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Abstract- This paper presents a comparative study between three controllers for a Doubly Fed Induction Generator (DFIG)
integrated into a wind turbine system. This work also aims to present a new control strategy called the Active Disturbance
Rejection Control (ADRC) based on the extended state observer (ESO). In order to evaluate its performances, the proposed
ADRC controller is compared with the Pl and the robust RST controllers. Therefore, the active and reactive powers between
the stator of DFIG and the grid are controlled independently by using the three control strategies, the first is the ADRC, the
second is the classical Proportional-Integral (PI) and the third called polynomial RST controller. First, a modeling of wind
turbine and DFIG is presented. Also, in order to maximize the power of wind energy conversion, the use of MPPT control is
indispensable. Then, these three control strategies are designed, simulated and their performances were tested and compared in
terms of instruction tracking and robustness. The simulations were realized by MATLAB/Simulink software.

Keywords Active Disturbance Rejection Control (ADRC); DFIG; Extended State Observer (ESO); Pl controller; RST
controller; MPPT.

1. Introduction speed and an inverter rated at 25-30% of the total system

power [3-5]. Contrary, the DFIG is subject to many

In recent years, there has been an evolution of the
electricity production based on wind energy. As a result, the
wind energy is the subject of several researches [1].
Although this energy source is inexhaustible, environmental
friendly and it has developed thanks to the diversity of
exploitable zones its relatively interesting cost as well as its
sensibility to grid parameters and its efficiency is still low
compared to conventional sources [2-3].

The doubly fed induction generator (DFIG) is broadly
used for variable speed wind power generation system thanks
to its several advantages over other generators. These
advantages are easiness of speed control, operation at over a
large range of wind speeds of 30% around the synchronous

constraints, such as the effects of parametric uncertainties
(due to overheating, saturation ...) and the disturbance of the
speed variation, which could divert the system from its
optimal functioning. Therefore, the control of DFIG has
become a very important research subject and several control
strategies were established [6-7].

In order to remedy the disadvantages of the classical Pl
controller that suffers many limitations [6-8], the RST
controller has three individual polynomials chosen so as to
reduce the effect of disturbance in reference signal tracking.
The synthesis of this regulator is an algorithm sophisticated
based on pole placement technique [9-10]. In addition, a new
control strategy called the active disturbance rejection
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control (ADRC) founded by Han in 1995 is adopted in order
to ensure the decoupling of the system from the actual
disturbance acting on the plant [11].

The purpose of this work is to evaluate and compare the
performance of the ADRC control strategy based on the
extended state observer (ESO) with the classical Pl and the
robust RST controllers. These three controllers were used to
control of rotor side converter RSC in order to control the
active and reactive powers exchanged between the stator of
DFIG and the grid controller. The results of simulation under
MATLAB/Simulink environment prove the robustness of
this new regulator against parameters variations of the
generator; they also show its performance in terms of the
reference tracking.

This paper will include three main parts: The first part
will be devoted to modeling of the components of the Wind
Energy Conversion System (DFIG, wind turbine, ....) and
the principle of MPPT control (Maximum Power Point
Tracking). In the second part, we will introduce the
theoretical analysis and modeling of the three control
strategies (Pl, RST and ADRC). Then these controllers were
developed to control the stator active and reactive power of
DFIG in order to maximize the wind energy production.
Finally, in the third part, the simulation results will be
presented by using MATLAB/Simulink software, discussed
and compared. Finally, we terminate by a conclusion.

2. Description and Modeling of the Wind Energy
Conversion System

Our wind energy conversion system, which is shown in
“Fig.1”, consists of: a wind turbine, gearbox, DFIG, two
converters and the rotor side controller (RSC) [3-6].
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Fig. 1. Model of the variable speed wind turbine conversion

chain.
2.1. Wind Turbine

The turbine transforms the wind energy into a
mechanical energy and the aerodynamic power available on a
wind turbine rotor [11-14], this power is given by:

Paer = 3 Co (A, B)pTRZV? (1)

Where p is the air density, R is the turbine radios and V
is the wind velocity.

The power coefficient C, is given by the following
equation [4, 16]:

Cs
c _Ss
C,(AB) = Cl(;f - C3B— C4)e( }‘i) + CoA 2
Where:
_ OR . 1_ 1 o003
A= v ’ A A+0.088  1+P3 (3)

C1=0.5176, C»=116, C3=0.4, C4=5, Cs=21, Cs=0.0068

A is the speed ratio and € is the mechanical speed of
the turbine.

The mechanical model between the turbine and shaft
generator is defined by [4, 9-10, 19]:

dQg

Thec =] a Tg — Tem — vag 4)
Where ] = % +Jg

Where Tg, Tem and Tmec are respectively the torque of the
fast shaft, the electromagnetic torque and the mechanical
torque of generator, J is the total moment of inertia depends
on the inertia of the generator Jy and the inertia of the turbine
Jr and fy is the viscous friction coefficient, and g is the
mechanical speed of the generator.

The next figure represents the block diagram model of
the wind turbine:
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Fig. 2. Block diagram model of the turbine
2.2. Wind Turbine with MPPT

To extract the maximum power generated, we must fix
the speed ratio to its optimal value Aqx and the power
coefficient to its maximum value Cymax [4, 8, 13].

The value of wind speed is estimated by the following
equation [11].

~ _ RO
§=— 5
Aont (%)

The electromagnetic torque reference is determined by
the following equation [11]:

1 PN
Tem—ref = ?ﬂtcpmaxpﬂR2V3 (6)
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The next figure represents the model of the turbine with
MPPT:
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Fig. 3. Block diagram model of the turbine with MPPT
2.3. Wind Turbine

The back to back converter allows bidirectional transit of
power between the rotor side (RSC) and grid side (GSC).
These converters are controlled by the PWM control which
the mathematical model of these converters represented by
the following system of equations [10].

Vra U 2 - _1 Sa
Vib[ =211 2 —1|[S ()
Vrc -1 -1 211S,

Where, Vrane and Sane are respectively the output voltages

and the control signals of the inverter.

Figure 4 shows the model of back to back converter.
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Fig. 4. Model of back to back converter

2.1. Modeling of the DFIG

The modeling of DFIG is described in the Park reference
frame. The following equation system describes the overall
modeling of the generator [3-4, 6, 24].

The electrical voltages are given by the following
equations:

d¢
(Vds = Rglgq + ?Sd - ws(bsq
d¢sq

Vqs = Rslsq + " + wsq)sd (8)
d¢

Var = Relg + d:d - wr(brq
d¢

Vqr = RrIrq + d:q + (*)rq)rd

The stator and rotor flux are given in the “equation 9”:

bas = Lslsg + Mlg
q)qs = LSISq + MIrq ©)
Gar = Lelpg + Mlgq
q)qr = Lrqu + MISq

The electromagnetic torque is also expressed as a
function of currents and flux “Eq.10”:

Tem = pl%((bsdqu - d)squq) (10)

The expression of the active and reactive power in the

stator is:
{Ps = Vsalsq + Vsquq (11)
Qs = Vsqlsd - Vsdlsq

2.4. Modeling of vector control of the DFIG

In order to control the production of electricity of a
variable speed wind system, we will perform an independent
control of the active and reactive power by establishing the
equations that link the rotor voltages generated by an inverter
to the active and reactive powers of the stator [8, 10].

For simplification reasons, we have adopted a stator flux
aligned on the d-axis [8, 10, 15]. Therefore:

{ bas = ¢s = Lglgs + Mg,

Pgs = 0 = Lylgs + Mg, (12)

Assuming that the electrical grid is stable, this leads to a
constant stator flux ¢s. In addition, stator resistance Rs can be
neglected since this is a realistic assumption for the high
power generators used in the wind turbine [8, 18, 21]. On the
basis of these assumptions, we obtain “Eq.13”:

{Vds =0 (13)
Vqs = Vs = ws. s

The adaptation of these equations to the simplifying
assumptions gives a new expression of the active and
reactive power “Eq.14”:

M

P, = —VSL—SIqr 14
M V?

Qs = _Vs L_Sldr + Lsws

For power control of DFIG, the expressions of the rotor
voltages are established according to the rotor currents
“Eq.15”.
dlyq

Vdr = erdr + LrO' at

— 8Ws LrGIqr
VM (15)
Lswg

dly
Var = Relgr + Lo —2 — gosLrolrg + goos
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M2
LsLy

Where: co=1-

According to these assumptions, the electromagnetic
torque of the DFIG is given as follows:

M
Tem = pL_S(bsquq (16)

These equations have been grouped to form a simplified
model of DFIG.

Fig. 5. Simplified Theoretical Model of DFIG.

3. Design and Synthesis of Controllers and Their
Application to the DFIG

3.1. Proportional Integral (PI) Controller

Proportional-Integral controller is a combination of both
actions proportional and integral in order to cancel the static
error. The structure of a parallel PI controller system is
represented in “Fig.6” [7-8, 17-18].

The derivative action of PID controller is excluded
because it is characterized by amplifying the effect of system
noise.

P

5

L, (R+sL.a) Q,

srel L, U Mllr' P_«;

Fig. 6. Structure of PI controller system for the DFIG.

The open loop transfer function is:

k MV. Stk MV
= S s — p LsLro
G(s) = (kp + s) (LS(Rr+erc)) % S+LR_ro a7

We use the method of poles compensation for the
synthesis of the regulator in order to eliminate the zero
present on the transfer function [7-8, 10, 20]. We pose:

ki _ Re (18)

kp Lo

Thus:

MVg

k
G(s) = —ihe = — (19)

TS

Where t; is response time:

_i LsLyro
= kp MV (20)

In closed loop we will have:
E(s) =

Therefore, the parameters k, and k; of Pl controller are
given by:

1
1+1Trs

(21)

1 LgLro
kp = T MV
r S
1 Ryls (22)
ki=——
Tr MVg
We chose: 1,= 10 ms

Fig. 7 shows the PI control structure applied to the rotor
side converter in order to control the stator active and
reactive powers of the DFIG.

.
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Fig. 7. Scheme of power control of DFIG using PI controller.
3.2. Polynomial RST Controller

RST comes from the name of three polynomials R(s),
S(s) and T(s) must be determined in order to obtain an
efficient control. The structure of the RST controller system
is represented in “Fig.8” [10, 22-23].

Py s T u MV, P, .
Qur LS LR+sko) | aq
R L
5

Fig. 8. Structure of RST controller system for the DFIG.

The principle of pole placement is to specify an arbitrary
polynomial D(s) and to calculate the polynomials R and S so
that we have the Eq. (23) called Bezout equation.

D(s) = A(s).S(s) + B(s).R(s) (23)
Where B(s)/A(s) is the transfer function of the system.

BG) . MVs
A(s)  Lg(Rp+sLro) (24)
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We can then develop a linear system of four equations
resulting from the Bezout equation.

A(s) = a;s + ag = sLgL.o + LgR,
B(s) = by, = MV,
R(s) =rys+ 719 (25)
S(s) = 5,52+ 515+ 5
D(S) = d3$3 + dZSZ + dls + do
According to the pole placement technique, the
polynomial D can be written as [22-23]:
D(s) = C.F = (s —sc)(s — s¢)?
D(s) = s3 + (sc + 2sp)s? + (s¢® + 2s.5p)s + scs¢2 (26)

With s is the pole of the control polynomial C and sy is
the double pole of the filtering polynomial F.

Where:

The role of the control pole is to accelerate the system, it
is chosen arbitrarily, greater than the pole of the polynomial
A (sa) [10], we chose:

Sc =558,
Where:
Ry
SpA = Lo (27)

In order to enhance the robustness of the regulator, we
choose s; three times greater than s:
ss=3s.=15s,

We get the coefficients of polynomial D which are
related to coefficients of polynomial R and S by the
Sylvester matrix [22].

ds] fa, 0 0 07fs,
d,] |0 a; 0 Offs;
dl‘_lo a, by OHrl (28)
dl Lo 0 0o byllro

According to equation (25), (26) and (28) we deduce the
RST controller’s parameters:

d3 = 3182 = 1
d, = a;S; = s, + 2s¢

29
d; = aps; + bery; = s¢? + 2s.5¢ (29)

dy = bgry = Scsf2
Therefore:

6 = 1

27 LiLyo

o = 3R

1 Ls(Lro)?

So =10 (30)

340R.2
I‘1 =
MV (Ly0)2
o 1125R¢3
o =T= Wetror?

Fig. 9 shows the RST control structure applied to the
rotor side converter in order to control the stator active and
reactive powers of the DFIG.
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Fig. 9. Scheme of power control of DFIG using RST
controller.

3.3. ADRC Controller

Consider a first order system time-varying dynamic
system with single input denoted u, and single-output
denoted y “Eq. (31)” [25-28].

d

— = f(y,d,1) + bou (31)

Where f(y,d,t) represents the combined effect of internal
dynamics and external disturbance, bo is parameter gain to
estimate and d represents the external disturbance.

The following mathematical system “Eq. (32)” describes
the state space of the process as [11, 25-28]:

Xy = (32)

The system of equations “Eq. 33” presents the state-
space representation of the extended state observer (ESO)
[11, 26].

{ %1 =X, + Bl(}’ — %) + bou (33)
X; = B2y — %)
Where: [B1, B2] is the vector of the observer gain values
[27].
ol =[se]
= 34
Bl =1 st Y

Seso is the pole of the observer is defined by the
technique of placement of the poles.

The control input is given by the following equation
[11, 26]:
no~f _ o=t
bo by

(35)

Where, the plant can be controlled by a simple
proportional controller “Eq. (36)” with gain values Kp. The
input signal reference denoted r [11, 26].

Uy = Kp(r = §) = Kp(r = %) (36)

Where, Ky=ScL. Where, Sci denotes the desired closed
loop pole.
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Usually the controller regulation is done by observing
the desired closed loop pole. Generally, Sgso = 3~7 Sc. and
consequently, Sc. is the only setting parameter [11].

Figure 10 (a) and (b) show respectively the structure of
the linear ADRC controller for a first order system and the
structure of the ESO.

DFIG

L3

L 4

hu'l.l

(b)

Fig. 10. (a) Structure of ADRC controller, (b) structure of the
ESO.

The direct and quadratic rotor current is controlled by
the controller ADRC, by imposing reference voltages direct
and quadratic of the rotor to the RSC converter which
generates the control signals using the Pulse Width
Modulation (PWM) [11, 28].

The direct and quadratic current of the rotor currents are
rearranged to be in the following form:

dlyg _ Ry 1

o —Trlrd + (.L)rqu + G_Lrvrd

dqu Rr I I M n 1 v (37)
dt oL, Td rird T 5LyLg d)sq oLy rd

We can write these expressions in the following form:

dlq

4 = f(1,q,d, ) + bou(t) (38)
Where:
flra,d,©) = = - Lra + 0rlrg + (5 = bo)Via
u(t) = Vg and by = GiLr (39)
In the same way:
8 = (g, d, ) + bou(®) (40)

Where:
( R, M 1
f(qu’ dt)=- O'_Lr Irq = wplg — o, O'L_rLS q)sq + (O'_Lr —bo)Vig
1
u(t) = Viq and by = oL, 41

Figure 11 shows the ADRC control structure applied to
the rotor side converter in order to control the stator active
and reactive powers of the DFIG.
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| S — 4 ¥ )

Uy

Fig. 11. Scheme of power control of DFIG using ADRC
controller

4. Simulation with MATLAB/Simulink and Results
carried out with

in order to validate the control
this work and compare their

The simulation was
MATLAB/Simulink,
strategies studied in
performances.

The wind speed is modeled in the determinist form by a
sum of several harmonics, according to [4], its expression is
given by the following equation:

v(t) = vy + Xk_; ag sin(biwt) (42)

Where ax and by.o are respectively the amplitude and the
pulsation of the harmonic of order k.

We chose:

v(t) = vy + 2sin(wt) — 1.75 sin(3wt) + 1.5 sin(5wt) —
1.25sin(10wt) + sin(30wt) + 0.5 sin(50wt) +
0.25sin(100wt) 43)

Where vy is the average wind speed and ©=27/10

The Figure 12 shows the simulated wind profile with an
average speed of 4.5 m/s, this figure shows that the turbine
has a good adaptation to the variation of the wind thanks
to the MPPT control.
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Fig. 12. Wind Speed and Mechanical Rotor Speed

The active stator power “Fig.13” has the same variation
as that of the wind speed. we also note that the active power
is negative which means that the MADA produces energy
and supplies it to the grid.

The reference reactive power is chosen as follow
“Fig. 14”

» Fromt=01to0 t=0.55: Qsrer=0 VAR
» Fromt=0.5to t=1s: Qsrer=-5e5VAR
» Fromt=11tot=1.5s. Qsrer=0VAR

4.1. Test of reference tracking

The “Fig .13” and “Fig .14” illustrate respectively the
active and reactive power variations of stator obtained by
using the three control stratgies PlI, RST and ADRC. The
stator powers converges and tracks perfectly as their
references (Psrer, Qsrer), but with a simple static error and
with an important response time for the Pl controller
compared to the other controllers (Tp=200 ms,
Taprc=Trst=30 Ms). We can also note that the response of
the active power is slow for the PI controller, this shows that
the random and fast variation of the reference active power
affect the performance of this controller. Therefore it can be
concluded that the RST and ADRC controllers have a very
good and high performance for this test “Table 1.”.

Table 1. The system responses Parameters.

Type of Controller Pl RST | ADRC
Rise Time (s) 0.030 | 0.028 | 0.028
Settling time (s) 0.2 0.03 0.03
Overshoot (%) 3.2 0 0
Steady state error (%) | 125 | 0.06 | 0.06

N

Active power of stator Ps and its reference Ps-ref (W)

3 K oA

4 { x.10° L

5 } e e Ps-ref -
I 1.5 o ey
J et I Ps (P))

6) 2F et PsRST) | 1

7 Ps (ADRC) | |

2.5
3 049 05 0151 0.52
0 0.5 Time (s) 1 15

Fig. 13. Active power of stator and its reference.
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Fig. 14. Reactive power of stator and its reference.
4.2. Test of robustness

This test is to examine the robustness of the three
controllers by varying the internal DFIG parameters with
increasing the resistance R, by 100%, Then the values of the
rotor and stator inductance (Ls, L) are increased by 10% of
their rated values.

The “Fig. 15” and “Fig. 16” show that the increase in the
resistance of rotor R, of DFIG have not almost any influence
for the three control stratgies, and the stability has not
affected by these variation.
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Fig. 15. Active power of stator for R’r=2Rr.

x 10°

% \ —
l x 10°

1

-

o

KN

0

&

Qs-ref

Qs [2*Rr] (PI)
Qs [2*Rr] (RST) 11
Qs [2*Rr] (ADRC)

A

NS .

0.5 0.6 0.7

&

L‘n‘ A L, .;,1

Reactive power of stator Qs and Qs-ref (VAR)

)
o

05 Time (5) 1 15
Fig. 16. Reactive power of stator for R’=2R;.

By increasing the inductance value of the rotor Lr by
10% from its rated value. Figures 17 and figure 18 show the
effect of this variation on the response of the active and
reactive power of stator. It can be seen that the reactive
power response with ADRC  controller has a smaller
overshoot of 10 % when compared to RST controller which
has an overshoot of 18.3 % and to PI controller which has an
overshoot of 24 %. In adition, with the ADRC controller, the
oscillations are damped more quickly compared to the other
controllers.
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% 4\ f
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Fig. 17. Active power of stator for L’=1.1L..

X 105

2
[ N
A \
5 ola IR % PN
I \-_/
0 1I‘|5
g 1 10
" 0
02—
o
o
5 3 i
5 Qs-ref
% 4 Qs[LIL](P) [T
o 5l FaN Qs (LI RST) | |
Eo p—
g % / W / Qs [1.1*Lr] (ADRC)
4 vV
& 0.5 0.55 0.6 0.65

-7

0 0.5 Time (s) 1 15

Fig. 18. Reactive power of stator for L’=1.1L,.

Figure 19 and figure 20 show simulation results when
the rotor and stator inductance (Ls, Lr) change at the same
time (Ls+10%, Lr+10%) .these variation of two parameters
deteriorates almost completely the performance of the PI
controller. unlike the ADRC and RST controllers present an
increase in response time (Taprc=Trst=135 mMs), but with
little oscillations and smaller overshoot for the ADRC
control strategy “Table 2.”.

From simulation results of this test, we note that the
ADRC controller is more robust, that has good robustness
against parametric variations, compared to RST and PI
controllers.

Table 2. The system responses Parameters.

Type of Controller Pl RST | ADRC
Rise Time (s) 0.047 0.017 0.027
Settling time (s) 0.35 0.14 0.14
Overshoot (%) 32.9 321 21
Steady state error (%) | 125 | 0.06 | 0.06
x 10°
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Fig. 19. Active power of stator for L’,=1.1L and L’s=1.1L.
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Fig. 20. Reactive power of stator for L’.=1.1Lr and
L’s=1.1Ls.

5. Conclusion

In this work, we presented the modeling of a wind
energy conversion system based on a doubly fed induction
generator connected to grid. we developed and presented a
comparative study of the three control strategies PI, RST
and ADRC. These controllers are applied to the rotor side
converter in order to control the active and reactive power
exchanged between the stator of the generator and the grid.
Where, the reference active power is provided by the MPPT
(Maximum Power Point Tracking) block diagram.

Finally, the simulation result allows us to conclude that
the active disturbance rejection (ADRC) and polynomial
RST controllers are very efficient in term of tracking
performances compared to conventional Pl controller. But, in
term of robustness, the ADRC controller is more robust to
internal parameters changes compared to the two other
controllers, because this control strategy delete in real time
the effect of all disturbances which can affect our system.

Appendix

Table 3. DFIG Parameters

Rated power 1.5 MW
Number of pole pairs p 2
Rated stator voltage 398/690 V
Stator resistance Rs 0.012 Q
Rotor resistance Ry 0.021 Q
Stator inductance L 0.0137H
Rotor inductance L, 0.01367 H
Mutual inductance M 0.0135H
Nominal frequency f 50 Hz
DC link voltage Ugc 1200V

Table 4. Turbine Parameters

Density of Air 1.5 MW
Damping coefficient f, 0.0024
Moment of inertia J 10 kg.m?
Optimal tip speed ratio Aopt 8.2
Maximal power coefficient Cpmax 0.49
Turbine diameter D 70.5m
Gain multiplier G 90

Table 5. Pl and ADRC Controllers Parameters

P1 controller

Gain of proportional action k, 1.0121x10*

Gain of integral action k; 0.0053

ADRC controller

Parameter gain by =1/cL, 2517

Controller gain Kp= Sci 120

Pole of the ESO SEso: 5Sc|_ 600

Extended state observer gains B1=1200

(ESO) 2=360000
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