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Abstract—The growing integration of renewable energy
sources (RES) into power grids is vital for addressing climate
change and pollution. Wind energy, in particular, has emerged
as a reliable and sustainable option, but its intermittent nature
demands effective control strategies to ensure stable operation
and improved power quality. This thesis focuses on a grid-
connected wind energy conversion system (WECS) using a six-
phase permanent magnet synchronous generator (PMSG) with
a back-to-back converter topology. The Machine Side
Converter (MSC) regulates generator speed, while the Grid Side
Converter (GSC) maintains unity power factor and stabilizes
the DC link voltage. Incremental conductance (IC)-based
Maximum Power Point Tracking (MPPT) is employed to
optimize energy capture across varying wind conditions. A
detailed WECS model is developed to evaluate different
controllers: PI controller and hybrid methods—series PI-Fuzzy
and parallel PI-Fuzzy. Their performance is assessed in terms
of voltage regulation, frequency stability, harmonic reduction,
and robustness under wind and grid variations. Comparative
analysis shows that while PI provides satisfactory control,
hybrid PI-Fuzzy improves adaptability, offer enhanced
robustness under nonlinear conditions. The study contributes
practical insights for reliable wind energy integration into
modern power grids.

L INTRODUCTION
Wind Turbine Generators (WTG) are designed to capture
energy from the intermittent wind, which leads to fluctuations
in mechanical torque and electrical output, causing voltage
variations and power quality (PQ) issues like sag, swell,
flicker, and harmonics in the power system as explained by
Jabir M et al., 2017, [1]. Variable speed WTGs have gained
popularity for their ability to maximize power extraction
while minimizing mechanical stress compared to fixed-speed
turbines. However, these variable speed systems rely on
power electronic converters, which can introduce harmonic
distortion into the grid, further exacerbating PQ concerns,
proposed by Mohod S W et al., 2010, [2], Thiringer T et al.,
2001, [3].

To facilitate the smooth integration of Wind Power
Plants (WPP) into the grid and ensure harmonic distortions
remain within acceptable limits for utilities and consumers,
new standards and grid codes have been developed. Two
main approaches, passive and active filtering, are employed
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to address this issue, Mohamed M A et al., 2016, [4]. Chen Z
et al., 2001, have clearly shown that conventional passive
filters, consisting of inductors, resistors, and capacitors, are
cost-effective and effective at attenuating harmonic
components [4]. On the other hand, active filters, though
more commonly used, are complex and expensive,
particularly at medium and high voltage levels, British
Standards Institution, 2007, [5].

Hybrid filters, as defined by International Standard
IEC 61400-21, offer a solution that combines the advantages
of both active and passive filters in their design. They are
capable of providing superior performance in mitigating
harmonic resonance issues within WPP [6].

Voltage variation refers to deviations from the
normal sinusoidal voltage waveform in a power system
network. When integrating Wind Turbines (WT) into the
grid, it's crucial to ensure that grid voltage remains within an
acceptable range. European voltage standard EN 50160, for
example, defines an acceptable range of 10% deviation from
the 10-minute average voltages at the end-user level, ensuring
that household appliances are not damaged or disrupted as
presented by Nassif A B et al., 2007, [7].

IEC Standard 61400-21 specifies that the 10-minute average
of voltage fluctuation should be within 5% of its nominal
value for the entire wind power plant system which is studied
and proposed by Salam Z et al., 2006, [8] and Das J, 2004,
[9]. To address the challenges associated with WECS,
including power fluctuations, grid integration, and dynamic
response, various control strategies have been developed.
These strategies play a critical role in ensuring the reliability
and stability of the grid when integrating RES like wind
power.

One commonly used control strategy is the pitch
control, which involves adjusting the pitch angle of the wind
turbine blades to regulate the rotational speed and power
output. This strategy allows for the limitation of excessive
power generation during high wind speeds and the
maximization of power capture during low wind speeds.
Pitch control helps in maintaining a stable and consistent
power output, thus contributing to grid stability. Another
widely implemented control strategy is the torque control. By
regulating the torque applied to the wind turbine rotor, the
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generator's rotational speed and power output can be
controlled. Torque control is particularly effective in variable
speed WECS, as it allows for optimized power capture under
varying wind conditions. Additionally, it aids in minimizing
mechanical stress on the turbine components and enhancing
overall system reliability. In recent years, advanced control
strategies based on model predictive control (MPC) and
adaptive control have gained attention in WECS research.
MPC utilizes mathematical models and predictive algorithms
to optimize control actions and achieve desired system
performance. It takes into account various factors, including
wind speed, generator characteristics, and grid requirements,
to determine the optimal control inputs in real-time. This
approach offers enhanced system efficiency and improved
response to changing operating conditions. Adaptive control
strategies aim to continuously adjust control parameters
based on system feedback and external conditions. These
strategies enable the system to adapt to changing wind
conditions and system dynamics, improving overall
performance and stability. Adaptive control techniques, such
as fuzzy logic control and neural networks have shown
promise in enhancing the control of WECS under different
operating conditions. Furthermore, grid integration and
power quality control strategies are crucial for ensuring the
seamless integration of WECS into the power grid. These
strategies involve monitoring and regulating the power flow,
voltage, and frequency to comply with grid codes and
maintain grid stability. Various control techniques, including
active and reactive power control, voltage regulation, and
grid synchronization, are employed to achieve optimal grid
integration and power quality. Overall, the investigation of
existing control strategies in WECS focuses on optimizing
power capture, enhancing system stability, and ensuring grid
compatibility. The selection and implementation of
appropriate control strategies depend on factors such as
turbine type, wind conditions, grid requirements, and system
objectives. Ongoing research and development continue to
explore advanced control techniques to further improve the
performance and efficiency of WECS in the rapidly evolving
renewable energy landscape.

Integration of converter with variable speed WECS
is a challenging task. During the generation of references,
frequency, phase, and amplitude of the voltage contributes
maximum. Precise estimation of frequency during disturbed
voltage is of paramount importance. 3-¢ PLL is the key
element for frequency and phase estimation of the power
system voltage. Various PLL schemes are presented in by
Saeed Golestan et al., 2017, [10] and SRF-PLL is mostly used
one as it is simpler. Its use is restricted due to ripples during
measurement of disturbed voltage. Advanced PLL, with
additional filters in the conventional SRF-PLL are able to
enhance the capability of rejecting the disturbance. Adaptive
frequency estimation loop based SRF-PLL as stated and
implemented by M Karimi-Ghartemani et al., 2012, [11] is
able to eliminate ripples in voltage during frequency
variations.

Notch filter (NF)-PLL makes the signals to stay
within a band and cancels unwanted harmonics. NF-PLL is
associated with high computation. MAF based PLL possess
the improved filtering capability presented by S Golestan et
al., 2014, [12] and can block specific frequency signals with
low cost of computation and effectiveness during

disturbance. MAF-PLL shows the slow dynamic response
and is shown by Zunaib Alia et al., 2018, [13]. Enhanced
MAF-PLL is presented in the literature by Vineet P
Chandranh et al., 2019, [14] for PMSG based hydro system,
which eliminates frequency-ripples of even orders. Offset
rejection method using DSOGI-PLL is presented in the
research work by Md. Shamim Reza et al., 2012, [15]. For
finding the orthogonal-signals, DSOGI is better substitute of
Clarke’s transformation. DSOGI-PLL offers no delay in
filtering and simple implementation. Under faulty conditions,
characteristics of fast frequency adaption is observed and
proposed by Pedro Rodriguez et al., 2012, [16].

Harrag A & Messalti S, 2015, have applied GA-
based Proportional Integral Derivative (PID) controller to
present a best altered PO MPPT algorithm with adjustable
duty cycle phase. Because of its simplicity, MPPT algorithm
and the classical PO had been commonly used in various
applications; however, PO is susceptible to non-success,
particularly when elevated irradiance changes, oscillation
around the maximum power point and intersect velocity. A
technique based on the changeable-step size of altered PO
MPPT technique using PID controller tuned by genetic
algorithm is provided to address this challenge and to
overcome the disadvantages of the classical PO MPPT [17].

Linus R M & Damodharan P, 2015, have analysed
the performance of MPPT in grid connected PMSG based
WECS. The performance using linear interconnection
between ideal speed and velocity of wind was examined.
Back-to-back sinusoidal pulse width modulation scheme was
presented in the system. The grid side inverter played a
significant part in the transfer of produced wind energy from
DC-link to the grid and the DC connection voltage regulation
[18].

Fesharaki V J et al., 2018, provided a solid and
restriction linearization device FLC with altered Incremental
Conductance (IC) for MPPT in photovoltaic systems, and the
inner consistency of the general closed loop was ensured. The
suggested load-related method was autonomous and robust
against voltage of load disturbances. At the foundational
operational level, a boost chopper converter served as the
interface between the Photo Voltaic (PV) panel and the load
to govern the system. An adapted Incremental Conductance
(IC) technique, based on existing non-division equations, was
implemented. The IC technique was employed to initiate the
desired current for the Fuzzy Logic Controller (FLC). The
FLC swiftly steered the PV panel to its maximum power point
while adhering to the constraints of the control duty cycle
[19]. The presented speed algorithm was validated
experimentally. Additionally, this study delved into the
application of PI controllers and Fuzzy Logic Controllers
(FLC), both individually and in combination with the
standard PI controller, to regulate rotor velocity, reactive
power, active power, and dc-link voltage. Notably, gain
detection was considered, with the first controller acting as a
gain tuner for the second one [20].

Asghar A B & Liu X, 2018, introduced a centered
on hybrid intelligent training for the online estimation of
wind turbine efficient wind speed using instantaneous wind
turbine tip speed ratio, rotor velocity, and mechanical energy.
They utilized a hybrid optimization technique to adjust the
parameters of the fuzzy Membership Function (MF) in an
Artificial Neural Network (ANN). Furthermore, they applied
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the estimated efficient wind speed to develop an optimal rotor
velocity estimator for variable-speed Wind Turbines (WT) to
maximize Power Point Tracking (MPPT). For standalone
WECS, variation in load and wind wvelocity leads to
oscillations in the terminal voltage and frequency. The
oscillations in the load side terminal voltage need to be
reduced for better management of power. For standalone
WECS, bi-directional VSC can convert variable voltage into
a constant voltage output. Operation of the VSC can be
controlled using a PI controller. Due to simple design &
implementation, IOPID controllers are used mostly. But,
IOPI shows sensitivity towards system’s parameters & non-
linarites and weaker disturbance rejection with poor transient
response [21]. As compared to IOPI, FOPI offers reduction
in % THD, response time, overshoot, oscillation, and
improvement in transient action, Deepak Pullaguram et al.,
2018, [22].

For maximum power extraction, power factor
improvement, FOPI are utilized for grid connected PMSG as
introduced by Beddar Antar et al., 2015, [23]. FOPI controller
enhances the dynamic performance of variable speed WECS
in comparison to IOPI and fuzzy controls that is presented by
C Vivierors et al., 2014, [24]. System’s nonlinearity and wind
variation cause PI and FOPI based methods to not provide
significant response and show lesser robustness under
disturbances and uncertain parameters. Therefore, focus has
been to develop nonlinear controls. Robust and adaptive
controls are utilized for performance enhancement of WECS.
In classical PID, ensuring good performances with disparate
plants and guaranteeing a suitable adaptation for time
dependent plant is difficult. SMC based robust control shows
effective performance, high accuracy & efficiency, stability
under uncertainties and system disturbances. SMC makes the
response to converge to a sliding surface which is defined in
advance and force it to stay on this surface, Y Soufi et al.,
2016, [25].

Mao Jingfeng et al.,, 2015, introduced to SMC
showing robustness against the variation in load under
unstructured uncertainties in PMSG based WECS. Model
uncertainties and disturbances restrict the effectiveness of
these model based control strategies. Complex mathematical
modeling of partially known or unknown systems is removed
in Model Free Control (MFC) incurring low computational
cost. MFC provides smooth control variable and is more
robust with respect to noises, but a noise signal’s derivation
is required for SMC. Intelligent PI (iPI) and iPID controllers
are the more recent development for the systems with
significant model uncertainty and disturbances. In iPID
controllers, without any modeling and identification
procedure, strongly nonlinear and time dependent system’s
unknown dynamics is considered and displays better
efficiency and response as compared to conventional PID
[26]. For control of the systems with high nonlinearities,
iPID-MFC is found appropriate as proved and explained by
L Sidhom et al., 2016, [27]. A design and stability analysis of
iPI-MFC based controller with better trajectory tracking
performance is presented by Y Feng et al., 2002, [28].

Transient swings in the manipulator during tracking
of train of pulses are reduced and external disturbances are
handled using iPI. Also, noise from the manipulator’s
dynamics is removed. Two model free SMC techniques for
control of tracking error dynamics of aerodynamic system are

presented by Radu-Emil Precup et al., 2017, [29] and
compared with a model free iPI controller. These schemes
show robustness against the disturbances and variations in
parameters.
Design of Integral-SMC for PMSG based WECS is
illustrated by Rachid Errouissi & Ahmed Al-Durra, 2018,
[30]. This control includes the reference jump and allows it
to achieve nominal performance recovery under uncertainty
in model. This control provides satisfactory reference
command tracking. In SMC, extra integral term for state
variable suppress the SSE provides robustness against the
large oscillations in load and system parameter in comparison
to classical integral SMC. The robustness of DISMC against
uncertainties is verified for WT for lesser than rated wind
velocity. A DISMC is utilized and explained clearly by Yoon-
Cheul Jeung & Dong-Choon Lee, 2019, [31] for bi-
directional dual active bridge DC-DC converter. With
DISMC, SSE and chattering are suppressed with fast
response under transient. The conventional SMC provides
more chattering. TSMC offers robustness to the system
against uncertainties by avoiding high-frequency-switching.
Conventional TSMC exhibits precision and quick response,
but convergence is slow. To suppress these flaws, Non-
singular TSMC is presented by Kaihui Zhao et al., 2019, [32].
A robust NSTSMC is discussed by Y Feng et al,,
2002 for enhancement of response, fault tolerance, and
tracking accuracy of PMSM irrespective disturbances and of
demagnetisation of PM [33]. Integral TSMC is proposed by
Mohammad Javad Morshed & Afef Fekih, 2019, for
improvement chattering and power quality during unbalance
in voltage [34]. A non-singular fast TSMC (NFTSMC) with
devoid of chattering is discussed in detail by Zhenxin He et
al., 2014 for improved tracking-precision [35].
Six-Phase Synchronous Machines: Schiferl RF's
work in 1983 included a comprehensive circuit diagram of a
six-phase synchronous machine, considering mutual leakage
couplings between two sets of three-phase stator windings.
Different modes of power transfer and practical winding
configurations were examined, particularly in the context of
uninterruptible power supply systems [36]. A recent research,
carried out by Nataraja and Dr. G. S. Sheshadri, focuses on
the intelligent control of six-phase Permanent Magnet
Synchronous Generator (PMSG) in grid-connected WECS.
This work likely involves advanced control strategies and
modeling techniques to optimize the performance of PMSG
in wind energy applications [37]. Artificial Neural Networks
(ANN) and Fuzzy Logic (FL): The references highlight the
advantages of both ANN and FL in control and decision-
making processes. ANN is known for its strong numerical
learning capabilities, while FL offers interpretability and the
integration of expert knowledge. The hybridization of ANN
and FL, known as Adaptive Neuro-Fuzzy Inference Systems
(), combines the learning capabilities of ANN with the
interpretability of FL, making it a powerful tool for control
and modeling. Neuro-Fuzzy Systems in Smart Grids: The
application of neuro-fuzzy systems in smart grid technology
is emphasized. These systems are used to control real-time
parameters of the operating system in smart grids. The
integration of neural networks with fuzzy logic has the
potential to significantly enhance power system efficiency
and performance [38-45].
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Different literature in the previous researches has
given advanced intelligent methods to control the wind
energy systems. This paper attempts to improve the
performances of the controllers using hybrid methods that
would combine the model adaptability with traditional
controllers and higher dynamics due to intelligent methods.
Thus the combination of the traditional method and the expert
systems is considered for the implementation thus carried out
to check the performance enhancement of the wind energy
conversion systems. The six phase generators are used in the
implementation with the hybrid controllers that combine PI
controllers and Fuzzy Logic Controllers to enhance the
performance of power delivery in the Wind Energy
conversion system.

IL METHODOLOGY

This generator is considered a non-salient pole
machine. This means that it doesn't have pronounced salient
poles or protrusions in its structure. Additionally, the direct
and quadrature inductances of the machine are set to equal
values, simplifying its analysis and control.Modeling of six-

ﬁhase, slz/nchronous machine is derived from equation, the
ux linkage, DQ transformation and current generated are

given below.
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ABC to DQO transformation of Current
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Wi, P2 - quadrature axis flux linkage in abc (1)
and xyz (2) windings respectively
Wi, Yo - quadrature axis flux linkage in abc (1)
and xyz (2) windings respectivel
W4, Pig - direct and quadrature axis flux linkage
in damper windings
k 23 - flux linkage in field windings
Wind Pmgq - direct and quadrature axis mutual flux
la1, 1y, - direct axis flux current in abc (1) and
2 windi .
I ,I - éﬁazlcgra)tlﬁlenmlgg %{1612? S’? tilr‘lf %lgc (1) and
ql q2
xyz (2) windings respectively
Ifg - direct axis current in field windings
I, Iiq - direct and quadrature axis current in
damper windings
Vau laz - direct axis voltage in abc (1) and xyz
(2) windings respectively
Vau lg2 - quadrature axis voltage in abc (1) and
xyz (2) windings respectively
Vg - direct axis voltage in field windings
Via Ixg - direct and quadrature axis voltage in
damper windings
0 - system frequency in hz (rft)
®,0 - the angular difference between abc
and xyz phase, here it is 30°
Oeb - Electrical base angular velocity
R - Resistance of stator winding, Ry -

Resistance of field winding
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Li, Lo - Leakage field inductance of field
winding

L, Lig - Self-inductance ~ of  direct and
quadrature axis in damper winding

Rug, Rk - Resistance of direct and quadrature

axis in damper winding

II1. CONTROLLER REQUIREMENTS
POWER QUALITY ENHANCEMENT

FOR

Considering the friction and the size constraints involved
in the geared WECS the gearless WECS is considered in the
research implementation. The gearless setup leads to the
VSWECS, and with PMSG involved in the research higher
number of poles is involved as discussed previously in this
thesis. Higher number of poles introduces harmonics in the
generator and thus a portion of the power generated would
contribute to the reactive power loss. A control technique
along with the converter that limits the harmonics in the
generator output assures usable power delivery. The geared
WECS with induction generators is inherent with
disadvantages like reactive power consumption, poor power
quality, and mechanical stress. Grid voltage fluctuations due
to gear control for maintaining constant speed output at the
generator is considered as the main disadvantage of the
constant speed wind turbine, taking into account the DC-DC
converter’s dynamic performance that nullify the voltage
fluctuation effect. Thus, VSWECS is preferred with
maximum power tracking controllers connected with the
voltage regulating DC-DC converter. Although DFIG based
VSWECS is leading the market in the current era the size
variation of the turbine by means of adding the gear box has
led to the use of PMSG with more number of poles without
gears. Since gearless PMSG is a VSWECS, the contribution
of the power electronics devices is very high in maintaining a
stable power delivery in the grid-connected system. Hence, it
is essential to design and develop efficient control schemes on
both machine side and grid side for direct driven variable
speed wind turbine based on permanent magnet synchronous

SPWM

Vv, Vo | Ver

Vaa ¥

dg Y qg | curren t Hybrid le— Vi ue

Il'l lﬂl dg(ref)

generator to regulate the voltage/frequency, active, reactive
power, power factor, and total harmonics distortion

Figure 1. Flow diagram for grid side converter controller

The control of active and reactive power on the grid side
is accomplished through a control technique that ensures the
DC link voltage remains constant and adheres to the grid code
specifications at the output of the grid-side converter. To

enable independent control of both the generator-side and
grid-side converters, a DC link capacitor isolates them.

Figure 1 depicts a hybrid vector control scheme for the
grid-side converter. The GSC (Grid-Side Converter)
Controller consists of several components, including:

1. Phase Locked Loop (PLL): The PLL is responsible for
synchronizing the control system with the grid voltage,
ensuring that the converter operates in phase with the grid.

2. Hybrid Voltage Regulator: This component manages the
voltage control of the grid-side converter, ensuring that the
DC link voltage remains constant within the desired range.

3. Current Regulator: The current regulator handles the control
of grid-side current, allowing precise regulation of active and
reactive power as needed.

This control scheme and its components work together to
ensure that the grid-side converter operates efficiently,
adheres to grid code requirements, and effectively manages
active and reactive power flow in the system. The use ofa DC
link capacitor enables independent control of the generator-
side and grid-side converters, enhancing the overall
performance and stability of the system. The process
involves measuring the grid terminal voltage Vabc and grid
terminal current Iabc using current and voltage sensors. To
determine the angle of the grid voltage, a Phase Locked Loop
(PLL) is utilized, and its relationship with the angular
frequency o is described by Equation (33). The obtained ®
value is used in either the abc to dq transformation or dq to
abc transformation. Additionally, @ is determined using abc to
of transformation. These transformations are fundamental in
converting between different reference frames and
simplifying the analysis and control of electrical systems. The
PLL plays a crucial role in synchronizing the system with the
grid voltage, ensuring accurate measurements and control
actions.

B,
Vo
(33)

In the given context, Vo and V represent the two-phase
off components of the grid voltage. These components are
calculated using the equations provided in Equations (34 and
35). The transformation into aff components is a common
technique used to simplify the analysis and control of three-
phase electrical systems, especially in applications like motor
drives and power converters.

o =tan(

2
V=5 (Vig =05V, ~057,,)
(34)

2
Vp=",(0-866V,-0866V,)
(35)

Here, Vag, Vbg, and Vcg represent the abc
components of the grid voltage, which are the instantaneous
three-phase AC  voltages. These components are
mathematically represented by the equations provided in the
range from Equation (36) to Equation (38). These equations
describe the instantaneous values of the three-phase grid
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voltages, which are essential for the analysis and control of
electrical systems.

Vo =V, sin(e,)

(36)
Vg =Vp sin(me —120°)
(37
Vg =V, sin(ow: +120°)
(38)

Using the abc to dq conversion, the three-phase
rotating voltage components Vag, Vbg, and Vcg are
transformed into stationary components Vdg, Vqg, and Vo.
This transformation is carried out in accordance with Equation
(39). The abc to dq conversion is a mathematical technique
that is frequently used in electrical engineering to simplify the
analysis and control of three-phase systems. It allows for a
more straightforward representation of the system's behavior
in a reference frame that aligns with the rotor flux or other
relevant quantities, making it easier to design and implement

control strategies.
Vo] [sinot  sin(or-120°) sin(ot+120° )TMVW T|
Vag |= .| cosot cos(wt—120") cos(ot+120°) 1]V,
‘I}"” o oge (055120 cos(@be1207) [ Vg |
Lol I % |

(39)

Similarly, using the abc to dq transformation, the
three-phase current components lag, Ibg, and Icg are
converted into stationary components Idg, Iqg, and 10. This
transformation is achieved in accordance with Equation (40).
The abc to dq transformation is a common technique used to
represent three-phase electrical quantities in a reference frame
that simplifies control and analysis, particularly in systems
like motor drives and inverters.

sin(mt +120° )—||—I |

Pdg] [sinot sin(ot-120°) .

|[qg cosmwt cos(wt—120°) cos(mt+120°)
05

|_IoJ Il ' U{fy“
(40)

Figure 2 shows the abc coordinate and dq coordinate
frames

q-axis
b-axis

L)

N

d-axis

N -
S a-uxis

C-0X718

Figure 2. Time varying three phase abc to stationary dq frame

transformation
Using dq coordinates the active and reactive power are

represented by the Equations (41 and 42)
Pyria= 1.5(Vdgldg + nglqg)

4D
Q grid = 1'5(ngldg _Vdglqg)
(42)

As indicated in Equations (41) and (42), it's evident
that both active and reactive power depend on both the direct
(d) axis and quadrature (q) axis components. To achieve
independent control of active and reactive power, it becomes
necessary to implement a decoupling mechanism. This
decoupling process separates the control of active power from
that of reactive power, allowing for precise and independent
regulation of these two important aspects of the system's
performance.

In the context of dynamic decoupling, the goal is to

set the quadrature axis voltage Vqg to zero by aligning the
direct axis component with the voltage space vector,
effectively ensuring that the quadrature axis component is
always zero. When the reference frame is configured with
Vqg=0, the active and reactive power can be expressed using
Equations (43 and 44). This means that in this specific
reference frame, the control focus is primarily on active power
(P) and reactive power (Q), with Vqg being constrained to
zero, simplifying the control objectives.

(43)
Q grid = —1 '5Vdglqg

(44)
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o Lelyg
| S PI —_—V,*
V"
Vig

Logren=0

Figure 3. Flow diagram of d axis current regulator

Indeed, based on Equations (43) and (44), it becomes
evident that for a given d-axis voltage value, the active and
reactive powers can be controlled independently through the
manipulation of the d-axis current component Idg and the g-
axis current component Iqg, respectively. This capability
allows for precise and separate control of both active and
reactive power in the system, providing flexibility in meeting
specific operational requirements and objectives. =~ The d
axis and q axis current regulator are shown in figure 3 and
figure 4.

O Ll

— V,;*

Idg —_—> Pl
| Vo

Iﬂa(rei)

!

“dg
Figure 4. Flow diagram of q axis current regulator

The input to the PI controller or hybrid controller is the DC
link voltage Vdc, which is measured and compared to the
reference DC link voltage Vdc ref. The objective is to
maintain a constant DC link voltage. In this control scheme,
the g-axis reference current Iqg (ref) is intentionally set to zero
to ensure that the power factor of the three-phase inverter
remains unity.

Referring to Figure 3 and Figure 4, and neglecting the
resistance in the grid-side line (Rf), the control equations in
the dq coordinate system are given by Equations (3.63 and
3.64). These equations govern the control of the system in the
dq reference frame, allowing for precise regulation of currents
and voltages in the inverter.

(45)
Vq* = ng *+®t1dgl‘f +ng
(46)

Vdg* and Vqg* represent the reference voltage
values for the d-axis and g-axis voltages, respectively. These
values are determined using the equations provided in the text,
specifically Equations (47 and 48). These reference voltage
values play a crucial role in controlling the behavior of the
system, particularly in maintaining desired characteristics in
the d-q coordinate system.

) Ki
Vig =(Kp+ S)(Idg(ref)_ldg)
(47)
. Ki
ng = (Kp + s )(qu(ref) - qu)
(48)

The Vd* and Vq* components are further processed
by converting them into three-phase time-varying AC
components using a dq to abc transformation, as described by
Equation (49). This transformation allows for the
representation of these components in the three-phase
reference frame, making them suitable for use in three-phase
systems.

’7Va *—\ ( sin(ot) cos(wt) 1—‘[Vd >6—||
| V,* |:| sin(wt-120 ) cos(wt—120 ) 1|V, ™|

1Al Lsin(mt+120°) cos(ot +120°) 1J[ 0 |J
(49)

The process involves comparing the reference
signals Va*, Vb*, and Vc* with triangular wave carrier signals
within the Pulse Width Modulation (PWM) controller. The
PWM controller then generates gate signals based on this
comparison. These gate signals are subsequently employed to
trigger the switches within the three-phase inverter,
controlling the output voltage and current to meet the desired
reference values Va*, Vb* and Vc*. This technique is
commonly used in power electronics for voltage and current
control in three-phase systems.

PI Controller

To model a PI (Proportional-Integral) controller, you can
use a transfer function representation. The transfer function
describes the relationship between the controller input (error
signal) and the controller output (control signal). The transfer
function of a PI controller is given by:

C(s)=Kp +Ki/s
(50)

Where:
- C(s) is the Laplace transform of the controller output.

- Kp is the proportional gain, which determines the
strength of the proportional control action.

- Ki is the integral gain, which determines the strength of
the integral control action.

- s is the complex frequency variable.

The term Kp represents the proportional control action and
is responsible for responding to the instantaneous error. It
produces a control output that is proportional to the error
signal. The term Ki/s represents the integral control action.
The integral of the error over time is accumulated and
multiplied by the integral gain Ki. It helps eliminate steady-
state error and allows the controller to respond to constant or
slowly changing errors. To use the transfer function
representation, you can apply it in a control system block
diagram. The error signal (the difference between the setpoint
and the process variable) is fed into the PI controller, and the
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controller output is used to actuate the process or system being
controlled. Keep in mind that the specific values of Kp and Ki
need to be carefully selected and tuned for a given control
application. Different tuning methods, such as Ziegler-
Nichols or trial and error, can be used to determine suitable
values for achieving desired control performance, such as
stability, responsiveness, and accuracy.

(FLC) is appropriate for systems that are hard to
manipulate. mainly due to the existing nonlinear complexities.
This is because, unlike a conventional PI controller, rigorous
mathematical formulation is not needed to design a good
fuzzy controller. The database which comprises of
membership functions lies between 0 and 1. The main
processes in FLC are fuzzification, interference mechanism
and defuzzification. The interference method uses a set of
linguistic rules to convert the input conditions into a fuzzified
output. Finally, defuzzification is used to convert the fuzzy
outputs into required data. The block diagram for fuzzy logic
based current regulation is shown in Figure 5. The fuzzy logic
rules are developed by absorbing the characteristic of the PI
controller and PID controller performances.

Knowledge Rule base

base

] l

Input Outpu
NEY Scaling factors Fuzzification Inference Defuzzification W

normalization denormalizeation
— — -

Output scaling
factors
normalization

Error

Measurement

Figure 5. Fuzzy controller block diagram

(FLC) is appropriate (FLC) is appropriate for systems that
are hard to manipulate. mainly due to the existing nonlinear
complexities. Fuzzification is an essential aspect in fuzzy
logic theory. Fuzzification is the process in which the crisp
values are converted to fuzzy. By identifying certain
uncertainties present in the crisp values, the fuzzy values have
been formulated. The conversion of fuzzy values is denoted
by the membership function.

Ly Hybrid
q Fuzzy-PI

conv

meas

Figure 6. Hybrid Fuzzy-PI controller
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Table 1. Current Controller Fuzzy Logic Rules

The Table 1 and figure shows the rules of the Fuzzy logic
inference system and developed based on input and output
parameters of FLC. The supplementary type of hybrid
controller is where both PI and FLC contributes to the
reference voltage. Fuzzification is the process in which the
crisp values are converted to fuzzy. By identifying certain
uncertainties present in the crisp values, the fuzzy values have
been formulated. The conversion of fuzzy values is denoted
by the membership function. Defuzzification results in the
fuzzy to crisp conversions. The fuzzy results generated cannot
be used as such to the applications, hence it is necessary to
convert the fuzzy quantities into crisp quantities for further
processing.

FLC Design Methodology

The fuzzy results generated cannot be used as such to the
applications, hence it is necessary to convert the fuzzy
quantities into crisp quantities for further processing. The
design of the FLC comprises of the following steps,

Membership functions

The fuzzy results generated cannot be used as such to the
applications, hence it is necessary to convert the fuzzy
quantities into crisp quantities for further processing. In fuzzy
set theory, a membership function defines the degree of a crisp
value in a range between 0 and 1. This helps in designing the
systems with uncertainty or ill-defined problems in read
world. Membership function is a function which returns
membership degree of how a crisp value is mapped to an input
space. Each membership function contains a curve which
represents each point in a specified input partition. In FLC,
the type of membership function used in the present work is
triangular membership function.as it is the simplest shape
among the other type of membership functions such as bell
shaped, trapezoidal and Gaussian membership functions. The
number of membership function determines the quality of
control which can be achieved using FLC. As the number of
membership function increases, the quality of the controller
improves at the cost of increased computational time and
memory.

Inference Engine

After fixing the input and the output for the Fuzzy logic
training using the membership functions a group of rules are
written to connect the input and the output membership
functions. The rules are written in terms of if then rules. The
collection of these rules is called the inference engine. While
the inference engine is made ready the FLC is ready for
working.

The analysis of power quality in the solar photovoltaic model
is taken for the proposed work. The system of the solar
photovoltaic panel is integrated with the power grid. Solutions
for power quality issues in the distributed network is solved
by means of traditional and intelligent techniques in the
research thus carried out. The power quality improvement
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with traditional converters like the PI controller and the
adaptive PI controllers are carried out to distinguish the
performance evaluation. Traditional PI controller adopting the
manual tuning method and the advanced controller using the
adaptive tuning method that tunes the gain parameters of the
PI controllers using the controller and the supplementary
Fuzzy- PI hybrid controller.

The implementation of the Fuzzy PI implementation needs
a parallel FLC with the PI controller which provides a
cumulative output. This hybrid controller is called
supplementary controller that actually uses both the Fuzzy and
the PI controller output to get the reference voltage for the
PWM controller.

—
FLC
L o]
I 4 PI \Y
—> —»] ‘4
+_ Contr

meas

Figure: 7 Supplementary Fuzzy Controller based Current
Regulator

The supplementary Fuzzy PI controller or the hybrid Fuzzy-
PI method produces the output from both the Fuzzy controller
and the PI controller. The weightage of both the controllers
are equally taken for the output reference voltage and
cumulated.

The error and change in error in the dq domain are used as
the input to the FLC to generate the output values from the
inference engine and the PI controller also produces the
output.

Component Specification
Wind Turbine
Mechanical Power 20kW
Wind Speed 12 m/s
Torque 6 Nm
PMSG
Back EMF Sinusoidal
Rotor Type Salient pole
Pole Pairs 4
Torque 6 Nm
Boost Converter
Inductor 5 mH
Capacitor 12000 pF
Switching Frequency 50 kHz
DC Link and Inverter
Vdc (DC Link Voltage) 300 Volts
Inverter output voltage 440 V
Inductive filter 2 mH
Transformer
kVA Rating 100
Low Side Voltage 415V
High Side Voltage 11kV
Frequency 50 Hz

Grid
MVA Rating 100
Voltage 11kV
Frequency 50 Hz
Power 100 kW
Frequency 50 Hz

Table 2. Parameters of the components used in the proposed
AC-DC-AC converter

MATLAB based implementation is developed for the
comparative analysis of the six phase generator connected to
the grid with both the traditional PI controller and the Hybrid
controllers like parallel and series PI-Fuzzy controllers. The
grid integration from the WECS is through the inverter. The
parameters chosen for the simulation is as given in the Table
2. The implementation of the Wind Energy Conversion
System (WECS) with an AC-DC-AC power conversion unit
is carried out using the SimPowerSystems toolbox in
MATLAB/Simulink software. The MATLAB model
incorporates a wind turbine with a Permanent Magnet
Synchronous Generator (PMSQG) designed with the following
specifications: rated voltage of 300 V, rated speed of 4500
rpm, and a power output of 20 kW. To mitigate the transients
originating from the generator, an LC filter is employed
between the rectifier and the generator. The LC filter consists
of an inductor, denoted as Lf, with a value of 3 mH, and a
capacitor, denoted as Cf, with a value of 2 puF. This LC filter
configuration is chosen to effectively reduce the undesired
transients and maintain a smoother output from the generator.
By utilizing the SimPowerSystems toolbox in MATLAB, we
can simulate the dynamic behavior of the WECS and assess
its performance under various operating conditions. The
implemented model allows for the evaluation of the system's
response to changes in wind speed, load variations, and grid
disturbances, providing insights into the behavior and
effectiveness of the proposed control strategy. The utilization
of MATLAB/Simulink and the SimPowerSystems toolbox
offers a comprehensive platform for the investigation and
analysis of the FUZZY controller's performance in the
context of the WECS with AC-DC-AC power conversion unit
and the specific PMSG generator model. The simulations
conducted using this setup provide valuable data for assessing
the controller's effectiveness in regulating power output,
voltage stability, and disturbance rejection. Throughout the
subsequent sections, the simulation setup and methodology
will be described in detail, allowing for a thorough
investigation and analysis of the Fuzzy controller's
performance in the considered WECS configuration with the
specified PMSG generator model.
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Figure 8. Simulink model of the proposed system

In this study, an alternative intelligent control loop
is implemented by replacing the existing control loop with a
Fuzzy controller. The Fuzzy controller is implemented using
the corresponding block sets available in MATLAB. This
intelligent control loop aims to improve the performance of
the system compared to the conventional control loop. By
incorporating the Fuzzy controller into the control scheme,
we expect to achieve enhanced control accuracy, robustness,
and stability. The Fuzzy controller's characteristics enable
better adaptation to the nonlinear dynamics and uncertainties
of the system, leading to improved control performance. The
performance improvement resulting from the conversion to
intelligent control loops, specifically the Fuzzy controller,
will be thoroughly discussed in the later part of this chapter.
The analysis will focus on evaluating various performance
metrics, such as power tracking, voltage regulation, and
disturbance rejection. By comparing the results obtained with
the Fuzzy controller to those achieved with the conventional
control loop, we can assess the effectiveness of the intelligent
control approach. Furthermore, the discussion will explore
the advantages and limitations of the Fuzzy controller in the
context of the considered WECS configuration. This analysis
will provide valuable insights into the potential benefits of
incorporating intelligent control techniques in the control
strategy of grid-connected WECS with Six-Phase PMSG.
‘Overall, the implementation of the Fuzzy controller as an
intelligent control loop presents an opportunity to evaluate
the performance improvement achieved by adopting
advanced control techniques. The subsequent discussion will
delve into the analysis and interpretation of the simulation
results, providing a comprehensive understanding of the
benefits and implications of utilizing intelligent control loops
in grid-connected WECS.

In the wind power simulation, a six-phase PMSG and
rectifier bridge are used. The DC output is regulated by a DC-
DC converter with MPPT, and then converted back to AC
using a converter with DQ control. Figure 5.2 shows the
generator voltage response to a variable wind speed.
Nonlinear characteristics of the rectifier cause voltage
distortion, leading to harmonics and torque ripples. However,
suitable control techniques maintain a power factor close to
unity for the SPMSG

Vide

Voltage in Voits

Figure 9. SPMSG Output at its Six-Phase Terminal

The fulfillment of the grid code requirements at the
Point of Common Coupling (PCC) is achieved through the
Utilization of the Grid-Side Converter (GSC) and the dq (PI)
controller. In the proposed model, the Generator-Side
Converter (GSC) employs a three-phase bridge rectifier. As
the wind speed fluctuates, the output DC voltage at the DC
link experiences variations, as illustrated in Figure 5.3. By
implementing appropriate control strategies, such as the dq
(Fuzzy) controller, the proposed model aims to regulate the
DC voltage at the link and ensure compliance with the grid
code requirements. The dq (Fuzzy) controller utilizes the
GSC to achieve this objective by adjusting the converter-
controlled pulses based on the AC power conditions, enabling
effective regulation of the generated power. Figure 9 provides
a visual representation of the changes observed in the output
DC voltage at the DC link in response to variations in wind
speed. The fluctuations in wind speed impact the power
generated by the wind turbine, leading to corresponding
changes in the DC voltage Ilevel. Analyzing and
understanding these voltage variations is crucial for assessing
the performance of the control system and evaluating its
ability to maintain stable operation and adhere to the grid
code requirements.

The Boosted DC Voltage refers to the voltage level
obtained after implementing the (MPPT) algorithm,
specifically the Incremental Conductance algorithm, in a
wind power generation system. In the context of the Boosted
DC Voltage, the MPPT algorithm tracks the maximum power
point of the wind turbine by dynamically adjusting the DC-
DC converter's duty cycle. The algorithm compares the
instantaneous power output of the wind turbine with its
derivative, or the rate of change of power with respect to the
generator speed. By comparing these values, the algorithm
can determine the direction to adjust the duty cycle for
maximizing power output. This voltage level ensures that the
wind turbine operates at its maximum power point, allowing
for efficient energy conversion and power extraction from the
wind source.

The figure 10 illustrates the grid voltage and current
waveforms after connecting the Synchronous Permanent
Magnet Synchronous Generator (SPMSGQ) to the grid using a
controller at the grid side. When integrating a SPMSG into
the grid, it is crucial to regulate the generated power and
ensure the compatibility of the SPMSG's output with the grid
requirements. The FUZZY controller is employed in this
scenario to achieve precise control of the grid-side converter
and maintain the desired grid voltage and current
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Characteristics. The grid voltage waveform indicates the
electrical potential difference supplied by the grid, while the
grid current waveform represents the electrical current
flowing between the SPMSG and the grid. These waveforms
exhibit the behavior of the grid variables when the SPMSG is
connected and controlled by the FUZZY controller. By
utilizing the FUZZY controller, the grid voltage and current
can be regulated effectively. The FUZZY controller leverages
the characteristics to address the nonlinear dynamics and
uncertainties of the system, providing improved control
accuracy, stability, and robustness. Analyzing the grid
voltage and current waveforms allows us to assess the
performance of the FUZZY controller in maintaining the
desired grid conditions. It provides insights into how well the
controller regulates the power flow and ensures the stability
and quality of the grid-connected SPMSG system.
Understanding and optimizing the behavior of the grid
voltage and current through the FUZZY controller is crucial
for ensuring the reliable and efficient operation of the
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Figure 10. Grid Voltage and Current after Connecting
SPMSG

The implementation of control techniques at each
conversion stage in the wind power generation system allows
for the extraction of useful power on the generator side. This
leads to a decrease in the presence of harmonics at the source
side. The FFT analysis allows us to examine the frequency
components present in the signals and assess the level of
harmonics. The generator operates at a frequency determined
by its 4 pole pairs, corresponding to a speed of 3600 RPM,
resulting in a frequency of 120 Hz.

Figure 11 represents the real and reactive power at
the grid when employing the Fuzzy controller. This figure
provides valuable insights into the power flow and
characteristics of the grid-connected system.
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Figure 11. Real and Reactive Power at the Grid using
FUZZY controller

The Fuzzy controller is implemented to regulate the
real and reactive power at the grid. By controlling the
converter and adjusting the power flow, the FUZZY
controller ensures that the system operates at the desired
power levels and meets the grid requirements. Analyzing
Figure 10 and 11 allows us to assess the performance of the
Fuzzy controller in maintaining the real and reactive power
within the desired limits. By observing the variations in the
real and reactive power waveforms, we can determine how
effectively the controller responds to changes in the system
and grid conditions. A well-designed FUZZY controller
should enable accurate tracking and control of the real and
reactive power, minimizing deviations and maintaining
stability in the grid-connected system. The FUZZY
controller's characteristics provide enhanced adaptability to
the nonlinear dynamics and uncertainties of the system,
ensuring improved control accuracy, robustness, and
stability.

Figure 5.10 presents a comparison of the real power profiles

obtained using three different controllers: (PI), (), and
(FUZZY). This figure allows for a comprehensive evaluation
of the performance of each controller in terms of real power
regulation over the entire simulation duration. Figure 5.11
provides a zoomed-in view of the real power comparison
specifically within the time interval of 0 to 0.2 seconds. This
detailed view allows for a closer examination of the
controllers' performance during the initial transient period,
capturing their response to sudden changes and their ability
to stabilize the real power output. Figure 5.12 offers a zoomed
view of the real power comparison in the time interval of 0.2
to 0.6 seconds. This focused analysis provides insights into
the controllers' performance during a specific period,
revealing any discrepancies in power regulation and the
controllers' ability to maintain stability over an extended
duration.

The chapter focused on the investigation and
analysis of the FUZZY controller for grid-connected (WECS)
with Six-Phase Permanent Magnet Synchronous Generator
(PMSGQG). The objective was to evaluate the effectiveness of
this advanced control strategy in regulating power output and
ensuring system stability. By utilizing the adaptive and self-
tuning capabilities of the and the of the FUZZY controller,
improved control accuracy, robustness, and stability can be
achieved for Six-Phase PMSG-based WECS. This is crucial
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Considering the nonlinear dynamics and uncertainties
associated with these systems. Through simulation studies,
the performance of the FUZZY controller was evaluated in
terms of power tracking, voltage regulation, and disturbance
rejection under various operating conditions and system
uncertainties. The controller's performance was compared to
traditional control techniques, such as the PI controller, to
highlight its superiority in addressing the challenges specific
to Six-Phase PMSG-based WECS. Overall, this investigation
contributes to the advancement of control techniques for
efficient and reliable renewable energy systems. The FUZZY
controller shows promise in enhancing the performance of
grid-connected WECS, leading to increased power
generation, improved stability, and reduced reliance on
conventional energy sources.

Component Specification
Wind Turbine
Mechanical Power 20 kW
Wind Speed 12 m/s
Torque 6 Nm
PMSG
Back EMF Sinusoidal
Rotor Type Salient pole
Pole Pairs 4
Torque 6 Nm

Boost Converter

Inductor 5 mH
Capacitor 12000 pF
Switching Frequency 50 kHz
DC Link and Inverter
Vdc (DC Link Voltage) 300 Volts
Inverter output voltage 440V
Inductive filter 2mH
Transformer
kVA Rating 100
Low Side Voltage 415V
High Side Voltage 11kV
Frequency 50 Hz
Grid
MVA Rating 100
Voltage 11kV
Frequency 50 Hz
Power 100 kW
Frequency 50 Hz

Table 3. Parameters of the components used in the
proposed AC-DC-AC converter
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