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According to large extension of Doubly-fed induction generators (DFIGs) in power systems, providing
appropriate operating condition for this type of wind technology in fault situations seems necessary.
Among the essential requirements for DFIGs in fault situations, low-voltage ride-through (LVRT) capabil-
ity is the utmost important issue. This paper deals with voltage performance enhancement of DFIG-based
wind farms integrated in large-scale power systems under voltage dips. This aim is satisfied by create
coordination between automatic voltage regulator (AVR) and power system stabilizer (PSS) of syn-
chronous generators. In this research, the key tool for the coordination is fuzzy logic. The necessity of
coordination for the designed fuzzy controller (fuzzy coordinator) is to eradicate destructive interactions
between AVR and PSS in grid disturbance conditions. The fuzzy coordinator adjusts the AVR and PSS gains
to enforce them to give the best performance in fault situations. The proposed coordination supports the
voltage mitigation in the Point of common coupling (PCC) under voltage dips and decreases the reactive
power requirement of the DFIGs. The performance of the designed fuzzy coordinator is demonstrated on
the IEEE 10-machine 39-bus power system with different levels of DFIG-based wind farms contribution.

� 2015 Elsevier Ltd. All rights reserved.
Introduction

Widespread development in utilizing renewable energy
resources such as solar, marine, biomass, geothermal and wind
for electricity generation is become inescapable newly. Wind
energy has the most contribution for power generation among dif-
ferent renewable energy resources; this is so because of its poten-
tial advantageous such as free availability of wind, ability to exploit
in high power, other land around uses of wind farms and as the
important one it is relatively inexpensive to build wind farm [1].
Targets in Europe and the US in 2007 for wind installation will
meet 20% of their electricity consumptions by 2030 [2].
Application of this amount of wind power in electrical power sys-
tems requires more accuracy and attention. Great information
about large integration of wind plants, impacts on power system
and deregulated systems has been given by [3].

With introduction of new generation concepts such as
Doubly-fed induction generators (DFIGs) with different dynamics
of synchronous generators, the stability of power system is con-
fronted to new challenges. When the contribution of DFIGs in
power system is in small scale, the stability of power system is
affected lowly. On the contrary, with high penetration of
DFIG-based wind farms in the power system, the dynamic perfor-
mance of the grid can be affected significantly by the characteris-
tics of the DFIGs. The transient stability of power systems
integrated with DFIGs is investigated in several papers [4,5]. The
increased integration of DFIG-based wind farms in power systems
can have both beneficial and detrimental effects on small signal
stability and transient stability [6]. The safe application without
reducing stability of DFIGs equipped with power electronic con-
verter and Low-voltage ride-through (LVRT) capability in a weak
grid is demonstrated in [7]. The relation between reactive power
control of DFIGs and the rotor angles of synchronous generators
in a large-scale power system is addressed in [8]. Reduction in
reactive power absorption of DFIGs can diminish reactive power
injection by the synchronous generators and helps mitigation large
rotor angle swings.

Since that rotor speed of DFIG-based wind turbine changes to
extract maximum energy from wind, the LVRT enhancement gains
the most attention. In a power system with wind farms, faults even
far away from the location of wind farms can cause voltage dips in
the terminals of wind turbine. The current in the stator windings of
DFIG will increase rapidly after voltage dip in the Point of common
coupling (PCC). The magnetic coupling between stator and rotor of
induction generator in DFIG causes to flow a current in the rotor
circuit. As a result, the overcurrent will be seen in power electronic
converter, which may destroy the converter. Given this assertion,
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Fig. 1. DFIG model.
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Fig. 2. 39-bus power system.
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most of the studies in the published literature are limited to PCC
voltage performance enhancement of DFIGs. To achieve this end,
there are two control strategies: from the network point of view,
the available control tools such as AVR, PSS and dynamic voltage
controllers can be employed. On the other hand, from the DFIG
point of view, different control plans can be implemented on the
power electronic converter to enhance the PCC voltage.

Using a series damping resistor in the stator circuit, the peak of
rotor current in fault situation is reduced in [9]. A robust decentral-
ized output feedback control scheme for rotor-side and grid-side
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converters of DFIG is proposed in [10] to enhance the LVRT.
However, the controller performance is limited to the post-fault
operating point of system to perch in the region which the con-
troller is designed. Ref. [11] advocates that the configuration of
DFIGs based on control features improves the voltage stability
margin of power system in both distribution and transmission
levels. An advanced LVRT control scheme is proposed in [12] to
improve the reactive power support ability for a DFIG under volt-
age sags. A passive compensator in series with stator windings
and an active compensator through rotor voltage control are real-
ized in Ref. [13] to improve the LVRT capability of DFIG. A con-
troller with different abilities which is designed for DFIG-based
wind turbine for positive contribution of DFIG in power network
operation is given in [14]. The controller provides suitable voltage
control and voltage recovery in fault situations.
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Dynamic voltage support and reactive power compensation
through Flexible AC transmission system (FACTS) devices is other
way to enhance the voltage performance of wind turbines during
voltage dips. Impacts of different types of FACTS devices on stabil-
ity of power system connected with wind energy conversion sys-
tems is established in [15]. Also, a great analysis about impacts
of large compensation by FACTS devices in high penetration of
wind farms on power system dynamic performance is investigated
in [16]. It is shown in [16] that due to local application and unco-
ordinated control strategies of FACTS devices in power systems,
destabilizing interactions are possible. Also, it is highlighted that
large compensation with FACTS can reduce the security limit under
certain operating conditions. Most of the studies in the published
literature are limited to Static synchronous compensator applica-
tion for stability and voltage performance enhancement in a power
system with penetration of DFIGs [17–20].

Nowadays, with high penetration levels of DFIG-based wind
farms in large-scale power systems, appropriate voltage control
in DFIG’s terminal looks essential. As a common objective, the con-
trollability of converters can be used to achieve voltage recovery in
voltage dips, but the capacity of these converters in DFIG technol-
ogy is limited. The given drawback can inhibit to give best perfor-
mance of the converters in drastic fault situations for high
penetration levels of DFIGs in power system. A comprehensive sur-
vey on the impacts of renewable energy options on frequency sta-
bility is given in [36].

In this research, the control of synchronous generators in
multi-machine power systems is employed to enhance the voltage
performance in PCC of DFIGs. Automatic voltage regulator (AVR)
and Power system stabilizer (PSS) are installed on the synchronous
generators in power system over the years [21]. Voltage regulation,
transient and small-signal stability improvement are the main
tasks of these two controllers in the system. It is noteworthy that,
the output signal of AVR and PSS has voltage gender. Therefore, the
effect of them on voltage performance has a better prestige. Both
PSS and AVR are designed for nominal operating point of system
[22]. Thereby, the controllers can be coordinated for fault situa-
tions. In the present work, the fuzzy logic is used to create coordi-
nation between the AVR and PSS. Normalized deviations of rotor
angle and terminal voltage of synchronous generators in the power
system have been selected as input signals for the fuzzy coordina-
tor unit. At the same time and with appropriate fuzzy rules, the
fuzzy coordinator generates acceptable gains for the AVR and
PSS. The prominent point about this fuzzy coordinator is that, it
is not need to install the fuzzy coordinator on all of the existing
generators in a large-scale power system. The efficiency and
robustness of coordinator is investigated in various penetration
levels of DFIG-based wind farms in 39-bus power system for volt-
age performance enhancement in PCC of wind farms.

The paper is organized as follows: The models of DFIG, power
system and controllers are described in Section ‘System model
and description’. The coordination necessity is discussed in Sectio
n ‘Coordination necessity’. Section ‘Fuzzy coordinator’ explains
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Table 1
Fuzzy rule table for, (a) PSS gain and (b) AVR gain.
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Fig. 9. The PCC voltage performance of wind farms for scenario one
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the fuzzy approach and fuzzy coordinator structure. Simulation
results on 39-bus power system with different types of DFIGs uti-
lization are demonstrated in Section ‘Simulation results’, and
finally, conclusions are presented in Section ‘Fuzzy coordinator’.

System model and description

Brief descriptions about DFIG, 39-bus power system, AVR and
PSS models are given below. All of these systems have been mod-
eled in SIMULINK environment of MATLAB.

DFIG

The configuration of DFIG, which corresponds to a variable
speed wind turbine with a wound rotor induction generator and
a partial-scale power converter, is illustrated in Fig. 1. DFIG is the
most popular type of wind generator among the technologies that
have been employed for wind power generation. The DFIG

 

, fuzzy coordinator (solid), conventional AVR and PSS (dotted).
 



Fig. 10. Reactive power in PCC of wind farms for scenario one, fuzzy coordinator (solid), conventional AVR and PSS (dotted).
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constitutes of wind turbine with pitch angle controller, a wound
rotor induction generator and variable frequency converters. The
stator of induction generator in DFIG is directly coupled to the grid,
whereas the generator rotor is connected through back-to-back
variable frequency converters. The employed power electronic
converter at the heart of DFIG plays a vital role to control the rotor
current to extract maximum energy from the wind in all condi-
tions. On the other hand, these power electronic converters have
power rating about 25–30% of the DFIG’s generator capacity. So,
this concept has more attractive from the point of economic. The
detailed model and parameters data about the DFIG simulation
in this paper are given in [23].

Test case power system

In this paper, a network with same topology as known New
England power system is considered as the test system. This power
system with 39 busses concludes 10 generators, 19 loads, 34 trans-
mission lines and 12 transformers. The 39-bus test case power sys-
tem is widely used as a standard system for demonstrating the
efficiency of new control strategies in large-scale power systems
over the years. The single-line diagram of this system is shown
in Fig. 2. The system numerical data and parameters that used
for simulation can be found in [24].

AVR and PSS

All generators of 39-bus power system are equipped with AVR
and PSS in this research. The AVRs are added to generation units
to keep the terminal voltage at a fixed per unit value. In other
words, the AVR provides controllability for the terminal voltage
of the generator to which it is attached. Also, the AVRs cause stable
operation of power system when it encounters with severe distur-
bances [21]. As illustrated in Fig. 3, a first order model of a static
type is employed for the AVRs in this paper. Early, the synchronous
generators utilized AVR merely in power systems. With appear-
ance of frequency and voltage oscillations, the generators equipped
with PSSs as the second controller to enhance the small signal sta-
bility. The operating function of a PSS is to produce a proper torque
on the rotor of the generator that involved, in such a way that the

 



Fig. 11. The PCC voltage performance of wind farms for scenario two, fuzzy coordinator (solid), conventional AVR and PSS (dotted).
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phase lag between the exciter input and the machine electrical tor-
que is compensated [25]. The conventional form with two lead-lag
transfer functions that used for PSS modeling in this paper are
shown in Fig. 4.

Coordination necessity

Lack of synchronizing/damping torque or both of them result in
system instability. Before widespread application of AVRs in power
system, instability mainly occurred due to the lack of synchroniz-
ing torque. This type of instability was manifested in the form of
aperiodic drift of rotor angle of synchronous machines. Installed
AVRs in generation units compensate lack of synchronizing torque
in power system. Other types of instability resulted in the lack of
damping torque as sustained or increased oscillations of rotor
angles [26]. Regarding to these states, the AVRs affect performance
of power system by improving transient stability. On the other
hand, as addressed in [27], while a high-gain fast-response AVR
improves the transient stability it also has detrimental effect on
small signal stability. As a supplementary controller, PSS is
employed to produce an auxiliary damping torque to eliminate
low frequency oscillations. A well-tuned PSS can deteriorate the
action of the AVR [27].

The AVRs and PSSs produce torques in phase with rotor angle
variations and speed variations, respectively. However, both AVR
and PSS employ field voltage to produce the torques which are
not in phase. In other word, a control signal is applied to generator
to satisfy two conflict control actions. As highlighted in Fig. 5, the
AVR and PSS controllers enhance the oscillation damping and volt-
age stability, simultaneously through one direction. However, an
enhancement in one direction may cause deterioration of the other
direction. Therefore, a tradeoff between AVR and PSS control action
seems to be necessary.

The coordination problem is investigated in literature. To
achieve this goal [28], employed a new robust control methodol-
ogy design to resisting the AVR-PSS system against severe faults.
In [29], the conventional structure of system has been changed
to coordinate the control system. Bode frequency response with a
step-by-step algorithm is addressed in [30] to create a trade-off
between AVR and PSS. The proposed control strategy in the present

 



Fig. 12. Reactive power in PCC of wind farms for scenario two, fuzzy coordinator (solid), conventional AVR and PSS (dotted).
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work to coordinate AVR and PSS is based on the given ideas in
[31,34,35].

Fuzzy coordinator

Fuzzy logic approach is an artificial method in decision making
and it is able to compensate the inability of the classic control the-
ory for covering the complexity and nonlinearity of physical sys-
tems with their uncertainties and inaccuracies. Because of that,
the fuzzy logic can be considered as a powerful tool for solving
the stability problems of power systems [32]. Typically, to design
a controller based on the fuzzy approach for dynamic systems, fol-
lowing steps should be considered [33]:

Step (1) Understanding of the system dynamic behavior charac-
teristics. Define the states and input/output control variables
and their variation ranges.
Step (2) Identify appropriate fuzzy sets and membership func-
tions. Create the degree of fuzzy membership function for each
input/output variable and complete fuzzification.
Step (3) Define a suitable inference engine. Construct the fuzzy
rule base, using the control rules that the system will operate
under. Decide how the action will be executed by assigning
strengths to the rules.
Step (4) Determine defuzzification method. Combine the rules
and defuzzify the output.

The AVR and PSS controllers are essentially designed for the
nominal operating point of the system and for fault conditions it
needs to have trade-off between these controllers. In this research,
the fuzzy unit works as a coordinator between AVR and PSS con-
trollers. A fuzzy system is composed of four main sections: fuzzifi-
cation, fuzzy rule base, inference system and defuzzification. The
proposed control framework for application of fuzzy controller in
this paper has two inputs and two outputs. The main interest is
on the input signals for the fuzzy unit. Terminal voltage deviation
and rotor phase difference can be selected as the input signals. But
it is noteworthy that, after severe disturbances the terminal volt-
age and rotor phase of the generators may change seriously. A nor-
malization method is applied to limit these deviations. The 



Fig. 13. The PCC voltage performance of wind farms for scenario three, fuzzy coordinator (solid), conventional AVR and PSS (dotted).
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normalization method has been illustrated in Fig. 6 for given
parameters (X). Also, Fig. 7 shows the fuzzy coordinator with input
and output signals. Dd0i and DV0i demonstrate the normalized
phase difference and terminal voltage deviations. The Dd0i and
DV0i can change in range of [�1,1] for all generators. The member-
ship functions of the input and output signals are arranged based
on trapezoid method. In this paper, the membership functions cor-
responding to the input and output variables are arranged as
Negative Large (NL), Negative Small (NS), Zero (ZR), Positive
Small (PS) and Positive Large (PL). In the present investigation, five
membership functions are defined for the input signals and output
signals. The membership functions for input and output variables
are same and demonstrated in Fig. 8. The Mamdani inference sys-
tem is also used for the proposed fuzzy. The performed fuzzy rules
are given in Table I.

The prominent feature of this fuzzy coordinator is its simplicity.
Ref. [34] uses the fuzzy coordinator to create coordination between
AVR and PSS for stability enhancement of multi-machine power
system. However, in this paper, the coordination obligation of
fuzzy coordinator is to mitigate the voltage performance in termi-
nal of DFIG-based wind turbines in large-scale power system.

Simulation results

As explained, the fuzzy logic-based controller works as a coor-
dinator for AVR and PSS to create a trade-off between these two
conventional controllers. The main objective of this coordination
is to mitigate voltage performance in DFIG-based wind turbine ter-
minal in fault situations. According to normalization process of ter-
minal voltage and rotor angle deviations of synchronous
generators, the investigated power system should have more than
two synchronous generators. The 39-bus IEEE standard power sys-
tem is selected as a large-scale power system with 10 generators in
this research. Considering economic constraints, installation of the
fuzzy coordinator on all of synchronous generators of a
multi-machine power system seems irrational. Thus, the fuzzy
coordinator should be installed on influential generators in the
system.

 



Fig. 14. Reactive power in PCC of wind farms for scenario three, fuzzy coordinator (solid), conventional AVR and PSS (dotted).
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Generators with maximum generation capacity can be consid-
ered as an appropriate selection to equip with fuzzy coordinator.
The 39-bus power system has three control areas; so, significant
generator in each area should be selected. Generator number 1 in
area one, generator number 9 in area two and generator number
6 in area three have the most generation capacity in each area.
Therefore, the fuzzy coordinators are installed on these three syn-
chronous generators. Simulation results show that, by installing
fuzzy coordinator on generators number 1, 6 and 9, the voltage
performance of system is enhanced. In these generators, the fuzzy
coordinator with receiving the normalized deviations of terminal
voltage and rotor angle of synchronous generator optimizes the
AVR and PSS gains in fault situations.

The DFIG-based wind farms equally divided in each areas of the
39-bus power system. It is assumed that, several DFIGs are lumped
to obtain each wind farm in the system. These wind farms are con-
nected to the network through transformers and transmission
lines. In fault situations, voltage dips are appeared in the PCC of
wind farms. These voltage dips at the terminals of DFIG-based
wind farms can disconnect them from network or destroyed their
converters. Therefore, the voltage dips should be mitigated after
fault occurrence using additional controllers to ensure safe perfor-
mance of wind farms and power system.

Fuzzy rules are adjusted so that, the coordinator generates the
optimized gains for AVR and PSS to mitigate the voltage perfor-
mance in the PCC of DFIG-based wind farms. Three scenarios have
been investigated to demonstrate the efficiency of fuzzy coordina-
tor for voltage performance enhancement. In the scenarios, level
and mode of penetration of DFIG-based wind farms in large-scale
power system are changed. For the first and second scenarios the
wind farms infiltrate in non-generator busses of the power system.
For these scenarios, the penetration level for each area of 39-bus
power system is equal. Furthermore, in the third scenario syn-
chronous generators are replaced with the DFIG-based wind farms
in the system. Simulation results illustrate that, the fuzzy coordi-
nator with same membership functions and rules, gives 
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appropriate performance for voltage performance in the PCC of
DFIGs for different scenarios. In all scenarios, sudden increase of
75 MW load is simulated as fault; and it occurs in the first second
of simulation.

Scenario one (10% penetration)

The DFIG-based wind farms are added to buses 5, 16 and 26.
The total installed capacity in whole system is 840 MW for conven-
tional synchronous generators. Also, the total generation capacity
for wind farms is 90 MW in this scenario; 30 MW wind farm in
each area.

The voltage performance of the PCC in wind farms are demon-
strated in Fig. 9 for conventional AVR-PSS and fuzzy coordinator.
As illustrated, the voltage performance is enhanced and the recov-
ery becomes faster with the fuzzy coordinator. Furthermore, it is
observable that, the voltage profile has lesser under-shoot and
the steady state is enhanced with fuzzy coordinator. Also, the reac-
tive power consumption of DFIG-based wind farms is reduced after
fault occurrence. The reactive power of DFIG-based wind farms ter-
minals are shown in Fig. 10.

Scenario two (20% penetration)

In this scenario the penetration level of wind farms is increased
to 20% of generation capacity of synchronous generators; 60 MW
active power generation for each wind farm in the system. In this
scenario each wind farm consists of two DFIG-based wind turbines
and it is assumed that several DFIG-based wind generators are
lumped together to obtain each one.

The membership functions and fuzzy rules are not changed for
this scenario. As it is conventional in practice, the fuzzy rules
should be optimized for each scenario in the system. But the
designed fuzzy coordinator in this paper gives appropriate perfor-
mance for other scenarios.

The voltage performance in the PCC of wind farms are illus-
trated in Fig. 11 for adding 75 MW load in the system at the first
second. Similar to scenario one, the voltage performance is
enhanced with fuzzy coordinator. The voltage profile has lesser
under-shoot, enhanced steady state value and the recovery
becomes faster. The reactive power in terminals of wind farms
are depicted in Fig. 12. As illustrated, fuzzy coordinator signifi-
cantly improves the performance of conventional AVR and PSS.

Scenario three (25% penetration)

In previous scenarios the efficiency of fuzzy coordinator for con-
ventional penetration of wind farms was illustrated. In this sce-
nario synchronous generators are replaced with the DFIG-based
wind farms in the system. The generating units 3, 4 and 5 are
replaced with wind farms 1, 2 and 3.

Generation capacity of these three generators is equal to
213 MW (G3: 75 MW, G4: 73 MW and G5: 65 MW). This level of
penetration is about 25% of the whole generation capacity of syn-
chronous generators in the system. With replacement of DFIGs
instead of the synchronous generators in the system, the system
inertia reduces. The lower system inertia leads to faster changes
in the system responses. It is expected that, diminish in syn-
chronous generators impacts on the performance of fuzzy coordi-
nator. Similar to previous scenario, fuzzy membership functions
and fuzzy rules are not optimized for this scenario.

The voltage performance in the PCC of DFIG-based wind farms
are illustrated in Fig. 13. As shown in this figure, the voltage perfor-
mance is enhanced after fault occurrence. The fuzzy coordinator
maintains its efficiency and effectiveness. The reactive power in
PCC of DFIGs is demonstrated in Fig. 14. As shown, the reactive
power profile is enhanced using fuzzy coordinator for replacement
of DFIGs in the system.
Conclusion

Large extension of DFIGs in power systems needs appropriate
work conditions. Among the essential requirements for
DFIG-based wind farms, voltage performance in fault situations is
the utmost important one. In this paper, the control of synchronous
generators is used for voltage performance enhancement in the
PCC of DFIG-based wind farms. An optimal trade-off between
AVR and PSS using fuzzy logic is the main task of this research.
The AVR and PSS controllers enhance the stability and improve
voltage regulation through a unit signal. Hence, in the fault situa-
tions an enhancement in one may cause deterioration of the other.
Therefore, a tradeoff between AVR and PSS is performed to
enhance the voltage performance of system. On the other hand,
the efficiency of trade-off is illustrated at the presence of
DFIG-based wind farms in three scenarios.

The fuzzy logic methodology is employed to create coordination
between AVR and PSS. The fuzzy coordinator receives the normal-
ized deviations of voltage terminal and rotor angle of synchronous
generators, and adjusts the AVR and PSS gains to enforce them to
provide desirable performance in fault situations.

The efficiency of fuzzy coordinator is investigated in three sce-
narios of DFIG-based wind farms penetration in IEEE 39-bus stan-
dard power system. The voltage performance in PCC of wind farms
is enhanced with fuzzy coordinator and voltage profile had lesser
under-shoot, enhanced steady state value and the recovery become
faster. Also, the reactive power consumption was reduced in the
PCC of wind farms.
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