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Abstract Frequency regulation in a generation mix
having large wind power penetration is a critical issue, as
wind units isolate from the grid during disturbances with
advanced power electronics controllers and reduce equiva-
lent system inertia. Thus, it is important that wind turbines
also contribute to system frequency control. This paper
examines the dynamic contribution of doubly fed induc-
tion generator (DFIG)-based wind turbine in system
frequency regulation. The modified inertial support
scheme is proposed which helps the DFIG to provide the
short term transient active power support to the grid during
transients and arrests the fall in frequency. The frequency
deviation is considered by the controller to provide the
inertial control. An additional reference power output is
used which helps the DFIG to release kinetic energy stored
in rotating masses of the turbine. The optimal speed control
parameters have been used for the DFIG to increases its
participation in frequency control. The simulations carried
out in a two-area interconnected power system demon-
strate the contribution of the DFIG in load frequency
control.

Keywords doubly fed induction generator (DFIG), load
frequency control, inertial control, wind energy conversion
system (WECS)

1 Introduction

With the inclusion of large wind sources in the system, the
conventional power sources will retire and there can be
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insufficient kinetic energy from the power plants to support
the system frequency. The decrease in the number of
synchronous units in operation may reduce system inertia
and as a result the system’s robustness regarding
disturbances. Hence, as the wind penetration level rises,
it is essential to explore the possibility of doubly fed
induction generator (DFIG)-based wind turbine for
frequency control along with conventional generators.
The inertial and dynamic characteristics of wind generators
differ from the conventional generators. The kinetic energy
of conventional generators will no longer be available to
support the system frequency in the event of any
contingency. Such problems become delicate in isolated
systems and needs investigations regarding potential of
wind parks to participate effectively in primary frequency
regulation. If installed wind capacity can contribute some
inertia, the adverse effects of contingency can be reduced
[1,2].

The technological advancements have made it possible
for wind generators to participate in frequency control. It
increases the robustness of operation and makes wind
power penetration safer. In the case of DFIG, the inertia of
the turbine is effectively decoupled from the system thus,
preventing the generators from responding to system
frequency changes. The power electronic controller
controls the performance and acts as an interface between
the machine and the grid. This behavior of DFIGs when
operating in large numbers is not desirable, as the
frequency of the system will change rapidly due to
disturbance with lower inertia. Few methods are reported
in literature on how variable speed wind turbine (VSWT)
can participate effectively in system frequency regulation
[3-5]. The first method is based on inertial control; the
second is power reserve control method (pitch control and
speed control) and the third is control by communication
method. Inertial control is provided by the DFIG through a
supplementary inertia control loop [6]. This additional
inertia control loop is sensitive to system frequency and it
releases the kinetic energy from rotating masses of the
DFIG-based wind turbines. The DFIGs react instantly to
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disturbances and primary frequency control is applied by
injecting active power during frequency excursion. The
additional amount of power supplied by the wind generator
to the grid is proportional to the derivative of system
frequency. The capability of the DFIG in frequency
regulation is exploited through a combination of control
of static converters and pitch control, adjusting the rotor
speed and the active power according to the deloaded
optimum power extraction curve [7]. Dynamic participa-
tion of the DFIG in frequency control is analyzed by a
frequency control support function which responds
proportionally to frequency deviation and the kinetic
energy of turbine blades is used to improve frequency
[8,9]. The contribution of the DFIG in frequency
regulation is also analyzed by governor setting and system
inertial response. A novel control algorithm is proposed for
extracting maximum energy from the turbine in a stable
manner [10].

Different types of controllers are used to maintain the
power system in a normal state of operation. These
controllers for automatic generation control (AGC) are
proportional and integral (PI), proportional-integral-deri-
vative (PID), and optimal controllers. Among other
controllers fuzzy-based controller is also very efficient in
system frequency regulation. Fuzzy controller is used to
provide ancillary services through price-based and bilateral
contract mechanisms in a competitive way in a market
structure [11]. A fuzzy-based automatic generation con-
troller with flexible alternating current transmission
(FACT) device is also proposed for frequency control in
open access market scenario. The phase angle control of
TCPS is used to stabilize the system frequency and tie-line
power oscillations along with fuzzy controller [12]. The
gain of the controllers can be set to control fast transient
recovery and low overshoot in the dynamic response of the
system. The gain setting of these controllers is done by
approaches like integral square error (ISE) and other
optimization methods like particle swarm optimization. PI
controllers improve steady state error with little or no
overshoot.

Wind generators generally do not contribute to system
frequency regulation, i.e., they do not increase or decrease
the generation during frequency excursions. The objective
of this paper is to analyze the load frequency control
problem of a two-area interconnected system when the
DFIG- based wind turbines are connected to both areas and
are contributing to system inertia. Based on frequency
deviation signal, the DFIG injects the electrical power and
provides inertial support to the system. The energy
required is taken from the kinetic energy stored in rotating
masses of wind turbines, causing variations in rotor speed.
Since the kinetic energy stored in rotating masses is
limited, the wind units contribute to system inertia only for
short periods of time. Thus, wind generators only provide
primary frequency control while the final generation has to
be taken over by the conventional plants. This can be really

helpful as the conventional units respond slowly after
disturbance and wind units can arrest initial fall in
frequency. Different wind penetration levels were used
and frequency responses for load perturbation of 2% have
been presented by obtaining optimized speed control
parameters for the DFIG. The simulations were conducted
using SIMULINK model in MATLAB.

2 VSWT for frequency control

The fixed-speed turbines are prevented to supply their
maximum available power in normal situations so as to
maintain a reserve margin that can be utilized for frequency
control. However, with VSWT extracting the kinetic
energy stored in the mechanical system of wind turbines
is easier with modern power electronic control. In literature
there are different methods to use VSWT effectively in
system frequency regulation [5]. These are inertial control,
pitch control and speed control.

2.1 Inertial control

The inertial control of VSWT to support system inertia is
applied by two different methods. One tries to create
momentarily wind turbine inertial response and the other
utilizes the droop characteristics. The first control makes
wind turbine to respond frequency disturbances and
amount of power supplied by the wind turbine is
proportional to the derivative of frequency [6]. The second
control strategy is similar to primary frequency control of
conventional plants. The amount of power supplied by the
wind turbine is proportional to the difference between the
measured and the nominal frequency.

The inertial control scheme, as depicted in Fig. 1, is
responsible for sending additional power regulation signal
P,.rto the rotor side converter. During load perturbation, in
addition to the conventional plants, the wind unit inertial
control loop also sends additional active power to VSWT
active power reference P..r and quickly changes its output
active power to contribute in frequency restoration process.
Thus, wind unit behaves like a synchronous generator and
increases the system inertia virtually.

2.2 Pitch control

Pitch angle control in wind turbine is designed much
similar to the governor control of synchronous machine to
make it have long-term frequency regulation capabilities.
The pitch control limits the active power to a limit less than
its normal output. As frequency changes, the reserve power
is delivered by decreasing the pitch angle, which helps the
wind turbine extract more mechanical power from wind
flow. To generate the optimum power, the turbine blades
have to adjust accordingly. This adjustment comes from
turning the blades around their longitudinal axis (to pitch).
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When the wind speed decreases, the blade pitch is adjusted
such that it exposes more surface area to the wind.
Conversely, when wind speed increases, the blade pitch is
adjusted such that it exposes less surface area to the wind.
It should be noted that for any given wind speed there is an
optimal turbine rotational speed which has to be
maintained during deloading through pitching.

2.3 Speed control

The wind turbine can be deloaded if it is made to operate at
increased speed and a power rotational speed setting
different from the optimal value is selected. The wind
turbine speed is decreased to increase the turbine output
and vice-versa. The kinetic energy stored is transferred to
or from the grid.

Figure 2 shows the variation of maximum power
available with wind speed. The optimal power can be
generated for a particular wind speed. However, the wind
turbine is made to operate along 95% curve, which forces it
to generate power less than the maximum power available.
Thus, there remains some reserve available for primary
frequency regulation. The adoption of this power reference
curve allows the increase in the active power generated by
the wind turbine when frequency decreases due to load
perturbation.

3 Simulation models

Figure 3 illustrates the linearized model of two-area
interconnected power system for load frequency control.
The control area is comprised of non-reheat type conven-
tional generators along with non-conventional (DFIG-
based) wind turbine generators connected to both of the
areas contributing to frequency regulation. The model
simulates frequency regulation after a disturbance and
includes conventional system parameters such as damping

Inertial control scheme

I OPT
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P/kW

w/l(rad-s™"

Fig. 2 P vs. o curve for maximum power available

factor (D), the droop (R), the inertia H, governor time
constants 7, and 7} of the system equivalent (governor and
turbine) unit. 7p and Kp are power system time constant
and power system gain respectively. The AP, is the
incremental hydraulic valve position change. The turbine
has AP, as the output from which the incremental power
demand APp is subtracted, along with total active power
interchanged (AP;,) with neighbor systems while the
power supplied by non-conventional source APy is added
to the system as indicated in Eq. (1):

APy + APyc — AP, —APp = APy, (1
where
2H
TPZE, 2)
Kp = 3)
P

The AP, stands for the secondary control or AGC
power reference which is provided by the PI controller.
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The dynamic model adopted for study of frequency
regulation with DFIG-based wind generator, as demon-
strated in Fig. 4, has the essence of emulation control as
given in Refs. [13,14]. In emulation control of the DFIG,
an additional control signal helps to adapt the power set
points AP} as a function of deviation and rate of change of
frequency. The controllers try to keep the turbine at its
optimal speed in order to produce the maximum power.
The controller provides a power set point AP, that is based
on measured speed and measured electrical power.

The support to frequency exceeds certain limits by
adding this signal to the torque equation to set the torque
demand. As the system frequency drops, the set point
torque is increased and the rotor slows down and kinetic
energy is released. The APy has two components; AP;k the
additional reference point based on frequency change, and
AP, which is based on optimum turbine speed as a
function of wind speed, as is given by

dr

AP = Ko g Kyel. @

S

AP, = ~Kyp(0 —) + K, f (0 —w)dt,  (5)

APyc = AP; + AP, (6)

where K\, and K,; are constants of the PI controller, which
provides fast speed recovery and transient speed variation,
which helps the non conventional generators to supply the
required active power to reduce deviations. The contribu-
tion of the DFIG towards system inertia is given by

= AP, + APyc — AP, —APD-DAf,  (7)

2H dAf

K. =L

(f - df) dt

————
2H*

- APf*DAf

= AP, + APy — AP, —APD— (K¢ + D) Af. (8)
N —
o

The swing Eq. (7) gives an idea about the contribution of

the DFIG towards system inertia. It has an additional

reference power setting which is built based on the change

in frequency using a washout filter with time constant 7,

that relies on a conventional primary regulation perfor-
mance in a transient.

AP; = —(AX,), ©9)

1
R
where, R is the droop constant as used conventionally and
AX, is the frequency change measured where the wind
turbine is connected to the network.

The DFIG responds to frequency deviations during
transients by using their stored kinetic energy, and cannot
act in a permanent system frequency deviation. For this
reason, the frequency term (AX, ) used in Eq. (9) is the
result of a washout filter, as displayed in Fig. 4. In this
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Fig. 4 DFIG-based wind turbine control based on frequency change

approach wind energy conversion system (WECS) inertia
contributes to that of the rest of the system. The controller
proposed makes use of frequency deviations instead of
derivative of frequency as in the control law to provide fast
active power injection control. The active power injected
by the wind turbine is APync. The power injected is
compared with APncrer SO as to obtain the maximum
power output, which is obtained by maintaining reference
rotor speed where maximum power is obtained.

4 Simulations and results

Simulations have been conducted in a two-area system to
investigate the role of the DFIG in system frequency
control. The parameters of the DFIG-based wind turbine
are given in Table 1. The interaction between the DFIG-
based wind turbine and the traditional plants has been
investigated for a load perturbation of 2% for different
level of wind penetration. The level of wind penetration is
defined as

_ Wind generation
~ Total generation

(10)

N

The wind turbines respond very quickly to the system
disturbance and release the kinetic energy stored in their
masses to support system inertia. As the DFIG acts swiftly
to disturbance, its fast action can delay the response of the
conventional generators. Coordination is needed between
the response changes (available during transients only) of
the DFIG and the response of the conventional units in

restoring the frequency. The response of the conventional
generators is provided by the PI controllers. To enhance the
participation of the DFIG in frequency control in response
to system disturbances, optimal values of the speed control
parameters (K., and K;) of the DFIG-based wind turbine
have been obtained. The ISE technique is used for
obtaining the optimum values of K,;, and K,,; to minimize
the objective function defined as “performance index J”:

J = (A + A + APEAT, (11)

where AT is a given time interval for taking samples, Af; is
discrete value of incremental change in frequency for the
ith area and AP is value of incremental change in tie-line
power. The sample values are obtained from their
respective plots derived through transfer function analysis.
The optimal values of the DFIG speed controller
parameters are obtained by searching for the minimum
value of J as listed in Table 2.

Different levels of wind penetration were applied and the
results have been shown for 10 % wind penetration level.
During simulation it has been assumed that the wind speed
remains constant and the DFIG-based wind turbines are in
their optimal mechanical speed with the maximum speed
obtainable from the wind. In Fig. 5, the frequency
responses of the two areas are presented for the cases
where the DFIG is participating in frequency control and
not participating in frequency control for a load perturba-
tion of 2% in area-1 at 0.1 s. The results show that the
frequency response of both areas are better in terms of
lesser settling time and smaller lower peak excursion when
the DFIG is participating in frequency control. However,
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Table 1 Model constants used for simulation
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Area-1 Area-2
Description
Parameter Value Parameter Value
Equivalent wind turbine inertia Hey 1.5 pu-MW-s Hg, 1.5 pu-MW-s
AGC integral control gain Kager 0.05 Koger 0.05
Power system gain K, 50 Hz/pu Ky 60 Hz/pu
DFIG integral controller gain Kwit 0.1 Kywiz 0.1
DFIG proportional speed controller gain Kapt 1.23 Kop2 1.58
Regulation droop R, 3 R, 3
Tie line synchronizing coefficient ° 0.07 pu-MW/Hz T° 0.07 pu-MW/Hz
DFIG turbine time constant Ta1 0.2s T 0.2s
Conventional generation governor time constant T 0.1s Tho 0.1s
Power system time constant To 10s T2 10s
Transducer time constant Ta 15s T 15s
Conventional generation turbine time constant Tu Is To Is
Washout filter time constant for DFIG Tw1 6s T2 6s
Table 2 Optimal parameters of the controllers for 10% wind
penetration
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Fig. 5 Area frequency responses with and without DFIG

without the DFIG the overshoots and undershoots are
higher and settling time also is larger. The undershoot in
area-1 where load perturbation takes place is higher as
compared to area-2.

Figure 6 shows power increment changes for tie-line for
10% wind penetration. Though the increment is slightly
large for the system with the DFIG but the response settle
faster than the system without DFIG operation. The DFIG
responds quickly to provide support to system inertia by

4 i L L L L i
0 10 20 30 40 50 60 70 80

Time/s

Fig. 7 Generation response from the DFIGs of two areas

releasing their kinetic energy for the initial few seconds
only. Figure 7 presents the generation response of the
DFIG in area-1 and 2, which is higher for the DFIG in
area-1 where load has changed.
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Fig. 8 ACEs of two areas. (a) Without DFIG; (b) with DFIG

Figures 8(a) and 8(b) depict the area control errors
(ACEs) for area-1 and 2 following a step load perturbation
in area-1. It is observed that the errors when the DFIG is
participating in frequency control are much less. Overshoot
are smaller. However, the settling time rises due to wind
turbine deviation from its optimal speed.

The DFIG provides system frequency support in initial
intervals of disturbance which delays the response of
conventional generators. As the inertia of conventional
units is large, they change their generation afterward.
Figure 9 presents the generation response of the conven-
tional units with and without the DFIG participating in
frequency regulation. The peak excursions are higher in the
system without the DFIG but much lower when the DFIG
provides frequency support. As wind units provide support
only during transients, the conventional units increase their
generation. Conventional unit 1 increases the generation
higher than unit 2 as fault is in area-1. It can be seen that
except the peak excursion in the initial few seconds, the
generation change in unit 1 is similar with and without the
DFIG support, which confirms the participation of the
DFIG in frequency support during transients only.

The DFIG-based wind units provide frequency support,
by releasing the kinetic energy stored in the rotor and
blades of the wind turbine. This is done by lowering the
speed momentarily. The droop loop (regulation R) is used
to produce a change in active power injection by the wind
turbine which is proportional to the difference between the
measured and the nominal system frequency. The energy
needed is taken from the kinetic energy stored in rotating
masses, leading to variations of the rotor speed. The
regulation required to extract higher active power from the
wind unit is also higher. The rotor speed responses of the
DFIGs are exhibited in Fig. 10 for optimally tuned
parameters with different regulation control.

Two load perturbations of 1% and 2% respectively were
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Fig. 9 Generation response of the conventional units. (a) Without
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Fig. 10 Speed variations of DFIG-based wind turbines following
a load change of 2% in area-1 under different regulation support

applied in area-1 at time zero and twenty second on the
system model. The frequency responses of two areas settle
smoothly and peak overshoots are less in the system where
the DFIGs are contributing to system inertia, as seen in Fig.
11.

The simulations were also performed for different wind
penetration level for a load perturbation of 2% in area-1
and frequency response was plotted for each case. Figures
12 and 13 show the frequency response in area-1 and area-
2 respectively for different wind penetration level. It can be
observed that for different wind penetration level,
frequency responses have almost equal undershoot (US),
however the overshoots (OS) decrease with the increase in
wind penetration level, thus confirms the participation of
wind generator in frequency control. Table 3 shows the US
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and OS of frequency response for different wind penetra-
tion level. The settling time of frequency responses
increases for higher penetration level which is due to the
fact that the DFIG has to reduce the mechanical speed,
which prolongs the settling time. Simulation results show
the improvement in frequency response with active power

Table 3 US and OS of frequency responses for varying wind

penetration level.

5% 10% 20%
Freq_1 Us -0.0276 -0.0276 -0.0275
oS 0.004125 0.00263 0.00182
Freq 2 UsS —0.0203 —0.01969 —0.01941
oS 0.0037 0.00217 0.00131
5
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Fig. 14 Generation response of conventional generators at
different wind penetration level

support from DFIG, which confirms the participation of the
DFIG in frequency control. The higher wind penetration
can improve the frequency profile as compared to no wind
support.

The capabilities of fast response of wind units can be
used to arrest the initial drop in the frequency. Since
conventional units take some time to respond to any
change (generation loss, load change etc.), the DFIG along
with conventional unit can be used effectively in frequency
regulation. Figure 14 shows the generation response of the
conventional units under different wind penetration level.
As the wind units provide support only during transients,
the final generation is taken over by the conventional units
by increasing their generation. The conventional unit 1
increases a higher generation than unit 2 as fault is in area-
1. As the wind units only act during transients, the
response of the conventional units also get delayed, hence
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a proper coordination between the wind unit and the
conventional generators through communication system
should be established to regulate the frequency effectively.

5 Conclusions

This paper examines the dynamic contribution of the
DFIG-based wind turbine towards load frequency control.
The modified inertial control scheme helps the DFIG to
provide support to the system inertia during transients and
arrests the fall in frequency. The DFIG releases the kinetic
energy stored in its rotating masses to provide quick
frequency support. The optimized controllers’ parameters
have been used to obtain the response. The DFIG responds
more quickly to any disturbance as compared to the
conventional generators, which sometimes delay the
reaction time of the conventional generators after dis-
turbance. However, the conventional generators finally
respond with change in generation to settle the frequency
deviation. The peak frequency excursions of the responses
are reduced and settling time is also improved when the
DFIG-based wind turbines participate in frequency
regulation along with the conventional generators. The
frequency responses of the two-area system, generation
response of the conventional generators and tie-line
fluctuations confirm the participation of the DFIG in
frequency regulation. Thus, a good coordination between
inertial support from the DFIG and the conventional
generators can help the system to restore stable operation
following any fluctuation.

References

1. Lalor G, Ritche J, Rourke S, Flynn D, O’Malley M J. Dynamic
frequency control with increasing wind generation. In: Procceedings
of IEEE Power Engineering Society General Meeting. Denver,
USA, 2004, 1715-1720

2. Keung P K, Lei P, Banakar H, Ooi B T. Kinetic energy of wind—
turbine generators for system frequency support. IEEE Transactions
on Power Systems, 2009, 24(1): 279-287

13.

Front. Energy 2012, 6(2): 184-192

. Mullane A, O’Malley M. The Inertial response of induction-

machine-based wind turbines. IEEE Transactions on Power

Systems, 2005, 20(3): 1496-1503

. Lalor G, Mullane A, O’Malley M. Frequency control and wind

turbine technologies. IEEE Transactions on Power Systems, 2005,
20(4): 1905-1913

. Xue Y C, Tai N L. Review of contribution to frequency control

through variable speed wind turbine. Renewable Energy, 2011, 36
(6): 1671-1677

. Ekanayake J, Jenkins N. Comparison of the response of doubly fed

and fixed-speed induction generator wind turbines to change in
network frequency. IEEE Transactions on Energy Conversion,
2004, 19(4): 800-802

. De Almeida R G, Lopes J A P. Participation of doubly fed induction

wind generators in system frequency regulation. IEEE Transactions
on Power Systems, 2007, 22(3): 944-950

. Bhatt P, Roy R, Ghoshal S P. Dynamic participation of DFIG in

automatic generation control. Renewable Energy, 2011, 36(4):
1203-1213

. Bhatt P, Ghoshal S P, Roy R, Ghosal S. Load frequency control of

interconnected restructured power system along with DFIG and
coordinated operation of TCPS-SMES. In: 2010 Joint International
Conference on Power Electronics, Drives and Energy Systems
(PEDES) & 2010 Power India. New Delhi, 2010, 1-6

. Kayikci M, Milanovic J V. Dynamic contribution of DFIG-based

wind plants to system frequency disturbances. IEEE Transactions on
Power Systems, 2009, 24(2): 859-867

. Fathima A P, Khan M A. Design of a new market structure and

robust controller for the frequency regulation services in the
deregulated power system. Electrical Power Components and
Systems, 2008, 36(8): 864883

. Rao C S, Nagaraju S S, Raju P S. Automatic generation control of

TCPS based hydrothermal system under open scenario: A fuzzy
logic approach. Electrical Power and Energy Systems, 2009, 31(7—
8): 315-322

Morren J, de Haan S W H, Kling W H, Ferreira J] A. Wind turbines
emulating inertia and supporting primary frequency control. IEEE
Transactions on Power Systems, 2006, 21(1): 433434

. Mauricio J M, Marano A, Gémez-Expdsito A, Martinez Ramos J L.

Frequency regulation contribution through variable-speed wind
energy conversion systems. IEEE Transactions on Power Systems,
2009, 24(1): 173-180



	Outline placeholder
	bmkcit1
	bmkcit2
	bmkcit3
	bmkcit4
	bmkcit5
	bmkcit6
	bmkcit7
	bmkcit8
	bmkcit9
	bmkcit10
	bmkcit11
	bmkcit12
	bmkcit13
	bmkcit14


