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Abstract

The main objective of this paper is the performances analysis of an Enhanced Direct Power Control (EDPC), applied to Doubly 

Fed Induction Generator (DFIG) driven by variable speed Wind Turbine (WT). This control strategy uses hysteresis regulators and 

switching table for active and reactive powers control. These latter are estimated using rotor currents and grid voltages instead of a 

traditional measurement of stator currents. In addition, the EDPC switching table is based on the position of the rotor flux instead 

of the stator flux in order to have better regulation accuracy because the rotor voltage vector directly influences the rotor flux and 

has a proportional relationship with the active and reactive powers. All the operating modes (sub-synchronous, super-synchronous, 

synchronous and over-speed) of the variable speed WT-DFIG system and the possibility of local reactive power compensation are 

reported and discussed in this paper. Depending on the operating zone of the WT, Maximum Power Point Tracking (MPPT) technique 

and pitch angle control are considered to optimize the wind energy efficiency. The validation of the proposed EDPC strategy has been 

performed through simulation tests under MATALB/Simulink, the obtained results show robustness and good performances with low 

THD of the generated currents.
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1 Introduction
The blue planet, the human and all living beings suffer 
from pollution, climate change and their consequences. 
This global issue kills more than 9 million humans every 
year, causes the extinction of various animals on earth and 
several diseases are caused by air pollution [1]. All those 
threats give Renewable Energy Sources (RESs) a great 
importance, quick and high technology development in 
recent few years to replace conventional sources. From all 
RESs, wind energy is the most important, the most grow-
ing and the biggest power exporter. It is used to produce 
electricity without any CO2 emissions using wind turbine 
conversion system [2]. 

For wind turbines (WTs), DFIG is widely used com-
pared to other generators due to many advantages that it 
offers, especially for variable speed operation. The DFIG 
is an Induction Machine (IM) with both windings stator 
and rotor which are separated and connected to the grid. 

Most studies use AC/AC converter only in the rotor side 
to control the generated powers, making the electronic 
power converters and power loss less than those of con-
ventional full-size stator converters. The DFIG is able to 
operate under different modes (sub, super and synchro-
nous modes), it offers also: decoupling control of active 
and reactive powers, operating in wide range of speed and 
ability to deliver a large amount of energy [2–3].

Due to the non-linear behavior of the WT, the DFIG 
and the power converter, several non-linear control tech-
niques have been invested to improve the Wind Energy 
Conversion Systems (WECSs). The conventional con-
trol is based on Field-Oriented Control (FOC) [4] and 
Direct Control methods: (Direct Torque Control –DTC- 
and Direct Power Control –DPC-). The FOC strategy is 
defined as an indirect control, which has been presented in 
different works [4–6]; it depends on machine parameters 
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to design the PI controllers in the case of linear control. 
Also, it requires reference frame and PWM block modu-
lation that make this method more complex. In the oppo-
site, we find the direct control methods, such as DTC [7] 
and DPC [8–10]. Those methods are characterized by high 
performances, quick response drives and simplicity com-
pared to FOC. They are based on the selection of opti-
mal voltage vector using the voltage and current measure-
ments and the switching table. Otherwise, many authors 
have presented other strategies of power control applied 
to DFIG; they also name them Direct Power Control. But 
in their contexts, they use indirect strategies to control the 
powers. Also, they have invested the SVM-DPC strategy 
by using PI regulators to calculate the optimal rotor volt-
age in d-q frame with utilizing the PWM block modula-
tion, instead of the hysteresis regulators and the switch-
ing table; their strategies are different than direct control 
methods [11–13]. The DPC was introduced by Xu and 
Cartwright [8] in to control the stator active and reactive 
powers, generated by the DFIG. The principal of this tech-
nique is based on the stator active and reactive powers 
estimation and the stator flux position to select the optimal 
rotor voltage vector using a switching table.

The parameters estimations and the stator flux position 
are based on the synchronous pulsation ( ωs ), the stator 
voltages and currents in d-q synchronous frame. The use 
of stator flux in the power control made disturbances on 
the output voltage Vs and frequency while the stator flux 
has to be constant ( φs = Vs / ωs ) to guarantee a permanent 
connection of the wind generator to the AC grid, where 
the conditions of connection to the AC grid are: the same 
voltages, the same frequencies and the same succession of 
phases. On other side, the DPC suffers from many disad-
vantages, therefore, some authors have replaced the hys-
teresis regulators and the switching table by an artificial 
intelligence technique (Fuzzy Logic Control or Artificial 
Neural Network) [14–17]. Some other authors have used 
Multi-Level converter or Matrix converter instead of the 
classical two-level converter [18–20]. Moreover, a DPC 
combined with Sliding Mode Control (SMC) has been 
applied to a Multi-Level converter in [21]. Those con-
tributions were made in order to reduce the THD, to 
increase the energy quality and to minimize the active /
reactive power ripples. In addition, the SVM technique 
(SVM-DPC) is introduced to set a fixed switching fre-
quency [11, 22]. Consequently, all those techniques men-
tion in [11, 14–23] increase the complexity of the control 

system or require the knowledge of system parameters. 
Moreover, the DPC analyzed earlier [8, 11, 14–17, 20–24] 
are all based on the conventional strategy mentioned 
in [8]. In these references, the simulation results verify the 
system performances only in the sub-synchronous mode, 
reflecting the operation of an IM, under a small range of 
time and fixed power independently of the driving wind 
speed. This reflects that the main characteristic of the 
WT is not taken into account, knowing that the generated 
electrical power by such a system depends directly on the 
mechanical characteristic of the WT (speed and mechani-
cal power). In addition, they don't exploit the most import-
ant DFIG's advantages: variable speed operation, control 
of generated active power and the reactive power man-
agement, except in [18, 25]. In [18], the author has pro-
posed a direct reactive power control under a large random 
wind profile without controlling directly the active power, 
where in [25] an Adaptive DPC has been invested to con-
trol WT-DFIG under a random wind speed. However, the 
presented results show high THD upper the limits imposed 
by IEEE Std 519, high active and reactive power ripples 
and a complex control system without treating all DFIG 
operation modes. In all [8, 10–17, 19–25], authors have 
controlled the reactive power in the stator side and not the 
local reactive power compensation ( QAC ). This indicates 
that the advantages offered by the WT-DFIG are not taken 
into account. In this paper, we propose an EDPC strategy, 
applied to WECSs energy production, to control the gen-
erated active power and the local reactive power compen-
sation of the WT-DFIG system. In the proposed strategy, 
the selection of the optimal rotor voltage vector is based on 
rotor flux position instead of stator flux position. This con-
trol will give more precision and quick response, because 
the power variations have direct relation with the rotor 
voltage and the rotor flux when the stator flux is kept con-
stant. Another contribution in this work is the simplicity 
of estimating the generated active power, the local reac-
tive power compensation and the rotor flux position, using 
only the measurement of rotor currents in d-q synchro-
nous frame and considering an infinite AC grid. The good 
performances analysis of the proposed EDPC strategy is 
confirmed under a random behavior with a large range of 
wind speed profile and requirement local reactive power 
compensation, by taking into account all WT-DFIG oper-
ation modes: sub, super, synchronous modes and the over 
speed in successive and continuous manner, reproducing 
operation that approximates the real behavior of the wind 
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turbine generator. The captured wind energy is optimized 
to extract the optimal power, below the nominal turbine 
speed using the MPPT algorithm and beyond we will be 
acting on the pitch angle control. Moreover, the energy 
quality delivered by the generator, as the generated cur-
rents, is also analyzed using Fast Fourier Transform 
(FFT), the recovered THD value is lower than the limit 
imposed by norm.

This contribution has never been treated in the litera-
ture, where the simplicity of control is conserved, the high 
power control precision is observed, the good power qual-
ity is provided, the satisfactory compensation of reactive 
power compensation according to the random AC grid 
demand is respected and above all DFIG's advantages are 
exploited under random behavior conditions. This con-
trol strategy is developed and validated under MATLAB/
Simulink.

2 Description and modeling of the studied WT-DFIG 
system 
The studied WT-DFIG system with the proposed control 
strategy is presented in Fig. 1. The mechanical part of the 
system contains an aerodynamic turbine and a gearbox. 
The mechanical power is a function of the air density, the 
blade radius, the wind speed and the power coefficient, is 
denoted in [25, 26] as follow (Eq. (1)): 

P R Cmec P= 0 5 2 3. ( , )ρπ υ λ β . (1)

The power coefficient and the tip speed ratio are given 
by Eq. (2):
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The mathematical model of DFIG in the d-q synchro-
nous frame is described as in Eq. (3) [26].
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As described in Eq. (3), the DFIG is an IM connecting 
by its stator directly to the AC grid, although the rotor 
is connected to two different power electronics convert-
ers. The first is an AC/DC converter controlled by the pro-
posed EDPC strategy and the second is a DC/AC converter 

Fig. 1 The global WT-DFIG system controlled by the proposed EDPC strategy
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connected to the AC grid and controlled in manner to 
deliver a sinusoidal current with the AC grid frequency 
(50 Hz) and a null reactive power, which is fixed to have 
a unit power factor operation [18]. 

The DFIG magnetic flux equations in the d-q synchro-
nous frame are in Eq. (4):
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3 EDPC description applied to the WT-DFIG system
As described in [27], the WT can operate in different zones 
(Fig. 2). The system is controlled to extract the maximum 
power using MPPT algorithm [28, 29], when the generated 
power is lower than its nominal value. In zone II, called 
also over speed region, the generated output power is lim-
ited at its nominal value using pitch angle control in order 
to avoid any electrical or mechanical damage.

The proposed DPC principal is inspired from DTC, 
where the regulation of generated active power and local 
reactive power compensation is based on the optimal 
selection of voltage vector using power errors and rotor 
flux angle instead of stator flux angle.

According to the vector space theory, the instantaneous 
active and reactive powers can be expressed by Eq. (5) [27]:
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In addition, the active and reactive powers could be 
denoted as follow (Eq. (6)):
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The stator voltages components in α-β rotor reference 
are given in Eq. (7):
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The stator currents in the rotor frame are denoted as 
(Eq. (8)):
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Where the coefficient of dispersion σ of the DFIG pro-
vided by: σ = −1

2M
L Ls r

In addition, the stator flux in the rotor frame is given as 
follow in Eq. (9):
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By replacing Eqs. (7–9) in Eq. (6), the powers relation-
ship will be (Eq. (10)):
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Then Ps and QAC will be expressed as described in the 
following Eq. (11):
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As the DFIG is connected directly to a balanced AC 
grid, the stator flux |φs| has a constant value, so the gen-
erated active and the local reactive power compensation 
variations ( ΔPs , ΔQAC ) depend on the rotor flux variations 
( Δφr ) and the angle between φs and φr (γ).

Fig. 2 Wind turbine characteristic
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According to Faraday's law, the rotor flux is given by 
Eq. (12):

ϕr r r r

t

t v R i( ) = −( )∫ dt
0

. (12)

Moreover, between tow inverter commutations, the 
rotor voltage vector will have the same value magnitude 
with different direction. The rotor voltage drop can be 
neglected compared to Vr, so the equation will be simpli-
fied as in Eq. (13):

ϕ ϕr r rt v T( ) = ( ) +0 ∆ . (13)

From the Eq. (13), we can describe the rotor flux varia-
tion by Eq. (14):

∆ ∆ϕr rv T= . (14)

In the proposed EDPC strategy, the generated active 
power and the local reactive power compensation will be 
estimated using rotor currents and the grid voltage compo-
nents in the d-q synchronous frame (ird, irq and Vs) and the 
synchronous pulsation (ωs), as described in Eq. (15) [25]:
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In the other hand, the rotor flux is estimated in d-q syn-
chronous frame as described in Eq. (16):
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Then the transformation dq/αβ will give the rotor flux 
components in α-β rotor frame where the rotor flux angle 
δr is the angle between the φrα component and the roto 
flux vector, this angle will be used to determine the sector 
number of the rotor flux, as given in Eq. (17):
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Finally, we conclude that the variations of generated 
power and local reactive power compensation depend on 
the selected rotor voltage vector and its application time. 
Therefore, the good performances of the control depend on 

the rotor voltage selection that has a direct influence on the 
rotor flux variation; this latter has a proportional relation-
ship with the generated active power and the local reactive 
power compensation. In this context, we use a switching 
table that is based on the rotor flux position instead of the 
stator flux position.

The active and reactive power errors are digitalized 
using respectively three and two-level hysteresis bands. 
The rotor flux space is divided into six sectors of 60° each, 
as given in Fig. 3. Based on the outputs active and reactive 
powers hysteresis bands and rotor flux sector, the switch-
ing vector of voltage source inverter (VSI) is selected 
based on the switching table given in Table 1.

4 Simulation results
The proposed DPC strategy is applied to DFIG driven 
by WT and operating under random wind speed profile 
and variable requested local reactive power compensa-
tion. The simulation has been performed in MATLAB/
Simulink environment, to verify the effectiveness and the 
robustness of the improved control strategy, the system 
parameters can be found in Table 2 [28]. 

Table 1 EDPC Switching table

HQs HPs
N

I II III IV V VI

+1 +1 V5 V6 V1 V2 V3 V4

0 V7 V0 V7 V0 V7 V0

−1 V3 V4 V5 V6 V1 V2

−1 +1 V6 V1 V2 V3 V4 V5

0 V0 V7 V0 V7 V0 V7

−1 V2 V3 V4 V5 V6 V1

Fig. 3 Rotor voltage vectors and powers control
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The active power reference is determined directly from 
the generated WT mechanical power, taking into account 
the DFIG efficiency. The random wind speed profile and 
the mechanical speed of DFIG are illustrated in Figs. 4 
and 5. The mechanical DFIG speed varies according to the 
wind speed variations, this gives the three operation modes 
of DFIG: sub synchronous operation (Mode I), super syn-
chronous operation (Mode II) and synchronous operation 
(Mode III), but when over speed occurs (Mode IV) the 
power is limited to its maximum value. The power coef-
ficient, the speed ratio and the blade angle responses take 
different values in this range of time (over speed), as shown 
in Figs. 6 and 7.

The Figs. 8 and 9 show the generated active power and 
the local reactive power compensation responses. They fol-
low their references values, the generated active power has 
always a negative sign, which means supplying always the 
AC grid, three operation modes of WT-DFIG can clearly be 
identified: the slip is positive in the sub-synchronous mode, 
it is null in the synchronous mode and it has a negative sign 
in the super-synchronous mode as shown in Fig. 10. 

The mechanical slip is kept constant at the maximum 
value of (−0.452) at over speed operation, where the sys-
tem works in the third zone under the pitch angle control 
instead of the MPPT control. The local reactive power 
compensation has different sign, it is able to take or deliver 
the reactive power even it can operate to impose a unit 
power factor, according to the AC grid request, making 
the whole system operates as a local reactive power com-
pensator in all operation modes.

The stator and rotor currents have variable amplitudes 
according to the wind speed variations; moreover, the 
stator currents frequency is maintained constant (50 Hz) 
as shown in Fig. 11, while the rotor currents frequency 
is related to the slip variation. In the sub and super-syn-
chronous modes, the currents have sinusoidal evolution 
with variable frequency but in synchronous mode, the 
current has a direct evolution (direct current DC), as pre-
sented in Fig. 12. The rotor active power response analysis, 
under each operating mode, indicates generator behavior. 

Table 2 WT-DFIG system parameters [28]

Parameter Value Parameter Value

Rated Power (kW) 7.5 Lr (H) 0.081

Frequency (Hz) 50 M (H) 0.0664

Pole (pairs) 3 Rt (m) 3.24

Rs (Ω) 1.02 G 5.065

Ls (H) 0.093 ρ (kg/m3) 1.125

Fig. 6 Power coefficient and speed ratio

Fig. 5 DFIG mechanical speed

Fig. 4 Wind speed profile

Fig. 7 Wind turbine blade angle

Fig. 8 Generated stator active power and its reference
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In  sub-synchronous and synchronous mode, the genera-
tor absorbs power from the AC grid by the rotor, as pre-
sented in Fig. 13. It has a positive value in the sub-syn-
chronous mode with small and constant magnitude 
in the synchronous mode due to the rotor resistances. 

In super-synchronous mode, the rotor power has a nega-
tive sign with constant maximum amplitude during over-
speed operation mode.

The generator delivers power by both stator and rotor in 
this mode. Whereas, the rotor reactive power has changed 
according to the operation modes, it is null in the synchro-
nous mode, as illustrated in Fig. 14.

The electromagnetic torque response is shown in 
Fig. 15; it has the same behavior that the generated active 
powers, with a negative sign in all operation modes.

As mentioned above, the DFIG supply directly the AC 
grid by its stator, so it is necessary to maintain the qual-
ity norms. In this context, a Fast Fourier Transform (FFT) 
analysis of the generated AC grid currents is carried out 
and presented in Fig. 16.

Fig. 9 Local reactive power compensation and its reference

(a)

(b)

(c)
Fig. 10 (a) Evolution of mechanical slip and its zooms; (b) passage from 

the super-synchronous operation (Mode II) to the sub-synchronous 
operation (Mode I), (c) passage from the super-synchronous operation 

(Mode II) to the synchronous operation (Mode IV)

(a)

(b)

(c)
Fig. 11 (a) Generated phases stator current and its zooms, (b) passage 
from the super-synchronous mode to the sub-synchronous mode; 
(c) passage from the super-synchronous mode to the synchronous mode
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The harmonic spectrum has a THD of 0.65 % for 
the sub-synchronous operating mode, 0.32 % for the 
super-synchronous mode, 0.36 % for the over-speed and 
0.30 % for the synchronous mode. The THDs of the gener-
ated currents are lower than 0.66 %, which is much lower 

than the limits imposed by IEEE Std 519 (< 5 %), under all 
operating modes even under the pitch angle control (over-
speed), this confirms the good performances, the high 
control precision and well power quality of the proposed 
control strategy.

(a)

(b)

(c)
Fig. 12 (a) Rotor phases current and its zooms; (b) passage from the 
super-synchronous mode to the sub-synchronous mode; (c) passage 

from the super-synchronous mode to the synchronous mode 

Fig. 13 The rotor's power waveform

(a)

(b)

(c)
Fig. 15 (a) Generator electromagnetic torque; (b) zoom of passage from 

the super-synchronous operation (Mode II) to the sub-synchronous 
operation (Mode I), (c) zoom of passage from the super-synchronous 

operation (Mode II) to the synchronous operation (Mode IV)

Fig. 14 Zoom of rotor reactive power in synchronous mode
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(a)

(b)

(c)

(d)
Fig. 16 Stator current and harmonic spectrum, for all operation modes; (a) Sub-synchronous operation ((Mode I); (b) Super-Synchronous operation 

((Mode II); (c) Synchronous operation ((Mode III); (d) Over-speed operation ((Mode IV)

5 Conclusion
In this paper, an Enhanced DPC strategy is applied to 
a WT-DFIG system operating under random behavior 
conditions regarding wind speed and required locale reac-
tive power compensation profiles. All WT-DFIG operation 

modes (sub, super, synchronous and the over speed) 
have been treated in successive and continuous manner. 
The simulation results showed good performances, the 
active power and locale reactive power compensation 
have tracked their reference values with low ripples rate. 
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The generated currents kept sinusoidal waveform with 
constant frequency and the FFT analysis has indicated 
lower THD, below the limits imposed by IEEE Std 519.

 This strategy has proved its merit and robustness, 
where the simplicity of control is conserved, the wind 
power is optimized, the high powers control precision is 
observed, the good current quality injected to the AC grid 
is provided, the satisfactory compensation of local reactive 

power according to the AC grid demand is respected and 
above all DFIG's advantages are exploited under variable 
conditions. This strategy has proved its merit and robust-
ness, where the simplicity of control is conserved, the 
wind power is optimized, the high powers control preci-
sion is observed, and the good current quality injected to 
the AC grid is provided.

Nomenclature
υ Wind speed Vs , Vr Grid and rotor voltage 
Pmec Mechanical power Is , Ir Stator and rotor current
Ωt Turbine rotation speed Vsd , Vsq Stator voltages components in d-q synchronous frame
Ωmec DFIG rotation speed Vsα , Vsβ Stator voltages components in α-β rotor frame
ρ Air density Vrd , Vrq Rotor voltages components in d-q synchronous frame
Rt WT blade radius Vrα , Vrβ Rotor voltages components in α-β rotor frame
Cp Power coefficient Isd , Isq Stator currents components in d-q synchronous frame
λ Speed ration Isα , Isβ Stator currents components in α-β rotor frame
G Gearbox gain Ird , Irq Rotor currents components in d-q synchronous frame
β WT blade angle Irα , Irβ Rotor currents components in α-β rotor frame
Ps Generated active power φsd , φsq Stator flux components in d-q synchronous frame
Pr Rotor active power φrd , φrq Rotor flux components in d-q synchronous frame
Pn Nominal power of the DFIG and the WT φsα , φsβ Stator flux components in α-β rotor frame
Pmax Maximum generated active power φrα , φrβ Rotor flux components in α-β rotor frame
p Pair poles number of the DFIG φs , φr Stator and rotor flux
Qr Rotor reactive power ωs , ω , ωrGrid, mechanical and rotor pulsations respectively
QAC Local AC grid reactive power Rs , Rr Stator and rotor phase resistances 
Ci Turbine constants, i: [1…6] Ls , Lr Stator and rotor phase leakage inductances
THD Total Harmonic Distortion M Stator-rotor mutual inductance.
δr Angle between the α and β rotor flux components θr Angle between synchronous and rotor frame.
γ Angle between the rotor and stator flux ΔT Difference between two instants of time
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