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Abstract: In this paper, we propose a hew control strategy called linear active disturbance rejection control (ADRC)
used to control the wind energy conversion system (WECS) based on doubly-fed induction generator (DFIG). This
recent control strategy is compared with the conventional RST polynomial control method considered better and
more efficient than the classical PI method according to different works. By the extended state observer ESO of the
ADRC controller, the internal and the external disturbances on the system are estimated and compensated as a total
disturbance in real time. Moreover, the proposed ADRC method is easy to tune and more practical which has only
one tuning parameter. The RST controller has three polynomials chosen in order to reduce the effect of disturbance.
These controllers have been used to control the stator powers of DFIG in order to extracting the maximum energy
produced by the wind by using a maximum power point tracking (MPPT), to regulate the dc-link voltage in order to
maintain DC bus voltage at constant value and to regulate the reactive power to ensure a unitary power factor. Then,
these both control strategies are designed and their performances are compared in order to deduce the most efficient
in terms of reference tracking and robustness. The simulation results prove that the proposed ADRC control
technique is more robust and have better performance than the RST control.

Keywords: Wind energy conversion system (WECS), Active disturbance rejection control (ADRC), RST controller,
DFIG, Extended state observer (ESO), Maximum power point tracking (MPPT).

1. Introduction

Today, the global wind power generation
capacity has increased enormously and has
developed rapidly compared to other renewable
energy sources [1].

The doubly fed induction generator (DFIG) is
the most widely used in larges wind turbines
systems because this generator can operate at
variable speed in order to extract maximum power
from wind energy [2]; the rotor of the DFIG is
connected to the grid by a back-to-back converter
with a power about 30% of the DFIG capacity
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which ensures a compensation of the reactive power
[2,3].

However, the DFIG is subject to the effects of
parametric  uncertainties (due to saturation,
overheating ...) and the effect of disturbance due to
the speed variation, which could deflect the system
from its optimal operate. This is why the control
should be concerned with robustness and
performance [4]. To do this, we referred to the use
of the robust control.

Owing to the limitations posed by the
conventional PI regulator and in order to have a
more efficient and robust control of the wind chain;
a new control strategy has been adopted. In order to
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prove its efficiency, the performances of the
proposed controller (ADRC) have been compared to
those of the robust polynomial RST controller. The
RST controller is based on three polynomials R, S
and T chosen in order to reduce the effect of
disturbance in reference signal tracking [5,6].

The recent robust approach called ADRC control,
proposed by Han in 1998 and evolved from PID,
consists of the extended state observer (ESO). This
observer can get the system status information in
real time and it can obtain the real time actuating
guantity of the internal and external disturbance
which exists in object model [7]. Therefore, the
ADRC achieves the functions of estimating and
compensating the internal and external disturbances
of systems [8]. This controller has many advantages
such as good performance in case of dynamic
system control, the high accuracy, good dynamic
response, the system stability is guaranteed and the
simplicity of the linear active disturbance reject
controller implementation, whose the tuning
parameters are reduced [7].

In this paper, These both ADRC and RST
controllers are applied to control the rotor side
converter in order to regulate the active and reactive
powers exchanged between the stator of DFIG and
the grid through controlling the rotor currents, and
to control the grid-side converter in order to
maintain DC bus voltage at constant value and
ensure zero reactive power thus unitary power factor.
Then the performances of these controllers are
compared in term of reference tracking and in term
of robustness against parameters variations of the
system.

The rest of this paper is organized as follows. In
Section 2, we begin with modeling of the different
components of the wind energy conversion system
as the turbine, the DFIG, back to back converter,
grid filter and a DC link voltage. In Section 3, the
Maximum Power Point Tracking (MPPT) technique
is presented and applied to the turbine in order to
extract the maximum power from the wind. Then
the structure of both the RST and ADRC controllers
are described. In Section 4 to 6, these both
controllers are applied to the wind energy
conversion system in order to control of the DFIG,
DC link voltage and grid filter. In the latest section,
we present the results of simulation by
MATLAB/Simulink environment using a 1.5 MW
DFIG wind turbine; these results are compared and
discussed.

2. Modeling of the wind energy conversion
system
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Figure.1 Model of the variable speed wind turbine
conversion system based on DFIG

The Fig. 1 depicts the wind energy conversion
system, which consists of a wind turbine coupled to
the DFIG by gearbox, back-to-back converter and a
grid filter [1,9,13].

2.1 Wind turbine modeling

The following equation Eq. (1) represents the
mechanical power captured by the wind turbine [9].

Pe =5 Gy (4, B)pmR?V? 1)
Where:

R: The turbine blade radius (m)

p: The air density (kg/m3)

V: The wind speed (m/s)

B: the blade pitch angle (degree)

Cp: The power coefficient, it is given by the
following equation [3,4,10]:

21

C, = 0.5176 (55— 0.45 - 5) %) + 000682 @)

3

Where the tip speed ratio 4 and A; are given by:

A= (3)

14

1 1

_ 0.035 (4)

A, A+0.088  1+pB3

The mechanical energy conversion process is
given by the fundamental principle of the dynamics
[4,10]:

an
]d_tg = Tg — Tem — fvﬂg (5)
Where Tem and Tgy are the electromagnetic and
the mechanical torque of generator, J is the total
moment of inertia, f, is the viscous friction

coefficient and g is the mechanical speed of DFIG.
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Figure.2 Model of the wind turbine converter

XY

2.2 DFIG modeling

The Park model of the DFIG is presented by the
following equations [4,11,13-14].
The stator and rotor voltages of DFIG:

d¢sda
dt wsd)sq

a¢

Vsq = Rslsq + d:q + WsPsq
a¢

Via = Rplrg + d;d — Wy Prq

d¢
U/rq = errq + Tm + WrPra

Vsa = Relsq +

(6)

The stator and rotor flux linkages:

(¢sd = Lslsq + Linlrq

{ $sq = Lslsqg + Linlrq @)
¢rd = LrIrd + LmIsd
Grq = Lelrqg + Linlsq

The electromagnetic torque is given by:
Tem=p Q/I_S (¢sd1rq - ¢sq1rq) (8)

The active and reactive powers:

{Ps = Vsalsq + Vsqlsq (9)
Qs = Vsqlsd - Vsdlsq

In order to simplify the equations of the DFIG,
we have chosen a stator flux constant and aligned
along the d-axis of the Park reference [11]. By
adopting the hypothesis of a stator resistance Rs
neglected [4,12], the electrical equations of the
DFIG model will become as follow:

$sa = Ps $sq =0 (10)
Thus
Vsa =0 Vg = Vs = 505 (11)

Under this assumption, the expressions of the
rotor voltages as function of the rotor currents and
the stator power can be expressed by [4]:
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dlgr
Vea = Ry Lqg + Lo Frai gwslralg
dlrq VsM 12)
Vig = Rylhg + Lo praie gwsL,ol.4 + gL—s
2
Where: o=1--— (13)
And:
M
(Ps ==V L—squ
M v
Qs = _V.;L_s[rd + Ls®s (14)

M
Tem =-D L_s ¢squ

2.3 Modeling of the PWM converters

The back to back converter model, controlled by
the PWM control, is expressed as follow [10]:

vra v 2 - _1 Sa
[vrb:| =% -1 2 —1] [Sbl (15)
Vre -1 -1 2lls,

Where (Vra, Vi, Vic) and (Sa, Sp, Sc¢) are
respectively the output voltages and the switch
states of the inverter.

The output current in the rotor side converter
RSC side DC link is given by:

Lm = Saly1 + Splrz + Sclis (16)
2.4 Grid filter model

The electrical voltages of the grid filter are given
by the following equations [15]:

s difg ,
{de = Rflfd + Lf 7 + wSLflfq + ng (17)

o dif .
Vg = Rrigq + Lfd_tq — WsLylirq + Vgq
By aligning grid voltage along g-axis position,

the active and reactive power flow between the grid
and the grid side converter GSC is given by [14]:

Vya =0 Vg = Vo=V, (18)
By = Velgq
-y 49

2.5 Modeling of DC link

By neglecting the losses in the converters, the
DC link voltage model is given as [15]:

=B -F (20)
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Thus:

Pr = Vchrm
By =Py = Vilpq (21)
Qg = Qf = —Vlzq

3. Design of control strategies

3.1 Design of MPPT control strategy

The Maximum Power Point Tracking control
(MPPT) impose a reference electromagnetic torque
so as to allow the DFIG tracks the optimal wind
turbine speed for maximum energy capture from the
wind (Fig. 3). Therefore, the speed ratio of the wind
turbine 4 is maintained at its optimum value /o and
the power coefficient at its maximum value Cpmax.

The Fig. 4 shows that the power coefficient C,
reaches its maximum value Cpmax=0.4728 for a speed
ratio Aopt =8.376 and S =0°.

A Turbine Power (P)

Ql QQ Q,‘ Rotor Speed (5)
Figure.3 Wind turbine characteristic with MPPT

Beta = 0° X: 8.376
0.5+ Beta = 2° Y:0.4728
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S 03F Beta = 20
z
:-_’ 0.2~
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. A
o ey
05— = r
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Spged ratio8
Figure.4 Power coefficient (Cp) in function of speed ratio
(4) and pitch angle (B)

-.

i

1

B

:

1

1

i

1

i

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

i

N

P
:

<

A

(Fig. 2)

A ¢ pnR’V? é R0, ﬂf%l

20 ‘pmax 2

t opt.

B RS P

Figure.5 Model with the MPPT without speed control
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Figure.6 The general Structure of RST controller

We are interested in MPPT strategy without
control of the mechanical speed (Fig. 5) because it is
difficult to have an exact measurement of the wind
speed [10].

3.2 Design of RST controller

The RST regulator is a linear control device
composed of three polynomials R(s), S(s) and T(s)
to be determined in order to obtain an effective
control, in the single-variable context, it is the
regulators which offer the greatest flexibility of use.
The general structure of the RST controller is
depicted in Fig. 6 [3,4,6].

Where B/A is the system transfer function, r is
the reference input and d is the total disturbance.

The RST controller is based on the pole
placement theory which consists in specifying an
arbitrary stability polynomial D(s). To determine the
polynomials R(s) and S(s), we have to solve the
following equation called Bezout equation [4,16,17].

{D(s) = A(s).S(s) + B(s).R(s) = C(s).F(s) 22)
D(s) =s® — (s¢ + 25p)s? + (s¢2 + 25,5¢)S — ScS¢°
Where:

A(s) = a;s +ag

B(s) = by

R(s)=nrs+r,

S(s) = 5,52+ 5;5+ 5

D(s) =dss® +d,s? +dys+ d, (23)

C(s)=(s—sc)

F(s)=(s— sf)2

T(s) =T,

Where, sc and s are respectively the pole of the
control polynomial C(s) and the double pole of the
filtering polynomial F(s).

The control pole allows accelerating the system,
it is chosen greater than the pole sa of the
polynomial A, and in order to enhance the regulator
robustness, the pole st is chosen greater than s.[4,6].

Generally we chose:

SC=55A=—52—3 (24)

DOI: 10.22266/ijies2020.0229.23



Received: September 5, 2019
And: Sf=3s, =155, = —15% (25)
az

The coefficients of the polynomials R(s) and
S(s) can be calculated by the following matrix called
Sylvester matrix [4]:

ds] [a;, 0 0 O7[s2
d 10 a 0 of|s
dl - 0 aO bo 0 7"]_ (26)
do 0 0 0 bllm

From the Eqg. (22), Eqg. (23) and Eq. (26) we
deduce the RST controller parameters:

I{d3 = 1 = a1$2
d, = =5, — 2sf =a;8, 27)

dy = s¢% 4+ 25.5p = ays; + bory
kdo = _SCSfZ = boro

Thus, the parameters of RST controller [4,6] are:

1

52 —_ a_1
35a9
S1 = —5
1 alz
{So=0 (28)
__ 340a4?
n= boaZ
0a1
1125 ao3
TO = To =

bo a;3

3.3 Design of ADRC controller

Active disturbance rejection control (ADRC) is a
new robust command based on the state observer
called extended state observer (ESO) allows
estimating any unexpected disturbance.

We illustrate the principle of the linear ADRC
controller for a first order system with single input u
and single output y [4,8,18].

2 = f(y,d,t) + bou (29)
Where f is the total disturbance, d is the external
disturbance and bo is the known parameter of the
system.
By considering two state variables as
Z = [z1,2,]" = [y, f17, the Eq. (29) can be expressed
by the following state space [7,18,19]:

21=Zz+b0u
Z=f=h (30)
y =7

We put h = f

Eqg. (30) can be transformed in matrix equation as:
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Z = AZ + Bbyu + Dh
{y =CZ (31)

P T S

The total disturbance f is estimated by a linear
extended state observer (ESO) which it is designed
as follow:

Z = AZ + Bbyu + D(y — 9)
{y =CZ (32)

Where D = [, 5,]7 is the gain of the observer z;
and z are respectively the estimation of y and f which
represent the output of the ESO.

Thus, the system of equations of the extended
state observer is given as follow [4,20].

{ %1 =2, +B1(y — Z1) + bou (33)
2, =B (y — 71)

By using the bandwidth parameterization technic,
the observer gains are choosed in the condition of all
eigenvalues of the matrix (A — LC) are placed at
—wo [6-7].

{51 = —2wy (34)

B, = wh

Where o is the bandwidth of the observer ESO,
it is defined by the technique of placement of the
poles.

The control law in first-order ADRC [19,20] is:

Uy = Kp(r —Z) (35)
u= —Ob_o 2 (36)

Where, Kp is the control parameter of the linear
ADRC and r is the reference input signal [4, 20].
Generally:

{r (37)

Where «. is the controller bandwidth.

Therefore, the linear ADRC can be controlled by
a single parameter Kp. This simplification of this
control strategy meanwhile highly promotes the
convenience of application in industrial field.

Fig. 7 shows the general structure of the linear
ADRC for a first order system [19, 20].
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rl

Figure.7 The general Structure of ADRC controller

4. Control of DFIG

4.1 Control of the rotor side converter by using
RST controller

The transfer function of our system is:

B MV (38)

A(s)  LsRp+SLslyo

From the Eg. (22), we obtain the control
parameters:

1

Sy =

LsLyo
35R,
S; = ; So=0
1 Ls(Lyo)? 20 39
{
N 340R;2 (39)
17 Mvs(Lyo)?
=T = 1125R,>
07 N0 Myg(Lyo)3

The Fig. 8 depicts the control of the stator active
and reactive powers produced by the DFIG through
controlling the RSC using RST control.

4.2 Control of the rotor side converter by using
ADRC controller

The rotor currents in Eq. (12) can be written as:

—» RST d,q abc
P, _ylcontrol — | p
ol p [ ROOT | »D>
Wiy Side R F
[ M Conve |
> -rter p Gl >
Qs—re[ Q
—»| RsT — [ ]~
¢ plcontrol abdg Vdf da

Figure.8 Block Diagram of RST control of DFIG
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dlrg _
dat

Ry 1
— o-_LrIrd + (,Urqu + O'_LrVTd (40)

dlrg Ry M 1
Urg o Br g ol — 0y +—V,
dt oL, T4 rird T 6LrLg Psq oLy Td

This equation can be written as:

Lot = f(ra,d, 0) + bou(t) "
219 = f(lrqd, ) + bou(t)

Where:

fUre,d,t) = _:;er rd T wrqu
(42)

1
u(t) = Vrd and bO = O'_L-r
Ry M
flrg d,6) = = JE b = ok = 0r 7= g
(43)

u(t) =V, and b,= L

oLy

The Fig. 9 depicts the control of the stator active
and reactive powers produced by the DFIG through
controlling the RSC using the linear ADRC control.

5. Regulation of DC bus voltage
5.1 Regulation of DC bus voltage with RST

The DC bus voltage control allows giving the
reference quadratic current of the grid filter lsgrer.
The transfer function of DC bus is:

B9 _ 1 (44)

A(s) ~ sC

From the Eq. (22), the RST control parameters are:

{52 = (45)

The Fig. 10 depicts the control of DC link voltage
by using RST controller.

P ! oref
ATV
*ADRC d.q ab

—plcontroll | — ] P
e P ® Rotor [P D
Side F
g 3 g
W Conv- |
M P erter [P cl»
v,
rd-ref rd-ref > QS
ADRC| |[ | T 1d U
I, control| |lab v, q

Figure.9 Block diagram of linear ADRC control of DFIG
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Figure.10 DC link voltage control with RST controller

5.2 Regulation of DC bus voltage with ADRC
The Eqg. (20) can be written as follows:

avgcl® 2

2
it C - EVSIfq (46)

Vdclrm

This equation is given by the canonical form of
the ADRC as follows:

A = f(Vae?, d,t) + bou(t) (47)

Where:

f(Vdczﬁ d, t) = 3Vdclrm
{ ¢ 5 (48)

u(t) =Ip; and b, = —ZV
The Fig. 11 represents block diagram of the of
the linear ADRC control of DC link voltage.

6. Control of grid filter
6.1 Control of the grid side converter with RST

The transfer function of the grid filter is:

5o _1 (49)

A(s)  RptsLp

From Eg. (22), we deduce the parameters of control:

1 35R
{sz—— ;S = Zf ;0 So=0
Ly Ly
340R? 1125R 3 (50)
LE1 2 ;i 1o=Ty= 3
k Ly Ly

The Fig. 12 depicts the control of the grid filter
by using RST controller.
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»
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Figure.11 DC link voltage control with ADRC controller
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Figure.12 Block diagram of grid filter control with RST
6.2 Control of grid side converter with ADRC

From Eq. (17), the grid currents can be written
as follows:

R 1 1
— = = —ilfd + wslfq - ;ng + ;de (51)

Yrq _ _Rry _ _ X L
= Lflfq Wslrq Lfl{qq"'Lfqu

These equations can be written as follows:

dal
ﬁ = f(Itg, d, t) + bou(t) 52)
dl
L= f(Irq,d,t) + bou(t)
Where:
Rf 1
f(Ifd'd' t) = _;Ifd + (l)slfq - ;ng
1 (53)
u() =V, and by =—
Ly
R
f(lfd'd' t) = _ilfq — Wslpq — ngq
1 (54)

u(t) =Vyg and by = =
f

The Fig. 13 represents the block diagram of
power control of grid filter with ADRC controller.

7. Results of simulation and discussion

The  simulation has achieved  with
MATLAB/Simulink software and the parameters
values of the DFIG, the wind turbine, DC bus, the
grid filter and the both controllers are given in
Tables 2 and 3.

Fig. 14 shows the variation of the wind speed
applied to the wind turbine, which varies between
5m/s and 12 m/s.
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Figure.13 Block diagram of grid filter control by ADRC
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Figure.15 Mechanical rotor speed of DFIG

From Fig. 14 and Fig. 15, we can observe that
the turbine has a good adaptation to the wind
variation thanks to the MPPT strategy.

7.1 Reference tracking test

The stator power reference is proportional to the
speed of the generator obtained thanks to the MPPT.
And the reactive power reference is chosen equal to
zero to have a unit power factor.

The Fig. 16 and Fig. 17 present respectively the
simulation results corresponding to active and
reactive powers of stator obtained by using RST and
linear ADRC controllers. These DFIG output
powers converge and track exactly their references.
But we can observe that there are some differences
between the results obtained by the both controllers:
The settling time for the ADRC controller (60 ms) is
lower than the settling time of the RST controller
(10 ms) (case of the reactive power). In addition, in
the steady state regime the responses obtained with
the ADRC control are more precise and have a very
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less static error and (case of the active power)
compared to RST control.

The Fig. 18 and Fig. 19 illustrate respectively
the simulation results corresponding to reactive
power of the grid and the DC bus voltage controlled
through RST and linear ADRC controllers. We can
observe that the DC bus voltage is maintained to its
reference by using these both controllers but the
static error, the response time and the overshoot
obtained by ADRC still very low compared to the
RST. In addition, the reactive power is kept at zero
according to its reference in order to maintain a unit
power factor but always the response is more
accurate with ADRC.

----- Ps-ref Ps [RST] Ps [ADRC]

o

Stator active power (W)
[$2]

0.02 0.04 0.06 0.08
15 r r r r r 13
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Figure.16 Stator active power of DFIG
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Figure.17 Stator reactive power of DFIG
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Figure.18 Reactive power of the grid
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Figure.19 DC bus Voltage
7.2 Robustness test

Fig. 20 to Fig. 23 illustrate the responses of the
powers of DFIG with variation, respectively, of the
value of the rotor resistance by 30% and the value of
the rotor inductance by 50%. The obtained results
show that the robustness is ensured by these two
controllers, but the responses of the ADRC
controller are better than the RST controller.

Fig. 24 shows that the response time of DC link
voltage with RST controller increased with
increasing the capacitance value of the DC link
capacitor by 40%. In case of the increase of the grid
filter resistance value by 40% (Fig. 25), we observe
that the response of the grid reactive power obtained
by ADRC presents a neglected static error compared
to RST. Therefore, from these results, we can
observe that the performance of the ADRC
controller is better than the RST controller.

x 10
55
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g
=3
(<5
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8
% X 105
5 10l 3.2
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8. Conclusion

In this work, we have presented the modeling
and control of the wind turbine system based on
doubly fed induction generator which the stator is
directly connected to the electrical grid and the rotor
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also connected through back-to-back converter. The
aim of the new ADRC control is to improve system
performance by better tracking the maximum power
point of the wind turbine chain, maintain DC bus
voltage at constant value and to ensure a unitary
power factor whatever the wind speed and with
significant advantages compared to other strategies
applied in the literature.

Considering the simulation results, the active
disturbance rejection controller (ADRC) achieves
very good performance and efficiency, in term of
reference tracking and in term of robustness, higher
to those obtained with the RST controller, which
achieve the best maximum power point tracking, In
addition, The ADRC controller has a single setting
parameter which makes it easy to implement.

Table 3. Parameters of DFIG

Parameter Value
Rated power P,=15 MW
Number of pole pairs p=2
Rated stator voltage 398/690 V
Stator resistance Rs=0.012 Q
Rotor resistance Rr=0.021 Q
Stator inductance Ls=0.0137H
Rotor inductance L, =0.01367 H
Mutual inductance M=0.0135H
Nominal frequency f=50Hz
DC bus voltage Vg = 1200V

Table 4. Parameters of turbine

Parameter Value
Density of ajir p = 1.225 kg/m?
Damping coefficient f, = 0.0024
Moment of inertia J =10 kg.m?
Turbine diameter D=705m
Gain of the multiplier G=90

Table 3. Parameters of grid filter

Parameter Value
Inductance of the filter Li=2mH
Resistance of the filter Ri=5 mH

DC link capacitor C = 4400 pF

Table 5. Parameters of ADRC Controller

Parameter DFIG C_%rid I.DC
control filter link
Control parameter K, 400 130 120
Bandwidth of ESO 2000 650 600
™o = 5.0¢
4000 1300 1200
Parameter;;’f ESO /1| 4000000 | 422500 | 360000
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In our future work, the ADRC control strategy
will be used to control of the wind turbine based on
DFIG connected to the grid in primary frequency
regulation in order to solve the problem of
imbalance between production and consumption.
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