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ABSTRACT

The widespread integration of wind energy poses numerous challenges, including ride-through capability issues,
stability concerns, and power quality issues within the utility grid. Additionally, the inherent non-linear nature
of wind energy systems, coupled with internal dynamics like model uncertainties, non-linearities, parametric
variations, modeling errors, and external disturbances, significantly impacts system performance. Therefore,
developing a robust controller becomes imperative to address the complexity, non-linearity, coupling, time
variation, and uncertainties associated with wind energy systems, aiming to enhance transient performance in
the presence of external and internal disturbances. The research presented in this manuscript focuses on devising
a robust control scheme for a grid-tied Permanent Magnet Synchronous Generator (PMSG) wind turbine. The
objective is to improve the wind turbine's performance under both normal and abnormal grid conditions. The
innovation in Active Disturbance Rejection Control (ADRC) lies in its capacity to offer robust, adaptive, and
disturbance-rejecting capabilities without relying on precise mathematical models. This quality makes ADRC a
valuable and innovative tool for addressing challenges in complex and dynamic real-world applications where
system parameters evolve over time. The wind energy system is inherently non-linear, time-varying, cross-
coupled, and highly uncertain. It is also susceptible to parameter uncertainties, parametric variations, and
external grid disturbances, all of which significantly influence its performance. The effectiveness of the proposed
control scheme is validated to enhance ride-through capability and extract maximum power under internal
disturbances, external grid disturbances, and parametric variations. To assess the proposed controller's efficacy,
a comparative analysis is conducted using the Integral Time Absolute Error (ITAE) index for all abnormal grid
disturbances. This analysis is performed in comparison to a Proportional Resonant Controller and a P1 controller,
providing evidence of the proposed controller's effectiveness. In summary, the incorporation of an Active
Disturbance Rejection Controller emerges as a promising solution for enhancing the Low Voltage Ride-Through
(LVRT) and High Voltage Ride-Through (HVRT) capabilities of grid-tied Permanent Magnet Synchronous
Generator (PMSG)-based wind energy systems.
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1. INTRODUCTION

grid is not allowed according to the modern grid codes
established by each country. In addition to external

Conventional energy sources have a detrimental effect on
the environment, primarily due to carbon emissions. In
response to these challenges, there has been a notable shift
towards exploring alternative energy resources. Solar, wind,
and hydro energy sources are garnering significant interest,
driven by the depletion of fossil fuels, growing environmental
concerns, and the threat of global warming. Among these
alternatives, wind energy systems have gained widespread
recognition as a superior technology, offering advantages over
other energy sources.

A. Research background and Motivation

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
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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

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
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(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,

but cannot offer real power support during grid interruptions.
The authors in (Ramirez, Martinez, Platero, Blazquez, &
Castro, 2011;Chen, Yan, Zhou, & Sun, 2018) implemented a
series compensation-based device, called Dynamic Voltage
Restorer (DVR), to enhance LVRT requirements. This device
can deliver and absorb both real and reactive power. Unified
Power Flow Controller (UPFC), discussed in (Golshannavaz,
Aminifar, & Nazarpour, 2014; Raphael & Massoud, 2011), is

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, M. S., et., 2009) 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-Gonzalez, Sumper, Gomis-Bellmunt,
& Bianchi, 2013) proposed Flywheel Energy Storage System
(FESS) as an alternative energy storage method to stabilize
power variations in integrated wind power systems.
Nevertheless, this method may not be suitable for large-sized
wind turbines due to increased system costs. In (Abbey & Joos,
2007) and (Rahim & Nowicki, 2012), a supercapacitor-based
energy storage device was presented to augment LVRT
capability. Supercapacitors store additional energy at the DC-
link during fault conditions, limiting the generator speed and
preventing wind farm detachment. However, proper sizing of
the storage device is essential to consume energy produced
under the most severe fault conditions. References (Shi, Tang,

considered the most effective hybrid compensation-based
FACTS device for LVRT applications, combining series and
shunt compensation features. However, the key drawback is the
increased overall system cost. In (Thet & Saitoh, 2009), a pitch
angle-based controller was proposed to improve the LVRT
requirement of the PMSG wind turbine system. By regulating
the pitch angle, mechanical input power to the wind turbine can
be limited, offering a relatively simple and cost-effective
solution. Nevertheless, the mechanical system's response may
not be fast enough to voltage dips caused by symmetrical and
asymmetrical faults. Superconducting fault current limiter,
discussed 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
l l

Controller based methods ‘

’ External devices based methods ‘ ’

Xia, Ren, & Li, 2011) and (_Nguyen T.H & Lee, 2010)
discussed the implementation of a Superconducting Magnetic
Energy Storage (SMES) device to enhance Fault Ride Through
(FRT) capability and smooth PMSG output capacity. Despite
having unlimited charging and discharging cycles compared to
other storage systems, the use of SMES increases the overall
system cost when integrating large wind farms into the grid
system. LVRT capability improvement by storing energy in the
turbine generator inertia under grid faults was explored in
(Alepuz, Calle, Busquets-Monge, Kouro, & Wu, 2013) and
(Guoyi, X., Lie, X., & Morrow, J. 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 in (Mohod & Aware, 2010;
Wang, L., & Truong, D. N. 2012; 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 regulating reactive power
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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, M. 2018; Alam, S., & Abido, M.
2018). 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 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.
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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 uncertainties. In
(Inoue, Y., Morimoto, S., & Sanada, M. 2008; Kwon, J. et.,
2008) the authors described the application of the Vector Pl
controller and direct torque control for the PMSG wind turbine
system. The mathematical framework of these control
techniques relies on precise system parameter information.
Additionally, the performance of the control scheme is
susceptible to both internal and external disruptions, which
significantly degrade the controller's performance. To
overcome these limitations, advanced nonlinear control
schemes are discussed in (Soliman, M. et., 2019; Muyeen, S.
M., & Al-Durra, A. 2013) subsequently. Soft computing
techniques, such as fuzzy logic and ANN-based control
methods, offer distinct advantages over conventional
controllers. The fuzzy logic controller is model-independent
and insensitive to variations in system parameters, making it
suitable for implementation in complex nonlinear systems.
However, the type-1 fuzzy control scheme does not address
uncertainties in complex systems. To overcome these
shortcomings, researchers have focused on nonlinear control
schemes. The feedback linearization technique, proposed in
(Cheikh, R et., 2020; Kim, K et.al 2012). aims to enhance the
Low Voltage Ride Through (LVRT) capability of the PMSG
wind turbine system. The feedback linearization scheme is
implemented for the Machine-Side Converter (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 (Ayadi, M., & Derbel, N. 2017) to
improve the ride-through capability of the PMSG wind energy
system. The authors in (Valenciaga, F., & Puleston, P. F. 2008;
Merabet, A et.al 2016) 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
(Yaramasu, V. et al., 2014) 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 systems to improve fault ride through enhancement.
Since ADRC is not dependent on the mathematical model, it is
not affected by lumped disturbances or parametric changes.
Additionally, ADRC requires less tuning parameters. Hence,
ADRC is widely recognized in a variety of engineering
challenges, such as the wind energy system. This control
scheme has been applied in (Laghridat, H., et., 2022; Penne,
M., et., 2021; Belachew Desalegn et., 2023; Elmouhi,
Noureddine et., 2023; Liu, M. et al., 2023; Wang, Z., 2023)
SCIG and DFIG Wind farms to address the issue of fault ride-
through capability However, ride through capability on utility
side disturbances such as distorted grid conditions, low and
high voltage conditions as well as source side disturbances such
as variable speed conditions has not been applied on PMSG
based wind turbines. Hence, this manuscript investigates LVRT
and HVRT capability on PMSG-based wind turbine using an
Active Disturbance Rejection Controller.

D. Research Contribution

The primary objective of this study is to develop a robust
controller that can adapt to external disturbances, internal
disturbances and environmental conditions. Hence, this paper
recommends 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:

e 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

e 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.

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

e 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.
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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:

k.s

Hab(s)zkp+sz4'—‘w2 1)

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

Machine side converter Grid side converter

: ’ilﬁai‘ | d% e Grd

i
]

Figure 2. Block diagram of test system
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Figure 3 (a). Schematic diagram of resonant controller
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Figure 3 (b). PR Controller with harmonic compensator

2.2. Fundamental Proportional Resonant with

Harmonic Compensator

In Fig. 3(b), the PR controller, in conjunction with the
harmonic compensator, is depicted, aiming to enhance the
quality of the injected grid current. The Harmonic Compensator
(HC) is intended to mitigate harmonics in the grid current. It is
designed with a resonant frequency set to the specific frequency
requiring compensation. To suppress lower-order harmonics, a

dedicated harmonic compensator is designed in tandem with
the PR controller:

The transfer function of HC is specified by:

K,.S
Glic (s) :m

O]

where k,,, is the resonant gain at the particular harmonic,
h is the order of harmonic, and o,h is the resonant frequency
of the specific 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.

d(t)
r U, (t) L@ 1 y
— K 5 plant —T

Feedback control

Disturbance
loop

rEJectlon Ioop

7=
2 ESO

21 = }7
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);
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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®P(t)=f (y(p'l),y(”"z), '''''' ,y,b,w)+bou

S 4

v

Extended state model

X=AX+B,u+E.nh

L Y =CX J
e ¢ N
Extended state observer
X =AX+Bu+L(y-9Y)

L Y=CX )

'

Control Law

u(t) = K(f — X)

S 4

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 dq axes are precisely following their
reference. The reference dq is produced by the ADRC.

The Electromagnetic torque is given by:
3 .
Te= P Pomigs 3)

Stator refwerence g-axis current from (3) is given by

" 2 )«
lgs = (MJTQ (4)

6,

PLL

A
S

ds 'ds

@, oTC Te
MPPT

Figure 5. 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:

. dig .
Vgs = lIgsRs + Lg d_ts — Wplgslgs
_ digs _
Vgs =lgsRs + Ls it + wplgslgs + W )

Equation (5) is specified as

dig . .
Las d_ts =Vgs —lgsRs + @elgsigs
digs . .
Lgs at =Vgs —lgsRs — @elgsigs — Wl (6)

The cononical form of equation (6) is:

H Rs H H qu Vds
lgs = (__'ds T Olgs T |+

Las Las Las
: R . 1 . Vgs
lgs =[_L_S|qs _L_(wel-ds|ds + Oe¥/m )]"‘L_ (7
as gs qs

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

. Rs . . .
fq ('ds,t) = (‘ﬁ'ds + @elgs %J ,
s

S

. R, . 1 .
fq ('qsvt) = [_L_:s|qs _E(wel-dshis T DY )]
By taking external perturbastion d(t) into account, equation
(15) is re-written as:
igs = fq (igs,t) +d(t) +bug (t)
igs = o igs ) +d (t) +bug (1) 8)
ug (t) and uy (t) represent the control signals

1
Ug (t) = Vs Ug ) =Vqs;bo ZE

The total perturbation including internal and external
disturbance is characterized by fg(t) and fy(t)

fas (1) = fq (igs, 1) + d (1)

qu ®= fq (iqs ) +d(t) ©)]
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Thus, the stator current in gd-axes is given by:
igs = Tas () +boug (1)

. (10)
igs = fgs (1) + bouig (1)

3.4. Mathematical Model of the proposed ADRC for dq
current control

The mathematical model of ADRC for inner qgd-axes
current control is given here:
STEP 1: Canonical form of ADRC for direct axis stator
current loop is:
Equation (10) is written by
igs = fas (1) +bug (1) (11)
Let

X =Y =lgs;Xp = fy (1)

STEP 2: The state space model is formulated as follows: The
state space model of equation (11) is:
X = %o +bug (t)
%o = fgs(t) 12)
y=%X
The matrix representation of equation (12) is

U[g 3}[2]*[2]%«)@%
ol

Equation (13) is given by:
X = Ax+Bug (t)

y =Cx
e e

Where
STEP 3: Formulation of Extended State Observer
Then, the ESO model is written as follows:

2=Al+Buy(t)+L(y-9)
y=Ci
The matrix form of equation (15) is given by

H I R S

Then, equation (16) becomes
2y =2, +bug (t) - A (% —igs)

2y =P8y ~igs)

where g, and S, are the gains of ESO, Z; is the estimate of
real current iy and Z, is the estimate of generalized
disturbance fg(t).

(13)

(14)

(15)

(17)

The ESO gains f, = 2apand /3, = ¢ are determined based
on bandwidth parameterization.

Therefore, estimated states are specified by
h=1, +%Ud(t)_2w0(il_ids) (18)
é2 :_wg(il_ids)

The estimated states Z; and Z, can track and , respectively,

with fine tuning of observer bandwidth.
STEP 4: Development of control law for dq axes current to
reject the disturbances.

The control law is designed as given below to terminate the
lumped disturbance

Vi = Vgs - 22
ds =
bo (19)
Vgs = kp(ids* - 21)
where iy, is the reference direct axis component of stator
current and Vgs is the converter control signal.
Similarly, the control law for g-axis current is
0 A

Vo Vgs — 22

@ b (20)
Vgs =Kp(igs — 22)
The current controller using ADRC for d-axis and g-axis is
displayed in Figure. 6 and Figure 7

ok 0 _\0
w =y . 1 ;
Ids & Uy =Veg IdS
1 .

K, b

A 4
-l
=
172]
@
A

o h,=1
1=y ESO

A

Figure 6. d-axis inner current controller using ADRC
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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.

Vg J__
T

v, - PCC
- r Iﬂq o Hq
U—»1r V
V,__,y ADRC ADRC U—* l Sa |8y |S.
—>| y
d

]
v, i
P Pl T g
Q, L] ADRC UV’
—y “
Vec

IMG
-1.5v,

<

abc|

Q<e

Figure 8. Block diagram of grid side converter using ADRC
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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 dg frame are
fed to the inner current loop. The dq reference voltage signals
are converted by dg/abc transformation and changed to abc
reference voltage signals. To produce the gate pulses for GSC,
the reference voltage signals are directed to PWM. The control
signals are modified to regulate the real and reactive current to
track reference grid currents.

3.6. Mathematical Framework of ADRC Scheme for
Utility Side Converter

The grid voltage in dg frame is specified by

. dldg .
Vdg = R'dg + Lg T* [t)el_g|qg + Vi

. diqg .
ng = qug + Lg T-F a)eLgldg +ti (21)
Equation (21) can be written as follows:
didg . .
Lg e Vag —ldgRg + @eLglqg —Vai
digg ) .
9 g Va9 lag Ry —@elglag —Vai (22)

Equation (22) indicates that grid voltage in d-axis is affected by
grid current in g-axis, while grid voltage in g-axis is influenced
by grid current in d-axis. This cross coupling effect on dg-axes
results in difficulty to control lgg and i

g9
respectively.Equation (22) is expressed by
dig R 1 1
g _ "o ;
— = =-—lgg + Vg + @elgg —— Vi
dt Lg Lg Lg
di R 1 1
a9 9 ;
at = 'Elqg +L—gvdg —a)eldg —L—qui (23)
Equation (23) can be expressed by
; . 1
Idg =f ('dg ,t) —L—Vdi
g
igq = (i ! 24
lag = ('qg't)_l__g"qi (24)

where f (igg,t)and  (iqq,t) signify the internal system dynamics

with grid parametric deviations and cross-coupled terms.
Where

, Ry. 1 ,
f (ldg,t):[—l_—jldg +§Vdg +a)e|qgj

R 1
f (qu ,t) = [—glqg +qug —a)elng

The system parameter (b) and control signal (u) in dq current
loop for GSC is provided by

—

Lg
Vdg = Ud (25)
Vogg =U

99 ~ g
The dg-axes grid current with external perturbation d (t) is

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

g :f(iqg,t)+d(t)+buq (26)
The generalized disturbance for grid current in dg-axes

involving the cumulative result of internal and external
disturbances is provided by

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

(@7)
fog (0 = f (igg.t) +d(®)
Hence, equation (27) is given by
'dg = fdg (t) + bud (t) (28)

gg = fqg (1) +bug (1)

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
g = fug (t) +bug (t) (29)
STEP 2: The formaulation of the state space model is given:
The state space model is supported by:

X = AX+ Buy (t)

y =cx

where A:[g ﬂ;B:&j;C =(1)

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

2=A7+Bu+L(y-9)
y=Ci

The estimated states from the extended state observer from
equation (31) is written as follows:

H R R TR

where Z; is the estimate state of d-axis current and Z, is the

estimated state of lumped disturbance.
The new estimated states with observer gains j; =2, ;

(30)

31

B, = i are given below:

: 1 .
=2y +—=Uy(t) - 2my(Z; —igy)
.1 2 Y Do\Z1 ~ ldg (33)
2= —0)02(21 - idg)

STEP 4: Development of the control law to compensate the

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

g=-d40—2
b (34)
ug =kp iy — 1)
where
Ud = Vdg

Thus, for d-axis current controller, the control law is written
by:
Vig — 2

bo (35)
Vig = Kp (idg — 21)

wherek ; is the gain of the controller and igg is the reference

Vdg =

d-axis current, and Vg, is inverter control input in d-axis
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current controller. Similarly, for the g-axis current controller,
we have:
Vqo — 2
Vag =—
b (36)
0 _ o (i* _i
Vag = Kp (igg ~lqg)

where i; indicates the reference g-axis current and vgq is

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

d(t)

PMSG >

Figure 9. d-axis inner current controller for GSC using ADRC
d)

l ag

PLANT >

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

d(t)
i isg ;

Figure 11. DC-Link voltage controller using ADRC
3.8. Tuning of Controller Parameters

The present work employs the Empirical tuning method to
adjust the parameters. Empirical tuning proves to be a practical
and effective approach for optimizing ADRC controllers in
real-world scenarios. This method utilizes data from simulation
results and practical insights to customize the controller's
parameters, thereby ensuring robust performance in the
presence of uncertainties and disturbances.

3.8.1. Tuning of observer bandwidth

Observer bandwidth is determined by observer gains. The
poles of the Extended State Observer (ESO) are configured, and
the characteristic equation of the ESO can be obtained. In this
method, observer gains are selected so that the roots of the
characteristic polynomial of the observer lie on the left half of
the s-plane and are located at $1=2wo and .= wq?. The stability
condition requires that the roots of the characteristic equation
are in the left half of the s-plane. Ensuring 1 > 0 and . > 0
guarantees controller stability. To enhance the stability margin
of the system, the roots of the characteristic equation are kept
away from the imaginary axis. With the appropriate selection

of B1 and f,, 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 —ay, 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 ax to be 3 to 7 times w..
Hence, wc is the only one tuning parameter. w. =4/Tsettle
where Tee 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.

PCC

MSC Gsec

[ 575/25KV 120 KV bus
S ISRt EO! @ | @

—  S— o Grid side i

Coupling | 30 km Feeder 3
transformer
Transformer Grid

MSC conirol ‘GSC control
using ADRC using ADRC

Figure 12. Test system under consideration

UANAARE

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 fault conditions. As shown in Fig. 13(b), the reactive
power distributed with the proposed scheme is higher than that
of other control schemes, aiding in the restoration of PCC
voltage to its pre-fault state. Another crucial grid code
requirement is the prompt restoration of active power to its
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normal state after the fault dissipates. As illustrated in Fig.
13(c), real power experiences a slight decline during a fault
condition and swiftly returns to the pre-fault state once the fault
disappears. The proposed scheme successfully restores it to a
normal state more rapidly than both the resonant controller and
a typical vector Pl control scheme, as depicted in the figure.
Fig. 13(d) illustrates rotor speed oscillations during a
symmetrical fault disturbance. The mechanical torque
surpasses the machine's torque at the fault's onset, causing an
increase in the PMSG rotor speed. A sudden jump in the wind
generator's rotational speed occurs due to the disparity between
the wind turbine's electrical and mechanical power, leading to
vibrations in the wind turbine's mechanical system. As depicted
in Fig. 13(d), the proposed technique exhibits a smaller speed
deviation and proves to be more effective in damping rotor
speed oscillations compared to PR and PI control strategies.
Fig. 13(e) illustrates the electromagnetic 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 PI controller. However, the proposed
scheme offers less deviation in dc-link voltage from the
reference voltage and stays within the safety limits, closely
tracking its reference. The PMSG stator current variation using
ADRC, PR, and PI control methods is depicted in Fig.13(g),
Fig.13(h), and Fig.13(i). During t=1 s to t=1.2 s, the stator
current is controlled within the nominal value, thus preventing
high stator current into the converter, thereby avoiding damage
to converters.
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Figure 13. Simulation results for the grid tied wind turbine in
symmetrical fault conditions using ADRC (a) Voltage at PCC, (b)
Reactive power, (c) Real power, (d) Rotor speed, (e) Torque, (f) DC
link voltage, (g) Stator current using PI, (h) Zoomed version of Stator
current using PI, (i) Stator current using PR, (j) Stator current using
PR, (k) Stator current using ADRC, (1) Stator current using ADRC.

4.2. LVRT improvement of grid connected wind
energy in LG fault condition using ADRC

At t=1 s, an unsymmetrical fault occurs for a duration of
200 ms. As shown in Fig. 14(a), the PCC voltage decreases
during the unsymmetrical fault. The voltage at PCC rapidly

returns to 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 strategies.

Fig. 14(b) displays the reactive power supplied by the GSC.
The reactive power provided by the GSC, utilizing the proposed
control scheme, exceeds that of PR and PI controllers. This
enhancement contributes to the recovery of PCC voltage to its
pre-fault state under fault conditions. Fig. 14(c) displays the
active power profile in the presence of asymmetric fault
conditions.

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 Pl
control methods. Fig. 14(d) illustrates the response of rotor
speed under 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
achieved quickly under a conventional controller. In contrast,
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 Pl 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.
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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
(PCC) 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 (PCC) 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 PI 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) when
the grid is subjected to a voltage swell disturbance. Fig. 15(¢)
shows that the proposed scheme ensures the least variations in
torque oscillations compared to PR and Pl control. The
response of the DC link voltage waveform is presented in Fig.
15(f). With the proposed system, the overshoot present in DC-
link voltage is significantly reduced. As seen in Fig. 15(f), the
proposed solution aims to keep the DC link voltage relatively
steady compared to PR and PI control methods.
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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
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 PR and PI
controllers. The grid current is displayed in Fig. 16(e)-Fig.
16(g) using ADRC, PR, and PI controllers. The results indicate
that the grid current using the proposed method is well-
balanced in distorted grid conditions compared to PR and PI
controllers.
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Table 1. Performance Assessment of controller under Adverse Grid conditions

CASE 1: Symmetrical fault condition

Controller Overshoot(%o) Rise time(s) Settling Time(s) Steady state error(%o)
\Y% P T Ve \Y% P T Ve V P T Ve \Y% P T Vdc
Pl 0.6 0.6 05 01 2 1.8 1.1 11 182 19 2 123 03 02 0.03 0.02
PR 0.4 0.5 0.2 0.2 18 16 1.1 1 161 18 19 122 02 0.1 0.02 001

ADRC 0.1 0.1 005 001 16 14 11 1 145 14 14 122 01 0.1 002 0.01

CASE 2: Asymmetrical fault condition

Pl 0.7 1.4 0.1 0.2 1.2 1.2 11 11 19 16 162 122 02 005 001 0.01
PR 0.2 13 002 01 1.2 1.2 11 11 165 14 161 121 015 0.04 0 0
ADRC 0.1 1.2 001 001 12 1.2 11 11 1.6 13 161 121 01 0.04 0 0

CASE 3: Voltage swell condition
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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 higher reactive
power variation with a larger settling time, whereas the ADRC-
based method exhibits less overshoot in reactive power with a
faster settling time. Fig.17(e) represents the optimal tip speed
ratio under varying wind velocity conditions. The tip speed
ratio slightly increases with minimal fluctuation in wind speed
variation. In contrast, with the proposed ADRC and PR
controllers, the tip speed ratio closely tracks the reference well
under wind speed turbulence. Fig. 17(f) demonstrates that with
the recommended ADRC, the rotor velocity tracks its optimal
value, whereas at t=1s, it starts to deviate from its optimal value

with PR and Pl control. Compared to other methods, the
proposed method shows a fast response with minimal steady-
state oscillations.

The dg-axes stator and grid currents are represented in Fig.
17(g) and Fig. 17(h). These components are appropriately
controlled around their reference values in varying wind
conditions using the proposed ADRC.

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.
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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 conditions, thereby enabling the wind
turbine to remain connected under abnormal grid
conditions to meet the Low Voltage Grid Code
requirements.

The rise in PCC voltage due to a voltage swell scenario is
maintained at the desired level by controlling the reactive
power. The proposed controller also limits the rise in DC
link, rotor speed, electromagnetic torque, and stator
current in voltage swell conditions, thereby enabling the
wind turbine to remain connected to meet the High
Voltage Grid Code requirements.

From the results, it is perceived that there is a reduction in
steady-state errors and reduced overshoot of machine and
grid-side parameters. The simulation results illustrate that
the proposed scheme can efficiently protect the system
against high DC link voltage, 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 flexible and
responsive control of PMSG wind turbines. The proposed
solutions can be validated through extensive field testing
on actual wind energy installations. Field data can provide
valuable insights into the real-world performance of the
systems and help refine theoretical models and
simulations
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NOMENCLATURE

Proportional gain

Kri Resonant gain

or Resonant frequency
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d-axis and g-axis component of stator
current
d-axis and g-axis component of grid current

ids iqs

idgiqq

Vds Vs d-axis and g-axis component of stator
voltage

d-axis and g-axis component of stator

voltage

o Electrical angular speed of the rotor

Vds»Vgs

Vdc dc link voltage

A Tip speed ratio

cp Coefficient of Power
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