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Abstract — In this paper we develops a new control strategy for
extracting and controlling the power of the Doubly-Fed
Induction Generator (DFIG) applied to wind turbines. A new
contribution for the regulation of the active and reactive power
is presented, with the aim of an injection to the distribution
network. The proposed model in this paper is based on direct
torque control (DTC), which is based on performance
estimators to improve the quality of the system. The energy
quality genered by wind system will be injected into the
distribution network according to international standards.
Finally, the results of the real-time implementation of the
control are implemented on the Matlab / Simulink Xilinx
System Generator environment. The entire wind turbine
system has been tested in laboratory conditions using the test
bench. Simulation and experimental tests show the high
dynamic performance and robustness of the proposed control.
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I.INTRODUCTION

The Renewable energy is clean and inexhaustible.
And since other energy sources are expensive, many
countries have encouraged researchers to study and develop
renewable energy conversion systems (solar energy, wind
energy, etc ...). [1] In, fact, renewable is rapidly developing
in the world, especially wind power (it is developed by
many countries and is experiencing very significant growth
+ 30% per year on average for 10 years [2-3]).

It is therefore expected that this massive integration
of wind generation will cause a disturbance in the
functioning of the overall grid. To anticipate these problems,
preliminary studies are needed. For this it is necessary to
have reliable model of wind generators, both for the
conversion process for the command. The electrical
configuration of a wind influences functioning. The fact that
a wind turbine is fixed speed or variable speed depend
example of this configuration. The main advantages of both
types of operation are:

v' 1In the case of a fixed speed operation:
- Electrical system simple;
- Greater reliability; Low probability of excitation
of resonant frequencies of the wind turbine
elements;
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- No need for electrical control system;
v' 1In the case of a variable speed operation:
- Increase energy efficiency;
- Reduction of torque oscillations;
- Reduction of forces to which the power converter;
- Generation of electric power of a higher quality.

There are still a few years; almost all wind turbines
operating at fixed speed. They contained mostly an
asynchronous squirrel-cage generator [4,7].

With the use of asynchronous machines, the greater part
of the power is directly distributed to the grid by the stator
and about 25% of the total power through the power
converter through the rotor. This gives the opportunity to
use smaller and therefore less expensive converters. The
disadvantage of this system is the presence of the rotor
blades, which requires a labor increased service. Today, 80%
of new wind turbines contain doubly fed induction motors
(wound rotor) [8]. For the application in a wind system, a
generator operating mode is interesting. Indeed, if the speed
variation range does not exceed (+) 30% of that in or beyond
the synchronous speed, the machine is capable of delivering
a power ranging from 0.7 to 1.3 times the rated power. The
converter is then sized to pass only the power of the slip. It
is then less bulky, less expensive, requires less heavy
cooling system and generates fewer harmonic [6].

In this paper, we present a technique to control two
power converters which is based on the DTC control. We
analyse their dynamic performances by simulations in
Matlab/Simulink environment. We start by modelling of the
wind turbine, and then a tracking technique operating point
at maximum power point tracking (MPPT) will be presented.
Thereafter, we present a model of the DFIG in the dq
reference, and the general principle of control of both power
converters which is based on DTC technique. Finally, the
principle of the implementation on the FPGA target and
source program Xilinx System Generator, and the test
benchmark for the experimental validation of the proposed
model in my lab work.
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Figure 1.

ILMODELING OF WIND POWER SYSTEM

A. Wind-Turbine model

The model of the turbine is modeled from the following

system of equations: [7-8]:

1
I:?ncident = EpSV3
1
Prracted = 5.,o.SCp(/], BV
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\
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S: the area swept by the pales of the turbine [m?]
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)
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p : the density of the air (p =1.225kg / m® at atmospheric

pressure).

v : wind speed [mVs].

Cp (4, f): the power coefficient.

A : the specific speed

B: the angle of orientation of the blades
Q) : Rotational speed of the turbine

J 4 : inertia of the generator.

Qnec : Mechanical speed of DFIG

c= 0.5872, c,= 116, c3= 0.4, c,= 5, c5 = 21, ce= 0.0085
The six coefficients C;, Cp, Cz, Cs, Cs are modified for

maximum Cp equal to 0.564 for = 0°.
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Architecture of the Control

The Fig.3 shows the evolution of the power coefficient as a
function of 1 for different values of B. A coefficient of
maximum power of Cp=0.564 is obtained for a speed ratio A
which is (3) (dopt). Fixing f and A respectively to their
optimal values, the wind system provides optimal power.

o o

Power Coefficient (Cp)

Pitch angle (3) L

10 i 10 ‘ 15 ‘20
Tip Speed Ratio () TioSpeed Rato )

Figure 2. Curves of the power coefficient

B. DFIG Model System
The equations of the stator voltages Vs (d, q) and the
rotor Vr (d, q) of the DFIM in the reference of Park are
written as follows: [9, 13]:
Voltages at the stator:

_ . dwsd
Vsd - Rs- lsg + at ws-l/)sq

10)
. ays (
Vig = Rs.igq + dtq + ws. Py
* Voltages at the stator:
o Ay
Vea = Rrirg + =% = 0. g -
apy
Vg = Ryplipg + tq + Wp Py
Wlth. Ws — Wy = P.wW

The magnetic equations are expressed by the flux
expressions in the reference (d, q).
Flux at the stator :

{wsd =LsYsq + M.iyq (12)
l/)sq = Ls-lpsq +M.i,,

e Flux at the rotor :
{wrd =Ly Yrg+Migy (13)
l/)rq = Lr-lprq +M.isq

With: M=Mg=Ms
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The electromagnetic torque is expressed as a function of
the currents and the flows by:

Tem = p- (lpsd- isq + l:bsq- isd)
. . (14)
Tem = p. (qu' ira = Yra- qu)
The fundamental equation of dynamics is:
o
Tem:Tr+]'E+f'Q (15)

With:
VedarVi@g : Stator and rotor voltages in the reference of
Park.

I, Irda)
Park.

Pya,q)» Prag : Stator and rotor flux in the reference of Park.

: Stator and rotor currents in the reference of

Ws, Wy : Stator and rotor pulsations.

Q : Mechanical pulsation.

Tem : Electromagnetic torque.

Q : Rotation speed of the machine (0=p.Q).
f : Coefficient of viscous friction.

III.DTC CONTROLLER APPLIED TO DFIG GENERATOR

A. Direct Torque Control principle

The objective of the DTC is the direct regulation of the
machine torque by applying the various voltage vectors of
the inverter, which determines its state. Controlled variables
are: Stator flux and electromagnetic torque which are
usually controlled by hysteresis regulators. The aim is to
maintain the stator flux quantities and the electromagnetic
torque within these hysteresis bands. The output of these
controllers determines the voltage vector of the inverter to
be applied at each switching instant [11-13]:.

In a DTC control, it is preferable to work with a high
calculation frequency in order to reduce the torque
oscillations caused by the hysteresis regulators.

The general characteristics of a direct torque control are:

v Direct control of torque and flux, from the selection

of the switching vectors of the inverter.

v Indirect control of stator intensities and voltages.

v/ Obtaining fluxs and stator currents close to
sinusoidal shapes.

v" Dynamic response of the machine very fast.

v' The existence of the oscillations of the torque
which depends, among other things, on the
bandwidth factors of the hysteresis regulators.

v’ The switching frequency of the inverter depends on
the amplitude of the hysteresis bands.

This method of control has the following advantages:

v Do not require calculations in the rotor index (d, q);

v There is no PWM voltage modulation calculation
block;

v' Tt is not necessary to torque the currents from the
control voltages;

v" To have only one regulator, that of the external
speed loop;

v Tt is not necessary to know the rotor position angle
with great precision because only the information
on the sector in which the stator flux vector is
located is necessary;

v Dynamic response is very fast.
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B. Operation and sequences directly applicable on a two-
stage voltage inverter

The state of the switches, assumed to b
represented by three Boolean control quang%
such that:

+ Sj =1 If the top switch is closed and the bottom is open;

* Sj = 0 If the top switch is open and the bottom switch is
closed.

We can then write:

) i i
V, = ?E' S,+Se’ +Se’ (20)

%erfect, can be
18 Sj(j=a,b,c)

The various combinations of the three quantities (Sa,
Sb, Sc) make it possible to generate eight positions of the

vector \73, two of which correspond to the zero vector [24-
27]:

V, =V, =0

(21)

v, = JXE

3
V, = [ZE(0.5+ jﬁ)
2 3 2
V, = X2 E(-0.5+ jﬁ)

3 2
v, = - X E

V3

<
I
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Figure 3. Inverter of voltage and development of tension Vs

C. Principle of Control

1. Sator flux vector control

The Direct torque control is based on the orientation of the
stator flux. The expression of the stator flux in the
Concordia repository is:

B, = [(V, -1, ) dt+B(0) (22)

In the case where a non-zero voltage vector is applied
during a time interval [0, T], we have: Vs >> Rs Is.
Therefore (5.8) can be written:

@, 0P, (0)+V,.T = A®_, OV At 23)
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The equation (6.9) implies that the end of the stator
flux ®_(t) vector moves along a straight line whose
direction is given by the voltage vector applied;

It is possible to operate with a module of the flux vector 65

which is practically constant, but it should be noted that this
is only possible if the control period and therefore the
sampling period is very low in front of the flux rotation
period.

2. Selecting the voltage vector

The space of evolution of 65 in the fixed reference

frame (stator) is generally delimited by decomposing this
space into six symmetrical zones with respect to the
directions of the non-zero voltages. When the flux vector is

in the numbered area k, both vectors V| and \7k +; have the

largest flux component. The flux and torque control is
ensured by the selection of one of four non-zero vectors or
one of the two null vectors

Figure 4. Space vectors of the inverter and the corresponding variations of
the stator flux vector

4, Estimation of the stator flux

The flux estimation can be carried out on the basis of the
measurements of the stator current and voltage magnitudes
of the machine [30]:

J— t — —
From the equation: ®_ = L(\/S -r.ly).dt
We obtain the components o and B of the flux vector:

®, = [ (Vy, ~rdg,)

t .
Dy = [ (Vo —rdgg).cl (25)
b =0 + j.(DSﬁ
The voltages Vsa and Vsp are obtained from the commands

(Sa, Sb, Sc), from the measurement of the voltage E by
applying the Concordia transform:

Vsa = %E[Sa_%(sb-'-sc):l

1 (26)
Vsﬂ = fE(Sb -S)
\Ts :Vsa + j'Vs,B

Similarly, the currents isa and isp are obtained from the
measurement of the actual currents isa, isb and isc (isa + isb
+ isc = 0) and by applying the Concordia transformation:
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. 2.
lse =ql7 1w
3

. 1 . .
sB = ﬁ(lsb - ISC)

| (27)
= |

I sa + J'Is/}’

S

ch :Vcbia +q)iﬁ (28)

The area Ni in which the vector 65 is situated is determined

from the components ®sa and ®sf. The angle 6 between the
reference frame the two components of the stator flux 65 in
the frame (a, B) is equal to:
5= Arctan(o) (29)
q)SlJ
5. Estimation of electromagnetic torque

The electromagnetic torque can be estimated for all types of
synchronous machines from the estimated flux and current
quantities.

From their components (a, ), the torque can be put in the
form:

C. = p(CDsa.isﬁ - CDsﬁ.isa) (30)

6. Elaboration of the control vector
6.1. Flux corrector

Its purpose is to keep the end of the vector 65 ina

circular crown as shown in Figure (10). The output of the
corrector must indicate the direction of evolution of the

module of CDS, in order to select the corresponding voltage

vector. For this purpose a simple two-stage hysteresis
corrector is perfectly suited, and also allows to obtain very
good dynamic performance.

The output of the corrector is represented by a
Boolean variable (Cflx) which directly indicates whether the
amplitude of the flux must be increased (Cflx = 1) or
decreased (Cflx = 0) so as to maintain:

‘(cbs)ref _q)s SACDS (31)

With: (®S) ref is the flux set point, and A®S is the
hysteresis width of the corrector.

o V:;" - Sens de rotation de (I)s AD«
N V4 / R Y ' e S
AT N ¥ e P $ ((DS)ref

Figure 5. Hysteresis flux corrector and selection of the corresponding
voltage vectors.

6.2. Three-level torque corrector



INTERNATIONAL JOURNAL OF ENERGY

The function of the torque corrector is to keep the
torque within the limits|(Ce)ref -C,| < AC,, with (Ce) ref

the torque reference and ACe the hysteresis band of the
corrector. However, a difference with the flux control is that
the torque can be positive or negative depending on the
direction of rotation of the machine.
The output of the corrector, presented by the Boolean
variable Ccpl (6.7), indicates directly whether the amplitude
of the torque should be increased in absolute value (Cepl = 1)
for a positive setpoint and Ccpl = -1 for a negative setpoint
or decreased (Ccpl = 0).

This corrector allows a rapid decrease of the torque.

For example, one applies the Vectors\7k_l and\7k_2, if one
chooses a direction of rotation positive (trigonometric sense).
In this case, the flux CDr will catch up with the flux @

more quickly because the latter does not merely wait for it
(null vectors) but goes to meet it (reversal of the direction of
rotation of)

6.3. Development of the control table

S

Table 1 Table of Selection of Voltage Vectors in the Six Sectors

Volume 13, 2019

Our objective is to perform an efficient control both in
steady state and in transient mode, by combining the
different switching strategies, to finally develop the most
optimal combination based on the mathematical
relationships of the spatial vectors, fluxs Stator, rotor flux
and current and stator voltage. According to the principle of
the DTC structure, the adequate selection of the voltage
vector, at each sampling period, is made to maintain torque
and flux within the limits of the two hysteresis bands. In
particular, selection is made on the basis of the

instantaneous flux CDS and torque error.

Depending on the sector determined by phase & of the
estimated flux and the evolution of the magnitude of the
latter and the evolution of the estimated torque, it is possible
to choose the voltage Vs to be applied in order to respect the
flux and torque setpoints. We thus have 3 parameters for the

choice of the Vector\7s, table 1 makes it possible to choose

the appropriate vector.

Sector k (1) (2) 3) “) (5) (6)

mor T 3n 3mr 5m S Im 7m 9 9 11m

Cflx Cepl JD[—E,E} JD[E,?} JD[?,?} JD[?,?} JD[?,?} JD[?,?}
1 1 V,(011) V5(010) V4(110) Vs(100) Ve(101) V1(001)
1 0 V(000) V7(000) Vo(000) V7(000) Vo(000) V7(000)
1 -1 Vg(101) V1(001) V(011) V5(010) V(110) V5(100)
0 V5(010) V4(110) V5(100) Ve(101) V1(001) Vy(011)
0 V7(000) Vo(000) VA000) Vo(000) VA000) Vo(000)
0 -1 Vs(100) Ve(101) V,(001) V,(011) V5(010) V,4(110)

IV.SIMULATION RESULTS

To validate the model proposed for the control of the wind system, it is applied initially to an asynchronous double-powered
DFIM motor, in order to check the performances and to configure the control parameters.
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Figure 6. DTC control applied of a DFIM-Motor

The Fig.6 shows in detail the programming of the control shown in Fig.1 (DTC Control) in the SYSTEM GENERATOR
environment from Xilinx; we will implement it later in the memory of the FPGA for the simulation of DFIG.
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Figure 8. DFIM-Motor performance for DTC power control

The figure 8 shows the performance of the system when
applying the DTC control. We observe that the rotation
speed of the machine follows its reference. The stator
module (d, q) is perfectly circular. However, the flux of the
rotor undergoes a ripple superimposed on its circular
trajectory. The stator and rotor voltages in the frame (a, b, ¢)
and the collections show a sinusoidal shape. Likewise, the
stator currents and the currents of the rotor respond well to
the variants imposed on the torque and their shape is
sinusoidal. However, due to the non-constant switching
frequency (use of hysteresis comparators), these currents are
rich in harmonics which increase the losses and the drives of

acoustic noises and torque oscillations which can excite
mechanical resonances.
B. Wind-turbine performances

The wind speed is given as a sum of several harmonics:

Vvent =V, + X7, Vi.sin(wi.t) (33)
The following figure shows the proposed model of the DTC
command applied to a MADA motor on the Matlab &
Simulink environment:

OTLLT

Bloc Control
Grid-Side Converter

Bloc Control
Rotor-Side Converter

Psref

Figure 9. Simulation scheme of adaptive DTC Control applied for DFIG-wind-turbine
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Figure 10. The Simulation results of the asynchronous wind generator dual power and stator flux oriented, with a DTC controller

V.EXPERIMENTAL RESULTS

In this work, we are particularly interested in the implementation of the Backstepping command on the FPGA target. We
start with a modelling of the wind turbine, and then a study of the technique of tracking the point of operation at maximum
power will be presented. Subsequently, we present a model of the MADA in the benchmark dq, and the general principle of the
control of the two power converters which is based on the Backstepping command. The principle of the implementation of this
command on the FPGA target is studied. Finally, a discussion and interpretation of the results obtained as well as the
performances of the FPGA will be spread out. The control of wind turbines based on MADA is tested in the test bench shown
in Fig. 11:

Figure 11. Experimental Benchmark of Wind Turbine System

The experimental bench consists of:

Control unit for dual-power asynchronous generator
wind generator: which enables voltage regulation and
synchronization with the distribution network, based
on an FPGA board and linked to the MSC and LSC

converters

Three-phase multifunction machine (dual supply .

generator): has the following characteristics:

Nominal Speed:

1400 / 1500 min-1

Nominal Power : 0,8 kW
cos phi : 0,75
Excitation voltage: 130 VCA /24 V CC

Excitation current:

4ACA/11ACC

* Three-phase cut-off transformer for wind turbines,

Nominal voltage:

400/230V, 50 Hz

Nominal Current:

2,0A/35A

ISSN: 1998-4316

Incremental position sensor 1024 pulses,
¢ Servo machine test bench 1 kW,

* Power supply for electrical machines,

¢ Coupling sleeve 1 kW,




INTERNATIONAL JOURNAL OF ENERGY

*  Coupling protection cover 1 kW,
e Analogue / digital millimeter, power meter and
power factor,

0.8 0.2

Volume 13, 2019

In Fig.12 the experimental results DTC of PMSM with the
FPGA platform are shown. Clearly the constant set values for
stator flux linkage magnitude and torque result, because of the
hysteresis controllers in the DTC scheme, in d-axis and g-axis
current components that are bounded within hysteresis limits.
The hysteresis control is visible in the stator flux locus plot as
well. Update frequency for this implementation is 20 kHz. All
results were extracted from the FPGA by the ChipScope tool
of Xilinx.
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Figure 12. Performances of DFIG

The figures 12 show that the control system satisfies
the basic requirements of the control strategy and therefore
validates the correct functionality of the system. In fact, it
can be noted that:

* The switching frequency is limited to the sampling
frequency of the control algorithm to ensure proper
operation of the semiconductors on the power devices.

» The switching frequency increases slightly when
the vector magnitude of the stator current decreases.

Implementing the DTC command on the FPGA
target has the following disadvantages:

- The switching frequency is variable. It is limited to
half the sampling frequency of the control algorithm and a
maximum at very low speed.

- The voltage vectors at zero are not applied.

At the hardware level, the execution time of the
control architecture is of the order of a few microseconds,
which allows a better control of the currents, including a low
harmonic distortion rate.

B. Wind-turbine performances

Using the reduced model, we applied a profile closer to the
evolution of the real wind was filtered to suit the slow
dynamics of the system studied random wind. The objective
is to see the degree of continuing point of maximum power
and efficiency of the speed control provided by the DTC
controller.

TOTAL POWER

Figure 13. Profile in software WindSim of Wind Speed

ISSN: 1998-4316
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Figure 14. General profile of the voltages and currents in the plan “abc”, Profile of Grid voltage and current and Zoom Grid voltage and current
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Figure 16. Profile of the Rotor:

The analysis and interpretation of the results obtained
show the robustness and the validation of the proposed
control for the wind systems based on the DFIG.

- The voltages and currents at the outputs of the system are
purely sinusoidal with a constant frequency and do not
present any problems when connecting to the grid.

- The active and reactive powers are sent to the electrical
grid, we notice that almost reactive power is zero, which
makes the system more robust.

- The DFIG is in hyper-synchronous generator mode. The
rotor’s power is sent to the grid with the power’s stator.

Our approach is an additional contribution to the
implementation of non-linear controls of wind systems
based on the DFIG. The results obtained show the reliability
and robustness of the proposed control to inject power in the
electrical grid.

VI.CONCLUSION

This work has been devoted to modeling, simulation and
analysis of a wind turbine operating at variable speed. A
stable operation of the wind energy system is obtained with
the application of nonlinear DTC control. The overall
operation of the wind turbine and its control system were
illustrated by responses to transient and permanent control
systems.

Generator supplied power to the grid network with an
active power whatever the mode of operation. The wind
generator has been tested and modeled with a variable speed
operation for a power of 200 W. Simulation results show
that the proposed wind system and is feasible and has many
advantages.
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