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ABSTRACT    
Using the FACTS controllers, such as static synchronous compensator 
(STATCOM), as it provides continuous reactive power, in the grid 
including wind turbine (WT) equipped with doubly fed induction 
generator, for improving voltage profile (under normal circumstances) 
and providing a transition ability from inductor generator transition 
state has been proposed. In this paper, in order to control the 
controllers and explained goals, nonlinear controller, as a substitute 
for the traditional controller, is presented. Replacing STATCOM 
controller in wind farm, which is equipped with doubly fed induction 
generator (DFIG) using input-output feedback linearization controller, 
the needed reactive power in order to stable wind farm equipped with 
DFIG is considered when error is occurred. The proposed control 
method has been simulated for IEEE-9 Bus, bus No 5, and the 
achievability to the desired targets in STATCOM efficiency for its 
reactive power has been investigated. The reasons of using these 
controllers in bus 5 are voltage dropping and reducing reactive power 
in this bus. It can be seen by compensating for voltage and reactive 
power in this bus that these two parameters have improved in other 
buses. The results show that with the proposed controller, STATCOM 
has done its duty well and the network bus voltage and reactive power 
to sustain the wind farm equipped with DFIG in transient mode is 
provided. 
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1. Introduction 

Renewable energies for producing electrical 
power have been used since the 
environmental pollution, fossil fuel 
combustion, and the reduction of non-
renewable fuels have become considerable. 
Among the existing renewable energies, the 
wind energy is considered to be a unique 
energy among other renewable energies, 
because it  does  not  produce  the  greenhouse  
 
 
 
*Corresponding author: Ghazanfar Shahgholian 
Address: Najafabad Branch, Islamic Azad University, 
Najafabad, Isfahan, Iran 
E-mail address: shahgholian@iaun.ac.ir 

 gas and it is more useful, and has low 
maintenance costs [1-3]. Different kinds of 
both synchronous and asynchronous 
generators for utilizing the wind energy as a 
renewable and clean electromotive force have 
recently been employed [4-7]. Among 
various kinds of the used generators, doubly 
fed induction generator has the most 
application in wind turbine systems, because 
of variable speed performance, reduction of 
transducer power to 30% of generator power, 
loss and cost reduction, and the ability of 
controlling active and reactive power 
separately [8-9]. In normal state of working 
of doubly fed induction   generator,  the   
generator   has    the    ability   to   operate   in 
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variable speeds in the range of sub-
synchronous to up-synchronous speeds. Since 
the stator in a doubly fed inductor generator is 
connected to the grid directly and the 
transducer power is limited, this generator is 
considerably sensitive to the grid disorders. 
Therefore, in the normal state of working and 
in spite of unbalance or voltage drop in the 
grid, the grid current will considerably be 
unbalanced or increased. This will cause heat 
in stator’s coils and also produce variations in 
power and torque with twice frequency of the 
grid which is harmful for the grid stability; it 
also corrupts the wind turbine mechanical 
system [1, 10]. 

In power grids, some problems, such as 
voltage drop or unbalanced voltage, occur 
most of the time. This kind of generator is 
also vulnerable in transition state. Because, 
when one of the short circuit errors occurs, an 
extreme voltage drop in generator terminal 
will be created. This voltage drop can cause 
extreme increase in the current of the rotors’ 
coils because the installed controllers on the 
generator have to control the power which is 
dictated to them. Therefore, when an extreme 
voltage drop occurs, for achieving the control 
purposes, an extreme increase in the rotors’ 
current will be suddenly caused [11-15]. 
Thus, there must be some solutions to protect 
the DFIG and also increase the reliability of 
the system. 

In [16], in order to pass the transition state 
of doubly fed inductor generator, the use of 
series compensator has been proposed. In 
[17], a control method called “Fully 
Decoupled Feed-Forward” is used to pass the 
voltage drop of the doubly fed inductor 
generator. This way, direct power control 
(DPC) for a wind turbine equipped with DFIG 
and grid-side converter (GSC) has been used. 
Indeed, DPC for a wind turbine equipped with 
DFIG removes active power variations of 
stator and torque; and for GSC, it 
compensates active power variations of stator. 
To increase control performance on the 
overall system, resonance controllers in 
improved DPC have been considered to 
remove the torque and the ripple power which 
is caused by the unbalanced grid errors. The 
output power of the DFIG and GSC will be 
directly tunable without analyzing the positive 
and negative sequences. 

In [18], using feed-forward transient 
current, the use of STATCOM as a reactive 
power compensator in point of common 
coupling (PCC) has been considered, so that it 
can keep the voltage stable, protect  the  DFIG  

 against system weak disorders before and after 
voltage shortage, and improve the power 
quality in a weak grid or un-symmetric load in 
transient state of the doubly fed inductor 
generator. Also, in [13-19], parallel FACTS 
devices, such as STATCOM[20], have been 
utilized in order to provide the reactive power 
for doubly fed inductor generator in transient 
state. 

Many presented methods for protecting and 
controlling the inductor generator have utilized 
the PI controllers. These controllers are rather 
satisfying in industry; but they are not 
resistant. The coefficients for these types of 
controllers have been tuned for one state, 
considering the grid parameters, the equipment 
in the operating point and natural temperature. 
In transient states and natural temperature 
variations, the grid parameters will change and 
the tuned coefficients may no longer be exact 
and effective anymore. For this reason, PI 
controllers are not resistant against these 
variations.  

In this paper, the use of parallel FACTS 
controller, such as STATCOM, for providing 
reactive power for doubly fed inductor 
generator under normal working 
circumstances and transient state has been 
proposed. Besides, in order to retrofitting and 
exact controlling the proposed system, input-
output feedback linearization controller is 
used. Replacing STATCOM controller in wind 
farm which is equipped with doubly fed 
induction generator (DFIG) using input-output 
feedback linearization controller, the needed 
reactive power in order to stable wind farm 
equipped with DFIG is considered when error 
is occurred. In order to investigate and test the 
method, the proposed controllers, and to 
present the results, IEEE-9 Bus standard grid 
with a 2-megawatt wind farm has been 
simulated in MATLAB/Simulink [21].  
 
2. System Model 
 
To investigate the effect of the proposed 
control method, IEEE-9 Bus standard grid is 
considered for design, where the information 
of generators, lines, and loads have been 
presented in [22]. The equations of generators 
(2) and (3) are fully simulated and because the 
size of the network is relatively large and 
requires to quick resolution of network 
equations and obtaining results such as 
voltage, current, active and reactive power, 
etc., the network equations can be solved using 
the Runge-Kutta method. 
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2.1. Modeling of the Wind Farm Equipped 
with DFIG 

 
Figure 1 shows the overall scheme of a 
doubly fed inductor generator, while it is 
connected to the grid. To calculate the 
mathematical model of the doubly fed 
inductor generator, the following assumptions 
must be considered [23]:  
 Active and reactive powers are positive, 

when they are going toward generator. 
 The equations have been chosen from 

synchronous grid reference system. 
 The q-axis is leaded from d-axis by 90 

degree. 
Equations for inductor generator voltage in 
synchronous grid reference system are given 
as [24]. 
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where  ⃗    and  ⃗    represent stator voltage 
vector and rotor voltage vector, respectively. 

 ⃗⃗⃗    and  ⃗⃗⃗    represent stator and rotor 

magnetic flux vector, respectively. s and b 
stand for the speed of synchronous reference 
system and the speed of Pu reference, 
respectively. Rs and Rr represent stator and 
rotor coils resistant, respectively. The 
equations for stator and rotor’s flux are 
expressed as 
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 where, Xs, Xr, and Xm stand for stator 
reactance, rotor reactance, and magnetizing 
reactance, respectively. Substituting (5) in (4), 
one gets 
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To design an input-output feedback 
linearization controller for DFIG, the tracking 
purposes should be defined first. In designing 
such controller, we are looking for controlling 
and tracking the stator-side active and reactive 
power (Qs and Ps) in RSC. In GSC, we are 
looking for controlling the DC link voltage 
and the transferred reactive power from the 
grid (Qg and Vdc). The next step is to 
differentiate the desired equations until the 
control input appears, and then calculate the 
desired control input. Substituting Eq.(6) in 
Eq.(2), rotor voltage to stator flux and rotor 
current will be given, where the differentiated 
rotor current is obtained from. The controller 
in RSC and GSC will be designed in 
accordance with the defined targets, explained 
earlier. 

In designing input-output feedback 
linearization controller for RSC, we are 
looking for controlling and tracking the stator-
side active and reactive power. In (8) and (9), 
the equations for stator-side active and 
reactive power are given by 
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2

3
sqsdsdsqs ivivQ   
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As it can be seen, the above equations are 
indirectly related to the control input (Vrd and 
Vr). Therefore, differentiating these two 
equations can be the first step to find the 
input. It is also worth mentioning that, since 
all the  equations  presented  for  DFIG  are  in  

 

 

Fig. 1. The wind turbine equipped with doubly fed induction generator scheme 
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synchronous grid system, the vertical 
component of voltage is zero and the 
horizontal component is a constant. The d and 
q components of rotor voltage are the control 
inputs in above equations for RSC; thus, they 
should be appropriately selected, so that the 
tracking will be well performed. In other 
words, control inputs should be selected in a 
way that: 
 Remove the non-linear components in (8) 

and (9). 
 Apply a linear dynamic in a way that, 

after the non-linear components are 
removed, the system remains in a good 
time behavior. 

Therefore, according to the two mentioned 
points, the control inputs can be selected as 
[25] 
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The values of the control parameters K1, K2, 
K3, and K4 are obtained through trial and error 
method. The control diagram of RSC of DFIG 
is shown in Fig.2. The functionality of the 
principle   will  be  the  same  as  the  previous  

 

 
(a) The control diagram of Vrd, 

 

  
(b) The control diagram of Vrq 

 

 
(c) The control diagram of I_RSC 

Fig. 2. The control diagram of RSC 
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section. The equations for control targets (Pg 
and Qg) will be re-written and be 
differentiated, so that the control inputs in the 
equations appear [20]. At last, based on 
feedback linearization strategy, the control 
inputs will be designed. That is 
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 The values of the control parameters K5, K6, 
K7, and K8 are obtained through trial and error 
method. The control diagram of GSC of DFIG 
is shown in Fig.3. The following will discuss 
how to calculate the appropriate control inputs 
for STATCOM. 
 

2.2. STATCOM Mathematical Equations 
 
As it was mentioned earlier, in this paper, the 
aim of using STATCOM is to improve the 
wind turbine equipped with doubly fed 
inductor generator (DFIG) in normal and 
transient state. Therefore, an appropriate 
electrical model for this controller is 
presented. The desired electrical model for 
STATCOM is shown in Fig.4. Based on the 
model, mathematical equations for that will be 
defined, and the design will be performed by 
the equations. According to Fig.2, the current-
voltage equations in synchronous reference 
system, between internal bus and the bus 
connected to the grid are given as [26] 
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(a) The control diagram of Ugd 
 

 

(b) The control diagram of Ugq 
 

 

(c) The control diagram of I_GSC 

Fig. 3. The control diagram of GSC 
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where Vcd and Vcq is the real and imaginary 
part of the internal voltage, Vpccd and Vpccq is the 
real and imaginary part of the STATCOM 
connection bus to the grid voltage, Isd and Isq is 
the real and imaginary part of the STATCOM 
injected current to the grid, respectively. L is 
the equivalent inductance. The equations for 
active and reactive power in STATCOM to 
grid connection bus are given as 

sqpccqsdpccdpcc IVIVP   (28) 

and 

,sqpccdsdpccqpcc IVIVQ   (29) 

where Ppcc and Qpcc is the injected active and 
reactive power to the grid, respectively. Based 
on the Eqs. (26) to (29), we can design the 
desired controller. As it was mentioned 
earlier, in this paper, input-output feedback 
linearization controller has been utilized. The 
conventional controllers, such as PI, confront 
the designers with a few problems; for 
example, the designers have to tune the 
coefficients constantly. Also, these controllers 
are not strong enough to be stable when the 
situations for grid and STATCOM change. 
When designing these types of controllers, 
firstly, the output equations of the system 
should be written for the input and the state 
variables. In these equations, if the control 
inputs are not visible, we will differentiate the 
equations until the control inputs appear. The 
Eqs. (26) to (29) have been in synchronous  
reference system (the vertical component is 
zero and the horizontal component is a 
constant). Therefore, one will have 
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Since, in STATCOM controller, the aim is 
to inject active power; therefore, reference 
active power for input-output feedback 
linearization control strategy is considered to 
be zero.  

Reactive reference power in this strategy, 
based on the diagram shown in Fig.5, is 
applied to the control system. 

According to the context of what we 
already said, the following equations, the 
input controllers based on this controller’s 
strategy are given as 
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The values of the control parameters Kp1, 
Kp2, KQ1, and KQ2 are obtained through trial 
and error method. The control diagram of 
STATCOM is shown in Fig.6.  

As   we   can  see, the  input  controllers  for  
 

 

 

Fig. 4. Electrical model for STATCOM 

 
 

PI ControllerΣ

V

|Vref| Qref

+

-

 

Fig. 5. Block diagram of the defining process for reference reactive power, aiming to control the voltage for 
STATCOM to grid connection bus 
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(a) The control diagram of Vcd 
 

 

(b) The control diagram of Vcq 
 

 

(c) The control diagram of I_STATCOM 

Fig. 6. The control diagram of STATCOM  
 

STATCOM have been designed using input-
output feedback linearization controller, where 
by applying these inputs to the desired system 
(STATCOM equations), the desired results can 
be observed. According to calculated equations 
in this section and the presented input-output 
feedback linearization controller method in 
[21, 24], the proposed controller can be 
implemented. 

 
3. Simulation results 
 

As mentioned, in this paper, the use of non-
linear controllers for an exact, fast, and robust 
control of the FACTS controllers such as static 
synchronous compensator (STATCOM), as 
provides continuous reactive power, in the grid 
including wind farm equipped with doubly fed 
induction generator, for improving voltage 
profile and providing a transition ability from 
inductor generator transition state has been 
proposed. Replacing STATCOM controller in 
a wind farm, which is equipped with doubly 
fed induction generator (DFIG) using input-
output   feedback  linearization  controller,  the  

 needed reactive power in order to stable wind 
farm equipped with DFIG is considered when 
error is occurred. For STATCOM in the 
domain of reactive power on the studied grid, 
two scenarios are considered: (a) considering 
the effect of STATCOM on improving IEEE-
9 Bus standard grid voltage profile shown in 
Fig.7 and (b) considering the effect of 
STATCOM on improving the performance of 
wind farm equipped with DFIG, while short 
circuit error on the line occurs (as between 
bus number 5 and bus number 7) shown in 
Fig.8. 

Single-line diagram for the studied grid is 
as Figs. 7 and 8. According to what we 
already said, we can simulate the studied grid, 
the wind turbine, and STATCOM. In primary 
condition and, also in the first and second 
scenarios, the grid can be analyzed, and the 
desired results can be provided. The employed 
parameters of this paper are listed in Tables 1, 
2, and 3. The information of Transmission 
lines, generators, and local loads are given by 
[21].  
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Fig. 7. First scenario: single-line diagram for IEEE-9 Bus standard grid 

 

 
Fig. 8. Second scenario: single diagram for IEEE-9 Bus standard grid 

 
Table 1. List of abbreviations of wind farm equipped with DFIG 

Synchronous angular frequency ωs 

Magnetizing inductance Lm 

Stator and rotor leakage 
inductance Lls,Llr 

Stator and rotor resistance Rr, Rs 

No of poles P 

DC link capacitor Cds 

Parameters of the designed input-
output feedback linearization 
controller 

K1-K9 

 
Table 2. List of abbreviations of STATCOM 

Synchronous link inductance L 

Parameters of the designed 
input-output feedback 
linearization controller 

KQ1,KQ2 
KP1,KP2 
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Table 3. Employed system parameters 

System Bases 

Vbase=690v, Sbase=2MW, ωbase=2πfbase 
fbase=60Hz 

DFIG 

P=2, ωs=ωe=ωb, ωr=80π, Nsr=0.333, 
Lm=2.5×10-3 ,Lls=77.306×10-6 

Llr=83.369×10-6   ,Rr=2.9×10-3 ,Rs=2.5×10-3 

Cdc=16×10-6,  K1=1000, K2=10000, 
K3=K4=1000000 

K5= K6=10000, K7=10000000, K8=10, 
K9=1 

STATCOM 

Rst=0, L=0.25×10-3, KP1=1000, KP2=100, 
KQ3=1000, KQ4=100 

 
Therefore, in order to investigate and 

understand the effect of equipment such as 
STATCOM and wind farm on each other and 
grid parameters, which will be considered in 
the next sections, the voltage profile results 
and the power passed through the lines, which 
is simulated in IEEE-9 Bus standard grid 
without having the equipment, is shown in 
Figs. 9, 10,  and  11. As  it   is   seen   in  Fig.9,  

 voltage level for bus (5) has the minimum 
level of voltage in the grid. Therefore, in the 
first scenario, STATCOM will be placed on 
this bus. It can be seen by compensating for 
voltage and reactive power in this bus that 
these two parameters have improved in other 
buses. In Figs. 10 and 11, transferred power 
for lines is shown, where the amount of the 
transferred power in each line depends on 
bus’s voltage level. 

 

 
Fig. 9. Bar diagram for bus’s voltage profile in primary condition (before considering the scenarios) based on bus number  

 

 
Fig. 10. Bar diagram for transferred active power based on lines number 
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Fig. 11. Bar diagram for transferred reactive power based on lines number 

 
3.1. First Scenario 

 
As we can conclude in Fig.9, in first scenario, 
in order to investigate the effect of STATCOM 
on improving the voltage profile of the studied 
grid, the equipment is placed on bus (5) where 
the single-line diagram of the grid is seen in 
Fig.7. The results from STATCOM to grid 
(IEEE-9 Bus standard grid) connection in bus 
(5) are shown in Figs. 12 and 13. As it is seen in  

 Fig.12, after connecting the STATCOM on the 
bus (5), the voltage for the bus will be the 
desired amount; 1.02. The voltages for all the 
PQ buses will also be improved. Moreover, 
according to Fig.13, the transferred power of 
lines is increased in this state, i.e. the lines 
capacity is freer compared to the primary 
conditions. These results show that, in this 
state, the selected control strategy for the 
desired equipment has performed its duties as 
well. 

 

 
Fig. 12. Bar diagram for bus’s voltage profile vs. bus number in first scenario 

 

 
Fig. 13. Bar diagram for transferred active power in lines vs. lines number in first scenario 
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3.2. Second Scenario 
 
In the second scenario, a 2 MW wind farm 
equipped with DFIG is placed on bus 5 [8]. To 
evaluate the performance of doubly fed 
inductor generator in transient state, a 3-phase 
short circuit error has been applied on 
connection line for buses 5 and 7. Simulation 
results for standard grid with wind farm and 
the created short circuit error is shown in Figs. 
14 and 15. 

As we can see in Fig.14, during the time that 
short circuit error occurs (200ms), the rotor’s 
current extremely increases. There is a direct 
relationship between the increase in current 
and  voltage    drop    in    inductor    generator 

 terminal, where it is shown clearly in Figure 
15. It is also not appropriate for the current to 
increase suddenly, because it can damage the 
power electronic switches in rotor-side 
transducer. Besides, it is shown in Fig.15 that 
the extreme drop voltage in bus 5 is because of 
the short circuit error around the bus. After the 
error is suppressed, the time needed for 
voltage of bus 5 to be constant and steady is 
relatively high. The DC link voltage has also 
faced some changes after the error is 
suppressed (Fig. 16). Now, the second 
scenario for simulated STATCOM in the first 
scenario is added to the second scenario 
simulation. The results of this change are 
shown in Figs. 17 and 18. 

 

 

 
Fig. 14. Rotor side current vs. time in transient state (without STATCOM, based on input-output linearization feedback 

controller) 
 

 

 

 
Fig. 15. The voltage of bus 5 vs. time in transient state (without STATCOM, based on input-output linearization feedback 

controller) 
 

 

 
Fig. 16. DC link capacitor voltage for back to back transducer vs. time in transient state (without STATCOM, based on 

input-output linearization feedback controller) 
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Fig. 17. The voltage for bus 5 vs. time in transient state (with STATCOM, based on input-output linearization feedback 

controller) 
 

As it is observed in Fig.18, injecting 
required reactive power using STATCOM (in 
both types of controllers) does not let the 
current of rotors coils increases. Also in this 
case, the change in rotor’s current directly 
depends on the increase in voltage of bus 5, 
which is depicted in Fig.17. As we can see in 
Fig.17, since the STATCOM is added to the 
system (in both control methods), the voltage 
profile for bus 5 is improved. In this case, the 
voltage level is improved and recovered. 
Moreover, the voltage variations disappear 
very fast; because the reactive power is being 
injected to the grid at that time. The robustness 
of non-linear controllers has always been an 
important concern which needs to be 
considered here. 

As we have seen from the results presented 
here,   the   nonlinear    controllers    used    for 

 STATCOM is robust enough in transient state 
(one of the un-definitions of the system); and 
the defined targets (improving the voltage 
level) for STATCOM have been well done. 
Although, sometimes the un-definitions appear 
in system parameters which will change 
according to some reasons such as heat. In this 
paper, it is assumed that there are 20% un-
definitions in bus 4 and 5 admittance. 
Therefore, shown in Figs. 19 and 20, the 
results of the input-output linearization 
feedback controller and the PI controller have 
been compared. According to Figs. 19 and 20, 
we can see that by creating parametric changes 
(un-definitions) the PI controller cannot 
provide the desired results with the same 
coefficients; whereas, the parametric un-
definitions do not have effect on the 
performance of the input-output linearization 
feedback controller. 

 

 
 

(a) Without STATCOM 

 
 

(b) With STATCOM based on input-output linearization feedback controller 
Fig. 18. Rotor side current vs. time in transient state 
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(a) Without STATCOM 

 

(b) With STATCOM based on PI controller 

 
 

(c) With STATCOM based on input-output linearization feedback controller 
Fig. 19. Rotor side current vs. time in transient state, with 20% un-definitions 

 

 

(a) With STATCOM based on PI controller 

 

 
(b) With STATCOM based on input-output linearization feedback controller  

Fig. 20. Voltage for bus 5 in transient state vs. time 20% un-definitions  
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4. Conclusion 
 
In this paper, we have proposed and 
investigated input-output linearization 
feedback controller as an appropriate controller 
(in case of implementation and tracing the 
desired targets) and robust, in order to control 
STATCOM for providing reactive power and 
the desired services in this field, for improving 
various parameters such as voltage, active 
power movement, improving the DFIG 
equipped wind farm error, etc. in order to 
evaluate the quality of the proposed method, 
IEEE-9 Bus standard grid, as a test grid, has 
been utilized. The simulation results show that 
the use of this type of controller for utilizing 
parallel FACTS controller such as STATCOM 
in the field of reactive power causes the grid 
voltage profile to improve in normal state of 
working. As a result, the loss reduces and the 
lines capacity will be achievable. This also 
keeps the doubly fed inductor generator 
voltage terminal in a desired situation in 
transient state, so that the wind farm will not 
stop working. The results also show that the 
parametric change in the grid does not affect 
the STATCOM performance; whereas, the 
conventional controller which utilizes PI, when 
the grid topology changes, it needs to tune the 
parameters again and again. The simulation 
results for the proposed controller not to need 
to tune the parameters and to have a desired 
response when the grid topology changes. This 
shows that the proposed control method is 
robust enough. 
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