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Abstract – This paper describes a control approach ap-

plied on doubly fed induction generator (DFIG) to provide 
a frequency regulation capability. The control scheme 
proposed consists in the integration into active power con-
trol loop of the rotor controller of an additional control 
loop responding proportionally to the system frequency 
deviation providing a primary frequency regulation capa-
bility. This strategy was exploited to allow wind power 
penetration in large isolated grids. 

Keywords Wind generation, frequency control, sys-
tem dynamic behavior 

1 INTRODUCTION 
Wind generation tends to play an important role in 

the total generation mix of the future power system due 
the need to decrease CO2 emissions resulting from elec-
tricity production. This wind generation can appear in 
large concentrations of wind turbines (on-shore and off-
shore), directly connected to the transmission grid, or as 
dispersed generation (DG) units spread through distribu-
tion grids. 

Since wind power is supplied from a fluctuating pri-
mary energy source – the wind - the presence of such a 
large amount of generation in the system may have in-
fluence on the system dynamic response following gen-
eration imbalance and or grid disturbances. Most of 
these concerns are related with the management and 
control of primary and secondary reserves. 

Such facts are receiving lately considerable attention 
from electric utilities in several countries leading to the 
definition of new Grid Code requirements for wind 
farms, namely regarding ride through default capabilities 
and fast active power frequency response. 

Among the different wind energy conversion (WEC) 
systems used [1-2], double fed induction generators 
(DFIG) are capable of providing the required capabili-
ties without the need of large costs on the power elec-
tronics hardware, provided that adequate control strate-
gies are added. 

The control flexibility provided by the DFIG elec-
tronic converter makes it possible to define various 
control strategies for participation in primary frequency 
control. In previous works, described in [3-4], the capa-
bility of the DFIG in responding to changes in network 
frequency is described, assuming a previous de-load 
regarding the maximum torque extraction curve. In these 
works a supplementary control loop, that uses as addi-

tional input variables the derivative of the system fre-
quency or the derivative of kinetic energy at any speed, 
was adopted providing also an inertia response similar 
to that of a synchronous generator. The feasibility of 
these control strategies was demonstrated through nu-
merical simulations performed in simple systems.  

In this work these DFIG control concepts are ex-
ploited and used to provide additional support to pri-
mary frequency control allowing the increase of the 
level of wind power penetration in large isolated sys-
tems. The control approach adopted consists in the use 
of an additional frequency control loop that is integrated 
into the rotor-side active power controller of a DFIG.  

In this control scheme a small de-load regarding the 
maximum power extraction curve of the wind generator 
is implemented to allow its participation in frequency 
control during an eventual decrease of system fre-
quency. To complete the control approach, a pitch con-
trol strategy is also included and dominates the power 
control for high wind speeds. 

Different types of system disturbances like short-
circuits and load increase are applied in a medium size 
isolated test system, in order to evaluate the effective-
ness and the advantages of the use of this frequency 
control scheme obtained from the DFIG. An evaluation 
of the use of this DFIG control approach to increase 
wind power penetration in this medium size test grid is 
discussed. 

2 STRUCTURE OF THE WEC SYSTEM 

2.1 Doubly Fed Induction Generator Control 

Figure 1 depicts the general scheme of the DFIG, 
converters and controllers exploited in this work. A full 
description of the DFIG mathematical model used in this 
research is given in [5]. 

A d-q voltage regulator is adopted for the control of 
the rotor-side converter, modeled as voltage source. To 
achieve active / reactive power control capabilities the 
rotor-side converter operates in a stator-flux d-q refer-
ence frame, controlling both active and reactive power 
outputs through vqr and vdr components, obtained from 
two separate sets of PI controllers. More details of this 
scheme are described in [6]. The PI controllers involve a 
cascade structure, where the outside PI blocks are used 
to regulate the reference rotor currents (iqref and idref) and 
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the inner side PI blocks are used to regulate the vqr and 
vdr components, respectively [5,6]. 
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Figure 1:  General control scheme of the DFIG - converters 
and controllers. 

Through the rotor-side active power control loop the 
wind turbine is driven to operate with maximum power 
once the active power reference input of the control 
system is set from a wind turbine operational optimal 
power curve described in section 2.2. 

Although the degree of complexity of the converter 
controllers is large due to the large number of control 
parameters, the type of tracking trajectory, disturbance 
rejection and parametric robustness may be improved 
using a cascade structure of PI controllers, as discussed 
in [5]. In this work the control parameters were fine 
tuned using a Genetic Algorithm (GA) approach that 
optimizes the DFIG response regarding the considered 
disturbances. The fitness function used to evaluate the 
quality of a control parameters is defined as 
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reactive power errors obtained at the output of the first 
adders of the active and reactive power control loops 
(see Figure 4). This integral is evaluated for 10 s follow-
ing the disturbance moment. 

The grid-side converter C2 is designed to control the 
DC link voltage, taking into account the balance of the 
active power between the rotor and the grid. The control 
algorithm implemented to control converter C2 is based 
on concepts of instantaneous active and reactive powers 
theory as explained in full details in [7]. In this control 
strategy the three-phase stator voltages are transformed 
into α-β-0 coordinates (Clark’s transformation shown in 
Annex) and associated with a given compensation real 
power pc(t) and a given compensation imaginary power 
qc(t). Using these two variables it is possible to obtain 
the current reference signals to be modulated by con-
verter C2, as follows: 

*
1

*

*

1 0
( ) ( ) ( )3 31   (1)2 2 ( ) ( ) ( )2

31
2 2

ca
c

cb
c

cc

i
v t v t p t

i
v t v t q t

i

α β

β α

−

� �
� �� �

� � � �� �� � −= � � � �� �� � − � �� �� �� �
� � −� �−� �

 

Where *
cai , *

cbi , and *
cci  are the compensation cur-

rents in a-b-c coordinates. v�(t) and v�(t) are the stator 
voltage in �-� coordinates, respectively (being vo(t)=0 
assuming a balanced power system). By neglecting 
switching losses and harmonics, the current injected by 
converter C2 ( cai , cbi  and cci ) to the grid is supposed 

equal to the current reference signals obtained from (1). 
 In this way, the total active and reactive powers de-

livered to the grid in d-q coordinate are defined as: 

                            ( 2 )

                           ( 3 )
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Where Pdg and Qqg are respectively the total active 
and reactive powers delivered by the DFIG. Variables 
vds, vqs, ids and iqs are the stator voltage and current in a 
d-q reference; Variables dcai  and qcai  are the compen-

sations currents from converter C2 in the d-q reference. 
The full control structure of the grid-side converter is 
depicted in Figure 2. 
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Figure 2:  Simplified schematic control for converter C2. 

2.2 Optimal operating point tracking of variable-speed 
wind turbine. 

The optimal mechanical power obtained from a given 
wind speed is commonly expressed by the following 
equation: 

31
                       ( , )               (6)

2 optopt p opt wP C AUρ λ θ=  

 
Being 

optpC the optimal power coefficient of the wind 

turbine for a given wind speed, A (m2) the effective area 
covered by the turbine blades, Uw (m/s) the wind speed 
and ρ (Kg/m3) is air density. 
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The calculation of the optimal power coefficient, 

optpC , can be obtained from the following function as 

suggested in [2]: 
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The optimal tip speed ratio is defined as 

                                                                (9)optt
opt

w

R
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Where R (m) is the blade radius and 
opttω is the opti-

mal wind turbine rotor speed (rad_mec/s) for a given 
wind speed. 

From (6) and (9) an optimum (maximum) power 
value - Popt - can be obtained as a function of the shaft 
speed, referred to the generator side of the gearbox, as 
follows: 

3                             P                                  (10)opt opt rk ω=  

Where, ( ) ( )3 51
2 optopt p optk C Rρ λ π= , ( 2)r tp Gω ω= , 

being p number of poles and G the transmission ratio of 
gearbox. 

From (10) the wind turbine pre-defined optimal ex-
traction power curve can be established for a given optk  

associated to a fixed blade angle which should be de-
fined for an averaged short term wind speed forecast. 
Such approach was adopted here because it was as-
sumed that the site where wind turbines were installed 
was characterized by some strong winds, which requires 
an adjustment on the blade pitch angle to extract maxi-
mum power in those conditions. 

In this research wind farms constituted by 12 and 15 
wind turbines were considered. Individual data of these 
generators is described in the Annex. For both wind 
parks optk  is defined for a fixed blade angle equal to 16 

degrees, assuming that a short term wind speed forecast 
was available. In Figure 3 the pre-defined maximum 
extraction power curves adopted for both wind parks, as 
used in the control procedure described next, are shown. 

2.3 Primary frequency control 

The primary frequency control integrated into the ro-
tor-side active power control loop is similar to the one 
usually used in synchronous generators. In this case, the 
droop loop (characterized by a regulation R, expressed 
in p.u. in the system base) is used to produce a change in 
the active power injected by the DFIG when a system 
frequency variation occurs. The active power increment 
is therefore proportional to the system frequency varia-
tion and is defined as: 
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This generated active power requires a new operating 
point of the DFIG, characterized by a new rotational 
speed and mechanical power to be identified in the 
power curve of a given wind speed (Figure 3).   

The input reference active power of the DFIG active 
power loop is initially obtained from a 5% de-loaded 
maximum power extraction curve, defined in Figure 3, 
considering the rotational speed referred to the generator 
side. For large de-loads combined operation of the pitch 
control and of the electronic converter control should be 
used, as described in [4]. Such approach allows an ac-
tive power injection from the DFIG when the system 
frequency decreases. Figure 4 depicts the full control 
approach adopted for the rotor-side. 

 

 
(a) (b) 

Figure 3:  Pre-defined power curves for: (a) wind park with 
15 turbines; (b) wind park with 12 turbine. 
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Figure 4:  General schematic of the rotor-side PI controllers and primary frequency control. 
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2.4 Pitch control 

For wind speeds below maximum rated speed 
(according to the operational optimal power curve) the 
input reference active power to the active power loop in 
DFIG follows the eqn. (11) as discussed in a previous 
section. However, for wind speeds larger than maximum 
rated speed, the blade pitch regulation dominates the 
control and limits the energy captured from the turbine. 
In this case, the pitch control (shown in detail in [1]) 
will control the rotor speed referred to the generator side 
and will operate until the wind cut-off speed limit is 
reached. The input speed reference for pitch control is 
defined according to [6]: 

max
max     If       then                    (12)

refmec r
mec

P
P P

T
ω≥ =  

3 SIMULATION RESULTS 
Figure 5 shows the power system used to evaluate the 

performance of the general control approach described 
previously. It includes one large steam unit, two Diesels 
and one hydro generator and four wind farms. These 
wind farms are constituted by 12 or 15 DFIG, as de-
scribed in Figure 5. Equivalent DFIG were used to rep-
resent each wind park. The procedure used to obtain the 
electromechanical equivalent of the wind parks are full 
described in [10]. The parameters of each wind genera-
tor are presented in Annex. 

Two distinct operation scenarios were considered: 1) 
wind generators were assumed to be DFIG without fre-
quency regulation control; 2) the described control ap-
proach was supposed to be included in all the DFIG. 
The overall capacity of the wind parks represents ap-
proximately about 27 % of the total installed generation.  

To perform the dynamic behavior analysis of this sys-
tem a full mathematical description of the electrical and 
mechanical behavior of the synchronous units connected 
to bus 0, 2, and 9 was also used. Synchronous generators 
were represented through a fifth-order transient model 
together with an automatic voltage regulator (IEEE type 
1) and a speed governor with proportional and integral 
frequency control. A single first order model represents 
the steam turbine and the equivalent of the two Diesel 
motors, as described in [8]. A linear model (without 
transient droop), described in [9], was used to represent 
the hydraulic unit behavior. The impedance matrix 
model developed in [10] is used to describe, in a com-
pact form, the coupling between the transmission net-
work and the machines stator equations.  

Conventional synchronous units use a 5% droop 
value (in each machine base). The network data and 
synchronous units data can be obtained from the authors 
upon request. 

Two types of disturbances were simulated to evaluate 
the contribution from DFIG to increase system robust-
ness. 
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Figure 5:  Single line diagram of the test power system 

These distubances were as follows: a) load step in-
crease at bus-bar 5; and b) symmetrical impedant three-
phase short circuit at bus-bar 10. Due to space limita-
tions, only the behavior of the wind parks connected at 
bus bar 13 (with 15 wind turbines) and bus bar 17 (with 
12 wind turbines) will be presented. Wind speed is as-
sumed to be constant (for cases a and b) and equal to 14 
m/s and 13 m/s for wind parks of busses 13 and 17, 
respectively. 

3.1  Load increase 

A load increase was simulated through a sudden step 
increase of 50% of the load in bus bar 5, at t = 1 second. 
This corresponds to a total increase in the system load of 
about 10%. 

Initial scenario 
An initial system scenario was considered assuming 

that all synchronous units were in operation and that 
wind power penetration was about 21%. 

Results: Figure 6 illustrates the system frequency be-
havior with and without wind farms participating in 
primary frequency regulation.  

 
Figure 6:  System frequency behavior for DFIG with and 
without participation in primary frequency control. 
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Different droop (R) values were used (5 % and 10%, 
in the machine base). The frequency integral control of 
the synchronous units brings frequency back to its 
nominal value. 

When frequency drops because of the load increase, 
wind farms with primary frequency control are sharing 
with the conventional units the frequency regulation 
task, improving in this way the overall system response. 
A droop of 10% used by the DFIG has already provided 
some support to the system during the first moments that 
follow the disturbance. A 5% droop leads to a larger 
injection of active power increasing system robustness 
of operation. 

In this case, the DFIG primary frequency control im-
poses an active power increment that is added to the 
reference input, obtained from de-loaded maximum 
extraction power curve (see Figure 3). As a result, the 
rotor speed falls, transferring kinetic energy into the grid 
and compensating the increase of active power injected 
by the DFIG. Since the power increment signal (defined 
in equation 11) becomes zero, following the integral 
frequency control actuation of the synchronous units, the 
wind turbine is driven to operate again nearer the refer-
ence optimum mechanical power. If the integral fre-
quency control of the synchronous units was not in op-
eration the DFIG would increase its active output power, 
sharing the load increase with the synchronous units. 

If an additional secondary frequency control signal, 
defined by a wind park control, responding to an AGC 
request, was added to the first adder of Figure 4 it would 
be possible to have also wind generators participating in 
frequency control. 

Figures 7 and 8 show the behavior of the injected ac-
tive powers and rotor speeds of wind farms connected to 
bus bars 13 and 17, respectively. 

 
Figure 7:  Active power injected by wind farm connected: (a) 
at bus-bar 13; (b) at bus-bar 17. 

 

(a) 

(b) 

 
Figure 8:  Rotor speed in wind farm connected: (a) at bus-bar 
13; (b) at bus-bar 17. 

Increasing wind power generation scenario 
Conventional synchronous units supply the major 

portion of the active power consumed by grid and are 
responsible for reestablish the overall system frequency. 
So a reduction of the number of synchronous units in 
operation significantly affects the overall frequency 
regulation capability and can contribute to reduce sys-
tem robustness regarding disturbances. 

In this simulation case it was assumed that the Diesel 
power station is out of service, being replaced by an 
increase from wind power generation, which requires an 
increase in the number of wind turbines installed. 

Two cases were analyzed: 1) the system with the Die-
sel units and operating without increase of new wind 
generation, corresponding to a wind penetration of 
21,7%; and 2) new wind generators are installed in order 
to compensate the lack of the Diesel units, increasing 
wind power penetration to 38,2%.  

In both cases, DFIG with or without frequency pri-
mary control are considered. The wind farm characteris-
tics for both simulation cases are resumed in Table 1.  

SIMULATION CONDITIONS 

First case Second case 

Bus 
bar 

Rating 
(MW) 

Wind 
speed 
(m/s) 

Bus 
bar 

Genera-
tion 

(MW) 

Wind 
speed 
(m/s) 

8 8.43 14 8 14.04 14 
13 8.43 14 13 14.04 14 
17 5.4 13 17 9 13 
18 6.74 14 18 11.24 14 

Total 29  48.32  
INCREASING OF DFIG (Second case) 

Bus bar Wind generators added 
8 and 13 10 

17 and 18 8 

Table 1:  Data concerning wind farms for the considered 
simulation cases. 
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Results: At t = 1 second, a load increase, as described in 
the previous section, is applied. The droop value used 
by the DFIG in these simulations is 5% (in the machine 
base). The system frequency behavior is shown in Fig-
ure 9. It can be observed that when wind farms do par-
ticipate in primary frequency control an expressive en-
hancement of system response is clearly obtained. The 
replacement of Diesel generation by wind generation 
does not reduce system robustness of operation, pro-
vided that the required wind power is available. 
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Figure 9:  System frequency behavior concerning Diesel unit 
turned off and wind farms with or without increasing of 
connected DFIG. 

3.2 Symmetrical Impedant Three Phase Short Circuit. 

In order to evaluate the impact of the DFIG primary 
frequency control during a short circuit it was assumed 
that the wind generators and their electronic converters 
were able to withstand this system default (ride through 
default capability).  A typical short-circuit clearing time 
equal to 100 ms was assumed. 

Results: At t = 1 second a symmetrical impedant short 
circuit is applied at bus-bars 10 using the initial scenario 
defined in section 3.1. Figures 10-12 depict the system 
frequency behavior, the active power, and rotor speed 
following the short circuit, respectively. 

 In this simulation case, it is observed that the pri-
mary frequency control responds quickly and helps to 
improve slightly the system frequency response. During 
the short circuit the overall system response is more or 
less the same with and without DFIG participating in 
primary frequency control. A better damping perform-
ance is obtained for the case where DFIG adopt the 
smallest droop, as shown in Figure 10, because after 
fault elimination the DFIG participating in primary 
frequency control leads to an increase in active power 
injection. In this case a larger power increment is added 
to the reference active power input when the system 
frequency decreases as shown in Figure 11. This fact 
makes it possible for the conventional synchronous units 
to respond by injecting less active power into the grid, 
thereby improving the system frequency smoothly. As 
discussed in the load increase case, when the power 

increment increases the rotor active power also increases 
and, consequently, the rotor speed tends to fall a little 
more after fault elimination balancing the total active 
power (Pstator + Protor) injected by DFIG as illustrated in 
Figure 12. 

 
Figure 10:  Frequency behavior during a symmetrical 
impedante fault. 
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Figure 11:  Active power injected during symmetrical 
impedante fault by wind farms connected: (a) at bus-bar 13; 
(b) at bus-bar 17. 

 
Figure 12:  Rotor speed during symmetrical impedante fault 
in wind farm connected: (a) at bus-bar 13; (b) at bus-bar 17. 
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4 CONCLUSIONS 
In this work the impact in an isolated system of the 

use of a primary frequency control strategy, integrated 
into a DFIG active power control loop and exploiting 
the system frequency deviation as input signal, was 
addressed. A detailed description of the used control 
approach was provided and discussed. 

It was shown that the fact of having wind generators 
participating in the frequency control may contribute to 
increase system robustness, reducing frequency changes 
following disturbances. Such a control approach allows 
increasing wind power penetration in the system (either 
as distributed generation or in large wind parks).  

Having in mind the increase in the penetration of 
wind generation in power system, namely using DFIG 
technology, such a control approach can play a key role 
in providing the necessary system robustness. 
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ANNEX 
A. Parameters: 

Base values for the per-unit system conversion. 
Base Power: 100 MVA 
Base Voltages: 0.69 kV for low-voltage bus-bar, 
33 kV for medium-voltage bus-bar and 63 kV 
for high voltage bus-bar. 
 

B. Doubly Fed Induction Generator: 

n (kW)P = 660, nV (kV) = 0.69, sR (p.u.) = 0.067, 

sX (p.u.) = 0.03, rR (p.u.) = 0.0058, rX (p.u.) = 0.0506, 

mX (p.u.) = 2.3161, s� (r.p.m) = 1500, No of poles = 4, 

rated slip generator = 2% , DC Voltage = 326.60 V, 
Capacitor = 284 µF , Rotor transformer reactance = 
9.5%, 
 
C. Wind Turbine: 

No. of blades = 3, Rotor diameter = 22 m, cut-in seed 
= 4 m/s, cut-off speed = 25 m/s, Atm. density = 1.225 
Kg.m-3, Inertia time constant = 4, Gear box ratio 1: 60 

 
D. Clark’s Transformation (a-b-c) → (α-β-0): 
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Similar expressions can be defined for the currents. 
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