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Abstract— This paper deals with the power generation control in variable speed wind turbines with fuzzy logic controller. 
In this context, the wind energy conversion system (WECS) is equipped with a doubly-fed induction generator (DFIG) and 
two back-to-back five-level voltage source converters in the rotor circuit. The modeling of the five-level converter as RSC 
and GSC (rectifier) is achieved. A vector control of the rotor connected converter (RSC) provides an independent control of 
the generated active and reactive power and optimal speed tracking for maximum energy capture from the wind. In this 
work, an intelligent fuzzy inference system is proposed as replacement of the conventional PI controller to overcome any 
disturbance can happens, three fuzzy controllers are used in the RSC for the speed, stator active and reactive power control. 
Performances have been tested in this paper on 2MW DFIG-WECS by using Matlab/Simulink software environment. 
 
Index Terms— Wind energy, DFIG, Multilevel converter, Neutral-point clamped (NPC), DC-bus balancing, Clamping 
Bridge, Fuzzy logic controller. 

 
I. INTRODUCTION 
 
Nowadays, multilevel converters have attracted 
increasing attention in medium-voltage and high-
power applications such as static VAR compensators 
and renewable energy sources [1,2], The term 
multilevel starts with the three-level inverter 
introduced by Nabae et al. [3]. By increasing the 
number of levels in the inverter, the output voltages 
have more steps generating a staircase waveform, 
which has a reduced harmonic distortion. However, a 
high number of levels increases the control 
complexity and introduces voltage imbalance 
problems. Wind turbine based on doubly fed 
induction generator (DFIG) has become increasingly 
popular due to its advantage of variable speed 
operation with the excitation converter rated at only 
the slip power of the generator rating [4]. Under ideal 
grid voltage supply, the control strategy and operation 
performance of DFIG systems have been well studied 
in [5,6].  
In the papers, the numerous advantages are primarily 
achieved via the control of a rotor-connected back-to-
back voltage source converter, which is typically 
rated at around 25–30% of the generator rating. 
However, since the stator of a DFIG is directly 
connected to the grid via a step-up transformer and 
the power rating of its excitation converter is limited, 
the operation of DFIG systems is quite sensitive to 
the grid disturbances [7]. 
Traditionally, each of the two PWM converters is 
controlled by using decoupled d-q control 
approaches. Basically, the RSC controls the stator 
active and reactive power production of the induction 
machine and the GSC controls the DC-link voltage 
and the reactive power exchanged with the grid by 
the converter [8]. Since the backto-back converter 

works under highly fluctuating operating conditions, 
it is not possible to set the optimal value of gains for 
the conventional PI regulator, however, system 
performance will fall down when severe disturbance 
happens, such as voltage dip or swell, parameters 
variations and so on [9].  
Several solutions for addressing this problem have 
been reported in the literature [10,11,12].One of the 
most successful expert system techniques applied in a 
wide range of control applications is the fuzzy logic 
inference system. in [13,10,14], an adaptive, fuzzy 
and neuro-fuzzy gain tuner are proposed to allow 
robust and independent control of the generated 
active and reactive power as well as the rotor speed to 
track the maximum wind power point. The current 
paper presents the modeling and the control of the 
DFIG_ back-to-back five-level converters, the 
method for DC-link voltage control consist of 
controlling the average value of the DC voltage, and 
Fuzzy inference system is applied to control the 
DFIG; a Mamdani type fuzzy controller is applied in 
the MPPT control strategy and active, reactive power 
control. 
 
II. MODELING OF THE WIND GENERATOR 
 
The wind conversion system diagram is shown in Fig. 
1. It consists of a wind turbine, a gearbox, a doubly 
fedinduction generator (DFIG), a grid side converter 
(GSC), and a rotor side converter (RSC). The RSC 
feeds the rotor winding using a five-level NPC 
converter and controls the power flow of the DFIG by 
controlling the rotor currents, where the quadrature 
component controls the active power and the direct 
component controls the reactive power.  GSC ensures 
the connection between the grid and the DC link; it 
controls the grid currents and regulates the DC 
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voltage. The stator winding ofthe DFIG is directly 
connected to the grid. 
 

 
Fig. 1.Wind conversion system description. 

 
A. WIND TURBINE MODEL 
There  is  only  a  fraction  of  the  wind  power  that  
can be extracted by the turbine, it is called the 
aerodynamic power of the  turbine  and  denoted  by  
Pt. Its expression is given as follows: 

P = T . ω =
1
2 πρR vωC (λ , β)(1) 

 
Where Ttis  the  turbine  torque  and ωt  is  the  shaft  
speed turbine side. 
 
The  efficiency  coefficient  CP(λTSR,β) is  a  
function  of  the blade  angle  called  the  pitch  angle,  
denoted  by  β,  and  the  tip speed  ratio  (TSR)  
denoted  by  λTSR,  this  triple  relationship  is show 
in Fig. 2. 
 

 
Fig. 2.Theoretical power coefficientCpfor the wind turbine 

model. 
 
The TSR is given as: 

λ =
R ω

vω
														(2) 

For  a  2  MW  wind  turbine,  the  
expression  for  the efficiency coefficient is given as 
follows [15]: 

C (λ , β) = 0.204
116
λ

− 0.4β− 5 e
.

λ (3) 

1
λ

=
1

λ + 0.08β
−

0.035
β + 1

																(4) 

B. ONE-MASSE DRIVE TRAIN MODEL 
 
The drive train is composed of the mass 
corresponding to the large  turbine  rotor  inertia  
representing  the  blades and  the  hub denoted as  Jt, 
and a small inertia representing the rotor mass of the  
generator  denoted  as  Jg,  where  feq represents  the  
total viscous  friction.  Some authors consider two 
mass models [16]. Our  problem  is  oriented  to  the  
design  of  a  model  for power control  analysis.  
Hence the typical one-mass model appears sufficient 
[17]. 

푑
푑푡 휔 =

1
퐽 푇 − 푇 − 푓 휔 														(5) 

 
The turbine  is  coupled  to  the  generator  shaft  
through  a gearbox. The gear ratio  Gis chosen to set 
the generator shaft speed within the required speed 
range  [18]. By neglecting the transmission losses, the 
torque and shaft speeds ofthe wind turbine referred to 
the generator side of the gearbox are givenby푇 =
		푎푛푑	휔 = 휔 퐺	. 

 
C. INDUCTION MACHINE MODEL  
The DFIG model can be implemented with motor 
convention on the rotor side and generator convention 
on the stator side [19].  Assuming  that  the  stator  
and  rotor  windings are  sinusoidal  and  symmetrical  
[20],  the  model  in  the synchronous reference d-q 
coordinate is expressed as: 

⎩
⎪
⎪
⎨

⎪
⎪
⎧

푑
푑푡 휑 = 푉 − 푅 푖 + 휔 휑
푑
푑푡휑 = 푉 − 푅 푖 − 휔 휑

푑
푑푡 휑 = 푉 − 푅 푖 + (휔 −휔 )휑
푑
푑푡 휑 = 푉 − 푅 푖 − (휔 −휔 )휑

										(6) 

The stator and rotor flux can be expressed as: 

⎩
⎨

⎧
휑 = 퐿 푖 +푀푖
휑 = 퐿 푖 + 푀푖
휑 = 퐿 푖 +푀푖
휑 = 퐿 푖 + 푀푖

																					(7) 

 
Where Rs, Rr, Ls and Lr are respectively the 
resistances and inductances of the stator and rotor 
windings,  M  is the mutual inductance.  Vsd, Vsq, 
Vrd, Vrq, isd, isq, ird, irq,  φsd,  φsq,  φrdand  φrq are 
the direct and quadratic components of the space 
phasors of the stator and rotor voltages, currents and 
flux respectively.	휔 = 푝휔 is the electrical generator 
speed. 
The electromagnetic torque can be expressed as: 

T =
p
2

M
σL L φ φ − φ φ 													(8) 

The stator active and reactive power yields: 
P = V i + V i (9) 

Q = V i − V i 																		(10) 
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III. NPC CONVERTER MODELLING 
 
A. FIVE-LEVEL CONVERTER MODELING 
The topology of the five-level NPC converter is 
shown in Fig.  3.  For the operation of this converter, 
sevenconfigurations are used [21].  Table  1  presents  
the  electrical magnitudes that characterize each 
configuration (with M as the origin  of  the  potentials  
and  VKM (K  =  A,  B  or  C)  as  the potential of 
node K of arm k (k = 1, 2 or 3)). The continuous 
voltage Uc1, Uc2, Uc3, and Uc4are provided by the 
GSC. 

 
Fig. 3 Topology of the five-level NPC converter. 

 
(i) Connection functions  
Each switch TDksintroduces a connection function 
Fksthat describes its state, such as the following: 
Fks= 1 if the switch is closed Fks= 0 if the switch is 
open [22]. 
 
TABLE1: Electrical magnitude of each configuration 

of arm k. 

 
 
(ii). Complimentary control 
To  avoid  short  circuit  of  the  voltage  sources  and  
the converter  become  completely  controlled,  
several complementary  controls  are  possible  for  
arm  k  of  the converter. For an optimal operation, 
the connectionfunctions of the switches on the arm 
are given by the following system of equations [23]: 

⎩
⎪
⎨

⎪
⎧

퐹 = 1− 퐹
퐹 = 1− 퐹
퐹 = 1− 퐹

퐹 = 퐹 퐹 (1− 퐹 )
퐹 = 퐹 퐹 (1− 퐹 )

													(11) 

 
For the arm k, the connection functions of the half-
arm are expressed by the switch connection functions 
as follows: 

F = F F F
F = F F F

																						(12) 

 
Using the connection functions of the half-arm yields 
the inverter input currents according to load currents 
i1, i2, and i3as follows: 

⎩
⎨

⎧
i = F i + F i + F i
i = F i + F i + F i
i = F i + F i + F i
i = F i + F i + F i

														(13) 

 
Several control strategies are applicable for the five-
level NPC converter [24, 23]. In this study, the 
triangular-sinusoidal pulse width modulation with 
four triangular bipolar carriers is employed, this 
strategy is characterized by modulation index m = 10 
and modulation rate r = 1. 
 
B. CONTROL OF THE THREE-PHASE FIVE-
LEVEL CURRENT RECTIFIER 
 

 
Fig. 4 Control principle of the five-level NPC rectifier. 

 
The five-level NPC current rectifier (GSC) provides 
four DC voltages to  its  output.  These voltages must 
be kept constant, which requires their control in a 
closed loop. Instead of  using  four  loops  to  control  
the  four  DC  voltages,  we propose to control the 
average value of the DC voltage using only  one  loop  
[24].  The control principle of  the  complete system 
is shown in Fig. 4. 
 
(i). Intermediate filter modeling  
The intermediate filtering scheme is shown in Fig. 4.  
Its mathematical model is given by the following 
equations [23]: 
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⎩
⎪
⎪
⎨

⎪
⎪
⎧ c

dU
dt = i + i − i − i

c
dU

dt = i − i

c
dU

dt = −i − i + i + i

c
dU

dt = −i + i

																	(14) 

 
(ii). Model of the voltage loop  
The voltage loop fixes the effective value of the 
reference current of the network. By using the 
principle of instantaneous power conservation, we 
can obtain the following equations [24]: 

P = V . i − Ri −
L
2

di
dt

(15) 

P = U (i + i ) + U (i + i )
+ U (i + i )
+ U (i + i )														(16) 

We assume that the grid currents are sinusoidal 
andare in phase with the voltages. By neglecting 
resistance Rand using the power conservation 
principle Pin=Pout, we obtain, 
P = 3V . i = 4U (i + i )											(17) 

 
From this relation, we can deduce the voltage loop 
model of the five-level current rectifier. 
 
IV. ACTIVE AND REACTIVE DFIG POWER 
CONTROL 
 
The connection of the wind generator to the electrical 
supplynetwork is established in three steps. Thefirst 
step is the synchronization of the stator voltages with 
the grid voltages, which areused as the reference. The 
second step is the connection of thestator to the grid 
so that the connection can be effectively established. 
The third step is the regulation of the power transit 
betweenthe DFIG and the grid. The latter will be 
effective once theconnection between the stator and 
the grid is achieved.A d-qreference frame 
synchronized with the stator flux isemployed[31]. By 
setting the quadratic component of the stator toa null 
value as, 

∅ = 0																											(18) 
The torque relation becomes 

T = −p
L
L ∅ i 																													(19) 

The electromagnetic torque and the active 
power are dependentonly on the rotor current along 
theq-axis.Neglecting the stator resistanceRsyields 

v = 0																											(20) 
By choosing this reference, the stator 

voltages and theflux canbe rewritten as follows: 

 

The active and reactive stator power, the rotor power, 
and therotor voltages can be written as 

 
 

 
Fig. 5.Principle of the active and reactive power vector control 

of the DFIG. 
 
The third terms are the cross-coupling terms, and they 
can be neglected because they have no significant 
contribution. The principle of the active and reactive 
power vector control of the DFIG is shown in Fig. 5. 
 
V. FUZZY LOGIC CONTROLLER 
 
In FLC, basic control action is determined by a set of 
linguistic rules. These rules are determined by the 
system. Since the numerical variables are converted 
into linguistic variables, mathematical modeling of 
the system is not required in FC. The FLC comprises 
of three parts: fuzzification, interference engine and 
defuzzification. The FC is characterized as i. seven 
fuzzy sets for each input and output. ii. Triangular 
membership functions for simplicity. iii. 
Fuzzification using continuous universe of discourse. 
iv. Implication using Mamdani’s, ‘min’ operator. v. 
Defuzzification using the height method. 
 

 
Fig.6.Fuzzy logic controller 
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Fuzzification: Membership function values are 
assigned to the linguistic variables, using seven fuzzy 
subsets: NB (Negative Big), NM (Negative Medium), 
NS (Negative Small), ZE (Zero), PS (Positive Small), 
PM (Positive Medium), and PB (Positive Big). The 
Partition of fuzzy subsets and the shape of 
membership CE(k) E(k) function adapt the shape up 
to appropriate system. The value of input error and 
change in error are normalized by an input scaling 
factor. 

 
Table II Fuzzy Rules 

 
 
In this system the input scaling factor has been 
designed such that input values are between -1 and 
+1. The triangular shape of the membership function 
of this arrangement presumes that for any particular 
E(k) input there is only one dominant fuzzy subset. 
The input error for the FLC is given as 

E(k) =  ( ) ( )

( ) ( )
 

CE(k) = E(k) – E(k-1)       

 
Fig.7.Membership functions 

 
Inference Method: Several composition methods 
such as Max–Min and Max-Dot have been proposed 
in the literature. In this paper Min method is used. 
The output membership function of each rule is given 
by the minimum operator and maximum operator. 
Table 1 shows rule base of the FLC. 
 
Defuzzification:  As a plant usually requires a non-
fuzzy value of control, a defuzzification stage is 
needed. To compute the output of the FLC, „height‟ 
method is used and the FLC output modifies the 
control output. Further, the output of FLC controls 
the switch in the inverter. In UPQC, the active power, 
reactive power, terminal voltage of the line and 
capacitor voltage are required to be maintained. In 
order to control these parameters, they are sensed and 
compared with the reference values. To achieve this, 

the membership functions of FC are: error, change in 
error and output 
The set of FC rules are derived from  

 u=-[αE + (1-α)*C]           
Where α is self-adjustable factor which can regulate 
the whole operation. E is the error of the system, C is 
the change in error and u is the control variable. A 
large value of error E indicates that given system is 
not in the balanced state. If the system is unbalanced, 
the controller should enlarge its control variables to 
balance the system as early as possible. One the other 
hand, small value of the error E indicates that the 
system is near to balanced state. 
 
VI. SIMULATION RESULTS 
 
Investigation  has  been  performed  on  a  2MW  
DFIGWECS  system  incorporating  the  proposed  
fuzzy  controllers. The parameters of the DFIG are 
inspired from [30].  The simulation objective is to 
apply a different wind speed values in sudden manner 
(wind turbulence). The simulation was done by using 
MATLAB/Simulink software. 

 
Fig.8. MATLAB model of DFIG model 

 

 
(a) 

 
(b) 

Fig. 9.(a) Wind profile velocity and turbine speed. (b) DFIG 
mechanical speed. 

 
Fig.10. Matlab model of proposed system with DFIG 
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Fig.12.pulses generation for converter 

 

 
Fig.13. Matlab model for fuzzy logic controller 

 

 
(a) 

 
(b) 

Fig. 14.(a) Average DC voltages. (b) Total DC voltage. 

 
(a) 

 
(b) 

Fig. 15.(a) DC voltagesUc1, Uc2, Uc3, and Uc4. (b) Voltage 
differences (Uc1-Uc2) and (Uc3-Uc4). 

 
(a) 

 
(b) 

Fig. 16.(a) DFIG active power. (b) DFIG reactive power. 

 
(a) 

 
 

(b) 
Fig. 17.(a) Stator currentiABC-s. (b) Rotor voltage and 

currents 

 
(a) 

 
(b) 

Fig. 18.(a) GSC currents. (b) Zoom of the GSC currents. 
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(a) 

 
(b) 

Fig. 19.(a) Grid voltage and grid current. (b) Zoom of the grid 
voltage and grid current 

 
(a) 

 
(b) 

Fig. 20.(a) GSC current and voltage. (b) Zoom of the GSC 
current and voltage 

 
CONCLUSION 
 
This paper performed a study on the decoupled d-q 
vector control techniques of DFIG through back-to-
back five-level converters.  The  NPC  converters  
have  been  modeled  andcontrolled  by  a  closed  
loop  of  the  average  DC  voltage.  The vector  
control  for  the  machine  has  been  embedded  in an 

optimal tracking controller for maximum energy 
capture in a wind  energy  application.  Two  such  
tracking  schemes  have been  described  and  
implemented,  and  the  superiority of  the direct  
speed  control  mode  performance  has  been  shown.  
In this paper, an intelligent fuzzy inference system 
has been used to control the speed and the stator 
power of DFIG.  The conventional PI controllers in 
the indirect vector  control have been  replaced  by  a  
fuzzy  based  controller;  the  transient response for a 
brusque wind speed change is carriedout in the 
system  and  compared  to  conventional  PI  
responses.  The results show the superiority of the 
fuzzy controllers. 
 
REFERENCES 
 

[1] Santiago  AV,  Maria  IV,  Direct  connection  of  WECS  
system  to  the MV grid with multilevel converters. 
Renewable Energy 2012; 41:336e44.  

[2] Emilio JB, Santiago C, Rodriguez FJ, Hernandez A, 
Espinosa F. Design of a back-to-back NPC converter 
interface for wind turbines with squirrel-cage induction 
generator. IEEE Transactions on Energy Conversion2008; 
23:932e45.  

[3] José Rodríguez, Jih-Sheng Lai, Fang Zheng 
Peng,Multilevel Inverters: A Survey of 
Topologies,Controls,  and  Applications, 77IEEE 
TRANSACTIONS ON INDUSTRIAL ELECTRONICS, 
VOL. 49, NO. 4, AUGUST 2002.  

[4] S.Muller,  M.Deicke,  R.D.Doncker,  Doubly  fed  
induction  generator systems for wind turbines, IEEE Ind. 
Appl. Mag. 8 (3) (2002) 26–33.  

[5] J.B. Ekanayake, L. Holdsworth, X. Wu, N. Jenkins, 
Dynamic modeling of doubly fed induction generator wind 
turbines, IEEE Trans. Power Syst. 18 (2) (2003) 803–809.  

[6] A. Tapia, G. Tapia, J.X. Ostolaza, J.R. Saenz,  Modeling 
and control of a wind  turbine  driven  doubly  fed  
induction  generator, IEEE  Trans.  Energy Convers. 18 (2) 
(2003) 194–204.  

[7] HengNian,  Yu  Quan,  Jiabing  Hu,  Improved  control  
strategy  of  DFIGbased  wind  power generation  systems  
connected  to a harmonically  polluted network, Electric 
Power Systems Research, 2012, 86 : 84– 97. 

[8] S.  Li, and T.  A. Haskew, Analysis  ofdecoupled  d-q  
Vector  Control  in DFIG Back to-Back PWM Converter,  
IEEE Proceedings.  Tampa, FL, 24-28 June 2007,pp1-7.  

[9] M.Singh,  A.Chandra,  Adaptive  neuro-fuzzy  control  of  
renewable interfacing inverter to maintain smooth power 
flow and non-linear unbalanced load  compensation  
simultaneously.  IEEE Electrical Power & Energy 
Conference, 978-1-4244-4509-7/09/$25.00 ©2009.  

[10] H. M. Jabr and N. C. Kar, Fuzzy gain Tuner for vector 
control of doublyfedwind driven induction generator,  
IEEE Proceedings, Ottawa, May 2006. pp2266 - 2269. 

 
 
 
 

 


