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Abstract 

This paper presents a new robust and effective control strategy to mitigate symmetrical 

voltage dips in a grid-connected doubly-fed induction generator (DFIG) wind energy 

conversion system without any additional hardware in the system. The aim is to control the 

power transmitted to the grid so as to keep the electrical and mechanical quantities above their 

threshold protection values during a voltage dip transient. To achieve this, the references of 

the powers are readjusted to adapt the wind energy conversion system to the fault conditions. 

Robust control strategies, combining the merits of sliding mode theory and fuzzy logic are 

then proposed in this paper. These controllers are derived from the dynamic model of the 

DFIG considering the variations in the stator flux generated by the voltage drop. This 

approach is found to yield better performance than other control design methods which 

assume the flux in the stator to remain constant in amplitude. This control scheme is 

compliant with the fault-ride-through grid codes which require the wind turbine generator to 

remain connected during voltage dips. A series of simulations scenarios are carried out on a 3 

MW wind turbine system to demonstrate the effectiveness of the proposed control schemes 

under voltage dips and parameters uncertainties conditions. 

Keywords 

Wind turbine, doubly-fed induction generator, powers control, fuzzy sliding mode control, 

voltage dip. 

 

Nomenclature �� wind speed (m/s) � rotor radius (m) Ω DFIG rotor speed (rpm) � turbine total inertia (kg·m2) � turbine total friction coefficient (Nm·s/rad) �, 	 voltage (V), current (A) 
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, � real power (W), reactive power (VAR) �
� electromagnetic torque ( Nm) �� , �� rotor and stator resistance (Ω) �� , �� rotor and stator inductance (H) � flux (Wb) � mutual inductance (H) � leakage coefficient � � 1 � �� ����⁄  ��,�� rotor and stator position angle (rad) �� , �� angular speed, synchronous speed (rad/s) �� number of pole pairs  �� desired signal � state variable of the control signal   positive coefficient ! system order 
 

Acronyms 
DFIG doubly fed induction generator 
LVRT low-voltage ride-through 
RSC rotor side converter 
GSC grid side converter 
VC vector control 
FSMC fuzzy sliding mode control 
MPPT maximum power point tracking 
 

 

1. Introduction 

Electric power quality has become a vitally important issue that involves all actors, whether 

they are network managers or users of these networks. The term ‘power quality’ is a broad 

concept which covers both the continuity of the electrical supply and the quality of the voltage 

and current waveforms. The main phenomena that can affect this quality are frequency and 

voltage fluctuations, voltage dips, harmonic currents or voltages. 

The continuity of electricity supply may be affected by a fault in the network (e.g. voltage 

dip) which may result in the disconnection of a generation unit. This causes a deficit in the 

supply of power to the loads and a loss of the electrical network stability. 

A voltage dip is a sudden drop in the voltage which ranges between 10% and 90% of its 

nominal value, and which may last from ten milliseconds up to one minute.1 A voltage dip can 

be due to several reasons: a short circuit in the network, a partial disconnection of the power 

supply, heavy currents due to the starting of large motors, and large currents due to electric 

arcs or saturation of transformers.2 
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With the increasing penetration of wind energy in distribution grids, many countries around 

the world have started to impose new grid codes which establish the guidelines and 

requirements for the interconnection of wind generators to the grid.3 One of the most stringent 

technical requirements for the grid-connection of wind generators is their ability to resist to 

voltage disturbances in the network. To fulfill this technical requirement, generators should 

remain connected to the network and should be able to regain normal operation after the 

occurrence of a fault. This capability of the generator to stay connected is defined by the term 

low-voltage ride through (LVRT). 

Currently, the DFIG is the most commonly used variable-speed generator in wind power 

applications. However, it is very sensitive to network disturbances and more particularly to 

voltage dips.4 

Voltage drops, even located far from the DFIG, can cause an over-intensity of current in both 

the rotor and stator of the machine, and an overvoltage at the DC bus. Without protections, 

this may lead to the deterioration of the power converters and possibly their breakdown.5 

Moreover, these voltage drops are accompanied by an over-speed of the turbine which 

deteriorates its normal operation.6 

Several researchers have addressed the concept of LVRT during network faults and proposed 

control strategies for the DFIG which can be divided into two classes: A real method based on 

improving the control strategy of the DFIG and a passive method which consists of 

introducing hardware protections.7 Table 1 gives a summary of these methods. 

 

TABLE 1 LVRT methods for a wind system 

Real methods Passive methods 

Blade pitch angle control Energystorage 
Crowbar 

Control improvement (RSC, GSC) FACTS devices  (SVC, STATCOM, DVR) 
Capacitysizing 

 

In, 8 the authors propose the use of energy storage systems connected to the DC bus via a DC-

DC converter. When the fault occurs, these devices absorb the excess of energy at the DC 

link, and thus protect the converters against over-voltages. After clearance of the fault, this 

energy is re-injected into the grid. These energy storage devices are essentially batteries,9 or 

super-capacitors.10 

Crowbar systems are mainly employed to dissipate real power during network faults.11 A 

crowbar circuit consists of a high-power resistor in series with a switch. The advantages of 
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this structure are its low cost and simplicity of its control structure. However, crowbar 

systems cannot improve the injection of reactive power to the grid. 

FACTS (Flexible AC Transmission Systems) are another option for keeping wind systems 

connected to the grid in case of a fault. Examples of these are the STATCOM (Static 

Compensator) and the SVC (Static Var Compensator). In general, they are used to increase the 

reactive power control capacity.12 Another device is the DVR (Dynamic Voltage Restorer) 

which works by injecting a compensating voltage through a transformer to support the grid 

during a voltage dip.13 All these methods are based on the addition of hardware devices which 

increase the total cost of the system. Alternatively, other works have focused on modifying 

converter control strategies. 

For the real LVRT methods, different control approaches have been proposed. In,14 the authors 

studied the performance limits of vector control. Direct torque control, direct power control, 

adaptive control and predictive control were also investigated.15-18  

Most variable-speed wind turbine systems use vector control, which can be modified to meet 

the LVRT requirements of grid operators. The authors in19 proposed a modified vector control 

scheme by introducing the variation of flux in the coupling terms between the d-and q-axes. 

This control approach was further extended to include both the flux magnitude and phase 

angle, 20 and in, 21 an improved version of this control scheme was proposed. 

Other more advanced control strategies have also been proposed to overcome the limitations 

of classical proportional and integral (PI) controllers.  Among these, sliding mode control, 22 

second-order sliding mode control,23 fuzzy type-2 control,24 fuzzy control tuning by genetic 

algorithms,25 fuzzy second order integral terminal sliding mode control,26 passivity control,27 

and backstepping control.28 

To sum up, whichever the method used, for the wind turbine to fulfill the LVRT requirements, 

three physical quantities must be closely controlled during a voltage dip to prevent their 

protections to trigger. These quantities are: the rotational speed of the generator, the stator and 

rotor currents, and the DC bus voltage. The LVRT capability requires that the wind turbine 

system must be able to limit, store and/or dissipate real power and contribute to restore the 

voltage by injecting reactive power. 

The authors in,29 presented a comprehensive review of the existing methods and future trends 

of the DFIG in compliance with LVRT requirements. They concluded that if RSC can counter 

the grid disturbance effect then the use of additional hardware such as crowbar, DC chopper, 

etc. can be avoided. They finally suggested to focus more on the development of robust 

nonlinear control techniques. 
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In all these previous works, the authors assumed that the flux in the stator is constant in 

amplitude to simplify the design of their controllers. However, dur

stator is directly connected to the network, the stator flux is expected to decrease. Therefore, 

neglecting the dynamics of the stator flux may deteriorate the transient performance of the 

system during fault conditions.

The solution proposed in this article is

the fault the real power is reduced, 

return to its nominal value. The

reference values is based on F

controller is carried out considering

dip. The aim is to control the 

to keep the electrical and mechanical quantities 

dip.  

This paper is organized as follows: 

DFIG wind energy conversio

LVRT requirement. Section 3 

control. The proposed FSMC contro

results and conclusion are presented 

 

2. Problem Statement and P

The wind energy conversion system 

depicted in Figure 1. The WECS power electronics interface with the 

converters: the Rotor Side Converter

power of the DFIG and the Grid Side Converter (G

and reactive power exchanged with the network.

 

FIGURE 1 Wind energy conversion system based on a DFIG
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In all these previous works, the authors assumed that the flux in the stator is constant in 

amplitude to simplify the design of their controllers. However, during a voltage dip, since the 

stator is directly connected to the network, the stator flux is expected to decrease. Therefore, 

neglecting the dynamics of the stator flux may deteriorate the transient performance of the 

system during fault conditions. 

roposed in this article is to re-adjust the references of the powers so that during 

power is reduced, and the reactive power is injected to 

The control scheme proposed to regulate the

Fuzzy Sliding Mode Control (FSMC) concept

considering the dynamics of the stator flux generated by the voltage 

 real and reactive powers of a DFIG-based wind turbine 

the electrical and mechanical quantities above their threshold values 

as follows: Section 2 describes the problems of the grid

wind energy conversion system during voltage dip, and presents the solution to the 

Section 3 is devoted to the modeling of the system in view of the RSC 

The proposed FSMC control scheme is derived in Section 4. Finally, 

are presented in Section 5 and 6 respectively. 

Proposed Solution 

The wind energy conversion system (WECS) studied in this paper is based on a 

The WECS power electronics interface with the gr

Rotor Side Converter (RSC) for the control of the real 

Grid Side Converter (GSC) for the control of 

exchanged with the network. 

 

 

 

 

 

 

 

Wind energy conversion system based on a DFIG

In all these previous works, the authors assumed that the flux in the stator is constant in 

ing a voltage dip, since the 

stator is directly connected to the network, the stator flux is expected to decrease. Therefore, 

neglecting the dynamics of the stator flux may deteriorate the transient performance of the 

the references of the powers so that during 

to help the voltage 

regulate the powers to their 

ontrol (FSMC) concept. The design of the 

the dynamics of the stator flux generated by the voltage 

wind turbine system 

values during a voltage 

of the grid-connected 

nts the solution to the 

is devoted to the modeling of the system in view of the RSC 

nally, the simulation 

studied in this paper is based on a DFIG and is 

grid consists of two 

 and reactive stator 

 the DC bus voltage 

Wind energy conversion system based on a DFIG. 
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Under normal operating conditions, the generated electrical power 

"
# is equal to the power 

recovered by the turbine 
$ (when losses are neglected). Since the stator of the DFIG is 

directly coupled to the grid, if a fault such as a voltage dip occurs, the generator magnetic 

field and rotational speed will be directly affected and consequently this will limit the power 

transmitted to the grid. At the appearance of the voltage dip, the power captured by the turbine 

will be greater than the power transmitted to the grid. This causes an over-intensity of current 

in both the rotor and stator in order to compensate for the decrease in the power caused by the 

voltage dip. 

The problem lies in the management of the excess power &
 � 
$ � 

"
# inside the system. 

To ensure that the LVRT is fulfilled, this excess of power must not cause any electrical and 

mechanical quantities of the DFIG to drift above their threshold values and trigger the 

protection. 

To protect the system during voltage dips, grid operators in several countries request that the 

real power injected by wind turbines into the electricity grid should be reduced to maintain the 

stability of the system. In addition, the WECS should be able to supply the required amount of 

reactive power to help restore the voltage to its nominal value. 

To overcome this, the solution proposed in this work is to adapt the power references during a 

voltage dip so that during the fault, the stator and rotor currents are maintained at their initial 

values before the fault.28 The real power is then reduced, and the reactive power is injected 

into the grid. These power references are given by equations (1) and their detailed derivation 

is provided in Appendix A. 

'()
(* 
�+,- � . 11 / 01 
$234 .�5�61

��+,- � ��7 8.�5�61� � .�5�619                                                                                                          :1;< 
 

Where 0 is the DFIG slip, �5 is the voltage at the instant of the fault and �6 is the nominal 

voltage. When a voltage decrease is detected, the reference powers are re-adjusted to adapt the 

operation of the machine to the new supply conditions.  

However, due to the limited rating of the power converter (around 30% of the rated power), it 

becomes difficult to achieve full power control for severe fault conditions. The control will be 

mainly affected by the severity of the fault. So a new control strategy is proposed in this paper 

to regulate the real and reactive powers of the DFIG via the RSC. 
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3. Proposed modeling approach for the RSC controller design 

Unlike other research studies which consider the flux in the stator constant in amplitude to 

simplify the control design methodology, the approach proposed in this paper considers the 

dynamic of the flux during the transients. During a voltage dip, the stator flux will decrease 

because the stator is directly connected to the network and this should be taken into 

consideration during the design of the controller.  

In a rotating Park reference frame, the direct and quadrature components of the DFIG voltage 

and flux are expressed as: 

'((
()
(((
*��� � ��	�� / =���=> � ����?

��? � ��	�? / =��?=> / �����
��� � ��	�� / =���=> � ����?
��? � ��	�? / =��?=> / �����

<                                                                                                           :2; 

')
*��� � ��	�� / �	����? � ��	�? / �	�?��� � ��	�� / �	����? � ��	�? / �	�?

<                                                                                                                             :3; 

The stator real and reactive powers are given by: 

B
� � ���	�� / ��? . 	�?�� � ��?	�� � ��� . 	�? <                                                                                                                          :4; 

It should be noted that the quadrature component of the flux is not equal to zero during a 

voltage dip, hence the stator currents are obtained as: 

')
*	�� � ��� � �	����	�? � ��? � �	�?��

<                                                                                                                                 :5; 

Substituting these currents equations into (3): 

')
*��� � ���	�� / ��� ��� 

��? � ���	�? / ��� ��?
<                                                                                                                     :6; 

Now, substituting the flux equations into (2) yields: 
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'()
(*��� � ��	�� / ��� =	��=> � �����	�? � �� ��� ��? / ���

=���=>��? � ��	�? / ��� =	�?=> / �����	�� / �� ��� ��� / ���
=��?=>

<                                                  :7; 

Using equations (4) and (7) the following relationships between the stator powers and the 

rotor voltages are obtained: 

')
* 
� � H��? � I� � IJ?K L 1�� / :���;M . .� ���?�� 1N / ��?��?�� / ���	��

�� � H��� / I? / IJ�K L 1�� / :���;M . .� ���?�� 1N / ��?����� � ���	�?
<                                :8; 

Where I� and I? are the coupling terms between axes d and q. IJ� and IJ? are related to the 

stator flux and its dynamics. These terms are defined by: 

BI� � �����	��I? � �����	�? <
'()
(*IJ� � ��� .����? � =���=> 1

IJ? � ��� .����� / =��?=> 1<                                                                                  :9; 

To control the powers of the DFIG at the desired references, equations (8) must be reproduced 

in the opposite direction by imposing rotor voltages on the machine (��?,���). But these 

equations show that there is a strong coupling between the powers and voltages. Therefore, 

the control must be designed to compensate for the coupling effect, the variation of rotor 

speed, the stator flux and the dynamics of the flux. To achieve this, each axis component must 

be controlled independently i.e. each having its own control loop (power controller and rotor 

current controllers). 

4. Fuzzy Sliding Mode Control  

A type of robust control law, simple to calculate and implement, even for nonlinear systems, 

is sliding mode control. However, once the sliding regime is reached, the discontinuity in the 

control generates high frequency oscillations, known as chattering. This is a major 

shortcoming in sliding mode control, as it can lead to imprecise control, and generate noise in 

the system.30 To eliminate this chattering phenomenon while retaining the robustness and 

performance, the discontinuous component is replaced by a fuzzy logic structure.31 

In general, to achieve this type of control two steps must be performed: choice of the sliding 

surface and the synthesis of the control laws. 

4.1. Choice of the sliding surface 
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The choice of the sliding surface concerns not only the necessary number of these surfaces, 

but also their shapes depending on the application and the intended purpose. Generally, the 

number of sliding surfaces is chosen equal to the size of the control system. 

To apply this control scheme to the DFIG, four sliding surfaces must be selected to control the 

real and reactive powers as well as the rotor currents. These surfaces are selected according to 

the error between the references input signals and the measurement signals.32 

The most commonly used surface to obtain the sliding regime and which guarantees the 

convergence of the state towards its reference is defined by 33: 

Q:�; � : ==> /  ;6RS I                                                                                                                        :10; 

Where I � ��
U � �. 

If  IS, I�, IV and IW denote the errors of the real power, reactive power, quadrature and direct 

rotor currents respectively, then:  

XISI�IVIW
Y �

Z[[
[\ 
�+,- � 
���+,- � ��	�?+,- � 	�?	��+,- � 	�� ]̂̂

_̂                                                                                                                         :11; 

Let ! � 1 in (10), then the control surfaces have the following form: 

Z[[
\ Q:
;Q:�;Q:	�?;Q:	��;]̂̂

_ �
Z[[
[\ 
�+,- � 
���+,- � ��	�?+,- � 	�?	��+,- � 	�� ]̂̂

_̂                                                                                                                   :12; 

 

4.2. Synthesis of the control laws 

The control action is designed to bring the errors IS,I� ,IV and IW to zero under any parameter 

uncertainties and grid disturbances conditions. 

Substituting for 
�, ��, taking the derivatives of the surfaces and finally substituting the 

expressions of the currents `a�?a and `a��a  from the equations of the voltages ��? and ��� 

respectively, gives: 
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Z[[
[\ Qa:
;Qa:�;Qa:	�?;Qa:	��;]̂̂

_̂ �

Z[
[[[
[[[
[[[
[\ 
a�_�
U / ��?��� c� 	�?��� � ��	�� / ��?��� � ������ � � �Jde�$����� f � g
�a�_�
U / ��?��� c� 	����� / ��	�? / ������ / �����? � � �Jdh�$����� f / i 

`a�?+,-a / 	�?��� / ��	�� � ��?��� / ������ / � �Jde�$�����
`a��+,-a / 	����� � ��	�? � ������ � �����? / � �Jdh�$����� ]̂

^̂̂
^̂̂
^̂̂
_̂

               :13; 

 

With  g � j���	�� / ��?��? ��⁄ k, i � j���	�? � ��?��� ��⁄ k, �� � �� ��⁄ , and 	�?, 	��, ��?, ��� are the control vectors, to force the trajectories of the system to converge towards the 

surfaces. 

X 	�?	����?���
Y �

Z[[
[[\

	�?
? / 	�?Ulm
	��
? / 	��Ulm��?
? / ��?Ulm

���
? / ���Ulm ]̂̂
^̂_                                                                                                                          :14; 

Substituting the above expressions into (13), gives: 

Z[[
[\ Qa:
;Qa:�;Qa:	�?;Qa:	��;]̂̂

_̂ �

Z[
[[[
[[[
[[[
[\ 
a�_�
U / ��?��� c� j	�?
? / 	�?Ulmk��� � ��	�� / ��?��� � ������ � � �Jde�$����� f � g
�a�_�
U / ��?��� c� j	��
? / 	��Ulmk��� / ��	�? / ������ / �����? � � �Jdh�$����� f / i 

`a�?+,-a / 	�?��� / ��	�� � j��?
? / ��?Ulmk��� / ������ / � �Jde�$�����
`a��+,-a / 	����� � ��	�? � j���
? / ���Ulmk��� � �����? / � �Jdh�$����� ]̂

^̂̂
^̂̂
^̂̂
_̂

:15; 

During the sliding mode and in steady state, the values of the surface and its derivative, and 

the fuzzy control are equal to zero. Then equivalent controls quantities are derived from the 

above equation, and are written as follows: 

'()
(* 	�?
? � �������?� n
a�+,- � go � �����	�� / ��?�� � ������ � � �Jde�$����

	��
? � �������?� n�a�+,- / io / �����	�? / ����� / �����? � � �Jdh�$����
<                                      :16; 
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'()
(*��?
? � ��� .`a�?+,-a / 	�?��� / �

���
? � ��� .`a��+,-a / 	����� � �
During the convergence mode, for the condition 

must hold: 

Z[[
[\ Qa:
;Qa:�;Qa:	�?;Qa:	��;]̂̂

_̂ �
Z[
[[[
[[[
\� ���?����� 	�?Ulm
� ���?����� 	��Ulm
� 1��� ��?Ulm
� 1��� ���Ulm ]̂

^̂̂
^̂̂
_
       

For the input variables (sliding surfaces of 

currents 	�� and 	�?) and for 

defined as: NB (Negative Big

Medium), and PB (Positive Big

 

FIGURE 2 

 

FIGURE 3 Membership functions for
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��	��1 / ������ / � �Jde�$��
��	�?1 � �����? / � �Jdh�$��

<                               
During the convergence mode, for the condition Q:�;Qa:�; p 0 to be satisfied

]̂
^̂̂
^̂̂
_

                                                                                  

input variables (sliding surfaces of the real power 
, reactive power 

for the output variables (	�?Ulm , 	��Ulm, ��?Ulm , ���Ulm), the fuzzy sets 

ig), NM (Negative Medium), EZ (Equal Z

ig) and are shown in Figures 2 and 3. 

 

 

 

 

 

 

 Membership functions for the input variables

 

 

 

 

 

 

Membership functions for the output variables.

                         :17; 

satisfied, the following 

                       :18; 

reactive power � and rotor 

), the fuzzy sets are 

), EZ (Equal Zero), PM (Positive 

put variables. 

variables. 
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The fuzzy rules are given in 

aggregation uses the max operator. The defuzzification of the control output is 

center of gravity method. 

TABLE

 

 

According to the rules presented in Table 2

and based on equation (18), it can be 

imposes a positive output, hence the derivative of the surface is negative, 

convergence condition is guaranteed

controller imposes a negative output, hence the derivative of the surface i

the convergence condition is achieved

Figure 4 shows the overall structure of the proposed control scheme.

FIGURE 4 Block diagram of the proposed control system

Fuzzy input 

Fuzzy output  
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 Table 2. Mamdani’s fuzzy inference and membership function 

the max operator. The defuzzification of the control output is 

TABLE 2 Fuzzy rule base of the FSMC. 

o the rules presented in Table 2 and the membership functions of

it can be noticed that if the surface is positive the fuzzy controller 

oses a positive output, hence the derivative of the surface is negative, 

guaranteed. Alternatively, if the surface is negative, the fuzzy 

controller imposes a negative output, hence the derivative of the surface is positive, 

achieved. 

shows the overall structure of the proposed control scheme. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Block diagram of the proposed control system

NB NM EZ PM 

NB NM EZ PM 

embership function 

the max operator. The defuzzification of the control output is based on the 

the membership functions of Figures 2 and 3, 

that if the surface is positive the fuzzy controller 

oses a positive output, hence the derivative of the surface is negative, and therefore the 

if the surface is negative, the fuzzy 

s positive, and again 

Block diagram of the proposed control system. 

PB 

PB 
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5. Simulation Results  

A simulation study is presented to validate the proposed control approach and demonstrate its 

robustness and performance during voltage dips. The simulation is based on a 3 MW wind 

turbine, the parameters of the DFIG and turbine models are listed in Table 3.34 These results 

are compared with classical vector control.  

 

TABLE 3 DFIG and turbine parameter values.34 


6 q6 �6 ��6 �� 

nominal power (MW) 
nominal voltage (V) 
nominal frequency (Hz) 
nominal wind speed (m/s) 
pole pairs 

3 
690 
50 
13  
2 �� stator resistance (mΩ) 2.97  �� stator inductance (mH) 12.241 �� rotor resistance (mΩ) 3.82 �� rotor inductance (mH) 12.1773 � mutual inductance (mH) 12.12 � turbine total inertia (kg·m2) 254 � 

 ��#t  u 

turbine total friction coefficient 
(Nm·s/rad) 
nominal dc-link voltage (V) 
dc bus capacitor (F) 

0.0024 
 
1200 
0.038 � radius of the blades (m) 45 

 

 

The simulated LVRT conditions for the wind turbine are as follows: 

- The wind turbine must be operating at a critical threshold level before the fault. It 

should be noted that these are the conditions under which the LVRT requirement is the 

most difficult to fulfill, because the wind turbine operates at its maximum power and 

its speed is in the super-synchronous mode. 

- Before the fault; the real power injected into the grid is maximum, and the reactive 

power is zero (unity power factor). 

- During the fault, the real power is reduced, and the reactive power is injected into the 

grid.  

The voltage dip considered in this study has been inspired from Danish grid code. It is 

illustrated in Figure 5 and has the following characteristics: 
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- Three-phase symmetrical 

refer to this type of faults)

- 40% drop in nominal voltage for 0.5

- Linear rise to the nomi

This gradual rise characterizes

these loads will have a high demand 

to its nominal value. This justifies the shape of the voltag

Since the duration of the fault is 

speed, the latter will be assumed

With this wind speed, the wind turbine operates at rated speed, which corresponds to a speed 
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FIGURE 5 Simulated voltage dip

 

Figure 6 compares the responses of the 

proposed control scheme. 
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symmetrical voltages dip (since the term LVRT of national grid codes 

refer to this type of faults). 

drop in nominal voltage for 0.5 s. 

ominal voltage over a period of 1 s. 

characterizes the inductive loads present on the grid. After 

have a high demand of reactive power, which prevent the return of the voltage

ustifies the shape of the voltage dip patterns presented in Figure

Since the duration of the fault is relatively short compared to the fluctuation

assumed constant during the fault and equal to �� �
the wind turbine operates at rated speed, which corresponds to a speed 

MPPT control at 1950 rpm, a slip of -30% in super-synchronous mode.

Simulated voltage dip under Danish grid code requirements

he responses of the wind turbine system using vector

(since the term LVRT of national grid codes 

After fault clearance, 

the return of the voltage 

e dip patterns presented in Figure 5. 

luctuations of the wind � 13 v/M.  

the wind turbine operates at rated speed, which corresponds to a speed 

synchronous mode. 

Danish grid code requirements. 

vector control and the 
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FIGURE 6 Responses 

(a) real stator power, (b) reactive stator power, (c) real rotor power, (d)

(e) stator currents with FSMC, (f) stator currents with VC,

(h) rotor currents with VC, (i) rotor speed, (j) DC bus voltage. 

Figures 6 c-f-h show that w

currents, rotor currents and rotor powers 
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Responses of the wind turbine system with FSMC and VC

(a) real stator power, (b) reactive stator power, (c) real rotor power, (d) reactive rotor power,

(e) stator currents with FSMC, (f) stator currents with VC, (g) rotor currents with FSMC, 

(h) rotor currents with VC, (i) rotor speed, (j) DC bus voltage. 

  

when vector control is used during the voltage d

rotor powers exhibit significant fluctuations above 

 

FSMC and VC:  

reactive rotor power, 

(g) rotor currents with FSMC,  

(h) rotor currents with VC, (i) rotor speed, (j) DC bus voltage.  

control is used during the voltage dip, the stator 

above their maximum 



Control of Wind Energy Systems to Improve LVRT 

 

16 

acceptable limits (the currents limit is 150% of its rated value, and the rotor powers limit is 

30% of its rated value). This will activate the protections so that neither the converter nor the 

DFIG will be damaged, and it leads to the disconnection of the system. The excursions of the 

responses of the current and rotor powers are due to the poor tracking of stator powers 

references (Figures 6 a-b). 

On the other hand, when the FSMC is used, the stator powers follow their references perfectly 

(Figures 6 a-b). The stator and rotor currents are maintained constant as shown in Figures 6 e-

g. In addition the rotor powers do not exceed their limits (Figures 6 c-d). 

During the fault, the power from the wind is stored as kinetic energy in the rotor (due to its 

large inertia, the rotor of the wind turbine has a capacity to store energy).25 This causes an 

increase in the rotor speed (≈2100 rpm). Note that this increase is about 40% above the speed 

of synchronism (1500 rpm) for both control strategies (Figure 6i). For this type of wind 

turbine the increase in speed is acceptable, since it has a short duration. However if the speed 

is compared with the speed before fault, an increase of about 9.25% can be observed in the 

case of VC, and 7.3% in the case of FSMC. This is explained by the fact that with VC the 

speed is not optimal in the nominal regime, because there is a slight steady-state error in the 

stator active power as shown in the zoom of Figure 6a. 

After fault clearance, the energy stored in the rotor is sent to the grid as active power and 

subsequently, the rotor speed gradually returns back to its pre-fault value. It can be observed 

that FSMC leads to a better performance as compared to VC. 

The DC bus voltage waveform is shown in Figure 6j. At the onset of the fault, the rotor power 

demand will be supplied from the DC link, this results in a decrease of the DC bus voltage. 

When the fault is cleared, this voltage undergoes a disturbance and then is subsequently 

regulated via the GSC and maintained within an acceptable level.  

From these results, it can be noted that with the FSMC there is a good tracking of the 

reference powers which significantly improve the behavior of the system during dip voltage.  

The proposed control design strategy was based on wind turbine model parameters which 

have been assumed fixed. However, in a real system, such as the wind generator, these 

parameters are subject to variations due to different physical phenomena such as saturation of 

inductances, heating of resistors, etc.  

Therefore, testing the robustness of the controller under parameter uncertainties is essential. 

This test is carried out by varying the DFIG model parameters. The resistances are increased 

by 50%, and the inductances are decreased by 50%. The responses of the real and reactive 



Control of Wind Energy Systems to Improve LVRT

 

stator powers under parameter

good tracking of the real and reactive powers 

 

FIGURE 7 Responses of the real and reactive sta

(a) real stator power with FSMC, (b) real stator power with VC, (c) reactive stator power with 

FSMC, (d) reactive stator power with VC

 

These results show that by adopting 

hardware, the DFIG-based variable

requirements and remain connected during 

level (if the voltage dip does not exceed 40% of the nominal voltage

The strategy for the adaptation of

ensures that the electrical and mechanical quantities 

very much dependent on the performance of the control scheme

addressed via the application of FSMC which 

flux. 

 

6. Conclusion  

The paper proposed a fuzzy sliding mode control (

dynamics of the stator flux in the

turbine during a voltage dip. 
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er uncertainties are shown in Figure 7. The results demonstrate a 

the real and reactive powers references when using FSMC.

esponses of the real and reactive stator powers under parameter

(a) real stator power with FSMC, (b) real stator power with VC, (c) reactive stator power with 

FSMC, (d) reactive stator power with VC 

y adopting the proposed control strategy without addi

based variable-speed wind turbine is able to fulfill the LVRT 

main connected during voltage dips when operating at a critical threshold 

f the voltage dip does not exceed 40% of the nominal voltage). 

strategy for the adaptation of real and reactive powers references during voltage dips 

electrical and mechanical quantities do not exceed their limits. 

performance of the control scheme of the powers. This 

the application of FSMC which takes into account the variation of the stator 

fuzzy sliding mode control (FSMC) scheme that takes into account the 

in the control of real and reactive power of a DFIG

. The results demonstrate a 

FSMC. 

 

under parameter uncertainties: 

(a) real stator power with FSMC, (b) real stator power with VC, (c) reactive stator power with 

control strategy without additional 

is able to fulfill the LVRT 

at a critical threshold 

during voltage dips 

not exceed their limits. This strategy is 

wers. This has been 

the variation of the stator 

that takes into account the 

and reactive power of a DFIG-based wind 
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The results demonstrate that FSMC provides a more robust control of the DFIG during the 

voltage dip conditions as compared to vector control. Indeed, the DFIG was able to 

successfully overcome the voltage dip without disconnecting from the network. The system 

was able to quickly regain its initial state of operation. 

It should be noted that with FSMC it is possible to improve the capacity of the DFIG to resist 

against voltage disturbances so as to satisfy the constraints imposed by the LVRT 

requirements without the need of any auxiliary hardware. However, its capacity is limited by 

the relatively small size of the power converters.  

 

Appendix A: Calculation of powers references (equation (1)) 

Under normal conditions, the real and reactive stator powers are expressed as: 

'()
(* 
�6 � ��6 ��� 	�?6          

��6 � �6����� � �6��� 	��6
                                                                                                               :19;< 

And in the case of fault, these powers are given as: 

'()
(*
�5 � ��5 ��� 	�?5           

��5 � �5����� � �5��� 	��5
<                                                                                                               :20; 

To have a power adjustment during the voltage dip, it is necessary that the rotor currents are 

maintained at the same levels as before fault, i.e.  	�?6 � 	�?5 and 	��6 � 	��5 

For this, the following equalities must hold: 

'()
(* 
�6 ����6 � 
�5 ����5����6 x �6����� � ��6y � ����6 x �5����� � ��5y<                                                                                :21; 

Thus the relation between the powers before and during the default is given as follows: 

'()
(* 
�5 � 
�6 .�5�61

��5 � ��6 .�5�61 / �6����� 8.�5�61� � .�5�619<                                                                                   :22; 

In our study the stator real power is controlled so that the DFIG converts the maximum of the 

available mechanical power from the turbine such as; if the losses are neglected, the converted 

real power is expressed by: 
$ � 
� / 
� � 
� / 0
� � :1 / 0;
�                                                                                             :23; 
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The stator reactive power is controlled so that the reactive power is zero (

Therefore, the references of the 

'()
(* 
�+,- � . 11 / 01 
$234 .�5�61

��+,- � ��7 8.�5�61� � .�5�619
With ��7 � �6� ����⁄  

It should be noted that when the 

term z:�5 �6⁄ ;� � :�5 �6⁄ ;{ �
reset to their values before the fault.

 

Appendix B: Determination of the PI controllers parameters.

In the control of the RSC, four controllers were used: two for th

currents. To simplify the design of the controllers, 

terms are neglected. Then, it can be

are identical and hence the controllers for the two loops are the same.

The block diagram of the closed

 

FIGURE 8 Control block diagram in the 

 

Figure 8 shows two control loops

external loop for the control of the power

the current loop, a 1st order closed

2nd order closed-loop transfer function

The open-loop transfer function of the current 

|}�~+e / }~~+eM � 1�� / ���M �
After calculation and identification, the 
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reactive power is controlled so that the reactive power is zero (�
ences of the stator powers are written as equation (1) 

. 1
. 19 <                                                                                 

uld be noted that when the fault is cleared, the ratio :�5⁄{ � 0, hence the reference values of real and reactive power are 

reset to their values before the fault. 

Determination of the PI controllers parameters. 

In the control of the RSC, four controllers were used: two for the powers and 

To simplify the design of the controllers, the RSC is assumed ideal 

Then, it can be noticed that the transfer functions of the two 

and hence the controllers for the two loops are the same. 

The block diagram of the closed-loop � axis control of the RSC is depicted in Figure 8.

Control block diagram in the � axis of the RSC.

ntrol loops: an internal loop for the control of the current and an

control of the power. For the calculation of the controller parameters of 

closed-loop transfer function is used. For the power control l

function is used. 

loop transfer function of the current control loop is given by: 

� 1�M                                                                         
After calculation and identification, the following PI controller parameters 

��6 � 0).   

                          :24; 

�6⁄ ; � 1 and the 

and reactive power are 

e powers and two for the rotor 

assumed ideal and the coupling 

the transfer functions of the two = and � axes 

depicted in Figure 8. 

 

axis of the RSC. 

an internal loop for the control of the current and an 

For the calculation of the controller parameters of 

power control loop, a 

                      :25; 

 are obtained: 
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'()
(*}�~+e � 3���>�~+e � 0.0053

}~~+e � 3��>�~+e �  0.1146 <                                                                                                          :26; 
>�~+e  is the settling time of the closed-loop response of the current. 

Similarly, for the power control loop, the closed-loop transfer function is given as follows: 

��:M; � n���d�����do��d��dM� / �d����d��d��d M / ���d��d��d
                                                                                   :27; 

The controller parameters are obtained using a simple pole placement. The desired 

characteristic polynomial is written as follows: M� / 2�M / 2��.  

After calculation and identification, the following PI controller parameters are obtained: 

'()
(*}��d � 2���� � ����� � 0.006

}~�d � 2�������� � 0.56        <                                                                                                            :28; 
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