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This papers deal with a new Adaptive Direct Power Control for Doubly-Fed Induction Generator of 1.5 MW. The
main feature of the proposed strategy is based on the replacement of the fixed switching table by an adaptive
one. The online update of the adaptive switching table depends on the reactive power variation and past
switching sequences. The proposed adaptive direct power control is compared with Vector Control and Classical
Direct Power Control. The robustness of the proposed control scheme against parameter, load and wind speed
variations have done with success. The main performance of the Adaptive Direct Power Control strategy is the

reduction of powers ripples, thus reduce of torque ripple on the shaft of the turbine.

1. Introduction

Doubly fed induction generators (DFIG) are used widely in wind
generation systems because of their variable speed operation [1-7].
There are several works addressed to the statistical analysis regarding
the integration of DFIG based wind power systems into the power grid
on the topics of stability, power quality and energy-efficiency [8-9].

The instantaneous control of the active and reactive powers of the
stator of DFIG is obtained by regulating the decoupled rotor currents,
using a proportional integral controller (PI) [10-14]. However, this
control structure depends on the parameters of the Induction Generator
and therefore it requires several control loops and need many compu-
tational efforts to guarantee the stability of the structure over the entire
speed. Many methods have been presented to remedy the aforemen-
tioned difficulties. The Direct Torque Control (DTC) or Direct Power
Control (DPC) has been introduced [15-22]. In the DTC, the flux and
the torque are controlled directly, while in DPC, active and reactive
powers are controlled directly by selecting an appropriate command.
The DPC has been suggested to the DFIG and has many advantages over
the conventional VC scheme, such as not requiring synchronous co-
ordinated transformations, no current loops, less parameters depen-
dence and relatively easy implementation. The classical DPC are subject
to considerable ripples in currents, active and reactive powers and the
switching frequency is not constant.

Various controls have focused on the development of DPC methods
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that work at a constant switching frequency using space vector mod-
ulation (DPC-SVM) [23-26]. Its main feature is the removal of hyster-
esis regulators and switching table, eliminating the problems associated
with it. Reduction of power pulsation and power quality was achieved.
These controllers are not robust against parameters uncertainty.

Authors in Refs. [27] and [28] are interested in DPC without zero
voltage sequences; a first choice is to use only active sequences. This
choice has the advantage of simplicity and avoids the randomness re-
lated to the direction of variation of the powers when applying a zero
sequence. Indeed, the use of these voltages sequences the switching
frequency can be reduced.

Various methods are studies using non-linear control laws such as
feedback linearization [29-30], backstepping [31], intelligent control
like fuzzy logic controller [32], neural networks [33]. Several of these
control techniques produce very complicated control laws and have
rather high computations. These calculations usually depend on system
states and several model parameters that have the effect of decrease the
control robustness.

Sliding Mode Control (SMC) is designed to uncertain and disturbed
nonlinear systems due to its robustness to uncertainties and external
disturbances. Much work has been done on (SMC) [34-38]. In [34], the
sliding mode controllers are applied to the current controller on the
rotor side converter, where the powers control strategy, based on the
indirect vector control without powers loops. The combination of (SMC-
DPC) reduces power ripple. The authors used the sign function, but this
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Nomenclature
Turbine model

Y, QuurbinesPmec  Wind, turbine and DFIG mechanical speed

Paer aerodynamic mechanical power
Gy turbine power coefficient

A tip speed ratio

B pitch angle

R turbine radius

G gearbox ratio

J, Jurbine> Jg total, turbine and generator inertia
f friction coefficient

p air density

Taer, Tem» Ty aerodynamic, electromagnetic, generator torque
S wind wheel area

Vas Vps stator voltages in the a-f axis
DFIG model

Vs, V; stator, rotor voltage

I, I stator, rotor current

Ve DC link voltage

@s, P stator, rotor flux

R, R, stator, rotor resistance

L, L, stator, rotor inductance

M mutual inductance

p number of pole pairs

Q rotor speed

P, Qs stator active and reactive power
Psrer, Qsrer references values of the powers

Ps errors Qs.error  active and reactive powers error

(Vo-V;) voltage vectors

Pr flux phase

Superscripts

s stator reference frame

r rotor reference frame

* ref reference value

Subscripts

a-f stationary a-f axis

S,r stator, rotor

d,q synchronous d,q axis

A,b,c three-phase reference

A-DPC  adaptive direct power control
DFIG doubly-fed induction generator
C-DPC  classical direct power control

VC vector control

WECS wind energy conversion system
RSC, GSC rotor and grid side converter
DTC direct torque control

AC alternative current

SVM space vector modulation
VSC variable structure control
SMC sliding mode control

DC direct current

MPC model predictive control
THD total harmonics distortion

PI proportional integral

function produces a vibration phenomenon and increases the total
harmonic distortion of the rotor currents. In practice, the use of the
SMC has been limited by the complicated online calculations and
chattering problem related to the commutations of the control which
can be disturbing for the actuators. Since then, many solutions have
been proposed to reduce these oscillations: increase of the switching
frequency combines an MPPT using a second-order sliding mode con-
tinuous control [39-41].

Different model predictive direct power control (MP-DPC) strategies
have been studied and compared [42-43]. The main idea of the MPC is
based on the use of a system model to be controlled to predict its output
over at a certain horizon, the development of an optimal sequence of
future orders satisfying the constraints and minimizing a cost function.
The advantage of the MPC is the easy inclusion of non-linearity in the
model. The proposed controllers accomplish load reduction and im-
proved power capture optimization. It accordingly allows a good
achievement of the design objectives. The main drawback of the MPC is
the execution time. It is desirable to be able to predict the dynamic
behavior and for this, it is necessary to have a precise knowledge of the
constituents of the process. However, the problem is that there is often
no precise model of the process. There may be several reasons for this:
prior information is incomplete, features vary over time, or unknown
disturbances affect the process to be controlled.

Various strategies are applied to regulate the DFIG under an un-
stable condition [44-47]. The authors used DPC in a DFIG-based wind
turbine system under unbalanced grid voltage conditions. A first order
low pass filter disturbance observer with a proportional current con-
troller was proposed by [44] which elaborate positive sequence power
requirements and independently control negative sequence current
components under unbalanced voltage conditions. Double frequency
pulsations in the stator reactive power and torque are entirely elimi-
nated during steady-state and transient torque/power step modification

when the network voltage is unstable.

This paper focuses on a new adaptive DPC for DFIG with tracking
table for reactive power variation. The principle of the proposed
scheme is based on the replacement of the fixed switching table by an
adaptive one.

2. System description

Fig. 1 depicts the DFIG control based on the WECS. The system
consists of three elements: the control part, an electrical part, and a
mechanical part. Though, the mechanical element illustrated by a wind
turbine, the electrical element includes 1.5 MW DFIG connected to the
grid via two back-to-back power converters as the grid-side converter
(GSC) and the rotor-side converter (RSC). The RSC is responsible for
regulating the rotor currents generated torque such that the required
power is developed by the DFIG while the GSC controls the DC-link
capacitor voltage. The DC-link capacitor is used as an energy storage
element, which transmits the required energy between the generator
and the grid. Furthermore, the GSC has the capability to produce or
absorb reactive power for voltage support demand. Both converters are
usually voltage source converters with IGBT switching elements. The
converter produces a three-phase voltage at variable frequency, mag-
nitude and phase voltage.

2.1. Wind turbine modeling

The stored wind kinetic energy is defined by:

-1 3
P‘,—z.p.S.v )

where:
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Fig. 1. Block diagram of the wind turbine based DFIG.

S: The wind wheel area (m?);
p: Air density (p = 1.225kg/m>
v: wind speed (m/s);

The expression of mechanical power from the wind as follows [16]:

1
Hzer = Cp. R; = E Cp (ﬁ, ﬂ.) P. S. V3 (2)
where:C,is the turbine power coefficient, A is the ratio tip speed and 8 is
the pitch angle.
The tip speed ratio is described by:

R. Qurpi
A= turbine
v 3
where:
R: Turbine radius;
Quurbine: Turbine speed;
The aerodynamic torque is expressed by:
P, 1
Toer = —2— = C,(B, ). —. p. S. V3
o Qturbine ’ 2 turbine (4)
The total inertia J is composed by the turbine and generator inertia:
_ Jturbine
J= e + Jg (5)
with:

G: Gearbox ratio;
Jurbine: Turbine inertia;
Jg: Generator inertia.

To characterize the evolution of the mechanical speed, the dynamic
equation is applied and can be written as follows:
dQ

Tg_Tmcc:L%""ﬁ Qimec 6)

where:
Opmec: DFIG mechanical speed;
Tem: electromagnetic torque;

f: friction coefficient;
T,: generator torque;

2.2. DFIG model

The DFIG dynamic equations in the reference a-f3 form are made by [8].
The voltages expressions are given by:

dgp,
Vas = Rolas + d:m

dogs
Vﬁs = Rxlﬁs + d/f
Vir = Ry + 9 1 p Q. g,
dg
V;?r = RrIﬁr + Tﬁr —p- Q. q, (2]
The flux equations are given by:
Pus = Ll + Mg,
Pas = leﬁs + MIlgr
Por = LI, + MIas
Per = Ly Igr + Mg ®)
The torque equation is also represented as follows:
Tom = P- Ugr- @uy — Lar- gy 9)

So the supplied active and reactive powers are defined as follows:

K= (VotsIas + Vﬁ‘slﬁs)

Qs = (VBSIM - Vz'xslﬂs) (10)

3. Control strategies
3.1. Vector control strategy of DFIG

The objective of the vector control of DFIG is to achieve an
equivalent system as in DC machines [14], therefore a decoupled con-
trol of the active and reactive powers. Indirect vector control is the most
used because of its simplicity.

The indirect vector control consists of annulling the quadrature
component of the stator flux ¢, = 0, andg,, = .

In this method, decoupling is performed at the output of the rotor
current regulators with a feedback from the system. Which allows the ad-
justment of the powers, one thus distinguishes, a control by loop in cascade
of the power and the rotor current for each axis, since it makes it possible to
control separately the currents I, I; and the powers Q, P; in closed loop.

The indirect vector control principle is used to generate the corre-
sponding reference voltages V4 and V4. A Park transformation calcu-
lates the rotor reference voltages. These voltages are used to fix the
control of each PWM inverter.

Fig. 2 Ilustration of the simplified diagram of the DFIG with VC.

3.2. Classical direct power control of DFIG

Direct power control (DPC) is established on the concept of direct
torque control applied to AC machines. The principle of the DPC is to
directly control the active and reactive power. The controllers used are
hysteresis comparators for instantaneous active and reactive power
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Fig. 2. Vector control of the DFIG.

errors. The output of the controllers with the sector where the position
of the mains stator flux is located, constitute the inputs of a switching
table.

The complex plane is divided into six angular sectors to determine
the control sequence of the active and reactive powers with regard to
the application of a stator voltage vector, Fig. 3.

A. Hysteresis power control

The stator flux module and the phase are given by [19]:

510,01 e V'V [1,0,1]

6

Fig. 3. Switching-voltage space vectors.

ol = /@ + ©F

o = arctan( :ﬁ) an

To generate the active and reactive powers switching states, the
error between the estimated power and the reference one is the input of
a three level hysteresis regulator. Sp (0,1) and Sq, (1,0, — 1) as illustrated
in Fig. 4. The errors in powers are estimated as:

Ps—error = Ps* - Ps
Qs—error = Qq* - Qs (12)

B. Switching Table

Table 1 illustrate the change in the powers when the voltage vector
is applied.

SP“ 1 SQA
1 D
0 . _AQ‘ WO‘ 4 R
v 4 AQ
v N
1

Fig.4. Hysteresis controller of active and reactive powers.

Selection of appropriate vector applied to the RSC is presented in
the Table 2. This table established to control the active and reactive
powers exchanged with grid.

The detailed structure of the classical DPC is depicted in Fig. 5.

The drawbacks of the classical DPC are the presence of the powers

Table 1
Generalized table of voltage vectors.
Increase Decrease
Reactive power Vie1, Vie Vi1 Vie2, Vir2, Vi s
Active power Vi+1, Vik+2 Vie2, Vi1

ripples. These ripples have an effect on the grid and the stress on the
shaft of the turbine. It can lead to the destruction of the wind turbine. In
the next section, we try to reduce these ripples by the proposition of an
adaptive direct power control strategy.
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Table 2
Switching table for DPC of DFIG.
Sp 1 0
Sq -1 0 1 -1 0 1
[ 1 Ve Vo Vo Vs NG V3
2 Vi \'% Vs Ve Vo A2
3 Vs Vo Vs \A \4 Vs
4 Vs vy Vs Vy Vo Ve
5 V4 Vo Ve Vs \' Vi
6 Vs v, \A \2 Vo Va2

3.3. Adaptive direct power control

The principle of A-DPC is based on the analysis of the classical DPC
switching table. It is known that increasing the torque (sector p,) at a
constant speed implies an increase in the power consumed by the ma-
chine. It is recalled here that the positive power is absorbed by the
machine in motor mode while it is negative in generator mode. This
relationship is also true in generator mode where an increase in torque
reduces the power generated by the machine. Unfortunately, a great
difficulty persists in the calculation of the angle of the rotor flux. In this
respect, improved power control gives a robust means of knowing the
current area of rotor flux.

The review of Table 2 illustrates that if the rotor flux was in sector 3
and the vector 4 had just been applied, the reactive power variation
must necessarily be negative since the vector 4 increases reactive power
supply to the rotor. If this is no longer possible, the sector estimate is
wrong and the flux would be in sector 2 or 6. Given that it was pre-
viously in sector 3, so it would be unlikely to be in sector 6 now; since it
would have skipped over to other sectors. The previous explanation can
be represented using Tables 3 and 4 based on the Table 2.

In the case of inconsistency between expected and measured values.
Table 4 suggest a modification of the current sector.

In the case where the flux is in the sector 3 and that, following the
application of the vector 4, the variation of the stator reactive power
has been positive, which is in contradiction with the Table 3, we sug-
gest decrementing (-1) the current sector.

Fig. 6 represents the adaptation algorithm principle compared to the
classical DPC.

The different steps of the A-DPC algorithm are established as

Electrical Power and Energy Systems 114 (2020) 105395
follows:

e The first step: Initialization of the sector p, before the update (for:
e = 1:6).

Table 3

Monitoring the change in reactive power.
Sector Vo Vi Vo V3 A\ Vs Ve %
1 0 - - + + + - 0
2 0 - - - + + + 0
3 0 + - - - + + 0
4 0 + + - - - + 0
5 0 + + + - - - 0
6 0 - + + + - - 0

® The second step: Initialization of the classical DPC vectors based on
the Table 2 (for V; = Vq: V7).

Table 4

The update sectors.
Sector Vo Vi V, V3 V4 Vs Ve \'%
1 0 0 -1 +1 0 -1 +1 0
2 0 +1 0 -1 +1 0 -1 0
3 0 -1 +1 0 -1 +1 0 0
4 0 0 -1 +1 0 -1 +1 0
5 0 +1 0 -1 +1 0 -1 0
6 0 -1 +1 0 -1 +1 0 0

e The third step: Monitoring the variability of the reactive power Qs
Table 3. This table checks the state of reactive power variation. That
is, it checks whether the variation of the reactive power measured at
the stator corresponds to that expected for the sector and the current
vector.

The fourth step: Sector variation test, Table 4 based on the variation
of the reactive power Table 3, if there is an inconsistency between
the expected value and the measured value. Table 4 suggests a
modification of the current sector.

Fig. 7 depicts the structure of the A-DPC of DFIG with variation in
reactive power.

Current & Voltage

RSC Sensors
1, I, \
7| . =
=t 5
an .
I Irabc Viabe V sabe Isabc
A
PWM| PLL &, P:u‘.k PLL & Park
Transformation — Transformation
Vi 19
Ps—ref o" E rap| rap
X Table 2
Qs-ref, <« Vvsaﬂ Isuﬂ
P r v v
Qs
Powers estimation[
Py |

Fig. 5. Classical direct power control scheme of DFIG.
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Classical DPC Adaptive DPC
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1 Next Vector
- Vi Adaptive
Vi Actual Algorithm
Actual Pr e—m | Table 4
o, — /
Vi1 | Next Vector Vin

Fig. 6. Adaptive algorithm principle.

4. Results and discussion

Adaptive direct power control for double-Fed Induction generator
has been introduced in this study. Different methods of DPC have been
studied and realized using the Matlab/ Simulink software with the same

behavior in tracking performance compared with the VC and C-DPC.
The stator reactive powers illustrated in Fig. 11 tracks the irre-
verence values very well; it can be seen that A-DPC shows improved
performance than VC and C-DPC. This is clearly observed in Fig. 12.
Using A-DPC the stator reactive powers’ oscillations are lower, while

Current & Voltage

RSC Sensors
Iy Lo \
> -
1, T _I I\ 5
it
I Liabe Viabe Viane Lsance
v
PLL & Park Dol
PWM . o PLL & Park
Transformation Transformation
P \ <1 VruB IruB
s-ref E §
Mle 2 g A
?\;f V. saf IsaB
Praparen ] [ £
Table 3 & Table 4
P r Y V¥
Qs
P Powers estimation [¢
S

Fig. 7. Structure of the adaptive A-DPC of the DFIG with the variation of Qs.

operating conditions. The parameters of the DFIG and wind turbine are
reported in Table 6. The wind speed profile used to test the three
controllers is shown in Fig. 8. It consists of a set of 10s data. The
performance comparisons of the three algorithms are performed under
the same operating conditions (sampling time, parametric variation).

4.1. Simulation results without parametric variation

The active powers produced by the DFIG controlled with VC, C-DPC,
and A-DPC are presented in Fig. 9. In this figure, it can be noticed that
the ripple is not the same for the three techniques. A zoom of the stator
active powers for the three strategies is shown in Fig. 10. It is clear that
the VC suffer from two problems: steady-state error and high active
powers ripples. On the other hand, the A-DPC provides almost perfect

with VC the dynamic is slower, due to the presence of the PI controllers
and control loops.

In Fig. 13, the stator voltage and currents are sinusoidal and in
opposite phases, the system is operating at rated conditions. The cur-
rent is variable according to the variation of the active power, which
varies according to the wind speed. It can be observed that the current
ripple has also a notable reduction in A-DPC controller compared to the
other controller.

Fig. 14 gives the stator current harmonic analysis. We can observe
that the current harmonic distortion of the classical DPC is higher than
A-DTC. It can be concluded that the suggested algorithm (A-DPC) gives
a better performance with low THD.
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Fig. 8. Wind speed profile.

4.2. Simulation results with parametric variation + 150% on R, and L,

To study the effect of DFIG parameter uncertainty on the perfor-
mances of the suggested (A-DPC), the rotor resistance R, and in-

Electrical Power and Energy Systems 114 (2020) 105395

ductance L, parameter sensitivity are tested for the three schemes
for + 150% variation at time t = 5s, The powers are shown in Figs. 15,
16, 17 and 18. It can be observed from these figures that the (VC) and
(C-DPC) schemes have a considerable error due to L, and R, variation.
The proposed method is robust against parameter variations and allows
a fast and suitable dynamic response.

Table 5 presents the quantitative analysis of the three approaches.
The comparison among the presented techniques for power control
implicates that the proposed (A-DPC) scheme gives much less chat-
tering with a seamless transient response.

5. Conclusion

In this paper, a novel adaptive DPC for DFIG has been presented.
The suggested control has been compared to the vector control and
classical direct power control. Simulation results demonstrate that the
powers’ ripples and harmonic content of stator current are lower in (A-
DPC) compared with other controls. The efficiency of the proposed DPC
has been validated by simulation tests carried out with a 1.5 MW DFIG
system. Moreover, to validate the influence of DFIG parameter varia-
tions on the performances of the proposed (A-DPC), the rotor resistance
parameter sensitivity has been tested for the three schemes for + 150%

<10° Active Power
2 10 T T T T T
OK_
2 -
N\
~ -4
3
£ 6
-3
-=-=-Ps Reference
10 —Ps Vector Control
“|=="Ps Classical DPC ;
P Ps Improved DPC i i i
0 1 2 3 4 5 6 7 8 9 10
Time (s)
Fig. 9. Active power response under VC, C-DPC and A-DPC strategies.
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Fig. 10. Zoom of active power response under VC, C-DPC and A-DPC strategies.
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Fig. 14. Stator current FFT analysis, (a) conventional VC, (b) C-DPC, (c) A-DPC.

variations in rotor resistance and inductance; it has been shown that the
(A-DPC) is robust and capable to reject the influences of uncertainty in
system parameters. The proposed approach can be considered as an
alternative solution to the control of DFIG.

The advantages of the proposed (A-DPC) are highlighted by the
following points:

1. It does not require angular information of stator flux and synchro-
nous coordinate transformations.

2. The transient responses and steady-state are insensitive to un-
certainty parametric variation of the DFIG.

3. Enhanced transient performance.

4. Stator current harmonic spectra are improved.
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Table 5

Performances comparison of the three controllers.
Approach vC C-DPC A-DPC
Robustness to parameters mismatch High Medium Low
Harmonic spectrum of stator current Medium High Low

Chattering

Transient performance of the active power
Rising time of the active power

Transient performance of the reactive power
Rising time of the reactive power
ImplementationComplexity

Medium chattering
0.009s

0.011s
High

Relatively fast with medium settling time

Relatively fast with medium settling time

Considerable chattering
Relatively fast with low settling time

Small chattering
Fast with low settling time

0.007 s 0.004s

Relatively fast with low settling time Fast with low settling time
0.007 s 0.005s

Low Low

Table 6
Wind turbine and DFIG parameters.

DFIG Parameters

Wind Parameters

Rated power, P, 1.5 MW Blade radius, R 35.25m

Stator voltage, V 398/690V  Number of blades 3

Rates current, I 1900 A Gearbox ratio, G 90 m

DC-link voltage Upc 1200V Inertia moment, J 1000 Kg m?
Stator frequency, f 50 Hz friction coefficient, f 0.0024 Nms™!
Stator inductance, L 0.0137H Cut-in wind speed 4m/s

Rotor inductance, L, 0.0136 H Cut-out wind speed 25m/s

Mutual inductance, M 0.0135H Nominal wind speed, v 16 m/s

Stator resistance, Ry 0.012Q

Rotor resistance, R, 0.021 Q

Number of pole pairs P 2
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