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Abstract— New control systems for Variable Speed 

Wind Turbines (VSWT) need to be developed in order to 
provide inertia response and frequency control to support 
the grid. This work studies the behavior and capability of 
VSWT for providing temporary active power 
overproduction. The study is conducted on a multi-
megawatt VSWT with Doubly-Fed Induction Generator. 
It was found that it is possible to have an active power 
overproduction of 0.2 pu for at least 10 seconds, which 
could be useful for the grid operator for restoring a 
critical situation of grid frequency dip. Nevertheless it is 
important to be aware about the underproduction power 
and the associated recovery period that follow a VSWT 
overproduction operation. The results can be used in 
designing suitable control systems for VSWT inertia 
response and frequency control. 

 
Index Terms— Active power, ancillary services, frequency 

control, frequency response, inertia, overproduction, variable 
speed wind turbines, wind power integration. 

I.  NOMENCLATURE 

Tt: mechanical torque developed in the turbine blades [pu] 
PtN: rated wind turbine power [pu] 
Vw: actual wind speed [pu] 
ωt: wind turbine rotational speed [pu] 
CP: power coefficient 
CPN: rated power coefficient 
λ: tip-speed ratio 
β: pitch angle 

 
Other variables and parameters are defined along the text. 
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II.  INTRODUCTION 

IND power is an important source of electricity 
generation. Modern wind farms are equipped with 

Variable Speed Wind Turbines (VSWT) which have to fulfill 
increasingly demanding grid codes requirements [1, 2]. As the 
power system dependency on wind power increases, wind 
power generation will have to contribute with services that are 
normally delivered by conventional synchronous generation 
[3]. In power systems with high wind power penetration, wind 
power generation will have to provide with a reliable and 
repeatable frequency response to support the grid and 
decrease costs of reserve power. Considering the operation of 
small isolated power systems as found in islands [4], 
frequency reserves can be more valuable to the system than 
maximizing the wind power generation yield. 

The most common VSWT types are the Doubly-Fed 
Induction Generator (DFIG) based and the Synchronous 
Generator Full Converter (SGFC) based. The VSWT 
technology presents flexibility for very fast (decoupled) 
control of generated active and reactive powers [2, 5-9]. With 
these characteristics, VSWT can be used to provide ancillary 
services which are normally provided by conventional 
synchronous generators. Extra active power output from 
VSWT can be injected to the grid during, e.g., initial stages of 
a significant downward frequency event, improving the 
frequency stability in power systems with high wind power 
penetration [10]. 

Several recent works that have studied VSWT’s inertia 
response and frequency control can be found in the literature, 
e.g. [5-9]. With the wind turbine extracting the available 
power from the wind, it is possible to generate a temporary 
active power overproduction, which mainly depends on 
rotational speed variations, mechanical inertia and wind speed 
conditions. Nevertheless further studies on VSWT’s 
capabilities for providing active power overproduction are 
necessary for developing suitable control systems and 
supporting grid operators. 

In this work the capability of VSWT-DFIG for providing 
temporary extra active power output for grid support is 
studied. A control mechanism for VSWT overproduction 
demand is implemented which is activated with a frequency 
dip. The main characteristic parameters describing the VSWT 
overproduction operation as well as the main wind turbine 
variables are assessed for different overproduction levels and 
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wind speed conditions. Computational simulations were 
carried out in Simulink/Matlab®. 

The paper is organized as follows. Section III briefly 
presents the modeling structure. The simulation set up is 
described in Section IV. Simulation results illustrating the 
VSWT overproduction behavior are provided in Section V. 
Finally, conclusions are presented in Section VI. 

III.  WIND TURBINE MODELING AND CONTROLLER 

In this section a brief description of the wind turbine 
modeling and control system for the analysis is presented. 

A.  Wind Turbine Modeling 

A 2MW VSWT-DFIG was investigated. The VSWT-DFIG 
is equipped with a bidirectional power converter in the DFIG 
rotor circuit and blade angle control system (pitch-control), 
allowing variable-speed-constant-frequency electric power 
generation. 

The aerodynamic model establishes the mechanical torque 
developed in the blades, dependent on the wind speed, the 
turbine rotational speed and the blades angle. In per unit 
system (pu) this relation is as follows [2]: 
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In this work the characteristic of the CP(λ,β) coefficient 

was modeled as a look up table. Figure 1 shows the CP(λ,β) 
characteristic for two different values of β (pitch control). 

The mechanical system was represented by a two lumped-
mass model. The DFIG was represented by a 3rd order 
algebraic-differential model, expressed in the synchronous d-
q-axis reference frame and neglecting the stator flux 
transients [2]. The DFIG rotor side converter was represented 
by a controllable ideal voltage source in the synchronous 
frame, generating vdr and vqr for the DFIG rotor. The grid side 
converter was represented by a controllable current source in 
the synchronous frame, injecting currents to the grid. Power 
losses in the converters were neglected and it was considered 
that there was no energy variation in the DC-link, so the 
active power generated in the DFIG rotor equaled the active 
power produced by the grid side converter [2]. Wind speed, 
stator voltage and reactive current reference were kept 
constant during the simulations. 

B.  Wind Turbine Control System 

The DFIG rotor currents are controlled through the rotor 
voltages in the synchronous reference frame by PI controllers. 
The total active and reactive powers of the VSWT-DFIG are 
controlled through the rotor currents by PI controllers. The 
basic principle of the control mechanism for VSWT 
overproduction demand implemented for this study is 
described in the next section. 

The VSWT allows maintaining the turbine's tip-speed ratio 
in the optimal value, λop, for wind speeds below the rated 
value. This is the concept of the maximum production 
strategy, which is characterized by β = 0, λ = λop and, 

therefore, CP = CPmax. In this state, the wind turbine generates 
the maximum available power, namely PAv. For high wind 
speeds the generated active power is kept constant and the 
rotational speed is limited by the pitch control system, whose 
simplified model is shown in Fig. 2. 
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Fig. 1.  Wind turbine aerodynamic coefficient. 
 

 
Fig. 2.  Simplified pitch control system. 

IV.  SIMULATION SET UP 

As the objective of the work is to evaluate the dynamic 
capability of the variable speed wind turbine for providing an 
extra active power output a simulation set up has been 
designed. In this work, the way of assessing the VSWT 
capability for active power overproduction is by applying a 
step on the actual active power reference during a time period 
determined by a critical variable. 

When an extra power output is required due to some grid 
event, e.g. grid frequency dip, the VSWT extra active power 
function is activated. This function increases the actual active 
power set point by adding an Over-Production value ΔPOP on 
top of the pre-event active power reference. The electrical 
power output is then given by: 

 

 
OP
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e0
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e
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 Where Pe is the generated active power and Pe0 is the pre-

event power reference. For low wind speeds, Pe0 equals to the 
available wind power PAv, but Pe0 has a maximum (rated) limit 
for high wind speeds. The change on the DFIG rotor side 
converter active power set point is done through a ramp 
limiter of 1 pu/s. The situation described by (2) means that the 
VSWT production is higher than the available wind power 
and that there is an imbalance between mechanical input and 
electrical output. The extra power ΔPOP is taken from the 
kinetic energy stored in the WT rotating masses. 

Figure 3 shows the VSWT power vs. rotational speed. The 
black line represents the mechanical power from the blades 
vs.  
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Fig. 3.  WT power vs. rotational speed. The blue line is the WT normal (static) 
production power. The black line is the blade’s mechanical power for a constant 
wind speed. The red line is the electric power set point for over-production 
process. 

 
rotational speed for a given wind speed and fixed pitch angle 
(β = 0). The red line represents the generated electric power 
Pe. The blue line represents the normal production (set point) 
of the VSWT for the normal range of wind speeds.  

In normal conditions, the VSWT is operating at some point 
on the Normal Production Curve, which depends on the actual 
wind speed, e.g. at point 1 in Fig. 3, producing the available 
power from the wind at rotational speed ω0. If we desire to 
have an Over-Production in a quantity ΔPOP by a relatively 
fast change of the converter set point, we go from point 1 to 2 
in the Fig. 3. In this new situation the rotational speed will 
start decreasing due to the imbalance in mechanical and 
electromechanical torques (at this point it is impossible to 
increase the mechanical power by pitching the blades because 
the VSWT was already generating the maximum possible). 
The imbalance in powers is increasing due to the decrease in 
the mechanical power (decrease in the aerodynamic efficiency 
for the given wind speed) as it can be seen in Fig. 3 when the 
operating point moves from 2 towards 3, while the electrical 
output Pe is kept constant. In this study the minimum 
rotational speed ωmin of 0.7 pu is chosen as the limit criterion 
(1 pu corresponds to the generator synchronous speed). At the 
moment of reaching ωmin the VSWT power control system 
changes the power set point from 3 to 4, so the generated 
power is below the mechanical power in a quantity Pacc. The 
value of Pacc produces the acceleration of the machine back to 
the previous normal operating point 1 for the given wind (if 
the wind speed has changed during this operation, the point 1 
will be situated at other place on the Normal Production 
Curve). In this work, the described process is called 
“overproduction operation”. If the VSWT is normally 
producing the available power from the wind then the 
overproduction process is characterized by an 
“overproduction period” (line 2-3 in Fig. 3) followed by an 
“underproduction period” (line 4-1 in Fig. 3), where the active 
power production is less that the pre-event generated power. 

Figure 4 shows the basic principle of the control 
mechanism for the overproduction demand implemented in 
this work. The  

 

 
 

Fig. 4.  Basic principle of the control mechanism for the overproduction demand 
study. 
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Fig. 5.  Characteristic parameters describing the overproduction operation. 

 
overproduction function block is measuring the grid 
frequency f. When the frequency dip is detected, the ΔPOP 
value is added. Once the overproduction function block 
detects the ωmin rotational speed, the overproduction period is 
finished and the wind turbine is “released”. The mechanical 
power is obtained through and estimator and then the active 
power reference can be adjusted for a given Pacc.  

Figure 5 shows the overproduction process of Fig. 3 in the 
time domain, where the main characteristic parameters are 
also defined.  Previous to the event, the captured mechanical 
power Pmt is equal to the generated electrical power Pe 
(neglecting the internal losses in the WT for the analysis). But 
during the event there is a mismatch between the electrical 
power and the mechanical power as the rotational speed is 
varying. In Fig. 5, Pe0 is the normal operating power 
(available) for the given wind speed; ΔPOP is the Over-
Production power step which is the amount of extra active 
power on top of the available wind power; TOP is the 
overproduction period in which it is possible to provide the 
extra power output ΔPOP before reaching the minimum 
rotational speed of 0.7 pu; ΔPUP is the Under-Production 
power decrease which is the amount of generated power that 
is decreased right after the overproduction period for creating 
the accelerating power; TUP is the underproduction period in 
which the WT has to produce less power than the available in 
order to accelerate the rotational speed for recovering the 
normal operating point; Pacc is the accelerating power which is 
the difference between the actual mechanical power generated 
in the blades and the electrical power output, according to the 
following equation: 
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In this work the value of Pacc was kept constant during the 
underproduction period of TUP, but other strategy can be 
implemented during the recovery period. 

V.  RESULTS 

Figure 6 shows the dynamic simulation result of the 
overproduction process when applying an overproduction step 
of ΔPOP = 0.1 pu and setting an accelerating power of Pacc = 
0.02 pu. The wind speed is Ws = 10 m/s which is proximately 
equivalent to Pe0 = 0.59 pu of continuous electric power. It is 
also shown the mechanical toque in the generator shaft, the 
mechanical torque in rotor blades and the WT rotational 
speed. In the figure it can be seen how the mechanical power 
is decreasing together with the rotational speed while the WT 
is injecting the extra electric power during an overproduction 
time of TOP = 17 s. When the rotational speed reaches the 
minimum value, the power controller is changing the 
reference to a value below the actual mechanical power. By 
setting Pacc = 0.02 pu the electric output right after the 
overproduction period is Pe = 0.49 pu, that is ΔPUP = 0.1 pu. 
Notice that ΔPUP is how much the power output is decreasing 
below the available power Pe0 right after the overproduction 
period. The underproduction period is TUP = 190 s. 

Figure 7 shows another simulation result similar to that 
shown in Fig. 6 but this time setting an accelerating power of 
Pacc = 0.04 pu. The wind speed and the overproduction step 
are the same as in the previous figure. It can be seen that the 
overproduction time does not change, which is obvious if the 
wind speed and overproduction step are the same as before. 
Instead the electrical power is decreasing to Pe = 0.47 pu right 
after the overproduction time, that is ΔPUP = 0.12 pu. The 
underproduction period decreases approximately 2.3 times to 
TUP = 80 s. 

In order to see how is the relationship between the 
characteristic values defined in Fig. 5 for different wind speed 
conditions, overproduction step and accelerating power, 
several simulations were carried out taking the over-
production power step ΔPOP, the wind speed Vw and the 
accelerating power Pacc as independent variables. The results 
are plotted as a family of curves from Fig. 8 to Fig. 16. For all 
the situations the WT was operating according to the normal 
operation curve (blue line in Fig. 3). 

Figure 8 shows how the overproduction period depends on 
the overproduction power step for several low wind speed 
conditions (7 m/s to 11 m/s), when the blades angle is 
constant. The higher the overproduction step, the lower the 
overproduction period. It is interesting to notice that it is 
possible to have an overproduction of 0.2 pu on top of a 
steady 0.8 pu for at least 10 seconds, which could be useful 
for the grid operator for restoring a critical situation of 
frequency dip, especially in power systems with slow primary 
movers response or low inertia. With the same wind speed, an 
overproduction of +0.1 pu can be hold for more then 15 
seconds. Nevertheless it is important to be aware about the 
underproduction power and the associated underproduction 
period (recovery period) that follow an overproduction 
process. 
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Fig. 6.  Over-production process for ΔPOP = 0.1 pu, Pacc = 0.02 pu and Pe0 = 0.59 
pu (Vw = 10 m/s), resulting in ΔPUP = 0.1 pu, TOP = 17 s, TUP = 190 s. 
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Fig. 7.  Over-production process for ΔPOP = 0.1 pu, Pacc = 0.04 pu and Pe0 = 0.59 
pu (Vw = 10 m/s), resulting in ΔPUP = 0.12 pu, TOP = 17 s, TUP = 80 s. 
 

The overproduction operation is possible only when the 
ratings of the components are respected. In that sense, a 
further decrease in the rotational speed might be possible with 
the consequent increase in the overproduction period. 
Figure 9 is similar to Fig. 8 but showing results for a set of 
high wind speed conditions (12 m/s up to 13 m/s), when the 
pitch control is limiting the rotational speed and Pe0 = 1 pu. 
Here the overproduction period capability is much higher for 
wind speeds over 12 m/s, nevertheless neither ratings nor load 
limitations of the machine were considered in the analysis. 
Having excess of wind, the overproduced electric power is 
counterbalanced by an increase in the mechanical power 
which  
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Fig. 8.  Overproduction period vs. overproduction step for low wind speeds. 
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Fig. 9.  Overproduction period vs. overproduction step for high wind speeds. 

 
is done automatically when the pitch controller keeps the 
rotational speed.  

For a given overproduction power step, the overproduction 
period increases as the wind speed (available power) 
increases, due to higher values of stored kinetic energy. Figure 
10 shows this dependency for different overproduction power 
steps. It is interesting to notice how the overproduction period 
capability is decreasing when the wind speed increases in the 
range between 10.8 m/s (Pe0 = 0.75pu) and 12 m/s (Pe0 = 1pu), 
as can be seen in Fig. 10 This is because the stored kinetic 
energy does not change in that wind speed range, according to 
the line segment C-D in Fig. 3.  
It is logical to think that the period of underproduction (time 
of acceleration) is independent of the overproduction step if a 
fixed minimum rotational speed is taken as the 
overproduction period criterion, as can be observed in Fig. 11. 
Nevertheless the underproduction period is slightly increasing 
with the overproduction step due to the rate change limiter in 
the power controller set point, which introduces more time for 
higher changes in the reference values. 
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Fig. 10.  Overproduction period vs. available wind power for different 
overproduction steps. 
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Fig. 11.  Underproduction period (acceleration) vs. overproduction step for 
different available wind power. 
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Fig. 12.  Underproduction period (acceleration) vs. available wind power for 
different accelerations. 
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Fig. 13.  Decreased power output after overproduction period vs. overproduction 
step for different available wind powers. 

 
The underproduction period is then highly dependent on 

the accelerating power Pacc and the available wind power as 
can be seen in Fig. 12, especially for low available wind 
power. It can be noticed that for a given accelerating power, 
the underproduction period is stabilizing in a middle range 
available wind power. For available wind power higher than 
the nominal value, the underproduction period is decreasing 
drastically as consequence of the pitch actuation. It can be 
noticed also the non linear dependency on the accelerating 
power. 

Similarly to the underproduction period dependency on the 
overproduction step shown in Fig. 11, the amount of 
decreased electrical power right after the overproduction 
period is slightly dependent on the overproduction step if a 
fixed minimum rotational speed is taken as the 
overproduction time criterion, as can be observed in Fig. 13. It 
has to be taken into account that the decrease in the electrical 
power is determined using an estimator of the available 
mechanical power and the desired accelerating power value. 

The mechanical power estimator will provide the same 
value for similar set of rotational speed, wind speed and pitch 
angle. In Fig. 13, the variations in ΔPUP when increasing ΔPOP, 
especially for high wind speeds, are due to the rate change 
limiter of the power controller set point, which introduces 
more time for higher changes in the reference values. This 
delay produces a slightly higher excursion of the rotational 
speed beyond the minimum value of 0.7 pu, which is observed 
by the mechanical power estimator and finally reflected in the 
amount of electrical power that needs to be decreased for 
producing the desired accelerating power. 

The underproduction power decrease is then highly 
dependent on the accelerating power and the available wind 
power as can be seen in Fig. 14. 
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0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

0

2

4

6

8

10

12

14

16

18

ΔPOP [pu]

L
os

t e
ne

rg
y 

[p
u*

s]

 

 

Pacc = 0.02 pu

Pe0 = 0.2 pu (Vw = 7 m/s)

Pe0 = 0.3 pu (Vw = 8 m/s)

Pe0 = 0.43 pu (Vw = 9 m/s)

Pe0 = 0.59 pu (Vw = 10 m/s)

Pe0 = 0.78 pu (Vw = 11 m/s)

Pe0 = 1 pu (Vw = 12 m/s)

 
Fig. 15.  Lost energy during overproduction process vs. overproduction step for 
different available wind powers. 
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Fig. 16.  Lost energy during overproduction process vs. available wind power for 
different accelerations. 
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It can be noticed for a given accelerating power, the 
underproduction power decrease is increasing linearly in a 
middle range available wind power, between 0.6 pu and 1 pu. 
For higher values of available wind power the 
underproduction step is decreasing drastically as a 
consequence of the pitch actuation. It can be observed also 
the non linear dependency on the accelerating power. 

Similar observations can be made on the lost energy. The 
lost energy is the energy that is not generated if the wind 
turbine has to perform an overproduction process as defined 
in Fig. 3, in contrast with the energy that is produced if the 
WT is just operating normally producing the available power. 

Figure 15 presents the lost energy against the 
overproduction step. The lost energy is almost independent of 
the overproduction step except for high wind speeds. For a 
given wind speed and accelerating power, the area under the 
electrical power curve in Fig. 6 or Fig. 7 is invariant for 
different overproduction steps. 

By increasing the accelerating power the period of 
underproduction is reduced (Fig. 12), allowing the wind 
turbine to recover the optimal operating point faster. The lost 
energy is then reduced, as can be seen in Fig. 16, where the 
dependency of the lost energy on the available wind power is 
also shown. The lost energy depends almost linearly on the 
available power (wind speed). But it is non linear with the 
accelerating power. 

With a bigger VSWT inertia constant the overproduction 
period can be higher for a given overproduction step, because 
the stored kinetic energy would be higher. But the recovery 
period will also be higher in order to recover the released 
kinetic energy. 

For a complete assessment of the overproduction 
capabilities of the machine, the limits of the electrical and 
mechanical elements have to be included, considering 
especially the loads on the blades and drive train. It is 
believed that a correct modeling of the pitch control system 
together with an accurate modeling of the wind turbine 
aerodynamics will improve the results. The capability of the 
wind turbine for overproduction can change when considering 
different manufacturers, especially when considering different 
turbine inertia constant and CP curve. Nevertheless this 
analysis provides a base for further studies on VSWT 
capabilities for future power system solutions. 

VI.  CONCLUSION 

Modern Variable Speed Wind Turbines (VSWT) present 
high flexibility for power system solutions. New control 
systems for VSWT need to be developed in order to provide 
with ancillary services and grid support from wind power in 
power systems with high wind power penetration, e.g., inertia 
response and frequency control. 

In this work the capability for providing extra active power 
output on top of available production was studied on a multi-
megawatt VSWT-DFIG. Results show a strong dependency 
on the wind turbine operational states as well as on wind 
speed conditions. It was found that it is possible to have an 
active power overproduction of 0.2 pu on top of steadies 0.8 

pu for at least 10 seconds, which could be useful for the grid 
operator for restoring a critical situation of frequency dip, 
especially in power systems with slow primary movers 
response or low inertia. Nevertheless it is important to 
consider the underproduction power and the associated large 
recovery period that follow a VSWT overproduction 
operation. The lost energy during an overproduction operation 
is highly variable; dependant on wind turbine operation as 
well as on wind speed conditions. Further studies in VSWT 
frequency response capability need to be carried out, 
especially considering the interactions of wind turbines in 
wind farms and coordination. It is important to consider the 
VSWT’s electrical and mechanical components limitations in 
order to keep the wind turbine operation inside safe margins. 

This work provides a base for further studies on VSWT 
capabilities for new power system solutions. The results are 
useful in designing overall control scenarios. 
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