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Abstract

Many researchers presented the theoretical analysis of the doubly fed induction generator (DFIG) based wind turbines, while
the experimental setup is more valid but remains a big challenge. Besides, wind power systems’ most significant problem is
how to get the most valuable energy with different wind speeds. Using wind speed sensors is a challenging operation in wind
turbines due to the complicated maintenance and high cost. Therefore, This paper proposes an efficient and usable control
system based on the WSE method to achieve the MPPT from DFIG under variable wind speed in different conditions. This
paper also presents a DFIG based wind turbine as simulation and experimental investigation models. The simulation model
of DFIG with their control schemes is implemented in MATLAB/SIMULINK software. While the experimental model is
performed on a real prototype scale. Finally, a comparison of the simulation and experimental results was carried out to
prove the practicability and validity of the proposed WSE method. Also, the simulation results show that the performance

of the proposed WSE method is better than the traditional power signal feedback method.

Keywords Wind energy - DFIG - MPPT - WSE - PSF

1 Introduction

Owing to the ongoing depletion of conventional fuels and
petroleum resources, renewable energy is in high demand.
Wind energy has become one of the best clean energy
options among the available renewable energy sources and
is seen as a better substitute for traditional energy [1]. In
wind energy, many generators are most effective with wind
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turbines, such as doubly fed induction generators (DFIG)
and permanent magnet synchronous generator (PMSG).

The permanent magnet (PM) machines still have diffi-
culties in manufacturing process and suffer from the high
cost of the PM and its demagnetization at high temperatures.
Though, many wind turbines incorporate a DFIG. Despite
its complexity, several advantages compared to other types
of wind turbine generators can be obtained [2]. However,
the main advantage of the DFIG-based wind turbine is the
range of speed is limited between 20 and 30% more or less
than synchronous speed. As a result, the power handled by
the converter is only about 20-30% of the stator-rated power
[3]. Over the past decade, high DFIG capacity has been one
of the most widely used systems with wind turbines. In addi-
tion, it has a high performance in use and low cost than other
generators at variable speeds [4].

The DFIG systems control system is connected by placing
two converters, one of which is connected to the genera-
tor’s rotary side, while the other is on the grid side with the
stator of the generator. With this control, we can track the
maximum power of wind power stations at different speeds
by operating at an optimum value of speed [5]. Several con-
trol schemes are used to obtain the maximum power point
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tracking (MPPT) to increase the efficiency of wind power
systems [6].

In modern wind turbines, MPPT control schemes should
be implemented to benefit from the wind speed. Assortment
of MPPT techniques is used in the wind turbines to adapt the
generator speed with the optimal speed, for example, hill-
climbing search, constant tip speed ratio (TSR), power signal
feedback (PSF), optimum torque (OT), incremental conduct-
ance (INC), perturbation and observation (P&O) and artifi-
cial intelligence techniques [7-9]. In [10], TSR technology
uses an anemometer to evaluate wind speed, which is highly
costly and requires maintenance. Due to the many problems
with TSR technologies, it has been suggested in several stud-
ies that wind speed estimation (WSE) MPPT obtains the
largest and highest amount of energy available from wind
energy. Moreover, WSE has achieved good results for a lot
of researches, as in [11]. Many researchers presented the
theoretical analysis of the MPPT methods, while the experi-
mental setup is more valid but remains a big challenge, and a
little research in which the practical part was carried out and
it was satisfied that the results were achieved without work
in comparison with the theoretical results and therefore the
main contribution in this paper was on achieving the pro-
posed method theoretically and practically and comparing
the theoretical results with the practical results to confirm
the validity of the proposed method.

This paper proposes an efficient and usable control sys-
tem based on the WSE method to achieve the MPPT from
DFIG under variable wind speed in different conditions. The
main contribution of this paper is the practical and math-
ematical investigation of the proposed method. Besides, a
thorough comparison is made between the application of the
proposed control method and the PSF method to illustrate
the effectiveness of the proposed system.

The paper is organized as follows: The next section
includes the system modeling of the DFIG system, the
principles of the WSE and PSF techniques have been well
described in Sect. 3. Section 4 analyzes the results obtained
from the simulation. While Sects. 5 and 6 demonstrate the
experimental setup of the proposed system and the experi-
mental results, respectively. The conclusion has been drawn
in the last section.

2 System modeling

Figure 1 illustrates the schematic diagram of the proposed
study system, which depends on the DFIG system connected
to the electrical grid. The power generated is supplied to the
grid through two paths, the first by the stator coupled direct
to the grid and second path by the rotor of the DFIG grid-
tied through two converters are the machine side converter
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(MSC) and the grid side converter (GSC). The main task of
the MSC is to obtain the maximum wind energy under dif-
ferent changes in the wind speed from wind turbines. Also
the GSC maintains the operation at unity power factor. The
model of proposed system is implemented in MATLAB/
SIMULINK software.

2.1 Wind turbine modeling

The following equation presents the mechanical torque [11]:
T, = (1/2z.R*.p.V;,C (A, B)) /o, )

where T, is mechanical torque (N m), R is length of blade
(m), p is the density of air for turbine (kg/m3), Vy is the
wind speed (m/s), f# is pitch angle of blades (deg), Cp is the
coefficient of power, 4 is tip speed ratio (TSR) and w, is the
wind turbine rotational speed (rad/s). The C, depends on
the pitch angle of blades f and TSR A. TSR of wind turbine
can be specified as:

w,.R
v

A=

2
From through the Eqgs. (1) and (2), it is can be build the
wind turbine block diagram as shown in Fig. 2.
The power coefficient as follows [12]:

C2 CS/A
CAp =Cy 2 =Cyp=Cy pe Thi+Co 3)
1_ 1003 )
A A+0088 B+l @)

where the wind turbine coefficients specification C, to
Ce- C;=0.5176; C,=116; C3=0.4; C,=5; C5=21 and
Cs=0.0068;

Figure 3 shows the relationship between Cp with 4 at dif-
ferent values of §. As noted, the maximum value for Cp,,, _
0.48, and Aopt: 8.1 at #=0°, so obtaining the maximum
value of electrical power is at these values.

2.2 DFIG modeling

The d—g equivalent circuit of induction machine shown in
Fig. 4. Figure 1 describes the block diagram of the system
modeling under study, while Fig. 4 is a description and
explanation of DFIG equivalent circuit. The following equa-
tion describes the voltage equations in the d—q reference
[13]:

dAg

Vs = Ry — 0 Ay + —— 5
ds stds — Wy qs dr ()
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@)

The equations of electromagnetic torque, stator, rotor, active
and reactive power as follows:

3 . .
Tem = Ep(gdslqr - gqsldr) (13)
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Fig.3 A typical C, versus 4
curve

Fig. 4 DFIG equivalent circuit Rs odpdg Ly Ly (0-0)¢d, Rr
of d—g transformation [13] + © A " ¥ | T O = ° +
—_—  —
Vas tas Lum tar Var
- © o -
d-axis
Rs 0odq Ly Ly (0-0)dq, Rr
+o g_s_:rv\ﬁv\ | ~ A > &S d r, o
— -+
Vqs igs ) D qr Var
- O o -
q-axis
. . inductances, respectively. P, O, P, are the stator and
Ps = é(Vdslds Vgl s) (14) . P . Y s Qs ! Qr .
2 e rotor active and reactive power, respectively, @, is the angu-
lar velocity of the synchronously rotating reference frame,
3. . w, s rotor angular velocity and R, R, are the stator and rotor
Qs = slds = Vast s) (15) ; ;
2 ¢ a resistances, respectively.
P = 3, . ;
r = 5 Warlar + Vorlgr) (16) 3 Converter control system
3. ) The following subsections present the control system of
O = 3 Warlar = Varlr) (I7) " DFIG-based wind turbines.

where Vg, Vi, V. Vo, represent the stator and rotor voltages
in the d—q axis, respectively. iy, i, lq g FEpresent the sta-
tor and rotor currents in the d—q axis, respectively. A4, Aq
Agr> Aqr Tepresent the stator and rotor fluxes in the d—g axis,
respectively. @, g Dy, P, represent the stator and rotor

flux in the d—q axis, L,, L,, M are stator, rotor and mutual
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3.1 Machine-side converter

In order to increase the output power of wind energy, the
wind turbine shaft speed is controlled by the MSC con-
trol. This allows for maximum aerodynamic efficiency and
reduces wind energy fluctuation stresses. The main purpose
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of the MSC is to obtain the maximum value of the electrical
power produced from wind turbines generator at different
wind speeds, and to achieve this must work at the maximum
value of C,,,,,, =0.48. Therefore, it is needed to maintain the
speed of the generator rotor in order to achieve the optimum
value of 1., =8.1. If the wind speed changes, the turbine
speed must be adjusted to follow up on these changes. Thus,
the maximum value of the power created from the wind gen-
erator is obtained.

Figure 5 illustrates that the reference reactive current,
I, ¢ reflects via PI controller. This value is based on the
error signal generated from comparing the actual and
desired values of the reactive power. The current reference
components are compared with the corresponding actual
components. The error signals are adjusted through the PI
controller to represent the contribution of control to correct
the signal of the rotor voltage. The corrected rotary voltage
waveform is applied to the pulse width modulation (PWM)
as a reference waveform to create switch signals correspond-
ing to the MSC.

3.2 MPPT schemes
3.2.1 PSF control method
The PSF control method Must have information about

the wind turbines MPP curves to achieve its maximum
power by its control mechanism. Moreover, the power
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Fig.5 MSC. structure

curves need to be obtained via simulation on an individual
wind turbine or datasheet of the wind turbine [14]. In this
scheme, a reference power is obtained from the recorded
MPP curve of the wind turbine where rotor speed is used
as the input. Although PSF does not require an anemom-
eter, the parameters of wind turbines are still essential.
Figure 6 illustrates the measuring generator speed “w,,”
is needed to obtain the power reference “P,”. The P is
compared with the error drives of control action to modify
the generator speed and to achieve the MPPT.

3.2.2 Wind speed estimation MPPT method

The WSE MPPT method is used to estimate actual wind
speed without using any mechanical wind-speed sensors.
Based on the measured rotor velocity, wind velocity is
estimated. For WSE, the power coefficient is converted
into the third-order polynomial as the following Eq. [15]:
Cp =a0+a1/l+a2/12+a3/13 (18)

From (2) and (18) replaced in (1) the mechanical power
can be represented as follows:

1 o,R @R @R\,
Pm=§pA a0+alT+a27+a3v—3 % (19)

Using (19) wind speed can be exemplified as follows:

(we-wr)(Lir+Lm)ldr+
(we-wr)Lmids

lgr-refy + v +dir-ref
- qr
Y |
ar ’f + Rotor side
larR > PWM— converter
r i abc control

+
+ : Cdr-ref T
Idr-ref ‘? 0

-(we-wr)(Lir+Lm)iqr-
(we-wr)Lmigs
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Fig.6 PSF control method
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where a;,=0.00715814, a; =— 0.04454063, a,=0.02899277,
a;=—0.00202519.

The arithmetical solutions for Eq. (20) create the three
roots for wind speed. The second root only is the accurate
value.

The output power from wind turbine is evaluated as the
following Eq. [13]:

dw,, 2 P .
P, =w, 1T+ﬁwm+§*5*ﬂm*tq 21
Ao _ o p R 22)
J dr ] e a)m

where T, electromagnetic torque, F friction factor (N m s),
J is the inertia of the whole system contenting of the turbine
and generator (Kg m?), and w,, is the mechanical rotational
speed of DFIG.

WSE gives the exact value of wind speed, which is used
in 4, formula to produce the reference value of rotor speed.

The optimal rotor speed is computed by WSE, and the
optimal 4, as follows:

/lopl oY

R

(23)

Wrer =

3.3 Grid-side converter

The GSC control system is demonstrated in Fig. 1. Fur-
thermore, the electrical grid can absorb the reactive power
directly from the DFIG by the GSC. However, to provide
a rotor power path to/from the grid at the unit power fac-
tor and regulate the DC link voltage at the reference value.
This is the main objective of the GSC control. Therefore, the
reactive power is set to zero during the acceptable terminal
voltage levels, and the priority is given to active power. Con-
sequently, the reactive power is set equal to zero.
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The ac currents and voltages at the grid side as well as
the value of the dc- link voltage must be obtained to achieve
the main goal of GSC. The ac signals are converted to the
equivalent in the dq reference frame, and consequently, the
control system will be much easier and more manageable
possible. The dc-link voltage can be stated as [16]:

P, —P,

av,,
c—& = (24)
dr Vie

where C is the dc-link capacitance, P, is the wind turbine
power, and P, is the grid power.

The active power P, and reactive power flow into the grid
Q, are evaluated as follows:

3

Py =5(Velyy) (25)
3

Qg = 5(Velge) (26)

where V, is the grid phase voltage magnitude, and /,, and /.,
are the d-axis and g-axis currents flowing between the grid
and the GSC, respectively.

4 Simulation results and discussion

In this section, we conducted several simulations to inspect
the performance of the executed control of DFIG-based
wind turbines based on the WSE scheme compared with
the PSF scheme. We ran one case study considering differ-
ent wind speed variations. The system parameter is defined
in Table 1.

4.1 Ramp changes wind speed profile

Wind speed is simulated with ramp variations (5 s) with an
average value of (9.2 m/s) as shown in Fig. 7.

From Fig. 8a, and b, the MSC has achieved maximum
value for the production capacity despite variation values
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Table1 DFIG simulation parameters

DFIG parameters

Nominal power: P, =1500/0.9 kW;

Voltage: Vaom=0.575 kV;
Frequency: Fom=50 Hz;
Resistance of stator: Rs=0.0071 pu;
Leakage inductance of stator: Ls=0.171 pu;
Resistance of rotor: Rr=0.0050 pu;
Leakage inductance of rotor: Lr=0.1560 pu;
Magnetizing inductance: Lm=2.9 pu;

No. of pole pairs: Pm =3 pair pole

of wind speed by maintaining the optimum values of 1=38.1
and C,=0.48. Figure 8c, and d demonstrates a good
response to the generator’s speed and the mechanical torque
with different wind speeds.

On the other hand, the GSC was able to get the unity
power factor operation by keeping the dc-link voltage con-
stant without any change, as shown in Fig. 9a. Figures 9b
and ¢ demonstrates the good response of the active power
injects to grid change with wind speed profiles, and the reac-
tive power is zero. Based on the simulation results, the sys-
tem response is enhanced, better tracking capability and the
oscillation rate is reduced when WSE is used compared to
the PSF scheme. The purpose of the comparison is to make
sure of the correctness of the proposed method. Despite that,
the proposed method is better in terms of response speed and
achieving the optimal value of the lambda and Cp. Thus,
obtaining the maximum value of the productive capacity is
better in terms of oscillation, especially in the beginning, as
is evident in all shapes.

5 Experimental setup

Figure 10 presents the experimental setup of the DFIG sys-
tem. The wind speed is simulated by using the control unit
of a servo machine. The wind turbine driver is modeled by
a servo motor. The servo motor (prime mover) is connected
to a DFIG to run as a generator beyond the synchronous
speed. The reactive power is injected into the induction gen-
erator from the utility grid since the system operates in the

synchronization mode. The control unit makes it possible to
emulate and study all scenarios of practical relevance. The
incremental encoder is used to convert the mechanical speed
to electrical signals and send the feedback signals to the
control unit for DFIG to control the output power according
to these feedback signals.

The wind’s action is simulated by the WindSim software
and servo machine test stand. The servo machine test stand
is a complete system for examining electric machines and
drives. It incorporates an ActiveServo software, brake, and
digital control unit, as shown in Fig. 10. In the case of a real
power plant, the wind and airfoil geometry together drive the
generator. This makes it possible to reproduce the conditions
prevailing at real wind power plants.

6 Experimental results and dynamic
response of DFIG for different wind speed
profiles

To inspect the performance of the DFIG and the executed
control schemes, the step and ramp wind speed profiles are
conducted by the experimental prototype and the simulation
model by MATLAB program with the performance response
is compared. The per-unit system was used to overcome the
theoretical and practical value difference and to indicate the
accuracy of the method used to achieve the MPPT of the
proposed system. The experimental parameters of the system
are defined in Table 2.

6.1 Case (1): step change

In this case, it is assumed that the step profile varies high and
low as step functions with an average value of 8 m/s with a
duration of 75 s, as seen in Fig. 11. The waveforms for simu-
lation and the experimental wind speed are almost similar
under step wind speed change as presented in Fig. 11.
Figure 12 describes the experimental results of generator
rotational speed, which increases linearity with the time until
15 s due to the starting period. Then, it picks out the same
wind speed shape except at sudden changes at 30 s, 45 s, and
60 s, where the moment of inertia appears. The experimental

Fig.7 Wind speed in (m/s)
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[}

[=2]
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response is slower than the simulation results due to the
experimental model’s mechanical operation conditions.

At any change in wind speed, whether increased or
decreased, followed by a similar change in the mechani-
cal torque for the experimental and simulation response,
as shown in Fig. 13. It is assumed that input torques take
negative values. Therefore, the torque is a negative value for
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generating power at the simulation results. The same trend
appears with the input mechanical power, as seen in Fig. 13.

To realize the feasibility of the grid-side converter con-
troller, Figs. 14 and 15 illustrate the power sent to the grid
and grid absorbs zero reactive power, respectively. The con-
troller gives good agreement between the simulation and
experimental wave form. As shown, the power injected to



Electrical Engineering (2021) 103:2769-2781

2777

1250

1200

1150
1

Fig.9 System response for 2000
ramp changes in wind speed =
with GSC, a dc-link voltage in 2

Volt, b Active power in pu,and @ 1500
¢ Reactive power in pu g
S

= 1000
5
(S
(=]

500

0

Power, pu

o 0.5 1.5 2 25 3 3.5 4 45 5
Time (s)
(b)

5
=
o
= oy
[}
3
o -5 _
[}) —WSE
2 —PSF
o -10 i
©
[F}
o

-15 L L 1
0 2 3 4 5
Time (s)
(c)

the grid is dependent on the average wind speed variation
and the reactive power fed to the grid is approximately zero.
Thus, the generator is working at unity power factor.

In addition, the experimental results contained oscil-
lations in all waveforms due to the mechanical coupling
between the generator and prime mover and Different
laboratory conditions. On the other hand, the simulation
waveforms do not have such oscillations. As shown in these
results, there is a good agreement between the experimental
results and the simulation results for dynamic response at
step change wind speed profile.

6.2 Case (2): ramp change

Following the same procedures described with the step
wind speed variations, the response of the system to ramp
wind speed variations is studied. It is assumed that the
wind speed shape varies high and low with smooth ramp

rates with an average wind speed of 8 m/s as shown in
Fig. 16, with a duration time of 75 s.

As illustrates in Fig. 17, the generator speed varies with
wind speed shape. In addition, there is a good agreement
between the mechanical torque with wind speed variation,
which clearly shows that it similar change with wind speed
waveform except at sudden change where the moment of
inertia appeared, as seen in Fig. 18. Besides this, the neg-
ative value of mechanical torque, indicating the system
input torque.

Similar to the previous case, the appropriate perfor-
mance is obtained regarding the generator active and
reactive power with wind speed waveform, as shown in
Figs. 19 and 20. The power sent to the grid follows the
average wind speed variation, and the reactive power fed
to the grid is approximately zero, indicating working at a
unity power factor.

@ Springer
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Fig. 10 Hardware used to
co-simulate of a DFIG-based
wind turbine. 1. Servo motor, 2.
DFIG, 3. Encoder, 4. DFIG con-
trol unit, 5. Servo control unit,
6. Three-phase transformer, 7.
Grid unit, 8. Wiring connection,
and 9. PC control unit.

Table 2 Experimental date of
DFIG unit

Fig. 11 Wind speed in m/s

Fig. 12 Generator speed
response (pu)
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DFIG experimental parameters

DFIG unit

Servo machine

Incremental encoder

4-poles, 0.8 kW, 50 Hz, 230/400 V, cos ¢ 1/0.75, 3.2/2 Amp

0.4 kW, 390 V, Nominal speeds 2000 rev/min, Maximum
speed 5000 rev/min, cos ¢ 0.75, T=6.7 N m, 3.3 Amp

Speed: 6000 rpm, 1024 pulses, Moment of inertia: 35 gcm?
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Fig. 13 Mechanical torque (pu)
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the grid (pu)

N

———]

Active Power (pu)
o

==Simulation

-2 - ==Experimental| -
0 10 20 30 40 50 60 70
Time (s)
Fig. 15 Reactive power sending ' - —
to the grid (pu) —Simulation
0.02 - —Experimental| |
0.

Reactive Power (pu)

Fig. 16 Wind speed shape (m/s)
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7 Conclusion

This paper illustrated the inclusively modeling of DFIG
with the control system in MATLAB/SIMULINK soft-
ware and the experimental setup of a DFIG-based wind
turbine. The effective MPPT technique is based on the

20 30 40 50 60 70
Time (s)

WSE scheme to drive the MSC under different wind
speeds conditions. The MSC control scheme enables
optimal speed tracking required to regulate the wind tur-
bine speed to maximize the output power. The system
response is enhanced, better tracking capability, and the
oscillation rate is reduced when WSE is used compared to
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PSF scheme. Based on the results, all the previous curves
indicate detected good agreement is obtained between the
experimental and simulation results at different wind speed
profiles.
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