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Model-Based Predictive Control Applied to
the Doubly-Fed Induction Generator Direct

Power Control
Alfeu J. Sguarezi Filho, Member, IEEE, and Ernesto Ruppert Filho

Abstract—This paper proposes a model-based predictive con-
troller for doubly-fed induction generator direct power control.
The control law is derived by optimization of an objective func-
tion that considers the control effort and the difference between
the predicted outputs (active and reactive power) and the specific
references, with predicted outputs calculated using a linearized
state-space model. In this case, the controller uses active and reac-
tive power loop directly for the generator power control. Because
the generator leakage inductance and resistance information were
required for this control method, the influence of the estimation er-
rors for these parameters was also investigated. Simulation results
are carried out to validate the proposed controller.

Index Terms—Direct power control, doubly-fed induction gen-
erator (DFIG), model-based predictive control, wind energy.

I. INTRODUCTION

T HE wind energy systems using a doubly-fed induction
generator (DFIG) have some advantages due to variable

speed operation and four quadrant active and reactive power ca-
pabilities compared with fixed speed induction generators and
synchronous generators. The stator of DFIG is connected di-
rectly to the grid, and the rotor links the grid by a bidirectional
converter; its rated power is much more minor than the DFIG
rated power although the power converters used in squirrel cage
induction or synchronous generators has to support the rated
power of the machine. The rotor converter objective aims to the
DFIG active and reactive power control between the stator and
ac supply [1], [2]. The configuration of DFIG connected directly
on the grid is shown in Fig. 1.
DFIG wind turbine systems control is traditionally based

on either stator-flux-oriented [3] or stator-voltage-oriented [4]
vector control. The scheme decouples the rotor current into
active and reactive power components. The active and reactive
power control is achieved with a rotor current controller. Some
investigations use PI controllers by using stator-flux-oriented
controllers that generate reference currents from active and
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Fig. 1. Configuration of DFIG connected directly on grid.

reactive power errors to the inverter or cascade PI controllers
that generate a rotor voltage which has been presented by
[5]. The problem in the use of a PI controller is the tuning of
the gains and the cross-coupling on DFIG terms in the whole
operating range. Interesting methods that try to solve these
problems have been presented by [6]–[8].
Some investigations using a predictive functional controller

[9] and internal mode controller [10], [11] have satisfactory
power response when compared with the power response of
PI, but it is hard to implement one due to the predictive func-
tional controller and internal mode controller formulation. An-
other possibility of doubly-fed power control can be made by
using fuzzy logic [12], [13]. These strategies have satisfactory
power response although it involves relatively complex trans-
formation of voltages, currents, and control outputs among the
stationary, the rotor, and the synchronous reference frames.
An alternative for DFIG power control based in direct torque

control principles [14], [15] is the direct power control (DPC)
that initially was applied to the three-phase PWM rectifiers,
which has been presented in [16]. The converter switching states
were selected from an optimal switching table based on the in-
stantaneous errors between the reference and estimated values
of active and reactive power and the angular position of the es-
timated converter terminal voltage vector.
The DPC applied to the DIFG power control has been pre-

sented in [17]–[19]. This scheme calculates the required rotor
controlling voltage directly based on the estimated stator flux,
active and reactive power, and their errors. The implementation
of DPC using hysteresis controllers was presented in [17] and
the principles method are described in [18], [19]. Moreover, the
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conventional DPC complicates the ac filter design because of its
variable switching frequency. To eliminate the torque ripple and
use constant switching frequency, an antijamming controller
was proposed in [20].
The concept of DPC was applied to DFIG under unbalanced

grid voltage conditions by [21] and [22]. In [21], the active and
reactive powers were made to track references using hysteresis
controllers. In [22], a notch filter was applied in DPC strategy
which allows the power control. These strategies have satisfac-
tory active and reactive power response under unbalanced grid
voltage.
The predictive control is an alternative control technique that

was applied in machine drives and inverters [23], [24]. Some
investigations such as long-range predictive control [25], gen-
eral predictive control [23], and model predictive control were
applied to the induction motor drives. The predictive functional
control and model predicitve were applied to the DFIG power
control by using rotor currents in [9] and [27], respectively. A
predictive DPC for DFIGwas presented in [28]. These strategies
have a satisfactory power response although the control does not
predict the outputs (active and reactive power or rotor current)
and it can degradate the power response. A solution that allows
us to predict the outputs using a rotor current control of DFIG
was presented in [29].
This paper proposes a model-based predictive controller

for DFIG DPC. The control law is derived by optimization of
an objective function that considers the control effort and the
difference between the predicted outputs (active and reactive
power) and the specific references, with predicted outputs
calculated using a linearized state-space model. Because the
generator leakage inductance and resistance information were
required for this control method, the influence of the estimation
errors for these parameters was also investigated. The contribu-
tion is in applying this control technique for controlling directly
the active and reactive power of DFIG without using rotor
current loop. So, the DFIG was modeled using the active and
reactive power as state variables and the rotor voltage vector as
input. In this case, the MBPC for DFIG DPC uses only active
and reactive power loops and it is an alternative for PI regula-
tors that is also used in rotor current vector control. Simulation
results are carried out to validate the proposed controller.

II. DOUBLY-FED INDUCTION MACHINE MODEL AND DPC

The doubly-fed induction machine model in synchronous ref-
erence frame is given by [30]

(1)

(2)

the relationship between fluxes and currents are

(3)

(4)

and generator active and reactive power are

(5)

(6)

The subscripts 1 and 2 represent the stator and rotor parameters,
respectively, is the synchronous speed, is the machine
speed, and are the stator and rotor windings per phase
electrical resistance, and are the proper inductances of
the stator and rotor windings, is mutual inductance, is the
voltage vector, is the current vector, is the flux vector, and

is the machine number of pair of poles.
DPC aims independent stator active and reactive power

control by means of a rotor flux regulation. For this purpose,
and are represented as functions of each individual rotor

flux. Using stator flux oriented control, that decouples the
axis which means and , (3) and (4),
the relationship between stator currents and rotor fluxes is given
by

(7)

(8)

and the active (5) and reactive (6) power can be computed by
using (7) and (8)

(9)

(10)

where and .
Equation (2) indicates that the rotor flux change is directly

controlled by the applied rotor voltage when rotor resistance
is neglected. Thus, rotor fluxes will reflect on stator active and
reactive power as can be seen in (9) and (10). Consequently, this
principle can be used on stator active and reactive power control
on the rotor side in the DFIG with stator connected to the grid.

A. Rotor Side Equations

Equation (2) indicates that the rotor flux change is directly
controlled by the applied rotor voltage and it can be used on
DFIG power control. The rotor voltage (2), neglecting the rotor
resistance, in synchronous referential frame using the stator flux
position and active (9) and reactive (10) power becomes

(11)

and

(12)

where and .
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In space state form, (11) and (12) become

(13)

(14)

where and is the identity matrix.
Due to the fact that the mechanical time constant is much

greater then the electrical time constants. Thus constant
is a valid approximation for each sample period [31]–[33].
Hence the slip speed constant, due to the synchronous
speed was fixed by the grid and Hz.
Equation (14) can be discretized considering as the sam-

pling period and as the sampling time by using zero-order-
hold (ZOH) [34]–[36] with no delay as

(15)

where

(16)

Due to the applied rotor, voltage is constant during a power
control period for voltage-fed PWM. Thus, (14) discretized
using (16) is given by

(17)

So, the DFIG was modeled using the active and reactive
power as state variables and the rotor voltage vector as input
in (17), and this model can be applied to the model-based
predictive control for a DPC strategy.

III. MODEL-BASED PREDICTIVE CONTROL APPLIED
TO THE DPC

The model-based predictive control (MBPC) consists of two
main elements: the model of the system to be controlled and
the optimizer which determines optimal future control actions.
The model is used to predict the future behavior of the system
with the control law obtained by optimizing a cost function that
considers the effort necessary for control and the difference be-
tween the output predicted and the actual reference value.

The receding-horizon principle is used so that the first ele-
ment of the optimal sequence is applied. In any plant, new mea-
surements are made for each succeeding sample, and the proce-
dures are then repeated.
There are various MBPC techniques for output prediction by

using the state space model or the transfer function of the system
[37], [38], [26], [39], [29]. In this paper, the output prediction is
derived from the state space model and it is given by

(18)

where

(19)

(20)

(21)

...
...

...
...

(22)

...
...

...
...

(23)

where is the prediction horizon output.
As the DFIG was modeled using the active and reactive

power as state variables and the rotor voltage vector as input, so
the matrices in (18)–(23) can be computed using (16) and (17).
The active and reactive power are estimated with the stator
voltages and currents.
The control law is obtained by the minimization of the fol-

lowing cost function [29]:

(24)

where is the vector of the future output refer-
ences to be controlled,

is the input, is the number of outputs, and is
the control horizon.
In the cost function presented in (24), the model is linearized

and one can determine the minimal value algebraically. Since
, , and depend on estimated states, theymust be updated

for each control cycle. Substituting from (18) into (24) results
in a quadratic cost function, dependent on , which gives the
analytical optimal solution

(25)

The diagram of the MBPC applied to DPC is shown in Fig. 2.
The MBPC algorithm generates the rotor voltages that allows
the active and reactive power convergence to their respective
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Fig. 2. Block diagram of proposed MBPC DPC strategy.

commanded values. The desired rotor voltage in the rotor
reference frame generates switching signals for the rotor side
using either space vector modulation and it is given by

.
In case of unbalanced grid supply, the DFIG has to be mod-

eled considering these effects and one possibility can be seen in
[40].

A. Estimation

Digital power control is required to calculate the active and
reactive power values, their errors, the stator fluxmagnitude and
position, the slip speed, and synchronous frequency.
The flux estimation using (1) is given by

(26)

and the flux position by using (26) as

(27)

Equation (26) can be implemented by using a low-pass filter
[33]. The synchronous speed estimation is given by

(28)

and the slip speed estimation by using the rotor speed and syn-
chronous speed is

(29)

The angle between stator and rotor fluxes is given by

(30)

Equation (30) can be implemented by using Euler’s integer
methods.

IV. IMPACT OF PARAMETER VARIATIONS ON SYSTEM
PERFORMANCE

When the MBPC algorithm calculates the rotor voltages
using (18)–(25), in the expressions of rotor voltage vector at
any instant appears terms as shown in (31). The stator resistance
used in stator flux estimation and the rotor resistance used in
rotor voltage calculation have negligible impact on system
performance for high power generators [19], [4]. The accuracy
of the rotor voltage calculation is influenced by the constant

and the inductance ratio that are determined by
the stator and rotor leakage and mutual inductance. Since the
leakage flux magnetic path is mainly air, the variation of the
leakage inductance during operation is insignificant. However,
mutual inductance variation needs to be considered due to
possible variation of the magnetic permeability of the stator
and rotor cores under different operating conditions. The re-
quired parameters can be simplified considering the relatively
small leakage inductance and compared to the mutual
inductance that is shown in the Appendix, and it is given
by

(31)

Equation (31) shows that the variations of has little im-
pact in and . Therefore, its influ-
ence on the performance of the proposed control strategy would
also be insignificant.

V. SIMULATION RESULTS

The MATLAB/SimPowerSystems package was used in the
simulation of the proposed control strategy. The power control
strategy has the same time of the voltage source inverter sam-
pling time and it is . The DFIG parameters
and values of and are shown in the Appendix.
Fig. 2 shows the schematic of the implemented system and the
inverter was modeled as controlled voltage sources, and the en-
ergy stored by the dc link capacitor was dissipated on a resistor
load by using a hysteresis control of one IGBT in series with a
diode.
To the power factor (PF) control, the reactive power reference

is given by

The DFIG was assumed to be in speed control, i.e., with the
rotor speed set externally, since in a practical system, the wind
turbine’s large inertia results in slow rotor speed change [18],
[19].
Initial studies with various active and reactive power steps

and constant rotor speed at 226.6 rad/s were carried out to test
the dynamic response of the proposed power control strategy,
and it is shown in Fig. 3(a). The initial active power and power
factor references were 60 kW and FP . The ac-
tive power and power factor references were step changed from
60 to 200 kW and from a PF of 0.85 to 0.85 at 2.5 s,

and the power reference were step changed again from 100 to
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Fig. 3. Response of step tests for active and reactive power and rotor currents in
supersynchronous operation. (a) Response of step of active and reactive power.
(b) Response of step of rotor currents in synchronous referential.

149.2 kW and from a PF of 0.85 to 1 at 2.75 s, respectively.
The active and reactive power response in detail is shown in
Fig. 4. The rotor currents in synchronous referential are shown
in Fig. 3(b) and the rotor and stator currents in the stationary
referential are shown in Fig. 5. It can be seen that the proposed
MBPC strategy controls the rotor current vector in Fig. 3(b)
although it does not have any rotor current loops in its for-
mulation. The dynamic response of both active and reactive
powers are in few milliseconds; there is no overshoot of either
stator/rotor or the active/reactive powers and the satisfactory
performance of the controller can be seen.
Studies with various power steps and rotor speed were carried

out to further test the proposed power control strategy. During
the period 1.65–2.1 s, the rotor speed increased from 151.1 to
226.6 rad/s. Fig. 6(a) shows the results step reference tests of ac-
tive and reactive power. The power steps, i.e., active power and
power factor references, were changed from 60 to 100 kW
and from a PF of 0.85 to 0.85 at 2.5 s. The rotor currents
in synchronous referential are shown in Fig. 6(b) and the rotor

Fig. 4. Detailed active and reactive power responses.

Fig. 5. Stator and rotor currents. (a) Rotor currents. (b) Stator currents.

speed, the rotor and stator currents in the stationary referential
are shown in Fig. 7. Again, it can be seen that the proposed
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Fig. 6. Response of step tests for active and reactive power and rotor currents
with several speed operations. (a) Response of step of active and reactive power.
(b) Response of step of rotor currents in synchronous referential.

MBPC strategy controls the rotor current vector in Fig. 6(b) al-
though it does not have any rotor current loops in its formu-
lation. The controlled dc link voltage is shown in Fig. 8. The
oscillations occur due to the fact that the voltage was controlled
by a hysteresis controller. The satisfactory performance of the
MBPC controller can be seen due to the fact that the active and
reactive power reach their desired reference values when the
rotor speed varies.
To test the impact of the parameter variations on the system

performance, the rotor resistance andmutual inductance
are increased by 20%. The same tests of step reference of ac-
tive and reactive powers with rotor speed variation and with
parameter variation are shown in Figs. 9 and 10. Comparing
Figs. 6 and 9 and Figs. 7 and 10, there is hardly any difference,
and even with such large inductance and rotor resistance er-
rors, the system maintains satisfactory performance under both
steady-state and transient conditions.

Fig. 7. Stator, rotor currents, and rotor speed. (a) Rotor currents. (b) Stator
currents. (c) Rotor speed.

VI. CONCLUSION

This paper has presented a model-based predictive control
applied to the DPC for DFIG. The control law is derived by
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Fig. 8. DC link voltage.

Fig. 9. Response of step tests for active and reactive power and rotor currents
with several speed operations. (a) Response of step of active and reactive power.
(b) Response of step of rotor currents in synchronous referential.

optimization of an objective function that considers the control
effort and the difference between the predicted outputs (active
and reactive power) and the specific references, with predicted
outputs calculated using a linearized state-space model. This

Fig. 10. Stator, rotor currents, and rotor speed. (a) Rotor currents. (b) Stator
currents. (c) Rotor speed.

control law allows us to calculate the voltage to be applied on
the rotor by using the system behavior for more than one single
future sampling cycle. This strategy uses a constant switching
frequency that overcomes the drawbacks of conventional DPC
[17], [18] and does not use rotor current loops for the active and
reactive power control.
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The impact of machine parameters variations is analyzed and
found to be negligible. The simulations confirm the effective-
ness and the robustness of the predictive direct power controller
during several operating conditions and variations of machine
parameters.
Power generation is the focus in the wind energy systems.

Thus, the DPC strategy does not need an out loop for power
control as the rotor current control strategy and it becomes an
alternative power control strategy for this purpose. Hence, this
DPC strategy becomes an interesting tool for DFIG power con-
trol implementation.

APPENDIX

A. Effect of Parameters in the Rotor Voltage Calculation

Considering that and , the
and can be simplified as

and

B. DFIG Parameters

H;
H; H; Kg m
kVA; V;
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