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Abstract – In most parts of the world, the wind power generation, along with other renewable technologies, offers the 
sustainable, non-polluting and secure option for generating electricity over the long term. The increasing share of 
wind energy conversion systems (WECS), such as doubly fed induction generators (DFIGs), in electricity power 
generation would result in a reduction of conventional generator power plants. The variable speed wind turbine (VS-
WT) units equipped with DFIGs contribute negligible inertial response to frequency variations. This paper compares 
different control schemes to provide frequency support in variable speed WECS equipped with DFIG during the 
system frequency changes. Addition of a supplementary control loop connects the turbine inertia directly to the grid 
and power can be exchanged with the grid during the frequency variations. Simulation results on a 9 MW wind 
turbine system equipped with DFIGs illustrate the contributions to frequency support with the proposed control 
strategies. Comparison of different control strategies have been carried out, when the system is subjected to the grid 
frequency excursion and load variation. Amongst the three control schemes considered in the present study, it has 
been found that inertial response of the proportional controller is the best. The particle swarm optimization (PSO) 
technique is used to tune the controller parameter for minimizing the frequency deviation and maximizing the release 
of energy.  It has been found that inertial response of the system with the PSO optimised proportional controller gives 
improved results. 
  
Keywords – Doubly fed induction generator, frequency variations, inertial response, particle swarm optimization, 
supplementary control loop, wind energy conversion system. 
 

 1. INTRODUCTION 

As a result of increasing environmental concern, more 
and more electricity is generated from renewable energy 
sources in many parts of the world. Presently the wind 
power generation is the most widely emerging 
renewable energy technologies in electricity systems and 
its capacity is increasing globally [1]. Modern wind 
turbines use complex technologies including power 
electronic converters and sophisticated control systems. 
The use of DFIG is becoming increasingly important in 
wind power applications. Compared with the 
conventional generators they enable variable speed 
operation which reduces the mechanical stresses on the 
wind turbines, noise, requirements for the pitch angle 
controllers, rating of power electronic converters and 
thus improves the overall efficiency. In addition, the 
power electronic converters may provide a significant 
degree of control of reactive power flow between DFIG 
and grid [2]. 
The increasing share of variable speed WECS, such as 
DFIG, in electricity power generation would result in a 
reduction of the number of connected conventional 
generator power plants. It is anticipated that these 
WECS perform some of the duties that conventional 
power plants presently deliver but possibly, they impose 
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a number of operational constraints on the electricity 
system. One of the important aspects excluding these 
duties is the system inertia, which has an extremely 
important role as it determines the sensitivity of the 
system during the frequency variations and the same has 
been considered here [3]. It has been observed that 
standard fixed speed WECS with directly connected 
generators contribute to power system inertia, with the 
inertias of generator and wind turbine rotor, due to 
strong coupling between the generator and the power 
system frequency. On the other hand, standard variable 
speed WECS, such as DFIG, control power 
independently and thus decouple the generator torque 
from grid frequency. Due to decoupling of mechanical 
and electrical system, the variable speed WECS 
contributes negligible to the power system inertia [4], 
[5]. Operating a large number of variable speed WECS 
in place of conventional generator power plants would 
reduce the effective inertia of the power system. Lower 
system inertia results in larger and faster frequency 
deviations after the occurrence of a variation in 
generation or load. 

The high impact of intermittent wind energy 
generation has already been reported for certain control 
areas where there is a direct correlation between larger 
frequency deviations and larger amount of wind in the 
system [6]. The frequency deviations are smaller when 
less wind is on the system and deviations increase as 
more wind is placed on the system. Thus, from the 
dynamic stability point of view, the penetration of wind 
energy is characterized by smaller damping and inertia 
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constants of the grid. With high penetration of wind 
power, the system would be unable to absorb unbalances 
due to the intermittent nature of wind without risking the 
stability, power quality, or frequency control.  

One way to address the problem with inertia is to 
combine WECS with high inertia energy storage 
systems. Improvements in the flywheel energy storage 
technology have demonstrated that it is especially 
appropriate to combine other technologies with wind 
energy to manage power system inertia [7].The other 
possible solutions for increasing the inertial response 
include wind penetration reduction during low system 
load [5] and inclusion of supplementary control to the 
DFIG [8]. 

This paper considers the inclusion of 
supplementary control to provide the inertial response in 
variable speed WECS equipped with DFIG. It is 
possible to configure the DFIG to change the referenced 
torque with frequency variations. The supplementary 
torque signal connects the turbine inertia directly to the 
power system and wind turbine will release the energy 
during a frequency drop and draw the energy on 
increasing the frequency. Three different control 
schemes are proposed for supplementary control loops. 
The simulations are carried out using power system 
block set in Matlab/Simulink. Simulations on a 9 MW 
WECS equipped with DFIG show that these controllers 
are able to improve the system frequency response. The 
performance of the controllers is compared when the 
system is subjected to grid frequency drop and load 
variation. The PSO technique is implemented to tune the 
controller parameter for minimizing the frequency 
deviation and maximizing the release of energy.  
Comparison of control strategy with PSO optimize 
controller have been carried out. 

2. WIND ENERGY CONVERSION SYSTEM 

A WECS has three energy stages: wind energy stage, 
mechanical energy stage and electrical energy stage. The 
general scheme of a WECS includes wind turbine and 
electrical generator with power electronic converters and 
sophisticated control systems. The core of wind turbine 
consists a rotor that extracts energy from wind and 
converts into mechanical power and a generator converts 
this mechanical power into electrical power. The various 
subsystems of WECS are explained below. 

Wind Turbine  

In this study, a simplified model of wind turbine is used 
for aerodynamics with averaged wind speed as an input. 
The mechanical power Pmech, captured by a wind turbine 
depends on its performance coefficient Cp for a wind 
velocity v and can be represented by [1]: 

( ) 2 3
mech p

1
P = C λ,θ ρπR v

2
                         (1) 

where ρ and R correspond to the air density and the 
radius of the turbine propeller, respectively.  

The Cp can be described as the portion of 
mechanical power produced from the total power 

available from the wind, and it is unique for each 
turbine. This Cp is generally defined as a function of the 
tip-speed-ratio λ and pitch angle θ  [9]: 

( ) i

-c5
λ

p
i

+c6*λ
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λ
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3
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1 1 0.035
= -
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with,                          (3) 

and, 
ωR

λ= 
v

                                                (4) 

where ω represents the rotational speed of the wind 

pitch

turbine and coefficients c1 to c6 are given in Appendix.  

The Cp-λ characteristics, for the different values of 
 angle θ, are illustrated below in Figure 1. The 

maximum value of Cp (Cp_max=0.48) is achieved for θ=0 
degree and for λ=8.1. This particular value of λ is 
defined as nominal value, λ _nom. 
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Fig. 1. Cp-λ characteristics. 

DFIG Model   

guration of a grid connected DFIG with 

cal system of moment of inertia J 

                                    (5) 

where mechanical torque, Tm, is due to wind and 

The basic confi
wind turbine is shown in Figure 2. In order to cover a 
wide operation range, from sub-synchronous to super-
synchronous speeds, a back-to-back converter is 
connected to the rotor. This converter connects the rotor 
to the power system while the stator is connected 
directly to the power system. This enables the 
capabilities of DFIG to deliver the power to grid through 
stator as well as rotor, whereas the rotor can also absorb 
power depending on the rotational speed of the rotor.  
The basic equations of DFIG are considered here. The 
equations describing a doubly fed induction generator 
can be found in literature [10]. 

Mechanical System  

For a simple mechani
and damping F, the rotor swing equation is:  

T = Jω+Fω+Te m&  

electromagnetic torque, Te, for a machine with p pole 
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pairs is given by: 

3 3p LmT = pL (I I -I I ) = (ψ I ψ Ie m qs dr ds qr qs dr ds q2 2 Lss
−

                                                                                      (6) 

comp

l Systems  

induction machine model with 

ders that DFIG extracts the 
maxim

ller. A proportional-integral (PI) controller is used 

es, the rotor speed can not be 
ontrolled by increasing the electromechanical torque 

anymore, as this would lead to overloading the generator 
and the converter. 
 

)r

um amount of wind power within the limit of the 
machine. The maximum power tracking characteristics 

is shown (solid bold curve) on the turbine output power 
versus rotor speed characteristic in Figure 3 [9]. The 
rotor speed is proportional to the wind speed and varies 
with the cubic root of the power and square root of the 
corresponding torque. The torque-speed characteristic 
used as dynamic reference for generator torque, Tset_point, 
demand as a function of measured generator speed and 
this generates the reference current for rotor current 
contro

In Equation 6, the stator current and flux linkage 
onents are, respectively, (Ids, Iqs) and (ψds, ψqs) and 

those of the rotor are (Idr, Iqr) and (ψdr, ψqr). The DFIG’s 
magnetizing inductance is Lm and stator self inductance 
is Lss  

Contro

to obtain the rotor-injected voltage, Vdr. The details 
description about the controller can be found in [10], 
[11]. 
The pitch angle controller is used in conjunction with 
rotor speed controller to control the rotor speed (at-
rated). However, this controller is only active only to 
limit maximum output power at high wind speed. In 
these circumstanc

The fifth-order 
mechanical system is employed in the case of the DFIG 
wind turbine. In this WECS model the IGBT based 
Voltage-sourced converters (VSC) are represented by 
equivalent voltage sources generating the AC voltage 
averaged over one cycle of the switching frequency. The 
effect of harmonics is not modeled, but the dynamics 
resulting from control system and power system 
interaction is preserved. 

This paper consi

c

 
Fig. 2. The basic configuration of DFIG. 
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Fig. 3. The turbine power characteristics. 
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3. FREQUENCY DUTIES IN DFIG VS-WT 

Kinetic Energy 

A rotating mass of inertia J kg/m2, with a rotating speed 
ω rad/sec, possess a kinetic energy Ek that can be written 
as follows [12]: 

1 2E = Jωk 2
 , 

2
ωE = Ek k_base ωs_base

⎛ ⎞
⎜ ⎟
⎜ ⎟
⎝ ⎠

  

2
f= Ek_base fs_base

⎛ ⎞
⎜ ⎟
⎜ ⎟
⎝ ⎠

                           (7) 

where ωs_base = base speed, rad/sec 
fs_base  = base frequency, Hz 
Ek_base  = Kinetic Energy at base frequency, J   

(or Ws) 

ergy 
red e is 

ertia and the square of rotational speed, 

The stored kinetic energy of the entire turbine 
rotor is high s the inertia of turbine blades is much 
higher than that of the electrical generator. Therefore, 
turbine kinetic energy can be used to support the power 
system. Whereas, compared to the turbine rotor, the 
generator has a much higher ro tion
in a large amount of kinetic energy. 

spo FIG 

Accor he 
can b ed b
[5]. In the power ith synchronous or induction 
machi

 speed WECS extracts maximum power 
the w

classical way. Th
e turbin
ntrol for a 

generators, the frequency support inertial response is 

detrimentally affected [14], [15].  
The response of WECS equipped with DFIG for a 

frequency change can be explained using the torque–
speed characteristics [3], [8]. The following phenomena 
take place: 
• Due to reduction in frequency, the generator speed 

starts dropping. This phenomenon can be 
considered as retardation in the set point torque, 
Tset_point, acting on the rotating mass. 

• The power that can be extracted from a rotating 
mass, is obtained by taking the derivative of the 
kinetic energy expressed in Equation 7, available at 
any speed, as shown below: 

From Equation 7, it is clear that the kinetic en
sto  in the rotating mass of wind turbin
proportional to in
while this rotational speed is dependent on the wind 
speed in WECS. Hence, the kinetic energy stored in the 
rotating mass of wind turbine depends on the wind 
speed.  

 a

ta al speed that results 

Frequency Re nse Phenomenon of D

ding to t system grid codes, frequency support 
e provid y each generator on the power system 

system w
nes, when the frequency reduces from its 

operating value, kinetic energy is released from the 
rotating mass due to strong coupling between 
mechanical and electrical system. This reduces the rate 
of change of frequency drop. With the proper 
implementation of the control system in the rotor circuit, 
variable from 

ind and is largely unaffected by any change in 
frequency of the power system. This behavior differs the 
effect of variable speed WECS with the fixed-speed 
WECS. 

Therefore, variable speed WECS do not have a 
primary control reserve and are not able to contribute to 
primary frequency control in the e 

es kinetic energy stored in their inertia gives th
the possibility to support primary frequency co
short period [13]. The magnitude of the inertial response 
of a DFIG depends on the extent by which the rotational 
speed changes in response to system frequency 
variations. As the result of accurate control, the coupling 
of rotational speed to system frequency is poor and the 
resulting inertial response is largely removed. Thus, if 
WECS equipped with DFIG displaces conventional 

dE dωkP= = Jω
dt dt                                          (8) 

ertia constant , the power in 
Equation 8 can be represented as: 

Substituting the in H

dω(pu)
P(pu)= 2Hω(pu)

dt                              (9) 

Therefore, the per-unit retardation in torque is 
proportional to dω/dt and thus to df/dt is given by: 

dω(pu)
T(pu)= 2H

dt
                                  (10) 

• As the rotor speed starts reducing, the DFIG 
electromagnetic torque, Te, is brought down by the 
control system along the maximum power tracking 
curve (from operating point C towards B). At the 
same time, the aerodynamic mechanical torque, Tm, 
starts increasing from operating point (this is a very 
slow action compared to the change in Te). The 
reduction in Te and enhancement in Tm result in an 
accelerating torque, which acts as a restoring torque 
for the speed change. 

In order to restore the inertial response, torque set point 
referenced value, Tsp_ref, should be increased and 
cance

 adding a supplementary signal taken from 

ncy variations [3], [8], 
[15].  

The supplementary 
Figure 4, configures the DFIG to  
point 

Tset_point, of the DFIG 
variable speed wind turbine to provide the torque set 
point referenced value, Tsp_ref,. Th
way as a natural inertial response, will impart energy to 

lled out the accelerating torque. This phenomenon 
allows the machine to operate at a reduced speed. In this 
work, the torque set point referenced value Tsp_ref is 
increased by
an additional controller, which will respond 
corresponding to frequency variation. 

Supplementary Control for Inertial Support  

As discussed earlier that WECS equipped with DFIG 
contribute negligible inertial response to frequency 
variation, it is desirable to configure the DFIG to change 
the referenced torque with freque

control loop, as shown in 
 change the torque set

referenced value, Tsp_ref, during frequency 
variations. The supplementary control loop torque, ΔT, 
is added to the set point torque, 

is signal, in the same 
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the sy
ay, a 

supplementary control loop connects the turbine inertia 
directly to the grid, and p
the grid during the frequency

 may cause large variations in 

roller: The 
secon

control on mechanical drive train loads, a 
first o

stem as frequency drops and absorb energy from 
the system as frequency increases. In this w

ower can be exchanged with 
 variations.  

magnitude of the peak torque [8]. The structure of the 
supplementary control loop for inertia control is shown 
in Figure 5. 

Proportional plus Derivative Cont
d type of controller is a proportional plus 

derivative controller. The additional torque set point, ΔT, 
is based on the absolute deviation and rate of change of 
the frequency from the nominal value. Schematic 
implementation of the controller is shown in Figure 6. In 
this scheme also, to minimize the impact of 
supplementary 

The objective of this study is to evaluate and 
compare the different possible control schemes for 
supplementary control loops, to get the best possible 
inertial response and the smallest frequency deviation. 
Furthermore, optimization is also carried out to tune the 
controller parameters for getting the desired 
performance.  

Derivative Controller: In this scheme the 
controller action, supplies an additional amount of 
power, proportional to the rate of change of frequency. 
Noise on the measurement

rder low pass filter is used after the derivative 
output. 

Proportional Controller: The third control scheme 
considered for inertia response is proportional controller. 
The additional torque set point, ΔT, is proportional to the 
absolute deviation of the frequency from the nominal 
value. The structure of the controller is shown in Figure 
7. 

the torque set point, ΔT. The impact on mechanical drive 
train loads due to this derivative supplementary control 
action is minimized by adding a first order low pass 
filter after the derivative output to modify the rate of 
change of power injection. Delay on this filter reduces 
the rate of increase of the electromagnetic torque and the 
 

 
oller for inertia response. Fig. 4. Supplementary con
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ΔTd
dt
d
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Fig. 5. Derivative controller in supplementary control loop. 
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Fig. 6. Proportional plus derivative controller in supplementary control loop. 

 
 



         D. Nagaria, G.N. Pillai and H.O. Gupta / International Energy Journal 11 (2010) 17-28 22 

ΔTd
dt

 
Fig. 7. Proportional controller in supplementary control loop. 

 
4.  CASE STUDIES 

The performance of t
on th  system shown i
for th uation of different control scheme is a 9 MW 
varia le speed WECS equipped with DFIG connected to 
a grid of 60 Hz frequency. The WECS is connected to a 
25 kV distribution system exports power to a 120 kV 
grid through a 30 km, 25 kV feeder. A purely resistive 
load of 8 MW is connected at 575 V bus through a 
switch, Switch 1. The WECS parameters and 
supplementary controller parameters for the said system 
are as given in Appendix. The controller parameters are 
obtained after repeated trials to optimize the response. 
The influence of the supple

erformance of the system is investigated, when the 
 Grid frequency excursion (ii) 

the performance of WECS equipped with DFIG for the 
event of frequency drop with t e different control 

rol loop. Figure 9(i) 
is showing frequency variation with the implementation 
of different controller structures. The minimum 
frequency is approximately 59.62 Hz when there is no 
supplementary controller. Inclusion of supplementary 
control loop results in improving the minimum 
frequency as depicted in Figure 9(i). 

Load Variation in the Network  

In this case, initially the system model is in steady 
state, with generation and load balanced, Switch 1 is 

stan  at its reference level. 
ation is introduced by the 

roller. Similarly, in 
entary control loop is 

impro

he controllers has been evaluated 
n Figure 8. The test system used schemes in the supplementary conte

e eval
b

mentary controller on the open, and frequency is con
The system frequency varip

system is subjected to (i)
Load variation in the network. For both the evaluation 
cases initial value of wind turbine is corresponding to a 
wind speed of 10.2 m/sec. The initial value of DFIG 
output power is 0.48 pu, Tsp_ref is 0.44 pu and rotor speed 
is 1.09 pu.  As the rotor speed is below the maximum 
permissible speed 1.2 pu, the pitch controller is not 
activated. Therefore, the DFIG performance is not 
regulated by the pitch controller. 

Grid Frequency Excursion 

Initially, the system is considered in steady state with 
generation and load balanced. The Switch 1 is closed 
and frequency is constant at its reference level. In this 
case electricity grid frequency drops by 0.25 Hz at time 
t=2.5 sec due to generation imbalance. Figure 9 shows 
 
 

h

t

sudden change in the load at steady state. A load of 8 
MW is connected by closing the Switch 1 at time 2.0 sec 
and this load variation results in a frequency drop. 
Figure 9 shows the performance of the DFIG for a load 
variation in terms of frequency drop. Figure 9(i) is 
showing the frequency variation with different control 
structures in the supplementary control loop, same as in 
previous case. The minimum and maximum frequencies 
are approximately 59.52 Hz and 60.19 Hz respectively, 
when there is no supplementary cont
this case the inclusion of supplem

ving the minimum and maximum frequencies as 
depicted in Figure 9(i). 

 
Fig. 8. Single line diagram of 9 MW VS-WT equipped with DFIG. 
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Fig. 9. WECS performa uring grid frequency drop of 0.25 Hz at time t=2.5 sec due neration imbalance (i) 
frequency response (ii) generator power output (iii) reference value of torque (iv) generator rotor speed. 
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5. RESULTS AND DISCUSSION 

The inertial responses for both the evaluation cases 
corresponding to a wind speed of 10.2 m/sec are shown 
in Figures 9 and 10 respectively. Three different control 
schemes, which are tuned for the same peak value of 
power response, are compared. The network frequency 
signal is processed in the proposed control schemes to 
provide the inertial response and a speed reference set 
point for the torque set point. The Figures 9(iii) and 
10(iii), show the torque set point referenced value 
corresponding to different control schemes in the 
supplementary control loop. As illustrated in Figures
9(iv) and 10(iv), supplem y control loop serves to 
slo
fol

energy is released corresponding to this speed change 
and output power temporarily increased. The output 
power plots of Figures 9(ii) and 10(ii), show the released 
power by WECS under different schemes. It is depicted 
clearly that the performance of third control scheme, i.e. 
proportional controller for inertia response is best 
amongst the three schemes. However, in proportional-
derivative and proportional control schemes, wind 
turbine is forced to operate away from the maximum 
power extraction curve. 
The quantitative analysis of control schemes is carried 
out for both the cases, i.e. the grid frequency excursion 
and load variation in the net k, and shown in Tables 1
and 2, respectively. 

Ta  frequency excursion
Energy releas

 
entar

w down the rotor speed over the initial period 
lowing loss of generation, so that rotor stored kinetic 

wor  

 
ble 1. The numerical results for grid

Control scheme 
.  
ed (kW-s) Maximum change in rotor speed (pu) 

Without controller 4.61 6 -0.00004 1
Derivative controller 343. 32 -0.00328 
Proportional and derivative controller 1808 318 -0.01648 
Proportional controller 3224 978 -0.03422 

02
.5
.4

 
 

Table 2. The numerical results for load variation in the ne ork. 
Control scheme Energy released (kW-s) Maximum

tw
 change in rotor speed (pu) 

Without controller 18.1426 -0.000211 
Derivative controller 32.74
Proportional and derivative controller 35.2
Proportional controller 36.5

68 -0.000318 
75 -0.000324 
52 

6
4 -0.000331 

 

The numerical values of energy released and 
ma
clearly indicat speed WECS
wi a negligible frequency suppo
wi plementary controller. T
inc ECS equip
wi ertial response for freque

pport, releases the energy during the frequency drop. 
 is quantified, that the use of proportional controller 

sch
inertial respons ng frequency 

bine operates at its rated pow
the oint, hits its limit. Therefore t
tor supplementa
co  provide iner

ppo e generator has the capability
 produce the output power above the rated value the 

set po

 

6. OPTIMIZED TUNING OF CONTROL 
HEME 

n trol 
me to provide frequency  WECS equipped 
 DFIG during the syste anges. With 
act identified in the pre on that the use of 
ortional controller sch e supplementary 

control loop gives better inertial response during 
ncy variations, here the tuning of proportional 

ra the 
form

The PSO technique nted to tune the 
troller parameter for  the frequency 
iation and maximizing  of energy. The 

m is desc res [16], [17]. 

Application of PSO 

ximum change in rotor speed, shown in the tables, SC
e that variable  equipped is sectioth DFIG provides rt Th

thout additional sup he sche

lusion of supplementary control in W ped with

th DFIG to provide the in ncy the f
propsu

It
eme in the supplementary control loop gives better freque

controle than others duri variations. ler pa
desired perAs the wind tur er, 

 torque set point, Tset_p he conque set point is not affected from the 
rbine does not

ry devntrol loop and thus the tu
rt at this point. If th

tia 
 basic PSO algorithsu

to
int torque limit can be increased. In this way, the 

wind turbine can provide the inertial support.  
During frequency dip and load variation occurs on a 
network, the network frequency falls rapidly, so it is 
important that the generators allocated for frequency 
regulation should remain connected to increase their 
power output as fast as possible to avoid the network 
frequency falling below the level that demands load 
disconnection. 
 
 

presents the esign of conoptimal d
 support in
m frequency ch
vious secti
eme in th

meter is considered for optimizing 
ance. 

is impleme
minimizing
the release
ribed literatu

The traditional method of tuning doesn’t guarantee 
optimal parameters of the controller. The system 
nonlinearity causes poor performances of the 
conventional controllers [16]. The PSO is implemented 
on a 9 MW WECS equipped with DFIG to tune the 
frequency support controller parameter for optimizing 
the desired performance. This method yield optimal 
parameters and free from the curse of local optimality. 
The parameter of the PSO, set for this work, is given in 
the Table 3. 
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 variation in the network. The criterion 
sed to describe the system response includes the 
hange in frequency with time and release of energy. 
he optimization problem is formulated in the form of 

th time and maximizing the energy released.  

The system is analyzed for frequency support 
during the load
u
c
T
objective function for minimizing the frequency 
deviation wi

The objective function is formulated in two parts, 
based on the relationship of the system performance 
with time. The first part of the objective function 
represents the frequency deviation with time in the form 
of integral time absolute error (ITAE). The second part 
of the objective function is formulated for maximizing 
the energy released. While the overall objective function 
has to minimize to attain the desired goal. The weighing 
factor β can vary from 0 to 1 as per the requirement in 
Equation 11. 

ObjectiveFunction =

* f (minimize frequency deviation with time)1β

+ (1- )*f (maximiz2β e released energy)                (11) 

p. The parameter of proportional controller 
is tuned corresponding to the objective function 
(Equation 11) for different value of weighting factor β, 
shown in Table 4. 
For the performance evaluation, the initial value of wind 
turbine is taken corresponding to a wind
m/sec. The initial value of DFIG output power is 0.48 

0.44 pu and rotor speed is 1.09 pu. As the 
rotor s

n

Case Study: 

The test system used in this study is same as 
shown in Figure 8. The performance of the system is 
analyzed with supplementary proportional controller and 

 
Table 3. Swarm configuratio

Swarm parameters 

PSO tuned controller when the system is subjected to 
load variation in the network.  

Here, the network system frequency variation is 
introduced by connecting a load of 8 MW through 
Switch 1 at time t=0.5 sec. This load variation results in 
frequency dro

 speed of 10 

pu, Tsp_ref  is 
peed is below the maximum permissible speed 1.2 

pu, the pitch angle controller is not activated. Figure 11 

shows the performance of WECS equipped with DFIG 

for load variation in terms of frequency drop. The 
frequency response, power output, reference value of 
torque and generator rotor speed plots are considered 
here for comparing the proportional controller in 
supplementary loop and PSO tuned proportional 
controller in supplementary loop for β=1. 

s of the PSO method. 
Standard type PSO 

Max. number of iterations 100 
Number of particles 50 

(0.9, 0.4) 
(2.0, 2.0) 

(wstart, wend) 
(c1, c2) 

 
 

Table 4. PSO tuned controller parameter. 

Weighting factor β  1.0 0.9 0.8 0.7 0.6 0.5 

PSO tuned controller parameter 11.440 12.342 13.029 14.012 15.143 16.057 
 

7. RESULTS AND DISCUSSION 
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energy is released and out rily 
increased. The network frequen  in 
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shows the im c  

r β=1. The output power plots of Figure 11(ii) clearly 
w t roller for 

 proportional 
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parisons of the two responses 
corre tional controller and optimize 
control sche ith β=1 for the load variation in the 
network, are n in Table 5.  
The num ts of energy released and maximum 
change in d, in the Table 5, clearly indicate 
that variab WECS equipped with DFIG provides 
best results for frequency support when the PSO tuned 
proportional controller is connected in the 
supplementary loop. The PSO tuned proportional 

trolle ides better fr ncy nse on the cost 
e m er extraction 

 

), supplementary control extraction curve.  
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The quantified com
sponding to propor

me w
show

erical resul
 rotor spee
le speed 

con r prov eque respo
of op
curve. 

rating away from the maxi um pow



         D. Nagaria, G.N. Pillai and H.O. Gupta / International Energy Journal 11 (2010) 17-28 26 

0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1
59.5

59.6

59.7

59.8

59.9

60

60.1

60.2

Time (sec)

Fr
eq

ue
nc

y 
(H

z)

 

 
Proportional Controller
Optimized Proportional Controller

 
(i) 

0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1
0.46

0.48

0.5

0.52

0.54

0.56

0.58

0.6

0.62

Time (sec)

P
ow

er
 (p

u

 
Proportional Controller

)

 

Optimized Proportional Controller

 
(ii) 

0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1

0.42

0.44

0.46

0.48

0.5

0.52

Time (sec)

To
rq

ue
 R

ef
 (p

u)

 
Proportional Controller
Optimized Proportional Controller

0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1
1.09

1.0901

1.0902

1.0903

1.0904

1.0905

 

 
(iii) 

Time (sec)

R
ot

or
 S

pe
ed

 (p
u)

 

 
Proportional Controller
Optimized Proportional Controller

 
(iv) 

Fig. 11. WECS performance under load variation on power system at time t=0.5 sec  (i) frequ response (ii) power output 
(iii) reference value of torque (iv) generator rotor speed. 

 
 

Table 5. The numerical results for load variation in the network. 
Control scheme Energy released (kW-s) Maximum change in rotor speed (pu) 

ency 

Proportional controller (KP=10) 21.2171 -0.000328 
PSO tuned controller (KP=11.44) 25.2879 -0.000376 

 
8. CONCLUSION 

With conventional generation, the kinetic energy is 
released from their rotating mass for change in the 
system frequency but this is not true in the case of 
variable speed WECS equ  with DFIG. Thus, if 
v
co

sponse is detrimentally affected. The simulation of 9 
W variable speed WECS equipped with DFIG, with 
d w

for freq
system y excu
load v dition of

pple speed W
lted in the improvement in 
, in terms of the rate of 

for frequency support is best amongst three control 
schemes considered here. 
This improvement in inertial response depends upon the 
control scheme used to improve the frequency support 

he parameters of the controllers. Hence, the 
optimization technique PSO mployed to tune the 

time and maximizing the 
energy released. The simulation results and numerical 
results verified the efficacy of the PSO optimized 
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APPEN

WT-DFIG parameters 
 

DIX 

Turbine: Each-1.5 MW 
base wind speed =12 m/s 
base rotational speed (pu of nom nal generator speed) =1.2 

3 =0.4, c4 =5, c5 =21 and c6 =0.0068Coefficients: c1 =0.5176, c2 =116, c
 
Generator: Each- Rated Power P =1.67 MVA 
Rated Voltage V =575 V 
Rated Frequency f =60 Hz 
Stator Resistance Rs(pu) =0.00706  
Stator Reactance (pu) =0.171 
Rotor Resistance (pu) =0.005 
Rotor Reactance (pu) =0.156 

.01 
Pole pairs p =3 
 
Supplementary controlle
Derivative controller KD =
Proportional-Derivative controller KP =5, KD =5 
Proportional controller KP=10 

ptimized Proportional controller KP =11.44 for β =1 O
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