values. Moreover, 

the MPC configuration is easy to implement by adjusting the prediction model used. This feature is 

advantageous as the dynamics of the controlled system, specifically the WRIG, change when the 

model parameters of the Doubly-Fed Induction Generator (DFIG) change. 

The proposed MPC RSC control strategy is shown in Fig. 4. At each sampling time, the MPC 

controller solves an optimization problem using a prediction model as its main component. MPC has 

gained widespread acceptance in the industrial sector due to its high performance and control 

capabilities. Researchers have shown significant interest in MPC as it outperforms minimum variance 

(MV), generalized minimum variance (GMV), and pole placement (PP) techniques in managing 

processes with delays for extended periods or non-stable open-loop characteristics. MPC offers 

several advantages over structured PID controllers, such as the ability to handle constraints, robust 

control, and its straightforward application to complex, multivariable processes. Known as receding 

horizon control, MPC relies on various control techniques. The control signal is determined by 

minimizing the cost function. The controller's effectiveness depends on how accurately the system 

dynamics are captured by the input/output model used in the controller's design. MPC typically 

encompasses three key concepts: 

1. Using a model to predict the future behavior of the system output. 

2. Calculating a control sequence to optimize performance index metric. 

The WRIG model, represented in a stator voltage-oriented reference frame rotating at 

synchronous speed, can be found in equations (14)-(17). Here, the control input is denoted as 𝑢 ≝
[𝑣𝑑𝑟

𝑒 𝑣𝑞𝑟
𝑒 ]𝑇 (input control), the state vector as  𝑥 = [𝑖𝑑𝑠

𝑒 𝑖𝑞𝑠
𝑒 𝑖𝑑𝑟

𝑒 𝑖𝑞𝑟
𝑒 ]𝑇,the measurable 

disturbance as 𝑑 ≝ [𝑣𝑑𝑠
𝑒 𝑣𝑞𝑠

𝑒 ]𝑇 and the output controlled 𝑧 ≝ [𝑖𝑑𝑟
𝑒 𝑖𝑞𝑟

𝑒 ]𝑇. This model is derived by 

removing the flux linkage of the stator and rotor in equation (1). 

 𝑥̇ = 𝐴̃𝑥 + 𝐵̃𝑢 + 𝐵̃𝑑𝑑
𝑧 = 𝐶𝑧𝑥  

 (13) 

 

𝐴̃(𝑢𝐷𝑆𝑅) =

[
 
 
 
 
 
 
 
 −

𝑟𝑠
𝜎𝐿𝑠
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𝐵̃ =
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 −
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0

0 −
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1
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 , 𝐵̃𝑑 =

[
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𝜎𝐿𝑠
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0
1

𝜎𝐿𝑠

−
𝐿𝑚

𝜎𝐿𝑠𝐿𝑟
0

0 −
𝐿𝑚

𝜎𝐿𝑠𝐿𝑟]
 
 
 
 
 
 

  (15) 

 𝐶𝑧 = [02×2 𝐼2] (16) 

By discretizing equations (14), we can obtain discrete time models as depicted in equation (18). 

 𝑥(𝑘 + 1) = 𝐴𝑥(𝑘) + 𝐵𝑢(𝑘) + 𝐵𝑑𝑑(𝑘)

𝑧(𝑘) = 𝐶𝑧𝑥(𝑘)
 (17) 
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Fig. 4. Proposed control approach 

The rotor currents are accurately tracked and maintained within safe boundaries by utilizing the 

Quadratically Constrained Quadratic Program (QCQP) presented in equations (19)-(22). 

 

𝑚𝑖𝑛
∀𝛥𝑢(𝑘+𝑗)
𝑗=0,..,𝑁𝑐−1

∑ ‖𝑒𝑖(𝑘 + 𝑗)‖
𝑄

2

𝑗=𝑁𝑝

𝑗=1

+ ∑ ‖𝛥𝑢(𝑘 + 𝑗)‖𝑅
2

𝑗=𝑁𝑐−1

𝑗=0

+ 𝜌𝜀2 (18) 

Subject to: 

Prediction model equations in (18). 

 ‖𝑢(𝑘 + 𝑗)‖2
2 ≤ 𝑉𝑟,𝑚𝑎𝑥

2 , 𝑗 = 0, 1, … ,𝑁𝑐 − 1 (19) 

 ‖𝑧(𝑘 + 𝑗)‖2
2 ≤ 𝐼𝑟,𝑚𝑎𝑥

2 + 𝜀, 𝑗 = 1, 2, … ,𝑁𝑝 (20) 

 𝜀 ≥ 0 (21) 

Where; 

𝑁𝑝 = prediction horizon, 

𝑁𝑐 =control horizon, 

 𝑒(𝑘) ≝ 𝑟(𝑘) − 𝑧(𝑘) =  𝑇𝑟𝑎𝑐𝑘𝑖𝑛𝑔 𝑒𝑟𝑟𝑜𝑟 (22) 

Equation (24) represents weights 𝑄 and 𝑅. The control moves, 𝛥𝑢(𝑘), is defined as 𝑢(𝑘) −
𝑢(𝑘 − 1). The definitions ‖𝑝‖2

2 ≝ 𝑝𝑇𝑝 and ‖𝑝‖𝑀
2 ≝ 𝑝𝑇𝑀𝑝 are used in (19), (20) and (21). 

 
𝑄 = [

𝑞1 0
0 𝑞2

] , 𝑅 = [
𝑟1 0
0 𝑟2

] (23) 

The QCQP described in (19)-(23) is an optimization problem where the objective function and 

constraints are quadratic in nature. Both the objective function and the constraints are convex; 

therefore, it can be solved using efficient numerical methods. QCQP can be widely found in signal 

processing, finance, control systems, and machine learning applications. Efficient Semi-Definite 

Program solvers exists to solve the QCQP [61], [64]. In this paper, SEDUM solver will be used. 

There are other options to solve an approximate version of the QPQC in (19)-(23). One option is 

to approximate the quadratic constraints in equations (25) and (26) by utilizing two polytopes. In this 
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case, the QPQC in equations (19)-(23) can be approximated by the QP in equations (25)-(26), where 

1 represents a vector entirely composed of 1, and 𝐻𝑣, 𝐻𝑖,ℎ𝑣, and hi can be readily obtained from the 

polytope vertices. Quadratic constraints on the rotor voltage and the rotor current shown in Fig. 5. 

 

𝑚𝑖𝑛
∀ 𝛥𝑢(𝑘+𝑗)
𝑗=0,..,𝑁𝑐−1

∑ ‖𝑒𝑖(𝑘 + 𝑗)‖
𝑄𝑖

2

𝑗=𝑁𝑝

𝑗=1

+ ∑ ‖𝛥𝑢(𝑘 + 𝑗)‖
𝑅𝑖
2

𝑗=𝑁𝑐−1

𝑗=0

+ 𝜌𝜀2 (24) 

The equations in (19) are subject to the prediction model.  

 𝐻𝑣𝑢(𝑘 + 𝑗) ≤ ℎ𝑣, 𝑗 = 0,1,… ,𝑁𝑐 − 1 (25) 

 𝐻𝑖𝑧(𝑘 + 𝑗) ≤ ℎ𝑖 + 𝜀1, 𝑗 = 1, 2, … ,𝑁𝑝 (26) 

𝜀 ≥ 0 as mentioned in equation (22). 

dri

qri

drv

qrv

(b)(a)

Ir,maxVr,max

 
Fig. 5.  Quadratic constraints on the rotor voltage (a) and the rotor current (b). The figure is shown for a 

typical case where 𝑉𝑟,𝑚𝑎𝑥  < 𝐼𝑟,𝑚𝑎𝑥 when expressed as per-unit quantities 

The QP in equations (22) and (26) can be addressed using two different MPC implementations. 

The first method involves the utilization of a QP solver, such as QPC [65], to resolve the optimization 

issue in equations (25)-(26) at every individual sampling time. This method is known as MPC_QP. 

The second approach is explicit MPC which involves solving the QP offline for all feasible initial 

states of a specific group of interest. In the work by [66], it was demonstrated that the explicit solution 

of the QP's can be computed. Explicit MPC controllers are computed through the Multi-Parametric 

Toolbox (MPT) [67]. This method is defined as MPCEXP. 

5. Simulation Results 

In this section, two different types of faults have been applied to examine the performance of the 

MPC controller compared with the baseline PI controller. The simulation will study two cases: Case1 

involves a small voltage dip of 0.2pu, and case 2 involves a medium voltage dip of 0.5pu. In each 

case, we will examine the rotor current, rotor voltage, and reactive power.  

5.1. Small Voltage Dip 

A small voltage dip is applied to the DFIG wind turbine. Both the MPC controller and the baseline 

PI controllers were simulated, and their responses are summarized in this subsection. Fig. 6 and Fig. 
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7 show the rotor current and voltage using the proposed MPC controller when a small voltage dip of 

0.2pu is applied. Fig. 7 and Fig. 8 show the rotor current and voltage using the baseline PI controller 

when a small voltage dip of 0.2pu is applied. 

 
Fig. 6. Three-phase rotor current response using the proposed MPC controller during a small voltage dip 

The reactive power was observed to evaluate the power quality using the MPC controller. Fig. 6 

illustrates the application of the MPC controller for controlling the stator current during small voltage 

dips. The proposed MPC controller is implemented on the DFIG to mitigate small voltage dips. It can 

be seen that the signal remains at the operational level. The proposed MPC controller demonstrates 

high efficiency performance and maintains stable current at the nominal value (Ia,b,c= 0.85pu). 

 
Fig. 7. Three-phase rotor current response using the baseline PI controller during a small voltage dip 

Fig. 7 shows the application of a PI controller for the stator current based on small voltage dips. 

In this figure, the PI controller is applied to the same voltage dip profile to analyze the inrush current 

behavior of the DFIG. It can be observed from the figure that the inrush current reaches 1.4 pu, while 

the stable signal without sag ranges from 0.85 to 0.85 pu. Although the injected current is lower than 

the rotor current magnitude of ±1.5, it is still relatively high compared to Fig. 7, which demonstrates 

the effectiveness of the proposed system. 

Fig. 8 represents the applied MPC controller for the stator voltage-based small dip voltage. The 

figure illustrates the dip in voltage after the MPC controller is applied. It is evident that the dip in 

stator voltage is short-lived, lasting for only 0.25 seconds. The fluctuation is contained within the 

acceptable range of rotor voltage limit (-0.5 to 0.5 Vpu). The MPC controller exhibits a rapid response 
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in adjusting the three-phase stator voltage to maintain the balance of the total power of the induction 

generator. 

 
Fig. 8. Three phase rotor voltages using the proposed MPC controller during a small voltage dip 

 
Fig. 9. Three-phase rotor voltages using the baseline PI controller during a small voltage dip 

Fig. 9 illustrates the application of a PI controller for the stator voltage based on small voltage 

dips. The figure shows the PI controller applied to the same voltage dip profile. The stabilization of 

the stator voltage during sag mitigation took longer. Fig. 9 and Fig. 10 demonstrate the fast disturbance 

rejection capability of MPC. 

Fig. 10 compares the performance of MPC and PI controllers for reactive power control. The 

reactive power output is significantly lower when using the MPC controller compared to the PI 

controller. The graph clearly shows that the MPC controller effectively reduces fluctuations and 

magnitude, whereas the PI controller shows noticeable fluctuations and higher magnitudes. The 

proposed MPC controller exhibits improved stability in the reactive power curve, ultimately 

enhancing the power quality of the DFIG.  

5.2. Medium Voltage Dip 

In the second part of the simulation (Fig. 11, Fig. 12, Fig. 13, Fig. 14, Fig. 15), a medium voltage 

dip of 0.5pu was applied to the WECS, and the stator current and voltage were measured after 

implementing the controller. Additionally, the reactive power was monitored to assess the power 

quality based on the MPC controller. 
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Fig. 10. Stator reactive power during a small voltage dip using the MPC controller (solid line) and the 

baseline PI controller (dashed line) 

 
Fig. 11. Three-phase rotor current response using the proposed MPC controller during medium voltage dip 

Fig. 11 shows the medium dip in the stator voltage of the DFIG. The current ripple increased 

from 0.85 to 1.25 Apu in a short period of time due to the voltage dips. However, the current quickly 

stabilized to reach the nominal value again. Therefore, the MPC controller can effectively protect the 

WECS from in-rush currents. 

Fig. 12 illustrates the application of a PI controller to adjust the inrush current to the operational 

value. However, there is noticeable fluctuation in the inrush current due to the medium sag. The PI 

controller demonstrates lower efficiency performance compared to the MPC. 

Fig. 13 shows the stator voltage with medium dips. The MPC controller can reach the operational 

value after 0.75 seconds. According to the figures, the MPC controller can adjust the voltage despite 

considerable disturbance caused by the medium voltage dips. However, the voltage remained within 

the nominal range and improved the LVRT capabilities. 

Fig. 14 illustrates the application of a PI controller to the same voltage dips profile. The figure 

shows excessive fluctuation with significant noise, leading to a relatively high inrush current due to 

the behavior of the three-phase voltage fault curve. 
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Fig. 12. Three-phase rotor current response using the baseline PI controller during medium voltage dip 

 
Fig. 13. Three-phase rotor voltages using the proposed MPC controller during medium voltage dip 

 
Fig. 14. Three-phase rotor voltages using the baseline PI controller during medium voltage dip 

Fig. 15 depicts the applied MPC and PI controllers. It can be observed from the PI controller that 

the reactive power consumption during the fault is significantly high in the interval of (0.5-0.72) sec. 

In comparison, the MPC controller shows relatively stable reactive power within the interval of (0.2-

0.7) sec, with only minimal fluctuations observed between (0.5-0.55) sec. The MPC controller yielded 
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better results in terms of the efficiency of the output stator voltage and current, ensuring the normal 

operation of the WECS. 

 
Fig. 15. Stator reactive power during a medium voltage dip using the MPC controller (solid line) and the 

baseline PI controller (dashed line) 

Quantitative analysis is performed to compare the performance of the proposed MPC and the 

baseline PI controller. The key performance indicators are: (1) the percentage reduction in the rotor 

peak current, (2) the percentage reduction in the peak stator reactive power, and (3) the percentage 

reduction in the time taken to reject the disturbance. This will be the time from the moment of the dip 

until the stator reactive power is within ±5% of its setpoint value (0 pu). The results are summarized 

in Table 1. It can be concluded that the proposed MPC controller offers significant improvement to 

the LVRT performance of the DFIG. 

The significant improvement in the LVRT performance has a strong physical implication on the 

stability of modern grids with large wind power penetration levels. The results in Table 1 indicate that 

the proposed MPC controller ensures that the DFIG wind turbine will remain connected to the grid 

with effective control over its reactive power for small and medium voltage dips. Consequently, when 

the fault is cleared, the DFIG can actively support the voltage recovery of the grid by injecting reactive 

power, thus increasing its stability and resiliency. 

Table 1.   Performance comparison between the proposed MPC and baseline PI controllers 

Performance Metric 
Small Voltage Dip Medium Voltage Dip 

MPC PI % Improvement MPC PI % Improvement 

Peak rotor current [pu] 0.9 1.4 35.7% reduction 1.35 1.5 10% reduction 

Peak stator reactive power [pu] 0.12 0.38 68.4% reduction 0.45 1.45 69% reduction 

Disturbance rejection Time [ms] 300 1000 70% reduction 1000 1700 41% reduction 

 

The main limitation of the proposed MPC controller, in comparison to the baseline PI controller, 

is its reliance on significant computational resources to solve the QCQP optimization problem. 

However, this limitation has become less significant in recent times due to the widespread availability 

of cost-effective computers with substantial computational power. 

It is important to note that the simulations did not include the interaction between the MPC 

controller and the protection system (such as a crowbar or dynamic series resistance) because the rotor 

currents remained within safe values and the protection system was not triggered. Future research will 

focus on studying the interaction between the MPC controller and the protection system when the 
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DFIG wind turbine experiences severe voltage dips. Another potential research direction is to 

investigate the implementation of the proposed control strategy with PMSG wind turbines.  

6. Conclusion 

To evaluate the efficiency of the proposed MPC technique, two different approaches were used 

to analyze small and medium voltage dips. A comparison was conducted between the MPC controller 

and the conventional Proportional-Integral (PI) controller. The results show that the MPC controller 

outperforms the PI controller in terms of efficiency. This superiority can be attributed to several 

accomplishments of the MPC controller. Maintaining the current at the nominal rated value during 

low and medium voltage dips. Ensuring a quick response to control the voltage of the three-phase 

stator, thereby allowing for uniform distribution of power from the induction generator. Protecting the 

WECS from inrush currents and sudden surges. Maintaining the voltage within the specified range of 

the nominal rated value. Improving the ability to effectively withstand Low Voltage Ride Through 

(LVRT). Reducing sag voltage fluctuation and stabilizing current efficiently, unlike a PI controller. 

The simulation results of the MPC controller show that stability and disturbance rejection in sag 

mitigation of stator voltage require a shorter period. The MPC controller is more effective in reducing 

voltage ripple in the stator voltage. On the other hand, the proposed controller improves stability in 

the reactive power curve, enhancing the power quality of the DFIG. Moreover, the MPC controller 

efficiently regulates the current to achieve the desired nominal value. 
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