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Abstract— According to the environmental concerns, the utility 
of renewable energy is rapidly growing up. Recently, wind 
energy has had a significant proportion in renewable power 
resources. As wind power penetration increases, power industry 
tends to replace conventional generation units with the wind 
power resources. Modern wind energy conversion machines are 
not able to participate in frequency response since the machines 
are decoupled from the grid by back-to-back voltage based 
converters. In spite of providing the ability for wind generation 
to contribute in frequency regulation, the effect of this 
contribution is not entirely perceived especially at different wind 
power penetration. This paper investigates the impact of the 
inertia, primary frequency response (PFR) and combination of 
those control procedures that provided based on fast primary 
control by wind turbines on frequency response of updated 
IEEE-39 bus power system. The simulation results show the 
significant improvement in frequency performance with 
contribution of wind farms in primary frequency regulation. 
(Abstract) 

I. INTRODUCTION  
HE ability of a power system to maintain its electrical 
frequency within a safe range, is crucial for power system 

stability and reliability. An interconnected power system 
must have sufficient resources to support and return the 
frequency of power system to the acceptable range to a 
variety of contingency events [1].Due to the environmental 
concerns, utilizing of renewable energy is growing up 
rapidly. Recently, Wind energy has had a significant 
contribution in modern power systems, although its stochastic 
nature result in several challenges in power system operation 
and control [2]. As the wind penetration increases, power 
industry tends to displace conventional generation units to the 
wind power resources. The constant increase of wind power 
penetration, leads to derail more and more conventional 
generation units. The most popular generators used in wind 
energy conversion systems (WECS) are variable-speed 
machines, in particular Doubly-Fed Induction Generators 
(DFIG) and Permanent Magnet Synchronous Generators 
(PMSG) [3]. The future modern wind power such as DFIG 
wind turbines is fundamentally different from conventional 

generators [4]. The DFIG wind turbines are not capable to 
participate in frequency response since the machines is 
decoupled from the grid by back-to-back voltage based 
converters. So the absence of inertia and primary frequency 
response -like conventional generators- of this wind resources 
at high penetration of wind power, can result in a larger Rate 
of Change of Frequency (ROCOF) and steady-state deviation 
from nominal or scheduled frequency. On the other hand, the 
combination of inertia and PFR of wind power resources is 
crucial at high wind power penetration in power systems to 
arrest electrical frequency changes before triggering under-
frequency load-shedding relays [1]. So, in two recent decades 
system operators have become worry about the performance 
of primary frequency regulation of power system with high 
penetration of WECS, and many researchers and experts 
focused on enhancement of primary frequency control of 
power systems. It is possible for variable speed wind turbines 
to participate in the inertial response and PFR of power 
system and emulate the role of conventional generators to 
improving the frequency response characteristic to the 
desirable value [2]. One possible option to offset the effect of 
inertia reduction with high penetration of wind power in 
power systems, is to equip DFIG wind turbines with active 
power control loops at wind turbines control level [6]. 
    As mentioned, in recent years, many researchers have 
placed their focus on the frequency regulation capability of 
the wind turbines generation. In [5], authors pointed that for a 
2 MW DFIG, the amount of inertia of rotor is approximately 
six times that of its electrical generator. So the stored kinetic 
energy of the rotors of the large scale wind farms is sufficient 
to support the reduced inertia of power system due to high 
penetration of variable-speed wind turbines by adding the 
extra control loops, sensitive to the network frequency [6]. 
For example, the stored kinetic energy in rotating masses of 
DFIG could be utilized to provide temporary frequency 
support like the droop response and inertia response of 
conventional generators by adding extra proportional loop 
that is sensitive to ROCOF and frequency changes. The 
impact of utilizing both additional control loops on primary 
frequency response is investigated [7]-[8]. On the other hand, 
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deloading control can provide the wind power reserve to 
support frequency event in sub-optimal mode instead of 
Maximum Power Point Tracking (MPPT) operation mode 
[9]-[10]. All above controllers can be installed in the power 
electronic converter of the variable-speed wind turbines and 
can provide the participation of wind turbines in short term 
primary frequency control for the few tens of seconds due to 
the limitation in stored kinetic energy. 
In [11], the traditional pitch angle control that can be 
implemented for variable-speed and fixed-speed wind 
turbines, is used. The authors have pointed that this control 
method is valid when the rotor speed is above the maximum 
value for high wind speed conditions. The power support that 
provided by pitch angle control is slower than electronic 
converter based control because of the mechanical time 
constant of pitch controller. On the other hand, for low speed 
wind conditions the rotational speed controller can be used 
[5]. This control method is also based on electronic converter 
control that can provide the support faster than pitch angle 
control. In addition, applying this control in lower speed wind 
condition can protect the pitch blade from wear and tear 
rather than pitch angle control only [12]. 
    This study focuses on investigating the sensitivity of 
various performance metrics for primary frequency control 
with considering high penetration levels of wind power at 
wind turbine control level. 
    The rest of paper is organized as follows: in section II, the 
frequency performance metrics that used in this paper is 
described. The details of IEEE-39 bus test system for 
performing the simulations are introduced in section III. 
Section IV, Provides description of different active power 
control strategies for wind turbines based on fast primary 
control. Section V, gives the details of different scenarios and 
wind penetration levels. The results of impact of different 
active power control strategies for wind power resources on 
frequency performance, are provided in section VI. In section 
VII, conclusion is given. The simulation is performed by 
Matlab's SimPowerSystems block set.   
 

II. FREQUENCY RESPONSE METRICS  
In this work, the similar frequency response metric that 

described in [13], is used. In Fig. 1 a typical frequency 
response following unit trip is shown [14].In normal 
operation, the system frequency will be kept close to 60 Hz, 
which is the nominal frequency of the interconnected power 
system. In power systems, major requirements are total system 
inertia, amount of PFR that can be supported by power 
resources of the system following a contingencies, and the 
response speed of this PFR [15][16]. As shown in Fig. 1, Point 
A represents the frequency before the disturbance, Point C 
represents the maximum drop of frequency (Nadir frequency) 
due to loss of kinetic energy of rotating mass of system 
following the disturbance and Point B represents the network 

frequency after governor response (primary frequency control) 
and before starting of the corrective secondary frequency 
control. The value of C is determined by the inertial response 
and capability of PFR of resources following disturbance in 
power system. Continued PFR after domination of point C, 
stabilized the frequency to point B that referred to the steady-
state frequency. 

    The study presented in this paper, focused on analysis of 
impact of different levels of wind power penetration, 
considering wind farms as usual without capability of PFR 
support, as well as by allowing wind power to support inertia, 
PFR and combination of them to system frequency 
regulation. This methodology is also considered for 
coordination of wind farms at different levels of penetration, 
with effective conventional generators in the modified IEEE-
39 bus system. 
    The metrics that used in this study to analysis the 
frequency performances is: 

1- Value of nadir frequency (point C) 
2- Value of settling frequency (pint B) 
3- Transition time from point A and B. 
4- Transition time from point C to B. 
5- The ratio of point C to point B as known as CBR 

metric. 

 

 
Fig. 1. Description of frequency response metrics. 

 

III. NEW ENGLAND TEST SYSTEM 
    New England system is a well-known test system that 
widely used as a standard system for testing of the new power 
system analysis and control methodologies. The test system 
that used in this study, represent a greatly reduced model of 
the power system in New England with a same topology. The 
system has 10 generators, 12 transformers, 19 loads and 34 
transmission lines. The system parameters are given in [17]. 
    The 39-bus system consists of 3 interconnected areas. The 
total system capacity is 886.54 MW of conventional 
generation. In Area 1 there are 221.63 MW of conventional 
generation and 265.25 MW of load. There are 232.83 MW of 
conventional generation and 232.83 MW of load in Area 2. 
Also there are 183.17 MW of conventional generation and 
124.78 MW of load in Area 3. 
    All of the conventional generators are equipped with power 
system stabilizer and speed governors. For simulations that 
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presented in this work, similar to real power system, the 
important inherent requirement and basic constraints such as 
governor dead-band and generation response rate that 
imposed by system dynamic and characteristic, are 
considered. 
 

IV.  CONTROL METHODOLOGY 
   The main objective of this study is to investigate the impact 
of provided support from wind turbines at high penetration 
levels of wind power on short-term frequency response, by 
several performance metrics. For this purpose, in any 
penetration level, the DFIG-based wind turbines are equipped 
with fast primary control support. The Fixed Speed Induction 
Generator (FSIG) based wind turbines considered without 
supportive control to the primary frequency regulation. 
 
A. Wind Turbines Control 

1) Inertia Control 
    Conventional generators and FSIG wind turbines can 
release their stored kinetic inertia in rotating masses to the 
power system for sudden mismatch of load and generation. 
While variable speed wind turbines cannot support inertial 
response due to the decoupling between rotor speed and grid 
frequency because of back-to-back converter that used in this 
type of wind turbines [3].  
    As shown in Fig. 2, by implementing the local control loop 
that is sensitive to the ROCOF to power reference of rotor-
side converter of DFIG, the fast inertial response from DFIG 
can be provided. These additional loops, change actual torque 
set point ( prod refT ) as an input for converter controller by 

controlling the generator current. This control method 
adopted the torque set point as a function of combination of 
ROCOF and grid frequency changes ( f ).  The needed 
energy is taken from stored kinetic energy of rotating masses 
of WECS. 
    The amount of release kinetic energy for emulating inertial 
response depends on the properly tuned value of InertiaK that 
compared with utilizing of pitch angle control support [6]. 
Although the important issue that must be considered is the 
limitation of stored kinetic energy in rotating masses of wind 
turbines. So implementing of combination of two control 
loops would force the machine out of stable range due to 
undesirable reduction in rotor speed of machine. After 
restoring the grid frequency to a safe range, the rotor speed 
must be recovered by the additional control strategy. One 
possible way to restore the discharged kinetic energy and 
rotor speed to the desirable value, could be absorbing energy 
that is drown in turn from the grid [6]. 
    As shown in Fig. 2, due to machine life time and technical 
issue [18], inertia control loop included ROCOF dead-band 
that is essential to avoid activating inertial response for wind 
turbine when it is not necessary. Different power systems 
may have different dead-bands [19]. 

    In this study, the gain of InertiaK is tuned in a way that 
inject inertial response support about 10% of rated power of 
wind farms. 
 

2)  Droop Control 
By implementing of this local control loop which is 
proportional to the frequency deviation, the droop active 
power support (PFR) characteristic of conventional generator 
can be emulated [20]-[21]-[22]. The frequency deviation is 
given by: 

-  Meas reff f f  (1)  

where Measf  is the measured frequency of power system and 

reff is nominal or reference value of the frequency. 
    The important issue that must be noted is applying the 
boundary of dead-band that considered for this control loop. 
If it takes too long time to activate the droop support of wind 
turbine after the grid event, the obtained support may be little. 
On the other hand, if it activates the support too early, the 
support from prime mover and conventional governor 
response may not be started and then most of the required 
temporarily active power support to the grid will come from 
the wind turbine only. So according to the characteristic of 
the simulated power system and power imbalance, the 
boundary of the dead-band must be chosen carefully [19]. In 
this work, we have chosen the boundary of dead-band of 
droop control loops in a way the droop support from wind 
turbines will be started simultaneously with the response of 
conventional governors and prime movers. 
    It must be noted that, for the contribution of DFIG-based 
wind farms in primary frequency regulation that provided by 
fast primary control , the reference value for reactive power 
of DFIG wind turbines is set to zero. 
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Fig .2. Proposed control strategy for DFIG wind turbines 
 

V.  SCENARIO DEVELOPMENT 
    As mentioned previously, the main objective of this work 
is to investigate the sensitivity of performance metrics and the 
impact of capability of wind turbines to provide inertia and 
PFR on frequency response performance, with considering 
high wind power penetration in power system. For this 
purpose some of the conventional generators are replaced 
with DFIG (equipped with control support) and FSIG 
(without control support) wind farms to provide several 
simulation scenario cases with different wind power 
penetration levels as following: 



    Case1 (20% wind power penetration): For this scenario in 
Area 3, Gen 6 at bus 35, with 86 MW generation and in Area 
1, Gen 3 at bus 32, with 90 MW power generation replaced 
with DFIG-based wind farms. 
    Case 2 (30% wind power penetration): This scenario is 
provided by considering the wind power penetration in Case 
1 and substituting the DFIG-based wind farms in Area 2, with 
Gen 10, at bus 30 and 66 MW generation. 
    Case 3 (30% wind power penetration): This case is made 
by considering the wind power penetration in case 1 and 
replacing the FSIG-based wind farm in Area 2, with Gen 10, 
at bus 30 and 66 MW generation. 
    Case 4 (40% wind power penetration): This case is made 
by developing the Case 2 and replacing the DFIG-based wind 
farm in Area 1, with Gen 2 at bus 31 and 92 MW generation. 
    It must be noticed that the start-up and rated wind speed for 
DFIG turbines are specified as about 12.5 and 14 m/sec, 
respectively and assumed to be constant, while both of these 
values are specified as about 14 m/s for FSIG wind turbines. 
By considering the time framework for simulation (tens of 
seconds) in this work, this assumption seems to be 
reasonable. In all above Scenarios, three step load increment 
simultaneously are applied to the three area at 5s as follow: in 
Area 1, 6.6% of total area load; in Area 2, 5.48% of total area 
load and in Area 3, 6.6% of total area load. 
 

VI.  SIMULATION RESULTS 
The summary of provided simulation scenarios that 
performed to investigate the impact of various active power 
control parameters on the frequency performance metrics is 
shown in Table. I. 

TABLE I.  THE SUMMARY OF PERFORMED SIMULATIONS 

Cases and 
Penetration 
Levels (%) 

 
Simulation Scenarios 

Case 1 (20%) 
 
Case 2 (30%) 
 
Case 3 (30%) 
 
Case 4 (40%) 

 
 

No Control 
Support 

 
Inertia 
Only 

(10% of 
rated 

power) 

 
PFR 
Only 
(2% 

Droop) 

 
PRF (2% 

Droop)+Inertia 
(10% of rated 

power) 

 
Figs. 3-6 show the simulated frequency response that 
performed for four wind power penetration cases (Case 1, 
Case 2, Case 3 and Case 4) and different strategies for fast 
primary frequency control that applied on wind turbines such 
as: Inertia-only (red trace); PFR-only (blue trace) and 
combination of inertia and PFR (green trace) support. 
    In Figs. 3-6, declining of the nadir frequency and settling 
time with increment of wind generation level for no control 
support cases (black plots), was caused by the lack of 
responsible conventional generators that replaced with farms. 
    By further investigating of the Figs. 3-6, the impact of 
strategy controls on different wind power penetration become 
more visible. 

Frequency nadir is determined with the total stored kinetic 
inertia of rotating masses in machines, the number of 
generators that participate in PFR, type of grid disturbances 
and dynamic characteristic of power system [6]. As shown in 
Figs. 3-6, the inertial control (red trace) had significant 
improvement on frequency nadir in higher levels of wind 
penetration (See Fig. 6), compared with lower penetration 
(See Figs. 3-5) and no control support in each cases. This is 
because of supporting more inertial control support (about 
10% of rated power of wind farms) from further installed 
wind farms compared with lower wind penetration levels. 
Also by providing inertia control support, the transition time 
to frequency nadir increased with increment in wind 
penetration levels. This is because, the inertia-only control 
support helps reduce the declining of the ROCOF. On the 
other hand with slowing down of the rotor speed of wind 
turbines by injecting inertia support and reduction in the 
output active power of wind farms under the nominal output 
in recovery period, the transition time to settling frequency 
(point B) is increased.  
    On the other hand, the settling frequency determined by the 
droop support of the machines that participate in PFR [6]. As 
shown in Figs. 3-6 by providing droop support (about 2% of 
rated wind farms power) the settling value of frequency 
(Point B) and frequency nadir increased as well as wind 
penetration level increased. This is because of increment in 
available PFR support from further installed wind farms in 
higher wind penetration Levels. Because of the limitation in 
stored kinetic energy of rotating masses of wind farms, the 
improvement in settling frequency is less than improvement 
in frequency nadir. However, it was obviously higher than the 
no control support strategies for all wind penetration levels. 
By providing the PFR-only support, the greatest improvement 
was seen in 40% wind power penetration which settling value 
increased from 59.72 (for no control support) to 59.74 Hz. 
The lowest improvement was seen in Case 3 (See Fig. 6), 
because of absence of PFR support form uncontrolled FSIG-
based wind farm that installed in the system. 
    As shown in Figs. 3-6, the combination of inertia and PFR 
control (green trace) support from wind farms, had most 
superior improvement on frequency performance. 
Implementing of this control strategy, gives significant 
improvement on the major frequency indices such as: rat of 
change; nadir and settling frequency. 
    In Fig. 7 the frequency nadir for all of the control strategies 
and for DFIG-based wind farm cases (Case 1, 2 and 4) is 
consulted. The combination of both inertia and PFR control 
for wind turbines had the best nadir improvement. As wind 
penetration increased the effectiveness of this combined 
control is more and more apparent. In 40% of wind 
penetration level, the biggest improvement obtained which 
increased the frequency nadir from 59.48 (for no control 
support) to 59.61 Hz. 
    The impact of combination of inertia and PFR control for 
wind farms on settling frequency is shown in Fig. 8. By 
providing the combined strategy control, the settling 
frequency is also increased. As mentioned earlier because of 
reduction in stored kinetic energy of rotating masses of wind 



turbines, due to realization of inertia response for the first few 
seconds, the ability of contribution of PFR form wind farm to 
system frequency is reduced. So compared to improve the 
frequency nadir by inertia control, the impact of droop 
control strategy does not show the same resolution on settling 
frequency. 

 
Fig. 3.  Frequency response for Case 1 (20% Wind Power Penetration). 

 
Fig. 4.  Frequency response for Case 2 (30% Wind Power Penetration). 

 
Fig. 5.  Frequency response for Case 3 (30% Wind Power Penetration). 

 
Fig. 6.  Frequency response for Case 4 (40% Wind Power Penetration). 

 
Fig. 7.  Impact of wind power control on frequency nadir. 
 
 
 

 
Fig. 8.  Impact of wind power control on settling frequency. 
 
    In Table II, the CBR performance metric for no control 
support (column 2) and combination of inertia and PFR 
control support (column 3), is calculated for all wind 
penetration levels. The value greater than 1 for CBR means 
that the frequency nadir is at a lower frequency than the 
settling frequency [16].  
    In this work, the lower value for CBR indicates more 
improvement in frequency performance, because of the 
significant improvement in nadir frequency compared with 
settling frequency improvement. As mentioned previously, 
this issue is due to reduction in amount of stored kinetic 
energy to support PFR after injecting the inertia support from 
wind farms to system frequency regulation.  
    The best CBR metric is calculated for combination of 
inertia and PFR control support for Case 4. On the other 
hand, for no control support strategy, the biggest value for 
this metric also belongs to Case 4 because of the minimum 
number of conventional generators in this case.  
 

TABLE II.  IMPACT OF WIND FARMS CONTROL ON CBR FREQUENCY 
PERFORMANCE METRIC 

 
Cases and 

 Penetration levels (%) 

 
CBR 

No Control 

 
CBR 

Inertia+PFR 
Case 1 (20%) 1.749 1.590 
Case 2 (30%) 1.796 1.538 
Case 3 (30%) 1.805 1.618 
Case 4 (40%) 1.885 1.494 

 
 



VII.  CONCLUSION 
In this paper, several simulation scenarios are performed to 
investigate the frequency response of the IEEE-39 bus power 
system caused by increment of load in each area at different 
wind power penetration levels. The depth in frequency 
following the load disturbance can be improved by equipment 
the variable-speed wind turbines generators with inertia and 
PFR control support. In recent years, steadily increasing of 
wind power penetration, leads to retirement of more and more 
conventional generation units. So with the new construction 
in power systems, the industry needs to research and develop 
the capability of new unconventional resources to provide the 
frequency support for power systems. The steadily increasing 
of wind power penetrations, affected the conventional power 
system frequency regulation in two ways: first the reduction 
in total system inertia, because of penetration of 
asynchronous power conversions and, second, the lack of 
contribution of this power conversions in frequency 
regulation. However, by equipment the new unconventional 
resources, especially variable-speed wind turbines generators 
with inertia and PFR control support, the transient frequency 
performance can be improved.     
    The main focus of the present work, is to investigate the 
sensitivity of frequency performance metrics, following the 
load disturbance, by considering the inertia and PFR support 
from variable-speed wind turbines, at high wind power 
penetration levels.  
    The impact of inertia-only, PFR-only and combination of 
inertia and PFR support from DFIG-based wind farms on 
frequency response are investigated. Simulation results 
shown that the amount of inertia and PFR supports can be 
tuned (especially at high wind penetrations) to improve 
frequency performance. For example, combining inertia and 
PFR support from wind powers lead to more improvement in 
nadir and settling frequency in any penetration levels so that 
the great improvement was seen at 40% wind penetration. 
The less improvement was seen in Case 3, because of 
presented FSIG-based wind farm in this Case, that provided 
no control support for frequency regulation in power system. 
 

REFERENCES 
 
[1] V. Gevorgian, Y. Zhang, and E. Ela, “Investigating the Impacts of 

Wind Generation Participation in Interconnection Frequency 
Response,” IEEE Trans. Sustain. Energy, pp. 1–9, 2014. 

[2] E. Loukarakis, A. Member, and I. Margaris, “Frequency Control 
Support and Participation Methods Provided by Wind Generation,” 
in Electrical Power & Energy Conference (EPEC), 2009 IEEE, 
2009, pp. 1–6. 

[3] T. Sow, O. Akhrif, A. F. Okou, A. O. Bâ, and R. Gagnon, “Control 
Strategy Insuring Contribution of DFIG- Based Wind Turbines To 
Primary And Secondary Frequency Regulation,” in   37th Annual 
Conference on IEEE Industrial Electronics Society (IECON), 2011 
IEEE,pp. 3123–3128, 2011. 

[4] I. Erlich and M. Wilch, “Primary frequency control by wind 
turbines,” Power and Energy Society General Meeting, 2010 IEEE. 
pp. 1–8, 2010.  

 [5] G. Ramtharan, N. Jenkins, and J. B. Ekanayake, “Frequency 
support from doubly fed induction generator wind turbines,” IET 
Renew. Power Gener., vol. 1, no. 1, pp. 3–9, 2007. 

[6] G. Lalor, A. Mullane, and M. O’Malley, “Frequency control and 
wind turbine technologies,” Power Syst. IEEE Trans., vol. 20, no. 
4, pp. 1905–1913, 2005. 

[7] J. M. Mauricio, A. Marano, A. Gómez-Expósito, and J. L. Martinez 
Ramos, “Frequency regulation contribution through variable-speed 
wind energy conversion systems,” Power Syst. IEEE Trans., vol. 
24, no. 1, pp. 173–180, 2009. 

[8] J. Morren, J. Pierik, and S. W. H. De Haan, “Inertial response of 
variable speed wind turbines,” Electr. power Syst. Res., vol. 76, no. 
11, pp. 980–987, 2006. 

[9] L.-R. Chang-Chien, C.-M. Hung, and Y.-C. Yin, “Dynamic reserve 
allocation for system contingency by DFIG wind farms,” Power 
Syst. IEEE Trans., vol. 23, no. 2, pp. 729–736, 2008. 

[10] R. G. De Almeida, E. D. Castronuovo, and J. A. Peas Lopes, 
“Optimum generation control in wind parks when carrying out 
system operator requests,” Power Syst. IEEE Trans., vol. 21, no. 2, 
pp. 718–725, 2006. 

[11] L. Holdsworth, J. B. Ekanayake, and N. Jenkins, “Power system 
frequency response from fixed speed and doubly fed induction 
generator based wind turbines,” Wind Energy, vol. 7, no. 1, pp. 
21–35, 2004. 

[12] N. A. Janssens, G. Lambin, and N. Bragard, “Active power control 
strategies of DFIG wind turbines,” in Power Tech, 2007 IEEE 
Lausanne, 2007, pp. 516–521. 

[13] J. H. Eto, “Use of frequency response metrics to assess the 
planning and operating requirements for reliable integration of 
variable renewable generation,” Ernest Orlando Lawrence 
Berkeley National Lab., Berkeley, CA, USA, Tech. Rep. LBNL-
4142E, Dec. 2011. 

[14] N. W. Miller, M. Shao, S. Pajic, and R. D. Aquila, “Eastern 
Frequency Response Study Eastern Frequency Response Study,” 
National Renewable Energy Lab, Golden, CO, USA, Tech. Rep. 
NREL/SR-5500-58077, may 2013 [Online]. Available: 
http://www.nrel.gov/docs/fy13osti/58077.pdf. 

[15] D. Energieagentur, “English summary of the dena Grid Study,” 
online http//www. Dtsch., 2005. 

[16] M. Garcia, A. Jemal, E. M. Ward, M. M. Center, Y. Hao, R. L. 
Siegel, and M. J. Thun, “Global cancer facts & figures 2007,” 
Atlanta, GA Am. cancer Soc., vol. 1, no. 3, 2007. 

[17] H. Bevrani; T. Hiyama, Ed., “INTELLIGENT A UTOMATIC G 
ENERATION,” New York, NY: CRC Press (Taylor & Francis 
Group). 

[18] C. Tarnowski, “Coordinated Frequency Control of Wind Turbines 
in Power Systems with High Wind Power Penetration,” Industrial 
PhD, 07-026815. Danish Agency of Science Technology and 
Innovation. Technical University of Denmark, 2011. 

[19] P. Kundur, N. J. Balu, and M. G. Lauby, Power system stability 
and control, vol. 7. McGraw-hill New York, 1994. 

[20] J. Morren, S. W. H. De Haan, W. L. Kling, and J. A. Ferreira, 
“Wind turbines emulating inertia and supporting primary frequency 
control,” Power Syst. IEEE Trans., vol. 21, no. 1, pp. 433–434, 
2006. 

[21] B. H. Chowdhury and H. T. Ma, “Frequency regulation with wind 
power plants,” in Power and Energy Society General Meeting-
Conversion and Delivery of Electrical Energy in the 21st Century, 
2008 IEEE, 2008, pp. 1–5. 

[22] J. F. Conroy and R. Watson, “Frequency response capability of full 
converter wind turbine generators in comparison to conventional 
generation,” Power Syst. IEEE Trans., vol. 23, no. 2, pp. 649–656, 
2008. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (None)
  /CalCMYKProfile (None)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 6.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


