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Abstract : To solve intermittent availability of popular 
renewable energy source based on wind energy, this paper 
deals with the design, analysis and simulation of a wind 
turbine associated with a storage unit to generate a 
constant active power through the grid for all wind 
conditions. A Doubly Fed Induction Generator (DFIG) 
allowing a large speed variation and so a large range of 
wind is employed. The incorporation of a battery or other 
energy storage device in the DC-link enables temporary 
storage of energy. Traditionally, control of DFIG is 
achieved by Flux Oriented Control (FOC), this technique 
decouples the rotor currents into active and reactive 
components; control of the active and reactive powers is 
achieved indirectly by controlling the input currents by 
using of classical Proportional-Integral (PI) controllers. 
However this controller depends highly on parameter 
variations of the DFIG. Direct Power Control (DPC), 
without inner current control loops, produces a fast and 
robust power response. Simulation results on a 1.5 MW 
DFIG system are provided to demonstrate the control 
strategy and the large interest of energy storage in such 
wind energy conversion systems (WECS). 
 
 Keywords : Double fed induction generator, direct power 
control, storage unit, wind energy.     
 
1. Introduction 

Since fifteen years, the concept of the variable 
speed wind turbine (VSWT) equipped with a doubly 
fed induction generator (DFIG) has received 
increasing attention due to its noticeable advantages 
over other wind turbine concepts [1-2]. In the DFIG 
concept, the stator is usually connected directly to the 
three-phase grid; the rotor is also connected to the 
grid but via a transformer and two back-to-back 
converters (Fig. 1). Usually, the rotor-side converter 
controls the active and reactive power and the grid 
side converter controls the DC-link voltage and 
ensures operation of the converter at a unity power 
factor [1]. 

 
Fig. 1. WECS based a DFIG configuration including 

a storage unit. 
 

This arrangement provides flexibility of operation 
in subsynchronous and supersynchronous speeds in 
both generating and motoring modes (±30% around 
the synchronous speed). The power inverter needs to 
handle a fraction (25-30%) of the total power to 
achieve full control of the generator. 

This study analyses by numerical simulations the 
wind energy conversion of 1.5 MW wind turbine 
allowing the production of a constant power to the 
grid and including a storage unit. The incorporation 
of a battery or other energy storage device in the DC-
link enables temporary storage of energy and 
therefore, the ability to provide constant output active 
power, which is both deterministic and resistant to 
wind speed fluctuations [3]. More, good power 
quality of generators is critical and for this reason, 
independent control of active and reactive powers is 
vital [4]. To do this, direct power control (DPC) 
technique of the double fed induction generator is 
studied.  

The DPC strategy was developed and presented in 
1998 by T. Noguchi [5-6] and applied to DFIG in 
2006 by L. Xu [7]. DPC is characterized by its fast 
dynamic response, simple structure and robust 
response against parameter variations and it does not 
utilize a rotor current control loops. In the proposed 
DPC strategy, the active and reactive powers are 
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estimated, using current measurements, and 
controlled directly with hysteresis controllers and a 
switching table similar to the one used in direct 
torque control (DTC) applied for AC machines [7-8]. 
Relevant simulation results are presented and 
discussed to validate the performance of the 
proposed method of control and show the interest of 
the energy storage unit in such wind energy 
conversion systems.               
 
2. Modeling of the DFIG 

In the synchronous d-q reference frame rotating at 
ωs speed, the model of the DFIG is given by the 
following equations: 
Stator voltage components: 
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Rotor components: 
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Stator flux components: 
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                                                          Rotor flux components: 
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DFIG electromagnetic torque: 
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Let us note that this torque represents a 
disturbance for the wind turbine and takes a negative 
value. 
Mechanical equation: 
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Generator active and reactive powers at the stator 
side are given by the expressions: 
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3. The simplified model of DFIG 

The rotor-side converter is controlled in a 
synchronously rotating d-q axis frame, with the d-
axis oriented along the stator flux vector position 
(Fig. 2). In this approach, decoupled control between 
the stator active and reactive powers is obtained. The 
influence of the stator resistance can be neglected 
and the stator flux can be held constant as the stator 
is connected to the grid. Consequently [9]: 

0== qssds and ψψψ    (8)  

                
Fig. 2. Stator field oriented control technique. 
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Replacing the stator currents by their expressions 
given in (11), the equations below are expressed: 
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The electromagnetic torque is as follows:  
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Rotor voltages can be expressed by:   
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The resulting bloc diagram of the DFIG is presented 
in Fig. 3. 
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Fig.3. The bloc digram of the simplified DFIG in Simulink. 
 
4. Direct power control strategy 

The DPC is based on the same control principles 
as the DTC technique, the unique difference is the 
directly controlled variables. In the case of the DTC, 
the electromagnetic torque and the rotor flux are 
directly controlled while in the DPC, the stator active 
and reactive powers are controlled. First a conceptual 
study of the conventional DPC technique will be 
carried out. In this case, we present the DPC by using 
tow levels voltage source inverter (2L-VSI) which 
supplies the rotor windings as we shown in Fig. 4.              

 
Fig. 4. Schematic diagram of DPC strategy for DFIG. 

 
4.1 Stator active and reactive power estimation 

Instead of measuring the tow powers on the line, 
we capture the rotor currents, and estimate Ps and Qs. 
This approach gives an anticipated control of the 
powers in the stator windings. By using the stator  
 

 
flux oriented control and pervious equations presented 
in section III, we can find the relations of Ps and Qs 
according to both components of the rotor flux in the 
stationary αr-βr reference frame, and we can get: 
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Where: 

 
















=











−=

+









−=

s

s

s

r
s

m
rr

s
s

m
r

s

m
rr

V

I
L

L
L

L

L
I

L

L
L

ω
ψ

ψ

ψψ

ββ

αα

2

2

     (17) 

If we introducing the flux power angle δ between 
stator and rotor flux space vectors, Ps and Qs become:     
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Differentiating (18) results in the following equations: 
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As we see in (19), these last two expressions show 
that the stator active and reactive powers can be 
controlled by modifying the relative angle between 
the rotor and stator flux space vectors and their 
amplitudes. This effect is illustrated in the next 
sections.  
 
4.2 Hysteresis comparators and switching table 

The calculated active and reactive powers are 
compared with their reference values in their 
corresponding hysteresis comparators as are shown 
in Fig. 5-a and Fig. 5-b, with Sp and Sq are the outputs 
signal of active and reactive power controllers 
respectively.  

 
(a) 

 
(b) 

Fig. 5.  Hysteresis powers controllers: (a) for active 
power and (b) for reactive power. 

 
The outputs of the comparators with the number 

of sector at which the rotor flux space vector is 
located are fed to a switching table to select an 
appropriate inverter voltage vector. The selected 
voltage vector will be applied to the DFIG at the end 
of the sample time. [5] 

Eight switching combinations can be selected in a 
voltage source inverter, two of which determine zero 
voltage vectors and the others generate six equally 
spaced voltage vectors having the same amplitude. 
According to the principle of operation of DPC, the 
selection of a voltage vector is made to maintain the 
active and reactive powers within the limits of two 
hysteresis bands. 

For this purpose, the evolution space of rψ  in the 
considered reference frame is divided into six sectors; 
this choice is dictated by preoccupation with a more 
rigorous control, and such as: 

( ) ( ) ( )
3

1
63

1
6

ππδππ −+≤≤−+− kkk                     (20) 

 With:             k=1, 2…6            

The digitized error signal Sp and Sq and the rotor 
flux sector are input to the switching table in which 
every switching state Sa, Sb and Sc of the converter is 
stored as shown in Table 1. 
 
Table 1 
Switching table with zero voltage vectors 

 
4.3 Rotor active voltage vectors effect on powers 

Considering that the stator flux space vector 
amplitude is constant, the stator active and reactive 
powers only depend on the relative angle between the 
fluxes (δ), and the rotor flux space vector amplitude.  
Considering anti-clockwise direction of rotation of the 
flux vectors in the rotor reference frame to be positive, 
it may be noted that sψ  is ahead rψ  in motoring mode 
of operation (Fig. 6-a) and sψ  is behind rψ  in 
generating mode (Fig. 6-b). In the rotor reference 
frame the flux vectors rotate in the positive direction 
at subsynchronous speeds, remain stationary at 
synchronous speed and start rotating in the negative 
direction at supersynchronous speeds. [8] 

Assuming that the rotor flux is located in the first 
sector, the application of voltages vectors V2 and V3  
results in a decrease in the stator active power 
whereas, the application of vectors V5 and V6 would 
increase it. In the other hand, the application of V2 and 
V6 would decrease the reactive power drawn from the 
stator side, while V3 and V5 would increase it.  

As a generalization it can therefore, be said that if 
the rotor flux resides in the kth

 sector, where k = 1, 2, 
…6, the application of voltage vectors Vk+1 and Vk+2 
would decrease the delivered stator active power, 
while the vectors Vk-1 and Vk-2 would increase it. 
Moreover, the application of Vk+1 and Vk-1 would 
decrease (-) the delivered reactive power, while Vk+2 
and Vk-2 would increase it (+), while the zero voltage 
vectors have a negligeted (0) effect in Qs. We note 

Sq 1 -1 

Sp 1 0 -1 1 0 -1 

Sector 1 V5 V7 V3 V6 V0 V2 
Sector 2 V6 V0 V4 V1 V7 V3 
Sector 3 V1 V7 V5 V2 V0 V4 

Sector 4 V2 V0 V6 V3 V7 V5 

Sector 5 V3 V7 V1 V4 V0 V6 

Sector 6 V4 V0 V2 V5 V7 V1 
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that the reactive power control is the same in motor 
and generator operation modes. [8] 
 

 
(a) 

 
(b) 

Fig. 6. Flux vectors in rotor coordinates: (a) for 
motoring mode and (b) for generating mode. 

 
The expected direction of change in Qs due to the 

application of any switching state in the different 
sectors can be summarized in Table 2. 
 
Table 2 
Expected direction of change in Qs 

 
In case of discrepancy, the current sector must be 

updated according to Table 3 [10], by shifting its 
position clockwise (-1), anti-clockwise (+1), or just 
keeping its previous position (0). The DPC sampling 

period must be small enough so as to never miss the 
shift of the rotor flux between two adjacent sectors. It 
may however, be noted that in a particular sector not 
all vectors will be applied. For example, in the kth 
sector, vectors Vk and Vk+3 will never be applied 
(Table 3). 

Table 3 
Sector update table 

 
4.4 Zero voltage vector effect on powers 

We notice that the order of voltage vectors is 
opposite in subsynchronous operation with respect to 
supersynchronous operation (Fig. 7). The zero voltage 
vectors V0 and V7 stall the rotor flux vector without 
affecting its magnitude. Their effect on active power 
is thus opposite in subsynchronous and 
supersynchronous operation.  
Since a zero vector does not change the magnitude of 
the rotor flux its effect on the reactive power is rather 
small. Nevertheless, there is some small change in Qs; 
its effect being dependent on whether the angle 
between the stator and rotor fluxes increases or 
decreases due to the application of a zero vector. An 
increase (↑) in angular separation between the two 
fluxes reduces (↓) rαψ  resulting in an increment (↑) of 
Qs drawn from the stator side. The converse is true 
when δ reduces. It is observed that the change in Qs 
due to the application of the zero vectors is different 
in all the 4 modes of operation. This is summarized in 
Table 4. 
 
Table 4 
Zero voltage vector effects on reactive power 

 
5. Storage unit 

A long duration storage unit is included in the 
wind energy conversion system. Battery, super-
capacitor or fuel cell could be used to restore electrical 
power when the wind conditions do not allow constant 
power generation by the DFIG. Other storage systems, 
like flywheel [11-12], are not well suited because a 
large amount of energy for a long duration is needed 
in our system. 

Speed Motoring Generating 

Subs ↑⇒↓⇒↑ sr Qαψδ  ↓⇒↑⇒↓ sr Qαψδ  

Supers ↓⇒↑⇒↓ sr Qαψδ  ↑⇒↓⇒↑ sr Qαψδ  

 V0 V1 V2 V3 V4 V5 V6 V7 

Sector 1 0 0 - + 0 + - 0 

Sector 2 0 - 0 - + 0 + 0 

Sector 3 0 + - 0 - + 0 0 

Sector 4 0 0 + - 0 - + 0 

Sector 5 0 + 0 + - 0 - 0 

Sector 6 0 - + 0 + - 0 0 

 V0 V1 V2 V3 V4 V5 V6 V7 

Sector 1 0 0 -1 +1 0 -1 +1 0 

Sector 2 0 +1 0 -1 +1 0 -1 0 

Sector 3 0 -1 +1 0 -1 +1 0 0 

Sector 4 0 0 -1 +1 0 -1 +1 0 

Sector 5 0 +1 0 -1 +1 0 -1 0 

Sector 6 0 -1 +1 0 -1 +1 0 0 
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The long duration storage unit connected to the 
DC bus allows producing a constant active power to 
the grid for all wind conditions. In high wind speed 
conditions, the DFIG provides energy to the network 
and refills the storage unit whereas in insufficient 
wind conditions, the storage unit allows 
compensating the lack of energy. This is a very 
useful operation for wind turbine grid connection. 

The pitch control achieves the maximum 
efficiency of the turbine. It is also possible to turn off 
the turbine when wind speed is too large to prevent 
any mechanical damage. For a given wind speed, the 
power reference is calculated and subtracted from the 
constant power injected to the grid to fix the power 
reference for the storage unit. This power can be 
positive or negative according to wind speed 
conditions. 

The power can be positive or negative if the 
generator performs at hyper or hypo synchronous 
conditions and when the storage unit absorbs power 
from the wind turbine or provides power to the grid.  
The storage unit is controlled in power for charge and 
discharge, and the power stored in the battery is 
calculated by:  

MWPP sstored 75.0−=                                             (21) 
And the power injected to the grid is given by the 
expression:  

storedsgrid PPP −= *                                                     (22)  
Where Ps and Ps

* are the produced and reference 
active power respectively. 
 
6. Simulation results  

In this section, we present simulation results for a 
1.5 MW DFIG associated with a 0.75 MW storage 
unit. The wind turbine is also supposed to inject a 
constant power of 0.75 MW into the grid for all wind 
conditions. The direct power control strategy is 
simulated at 100 µs sampling period. Simulation 
results for DPC are presented in Fig. 7.  

Simulations are performed with a random wind 
speed, varying between 2 and 20 m/s (Fig. 7-a). 

The active power of the DFIG follows the power 
reference calculated from the wind speed. This power 
is limited by the generator nominal power (1.5 MW). 
Simulation results for active power of the DFIG 
demonstrate the impossibility of generating a 
constant active power equal to 0.75 MW under all 
wind speed conditions (Fig. 7-b). 

Simulation results for power of the storage unit 
correspond to a positive power when charging the 
storage unit and a negative power when feeding the 
grid (Fig. 7-c). This power allows compensating 
active power of the DFIG when wind conditions do 
not allow generating 0.75 MW. 

 
 

  

(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 
Fig. 7. Direct power control strategy responses. 

6



Journal of Electrical Engineering

www.jee.ro

 
 

A step is applied on the reactive power reference 
(Fig. 7-b), from -0.5 MVAR to +0.5 MVAR, at t = 
3s, (The negative sign “-“ refers to the generation of 
active power and to the absorption of reactive 
power). The reactive power is correctly regulated and 
the effect of the simulated step at t = 3s is negligible 
(Fig. 7.d).  

On the Fig. 7-e, the produced power is kept 
constant (0.75 MW) for all wind conditions. This 
corresponds to the sum of the DFIG and storage unit 
powers. Consequently, this wind energy conversion 
system can be assimilated as a constant generator for 
active power.  

A slight modification to the DC-link voltage 
shown in Fig. 7-f, it’s made by including battery 
storage. 
 
7. Conclusion  

The DFIG is nowadays a popular choice for wind 
energy conversion systems. This popularity is mostly 
due to its ability for large variable speed drive. In this 
paper the direct power control strategy has been 
presented; this technique has been used for reference 
tracking and decoupling of active and reactive 
powers exchanged between the stator of the DFIG 
and the grid by controlling the rotor converter. DFIG 
is often used in wind energy conversion system, 
that's why the model of the DFIG has been associated 
with a wind turbine model controlled with MPPT 
strategy. The whole system thus constituted permits 
to control the DFIG at subsynchronous and 
supersynchronous speeds. 

The incorporation of a battery or other energy 
storage device in the DC-link enables temporary 
storage of energy and therefore, the ability to provide 
constant active power injected to the grid, which is 
both deterministic and resistant to wind speed 
fluctuations. Simulation results demonstrate the 
effectiveness of the DPC strategy to control active 
and reactive power independently with good 
performances. On the other hand, they prove the 
large interest of energy storage in such wind energy 
conversion systems. 

Appendix 

Table 5 
Wind turbine parameters 
Blade radius, R   35.25 m 
Number of blades 3 
Gearbox ratio, G 90 
Moment of inertia, J  1000 Kg.m2 

Viscous friction coefficient, fr  0.0024 N.m.s-1 
Cut-in wind speed  4 m/s 
Cut-out wind speed 25 m/s 
Nominal wind speed, v  16 m/s 

 
 

Table 6  
Doubly fed induction generator parameters 
Rated power, Pn 1.5 MW 
Stator rated voltage, Vs 398/690 V 
Rated current, In 1900 A 
Rated DC-Link voltage UDC 1200 V 
Stator rated frequency, f 50 Hz 
Stator inductance, Ls 0.0137 H 
Rotor inductance, Lr 0.0136 H 
Mutual inductance, Lm 0.0135 H 
Stator resistance, Rs 0.012 Ω 
Rotor resistance, Rr 0.021 Ω 
Number of pair of poles, p 2 
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