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Grid Side Converter Controller Optimized for 
DFIG Driven Wind Turbine Based on Type-2 

Fuzzy Logic 
Ossama E. Gouda, Ebtisam M. Saied, Omar. M. Salim, Mohamed I. Awaad  

 

Abstract— Grid side system GSS model is studied and developed in steady state form by using phasor theory; studying the relationships 
between active and reactive powers, voltage, and currents at different operating modes. Then, control of the grid side converter GSC is 
optimized; developing the grid side dynamic model based on space vector theory. In this paper vector control technique that utilizes a 
rotating reference frame (dq) aligned to the grid voltage space vector is employed. This control algorithm made it possible to achieve the 
two main objectives of GSC: control of the DC bus voltage and assure transmission of power through the converter (along with controlled 
reactive power exchange). DC link bus voltage has been controlled using Interval Type-2 Fuzzy Logic Controllers (IT2FLCs). The proposed 
IT2FLCs were designed to deal with the ambiguity appeard as a result of changes during system operation. In this paper, design of GSC 
controller, which is responsible for the terminal voltage control in addition to the DC link voltage regulation, is performed. The developed 
IT2FLC controller is simulated using MATLAB/SIMULINK software for a 1.5 MW typical wind turbine to verify the performance of the 
controller. 

Index Terms— Doubly Fed Induction Generator, Grid Side Converter control, Interval Type-2 Fuzzy Controllers, Wind power generation.   

——————————      —————————— 

1 INTRODUCTION                                                                     
IND power has become the most significant option 
among renewable energy source based electricity gen-
eration due to its wider availability and very low envi-

ronmental pollution [1]. Data published annually by the Glob-
al Wind Energy Council (GWEC) show that global annual 
wind capacity additions increased from 15.2 GW in 2006 to 
41.2 GW in 2011, i.e. at an average annual rate of growth of 
22%. Growth slowed to less than 9% in 2012, with 44.8 GW of 
new capacity added (GWEC, 2013) and contracted by more 
than 20% in 2013, when 35.5 GW was added (global cumula-
tive capacity reached 318.1 GW by the end of 2013 (GWEC, 
2014) [2]. However, stability and power quality problems exist 
due to the intermittent nature of the wind. This problem be-
comes evident, especially, when the amount of wind power 
integrated to the system is significantly large. The output volt-
age variations of a wind farm occur due to two major reasons: 
(i) the wind gusts and frequent gradual wind speed variations 
and (ii) mechanical disturbances such as swings in the wind 
turbine, wind shear effect and tower shadow effect. Wind 
power plants are vulnerable during certain transient states. 
For instance, they are susceptible for tripping during system 
short circuit fault, due to their low inertia constant [3].The 
wide spread use of wind generation on power network de-
mands that the wind farms should be able to contribute to 
network support as the conventional synchronous generators 
do. Hence, new grid codes are emerging which lay down the 

requirements that should be fulfilled by the wind power de-
velopers [4]. These grid codes mainly consider the perfor-
mance of the wind farm with respect to voltage control capa-
bility, reactive exchangeable range capability, frequency con-
trol ability and fault ride through capability. 
DFIG is a wound rotor induction motor with rotor injection. 
The speed of the DFIG can be controlled by injecting a variable 
voltage of slip frequency to the rotor. It has become popular in 
wind farms, since it enables maximum energy extraction due 
to its variable speed operation capability [1], [5]. In this paper; 
control of the GSC is tested by studying steady state and dy-
namic models of the GSS formed by the grid, the grid side 
filter, and GSC itself. Moreover, the vector control strategy for 
GSC is studied. This control strategy enables to fulfil the two 
main objectives of GSC which are: control the DC link termi-
nal voltage of and control of active and reactive powers ex-
changed directionally between the machine rotor and the grid.  

2 STEADY STATE MODEL OF GSS 
The system configured by GSC, filter, and grid voltage can 
ideally be represented as shown in Fig. 1. The grid voltage 
(vag, vbg, vcg) are sinusoidal with constant amplitude and 
frequency. The voltage imposed by GSC (vaf, vbf, vcf) can be 
modified in both amplitude and phase. The filter considered is 
a simple filter with a pure inductive part (Lf) and a parasitic 
resistance (Rf).  

For analysis purposes, if an ideal GSS is considered, its 
equiva lent to a single-phase GSS as illustrated in Fig. 2. Thus, 
it is only necessary to analyze one phase then extrapolate to 
the other two phases. The output voltage generated by the 
converter depends on the characteristics of the converter itself 
(two-level, multilevel topology, etc.) and the modulation tech-
nique employed. Under steady state operating conditions, all 
system magnitudes (vaf, iag, vag) have constant amplitude, fre-
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quency and phase shift between each and other corresponding 
component in their three phase system [5]. 

 

 
Fig. 1. A simplified representation of the three-phase grid system. 

 
Fig. 2. Simplified model of single-phase GSS. 

The maximum achievable fundamental output voltage by the 
converter (in linear modulation, by SVM or by sinusoidal 
PWM with third harmonic injection) depends on the DC bus 
voltage:  

   
3

bus
af

vv =
     (1) 

Thus, the voltage imposed by the converter can be modified 
depending on the requirements of the application. So under 
steady state operation, the electrical equation of the system 
represented in Fig. 2 is: 

( )af ag f f s agV V R jL w I= + +                (2) 
Where; Vaf, Vag, and Iag phasor representation used for the 
steady state. The general phasor diagram is shown in Fig. 3, 
which has been built based on the following steps: 
 First, the grid voltage phasor is drawn with a phase an-

gle that can be arbitrarily chosen (Fig. 3a).  
 Second, grid current is drawn knowing the phase shift 

between the grid voltage and current (Fig.3b). 
 Third, once the current is drawn, the voltage drop in the 

filter can be calculated and accordingly drawn (Fig. 3c). 
 Fourth, the voltage of the converter is calculated and 

drawn (Fig. 3d), while Vaf is considered to be the phas-
or representation of the fundamental voltage of the 
converter output voltage. 

 
The power flow study is normally carried out in the grid 

voltage (Vag) rather than in the converter (Vaf). Hence, the ac-
tive and reactive powers are calculated in the grid voltage 
point (single phase). 

 
Fig. 3. Phasor diagram construction of GSS. 

. .cosg ag agP V I ϕ=                  (3) 

. .sing ag agQ V I ϕ=                  (4) 

The power sign convention adopted in this paper is shown 
in Fig. 4. When Pg>0, the converter is delivering power to the 
grid; whereas when Pg<0, the converter is receiving power 
from the grid. 

Two particular operating conditions exist for GSC while 
transmitting active power in both directions (positive and 
negative), but with unity power factor, that is, zero reactive 
power exchange at the grid point. Fig. 5 shows these two par-
ticular cases, where the current is zero shifted (grid receiving 
power from the converter) or 180 (grid delivering power to the 
converter) [5]. 

 
Fig. 4. Power sign convention 

 
Fig. 5. Phasor diagrams at unity power factor: (a) Pg>0 and (b) Pg<0. 
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. | |
sin   0ag af

g f
s f

V V
P with R

w L
δ= →                  (5) 

 
cos

  0af ag
g ag f

s f

V V
P V with R

w L
δ −

= →                (6) 

Therefore, it is possible to know the active and reactive power 
flow through the grid, if only the converter voltage amplitude 
and phase shift with respect to the grid voltage is known. 

3 VECTOR CONTROL OF GSS 
Control is a necessary part of GSS; without having control of 
some of the magnitudes of the grid side part, it is not possible 
to make it work properly. Vector control based schema is stud-
ied. This control technique is widely extended among the con-
trol strategies for grid connected converters. It provides good 
performance characteristics with reasonably simple imple-
mentation requirements. The vector control technique follows 
the philosophy of representing the system that is going to be 
controlled in our case; GSS in a space vector form. 
 
3.1 Grid Voltage Oriented Vector Control of GSC 

The grid voltage oriented vector control (GVOVC) is the 
controlling part of the power flow of the DFIG. The power 
generated by the wind turbine is partially delivered though 
the rotor of the DFIG. This power flow that goes through the 
rotor flows also through the DC link and finally is transmitted 
by GSC to the grid. The simplified block diagram of GSS, to-
gether with a schematic of its control block diagram, are given 
in Fig. 6. Subsequent paragraphs give the basic principles of 
control of GSC. In this case, for a simpler exposition, the VSC 
topology chosen to present the control is a 2L-VSC. However, 
from a vector control point of view, nothing will change if a 
multilevel VSC topology is used. 

 
Fig. 6. Grid Side System control [5]. 
 

The pulses for the controlled switches (Sag, Sbg, Scg) of the 2L-
VSC, that is, the output voltage of the converter, are generated 
in order to control the DC bus voltage (Vbus) of the DC link 

and the reactive power exchanged with the grid (Qg); general-
ly done according to a closed loop control law. Some typical 
controls are vector control or direct power control. However, 
this section only studies the grid voltage oriented vector con-
trol. 
On the other hand, control of Vbus is necessary since, as seen in 
previous sections, the DC link is mainly formed by a capacitor. 
Thus, the active power flow through the rotor must cross the 
DC link and then it must be transmitted to the grid. Therefore, 
by only controlling the Vbus variable to a constant value, this 
active power flow through the converters is ensured, together 
with a guarantee that both grid and rotor side converters have 
the required DC voltage to work properly. 
GVOVC block diagram is shown in Fig. 7. From the Vbus and 
Qg references, it creates pulses for the controlled switches Sag, 
Sbg, and Scg. Thus, the modulator creates the pulses Sag, Sbg, 
Scg from the abc voltage references for GSC: vaf, vbf, and vcf. 
These abc voltage references are first created in dq coordinates 
(vdf, vaf), then transformed to ab coordinates (vaf, vbf), and 
finally generate the abc voltage references. Then, the dq volt-
age references (vdf, vaf) are independently created by the dq 
current (idg, iqg) controllers. This indicates that by modifying 
vdf; idg is mainly modified; while by modifying vqf; iqg is main-
ly modified. There is also one coupling term in each equation 
that is best considered in the control as a feed-forward term (at 
the output of the current controllers), for better performance in 
the dynamic responses: 

df s f qge w L i= −                     (7) 

 qf s f dge w L i= −                  (8) 
Under ideal conditions, the term vdg is equal to the grid volt-
age amplitude and is constant as mentioned before. It must be 
highlighted that the current references (idg, iqg) are totally de-
coupled from the active and reactive powers, thanks to the 
alignment of the grid voltage space vector and the d axis of the 
rotating reference frame. Thus, i_dg control implies Pg control, 
while i_qg control implies Qg control. 

1
1.5 Pg

dg

K
v

=                     (9) 

1  
1.5 

 Qg
dg

K
v

=
−

                 (10) 

As mentioned before, the power Pg reference is created by the 
Vbus regulator. 
Indirectly, by this loop, active power flow through the back-
to-back converter is ensured. 
Finally, for voltage and current coordinate transformations, 
the angle of the grid voltage is needed. In general, this angle is 
estimated by a phase locked loop (PLL). 
Its closed loop nature provides stability and perturbation re-
jections to the angle estimation. Consequently, the presented 
control strategy is able to control the variables (Vbus, Qg) as 
specified, providing also good dynamic response performance 
due to its vector control structure. 

4 REACTIVE POWER CHARACTERISTIC OF A DFIG 
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WIND TURBINE 
4.1 Power Relationship of a DFIG Wind Turbine 
 
The topology of a DFIG is shown in Fig. 8. The stator of a 
DFIG is connected to the power grid directly, while the rotor is 
connected to the grid through two back-to-back pulse width 
modulation (PWM) converters, i.e. rotor-side converter (RSC) 
and GSC. GSC usually works at the unity power factor of 1 
and is in charge of maintaining a constant DC-link voltage for 
RSC.  
The decoupling control of active and reactive power of the 

DFIG is achieved by adjusting the rotor’s current and voltage 
through RSC [6]. 
In Fig. 8, PT is the input mechanical power from the wind tur-
bine, Ps and Qs are the output active and reactive power gen-
erated by the DFIG. Pc and Qc are the active and reactive 
power to GSC from the DFIG. 
Pg and Qg are the active and reactive power to the grid from 
the DFIG. Pr and Qr are the active and reactive power to the 
rotor winding from RSC. 
 
 

 
Fig. 7. GVOVC block diagram [5]. 

 
Assuming that the input mechanical power is completely con-
verted into the electromagnetic power, the power relationship 
of DFIG can be presented as: 

T s rP P P= −                     (11) 
 
The difference between the stator speed and the synchronous 
speed results in the slip power of the rotor, which is named as the 
rotor power Pr. Therefore the power relationship can also be ex-
pressed as: 

(1 )

(1 )

T
s

T
r

PP
s

sPP
s

 = −

 =
 −

                    (12) 

 
Fig. 8. Topology of a DFIG [5]. 

 
4.2 Reactive Power Limitations of GSC 
RSC and GSC only transfer active power, while the reactive 
power Qc and Qr are decoupled. If the power loss is neglected, 
there is Pc = Pr. 

Since GSC usually works at the unity power factor, that is Qc 
= 0. However, Qr is divided into two parts, one part flows into 
the rotor, and the other part is transferred to the stator by a 
certain percentage (slip ratio). Therefore, the capacity of RSC is 
larger than that of GSC. As a result, when analyzing the reac-
tive power limitations of GSC, only the capacity of itself is 
considered. 
For a low wind speed, GSC does not make full use of its capac-
ity. When the grid requires extra reactive power, GSC can be 
adjusted into a non-unity power factor to meet the require-
ment. Assuming the maximum capacity of GSC is Scmax, there 
is 

2 2 2
 c c c maxP Q S+ ≤                     (13) 

The reactive power that GSC can generate or absorb is presented 
as: 

2 2 2 2
  c max c c c max cS P Q S P− − ≤ ≤ −        (14) 

Combining (2) and (3), the reactive power limitations of GSC can 
be illustrated as: 

2 2
  ( )c max c max sQ S sP= −                  (15) 

2 2
  ( ) c min c max sQ S sP= − −                (16) 

 
4.3 Reactive Power Limitations of the DFIG Stator 
Based on the orientation of the grid voltage vector, the rotor current 
can be expressed as [6]: 
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rd sd
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s s
rq sq

m m

Li i
L

L ui i
L L w

 =

 = −


       (17) 

where ird and irq are the d- and q-axis components of the rotor cur-
rent, isd and isq are the d- and q-axis components of the stator cur-
rent, Ls is the stator inductance, Lm is the mutual inductance of 
stator and rotor, us is the stator voltage, and ω is the synchronous 
angular velocity. It is well known that 

2 2 2
rd rq ri i i+ =                     (18) 

So, there is 
2 2

2 2
 

s s s
sd sq r r max

m m m

L L ui i i I
L L L w

   
+ − = ≤   

   
        (19) 

where; Ir max is the maximum current of RSC. Similarly, the stator 
current can be written as: 

2 2 2 2
 sd sq s s maxi i i I+ = ≤             (20) 

where; Ismax is the maximum current of the stator. The active and 
reactive power of DFIG stator can be presented as [6]: 

1.5 
1.5 

s s sd

s s sq

P u i
Q u i

=
 =

             (21) 

Then, 
2
3
2
3

s
sd

s

s
sq

s

Pi
u
Qi
u

 =

 =


                   (22) 

According to (22), the reactive power limitations of DFIG stator are 
shown in Fig. 9, where, the solid line is the boundary values of re-
active power. 

 
Fig. 9. Reactive power limitations of DFIG stator [6] 

5 INTERVAL TYPE-2 FUZZY SYSTEM 
Prior to the 20th century; science was considered to be empty 
from uncertainty. Scientific progress showed that there are 
many methods which became able to formulate the real world, 
and overcome uncertainties [7]. Fuzzy logic controllers (FLCs) 
have been successfully and widely applied to various fields 
for decades. Basically, FLC is based on human's experience 
and knowledge resulting that the precise and accurate descrip-
tion of mathematical model of the controlled plant [8]. 

 
5.1 Type-2 Fuzzy Set And Membership Function 

Type-2 fuzzy logic sets (T2FLSs) were introduced by Zadeh 

in 1975 [7, 8]. The concept of T2FLS was initially proposed as 
an extension of classical type-1 fuzzy logic systems (T1FLS) 
[9]. In Fig. 10, the same input p is applied to the three different 
types of fuzzy sets, resulting in a degree of membership which 
is specific to the type of fuzzy set. The amount of uncertainty 
that is associated is shown in shaded areas, in the same figure, 
below each type-2 membership function (MF), the secondary 
MFs (third dimension) is illustrated for each type of fuzzy sets. 
A T2FLS, denoted Ã, is characterized by a type-2 membership 
function μÃ(x,y), where x ϵ X , and u ϵ   [0,1], that is, 

( ) ( )( ) [ ]{ }, , , |   ,    0,1xAA x u x u x X u Jµ= ∀ ∈ ∀ ∈ ⊆∀
∀    (23) 

in which 0 ≤ μÃ(x,y)  ≤ 1. Ã can also be expressed as [8, 10]; 
( )

( ) [ ]
  ,  

,
 0,1

,
x

A
x

x X u J

x u
J

x u
µ

∈ ∈

⊆∀

∬     (24) 

At each value of x, say x = x1, the 2D plane whose axes are 
u and μÃ(xh, u) is called a vertical slice of μÃ(x,u). It is 
μÃ(x=x1,u) for x1 ϵ X  and  u ϵ Jx ⊆ [0,1], that is, 

( ) ( )
1

1
1 1

  

( ), [0,1]
x

x
xA A

u J

f ux x u x J
u

µ µ
∈

= = = ⊆∫∀ ∀ (25) 

in which 0 ≤ fx1(u) ≤ 1, and fx1(u) is a T1FLS,which is re-
ferred to as a secondary set of IT2FLS. When the secondary set 
is set to unity, i.e. fx1(u)=1, an interval type-2 MF, which is a 
special and simplified form of T2FLS, reflects a uniform uncer-
tainty at the primary memberships of  x [8, 10]. 

 
Fig. 10. Three different types of type-2 fuzzy sets with the same input 

p, the secondary MF introduce the third dimension shown below each [7] 
 

 
Fig. 11. The IT2FLC block diagram [7,8] 

5.2 Structure of a Type-2 Fuzzy Logic System 
Very similar to a type-1 fuzzy logic system (TIFLS) struc-

turally, a type-2 fuzzy logic system (T2FLS) also contains the 
components as: fuzzifier, rule base, fuzzy inference engine, 
and output processor as shown in Fig. 11 [8]. Unlike T1FLS; 
T2FLS output processor has an additional part called type re-
ducer represents a mapping of a T2FLS into a T1FLS [8]. Type-
reduction in T2FLS is an “extended” version of the defuzzifi-
cation operation in T1FLS, where the output type-2 MF is re-
duced to multiple type-1 MFs in order to be defuzzified by the 
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same T1FLS defuzzifier. Well known types of type reduction 
are: Centroid, Center-of-Sums, Height, Modified Height and 
Center-of-Sets (COS) [10]. 

 
Fig. 12. Block diagram of proposed IT2FLC 

 

6 RESULTS AND DISCUSSIONS 
Simulation is carried out on a 1.5 MW turbine. The model 

is created using MATLAB/SIMULINK. The block diagram 
presented in Fig. 12 shows the proposed IT2FLC controller 
structure, Fig. 13 shows an IT2FLC controller rules where in 
Fig. 14 the simulation of the surface control is presented. The 
difference between measured and reference DC voltage (Er-
ror) and its derivative (∆E) are chosen as inputs to the IT2FLC 
and the output is the reference direct current Id*. The pro-
posed controller also uses five linguistic variables. Rules that 
are presented in Table I have been deduced from [11, 12]. The 
type-2 Fuzzy logic toolbox used in this paper is customized for 
Interval type-2 FLS which is a simplified version of general 
type-2 fuzzy logic system. Center-of-sets type-reduction 
method is also adopted for this toolbox [13]. 
Fig. 15 and Fig. 16 represent grid three phase voltage and cur-
rent in per unit. Grid current references calculated by the out-
er control loops; are usually given as dq currents components, 
therefore, to transform the references to αβ frame. Information 
about the grid voltage phase is obtained using a simple syn-
chronous reference frame PLL [5]. Fig.17 and Fig.18 present 
the direct and quadrature currents of GSC. 

 
Fig. 13. Membership Functions of proposed IT2FLC 

 
Fig. 14. Surface view of proposed IT2FLC 

 
TABLE I 

PROPOSED CONTROL OUTPUT OF IT2FLC 
 
 

 Error 
  NB Z PM NM PM 

D
el

ta
 E

rr
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 NB NB NM Z NB Z 
Z NB Z PB NB PB 

PB Z PM PB PM PB 
NM NB NB PM NB Z 
PM NM PB PB Z PB 

 

 
Fig. 15. Gride Voltage in pu 

 
Fig. 16. Gride Current in pu 

 
Fig. 17. Direct Current of GSC 
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Fig. 18. Quadrature Current of GSC 

 
Fig. 19. GSC Voltage in pu 

 
Fig. 19 and Fig. 20 represent GSC three phase voltage and cur-
rent in per unit. The aim of the DC voltage controller in the 
outer loop as a cascaded controller that give the suitable set 
point to the current controller, is  to keep the voltage stabilized 
on its desired value on the DC side during both normal condi-
tion, grid faults or due to changes in input power. The inputs 
for this controller are the desired and measured values for the 
DC voltage. Error between these two values and its rate of 
change will be the inputs for the proposed IT2FLC. That con-
troller output will be in turn the reference signal to the d-axis 
current controller. 

 
Fig. 20. GSC Current 

A PI controller was initially proposed and tested; the tran-
sient response of the voltage settled to its final value with 35% 
peak overshoot and 0.5% steady state error accuracy. While 
the use of IT2FLC is able to settle the voltage output, after 0.5 
seconds, to its final value with 21% peak overshoot and 0.8% 
steady state accuracy.  This result can be shown in Fig. 21. 
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APPENDIX 

DFIG parameters: 
Nominal power: 1.5 MVA, Rated voltage: 575 Vrms, Frequen-

cy: 60 Hz, Magnetizing inductance: 2.9 p.u., Stator resistance: 
0.023 p.u., Stator leakage inductance: 0.18 p.u., Rotor re-
sistance: 0.016 p.u., Rotor leakage inductance: 0.16 p.u., Inertia 
constant: 0.685 s, Friction factor: 0.01 p.u., Number of pairs of 
poles: 3 

DC link characteristics 
Nominal DC voltage: 1150 V, Capacitor: 10 mFAuthors would 
like to thank Prof. O. Castillo for providing us his own made 
type-2 fuzzy toolbox [13], his help is much appreciated. 
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