Real-Time Emulation of a Grid-Connected Wind Energy
Conversion System Based Double Fed Induction
Generator Configuration under Random Operating
Modes
Dekali Zouheyr, Lotfi Baghli, Boumediene Abdelmadjid

To cite this version:
Dekali Zouheyr, Lotfi Baghli, Boumediene Abdelmadjid. Real-Time Emulation of a Grid-Connected
Wind Energy Conversion System Based Double Fed Induction Generator Configuration under Random Operating Modes. European Journal of Electrical Engineering, 2021, 23 (3), pp.207 - 219.
�10.18280/ejee.230305�. �hal-03268039�

HAL Id: hal-03268039
https://hal.univ-lorraine.fr/hal-03268039
Submitted on 23 Jun 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of scientific research documents, whether they are published or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

European Journal of Electrical Engineering
Vol. 23, No. 3, June, 2021, pp. 207-219
Journal homepage: http://iieta.org/journals/ejee

Real-Time Emulation of a Grid-Connected Wind Energy Conversion System Based Double
Fed Induction Generator Configuration under Random Operating Modes
Dekali Zouheyr1*, Baghli Lotfi1,2, Boumediene Abdelmadjid1
1
2

LAT, Laboratoire d'Automatique de Tlemcen, Universitéde Tlemcen 13000, Tlemcen, Algeria
Universitéde Lorraine, GREEN, EA 4366, Vandoeuvre-lès-Nancy, F-54500, France

Corresponding Author Email: zouheyr.dekali@univ-tlemcen.dz
https://doi.org/10.18280/ejee.230305

ABSTRACT
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This paper presents the design, modeling, simulation and the experimental implementation
of a 1.5 kW relatively low-cost wind energy conversion system (WECS) based on the
double fed induction generator (DFIG) configuration. In the preliminary experiments, we
test the DFIG power control under fixe speed by applying the vector control principle, then
we insert the physical emulator presented in the controlled DC motor in order to simulate
the static-dynamic behaviors of a real wind turbine with the use of the Tip Speed Ratio
TSR based MPPT algorithm to extract the maximum available power on the emulator. The
proposed structure is simulated using MATLAB Simulink environment, the obtained
results are validated experimentally on our laboratory setup. We also develop an
application with MATLAB AppDesigner that calculates the operating point of our system
at steady state and visualize the power transfer, current, voltage and electromagnetic
torque values of the DFIG and the DC motor before starting the stimulation or the
experimental manipulation. The MPPT, the DC motor control and the DFIG power control
algorithms are implanted in C, embedded on a dSPACE DS1104 control board. The
obtained results confirm the reliability of the proposed WECS to manage all the probable
operating modes, also the effectiveness of the physical simulator in the role of wind turbine
emulation.
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1. INTRODUCTION

converters, mostly equipped by a DFIG (Figure 1.b) or a
Brushless DFIG.
- WECS based variable speed with fully rated power
converters, based on Induction Generator (IG),
Multipoles Synchronous Generator (SG) or Permanent
Magnet Synchronous Generator (PMSG) (Figure 1.c) [5,
6].
Currently, the DFIG configuration represents one of the best
techno-economic solutions for wind power generation. This
configuration requires the direct connection of the DFIG stator
to the power grid. The DFIG rotor is connected to the grid
through power electronic converters which are mostly a two
two-level pulse width modulation voltage source converter
(2L-PWMVSC) and are configured in a back-to-back structure.
This permits the control of the power transfer between the
generator (stator-rotor) and the power grid using the rotor
currents control loops during the operating modes (hypo and
hyper synchronous modes), depending on wind speed
variations. Consequently, the Maximum Power Point Tracking
(MPPT) becomes possible for a maximum wind energy
harvesting [7-9].
In many literatures, the DC motor is widely used in the
emulators of mechanical inertia driving systems, because its
linear model which ensures the proportionality between the
armature current and the torque. This makes easier the
implementation of speed and torque control with enough
precision and at a reasonable cost [10, 11].
This paper presents an experimental approach of developing
of an experimental bench for the emulation of a wind energy

In the last decade, the renewable energy exploitation knows
a broad growth, especially the wind energy, thanks to the
economic factor in the world markets, alternative and
renewable source, and the ecological properties [1]. According
the world wind energy association (WWEA), The overall
capacity of all wind turbines installed worldwide by the end of
2019 reached 650 Gigawatt, with 60 GW added slightly more
than in 2018 [2].
Mainly, the wind turbine systems can be divided into two
basic operating classes. The first one, called the Fixed-Speed
Concept or the “Danish concept”, is widely prevalent in the
first WECS emerged systems. Its principle requires the direct
connection of the generator which is mostly an IG induction
generator to the power grid, and by consequence, this
configuration can only operate at fixed rotational speed
corresponding to the power grid frequency (Figure 1.a). The
advantages of this concept are the simple structure, as well as
the low cost compared to other configurations due to lack of
the power converters. On the other hand, we cannot extract the
maximum of the available power which changes with the
variation in the wind speed. This is the major drawback. There
is also the huge mechanical pulsation resulting from wind
gusts [3, 4].
The second concept, which is widely used nowadays, which
is the variable speed wind power system. It is divided into two
classes:
- WECS based variable speed with partly rated power
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conversion chain based on a DFIG, at an affordable price,
including its different elements (power electronics, machines
and control). We will present the theory and the simulations as
well as the steady state computation App. For the experiments,
we will test the DFIG indirect power control under a fixed
speed by adjusting the rotor current with PI controllers through
a dual loop control. After achieving this, we test the setup
under random wind turbine operating modes, by applying
different wind data shape on the controlled DC motor to get
the estimated aerodynamic torque by the action of a tip speed
ratio TSR based maximum power point tracking MPPT
control loop [12-15].

The paper parts are structured as follow: section 2 shows the
DFIG control technique with its associated model. In section
3, the presentation of the proposed experimental workbench is
given. In Section 4, we test the DFIG power control at a fixed
speed by applying an active power reference with
compensated and uncompensated reactive power. In the 5th
section, we detail design, modeling, and insertion of the wind
emulator with its integrated MPPT. Experimental results
endorsed by the simulation ones are compared and interpreted
for the performance evaluation of the DFIG power control and
the emulator performances in section 6. Finally, we present
conclusions and perspectives.

(b) Variable speed based wind power system with partly rated
power converters

(a) Fixed speed based wind power system

(c) Variable speed based wind power system with fully rated power converters
Figure 1. WECS types

2. DFIG MODELING AND CONTROL

linearity of the obtained decoupled model [12, 17].

The DFIG power converters consist in two two-level pulsewidth-modulation voltage source converter (2L-PWMVSC)
which are configured in a back-to-back structure. The first one
is called the machine side converter (MSC). It imposes the
current references for reaching the desired DFIG active and
reactive power using the stator-flux vector control. The
machine side converter (MSC) is powered by a second 6-IGBT
inverter which is called grid side converter (GSC) through a
DC link contains a filtering capacitor. The GSC main role is
the control of direction and the power consumed or injected
into the grid by acting on the phase’s currents. For our
experimental setup, a diode-based 3-phases rectifier is
sufficient as a grid side converter, which reduces the costs and
also the control complexity. Hence, the generated power under
the hypersynchronous mode is exploited to power the DC
motor through the chopper [8, 16].
The DFIG indirect power control requires the application
of the field-oriented control. Therefore, we need to express the
machine model in a dq reference frame with the generally
admitted assumptions [13].
We chose to orient the reference frame such that the stator
flux vector is entirely hold on the q axis. Hence, the stator
voltage vector remains on the d axis. The expression of the
stator power as a function of the rotor currents shows the

MVs
I qr
Ls

(1)

MVs
V2
I dr + s
Ls
s Ls

(2)

Ps = −

Qs = −

The action on Idr is responsible for the control of the reactive
power Qs, although, the Iqr is for the active power Ps control.
The actual rotor voltages are given by [8]:

Vdr = Rr I dr +  Lr

Vqr = Rr I qr +  Lr

dI qr
dt

dI dr
− r Lr I qr
dt
+ r  Lr I dr + r

(3)
MVs
s Ls

(4)

The main advantage of this strategy is the independent and
instantaneous control of both stator powers (Qs, Ps) by acting
on the rotor currents (Idr, Iqr) thanks to the PI controllers. The
reference steps (Qs*or Idr*), (Ps*or Iqr*) are imposed according
to the needs. Figure 2 represents the overall DFIG indirect
control diagram [15, 16].
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Figure 2. DFIG MSC power control principle

Figure 3. Experimental configuration

3. EXPERIMENTAL TEST BENCH STRUCTURE

experimental bench costs. This allows to use a rectifier as grid
side converter (GSC) instead of an inverter, hence, when the
emulator will be in hypersynchronous mode, the DC motor
chopper absorbs the active power generated by the rotor of the
DFIG.
The DC bus voltage must be adapted to the maximum value
of the DC motor voltage and the DFIG rotor coils voltage. This
latter is generally lower than the stator voltage for a usual lab
induction machine.
In our setup, one dSPACE DS1104 control board is enough
to drive both the DC motor and the DFIG. This control board
generates one PWM signal to drive the chopper of the DC
motor in order to impose the driving torque of the wind turbine
emulator. It also generates 6 PWM signals to control the MSC
that imposes the needed rotor currents.

The proposed experimental bench that emulates the DFIG
wind power system is given in Figure 3. The auto-transformer
that connects the DFIG stator with the grid has the role of the
voltage adjusting, on the other hand, it transforms the main
produced energy to the grid. The second auto-transformer is
used to supply the rotor through the power electronic
converters. We use a grid side converter (GSC) composed of
a 6-diodes rectifier, followed by a 6-IGBT inverter (MSC) to
power the DFIG rotor [12, 18, 19].
The DFIG rotor is mechanically coupled to the DC motor.
This latter acts for the physical simulator of a real wind turbine.
The chopper that drives the DC motor share the same DC
voltage supply with the DFIG MSC in order to reduce
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The power electronic converter is the integrated
SEMIKRON Semiteach box which contain a 6-diodes rectifier
(GSC), a 6-IGBT inverter (MSC) and a braking chopper used
as the DC motor chopper.
The DS1104 ADCs are used to input the current and voltage
measurements. We developed measurement boards based on
the Hall effect LEM sensors. Hence, we use the LEM LA55
sensors for the rotor currents and the DC motor current
measurements, and the LEM LV25-P sensors for two stator
and the DC bus voltages.
The supervision of the setup variables in real time are done
thanks to Control Desk™ software running on the DS1104
host PC.
The lab set up is shown below in appendix in Figure 30,
while the hardware components are exposed in Table 1. The
nominal parameters of the experimental bench are given in
Tables 2, 3 and 4.

Ls
Ps
MVs

(7)

Ls
V
Qs + s
s M
MVs

(8)

I qr = −

I dr = −

For the transient experiments, we apply two tests:
4.2 First test: Active power reference step

4. SIMULATION AND EXPERIMENTAL RESULTS
In this part, to evaluate the performances of the indirect
power control of the DFIG using the dual PI loops, we will
simulate this system and make experimental tests for the
control of the active and reactive power at fixed speed.
Therefore, we implement the proposed structure on the Matlab
Simulink framework. In addition, we create a software
application by Matlab App Designer, which helps us to
calculate the operating point of our system at steady state, and
visualize the power transfer, current, voltage and
electromagnetic torque values of the DFIG before starting the
stimulation or the experimental operation.

(1) Simulation results

4.1 The App Designer application for the DFIG steady
state
App Designer is a framework to create professional
software applications in Matlab (version > 2016). It is almost
based on the same aspects and controls as the former GUI
(Graphical User Interface). The App Designer consists of two
main tasks: a tool bar contains a visual component ready to use
with its integrated program. Dropping the element to the
workspace activates it. The embedded programming editor
allows to add new properties, callbacks and other functions.
The quick switch between the visual design and the app code
makes it easier to understand, modified and run it. Add to that,
the Matlab Compiler allows transform this app into a
standalone desktop and web apps with its own installation
package and share them royalty free [20, 21]. For our
application, we can select if one introduces the value of the
power (Qs, Ps) and calculates the currents (Idr, Iqr) respectively,
or the opposite.
In the editor code, we establish the DFIG steady state model,
the rotor voltages become [22]:
Vdr = Rr I dr − r  Lr I qr

MVs
Vqr = Rr I qr + r Lr I dr + r
s Ls

(2) Experimental results

(5)

Figure 4. Test results on a reference step of Ps* = -500 W
(6)

Figure 4 shows the results when a reference step of Ps* = 500 W is applied. The power is generated and injected into the
grid during the entire test, this is why Ps is a negative value.
The reactive power is not compensated, so the machine
absorbs the needed power to get fluxed (Qs = 450 VAr). This
value is normal for an induction motor. It needs to magnetize

The stator power formula (Qs, Ps) remains the same as in Eq.
1 and Eq. 2. The inverse relationship of rotor currents is given
by [16]:

210

itself from the stator, which is not the case for a synchronous
motor. Figure (4.1.a, 4.2.a) shows tracking accuracy between
the measured Ps and the reference variables Ps* with some
oscillations in steady state, thanks to the control of the rotor
currents (Idr, Iqr) that follow correctly their references (Idr*, Iqr*)
(4.1.c, 4.2.c) and (4.1.d, 4.2.d) respectively. We have only
current control of the dq rotor currents components and no
power control in the implementation of this indirect DFIG
control scheme. The DFIG mechanical speed decreases a little
(4.1.f, 4.2.f) because of the strong demand on torque at
t=0(4.1.e, 4.2.e). There is a ripple on the stator voltage (Vs=Vqs)
because of the current demand which influences the voltage of
the secondary of the autotransformer used to connect the stator
to the grid. This has also affected on the estimated active and
reactive power. The DFIG rotor currents have also ripples due
to measurement, PWM and noise. Hence, the rotor voltage
references (Vdr, Vqr) are generated by the PI current controllers
in order to compensate these variations (4.1.g, 4.2.g). The DC
bus voltage is also affected, especially, on transients when
there is a huge demand in currents that drops the DC bus
voltage (4.2.h). For the simulation, we use a perfect DC source.
Thus, The DC bus voltage stays constant in (4.1.h).
The experimental results are quite identical to the
simulation ones. Figure 5 present the App Designer software
interface of the DFIG steady state for the reference step of Ps*
= -500 W. The values indicated on the app interface are
accurate and match the ones of the previous test, in steady state,
for both the experiment and the simulation.
The experimental and simulation curves of the currents and
powers are the same thanks to the current controllers as we
feed the loops with the same references. The output of the
controllers Vdr and Vqr references differs a little. This is due to
the non-perfect DC bus voltage that, in the experiments, has a
drop when the load is applied. The mechanical speed dynamic
is also slightly different due to a slight mismatch between the
actual and the model estimation of the inertia of the rotor shaft
and the friction coefficients.

(6.1.f, 6.2.f). The DC bus voltage VDC is also not disturbed
(6.1.h, 6.2.h).

(1) Simulation results

(2) Experimental results
Figure 6. Test results on a reference step of Qs* = 0 Var
Figure 5. DFIG steady-state App interface for

Ps* =

-500 W

4.3 Second test: Reactive power reference step
The high dynamic performances of the DFIG power control
in this test are similar to that of the first test (Figure 6).
Therefore, we compensate the reactive power by applying a
reference step of Qs* = 0 VAr. We set the Ps* at -500 W as in
the previous test.
The measured reactive power Qs follows its reference Qs*
accurately from 450 VAr to 0 VAr at the initial moment (6.1.b,
6.2.b), while the active (generated) power remains at -500 W
(6.1.a, 6.2.a). This is of course due to the control of the (Idr, Iqr)
currents that follow their references (Idr*, Iqr*) accurately (6.1.c,
6.2.c), (6.1.d, 6.2.d). The speed is less disturbed than in the
previous test because there is no change on the torque demand

Figure 7. DFIG steady-state App interface for Qs*=0VAr
The Figure 7 presents the App Designer software interface
of the DFIG steady state for the total compensation of the
reactive power Qs* = 0 VAr with an active power reference Ps*
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= -500 W. The values shown on the application interface are
hence again accurate. Therefore, this interface is a useful tool
to ensure the correct results, especially for the pre-definition
of the hardware protection limits.

The used hardware emulator is made of a controlled DC
motor which is connected mechanically to the DFIG shaft,
which in turn takes its supply from the same DC bus voltage
shared with the DFIG rotor inverter (Figure 8) [24-26].
5.1 WTE static model

5. WTE DESIGN AND IMPLEMENTATION
Generally, the desired produced power in the WECS is
dependent mainly on the variety of the turbine dimensions (the
length and radius of the blades, tower altitude...), and the
power coefficient that is given by the constructor [14]. The
most known formula for the power coefficient is given by:

 116

 −21 
C p = 0.5176 
− 0.4 − 5  exp 
 + 0.0068
 i

 i 

(9)

with:
1

i

=

1

 + 0.08

−

0.035

 3 +1

(10)

The part of the mechanical power extracted from the kinetic
energy of wind is expressed as follows [19]:

Figure 8. Schematic of the proposed WTE
The main idea of this part requires the addition of a DC
motor control loop in order to obtain a DFIG drive torque
identical to a real aerodynamic torque, for that, we apply a DC
motor armature reference current which is calculated by
applying a wind speed profile on the real model of a wind
turbine, the resulting torque is proportional to the armature
current, consequently, the mechanical speed, which will be
controlled through another control loop by introducing the tip
speed ratio (TSR) based MPPT algorithm [23].

1
Pm =  AC pV 3
2

(11)

The power coefficient decreases according to the evolution
of the tip speed ratio (TSR) and β value in the WECS with
variable blades pitch angle. The more β increases, the more Cp
decreases and consequently the extracted energy decreases
(Figure 9.a) [11, 19].

Figure 9. Wind turbine energy characteristics

(a) Mechanical model of the WECS

(b) Mechanical model of the WTE

Figure 10. Wind turbine model
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The generated energy amount is linked to the mechanical
speed of the generator because of the wind speed variations
(Figure 9.b). Hence, it is necessary to apply the MPPT
algorithm to reach the vertices of the power coefficient curves
for each given wind speed (Figure 11), thus, extracting as
much possible the maximum power available on the turbine
shaft [27].

to the maximum value of Cp for any wind velocity, hence,
extracting the most available power on the shaft (Figure 11)
[28, 29].
This algorithm is simple and easy to implement with only
one PI controller for the speed control loop (Figure 12).
However, it requires the knowledge of the wind speed,
generally ensured by an anemometer placed near the WT, and
consequently disturb wind speed the measure [11, 29].

5.2 WTE dynamic model
The WECS dynamic model based on the two-mass model is
illustrated in (Figure 10.a). The torque-speed adaptation is
done thanks to a gearbox between the high and low speed
shafts. Tg is the load torque or the DFIG electromagnetic
torque and Tt is the aerodynamic torque. G is the gear speed
ratio [19, 24].
The stiffness coefficients of the turbine and the generator (dt
and dg) are usually weak, so they can be neglected. dG and fG
are the stiffness and damping coefficient of the gearbox bridge,
ft and fg are the friction coefficients of the turbine and the
generator, respectively. The fundamental mechanical model
can hence be expressed as:

6. SIMULATION AND EXPERIMENTAL RESULTS
To evaluate the performances of the whole system with the
addition of the WTE, we test the control structure under
different wind speed profiles that covers the MPPT operating
mode. The variable wind allows hypo-synchronous and hypersynchronous operating conditions.hypo-synchronous and
hyper-synchronous ones. All the simulation tests are applied
thanks to Matlab/Simulink and are validated experimentally
on the experimental test bench after taking into account the
values obtained by the software application.
6.1 Hypo synchronous mode

Tt
 J
 d m
− Tg =  t2 + J g 
G
G

 dt

(12)

Figure 10.b presents the dynamic model of the implanted
wind turbine emulator, the equivalent mechanical equation is
given as follows [14]:

TDCM − Tg = ( J DCM + J g )

d m
dt

(13)

5.3 TSR based MPPT algorithm implementation

(a) Simulation results

Figure 11. TSR principle based MPPT algorithm

(b) Experimental results
Figure 13. WTE Mechanical characteristics
To test the structure in hypo synchronous operating mode,
we apply a wind reference step which begins with the
synchronous speed corresponding to 7.5 m/s and decrease
down to 7 m/s (Figure 13). The applied step causes an
instantaneous decrease in the speed reference accompanied by
a decrease in electromagnetic torque because of the speed
control loop based MPPT algorithm that imposes the speed
and torque references. The generator needs more torque in the
beginning in order to rapidly slow down the WTE according

Figure 12. TSR based MPPT algorithm block diagram
The tip speed ratio based MPPT algorithm consists into
keeping the speed ratio at its optimum value, that corresponds
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to the speed reference step, then the torque comes back to a
lower value in steady state.
The DC motor torque that we made equal to the
aerodynamic torque is expressed as a function of the wind data
and the static-dynamic model of the wind turbine. Therefore,
the wind data imposes the DC motor current reference, and
consequently, the needed DC motor voltage, to achieve the
desired drive torque (Figure 14).

(a) Simulation results
(a) Simulation results

(b) Experimental results
Figure 14. DC motor control
The power coefficient and the tip speed ratio keep their
values around the optimum during the entire test with a fast
peak at the starting (Figure 15).

(b) Experimental results
Figure 16. DFIG Stator power control

(a) Simulation results
(a) Simulation results

(b) Experimental results
Figure 15. WTE Static characteristics
(b) Experimental results
The active power reference is defined through the MPPT
loop in order to extract as much power as possible, as a result,
it has the same shape as the wind data. The instantaneous
height at the start is due the torque demand in order to slow
down the WTE speed, so the generator produces more power
in a moment accompanied by a peak at the Iqr current. The high
efficiency of the PI controllers provides better tracking
accuracy between the measured rotor currents and its
references and ensures the desired powers. The reactive power
is compensated, so the machine is fluxed through Idr = 8 A and
not from the stator (Qs = 0 VAr). The spikes on the
experimental results are due to high frequency noise from the
measured rotor current. The lowpass filter bandwidth is chosen
wide to avoid any lag in the current measurement, but it let
pass more high-frequency contents (Figure 16).

Figure 17. DFIG rotor, stator and DC bus voltages
Figure 17 shows the needed rotor voltages to reach the
desired active and reactive stator power. The spikes on the
experimental curves are caused by the control loops and the
inverter switches. The DC bus voltage and the stator voltage
remains at 250 V and they are less influenced by these
harmonics.
The obtained calculus results from App designer of the
WTE steady-state applied in the hypo synchronous mode are
relatively correct, there are slightly imbalanced, due to
uncertainties in the identification of the parameters of the both
machines (Figure 18).
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(b) Experimental results
Figure 20. DC Motor control

Figure 18. WTE steady-state App interface for hypo
synchronous mode

(a) Simulation results

6.2 Hyper synchronous mode

(b) Experimental results
Figure 21. WTE Static characteristics
Testing under the hypersynchronous operating mode
requires the use of a wind reference data of 8 m/s. The
mechanical speed necessarily goes up thanks to the speed
regulation loop, as well as for the electromagnetic torque
(Figure 19). However, we notice the transient on the torque,
then even drive the generator into a motor mode with a positive
torque, in order to accelerate and follow the speed reference.
The DC motor demand a higher value of DC voltage
because of risen speed, but it remains below the limit. The PI
controller guarantees perfect reference tracking of the
measured armature current (Figure 20).
The power coefficient is always around 0.42, the tip speed
ratio takes its optimal value for a fixed pitch angle of 2 degrees.
The drop in the Cp and TSR are due to the sudden change on
the wind speed. (Figure 21).
The production of stator active energy increases in
proportion to the wind speed evolution, including the
quadrature rotor current. The results of the active power and
the quadrature rotor current have, at first, a noticeable drop and
even a positive power, meaning the DFIG is briefly in motor
mode, in order to rapidly increase the WTE speed to match the
desired one. After this transient, the generated power is more
important than before the wind velocity step. The stator
reactive power is always compensated (Figure 22).
The q axis component of the rotor voltage is responsible for
the change of the active power, whereas the d axis component
controls the reactive power, the simulation curves show clearly
their values (Figure 23).
The App values for this operating mode are approximately
true as previous (Figure 24). This application is very useful,
especially for the hypersynchronous running in order to clearly
determine the limitations of the hardware protection (VDC
Motor).

(a) Simulation results

(b) Experimental results
Figure 19. WTE Mechanical characteristics

(a) Simulation results
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6.3 Real wind speed profile
For this test, to be closer to the emulation of the actual
behavior of a wind turbine power plant, we use real wind speed
data, which contain random values around the synchronism
speed (7.5 m/s). This benchmark requires the slow transition
between the operating modes on a wide range of time. The
speed control loop graphs show the same high dynamic
performances as the previous experiments. Therefore, the
mechanical speed increases and decreases gradually according
to the applied mode, ensuring the speed tracking control
(Figure 25).
(a) Simulation results

(b) Experimental results

(a) Simulation results

Figure 22. DFIG Stator power control

(a) Simulation results

(b) Experimental results
Figure 25. WTE Mechanical characteristics

(b) Experimental results

When the wind speed reference reaches a value higher than
the limitation speed, the DC motor needs more electromotive
force, but if the DC motor voltage supply reaches its limit at
220 V, the DC motor current is no longer controlled and falls
below its reference. In the simulation, the DC motor voltage
limitation is not inserted, in order to show the differences with
the experiments at these high wind speeds (Figure 26).
The power coefficient has many small oscillations during
the test due to the high frequency of the wind speed, but it
remains close to its nominal value and far from the Betz limit
(0.59). The tip speed ratio is influenced also by these ripples
(Figure 27).

Figure 23. DFIG rotor, stator, and DC bus voltages

Figure 24. WTE steady-state App interface for hypo
synchronous mode

(a) Simulation results
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(b) Experimental results
Figure 26. DC Motor control

(b) Experimental results
Figure 28. DFIG Stator power control
(a) Simulation results

(a) Simulation results
(b) Experimental results
Figure 27. WTE Static characteristics
The stator reactive power remains compensated at 0 VAr.
The DFIG generates the power defined by the MPPT loop,
thanks to the PI rotor currents controllers. Thus, it
demonstrates the system reliability against operating mode
changes. The ripples, on the experimental measurements, have
a maximum of 25%, which remains satisfactory (Figure 28).
These ripples are of high frequency and can be lessened by
imposing a less reactive MPPT algorithm to smoothly change
the active power reference on wind changes. We notice in the
experiments, while the DC motor current is not controlled, at
the very high speed, the produced active power falls to zero.
This does not happen in the simulation, where we did not put
the limitation on the DC motor voltage.
The quadrature rotor voltage Vqr is directly linked to the
active power reference, which explains the large variations.
Whereas, Vdr is stable because there are no changes on the
stator reactive power demand (Figure 29).

(b) Experimental results
Figure 29. DFIG rotor, stator, and DC bus voltages

7. CONCLUSIONS
This paper presents a DFIG-based wind energy conversion
system, including power control loops and high performance
TSR-based MPPT algorithm. It shows the effectiveness of the
proposed physical wind turbine emulator, under several
operating modes.
The DFIG is one of the best techno-economic solutions for
wind farms around the world, because of the reduced cost
compared to the variable speed-based wind power system with
fully rated power converters. Moreover, it allows direct
connection of the stator to the grid. The control of the
transferred power using the rotor currents allows 1/3 rd of the
power rating for the rotor side inverter / rectifier, in order to
achieve a nominal power transfer from the stator to the power
grid.
The experimental results, as well as the simulation ones,
confirm that linear PI controllers are adequate for these control
performances, either for the rotor currents or for the WTE
speed.
This experimental WTE will be used in our lab to test
nonlinear control laws to achieve more performances.
Moreover, it is a useful educational tool in order to train expert
engineers and researchers in the field of production of
renewable energies according to national needs in MENA
region.

(a) Simulation results
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Table 2. WTE settings
Parameter
Nominal power Pn
Nominal speed Ωn
Blade radius R
Gearbox ratio G
Pitch angle β
Optimum speed ratio λopt
Air density ρ

Value
1.5 kW
1500 rpm
3m
7
2°
11.68
1.225

Table 3. The circuit parameters of the DC motor model
Parameter
Nominal power Pn
Nominal speed Ωn
Nominal voltage Vn
Nominal armature current In
Armature resistance Ra
Armature inductance La

NOMENCLATURE
DFIG
DCM
WECS
WTE
MPPT
TSR
TDFIG
TDCM
Tt
J
f
V
CP
R
G
λ

Ωm
Γ
ρ

Measure interfaces
(DCM & DFIG respectively)
DS1104 interface
Rheostat
VS, VDC Measures
Power supply (DCM excitation)

Double fed induction generator
DC Motor
Wind energy conversion system
Wind turbine emulator
Maximum power point tracking
Tip speed ratio
DFIG electromagnetic torque
DC Motor torque
Turbine torque
Moment of inertia
Viscous friction coefficient
Wind speed, m/s
Power coefficient
Blade radius, m
Gear box ratio
The tip speed ratio
The blade pitch angle
The mechanical speed, rpm
The torque
Air density, kg/m3

Value
1.5 kW
1500 rpm
220 V
9A
3.5 Ω
0.0029 H

Table 4. The circuit parameters of the DFIG model
Parameter
Nominal power Pn
Nominal speed Ωn
Nominal voltage Vn
Nominal armature current In
Stator resistance Rs
Rotor resistance Rr
Stator inductance Ls
Rotor inductance Lr
Mutual inductance M
Number of pole pairs P

Value
1.5 kW
1340 rpm
220/400 V
3.7 A
3.6 Ω
0.337 Ω
0.406 H
0.0235 H
0.227 H
2

APPENDIX
Table 1. WTE hardware component
Component
1, 2
3, 4
5
6
7

Name
Autotransformer
(stator side, rotor side respectively)
DFIG & DCM respectively
PC
Inverter and Rectifier
Fluke 43B Power Quality Analyzer

Figure 30. Lab Hardware setup
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