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ABSTRACT
The use of wind energy, a
significant renewable
energy source, has been
expanding quickly in
recent decades on a
global  scale. Higher
standards for the power
output and dependability
of generators and
converters are necessary due to the rising capacity of both onshore and offshore wind power generation. Multiphase wind power generation

systems have clear advantages over traditional three-phase wind power generation systems in low-voltage, high-power operation, improved
fault-tolerant, and increased degrees of control freedom, which help them gain more and more traction in the field of contemporary wind power
generation. This paper provides an overview of the multiphase energy conversion of wind power generation and introduces relevant
technological advancements, such as the multiphase converter topologies, modelling, and control of multiphase generators. This paper will
provide an overview of DC-AC and AC-AC ZSCs, as well as the case for their application as wind power converters in a variety of topologies. This
work suggests a novel direct torque control space vector modulation (DTC-SVM) based closed loop speed control of an induction motor supplied
by a high-performance Z-source inverter (ZSI).
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bus voltage. This makes the process of upgrading legacy 12 V
INTRODUCTION systems to 48 V infrastructure simple, low-risk, and considerably

The wind energy is one of the most promising forms of onshore  |owers total cost of ownership (TCO). With widely accessible items
renewable energy, which is used everywhere around the world  that have been put into mass manufacturing, Infineon's ZSC may
because of its great potential. The popularity of offshore e ysed right now. In 2018, the total installed capacity of the energy
installations for wind power plants (WPPs) can be attributed to the sector stood at 592 GW, with 23 GW coming from offshore
availability of higher-quality wind resources, as well as the sources.2 According to GWEC 2018, the number of new
availability of larger water sections that are suitable for the installations will increase by more than 55 GW per year by 2023
installation of WPPs.! Through capacitive energy transfer and (WIND) Europe in 2018. A linear model of the system to be
smooth switching of the power devices, Infineon's exclusive Zero controlled must be available in order to develop a model-based
voltage switching Switched capacitor Converter (ZSC) provides the controller. Open loop identification is a widely used and well-
maximum efficiency and power density for 48 V to an intermediate known approach that produces trustworthy linear models for
control design applications. However, due to the nonlinear nature
of aerodynamics, the inability to measure wind input disturbances,
which have a significant stochastic component, and the fact that
measured data are typically contaminated by noise and
disturbances, conventional open loop identification techniques
Cite as: J. Integr. Sci. Technol., 2022, 10(2), 156-167. cannot be used in the case of wind turbines.® This article describes
a method for closed-loop operation with time-varying controllers
that enables wind turbine identification. a group of trustworthy
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linear models for the pitch loop's control design is obtained. Over
the past few decades, significant modelling work has been done on
wind turbines (WT). In disciplines like aerodynamics, mechanical
modelling, electrical models, etc., several strategies have been
taken into consideration. These studies have led to the development
of various sophisticated WT modelling tools, including These
aeroelastic simulators have shown to be effective tools for WT
design, with high agreement between simulations and actual
measurements for severe and fatigue mechanical stresses.
However, because they were unable to deliver trustworthy linear
models for control design, these simulation tools were of limited
utility to control engineers. Methods built on the linearization
principle offer little insight into the true dynamics taking on in a
WT at each site. The difference between the theoretical model and
the actual dynamic behaviour of the WT might widen due to
incorrect parameterization of the theoretical models or variations
resulting from the manufacturing process. The WT design process's
control, which is based on the produced WT loads, is essential.

The emergence of these modelling issues causes the behaviour
of these controllers to be unsatisfactory or, in some situations, even
unstable. Then, a controller that cannot be utilised on the actual WT
is frequently built based on these linearized models.* These days,
this issue is somewhat resolved by fine-tuning the controllers for
each WT by trial and error. In order to solve the issue of manual
controller tuning, open loop system identification has been widely
employed. This has produced trustworthy numerical linear models
for model-based control design. Since running in open loop during
a system identification experiment might make the WT unstable,
using traditional open loop identification approaches is probably
not a good idea for WTs. Given this danger, employing
identification techniques in closed loop operation looks like a wise
decision because it ensures the WT's integrity and safety under all
wind speed conditions. According to Figure. 1, the medium voltage
transformer and six modular converter systems are how the PMSG
powers the grid. The short circuit current test, vibration test, and
temperature rise test are carried out to assess the overall wind
turbine system's capability and dependability for regular operation
under various operating situations.

Figure. 1. An overview of the 18-phase wind turbine.®
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This paper is a systematic analysis of multiphase energy
conversion in wind power generation. A concise overview of the
design of the multiphase wind turbine have been discussed to
understand the fundamental design of turbine along with different
types of the multiphase converter topologies in wind power
conversion. The modelling and control methods of the multiphase
wind power generation and selected important technical problems
in wind power generation that might be solved with multiphase
solutions are illustrated.® The Global Wind Energy Council
(GWEC) estimates that the installed capacity of wind energy
worldwide reached 650 GW in 2019; the top five countries, China,
the United States, Germany, India, and Spain, account for around
73 percent of this capacity. Three versions of wind turbines have
been used in wind farms thus far: a squirrel cage induction
generator-based, directly grid-connected, fixed-speed wind turbine
(SCIG).

DESIGN OF THE MULTIPHASE WIND TURBINE

Considering its benefits in terms of small size, high system
efficiency, and high-quality power supply, ZSC are preferable
options to induction machines for high power applications.
Numerous academics from across the world are interested in the use
of multiphase ZSC in the field of wind power production. The stator
winding structure sets the multiphase PMSGs apart from the
conventional three-phase system. Therefore, when developing the
multiphase PMSG system, it is vital to take into account the change
in calculation parameters linked to the number of generating
phases. The structure of the traditional three-phase PMSG can serve
as a model for the multiphase ZSC's design process.” Due to the
enormous volume and slow speed of the high-power wind turbine,
it is imperative to adhere to the big-sized synchronous generator
design approach. Consider the 8 MW wind turbine as an example.
Its blade diameter exceeds 180 m, yet its mechanical rotational
speed is only rated at 9.5-10 rpm. In compared to onshore locations,
dependability and stability are increasingly important for offshore
wind farms as a result of the evolution of the offshore wind turbine
technology.
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Figure 2: Configuration of a VS-WPGS based DDSG
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The general control architecture for VS-WPGS is shown in
Figure 3. This is made up of a grid side and DDSG side inverter
that are coupled by a dc-link system. Therefore, the speed is
regulated at the DDSG sides to guarantee the MPT. For a suitable
transmission of power, the grid side converter is used to control the
dc-link voltage. Additionally, in order to achieve unity power factor
(UPF) for the entire system, the inverter system must be able to
control the active and reactive power that is exchanged between the
electrical network and the VS-WPGS for VS-WPGS based DDSG,
a number of power electronic device designs were given in the
literature.® However, MPT management is crucial under the VS-
WPGS in order to enhance the yearly energy production the
standard WPF communication infrastructure, as shown in figure 2,
uses a unique set of switches and communication connections for
various network applications, such as wind turbine generating
networks, protection and control networks, and telephone and
security networks. WPF presently lacks a unified communications
standard and WPFs and smart grids are not integrated.

Additionally, the IEC 61400-25-2 standard does not include
development for offshore wind turbines such floating turbines and
instead focuses mostly on onshore WPFs. For the purpose of
monitoring a sizable wind turbine, we had earlier suggested the
architectural design, modelling, and assessment of hybrid
communication networks (WiFi, ZigBee, and Ethernet). A reduced
version of this work has been approved for publication. For
offshore WPFs, this research recommends a communication
network architecture. The examination of two distinct WPF types.
While medium-scale WPFs are made up of 20 wind turbines far
from the grid, small-scale WPFs are made up of 10 wind turbines
that are close to the grid.

System servers

Met-Mast

Protection and
contrel IED network

ESW
Ethernet Switch

Wind turbine
generater network

Figure 3. Sample WPF communication network

A converter with back-to-back parallel connections
High-voltage or large-current power converters are necessary as
the wind energy conversion system's power rating rises. Given the
low power rating of power switch devices, connecting numerous
converters in parallel or series would be the solution.® The parallel-
connected converters that have been mass produced by well-known
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manufacturers and shown in Figure 3 depict the multiple three-
phase back-to-back power modules, each of which is independently
connected to the grid. Three sets of motor windings and parallel
converters are sequentially connected to three sets of converters for
nine-phase direct-drive PMSG WECS. The parallel-connected
topologies provide a variety of benefits, including

1. The parallel-connected topology, it is helpful for the
construction of large-capacity wind power systems because it
permits low-voltage high-power operation with restricted
three-phase converter power ratings.

2. With the fixed wind turbine capacity, there may be needs for
electronic switch power ratings.

3. The same construction of each pair of parallel converters will
make the modular design simpler, which is particularly
advantageous for mass manufacturing and can reduce the
production cycle.

4. The PWM carrier phase shift approach may significantly
reduce the converter's output current ripples, which lowers the
filter's needs. System dependability may be increased by
realising N 1 redundancy through a parallel architecture A
three-level neutral point clamped (3L-NPC) parallel design is
provided for the dual three-phase PMSG wind turbine in Fig.
4 with an asymmetric phase shift angle of 30.1°

5. Two 3L-NPC converters are connected to three-phase
windings., which are connected in parallel to the generator-
side converters and share a DC bus with the converters on the
grid. 4 IGBT and 2 clamped diodes make up each of the six
power components of a 3L-NPC circuit for a single phase.
Although there are more power electrical devices and the
control method is more complicated than with a normal 2-
level converter, it nevertheless provides a number of benefits
that the 2-level converter.

The more levels, the lower the voltage ripples, the better the
dynamic performance, and the better the power quality. The more
switches enable the device to be more stable and adaptable to
situations requiring greater voltages by lowering the dv/dt on each
switch.
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Figure. 4. Parallel-connected converter topology

Background Motivation

Charles Steinmetz referred to the bulk power system as the
greatest, most sophisticated machine ever built by man in the early
1900s. The generating, transmission, and distribution components
of the power system of today are expected to incorporate AC and
DC systems.! Wind power has been the most successful of all
contemporary renewable energy sources, but it also presents the
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biggest integration problem. Since the energy crisis of the 1970s,
when wind power started to regain popularity, wind turbine
technology has advanced significantly. Connecting a large-scale
wind power plant to the bulk electricity system has grown in
importance as wind turbine technology develops and levels of wind
power penetration rise. Power system planners and operators,
academics, consultants, and wind plant developers are some of the
possible consumers of wind turbine dynamic models. A steady-
state and dynamic transient model of a WPP and its collector
system are needed for interconnection investigations. Failure to do
adequate interconnection studies might result in subpar WPP
designs and operations. The capacity to recreate events on
timescales spanning from milliseconds to tens of seconds is another
requirement for models created for system stability investigations.
Existing models are private, manufacturer-specific, and subject to
non-disclosure agreements with the manufacturer.*?

Contributions

The work presented here falls within the larger issue of creating
standardised dynamic models for wind turbines. The primary
contribution of this study is the creation of trustworthy models for
three-phase, time-domain wind turbines of four distinct
fundamental kinds for assessing the effects of wind integration on
grid stability. These models have been built with an emphasis on
accuracy, detail, and consistency between model types rather than
simulation efficiency. They are physics-based, generic, and
manufacturer-independent.'®* The models are open and changeable,
and there are no limitations on how they may be used. These models
provide great resolution and detail in a short amount of time,
exceeding the requirements of standard models used in stability
investigations.'4

Positive-sequence models, which are frequently employed in
power system studies, are inappropriate for studying unbalanced
faults, which are responsible for the majority of problem incidents
on the system. Initial modelling efforts for induction generators
have been documented in this article discusses the modelling of
Type 1 and Type 2 turbines. Work on Type 4 turbines and Type 3
turbines. There is a summary of the modelling approaches utilised
in The following are the secondary contributions that result from
this study: Each of the four fundamental types of wind turbines has
had its dynamic response assessed, and The results demonstrate that
each kind of wind turbine is significantly different from the others
in terms of The findings demonstrate that each of the four basic
types of wind turbines reacts to events in the transient and dynamic
periods in a manner that is notably different from the others.

LITERATURE REVIEW

Miguel Ldpez et al.*® have reported the stand alone wind energy
conversion system with maximum power transfer which describes
a controlled wind generating system for a stand-alone application.
It is suggested that the wind power system be controlled over the
whole range of wind speeds using a step-up/step-down power
electronic in cascade converter design. By regulating the
generator's rotational speed, the control strategy for the low wind
speed range aims to match the wind turbine's maximum power
coefficient. The generator speed is also managed in order to
regulate the system power for high wind speeds. The DC/DC power
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electronic converter controls this and adjusts by modifying the
machine voltage and, as a result, altering the generator's rotor
speed. Computer simulation is used to validate the suggested
system. The suggested control system performs admirably when
used in self-contained wind energy systems.®

Using the MATLAB PowerSym toolkit, computer simulation is
used to verify the wind energy conversion system. The wind was
assumed to be a known and controlled parameter with the intention
of accurately observing and analysing the proposed power and
control systems behaviour. Simulation was used to validate the
proposed wind energy conversion system for a standalone
application.'® On changing machine voltage results in change of the
rotor speed of the generator.

Computer simulation is utilised to test the wind energy
conversion system using the MATLAB Powers toolbox. In order to
precisely observe and analyse the behaviour the wind was assumed
to be a known and controlled characteristic of the planned power
and control systems. The recommended technique for converting
wind energy a standalone application was validated through
simulation.?’

The study about Direct fuzzy adaptive control for standalone
wind energy conversion systems examines the performance of
freestanding Wind Energy Conversion Systems (WECS) with
permanent magnet synchronous generators proposes a direct fuzzy
adaptive control (PMSG).*® An adaptive control technique solves
the issue of optimising power conversion from intermittent wind of
time-varying, highly nonlinear WECS. The Lyapunov theory is
used to develop the adaptation, which is implemented using fuzzy
logic. Numerical simulations are used to compare the proposed
approach to the feedback linearization method, demonstrating the
efficiency of the recommended adaptive control strategy. The
simulation results demonstrate the well suggested DFAC (Direct
Fuzzy Adaptive Control) handles the time-varying, nonlinear
characteristics of WECS.

The development of alternative sources of energy is a result of
environmental concerns brought on by the rapid depletion of
conventional energy sources and the ever-increasing consumption
of fossil fuels.’®® An endless source of energy that produces
electricity without affecting the environment is wind energy, which
is the Kinetic energy is the movement-related enormous quantities
of air. However, because to the erratic and unpredictable nature of
wind conditions, it is an unreliable energy source. The development
of a stand-alone the primary focus of this work is a wind energy
conversion system based on a fuzzy logic controller. According to
wind speed and load demand, the controller manages electricity
generation and storage.

M.M. Hussein et al.?! proposes a straightforward control method
for a standalone, variable-speed wind turbine with a permanent
magnet synchronous generator (PMSG). Through a voltage source
inverter and a switch mode rectifier, the PMSG is coupled to a
three-phase resistive load. Control of the generator side converter,
which is utilised to get the most power out of the wind energy that
is available. The DC-link voltage is kept constant by controlling the
DC-DC bidirectional buck-boost converter, which is linked
between the battery bank and the DC-link voltage. This work
presents a control approach for a stand-alone variable speed wind

J. Integr. Sci. Technol., 2022, 10(2), 156-167 159



energy supply system, coupled with a thorough analysis and
simulation.

Problem statement

The study of each element must be reviewed during the creation
of the generator part for a wind turbine so that the precise
component employed can be identified. In order to decide on the
manufacture of the generator component of the wind turbine
experiment, the specifics of the type of material utilised must also
be taken into account. Analysis of the Based-on field test results
from a 2 m-diameter wind turbine with a tail-fin furling system and
in reference to the most current edition of the International Electro
technical Commission standard for small wind turbine design, a
link between two variables and wind speed is shown.?? This
analysis is done in order to know the strengths and weaknesses of
making the generator part in order to produce the output voltage.
The purpose of this project is to look into ways to make wind energy
more efficient. The purpose of this project is to examine the
potential for increasing wind energy collection in built-up regions
with low wind speeds as well as the design of a compact wind
generator for residential usage in such places. The optimization of
a scoop design and the validation of the CFD model are the tasks
covered in this research. With the same swept area, the final scoop
design increases air flow speed by a factor of 1.5, which is equal to
a 2.2-fold increase in power production. According to wind tunnel
experiments, the scoop enhances the wind turbine's output power.
The findings also suggest that energy harvesting might be enhanced
at lower wind speeds by employing a scoop.

MATERIAL & METHODOLOGY

A single isolated DC load hybrid wind-battery system

The 400 Ah, C/10 lead acid battery bank and 4-kWWECS make
up the proposed hybrid system. The system is intended to handle a
3-kW standalone dc load. The design of the overall system as well
as the control approach.”® The WECS is composed of a 5.4
horsepower SEIG operating as the WTG, a 4.2 kW horizontal axis
WT, and a 1:8 gearbox. Because the load is a stand-alone dc load,
the stator terminals of the SEIG are connected to a capacitor bank
for self-excitation. The ac output is corrected by the three-phase
uncontrolled diode rectifier. To fulfil the load requirement during
the time when there is insufficient wind power, a battery backup is
necessary. Appropriate control logic is needed for this wind-battery
hybrid system to communicate with the load.* The charge
controller circuit for the battery receives power from the rectifier's
unregulated dc output.?® The rate at which the battery is charged
and discharged is managed by the charge controller, a buck
converter that transforms dc to dc. The system-connected battery
bank can function as a load or a supply of power depending on
whether it is charging or discharging.?5%” Nevertheless, the battery
makes sure that the voltage at the load terminal is controlled.
Additionally, as seen in Figure 5, MPPT logic is used to charge the
battery bank, while the pitch mechanical and electrical
characteristics are restricted by the controller within the rated
value.?® The battery charge and pitch controller work together to
guarantee the stand-alone WECS will operate correctly.
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Pitch Control Mechanism

The output of the WT is inversely related to the cube of wind
speed. Modern WTs typically have cut-off wind speeds that are
substantially greater than their rated wind speeds. The shaft's
angular speed will exceed its rated value if the WT is allowed to
function across the whole range of wind speed without the use of
any control mechanisms, which might harm the blades. Controlling
the speed and power at wind speeds exceeding the rated wind speed
is therefore crucial.

CHARGE
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Figure 5. Wind flow power coefficient control logic

The pitch control of WT is the term used to describe such a
system. Figure 5, displays the power coefficient (Cp) vs TSR ()
characteristics of the WT taken into consideration in this work for
various pitch angles. Based on the features, the value of Cp is
maximum at a pitch angle of zero degrees. However, when pitch
angle increases, the power coefficient's optimal value decreases.
This occurs because when blade pitch increases, the lift coefficient
decreases, lowering Cp's value. Therefore, the pitch control
mechanism reduces the power coefficient at greater wind speeds to
manage the power output. For optimal power, the blade pitch is kept
at zero degrees below the rated wind speed. As the WT parameters
go beyond the rated value, the pitch controller raises the blade pitch.
Pitching reduces the value of Cp, which makes up for the increase
in WT power output brought on by stronger winds.?®

Network for Wind Farm Communications

The three levels of the WPF communication network
architecture are the turbine area network (TAN), farm area network
(FAN), and control area network (CAN).

Turbine Area Network

The wind turbine is made up of several components, including a
rotor, generator, blades, etc. Different kinds of sensors, actuators,
and measurement tools are included in each component. Inside the
wind turbine nacelle is a front end (FE) unit with a condition
monitoring system (CMS), which comprises of a data gathering
device (sensors and processing units), actuators, a primary
controller, and a communication interface. Based on the logical
node (LN) model described in the IEC 61400-25 standard, each
wind turbine is represented by nine LNs, including WROT WTRM,
WGEN, WCNV, WTRF, WNAC, WYAW, WTOW, and WMET,
as illustrated in Figure 6a. Figure 6 (a) shows the TAN'’s
organisational structure; (b) shows the communication network
concept within a wind turbine.
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Figure 6 (a) shows the TAN’s organisational structure; (b) shows the
communication network

Information in analogue form, status data, and control
information are just a few of the numerous sorts of data that each
LN generates®. We took into account the expansion of the LNs of
the wind turbine foundation (WFOU) and the meteorological data
set out by Nguyen et al. in order to stay up to date with recent
advancements in wind turbine technology. The communication
network model within a wind turbine is depicted in Figure 7.

Farm Area Network

The WPF is composed of wind turbines, a meteorological tower,
and a control room, as shown in Figure 7. Manufacturers of wind
turbines frequently include local SCADA systems in the WPF.
These systems connect with wind turbines, communicate and
receive data, and provide start/stop commands.®® The
meteorological data contains important information derived from
forecasts of disparities between energy supplied to the energy
market and actual power output.

Control Network Area
The main responsibility of the control centre is to efficiently and
continuously monitor the WPFs. For a given WPF, data collection
from meteorological towers, substations, and wind turbines is the
responsibility of the local control centre (LCC). Different servers
receive traffic from various front-end apps for wind turbines. When
constructing the control centre, the amount of information handled,
the significance of the data, and the need to utilise the data in the
future are all taken into account.*
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Figure 7. Manufacturers of wind turbines frequently include local
SCADA systems

Modelling of Wind Turbine Network

The network traffic generated inside a wind turbine, we included
73 analogue measurements and 29 status indicators for a WT. some
of the remote monitoring data from WT sensors and measuring
devices, including temperature, rotor speed, pressure, pitch angle,
vibration, voltage, current, power, power factor, humidity, wind
speed, wind direction, oil level, frequency, and torque. The sample
frequency (fs) and number of channels (Nc) required for
measurements of various sensors are calculated using equation
™

Data rate = 2-Nc-fs 1)

For instance, the voltage monitoring device produces 2048
samples per second. With two bytes of data for each sample, the
total throughput of the three channels is 12,288 bytes/s. More
details regarding the calculations for both analogue measurement
and status information are provided by the setup of the turbine area
network. we included meteorological information and an extension
of the LNs for the wind turbine foundation (WFOU) in this study.®
Among the WFOU's remote monitoring data are accelerometer,
strain gauge, tilt, Acoustic Doppler Current Profile (ADCP), water
level, and water temperature, while the meteorological information
include temperature, pressure, humidity, wind speed, and wind
direction.

Closed Loop Control

The system's foundational elements are as follows:

I Wind turbine, which transforms wind energy into rotational
mechanical energy; ii) PMSM, which serves as an AC generator
that is connected directly to the wind turbine.

iii) The PMSM output is rectified by a diode rectifier, which
generates a changeable dc link voltage based on the conversion
parameters. Trans quasi-Z-network®: Connected between the
inverter switches and the DC input

Figure. 8 displays the block diagram of the entire model. Trans-
quasi z-source network is used to first rectify the system's
fluctuating output voltage before inverting it. To increase the
produced voltage and supply the grid, an appropriate controller is
created. With the aid of a voltage sensor, the closed loop controller
determines the capacitor voltage. Then, it is put up against a desired

J. Integr. Sci. Technol., 2022, 10(2), 156-167 161



parameter. The proportional and integral controllers are then fed the
difference that results.® A comparator receives the Pl controller's
output value. Where it is used to provide short circuit switching
pulses in comparison to a high frequency triangle waveform. If the
triangle signal is bigger than the PI controller output, D (short
circuit duty ratio) and B (boost factor) will increase. Three sine
wave signals with a 120-degree phase variation are shown in
Figure. 8. and 16.67 percent amplitude are used to create a set of
modulating signals.

3-Phase
Load

Pwm pulse

Figure. 8. Block diagram of the complete system

Control Methods

To maximise or restrict power production, you can employ a
variety of control techniques. A turbine may be managed by
adjusting the generator speed, blade angle, and overall rotation of
the wind turbine. Pitch and yaw control are other names for
changing the blade angle and rotating the turbine, respectively.
Figures 9 and 10 provide a visual illustration of pitch and yaw
adjustment. To maintain the ideal blade angle and reach certain
rotor speeds or power output, pitch control is used Pitch control
techniques like stalling and furling are also possible with pitch
modification.® A wind turbine's flat side will face more into the
wind when it is stalled because the angle of attack is increased.
Furling reduces the attack angle, turning the blade's edge toward
the incoming wind. By adjusting the aerodynamic force acting on
the blade at high wind speeds, pitch angle variation is the most
efficient approach to reduce output power.

Swing is the term used to describe how the complete wind
turbine rotates along its horizontal axis. In order to increase the
effective rotor area and, thus, power, yaw control makes sure that
the turbine is always oriented towards the wind. The turbine may
misalign with the incoming wind and reduce power output because
wind direction can change fast.®

The last type of control is directed at the electrical subsystem.
This dynamic control may be achieved via power electronics, or
more particularly, electronic converters coupled to the generator.
The two types of controls for generators are rotor and stator. The
stator and rotor of a generator, respectively, are its fixed and
nonstationary parts. By cutting the stator or rotor off from the grid,
you may adjust the synchronous speed of the generator in each case
regardless of the grid's voltage or frequency.®” The best way to
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maximise power output at low wind speeds is to adjust the
synchronous generator's speed.

Figure 9. Pitch Adjustment

A system-level configuration of a wind energy conversion
system and the associated signals are shown in Figure 10.
Managing the generator's synchronous speed and pitch angle yields
the best results for control.

Figure 10. Yaw Adjustment

In Figure. 11, the structure of the OWFs that DR gathered is
displayed. By substituting DR for VSC offshore station,
transmission loss and overall cost are lowered.®*
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Controller

Y Voltage &
Rotor Speed Generator Torque ¢
¥ v Frequency
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o

Figure 11. A Wind Energy System's System-Level Layout
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Although DR-HVDC is less expensive, it presents a number of
difficulties since an offshore VVSC station's control capabilities are
lost. Availability of DR control capacity is a significant factor in
the technology's limited adoption for HVDC transmission Utilizing
auxiliary devices made up of MMC and DR is now the most well-
liked remedy for DR-drawbacks HVDC's because of the greater
controllability of MMC and the compactness of DR, including a
few innovative DR-HVDC topologies. The key difficulties with
DR-HVDC include offshore AC grid control, start-up,
communication-less control, and synchronisation. Therefore, the
problem requires three control solutions for DRHVDC-based OWF
operation and AC grid construction, emphasising that any solution
must solve these issues.*®
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Figure. 13: Diode-based rectifier incorporated into the topology of

WIS

The complete configuration of the PMSG WT with qZSI under
research is depicted in Figure 12 and figure 13, It makes use of a
full-scale power converter made up of gZSI and a 3-phase
uncontrolled bridge rectifier. Although using an unregulated reciter
is a cost-effective option, it has one major drawback: the DC bus
voltage is significantly dependent on the wind speed. Since they do
not account for current and voltage harmonics, these models are
only useful for simulating the low-frequency behaviour of
converters in dynamic investigations and long-term The SDM of
the gZSl., where every component-including all switches and
switching pulses is represented. The control loops for the active and
reactive power, DC bus voltage, and pitch angle used in simulations
as well as in modelling and simulating large power systems.
Consequently, the sample period may be extended, which causes
the simulation to run more quickly and at a lower simulation rate.
This section also explains the control techniques for these models,
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which enable the regulation of the power traded with the grid. The
present control technique. The control system's objectives are to
meet the grid's demand for reactive power, maximise the power
extracted by the wind turbine (PWT) for below-rated wind speeds
(MPPT), limit the power extracted by the generator to its rated
value for above-rated wind speeds, and maintain the DC bus
voltage (at the input of the VSI) at its rated value3® The
aforementioned goals are achieved through a Z-space vector
modulation (ZSVM). The ZSVM applied to the qZSI adds one
more state, known as the shoot-down state, in comparison to a
regular SVM approach.

RESULT AND DISCUSSION

Performance Metrics

The effectiveness of the proposed WPF communication network
design is assessed using an OPNET modeller. The communication
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network setup of TAN, FAN, and CAN is compiled. Following
measures are used to assess network performance:

e Server FTP traffic received (byte/s), which represents the
typical bytes per second forwarded to the FTP application by
the transport layer in the server node;

¢ End-to-End delay (ETE or Latency), which represents the time
(in seconds) taken for the packet to reach its destination or the
difference between the time the packet creates and the time the
packet arrives at its destination along the network path.

The SDM, ADML1, and ADM2 for the gZSI were used to develop
the research system in MATLAB/Simulink R. a list of the key
parameters for the PMSG-driven WT model. Variable reactive
power reference, fluctuating wind speed (below and above rated
values), and grid disturbances were used to test the proposed
models' time-domain reaction and control capabilities (voltage sag
and presence of harmonics in the grid). The suggested models were
put to the test in three simulated instances, where the results from
the SDM were contrasted with those from the averaged models
(ADM1 and ADM2).

Case 1: Management of variable wind speed and reactive power
changes

Case 1 consists of an 80-second simulation with a changing wind
speed (Figure 14a) ranging from 8.8 (below the specified wind
speed) to 12.6 m/s (above the rated wind speed), as well as
variations in the reactive power reference between -0.2 and 0.2
MVAr.
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Figure 14. Case 1. Wind speed; active electricity on the grid.

As seen in Figure 14b, the pitch angle controller's performance
plays a major role in keeping the active power provided to the grid
at its rated value at above-rated wind speeds. When the wind speed
is below the rating, the pitch angle is held constant at 0, and the WT
runs at a variable speed to deliver the most power possible to the
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grid. Similar findings to those obtained by SDM are shown by both
ADML1 and ADM2, with very little changes in pitch angle for
above-rated wind speeds and in active power for wind speeds below
the rating.

Feedback loops have been closed around the power circuit for
both VM and CPM controllers after getting the steady state data, as
shown in Figure 15. Line and load disturbance rejection
performance of the VM and CPM controlled ZSC is investigated
using both simulation and experimentation to confirm the efficacy
of the constructed controllers employing the suggested control
approach. SPDT (single pole, double throw) mechanical switches
are used to create the disruptions.

(a) simulation
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Figure 15 Performance of VM-controlled ZSC's line rejection (20
percent increase in g V)
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Figure 16 Employing an SPDT switch, line disturbance is realized
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Figure 17 depicts the outcomes of simulation (left) and
experiment (right) when a line disturbance is applied to the VM-
controlled ZSC. During the transitory period, a 10% overrun is
seen. The RHP zero in vnd G, which makes it challenging to get
adequate phase margin for a response without any overshoot, is the
cause of the overshoot. Better line disturbance rejection for CPM is
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seen in Figure 18 without any appreciable overshoot. Since the
system's order is lowered by one in CPM, obtaining a bigger phase
margin than in the VM control situation is simpler.

0.12

O e @y e

(a) simulation

Figure 17 The effectiveness of the CPM-controlled ZSC's line
rejection (20 percent increase in g V)
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the extra power supply is totally managed by a modified pitch angle
control. Contrary to continuous inertial power response, CFR
successfully eliminates the secondary frequency drop (SFD)
problem during rotor speed restoration, particularly in zones with
both medium and high wind speeds. When the CFR operates,
ROCOF and frequency nadir are much better than with fixed-slope
droop control 4041

The simulation results and experimental verifications are the
focus of this work. The schematic diagrams of each circuit provide
an explanation of the experimental setting. By contrasting the
findings of the simulation with the experiment, the ZSC's steady
state operation is confirmed. The outcomes are also contrasted with
calculations based on the ideal voltage and current conversion
ratios, and minor discrepancies are explained by taking into account
the non-idealises of the circuit. Following the steady state findings,
the closed loop controllers for the ZSC in both VM and CPM have
been put into place. Line and load disturbances are used to assess
the performance of the VM and CPM controlled ZSC. Comparable
findings were found between the experimental and non-ideal circuit
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Figure 18 shows the simulation’s output under low wind conditions, including (a) system frequency (Hz), (b) the wind farm's active power

output (p.u. ), (c) rotor speed (p.u. ), and (d) pitch angle (deg)

With reference to various wind speed zones, compare the
dynamic behaviour and frequency regulation performance of
CART2-PMSG for the proposed CFR and other conventional
frequency regulation approaches. Case 1 maintains the adjusted
pitch angle at 1° while the active power is controlled by the rotor
speed control. In scenario 2, the coordination of the pitch angle
control and rotor speed control provides the additional active
power. In example 3, the rotor speed is kept at around 1 p.u. while
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simulation results. First, When the wind speed input to the wind
farm was less than the rated wind speed, the DEL of the upstream
wind turbine was 26 percent lower when the equal distribution
model was utilised to the wind farm controller than when the
proportional distribution model was put into place. In addition, the
DEL shrank by 17% when the input wind speed exceeded the
desired wind speed.
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CONCLUSION

Wind energy is being developed and used widely as one of the
most practical clean, green energy sources. Larger wind turbine
capacities and offshore wind power generation demand more
powerful generators and converters with better levels of
dependability. Systems for producing wind energy that are
multiphase clearly outperform those that are three-phase in terms
of low-voltage, high-power realisation, flexibility of topologies,
greater degrees of control freedom, fault-tolerant operation, etc.
The design of multiphase wind turbine generators, multiphase
converter topologies, modelling, and control of multiphase
generators are only a few of the associated multiphase wind power
production technologies that are covered in this study. A novel
power conversion architecture called the Z-source converter (ZSC)
shows great promise for power conditioning of alternative energy
sources and applications including HEVs and utility interfaces.
Unique The ZSC's buck and boost capabilities enable a broader
input voltage range and remove uses a DC/DC boost step to
increase efficiency overall. The shoot through is another State is
permitted, and system dependability increases. The modelling and
control of the ZSC that have been accomplished so far in the
literature are being continued in this study. By contrasting the
simulation results of the switching and small signal circuits, it has
been possible to confirm the validity of the small signal model
developed in the literature. Additionally, essential time response
characteristics from simulated switching and small signal circuit
waveforms are estimated using the dominant pole-zero approach
and compared to their measured equivalents. Both scenarios are
catered for by the controllers. The open loop ZSC circuit, together
with the VM and CPM control circuits, are all part of the
experimental setup. By contrasting the simulation and experimental
findings, the ZSC's functionality and the efficiency of the
constructed controllers employing the suggested control approach
are confirmed. According to the theoretical study, the ZSC's steady
state functioning is discovered to be as anticipated. In comparison
to the VM controlled scenario, the CPM control provided improved
line disturbance rejection. For the load disturbance rejection
instance, the dynamic responses from the VM and CPM controls
were both quite excellent. The findings of modelling and
experiment appeared to be equivalent in all circumstances,
including steady state operation.

FUTURE WORK

e As an extension of this research, the ZSC is advised to conduct
the subsequent study.

e In this study, the simplified ZSC is used to carry out the
experimental verifications. By substituting an inverter bridge
for the parallel switch, the Z-source inverter (ZSI) may be
created.

e The effectiveness of the suggested control mechanism may be
tested using a fuel cell system as the input source.

e Thetiny signal model utilised in this study made the assumption
that the components were perfect. To create more precise
transfer functions, a new model that takes into account non-
idealises might be developed.
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The ZSC dynamic model may be implemented in discrete time,
and a digital controller based on DSP can be created, potentially
allowing for more flexibility in selecting the compensator
settings.
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