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Abstract

The aim of this research study is to improve the dependability and effectiveness of the wind energy supply system by
specifically examining the grid-connected permanent magnet synchronous generator system (PMSG). The proposed system
requires the connection of a common DC link with two converters arranged in a back-to-back topology. The machine-side
field-oriented control (FOC) utilizes the rotor position and generator speed. In this closed-loop control system, the regulation
of torque is achieved indirectly by adjusting the stator current. The control scheme is formulated within the synchronous
DQ frame. On the grid side control, modifications are involved for regulating the reference current generation, exhausting
the steady-state linear Kalman filter (SSLKF) control algorithm, improving power quality issues in the grid, and regulating
DC-link voltage to accomplish smooth power transfer under steady-state and dynamic conditions. The framework with closed
loops equalizes power between the inverter, grid, and load. In a grid-connected system, power equilibrium is established at the
point that the wind speed drops below the cut-in threshold. This system has been constructed with PMSG, a grid-connected
bidirectional converter, and a nonlinear load designed in MATLAB Simulink.

Keywords Permanent magnet synchronous generator - Field-oriented control - Steady-state linear Kalman filter control

algorithm - Wind energy supply system - Synchronization - Voltage control - Point of common coupling

1 Introduction

Frequency-locked loops refer to a wide range of closed-loop
synchronization systems that have attracted considerable
attention in various technological applications encompassing
synchronization, signal processing, and control. In single-
phase grid applications, the design of frequency-locked loops
often depends regarding a second-order generalized integra-
tor. Other alternatives include utilizing the linear Kalman
filter, intricate band-pass filter, and circular limit-cycle oscil-
lator. There stands a lack of comprehensive knowledge
regarding the actual advantages and disadvantages of these
in comparison to the SOGI-FLL [1]. AC inverters commonly
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utilize current regulators, three main types: hysteresis con-
trol, linear PI controller, and deadbeat extrapolative regula-
tors. Synchronous frame regulators are widely acknowledged
for their superior performance when compared to station-
ary frame regulators. This is because they function at direct
current levels, enabling them to minimize faults in steady
state. This study introduces a theoretical link between two
sets of regulators and proposes a novel fixed frame regulator
called the resonant regulator. The resonant regulator achieves
similar performance to a synchronous frame PI regulator in
both transient and steady-state settings. The new regulator
is capable of functioning with both single-phase and three-
phase inverters [2]. PMSG is most popular in wind energy
supply system. Due to magnet self-excitation, the stator oper-
ates with enhanced power factor and increased efficiency.
This study investigates power quality concerns in a diesel
engine-based generating system with an independent per-
manent magnet synchronous generator. It oversees the tasks
of compensating for reactive power, correcting power fac-
tor, and controlling voltage. This research proposes a battery
energy storage system connected to the distribution static
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compensator DC bus. The energy storage system utilising
batteries lets the distribution static synchronous compensator
control active and reactive power. The battery energy storage
system charges and discharges via the DC bus during low and
high electrical demand. The core component of the control
strategy is obtained by the utilization of three conventional
phase-locked loop approaches. The system incorporates a
double-synchronous reference frame, double-frequency and
amplitude compensation, and an adaptive filter with a fre-
quency estimation loop. There are three forms of PLLs,
specifically phase-locked loops [4].

Straight-forward movement control and field-oriented
control are the attractive standard industrial approaches
aimed at induction motor torque control. This study ana-
lyzes two control methods, highlighting their pros and cons.
The torque and current ripple, transient response to torque
command step variations, and performance of the two con-
trol systems are evaluated. The analysis used numerical
simulation results [5]. Phase voltage-oriented control reg-
ulates the power factor of a wind turbine equipped with
a permanent magnet synchronous generator. Contrary to
the conventional rotor flux-oriented control technique, this
approach does not necessitate the use of a position sensor or
a sensor-less estimator. The proposed control system oper-
ates by synchronously and independently rotating two dq
frames. One is utilized for phase-locked loop functionality,
while the other is employed for PVOC current regulation.
Proportional-integral controller is a type of filter that is
specifically intended to isolate and measure the phase volt-
age angle. The angle in question facilitates the conversion of
coordinates between the fixed o—8 frame and the rotating dq
frame within the PVOC control loop. To create the dq model
of the permanent magnet synchronous generator, we need to
align the three-phase voltage vector on the d-axis. This model
is utilized for the purpose of designing a PI controller and
implementing decoupling control [7]. A voltage source con-
verter is operated using second- and third-order generalised
integrator-based control in the hybrid order technique. The
proposed control technique effectively reduces the impact
of DC offset on the disrupted power supply voltage, in con-
trast to the second-order generalised integrator control, which
worsens performance in circumstances with distorted sup-
ply. Consequently, unit voltage templates exclusively employ
sinusoidal waves to extract the reference source current and
generate VSC pulses. The proposed control technique effec-
tively addresses the issues of total harmonics distortion in
the supply current, load balancing at the generator terminal,
reactive power compensation, and regulation of zero voltage
and frequency at the generator ends [8]. Off-grid distributed
power producing systems that utilise wind energy and operate
on a three-phase four-wire system effectively address power
quality problems by employing the quasi-Newton least mean
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fourth control method. The proposed control system gener-
ates a reference current for the voltage source converter to
address power quality concerns, including load unbalancing,
neutral current compensation, harmonics reduction, reactive
power compensation, and voltage and frequency regulation.
The step size parameter, which governs system convergence,
is unaffected by the input signal’s covariance and means in the
proposed control. Conversely, algorithms based on stochas-
tic processes rely entirely on the statistical properties of the
input signal to determine the step size [9].

In contrast to synchronous reference frame-PLL, which
requires two transformations plus a voltage-controlled oscil-
lator for basic component extraction. The recommended
solution reduces trigonometric operations’ computing load
by removing VCO, resulting in faster dynamic reactions
in different scenarios. Its ability to manage frequent and
quick changes makes it suitable for distributed power gen-
eration. An analysis of a wind-based distributed generating
system is presented here. A self-excited induction generator
powers a nonlinear load under various electrical conditions.
The control technique allows reactive power compensation,
harmonics reduction, and load balancing. A star-delta trans-
former attached to a load terminal helps to modify the neutral
current [10]. A voltage-controlled oscillator is employed to
regulate the voltage source converter independently of a PLL
loop. It improves electrical quality in dispersed power gen-
erating. The fundamental component of the load current is
extracted by this control via a three-phase alpha—beta trans-
formation [11, 12]. While the standard SRF-PLL provides
limited filtering capabilities, it may not be extremely use-
ful for most applications. To overcome this constraint of
the SRF-PLL, various advanced three-phase PLLs have been
proposed in the current research literature. Incorporating the
dynamics of these contemporary phase-locked loops (PLLs)
into the existing impedance models is intricate, primarily
because of the existence of several feedback/feedforward
loops and filters in their formations. The objective of this
study is to fill this research void. Research has demonstrated
that advanced three-phase phase-locked loops (PLLs) can
be expressed in many ways and easily integrated into the
current dq-frame impedance model. This notion is validated
by the provision of multiple case examples [14]. A hybrid
wind-PV system with a lithium-ion battery bank and shunt
active power filter is used. Controlled hybrid systems create
active power and deliver high-quality power to loads. Con-
trolling the SAPF entirely to offset harmonic currents is the
main idea behind this contemporary design. Batteries regu-
late this connection with a buck-boost converter. In the face of
unanticipated nonlinear load changes, a large battery energy
storage system allows rapid and steady DC voltage man-
agement. Thus, SAPF harmonic filtering improves. Despite
abrupt changes in load conditions, the suggested system is
regulated to run at the optimal power point and meet load
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requirements while maintaining optimal output voltage and
frequency [15-17].

An innovative method quantifies the critical factors of the
permanent magnet synchronous generator. Controllers are
constructed on measured parameters. Vector control opti-
mizes power extraction from the generator-side converter
under varying wind speeds. A model predictive controller
regulates the active and reactive power transmission to the
power grid using the grid-side voltage source converter. This
can be accomplished by effectively controlling the d- and q-
axis currents in the synchronous reference frame. The model
predictive controller chooses control actions that minimize
cost functions based on future estimates of control variables.
The system has a redesigned LCL filter design method to
meet grid code requirements. The design approach is simple
and incorporates crucial filter parameters without repeating
computations. Comparing the improved filter design to tradi-
tional L, LC, and iterative LCL filters shows its efficacy [19].
A “six-port converter,” as proposed, has nine semiconductor
switches. The suggested architecture retains all the basic fea-
tures of PV and DVR systems while reducing the number of
switches from twelve to nine. The dual operating capability
further improves the system’s ability to recover from severe
symmetrical and asymmetrical grid faults and power dips.
This research analyzes six-port converter operational modes
in detail. A suitable control algorithm is developed, and sim-
ulation and experimental investigations in various operating
conditions demonstrate the configuration’s accuracy. [20]. In
case of grid disruptions, microgrids should power vital local
loads during islanding. Energy storage can keep the point
of common coupling voltage within a certain range during
microgrid operation. This research proposes a novel method
for smooth and uninterrupted transfer in the energy stor-
age equipment system’s three-phase converter. To provide a
smooth transition, power and inductance are optimized. The
converter’s output voltage, rated power, and inductor voltage
loss affect the PCC voltage’s amplitude and frequency due
to unintentional islanding. For direct and smooth transfer,
modulation waves contain limiters to keep the PCC voltage
amplitude and frequency within the prescribed range. Ana-
lyzing the vector diagram of voltage and current vectors for
different loads determines the ESE’s power consumption and
the converter’s inductor voltage drop. The suggested con-
trol approach involves limiter setting design, inductor ripple
current analysis, and nonlinear load effect on PCC voltage
[21]. An assessment is being conducted on a wind generator
equipped with a permanent magnet and a complete power
converter. Within grid systems that lack strength, the gen-
erator must regulate the dc-link voltage. Wind power must
help the grid regulate voltage and frequency when it makes
up a large share of grid electricity. A variable-step search
strategy based on the electro-mechanical dynamic model of
the wind turbine can be employed to accomplish this task.

This algorithm adjusts wind speed generator output power
to match demand, regulating DC-link voltage. Due to wind
power curve nonlinearity and slopes, the controller is tailored
to different sections [27]. The proposed approach utilizes
space vector modulation to attain direct-torque control for
a permanent magnet synchronous generator in a variable-
speed direct-drive wind power generation system. A novel
observer is suggested to estimate the rotor position and stator
flux linkage of the permanent magnet synchronous genera-
tor utilising the present model. The observer utilizes a finite
sample frequency. The optimal torque command is obtained
and applied directly to enable direct torque control, allowing
the wind turbine generator to achieve precise control of max-
imum power point tracking, without requiring wind speed or
rotor position sensors. The proposed control approach has
several benefits, such as attaining a predetermined switch-
ing frequency and reducing fluctuations in flux and torque.
In addition, it obviates the necessity for a torque observer,
leading to reduced processing demands, enhanced dynamic
reaction, and heightened system resilience. [29, 30]

In this research paper, the generator-side control involves
a two-feedback loop; speed and location of the rotor are
both sensed which transforms dg values into a8 quantities.
The control system monitors and quantifies direct current
voltage, stator currents, and rotor position. This generator
side determines the rotor position by examining its encoder.
The PI speed controller computes the desired current value
for the quadrature axis, while the desired current value for
the direct axis is set to zero. The predicted voltages are
calculated by two proportional-integral current controllers.
The compensation terms are applied at the output of the
proportional-integral current controllers to independently
regulate the currents by addition and subtraction.

Space vector modulation computes duty cycles for refer-
ence voltages, whereas the PWM generator block determines
switching signals for power converters. The hysteresis cur-
rent controller technique generates a highly accurate switch-
ing pulse, which is unaffected by variations in the load
parameter. The wind velocity and disturbances in the electri-
cal grid are significant factors.

The grid-side control utilizes a steady-state Kalman filter
control technique to monitor the reference current genera-
tion. The objective is to regulate DC link voltage and power
balance for a grid-connected system. In the reference current
generation process, the non-linear current is sensed by the
Kalman filter control. Direct axis current is extracted, using
appropriate Kalman variable factor and it is given to output
of PI Controller. Hysteresis current controller gets reference
current from Inverse Park Transformation.

Also, improving power quality issues and regulating DC-
link voltage to accomplish smooth power transfer under
conditions of balance and varying circumstances. The
manuscript exhibits plug-out simulation consequences, as
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Fig. 1 Integrated Control strategy
of PMSG connected to grid

PMSG

shown in Fig. 12, with power balance results at the point
of coupling connection.

The structure of this document is as follows: Sect. 1
encompasses the introductory and literature review aspects,
along with the benefits of the proposed control algorithm.
The system configuration proposed has been presented in
Sect. 2. Subsequently, the mathematical representation of
control using equations has been provided. The generator-
side control utilizes a field control method, while the grid side
control demonstrates the generation of the reference current
utilizing the steady-state linear Kalman filter control algo-
rithm. Section 3. demonstrates different circumstances using
MATLAB Simulink. Eventually, Sect. 4. presents a conclu-
sive summary.

2 System description

Figure 1 depicts the feedback control strategy that is used by
the W-PMSG and is connected to the grid. A field-oriented
algorithm controls the PMSG output current and regulates
the DC link voltage. The parameters being monitored for
this control are the stator current and rotor position. This
generator side focuses on determining the position of the
rotor by considering the presence of an encoder attached to
it. The current used as a reference for the direct axis (isq)
is established as zero, while the reference current for the
quadrature axis (isq) is determined through the (PI) speed
controller.

The necessary dg voltages are derived using two (PI)
current controllers’ methodology. To achieve independent
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control of the currents, the compensation terms w,¥4 and
weYy are, respectively, added and subtraction occurs at the
output of the PI current controllers. Space vector modulation
is used to determine the duty cycles for the given refer-
ence voltages, while the PWM generating block creates the
switching signals for the power converter.

Steady-state Kalman filter control is implemented on the
grid side, and hence the power quality of the grid current
is enhanced. Three-phase load current is sensed from where
two wires connect. The steady-state Kalman filter senses the
direct axis current. The reference and actual DC link voltages
are compared to generate an error signal, which is added to the
direct axis current component of the Kalman filter. The ref-
erence current generation is extracted using the inverse park
transformation. The three-phase reference current is derived
from the inverse park transformation. Grid angle is sensed
from the three-phase source, and it is given to dq0 to ABC
block. With the help of hysteresis PWM current controller,
measured current and specified current are sensed and error
is extracted. As wind velocity changes, it is affected as shown
in DC-link voltage.

2.1 PMSG control techniques

There are several different classifications into which con-
trol techniques for permanent magnet synchronous generator
technologies may be placed. The following are some of the
ones that are most often used:

Control of Maximum Power Point Tracking Approach The
wind turbine’s generator exploits the maximum power output
to control the rotating speed of the rotor and the pitch angles
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of the blades. This enables the method to pinpoint the spot
inside the generator where it generates the maximum power
with a greater degree of precision.

Field-Oriented Control (FOC) is a technique employed
to regulate the speed and torque of the permanent magnet
synchronous generator (PMSG). This is accomplished by
managing the rotor position and current vector in a reference
frame that is revolving.

Direct Torque regulation, often known as DTC, is a
method that does not require a rotation to directly manage
PMSG torque and flux.

Sliding Mode Control (SMC) is a robust control technique
that effectively compensates for parameter uncertainty and
disturbances. It is also known as the sliding mode controller.
It employs a sliding surface to maintain the system’s position
along the targeted path.

Model Predictive Control, often known as MPC, is a
method that makes application of a PMSG framework sys-
tem to forecast upcoming performance and optimize control
inputs to accomplish a certain goal. Adaptive Control adjusts
PMSG system control settings depending on the system’s
reaction to changing environmental conditions.

2.2 Generator-side closed-loop FOC control
and mathematical analysis

Wind turbines transform wind energy into mechanical energy
for electricity generation. Wind turbine functioning relies on
these main components and principles. The wind turbine’s
most visible feature, the rotor blades, collects wind energy.
Like aircraft wings, they have air foil profiles. The wind tur-
bine’s rotor blades are positioned on top of a tower, facing the
wind. For effective functioning, wind turbines use devices to
yaw or turn the rotor to face the wind. A central hub connects
the rotor blades to a shaft. The rotor blades cause the hub
and shaft to revolve. The generator of the shaft transforms
mechanical energy into electrical energy. Advanced wind tur-
bines employ synchronous or permanent magnet generators.
Power electronics transform the rotor’s variable-speed rota-
tion into a grid-integrable electrical frequency to provide a
steady and synchronized electrical output.

The principle of wind turbine and power equation is shown
below,

1

P= E,oc,,Av3 (M
1 14

Trbine = = pACp— 2
urbine P p Y

where P is output power (in watts or kilowatts).
p is the air density factor (in kilograms per cubic meter).
A is the rotor swept area (in square meters), which is deter-
mined by the length of the rotor blades and their arrangement.

Turbine Power Characteristics (Pitch angle beta = 0 deg)
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Fig.2 Turbine power-speed characteristics

v is the wind speed (in meters per second) at the height of
the rotor.

The power coefficient, denoted as Cp, quantifies the effec-
tiveness of a wind turbine in acquiring the wind’s energy. The
value is dimensionless and usually falls within the range of
0 to 1. The Betz limit, denoting the theoretical upper bound
of efficiency, is roughly 0.59. The wind velocity fluctuates
between 10 and 12 m per second. As utilizing a PMSG with
eight poles, the rotational speed of the generator is 750 rev-
olutions per minute (rpm), while the average wind speed is
assumed to be ten meters per second (m/s). The maximum
power production is achieved when the generator speed is at
1.2 per unit (PU), and the power steadily decreases below this
speed to 0.7 pu. Figure 2 depicts the power characteristics of
a turbine.

The PMSG 3.7 kW wind turbine achieves its highest
power output when the wind speed reaches 0.9 pu (nominal
mechanical power) during startup and at the point when the
velocity of the wind approaches 10 m/s (nominal mechanical
power) under normal conditions. The wind turbines’ power
characteristics are demonstrated by holding the pitch angle
beta constant at zero, and the rotational speed is set at 1.1
times the base generator speed.

Field-oriented control (FOC) is a control technique
employed in electric motor control systems, namely in
applications such as AC induction motors or permanent mag-
net synchronous motors. Field-oriented control (FOC) is
a deliberate strategy designed to separate the torque and
flux components of the motor current, allowing for more
precise adjustment of these two aspects. This control tech-
nique improves motor performance by optimizing efficiency,
enhancing torque responsiveness, and ensuring precise speed
regulation. Below is a fundamental summary of the field-
oriented control method utilizing sensors.
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Fig. 3 Phasor representation for field-oriented control

PMSG currents must be measured with precision for field-
oriented control (FOC) to function properly. Current sensors,
such as Hall-effect sensors or shunt resistors, are utilized to
monitor phase currents.

The Clarke transformation is a technique employed to
convert three-phase currents into a two-phase orthogonal
reference frame (o). This process aligns the two-phase cur-
rents with the rotor flux, creating a reference frame (dq) that
remains fixed. In this frame, ‘g ‘ represents the torque com-
ponent and ‘d ‘ represents the flux component.

The proportional-integral (PI) controller is responsible for
maintaining the desired motor performance by adjusting the
reference torque and flux.

Perform the inverse Park and inverse Clarke transforma-
tions on transform the control signals back to the three-phase
reference frame.

Figure 3 illustrates the control as a space vector diagram.
The required torque is controlled by adjusting the current
vector. The permanent magnet produces a magnetic flux that
is oriented in alignment with the d-axis. The presented dia-
gram, « represents the torque angle, 6, the load angle, and
I the vector representing the current in the stator, which is
where the sum of isq and jigg.

Figure 4 illustrates the generator-side control (GSC)
method with a sensor. Variable-speed wind turbines are
becoming more prevalent due to their ability to optimize
electricity extraction by running at various speeds. Never-
theless, the energy generated the output of a wind turbine
is not entirely determined by the wind circumstances at the
location, but also by the control employed for the turbine.
Field-oriented control is a widely used method for control-
ling the permanent magnet synchronous generator (PMSG)
by precisely measuring the rotor position and speed of the
generator.

Field-oriented control (FOC) is a control method that
operates in a closed-loop system. In FOC, the torque com-
ponent is regulated circuitously by manipulating the PMSG
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Fig.4 Field-Oriented Control method using a sensor

current. The control approach is formulated in the (dq) ref-
erence frame. Equation 3 presents the torque illustration in
the (dq) coordinate system designed for the setting up of
a permanent magnet synchronous generator (PMSG) on the
surface.

3
T, = ngmisq 3

Although the control in this development is applied to
a PM synchronous machine that exhibits some saliency,
this characteristic is disregarded for simplicity. Equation 4
demonstrates v, that by manipulating the (d) axis stator
current, the torque may be regulated, assuming a constant.

L,
=—=1.2 4
Ly “)

§

This control system monitors and quantifies direct cur-
rent voltage, stator currents, and rotor position. This chapter
determines the rotor position using an encoder on the rotor.
Isq is set to 0 and Iy, is given by the PI speed controller. The
necessary dq voltages are obtained from two (PI) current con-
trollers. Controlling currents independently requires adding
and subtracting compensation terms (w,¥y) and (w,¥,) at
the output of proportional-integral (PI) current controllers.
Space vector modulation generates duty cycles for reference
voltages, whereas PWM generator blocks compute power
converter switching signals.

The discrepancy denoting the difference within the range
of the reference speed w; and the measured speed w, serves
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as the input for a speed controller that uses the proportional-
integral (PI) method. The quadrature axis of the reference
signal is produced when the signal is being output. Two more
PI controllers, also known as current controllers, receive
their input from the differences in reference currents that are
produced by the direct and quadrature components simulta-
neously. These controllers produce a reference voltage signal
that is then supplied to the motor. The decoupling factor
obtained by the equations for the stator voltage in the dg ref-
erence frame was used to derive it. The shared element in both
voltage equations is referred to as the back-electromotive
force (back-emf). By eliminating the back-emf term in the
current controller section, the two currents, isq and iy, , will
become entirely uncorrelated. This further streamlines the
calibration process of the PI current controllers by optimiz-
ing the transfer function of the motor.

o ay,

Usqg = Rslsq + dt + weVa ©)
d

sd = Roisa + % — o,y ©)

2.3 Grid-side steady-state Kalman filter Control
Algorithm and Mathematical analysis

By integrating these components, it proposes a control
approach that utilizes a Kalman filter on the grid side to
accurately estimate and manage the current during a stable
operation. This involves continuously monitoring the current
levels, estimating the current state using the Kalman filter
and adjusting control settings to ensure that the current stays
within predefined limits. The Kalman filter is a mathematical
process employed to estimate the state of a system. Within
this framework, it is probable that it pertains to the utiliza-
tion of a Kalman filter to approximate the present condition
regarding the system, specifically considerations connected
to the present. This suggests that the control method pri-
marily aims to regulate the flow of electrical current in the
power system. Effective regulation is crucial for preserving
grid stability, particularly when faced with fluctuating loads
or the integration of renewable energy sources. Figures 5
and 6 depict the application of grid-side steady-state Kalman
control to enhance the power quality of the inverter’s char-
acteristics.

Implementing this control method is especially important
in power systems with a significant presence of renewable
energy sources or in smart grids that require real-time mod-
ifications to accommodate dynamic changes in the system.
Utilizing a Kalman filter for state estimation enables the con-
trol system to consider uncertainties and disturbances, hence
improving the overall stability and performance of the grid.

Grid
Cdc { r‘\J
Non Linear
load
b ) Iy Ip) i)
RAl
Steady State
. I Kalman Filter
Hysteresis [ laf Io]lc Control
PWM |

Fig.5 Grid-side steady-state Kalman filter control

It should be emphasized that the implementation of the
power system would require specific features such as the
characteristics of the Kalman filter, control algorithms, and
monitoring devices. These details would be determined by
the unique requirements and characteristics of the power sys-
tem in question. Furthermore, the control approach might
be integrated into a more comprehensive control system
designed to assurance the dependable and effective function-
ing of the power grid.

In grid applications, it is strongly advised to utilise
amplitude normalization due to the potential for significant
fluctuations in grid voltage amplitude, such as voltage sags
or faults. The SOGI-FLL exhibits certain limitations. The
primary limitation of this FLL is its restricted capacity to
reject disturbances such as DC offset, harmonics, and inter-
harmonics. The Kalman filter is a computational method
used to estimate the values of unknown variables (states)
in a linear dynamical system based on noisy observations
that are linearly correlated with the system states. The LKF
FLL employs a LKF to extract the fundamental component
of the grid current, along with its quadrature version. Addi-
tionally, it utilizes a frequency estimator like the SOGI-FLL
to detect the grid frequency and adjust the LKF accord-
ingly to changes in frequency. It is important to observe that
extracting the basic component of the grid voltage frequency
using only the Kalman filter requires an extended Kalman
filter. This approach is both nonlinear and computationally
intensive. Park transformation was used to create stationary
reference frame (dq algorithm). Park transformations convert
three-phase to dq coordinates (rotating reference frame with
fundamental frequency). Here, load currents are measured
and converted to dq coordinates. Equation (7) presents the

@ Springer



Electrical Engineering

Fig.6 Simplified current control L
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equations for transforming a—b—c to «—f-0 coordinates.
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Park transformation converts «—p-0 to dq coordinate, as
illustrated in Eq. (8):

ig | | cos@ sinf g @)
ig | | —sin6cosd || ig

For simplicity, the single-phase grid current waveform can
be expressed by

ir(n) = A(n)sin{gp(n)} = A(n)sin{w(n)nTs + 6o} 9

where A is the fundamental voltage amplitude, ¢ is the instan-
taneous phase angle, w = 27f is the fundamental angular
frequency, f is the fundamental frequency, 7 is the sampling
period, and 6y is the initial phase angle. States of the LKF
are expressed as,

ay(n) =ip(n) = A()sin{fw (n)nT + 6o}

: (10)
az(n) = qip(n) = A(n) cos{wm)nTs + 6y}

The state transition between two sampling instants can be
expressed by

ay(n + 1) = ay(n) cos{fw(n) Ty} + az(n) sin{w (n) Ty}
ax(n + 1) = —a(n) sin{o(n) T}, + az(n) cos{w(n) Ty}
(11)
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The state transition matrix can be expressed by
cos(Tswn))sin(Ts w(n
A(n) = .( (n)) sin(T's w(n)) (12)
—sin(Ts wn)) cos(Ts w(n))

The fundamental amplitude estimated from the states x
and x» is given by.

an+1)=AMm)a(n) + e(n) (13)

y(n) = C(n)an) +y(n) (14
T .

a(n) = [Ia(n)lﬁ (n)] is state vector (15)

where T is sampling period and w is grid angular frequency.
n indicates the current sample. y(n) is the measurement and
C(n) = [1 0] is the measurement matrix and e(n) = N (0,
Q) is process noise vector which is assumed to have a zero
mean and a covariance matrix equal to Q = ¢J (where the
J is an identity matrix) y(n) = N(0, s) is the measure-
ment noise, which is assumed to be independent from &(n)
having zero mean and a covariance equal to s (where s is
scalar because there is only single measuring output). Con-
structed on the model and assuming with we have a priori
information of Q and s, the LKF for extracting the grid volt-
age fundamental component and its 90° phase shifted version
can be implemented by affecting the following prediction-
correction algorithm. Prediction and correction equation are
represented from 16 to 19.

Predictionstage a(n+ 1) = A(n) a(n) (16)

Pn+1) =Am)P(m)AT (n) + Q
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Correctionstage a(n) = a(n) + K(n) [i(n) — C(n)a(n)](”)
K(n) = P(n)CT(n)<C(n)P(n)CT(n) + s)f1

P(n) = [J — K(n)C(n)]P(n)

K (n) = [ka (n) ka (n)]7 (18)
Ke() = [Ka @ kBm]" (19)

where iy is an estimate of the fundamental component of the
load current input signal i, and ig is its 90° phase shifted
version. A is the frequency estimator control parameter, and
k is the second-order integral gain./, w , and 6 are estimation
of amplitude, angular frequency, and phase angle of funda-
mental component of load current input signal i, respectively.
Also, continuous-time Kalman gains K/, and K/g in steady-
state linear Kalman filter. Here, optimal case is neglected and
simple case (K/g = 0) is considered. With changes in small
perturbation frequency, where frequency control parameter
of Kalman filter A = 49,384,

Ky = kay = v/2(2 % 3.14 % 50) = 444.06 (20)

The reason behind the equivalency of the reduced SSLKF-
FLL in Fig. 9 is that the frequency of the single-phase
input signal consistently remains near its nominal value. This
assumption is valid in the grid-connected applications, which
is the main emphasis of this work.

3 Simulation results and discussion

The closed-loop control system is constructed and formu-
lated using MATLAB Simulink, and its dynamic perfor-
mance is assessed under different operational conditions. The
findings are shown in Figs. 7 through 12. To enhance clar-
ity and facilitate comprehension of the system research, the
findings are given in subsections as outlined below.

3.1 MATLAB simulation result of generator-side FOC
control

During the specified time of 0.85 to 1.05 s, the wind speed
fluctuates between 10 and 12 m/s, resulting in a subsequent
variation in the output current of the PMSG between 8 besides
16 Ampere. The speed of the generator is presently 74 radi-
ans per second. With closed-loop control strategies, the rotor
angle and motor torque are also changing. The process of sec-
tor selection in SVPWM entails identifying an appropriate
industry for which the spatial vector is located and creating

the relevant switching states to generate the desired output
voltage in a three-phase inverter system.

Ensuring that the DC-link voltage remains within pre-
determined boundaries is a crucial aspect of the control
approach for wind power systems that employ permanent
magnet synchronous generators (PMSG) with field-oriented
control (FOC). The wind turbine system has effective control
mechanisms, monitoring, and protection systems to enhance
power conversion efficiency and ensure the system’s reliabil-
ity. Figure 7 demonstrates the MATLAB simulation results
of FOC control methods.

3.2 MATLAB simulation result of grid side SSLKF
control

The grid-side inverter is actively regulated to inject the gen-
erated active power and to balance the harmonic and reactive
power required by the nonlinear load at the point of common
coupling. This ensures that the current drawn from the grid
remains entirely sinusoidal at the unit power factor. The grid
current, load current, inverter current, and DC-link voltage
are depicted in Fig. 8 showcasing the simulation findings. The
current present in the load is comprised of active, reactive,
and harmonic elements.

The grid-side inverter is deliberately deactivated to show-
case the functionalities of the proposed controller. Hence, the
grid provides the load current harmonics and reactive power
requirement, resulting in the grid current profile being indis-
tinguishable from the load current profile at this specific time
frame. At a time, t = 0.87 s, the wind speed is observed to be
on the rise. Consequently, the inverter initiates the injection
of current, which is determined by the combined influence
of the harmonic component, the reactive component of the
nonlinear load, and the active component, in proportion to
the amount of wind power created. Therefore, the grid pro-
vides sinusoidal current at the accepted power factor and at a
reduced magnitude, contingent upon the level of active power
supplied by the inverter. At time t = 0.87 s, the inverter’s
current is increased by a rise in wind power, leading to a cor-
responding decrease in grid current. When the wind velocity
decreases, the injected inverter current begins to drop at t
= 1.06 s. As a result, the grid current increases to satisfy
the load requirement. The DC-link voltage remains consis-
tently at a level of 190 V, regardless of any alterations in the
operational parameters of the grid.

In general, the simulation results of a Kalman filter con-
trol variable should demonstrate its capacity to accurately
predict the states of a system, reduce the impact of noise and
disturbances caused by load current, and adjust to changing
conditions while preserving the robustness and stability of
the reference current. Based on the design parameters shown
in Fig. 9, the Kalman filter control variable is influenced by
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Fig.7 Simulation outcome of the
generator-side FOC control
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Fig.9 Simulation outcome
control variable for Kalman filter
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the active power support for the grid application. An essen-
tial task of a Kalman filter is to estimate the state of a system
using measurements that may contain noise. The simulation
result would typically demonstrate the effectiveness of the
Kalman filter in accurately estimating the true state of the
system, even in the presence of measurement noise. Here, the
input of the Kalman filter is provided with the load current.
The Kalman filter not only provides estimates of the states
but also estimates of the error covariance associated with
these state estimates. The simulation outcome may include
visual representations or numerical data illustrating the evo-
lution of error covariance over time, providing insights into
the level of confidence or uncertainty in the state estimates.
The Kalman filter utilizes a gain matrix to determine the
appropriate weighting between measurements and predicted
states during the update of state estimates.

3.3 Performance for DC-Link voltage under wind
speed variation

Figure 10 illustrates the DC-link voltage tracking under the
wind variation from 0.85 to 1.05. A rise time of 0.03 s indi-
cates the speed at which the system responds to changes.

Smaller rise times suggest a faster response. A peak time of
0.06 s indicates how quickly the system reaches its maxi-
mum response. Shorter peak times suggest a faster system
response. This parameter reflects the extent of overshoot-
ing or oscillation in the system’s response. In this case, a
33.66% overshoot suggests a moderate level of oscillation.
A delay time of 0.02 s indicates how quickly the system
starts responding to changes. Smaller delay times suggest a
prompt response. A settling time of 0.2 s reflects how quickly
the system stabilizes after a disturbance or change in input.
Shorter settling times indicate faster stabilization. A steady-
state error of 0.25% indicates the accuracy of the system in
maintaining the desired output in a steady state. Lower val-
ues are desired for better accuracy. Maintaining a DC-link
voltage within a tolerance of 3.3 V is vital for stable opera-
tion. It ensures that the voltage remains within an acceptable
range. An underdamped system suggests that there might
be some oscillatory behaviors, and careful consideration of
damping is needed to prevent excessive oscillations and insta-
bility (Table 1).
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3.4 Power quality indicators under steady-state
conditions

Figure 11 illustrates the outcomes of a simulation study
conducted on power quality measures under conditions of
equilibrium. The collected data indicate that the total har-
monic distortion (THD) in the gird current remains below
the prescribed threshold of five percent, as mandated by
standards, despite the presence of substantial distortion in

@ Springer

the load current. The current of the grid demonstrates a dis-
tortion magnitude of 2.77%. The total harmonic distortion
(THD) is significantly lower than the predetermined thresh-
olds (Table 2).
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Table 1 DC-link voltage stability analysis
Sr. No Control system parameters SSLKF control
1 Rise time 0.03 s
2 Peak time 0.06 s
3 Transient Peak overshoot 33.66%
4 Dealy time 0.02s
5 Settling time 0.2s
6 Steady-state error 2.25%
7 Allowable DC-link tolerance 3.3 Volt
8 Stablility Analysis Underdamped
Table 2 Current THD Analysis
Sr. No Parameters Current THD %
Magnitude
1 Grid current for phase  5.658 A 2.77%
A
2 Load current for 3255 A 27.67%
phase A

1 1.5 2 2.5
Time (sec)

(98]

3.5 Results of simulation when wind speed
increased and power balance at PCC point.

The permanent magnet synchronous generator (PMSG) is
disabled when the wind speed falls below the cut-in speed.
Once the wind velocity reaches a certain level, the wind gen-
erator initiates the generation process. Nevertheless, the grid
can maintain the supply to fulfill the load requirement even
if the permanent magnet synchronous generator (PMSG) is
not there. The simulation findings in Fig. 12 provide clear
evidence of the demonstrated phenomenon.

The ideal working conditions are attained when the wind
speed decreases within the cut-in range. Between the time
interval of 0.3 to 0.8 s, the wind speed remains at an approx-
imate value of 2.5 m/s. During this period, the output power
of the permanent magnet synchronous generator (PMSG) is
zero. During this time limit, a consistent and uninterrupted
direct current voltage is seen. This influence leads to a reduc-
tion in the power output of the inverter by 800W, while the
grid provides 2000W. This guarantees that the load demand
remains consistently at 1200W. When wind speed increases
significantly within a certain period, the power equilibrium is
observed at the point of common coupling (PCC) (Table 3).
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Table 3 PMSG Specifications [1]

PMSG(Cylindrical type rotor) 3.7 KW,10A,50 Hz,

240 V(L-L)

Te(Maximum torque) 47 Nm
W(Rated speed) 80 rad/sec
p (Number of a pole) 8
pn (Pole pair) 4
Rs(Resistance of stator) 42 Q
Lq and Ld(Quadratureaxis 8.5 mH

inductance and Direct axis

inductance)
Am (flux of permanent magnets) 0.498 Wb
Ls (Filter) and DC-link Capacitor 5 mH and 4000 uF
Grid (Vrms Ph—Ph) 110V

R=50%,L=150mH

ko =444.3, ki =0, L =
49,384

Nonlinear load: Diode bridge
Simplified SSLKF Factor

4 Conclusion

An investigation has been conducted on a grid-connected
permanent magnet synchronous generator technology that
demonstrates improved power quality. The field-oriented
control approach is highly effective in managing the out-
put current of the permanent magnet synchronous generator.
The effectiveness of this control minimizes response time and
improves dynamic performance, making PMSGs suitable for
wind applications with rapidly changing requirements. The
converter was operated utilizing the space vector modula-
tion technique, and the accuracy of the simulation findings
was confirmed. The SSKLF control is employed to regu-
late the DC-link voltage and ensure power balance between
the source and the output, in response to the detection of
nonlinear loads on the grid. The DC-link voltage reaches a
stable state within 0.2 s, with a permissible voltage fluctua-
tion of 3.3 V. The control approach that has been provided
has exhibited notable efficacy in diminishing the grid current
harmonics to 2.77%, a value that is within the acceptable
tolerance range as specified by the IEEE Standard.
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