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ABSTRACT

o\

!, including ride-through capability issues,
Additionally, the inherent non-linear nature
odel uncertainties, non-linearities, parametric

The widespread integration of wind energy poses numergus ch
stability concerns, and power quality issues within tl ity gr
of wind energy systems, coupled with internal i
variations, modeling errors, and external dist
developing a robust controller becomes im
variation, and uncertainties associated wi
the presence of external and intephal dis
a robust control scheme for a i
objective is to improve the wi
innovation in Active Disturban

Magnet Synchronous Generator (PMSG) wind turbine. The
ormance under both normal and abnormal grid conditions. The
Control (ADRC) lies in its capacity to offer robust, adaptive, and

Permanent Magnet Synchronous Generator disturbance-rejectin,

relying on precise mathematical models. This quality makes ADRC a
dréssing challenges in complex and dynamic real-world applications where
e. The wind energy system is inherently non-linear, time-varying, cross-

It is also susceptible to parameter uncertainties, parametric variations, and

alidated to enhance ride-through capability and extract maximum power under internal
disturbancgs, exte grid disturbances, and parametric variations. To assess the proposed controller's efficacy,

analysis is performed in comparison to a Proportional Resonant Controller and a P1 controller,
idence of the proposed controller's effectiveness. In summary, the incorporation of an Active
Rejection Controller emerges as a promising solution for enhancing the Low Voltage Ride-Through
and High Voltage Ride-Through (HVRT) capabilities of grid-tied Permanent Magnet Synchronous
ator (PMSG)-based wind energy systems.
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1. INTRODUCTION U

Conventional energy seurcesthave a detrimental effect on the
environment, pri ly carbon emissions. In response to
these challenge§, therg has been a notable shift towards
exploriag alterna ergy resources. Solar, wind, and hydro
arnering significant interest, driven by the
fuels, growing environmental concerns, and

superior technology, offering advantages over other energy
sources.

A. Research background and Motivation

*Corresponding Author’s Email: ahaarticles@gmail.com (S. Dileep Kumar
Varma)

The wind energy system is exposed to both external and
internal  disturbances. External grid faults, including
symmetrical faults, asymmetrical faults, and voltage surges due
to sudden load loss, can lead to the tripping of wind turbines.
However, the sudden disconnection of wind turbines from the
grid is not allowed according to the modern grid codes
established by each country. In addition to external
perturbations, internal disturbances such as model
uncertainties, modeling errors, unmodeled dynamics, grid
parametric variations, and non-linearities result in significant
variations in machine and grid parameters.

B. Literature Review and Limitations
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The wind energy system is exposed to both external and
internal disturbances. External grid faults, including
symmetrical faults, asymmetrical faults, and voltage surges due
to sudden load loss, can lead to the tripping of wind turbines.
However, the sudden disconnection of wind turbines from the
grid is not allowed according to the modern grid codes
established by each country. In addition to external
perturbations, internal  disturbances such as model
uncertainties, modeling errors, unmodeled dynamics, grid
parametric variations, and non-linearities result in significant
variations in machine and grid parameters. Fault ride-through
(FRT) improvement solutions are depicted in Figure 1. The first
category of low-voltage ride-through (LVRT) capability
enhancement schemes relies on external hardware-based
solutions, including battery energy storage devices, Braking
Chopper (BC), Flexible Alternating Current Transmission
Systems (FACTS) devices, pitch angle controller-based
methods, and series Dynamic Breaking Resistor (DBR)
(Hosseini, Behzadfar, Hashemi, Moazzami, & Dehghani,
2022). Various energy storage devices have been reported in
the literature to mitigate power fluctuations. For instance, the
use of a battery energy storage system to enhance the LVRT of
a grid-tied Permanent Magnet Synchronous Generator (PMSG)
wind turbine is detailed in (Lu, Chang, Lee, & Wang, 2008).
The advantage of integrating a battery energy storage system at
the dc-link interface lies in its ability to enhance LVRT by
absorbing surplus energy accumulated in the dc-link capacitor.
However, larger-rated battery energy storage devices are
required to handle power variations between the generator and
the grid during grid disturbances. References (Bolund,
Bernhoff, & Leijon, 2007) and (Diaz-Gonzélez, Sum
Gomis-Bellmunt, & Bianchi, 2013) proposed Flywheel Ener
Storage System (FESS) as an alternative energy storage method
to stabilize power variations in integrated wind powe
Nevertheless, this method may not be suitable for large
wind turbines due to increased system costs. In (Abb, C
2007) and (Rahim & Nowicki, 2012), a super c sed
energy storage device was presented to et LVRT
capability. Supercapacitors store additiohal e the DC-
link during fault conditions, limiting th erator speed and
preventing wind farm detachment. eryproper sizing of
the storage device is essential t energy produced
under the most severe fault coaditio erences (Shi, Tang,
Xia, Ren, & Li, 2011) and ( h Hali yen & Lee, 2010)
discussed the implementatio uperconducting Magnetic
Energy Storage (SMES) devige to enhance Fault Ride Through
(FRT) capability PMSG output capacity. Despite
having unlimitedf/charging and discharging cycles compared to
other storage syStemshe use of SMES increases the overall
syste when grating large wind farms into the grid
system. bility improvement by storing energy in the
turbine erator inertia under grid faults was explored in
(Alepuz, Calle, Busquets-Monge, Kouro, & Wu, 2013) and
(Xu, Xu, & Morrow, 2013). In this method, the power disparity
between generated power and grid power is accumulated in the
dc-link during grid faults, stored in rotor inertia by accelerating
the rotor to its upper limit. However, this method is only
applicable when grid faults persist for a short period. Another
LVRT method for boosting Point of Common Coupling (PCC)
voltage during fault conditions is the series dynamic braking
resistor, presented in (Causebrook, Atkinson, & Jack, 2007).
This approach is relatively easy and less costly to enhance ride-
through capability. However, fault currents increase losses in

the braking resistor since it is a series device connected between
the wind turbine and the grid. In (Pannell, Zahawi, Atkinson, &
Missailidis, 2013), a braking chopper was discussed to boost
LVRT capability. While a relatively simple and low-cost
device, the required reactive power cannot be pumped into the
grid as specified by grid codes, necessitating the dissipation of
all power to relax the grid-side converter capacity during faults.
References (Mohod & Aware, 2010; T. H. Nguyen & Lee,
2013) discussed FACT devices based on shunt compensation
for grid-connected PMSG to enhance LVRT capability. This
scheme provides voltage support at PCC by regulatimg reactive
power but cannot offer real power support rid
interruptions. The authors in (Ramirez, Ma ero,
Blazquez, & Castro, 2011);(Chen, Yam, Zhg % n, 2018)
implemented a series compensation-based “de

Dynamic Voltage Restorer (DVR N\
requirements. This device can deliv d abs
reactive power. Unified Powi
discussed in (Golshannavaz,
(Raphael & Massoud, 20
hybrid compensation-b
applications, combiai

ontroller (UPFC),
Nazarpour, 2014);
ered the most effective
ACTS device for LVRT
erigs and shunt compensation

awback is the increased overall
aitoh, 2009), a pitch angle-based
to improve the LVRT requirement of
ne system. By regulating the pitch angle,

iscussed in (Huang, Xiao, Zheng, & Wang, 2019); (Yehia,
Mansour, & Yuan, 2018), is another option to recover LVRT
capability for PMSG wind turbines by limiting fault current.
This scheme is relatively better than hardware-based LVRT
solutions, offering medium cost, less complexity, and better dc
voltage protection under fault conditions. However, it requires
a higher cost for superconducting material and a cooling
system.

‘ Fault Ride Through Improvement solutions for PMSG I

i
l &

Controller based methods ‘
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Figure 1: Fault ride-through improvement solutions of the PMSG

To overcome the limitations of superconducting fault current
limiters, a Bridge-type Fault Current Limiter (BFCL) was
suggested in (Firouzi, 2018); [24]. It provides dynamic
resistance control for a wide range of voltage sags, proving to
be effective compared to superconducting fault current limiters.
However, turning on Insulated Gate Bipolar Transistors
(IGBTs) in BFCL leads to high transient overvoltage,
potentially causing mal operation. In (Ji, He, Li, Liu, & Zhang,
2014), a Series Dynamic Braking Resistor (SDBR) was
proposed to enhance LVRT in wind energy systems. Under
fault conditions, the current flowing through SDBR increases
voltage drop, preventing overvoltage at the dc link. However,
the scheme is more susceptible to switching delay and
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underperforms in terms of enhancing transient stability in low-
voltage grid conditions.

C. Research Gaps

The wind energy system is highly nonlinear, time-varying,
cross-coupled, and inherently uncertain. It is also subject to
parameter uncertainties and external disturbances, which
significantly impact the system's performance. According to
published literature, there is a noticeable increase in cost when
employing external device-based solutions to enhance the Low
Voltage Ride Through (LVRT) of a Permanent Magnet
Synchronous Generator (PMSG)-based wind turbine.
Therefore, to enhance fault ride-through capability, controller-
based techniques have been proposed as alternatives to external
device-based solutions. The majority of these controller-based
approaches are model-dependent. Various control schemes for
wind turbine systems are recommended in the literature, such
as vector control techniques, direct control schemes, hysteresis
control schemes, and advanced control schemes, all aimed at
improving the dynamic performance of PMSG-based wind
energy systems. While existing control schemes perform
satisfactorily under linear operating conditions, they struggle in
wide operating regions. Furthermore, these schemes do not
account for internal parametric variations and uncertainties.
Additionally, the complexity of controllers increases due to
reference frame transformations, cross-coupled terms,
chattering, noise, harmonic rejection, and changing switching
frequency. The performance of these control methods is
unsatisfactory in the presence of a highly nonlinear, time-
varying, cross-coupled, and uncertain wind energy system,
along with parametric fluctuations and model uncertaintie
[26] and [27], the authors described the application of th
Vector Pl controller and direct torque control for th
wind turbine system. The mathematical framewo
control techniques relies on precise system jarame
information. Additionally, the performance of t %
scheme is susceptible to both internal and exte i ons,
which significantly degrade the controller's ormiance. To
overcome these limitations, advance@§ no control
schemes are discussed subsequen computing
techniques, such as fuzzy logi
methods, offer distinct adva

controllers [28]-[29]. The fi logigZcontroller is model-
independent and insensitive t@Xariati system parameters,
making it suitable for iMiple ion in complex nonlinear
systems. However, theltype-1 fuzzy control scheme does not
address uncertaingies i lex systems. To overcome these
shortcomings, researchers have focused on nonlinear control
schemes. The f linearization technique, proposed in
ims to enhance the Low Voltage Ride Through
of the PMSG wind turbine system. The
Inearization scheme is implemented for the Machine-
er (MSC) of PMSG to control the DC link voltage
of the full-scale converter. However, this method falls short in
providing sufficient reactive power support during fault ride-
through operations. To address this limitation, a backstepping
nonlinear scheme for both the machine-side converter and grid-
side converter of the PMSG was employed in [32] to improve
the ride-through capability of the PMSG wind energy system.
The authors in [33], [34] described sliding mode control for grid
tied PMSG wind energy to enhance LVRT capability in internal
and external perturbations. It is one of the most adaptive non-
linear control schemes and is insensitive to varying

uncertainties and parameter variations. Model Predictive
Control (MPC) is applied for grid tied wind energy system in
[35]. However, MPC also suffers from some limitations
particularly in wind energy conversion system with severe
internal and external perturbations and uncertainties of wind
speed variation. The performance of these control schemes is
not adequate in the occurrence of model uncertainties,
parametric variations and internal unknown dynamics. In view
of this, an Active disturbance rejection controller has been
developed to deal with the rejection of unknown internal and
external perturbations for grid-tied wind energy
improve fault ride through enhancement. Since AD
dependent on the mathematical model, it i
lumped disturbances or parametric @hangfe
ADRC requires less tuning parameter, ene

widely recognized in a variety of engif€eri allemges, such
as the wind energy system. This rol sChemé has been
ms

applied in SCIG and DFIG Wi r ddress the issue of
fault ride-through capability [86-41]1) However, ride through
capability on utility sidedfstu s such as distorted grid
conditions, low and hig conditions as well as source
side disturbances s s vapiable speed conditions has not
been applied ongRMS ased wind turbines. Hence, this
manuscript investi VRT and HVRT capability on
turbine using an Active Disturbance

Contribution

y objective of this study is to develop a robust
r that can adapt to external disturbances, internal
ances and environmental conditions. Hence, this paper
ommends an Active Disturbance Rejection Controller
(ADRC) for enhancing the performance of a PMSG wind
turbine in abnormal grid conditions.

The key objectives of this paper are summarized below:

® To establish the mathematical framework of ADRC is
established for the grid side inverter to expand the
performance of a grid tied PMSG wind turbine in
external disturbances such as symmetrical fault,
asymmetrical fault conditions, voltage swell
conditions, distorted grid conditions, and variable
speed conditions

® To develop a mathematical framework of ADRC for
the machine side converter to enrich the performance
of the grid-tied PMSG wind turbine in external time
varying wind variations.

® Torecover the LVRT and HVRT capability of the grid
tied wind turbine under symmetric and asymmetric
fault conditions.

® To inspect the performance of PMSG wind energy
under distorted grid conditions and machine
parametric variations to enhance power quality.

E. Organization of Paper

This study is structured as in the following manner. Section 1
discusses the introduction part. Section 2 presents the test
system. Section 3 introduces the proposed control scheme.



Section 4 explores the results and discussion elaborately.
Lastly, Section 5 stretches conclusions.

2. TEST SYSTEM

The PMSG wind turbine is coupled to an external grid with the
help of fully rated power electronic converters, as displayed in
Fig. 2. The machine and the utility side inverter are separated
by a dc-link capacitor. The objective of the source side
converter is utilized to take available peak power from wind. In
contrast, the grid side inverter is used to control dc link voltage
and reactive power.

2.1. Fundamental Proportional Resonant Control
Scheme

The PR controller is depicted in Fig 3(a). The PR control
method provides a high gain at the resonant frequency, ensuring
minimal steady-state error between the measured and reference
signals. The proposed system is designed and tuned at the
resonant frequency in a single stationary reference frame to
regulate both positive and negative sequence components
simultaneously. As a result, the complexity is reduced with the
proposed controller. The transfer function of proportional
resonant control is as follows:

ks
Ha(s)=k, + ol

1)

where kp signifies proportional gain, kri symbolizes the
resonant gain, and @, is resonant frequency.

Machine side converter Grid side converter

g—t Jd%: L) d% e Grid

@ lys

Figure 2: Block diagram
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Fidure 3 (a): Schematic diagram of resonant controller
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2.2. Fundamental
Harmonic Compensator

In Fig. 3(b), the PR controller, in conj
compensator, is depicted, aiming to

injected grid current. The H i i
intended to mitigate harmonics lin the grid current. It is designed
with a resonant freque S the specific frequency
requiring compensation. ress lower-order harmonics, a
dedicated harmonic e r is designed in tandem with

the PR controller;

The transfer ion C is specified by:
k.S
Gh — rh 2
HC(S) SZ+(wrh)2 ( )
er he resonant gain at the particular harmonic, h is

der of harmonic, and o, h is the resonant frequency of the
ecific harmonic.

3. THE PROPOSED ACTIVE DISTURBANCE REJECTION
CONTROL SCHEME

This section introduces the proposed scheme for a grid-
interfaced PMSG wind turbine system. Firstly, we delve into
the basic mathematical framework of Active Disturbance
Rejection Control. Following that, we develop the
mathematical framework of the proposed approach for MSC
and GSC.

This study is structured as in the following manner. Section 1
discusses the introduction part. Section 2 presents the test
system. Section 3 introduces the proposed control scheme.
Section 4 explores the results and discussion elaborately.
Lastly, Section 5 stretches conclusions.

3.1. Basic ADRC Control Scheme

Fig. 4(a) illustrates the schematic representation of ADRC.
ADRC essentially comprises a feedback control system with a
proportional controller and a perturbation elimination loop
incorporating an Extended State Observer (ESO). The ESO
actively predicts the system's state variables and lumped
perturbation, encompassing both internal and external
perturbations. Subsequently, the control law is applied to reject
both internal and external disruptions. One of the key
advantages of ADRC is model independence, wherein the
tuning process focuses solely on the observer bandwidth and
controller gain parameters. The foundational mathematical
framework of ADRC is provided here.
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Figure 4 (a): Schematic diagram of ADRC control scheme

The flowchart of the proposed method is shown in Figure 4(b).

Step 1: System modeling: Mathematical model of the system is
developed, which is to be controlled;

Step 2: The developed model is converted into state space
representation as a first-order differential equation;

Step 3: Extended State Observer (ESO) has been designed to
estimate lumped disturbance including internal and external
disturbances;

Step 4: Controller design: Formulated based on the control law,
which is developed in accordance with the estimated state and
disturbance information acquired from the Extended State
Observer (ESO);

Step 5: The tuning of ADRC is achieved by adjusting observer
gains and gain of the controller.

( )

Nominal Transfer function Models

v

Reformulated model

y® (1) = f(y("'l),y(p_z), ------ ,y,b,w)+b0u

A\ 4

I~

Extended state model

Ve

X=AX+B,u+E.h
L Y =C,X

e N \

Extended state observer

\ il
X=AX+Bu+L(y—-Y9)

{ Y =C.X )
V- y ¢ N
Control Law
u(t) = K(F—X)

o J

Figure 4 (b): Flowchart of the proposed controller

3.2. Basic ADRC Control Scheme

The proposed ADRC for the source side converter is presented
in Fig. 5. In order to maximize power extraction, MSC is
controlled to modify the speed of the rotor and torque with
respect to variations in wind velocity. Two internal current
loops and an external OTC-MPPT control are included in this
control strategy. The abc/dq transformation is used to translate
the three phase stator currents into the dq components. The
optimal torque control approach is used to determine reference
quadrature stator current. With the suggested ADRC approach,
the real stator currents in dg axes are precisely following their
reference. The reference dq is produced by the AD

The Electromagnetic torque is given by:
3 .
Te= E p¢m'qs 4 (3)

(4)

Figure 4 (a): Proposed ADRC for machine side converter

3.3. Mathematical Model of ADRC for a Source Side
Converter

This section provides an overview of theoretical framework of
ADRC for the PMSG MSC side of the wind turbine. The
voltage in dg-axes with flux orientation is specified by:
. di .
Vgs =lgsRs + Ls T:S — @eLgslgs

. di .
Vgs =lgsRs + Ls d;:s + @eLgslgs + Vel (5)

Equation (5) is specified as

dig . .
Lgs d_ts =Vgs —lgsRs + @eLgsigs
digs . .
Lgs at =Vgs —lgsRs — @eLysigs — @el/m (6)

The cononical form of equation (6) is:

; Rs . . v,
lgs =| = lgs + @elgs i +-&
Lds Lds Lds

; Rs . 1 . Vgs
lgs —[__S'qs _L_(a)el-ds|ds + O¥m )J"'Li )
as gs as

where g (igs t) and fq (igs.t) denote internal disturbance in
dg-axes



fq (ids,t) = (_%ids + a’eiqs %J ;

tj :(8 é]@ﬂ{gjud “”[?J(y— g)  (16)

S S
Then, equation (16) becomes
fq (iget) = R —i(dei + o) 59 5 —i
al\lgs: Los s Les eLdslds + @el¥m Z.l:ZZ +bug (t) - A2 —igs) 17)
_ _ _ _ 2y == (2 ~igs)
By taking external perturbastion d(t) into account, equation where B, and f3, are the gains of ESO, 2, is the estimate of
(15) isre-written as: real current i and 2, is the estimate of generalized
igs = o (igs,t) +d (t) +bug (t)

. disturbance fy (t) .
igs = g igs, ) +d (1) + bug (t) (8)

ug (t) and uy (t) represent the control signals

on bandwidth parameterization.
1 - g
Ug (£) = Vg Ug (8) = Ve by = E Therefore, estlm.ated statfs are specifie® b
. _ 5 =12y +—Ug(t) - 2a (g igs
The total perturbation including internal and external L (18)

The ESO gains /3, =2ayand f, = are determingg based

disturbance is characterized by f,(t)and fy(t) 7, = (2 —igs)

fas () = g (igs,t) +d(t) The estimated states Z; and ﬁ can !r k and , respectively,

fas (1) = Ty (igs,t) +d () ©) with fine tuning of observef*bandimigth.

STEP 4: Development | law for dg axes current to

Thus, the stator current in qd-axes is given by: reject the dlsturbgnc . .

. fq O +h gt y The control law jigdesi as given below to terminate the

ids_ ds (1) +Bolg (1) (10) lumped disturbance

igs = qu )+ bqu ) . vé’s 3,

Vds = by (19)

3.4. Mathematical Model of the proposed ADRC for 0

Vds = kp(ids - 21)

e Ty Is the reference direct axis component of stator

dq current control
The mathematical model of ADRC for inner qd-axes current
control is given here:
STEP 1: Canonical form of ADRC for direct axis stator
current loop is:
Equation (10) is written by

0 . .
tand V, is the converter control signal.
milarly, the control law for g-axis current is

: 0 _5
igs = Tgs (t) +bug (t) 11) Vo= Vgs — 22
Let @ b (20)
Xlzy:ids;XZ = fds(t) Vgs :kp(iqs _21)
STEP 2: The state space model is formulated llgws: The The current controller using ADRC for d-axis and g-axis is
state space model of equation (11) is: displayed in Figure. 6 and Figure 7
% = Xo +bug (t) d(t)
Xp = fas (1) (12) l
. J=A . ) lig e U, =V, Iy
The matrix representation of ign is K ! > PMSG >
%) (0 1 b 0 : b
. .
= t f
1 g N
(13)
y
X2 3
Equatiga,(13) ismy: i=9 el SO |e
X = Ax+Bug (t) (14)
y=Cx Figure 6: d-axis inner current controller using ADRC
Where d(t)

0 1) . (1) (0
A= ;B=|"_|;C=[1 0JE= ) P oy vy l .
O 0 O 1 |qS [ 05 o Iqs
STEP 3: Formulation of Extended State Observer K, 4’@—4 % I P PMSG >
Then, the ESO model is written as follows:
2=AZ+Buy(t)+L(y-9) (15)

y=Cz2
The matrix form of equation (15) is given by

4=y EO e
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Figure 7: g-axis inner current controller using ADRC

3.5. Proposed ADRC Scheme for Utility Side Converter
The schematic block diagram of utility side inverter is exhibited
in Fig. 8. The main aim of the GSC is to keep the DC link
capacitor voltage at the reference and control the reactive power
flow between GSC and main grid.

N

9! ey

V;\q’qu’vcg Inu ! In
V.,V

B

aE

v, " pCC
C

4g .
ADRC U= * 1 s

vV
ADRC U
™
L w
R | PWM
v,

I abc ||
Voc - i r
ADRC U_lv'
9 - » y Q9
Vec

i
-15v, °

V. Sa|sy |S.

o lg—
<

Figure 8: Block diagram of grid side converter using ADRC
In normal operating grid circumstances, the reference reactive
power exchanged by the machine with power grid through the
GSC is set to zero and the GSC operates at power factor of
unity. The DC link loop produces the d-axis reference current,
whereas the PCC voltage control loop creates the g-axis
reference current. In contrast, the reference component of
quadrature grid current is determined by reference reactive
power. The actual and reference grid currents in dqg fram
fed to the inner current loop. The dqg reference voltage signal
are converted by dg/abc transformation and changed to abc
reference voltage signals. To produce the gate pulses
the reference voltage signals are directed to PWM. T,

track reference grid currents.

3.6. Mathematical Framework of AK@ for

Utility Side Converter
The grid voltage in dq frame is speci

- . :
Vgg = Rigg % @e igg +Vgi (21)

Equation (21) can be Written/as follows:

dg _ . . .
Lg L g—lngg+a)eLg|qg—vd,

— = ng - iqg Rg - a)eLgidg —ti (22)

Equationy(22) indicates that grid voltage in d-axis is affected by
grid currelin g-axis, while grid voltage in g-axis is influenced
by grid cdrrent in d-axis. This cross coupling effect on dg-axes
results in difficulty to control lgg and g,
respectively.Equation (22) is expressed by
digg Ry
T = 'gldg +—Vdg +a)e|qg — Vi
di Ry . 1 . 1
g _ g
~—lgg + Vg ~ Delgg ——Vgi (23)
dt Ly L Ly

Equation (23) can be expressed by

g = (iag ,t)fLivdi
9

B . 1
g =f (qu ,t)—L—qui (24)

where f(idg,t)and f(iqg,t)signifythe internal system dynamics
with grid parametric deviations and cross-coupled terms.

Where
. Ry . 1 .
f (Idg ,t) = [—L—g'dg +L_Vdg + a;elqu &
9 9
Ry 1 .

fligg,t)=| —=igq + —Vqq — @,
(qg) [qug e
The system parameter (b) and control si
loop for GSC is provided by

dq current

b=—

(25)

idg,t)+d(t)+bud

g = (igg t) +d () +bug (26)

d disturbance for grid current in dg-axes
e cumulative result of internal and external
bances is provided by

g () = f(idg,t)+d(t)

(27)
fo®) = (iqg ,t)+d(t)
Hence, equation (27) is given by
igg = fag (t) +bug (1) 28)

iqq = fqg () +bug (t)

3.7. Mathematical Framework of ADRC in the dq-axes
current loop

STEP 1: The canonical form of ADRC is given by

The grid current in d-axis from equation (28) is specified by

i'dg = fgq (1) +bug (V) (29)
STEP 2: The formaulation of the state space model is given:
The state space model is supported by:
X = Ax+ Bug (t)
y =Cx

where A:Kg ﬂ;B :[EJ;C =(1)

STEP 3: Development of ESO
The ESO is built to guess the states and lumped disturbance

7=A7+Bu+L(y-Y)
y=Ci
The estimated states from the extended state observer from
equation (31) is written as follows:

P AR

where Z; is the estimate state of d-axis current and 2, is the
estimated state of lumped disturbance.

(30)

(1)



The new estimated states with observer gains B =2aq,;

B, = are given below:
PO § .
21 =12, +—Uq(t) =20 (Z; —1
‘1 24T d (t) = 2a0 (21 —igg) (33)
22 :_woz(il_idg)

STEP 4: Development of the control law to compensate the

disturbances. To reject the total disturbance, the control law is
established as follows:

u* _ Udo — 22
g=—d40—=2
b (34)
ug = kp (idg —21)
where
Ug :Vdg
Thus, for d-axis current controller, the control law is written
by:
vgg -2,
Vgg =———
by (35)
Vg = kp (idg — 21)
wherek,, is the gain of the controller and i;g is the reference
d-axis current, and Vg, Is inverter control input in d-axis

current controller. Similarly, for the g-axis current controller,
we have:
_ Voo~ z
a9 b (36)
0 _ x -
Vag = Kp(igg ~igg)

V,

where i; indicates the reference g-axis current and V4

inverter control input for g-axis current contr
structure of ADRC for the dg-axes current loop is sh
9 and Fig. 10, and the DC link voltage controller usi RC
is shown in Fig. 11.

Figure 10: g-axis inner current controller for GSC using ADRC

d(t)
* . Vv
Vdc Igg i* e
K, —’g HE S PMSG

. 2,=f
2-9 ESO |

Figure 11: DC-Link voltage controller using ADRC

3.8. Tuning of Controller Parameters
The present work employs the Empirical tuni
adjust the parameters. Empirical tuninggprovg
and effective approach for optimizing R
real-world scenarios. This method utili Mo
results and practical insights to omizeythe controller's
parameters, thereby ensuring :us rformance in the
presence of uncertainties and disturbapces.
a dth

by observer gains. The poles
(ESO) are configured, and the
e ESO can be obtained. In this

re selected so that the roots of the
ial of the observer lie on the left half of

3.8.1. Tuning of obseryeérb
Observer bandwidth is de
of the Extended Sta Se
characteristic e ion

half of the s-plane. Ensuring f; >0and g, >0
an controller stability. To enhance the stability margin
stem, the roots of the characteristic equation are kept
way from the imaginary axis. With the appropriate selection
S and B,, the observer states Z; and Z, will track y and f,
respectively. Increasing the observer bandwidth reduces the
estimation errors of the ESO, but increases the noise sensitivity.
An appropriate observer bandwidth should be tuned in a trade-
off between the tracking performance and the noise tolerance.

3.8.2. Tuning of controller bandwidth

The controller gain, kp, is selected in such a way that the poles
of the approximate closed-loop characteristic polynomial are
positioned at —a, in accordance with the desired settling time.
Moreover, with an increase in the controller bandwidth, the
speed of the transient response rises, but the stability margin
diminishes. Therefore, the controller bandwidth is determined
to strike a balance between the transient response and
robustness. Generally, we opt for axy to be 3 to 7 times w..
Hence, wc is the only one tuning parameter. w. =4/Tsettle
where Tsee IS the desired closed loop settling time.

4. RESULTS AND DISCUSSION

The test system, as depicted in Figure 12, is employed to assess
the performance of the PMSG wind turbine. The PMSG is
linked to the grid network through an extensive transmission
line. The wind velocity is assumed to be constant throughout
the simulation. Various case studies are conducted to examine
the efficiency of the proposed scheme under external grid
disturbances, including symmetrical fault, asymmetrical fault,
voltage swell, wind speed variance, and internal disturbances.
The parameters for the wind turbine and controller can be found
in the Appendix.
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MSC contrel BSC contral
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Figure 12: Test system under consideration

WL

4.1. LVRT Enhancement of the grid tied wind
turbine in symmetrical fault conditions
using ADRC

The symmetrical fault is initiated at t=1s and is eliminated after
200 ms, as exposed in Fig. 13. The parameters of the system,
including voltage at PCC, reactive power, active power,
generator speed, torque, and DC link voltage, are displayed in
Figure 13. The voltage response at PCC is revealed in Fig.
13(a). The proposed method's aim is to control the PCC voltage
by adjusting the reactive power supplied into the grid. The PCC
voltage drops due to a symmetrical fault at t=1 s, which results
in a large voltage drop in the line between the grid and PCC. If
the voltage drop is sustained for a considerable duration, then
the wind turbine will be detached. After the fault is vanished,
the voltage at PCC returns to its pre-fault state, as portrayed in
Fig. 13(a). The proposed method improves the voltage at PCC
to the normal state faster than PR and PI control schemes. The
voltage at PCC is regulated by controlling reactive power
injection by the grid-side inverter. The utility-side inverter of
PMSG acts as a source of reactive power injection at PCC. The
reactive power injection is zero in normal operating conditions,
while the reactive power injection varies during
conditions. As shown in Fig. 13(b), the reactive powe
distributed with the proposed scheme is higher thap that of

to its pre-fault state. Another crucial grid code requi
the prompt restoration of active power to its normal
the fault dissipates. As illustrated in Fig. 1 real¥p
experiences a slight decline during a fault condition and swiftly
returns to the pre-fault state once the ears. The
proposed scheme successfully restores, al state more
rapidly than both the resonant contgglleraad a typical vector Pl
control scheme, as depicted in the ig. 13(d) illustrates
rotor speed oscillations durin fical fault disturbance.
The mechanical torque surpasSes the maehine's torque at the
fault's onset, causing a re the PMSG rotor speed. A
sudden jump in the wir@amr‘s rotational speed occurs due
to the disparity e wind turbine's electrical and
mechanical powgr, leading to vibrations in the wind turbine's
mechapical syst depicted in Fig. 13(d), the proposed
ibits a smaller speed deviation and proves to be
amping rotor speed oscillations compared to
PR and\Pl control strategies. Fig. 13(e) illustrates the
electromagrietic torque response in the presence of a
symmetrical fault condition. Mechanical shaft vibration
induces significant mechanical stress and has the potential to
disconnect the wind turbine from the grid. In the event of a grid
interruption, the proposed approach excels in mitigating
mechanical vibrations on the turbine shaft, thereby extending
its operational lifespan. Consequently, the suggested approach
contributes to maintaining torque control more stably compared
to the PR and vector Pl control schemes. During a fault
condition, the generator continues to generate electrical power,

while delivered grid power decreases. Due to this condition,
unbalanced power is stored in the dc-link interface. This
unbalanced power causes a rise in the dc-link voltage at the dc-
link interface. The converter switches, and the dc-link capacitor
get destroyed due to excess voltage at the dc link. Subsequently,
a wind turbine gets disconnected from the external grid system,
leading to voltage stability issues. From Fig.13(f), it is observed
that a large overshoot is seen in dc-link voltage with the vector
Pl controller. However, the proposed scheme offers less
deviation in dc-link voltage from the reference yoltage and

During t=1 s to t=1.2 s, the stator curf@nt i

the nominal value, thus preventing high r gnt into the
converter, thereby avoiding damage nv .
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ure 13: Simulation results for the grid tied wind turbine in
l symmetrical fault conditions using ADRC (a) Voltage at PCC, (b)
2 Reactive power, (c) Real power, (d) Rotor speed, (e) Torque, (f) DC
link voltage, (g) Stator current using P, (h) Zoomed version of Stator

302 04 08 08 1 12 12 15B i3 W current using Pl, (i) Stator current using PR, (j) Stator current using
V PR, (k) Stator current using ADRC, (1) Stator current using ADRC.

stator current(p.u)

4.2. LVRT improvement of grid connected wind
ok 1 energy in LG fault condition using ADRC
At t=1 s, an unsymmetrical fault occurs for a duration of 200
MMM NN NN NN ¥ ms. As shown in Fig. 14(a), the PCC voltage decreases during
WAVAVAVIAV AV AV AV AVAVAVAVAY the unsymmetrical fault. The voltage at PCC rapidly returns to
AW WWWWWWWWWWW MV its pre-fault level after fault clearance. It is evident from Fig.
14(a) that the voltage at PCC increases much more with the
proposed control strategy compared to Pl and PR control
0.1)2 0.I04 D.E)S 0.(‘)8 0?1 0.‘12 0.114 0.I16 0..18 072 Strategies'
Tima(s) Fig. 14(b) displays the reactive power supplied by the GSC.
‘ ) (h) The reactive power provided by the GSC, utilizing the proposed

control scheme, exceeds that of PR and Pl controllers. This
enhancement contributes to the recovery of PCC voltage to its
, ‘ ” l , pre-fault state under fault conditions. Fig. 14(c) displays the
” “ ”H H”w ” ”” H,H”HU H” “ active power profile in the presence of asymmetric fault
1‘””“ HHH HH“H'I “““ ”H“HH m M “' H“”“ m“' From Fig. 14(c), it is detected that the real power delivered to
the grid slightly decreases, indicating that the suggested system

) has the lowest power relative to the PR and vector PI control
v 02 04 06 08 _1 1-2 14 16 18 2 methods. Fig. 14(d) illustrates the response of rotor speed under
0 LG fault conditions. As shown in Fig. 14(d), there is a

noticeable increase in rotor speed oscillations during an LG

fault.
The rotor speed fluctuates more, and stabilization is not

l“ conditions.
Time (s)
achieved quickly under a conventional controller. In contrast,

stator current(p.u)
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the proposed method minimizes rotor speed oscillations more
effectively than the resonant controller and PI controller.

Fig. 14(e) indicates the waveform of electromagnetic torque
under a line-to-ground fault. As shown in Fig. 14(e), it is
observed that with the proposed controller in operation,
electromagnetic torque fluctuation is relatively low, thereby
minimizing stress on the generator turbine mechanical unit.

In Fig. 14(f), the DC link voltage experiences significant
oscillation in the transient state and returns to the pre-fault state
after the fault disappears. It can be seen from Fig. 14(f) that the
proposed approach minimizes DC link voltage variation faster
than P1 and PR control methods. Fig. 14(g), Fig. 14(h), and Fig.
14(i) show the PMSG stator current variation using ADRC, PR,
and PI control approaches, respectively, under asymmetrical
fault conditions.

During the time interval t=1 s to t=1.2 s, the stator current is
maintained within the nominal range, preventing high stator
current from entering the converter and protecting it from

damage.
15
)
=3
8 ! T =
b F-_-' .
o : - ADRC
g05 PR —
g S —PI |
\ 1
0 > >
0 02 04 06 08 1 12 14 16 18 2
Time(s)
@)
04 ,
- ADRC
=}
E 03 Ay PR
g 02 wid i
§ \ﬁ?'."i r{
® £ .,"h(‘\""’i.,_
> 01 it r
E NN
& 0 ’ B
%% 02 04 06 08 1 12 4w 18 2
Time(s)

-
[$2)
—~
(=)}
~

T
|
|
5 H
21 i . e =
AR
: ANz
=] |
s |
20.5 - ADRC
s 3 PR
( -PI
0 Dearann |
0 02 04 08 1 12 14 16 18 2
w Time (s)
(©
12
«++ ADRC
--PR
5 ~PI
e
2 TSV I N
g 1 il :
e .‘\,L’ -'IE 5
% \ .5\ ; _
= .
058
0 02 04 06 08 1 12 14 16 18 2

Time(s)

(d)

=12

-
[N
Pl
a)
Py

©_ -
R

= i

Electromagnetic torque(p.u
o o

o
o

o o
o N

02 04 06 08 1 12 14 16 18 2

[N
~
Of=
—3
5]
~
&
-~

< ===
© © kN w

DC link voltage(pu)

o o

o
o\l
o
N
o
N
g
(2]

E !.O

> "( S

@

« =
=
N
-
>
=
(o2}
-
oo
N

Stator current(p.u)
& o

Stator current(p.u)

(‘_I')ime(s)

i

Figure 14: Simulation waveforms for the grid tied wind turbine in
asymmetrical fault conditions using ADRC (a) Voltage waveform at
PCC, (b) Reactive power waveform, (c) Real power response, (d)
Rotor speed, (e) Torque waveform, (f) DC link voltage, (g) Stator
current using PI, (h) Stator current using PR, (i) Stator current using
ADRC.

4.3. HVRT capability of grid connected wind energy in
voltage swell scenario using ADRC
In this case, a voltage swell occurs on the grid side. Modern
grid codes stipulate that wind turbines must endure a voltage
rise for a defined period, known as High Voltage Ride-Through
(HVRT) capability. The proposed grid-side controller is
designed to meet HVRT requirements by absorbing reactive
power. The voltage profile at the Point of Common Coupling



(PCCQC) is depicted in Fig. 15(a). Observing Fig. 15(a), it is
evident that the proposed controller effectively reduces voltage
rise during a swell. Additionally, the voltage recovers rapidly
with the proposed control after the fault has dissipated, in
comparison to conventional vector Pl and PR controllers.
Consequently, the proposed method prevents the disconnection
of the wind turbine from the grid.
The reactive power observed at the Point of Common Coupling
(PCCQ) is presented in Fig. 15(b). The reactive power observed
by the utility-side inverter is high with the proposed scheme,
preventing an increase in voltage during grid disturbance
conditions, while the reactive power absorption is low with the
Pl and PR control scheme. From the results, it is noticed that
the wind turbine can withstand over-voltage conditions by
successfully absorbing reactive current, thereby enhancing the
High Voltage Ride Through (HVRT) requirement.
Fig. 15(c) displays the real power waveform under the state of
a voltage rise condition. Before the grid interruption happens,
the real output power is retained around 1 p.u. The active power
pumped into the grid grows during the voltage swell and is
controlled at the reference value using the proposed control
after the fault is removed.
Fig. 15(d) depicts the waveform of rotor speed under a voltage
rise condition. The results prove that the proposed scheme has
demonstrated improved performance in reducing overshoot and
steady-state error in rotor speed compared to PR and
conventional Pl controllers. The reduced steady-state error
provides good mechanical stability to the wind energy system
under abnormal grid conditions.
The Permanent Magnet Synchronous Generator (PMSG)
electromagnetic torque response is shown in Fig. 15(e) w
the grid is subjected to a voltage swell disturbance. Fig. 1
shows that the proposed scheme ensures the least variations in
torque oscillations compared to PR and Pl co
response of the DC link voltage waveform is presentg
15(f). With the proposed system, the overshoot pres
link voltage is significantly reduced. As seen inggig. the
proposed solution aims to keep the DC link
steady compared to PR and PI control mmd
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Figure 15: Simulation results for grid tied PMSG wind turbine under
voltage rise scenario using ADRC (a) Voltage response at PCC, (b)
Reactive power response, (c) Real power waveform, (d) rotor speed
waveform, (e) Electromagnetic torque, and (f) dc link voltage
waveform.

4.4. Peformance Assessment of the Proposed Control
Scheme

The comparison of system parameters in terms of rise time,
settling time, overshoot, and steady-state error has been
tabulated below. All system parameters are in per unit values.
Table 1 presents the performance assessment of the proposed
controller under adverse grid conditions. From Table 1, it is
noticed that there has been a substantial decrease in steady-state
error, overshoot, rise time, and settling time for machine and
grid parameters using ADRC compared to PR and PI
controllers.



4.5. Peformance improvement of the grid tied PMSG
Wind turbine in distorted Grid and parameter
uncertainities

In this scenario, we evaluate the robust performance of the

proposed control scheme by considering the distorted harmonic

grid as well as parametric uncertainties. The grid voltage

response in distorted grid conditions is depicted in figure 16(a).

Harmonically distorted voltage induces pulsations in stator and

grid current, leading to fluctuations in PMSG active and

reactive power and DC link voltage. The pulsations in PMSG
active power are illustrated in figure 16(b). Notably, the
proposed ADRC minimizes the pulsations in real power
delivered to the grid, closely adhering to the rated active power,
as shown in Fig. 16(b). Fig. 16(c) showcases the reactive power
provided to the grid from the utility-side converter under

77772722 2020) 1-7? 13
distorted grid and machine parametric variations. The reactive
power supplied to the grid is closely maintained at the reference
reactive power, ensuring control at unity power factor using
ADRC, as revealed in Fig. 16(c). Both Fig. 16(b) and Fig. 16(c)
confirm that real and reactive power introduced into the grid
have been maintained at their reference values. Fig. 16(d)
presents the waveform of DC link voltage with the proposed
and PR, PI control schemes. The fluctuations in DC link voltage
are minimized using ADRC, providing satisfactory tracking
performance in controlling DC link voltage at its reference
without significant overshoot when compared to
controllers. The grid current is displayed in Fig
16(g) using ADRC, PR, and PI controllers. T
that the grid current using the profésed
balanced in distorted grid conditions co
controllers.

Table 1: Performance Assessment of controller under Adverse Grid conditi

CASE 1: Symmetrical fault condition

Settlin 'm@ Steady state error(%b)

(b)

Controller Overshoot(%o) Rise time(s)
Vv P T Ve Vv P T Ve Vv P c Vv P T Vdc
Pl 0.6 0.6 05 0.1 2 1.8 11 1.1 1.82 1 1.23 0.3 0.2 0.03 0.02
PR 0.4 0.5 0.2 0.2 1.8 1.6 11 1 1.61 1.22 0.2 0.1 0.02 0.01
ADRC 0.1 0.1 0.05 0.01 1.6 14 1.1 1 14 1.22 0.1 0.1 0.02 0.01
CASE 2: Asymmetrical faultc
Pl 0.7 14 0.1 0.2 1.2 1.2 1.1 1.62 1.22 0.2 0.05 0.01 0.01
PR 0.2 1.3 0.02 0.1 1.2 1.2 1.1 161 121 0.15 0.04 0 0
ADRC 0.1 1.2 0.01 0.01 1.2 1.2 . 1.6 13 161 121 0.1 0.04 0 0
CASE 3: Volt@yweu condition
Pl 0.5 1.8 1.4 0.12 1.1 1. . 1.1 1.6 1.6 1.6 1.21 0.1 0.01 0.01 0.01
PR 0.3 15 1.2 0.1 1.1 1.1 14 14 1.6 1.21 0.01 0 0
ADRC 0.2 1.2 11 0.1 1.1”1\ 1.1 1.21 1.2 1.6 1.23 0 0 0 0
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Figure 16: Simulation results in distorted grid and parametric
uncertainties: (a) distorted grid voltage, (b) active power, (c) reactive
Power, (d) DC link voltage, (e) distorted grid current using ADRC, (f)
distorted grid current using PR, (g) distorted grid current using PI, (h)
THD of grid voltage, (i) THD of grid current using PR.

4.6. Peformance improvement of the grid tied PMSG
Wind turbine with Wind Speed Variations

The step rise and drop in wind speed variation are considered

at t=1 s and t=2 s, as presented in Fig. 17(a). Fig. 17(b)

demonstrates the effectiveness of the suggested approach in

ensuring optimum power coefficients for reaching optimal
electricity production. The power coefficient Cpmax tracks the
optimum value with only a few minor variations for the
suggested ADRC, while it deviates slightly from its reference
using PR and PI, respectively.

Fig. 17(c) displays the DC-link voltage response to a step
change in wind velocity variation. The proposed approach
exhibits an improved response and low overshoot compared to
PR and PI control schemes. The reactive power provided to the
grid is shown in Fig. 17(d) under variable wind speed

conditions. At t=1 s, the PI Controller yields highes’reactive
power variation with a larger settling time, whereas DRC-
based method exhibits less overshoot in reactivé*pQwer Wit

faster settling time. Fig.17(e) represengs the @ ip speed
ratio under varying wind velocity condijtions.\Bhe/tip speed
ratio slightly increases with minimal flactuation inWind speed
variation. In contrast, with the osed and PR
controllers, the tip speed ratio ¢ y the reference well
under wind speed turbulence. Rig. 17(f) demonstrates that with
the recommended ADRC locity tracks its optimal
value, whereas att=1s, it eviate from its optimal value
with PR and Pl coattol. Compared to other methods, the

proposed method t response with minimal steady-
state oscillations:

grid currents are represented in Fig.
. These components are appropriately
their reference values in varying wind
the proposed ADRC.

sponse in distorted grid conditions is depicted in figure 16(a).
Harmonically distorted voltage induces pulsations in stator and
grid current.
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Figure 17: Simulation waveforms under step wind speed conditions
(a) variation of wind speed (b) Coefficient of power (c) DC link
voltage (d) reactive power delivered (e) tip speed ratio (f) Rotor speed
(g) d-axis stator current (h) g-axis grid current.

5. CONCLUSIONS
The effectiveness of the proposed controller was tested to
improve low voltage and high voltage ride-through capability

of the grid tied wind turbine under various grid disturbance
conditions. The mentioned effectiveness was also tested in
symmetrical and asymmetrical fault conditions.

Findings

® The drop in PCC voltage due to a fault condition is
maintained at the desired level by controlling the
reactive power exchange between the grid-side
converter and the grid. The proposed controller limits
the rise in DC link, rotor speed, electromagnetic
torque, and stator current in various fault)eohditions,
thereby enabling the wind turbine to remai%ted
under abnormal grid conditions to t ow
Voltage Grid Code requiremegis.

® The rise in PCC voltage d a age swell
scenario is maintained e i evel by
e
se,i

controlling the reactive r.” The proposed
controller also limits C link, rotor speed,
electromagnetic torque, and/stator current in voltage
swell conditionsgthere bling the wind turbine to
remain connect t the High Voltage Grid Code

illustrate that the proposed scheme can
tly protect the system against high DC link

tage, stator current, speed, torque, and PCC voltage
under grid fault conditions.

The performance of grid-interfaced PMSG wind
energy has been tested to enhance power quality under
distorted grid conditions. The results reveal that the
desired output grid current is effectively regulated and
balanced. The harmonic distortion of the grid current
waveform is well within acceptable limits.

® Finally, the Low Voltage Ride Through (LVRT) and
High Voltage Ride Through (HVRT) capability has
been assessed using performance measures such as
Integral of Time multiplied by Absolute Error (ITAE)
deviations. The proposed control technique yields the
least index values; hence, the improvement is
significant. The effectiveness of the proposed Active
Disturbance Rejection Control (ADRC) structure has
been compared with the vector Pl and PR controller
methods by considering the ITAE index.

® The test system, as depicted in Figure 12, is employed
to assess the performance of the PMSG wind turbine.
The PMSG is linked to the grid network through an
extensive transmission.
Potential limitations

® \Wind energy systems operate in dynamic
environments with varying wind speeds and grid
conditions. Incorrect tuning can lead to suboptimal
performance and may not fully exploit the benefits of
enhanced LVRT and HVRT capabilities.
Future work

® The investigation of the proposed controller for real-
time grid interfaced PMSG wind energy can be
validated in grid disturbances, variable wind, and load



conditions by considering real time data, and the
results obtained through simulation and real-time can
be compared.

® By incorporating machine learning and deep learning
approaches into the design and operation of grid-
connected PMSG wind energy systems, it is possible
to enhance their efficiency and reliability under
varying wind and grid conditions, providing more
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NOMENCLATURE
kp Proportional gain
Kri Resonant gain
oy Resonant frequency
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