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Abstract- This paper presents the development of an optimal control strategy for performance enhancement in 

DFIG based wind generation system in simulation environment to validate the performance of control strategy 

through simulation under balanced and unbalanced conditions. A laboratory prototype of 2.2 KW of multilevel 

matrix converter-based wind generation system is set up to validate the effects under different inputs /outputs. 

The control system is implemented on a DSpace DS1104 real time board.  As in order to get satisfying output 

and to obtain efficient good amount of power quality, it is necessary to investigate and develop wind turbine 

generator systems (WTGS).  An optimal control strategy for performance enhancement and efficiency 

optimization is developed and implemented with FLC.  

Keywords: Multilevel matrix converter, wind turbine emulator, wind energy conversion system (WECS), 

doubly fed induction generator (DFIG) 

1. INTRODUCTION  

Winds are caused by the unevenness of the Earth’s surface, asymmetric heating of atmosphere by the Sun along 

with rotation of Earth. Different surfaces of Earth absorb the Sun’s heat at differences and ultimately results in 

wind differences. The warm air above land rises and expands. Heavier air rushes to take its place ultimately 

creating winds. This happens in day and night time, wind reverses because air cools faster than land over water. 

Wind energy has different aspects to be more productive such as intermittency is not easy to handle as variations 

in wind speeds causes rotor to run at varying velocities. Another is efficiency, for maximum efficiency blade 

should move with uniform velocity and absolute velocity of blade should be equal to relative velocity of blade 

[1][2]. According to EIA, in 2019 a total of 10.9 GW capacity is currently expected to come online. Illinois, 

Texas and Iowa would be covering more than half of 2019 with addition of wind energy capacity. According to 

statistics of EIA generated on Jan 10,2019, wind energy would cover 46% of planned additions [3]. 

National Gas, Coal, Petroleum and some fuels have been the prime sources for generation of electric power. But 

World is facing a gap between demand and supply of electrical power. In order to meet this situation, a number 

of solutions are there in which wind energy has grabbed much attention due to possessing of being a quality of 

promising one. Interest of wind energy as electric power generating source has grown in recent years due to 

many reasons [4][5]. 

DFIG is taken as main component in the paper because of reduced mechanical stress, its power conversion 

capability at varying wind speed and low price These useful, economic and technical characteristics have 

uplifted the commercialization of DFIG based wind generation system (WGS). The performance of DFIG based 

WGS depends on power electronic converters implemented on both grid and rotor side. MMC in wind energy 

systems is most promising one due to their modularity and capability to reach high nominal volume. So, use of 

advantages of both multilevel (high volume is get by low volume rating devices) and matrix converter (AC-AC 

conversion circuits with bi-directional conductive and bi-directional blocking switcher) with variable voltage 

range along with different switching states will be used in this paper for WGS with DFIG [7]. 

2. PROPOSED MMC INTERFACED DFIG BASED WECS 

Fig. 2.1 presents a schematic of DFIG where stator is directly connected to the grid (through a coupling 

reactance) while the connection between the rotor and the grid is made through an electronic power regulated 

system, composed of power electronic converter i.e. MMC. There are three parameters of DFIG that can be 

controlled which are rotor current amplitude, rotor current frequency and rotor current phase. The stator winding 

is connected directly to the 50 Hz grid while the rotor is fed at variable frequency through the MMC. Using the 

parameters of equivalent step-up transformer and the equivalent collector network, the output power of the 

equivalent DFIG, Vg, Ig, Pg can be calculated. The variable voltage Vrsc at the frequency fr on the rotor side is 

converted by the MMC to the electric power compatible to the grid voltage of Vgsc at the constant frequency fg. 
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The stator current is regulated by controlling the output current from the rotor PEC. It is assumed that the 

voltage drop across the stator resistance and the leakage reactance is negligible. The DFIG stator side voltage Vs  

and the frequency fs match the grid voltage Vgsc and the grid frequency fg .But the rotor side PEC voltage Vrsc  and 

frequency fr do not match the grid side PEC voltage and frequency. 

 
Fig. 2.1 Proposed MMC interfaced DFIG based WECS 

The mechnical power and the startor electric power output are computed as follows: 

      rmm TP =                                      (1) 

                    
sems TP =                                    (2) 

For a loss less generator the mechanical equation is: 
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Where s is defined as the slip of the generator:  

s
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

−
=  

Where;  

Pm - Mechanical Power capyured by wind turbine and transmitted to the rotor  

Ps - Stator Electrical power output  

Pr - Rotor Electrical power output 

Pgc - Grid converter electrical power  

Qs - stator reactive power output 

Qr - Rotor reactive power output 

Qgc - Grid reactive output power  

Tm - Mechanical Torque applied to rotor  

Tem - ElectroMagnetic torque applied to the rotor by the generator  

Wr - Rotational speed of rotor  

Ws - Synchronous speed 

J - Combined rotor and wind turbine inertia coefficient  

Absolute value of slip is lower than 1 and Pr is only a fraction of Ps. Since Tm is positive for power generation 

and since Ws is positive and constant. Pr is positive for negative slip (speed greater than synchronous speed) and 

it is negative for positive slip (speed lesser than synchronous speed).[7] 

2.1 Wind Turbine Model 

Blades and hub comprise to form turbine. Inputs to the wind turbine are speed of wind, pitch angle, rotor speed 

and output is mechanical torque. A fraction of wind power that can be extracted by WT is known as 

aerodynamic power of turbine (Pt).[8] This power Pt can be expressed as: - 

       tttP =           (5) 

          ).(CVPR
2

1
TSRp

32

blade =         (6) 

Where; 

 τt = Turbine Torque 

 vw = Wind Speed  
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 Rblade = Radius of Blades 

 CP( TSR, ) = Efficiency Coefficient 

 β = Bitch angle 

 λTSR = Tip Speed Ratio 

     


=

V

R tblade
TSR

        (7) 

Efficiency coefficient is analysed and approximated by a non-linear function: - 

     t

5.12
e54.0

t

116
2404.0),(Cp TSR



−









−−


=      (8) 

 
Fig. 2.2 WT Model 

2.2 Configuration of Multilevel Matrix Converter 

Any multilevel converter is based on the idea of creating the additional levels to the supply voltages. If 

compared with traditional converters, it gives more qualitative output voltage. Along with that, this structure 

allows various developing models with a high-voltage output using the power switches. The simplified scheme 

of multilevel matrix converter is shown in Fig. 2.3. 

 

 
Fig. 2.3 Typical Single Phase Multilevel Matrix Converter 

Multilevel Matrix Converter operation can be divided into two operation modes. First where the terminal 

voltages are generated by the converter with two level switching both sides. Capacitor voltages are regulated to 

be greater than line to line voltage magnitudes of both sides. Converter are being switched at three voltage line 

to line voltage level +Vcap,0, -Vcap . 

Another operation mode is that where converter generates voltage at two level switching at one side and three 

level switching at other side. The line-to-line voltages of the converter at three level switching with the voltages 

+2Vcap, +Vcap, 0, –Vcap, –2Vcap. It comprises of anti-parallel diodes and six switches which are organized as 

voltage source rectifier (VSR). The other series diodes and six switches are organized as current source inverter 

(CSI). In traditional matrix converter, power flow is from CSI to VSR terminals whereas it has reversed 

direction of power flow.[9] 

Two switches conduct from each upper and lower groups of switches. Two states are formed, one is active state 

and other is idle state. When two switches are from different phase legs conducts then an active state is formed, 

whereas idle state is formed when two switches from same phase leg conducts then an idle state is formed. 

During active state, power is transferred to load, whereas during idle state, current flow within the MMC due to 

minimization of fictitious dc voltage to zero. [10],[11] 

Two rules are here to be followed. Input terminals must not be short-circuited as they are connected to voltage 

sources, Similarly, as output terminals A, B and C are connected to current sources, they must not be open-

circuited at any instant. The switching function for each switch is[12]: 
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Where;   

     K = {A, B, C}, j = {a, b, c}, and                                                                 (9) 

     SKa +  SKb  + SKc  =  1, K = {A, B, C}                                                       (10) 

The equation between input and output instantaneous phase voltages is: 
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where vA, vB, vC (va, vb, vc) are the output (input) voltages. Line-to-line voltages and phase currents at the output 

and input terminals respectively are: 
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where vAB, vBC, vCA (iA, iB, iC) are the output instantaneous voltages (currents), and ia, ib, ic are the input 

instantaneous phase currents. The average equivalents are: 
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where  
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Transformation of three-phase variables from abc to dq0 coordinates is given by: 

      abc0dq f)(Tf =
      (17) 

Where; 

     fdq0  =  [fd fq f0]T,   fabc  =  [fa  fb fc]T, and      (18) 
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Table-2.1 Comparison between Conventional Matrix Converter and MMC 

Factor Conventional Matrix Converter Multilevel Matrix Converter 

Voltage conversion ratio Buck only: Buck-Boost: 

)V/V( inout
 

inout V866.0V   
inout VV0   

Switch commutation Coordination of four-quadrant Simple transistor plus freewheeling 
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switches diode 

Bus-bar structure Complex Modular and simple 

Multilevel operation No Possible 

Filter elements AC capacitors and inductors Inductors 

2.3 Development of Control Strategy using Fuzzy Logic Controller 

The main objectives of the fuzzy controllers are to achieve more accurate active and reactive power control of 

the wind turbine driving the DFIG.Fuzzy Logic controller is able to control complex, uncertain, nonlinear, 

multivariable time varying and adaptive system such as DFIG. [13][14] The most commonly used fuzzy logic 

controllers techniques are 

 
Fig. 2.4 Block Diagram of Fuzzy Control 

Fuzzy rule set observe how the output signal can follow the reference value. These rules are designed and 

applied to fuzzy logic inputs to DFIG wind turbine to reduce output fluctuations along with smoother output 

signals. [15] Fig. 2.5 shows that output signal and error signal vary with changes in any of two inputs variables. 

 
Fig. 2.5 Control Circuit with Fuzzy Logic Controller 

3. RESULTS AND DISCUSSION 

To validate the control strategy through hardware experimentation under different conditions, a laboratory test is 

carried out on developed 2.2 kW prototype of DFIG based wind energy conversion system using dSPACE 1104 

real time control system interfaced NPC 3-L multilevel matrix converter which is programmed in the 

MATLAB/Simulink environment. Space vector pulse width modulation-based switching signals are given to the 

switches of MMC and DC drive-based wind turbine. 

The generator output from wind turbine will be controlled using optimally controlled multilevel matrix 

converter. The dSPACE 1104 kit will be used to implement optimal control and SVM switching code developed 

in MATLAB®/Simulink. Various parameters like voltage, current, active power, reactive power, total harmonic 

distortions (THD) for various input/output, balanced/unbalanced and wind conditions will be investigated using 

power quality analyzer, four channel DSO etc. emulator. Fig. 3.1 illustrates the schematic of laboratory 2.2 KW 

prototype of proposed matrix converter interfaced wind energy conversion system.  
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Fig. 3.1 Schematic of the Developed Laboratory Prototype 

Simulation responses of the proposed fuzzy logic controlled multilevel matrix converter interfaced DFIG based 

WECS under various parameters like varying load, variable wind speed, grid voltage sag and swell, three phase 

and single phase faults conditions using MATLAB/Simulink under different balanced/unbalanced conditions.In 

first stage, simulations are performed on a conventional converter .In the second stage, a 3 -3 multilevel matrix 

converter is developed to present the comparative simulation results of developed fuzzy control system with 

conventional control to validate the operational principles of multilevel matrix converter 

3.1 Response during Constant rated Wind Speed (12m/s) and Resistive Load (3KW) 

This is the first case where constant wind speed of 12m/s is observed for simulation with Resistive load. 

MATLAB simulation results for the developed DFIG based WECS is shown in Fig. 3.2. As shown in Fig. 3.3, 

simulation responses of constant wind speed (𝜔𝑠), generator speed (𝜔𝑚), generator output power (𝑃𝑎𝑐), DFIG 

phase to phase voltages (Vab,, Vbc and Vac) and DFIG phase current are presented. Generated voltage is 230V and 

current is 10.1A. 

 
 

Fig. 3.2 Simulation Results for DFIG based WECS at Constant Wind speed of 12m/s, Waveform of Wind 

Speed ω𝑠, DFIG speed ω𝑚, DFIG Output Power𝑃DFIG, DFIG phase to phase voltages 𝑉𝑎𝑏𝑉𝑏𝑐𝑉𝑐𝑎, DFIG 

Phase Current 
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3.2 Response during Impulse Variation of Wind Speed  

In the second case, wind speed is varied from 12 m/s to 8 m/s and again from 8m/s to 12 m/s as an impulse 

function and load is kept constant at 3KW. 

 
Fig. 3.3 Simulation Waveform of Wind Speed, DFIG Speed, DFIG Output Power, DFIG Phase to Phase 

Voltages, DFIG Phase Current at during Impulse Variation in Wind Speed from 12 m/s to 8 m/s to 12 m/s 

with Constant Load 

DFIG phase current and DFIG phase to phase voltage is shown and explained. The output voltage and current 

are sinusoidal in nature during steady-state condition and output voltage is reduced from 280 to 180 V, for time 

t= 7 to 14 sec. Similarly, output current reduces from 14.5A to 6A, after t=14 sec. 

 
Fig. 3.4 Simulation Waveform of DFIG Phase Current and DFIG Phase to Phase Voltage at during 

Impulse Variation in Wind Speed from 12 m/s to 8 m/s to 12 m/s with Constant Load 
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Simulation responses of both torque (Electro-magnetic and mechanical) generator RMS output voltage, 

generator output current, generator voltage, generator current is shown in fig.3.5. 

 
Fig. 3.5 Simulation Waveform of Electromagnetic and Mechanical Torque, DFIG Voltage, DFIG 

Current, DFIG Rms Output Voltage and DFIG RMS Output Current at During Impulse Variation in 

Wind Speed From 12 M/S To 8 M/S To 12 M/S With Constant Load 

3.3 Response during System Fault Condition 

There are various fault conditions, phase to ground fault conditions always cause voltage sags and voltage dips 

in the system. These are for vary short duration of approximately .02 sec near the grid. Fault period for three 

phase short circuit is very important to examine fault ride through (FRT) capabilities of developed system, Fig. 

3.6 shows the simulation result for grid voltage and current, grid active and reactive power, fictious D.C and 

generator speed for all the three types of fault. 
 

 
Fig. 3.6 Simulated responses during three phases to ground fault condition, grid voltage (pu), grid current 

(pu), grid active power (kW) and grid reactive power (kvar), fictitious dc link voltage (V), generator 

speed (pu) 
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Fig. 3.7 Simulated responses during single phase to ground fault. Grid voltage (pu), grid current (pu), 

grid active power (kW) and grid reactive power (kvar), fictitious dc link voltage (V), generator speed (pu) 

The developed fuzzy control system observes the optimum blocking period for the serious fault such as 0.2ms 

for single phase and 15 sec for three phase faults. The grid frequency in the wind turbine is negligibly affected 

by fault along with the constant grid voltage. Grid code requirements are met by using proposed strategy and 

small voltage dips recovers in 0.35 sec. 

 
(a) With proposed control  

 
(b) With conventional control 

Fig. 3.8 Simulated response of the proposed MC interfaced WECS under single- phase fault with (a) 

proposed control, and (b) conventional control. (Where waveforms are of RMS matrix converter voltage, 

RMS grid current, grid frequency, grid voltage, grid active power, and fictitious dc link voltage) 
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3.4 Response during Varying Load Condition 

When load is varied from half load to full load, controller maintain load voltage constant and during variation 

from full load to half load a control action is needed to maintain load voltage at constant magnitude. In the first 

case load current is increased and in the later one load current is decreased. 

During this process developed fuzzy controller maintain the output current of MMC to regulate load voltage. 

The developed control strategies also evaluate the disturbance rejection capability as we compare both 

conventional control and proposed control superiority of proposed control over conventional control is validated 

as traditional control method is not able to mitigate any fluctuation during change in load conditions. 

 
A. With proposed control  

 
B. With conventional control 

Fig. 3.9 Simulated waveform during varying load condition. (A) Proposed control; and (B) conventional 

control, (where (a) RMS load voltage, (b) RMS generator voltage; (c) RMS load current; (d) frequency; 

(e) fictitious dc link voltage; (f) modulation index; and (g) Instantaneous three phase grid voltage 
For both balance and unbalance condition proposed control strategy of MMC proves that it can maintain unity 

power factor even in the case of variable and fluctuating frequency or voltage at generator terminals. Adding on 

to this it results in more output power and complements the reactive power requirements of the DFIG. One more 

advantage of the developed system is that it recovers back very quickly during stress on electrical components 

and stabilize the load frequency and voltage by controlling modulation index of MMC proposed and developed 

control strategy observe better performance both steady states according to simulation results. 

CONCLUSION 

The modelling implemented investigates the dynamic steady state analysis of MMC based DFIG for wind 

turbine. The modelled DFIG with MMC is further tested for real time performance evaluation for active and 

reactive power for a various range of wind and generator speeds for balanced as well as unbalanced conditions 

at different values of voltages and currents are compared with the results obtained from laboratory setup. 

Implementation of complete setup in MATLAB®/Simulink® provides flexibility of changing the operational as 

well as system parameters during on rum environment. 

Fuzzy Logic Controller approach for MMC based DFIG is derived and fulfills the need of better performance 

than conventional PI controllers. Following observations have been recorded: 

➢ Input Filters for multilevel matrix converter system mitigated lower harmonic components. 

Harmonic balanced has been created by reducing the ripple component of input current and 

voltage waveforms. 

➢ Proposed approach also maintains higher power factor at input resulting wider control range of 

FLC based multilevel matrix converter. 

➢ This approach derives a complete steady state analysis where system operates at various variable 

parameters under balanced and unbalanced condition and varying loads. This steady state analysis 

also defines stability of the system and shows that stable responses are affected by different 

system parameters. 

➢ Simulation and experimental results verify the robustness of proposed controller for varying loads 

and rotor speeds. This presents a balanced set of output voltages with desired magnitude and 

frequency. 
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➢ This control strategy improves efficiency reduces balanced power harmonics, voltage harmonics 

and current harmonics, improves the output power, minimize ripple in output power. 

➢ At higher speed of rotor, reactive power generation capacity is limited by rotor currents and at low 

rotor speed reactive power generation capacity is limited by rotor voltage. So, here the reactive 

power capability of DFIG gets improved by proposed control strategy. 

➢ This approach also provides a considerable contribution to grid voltage support during decrease in 

wind speed fluctuations or short circuit periods. 

➢ From experimental and simulation results, it can be verified that DFIG has an equilibrium in 

output voltage and current, reduced power losses. 
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