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Abstract

A typical Permanent Magnet Synchronous Generator (PMSG)-based wind turbine
system consists of an electrical generator, Machine-Side Converter (MSC), Grid-Side
Converter (GSC), dc-link capacitor, and a passive filter such as L filter or LCL filter to connect
the GSC to the host grid. When the wind turbine operates under unbalanced grid voltages, a
negative sequence component is introduced to the system. This negative sequence voltage can
pose challenges for classical controllers to ensure an efficient control of the PMSG-based wind
turbine system. On one hand, when the control objective is to ensure injecting sinusoidal and
balanced three-phase currents to the grid, voltage unbalance can cause active power to oscillate
at double fundamental frequency. On the other hand, delivering constant active power to the
grid, under unbalanced voltages, requires injecting sinusoidal and unbalanced three-phase
currents to the grid. In the current control scheme, constant active power operation during
unbalanced voltages can be achieved by setting the grid currents to follow appropriate
sinusoidal and unbalanced current references. In power control scheme, these current
references can be used to compute the active and reactive power commands required to achieve
ripple-free active power under unbalanced voltage conditions. During unbalanced grid
voltages, ripple-free active power can produce a sinusoidal oscillation of frequency 2w in the
dc-link voltage, where w is the grid frequency. This oscillation occurs due to periodic energy
exchange between the inductance of the passive filter and the dc-link capacitor, as no active
power oscillations are injected into the grid. This energy exchange also occurs between the dc-
link voltage and the stator windings of the PMSG, resulting in 2w ripple in the torque of the
generator. Thus, under unbalanced grid voltages, appropriate control strategies are required for
the control of the GSC and MSC to enable efficient power exchange between the host grid and

the wind turbine.

This thesis presents the design and performance evaluation of a robust control strategy
for both GSC and MSC. Under balanced grid voltage conditions, GSC regulates the dc-link
voltage through controlling either the current or the power injected into the grid, while the

MSC regulates the stator currents of the PMSG aiming to maximize the power extracted from



the wind. During unbalanced grid voltage conditions, the roles of GSC and MSC are
interchanged. In particular, the MSC regulates the dc-link voltage through controlling the stator
currents of the PMSG, while the GSC regulates the active power delivered to the grid to allow
implementing the so-called “Fault Ride Through” algorithm. In this thesis, the proposed
controller for both converters is based on combining a state-feedback controller with a
disturbance observer. The feedback controller has the role of stabilizing the nominal closed-
loop system, while the disturbance observer plays the role of a servo-compensator to cancel
the effect of model uncertainties and unknown disturbances, considering the oscillatory
behavior of disturbances under unbalanced grid voltages. Another advantage of the disturbance
observer is its ability to achieve a seamless transition between the control schemes in response
to sudden balance/unbalance event in grid voltages. The proposed controller also makes use of
a notch filter to cancel the effect of the inherent dc-link voltage oscillations on the machine

torque, particularly when the grid voltage is unbalanced.

Simulation tests are conducted to verify the performances of the proposed control
technique using MATLAB Software considering realistic scenarios and adequate control
parameters. The results demonstrate that the proposed control scheme can achieve good steady-
state and transient performances under both balanced and unbalanced grid voltages. More
importantly, the obtained results show that proposed controller is able to maintain good

transient performances in response to sudden unbalance/balance events in the grid voltages.

Keywords: PMSG, GSC, MSC, disturbance observer, feedback linearization, sinusoidal
disturbance rejection, unbalanced grid voltages.
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Chapter 1: Introduction

1.1 Overview

Due to rising electricity demand and global warming concerns, the adoption of
renewable energy sources for the generation of electricity has experienced an unprecedented
acceleration. Among these renewable energies, wind energy is one of the most economical
and promising sources [1]. Many developing countries have significant untapped wind energy
potential. Moreover, in many locations, generating electricity from wind energy offers a cost-
effective alternative to thermal power stations in terms of lower impact on the environment

and climate, reduces dependence on fossil fuel imports, and increases security of energy
supply [2].

Wind Energy Conversion Systems (WECSs) produce electrical energy by capturing
the Kkinetic energy of the wind and utilizing it to drive an electrical generator. The kinetic
energy of the incoming air stream is converted into electrical energy in two steps: the
extraction device, i.e., the wind turbine rotor, captures the wind power movement with
aerodynamically designed blades and converts it into rotating mechanical energy that drives
the wind turbine generator where the mechanical power is converted into electrical power. A
gear box can be used to match the rotational speed of the wind turbine rotor to that of the
generator. In addition, power electronic converters are used for enhanced power extraction
and variable speed operation of the wind turbine [1]. The topology of a complete wind energy

conversion system is depicted in Figure 1.
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Figure 1: Typical topology of a wind energy conversion system.

There are two types of wind turbines, Horizontal-Axis Wind Turbine (HAWT) and
Vertical-Axis Wind Turbine (VAWT). HAWT are among the widely used wind turbine[2].
WECS are classified into two types based on the speed control criteria such as Fixed-Speed
Wind Turbine (FSWT) and variable-speed WECS. In FSWT topology, the turbine is directly
connected to the grid through gear box and a shaft [3,4]. The FSWT configuration system is
commonly known as a constant or fixed speed system, and it is usually based on either the
Squirrel-Cage Induction Generator (SCIG) or a Wound Rotor Induction Generator (WRIG).
Regardless of wind speed, the rotor speed in FSWT is imposed by the frequency of the supply
grid, the gear ratio, and the number of pole-pairs of a generator. The system achieves
maximum efficiency at a specific wind speed, but the energy capture does not reach its
maximum in wind speeds above and below the rated wind speed. Despite its limited inability
to extract maximum power from the wind, FSWT system are simple, robust, reliable, and cost

effective in terms of their electrical components [1].

Variable speed operation and direct-drive generators have been the recent
developments in wind turbine drive trains. Compared to constant speed operation, variable
speed operation of wind turbines provides 10-15% higher energy output, lower mechanical
stress, and less power fluctuation. Variable-speed WECS utilizes both synchronous
generators and doubly fed induction generators [5,6]. Unlike constant-speed WECS, variable-
speed WECS needs power electronic converters in order to convert variable-frequency and
variable-voltage at the output of the generator into constant-frequency and constant-voltage.

Among the main advantages for using power converters in the WECS are load control, energy



optimal operation, soft drive train, gearless option, and reduced noise while, controllable
active and reactive powers, local reactive power source, improved network voltage stability,

and improved power quality [7].

The various converter topologies commonly employed for variable-speed WECS with
Permanent Magnet Synchronous Generators (PMSG) include DC-DC boost converters,
Neutral Point Clamped (NPC) converters, Pulse Width Modulation (PWM) current source
converters, diode rectifiers, Voltage Source Converters (VSC), and back-to-back VSC. The
DC-DC boost diode rectifier and VSC commonly face challenges in regulating the
characteristics on the generator side, which results in lower efficiency as the parameters on
the grid side are only controlled. The operation and control of NPC converter is more complex
compared to other converters. However, considering the challenges of various converter
topologies, the utilization of a two-level back-to-back VSC topology is strongly favored for
variable speed WECS with PMSG. It is considered as the most effective converter topology
for controlling the active and reactive powers on the generator-side, as well as controlling the
DC-link voltage and power on the grid-side [8]. The topology of a PMSG connected to the
grid using a back-to-back converter is shown in Figure 2. The system consists of two Voltage
Source Inverters (VSI) coupled together using a dc-link capacitor. One VSI is called Grid-
Side Converter (GSC), and it is used to interface with the main power grid, the other VSI is
known as Machine-Side Converter (MSC), and it is responsible for regulating the power
extracted from the wind. Under certain conditions, the MSC is primarily utilized to control
the electrical generator in order to optimize power extraction from the wind [9]. Besides, an
L filter connects the GSC to the grid with the aim of reducing the current harmonics injected

into the grid.
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Literature review reveals that the topology of PMSG-based Wind Turbine (WT) can
include additional components such as active crowbars and dc choppers [10], energy storage
devices [11], series dynamic breaking resistor[12], dc chopper[13], and others. These
components can help increasing the reliability of the energy conversion system in the presence
of abnormal conditions, which is achieved at the expense of increasing the system cost and
complexity [14]. The literature also reports that several approaches have been proposed to
control PMSG-based WT to handle abnormal conditions including grid faults. The control of
the PMSG-based WT involves two distinct steps. The first step involves acquiring the signals
and measurements essential for the primary controller, including grid voltages, grid currents
and dc output voltage. Furthermore, under certain circumstances, it may be essential to
perform extra calculations, such as isolating the positive and negative sequence components
of grid currents and voltages, in order to achieve certain control objectives, especially during
abnormal grid conditions. Controllers for Permanent Magnet Synchronous Generators
(PMSG) are often designed utilizing either the synchronous reference frame or stationary
reference frame. Therefore, it is necessary to mathematically convert the grid currents and
voltages into these reference frames. The second step involves designing a control strategy
that can meet the transient and steady-state performance specifications. The main control
objective is to deliver a constant active power to the grid, inject a specific amount of reactive
power to fulfill Fault Ride-Through (FRT) requirement, and regulate the dc-link voltage. It's
noteworthy that, in certain situations, exchanging the control roles between the GSC and MSC
might be advantageous for maintaining system stability, especially when managing large-
scale wind energy. As an example, the GSC can be manipulated to solely manage the active

and reactive powers supplied to the grid, whereas the MSC can be employed to ensure a



constant dc-link voltage. As pointed in [15], this control structure can have the capability to
reduce the resistive losses in the PMSG and can have the added benefit of providing ancillary
services to improve the dynamic stability of electric power systems, particularly, when there
are abrupt changes in the load. In case of voltage imbalance, injecting reactive power into the
power grid becomes essential to ensure that the grid voltage remains above a certain voltage
threshold. Based on the severity of the voltage unbalance, the grid code determines the
amount of reactive power to be supplied to the grid during short-term unbalance event. It is
important to emphasize that each power system has its own specific protocol for
implementing the FRT technique, which ensures that the grid voltage remains within
acceptable limits during short-term disruptions. Literature also reveals that voltage sag can
cause the GSC current to exceed its maximum allowable value. Thus, necessitating a
reduction in the power transmitted from the dc-link to the grid side converter. Another
problem of voltage sag is that the dc-link voltage may experience a significant transient
overshoot if the dc-link capacitor continues to receive the same power as before the voltage
sag event. This occurs when the MSC is controlled to operate the PMSG to extract the

maximum available power from the wind.

During balanced grid voltages, a typical control scheme makes use of the GSC to
control the active and reactive powers delivered to the grid through the regulation of the dc-
link voltage. In such a case, MSC can be employed to implement Maximum Power Point
Tracking (MPPT) algorithm so that the PMSG can extract the maximum available power from
the wind. This can be achieved by setting either the torque or the speed of PMSG to follow
an appropriate command value that is normally provided by an MPPT algorithm. However,
under voltage unbalance, the presence of the negative sequence component of the grid voltage
can lead to the creation of second order harmonic oscillations in the grid-side active power
and dc-link voltage. However, injecting oscillating active power into the grid is considered a
breach of the grid code regulation, which mandates that the provided active power must be
free from any fluctuations. This mandated ripple-free active power during unbalanced grid
voltage can result in a sinusoidal oscillation of frequency 2w in the dc-link voltage, which

can negatively affect the torque response of the generator. The consequence of this impact



can cause fluctuations in the machine torque, which in turn can result in undesired vibrations,
ultimately diminishing the durability and lifespan of the motor that connects the generator to
the wind turbine [16]. More precisely, in the case of ripple-free active power, the dc-link
oscillation can be explained by a periodic exchange of the energy stored in the L filter with
the energy stored in the dc-link capacitor since no active power oscillations are injected into
the grid [17]. This periodic exchange of energy can also occur between the dc-link voltage
and the stator windings of the PMSG, which can result in 2w ripple in the torque of PMSG,
since there is no external path for this oscillation. The aforementioned considerations
highlight the necessity of an appropriate control scheme for the PMSG-based WT in order to
comply with grid code regulation and to ensure an efficient use of the electrical generator

under both normal and abnormal conditions.

A solution to the aforementioned problems can be achieved by interchanging the
control roles between GSC and MSC, particularly when the grid is subject to voltage
unbalance. More specifically, during voltage unbalance, the role of GSC can be limited to
only assure the control of active and reactive powers delivered to the grid, while the dc-link
voltage regulation can be achieved by MSC through the control of the stator currents of
PMSG, such a control structure is adopted in this research work to operate PMSG-based
WECS under unbalanced grid voltage condition. Here, the main control objective of GSC is
to inject ripple-free active power and sinusoidal currents into the grid, this requires the
reactive power to oscillate with frequency 2w. The dc component of the reactive power is
determined by the FRT algorithm considering the severity of the voltage unbalance.
Achieving this requirement demands a controller that is able to achieve accurate tracking of
sinusoidal signals with zero and non-zero dc components. In this research work, the
Disturbance Observer-Based Control (DOBC) approach is employed to achieve the task of
accurate tracking of constant active power command and sinusoidal reactive power command.
Similarly, DOBC technique is adopted to control MSC to ensure asymptotic regulation of the
dc-link voltage. The control of MSC is achieved through a cascade control scheme, where an
outer loop regulates the dc-link voltage, and an inner loop controls the stator currents, the

DOBC approach is employed in both loops for the control of MSC.



This research work mainly focuses on applying DOBC approach to PMSG-based WT
with a view to evaluate its effectiveness in implementing FRT algorithm in the case of voltage
unbalance. The main part of the control design is the development of the disturbance observer
which represents the core of the controller. Thus, this research work is mainly focused on
designing a stable disturbance observer that can accurately predict the effect of modeling
errors and unknown perturbations on the control performance. Under voltage unbalance, this
unknown effect is assumed to exhibit oscillatory behavior with both zero and non-zero dc
components. The estimated disturbance is subsequently inputted into the feedback controller
to compensate for the effects of uncertainties that were not considered during the modeling
phase. Not only does the disturbance observer improve the accuracy of the composite
controller, but it can also ensure seamless transition between the control schemes in response
to sudden balance/unbalance event in grid voltages. Another advantage of the disturbance
observer is its ability to mitigate the effect of control saturation during transients, particularly
when the control limitation is considered in the disturbance observer design. During control
saturation, a composite controller naturally incorporates an anti-windup method to counteract
the accumulation of resonator and/or integrator effects. Another contribution of this thesis is
to provide a solution to the torque oscillations under unbalanced grid voltages. This is
achieved by applying a notch filter to the measurement of the dc-link voltage before feeding
it into the dc-link voltage controller. The notch filter effectively cancels the effect of 2w ripple
on the dc-link voltage controller. As a result, only dc component of dc-link voltage
measurement is fed into the outer voltage loop, preventing the propagation of 2w ripple to

the command value for the inner current loop.

1.2 Statement of the Problem

PMSG-based wind turbine has gained considerable attention in renewable energy
systems because of the intrinsic benefits of PMSG, including high efficiency, compact size,
good reliability, and high-power density. In grid tied-applications, a typical PMSG-based
wind turbine uses a back-to-back converter to control the power exchange between the wind

turbine and the grid. Back-to-back converter is composed of Grid-Side Converter (GRS),



Machine-Side Converter (MSC), dc-link capacitor, and a passive filter that can be either an L
filter or an LCL filter. Reliable and efficient operation of PMSG-based wind turbine requires
employing appropriate controllers for the power converters to cope with both balanced and
unbalanced voltages. The reason is that voltage unbalance can pose challenges for the existing
controllers to ensure stable, fast, accurate, robust, and reliable control of the machine’s output
power, the dc-link voltage, and the power delivered to the grid. An example of these
challenges is the difficulty of having ripple-free dc-link voltage under unbalanced voltages,
which can adversely impact the quality of the machine output torque. More precisely, the dc-
link voltage oscillations can lead to substantial torque fluctuations, which in turn can result
in undesirable vibrations. Ultimately, this can reduce the durability and lifespan of the rotor
that connects the generator to the wind turbine. Another concern of abnormal conditions is
the need for an appropriate control scheme to facilitate implementing the so-called Fault Ride-
Through (FRT) strategy with a view to comply with grid connection requirement under both

balanced and unbalance grid voltages.

1.3 Research Objectives

The main objective of this thesis is to develop a control scheme for PMSG-based wind
turbine that is capable of injecting a ripple-free active power to the grid under both balanced
and unbalanced grid voltages. The proposed control scheme uses a reconfigurable structure
that consists of interchanging the roles of power converters depending on the grid voltage
conditions. Under balanced grid voltages, the GSC is responsible for regulating the dc-link
voltage, while the MSC extracts the maximum power from the wind using the MPPT
algorithm. Under unbalanced grid voltages, the MSC takes the responsibility of controlling
the dc-link voltage, while the GSC controls the active and reactive power injected into the
grid in order to implement FRT control strategy. The control design is based on combining
state-feedback control law with disturbance observer approach, resulting in the so-called
Disturbance Observer-Based Control (DOBC). The first contribution of this thesis is to adapt
the existing disturbance observers to cope with sinusoidal disturbances. The second

contribution of this thesis is to use the disturbance observer output to ensure seamless



reconfiguration of the control scheme in response to a sudden balance/unbalance event in grid

voltages. The efficacy of the suggested control scheme is assessed using simulation tests. The

objectives can be summarized as follows.

To design and implement two control techniques for GSC, namely, current control
scheme and power control scheme. The current control scheme is designed in the
dq reference frame, while the power control scheme is designed in the of} stationary
frame.

To design and implement a current control scheme for MSC considering both the
dq reference frame and the a8 stationary frame.

To design and implement a reconfigurable control scheme for the dc-link voltage.
The reconfigurable control structure allows interchanging the roles of the power
converters in controlling the dc-link voltage considering the grid voltage
conditions.

To ensure fast and seamless reconfiguration of the control scheme in response to
sudden balance/unbalance event in grid voltages.

To mitigate the effect of the inherent dc-link voltage oscillations on the machine
torque, particularly when the grid voltage is unbalanced, which is achieved by
incorporating a notch filter in the control scheme.

To evaluate the efficacy of the proposed controller through simulation

experiments.

1.4 Relevant Literature

Several research works have aimed to address the concerns regarding the control of

PMSG under unbalanced grid voltages. The studies aim to maximize wind energy extraction

while making sure that the power delivered to the grid meets the interconnection

requirements. The PMSG coupled with a back-to-back voltage source converter provides full

controllability of the system. Various control strategies are developed for GSC and MSC to

achieve distinct objectives. The objective of the GSC is to control the power delivery to the

grid, grid synchronization and to supply high quality power to the grid and to meet grid code
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compliance. The goal of the MSC is either to extract maximum power from the wind and or
to regulate the dc-link voltage. This section provides a comprehensive analysis and
examination of several control techniques. The current methodologies and their respective
benefits and drawbacks are examined here. Subsequently, the review has identified the

research gap concerning the control of the PMSG.

1.4.1 Voltage-Oriented Control
1.4.1.1 Synchronous Frame VOC with PI Controller

The literature reports that there are different approaches to implement voltage-oriented
control to PMSG-based wind turbine. One straightforward approach is to employ a current
controller within the dq reference frame. The variables in the dg frame can be obtained by
the park transformation, which involves calculating an appropriate angle. For the control of
GSC, this angle is called synchronization angle; it is obtained using a synchronization
mechanism known as a Phase-Locked Loop (PLL). For the control of PMSG, this angle can
be directly measured with a position sensor, or an encoder mounted on the shaft of the rotor.
The goal of the controller in the dqg reference frame is to precisely align the dg-axis
components of the current with their respective references. By decomposing grid currents into
d-axis and g-axis components, separate control for active and reactive power can be achieved
for GRC [18]. It is important to emphasize that the dg-axis components of the current/voltage
are simply a representation of the three-phase current/voltage in a two-phase rotating
reference frame. This allows the current/voltage to be represented as a dc quantity which
simplifies the analysis and control of the GSC and PMSG. If the three-phase current is
unbalanced, the resulting current vector in the natural frame consists of a positive-sequence
component revolving in the positive direction and a negative-sequence component rotating in
the negative direction. The initial rotating frame is referred to as the positive Synchronous
Reference Frame (SRF), whereas the subsequent rotating frame is called the negative SRF.
[19]. The positive and negative sequence currents in the positive and negative synchronous
reference frame interact, resulting in oscillations at a frequency of 2w, where w is the

fundamental frequency measured in radians per second. As a result, the negative sequence



current induces oscillations at double the frequency 2w in the positive sequence current, and
vice versa. According to this discovery, the dg-axis components in the dq frame are essentially
dc components that can be associated with oscillations occurring at twice the fundamental
frequency. To be more specific, the dc component represents the positive sequence
component, whereas the double fundamental frequency oscillation indicates the presence of
the negative sequence component. When the voltages in the grid are in balance, the currents
in the grid are also in balance and exhibit a sinusoidal waveform. This indicates the absence
of any negative sequence component. Positive sequence components can accurately
characterize both the voltages and currents. In a balanced three-phase system, the sinusoidal
currents can be represented as dc components in the dg frame. This reduces the complexity
of the control design process. A simple Proportional-Integral (PI) controller can effectively
and efficiently manage the dg-axis components of the grid current, guaranteeing stability,
precision, robustness, and quick response. Nevertheless, the presence of power grid
imbalances caused by faults poses a significant challenge in the design of an inner current
controller within the dq frame. The reason for this is that the negative sequence of the
dq current manifests as a dual fundamental frequency oscillation around a dc component that
represents the positive component. In [20] a voltage oriented controller along with a Pl
controller is proposed to regulate the dc-link voltage, while the dg-axis current is utilized to
control the active and reactive power delivered to the grid. VOC adopts a dual loop control
approach, consisting of an outer loop for dc-link voltage regulation and an inner loop for
current control. In [20], the active power is utilized to regulate the voltage of the dc-link
within the inner control loop. The reactive power is adjusted to zero to ensure unity power
factor operation, otherwise it is adjusted based on the grid's specifications. The advantages of
VOC strategy include constant switching frequency, low harmonic distortion and simple filter

design. It has better control of utilizing the dc voltage.
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1.4.1.2 Stationary Frame VOC with PR Controller

Voltage unbalance results in the appearance of second-order harmonics in the dg-axis
components of the currents and voltages, this can introduce complexity in the control design
within the dq reference frame. More precisely, when implemented in the dq reference frame,
controllers are required to ensure accurate tracking of both constant and sinusoidal references
oscillating at 2w to cope with unbalance voltage. To mitigate the challenges associated with
developing controllers in the dq reference frame while dealing with unbalanced grid voltages,
one can opt to design either current control or power control in the af stationary reference.
In this approach, a Proportional Resonant (PR) controller can be employed instead of a Pl
controller. The reason for this is that the Pl controller exhibits infinite gain only for dc
quantities. The property of the PI regulator allows it to effectively reject constant disturbances
and regulate dc signals with no steady-state error in the synchronous frame. [21,22]. However,
PR controller can have infinite gain at specific frequency, which is enough to accurately
regulate sinusoidal signals at that frequency [23]. In addition, in order to reduce the
dimensionality of the controller, Clarke transformation can be used to convert three-phase
signal into orthogonal coordinate af3. The obtained signals in the af stationary reference are
reduced to two and have sinusoidal waveforms with zero dc-components. Therefore, a simple
PR controller can be employed to regulate the obtained sinusoidal signals provided that the

PR controller has infinite gain at the oscillation frequency.

The advantages of using PR controllers are reduced complexity due to fewer
transformations and elimination of decoupling and voltage feed-forward requirements.
Additionally, compared to synchronous reference frame control, PR controller offers high
dynamic performance and do not require voltage feed-forward to eliminate steady-state error
[24]. It should be noted that when grid voltages are unbalanced, the PR controller alone is
ineffective for implementing the power control scheme in cases of unbalanced grid voltages.
The reason for this is that the instantaneous power fluctuates around a dc component. To
ensure the active and reactive power commands are accurately tracked over time, both integral

action and resonant action are necessary [25].



1.4.1.3 Hysteresis Current Controllers

Hysteresis Current Controllers (HCC) have been widely utilized due to their ease of
implementation without the need for complicated hardware. Another significant benefit of
these controllers is their fast-dynamic response and their inherent capacity to limit the peak
current injected by the converter. Furthermore, HCC operates independently of any
knowledge regarding the system parameters. The fundamental hysteresis current control
relies on an on-line Pulse Width Modulation (PWM) control that promptly stabilizes the
output voltage of the inverter. The primary function of the PWM current controller in an
inverter is to control the output current so that it closely follows its reference. Therefore, it is
necessary to decrease the error signal. In classical hysteresis controllers, the error band is
typically set to a specific value. As a result, the switching frequency fluctuates within a range
because the peak-to-peak current ripple needs to be controlled at every point of the
fundamental frequency wave [26]. To address this issue without compromising the effective
dynamic performance of the hysteresis current control, a solution is proposed in [27] to
implement an adaptive hysteresis band that can maintain a consistent switching frequency.
The results demonstrated that the adaptive hysteresis band current control offers better
performance than fixed band hysteresis current control. Furthermore, it enables a simpler
design of the output filter by ensuring a nearly constant switching frequency. Additionally,
the utilization of adaptive hysteresis band current regulation can effectively minimize

switching losses.

1.4.1.4 Nonlinear Current Control

The utilization of nonlinear control for PMSG provides numerous benefits in
comparison to linear control techniques such as greater tracking performance, improved
stability, superior disturbance rejection capabilities, and effective management of energy

resources [28].
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1.4.1.4.1 Sliding Mode Control

Sliding Mode Control (SMC) is a robust control method commonly used to handle
nonlinear systems. SMC is widely recognized for its robustness, precise performance, and
simple implementation. It employs a Lyapunov function to design a control law that ensures
the system's trajectory converges to a predefined sliding surface. This approach allows SMC
to ensure asymptotic regulation even in the presence of internal parameter variations and
external disturbances. One of the key advantages of SMC is its ability to effectively reduce a

relatively high-order system into a lower-order system, thus simplifying control design [29].

The fundamental concept of SMC is to modify the behavior of the nonlinear system
utilizing a discontinuous control signal, which compels the system to align with the
predetermined sliding surface [30]. However, the original SMC configuration suffers from
chattering phenomena, particularly at stable state as a result of the discontinuous term
employed in the SMC structure. This phenomenon leads to unstable system response, and a
decline in system performance, impacting the quality of the injected current [31,32]. To
address this issue, researchers have introduced advanced variants of SMC, such as High Order
Sliding Mode Control (HOSMC) and Terminal Sliding Mode Control (TSMC). HOSMC aims
to mitigate the chattering phenomenon while preserving the benefits of the original SMC
[33,34]. This is achieved by manipulating higher-order time derivatives of the system's
deviation from the constraint. This results in smoother control actions and improved system
performance. On the other hand, TSMC focuses on achieving system convergence within a
finite time, while maintaining a minimum output control level. This is achieved by
incorporating fractional-order components into the control strategy. However, the inclusion
of fractional-order variables in the sliding manifold of TSMC introduces singularity issues
and may affect system stability. In order to address this, more sophisticated variants of TSMC,
such as nonsingular TSMC and fast TSMC, have been proposed aiming to overcome the
singularity problem and further enhance control performance [35,36]. An integration of
Integral Sliding Mode Control (ISMC) with feedback linearization approach is employed in

[37]to enhance its transient performance in the presence of model uncertainty and external



disturbances. The resulting integral sliding surface has a Pl-like structure, along with an

additional component that serves to maintain the nominal transient performance of the FBL.

1.4.1.4.2 Backstepping Control

Backstepping is a systematic method used to design control systems that can handle
non-linear behavior effectively. The fundamental concept of the Backstepping Controller
(BSC) involves transforming a complex system into a series of cascaded first-order
subsystems. Initially, it is focused on a minor subsystem for which a virtual control law is
developed. Subsequently, the design process progresses through multiple stages until the final
control law for the entire system is formulated. Therefore, nonlinear systems are transformed
into linear systems even in the presence of uncertainty. During the design phase, a Lyapunov
function for the controlled system is effectively formulated, providing the stability condition
of the closed-loop system. There exist two distinct categories of backstepping techniques. The
initial category is referred to as the non-adaptive backstepping control. This technique is
employed when the parameters of the analyzed system are already known. The alternative
category is referred to as adaptive backstepping control. The adaptation law is employed to
approximate the various unknown parameters in a manner that leads them to converge
towards their respective values, while ensuring that the general stability of the system remains
unaffected. As a result, the system becomes less affected by change in parameters [38].
However, an important limitation of the traditional BSC is the occurrence of a phenomena
known as term explosion. This phenomenon happens when virtual inputs undergo many
differentiations [39]. Consequently, the complexity of the controller rises, particularly for
systems with higher orders, making the practical execution of control more challenging.
Several methodologies have been employed to address the aforementioned issue including
[40-42].

15
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1.4.1.4.3 Feedback linearization control

Feedback linearization control is an approach that utilizes state feedback and state
transformation to algebraically convert a nonlinear system, either partially or wholly, into a

linear one. This transformation simplifies the controller design process, enabling systematic
control design for the linearized model [43]. The primary concern for the feedback

linearization technique is its sensitivity to parameter variations and unknown disturbances.
To address this concern, additional control components can be incorporated in the control
scheme to enhance robustness against modeling errors. In [44] a feedback linearization
controller along with a sliding mode disturbance compensator is employed to enhance
disturbance rejection and ensure control robustness in the presence of model uncertainties. In
[45] a feedback linearization technique utilizing a double frame controller has been designed

to control the positive and negative sequence under unbalanced grid conditions.



Table 1: Comparative analysis of Vector oriented control methodologies

Control Advantages Disadvantages
Methods
e Excellent performance under balanced | e It is essential to separate active and
Synchronous . .
VOC with PI grid voltages reactive power
Controller | o Fast transient response e  Complicated design to function in
e High gain situations with imbalanced
conditions
e Resonant action property e Sensitivity to parameter variations
Stationary L o
vOC with | ® excellent performance in situations and model uncertainties
PR with imbalanced conditions
controller . )
e Straightforward design
e Robustness against uncertainties e Chattering effect
Sliding-mode o
e  Lower sensitivity to unbalanced
voltages
e Decoupled active and reactive power | e Sensitivity to parameter variation
Feedback TR, e
Linearization | ¢ Simplified linear model and model uncertainties
¢ Resilience to uncertainties o Complex stability analysis
Backstepping ) . )
e Robust and consistent stability e Term explosion
e simplicity e Increased sampling frequency
Hysteresis . . I
e Fast dynamics e Variable frequency switching
e Increased robustness o Higher computing complexity
e Independent of load parameters

1.4.2 Direct Power Control

The Direct Power Control (DPC) approach is a simplified version of VVoltage-Oriented

Control (VOC) strategy. The main focus of the DPC strategy is to accurately and quickly
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calculate the active and reactive powers. The DPC schemes differ from VOC approach as
they exclude current controllers. They can be categorized into direct control and cascaded

control.

The classical Switching-Table-based DPC (ST-DPC) operates on a principle similar
to that of direct torque control, employing two hysteresis regulators to choose the desired
voltage vector based on a predefined switching table. This method has several key benefits,
such as a straightforward design, rapid dynamic response, and immunity to uncertainties in
system’s parameters. Nevertheless, the utilization of hysteresis comparators in conjunction
with the suggested switching tables presents a number of disadvantages, such as fluctuating
and high switching frequency [46,47]. To address the issue of variable switching frequency,
Space Vector Modulation (SVM) has been introduced along with DPC, replacing the
switching table to generate switching pulses [48]. Nonetheless, precise vector selection

remains a challenge for these DPC methods.

Model Predictive Control (MPC) has emerged as a solution to enhance the steady-state
performance of DPC [49,50]. In MPC, vectors are not derived from a pre-established
switching table, but rather acquired by minimizing a cost function. Typically, the cost
function is formed by combining the active power and reactive power errors. Using the system
model, MPC predicts future reactive and active power values for every switching state and
selects the optimal voltage vector that minimizes the cost function. Compared to heuristic
switching tables in DPC, the vector selected by MPC showed better accuracy and
effectiveness. Finite Control Set Model Predictive Control (FCS-MPC) and Deadbeat
Predictive Control are the main branches of MPC [51,52].

In [53-56], DPC with nonlinear techniques are presented. The research work in [53]
introduces SMC-based DPC, which combines SVM approach to control the active and
reactive powers in the stationary reference frame. In [54], the effectiveness of this control
system is enhanced to address unbalanced grid conditions by integrating a power
compensation algorithm. This algorithm ensures the production of either sinusoidal and

balanced current, the elimination of active power oscillations, or the eradication of reactive



power oscillations. However, when utilizing continuous approximation, relying solely on
SMC does not ensure asymptotic tracking in the presence of model uncertainty. Furthermore,
it may lead to a chattering effect, which negatively affects the quality of the current by
amplifying the magnitude of harmonics. In [55], BSC-DPC is presented by implementing
recursive design, where DPC is utilized to construct fuzzy logic as a substitute to switching
table for determining the appropriate switching states. This control structure is implemented
in [56], focusing on managing the errors in active and reactive powers, while eliminating the
use of hysteresis comparators. The benefits of fuzzy logic include straightforward integration
and enhanced precision, whilst the drawbacks include the complexity and slow response.
However, the author in [57] suggests a power control strategy that involves using the
generator-side converter to regulate the dc-link voltage and the grid-side converter to manage
the power flow into the grid. During grid faults, the generator-side converter automatically
reduces the generator current to maintain the dc voltage, and any resulting acceleration of the
generator is counteracted by pitch regulation. To ensure sufficient oscillation damping, an
additional active damping loop is incorporated into the generator-side controller. The
proposed strategy is simple to implement and does not require any system parameters.
However, it does sacrifice the response of the generator-side variables and can cause

oscillations in the dc-link voltage.
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Table 2:Comparative analysis of direct power control methodologies

Control Advantages Disadvantages
Methods
e  The need for current and phase- Variable frequency switching
Table-based - )
DPC locked loops has been eliminated Increased sampling frequency
e Elimination of PWM approaches Strong sensitivity to changes in
e Elimination of coordinate inductance
transformation Increased power ripple and THD in
current
e Constant switching frequency active and reactive power are
DPC with
SVM e Pl controllers can be used decoupled
Difficult design to function in an
unbalanced grid
Tuning effort
e Resilience to distortions Chattering effect
Sliding-mode

Reduced sensitivity to voltage

imbalances

switching frequency is constant

Higher complexity

Backstepping

Resilience to uncertainties
Robust and consistent stability

switching frequency is constant

Complex stability analysis

Simple control design

Slow response

Fuzzy logic . .
y1og e high accuracy Increased complexity
e switching frequency is constant
e Simplicity of the control design Variable switching frequency
Finite- . . . .
control-set | ® Ensures optimal selection of vectors High sampling frequency
predicti\I/e e Reduced power ripple and decreased High complexity in three-vector
contro
sensitivity approach
e switching frequency is constant Sensitive to change in parameters
Deadbeat ide bandwidth enabl d for precise model detail
predictive | ® Wide bandwidth enables accurate Need for precise model details
control tracking of sinusoidal signals

No power error




1.4.3 Maximum Power Point Tracking

Wind turbines operate within a specific range of wind speeds, limited by the cut-in and
cut-out speeds. For every wind speed value, there is an optimal rotor speed at which the
PMSG can extract the maximum available power from the wind. A Maximum Power Point
Tracking (MPPT) algorithm is a tool that can generate the optimal rotor speed for a given
wind speed value so that the PMSG-based wind turbine can operate at its maximal power
capability. Therefore, it is important to incorporate an MPPT algorithm into the control of
PMSG-based wind turbine to accurately identify the optimum operating point. Lookup table-
based strategies are the most utilized MPPT methods. These methods rely on either a pre-
programmed 2D lookup table that contains stored values of the ideal generator speed and the
corresponding maximum power at different wind speeds, or a cubic (quadratic) mapping
function that generates a reference signal for the optimal turbine power at the operating
generator speed. This section provides a literature review of various MPPT control

algorithms.

1.4.3.1 Tip Speed Ratio (TSR) Control

The Tip Speed Ratio (TSR) control aims at keeping the TSR at an optimal value in
order to extract maximum available power from the wind. This can be achieved by controlling
the rotor speed at an optimal value that is computed in real-time from the optimal value of the
TSR considering the measured value of the wind speed. This method involves comparing the
optimal rotor speed with its actual value and providing the resulting difference to the
controller. The controller then adjusts the speed of the generator to minimize this error. The
main drawback of this approach is the requirement for an accurate wind speed measurement,

which subsequently increases the overall cost of the device[58,59].

1.4.3.2 Optimal Torque (OT) Control

The fundamental idea of this approach is to control the torque of the PMSG to follow
an optimal torque reference given by either a curve or a lookup table. This reference curve is

derived from experimental tests. The benefits of this strategy include its simplicity, rapid
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response, and high efficiency. However, it is important to note that this method relies on
accurate information regarding air density and turbine mechanical parameters, which can vary
across different systems. Furthermore, the optimal torque curve, primarily acquired through
experimentation in the field, will undergo alterations when the system undergoes aging. This
will impact the efficiency of the MPPT system [60-62].

1.4.3.3 Power Signal Feedback (PSF) Control

The Power Signal Feedback (PSF) method introduced in [63] aims at minimizing the
error between the optimal power and the actual power by means of a controller. The optimal
power is generated by either utilizing a pre-determined power-speed curve or by employing
the equation for turbine output power. However, prior to implementing this technique, it is
necessary to get the optimum power curve of the wind turbine. The data points for the highest
output power and the corresponding wind turbine speed are stored in a lookup table or a
function that uses the product of the cube of the measured rotational speed with the optimum
proportionality constant. While this technique is commonly employed in wind power
generation systems, it necessitates the utilization of the optimal power-speed curve, which in
turn necessitates the conduct of aerodynamic testing. Furthermore, these attributes can
undergo significant alterations over time due to external causes such as the accumulation of
dirt and ice on the turbine blades [64].

1.4.3.4 Perturbation and Observation (P&O) Control

The Perturbation and Observation (P&O) algorithm[65-67], also known as the Hill
Climb Search (HCS) MPPT algorithm, is a mathematical optimization strategy utilized to
locate the local optimum point of a specified function. This approach relies on perturbing a
control variable by a small step size and observing the consequences of the alterations in the
target function until the slope reaches zero, i.e., if the operating point is located to the left of
the peak point, the controller must shift it towards the right in order to approach the peak
point. Conversely, if the operating point is on the right side, it should be moved towards the
left. The P&O algorithms can be categorized based on the step-sizes they create and the

tracking approach they employ. The step-sizes can be categorized into fixed, variable,



adaptive, and hybrid. However, these classes do not illustrate the operating policy and
performance evaluation of the P&O algorithms. The tracking approach can be categorized
into conventional and modified algorithm groups. The traditional algorithms are classified
into fixed and adjustable step-sizes algorithms. The modified P&O algorithms are classified
into subcategories, such as dividing the power curve, adopting a generic objective function,
combining optimization approaches, and employing hybrid methods [68]. The P&O
algorithm is commonly employed in wind power generation systems due to its simplicity and
flexibility. In addition, it does not necessitate previous knowledge with the wind turbine's
characteristic curve. Nevertheless, it is unable to achieve the highest power output levels when
subjected to fast fluctuations in wind speed, particularly when employed for wind turbines
with significant mass and rotational inertia. Moreover, a significant limitation that may lead
to the failure tracking process is the absence of differentiation between the power variations

caused by the wind shift and those resulting from the preceding perturbation.

1.4.3.4 Other MPPT Control

Advanced MPPT controllers have been developed to surpass the conventional
algorithms mentioned earlier. Among these controllers is the Hybrid MPPT algorithm, which
combines two or more MPPT algorithms. In [64] PSF and HCS controllers are combined to
create a sensorless and flexible method that can be used for all wind turbine levels. In addition,
artificial intelligence controllers have been introduced in the field of MPPT control. An
example of these controllers is the Fuzzy Logic Control for MPPT (FLC-MPP) [69], which
offers benefits such as rapid convergence, insensitivity to parameter variations, and the ability
to handle noisy and imprecise signals. However, the effectiveness of FLC-MPPT heavily
relies on the user's knowledge in selecting the appropriate error, levels of membership
functions, and rule-based table. The implementation of the system is limited by its memory
needs [70]. Due to the advancement of soft computing methods, the use of Neural Network
(NN) algorithms has greatly expanded in MPPT applications. NN-MPPT techniques have
been employed to address the challenges related to measuring wind speed. These techniques

enable the estimation of wind speed based on the real torque and speed of the machine[71].

23



24

Table 3: Comparison of MPPT control techniques

Control Advantages Disadvantages
Methods

Simple Requires anemometer
Tip speed

ratio control

High efficiency

High cost

Simple Low efficiency
Optimal .
torque Fast Depends on the prior knowledge of
control Fast tracking WT characteristics
Sensitive to climate conditions
Robust Low efficiency
Power signal ires th imal q
feedback Low cost Requires the optimal power-spee
control curve

Reduction of the steady- state

oscillation around MPP

Requires memory

Flexible Failure in MPP tracking occurs
Perturbation ) . . .
and Simple during wind speed variation
observation Does not require prior knowledge of
control
WT parameters or anemometers
Simple Depends on the combined MPPT
Hybrid ) - .
tecr?lniques Highly efficient techniques
Mitigate the drawbacks of
conventional MPPT algorithms
Quick response Increased complexity
Fuzzy logic . - .
control Parameter insensitivity Requires memory
Neural Robust operation Requires a long offline training
Network . .
control Fast tracking Increased complexity




1.4.4 Disturbance Observer Based Control

The Disturbance and Uncertainty Estimation and Attenuation (DUEA) is an advanced
control strategy used in dynamic systems to attenuate the effects of disturbances and model
uncertainties. Literature reveals that a number of studies have been conducted to apply the
DUEA technique to renewable energy conversion systems. Among the widely approaches for
implementing DUEA concept is Disturbance Observer-Based Control (DOBC). DOBC
involves integrating a disturbance observer into the control loop, allowing the system to
accurately estimate and counteract the effect of unknown disturbances in real-time. The key
feature of DOBC is its ability to achieve accurate tracking of reference signal thanks to the
exact rejection of the effect of modeling errors and unknown disturbances. Compared to
conventional controllers, DOBC can also meet the transient response specifications even in
the presence of model uncertainties and unknown disturbances. More precisely, it may
achieve recovery of nominal transient performance provided that the disturbance estimator
has a sufficiently high speed. The property of nominal performance recovery allows the
closed-loop system to track a predefined nominal transient response, even in the presence of
uncertainties and unknown disturbances. The DOBC structure consists of an outside loop that
includes the controller and the plant, and an inner loop that includes the Disturbance Observer
(DO). The output of the DO is subsequently inputted into the controller to mitigate the effects
of the disturbance [72]. The review in [72] classifies DUEA methodologies into two
categories: Linear Disturbance and Uncertainty Estimation (LDUE) techniques, and
Nonlinear Disturbance and Uncertainty Estimation (NDUE) techniques. The LDUE method
entails neglecting the nonlinear aspect of the controlled nonlinear system and treating it as a
component of the lumped disturbance. The lumped disturbance refers to the combined
representation of uncertainty and disturbance. LDUE methodologies, such as the frequency
domain disturbance observer, Extended State Observer (ESO), and Unknown Input Observer
(UI0O), have the ability to precisely measure the influence of nonlinearity and efficiently
compensate for it. LDUE methods are applicable to both linear and nonlinear systems,

provided that the nonlinear state equation does not include substantial nonlinearities.
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Advanced methodologies, referred to as NDUE, were implemented to achieve outstanding
results in nonlinear systems. These methodologies include the basic Nonlinear Disturbance
Observer (NDO), higher order NDO, and Extended High-Gain State Observer (EHGSO). The
DO techniques is first proposed in 1983 [73], where a controller with an integrator was
designed to achieve optimal performance by mitigating uncertainties in the plant and

canceling external disturbances using their estimations through disturbance observer.

This thesis aims at applying the DOBC approach to PMSG-based wind turbine with a
view to enhance its performance in the presence of balanced and unbalanced grid voltages.
The DOBC approach is applied to GSC to design a power control scheme in the stationary
frame and a current control scheme in the synchronous frame. In MSC, DOBC approach is
used to regulate the machine current aiming to achieve precise regulation and excellent
dynamic performance. The DOBC is also applied to develop a robust controller for the dc-
link voltage under both balanced and unbalanced grid voltages. As pointed out above, the
performance of the DOBC approach mainly relies on the accuracy of the disturbance
observer. For robust control design, the disturbance input can be used to represent the effect
of model uncertainties, unknown perturbations, and unmeasurable inputs. The main challenge
for designing an accurate disturbance observer is the need for the exact dynamics of the
disturbance input, which is generally assumed to be very slow compared to the system’s
variables, e.g., constant disturbance input. For PMSG-based wind turbine, this assumption
can be valid only in the dq reference frame and in the presence of balanced grid voltages,
where dg-axis components of current and voltage eventually converge to constant steady-
state values. Such an assumption, however, does not hold true under unbalanced grid voltages
due to the fact that the dg-axis components of grid current and grid voltage may experience
2w oscillations around dc components. Trying to find the exact dynamics of a disturbance
input that represents modelling errors and unknown perturbations may be difficult or even
impossible. Instead, it is reasonable to assume that the disturbance input and the state
variables have the same dynamics, at least during steady-state [74]. Such an assumption has
been applied in several research works and has been proved to be effective in practice. This

assumption is used in this thesis to develop DOBC for PMSG-based wind aiming to improve



its performance under both balanced and unbalanced grid voltages considering both

synchronous frame and stationary frame.
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Chapter 2. Mathematical Model

Understanding the mathematical model and reference frames of a grid-tied inverter
connected to a Permanent Magnet Synchronous Generator PMSG is crucial for designing an
effective controller. A mathematical model provides a simplified representation of the real-
world system. By understanding the model, we can perform accurate simulations to analyze
how the grid-tied inverter and PMSG interact under various conditions. This helps in
predicting system behavior, identifying potential issues, and optimizing controller parameters
before implementation. Mathematical models help in designing control algorithms that can
regulate important variables like output voltage, frequency, and power factor. With a solid
understanding of the system's dynamics, controllers can easily be designed to maintain grid
synchronization, manage power flow, and respond to disturbances effectively. Certain
machine inductances vary with the rotor's position, resulting in rotor-position-dependent
coefficients within the differential equations (voltage equations) that characterize the
machines' behavior. This often leads to the utilization of a change of variables as a strategy
to simplify the intricacy of these differential equations[75]. Initially, various distinct changes
of variables were believed to be unique and treated separately. However, it was subsequently
discovered that these variable changes, designed to transform actual variables, can be unified
under a single general transformation. This comprehensive transformation involves aligning
machine variables with a rotating reference frame of arbitrary angular velocity from which
all recognized real transformations can be derived by adjusting the reference frame's

rotational speed.



2.1 Mathematical Model of Grid-tied Inverter

2.1.1 Mathematical Model in the Natural Frame

DC Side AC Side

Figure 3: Ac and dc side of a three-phase rectifier.

The dynamics of grid currents can be described by three differential equations

derived from the applying Kirchhoff's voltage law on the AC side in Figure 3.

u, :va+Ldla +Ri, (2.1)
dt

u, _vb+L%+ Ri, (2.2)
dt
di .

U, =V, +L—2+Ri, (2.3)
dt

The three equations provided can be reorganized in the following manner:

di,, R. 1
=——i, +—U

—abe — 2.4
dt L abc L abc L ( )

—V

abc



30

where i, represents the current flowing through the grid, v, represents the voltage across
the grid, and u,,. represents the voltage across the converter. The parameters R and L
represent the resistance and inductance of the filter, respectively. The aforementioned model

can be reformulated utilizing a matrix representation as

di,

g't R g 1 a 1 s

Iy .

—2 |=——i |[+—|Uu, |——|u 2.5
dt L -b L b L b ( )
di, i U, U,
| dt |

2.1.2 Mathematical Model in the Stationary a8 Reference Frame

Clarke's transformation is a method that alters variables in order to convert three-phase
signals into two stationary axes. This methodology offers the benefit of not needing to employ
Phase-Locked Loop (PLL) methods to compute the phase angle of the grid. In addition, the
reference frame simplifies the analysis of unbalanced three-phase systems. This is due to the
fact that current references and grid voltages are presumed to fluctuate at the frequency of the
grid, even in cases where the grid voltages are unbalanced. The formula for the transformation
Is provided as follows:

1 1 1 1 1 1
X 2 2 2 2 X
k|0 (2] 0 B Bl (2|0 B K] @9
X 3 2 2 3 2 2 X
’ i 11 111
_2m 2" 2" | _2m 2" 2" |

where X, and X are the a-axis component of X and the f-axis component of X, respectively.
X, is called zero-sequence component of X. Here, X can be either current, voltage, or machine
flux. To conserve the current amplitude (amplitude-invariant), the number m is set equal to
m = 1, resulting in the so-called Clarke's transformation. To conserve the instantaneous

power constant (power-invariant), the number m is set equal to m = 0.5, resulting in the so-



called Concordia transformation. In this thesis, Clarke's transformation is adopted, which can
be achieved by setting m = 1. That is:

11 i 1
1 -3 -3 1 0 1
Caﬂ:g 0 BB ' o5 = 18 1 (2.7)
3l 2 2 2
111 1 3
2 2 2 | 2 7 1

On the other hand, as stated in [76], the grid-tied inverter does not display the zero-
sequence component in the B0 frame, due to the absence of connection between the negative
side of the dc bus capacitor and the neutral point, a certain issue arises. Therefore, the final
row in C,p, Which represents the zero-sequence component, can be omitted in the Clarke's

transformation., resulting in

ot T2 73 1 3
Cup=% , C;j;= -= — (2.8)
3 0 33 2 2
2 2 1 3
L 2 2 |
Thus, one can write:
X X
Xa a a B Xa
X =Cs| X, |, X, |=C X (2.9)
B X X s

By applying Clarke's transformation to the model in equation (2.5), the mathematical
representation of the grid-tied inverter can be reformulated in the af8 reference frame. To

accomplish this, one can multiply both sides of the equation (2.5) by the factor C,z
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i, ]
d.t ia u, Va

Cop % =Coy _§ A +% Uy _% Yo (2.10)
d i, u, v,
at |

Now, by substituting (2.8) into (2.10), the mathematical model of the grid-tied

inverter can be rewritten in the af reference frame as shown below.

dlil,|  Rli| 1(uU,| 1|V,
atli, |77 Ci, | T Cu, | Ty, (211)

where i, and iz are the a-axis current and the -axis current, respectively. u, and ug are

the a-axis voltage and the S-axis voltage at the output of the inverter, respectively. Similarly,

v, and vg are the a-axis grid voltage and the $-axis grid voltage, respectively.

2.1.3 Mathematical Model in the Synchronous dq Reference Frame

The Park transformation enables the direct conversion of a model from the natural
frame to its synchronous frame. Another useful method is to employ the dq transformation to
obtain the synchronous reference frame model from the stationary reference frame model

obtained in (2.11). By ignoring the zero-sequence component, the dq transformation is

Xa -1 Xd
s I I

represented by:

where

o = (2.13)

dg —

cos(d) sin(0) co cos(d) —sin(@)
{—sin(e) cos(e)}’ Lin(e) cos(e)}



The parameter 8 = wt represents the grid voltage-phase angle, sometimes referred to
as the synchronization angle, and it can be determined from grid voltage measurements using
the Phase-Locked Loop (PLL) algorithm. Here, w is the frequency of the grid voltage in rad/s.
To derive the mathematical model in the dq reference frame, one can use the dq

transformation as

Silsel ]l S liedl] e

where i, and i, are the d-axis current and the g-axis current, respectively. The differential

equations governing the behavior of the grid currents in the dg frame can be derived by
substituting (2.11)along with (2.13)into (2.14), yielding

Sl o[t o] (&L, f ] 4w

()
(©)
A8 TR e
()
(©)

L q q

P bt S B

uy and u, are the d-axis voltage and the g-axis voltage at the output of the inverter,
respectively. Similarly, v, and v, are the d-axis grid voltage and the g-axis grid voltage,

respectively. The final model in the dq reference frame can be further simplified into

LR e
dt| i 1 0 |[ig| L|ig| Ljug| LJ|v,
The synchronization angle 6 is often determined by setting v, to zero, aligning the

d-axis with the fundamental of the grid voltage. When considering the specific angle 6, the

grid-tied inverter model in the synchronous reference is simplified to:
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d|iq R| iy —wi, 1|Ug | 1]V
i)l e

2.1.4 Mathematical Model Using P and Q as State Variables

The previous stationary reference frame model in (2.11), which is required for the
construction of a current controller in the reference frame, is stated in terms of grid currents
as state variables. To develop a power control system, it is necessary to use a mathematical
model that includes active and reactive powers as state variables. The power computations in

the a3 reference frame can be mathematically represented as
P=3.i, +v, _3 Wi —vi (2.18)
_E(va|a+vﬁ|ﬂ), Q—E(Vﬁla —V,i,) :

where P and Q are the active and reactive powers, respectively. By differentiating
Error! Reference source not found., the time derivative of the active and reactive powers

can be obtained in the following manner

dP 3(dv,. dv,. di  di
—_—=— |a+—|ﬁ+Va—+Vﬁ—
dt 2\ dt dt dt t
d_Q:§ % _dvai \Vi dla V di
dt 2

(2.18)

at a2V g

During balanced grid conditions, the voltage magnitude of v,is equivalent to that of

vg. Hence, the rate of change of v, and v, over time fulfills:

c=-0V,, —==0V, (2.19)



Substituting (2.11) and (2.19) into (2.18) results in

d P 3 __Vﬂ Va ] —iaf— 3 Va V/} R ia 1 ua 1 \Y
—| |=zo = e P -=

_ _ (2.20)
:§w —Vﬁ vV, |1, _i ' Vﬂ !a B v, Vﬂ u, N A Vﬂ Vv
2 |V, 511 ] 2L s Vo |1, Vg =V, || Ug Vy V||V
which can be further simplified as
— Vv \" u Vv \'
o) 3L s aelelal L
dt|Q| 2 | P | 2L{ |QJ |Vs Vo |[Us| [Vs V.||V
R (2.21)
[ — _a) .
:§ L P +i Va Vﬂ ua _i V§+Vz
2| o _RIQ) 2Ly, v lu] 2t o
L
Thus, one can write:
R
: — _w 3
P (VY] —
Pl L A D I el V% (2.22)
L
where
Vy = V2 +V5 (2.23)
In this context, V), denotes the maximum value of the grid voltage. let upy, =
[Ureq  Uqeq]T be the control that is equal to or corresponds to the active and reactive powers
is such that:

(2.24)
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Substituting (2.24) into (2.22) leads to

o [LR O, 3
Hi . [P}i{u‘m}— 2L |V, (2.25)
9|2 R (Lo 2L e | |

Therefore, it can be demonstrated that the elements of up,, and uy,, remain constant
throughout balanced steady-state circumstances. Under balanced grid voltages, any basic
controller, such as a Pl regulator, can be used to effectively regulate the active and reactive
powers. However, controlling the active and reactive powers under unbalanced grid voltages
involves a careful choice of the control design as the equivalent control may not be constant

at steady state.
2.2 Mathematical Model of Permanent Magnet Synchronous Generator

2.2.1 Aerodynamic Model of Wind Turbine

The wind turbine captures power from wind and then converts it into mechanical

power. The amount of aerodynamic torque T is related to the wind speed as follows [77]

2
T, =05p7R?22C (1, 8) (2.26)
a)r
where p is the air density, R, is the rotor plane radius, v,, is the wind speed, and C; is the
power coefficient, g is the pitch angle of the rotor, w, is the turbine rotor speed, and A is the
tip speed ratio which is a ratio between the linear velocity (R,w,) of the blade tip and the

wind velocity v,,; that is

2=2R (2.27)

The extracted aerodynamic power P. is given by:



P. =T, =0.5p7R™,’C, (1, ) (2.28)

The previous equation can be rewritten in terms of the blades swept area A as
o, R, ’
P.=05pAC, (4, 8)x —= (2.29)

Here, Cp (4, B) is the performance coefficient of the wind turbine which is a nonlinear
function depending on the blade pitch angle £ and tip speed ratio A. C» (A, §) can be expressed

as

C,(4.B) =%[1i£—0.4ﬂ—5]e[”*] (2.30)

1
where

ESE @31)
4 A+0088 p+1

According to [78], for a given value of S, the plot of the nonlinear coefficient C, (4, 8)
as a function of A shows a concave behavior. In other words, for a given value of g, the
nonlinear coefficient Cp (4, ) has a maximum value that corresponds to a specific value of
A, denoted by A,,,. From (2.27), it follows that, for a given wind speed v,,, (m/s), the optimal

value 4,,, corresponds to an optimal value of the rotor speed, denoted by w,_,,, and given

by

V
O _gpt = R_v:/lopt (232)
In summary, for a given wind speed v, (m/s), wind turbine can capture the maximum
available power from wind if the rotor speed can be regulated at w,._,,;, leading to the so-

called Maximum Power Point Tracking (MPPT).
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2.2.2 Mathematical Model of PMSG in the Natural abc Reference Frame

This section is concerned with the derivation of the PMSG model, which is the same
as the model of permanent magnet synchronous motor PMSM. The only difference between
the PMSM model and the PMSG model is the direction of the stator winding current. Figure

4 depicts the model of a three-phase PMSM along with a three-phase power converter.

Y AAMA
vy

Power Supply

ie-PMSM

Figure 4: Model of PMSM along with a three-phase power converter.

As illustrated in the diagram, the machine's neutral point is disconnected from the
power converter. The current direction is gauged from the power converter to the PMSM. By

applying Kirchhoff’s voltage law, it can easily be shown that the PMSG stator voltages v,
Vs, and v, are expressed as [49]

t ns
v, =R+ Ws (2.33)
dt
VCS = RSiCS + % + VnS
dt



where Y., ¥,,, and Y., are stator flux linkages, i, i,s, and i, are stator currents of PMSG,
and R, represents the machine stator winding resistance, v, is the machine neutral-point

voltage. The above model can be rewritten in a matrix form as

Vas RS 0 0 ias d l//as Vns
Vi, [=10 R, 0 ]y +a Wos |+ Vi (2.34)
VCS O 0 RS iCS WCS Vns

The stator flux linkages in the abc frame result from both the permanent magnetic flux

linkages and the current that flows through the self and mutual inductances of the machine.
That is,

cos( péd
‘//as Laa ab ac Ias l//r ( p ' ) 2
Ves |=|Map Ly My || hss |+ V0 COS( po, — ?ﬂj (2.35)
V/cs M ac M bc cC ics

A
cos| pl. ——
v cos{ 00,22 |
where L,,, Ly, and L. are the machine phase abc self-inductances, M,;,, M,., and M, are
the machine mutual inductances between phase abc. Here, v, is the peak value of flux linkage
created by the permanent magnets, while p is the number of pole pairs. The parameter 6,

represents the mechanical angle in rad. The expressions of L,,, Ly, Leer Mgy, My, and M,

are given by:
L =1; + L, — L, cos(2pb,)
Ly, =1; + L, — L, cos(2pb, —27z/3) (2.36)
L. =l; +Ly— L, cos(2pb, +2713)
And

M,, =M,, = Lycos(2z/3)-L,, cos(2pb, —2x13)
M, =M, = L,cos(47/3)-L, cos(2pb, +27z/3) (2.37)
M,, =M, =L, cos(27/3)-L,, cos(2pb, —2r)
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where Ly, l¢, and L, are due to leakage flux and magnetization. It is important to emphasize
that, for a non-salient pole machine, the magnetization inductance is equal to zero, i.e., L,,; =

0. The expression of the torque T, of the machine can be derived by considering the co-energy

of the machine. When it does so, one can show that:

1.5 dL,(0)

. . . . . T
=l i, —i py, [sin(p6,) sin(p6, -27/3) sin(pd, +27/3)] (2.38)

where the current i is given by
o=l i ] (2.39)
The term is given by L, (6) is expressed as
cos(2pé, ) cos2(pd, —x/3) cos2(pb, +x/3)

L,,(0)=-L,,| cos2(pb, —z/3) cos2(pb, —2x13) cos(2pd, ) (2.40)
cos2(pb, +x13) cos(2pé,) cos2(pb, +2x/3)

It is clear that, for a non-salient machine, the expression of the torque reduces to
T, =i py, [sin(pd,) sin(pb, —27/3) sin(p, +27z/3)]T (2.41)

2.2.3 Mathematical Model of PMSG in the Stationary Frame

As before, by applying Clarke transformation to (2.35), the expression of the flux can

be rewritten in the af reference frame as

3L, 3L, 3L,
V‘”s}: If+7— 5 cos(2pd,) 5 sin(2pé,) [ias}rw [cos(p@r)}(zﬁ)
Vs —3;“‘5 sin(2p4,) I, +%+£2”‘Scos(2 pé,) s sin(pé,)

where 1,5 and 1, are the a-axis and g-axis components of the flux, while i, and iz; are

the a-axis and [-axis components of the stator current. In the case of a non-salient pole

machine, one can put L,,,; = 0 in the above equation to obtain:



[was} Az {'} iy {COS( PO )} (2.43)

Vs

Similarly, the voltage equations can be reformulated in the af reference frame by

implementing the Clarke transformation. (2.34), yielding

Vas ias d Was
=R, . — 2.44
M e @40

where v, and vg, are the a-axis voltage and f-axis voltage, respectively. The voltage

equations for a non-salient machine can be obtained by substituting L,,; = 0 in the flux

equations (2.41), yielding:

di RS Vas
|| L ° i sin(pd,) |do L.
R N T L e
% 0 — & s Lcs —Cos ( po, ) dt Vﬁ
dt L., CS
where
L, =1 +% (2.46)

Let 6, be the electrical angle, it is expressed as a function of the mechanical angle 8, as

follows:

6, = po

e r’ r r

b6,=0t = 0,=pot=ot o, =Dpo (2.47)

e r

where w, is the electrical angular speed in rad/s. In other words, w, is the frequency of the

stator voltage in rad/s. The voltage equations can be described in state space form as

X, =AX,+B.u, +F, (2.48)
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where

_I_RS 0 I_1 0 in(é
—sin
A= T L A e (2.49)
—R, 1 L cos(6,)
0 0 = s
L L

And

u = [V“S}, X = F“S} (2.50)
Vis s

The torque T, can also be rewritten in the a8 reference frame. Towards this end, recall that:

i,=C.} B} (2.51)

ps

By using the above equation in the expression of the torque T,, one can show that:
.. 3 sin(20,) —cos(20,) ||| 3 sin( 6,
Te = p|:|as Iﬁs] % ( ) . ( ) . -V ( ) (252)
—cos(26,) —sin(26,) ||i, | 2""|-cos(8,)
For a non-salient machine, the above expression of the torque reduces to

in(6,
T, =-p-[i, iﬁs]w{ Smg )

~co (ﬁe)} pg"’f(iﬂs c0s(6,) =15 5in(6,)) (2.53)

2.2.4 Mathematical Model of PMSG in the Synchronous Frame
2.2.4.1 Stator Voltages in Synchronous Frame d-axis current and the g-axis current

By breaking down the steady-state stator phase current into two parts, one aligned with
the Electromagnetic Field (EMF) and the other shifted by 90°, two stator Magneto Motive
Forces (MMFs) can be identified. Both of these MMFs, moving at rotor speed, were observed.
The first one generates a field in the air gap, reaching its peak alignment with the rotor poles

d-axis. Meanwhile, the second MMF is aligned with the g-axis. The primary objective of the



d — q model is to remove the reliance of inductances on the rotor's position. In order to
achieve this, it's necessary to affix the coordinate system to the specific part of the machine
that exhibits magnetic saliency [79]. The transition from an abc frame model to a dg frame
involves a two-stage procedure: first, the abc models presented in equations (2.34) is
transformed into a stationary frame using the abc to aff conversion; subsequently, the af
frame models are transitioned into dq a frame via a8 to dq transformation. The resulting dq

frame voltage equations are derived from equation (2.34)

ol - s POl
where v45 and v, are the machine stator voltages in dq frame, i;; and i, are the machine
stator currents in dq frame, 14, and ¥, are the machine stator flux linkages in dg frame. By
comparing Equation (2.34) to Equation (2.54) , it is evident that the conversion involves
transforming the three-phase voltages, currents, and flux linkages into their corresponding dq
variables. Notably, the stator neutral-point voltage, v,,; is excluded from the machine model
during the abc to af transformation. The final term within Equation (2.54) corresponds to
the induced voltages, often referred to as speed voltages. The aff to dg transformation
commonly results in speed voltages within various three-phase systems, including electric

machines, power converters, and harmonic filters. The dq frame standard model for the
PMSG, as established by Equation(2.54) , is depicted in Figure 5.
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Figure 5: dq frame model for the PMSG.

2.2.4.2 Stator Flux Linkages in Synchronous Frame

In a corresponding manner, the af-frame magnetic linkage values presented in

equation (2.35) are transformed into the dq frame.

3L, 3L
|+ T 0 i .
l//dS — 2 2 .dS + l//r |: i| (2'55)
Wes 0 3L, 3L, || 0

which can be rewritten as

L 0 |li
|:!r//ds:|:|: ds j||:|dsj|+|:l//rj| (256)
!//qs 0 qu Iqs 0
where

L.—L
L, :If+3—L°—h, L :If+3—L°+3L—mS:>L == (2.57)
S 2 2 qs

2 e 3

In the dq reference frame the parameters L, and L, in addition to i, become time-
invariant unlike in the natural abc frame where these parameters vary with the change of the

rotor electrical position angle 6, due to this circumstance the modeling and control in dq

frame is simplest.



2.2.4.3 Stator Current Dynamics in Synchronous Frame

In the context of control design, the focus is directed towards the derivative of the
stator currents to address the relationship combining equation (2.54) along with (2.56)

resulting in the following relation

Y R. -L I L 0 I 0
ds _ s qsa)e .ds n ds i -dS + (258)
Ves Lys 0, R lgs 0 Ly Jdt]lg @Y
The model of PMSG in dq reference frame based on the previous stator voltage
dynamic model is expressed in Figure 6. The stator current dynamic can be expressed from

the model (2.3) which represents the state space in continuous time CT model which can be

directly used for the control design in this thesis.

R L,
i L |_i 0 0
I I \"
i|:-dsj| _ ds ds |:-ds}+ ds |: ds}_i_ .o, (259)
dt | Iy _i o, _& lgs 0 i Vas N L,
qu qu as
iy s Las
+o—m

d-axis circuit (-axis circuit
Figure 6: dg frame model for the PMSG including stator voltage dynamics.
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2.2.4.4 Stator Active and Reactive Power in Synchronous Frame

The connection between the apparent power of the stator and the dg components of

stator voltages and currents is formulated in the subsequent manner.

3, . .
Ps = E (Vdslds + Vqslqs)

. (2.60)
Qs = E (Vqsids _Vdsiqs)

After substituting the v, and v, values from (2.54) into (2.60), the stator active and reactive

power are expressed as follows:

_3 s 2 -2 3(. dl//ds i dl//qs 3 i i
Ps _ERS(Ids + g )+§[|ds dt 'Hqsw +Ea)e (l/ldslqs_lfllqslds) (2 6]_)
3. dl//qs : des 3 i i |
Q= 5('* &g | g Vel i)

In the power equation, the initial component signifies the resistive losses within the
stator winding, the subsequent element accounts for the energy stored in the magnetic field,
and the final component represents the air gap power P, that gives rise to the generation of

torque T,.

2.2.5 Electromagnetic Torque

The relationship between the torque and the power is given by:

P =T, =22 (2.62)
p
where
T =P (2.63)
a)e



Upon replacing the third element of power equation (2.61), which pertains to the generation
of torque within equation (2.63), the resultant expression yields the electromagnetic torque in

the subsequent manner
3 . ..
Te :?p[l//rlqs +(Lds - qu)ldslqs:| (264)

2.3 Dynamics of the DC-link Voltage

By utilizing Kirchhoff's current law in the analysis of the dc circuit, one can get the

differential equation that accurately represents the behavior of the dc voltage as

dv,,

C = =iy iy (2.65)

where the capacitor C, referred to as the dc-link capacitor, is utilized to mitigate the
fluctuations in the dc voltage, i, refers to the dc current, while i, represents the input current

of the grid-tied inverter. In this context, v,. denotes the voltage across the dc-link capacitor.

2.3.1 Model for DC-link Voltage under Balanced Grid Voltages

Under balanced grid voltages, the grid-tied inverter is employed to regulate the dc-link
voltage by adjusting the current i, injected into the grid-tied inverter. This can be achieved
through the control of either the grid current or the active power injected into the grid. To see
this, note that the current i, can be expressed as a function of the dc-link voltage and the

power that flows through the three-phase inverter; that is:

j = e (2.66)

Va

C

where P, is the dc power at the input of the three-phase inverter. From (2.65) and (2.66), it

follows that

dv,, iy, P,
—= == 2.67
d¢ C Cyv, (267)
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Now, ignoring power converter and filter losses, it is reasonable to assume that the dc power
P,. at the input of the grid-tied inverter is equal to the ac power P delivered to the grid,

resulting in
P.=P (2.68)
In the natural reference frame, the instantaneous power P delivered to the grid, is given by:
P=v,i, +V,i, +V,i, (2.69)

Hence, substituting (2.69) into (2.67), gives

vy, g Vi Vi Vi
_ g6 _d __aa bbb cCccC 270
d¢ C Cv,. (2.70)

In the a8 reference frame, the power P represents the active power; that is:

3/ . .
PZE(VaIa +Vyi, ) (2.71)
Hence, substituting (2.71) into (2.67), gives
dv. i, 3(V,i, +V,i
_dczi_—( ”) (2.72)
dt C 2Cv,,
In the dq synchronous reference frame, the power P can be rewritten as
P= 3 (v,i [ 2.73
_E(led +vq|q) (2.73)

Hence, substituting (2.73) into (2.67), gives



%:id_c_?)(vdid +V,iy ) .70
dd C 2Cv,,
The synchronization angle 6 is typically determined by setting v, to zero, which aligns

the d-axis with the fundamental of the grid voltage. At this specific angle 6, the active and

reactive powers supplied to the grid reduce to
3 . 3 .
P:Eled, Q:_Evdlq (2.75)

which implies

dv,, g 3y

—
dt C 2Cv, ° (2.76)

The above equations indicate that the reactive power Q can be controlled by adjusting
the g-axis current. In particular, the grid-tied inverter can operate at unity power factor by

setting the command value of i, to be equal to zero. On the other hand, the dc-link voltage

can be regulated by controlling either the active power P or the d-axis current of the grid
current. It is important to emphasize that the current i, is assumed to be unknown in (2.76),
which mandates the need for a tight controller to ensure a stable and accurate regulation of

the dc-link voltage.

2.3.2 Model for DC-link Voltage under Unbalanced Grid Voltages

Under unbalanced grid voltages, grid-tied inverter should be able to inject appropriate
active and reactive powers to the grid to satisfy the so-called Fault Ride-Through (FRT)
requirement. This requirement can be met by considering the grid-tied inverter for the control
of the active and reactive powers injected into the grid, while the dc-link voltage regulation
can be achieved through the use of the machine side converter. In particular, the dc-link
voltage can be regulated by adjusting the torque of the PMSG to follow an appropriate
command value. To see this, note that the current i, can be rewritten as a function of the dc-

link voltage and the power delivered by the PMSG; that is:
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i - VP_G 2.77)
dc

where P is the electrical power produced by the PMSG. Thus, (2.65) reduces to

N _Fs 1

2 2.78
dd C C (2.78)
Here, the current i, is assumed to be unknown. It's worth noting that the torque equation
mentioned above is applicable when the system operates as a motor. Consequently, the

expression for the electrical power generated by PMSG can be formulated as follows.

P, =-T.o (2.79)
Substituting (2.79) into (2.78) yields
dv, o, [
e S 0 2.80
dt cC°® C (2.80)
Recall that:
3 . ..
Te :7p(l//rlqs +(Lds - qu)lqslds) (281)

When controlling PMSG, it's common practice to regulate the d-axis current i, at zero. As a
result, it is possible to formulate the following expression.
dvdc _ 3 pl//r a)r H i0

_ i L 2.82
dt 2v,C * C (2.82)

It is important to emphasize that the current i, is assumed to be unknown, which
mandates the need for a tight controller to ensure a stable and accurate regulation of the dc-

link voltage.



2.4 Summary

This chapter has introduced the mathematical representation of a two-level grid-tied
inverter and Permanent Magnet Synchronous Generator (PMSG) in three distinct reference
frames: the natural frame, stationary frame, and synchronous frame. Moreover, the grid model
was acquired by considering the active and reactive powers as state variables to facilitate
designing a power controller for grid-tied inverter. The machine model was derived by
representing machine currents as state variables that need to be regulated. The mathematical
models described in this chapter will be subsequently employed in the upcoming chapters to
facilitate designing accurate controllers for PMSG and grid-tied inverter under both balanced

and unbalanced grid voltages.
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Chapter 3: Control of PMSG-Based Wind Energy Generation System in
Stationary Reference a8 Frame

The interaction between a PMSG-based wind turbine and a balanced grid is a dynamic
and intricate process, involving multiple facets such as power quality, synchronization, and
stability. The control algorithms employed must not only regulate the electrical power output
to match the grid demand but also ensure that the generator's mechanical and electrical
systems work harmoniously. Achieving such a coordination demands a profound
understanding of the intricate interplay between the PMSG's mechanical dynamics, electrical
characteristics, and the grid's requirements. This chapter embarks on a comprehensive
exploration of the control strategies including the design, analysis, and simulation tests
tailored for PMSG-based wind turbine in scenarios where the grid operates under balanced
and unbalanced conditions. This research aims to contribute to the enhancement of the overall
efficiency, reliability, and seamless integration of wind energy systems into grids. The
converter used to control the power exchange between the grid and the PMSG is back-to-back
converter which consists of a Machine-Side Converter (MSC) and a Grid-Side Converter
(GSC) that are interconnected through a dc-link capacitor. This chapter mainly focuses on
designing robust controllers for both converters GSC and MSC to cope with both balanced

and unbalanced grid voltages.

During unbalanced grid voltage, the existence of the negative sequence component of
the grid voltage causes the generation of second-order harmonic oscillations in the grid-side
active power and dc-link voltage. Injecting oscillating active power into the grid represents a
violation of the grid code regulation which requires the delivered active power to be devoid
of any ripples. Another concern of voltage unbalance is due to the dc-link voltage ripples that
can have an adverse impact on the response of the torque developed by the generator. This
impact can result in high torque ripples, which can in turn lead to unwanted vibrations, thus
reducing the durability and the lifetime of the drive-train that is used to connect the generator
to the wind turbine. The torque ripples can be attributed to the propagation of dc-link voltage

oscillations into the stator currents. The objective of this chapter is to apply DOBC approach



to design robust controllers for GSC and MSC with a view to regulate the dc-link voltage,
inject constant active power to the grid under both balanced and unbalanced grid voltages,
extract the maximum available power from the wind during balanced voltages, and maintain

ripple-free machine torque.

This chapter presents the design, development, and performance testing of a
reconfigurable control scheme for GSC and MSC. The word “reconfigurable” comes from
the fact that both GCS and MSC interchange their roles when the grid conditions change. In
the balanced case, the GSC is responsible for controlling the dc-link voltage through the use
of a cascade control scheme that consists of two loops. In this cascade structure, the outer
loop is used to regulate the dc-link voltage, while the inner loop is used to control the grid
power using af coordinates. In this case, the main function of MSC is limited to extracting
the maxim available power from the wind, which is achieved by controlling the torque of
PMSG to follow an appropriate command value provided by Maximum Power Point Tracking
(MPPT) algorithm. In this chapter, the control of the torque machine is assured by adjusting
the a3-axis components of the stator currents to follow specific references. However, during
unbalanced grid conditions, the role of GSC can be restricted to assure only the control of
active and reactive powers delivered to the grid in order to allow implementing Fault Ride
Through (FRT) control strategy [52]. In such a case, MSC assures the regulation of the dc-
link voltage via the employment of a cascade control scheme. In this cascade structure, the
outer loop is employed to maintain dc-link voltage at its command value, while the inner loop
Is designed to control the stator currents of the machine using a8 coordinates. All controllers
for both cases are designed based on DOBC approach, which consists of combining a state-
feedback controller with a disturbance observer. The structure of the disturbance observer is
generally featured with either integral action property, resonant action property, or both of
them to achieve accurate tracking of both sinusoidal and constant signal references.
Integral/resonant action property remains the main concern for employing disturbance
observer as it requires appropriate initialization for achieving a fast disturbance estimation.
Note that the faster the disturbance observer, the smaller the tracking error during transients.

Therefore, if the disturbance observer associated with the control of the dc-link voltage can
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be accurately initialized after the change of the grid conditions, a smooth interchange of the
roles of the converters can be achieved. In other words, a good initialization of the disturbance
observer associated with the control of the dc-link voltage ensures that the dc-link voltage can
remain close to its command value in response to sudden changes in the grid conditions. In
the proposed control scheme, the disturbance observer can easily be initialized by considering
the disturbance estimation just before the voltage balance/unbalance event occurs. Such an
advantage cannot be offered by classical controllers such as Pl and PR controllers. It remains
to address the concern of torque ripples under unbalanced grid voltages, which are caused by
the inherent dc-link voltage oscillations. This concern is overcome in this thesis by applying
a notch filter to the measurement of the dc-link voltage before feeding it into the dc-link
voltage controller in order to cancel the effect of 2w oscillations. As a result, only dc
component of dc-link voltage measurement is fed into the voltage regulator, which is enough

to prevent the propagation of 2w oscillations to the command value for the inner current loop.

Several simulation studies were performed to verify the efficacy of this control
technique. The findings obtained have verified the effectiveness of the inner loop control
method in accurately tracking the grid power references and machine stator current
references, regardless of whether the grid conditions are balanced or unbalanced.
Figure 7 illustrates a comprehensive cascaded power control strategy in the af stationary

frame.
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Figure 7: General power control scheme.

3.1 Power Control of the Grid-Side Converter
3.1.1 Perturbed Model of the Grid-Side Converter

The model of the grid-tied inverter, with P and Q are the state variables, is given below
as presented in (2.21)

ol 5 alelaly wfulal] e
dt| Q RIIQ| 2L|v, v, |lu,| 2L| o

By considering model uncertainties (b), one can rewrite the above model as:

X=Ax+Bu+F+Db

—C (3.2)

55



56

where

R
-—— —O
v \Y; 10
A=| L Coe=| Y| ¢ (3.3)
R 2LV, -V, 0 1
a) —_——
L
and
1 0
2 2 - b
__3 VatVs|  po|L Cob=| " (3.4)
2Ll 0 0 1 by

The output to be controlled is the active and reactive powers P and Q.

3.1.2 Feedback Controller

The design of the feedback controller operates on the premise that both the state
information x and the disturbance b are accessible. With this assumption in place, effective
control over the active and reactive powers becomes achievable through the utilization of
feedback controller. Following [80], a feedback controller for grid-side converter can be

expressed as
u=B"(Ke+ Y, — Ax—F —Db) (3.5)

where the control gain K is expressed as K = diag{k, k}. The variable e represents the
tracking error, which is defined as the difference between the reference output y,.r and the
actual output y, i.e., e = y,.r —y. The main goal of the feedback controller is to make sure
that the controlled variable closely follows its reference pattern in a specific time frame with
zero steady-state error, provided that the closed-loop system is stable. Indeed, the stability of
the closed-loop system can be investigated by studying the closed-loop error dynamics. This

can be achieved by substituting (3.5) into (3.2) , resulting in



X=Ax+Bu+F +Db
= Ax+BB™(Ke+Y,, — Ax—F —Db)+F + Db (3.6)

=Ke+ VY,

Recall that y = x, therefore, the above equation can be rewritten as

y=Ke+y, =>e=-Ke (3.7)
where
o= . Pref -P (3 8)
- yref y - Qref _Q ' '

Here, P..r and Q,., are the command values of the active and reactive powers. Since K is a

2 x 2 diagonal matrix, one can rewrite (3.7) as
(3.9)

where
€, = I:)ref -P, € :Qref -Q (3.10)

The dynamics of the closed-loop system is well defined by a first-order system with a
time constant of 1/k . Hence, the larger k, the faster the system’s response. The suggested
feedback controller might not be feasible for practical implementation due to the challenge of
measuring the disturbance b. To address this limitation, a potential solution involves replacing
the real disturbance b with its estimated counterpart b under the condition that a suitable
estimator capable of generating b is available. Consequently, the modified controller can be

represented as follows:

u=B"(Ke+ Y, —Ax—F-Db) (3.11)
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3.1.3 Disturbance Observer

This thesis delves into the utilization of disturbance observers as a pivotal control
strategy for enhancing the performance of PMSG-based wind energy generation system for
grid-tied applications. The objective is to address the intricate interplay between system
dynamics, disturbances, and grid fluctuations, aiming to achieve robust and stable operation
under varying conditions. The disturbance observer functions as an inner-loop output-
feedback controller, tasked with counteracting external disturbances and bolstering the
resilience of the outer-loop baseline controller against uncertainties inherent in the plant. The
design of a disturbance observer for the given system described in equation (3.2) becomes a
viable avenue for estimating b to allow implementing the feedback controller. Following[72],

the design of such a disturbance observer requires knowledge of the dynamics of b. In other

words, the expression of b is needed for the synthesize of an estimator that is capable of
producing an accurate estimate of b. Toward this end, it is important to note that when the
grid voltages are balanced, the active and reactive powers remain constant. Conversely, in the
presence of unbalanced grid voltages, the active and reactive powers can fluctuate at twice
the fundamental frequency. Therefore, the disturbance can be represented in the following

manner:
bp: b + 05, bQ: Q+ o} (312)

where by 4 is a dc component and by 4 is an ac signal that oscillates at twice the fundamental

frequency. Specifically, EP,Q can be approximated with
Dy =bpy, COS(20t +7, ), By = by, COS(20t +y, ) (3.13)
The time derivative of the disturbance is then given by:

SP = —bpy 200sin (2wt +y, ), SQ = by 2esin (Za)t + y/Q) (3.14)



As by, is a dc component, it is clear that:

o
Il

b, =0, b, =0 (3.15)

The expression representing the time derivative of BP,Q is a non-linear and time-
varying function which is formulated as a function of unknown parameters, namely bp, boy,
Yp, and p,. Hence, employing such an expression for the construction of a DO is not a

straightforward task. In order to streamline the observer design, one can introduce an auxiliary

disturbance input o, , such that:
Op =Dy SIN(20t +y/,), 04 =bgy sin (20t +y) (3.16)
The time derivative of the auxiliary disturbance is given by:
G =bpy 200€08 (20t +y ) = 20, G =l 20C0s( 20t +y, ) = 20, (3.17)
Similarly, one can show that.
SP = —byy 20sin (20t +y, ) = 200, SQ = by 20sin (Za)t +W, ) =—2wo, (3.18)

From the above equations, it follows that:

b, =0
by =0
b, =200, (3.19)
BQ =-2m0,
G, = 2000,
Go = 2a)5Q
Assuming a new state variable z as follows
2=[b, By B, By o 5] (3.20)
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The first-time derivative of z yields

O O O O o o

where (1 is given by:

O O O O o o

OO O O O o o
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Y. (3.21)

(3.22)

The disturbance b can be represented as a mathematical function of z in the following manner:

where

|

10
01

o B

[EY

0 0
0 0

|

r F1T

o

1

— Hz (3.23)

(3.24)

In summary, the disturbance b is governed by the differential equation:



2=Qz, b=Hz (3.25)
Substituting b = Hz into (3.1) yields
X = AX+Bu+F + Db = Ax+Bu+ F + DHz (3.26)

By taking into account the x-equation and the Z-equation, one has the choice to utilize the
Luenberger observer for estimating the disturbance b through the estimation of the state

variable Z. As in [81], a Luenberger observer can be formulated as

X

= Ax+Bu+F +DHZ+G, (y-Y)
=01+G,, (y-9) (3.27)
b=H2

The observer gains G;, and G,, can be selected based on the stability condition of the

disturbance observer. Toward this end, first note that the output y and its estimate ¥ are given

by:
o] o2

The stability of the observer can be investigated by analyzing the dynamics of the estimation

error e, s, given by

1—1

eobs :|:)’E_X:| (329)

The estimation error is governed by the following differential equation:
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which can be rewritten as
e‘obs = gEbI eobs

where

o _[G» DH
cd — _G Q

2p

Hence, the observer's stability is ensured through an appropriate choice of the observer gains

~ [&] [X] [Ax+Bu+F+DH2] [G, . [Ax+Bu+F +DHz
Cobs = e = + (y_y)_
5112 Q2 G,p

[ oo e

Qz

x) (3.30)
(3.31)
(3.32)

G1p and Gy, in @ manner that makes the observer matrix ., Hurwitz. This implies that the

real parts of the eigenvalues of 2., are negative. A straightforward and pragmatic approach
involves initially assigning the desired locations in the left-half of the complex plane for the
eigenvalues of .. Subsequently, the observer gains can be determined to align the

eigenvalues of ., with the desired locations. The MATLAB function “place” can be used to

find the observer gain G, as

0,, DHT [l
G! = place [ 22 } [ M},SP
06><2 Q 06><2

(3.33)

where Sp includes the eight desired observer eigenvalues 4, .43; it can be selected as

Sp = [ i i Ao i g A A |

(3.34)



The desired observer eigenvalues 1;;.4; can be selected as

/,[1,2 :é/a)nli ja)nl\/l—é'z, ﬂ3,4 =é'a)n2i ja)nz‘\/l_é’2 (335)

where ¢ is the damping factor, while w,,; and w,,, are the natural pulsations that should be

chosen as large as feasible to ensure rapid convergence of the disturbance observer. Typically,

the value of ¢ can be set to 0.707. Had Gp been calculated, G, and G,, could have been

calculated as
G, :{ “’}, with G,el* and G, el® (3.36)

During real-time implementation, there may be discrepancies between the control
input u, which is provided by the controller, and the actual control input, particularly during
transitory times. This difference between the actual control input and that generated by the
controller may occur only during transients due to the possible saturation of the control input.
This saturation of control input during transients should be considered in the observer design
through the use of a simple saturation function. Thus, the developed Luenberger observer can

be modified by replacing the control input u by sat(u) in (3.27), yielding

X

Ax+ Bsat(u) + F + DHZ +G,; (y —CX)

(3.37)
21=07+G,, (y-CX)

where X(0) = 0 and Z(0) = 0. The above disturbance observer can be made even more
straightforward by replacing u by its expression given by (3.11). To this end, first note that

the x-equation of the above disturbance observer can be rewritten as

% = Ax+Bsat(u)+F + DH2+G,, (y—CX)+B(u—u)
= Ax—B(u—sat(u))+Bu+F +DHZ+G,, (y-CX) (3.38)
= Ax+Bu+F +DHZ+G,, (y—Cx)-BAu

where



Au=u-sat(u) (3.39)

The simplification process can be achieved by replacing u by its expression given by (3.3).
That is,

%= Ax+ BB’l(Ke+ Vo —AX—F —D6)+F+DH2+GlP(y—C>2)—BAu
= AX+(Ke+ Y, — AX—F —DH2)+F + DH2 + Gy, (y —C®) - BAu (3.40)
=(Ke+ Yy ) +Gyo (y~C%) - BAu

Therefore, the Luenberger observer reduces to

x>

=(Ke+ Y, )+ Gy (y—CR) - BAU

. (3.41)
7=0Q1+G,, (y-CX)

The implementation of the above observer (3.41) requires the information about y,.,
which is not recommended as the reference can be a function of measurements. In other
words, the calculation of y,.. can result in a magnification of the measurement noises if y,
is a function of measurements such as dc-link voltage. To simplify the above observer, one

can consider the following change of variable as
5 =X- yref (342)

Thus, the time derivative of & can be calculated as

&= );Z_Yref :(Ke+yref )+G1P(X—)?)—BAU—yref
=Ke+G;, (x—X)—BAu

= Ke+Gyp (x—(&+ Yy )) - BAU (3.43)

=Ke=Gp&+Gyp (Y- Vi )—BAU
=Ke-G,,¢& -G e—-BAu
=(K-G;)e—-G,,&—BAu



Proceeding in the same manner, Z-equation can be rewritten as

2=Qz+GZP(X_2)
= 02+Gyp (X—(E+ Vit ) (3.44)
=Q7-G,,¢£+G,, (X— Yref )
= Q7 -G~ Gype,

Finally, the simplified Luenberger observer can be implemented without the need for y,., as

éz_GlP§+(KP _GlP)eP —BAu
1=-G,&+02-Gye, (3.45)
b=Hz

where

(3.46)

Recall that the practical implementation of the feedback controller u, given by (3.11)
requires the measurement of y,.r, which is not possible for the system under study. This
difficulty in measuring the variable y,..r can be reduced by calculating y,.r directly from the
information about y,... Itis crucial to acknowledge that y,.. itself may be calculated directly
from the measurement of dc-link voltage and the grid voltages. Hence, the inclusion of y,.,
in the feedback controller may result in a deterioration of the steady-state performance as a
consequence of potential amplification of the effect of measurement noises. One possible
approach to address this concern for real-time implementation is to disregard the term y,.,
from the expression of the control input w. This is because the disturbance observer has the
capability to effectively counteract the impact of any disturbances that exhibit oscillations at
a frequency of 2w, including y,. . Hence, the feedback controller (3.11) can be implemented

as

u=B"(Ke—Ax—F —Db) (3.47)
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3.2 DC-Link Control under Balanced Grid Voltages
3.2.1 Feedback Controller

This section is concerned with the design of a controller for the dc-link voltage. As
pointed out above, during balanced grid voltages, the dc-link voltage is regulated using the
grid-side converter, where a cascade control scheme, involving two loops, is employed to
implement the dc-link voltage controller. With this particular control scheme, an inner power
loop is designed to adjust the active and reactive powers injected into the grid, while an outer
voltage loop is synthesized to achieve asymptotic regulation of the dc-link voltage. In such a

control scheme, the outer voltage loop provides the command active power P, for the grid-
tied inverter power controller. The command reactive power Q,..r for the grid-tied inverter

power controller can be set equal to zero to ensure unity power factor operation. Recall that

the differential equation governing the dynamics of the dc-link voltage is given by:

Do b P

e e (3.48)

where P is the active power delivered to the grid. Now, by treating P as the control input,

equation (3.48) can be represented using the state space model as

Xv = AIbXV+BVb (XV)P + Dvbbvb (349)
where
X, =V, A,=0, B,(x)=- ! ., D :l (3.50)
dc b vb \ v CVdC vb C

The current i, is assumed to be an unknown disturbance for the control design. Thus,
the disturbance b,;, = i, + b, represents the current i, and all unknown disturbances that
are not considered in the modeling. The dc-link voltage controller can be designed by
proceeding as in the case of the power controller. The dc-link voltage has a constant steady-

state value, so it can be assumed that:



b, =0 (3.51)

Therefore, by proceeding as before, the reference P,.., for the active power can be generated
by the outer loop as follows:
dv

deref _%J (3'52)

Pref = _Vch kvev +
dt C

where e, = vgerer — Vg IS the tracking error, and k,, is the control gain. By assuming
knowledge of b,,;, and choosing k,, > 0, the developed feedback controller can asymptotically
stabilize the dc-link voltage. More precisely, one can show that the transient response of dc-
link voltage to a step change in the set-point can exhibit a first-order system with a time
constant of 1/k,. Therefore, it is clear that increasing k,, causes the tracking error to vanish
faster in response to a sudden change in the command value. As pointed out above, it is not
trivial to measure the disturbance b,, because of model uncertainties. To tackle such a

problem, the above controller can be implemented as

dv h
P —_y C k e + deref — Myp 353
ref dc ( At dt C ] ( )

where b, is the estimate of the actual b,,,.

3.2.2 Disturbance Observer

The implementation of (3.53) creates the need for a disturbance observer to estimate

b,,. This can be achieved through the use of the so-called reduced-order disturbance observer;

it can be formulated as [72]

A

bvb = Gv (Xv - A\/bxv_Bvb (Xv)Pref - DvbBVb)

) 5 (3.54)
-6, L +q,| Moy T
C dt v, C

C
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The observer gain G, should be selected to satisfy the stability condition of the

disturbance observer. In particular, the observer gain G, can be selected considering the

stability of the estimation error e, = Bvb — b,,. By assuming b,;, = 0 and proceeding as

in the previous section, it can easily be verified that the estimation error satisfies.

~ P
e‘obsv = _Gv l bvb + Gv (% + f_ef]
C

dt  v,C
-6, 21,2 (3.55)
G,
= _E Cobsv

The above differential equation indicates that by choosing G,, > 0, the estimation error
is asymptotically stable for all disturbance b,,, satisfying b,, = 0. More importantly, one can
conclude that the response of the estimate b,,, to a step change in b,,, can exhibit a first-order
system with a time constant of 1/G,,. Therefore, it is clear that a larger value of G, can cause
the estimation error to decay faster toward zero. However, in real-time implementation, the
command power P,.r provided by the controller might deviate from the true control input
during transients because of the saturation effect. This should be reflected in the expression
of the disturbance observer by introducing a saturation mechanism to restrict P, during
transient periods. In other words, it is required to replace P, by sat(Pref) in the expression

of the disturbance observer; that is:

A

B, —Gvéﬁvb +G, [%+ !

—sat (P, )} (3.56)

d v, C

which leads to:



Bvb =—G, 1 0 + G, W, 1 ot (Per)

C dt v,C

=-G, 1 ) +G, %+isat(Pref )+ ! Py— ! P (3.57)
C dt v, v,.C v,.C

= _Gv l Avb + Gv dVdc 1 Pref 1 AF)ref
C dt  v,C v,.C

where
AI:)ref = Pref - Sat(Pref ) (358)

The disturbance observer can be further simplified by replacing the command power P, in

(3.57) by its expression (3.53), yielding

A A dv )
bvb = _Gv 1 bvb + Gv % - kvev + —e % - L APref
C dt & cC ) v.C

C

(3.59)

=G, (ke +6&)- GVC AP

ref
Vdc
Note that the information about é,, is needed to implement the above disturbance
observer. The absence of measurement of é,,;, creates the need for calculating é,,,, which can
raise a concern about measurement noise amplification due to the direct relationship between
e, and the measurement of dc-link voltage. To overcome such a concern, let Z,, be a new

disturbance input such that:
2,=h,+Gge, (3.60)
Therefore, one can estimate b,,,, by substituting (3.59) into (3.60)

GV AI:)ref

2‘\vb = t,)‘\vb + Gve‘v = _Gvkvev - C
Vdc (361)

~

b,=%2,-G.e

VI VTV
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with
2,,(0)=h,, (0)+Ge, (0) (3.62)

3.3 Current Control of the Machine-Side Converter

Under balanced grid voltages, the machine-side converter is controlled to regulate the
current flowing through the stator windings of the PMSG, with the aim of extracting the
maximum power from the wind. In this chapter, the current controller is designed in the af8

reference frame, which does not require dq transformation.

3.3.1 Perturbed Model and Feedback Controller

By assuming a non-salient pole machine, the model of the PMSG in the stationary «f3

reference frame is given by:

X, =AX, +B.u +F (3.63)
where
-R 1
2 0 — 0
di L i L u —sin(6,
£33 R 1 et A
di, o R|Lis o L] L cos(6,)
LCS LCS
and

uaS iOtS
u, = Lﬁj, X, = Lﬂj (3.65)

Lcs = Lds = qu (366)

The above model can be rewritten as



X, =Ax +Bu +D.hb (3.67)

where

— 0
L b oy, si
D =| = | bm{ ﬂ}LCSFm:{ “’e‘”fs'”(ee)} (3.68)
0 i bSZ a)el//r COS (09 )
L,

The above model is valid only if the machine has a non-salient pole and the system's
model is accurate; it does not contain uncertain parameters. However, considering the
saliency in the modeling can result in a complex model due to nonlinear coupling among the
stator winding currents, the rotor speed, and the rotor angle. In this thesis, the above model is
adopted for both salient and non-salient pole machine; only the disturbance b,,, is modified to
account for the effect of saliency and modelling errors. In the stationary reference frame, the
stator winding currents exhibit sinusoidal waveforms that oscillate at a known frequency (w,)
which can be directly calculated from the rotor speed measurement. This suggests that, under
steady-state conditions, the disturbance b,, approaches a sinusoidal waveform with the
oscillation frequency equal to the frequency of the stator winding currents. With this

suggestion, the disturbance b,,, can be approximated by

- {bﬂ} :{bsw, cos (6, +l//sl):| :{bslM Cos(a)et+l//sl)j| (3.69)

" sz szM COS(He +l//52) szM COS(COet +l//52)

where the parameters by, bsopyr Ws1, and g,, are not known. In addition, to ease the

control design for a salient pole machine, one can assume:

L :L:ﬁ

3.70
CS S 2 ( )

In a summary, the perturbed model (3.67) of PMSG can be used to design a controller
for both salient and non-salient pole machine, where the unknown disturbance b,, is

introduced to represent the effect of model uncertainties and the saliency of the machine. The
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perturbed model indicates that the dynamics of i,, and iz are independent; therefore, a
feedback controller can be designed by assuming only the mathematical model of the single-
phase system. That is, by omitting the subscripts a and £, the model of PMSG for the control

design in the af reference frame can be simplified as

dy R u b
e A SV T 3.71
dt L y—'_L +L ( )

S S S

where

u=u. oru

y=i, or i s=U g5+ b,=b, or b, (3.72)

ps
Similarly, one can omit the subscripts 1 and 2 in the expression of b, to write:
b, =by, cos(6, +,) (3.73)

According to [82] a feedback controller can take the following form

L

S S

u, =L, (%y—gjﬂj (3.74)

The symbol 9 represents an auxiliary control input. Now, by inserting equation (3.74) into

equation (3.71) , one can obtain

dy

—=9 3.75

ot (3.75)
According to equation (3.75), it may be inferred that 9 can be constructed utilizing the tools
of linear control theory. In this context, the symbol 9 is chosen in such a way that the tracking

error e; = y,.r — y is governed by:

g =-ke.,

S STS

k,>0 (3.76)



where y...r is the current reference, and the variable k; represents the control gain. It is clear

that the closed-loop system is asymptotically stable provided that k. is positive. In order to
get a quick transient reaction and a fast disturbance rejection, it is recommended to select the
control gain k, as large as possible. The auxiliary control input 9 can be obtained by

substituting equation (3.75) into equation (3.76), resulting in
9=V, +ke, (3.77)

Now, substituting (3.77) and (3.71) into (3.74) gives

bS
f} (3.78)

S

us = Ls (kses + yref +% y_

In real applications, the disturbance input b, is often unknown, which gives rise to
problems regarding the practical implementation of the output feedback controller. As before,
such a problem can be tackled by replacing the actual disturbance b by its estimate b, in the

feedback controller, yielding:

L

S S

0 =L (kses . +% y —EJ (3.79)

3.3.2 Disturbance Observer

The development a disturbance observer capable of estimating b,, requires the

knowledge of the dynamics of b, particularly in the steady-state. From (3.73), it follows that:
b, = -b,, @, sin(@,t +v,) (3.80)
Let g, be an auxiliary disturbance input, where

o, =b,, sin(@t+y,) (3.81)

which implies
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6, =hy, @, cos(m,t +y,) (3.82)

Assuming a new state variable z, to represent the disturbances and their first-time derivative;
that is:

7 = L } (3.83)

The differential equation presented thereafter governs the dynamics of the disturbance b,

B, 3.84
b,=[1 0]z, (3.84)
where
O _
Q, { a’} (3.85)
o, 0

Following [81] the disturbance input b can be estimated using the following reduced-order

disturbance observer

As:_a)eo’\-s_I_lbs-i_ll d_y+&y_1 s
L, a L° L
(3.86)
&sza)eﬁs—l—zﬁsﬂz ﬂ+&y—i .
L. a L° L

The observer gains [, and [, are chosen based on the stability criteria of the disturbance
observer. In a compact form, the observer (3.86) can be expressed as
2. =072 -M 1 2. +M ﬂ+&y—ius (3.87)
L d L L

S S

where



M :L } (3.88)

The stability condition of the disturbance observer can be investigated by studying the

dynamics of the estimation error e, ., With

6, =2 1 (3.89)

obss S

The dynamics of the estimation error is then governed by:

éObSS:Qszs_M Li
_0z-M| L
_Ls
[
_LS

- QS—M{i

Ls

Thus, one can write:

where

0|2,+M ﬂ-i-&y—i
dt L L

us]_Qszs
s S

- 3 (3.90)
012, +M {— 0} z,— Q.7
. LS

O}J(zs - Zs)

e.obss = chseobs (391)
IL—l 0 —Il_—l -,
CF | (3.92)
2 0 w—-——= 0
L

Equation (3.91) demonstrates that the stability of the disturbance observer can be achieved

by appropriately selecting the gains [; and [,, so that the matrix Q. is Hurwitz. A simple

design approach is to select the observer gains to correspond to desired eigenvalues in the

open left-half plane. In such a case, the desired eigenvalues A, , can be selected as
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ﬂl,z = _gsa)ns * ja)ns 1_§52 (393)

where, ¢, and w,, represent the damping ratio and natural pulsation, respectively. More
precisely, it is recommended that the value of ¢, should be within a certain range [0 1]. Setting
¢, =0.707 is a typical choice for a second order system. The selection of the natural pulsation

wy,s should be made as large as possible in order to obtain fast convergence of the disturbance

observer. Once ¢, and w, are fixed, it can easily be verified that the observer gains I, and |,

satisfy

2
Il = 2Ls§swns |2 = _Ls [a)ns - wns} (394)
Wy

During transients, it is possible for the control input u, which is provided by the
controller, to deviate from the actual control. To provide more clarification, during transients,
the control input generated by the controller may exceed its allowable maximum value, which
necessitates the limitation of the control input u, to its allowable maximum value. Limitation
of the control input during transients can be achieved through the use of a simple saturation
block. This mandates the modification of the disturbance observer to reflect the eventual
saturation of the control input during transients. This can be achieved by modifying the

disturbance observer as

R 5 1 R dy R 1
2.=Q07-M|— 0|2.+M| ZLZ+—=y——sat(u 3.95
s s©s |:Ls j| s (dt L y L ( s)} ( )

The above disturbance observer can be further simplified by inserting the expression of the
control input u, into the above disturbance observer expression, resulting in

2. =03 -M Ly 2.+M ﬂ+&y—ius+Aus (3.96)
L d L L

S S S

where



Au, =u, —sat(u;) (3.97)

Substituting the control input ug in (3.79) into (3.96), yields

S

2, =Q2.-M (es +ke, —%Ausj (3.98)

The need for calculating é can create difficulties in implementing the above disturbance
observer due to the potential amplification of the effect of measurement noise. These

difficulties can be reduced by introducing a new variable £ satisfying:

E =3 +Me (3.99)

S S

Substituting (3.98) into (3.99) results in a new form of disturbance observer that is more

suitable for real-time implementation as it does not require the time derivative eg. That is:

(fs Q2. -M [kses _%AUSJ

S

>

=& —Me, (3.100)
. =[0 1]z

Il
[

»

O> N
Il

Equation (3.79) indicates that the calculation of the control input u, requires the information
about the time derivative of y,.,. This requirement can raise a concern about possible
magnification of the measurement noises, particularly, when y,.r is an output of another
control loop. This concern can be addressed by neglecting y,..r in real-time implementation

as the disturbance observer can cancel the effect of all disturbances oscillating at w,. Hence

the control input can be implemented as

us = Ls{kses—i_yref +%y_%] (3101)

S S
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3.3.3 Current Reference for Maximum Power Point Tracking (MPPT)

It is important to emphasize that, for a given wind speed v,,, a maximum power can
be extracted from the wind if the rotor of the wind turbine rotates at an optimal speed, denoted
here by w,._o,.. Indeed, from Figure 8, it can be concluded that there exists a specific rotor
speed that consistently yields the highest power output for every wind speed. Now, if the
current controller is able to accurately track the optimal speed for every wind speed, the wind
turbine can capture the maximum available power from the wind at any speed within a

permissible range. According to [83], the optimal rotor speed w,_,,, is a function of the wind

speed v, and the characteristic of the machine; that is

nA
o =—2y (3.102)

r-opt — Rb w
where n and R, are the gear ratio and the rotor plane radius (m), respectively. The coefficient
Aope represents the optimal value of the tip speed ratio 4 of the blade; it corresponds to the
maximum value C,,q, of the power coefficient curve C,, of the wind turbine [83]. For a given

wind speed v,,, the amount of the power captured by the wind turbine is given by (2.29) as
P.=0.5pAV.C, (1, 8)=05p7RV.C, (4. ) (3.103)

As pointed out above, the wind turbine can extract the maximum power from the wind when

the tip speed ratio 4 is equal to its optimal value A,,, corresponding to C, = Cpqx. This

means that the expression of the maximum power takes the form of:

P

r-opt

=0.5p7RNV,C o (4. B) (3.104)

b Y'w™ pmax

which can be rewritten as a function of the optimal rotor speed w,._,,; as

3
@, R
Pr—opt = 0'5p7Z.Rb2Cpmax (ﬂ’ﬂ)[#tbj (3105)

opt



Therefore, the optimal torque that corresponds to the maximum power can be derived as

3
P
T === =05paRC, (ﬂ,ﬂ){ i ] - (3.106)

a)r—opt nﬁ’opt

which can be rewritten as

T

r—opt

=K_ ! (3.107)

opt ““r-opt

where

3
Ko =0.507RC, . (4, ﬂ){niﬁm j (3.108)
Had the expression of the optimal torque T;._,,, been found, the command values for the
current controller could have been calculated using the direct relationship between the
machine torque and the stator windings currents. In the stationary reference frame, the
machine torque is expressed as a non-linear and time-varying function of both a-axis current
and p-axis current, which makes it difficult to express the current refences iqg..r and iggcr
as a function of the machine torque. The difficulty in generating the current references in the
stationary reference frame can be reduced by using the dq reference frame, provided that the
rotor angle is available for direct measurement. Toward this end, recall that the machine

torque can be written as a function of dg coordinates as
3pr . ..
T = 7[% +(Ly — Ly ) |d5|qs] (3.109)
By setting iy, = 0, the expression of the machine torque reduces to

.-y, (3.110)

Therefore, MPPT algorithm can be achieved by setting i g..; = 0 and selecting i, as
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2

L (3.111)
3py,

Iqsref = r—opt

where igq.r and iqq..r are the d-axis current reference and g-axis current reference,

respectively. By considering the expression of T,._,,;, izsrer Can be computed as

(3.112)

where w,_,,; is given by (3.102). Since the control is being conducted in the stationary frame,

it is necessary to convert the dq coordinates to a8 coordinates. That is,

iasref . COS(@e) —Sin(@e) idsref _ COS(@e) _Sin(ge) O (3 113)
ot || SIN(6,)  €08(6,) ||iger | | SIN(G,)  €0S(,) || igere '
where iysr and igs.r are the a-axis current reference and f-axis current reference,

respectively. More precisely, these current references are simply the command values for the
current controller of PMSG; that is,

i 0
B osref _ COS(&’e) —Sin(He)
Yeer = [i poref } - Lin (6,) cos(6,) ﬁ K o @ o (3.114)
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Figure 8: Mechanical power generated by the turbine in y-axis as a function of the rotor
speed in x-axis for different wind speeds.

3.4 DC-Link Control under Unbalanced Grid Voltages

Under unbalanced grid voltages, the renewable energy conversion system should be
able to inject appropriate active and reactive powers to the grid to satisfy Fault Ride-Through
(FRT) requirement. This requirement can be met by considering the grid-side converter for
the control of the active and reactive powers injected into the grid, while the dc-link voltage
regulation can be achieved through the control of the machine-side converter. In other words,
the dc-link voltage is no longer regulated via the grid-side converter. In such a case, the
control structure of the machine-side converter consists of two loops: an outer loop is used to
regulate the dc-link voltage, while an inner loop is employed to adjust the stator winding
currents. The inner current loop for the machine-side converter is basically the same as that
developed in the previous subsection; the only modification is that the current reference is
generated by an outer voltage loop, rather than by an MPPT algorithm. The outer voltage loop
can be designed by using the dynamics of the dc-link that is developed in the previous chapter.
That is:
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dve, _ 3py,o .
& c ®C (3.115)
dc

By setting vy, = x, and treating i, as the control input u,,,, the above differential equation

reduces to

X, = A x,+B, (x,)u, +D,b (3.116)

vu~vu

where

A, =0, B, (x)=—P% g o (3.117)

1

2v,.C "ocC

The disturbance b,, =i, + 8, represents the unknown current i, and all unknown
disturbances that are not considered in the modeling including model uncertainties. As before,

the control design for dc-link voltage can be made easier by assuming that:

b, =0 (3.118)

vu

Proceeding as in the previous sections, one can develop a composite controller for the dc-link

voltage as

= Gk e, G, PV

vu v vu C qsref
dc

A

bvu = 2vu _Gvuev (3119)
Ieref = 2VdCC (kvu € + Vdcref - i l“;vu j
3py, o, C

where i,..r is the output of the outer voltage loop and Ai g, is given by:
Aiqsref = iqsref - Sa’t(iqsref ) (3120)

and

€ = Vacrer — Ve (3121)



Here, k,,,, and G,,, are the control gain and the observer gain, respectively. As before,
the composite controller can be made asymptotically stable by choosing k,,, > 0 and G,,, >
0. It can also be shown that fast transient response can be achieved by selecting the gains k,,,,

and G, as large as possible. As before, had i,..r been generated, the current references
lasrer aNd Igg-or for the current controller of the machine-side converter may have been

computed as

ey el e

Iﬂsref sin ((96 ) CcOosS (06 ) Iqsref

3.5 Power Reference Calculation During Unbalanced Grid Voltages

In the balanced case, the dc-link voltage regulation is carried out on the grid-side
converter through the use of a cascaded control scheme consisting of an inner power loop and
an outer voltage loop. In this case, the outer voltage loop takes the responsibility of generating
the command value for the active power, while command reactive power can be set equal to
zero to ensure unity power factor operation. However, in the scenario of an unbalanced grid
voltage, the machine-side converter assumes the role of controlling the dc-link voltage so that
the grid-side converter only assures the control of active and reactive powers with a view to
satisfy Fault Ride-Through (FRT) requirement. In this particular scenario, multiple
methodologies have been proposed to generate the command values for the active and reactive
powers. In [52], the author provides a discussion on three of the most common methodologies.
One approach is known as balanced positive-sequence control (BPSC), which involves
oscillating the active and reactive power references in order to ensure that the input currents
remain balanced and sinusoidal. Another approach is referred to as Instantaneous Active and
Reactive Power Control (IARC), which focuses on suppressing the active and reactive power
oscillations while allowing for the presence of multiple harmonics in the phase currents. The
final approach is referred to as the Instantaneous Active Power Control (IAPC), which assures
injecting constant active power to the grid at the expense of unbalanced grid currents. The

strategy employed in this study is the final one, which involves utilizing Instantaneous Active
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Power Control (IAPC) with the primary purpose to inject constant active power to the grid.
Following [52], the command values for the active and reactive powers are calculated from

the following current references in the af reference frame

-4 .

PrefO (V; _V;) N QrefO (V; +V;)

Iozref = Iaref + aref — 4 12 12 4 ]2 _ 2
Vv =\ \Y +|V
af af aff af
(3.123)
+ - + -
. T . Prefo(vﬂ _V/;’) Qrefo(va+va)
Iﬁref - Iﬁref +Iﬁref LR 2 L2 2
Vaﬂ — Vaﬁ Vaﬂ \

where vy , vy, vg, and v[; are the positive and negative sequence voltages of the grid voltage
in the af reference frame. Here, P,..f, is the desired active power reference and Q,.ro = 0.
The command values for the active and reactive powers P/ and @/ can then be calculated

as
Per” =§(vaia Vgl ), Qi =§(vﬂia Vi) (3.124)

It can be shown that, under balanced grid voltages, Prof = Prefo aNd Qrer = Prero. ON
the other hand, voltage unbalance makes Q.. to include oscillation at 2w, while P, is kept
constant to ensure delivering a constant active power to the grid. The above equations indicate
the need for extracting the symmetrical components v; , vy, vg, and vg to calculate the
power references P..r and Q,.r. A Double Second-Order Generalized Integrator-Based
Quadrature Signal Generator (DSOGI-QSG) strategy is used as a basis to calculate the
symmetrical components [84]. As depicted in Figure 9, two (SOGI-QSGs) are responsible for
producing the direct and in-quadrature signals for the a-axis and f-axis components of the
grid voltage. These signals are subsequently fed into a positive/negative-sequence calculation

block, which calculates the sequence components in the aff reference frame.
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Figure 9: Structure of the DSOGI.

where w' represent the DSOGI-QSG center frequency,qv,; are in-quadrature signals of the
voltages vz, the synchronization error signal between the direct and in-quadrature signals is

represented by the symbol &, ).

3.6 Mitigation of 2w-Oscillation Effect on the Machine Torque under Unbalanced Grid
Voltages

During unbalanced grid voltages the proposed controller is designed to inject a
constant ripple-free active power and sinusoidal currents into the grid, which requires the
reactive power to oscillate with frequency 2w. Consequently, the implementation of this
technique can produce a sinusoidal oscillation with a frequency of 2w in the dc-link voltage.
The observed oscillation can be explained to a continuous transfer of energy between the L
filter and the dc link capacitor, as there are no active power oscillations injected into the grid.
The periodic transfer of energy can also manifest as an interchange between the dc- link
voltage and the stator windings of the PMSG, leading to a torque ripple of 2w in the PMSG.
Given the absence of an external pathway for the oscillation, a viable approach would be to
manipulate the controller in order to restrict the cyclic energy transfer to occur only between

the L filter and the dc-link capacitor. As a result, the oscillation of the dc-link voltage is
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prevented from reaching the stator windings, so effectively eliminating the 2w ripple
originating from the torque of the PMSG. In order to mitigate the impact of 2w ripple on the
voltage controller, a notch filter is implemented to the measurement of the dc-link voltage
prior to its input into the dc-link voltage controller. Consequently, only dc component of dc-
link voltage measurement is fed into the outer voltage loop. This approach effectively

prevents the transmission of the 2w ripple to the command value for the internal current loop.

This section presents an implementation of notch filters in the machine side converter
feedback loop to eliminate the impact of reflected 2w ripple in machine torque during

unbalanced grid condition. The transfer function of the notch filter is given by [85]

SZ

2+1

D ote
Gnotch (S) = S2 n hzégs (3125)
+——+1

a)notch

2

@ notch

where w,,.cr, = 2w 1S the notch filter frequency, & represents the quality factor that

determines the sharpness of the notch filter.

3.7 Simulation Results

In order to assess the effectiveness of the suggested controller, simulation experiments
were carried out in the Simulink environment of MATLAB software, embracing both
balanced and unbalanced grid voltage scenarios. Figure 10 depicts the block diagram
illustrating the implementation of the proposed controller for the grid side and the machine
side. The parameters for the Grid system can be found in Table 4: Grid parameters.
Additionally, Table 5: PMSG parameters presents the parameters for the machine side PMSG,
The settings for the Grid side composite controller may be found in Table 6: Grid side control
parameters, whereas the parameters for the machine side composite controller are presented
in Table 7: Machine side control parameters. The study examined the effectiveness of the
composite controller in regulating active power, dc-link voltage, and machine torque in the

presence of both balanced and unbalanced grid voltages. In the case of balanced grid voltage,



the grid side converter GSC is responsible for regulating the dc-link voltage, while the
reference active and reactive power is determined by the controller of the dc output voltage
through the outer loop. The machine side controller's main function is to maximize power
extraction from the wind using the MPPT algorithm. In the context of unbalanced grid
voltage, the functions of the Grid-Side Converter GSC and Machine-Side Converter MSC are
interchanged. The MSC takes the responsibility of regulating the dc-link voltage, while the
outer loop controller provides the reference machine current. On the other hand, the GSC
controller is responsible for regulating the active power. In this scenario, the reference active

and reactive power are determined using Instantaneous Active Power IAP algorithm.
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Figure 10: Control diagram for testing the developed controller.
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Table 4: Grid parameters

System Parameters Symbol Value
Line Resistance R 1 mQ
Line Inductance 10 mH
Line-neutral Voltage v 208V
DC-Link Voltage Vge 300V
DC-Link Capacitor C 1uF
Grid Voltage Frequency ) 50Hz
Sampling Frequency f 10 KHz
Switching Frequency fsw 5KHz
Sampling Time for the T, 1uS
simulator

Table 5: PMSG parameters
Machine Parameters Symbol Value
Stator Phase Resistance R, 840 mQ
d-axis inductor Ly 12.6 mH
q-axis inductor Lgs 21.8 mH
Angular velocity of the rotor W, 200 r/min
flux of the rotor in the stator Y, 0.607 Wb
phase
Number of pole pairs P 11
The air density p 1.225 kg /m?®
The radius of the blade R, 1.2m
The optimum rotor tip speed Aopt 6.36
ratio
The optimum efficiency Comax 0.4382




Table 6: Grid side control parameters

Control Parameters Symbol Value
Inner Loop Control Gain k 1000
Outer Loop Control Gain k., 150
Damping Ratio < 0.707
Natural Pulsation 1 Wy 800 rad/s
Natural Pulsation 2 W 1000 rad/s
Real eigenvalue 1 and 2 A2 Loy £ joor /1_g;2
Real eigenvalue 3 and 4 Az 4 Loy £ joop\1—C2

Table 7: Machine side control parameters

Control Parameters Symbol Value

Inner Loop Control Gain kg 1000

Outer Loop Control Gain ko 150
Damping Ratio <, 0.707
Natural Pulsation Wy, 800 rad/s
Observer Gain 1 L l, =2Llw,
Observer Gain 2 L, L =1 (c%ﬁ B w)

3.7.1 Performance Evaluation under Balanced Grid

The first simulation experiment was conducted during balanced grid voltages, the grid
voltages v, the three-phase currents i, ., the actual active and reactive powers P and Q
and the reference for the active powers P, the reference for the reactive powers Q.. are

presented in Figure 11, while The dc-link voltage v,., the machine Torque T the machine
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current in stationary frame I, and Iz and the reference of machine current Iy, and Isgyer

and the machine currents iz, are shown in Figure 12. The results obtained indicate that the

controller in the gride side that was designed successfully maintained the dc-link voltage at

its designated setpoint of 370 V. The reason for this outcome is because the suggested

controller effectively managed the PWM rectifier, ensuring that the absorbed active power

precisely aligns with the specified command value derived from the outer dc voltage loop on

the grid side. It is noteworthy that in balanced grid voltages, the active and reactive powers

do not exhibit oscillations, as anticipated. Nevertheless, it is worth noting that the machine

currents consistently complied with the reference values given by the Maximum Power Point
Tracking MPPT algorithm.
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Figure 11: Grid simulation results under balanced grid voltages.
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Figure 12: PMSG simulation results under balanced grid voltages.

3.7.2 Performance Evaluation under Unbalanced Grid Voltages without Notch Filter

The conditions used for this test similar to those of the preceding test, with the
exception being that of a 50% voltage dip in both phase A and phase B. This alteration was
made in order to examine the effectiveness of the proposed controller in the presence of
unbalanced grid voltages. Figure 13 illustrates the waveforms of the grid voltages v, the
grid current I, active power P and its reference P,., reactive power Q and its reference
Qref- On the other hand, Figure 14 displays the dc-link voltagev,,, the machine torque T, and

both i, and i, together with their respective references. The purpose of this study is to examine

the roles of the GSC and MSC interchanges in relation to the previous test. As predicted, the

active power maintains consistent while the reactive powers fluctuate at a frequency of 2w
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around zero, in accordance with the references derived from the Fault Ride Through (FRT)
theorem. As expected, the dc-link voltage shows oscillations at a frequency of 2w due to the
unbalanced condition. In this scenario, the machine side takes the responsibility of regulating
the dc voltage. However, due to an unbalance in power delivery from the PMSG, the dc
voltage is unable to remain constant. As a result, the torque of the machine displays
oscillations at a frequency of 2w, which is considered undesirable due to the creation of
mechanical stresses and overheating. These adverse effects can lead to the deterioration of
machine components, resulting in a reduced lifespan and potential insulation failure. The
machine currents are now regulated based on the command values derived by the outside dc
voltage controller, rather than being controlled by the Maximum Power Point Tracking
(MPPT) algorithm as previously implemented. The proposed controller demonstrates the
capability to achieve consistent regulation of active power and asymptotic regulation of
reactive powers. However, it is worth noting that the dc-link voltage and machine torque

exhibit oscillations at a frequency of 2w.
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Figure 14: PMSG simulation results under unbalanced grid voltages without notch filter.

3.7.3 Performance Evaluation under Unbalanced Grid Voltages along with Notch Filter

The conditions used for this test are identical to those of the preceding test, with the
exception of the inclusion of a notch filter in this study. The purpose of this simulation
experiment is to examine the robustness of the controller when integrating a Notch filter into
its design. Figure 16 illustrates the impact of incorporating a notch filter, which effectively
mitigates the oscillation of the dc-link voltage. This impact of reducing the noise of the torque,
hence eliminating the adverse effects associated with oscillating torque, in addition to a
balance machine current, as previously discussed. The controller, combined with the notch
filter, effectively achieved precise regulation of active and reactive powers delivered to the

grid, even in the presence of sinusoidal variations in the reactive power reference. This is



because the composite controller is designed to reject both constant and sinusoidal
disturbances of frequency 2w. Furthermore, it serves the purpose of minimizing the dc-link
voltage and ensuring a ripple free torque. This study shows the effectiveness of the notch
filter in reducing the impact of dc-link voltage oscillation on the quality of torque generated

by the permanent magnet synchronous generator PMSG.
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Figure 15: Grid simulation results during unbalanced grid voltages along with notch filter.
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Figure 16: PMSG simulation results under unbalanced grid voltages along with notch filter.

3.7.4 Performance Evaluation of the Disturbance Observer Effect and under Unbalanced
Grid Voltages

3.7.4.1 Performance Evaluation of the Disturbance Observer in Grid Side

This study aims to assess the performance of the disturbance in the gride side controller
and evaluate the capacity of the feedback controller alone. The test calls for eliminating the
disturbance at t=0.1 seconds, in other words setting the disturbance value b to zero during at
this time in the power controller equation (3.47) and it is still running in the machine side.
Figure 17 illustrates that in the absence of the disturbance, the feedback controller alone fails
to ensure that the active power and reactive power match with their respective references.

This indicates that the feedback controller alone lacks the capability to prevent the impacts of



unknown disturbances arising from model uncertainties and voltage unbalance. The active

power, in the absence of the disturbance, exhibits oscillations at a frequency twice that of the

fundamental frequency. This behavior contradicts the intended objective of the controller.

However, because of the oscillating active power, the dc-link voltage ripples mitigate, as

depicted in Figure 18.
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Figure 17: Grid simulation results when the disturbance observer was disabled at t = 0.1 s

from the grid.
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Figure 18: PMSG simulation results when the disturbance observer was disabled at t = 0.1 s
from the grid.

3.7.4.2 Performance Evaluation of the Disturbance Observer in Machine Side

The objective of this study is to analyze the performance of the disturbance in the
Machine side controller and evaluate the effectiveness of the feedback controller in isolation.
The simulation experiment involves removing the disturbance at t=0.1 seconds, specifically
by setting the disturbance value to zero in the current controller equation (3.101), while the
grid side disturbance continues to operate. Figure 20 demonstrates that in the absence of the
disturbance, the feedback controller alone is unable to ensure that the machine current
matches their respective references. This suggests that the feedback controller alone does not
possess the capability to mitigate the effects of unknown disturbances resulting from model

uncertainties and voltage unbalance.
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Figure 19: Grid simulation results when the disturbance observer was disabled at t = 0.1 s
from the machine.
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Figure 20: PMSG simulation results when the disturbance observer was disabled at t = 0.1 s
from the machine.

3.7.5 Performance Evaluation under a Grid Condition Transition

The objective of this simulation experiment was to investigate the dynamic behavior
of the composite controller and to assess the reconfigurable capability of the control function
between the machine side converter MSC and the grid side controller GSC under varying grid
conditions, specifically transitioning from a balanced grid to an unbalanced grid and then
returning to a balanced grid. At t=0.04 seconds, a voltage dip of 50% is induced in phase B,
which is later fixed at t=0.14 seconds. The simulation results are depicted in Figure 21 and
Figure 22. The results obtained demonstrated the effective performance of the proposed
controller in generating fast and seamless reconfiguration to a sudden disturbance. The

occurrence of voltage imbalance and subsequent fault clearance had a small impact on the



transient response of active power, as well as the dc-link voltage and resulting torque. The
simulation results indicate that altering the transition between grid balance and imbalance
does not affect the machine currents. The currents continue to precisely follow their
references without any transient behavior.
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Figure 21:Grid simulation results when 50% dip in Phase B was suddenly created at t =
0.04s1t00.14 s.



102

375 —

370
— 365 -

170

140 o
— 110 .
o~

]

L

V.m)

T

-

Ly A
Hoh
é

ts3(A)
om
g

':h

[ 7 ieo |
155<\><’7<:><//><\><‘ 0% %67 % %% % %% % %%

15}

o

i’suhr( fl )

] 1 ! ! ] ! 1 |
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.20
time(s)

Figure 22 : PMSG simulation results when 50% dip in Phase B was suddenly created at t =
0.04st00.14 s.

3.7.6 Performance Evaluation under Model Uncertainties and Unbalanced Grid Voltages

The purpose of this simulation experiment was to assess the controller's ability to
withstand changes in parameters. Specifically, the inductance and resistance values of the
controller were adjusted to 150% of their nominal levels. Furthermore, the simulation was
conducted using unbalanced grid condition, and the outcomes are presented in Figure 23 and
Figure 24. The results indicate that alterations in the variables L and R did not have an impact
on the control performances. The variation between the actual and the nominal parameters
was compensated for by the estimator b. The effectiveness of the composite controller was

demonstrated by the exact match between the actual power and its desired reference value.



which led to robust regulation of the active and reactive power, dc-link voltage, machine

torque and currents.
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Figure 23: Grid simulated outcomes of the grid when the resistance R and inductance L
utilized in the controller are increased by 150% of their nominal values.
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Figure 24: PMSG simulated outcomes of the grid when the resistance R and inductance L
utilized in the controller are increased by 150% of their nominal values.

3.8 Summary

This chapter presents the design of an interchanged controller for both the grid side
and machine side converter. The controller incorporates a combined feedback controller and
disturbance observer along with a notch filter. The specific function of the controller depends
on the condition of the grid. Under balanced grid conditions, the grid side is responsible for
regulating the dc-link voltage by generating the power reference for an inner loop control.
Meanwhile, in this condition, the machine side's role is to maximize power extraction from
the wind by controlling the stator currents to follow a reference value provided by an MPPT

algorithm. In situations where there is an imbalance in grid voltage, the roles of the controllers



are interchanged. The grid side controller takes charge of regulating the active and reactive
powers. In this particular scenario, the reference value is determined using an instantaneous
active power algorithm to maintain a constant active power supply to the grid. On the other
hand, the machine side controller is responsible for regulating the dc-link voltage by
controlling the machine currents. These currents are adjusted to align with the references
generated from the inner loop. In this particular scenario, it is observed that an imbalance in
the grid voltage can result in the generation of second-order harmonic ripples in the dc-link
voltage. Consequently, this can lead to the occurrence of a sinusoidal oscillation with a
frequency of 2w in the torque of the PMSG. In order to mitigate this oscillation, a notch filter
is utilized. Several simulation tests have been performed in order to verify the efficacy of the
composite controller. The findings obtained from the simulation confirm the effectiveness of
the control scheme in successfully attaining the targeted control objectives in the presence of

both balanced and unbalanced grid voltages.
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Chapter 4: Control of PMSG in Synchronous Reference Frame

The preceding chapter has presented the use of DOBC approach to implement a
reconfigurable control scheme for PMSG-based wind turbine. Under balanced grid voltages,
the control scheme uses GSC to regulate the dc-link voltage via controlling the active power
injected into the grid, while MSC is employed to control PMSG to extract maximum available
power from the wind. Under unbalanced grid voltages, the reconfigurability property of the
control scheme allows interchanging the roles of the power converters in terms of dc-link
voltage regulation. That is, MSC assumes the role of regulating the dc-link voltage via
controlling the stator currents of PMSG, while GSC takes charge of regulating the active and
reactive powers injected into the grid to implement FRT control strategy. The controllers for
both GSC and MSC are designed in the stationary af reference frame. The obtained results
in the previous chapter provide evidence of the effectiveness and importance of the proposed
reconfigurable control scheme in terms of meeting the grid connection requirement under
both balanced and unbalanced grid voltages. More importantly, as demonstrated before, the
use of the disturbance observed approach allows achieving a seamless reconfiguration of the

control scheme in response to sudden changes in the grid voltage conditions.

The design procedure in this chapter is similar to that of the previous one except that
the af reference frame is replaced by dgq reference frame. Besides, the power control scheme
of GSC is also replaced by a current control scheme using dq coordinates. Literature review
reveals that constant active power operation under unbalanced grid voltages requires dq-axis
components of grid currents to oscillate around their dc components at twice the fundamental
frequency. This requires the current controller of GSC to be capable of accurately tracking a
sinusoidal reference signal with a non-zero dc component. As in the previous chapter, DOBC
approach is employed to achieve the task of accurate tracking through the use of an accurate
disturbance observer. The latter is employed to estimate the effect of model uncertainties,
unknown perturbations, and unknown inputs that are not considered in the state model. The
main concern for designing an accurate disturbance is the need for accurate information about

the behavior of the disturbance input. As in the previous chapter, this requirement can be



simplified by assuming that the dynamics of the disturbance input is the same as that of the
state variables in steady-state [74]. With this particular assumption, appropriate disturbance
observer can be designed to improve the accuracy of the composite controller, consisting of
state-feedback controller and disturbance observer. The same design procedure is applied to
synthesize a regulator for the dc-link voltage, where the disturbance input is assumed to be
constant. Similarly, DOBC approach has been also employed to design a current controller
for the stator currents of PMSG using dq coordinates. The effectiveness of the suggested
control method was validated through a series of simulated tests. The findings obtained have
verified the effectiveness of the control system in attaining the control objectives in the
presence of both balanced and unbalanced grid voltages. Figure 25 depicts a comprehensive

cascaded current control technique in the dq synchronous frame.
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4.1 Current Control of the Grid-Side Converter
4.1.1 Perturbed Model of the Grid-Side Converter

The model of a grid-connected three-phase inverter with an L filter in synchronous

d | R| i —wiy 1|Ug | 1|Vy
MM e

By considering model uncertainties (b), the model can be represented as

frame is given by (2.17)

X.=AX +Bu +F +Db

Yi = CiXi (4.2)

where x; = [la  Ig]" and u; = [Ua Uq]T are the state variables and the control input,
respectively. The matrices A;, B;, C;, D;, and F; are given by:

R 1 1
I ¢ . 10 1V .
A= L , Bi= L , C= , R=— X , D= L (4-3)
R 1 01 L{O 1
—w —— 0 = 0 =
L L

bid id
2]+l

The primary objective of the controller is to effectively regulate the output y;, in order

4.1.2 Feedback Controller

to achieve precise tracking of the sinusoidal reference y,.,. To achieve this objective, a state-

feedback control law can be formulated in the form:

Ui = Bi_l(Kiei +Yier —AX —F —Db, ) (4.5)

where k; is the control gain and e; = y;,..r — y; is the tracking error. Itis important to mention

that y; and y;..srepresent the dq current and its reference, respectively. The current is the



output that has to be regulated. The main goal of the feedback controller is to make sure that
the controlled variable closely follows its reference pattern in a specific time frame with zero
steady-state error, provided that the closed-loop system is stable. Indeed, the stability of the
closed-loop system can be investigated by studying the closed-loop error dynamics. This can

be achieved by substituting (4.5) into (4.2) , resulting in

g =—ke (4.6)

where

lyrer —1
€ = VYirr — Vi :|:id f _id}’ (47)
gref q

The behavior of the closed-loop system can be accurately described by a first-order
system with a time constant equal to1/k;. Therefore, as the value of k; increases, the speed
of the system's response also increases. The proposed feedback controller may not be
available for actual implementation due to the difficulty in measuring the disturbance b;. In
order to overcome this constraint, a possible resolution entails replacing the actual disturbance
b; with its estimated equivalent b,, provided that a suitable estimator capable of producing b,

Is accessible. Thus, the altered controller might be depicted in the following manner.
U = Bi_l(Kiei + Vs —AX —F— Di6i ) (4.8)

4.1.3 Disturbance Observer

As mentioned before, estimating the disturbance is necessary for implementing the
feedback controller. In order to achieve precise estimation of sinusoidal disturbances, it is
necessary to utilize a disturbance observer. Moreover, b; can also be employed to demonstrate
the impact of voltage unbalance on modeling. The injection of constant active power to the
grid may result in second-order harmonics in the d-aixs current and g-aixs current due to
unbalanced grid voltages. In the absence of exact information about the disturbance, one can
assume that has b; the same dynamics as that of the dg-axis current components. Therefore,

one can write b; = [big  biq] as
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by =by +b,, b, =b, +Db, (4.9)

where b, and by, are the dc components of by, and by,. The terms by, and by, are ac signals
that oscillate at twice the fundamental frequency. Specifically, b;; and Eiq can be expressed

as

by = b COS(20t +y74 ), b

1q

= by COS(20t +y7, ) (4.10)

where b;qpy, bigu, Yiq,» and ;, are unknown variables. The time derivatives of b;4 and Eiq

are then given by
Eud = By 2008iNn (200t + 7, )' 6iq =D 2008in (260'[ +!//iq) (4.11)

As b, and by, are dc components, it is clear that:

bid =0,

o
I
o

(4.12)

The time derivatives of b;; and Biq Is described as non-linear and time-varying
functions. These functions are formulated based on certain unknown parameters, specifically
biam, bigm, Wia, and ;4. Therefore, the process of utilizing such functions for the purpose of

constructing a DO is not straightforward. To facilitate the design process of the disturbance

observer, it is possible to incorporate auxiliary disturbance inputs ;4 and o;, with the purpose

of simplifying the process such that:

Oy = 20y, COS(20t +yy ), O, =20l COS(Za)t + (//iq) (4.13)
The time derivatives of the auxiliary disturbance inputs o;4 and a;, are given by:
o =40y, sin(20t+y, )-40’D,  (4.14)

G, =—4w’b,, sin (2ot+y,y)= —4a)25id , O

Likewise, it can be shown that:



by =0, by=0,, &4=—40h
;d ;d d d - d (4'15)
0 =0, b,=0,, &,=-40,
Let z; represent a newly introduced state variable such that:
Z; [Bm 5iq 6id 6iq Oig O'iqT (4.16)
Therefore, equation (4.15) can be rewritten in a compact form as:
2.=Q.7
I 4.17
bi = Hizi ( )
where
:
02><2 02><2 02><2 I 2x2
Qi = 02><2 02><2 |2><2 ' Hi = |2><2 (418)
0., _4w2|2x2 0., 0.,
Substituting b; = H;z; into (4.2) yields
X =AX +Bu +F +DH,z (4.19)

Following [81], the full order disturbance observer can be formulated for estimating b; as

A

‘i AiXi +Biui + F. + DiBi +Gli (yi - Ai)
Qi Z; +G2i (yi - )7,) (4'20)
H,2

O N

As mentioned before, the observer gains G,; and G,; can be selected based on the
stability condition of the disturbance observer. With y; = x; and y; = X;, the stability of the

observer can be investigated by analyzing the dynamics of the estimation error e;,;, given

by
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N>

Ciobs :{ :)Z(I} (4-21)

The estimation error is governed by the following differential equation:

e‘iobs = _),:Zi]_|:Xii|:|:AXi +BiUi N Fi +DiHiZAii| +|:Glij|(yi _9i)_|:AXi +Biui +Fi + DiHiZi}

_2i Z, Q7 G, Q,z,
__DiHizi_DiHiZi Gli AN DiHi(zi_Zi) Gli -
__ Qizi_Qizi }+{G2i}(yi_yi)_{ Qi(zi_zi) }_[Gzi}(Xi_Xi) (4.22)

___Gli DiHi Xi_)A(i
__—G2i Q. YA

which can be rewritten as:

e.iobs = ch eiobs (423)
where
Qyy z{_Gli DiHi} (4-24)
_Gzi Qi

According to equation (4.24), the disturbance observer has the potential to attain
asymptotic stability by selecting the observer gains G,; and G,; such that the 8 x 8 matrix
0, 1S Hurwitz. As before the precise selection of G,; and G,; is chosen in order to guarantee

that the matrix £2;., contains eight eigenvalues characterized by negative real parts.

During transient periods, the control input wu;, provided by the controller, may not
correspond to the actual control input applied to the system. The disparity between the real
control input and the one produced by the controller may only arise during transient periods
as a result of potential control input saturation. The observer design should consider the
saturation of control input during transients by using a straightforward saturation function.
Therefore, the above-mentioned observer can be modified by substituting the control input u;

with the saturation function sat(u;) in equation (4.20), resulting in
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)Ei = AX; +Bisat(ui)+|:i +Di6i +Gli(yi _9i)

A A (4.25)
=07, +G, (yi _yi)

where X,(0) = 0 and Z,(0) = 0. The previous disturbance observer can be further simplified

by substituting the control law u; by its expression (4.8) resulting in

( i€ F Virer )+Gl| (yi— 9i)_ BAu;
5 =0 +Gy (i~ ) (4.26)
6=H2
where
Au; =u, —sat(u,) (4.27)

The above observer can be simplified to make it more suitable for real-time implementation

by introducing a new state variable n such that n = £; — y;,.,. Therefore, the final observer

can take the form of;

77_ Gl|77+(K Gll) i BiAui

7 =-G,n+Q,2 -G,e (4.28)
Ai = Hi2|

where
77(0) = yi (O)_ yiref (O) = _ei (0) (429)
Z, (O) =0

It is important to emphasize that the reduced observer (4.28) does not have y;..¢, thus
resolving the problem of amplification of measurement noises. Moreover, the inclusion of
Yires i the feedback controller may result in the same problem. Hence, the term y;,..» can be
omitted during the real-time implementation of the feedback controller.,(4.8) as the observer

can compensate for it, resulting in
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u = Bi’l(Kiei ~Ax.—F. -Df ) (4.30)

4.2 DC-Link Control under Balanced Grid Voltages
4.2.1 Feedback Controller

As in the previous chapter, during balanced grid voltages, GSC is deployed to regulate
the dc-link voltage through the use of a cascade control scheme consisting of two loops: an
inner loop and an outer loop. The outer loop assumes the role of regulating the dc-link voltage
and the inner loop takes charge of controlling the dg-axis current components. In such a

control scheme, the outer loop provides the command value (i4,..r) for the d-axis current

component, while the command value for the g-axis current component can be set to zero to
ensure unity power factor operation. The inner loop is realized with the above-mentioned
current controller. It remains to design the outer loop for regulating the dc-link voltage.
Towards this end, recall that the differential equation governing the dynamics of the dc-link

voltage is given by:

Mo _de P (4.31)
dt C Cy,

The power delivered to the grid with the assumption that v, = 0 can be represented as

p- gvdi (4.32)

By substituting (4.32) into (4.31), the differential equation becomes

Do _ T 3Vl (4.33)

dt C 2Cv,

Now, by setting v, = x,, and iz, = b,4 and treating i; as the control input u,,, equation

(4.33) can be expressed in state space model as

Xv = A\/dXV+Bvd (Xv)ld + Dvdbvd (434)



where

3v,

=0, B =— , D,6 =
Ay v (%) 2Cv, \d

1

= 4.35

= (4.35)
It is important to note that the dc-link voltage converges to a constant steady-state

value. Therefore, one can assume that the disturbance b,; has the same dynamics as that of

V4e, at least in the steady-state, yielding b,; = 0. Similar approach as in the previous chapter

can be used to construct a composite controller for the dc-link voltage regulation, that is:

_ dv
idref = M kivev + — - de (436)
3v, dt C

where e, = Vgcrer — Vg IS the tracking error, and k;, is the control gain. As mentioned before
the composite controller can be made asymptotically stable by choosing k;, > 0. It can also
be shown that fast transient response can be achieved by selecting the gains k;, as large as
possible. However, it is not trivial to measure the disturbance b,,; because of model

uncertainties. To address this issue, the above controller can be implemented as

- dv )
idref = ZVdCC kivev + - _de (437)
3v, dt C

4.2.2 Disturbance Observer

As before, the estimation of the disturbance b, can be achieved through a reduced

order disturbance observer as

A

bvd = Gvd (Xv - A\/dXV_BW(Xv)idref - DVdBVd )

) i (4.38)
-G, Lh, +q, | Do, Nl
C dt  2v,C

Vi

where G, Is the observer gain which should be selected to satisfy the stability condition of

the disturbance observer. In particular, the observer gain G, can be selected considering the
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stability of the estimation error e,,sq = Evd — b,4. By assuming b,, = 0 and proceeding as

in the previous chapter, the composite controller can be simplified as

3v,

2,0 =—G,ik,8, — Gy —=2— Al
vd vd v vd 2CVdC dref (439)
l:’)\vd = 2\vd _Gvd ev
where Aig,.r is given by:
Algrer = e _Sat(idref) (4-40)

4.3 Phase-Locked Loop (PLL)

To perform dq transformation, the current control approach necessitates extracting the
grid voltage-phase angle 6 in the dq reference frame. When the grid is balanced, it is easy to
estimate the angle 6 since there is no negative sequence voltage component. When faced with
such a situation, utilizing an SRF-PLL method with a wide bandwidth can swiftly and
precisely detect the angle 8, as in [86]. However, under unbalanced grid condition a reduction
of SRF-PLL bandwidth is needed to reject and cancel out the effect of the harmonics from
the distorted voltage which is undesirable. Hence, a Decoupled Double Synchronous
Reference Frame Phase-Locked Loop (DDSRF-PLL) is implemented as in [87]. This
technique defines an unbalanced voltage vector, consisting of both positive- and negative-
sequence components, and expresses it on a dual synchronous reference frame voltage
characterization dg™ and dq™ respectively, the estimation of the angle can be done by using
a DSRF-PLL, then a Decoupling Network (DN) is implemented along with a Low Pass Filter
(LPF) for both dq™ and dq™ which results in a fast, precise, and robust positive-sequence

voltage detection even under unbalanced and distorted grid conditions.



4.4 Current Control of the Machine-Side Converter

This part is concerned with the development of a current controller to regulate the
current flowing through the stator winding of the PMSG under both balanced and unbalanced
grid voltages using dq coordinates.
4.4.1 Perturbed Model and Feedback Controller

The model of PMSG in dq reference frame is given by (2.59) [74]

L
= T R
I S S I S S u S
i[_ds}: “ ‘ {d } ‘ { “} v, 0, (4.41)
dt | Iy, _ Lys o — Ry [l 0 1 1] Ygs L
e gs
qu qu qu

By considering model uncertainties (b,,;), the above model can be rewritten in a compact

form as
X, =AX,+B.u +F +D.b (4.42)
where
L
R L e I 0
Lds Lds Lds
A = , B,=D,= , F.=| v, (4.43)
L R 1 _
s ] __s 0o — |_qs
qu qu qs
and

uds ids
u, :L } X, :[i } (4.44)

According to [80], one can design of a state-feedback controller for PMSG as

Upn = Bél(Kmem + ymref - A\nxm - Fm - Dmbm) (445)

m
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where

lgsret Tasrer — g Ky O
T R S L) B
where i45.r and ig4.¢ are the command values for the d-axis and g-axis current. As before,
the stability of the closed-loop system can be investigated by studying the closed-loop error
dynamics. This can be achieved by substituting (4.45) into (4.42). When it does so, it can be
shown that the dynamics of the closed-loop system is well defined by a first-order system
with a time constant of 1/k,,,. Hence, the larger k,, 4, the faster the system’s response. The
suggested feedback controller might not be feasible for practical implementation due to the
challenge of measuring the disturbance b,,. To address this limitation, a potential solution
involves replacing the real disturbance b,, with its estimated counterpart b,, under the

condition that a suitable estimator capable of generating b,,, is available. Consequently, the

modified controller can be represented as follows:
u, = Br;l(Kmem + ymref - Anxm - I:m - DmBm) (447)

4.4.2 Disturbance Observer

As stated earlier, it is necessary to estimate the disturbance in order to apply the
feedback controller. Therefore, it is necessary to utilize a disturbance observer that is capable
of accurately estimating sinusoidal disturbances. Indeed, regardless of whether the grid
voltages are balanced or unbalanced, the dg-axis components of the stator currents are

assumed to have constant steady-state values, therefore, one can assume that:

b, =0 (4.48)

m

Following [81], and proceeding as in the previous sections, the simplified disturbance

observer to estimate b,,, can be expressed as



ﬁm = _Glmnm + ( Km - Glm )em - BmAu

bm = _GZmnm -G,,e

2m~m

m

(4.49)

where G4, and G,,, are the observer gains; they can be selected to correspond to the stability
of the disturbance observer. As before, the stability of the observer can be investigated by

analyzing the dynamics of the estimation error e,,,,,s. Toward this end, it can be shown that:

€ . = [:gi %“}emobs =Q .. (4.50)
which can be written as
€0bs = cimCrmobs (4.51)
where
Q, = [:gl [” (4.52)

following the same technique as in previous sections. The observer gains G,,,, and G, can
be selected such that the matrix is 2., Hurwitz. To simplify the observer design, one can
use the pole placement technique to select the observer gains that can assign the eigenvalues

of 2., in the desired locations in the open left-half complex.

Remark 1: The control of dc-link voltage under unbalance case is achieved by MSC, which
is exactly the same as in chapter 3 except that in this chapter the control is taking place in dq
reference frame. Hence, the composite controller derived in (3.119) is used in this chapter
given by

(4.53)

and

119



ieref == 32pv¢c (kvu €t vdcref o % bAvu j (454)
V. @

Remark 2: As mentioned before, under balanced grid voltage condition MSC is responsible
for extracting the maximum power available from the wind using MPPT Algorithm. Toward
this end and as in the previous chapter, the machine current reference iy, is calculated for
the controller of PMSG as in equation (3.112), where the d-axis current is set to zero iggrer =

0 and iggrer IS
. 2 2
s = —— K@ (4.55)

4.5 current Reference Calculation During Unbalanced Grid Voltages

In the balanced grid condition, the d-axis current reference is generated by an outer
voltage loop to regulate the dc link voltage, while the g-axis current reference is set to zero.
However, under unbalanced grid voltages, the MSC assumes the role of controlling the dc-
link voltage so that the GSC only takes charge of injecting constant active power to the grid
by adjusting the grid currents to align with the designated sinusoidal current references.
Following [88], the positive-negative dg-axis current references that can make the active

power constant are given by

+ +
Idref Vd Vq Vd v ref 0
i vio—vov, v 21 O
gref | _ | "q d q d
= ) ! A ><§ 0 (4.56)
Idref Vd Vq Vd Vq
.- - - + +
et | [Vg Vo Vg Vg 0

Finally, dg-axis currents that can satisfy constant active power are then given by:

SFRT _ &+ -
| =1 +1
dref dref dref

(4.57)

fFRT _ i+ ;
Iqref - Iqref +1

qref
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4.6 Simulation Results

The performance of the proposed controller was evaluated using simulation tests done
under both balanced and unbalanced grid voltage circumstances. Figure 26 depicts the block
design utilized for implementing the controller. The grid and machine parameters can be
found in Table 8 and Table 9, respectively. Additionally, the grid and machine control
parameters are specified in Table 10 and Table 11, the MATLAB Simulink environment. The
goal is to maintain a consistent level of active power. Recall that the objective is to ensure

constant active power.
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Figure 26: Control scheme for testing the proposed controller.
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Table 8: Grid parameters

System Parameters Symbol Value
Line Resistance R 1 mQ
Line Inductance 10 mH
Line-neutral Voltage v 208V
DC-Link Voltage Vge 300V
DC-Link Capacitor C 1uF
Grid Voltage Frequency ) 50Hz
Sampling Frequency f 10 KHz
Switching Frequency fsw 5KHz
Sampling Time for the T, 1uS
simulator

Table 9: PMSG parameters
Machine Parameters Symbol Value
Stator Phase Resistance R, 840 mQ
d-axis inductor Lgs 12.6 mH
g-axis inductor Lgs 21.8 mH
Angular velocity of the rotor W, 200 r/min
flux of the rotor Y, 0.607 Wb
Number of pole pairs P 11
The air density p 1.225 kg /m?®
The radius of the blade R, 1.2m
The optimum rotor tip speed Aopt 6.36
ratio
The optimum efficiency Cpmax 0.4382




Table 10: Grid controller parameters

Control Parameters Symbol Value
Inner Loop Control Gain k; 1000
Outer Loop Control Gain ki, 150
Damping Ratio < 0.707
Natural Pulsation 1 Wn1 800 rad/s
Natural Pulsation 2 W2 1000 rad/s
Real eigenvalue 1 and 2 A1z Loy & jorg1—C2
Real eigenvalue 3 and 4 N34 Coony + joonp1—C2

Table 11: PMSG grid controller parameters

Control Parameters Symbol Value

Inner Loop Control Gain kma 1000

Outer Loop Control Gain ko 150
Damping Ratio g 0.707
Natural Pulsation 1 Wn1 800 rad/s
Natural Pulsation 2 W2 1000 rad/s
Real eigenvalue 1 and 2 A2 Cony + joogJ1— 2
Real eigenvalue 3 and 4 A3 Conp % joonpafl—C2

4.6.1 Performance Evaluation under Balanced Grid

The first simulation experiment was conducted during balanced grid voltages, the grid
voltages v, the three-phase currents i,,, the grid dg-axis currents I, , and their references
I4rer and I, the actual active and reactive powers P and Q are presented in Figure 27, while

The dc-link voltage v, the machine Torque T the machine current in synchronous frame i,
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and iz, and the reference of machine current is4,..r and isq,. and the machine currents is,
are shown in Figure 28. The results obtained indicate that the controller in the gride side that
was designed successfully maintained the dc-link voltage at its designated setpoint of 370 V.
The reason for this outcome is because the suggested controller effectively managed the PWM
rectifier, ensuring that the grid dg-axis currents precisely align with the specified command
value derived from the outer dc voltage loop on the grid side. It is noteworthy that in balanced
networks, the active and reactive powers do not exhibit oscillations, as anticipated.
Nevertheless, it is worth noting that the machine currents consistently complied with the

reference values given by the Maximum Power Point Tracking MPPT algorithm.
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Figure 27: Grid simulation results under balanced grid voltages.
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Figure 28:PMSG simulation results under balanced grid voltages.

4.6.2 Performance Evaluation under Unbalanced Grid Voltages without Notch Filter

This test is conducted with a 50% voltage dip at phase A and phase B, results show the
proposed controller for GSC was able to ensure accurate control of d-axis component and q-
axis component of the grid current even if their references exhibit sinusoidal behavior. Note
that the oscillatory behavior of the current reference is due to the requirement of injecting
constant active power to the grid under unbalanced voltages. The measured responses
validated the composite controller's capability to reject both constant and sinusoidal
disturbances at twice the fundamental frequency as shown in Figure 29. However, Figure 30
indicates that, when the grid voltage is imbalanced, the controller for the DC-link voltage was
able to asymptotically regulate the DC-link voltage to match the desired value. where it is

evident that the voltage imbalance resulted in the dc-link voltage including oscillation of
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frequency 2w, Which in turns results in noise in the machine torque. Finally, the machine
side controller was able to regulate the machine dg-axis currents to their reference values

calculate in the outer loop of dc link controller.
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Figure 29: Grid simulation results under unbalanced grid voltages without notch filter.
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Figure 30: PMSG simulation results under unbalanced grid voltages without notch filter.

4.6.3 Performance Evaluation under Unbalanced Grid Voltages along with Notch Filter

This test is identical to the previous test, with the only difference being the addition
of a notch filter to the dc-link voltage. Results show that the implementation of the filter
reduces the noise in the dc-link voltage which in turns reduces the noise in the torque caused

by the unbalanced in the grid voltage as shown in Figure 32.
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Figure 31: Grid simulation results during unbalanced grid voltages with notch filter.
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Figure 32: PMSG simulation results during unbalanced grid voltages with notch filter.

4.6.4 Performance Evaluation of the Disturbance Observer Effect and under Unbalanced
Grid Voltages

4.6.4.1 Performance Evaluation of the Disturbance Observer in Grid Side

The objective of this study is to analyze the performance of the disturbance in the grid-
side controller and examine the capability of the feedback controller in isolation. The test
requires the elimination of the disturbance at t=0.1 seconds in gride side controller, while the
disturbance in machine side is still operational. Figure 33 demonstrates that without the
disturbance, the feedback controller alone is unable to guarantee that the grid dg-axis currents
align with their respective references, which results in an oscillating active power injected to

the grid at 2w. This implies that the feedback controller alone is insufficient in mitigating the
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effects of unknown disturbances caused by inaccuracies in the model and voltage imbalances.
In the absence of any disturbance. However, the oscillating active power leads to a reduction

in the ripples of the dc-link voltage, as seen in Figure 34.
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Figure 33: Grid simulation results when the disturbance observer was disabled at t =0.1 s

from the grid.

[HRY
w
o



-
\—,’370\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\;

de

— 365} .
’g‘ 150} [ Tm‘qut’] =
»-(-: 140WMAA_\/\/\NWWVW
~ 130} -

15 ‘_i‘wh'c}' S - -, l'-ul'l X

('.N“_ A)

-~ 15

;\ l_ i.\l["f_'f P ’:.sq
= A5f -

I I I ! - . .
— los Ihs les
S IR RO
”3 -15p - ~
- | \ \ i L | | ! L
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.20

time(s)

Figure 34: PMSG Simulation results when the disturbance observer was disabled at t =0.1 s
from the Grid.

4.6.4.2 Performance Evaluation of the Disturbance Observer in Machine Side

The aim of this study is to examine the performance of the disturbance in the controller
on the machine side and assess the efficacy of the feedback controller in isolation. The
simulation experiment involves removing the disruption at t=0.1 seconds from the machine
side controller, while the disturbance in the grid side is still functioning. Figure 36 shows that
the feedback controller alone without disturbance observer fails to accurately track the dq-

axis machine currents to follow their references.
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Figure 35: Grid Simulation results when the disturbance observer was disabled at t = 0.1 s
from the machine.
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Figure 36: PMSG simulation results when the disturbance observer was disabled att = 0.1 s
from the machine.

4.6.5 Performance Evaluation under a Grid Condition Transition

The aim of this simulation experiment was to examine the dynamic response of the
composite controller and evaluate how the control function transitions between the Machine
Side Converter (MSC) and the Grid Side Converter (GSC) when the grid conditions change.
Specifically, the focus was on the transition from a balanced grid to an unbalanced grid and
then back to a balanced grid. At a time of 0.04 seconds, there is a drop in voltage of 50% in
phase B, which is subsequently resolved at a time of 0.14 seconds. The simulation results are
illustrated in Figure 37 and Figure 38. The acquired results demonstrated the efficient
performance of the proposed controller in producing fast and seamless reconfiguration to an

abrupt disturbance, as the initial value of the disturbance is always available. The presence of
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voltage imbalance and subsequent fault clearance had almost no effect on the grid current, a
little effect on the transient response of active power, as well as the dc-link voltage and
associated torque. The simulation findings demonstrate that modifying the transition between

grid balance and imbalance has no impact on the machine currents.
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Figure 37: Grid simulation results when 50% dip in Phase B was suddenly created at t =
0.04st00.14 s.
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Figure 38: PMSG Simulation results when 50% dip in Phase B was suddenly created at t =
0.04st00.14 s.

4.6.6 Performance Evaluation under Model Uncertainties and Unbalanced Grid Voltages

The objective of this simulation experiment was to evaluate the controller's resilience
in the face of parameter variations. More precisely, the inductance and resistance values of
the system were modified to 150% of their nominal values, the simulation was carried out
under an unbalanced grid situation, and the results are shown in Figure 39 and Figure 40. The
results show that changes in the variables L and R had no effect on the control performances,
as the estimator accounted for the discrepancy between the real and nominal parameters. The
efficacy of the composite controller was evidenced by the precise match between the real
power and its intended reference value. This resulted in precise control of the active and

reactive power, dc-link voltage, machine torque, and currents.
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Figure 39: Grid simulated outcomes of the grid when the resistance R and inductance L
utilized in the controller are increased by 150% of their nominal values.
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Figure 40: PMSG simulated outcomes of the grid when the resistance R and inductance L
utilized in the controller are increased by 150% of their nominal values.

4.7 Summary

In this chapter, a composite controller has been designed to control both GSC and MSC
for PMSG-based wind turbine considering both balanced and unbalanced grid voltages. When
the grid voltage is balanced, the developed controller is formulated to control the dc-link
voltage via GSC, while MSC is employed to control the power extracted from the wind
through controlling the dg-axis components of the machine current. However, when the grid
voltage is unbalanced, the role between MSC and GSC is interchanged so that MSC regulates
the dc-link voltage, while GSC controls the amount of active and reactive powers delivered
to the grid, which is achieved by controlling the dg-axis components of the grid current. The

developed composite controller uses a feedback controller as a stabilizing compensator and a
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disturbance observer as a servo-compensator. The disturbance observer was structured to
enhance asymptotic regulation of the composite controller by estimating constant and
sinusoidal disturbances that can arise under unbalanced grid voltages. The performances of
the proposed controller have been tested in simulation considering both balanced and
unbalanced grid voltages. The obtained results have shown a good control of the transient
behavior of dc-link voltage in response to a sudden change of the grid conditions, which
provides to the effectiveness of the disturbance observer to achieve seamless reconfiguration
of the control scheme. Overall, the observed responses have shown good results under
balanced grid voltage, but a double fundamental frequency oscillation was observed in the
dc-link voltage and the machine torque when the grid voltage became unbalanced. To
attenuate the effect of the dc-link voltage oscillation on the machine torque, the measurement
of the dc-link voltage is passed through a notch filter before feeding it to the dc-link voltage
controller. When implemented with a notch filter, the composite controller proved to be

effective in achieving ripple-free torque.



Chapter 5: Conclusion

This thesis has addressed the control challenges associated with PMSG-based wind
turbine under unbalanced grid voltages. The literature review conducted in chapter 1
highlighted that voltage unbalance can lead to double fundamental frequency oscillations in
the instantaneous power injected to the grid which violates the grid code requirements.
Additionally, voltage unbalance can cause undesirable dc-link voltage ripples, which can
have an adverse impact on the torque response of the generator. These ripples can result in
significant torque fluctuations, leading to vibrations that may diminish the durability and
lifespan of the generator and the mechanical system used to couple the generator to the wind
turbine. The problem of active power oscillations under unbalanced grid voltages is well
established and addressed by several control techniques. It can be concluded from literature
review that there is a general agreement that injecting free-ripple active power into grid
requires the reactive power to oscillate around its dc component with a frequency 2w. Besides,
the sinusoidal currents flowing into the grid must be unbalanced to guarantee that the active
power delivered to the grid is free from oscillations. The oscillatory behavior of the reactive
power mandates employing controllers that are capable of achieving the tasks of asymptotic
tracking of sinusoidal signals with non-zero dc components. Traditionally, integral action
together with resonant controller can solve the problem of asymptotic tracking of such a signal
reference provided that the oscillation frequency is known. The problem, however, is that the
transient performances under such a control technique are mainly decided by the accuracy of
the state model. More specifically, it is not possible to meet the desired transient response
under model uncertainties, external unknown disturbances, and sudden changes in grid
voltage conditions. This limitation of classical controllers has motivated the evaluation of an
advanced control technique, known as Disturbance Observed-Based Control (DOBC).
DOBC approach relies on combining a state-feedback control law with a disturbance
observer. The feedback controller takes charge of stabilizing the closed-loop system, while
the disturbance observer plays the role of servo-compensator. In other words, the disturbance

observer assumes the role of suppressing the offset caused by model uncertainties and all
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unknown disturbances that satisfy a specific dynamic equation. Designing such a composite
controller requires using the state model that describes the dynamics of PMSG-based wind

turbine, which is done in chapter 2.

Chapter 2 presents the typical topology of PMSG-based wind turbine which is
composed of Grid-Side Converter (GSC), Machine-Side Converter (MSC), dc-link capacitor
to interconnect GSC and MSC, PMSG coupled with a wind turbine, and an L filter to establish
the connection between the grid and the GSC. This chapter also includes a comprehensive
coverage of the derivation of all state models that are involved in the description of the
dynamics of PMSG-based wind turbine. More precisely, this chapter presents a
comprehensive description of the state models of PMSG and L filtered grid-tied inverter
considering both rotating dq reference frame and stationery af3 reference frame. This chapter
also describes the dynamic equation of dc-link voltage under both balanced and unbalanced

grid voltages.

Chapters 3 uses the state model of L filtered grid-tied inverter in the stationary af
frame to construct a controller for the regulation of the active and reactive powers delivered
to the grid. The controller is designed based on DOBC approach with a view to regulate the
power exchange between the grid and the dc-link capacitor, while at the same time meeting
grid connection requirements under both balanced and unbalanced grid voltages. On the other
hand, a current controller is developed for PMSG to adjust the power extracted from the wind
turbine. The current controller is based on af coordinates of PMSG and DOBC approach as
a design procedure. The DOBC method is also adopted to synthesize a regulator for the dc-
link voltage to cope with both balanced and unbalanced grid voltages. In fact, two controllers
are developed for dc-link voltage; the first controller is implemented under balanced grid
voltages, while the second one is used to cope with unbalanced grid voltages. Under balanced
grid voltages, the GSC is utilized to regulate the dc-link voltage through the employment of
a cascade control structure that consists of two loops; an outer loop and an inner loop. The
outer loop is designed with the first dc-link voltage regulator, while the inner loop is

implemented with the above-mentioned power control scheme to control the active and



reactive powers delivered to the grid. In such a case, the main function of the MSC is limited
to implement the current controller for PMSG aiming to extract maximum available power
from the wind. Under unbalanced grid voltages, the roles of GSC and MSC are interchanged,;
GSC takes charge of controlling only the active and reactive powers delivered to the grid,
while MSC assures the role of regulating the dc-link voltage through the use of a cascade
control structure. The latter consists of two loops; an outer loop for regulating dc-link voltage
and an inner loop for controlling the stator currents of PMSG. The main function of the power
controller, in this case, is that it allows implementing fault ride through requirement by
adjusting the level of power delivery to the grid to match specific command values. Note that
the control of PMSG, in this case, does not allow implementing maximum power point
tracking algorithm as the command value for the current is provided by the outer voltage loop.
In summary, chapter 3 presents two configurations of control scheme; one is used under
balanced grid voltages, while the other one is employed under unbalanced voltages. The main
concern for implementing such a control scheme to cope with both balanced and unbalanced
grid voltages is due to the need for a smooth passage from one configuration to the other. This
concern is easily resolved under DOBC approach by taking advantage of the disturbance
observer to provide accurate information about the operating point just before each
balanced/unbalance event. This helps in ensuring seamless transition between the two
configurations in response to sudden changes in the grid voltage conditions. The last concern
is due to the torque fluctuations that can appear as a result of dc-link voltage oscillations under
unbalanced grid voltages. This concern is addressed in this paper by embedding a notch filter
in the dc-link voltage regulator to suppress the 2w oscillations from the current command of
the current controller of PMSG. When it does so, the current controller can operate the PMSG
to produce sinusoidal and balanced three-phase currents, thus developing ripple-free torque.
In summary, the proposed reconfigurable control scheme presented in chapter 3 prevents the
2w oscillations to propagate to PMSG and to the grid; these oscillations are confined between

dc-link capacitor and L filter.

Chapter 4 is almost similar to chapter 3 in terms of control design, and the main

difference is that the a8 reference frame used in chapter 3 is replaced by dq reference frame.
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In addition, the power controller of L filtered grid-tied inverter used in chapter 3 is replaced
by a current controller in dq reference frame. As in chapter 3, all controllers in chapter 4 are
designed based on DOBC approach to take advantage of the disturbance observer to ensure a
smooth reconfiguration of the control scheme in response to sudden balance/unbalance event

in the grid voltages.

Finally, the performances of the proposed reconfigurable control scheme have been
evaluated using simulation tests for both balanced and unbalanced grid voltages. The
simulation tests have been conducted using MATLAB Simulink software, and the
corresponding results are presented in chapter 3 and 4. The obtained results show that the
composite controller demonstrated excellent transient and steady-state performances in
achieving the tasks of accurate tracking of sinusoidal references, ripple-free injected power,
sinusoidal currents, ripple-free machine torque, and smooth reconfiguration of the control
scheme in response to sudden changes in the grid conditions. Overall, the obtained results
provide evidence of the effectiveness of the proposed control. Nevertheless, the required goals

result in fluctuations in the dc-link voltage.

This thesis has presented the application of DOBC use of DOBC to deal with Among
these, Composite DOBC structures offer several advantages. They can be easily designed and
implemented, using secondary anti-windup features due to their separability and stable
dynamic structure. At the same time, they effectively estimate and compensate the lumped
disturbances including model uncertainties, parameter perturbations, unmodeled dynamics

and external disturbances, thereby achieving robustness.

This thesis has presented the application of Disturbance Observer-Based Control
(DOBC) approach for both GSC and MSC in PMSG based wind turbine. The aim is to
mitigate the effect of 2w ripple that arise during voltage unbalance. The proposed controller
combines an output-feedback controller with a disturbance observer to provide an estimate of
constant and sinusoidal disturbances of frequency 2w, which approximate model
uncertainties and unknown disturbances during voltage unbalance. This estimate is then used

in the output-feedback controller to compensate for its effect on the control performance. The



DOBC technique is employed to operate the GSC ensuring accurate tracking of sinusoidal
signals with zero and non-zero dc components, necessary for injecting ripple-free active
power and sinusoidal currents into the grid. Similarly, DOBC technique is adopted to control
MSC with a view to ensure asymptotic regulation of dc-link voltage. The control of MSC is
achieved through the use of cascade control scheme, where an outer loop is used to regulate
the dc-link voltage and an inner loop is employed to control the stator currents. Moreover,
since there is no external path for the oscillation of frequency 2w, it is not possible to
completely remove the 2w ripple caused by voltage unbalance. Thus, a notch filter is applied
to confine the 2w ripple between the dc-link capacitor and the L filter, preventing its

propagation to the torque of the PMSG or through the grid.
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The research context perspectives develop a disturbance observer-based control for
PMSG-wind turbine under unbalanced grid conditions, the objective of the controller
is to inject ripple-free active power to the grid during grid faults. Therefore, a lot of
research related to this challenge were developed and implemented to design a robust
controller to achieve the objective.
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