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Abstract- In the interconnected power systems, there must always be a balance between the amount of electricity produced
and the amount of electricity consumed in order to keep the grid frequency stable and nearby to its nominal value. Therefore,
any change in consumption can lead to imbalance, instability, load shedding and system frequency disturbances. With the
increase of wind energy penetration level in the electrical network, it has become necessary to make wind generators
participate in frequency regulation. The fundamental objective of this research paper is to investigate the ability of wind
turbine at variable speed equipped with doubly fed induction generator (DFIG) to contribute in the grid frequency regulation.
For the purpose of the contribution in the frequency regulation, the wind turbine system must inject a supplementary power
support into the electrical network. To do that, two control strategies are adopted: the first one is the synthetic inertia control
which uses the kinetic energy reserved and stocked in the turbine and generator rotors of the wind system. The second one is
the droop frequency control which includes the deloading method that allows to the VSWT to create a certain reserve active
power. Then, each of these control techniques is implemented and their performances are evaluated in case of frequency
variation. Moreover, the control structure that uses the combination of these two techniques is also implemented and studied.
The active disturbance rejection control strategy (ADRC), the classical PI controller and the polynomial RST controller have
been adopted to command the rotor side converter (RSC) of the DFIG which allows it to provide, in case of frequency fault, a
support for the power system into the grid by adjusting the rotor speed. The performance of these controllers are tested and
compared and the simulation is performed by MATLAB/Simulink simulation software.

Keywords- Variable Speed Wind Turbine system, DFIG, Active Disturbance Rejection Control, inertia control strategy, droop
control strategy, Deloading method.

1. Introduction to their maximum power tracking operation and their ability
to regulate easily and independently the active power and
At present, the global wind power generation has  reactive power injected to the electrical network by using
experienced a substantial growth and has developed rapidly ~ converters [2].
compared to other energy sources. Consequently, following
the strong penetration of wind energy into the electrical
system, the wind turbines generators must participate in
frequency stabilization in the event of an imbalance between
the electrical energy produced and that consumed [1].

The DFIG is subject to the effects of generator
parametric uncertainty (that can be caused by saturation
effect, skin effect, overheating effect, etc.), and the effect of
disturbance due to the speed variation [3]. To overcome these
constraints, the wused controller should be robust and

Currently, the most famous wind generators used are the  efficient.
variable speed wind generators equipped with the DFIG due
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With the increased penetration of wind turbines into the
electrical power grid, the wind generators replace a large
number of conventional generation units such as
synchronous generators. In addition, these types of wind
generators are insensitive to frequency variations owing to
the decoupling of DFIG rotor speed and the electrical grid
frequency [4]. Therefore, the total inertia of the system is
decreased and the ability to maintain power system
frequency stability is degraded when a frequency disturbance
occurs. Several researches have addressed this issue by
proposing several control schemes that allow wind turbines
systems to involving into primary frequency control [4-5].
Two categories of these schemes are notably essential for
involving variable speed wind generators in the frequency
setting, they are classified into: Synthetic inertial control and
primary droop controller [5].

The inertial control which essentially uses the kinetic
energy stockpiled in the wind turbine blades and the rotor of
DFIG allow adding an additional active power so as to
correct the frequency drop during the initial time [5-6].

Besides, the primary droop control which liberates the
reserved power in wind turbine generator in order to
compensate the system frequency deviation by providing
automatically an active power support [6]. Therefore, the
WTG must be operating at de-loaded conditions through
setting the parameters of the maximum power point tracking
(MPPT) so that we can obtain an active power reserve [7].

Several studies have shown that the ADRC control
strategy is characterized by very good robustness and that it
has a good efficiency in set points tracking because it has
many advantages, such as good performance and high
accuracy in case of dynamic system control, system stability
ensured and the easy implementation thanks to the tuning
parameters reduced [8]. The ADRC method typically uses an
Extended Status Observer (ESO) which acts as a status
feedback controller and provides the system status
information in real time and it allows estimating and deleting
all internal and external disturbance can affect the system [8-
9].

In this work, the first-order ADRC control strategy has
been used so as to command the rotor side converter (RSC)

/s

of DFIG. Furthermore, in order to make wind turbine
participate in frequency control, inertia and primary droop
control strategies are implemented in the RSC of the DFIG
based wind turbines in order to adjusting the rotor speed
when a frequency disturbance occurs “Fig. 1.

This article is structured into five sections as follows:
We start, in the second Section, with modeling of different
components of DFIG based variable speed wind turbine.
Moreover, the structures of the RST and ADRC control
methods are described and these control strategies are
applied to the RSC so as to control the active and reactive
power of DFIG. In Section 3, the operation at de-loaded
mode of wind turbine, the strategies of frequency control
(inertia and droop control) and combination of them are
presented. Then the section 4 presents and compares the
results and tests of simulation which were carried out using
MATLAB/Simulink environment. Finally, Section 5
concludes and summarizes this research.

2. Modeling and control of DFIG wind turbine
2.1. Wind turbine modeling

The aerodynamic model of the wind turbine is modeled
mathematically by the following equation [9, 24]:

Pe =G, RAPV? (M)

Where, A is the rotor blades swept area in m?, V is wind
speed in m/s, p is air density in kg/m3 and C, is power
cocefficient is given as follows “Eq.2” [9]:

21

C, =0.5176 (% —0.4p5 — 5) o) +68.10741 (2

Where:
f: The pitch angle.
Ai is given as follows “Eq.3”:

1 1 0.035

A = 2+0.088 - 1+3 (3)

Gearbox

GRID

Filter

Turbine

GSC iy LF o Rf
550 —1 4
L T e, T

F
requeTlcy <
AF| resgulation AP

Q,

Vdc rer fref

Fig. 1. Control scheme of DFIG based variable speed WT with frequency regulation.
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And 1 is the tip speed ratio [24]; it is given by “Eq.4”:
—_pt
A=R " 4)
Where:
Q:: Turbine rotor speed.

R: Rotor radius

The fundamental principle of the dynamics is defined as
follows [10-11]:

B Ty~ Tom — £, 5)
Where:

Tem: The electromagnetic of generator,

Ty: The mechanical torque of DFIG rotor,

€¢: The mechanical speed of DFIG rotor,

fv: The viscous friction coefficient,

J:  The total inertia.
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Fig. 2. Wind turbine converter model.
2.2. DFIG modelling
The DFIG is used to convert the mechanical rotation of
the wind turbine (WT) into electric power.
By considering the following assumptions [9]:
»  The stator resistance R; is neglected,
»  The stator flux vector ¢s is oriented along the d axis.

This generator is modeled in d-q reference frame by
“Eq.6” to “Eq.9” [9-10, 25, 27].

bsa = Lslsqg + Linlyq = s
¢sq = lesq + Lml,,q =0

bra =Ll + Linlsg ©)
brq = Lelrg + Linlsg
Via = Rlsg + "2 — wyhsq = 0
Vg = Rslsq + dij% + WsPsa = Psws
Ve = Relya + Lo 52— ga Lo, @
Wq=RMq+hﬂZ7—ngde+g%?
Where:
oc=1- LIZI; (8)

And:
Po= Vil
R ©)
Tom = =P sl
Where:

Py, Os: Active and reactive power of stator,
V, Vs : Stator and rotor voltages,

¢s, ¢r : Stator and rotor fluxes,

I, I- Stator and rotor currents,

ws ,r : Stator and rotor angular frequency,
R, : Rotor resistance,

Ls , L, : Stator and rotor inductances,

M: Mutual inductance,

p: Pole pairs number
2.3. Active disturbance rejection controller (ADRC)

The ADRC strategy is a robust controller that includes
an extended state observer (ESO) allows estimating and
rejecting any unexpected disturbance “Fig.3” [8-9].

The expression of the linear first-order ADRC control is
obtained as “Eq.10” [9]:

y=fQ,dt)+bu

Where u is control input, y is the system output, d is the
external disturbance, f is the total disturbance and b is the
control gain [8-9].

(10)

External Disturbance

Extended State
Observer

Fig. 3 ADRC controller structure

The linear first order extended state observer (ESO),
expressed by “Eq.11”, allows obtaining the estimates of f'and

y [9]

{_'?=f+ﬁl(y—9)+bou an
f=B-9

Where, ;1 and f5> are the gains of the observer “Eq.12”:

gl=[o]
= 12
B w§ (12)
wo1s the bandwidth of the ESO.

w, = 3~7K, (13)

Where, Kp is the ADRC control parameter.
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The rotor currents of DFIG can be written in the
following form [9]:

. 1 R,
{Ird = O'_LrVTd _O__Lrlrd + wrqu = fl(t) + bul

) o 14
oo Mo, (14)

Ry
qZO__Lr rq_o_l‘rqu_wrlrd_ ¢sq=f2(t)+bu2

oLyLg

Where:

Ry
fl(t) = _G_LTITd + wrqu

Ry M
fz(t) = _G_LTIrq - wrlrcl — Wy oLyLg ¢sq (15)

1

U =V s;u;=Vy b=G—LT

The “Fig. 4” depicts the indirect control of the stator
powers of DFIG through control of the DFIG rotor currents
using ADRC controller [9].
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Fig. 4. Scheme of DFIG power control using linear ADRC.

The RSC is controlled by the Sinusoidal Pulse Width
Modulation technique.

2.4. RST polynomial control

The RST polynomial control is a linear controller
composed of three polynomials R, S and T whose
coefficients are determined so that we can get an effective
control. The general RST controller structure is shown in

“Fig.5” [9].
Disturbance

d
r T u B Y o
_) T T >

Plant
R
S

Fig. 5. RST controller structure.
Where r is the reference input and y is the system output.

The transfer function of the DFIG system is given by
“Eq.16”:

B(s) _ MV
A(s)  LsRp+SLgLyo

(16)

The expressions of the control polynomials are given as
follows [9]:

R(s) =ns+r,
S(s) =s,52 + 5,5+ 5,
T(s) =T,

(17)

The coefficients of these polynomials are determined by
solving the following equation called Bezout equation
“Eq.18” [9].

{D(s) = A(s).5(s) + B(s).R(s) = C(s).F(s) 8
D(s) = (s—sc)(s—sf)2 (18)

Where, C(s) and F(s) are respectively the control
polynomial and the filtering polynomial.
Generally:
se=5s, ;

sf=3s,=15s, (19)

From the “Eq.16” to “Eq.19”, we obtain the parameters
of RST control [9]:

1

Sy, =

LgLyo
35R,
S = 2
Lg(Lyo)
So=0 (20)
__ 340R,2
n=—m
MVg(Lyo)
N _ 1125R,3
0 0™ MV(Lyo)3

The “Fig. 6” depicts the direct control of the stator
powers produced by the DFIG using RST control [9].
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Fig. 6. Scheme of DFIG power control using RST control.
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3. Primary frequency regulation strategies
3.1. Inertial control strategy

This control strategy permits the turbine-generator to
release the energy stored in the WT rotating masses to the
power system at the event of frequency disturbance “Fig. 7
[6,11]. Its principle consists in obtaining a new reference of
electromagnetic torque, so a new active power reference,
from the rate of variation of frequency. In case of a
frequency drop, the reference electromagnetic torque rises,
bringing about a deceleration of the DFIG rotor speed.
Therefore, supplying a portion of the kinetic energy stored in
the rotating objects of WT [11].

Its principle consists in obtaining of the electromagnetic
torque, so of active power, from the rate of variation of
frequency. In case of a frequency drop, the reference
electromagnetic torque increases.

The new set point power is expressed as follows:

P, = Puppr + APy 21)

Sref
Where AP is the support inertial, it is expressed as [11-
12,18]:

dfmeas
APy = —2Ky fmeas dt (22)

We have added a block called dead zone which
generates zero output when the frequency deviation is less
than 0.075 Hz [17], in order to activate the frequency
controller only if the frequency deviation exceeds this limit.

et

%ref 1 Tettyef

ﬂg
f meas|

d
T P [T

A 4

Inertial Control

Fig. 7. Block diagram of inertial control strategy.

3.2. De-loading operation of Variable Speed WTGs

Thanks to this control strategy, an active power reserve
is obtained by moving the WT from the maximum operating
point PMPPT to another operating point in deloloading mode
PDEL “Fig. 8” [12-13]. This active power reserve APres will
be used to help restore the system frequency after a
disturbance [13]. This method uses a new reference of the
electromagnetic torque unlike MPPT operation.

A A
Aupp P Vi<V, <V3
RES B
PpeL
MPPT
curve
V3
V.
2 Deloading
| — power curve
"1
N
Q
A B 2

Fig. 8. MPPT and deloading power curve of variable speed
WT.

The deloaded power is expressed by the following
equation:

Ppgr = (1= K;)Pyppr (23)
Where:

1
Pyppr = > Comax Aopts 0)pmR?*V? (24)

Thus, the power coefficient reference in deloaded mode
is given by “Eq.25™:
CpaerPaer, 0) = (1 = K)Cp, . (Aope, 0) (25)
Where, Kr is the reserve factor.
In this study, we chose: K=15%

Thus, the electromagnetic torque reference can be
expressed by “Eq.26™:

Ty = L =€) (Ao, PR (Z2)°  (26)
€Mgel Qg 204 Pder\del P GAdel

3.3. Droop control strategy

Droop control principle consists in providing a
supplementary active power proportional to frequency
variations “Fig. 9”. It is expressed as follows [14, 16]:

APdroop =K, Af =K, (fref — fmeas) 27

Where Ks is the droop gain, it is given as follows
[15-16, 26].
P,
K; = —
a 5-fref
Where ¢ is the droop parameter

(28)

We chose 6=4%

Taking into account the primary frequency adjustment,
the new electromagnetic torque reference become as follow:

1 RQ
Temyep = 2, Co(4 0)pmR e ok 29)
Where:
Cp 1,0) = Coyor (Ager, 0) + AC, (30)
APgro0
Cp (1,0) = 1- KT)CZ’max + 05/)11:753 3D
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And the ratio speed A is obtained by solving the
expression of the power coefficient C, at f=0°, obtained by
interpolation polynomial method [22]:

Cpy(D) = a;2* + a,A + az (32)
Where:
a, = —0.0158
a, = 0.2508 (33)
az = —0.5302
—az* |af~4a;1(az—Cp)
A = max (34)

2aq

The droop frequency control can solely be activated
when the deviation of frequency is outside a specific bound
(in our case: |Af] > 0.075Hz) [17].

The new power reference of DFIG “Fig. 10” is given by
the following equation:

Psref = Temref' Q‘g = PDEl + APdraop (35)
y I-k
pmax
Deloading Operation A

calculation

of A _l

r
1— nRz(_R_!_ZQ )3%

ff ef Vi _Qgcpp G
fmeas T

Fig. 9. Block diagram of droop control strategy

P A
A
PMPPT
Pref I B
pEL
MPPT
curve
Deloading /
power curve /
Rotor speed -CA_Q £2 rod
measB

Fig. 10. Power reference of WTG using Droop control
3.4. Combined inertia-droop control strategy
The combined control scheme consists in combining the

inertia control and the droop control in order to obtain a
single electromagnetic torque reference and hence only an

active power reference [19]. Therefore, we will benefit of
both inertial support and primary power reserve
support“Fig.11”.

The electromagnetic torque setpoint can be defined by
“Eq. (36):

T, =t AT 4T (36)
eMyef Qg emin emgy
H[Deloading Operation
Cp
max
calculation |4 Q g
of A
Afroop »L
Af 2 3
Droop Control 0.5pﬂR£i/ 3
f, meas
‘)[ Inertial Control ]—7
AP,

N

Fig. 11. Block diagram of combined inertial and droop

controller.

4. Simulation results, analysis and discussion
4.1. Modeling of studied power system

In order to investigate the performance of the used
control techniques, we consider a small electrical power
system composed of a thermal generator based on the reheat
steam turbine and the wind generation system based on the
DFIG generator, the diagram of the adopted system

frequency response is depicted in the following figure [20-
21]. The simulations were performed using Matlab/Simulink
software.

AFIoad
Governor Turbine
1 14FrTps 1 Af]
1+41Tgs (1+Tps) (1+Tts) D+2Hegs

Reheat Steam Turbine

Fig. 12. Studied system frequency response model.

Note that this system operates without automatic
generation control (AGC) therefore its coefficient Ki is
assumed to be zero in the studied system, because we are
only interested in the primary frequency regulation in this
study.

All the simulation parameters are listed in “Table 2.” to
“Table 4.”
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4.2. Overview and description of frequency response metrics

The important metrics “Fig.13” of the frequency
response, when there is a sudden diminution in power
generation, are as follows:

e Rate of change of frequency (RoCoF): This is the

frequency decline rate Z—/:.

e Frequency nadir: This is the lowest frequency in
the response.

e Settling frequency: This is the average frequency
after the event.

4Frequency (Hz)
\ Time (sec)

l

v

Rate of
change of

frequency
(RoCoF)

Frequency nadir

Fig. 13. Metrics of frequency response curve

4.3. Effect of the wind turbine penetration level on the
electric grid

In order to show the need for a frequency control of the
variable speed wind turbine generator (VSWTG), for support
and regulate the system frequency in the event of a fault, we
tested the effect of rising in the penetration level (L) of
VSWTG in the grid on the frequency response during an
unexpected frequency drop. We are considered that only the
thermal generator that participates in system frequency
regulation and the system has undergone a sudden load
increase of 0.1 pu is introduced at t = 15 sec.

The “Fig.14” shows that the high wind penetration level
causes the increase in the frequency deviation. Also the
frequency nadir of the network reaches a deeper value
(fvapr =49.17 Hz) in the case of Ly, =30%. This problem is
caused by electronics converters that decouple the VSWT
from the power system which leads to decreasing the global
grid inertia because the power system is deprived from the
inertia support that could be given by the VSWTG. Hence
the need to apply a frequency control loop.

Penetration level of WT = 0%
50 Penetration level of WT = 10% 1
Penetration level of WT = 20%
Penetration level of WT = 30%

™
©
)

%

Frequency (Hz)
&
=2

0 5 10 15 20 25 30 35 40 45 50
Time (sec)

Fig. 14. System frequency for various values of L, without
contribution of VSWT in frequency regulation.

4.4. Effect of the frequency regulation techniques of WIG on
[frequency response

The frequency response of the power system consisting
of a WTG and a thermal generator “Fig .12” is studied so as
to evaluate and compare the frequency control strategies of
WTG. Four simulation scenarios are carried out:

e Scenario 1: Wind turbine generator (WTG) without any
frequency control strategy and only the thermal
generator can participate in the frequency support.

e Scenario 2: Inertial-support control method of the
WTG was enabled.

e Scenario 3: Speed droop control method of the WTG
was enabled.

e Scenario 4: The both controllers (inertia and droop
control) were simultaneously enabled.

These different scenarios have been simulated for
various wind power penetration levels (L,=10%, 20%, 30%
and 45%) as depicted in “Fig .15” to “Fig .18”.

——— Without WT support
50 Inertia control only
Droop control only
Inertia + Droop control
49.8
-
N {
I
=
>, 49.6 Vj
o
c
s /
o 49.4 y
[7]
L
'S
49.2
49

0 5 10 15 20 25 30 35 40 45 50
Time (sec)

Fig. 15. Frequency response for L,=10%
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—— Without WT support
50 Inertia control only
Droop control only
Inertia + Droop control
49.8

N\
A

'/

Frequency (Hz)

49.4 \Y/

49.2

49

(] 5 10
Time (sec)

Fig. 16. Frequency response for L, =20%

15 20 25 30 35 40 45 50

——— Without WT support
50 Inertia control only
Droop control only
49.8 Inertia + Droop control
g
2 49.6 W77
c
[
=
S 204
S
L
49.2
v
49
0 5 10 15 20 25 30 35 40 45 50
Time (sec)
Fig. 17. Frequency response for L, =30%
Without WT support
50 Inertia control only
Droop control only
49.8 Inertia + Droop control
0 |
3 496 / =
c
[
=
o 494 \L
L
49.2
49 V/
0 5 10 15 20 25 30 35 40 45 50
Time (sec)

Fig. 18. Frequency response for L, =45%

To analyze these results, we must compare the
performance metrics of these frequency responses. To do
this, we start by calculating the RoCoF as shown in “Fig .19”
to “Fig .22”. Then we plot the variation of the performance
metrics for each case.

0.5 r =
——— Without WT support
| Inertia control only
Droop control only
Inertia + Droop control
—~ 0
o
s |
E -0.692 I
~ -0.6925
s |
Q -0.693
% 0.5 P
o -0.6935 /
L -0.694 —
-0.6945 —
1 10 10.00210.004
0 10 15 20 25 30 35 40 45 50
Time (sec)
Fig. 19. RoCoF for L, =10%
u.b
——— Without WT support
Inertia control only
Droop control only
* Inertia + Droop control
—~ 0
o
b3
3 /
< -0.776
5 /
Sy -0.778
3 0.5
= -0.78
—
-0.782
1 10,002 10.004
(1] 10 15 20 25 30 35 40 45 50
Time (sec)
Fig. 20. RoCoF for L, =20%
u.b
——— Without WT support
Inertia control only
Droop control only
Inertia + Droop control
—~ 0
©
]
N -0.884 I
<
w -0.886
3
- -0
3 0.5 888
o -0.89
-0.892 i
A ——

] 10.002 | 10.004

10 15 20 25 30 35 40 45 50
Time (sec)

Fig. 21. RoCoF for L, =30%
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0.5 r r r r
—— Without WT support
Inertia control only
Droop control only
N Inertia + Droop control
0
m
]
N
z -1.115 ]
T
[} -1.12
% o 1.125 /
g -1.
-1.18
I 4135
-1 1.1
10.001  10.0015
N 13 b
0 5 10 15 20 30 35 40 45 50

25
Time (sec)

Fig. 22. RoCoF for Lp=45%

The “Fig.23” summarizes the metrics of the frequency
response (nadir, RoCoF and settling frequency) as a function
of WT penetration levels (Lp) for the various simulation
cases.

In the first scenario (without any WTG support), the
“Fig. 23a” and “Fig. 23b” show that the frequency nadir and
also the settling frequency decrease with increasing
penetration level of wind generation because the WT power
is not sensitive to the frequency variation. On the other hand,
the ROCOF increases “Fig. 23c” when the penetration level
of WTG increases.

In the second scenario (inertial support WTG), the
inertial frequency control brought a significant improvement
of the frequency nadir especially in higher wind penetration
as shown in “Fig. 23a”. On the other hand, in steady state,
we note that there is no difference in the settling frequency
compared of the first scenario due to the rapid exhaustion of
the stored kinetic energy in the rotating masses of WTG
“Fig. 23b”. Therefore, the inertia support contributes to
reduce the declining of RoCoF when the disturbance occurs
as shown in “Fig. 23c”.

Figure 24 and Figure 25 show that when the frequency
decreases, the mechanical speed decelerates as to allow the
WT to increase production by excerpting a portion of the
kinetic energy reserved in the rotating masses. This
supplementary power support will aid the system for a short
time (17s). In steady state, the frequency stabilizes and the
active power returns to its initial setpoint.

In the third scenario (Droop control only), the wind
turbine operates under the optimal operating point so as to
create the power reserve “Fig.24”. This power reserve is
injected into the grid immediately when the disturbance
occurs “Fig.24”, which brings about a diminution in rotor
speed “Fig.25”. The “Fig. 23a” and “Fig. 23b” show that the
both parameters of frequency: setting value and the nadir
frequency are increased with increasing of wind penetration
level. So there is an improvement of the frequency response
in the steady state. Furthermore, Figure “Fig. 23c” shows
that this control method contributes to a little decrease in the
decline of RoCoF compared to inertial control.

In the fourth scenario (Combination of inertia and droop
controls), the suggested combination of the both controllers
offers a good and more improvements than the results of the
previous scenarios for the three main frequency metrics, such
as: a greater reduction in the drop in RoCoF, the best nadir
and settling frequency “Fig. 23”.
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Fig. 23. Impact of wind active power controls, for different
penetration levels, on: (a) frequency nadir, (b) settling
frequency and (c) maximum ROCOF.
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Fig. 24. WT active power evolution for different frequency
control strategies

r41]

m Without WT support

200 Inertia control only
g Qp Droop control only
% 190 Inertia + Droop control
«©
S 180 -
Gm 1
170
T
g V4
% Q160 —
1
o
=)
]
o

5 10 15 20 25 30 35 40 45 50
Time (sec)

Fig. 25. Rotor speed evolution for different frequency control
strategies

4.5. Performance evaluation of the proposal controllers RST
and ADRC used to control the WT based on DFIG

The simulation results of the active and reactive powers
of DFIG stator are respectively illustrated in “Fig. 26” to
“Fig. 27”. We can see that the responses obtained by the
ADRC controller follow with high performance their
references with zero overshoot, a time stabilization, recovery
time and rise time, shorter than RST and PI controllers. In
addition, the performance of RST control is better than the
classic PI control. In terms of robustness, the obtained results
prove that the ADRC controller is more robust and it adapts
very well to load disturbances and speed variations compared
to the other controllers tested. So the ADRC controller has a
great disturbance rejection capability and high performance
in term of reference tracking.

The “Table 17 gives a numerical comparison of the
performance of PI, RST and ADRC controllers for the active
power response of the DFIG stator.

Table 1. Active power response parameters.

Type of Controller PI RST | ADRC
Rise Time (s) 0.085 0.05 | 0.026
Settling time (s) 0.22 | 0.052 | 0.026
Overshoot (%) 12.3 0 0
Steady state error (%) | 2.33 0.08 0.01
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Fig. 26. WT active output power
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Fig. 27. WT reactive output power.
5. Discussions

The simulations results show that the inertia frequency
control provides only a short-term frequency support which
allows an important improvement in the frequency nadir,
especially with a higher level of wind penetration. Although,
with the speed droop control which uses the primary power
reserve, it can be observed that the participation of the WT is
higher, it also contributes to the stabilization of the frequency
for a longer time but not only during the dynamics transients.

The suggested combination of the two controllers
provides a good improvement for the three main frequency
metrics, such as: important reduction of RoCoF dip, shallow
nadir, and better stabilization frequency.

Regarding the DFIG control techniques, we can deduce
that the proposed ADRC method gives better performance
and it offers a good transient state in comparison with the PI
and RST control methods.

6. Conclusion

In this work, a modeling of the WT system based on
DFIG is presented. Also, this work explored and compared
different active power control strategies that allow DFIG-
based WT generator to participate in frequency regulation via
the rotor speed adjusting. In a short period of time, the inertia

329



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

M. Chakib et al., Vol.11, No.1, March, 2021

control strategy allows the wind turbine to emulate the
behavior of synchronous generator. As a result, in the case of
a frequency deviation, the controller commands the
deceleration of the wind generator to pull out some of its
kinetic energy, furnishing an additional active power support
for power system. The droop control permits the WTG to
furnish a power support over a prolonged period of time that
allows enhancing the system robustness. In this case, the
wind generator must function in deloaded mode in order to
create some power reserve which may be provided
automatically in the case of frequency excursions. The
combined control (droop and inertial controls) enhances the
frequency response demeanor. In this respect, the deloading
mode of WT conduces to the rise in the rotor speed.
Therefore, the inertial response was significantly enhanced
thanks to the increase in the kinetic energy accumulated in
the rotating objects.

Furthermore, in order to confirm and evaluate the
efficiency of the ADRC control, comparisons with the PI and
RST controllers are introduced in term of tracking the set
point powers given by the frequency regulation strategies.
The simulation results show that the proposed ADRC
controller gives a very smaller steady state error, a faster
response with very small overshoot compared to PI and RST
controllers. Also, this controller has a good robustness
against the disturbances.

Appendix

Table 2. DFIG and turbine Parameters [10]

Parameters Values
Rated power P=15MW
Number of pole pairs p=2
Rated stator voltage 398/690 V
Stator resistance R:=0.012 Q
Rotor resistance R-=0.021 Q
Stator inductance L;=0.0137H
Rotor inductance L,=0.01367H
Mutual inductance M=0.0135H
Nominal frequency f=50Hz
DC link voltage Vac=1200V
Density of ajir p =1225kg/m?
Damping coefficient Sv=0.0024
Gearbox ratio G=90
Turbine diameter D=70.5m
Moment of inertia J =10 kg.m?

Table 3. ADRC Control Parameters

Parameters Values
Gain of controller Ky= ScL Kp= ScL =400
Poles of ESO Seso= 5ScL = 2000

B1=2 Seso = 4000
B2= Seso*= 4000000

Gains of the Extended State
Observer (ESO)

Table 4. Parameters of the thermal generator

Parameters Values
Governor time constant T=0.2s
Reheat time constant T="7s
Steam chest time constant T=03s
High-pressure turbine fraction F=03
Inertia H=4s
Load damping coefficient D=1
Governor speed regulation R=0.05
Integral gain K=0
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