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Abstract. This paper aims to explore a wviable
monitoring and management of active and reactive
powers for a large-scale wind farm based on Doubly-
Fed Induction Generators (DFIG) considering the volt-
age Fault-Ride-Through capability (FRT), especially
Low-Voltage-Ride-Through (LVRT) capability by using
a new control strategy, known as Active Disturbance
Rejection Control. This strategy uses real-time estima-
tion and compensation of the generalized "total” dis-
turbance before it affects the system. The wind farm
supervisory unit is used to coordinate the control of the
powers production by the entire wind farm, which must
take into account the couplings between each wind gen-
erator while producing the individual power commands.
The turbine control units (local supervisory units) send
the appropriate power references depending on the sit-
uation. This can be to produce the mazimum power,
to manage the active and reactive power given by the
Transmission System Operator (TSO) or to meet the
requirements of the grid code (LVRT capacity). How-
ever, to ensure the dispatching of the references of the
active and reactive powers over the all wind generators
of the wind farm and to satisfy the security of the power
grid, we utilized mean of the proportional distribution
algorithm.

The effectiveness of the proposed supervisory
approach and control strategies are tested and wvali-
dated through a multiples scenarios of simulations that
are made under the MATLAB/Simulink Environment.
The results obtained have demonstrated the efficiency
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and robustness of the control methods, and also the
fact that they guarantee good performance and safety
of the integration of wind farms into the grid while
complying with the requirements of the grid code during
power system faults.
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1. Introduction

Wind power is a Renewable and a clean Energy Source
(RES), and it is considered as rapid rising energy
resource in the worldwide with an average growth
rate of 30 %. Due to its advantages in terms of
substantial potential and mature technology and the
distribution reserves, related studies and infrastructure
construction for the global utilization are being
developed rapidly. Moreover, the recent development
of power electronics systems and a great transforma-
tion in power system industry have reflected positively
on the wind turbines technology. The capacity of
global wind power has reached 433 GW in 2015 and
is expected to exceed 792 GW by 2020 [1] as shown
in Fig. In 2015, China has the biggest market in
the wind power industry [2], while in Europe, the wind
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energy has also reached a very high level of the integra-
tion in the power system. According to Wind-Europe’s
Central Scenario, the Denmark was the country that

used the most wind power in its energy demand last
year (48 %), followed by Ireland (33 %) and Portugal

(27 %) .
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Fig. 1: Global cumulative wind power capacity from 2001 to
2020 [1].

Nowadays, the DFIG based Wind Farms (WFs)
are the most important sources of wind power and
has been largely utilized in large-scale electricity
generation, due to its prominent advantages such as
its ability of high output power [4], high electrome-
chanical efficiency, improved power quality, high power
capturing, wide range of speed variation, reduced
mechanical stress on turbine, and the flexibility for con-
trolling independently the active and reactive powers.
In addition, it operates with three-phase bidirec-
tional power electronic converters that have less power
capacity than the full power rating, which is typically
about 30 %, compared to the full power rating con-
verter configurations that are used in wind farms based
on Squirrel-Cage Induction Generators (SCIGs) [5] or
Permanent Magnet Synchronous Generators (PMSGs)
[6], which reducing costs and losses in wind turbine
systems. In this structure, the stator windings of the
DFIG are directly interconnected to the power network
and its rotor windings are interconnected by using of
a bidirectional three phase power electronics convert-
ers, which are called the Grid Side Converter (GSC)
and Rotor Side Converter (RSC). In contrast, despite
the benefits of DFIG-based wind turbine over the other
configurations of wind generators (SCIG and PMSG),
the DFIG-based WFs are more sensitive to volt-
age dips and grid disturbances, wherein the dynamic
performances of the WFEs becomes unstable and more
complicated and poses many challenges to the grid.

No electrical network is immune to short, unwanted
and random disturbances such as voltage dips. This
type of disturbance is inevitably an integral part of the
operation of a power system and it is obvious that its
proper management and regular maintenance reduces
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the risk of disturbance. However, during the voltage
dip, high transient overcurrents appear in the DFIG
rotor circuit and flow through the power electron-
ics converters, these overcurrents may exceed the
maximum fault current tolerated by the converter’s
semiconductors, which can damage the DFIG’s
converters or either trip out the WTs [7].
As a result, the generator’s mechanical speed be-
comes excessively high and finally, the system loses
its stability. Therefore, the DFIG-based WT can-
not operate properly during the fault without any
protection system. In order to overcome these
problems, a protection system is required to ensure
the security of the power system and meet certain
requirements of connection to the power grid, which
are commonly defined as Grid Codes (GCs). Those
requirements require the wind generator to remain
connected and continue the production of electricity
during the faults; this process is known as the Low
Voltage Ride Through (LVRT) capability.

Because of the unforeseeable nature of their primary
source of power, the integration of DFIG based wind
farms with a large capacity to the power grid has en-
gendered some challenges to the TSO. These include,
for example, the stability of the electrical power system
and the electrical system reliability and power qual-
ity, and also the regulation of voltage and frequency
[8]. The large-scale wind farm usually contains dozens
to hundreds of wind generators interconnected to the
electrical network at the Point of Common Coupling
(PCC). It is usually monitored to provide the maxi-
mum wind power, to ensure the reactive power and
active powers demand by the network operator and to
satisfy the Grid Code Requirement (GCR). Depend-
ing on the actual power system situation and the con-
trol mode requested by the TSO (hourly generation
required), the WF’s Central Supervisory Unit (CSU)
is configured to control and monitor the total reactive
and active powers exchanged with the electrical grid, in
operating modes such as optimal power control (max-
imum power point tracking), fault control or PQ con-
trol. Besides this, the Local Supervision Unit (LSU)
of each WT is designed to estimate the maximum
power capacity and to gather and forward the relevant
WTs pieces of information to the CSU. [9]. Thus, to
optimally distribute the powers production between
the different W'Ts, one must take into consideration the
reliable operation and the security of the wind farm. In
literature, several techniques have been investigated for
the conception of the supervisory algorithms for wind
farms. In Overall, the supervisory algorithms may be
split into three categories: supervisory algorithms on
the basis of proportional-integral PI controllers; su-
pervisory algorithms based on optimization functions,
and supervisory algorithms based on a proportional
distribution.
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For the supervisory algorithms based on PI con-
trollers, we can distinguish two types which the first
use the PI controller to set the power factor of WF as
have been proposed in the literature [§] and [9]. The
second type regulates directly the active and reactive
powers of WF, see [10] and [11]. Moreover, for the
supervisory algorithms based on OFs, several
researchers have concentrated on the monitoring
of the reactive and active powers of the WF to
minimize its losses. In [12], the minimum cable losses
as the optimal objective is proposed. The authors in
[13], focus on minimizing the sum of transformer and
cable losses. In [14], the authors proposed a strategy
for reactive power allocation for the DFIG based WF
with loss minimization. Additionally, the supervisory
control based on Proportional Distribution (PD)
algorithm was developed in [I5] and [I6], where the
main objective is to dispatch the power proportionally
on the farm wind generators. The comparison between
these three algorithms from a safety point of view and
the risk of wind generators saturation have shown that
the PD algorithm guarantees that each of the wind
generators will always operate far from its (P,Q) dia-
gram limits. For the improvement of the wind turbines
power control, and to overcome the shortcomings of
classic controllers such as PID, RST controllers, we
have used in this paper a Novel ADRC control ap-
proach. This controller allows a very good elimination
of the disturbances in real time which can be numerous
on such wind system, given the complexity and the
number of sensors involved. It also allows to meet
the robustness requirements against the variations of
the system parameters and the uncertainties of its
mathematical model [6]. In this context, ADRC has
been largely used in different areas, like wind power
generation systems with different variable-speed wind
turbine technologies. In our previous article [17], we
have presented the control by ADRC to reject the
internal disturbances of DFIG-based wind turbine
in order to investigate the real-time behavior and
sensitivity of the DFIG controllers to the variation
of the parameters. As a result, we have proposed
this approach in this research article to enhance the
rejection of the network disturbances and to enhance
LVRT capability.

In this this research article, we have two main con-
tributions. The first is the control of active and re-
active power for a wind turbine at PCC with a novel
control structure by the ADRC Strategy. The second
lies in dispatching and controlling of the output pow-
ers of the wind farm in order to satisfy the grid code
requirements while considering the Low Voltage Ride-
through capability. Moreover, to ensure the interac-
tions between the wind turbines generators. As a re-
sult, this article is structured as follows, it is dived into
seven sections, where in Sec.[ 2. ] the FRT and LVRT
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Capability Regulations for Various Grid Codes is pre-
sented. In Sec. the architecture and Modeling of
aggregated DFIG wind farm is designed. The mathe-
matical Theory of the ADRC Method is presented in
Sec. [[4.] The control of DFIG-based WT by ADRC
strategy is treated in Sec. The Sec. deals with
the supervisory system of the wind farm. Finally, the
Sec. [ 7. ] presents the validation and the simulation
results.

2.  FRT/LVRT Capability
Regulations for Various
Grid Codes

2.1.  Fault Ride-Through Capability

Enhancement of DFIG-based
WTs

Fast growth of large wind farms using DFIG has
resulted in the setting of new grid codes, wherein the
primary requirements are the ability of wind generators
to withstand the LVRT and FRT. The major aim was
to ensure that wind turbines withstand voltage drops
at the PCC and stay connected to the power grid to
support the voltage throughout and beyond the fault.
In addition, voltage drop can be caused by many dif-
ferent reasons, the most famous of which is a short
circuit affecting the network or connected installations
with high currents such as the starting of high power
motors, transformers, electric arcs and the disconnec-
tion of capacitive loads or production installations.

Over the past decades, several strategies have been
investigated to improve the FRT capability of the
WT. These techniques can be classified into two
types: Hardware strategies and software strategies.
In addition, hardware strategies can be classified into
two main solutions (Fig. , the solutions based on
hardware strategies using storage-based methods and
protection circuits such as the crowbar method, in
which the literature [I8], [19] and [20] has proposed
the use of crowbar with a series braking resistor, with
a series R-L and with a DC link chopper respectively.
The second hardware solution is the Energy Storage
Method (ESM) is discussed in [2I]. The other hardware
solutions which are based on Series Grid Side Con-
verter (SGSC) and Series Dynamic Breaking Resister
(SDBR) were proposed and investigated in the litera-
ture [22] and [23] respectively. The last hardware solu-
tion method is based on Fault Current Limiter (FCL),
see [24] and [25]. In these works, the authors presented
a Non-controlled Fault Current Limiter (NC-FCL)
and Superconducting Fault Current Limiter (SFCL)
to improve FRT capability of DFIG-based wind
turbine. In contrast, the solutions based on hard-
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Fig. 2: Strategies for improving the FRT capability of WTs.

ware strategies using Devices based on reactive power
injection methods such as a Static VAR Compen-
sator (SVC) and Static Compensator (STATCOM)
are discussed in [20] and [27], the works of literature
[28] and [29] proposes the use of the Dynamic Volt-
age Restorer (DVR) and Magnetic Energy Recovery
(MERS) methods to Improve FRT Capability of DFIG-
Based WTs, in addition, the Unified Power Quality
Conditioner (UPQC) method can improve the FRT
capability as have been studied in the work [30].

In opposition to hardware strategies, the software
strategies do not use external devices based FRT
techniques of WT, they are based on internal control
modifications in the RSC and GSC, which are fur-
ther subdivided into traditional control methods and
advanced control methods. The solutions based on
traditional control methods such as, a modified vec-
tor control, have been proposed in [3I]. The works
of literature [32] and [33] have presented respectively,
the Hysteresis Control and the Feed forward Transient
Current Control (FFTCC) utilized for FRT capability
improvement of WTs. Moreover, there are old meth-
ods based on blade pitch angle control, see [34]. Fortu-
nately recently, wind turbines control has been devel-
oped and this has reflected positively the enhancement
of the voltage drops problems. Several solutions based
on advanced control methods have been also presented
in the literature. For example, in [35], the authors
proposed an FRT capability enhancement method for
the DFIG based WT by using Sliding Mode Control
(SMC). The literature [36] and [37] proposed and stud-
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Blade Pitch Angle Fuzzy Logic Control
Control based LVRT (FLC)

Model Predictive Control
(MPC)

ied the Backstepping Control (BSC) and Fuzzy Logic
Control (FLC) for WTs during various fault conditions,
respectively. Moreover, in [38], the authors presented
a method to meet low-voltage ride-through require-
ments using a Model Predictive Control (MPC).
Figure [2| summarizes the control strategies utilized for
FRT capability improvement of WTs.

2.2.  LVRT Capability Regulations

for Various Grid Codes

In order to ensure a secure and reliable supply of elec-
tricity with integrated wind power plants, large-scale
wind farms must meet certain requirements of connec-
tion to the power grid, which are commonly defined as
Grid Codes (GCs). The problem of grid code require-
ments for large WF has been already investigated in
several research works, but in [39] the author presented
a review of international GCs of various countries for
wind power integration. The European countries have
developed a specific grid code for wind power plants in-
terconnected at Medium (MV) and High Voltage (HV)
power grids. These specifications vary between coun-
tries and depend on the robustness of the national or
regional power network, Fig. presents the LVRT
grid code requirements for different countries.

Different GCs regulations for LVRT enhancement
are summarized as follows:

e Wind generators must remain connected to the
power grid for a predetermined period of time
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for a certain range of voltage drops at the PCC. 3. Architecture and Modellng

For example, the voltage-time curves for Germany,
Spain, Belgium, Ireland, Italy, Poland, China, and
Greece are shown in Fig. it can be observed
that the wind generator has to stay attached to
the network during failures in the areas located

below the curves.

Moreover, TEC 61400-21 also

specifies the voltage dips tests for wind generators
in order to check their responsiveness to the power

network voltage drops [40].

e Wind generators must provide a given quantity
of reactive power (reactive current) to support
the network voltage stability within the fault.
Figuredemonstrates the German GC require-
ments of reactive current. It is shown in this figure
that each percent of voltage drop requires a 2 % of
the reactive current injection for the voltage dips

from 10 % up to 50 %.

When the voltage dip

value is higher than 50 %, the injection of reactive
current goes to 100 % of the rated current.

(© 2022 ADVANCES IN ELECTRICAL AND ELECTRONIC ENGINEERING

of Aggregated DFIG Wind
Farm

The proposed wind farm architecture is depicted in
Fig. [ it consists of three chains that contain a wind
turbine using a DFIG generator that is directly con-
nected to the grid via the stator side and indirectly
via the rotor side using a bidirectional RSC and GSC
converters. The connection between the wind turbine
generators and the power grid is insured by cables at
PCC and the overhead transmission line with the step-
up transformers whether 0.69/25 kV or 25/125 kV,
the nominal power capacity for each wind turbine
generator is about 1.5 MW.

To demonstrate the supervisory and the wind tur-
bine advanced control strategy, the model of DFIG-
based wind farm is given is this section. In addi-
tion, the wind turbine detailed model is composed of
a three-bladed rotor, a mechanical gearbox, an electri-
cal generator (DFIG) with the bidirectional RSC and
GSC converters, DC-Link capacitor, and the line filter.
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The wind’s kinetic energy is captured by the WT sys-
tem and then converted into mechanical energy which
rotates the rotors-blades, the DFIG converts this
mechanical power to a variable electrical power and
it is subsequently injected into the grid. The DFIG-
based WT reactive and active powers can be con-
trolled independently through rotor side and grid side
controls. However, to further study the proposed
system performances, we began by the modelling in the
dg-synchronous reference. The power system data is

summarized in Appendix

3.1.  'Wind Power Dynamic Model

The WT system dynamic model has been discussed
in several different works [4], [5] and [6], which we
will briefly present. Wherein, the aerodynamic power
extracted from the wind can be expressed by the Eq.
which it’s depends on the aerodynamic behavior of each
wind turbine.

Paeroii - Cp()\_iv B_i)Pwii» (1)

1
Paeroii = Cp(>\7i7ﬂii) § P Awtii wtiig P (2)

where C), is the power coefficients; P, is the wind’s
kinetic power; A, ,, p and w; , are the turbine blades
area, the air density and the wind velocity of the wind
turbine i*", respectively. The expression of the tip

speed ratio is defined as:

R Qturii
)\71' = )
we

3)

where 4, , and R are the rotational speed and the
blades radius of the turbine, respectively.

The Fig. [5| represents the aerodynamic power of the
WTs according to A ; and the wind velocity. We notice
that the maximum power is 1.5 MW when the wind
velocity is equal to 12 m- s~! (rated wind speed).

Aerodynamic Power of WT

10 10 8 6 4 2 0
Wind Velocity

Fig. 5: Aerodynamic power of wind turbine .
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3.2. DFIG-based Wind Turbine

Dynamic Model

For dynamic modeling of DFIG-based wind turbines,
a very useful and widely utilized model is used, it is
called the Park’s model or the Direct-Quadrature (dq)
model [4I]. It is assumed that the rotor and stator
windings of the electrical generator model are placed
symmetrically and sinusoidally, besides the effects of
all the windings magnetic saturation are considered
negligible. The stator and rotor generator dq frame is
depicted in Fig.[6} The DFIG model can be described

L, " Rs Ls A4 w¥ Lr Rr I,
+ _;..WVWYL@__@_{YW .
vs:iq Lm % i v"'dq
. Stator Rotor B

Fig. 6: Equivalent model diagram of the DFIG in dg.

- R e e
(& e[ )

Urd ird d \I]rd \I/rd

|:U7‘q:| N I:RT] |:i7‘q:| + & |:qu:| Jr l:wT:I |:\I,Tq:| 7 (5)
. R, O 0 —sws
with: [Rr] =10 R, s 0
where W ¢ and v are the field linkage, the current and
the voltage, respectively. Ls, Rs and L., R, are the
inductance and the resistance of the stator and rotor
respectively; and w; is the electrical angular speed.
The expressions of the magnetic fields of the stator and
rotor are given as follows:

with: [RS] =

, and [wr] =

)

U,y ~Ly 0 Ln 07 [iw

| _ | 0 —Le 0 Ly | |isg ©)
U, L 0 =Ly 0 | |iva|”

U 0 Lp 0 —L.| |iy

where: Ly = L, + Lss and L, = L,,, + L.,; with L,
L., and L,, are the stator leakage; the rotor leakage
and the mutual inductances, respectively.

The expression of the stator reactive and active powers
(Ps, Qs) and of the generator rotor (P, @) can be
expressed as:

Ps o § Vsd Vs Z‘sai
|:Qs:| 2 [vsq _UZd:| [isq] ’ 0
Pr _ 3 Urd Urq 7:rd
|:Qr:| B 5 |:'Urq _'UTd:| |:i7"q:| . (8)
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3.3. Grid side Converter,
Transformer and Cable

Dynamic Models

As reported in [16], the models schemes of the cable,
the transformer, and the filter are illustrated in Fig. [7]
The mathematical models of these equipment’s in the
direct-quadrature frame are represented below.

Rtrm

Vi
Lfrm

Transformer Cable

Filter

Fig. 7: Scheme simplified model of the cable, the transformer
and the filter.

1) Grid Side Converter Model

To enhance power quality of wind turbine generators,
we have included an RL filter between the power elec-
tronic converters and the power grid at the rotor side.
The model of the filter-side can be described as:

ARk A R 1 R o

with:

—L; 0
[Lf]:_ Of Lf:|7
_| By wely
4] = | —welLy _Rf} ’

where vyq and vy, represent the filter output voltages;
igq and i, represent the filter currents; v;q and vy
are the inverter output voltages; Ly and Ry represents
the filter inductance and resistance. the exchanged
powers (P, Q,) with the power network are given by

the following equations:
Vfq | |ird
—vra] |ifq

o) =3l (10

4. Mathematical Modeling of
the ADRC Method
4.1. ADRC Structure

The majority of real systems are not only non-
linear and variable in time, but in addition, they are
uncertain by presenting variations in the parameters
described in their mathematical models. ADRC’s con-
trol approach is a reliable control method developed
by scientist Jingqing Han to address the limitations of
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the traditional PID approach [42]. To explain the con-
cept of the ADRC approach, let us investigate a non-
linear controlled object with a single input and output,
varying over time [43]:

)" = f (.Z‘("_l), m(n—2)7 sz, d, t) +b.u(t),
z(t) = y(t),

(11)
where: z,2,...,2" are respectively the state of the ob-
ject and its different order dynamics, w corresponds to
the external perturbations, f (z(”_l), 2(n=2) .. 2 d, t)
denotes all relevant internal and external (total) per-
turbations impacting the controlled process, u and y
are respectively the input and output of the process,
respectively, and b is a process controlling coefficient.

In general, the dynamic model of the overall process
and the controlling coefficients are usually hard to
be established and to identified precisely. Numerous
uncertainties exist; as a result, model-based control
approaches and techniques have faced major challenges
and complexities in the field of engineering applications
[42]. The main strength of the ADRC lies in the fact
that no matter how unclear and uncertain the dynamic
model of the process is, and how many uncertainties
the controlling coefficients presents, satisfactory con-
trol performances could be achieved. The fundamen-
tal design of the ADRC regulator is illustrated by the
schematic layout in Fig. It comprises three main
parts: the TD (Tracking Differentiator), the ESO (Ex-
tended State Observer) and the NLSEF (Non Linear
State Error Feedback) control law. Each of these three
parts can take a variety of designs. For instance, if
they include a non-linear link, it is named non-linear
ADRC; on the contrary, if they are conceived as linear
links, they are named linear ADRC [42]. The concepts
of the three parts are outlined below.

d(t)

Plant ¥

v(t) - —s

NL-ADRC

Fig. 8: Bloc diagram of nonlinear-ADRC structure.

In Fig. B} v; is the TD output signal which presents
the tracking signals of the input signal v; x; are the
estimated signals; by is the compensation factor; ug is
the NLSEF given initial control amount; u is the given
final control amount after perturbation cancellation.
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1) Tracking Differentiator TD

The main objective of the tracking differentiator is to
set up the transition of a given signal according to
the controlled object input limits. While obtaining
a smooth input, it also provides the differential signal
of each order of this input. For n-th order uncertain
systems, an n-th order tracking differentiator is usually
used, and its standard form is given in [44].

2) Extended State Observer ESO

The ESO is the main component of the entire ap-
proach. It not only undertakes the task of estimating
the state variables of the system and their differential
signals of various orders, but also accurately compre-
hends the overall disturbances caused by changes in the
internal parameters of the system and the external
environment.

At this point, it is supposed that the entire process
dynamic model is totally unknown, and the "overall
perturbation" f(-), is approximated in real-time by the
extended state.

Supposing that z;=z, -, 2, = 2" 1, let 2,41 = f (")
be the exteneded state variables of the process, the
design of an ESO-NL is detailed in [45].

According to some circumstances, the ESO can approx-
imate the state of the object and the overall perturba-
tion of the process with some precision, which is:

Ty = 21,y Ty = Zny Tpt1 — (). (12)
For the custom conception of the ESO, a variety of
available observation and filter methods may be em-
ployed for the particular design of the ESO. The re-
searcher Jingging Han has selected g; (e) as the typical
function, having the following formula [45]:
“sgn (e) le| > 0,
(13)
le| < 4,

le

9i (6) = fa’l (67 Qs 5) =
61—(11'
where: 0 <a;< 1, and §> 0 are configurable factors;
if a; =1, g;(e) = e. The obtained result is a tradi-
tional Luenberger observer, so-called the Linear ESO.

3) State Error Feedback Control Law

The ESO acquires in real time the predicted amount
of the overall perturbation. If this amount is cancelled
out in the control law, the function of perturbations
rejection is then achieved. Consequently, the control
law is considered to be as follows [46]:

u= 2" Int1 (14)
bo
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where wug is the initial amount of control. If the
prediction error of x,41 on the overall perturba-
tion ” f (-) 4+ (b—bg) u” is removed, the process is

transformed to a "series of integrators”

Z" = f () + (b—bo) U—Tp+1+Uo = Ug. (15)

In this manner, the process which contains a large
quantity of perturbations, uncertainties and non-
linearities is consistently transformed into a typical
types of integrators, rendering the conception of the
control scheme from complicated to simple and has
a wide applicability.

The control amount wuy has several applications [47],
the expression of a general Non Linear State FError
Feedback (NLSEF) control for any order controlled
process is given in [45]. To reduce the model com-
plexity and design compared to the nonlinear ADRC,
in this paper the Linear ADRC is adopted and utilized
to ensure the extraction of the maximum wind power
as well as to control the wind turbine converters.

4.2. Linear ADRC Structure

As indicated in the previous part, the ADRC con-
trol technology can be divided to linear and non-
linear strategies, owing to the usage of nonlinear func-
tions in all three elements of the ADRC, and taking
into account the difficulties in practical applications,
we have used and developed in this paper a linear-
ADRC control technology, which is proposed in [48],
the ADRC controller parameters are tuned based on
the bandwidth.

As mentioned in the previous section, the control
technology of ADRC can be divided into linear and
nonlinear strategies, due to the use of nonlinear func-
tions in the three elements of ADRC, and considering
the difficulties in practical applications, in this work,
we used and developed a linear-ADRC control technol-
ogy, which is proposed in [48], the parameters of the
ADRC controller are tuned based on the bandwidth.
The basic idea of bandwidth is a performance index of
the response control process. The faster it is, the better
the immunity. Therefore, when designing the controller
and the extended state observer, the bandwidth can be
used as the only tunable parameter of the system, and
the remaining parameters are converted into functions
of the bandwidth.

To illustrate the principle of the linear ADRC [46], the
system in Eq. is considered and rewritten in the
following form (Known as the ADRC canonical form):

Y™ = F () +bo-u. (16)

_Assuming  f (-) _is differentiable while taking
f () = h. The Eq. could be written as follows:
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i = Az + Bu+ Gh
{x Az + Bu + Gh, (17)
y = Cu,
where :
T=[r1 a2 Tn Tyl
0 1 0 0
0 0 1 0
Apinyny =1+ ],
0 0 O 1
0 0 0 0
3 T
B(n+1,1) = [1 0 cee bo O] s
Coprny=1[1 0 0 0,
C_j(nJrLl) =0 0 - 0 1]T.

As a result, the ESO can be designed as a full-order
Luenberger observer which is given as follows:

{%:A§:+§u+i(y—g)), 18)

§=Ct,
where the vector L represents the observer gains.
The error obtained by the observer is given by:
e=x— 1, (19)

its dynamics is then written as:

¢=(A—LC)e, (20)
With:
By 10 0
By 0 1 - 0
A-LC=| :
o 00 1
_Bo(n-i-l) 0 0 0

To obtain a good functioning of the observer (e — 0
whent — ©00), the L matrix gains should be chosen in
the way that (A — LC) constitutes a Hurwitz matrix,
which means that its polynomial characteristic poles of
Pgso (s) all have strictly negative parts [49].

Pgso (s) =det (sIp+1 — (A —LC)) , (21)
Then:

Prso (S) = + 515n +ot Bas + ﬂ(n+1)- (22>

Generally, the pole placement technique is used to
determine the observer’s gains. A balance must be
struck between the observer tracking speed and its
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noise measurement sensitivity. As the ESO becomes
faster, the perturbation is anticipated early and then
removed by the controller. It is done by positioning
the poles of the observer just to the left of the con-
trolled process in the P-plan. This results in the im-
plementation of a significant bandwidth for ESO. Nev-
ertheless, it must be mentioned that as the bandwidth
increases, the system can be damaged by allowing the
propagation of noise [49].

By considering all these conditions, the cut-off pulse
of the ESO w, is then selected in such that it has an
appropriate settling time. As a result, the (n+1) poles
are positioned at —w,.

Pgso (s) = (s +w,)" . (23)

The expression of the observer’s coefficients is then
given as follows:

(n+1)! .
= . 24
bo (n—!—l—z)!z!wo (24)
As a result, when A — LC is stable, Z1,Z2,...,%,

will approach y and its derivatives, and 2,1 will ap-
proach the overall perturbation f(-). Consequently, the
final control amount can take into condideration those
estimated disturbances and reject them in real time.

If the final control law amount is taken as:

W= M, (25)
bo
then the system in Eq. becomes:

(n) —

Yy = f() = Tnt1 + uo. (26)

If Z,,41 is a good estimation of f(:) (2,41 = f(.)),
an integral process of n—order is obtained.

Y™ = . (27)

Which could be then controlled by the control law
given as:

-+ kn (r(nJrl) - y(nJrl))’
(28)

up = ki(r —y) +ka(r — ) + -

where: 7 represents the reference signal.

As Zy,...,Z, is a a good approximation of
v,...,y"" D the overall control amount is then
expressed as:

u=K,(f - &) (29)

where:

and
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u, Plant
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Fig. 9: Block of a linear-ADRC controller structure [§].

The Linear ADRC can be then summarized and
designed as follows:

{x = (A—LC)z + Bu+ Ly, (30)
u

In summary, the structure of a first order
linear-ADRC approach is displays in Fig. [9]

5. ADRC Control Strategy of
a DFIG-Based Wind
Turbine

This section deals with the proposed control strategy
of the wind turbine; its objectives are the control
active power and reactive power of WTs at Point of
Common Coupling (PCC). Moreover, the active power
control can be used to regulate the powers generated
by DFIG either in its stator and rotor. On the other
hand, the reactive power control is used to regulate the
total reactive power capability of stator and grid side.
To overcome the problem of disturbances we have
integrated the active disturbance rejection control
method, as we have shown in the previous section,
the non-linear ADRC is a complicated control method
and has various parameters needed to be tuned which
cause difficulties in practical applications. Therefore,
a Linear ADRC approach is then given and applied to
the DFIG-based WT.

Figure [10] displays the global scheme of a wind tur-
bine system controlled by the ADRC Strategy, we have
divided the control system into two parts: rotor-side
control and grid-side control.

5.1. Control by ADRC of the

Rotor-Side Converter

The rotor-side converter control strategy is designed
to independently control the active power and reactive
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power of the DFIG stator. To ensure this aim, the In-
direct Stator Field Oriented Technical (ISFOT) is then
applied; where the stator field vector W, is aligned to
the d axis. Thereafter, the components of the stator
fields are Wyy = Wy; Wy, = 0. Besides this for high-
powered generators used in wind power systems, a neg-
ligible stator resistance R, is assumed.

Therefore, the DFIG model Eq. becomes Eq.

and can be written as:

{ i [ s

rq rd
) 7k1 Sw kz O
with: [L1] = {—swg —kﬂ’ [LQ] = {O k‘g] ’
where
b= s by = ks ko = L =y~ P

The expressions of the stator powers can be
expressed as follows:

3 L,

s =57 Yglra (32)
3, Ly . W,
Qsi = 5(_73 Vglrd + fsvg)' (33)

The reference currents i;;f and i?gf are calculated by
the desired delivery of of WTs:

2 L
ref .~ s Pref 4
Yrq 3 Vg Lm R (3 )
v 2 L
.ref _ s 4 s ref 35
Zrd Lm 3 ’Ung Qsii ) ( )

where P7¢/ and Q7°/ are the power references of stator
side which are imposed by the local supervisory unit of
the wind generator i*" .

For the conception of the rotor side Linear-ADRC
controller, the regulations of the rotor currents are
achieved by adoption of two ADRC regulators as shown
in Fig. wherein the equations Eq. are adapted

to the canonical form of Linear-ARDC as follows:
y(t) = f(t) + bo u(t).

Therefore, the d-axis rotor current 4,y control loop
design by Linear-ADRC is:

(36)

fira = =K1 ira + swg irg + (k2 — bf)rq) Urgq;
byt = ke,

Ui,g = Urd-

(37)

And the g-axis rotor current 4,, control loop design by
Linear-ADRC is:
firq = _klirq + wrirg — wrksWs + (kQ - b(z)rq)vTQ’
b(z)m = k2,

uim = ’Urq .

(38)
where: f; , and f; = are the generalized disturbance;
u;,, and w;, - are the control amounts.
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Fig. 10: Global scheme of a DFIG-based wind turbine using a ADRC strategy control

5.2. Control by ADRC of the

Grid-Side Converter

The GSC control is utilized for the regulation of the
injected power to the electrical power network by the
control of the DC-bus voltage, and the regulation of
the grid side reactive power according to the demand.
In terms of rotor-side, we used the Voltage Oriented
Technique (VOT), where the network voltage is ori-
ented along the d axis as follows: vgq = 0; vgq = vg.

e Design of Grid Currents Controller:

The line grid-side converter model Eq. @ becomes
Eq. and can be written as:

JARSIARRI RN

. —k ks 0
with: [Ls] = {_w‘* ng, L] - [05 ,%],
g
where: k4 = }Lz—;; ks = Llf

The Linear-ADRC controllers for the currents of the
GSC are designed as follows:

For linear-ADRC controller for d-axis grid-side
current loop irq:

fisa = —ka iga+wy irq + (ks — b*) via,
by " = ks, (40)
uifd = Vid-

And linear-ADRC controller for g-axis grid-side
current loop i4:

fifq = —k4 ifq +wg ’idq + (/f5 — béfq) Uiq,
by = ks, (41)
Uifq = Viq-
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where: f;,, and f;, are the generalized disturbance
affecting the grid-side currents is4 and iz, respectively;
(I and u; ;o AT the control amounts.

e Design of DC-link voltage Controller:

In order to design the Linear-ADRC controller of the

DC-link voltage control, and motivated by the works

in [B0] and [51I] all the losses in converters are sup-

posed neglected, thus P. and Py are given by those

expressions P = i,v4. and Py = i7v4c.

Hence, the DC-Bus voltage expression becomes as:
dvftc 2 3

a ol gl

(42)

We put U = wvg4.2, therefrom the DC-Link voltage
equation becomes as:

d
U _ P,

I (43)

— k’7ifq,

with k@ = %; k7 =

Qe
]

After adaption of the DC-Bus voltage expression to
the ADRC form, the Linear-ADRC controller is then
obtained and it is designed as follows:

foae = ke Pr + (k7 — by*)iq,
b = ki, (44)
Uy, = 1fq

e Design of Grid Reactive Power Controller:

To achieve an effective regulation of the reactive power
problem at the PCC, it is necessary to control the
reactive power of each wind generator, which can be
achieved by using the ADRC controller. As a result,
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to design the ADRC regulator of reactive power con-
trol, we have established for the control loops, the
transformer and the transmission cable dynamic model
[I6]. The regulation of the grid reactive power is then
achieved by adoption of a Linear-ADRC controller,
wherein its canonical form is given by:

y(t) = f(y, d,u) + bou(t), (45)

with f(y,d,u) represents the total (internal and exter-
nal) disturbance, by is known part of the process (sys-
tem), d(t) represents the external disturbance and u(t),
y(t) are input and output of the process respectively.

As in [16] and [52], the expression of the exchanged
reactive power exchange with the grid can be given by:

49y

e (46)

= —kg ifd — kg Wy ifq — VUfd,

where: kg = %%vg, and the resistance R=R;,+ Rcq,
the inductance L=L;,+ L.q.

Therefore, the design of the Linear-ADRC for
reactive power control, after adaption of the exchange
reactive power with the grid equation to the ADRC
canonical form as follows:

fa, = —ks wy igg —va+ (ks —b3?) iza,
by = ks,

uQ, =1ifd,

(47)

where: fq, is the total (external and internal) distur-

bances affecting the reactive power, b(? ? is the known

parts of the system parameters.

6. Supervisory Control of a
DFIG-Based Wind Farm
6.1. Proposed PD Algorithm for the

DFIG Based Wind Farm

The supervisory control on the basis of the propor-
tional distribution algorithm was designed in order to
dispatch the power proportionally on the wind gener-
ators. In terms of security, this algorithm guarantees
that the individual wind generators will always be oper-
ating for beyond their boundaries as determined by the
plan (@5, Quy™)) [50]. However, the advantage of
this strategy is that it ensures that all of the wind tur-
bines of the farms operate sufficiently away from their
maximum generation capacity so that there is no risk
of saturation of the wind turbines. This approach pro-
vides the active and reactive power references of each
wind turbine P[;‘;f _and quegf . from the references of

the total powers demanded by the grid operator P;?f

(© 2022 ADVANCES IN ELECTRICAL AND ELECTRONIC ENGINEERING

and Q:fff . Therefore, the expressions of a wind genera-
tor active and reactive powers references are as follows:

max
wg ;

ef ref
PZZJ;J: - Pm]zeix wf (48)
w
max
. wg
Qul = Ana (49)
_ wa
where Pglj‘?" and E?X are the maximum active and

reactive powers of wind farm.

The farm maximum power capacity can be approx-
imated by using the summation of all the individuals
wind generators available maximum active and reactive

powers:
n

o = 3P )
j=1 -
n

=) Qe (51)
j=1 N

are the maximum active and
h

max
where Py

and Qmax ‘

wg
reactive powers of the wind turbine ' respectively,

n is the number of the farm WGs.

Wherein, the maximum active power available from
the wind generator i*" is given by Eq. , and the
maximum reactive power that can be exchanged by
the line-side converter of each WGs and the grid can

be expressed using Eq. :

P = Py, (52)
= QI 53

where Q§'** and Q"** are the maximum reactive power

of stator of DFIG and grid side for wind generator *"
respectively.

6.2. Centralized Supervisory Unit of

DFIG-Based Wind Farm

To overcome the stability concern problems of the elec-
trical power system and its power quality and relia-
bility, the transmission system operator must manage
the WF as a conventional power plant. Thanks to the
local supervisory unit and the central supervisory unit,
the wind farm is installed in the purpose of controlling
the powers (P s, Quwf) exchanged with the power grid,
taking into account to the current state of the power
grid and the control mode demanded by the grid op-
erator (MPPT, balance, delta, fault,..., etc.) control.
The supervisory and management power system config-
uration of the WF based on DFIG generator is depicted

in Fig.
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Fig. 11: Supervisory power system configuration.

6.3. Central Supervisory Unit of WF
The CSU is one of the most important elements of the
power wind farms, whose main purpose is to monitor
the total powers of the WF and to comply with the
generation plan requested every hour by the system

operator (P;icf , Q:Ueff ).

The CSU obtains the desired quantity of power re-
quested by the TSO and sends the power genera-
tion capacity information (P, Q%) to the TSO.
By implementing the PD algorithm, the proportional
power references for each wind generator on the farm

(Pl’;‘;f > Qflfgf ) are calculated according to the above
equations and will be delivered to the local supervisory

units in real-time.

6.4. Local Supervision Unit of WTs

To manage the power dispatch between the stator
(P;if7 Qgif) and the grid sides (P;ff, Q;if) toward
producing the reference of active power Pj;zf . and the

reference of reactive power fogf of wind generator i*",
this coordination ensured by the local supervisory unit
which incorporated inside each wind turbine. Mean-
while, it estimates in real time the maximum powers
(Pfjlgaxi, Qggaxi) that can produce each wind generator

and send them to the CSU.

Local management algorithm of the active and re-
active power dispatching using to control the wind
turbines depending on one of the management modes
(MPPT mode, Fault mode or PQ mode) which are
developed hereafter.

1) Optimal Power Control (or MPPT)
Mode

The optimal power control (MPPT control) of the sys-
tem is used to capture the maximum available power
from the wind turbines, it is necessary to adjust the
generator mechanical speed by acting on the electro-
magnetic torque in order to maintain the TSR to its
optimum value (A = A°P') and the power coefficient
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(Cp = C™) for a given value of the blades pitch
angle § = 0° [53].

Therefore, the optimal aerodynamic power (maxi-
mum power) is then given by the following equation:

max
» 1

3
3 3 13 Wmec i
MoptsS p G -

1
Popt ;=5 pm R (54)

2
where R and p are representing the turbine radius
blades and the air density respectively. wmec ; is the

mechanical angular speed of the WT 4",
The reference of the stator power in this mode is such
that:

Pref _

wfii Optii = KOPt wfneciﬂ (55)

where the optimal power coefficient K,p; is :

1o
Kopt = 3P R i3 8 GB (56)

In this mode, the GSC takes into account all the reac-
tive power needed and the stator of the DFIG is uti-
lized to generate only the maximum active power [50].
In our case, we will have a unity power factor at PCC.
Hence, the expressions of the reactive powers references

are:
{Qgef =0,

Qrgf =0 (57)
g_i .

2)  Fault Control Mode

The fault mode is implemented and activated once
a voltage failure is detected. Whenever the voltage
drop of the grid occurs 0.9 > Ve, the behavior
of the wind power system becomes unstable and it is
unable to generate both reactive and active powers.
Nevertheless, using the suggested control method on
the wind power system for controlling the active and
reactive power of the WTs to withstand the voltage
fault, and also crowbar shorting resistors on the DFIG
rotor, to provide protection of the system from over-
current and resulting overvoltage in the rotor circuit
and in the DC link. As a result, the wind turbine
system operates as a STATCOM and shall therefore
provide the demanded reactive power up to its max-
imum boundaries. Further, according to the German
GC depicted in Fig. the reference of the reactive
current to be supplied to the network according to the
voltage amplitude during the fault can be calculated
as follows [53]:

red _ {k(l ~ Voo gr, if 0.9> Vpee > 0.5,
gr

58
if Vyee,, < 0.5, (58)

1,

9Tn

where I;ﬁf is the reference reactive grid current,
I, is the reactive current reference; V, . is the per
unit value of the grid voltage during the perturbation
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from its nominal value and k is a constant given equal
to 2. Consequently, the expression of the supplied
reactive power according to the grid voltage amplitude
is determined as:

V Ires.

oo f_
Q;it_i - Q:uef 9 "peetgr (59>
According to the quantity of reactive power demand
(Q;er{ 1), the reactive power expression of rotor side

and grid side are calculated using the Eq. . and
Eq. (61).

If the stator reactive capacity is sufficient to meet the
reactive power requirements of the grid operator, the
grid side converter must operate at unity power factor.
Therefore, the DFIG stator is responsible for supplying
or absorbing all of the reactive power demanded from
the WT. In this case, the reactive power of the wind
turbine verifies the following constraints:

Qref Q:Uegf p
Qref = 0.
On the other hand, if the demanded reactive power of
the WT is higher than the stator maximum reactive
capacity, the GSC contributes along with the stator
to the generation or absorption of the corresponding

reactive power. Thus, the expression of the reference
reactive powers is as follows:

Qref _ mdx

)
{@“f ot -am
As indicated in the introduction, if the DFIG-based
wind generators cannot operate properly during the
fault without any protection system, then we used the
crowbar with series braking resistors. The optimal

value of crowbar resistance Reyq .y a8 indicated in
[54] is given by the following equation:

(60)

(61)

max

_ \/i(VT‘ n]rlwaLS) . (62)

JB2V2 -2V )

Rcrwiopt

3) PQ Control Mode

In some cases, the grid operator demands a specific
quantity of active and reactive power. For this, the
PQ mode is used to force the wind farm to provide an
active power and provide and consume a reactive power
given by the TSO. It guarantees to provide the max-
imum capacity or less of the active power generation,
through rotor side converter control, and the manage-
ment of reactive power exchange between a wind farm
and network through two sides (rotor and grid).

The expression of a wind turbine’s active and
reactive powers references for this mode are given in
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equations Eq. and Eq. (49). The stator refer-
ence active powers for the DFIG-based WTs (Pr</)
calculated from the reference active powers of the WTs
Pf;zf . can given by following equations:
P =Pl — P (63)
In contrast, if the required reactive power is su-
perior to the generated reactive power, the wind
farm must compromise an amount of active power to
satisfy the demand under some conditions, the first
condition is that the reactive power reference imposed
by the supervisory system does not exceed the max-
imum value given in Eq. , and the second is the
expression of the active power reference obtained by
utilizing (Qref i) and the rated apparent power of i*"

of the wind turbine (Swg, )

P =2, -

Finally, in order to set up the supervision
algorithm of DFIG-based wind farm, the algorithm
control must be followed as summarized and presented

in Appendix

ref 2
wyg 4

(64)

7. Simulation Results and

Discussion

To validate the analytical results of the proposed con-
trol strategies, the DFIG-based WF full model, and its
supervisory control approaches illustrated in Fig. [f]and
Fig. |11] were carried out in Matlab/Simulink environ-
ment, with the parameters of the simulation given in
the table of Appendix The wind farm consists
of three DFIG wind turbines with a total capacity of
4.5 MW, applied types of wind profiles to each WT as
shown in Fig. T4

To study and validate the effectiveness of the ac-
tive and reactive powers management by the proposed
control strategy in this paper, the introduced simula-
tion tests are divided into three intervals; each interval
contains one of the controls modes (MPPT, PQ or
voltage fault) controls.

7.1. Test 1: Supervisory System

Control of the WF

In this performed test, the objective is to verify and
validate the supervisory power management system
and the dynamic behavior of the WF, according to

a network operator plan while taking into
account the adopted proportional distribution
algorithm, the scenario is taken as:
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Fig. 12: Simulation results of test 1 (P;,Q;): (a) of the WF, (b) of the 15¢ WT, (c) of the 2" WT, (d) of the 37¢ WT.
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e Interval 1: the MPPT control is selected from 0 s
to 1.3 s, to generate the maximum active power
with the unity power factor (Qpcc = 0 MVAR).

e Interval 2: the PQ control is activated from 1.3 s

to 1.8 s. The demanded active power is set to
3 MW at PCC.

e Interval 3: the MPPT control is selected from 1.8 s
to 3 s, to provide the maximum active power and
a unit power factor at the rotor side and grid side.

e Interval 4: the PQ control is activated from 3 s
to 4 s. Likewise, for interval 2, the required active
power is equal to 3 MW, but for the reactive power
from 3 s to 3.5 s, the WF consumes 2.4 MVAR and
generates the same amount from 3.5 s to 4 s.

e Interval 5: the MPPT control is selected from 4 s
to 5 s, to provide the maximum active power only.

As shown in Fig. [I2] the wind farm responds to
the demand of the grid operator to produce active
power, and to the generate or consume reactive power
during MPPT and PQ mode. These powers are dis-
tributed in a weighted way over the three wind turbines
(Fig.[12(b)| Fig.[12(c)and Fig. which shows the
application of the PD algorithm for the centralized su-
pervisory of the wind farm powers. The WF provides
then the necessary reactive power while not exceeding
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the limits of the three WTs. In this case, the reac-
tive power supplied by the wind turbines is more than
enough to satisfy the reactive power request of the WF.
The GSCs are not required by the control system to as-
sist to the reactive power generation and they operate
at the unity power factor, as shown in Fig. [[3]

Noteworthy, during PQ control (Intervals 2 and 4),
the wind generators rotor speed is increased due to the
decreases of the active power (electromagnetic torque)
transmitted to the network, and by the pitch control,
the mechanical speed of the wind generators does not
exceed the rated value as illustrated in Fig.

7.2, Test 2: Interactions Between

the Wind Turbines

The purpose of this test to is investigate the dynamic
behavior of the wind farm and the interaction among
the wind turbines in which a disconnection of the third
WT is occurred for a given duration. Moreover, to in-
vestigate the interaction of the WF in case of a highest

(© 2022 ADVANCES IN ELECTRICAL AND ELECTRONIC ENGINEERING

demand of reactive power by the T'SO, the scenario is
as follows:

Interval 1 [from 0 s to 1.5 s|: the MPPT control
is enabled to provide the maximum active power
with the unity power factor.

Interval 2 [from 1.5 s to 2.5 s]: the PQ control
is activated, the demanded active power is set to
2 MW (P;?f =2 MW). At time t = 3 s, a discon-
nection of the third wind turbine ocured.

Interval 3 [from 2.5 s to 3 s]: the MPPT control is
selected.

Interval 4 [from 3 s to 4 s]: the PQ control is
activated. The required active power is equal to
3 MW, for the reactive power from 3 s to 3.5 s,
the WF consumes 2.4 MVAR and it generates
a reactive power of 4 MVAR at 3.5 s to 4 s.

Interval 5 [from 4 s to 5 s|: the MPPT control is
selected.

Disconnection of the W73 turbine leads to
a reduction in the reactive power of the wind
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farm Fig. However the powers produced by the
farm still follow their references Fig. This is due
to the fact that the two other wind turbines produce
more power to make up the missing power as shown in
Fig. [L6(b)| and Fig. On the other hand, at time
3.5 s, the transmission system operator demanders
a reactive power generation (4 MVAR), but the wind
farm cannot meet this demand because it’s greater
than its maximum value. For this and according to
the algorithm in Appendix [1.2.] the WF generates
the available maximum reactive power.

Figure [I7] demonstrates that the reactive power of
WTs supplied by the stators is more than sufficient to
satisfy the reactive power demand of the wind farm
from t = 3 s tot = 3.5 s. When the grid de-
mand for reactive power increases to 4 MVA from
t = 3.5 s tot =4s, the windings of the stator of
the WTs are not capable of handling this request and
they make their GSCs contribute to the reactive power
generation. This is proportionally distributed over
all 3 WTs without exceeding the boundaries of their
corresponding converters.

7.3. Test3: Voltage Support Under

Grid Faults

In this test, we have activated the three operating
modes for the production of maximum active power
capacity and the respect of the requested power from
the TSO. The other other aim in this test consist also
in checking the LVRT capability in accordance with
the German GC requirements for the voltage support
under grid faults. Further, the electrical power net-
work is placed under asymmetrical voltage drop with
a depth of 40 % and duration of 500 ms as shown in
Fig. [I8 The test scenario is defined as follows:

e Interval 1: From 0 s to 1.5 s, the MPPT mode
is selected to achieve maximum production and
guarantee a unitary power factor at PCC.

e Interval 2: From 1.5 s to 2.5 s. The TSO de-
mander the required active power equal to 3 MW
(P;?f = 3 MW), and for the required reac-
tive power from 1.5 s to 2 s, the WF can con-
sumes 2.4 MVAR. In contrast from 2 s to 2.5 s,
it generates reactive power equal to 2.4 MVAR
(PQ control).

e Interval 3: From 2.5 s to 3.5 s, the MPPT control
is selected.

e Interval 4: The fault control is activated from 3.5 s
to 4 s, with a balanced fault that leads the voltage
at PCC to drop to 40 % within 500 ms.

e Interval 5: From 4 s to 5 s, the MPPT control is
selected.
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The grid voltage and the electrical angular speed at
PCC are shown in Fig. [I9

From Fig. it can be seen that on behalf of the
optimal (MPPT) control the active power produced by
the WF at PCC is the summation of the optimal ac-
tive powers of the three WGs, and the reactive power
at PCC is set to zero (Fig.[20(a)]). This is because the
farm reacts with the predetermined active and reac-
tive powers by the TSO (PQ control). However, when
a grid fault causing a voltage drop of 40 % occurs, it au-
tomatically activates the LVRT control (fault control).
Therefore, in order to ensure the voltage support under
grid faults in accordance with the GCRs, the wind tur-
bines participate by injecting the reactive power which
is proportional to the gird voltage drop as observed in
Fig. 20(b)} Fig. 20(c)| and Fig.

Finally, based on all the simulation results presented
in this paper, it can be concluded that the combi-
nation of the supervisory system based on the PD
algorithm and the suggested ADRC approach is suf-
ficiently strong, robust, and guarantees better perfor-
mances in terms of reactive and active powers monitor-
ing of the wind farms at PCC, and on the other hand, in
contributing to the voltage stability and security while
respecting the grid code requirements.

8. Conclusion

In this paper, we have presented a new management
and monitoring control strategies of reactive and active
powers for a DFIG-based large-scale WF. This control
handles the power generation of the entire WF at the
PCC based on the current state of the grid and the
requested control mode, and dispatches the power gen-
eration between the stator circuit and the grid side con-
verter. Moreover, in order to ensure that each WT of
the farm operates far enough away from its maximum
energy production capacity while using the supervision
system based on the PD algorithm.

A new robust control strategy for the WT is sug-
gested, which combines the Linear ADRC approach
and the LVRT control strategy. Therefore, there are
three operating modes of WT control. The MPPT
control mode is responsible for injecting the maximum
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Fig. 20: Simulation results of test 3 (P;,Q;): (a) of the wind farm, (b) of the 15! wind turbine, (c) of the 2"? wind turbine, (d) of

the 3" wind turbine.

power and the PCC reactive power control. The PQ
mode is used to meet the demand of reactive and ac-
tive powers specified by the TSO, and finally, the fault
mode is enabled once a grid fault condition is occurred
using the voltage control method to meet the GC
requirements.

The results obtained confirm the effectiveness of the
control approach to decoupled control of the active and
reactive powers for any kind of operating mode. And
they showed that the supervisory control system of the
wind farm based on the ADRC strategy confirms, the
effectiveness of the WF active and reactive power con-
trol to meet the TSO demands, and to overcome the
grid faults while injecting the required reactive power
according to the German GC requirements.
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Tab. 1: Turbine-parameters.
LSU Local Supervision Unit,
Symbols | Parameters Values LVRT Low Voltage Ride Through,
P, Mechanical Power 1.5 MW GCR Grid Code Requirement,
R Blade radius 3l m PD Proportional Distribution,
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Fig. 21: Local management algorithm of Powers WTs.
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