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Abstract

Voltage-source converters (VSCs) have gained widespread acceptance in modern
power systems. The stability and dynamics of power systems involving these de-
vices have recently become salient issues. In the small-signal sense, the dynamics
of VSC-based systems is dictated by its incremental output impedance, which is
formed by a combination of ‘passive’ circuit components and ‘active’ control el-
ements. Control elements such as control parameters, control loops, and control
topologies play a significant role in shaping the impedance profile. Depending on
the control schemes and strategies used, VSC-based systems can exhibit differ-
ent incremental impedance dynamics. As the control elements and dynamics are
involved in the impedance structure, the frequency-dependent output impedance
might have a negative real-part (i.e., a negative resistance). In the grid-connected
mode, the negative resistance degrades the system damping and negatively impacts
the stability. In high-voltage networks where high-power VSC-based systems are
usually employed and where sub-synchronous dynamics usually exist, integrating
large VSC-based systems might reduce the overall damping and results in unstable
dynamics.

The objectives of this thesis are to (1) investigate and analyze the output
impedance properties under different control strategies and control functions, (2)
identify and characterize the key contributors to the impedance and sub-synchronous
damping profiles, and (3) propose mitigation techniques to minimize and eliminate
the negative impact associated with integrating VSC-based systems into power sys-

tems. Different VSC configurations are considered in this thesis; in particular, the



full-scale and partial-scale topologies (doubly fed-induction generators) are ad-
dressed. Additionally, the impedance and system damping profiles are studied
under two different control strategies: the standard vector control strategy and
the recently-developed power synchronization control strategy. Furthermore, this
thesis proposes a simple and robust technique for damping the sub-synchronous
resonance in a power system with series-compensated line by using the impedance

reshaping approach
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Chapter 1

Introduction

1.1 Problem Statement and Research Motiva-
tion

Stability and dynamics of power systems involving voltage-source converter (VSC)-
based systems have recently become important topics in modern power systems.
The small-signal dynamics of these devices are characterized by their output impedance
(admittance) where a VSC-based system can be modeled as a Norton equivalent
circuit (defined as incremental admittance in parallel with a controlled current
source). Control elements, such as control parameters, loops, and topologies are
the key components in VSCs system and play a significant role in shaping the out-
put impedance/admittance profile. Due to the involvement of the control elements
in the output impedance of VSCs system, it becomes an active component with
frequency-dependent characteristics.

Depending on the various control elements, the real-part of the output impedance
might have negative values (negative resistance). In the grid-connected mode, this
negative resistance may interact with power system elements; for instance, in high-
power VSC applications where the VSC-based system is normally installed in high-
voltage networks, the equivalent negative resistive behavior of VSCs system may
degrade the damping of the overall system and negatively impact the dynamics
and stability of the power system. As a result, integrating VSC-based systems into
power systems may pose many challenges from the stability point of view. Among
the stability topics, and due to the negative dynamics of VSC-based system, the
impact of VSC-based systems on sub-synchronous oscillation and interactions, and
damping characteristics is of a significant importance.

Unlike conventional line-commutated converters, the impact of VSC-based sys-

tems on sub-synchronous oscillation, interactions and damping characteristics is



not fully addressed in the current literature. Therefore, it is imperative to analyze
the output impedance, clearly identify and characterize the key contributors to the
impedance profile, and, more importantly, propose simple and efficient mitigation
techniques to minimize or eliminate the negative impact associated with integrat-
ing VSC-based devices into power systems in order to facilitate a stable and secure
integration of VSC-based system into power systems.

Unlike conventional line-commutated converters, the impact of VSC-based sys-
tems on sub-synchronous oscillation, interactions and damping characteristics is
not fully addressed in the current literature. Therefore, it is imperative to analyze
the output impedance, clearly identify and characterize the key contributors to
the impedance profile, and, more importantly, propose simple and efficient mit-
igation techniques to minimize or eliminate the negative impact associated with

integrating VSC-based devices into power systems.

1.2 Review of Previous Work

Pulse-width-modulated (PWM) VSCs are being increasingly used in various ap-
plications in modern power systems such as to integrate renewable resources [I]-
[4], interfacing distributed power generation [5], [6], and high voltage dc (HVDC)
transmission systems application [7], [8]. The dynamic interactions and stability
assessments of modern VSCs and conventional power systems has become im-
portant topics in the current research.With the current trends and the expected
high-penetration level of VSC-based systems, this integration takes place in high-
voltage networks in order to support system integrity. Accordingly, the impact of
such devices on system stability aspects must be assessed as it is the main concern
in power system studies. Among the stability topics, the impact of VSC systems
on sub-synchronous oscillation damping and their interactions with a nearby syn-
chronous generator is an important research topic.

In this section, an overview of the existing analysis methods and approaches
related to the modeling of VSC systems, output impedance of VSC system, and

sub-synchronous grid interaction are presented.

1.2.1 Sub-Synchronous Interaction Analysis

The well-known sub-synchronous resonance (SSR) phenomenon is classified into
two main types [10]-[12] : self-excitation and transient sub-synchronous resonance.

The former is a steady-state dynamics that can be further categorized into the in-



duction generator effect (IGE) and torsional interaction (SSTI). The transient SSR
occurs when a large disturbance on the networks induces large torque amplification
on the generator shafts and cause shaft crack and damage.

In the literature, the term “sub-synchronous resonance” is usually used to refer
to sub-synchronous torsional interaction (SSTI). SSTI occurs when the natural
mechanical frequencies of synchronous machines are close to those imposed by the
connecting networks, and the electrical part interchanges energy with the multi-
mass mechanical part (the turbine-generator system). This scenario happens, in
the small-signal sense, when the net damping is lacking, and is manifested as grow-
ing or sustaining sub synchronous oscillation that might lead to shaft fatigue or
damage. Such interactions traditionally occur in a series-compensated line con-
nected to a synchronous generator [12].

In modern power systems, such interactions may also appear when power elec-
tronic interfaced devices, such as HVDCs, exist in the system [9]. In such a case,
interactions might occur when the system net damping is decreased due to the
existence of these devices, so the oscillatory mode(s) might be undamped and lead
to unstable mode(s). The impact of VSCs does not appear to excite the torsional
mode itself, but to affect the net damping; hence, the interaction dynamics occurs
at the sub-synchronous frequencies. The stability requirement of SSTI needs to
guarantee positive net electrical damping at the vicinity of the torsional mode(s).
With the expected high integration of VSC-based devices (such as variable speed
wind turbine and photovoltaic (PV)) in power systems, maintaining a positive
damping in the vicinity of the torsional modes is the main concern.

Different small-signal-based methods have been used to analyze the subsyn-
chronous interaction. This analysis can be classified into (1) analyzing the eigen-
values of the state variables of a given system and (2) using the complex torque
method [I3]. Analyzing the mechanical and electrical eigenvalues of state vari-
ables demands a complete system model with a complexity that increases as the
system size increases. The complex torque coefficient method, which comprises
both electrical and mechanical damping, has some limitations and fails to show all
the oscillation modes, and cannot be used to indicate the system stability under all
conditions [I4]. Recently, it has been shown that, when power electronic interfaced
devices are connected nearby a synchronous machine, the electrical damping can
be adequately used to judge the stability of each torsional mode [I5]-[I7]. The
electrical transfer function is described as the ratio between the changes in the
electrical torque and the change in the rotor speed (or rotor angle). The system is

asymptotically stable if the electrical damping is positive for all frequencies and in



the vicinity of each open-loop resonance mode. This approach, the latest method
developed for system analysis, is adopted in this thesis to quantify the impact of
the VSC system on the sub-synchronous electrical damping. This criterion is based
on evaluating the real part of the transfer function of the electrical damping (i.e.,
the real-part of G.(s)) as described by

AT,
D.(s) = Real {G.(s)} = Real {WAECS)} , (1.1)
where G, (s)is the electrical transfer function; D.(s)is the electrical damping; AT,
is the change in electrical torque, and Aw(Ad) is the change in the rotor speed (or

the rotor angle).

1.2.2 Impedance Modeling of Voltage-Source Converters
(VSCs)

The interaction between VSC-based systems and power systems is characterized
by the output impedance of VSC, which is actively formed by the control strate-
gies and control parameters. Furthermore, impedance analysis of voltage-sourced
converter systems (VSC-based systems) has become important for identifying the
interaction of such devices with the grid [15],[19],[20]. As a result, and due to its
dynamic impedance profile, integrating VSCs into a power system may pose many
challenges from the stability standpoint. The analysis of the output impedance
of power converter has been reported in many publications [15], [19]-[25]. In the
grid-connected mode, the impedance approach has been used for stability analy-
sis [20],[22]. Modeling and analyzing the output admittance of a 6-pulse static-
synchronous compensator (STATCOM) is presented in [19]; however, the devel-
oped analytical model does not account for the effect of the outer loops such as
the dc-link voltage and ac voltage control loops. Further, the results cannot be
generalized to modern pulse-width modulated (PWM) VSCs with high switching
frequencies, and only simulation results are presented.

The analysis of the output impedance of modern PWM VSCs with various ap-
plications has been recently reported in few publications [20]-[22], where modeling
and control of VSCs are conducted in vector current control in a rotating (dgq)
reference-frame. In [20], the output impedance is used to study the stability of a
grid-connected VSC by using the Nyquist criterion (as known the impedance ratio
criterion). In [I5] , by utilizing the output impedance of VSCs, the interaction be-
tween a full-scale VSC connected nearby a synchronous generator (SG) is studied.

An improved output impedance model which considers the outer loops is reported



n [22]. A simple impedance model of a partial VSC in doubly fed-induction gen-
erator (DFIG) is reported in [24].

1.2.3 Sub-Synchronous Interaction between VSCs and Net-
works

In modern power systems, sub-synchronous resonance interactions may appear
when conventional line-commutated power electronic interfaced devices, such as
high-voltage dc transmission converters, exist in the system [9]. In such a case,
the interactions might occur when the system net damping is decreased, such
that the oscillatory mode(s) can be undamped, leading to unstable mode(s). The
stability requirement of SSTI is to guarantee a positive net electrical damping
[13],[15],]16] Unlike the impact of conventional line-commutated converters [9], [10],
the impact of VSC system on sub-synchronous oscillations and system damping
and the development of mitigation strategies have not been fully addressed in
the current literature. This because of the use of a simplified current-source-
based model for a VSC system, which has minimum interactions with the grid,
particularly in the sub-synchronous range. However, it has been recently shown
that the dynamics of VSC system can be characterized by its incremental output
impedance and can be accurately modeled as a Norton (or Thevenin) equivalent
circuit [I5], [20]. Consequently, synchronous oscillation and resonance, as a steady-
state phenomenon, might be impacted by the impedance profile of a VSC-based
system.

In [I5], by utilizing the output impedance of VSCs, the interaction between a
full-scale VSC system connected near a synchronous generator (SG) is studied. The
study indicates that there is a possibility of negative damping due to the negative
resistance and control parameters of the VSC, which may excite a torsional mode
if a system disturbance occurs. However, only the inner current control loop is
considered in the analysis, and the results are somewhat optimistic. An improved
output impedance model with consideration of the outer loops is reported in [22].
However, the developed model is not used to evaluate system damping and study
possible SSTT when the VSC is electrically installed nearby a SG. Also, not all the
possible control modes and control topologies are considered in the study. More
importantly, active damping control solutions to mitigate the negative damping
induced by VSCs have been not yet developed. Therefore, a detailed analyses and
modelling would be beneficial for understanding the impact of the various control

aspects in the impedance profile, and for proposing mitigation solutions for the



negative damping induced by VSCs.

To enable a stable and secure integration of VSC-based devices into power sys-
tems, mitigation solutions are essential to eliminate the negative damping induced
by VSCs. The various mitigation damping techniques can be classified as passive
damping and active damping techniques [23],[26],[27]. The former is achieved by
adding a physical resistor in the system. This approach reduces the efficiency of
the system due to the added losses and usually unrealistically high resistance is
needed to yield positive damping. The latter involves modifying the control system
to achieve a certain level of damping without effecting the system’s efficiency and
performance. It should be noted that several active damping solutions have been
proposed to mitigate the possible high-frequency resonance effects associated with
the ac-side filter of VSCs [23],[26],[27]. These compensators are designed to miti-
gate relatively high resonance modes, which yield wide frequency-scale separation
between the converter-controlled dynamics and the resonance modes that will be
affected by the active compensator. In the active mitigation of sub-synchronous
frequencies, the damping controller dynamics fall within the controller dynam-
ics and should be carefully designed to reshape the converter impedance without

having a significant effect on the control performance.

1.2.4 Mitigation of Sub-synchronous Resonance (SSR)

Until now, VSCs have been analyzed mainly in uncompensated power systems;
however, the impact of VSCs on series-compensated lines is not well addressed in
the literature. Series compensation is a simple and effective way to enhance system
loadability and improve system stability. However, it might bring sub-synchronous
resonance (SSR) to the system, so that the electrical oscillation modes interact with
those in the mechanical side, resulting in unstable dynamics [10]-[12].

A wide range of methods and techniques has been proposed and implemented
to mitigate and dampen SSR. Such methods include tripping the generator [10]],
applying a sub-synchronous resonance filter [10], using the excitation control [2§]
, employing flexible ac transmission systems (FACTS) [29]-[37], and utilization
of grid-side converter in a DFIG system [38]. In most FACTs applications such
as sub-synchronous resonance dampers, the impact of the added FACTs on the
system is not investigated, and it is assumed that the system remains stable after
the addition of FACTs. As well, most of the developed SSRs damping methods use
the generator and turbine speeds deviation as input signals, so that communication

is required to transmit these signals to the FACTSs location. This requirement may



affect the reliability of the damping control system. Furthermore, installing a
separate FACTS device for the purpose of only SSR damping is inefficient and
should be incorporated with other basic functions. Therefore, a new simple and
robust sub-synchronous resonance damping (SSRD) technique is proposed in this
thesis. Fundamentally, the proposed damping technique is based on reshaping the
virtual output admittance of the interfacing VSC-based system. The proposed
technique uses the controllability and the flexibility of the grid-side converter of
the already installed full-scale VSC-based system. It could be a HVDC system,
VSC-based wind farms, VSC-based PV farms or STATCOM.

1.2.5 Power Synchronization VSC-based Interaction

Vector current control has become the state-of-the-art controller of the power elec-
tronics and VSC systems due to its advantages over the conventional direct power
control [39] . However, as shown previously, under vector current control, the be-
havior of a VSC-based system has the potential to degrade the system damping,
due to the manifestation of negative resistance in the sub-synchronous frequency
ranges. Even though the vector control is the dominant control system in indus-
tries, it has also limitations when the VSC is connected to a weak grid [40],[41].
The main constraint is the unstable operation of the phase-locked loop (PLL) in
weak grids. A new control topology for eliminating this limitation has been pro-
posed in [41]]. Basically the concept of this control method is extracted from the
conventional synchronous generator control (the Power-Angle control) principle
and is called the ‘power synchronization’ control, which can be considered as a
combination of voltage-angle control and vector current control.

So far, the impedance analyses have been studied where the VSC is modeled and
controlled by using the vector current control in a rotating (dq) reference-frame.
However, the derivation and the analysis of the output impedance of a VSC-based
system under this new control approach and its impact on the sub-synchronous
electrical damping have not been reported in the literature. Motivated by the lack
of impedance models and SSR interaction studies under the power synchronization
control method, this thesis investigates and analyzes the impedance profile and its

impact on system damping.



1.2.6 Output Impedance of a Doubly Fed-Induction Gen-
erator and Networks Interaction

VSCs have been used in different system applications. One of the main uses is in
variable speed wind turbine (full-scale and partial-scale which is known as doubly
fed-induction generator (DFIG)) when the inherent fast operation and controlla-
bility of power converters is used to extract maximum power from the wind. In
DFIG configurations, VSCs are installed in two different locations: the grid-side
converter (GSC) and the rotor-side converter (RSC). As the stator of a DFIG is
directly connected to the grid, the grid still directly interacts with the machine
dynamics (machine impedance); however, the existence of the RSC might alter
the impedance profile. In addition, the impedance formed by the GSC creates
a parallel impedance path (parallel with the machine impedance and RSC) that
might also potentially change the impedance characteristics.

Sub-synchronous dynamics and grid interaction of DFIG-based wind energy
conversion systems (WECS) have been recently studied in a few publications [42]-
[49]. Several approaches and analysis methods have been used in these studies.
Sub-synchronous resonance between a DFIG-based wind farm and a series compen-
sated transmission line is analyzed by small-signal stability analysis and eigenvalue
analysis in [42]-[44], similar studies using electromagnetic transient analyses and
simulations are conducted in [45],[46] a frequency scanning method, to evaluate the
potential risk of SSR, is used in [48], a reactance crossover-based method to inves-
tigate sub-synchronous control interaction (SSCI) concerns associated with DFIG-
based wind generation resources is reported in [49], and a more recently work uses
the impedance model approach for study SSR is reported in [24],[47]. The use of
control capabilities of DFIG for SSR mitigation of conventional SSR (that occurs
between multi-mass synchronous generators connected to a series compensation
line) has recently been proposed in [38].

So far, the majority of present works focus mainly on the sub-synchronous
control interaction between a DFIG and a series compensated line. However, its
interaction in common power system configurations (i.e., uncompensated line) with
a multi-mass synchronous generator has not been yet reported and investigated.
The existence of VSCs might yield to a negative damping in the sub-synchronous
frequency range. Accordingly, it is essential to examine the impact of a DFIG on
system damping and identify critical scenarios that might lead to system instability.

Unlike the analysis of full-scale VSCs, only simplified analysis of the output

impedance of DFIGs is reported [24]. The main focus of the analysis is the inter-



action between the DFIG itself and a series compensated line, however, the impact
of the impedance dynamics on the system damping of a nearby SG is not reported.
The impedance model is developed by using a phasor model which simplifies the
analysis; however, the impedance model considers only the inner loop of the RSC,
while the RSC outer loop is ignored, and the grid-side converter loops and dy-
namics are not considered at all. From the control perspective, the dynamics of
a controlled system is governed by the slower loop performance (i.e., the perfor-
mance of the outer loops); therefore, ignoring the dynamics of the outer loops
may impact the accuracy and quality of the results. Therefore, a complete and
detailed impedance model of a DFIG, including the RSC and GSC, that considers
the overall control loops is essential to correctly study the grid interaction with a
DFIG system.

1.3 Research Objectives

Motivated by the aforementioned gaps in the current literature, this thesis aims
to investigate, identify and mitigate the impact of VSC-based power converters
on sub-synchronous damping and system dynamics. To achieve these goals, the

following subtasks are proposed:

e Develop a complete impedance model of a full-scale VSC-based power con-
verter by considering all possible control modes, control loops and control

topologies within the standard vector control framework.

e Analyze the output impedance properties and electrical damping profile un-
der several system and control conditions; identify the key factors that sig-
nificantly contribute to the negative damping behaviour; and study the im-
pact of the switching frequency and the control system bandwidth on the

impedance profile.

e Propose simple and effective active impedance reshaping techniques to mini-
mize and eliminate the negative impact of VSC system on electrical damping

within sub-synchronous frequencies.

e Propose a new technique for damping the sub-synchronous resonance in
series-compensated lines, based on reshaping the output impedance of the
VSC system.



e Investigate the output impedance profile of VSC system under the newly
developed power synchronization control framework; and identify the contri-

bution of the impedance to the system damping.

e Develop a complete impedance model of a DFIG system and analyze the
output impedance features by considering the grid-side converter, rotor-side

converter, and machine dynamics.

1.4 Thesis Contribution and Outline

The main contributions of this thesis and the outlines are as follows:

Chapter Two presents the complete output impedance derivation of full-scale
VSC with vector control strategy. The output impedance has been derived for all
the possible control loops and control modes under the vector control framework.

Chapter Three analyzes the output impedance profile of full-scale VSCs. Sev-

eral sensitivity studies are performed. The impact of several factors such as the
control mode, control structure, switching frequency, and control system band-
width are discussed and presented in this chapter. The main goal of this chapter
is to identify the key contributors to the output impedance profile.

Chapter Four proposes different active damping techniques for minimizing and
mitigating the negative impact associated with adding a VSC system to a power
system. The developed techniques are based on (1) reshaping technique that uses
an internal active damping controller, (2) modifying the dec-link voltage outer loop
dynamics, and (3) modifying the dynamics of the phase-locked loop. Theoretical
analyses and comparative time-domain simulations supported by an experimental
verification are presented to validate the proposed damping method.

Chapter Five proposes a simple technique for sub-synchronous resonance damp-
ing for series compensated lines based on the impedance reshaping approach. The
technique, basically, is an extension of Chapter Four’s active internal damping
controller of the output impedance of the VSC.

Chapter Six analyzes the output impedance of VSCs under the newly developed
power synchronization control scheme. The developed impedance model is then

used to investigate the damping profile.

Chapter Seven analyzes the output impedance profile of a partial VSC (i.e.,
DFIG). The effects of the Machine dynamics, grid-side converter, rotor-side con-

verter, and control parameters are discussed in this chapter.
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Chapter Eight concludes the thesis and presents suggestions and directions for

future studies.
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Chapter 2

Derivation and Analysis of the
VSC System Output Impedanceﬂ

This chapter presents a comprehensive derivation of the output impedance model
of a full-scale VSC-based system under a standard vector-control by considering all
possible control loops, control structures, and control modes. The development of
such a detailed impedance model is essential to facilitate accurate assessments of

VSC system grid interaction dynamics. .

2.1 Definition of the Impedance of VSC

Modern power systems are subjected to wide range of disturbances that create sys-
tem oscillations with low frequencies superimposed on the fundamental component.
These oscillations are usually caused by incremental changes in the system voltage,
current, and frequency and highly depend on system damping characteristics.

A VSC, like most other power electronic device, has a unique small-signal
(v-i) characteristic due to the constant—power control dynamics [50], [51]. This
phenomenon can be simply explained by the following example: considering the

input power to the converter as [22]

P
V= —, (21)
i
under a constant power control, the perturbation of current and voltage obtained
as
P,
ot A= — 2 2.2
Vot BV = G AT (22)

1 This work is publised in IEEE Systems Journal [68].
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using Taylor series approximation and a small signal perturbation, the above equa-

tion can simplified as

P P Ai
A= o Te (2T 2.3
Vot BV = GO A z( z) (23)
P, . Av P,
Auv=- (E) S Vi (a)' 24)

From the above analysis the incremental impedance has a negative profile ( negative
resistance) with slope (P,/i2). As this manifestation is created by the virtue of the
control, the impedance (resistance) profile becomes a function of control system
(control parameters, configuration and functions).

Under this control behaviour, VSC-bases system might exhibits negative incre-
mental input resistance, where a small perturbation in current or voltage lead to
negative incremental resistance seen by the grid. Therefore, the small-signal be-
haviour of VSC system is of interest as it might reduce the power system damping.
Several studies have been reported in the literature to characterize the impedance
profile of a converter-based system through simulation and experimental verifica-
tion [52]-[56].

The dynamics of a VSC system is highly dependent on the control system,
therefore, developing mathematical models and representations that describe and
characterize the incremental (small-signal) impedance(admittance), under different
control topologies, is necessary to provide insights into the relation to the converter
control dynamics. In thesis, the “incremental input/output impedance” or simply
the “input/output impedance” is used to study VSC system interactions with

power networks..

2.2 Output Impedance with Inner Current Con-
troller

Figure shows the full-scale PWM VSC topology and control system adopted in
this chapter. An example of this configuration is a full-scale wind turbine (FSWT).

Figure shows the schematic diagram of the grid-side converter of a VSC
system. The VSC control system adopted in this chapter is based on the standard
voltage-oriented control in a synchronous frame rotating with the grid voltage

at the point of common coupling (PCC). The current dynamic equations in a
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Figure 2.2: Single-line diagram of the grid-side converter.

synchronous frame rotating with the grid voltage are

dig

Ved = _<Rid + L%) + (Ugd - wsLigd)a (253)
i
Vg = —(Rig + Lﬁ) + (vgq — wsLigy), (2.5b)

where vVeg, Vo,Vgd, v,, are the active and reactive voltage components at the con-
verter terminal and the grid terminal at the PCC, respectively; i4, ¢, are the direct
and quadrature current components; R and L are the resistance and inductance
of the filter and the step-up transformer; and wy is the grid angular frequency.

Based on , the current controller can be designed according to the control
law in , which includes the decoupling terms and filtered feed-forward voltage
with a bandwidth (wy):

14
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Figure 2.3: Control block diagram of the current-controlled VSC system.

ed = =Coel5) (i + iga) + (0 = s Liga). (2.62)
chref = —Cec(s) (iqref +gq) + (0gq — wsLiga), (2.6b)

where U4q/q = wys/(5 + wWyr)vgasq are the low-pass filtered components of the grid
voltage used for feed-forward control, and C..(s) is the proportional-integral (PI)
current controller. The schematic diagram of the current controller is depicted
in Figure [2.3 The grid-voltage feed-forward and decoupling control structure
enhance the current control accuracy against grid voltage-induced disturbances
and cross-coupling dynamics. Modern VSCs employ fast-switching pulse-width-
modulated (PWM) insulated-gate bipolar transistor (IGBT) power modules. With
fast operation of these modern VSCs, the output converter voltage can track its
reference value very quickly and accurately as compared to the power frequency
(i-e., Vegsg = vzzfq). Accordingly, the power converter and its PWM module are
considered as a unity gain. By equating (2.5) to , rearranging and using
small-signal perturbations denoted by “A”, the resulting current dynamics can be

given by N 0 N
s |- | [5]) *
A= [0 00 8] 2
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where
]fp8+ki
fcc(s) - LS2+<R+]{3P)S+]€Z~7
and
7 (8) B L83+(OJffL+kp)82+(R+0Jff]€p+ki)8+Wffki

52

and superscript “"¢f” denotes the reference value.

The first matrix transfer function, given by , represents the closed-loop
current-control dynamics, whereas describes the relationship between the
grid voltage and the grid current (i.e., the output impedance matrix when only
the current controller is considered). Figure shows the resulting closed-loop
dynamics of a current-controlled VSC. The output impedance also depends on
the dynamics injected by other outer control loops. A detailed output impedance
model considering the dynamics of the outer loops and phase-lock loop (PLL) is

presented in the next sections.

2.3 Output Impedance with Phase-Locked Loop
(PLL) Dynamics

Phase-locked loops (PLLs) are one of the basic building blocks in modern electronic
systems. PLL-based synchronization techniques are important for operating grid-
interfaced converters in industrial applications. The most popular type of the PLL
techniques in three-phase systems is based on the synchronous reference frame
(SRF-PLL) and also known as d¢-PLL [39], [58]. The purpose of the PLL is to
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Figure 2.5: Block diagram of a synchronous reference-frame dg-PLL.

extract the grid-voltage angle, which is used for frame transformation and grid
synchronization. Figure [2.5] illustrates the basic structure of a standard dg-PLL
[39]. For stabilizing the operation of the PLL, the initial grid frequency is fed-
forward. The PLL relates the reference d-axis component of the converter voltage
to the grid-voltage. In three-phase applications, the input voltages of the system
are transformed from the abc frame to the rotating reference frame (dg-frame) by
using Park’s transformation. The phase angle using this technique is controlled
by a feedback loop (with a Pl-controller with a transfer function Cprr(s)) which
forces the g-component to zero, and the d- component amplitude to be equal to the
grid voltage. By using the standard transformation between the reference frames;
the three phase system, into stationary (a5-frame), then into rotating dg- reference
frame, the relationship between the dg-grid voltage and dg-converter voltage can
be expressed by

ve = (cos(Af) — jsin(Af))v, (2.9)

Ve= [Ved ch]_l and  vy= [vgq vgq]
where Af is the angle difference between the grid and converter frames. The
linearized and and and approximated version of ({2.15)) is

Aveg = Avgg —vgA0  and  Aveg = Avgg, (2.10)

where Af is the angle difference between the grid and the converter frames, and
superscript “°” denotes the nominal value. As the control system is conducted in
the dg-frame, the transformation from the grid ¢d-frame to the converter dg-frame
is governed by (2.10).

In steady-state conditions, both the grid and converter frames are in synchro-
nism; therefore, the angle difference is equal to zero (i.e., Af = 0). However, in
dynamic conditions, the angle difference deviates from zero; this deviation needs to

be considered to observe the impact of the PLL dynamics on the equivalent output
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Figure 2.6: Typical control structures of the back-to-back VSC system. (a) DC-
link voltage controller (b) Active power controller.

impedance. The transfer function from the converter voltage (g-component) to the

output angle (Af) can be obtained as follows:

dAO
7 :wgm-d+CpLL (S) Vgq) (2.11)
where 0 is the PLL output angle, Cprr(s) is the PI-based compensator transfer
function, and wy,q is the initial grid frequency. In the small-signal sense, the angle

difference is

Al = GPLL<S)A’qu, (212)
C
GprL (S) = L(S) and CPLL(S) = Kp_prr + kz‘—PLL/Sa (2-13)
s+ UgCPLL(s)

where Gppp(s) is the transfer function of the PLL. By using (2.10) and (2.12)), the

transfer function between the converter and grid voltages can be given by

1 0
0 1—v2G,, . (s)

9~ PLL

AvS, = A, (2.14)

This function is the full transfer function between the dg-grid to the dg-converter
frames. The effect of the PLL loop affects only the g-axis of the voltages for
voltage-oriented control system.
Similarly, the relationship between the converter and grid current can be de-
scribed by
i = (cos(Af) — jsin(AB))i,. (2.15)

By following the same steps in the voltage equations, the current equations of the
grid and converter frames, considering the PLL loop dynamics, can be linearized

as )
0 ZZQGPLL(S)

9 A
Aqu = Aqu + { 0 iggGPLL(S)

] Avg,. (2.16)
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2.4 Output Impedance with Outer Loops (Ac-
tive Component)

Generally and under vector current control there are two schemes exist for gener-
ating the d-axis component of the reference current. Figure [2.6/a) shows the first
control structure of Back-to-back VSC system, where the GSC control is utilized
to control the de-link voltage. In this scheme, the remote (machine-side) converter
is used to control the active power (e.g.,variable speed operation in the maximum
power point tracking (MPPT) mode for wind system). The second scheme is shown
in Figure (b), where the GSC is employed to control the power injection into
the grid, whereas the remote (machine-side) converter is configured to regulate the

dc-link voltage.

2.4.1 DC-Link Voltage Control

The outer dc-link voltage control loop is utilized to generate the reference active
component to the current controller to regulate the dc-link voltage. This reference
signal is obtained through the energy balance principle [39] as shown in Figure .
According to this principle, the energy in the capacitor is the difference between
the input and output power to/from the dc-link terminals (in Figure the input
and output power to/from the DC link are Py and P, respectively). If the

converter is considered to be lossless, the energy in the capacitor can be described

by (€179

d 2
0.5C s; —p,—P, (2.17)
d 2
0.50% ~ Vydiga — P, (2.18)

where P, is the grid-side power and P is the source-side power. The advantage of
this model, using the square of the dc-link voltage instead of (vg.), is that the small-
signal model and the closed loop dynamics become independent of the operation
point [64], however, the latter is more common.

Equation reveals that the square of the dc-voltage can be controlled through

the active component of the grid current. Accordingly, the DC control loop is de-
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Figure 2.8: Control structures of GSC. (a) DC-bus voltage control. (b) Direct
active power control.

signed as shown in Figure (a), which shows the details of the corresponding
control loops. The dc-link voltage control loop is designed with source-side power
(Py) feed-forward control, which minimizes the impact of the source dynamics on
the grid-side converter dynamics and improves the dc-link voltage control perfor-
mance. Both the grid voltage and source power might be processed by a low-pass
filter (H, and H, ) in Figure (a) for filtering purposing; however, they have
minimal impact on the impedance profile. Figure 2.8(b) shows the active power
control, which is designed with a simple direct PI-controller (C,(s)). The equa-
tions of the active and reactive powers of the grid in the dg¢-frame are represented

as follows:
P, = vg4qlgd 4 Vgqlgqs (2.19a)
Qg = quigd - /Ugdigq- (219b)
In the vector control strategy, the d-voltage component is aligned with the grid
voltage (which yields vy,=0). Therefore, (2.19) can be simplified by
Pg = Ugdigd (220&)
Qg = —Vgdige- (2.20D)
It is understood from (2.20)) that the active power can be controlled by regulating
the direct-current component, and that the reactive power can be controlled by
regulating the quadrature current component. Then, the small-signal models for
the active and reactive power equations in (2.19) with the observation from ([2.20))
are
Apg = Avgdigd + Aigdv;’ + Avgqi;q, (221&)
AQ, = Avggigy — Avygip, — Aigvy. (2.21Db)
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By using ([2.8)-(2.21]) , the small-signal model, which relates the change in the direct
reference current due to the change in the grid voltage components by considering
the dc-outer loop ( i.e., the contribution of the dc-outer loop in the impedance

prolife), can be obtained as
A =Ty Avgg + ToAvy,, (2.22)

where

[po — 1° fuo(s)H (5) + (US)ZZCC_I(S)} Cac(s) ot (s)
T1 - - 2 + 2 )
(v9)” (5C + Cucfecls)) (v5)

T, - —C’dc(s){ @ }
(v;’) (sC 4 Cacfee (9))

As shown in above, T} depends on the ctive power injection, whereas T; depends

on the reactive power injection of the VSC system.

2.4.2 Active Power Control

Another controller in the grid-side converter is the direct power controller shown
in Figure (b), where the d-axis component of the reference current is generated
by processing the error between the reference power, which is normally obtained
from a lookup table that relates the generator speed to the active output power
for a wind power system, and the grid power [65],[59]. Accordingly, the d-axis

reference current generation dynamics is governed by
i;ef =Gy (s) (p;ef - pg) , Cp (s) = kp—p + ki—p/s' (2.23)

With pgef = py, the small-signal version of (2.23) is

Ailf! = —C, (s) Ap,. (2.24)

By using (2.7)), (2.8) and (2.21)), the small-signal model of the reference d-axis
current generation dynamics will be altered under the grid power control mode.

The modified model can be given by

A =T Avgg + T'yAvy, (2.25)

P /v + Z,. 1 (s)v? + P°Gprr(s) , Q°/ve
{ 9 = Cp(s)vg;’fcc(s) } , Ty = Cy(s) { 9
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Figure 2.9: Control mode of grid-side converter of VSCs. (a) V-mode, (b) @-mode
and (c) Unity power factor mode.

2.5 Output Impedance with Outer Loops (Quadra-
ture Component)

Different control modes can be used to control the grid-side converter of the VSCs.
As the grid code are being updated and requires large wind-generation units to
support the system voltage (especially in weak grids) and provide reactive power
support [66]. The effect of these operational modes on the output impedance of the
VSC must be addressed. Besides controlling the de-link voltage (or active power),
the VSC can be utilized to regulate the ac-voltage (V-mode) at the PCC, control
the injected reactive power (Q-mode), or control the VSC at a unity power factor
(UPF-mode). Figure depicts the controller blocks of these control modes.

2.5.1 AC Voltage Control Mode

In this mode, the ac-voltage at PCC is regulated, and the quadrature component of
the reference current is obtained by processing the difference between the measured

grid voltage (at the PCC) and the reference voltage is expressed as

izef — Cy(s) (Uref _ vg) , Cu(s) = kpy + kiy/s. (2.26)

g

with v7¢/ = v, the small-signal version of (2.26) is

Aip = —Cy(s)Av,,. (2.27)

To be consistent in comparing the effect of the control mode, a general form, which

describes the current generation dynamics in the quadrature channel, is given by

Al = Fy Avgq + FyAvy, (2.28)
Fy = —Cy(s) and F» = 0.
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2.5.2 Reactive Power Control Mode

The error between the measured reactive power at the PCC and the desired val-
ues is processed by a PI controller to provide the reference signal for the current

controller. This process can be modeled by

T = Co(s) (Q) = Q) , Cqls) =ky—q + ki—g/s. (2.29)
with Q7 = Q9, the small-signal version of (2.25a) is
Ail = —Co(s)AQ. (2.30)

Substituting (2.21b)) in (2.30) yields

Aizef = _CQ (S) {Avgqigd - AUgd'i;q - Aigqv;} . (231)

After simplifying (2.31]), the current generation dynamics in the quadrature

channel with reactive power control can be given by
A = F' 1 Avgg + F'aAugg (2.32)

where

Q° /vy
o= Cols) {1 —v9Cq (s) f.. (8)} 7
, ; Z_; + Zee M (s) Vo — %GPLL (s)
Q(s) 1—v2Cq (s) [, (5)

As shown in (2.32), F’; depends on the reactive power injection, whereas F'y

depends on the active power injection of the VSC system.

2.5.3 Unity Power Factor Controller

Operating a VSC at the unity power factor is very common, especially in normal
operation conditions. In this mode, the g-component of the reference current is
set to zero, which can be a special case of with F'; = F'5 = 0.

Tabld2.T| summarizes the impedance elements contribution from the outer loop

reactive components.
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Table 2.1: Impedance elements of the outer loop quadrature channel.

V-mode Q-mode UPF-mode
Q°/vg
Fi —Cy(s) Ca(s) {W} 0
f}’fz-s-zcc*l(s)vg—ﬁ—szLL(S)
F, 0 CQ(S){ - I—USCQ(S)ffC(S) } 0

2.6 Overall Impedance Model

Combining all the obtained equations, the resulting expression admittance (impedance)
is shown below. This output impedance expression will be used in the next chapter
to study the impact of each loop on the impedance profile and to indentify the
key contributors in the impedance profile. Figure depicts how the control
elements and loops are interconnected to form the output impedance of the VSCs,
and indicates the contribution from each control loop element. Figure[2.1T]provides
another representation of how the change/ perturbation in the grid current and

voltage penetrate through the control system, yielding the impedance response.

Zivse = ok Ze '+ Gprip’ + Vo fee — v GpriZe ") /(A+ B)
Zoyse = —(GppQ°+v)T, fee)/(A+ B)

Zovse = —(VF fe)/(A+ B)

Zovse = ((voy+ U;)Tlfcc)/(A + B)

A= chil {U; - ngGPLLchi1 + GPLLPO}
B = GPLLfcc {Tlpo - FlQO} + ch_lfcc {U;Fz + U;Tl} +
_ 02
feo' {U;FQTl - U;F1T2} + GrrrfecZee lTﬂ’g .

2.7 Controller Design Criteria

This section provides the general design guidelines of the VSC control parameters
under practical design constraints. The designed parameters are used to assess the
base-line output impedance dynamics and their interactions with the power grid.
The control parameters are designed by using frequency “loop-shaping” techniques

and shown in the following subsections [39)].
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A 100 MVA (aggregated) VSC-based wind-turbine is connected to the stud-
ied system. The IEEE FBM is adopted to demonstrate the impact of the output
impedance of a VSC on sub-synchronous damping. The parameters of the IEEE
FBM are given in [I8] and presented in Appendix B. The switching frequency is
chosen to be 2 kHz (i.e., 33.33 p.u. at 60 Hz base-frequency), which is a typ-
ical switching frequency for modern high-power VSCs. The grid-side R-L filter
(including the connection transformer) parameters are 0.15 p.u. inductance and
0.015 p.u. resistance. The value of the filter inductor is chosen to minimize the

ripple in the injected current and to cope with the short-circuit requirements of
the VSC.

A. Inner Current Control Loop

By choosing the gains for the PI current controller as k,_c. = weel ki—ce = WeeRR,
where w,. is the bandwidth of the controller, the closed-loop transfer function of
the current controller that is described by (2.7]) can be simplified as

wCC

S+ Wee

feels) =

(2.33)

where f_.(s) is the closed-loop current control dynamics.

The current control loop design criterion is dictated mainly by the filter pa-
rameters and the switching frequency of the converter. The switching frequency
is chosen as 2 kHz. The recommended bandwidth for the current controller is
selected as one-fifth of the switching frequency[67], which yields a bandwidth of
6.67 p.u. based on a 60 Hz power frequency. Accordingly, the current controller
gains can be calculated as k,_.. = 1.0 p.u. and k;_.. = 0.1 p.u. (which is enough

to eliminate the steady state error).
B. Outer Loops (DC/Power, Voltage/Reactive Loops)

To facilitate reliable and stable cascaded control operation, the recommended
bandwidth for the outer controller is at least five times lower than that of the
inner loop [62]. The bandwidth of the dc-voltage control loop is chosen to be
slower than that of the inner loop, with a bandwidth 10% of that of the inner loop
(i.e., BWpo = BW./10 ). The dynamics of the current-control loop (f..(s)) is
much faster than the dynamics of outer loops; therefore, it is reasonable to assume
that f..(s) = 1 within the bandwidth of the outer loops. The closed loops transfer
function of the dc-link voltage control loop is shown in Figure (a) and can be
given by
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ref 2
G ( ) <Udc ) Skp—dc + ki—dc
(8) = = .
¢ (vae)?  0.582C + skp—ae + ki—ac

In the sense of the common second-order transfer function with damping ratio ¢

(2.34)

and natural frequency w,, the PI gains can be designed as k,_q. = 0.67 p.u. and
ki—qe = 0.22 p.u. for the design parameters ¢ = 1 and w,, = 0.67 p.u. Figure[2.12|(b)
shows the closed- loop dynamics of dc-link voltage and active power control.

By using the same criterion as that for the dc/power loop design, the voltage
control loop (reactive power) bandwidth is chosen to be BWy,q = BW,/10 .
Accordingly, the control parameters k,_y,o = 0.67 p.u. and k;_y,o = 0.1 p.u. are
used

C. PLL Design

Since the PLL dynamics is contributing to the reference current generation dynam-
ics, the former should be slower than the current loop dynamics (i.e., the synchro-
nization PLL). With the same criteria mentioned previously, the PLL bandwidth
is chosen to be BWpr, = BW./10 ( i.e.,6.67 p.u.). The transfer function of
the dq¢-PLL system shown in can be further expanded as

SKpPLL -+ K’ipLL
s? +v9 sKppp;, + Kiprr

Gprr (s) = (2.35)
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The transfer function in (2.35)) is similar to the standard second-order transfer
function with a natural frequency w, and damping ratio (¢). Therefore, the PI
controller gains can be obtained as Kipr;, = w2 and K,_pr;, = 2(w,,. Accordingly,

the control parameters are designed as k,_prr = 1.34 p.u and k;_pr, = 0.45 p.u.
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Chapter 3

Impedance Analysis and Dynamic
Interaction Assessments 2

In this chapter, the output impedance derived in Chaptentd is analyzed and charac-
terized. Furthermore, the output impedance is used to analyze the electrical damp-
ing when a VSC system is installed nearby a multi-mass synchronous generator.
Several aspects are considered: the impact of the inner and outer loops, the effect
of the control structures and modes, the influence of the operating points on the
output impedance, and the electrical damping. The impact of switching frequency

and controller bandwidths is also pointed out.

3.1 Electrical Damping Analysis Methods

The electrical damping approach, as explained in Chapter 1, is adopted to quantify
the impact of VSCs on the sub-synchronous electrical damping characteristics. The
electrical transfer function is described as the ratio between the changes in electrical
torque and the change in rotor speed (or rotor angle). This criterion is based on
evaluating the resistive part of the transfer function of the electrical damping (i.e.,

real-part of G.(s)) as described by

Du(s) = Real {G.(s)} = Real {%} , (3.1)

where G is the electrical transfer function; D.is the electrical damping; AT, is the
change in electrical torque, and Aw(AJ) is the change in the rotor speed (or the
rotor angle). The electrical transfer function can be extracted from small-signal

models of the synchronous generator and the network components. Figure

2 This work is publised in IEEE Systems Journal [68].
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Figure 3.2: System under the study (IEEE FBM with a full-scale VSC system).

shows the small-signal block diagram of the overall system (the synchronous gen-
erator and network components).
Thus, the electrical damping transfer-function model of the overall system is

given by (for calculating the real-part of the function, s is replaced by (jw) )

Ge (s) = T = s(A(s) + D(s)E(s)(I — C(s)E(s)) "' B(s)) } (3.2)
D.(jw) = Re{G. (jw)},

where A(s), B(s), C(s), and D(s) are the synchronous generator state-space ma-
trices; and F(s) is the representation of the network, which is the equivalent
impedance seen by the machine terminals. Derivations of these matrices are given
in Appendix A. Figure [3.2] shows the circuit diagram of the studied system. The
[EEE first benchmark (FBM) for sub-synchronous studies is adopted for theoreti-
cal analysis and simulation results. A full-scale VSC is added to interface a power
source (e.g., a full-scale wind farm) to the ac network. In this study, the uncompen-
sated system is considered as a common power system configuration. The impact
of VSCs in a serially-compensated system is discussed in Chapter The main
focus of this Chapter is on sub-synchronous interactions due to the VSC impact
on the system damping. Figure [3.3| shows the representation of the VSC, which

is represented as a Norton equivalent circuit (i.e., current source in parallel with
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incremental admittance). The derived output impedance in Chapter 2 is used to
study the overall system damping characteristics and interactions.

The matrix transfer function F(s) in Figure is simply the equivalent
impedance reflected to the machine terminals. Therefore, the incremental impedance
of the VSC directly affects E(s) and dictates the interactions between the VSC sys-
tem and the power system. From Figure the equivalent impedance is expressed
by
Zyvsc () Zs(s)
Zysc(s)+Zy(s)

E(8) = Zey(s) = Zr (s) + (3.3)

where Z, (s) = Z1, () + Zsys (5) -

3.2 System Modeling (Network and Synchronous
Machine Models)

The synchronous generator used in this study is a typical salient pole synchronous
generator which is normally modeled in the dq rotor-reference frame. In this
model, the field-winding and three damper windings are considered. The general

state-space model of a synchronous machine can be described as shown in [61]
i=——L™ ! (R+wN)i-L v, (3.4)

where L is the inductance matrix, R is the resistance matrix, N is the speed
voltage matrix, and i and v are the current and voltage matrices.. Appendix A
illustrates the contents of these matrices. The entire power system needs to be
linearized around an operation point. The derivation and linearization process of
this equation is given in Appendix A. Since the analysis is performed in the dg-
synchronous reference-frame, the network-side dynamics need also to be transferred

to the synchronous reference-frame. The resulting impedance matrix of the studied
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system (Figure in the dg-frame can be described as follows:

| Zan(s) Zsia(s) | | Rg+sX, =X,
Za(s) = { Zo1(8) Zsa(s) | Xy R, + sX, (3.5)
R, = R; + R, Xy=Xr+ X,
o ZTll(S) ZT12(8) o RT + SXT —Xt
ZT <S) - |: ZT21 (8) ZTQQ(S) o XT RT -+ SXT ’ (36)

where X , X, , and X are the line, system, and transformer, reactance respec-
tively; and Ry, , Rs , and Rp are the line, system, and transformer resistance,

respectively .

3.3 IEEE FBM Torsional Analysis

Table|3.1|presents the torsional frequencies for the mechanical system of the studied
system (IEEE FBM). This table shows five modes in the sub-synchronous range
(based on 60 Hz). The main purpose of this chapter is to investigate the impact
of control elements and functions of a full-scale VSC on the electrical damping

around each mode.

Table 3.1: Torsional Modes of IEEE FBM

Mode 1 2 3 4 5
Frequency [Hz] | 15.71 | 20.21 | 25.55 32.25 47.46
pu] (0.261) | (0.337) | (0.426) | (0.5737) | (0.791)

3.4 Analysis of Output Impedance of VSC

This section analyzes the properties and characteristics of the output impedance
and the effect of different control loops on output impedance shaping. In this con-
text, “control mode” indicates the V-mode, Q-mode, or UPF-mode and “control

structure” indicates the dc-link voltage control or active power control.

3.4.1 Analysis of the Internal Impedance

In this thesis, the term “internal impedance” indicates the resulting impedance
when only the inner current controller loop is considered (i.e., Z..(s)). The output

impedance of a VSC can be simply expressed as
Zysc = Rysc + j Xy g0 (3.7)
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Figure 3.4: Internal impedance profile.

The positive resistance appears in the Bode plot if the phase angle of the impedance

lies on the first and fourth quarters:
{=90 < 0z,4. <90} = Rygc > 0. (3.8)

By considering only the inner current control loop, the impedance matrix becomes
diagonal [see (2.8))]; this result yields Zi1 (s) = Za (s) = Zee(s) and Z15(s) =
Zx (s) = 0. Using the control parameters designed in Chapter [2| Figure
shows the frequency response of the output impedance as a function of the sub-
synchronous frequency. It is worth to mention that the impedance, in this case, is
independent of the injected power level. The appearance of the positive impedance
occurs for (f>0.2 p.u.). For further investigations, an expression of the real-part

can be developed as

w kz
Re{Zo(s)} = ky+ R+ wspL — ffT

(3.9)

From (3.9)) it is understood that a frequency range exists where the negative
resistance (resistance) appears. Then the frequency boundary where the positive

resistance appears is given by

wyrki
> . 3.10
« \/k}p + R ‘|— waf ( )

Three active components are affecting the internal impedance: the proportional
gain, the integral gain, and the feed-forward bandwidth. Increasing both the in-

tegral gain and feed-forward bandwidth increases the negative resistance, while

increasing the proportional gain increases the positive impedance.
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Figure demonstrates the effect of the variation of these parameters on the
real-part of the impedance. The results reveal that changing the control parameters
can help to minimize the negative resistance. Lowering the integral gain and/or
the feed-forward bandwidth minimizes the negative resistance region. From other
side, increasing the proportional gain has a minimal impact on the negative resis-
tance region; however, it increases the magnitude in the positive resistance region.
The key conclusion from this analysis is that the integral gain and the feed-forward
bandwidth have a significant impact on the negative impedance profile. However,
changing Pl-controller parameters impacts the controller performance and track-
ing capability, while changing the feed-forward bandwidth affects the disturbance
rejection capability of the VSC.

3.4.2 Output Impedance with All Loop Components

Figure [3.0] shows the overall impedance obtained by considering the inner loop,
outer loops, and the PLL dynamics when the VSC is delivering its rated power.
The plots are shown for dc-link voltage control and ac voltage control. Compared
with the internal impedance, when outer controllers are considered, the coupling
effects appear in the impedance matrix (i.e., one control element affects not only its
channel but also other impedance channels), in contrast to the base-case, when only
the current control loop is included. It should be noted that the output impedance
elements become dependent on the operation point (the delivered power). The key

observation from the plots is that compared with that in the inner loop, the outer
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Figure 3.6: Output impedance of VSC; circled: Z.., solid: Z;;, dotted: Zo,
dashed: Zo5.

loops negatively contribute to the impedance profile where the negative resistance
region is extended. The appearance of positive impedance in Z;; occurs at f=0.70
p-u., and Z9 has negative resistance in the overall sub-synchronous frequency

range, while Z5; has a positive impedance only in the low-frequency range (f<0.5.

p.u.).

3.4.3 Impact of Phase-Locked Loop (PLL) Dynamics

By investigating the impedance matrix, the dynamic activity of the PLL is found
to be dependent on the control mode and the operating condition. The plots in
this subsection are obtained, for simplicity, under dc-link voltage control and the
unity power factor mode, so the PLL control loop affects only the Zyselement in the
Z-matrix elements. Figure demonstrates the effect of the PLL controller on the
output impedances under three operating conditions: when the VSC is fully loaded,
unloaded, and when no PLL is used. As it can be seen, when the VSC is fully
loaded, the negative resistance appears in the entire sub-synchronous frequency
range. Under the no-load condition, a positive impedance is only achieved at the
very low frequency range ( f<0.1 p.u.). Generally speaking, the impact of the
operational point becomes insignificant at the high-frequency range (f>0.6p.u.).
However, a higher magnitude is obtained under the no-load condition. In the case
of no PLL used, the (Z52) term converges to the internal impedance (Z..). The
PLL controller tracks the voltage angle and tries to lock the converter to this angle.
When a system disturbance occurs which is reflected by the voltage variation, the

phase-angle increases and hence reduces the positive impedance of the converter.
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Figure 3.7: Effect of the PLL on Zj, : (circled: Z.), (solid line: P=1.0 p.u),
(dotted line: P= 0). (dashed line: No PLL:).
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Figure 3.8: Effect of AC voltage controller on output impedance Zq;. (solid line:
with ac-voltage control loop), (dashed line: without ac-voltage control loop).

3.4.4 Impact of AC-Voltage Control Loop

The AC-voltage controller affects the Z5; element in the impedance matrix. Fig-
ure [3.8 shows the Z9; profile with and without ac-voltage control. When there is
no ac-voltage control, the reactive current reference is set at zero, which is a typical
unity power factor mode (i.e., Z3;=0). Clearly, with the ac-voltage control loop
Z 91 has a negative resistance in the entire sub-synchronous frequency ranges, ex-

cept in the middle-frequency ranges (0.4 < f < 0.6p.u.) where a positive resistance

appears.
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3.5 Sensitivity Studies and Electrical Damping
Analyses

In this section, the effect of different control modes and structures of the interfacing
VSC system on impedance profile and the overall electrical damping of the studied

system is presented.

3.5.1 Electrical damping Profiles

Figure shows the electrical damping of the overall system along with the real-
part of impedance elements of VSC for three cases: without the VSC (base-case),
with the VSC with only inner loops, and with the VSC with all the control loops.
This figure reveals that for the VSC with only inner current control loop, the
electrical damping profile starts improving (for frequency greater than 0.2 p.u.),
because of the appearance of the positive impedance of the VSC. This improvement
starts almost with the same frequency as the real-part of the internal impedance
(Z..) becomes positive. As the positive resistance of the VSC appears, higher
positive damping is added to the system. The same results are obtained when
the synchronous generator is either not loaded or fully loaded. When the outer
loops are considered, the overall electrical damping is degraded due to the negative
resistance behavior induced by the outer loops (negative resistance appears in most
of impedance elements), which is mainly associated with the PLL dynamics and
the tight-regulation behavior of the VSC.

3.5.2 Effect of the Loading Condition of VSC

Figure [3.10] shows the effect of the loading condition of the VSC on the output
impedance and electrical damping. When the VSC is fully loaded, the real-part
of Z9s becomes completely negative in the entire sub-synchronous range. This
result can be attributed to the impact of the PLL, whereas an improvement in the
positive real-part of Z;; in the low-frequency range is obtained. Similar obser-
vations hold for the real-part of Z5,. However, the impact of the initial loading
appears only at the lower-frequency range (f<0.6 p.u.). Generally speaking, worst

case occurs when VSC is fully loaded.

3.5.3 Effect of Reactive Power Injection

Figure|3.11|shows the effect of the reactive power injection by the VSC on the out-

put impedance and electrical damping for an unloaded and fully loaded VSC, re-
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spectively. Figure reveals that the reactive power injection has a significant im-
pact on the impedance elements. For the unloaded case (P=0 p.u.), when the VSC
works in the STATCOM mode, the reactive power injection affects the impedance
elements; Z9 becomes completely negative in the entire sub-synchronous range,
whereas an improvement in the real-part of Z;; in the low-frequency range is at-
tained with no significant effect on the high-frequency range. Similar observations
hold for Z5;. When the VSC is fully loaded (P=1.0 p.u.) [see Figure [3.11|(b)], the
effect of the reactive power injection appears only in the off-diagonal impedance
elements. Generally, the effect of the reactive power disappears at high frequen-
cies (>0.5 p.u.). In conclusion, there is a positive impact on (Z1; and Z9) and
a negative impact on (Z9 and Zi2 ) which cancel each other out and have an
insignificant impact on the damping profile; however, there is little improvement,
under zero reactive power injection, in the overall electrical damping, as it is shown
in the lower traces of Figure [3.11]

3.5.4 Effect of Operational Control Mode

Figure shows the effect of the operational control mode (the V-mode, @-mode
and unity PF mode) on the electrical damping and the output impedance char-
acteristics. The results shown in this figure are obtained when all the generating
units deliver their rated power to the system. Only two components of the output
impedance matrix are affected: Z5; and Z,,. As Figure reveals, when the
VSC operates in the @-mode, the output impedance becomes more negative at
low frequencies (f<0.5 p.u.) and highly positive at high frequencies (f >0.5 p.u.).
Hence, the electrical damping is improved. The opposite occurs when the VSC is
used to control the voltage at the PCC, because only the d-axis component of the
grid voltage vy is involved in the output impedance in the V-mode, whereas both
the d- and ¢-axis components of the grid voltage are involved when the @-mode
is activated. In other words, the injected perturbed current is more dependent
on the grid voltage when the injected current is used to regulate the grid voltage.
For unity power factor control, the impedance matrix becomes off-diagonal, so the
effect from the other impedance elements is reduced, and the impedance becomes

less sensitive to the frequency and to the number of the loops involved.

3.5.5 Effect of Control Structure

The effect of the control structure is analyzed in this subsection. The analysis

of the output impedance matrix (in Chapter [2)shows that the control structure
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Figure 3.13: Effect of the control structure on the output impedance and electrical
damping (solid: dc-link voltage controller, dashed: power controller).

influences the impedance elements Z1; and Z5;. Figure [3.13| shows the electrical
damping along with the real-part of the impedance elements Z;; and Z5,. Gener-
ally, it is observed that in the power control structure, the damping is improved at
low frequencies as compared to the effect of the dc-link voltage control structure.
If the dc-link voltage is controlled, the grid voltage component (v,4) negatively
contributes to the total impedance, making the real-part more negative, whereas

in the power control structure, (v,4q) positively contributes to the total impedance.

3.5.6 Impact of Switching Frequency

The analysis in the previous subsection is performed when the switching frequency
of the VSC is 2 kHz. This subsection presents the impact of the switching fre-
quency on the impedance and electrical damping. In high-power VSC applica-
tions, a switching frequency in the range of 1-2 kHz is used in order to reduce the
switching losses associated with the converter operation. However, a low switching
frequency requires a larger filter inductance for effective elimination of the switch-
ing harmonics and for meeting the power quality requirements. In addition, a low
switching frequency limits the bandwidth of the converter controller (the inner and
outer loops). Recent developments in power electronic switches show the potential
for using a high switching frequency in high-power application (e.g., applications
with Silicon Carbide (SiC) devices) [63].

As a rule of thumb, the filter size (inductance) needs to be chosen inversely
proportional to the switching frequency to eliminate the switching harmonics.

Accordingly, w..L and w..R become independent of the switching frequency

(i.e., ki—ce, and k,_.. are constant for any switching frequency). The impact of
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increasing the switching frequency is manifested by the increase in the overall
system bandwidths (of the current, dc-link voltage and PLL controllers), This
increase has two opposite effects: from one side, increasing the bandwidth of the d-
channel (i.e., the bandwidth of DC voltage control system) improves the impedance
shape and electrical damping, and from the other side, increasing the bandwidth
of the PLL degrades the electrical damping. Figure |3.14] shows the real-part of
the output impedance (Rj;, and Rgy) and the electrical damping as a function of
the sub-synchronous frequency at different switching frequencies. It is understood
that as the switching frequency increases, the profile of R;; improves and becomes
more positive, whereas Ryy becomes more negative due to the impact of the PLL
dynamics on Rys. However; the improvement in R;is higher than that in Ros,and
this leads to an overall enhancement in the damping profile. This enhancement is
reflected to the electrical damping profile shown in Figure [3.14) where one of the
torsional modes (mode no.2) becomes stable. A similar trend is observed for the
no-load condition. Further analysis of the impact of the controllers’ bandwidth is

presented in the next subsection.

3.5.7 Impact of Closed-Loop System Bandwidth

This subsection studies the impact of varying the control systems bandwidth on
the output impedance (based on a 2 kHz switching frequency). Figure illus-

trates the impact of the inner current control bandwidth on the impedance profile
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Figure 3.15: Impact of current-control system bandwidth on output impedance
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for three ranges (10, 15, and 20% of the switching frequency) while keeping the
bandwidth of the outer loop as 10%, under the dc-voltage controller and UPF
control scheme. It is clear that fast current control (i.e., the high bandwidth) has
a positive impact on Z;; in the low-frequency ranges and negative impact in the
high-frequency ranges, and also has a negative impact on Z55. Therefore, the use of
the higher current bandwidth is recommended to maximize the positive impedance
and minimize the negative interaction at sub-synchronous frequencies. A higher
current controller bandwidth can be achieved at a fixed switching frequency by us-
ing the double switching frequency sampling rate and/or using field-programmable
gate arrays to eliminate the calculation delay associated with digital implementa-
tion.

Figure shows the effect of the bandwidth of the outer loops (dc-link voltage
controller and PLL controller) on the impedance profile for three ranges (10, 15,
and 20% of that of the current controller) whereas there is no change in the other
controllers’ bandwidths. The dc-link voltage controller affects only Z;;, whereas
the PLL loop affects only Zs5. It is observed that as the dc-link voltage control
bandwidth increases, the positive resistance at low frequencies increases, whereas
increasing the control bandwidth increases the negative resistance region at the
high-frequency range.It is understood that a fast PLL would increase the area of
the negative resistance. The choice of the bandwidth for the PLL depends on its

application: the bandwidth of a PLL used for synchronization and transformation
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in VSCs can be low.

3.5.8 Time Domain Simulation

A detailed time-domain model of the studied system in Figure 3.2 is implemented,
under the PSCAD/EMTDC® package to verify the results obtained from the the-
oretical analysis. The mechanical torque between mass 4 and mass 5 is monitored
and is shown in the following results to demonstrate the effect of a VSC-based
full-scale wind farm on sub-synchronous interactions. The results are shown for
the worst damping scenario when the dc-link voltage control structure and voltage
control mode are used in the VSC. A transient disturbance (a three-phase fault)
occurs at t=3.0 s for 10 ms. Figure [3.17(a) shows the torque response when the
VSC is disconnected. It is obvious that the mode is damped. The torque response
when the VSC is connected as shown in Figure [3.17(b), which reveals that this
oscillation mode is building up as a result of adding the VSC to the system, due
to the negative damping introduced by the VSC, which matches the oscillation
frequency. Figure m(c) shows the time-domain response when the VSC is iso-

lated at t=20.0 s. The sub-synchronous oscillations start decaying as the negative
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damping is removed from the system.

3.5.9 Summary and Observations on VSC Output Impedance

The preceding analysis leads to the following conclusions:

e A VSC-system has the potential to degrade the sub-synchronous system
damping due to its negative resistance behaviour imposed by the control

system.

e When only the inner current control loop is considered, the output impedance
of the VSC becomes independent of the power level of the VSC. However, the
addition of the outer loops yields nonlinear system dynamics that depend on
the operating point of the VSC and coupling among the impedance matrix
elements. Including the outer loops generally increases the range of the

negative resistance region.

e The PLL has a negative impact on the output impedance of the VSC; the

negative impact is magnified when the VSC is delivering its rated power.

e The ability to reshape the incremental output impedance by modifying the
converter controller parameters is limited due to the limitations dictated
by the control performance and bandwidth requirements. Even, at higher
switching frequencies, improving the output impedance characteristics by

tuning the main controller parameters can be limited.

e Reshaping the output impedance of the VSC is necessary, in order to mini-

mize the negative impacts, by a supplementary control system, which yields
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a second-degree-of-freedom to reshape the converter impedance with a min-
imum effect on the closed-loop control performance (the tracking and dis-
turbance rejection). Furthermore, the reshaping technique should be robust
against the variation in the operating point, and, it should also offer a simple
structure and easy tuning process. Motivated by these limitations, this thesis
proposes several reshaping techniques to satisfy the above design objectives.

These techniques are discussed in the following chapter.
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Chapter 4

Mitigation Techniques via Active
Damping Controllers ﬁ

Based on the preceding analysis, a remedial action is needed to minimize the neg-
ative resistance introduced by the VSC and avoid possible instability. The use of
the control system parameters to reshape the output impedance of VSC' is limited
by the control performance and bandwidth requirements. Therefore, supplementary
compensation techniques are required to minimize the negative impact. Passive
compensation can also be achieved by adding passive elements (e.g., resistors);
howewver, this approach s impractical in high-power systems application due to
the additional losses and the unrealistically large size of the required damping re-
sistor. Active damping technique involves modifying the control system without
affecting the system efficiency and stability. Accordingly, active damping compen-
sation methods are proposed in this chapter to reshape the output impedance and
minimize the negative resistance region to avoid possible negative sub-synchronous

interactions. In this chapter, three active damping methods are proposed.

4.1 Active Damping Scheme No. 1 (DC Loop-
Based Active Damping Controller )

The structure of the first proposed active compensation is illustrated in Figure 4.1}
Its basic concept is based on using the grid voltage (the direct component) to in-
ject a transient component into the outer dc-voltage control loop. This approach
creates additional active impedance that can be used and controlled to reshape
the overall VSC impedance to increase the overall system damping in the sub-

synchronous frequency range. The active damping signal is generated by process-

3 This work is publised in IEEE Transaction on Power Electronics [69)].
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Figure 4.1: Proposed active damping scheme no. 1.

ing the grid voltage by a band-pass filter (B(s)). The zero-dc-gain of the filter
guarantees that the added damping controller does not yield steady-state errors in
the dc-voltage control loop.

The new transfer function that relates the change in current reference to the
change in the grid voltage with the proposed active damping controller can be

expressed as

NGy = TiAVga + TolAvgg + G(5) Avgg, (4.1)
B B(s)Ggc(s)
where
B(s) = k(2¢w.s)

(s + 2sCw. + w?)

Under a unity power factor mode, the dc-loop dynamics impacts the Yq1(s) ele-

ment, which is expressed as

Y11 (8) = Yee () —fee (8) Ty (s) (4.3)

where

=+ Ze ] Cacls)
T1<S) - { (SC—|— Cdc(s)) +p } .

It is obvious that the worst case scenario occurs under no-load (or light-load),

leading to a simplified expression of the contribution of dc-controller as

ycc(S)Cdc(S)

= (sC + Cro(s))’

(4.4)
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Figure 4.2: Frequency response of T’ (s) (the contribution of dc-controller to the
admittance).

A simplified expression for the frequency at which the negative resistance ap-

w > Wy WecWde (4 5)
Vo wpr ot wee ’

Under standard loop-shaping-based control design, the negative resistance ap-

pears can be given by

pears at frequency (cut-off frequency) around 0.5 p.u. This boundary can be
initially used to design the centre frequency of band-pass filter. Further, the com-
pensator should be designed under a worst system condition and mitigate the
design dependency on the operating point. The contribution of the proposed com-

pensator appears by creating a new term in the impedance expression
Vii(s) = fee ()T (5) +yec(s) + G (s). (4.6)

The response of f..(s) within the sub-synchronous range is unity, and then the

admittance can be simplified:

Y11 (S) = Yee (S) - {%} + B (S) CdC(S). (47)

It is obvious that the proposed compensator creates additional admittance that
can be controlled to reshape the overall converter admittance and enhance system
damping. Therefore, the main objective of the design of B(s) is to achieve maxi-
mum positive admittance in the sub-synchronous frequency range by reducing the
impact of T'(s). Therefore, the centre frequency of the compensator should be
selected in a way that the bandwidth of the dc-controller lies within upper and
lower bands of the compensator. Further, as the main purpose to achieve improve-

ment within subsynchronous frequency range, the centre frequency (or the upper
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frequency limit) of compensator should be limited to fundamental frequency ( i.e.,
we < w, ). Figure shows the frequency response of T'i(s) (i.e., the contri-
bution of de-link to the output admittance), where the impact of the de-link is
maximum at higher frequency.The gain of the compensator k& should be limited
to small vaule, as a higher gain tends to make the dc-link voltage more sensitive
to grid disturbance, and negatively impact the control performance. Therefore,
selecting the gain is a trade-off between the damping effect and the impact on
the system dynamic and control performance. Accordingly, using the aforemen-
tioned boundary and to minimize the impact of dc-controller, the following pa-
rameters are used ( = 1.0,w. = 0.8 p.u. and k£ = 0.8 p.u. . By using the modified
impedance(admittance) elements in , the new overall impedance expression
can be obtained

As the injection point of the active damping is located in the dc-link volt-
age control loop, two impedance elements are affected: Z;;, and Zy;. Figure
compares the profiles of 71, and Z; with and without the compensation. It is ob-
served that the compensation remarkably improves 711, and a positive impedance
is achieved in all the sub-synchronous range, whereas without compensation, the
positive impedance occurs only when (f >0.7 p.u.), also the level of the positive
resistance is boosted. The proposed technique also improves the profile of Zo;.
The positive impedance appears when (f >0.8 p.u.), whereas a negative resistance
in all the frequencies appears in the uncompensated case.

To study the effectiveness of the proposed technique on the overall system elec-
trical damping profile, the profiles of the overall electrical damping are obtained
with and without compensation, for the three operational modes: the unity power
factor, V-mode and the @-mode with a dc-link voltage controller (i.e., Vg.-UPF,
Vae-V, and Vy.-Q modes), (see Figure ). It is clear that the proposed active
compensation improves the electrical damping in the entire sub-synchronous range.
Such improvement is expected as the impedance profile shows a considerable im-

provement under the proposed active damping method.

4.1.1 Time-Domain Simulations

A detailed time-domain model of the studied system in Figure is implemented,
under the PSCAD/EMTDC® package to verify the theoretical damping analysis.
The mechanical torque between mass 4 and mass 5 and between the exciter and
generator was monitored and is shown in the following results to demonstrate the

effect of a full-scale VSC-based wind-farm on the sub-synchronous damping and
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Figure 4.3: Output impedance (solid line: uncompensated), (dotted line: compen-
sated) (a) ZH, (b) Zgl.
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Figure 4.4: Electrical damping. (solid line: uncompensated), (dotted line: com-

pensated). (a) Vdc-UPF scheme, (b) Vdc-V scheme, (c) Vde-(Q) scheme.
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Figure 4.5: Time-domain simulation without VSC system connected.
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Figure 4.6: Time-domain simulation with VSC system connected (unity power-
factor mode).
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Figure 4.7: Time-domain simulation with compensated VSC system (unity power
factor mode).
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Figure 4.8: Time-domain simulation with VSC system connected (reactive power
injection-mode).
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Figure 4.9: Time-domain simulation with compensated VSC system (reactive
power injection-mode).
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Figure 4.10: Time-domain simulation with VSC system connected (ac-voltage

control-mode).
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Figure 4.11: Time-domain simulation with compensated VSC system (ac-voltage
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interactions. A transient disturbance (a three-phase fault) occurs at ¢t=3.0 s for
10 ms. Figure shows the torque response when the VSC is not connected. It
is obvious that the system is stable and the torsional modes are damped. The
torque response when the VSC is connected (the VSC operates in the unity power
factor-mode and with de-link voltage control) is shown in Figure [1.6] which re-
veals that an oscillatory response is building up as a result of adding the VSC
to the system, because this addition introduces negative damping at the torsional
frequencies. Figure shows the time-domain response with the proposed ac-
tive compensation, revealing that it enhances the damping prolife and damps sub-
synchronous oscillations due to the added positive resistance. Figures and
show the torque responses when the VSC operates in the reactive power injection
mode (with de-link voltage control) without and with active compensation, re-
spectively. Figure depicts the torque response when the VSC operates in the
ac-side voltage control mode. The mode’s instability is in agreement with the an-
alytical analysis. Figure [4.11] shows the torque response when the active damping
is implemented; as observed, the proposed active damping controller successfully
maintains a positive damping at the torsional modes, yielding to damped responses

shown in the figure.

4.2 Active Compensation Scheme No.2 (Inner
loop Active Impedance Control)

Figure shows the block diagram of the second proposed active compensa-
tion scheme. This compensation is named in this thesis as “active impedance
control” due to its direct involvement in the internal impedance structure. The
proposed technique is based on using the grid voltage in a second feed-forward con-
troller within the inner current control loop. This method creates active output
impedance in parallel with the original one, so that the resulting total impedance
(with the outer loops) can be reshaped to be positive in subsynchronous range.
The grid voltage is processed by a transfer function B(s), which can be designed
to reshape the internal impedance Z.. (the impedance formed by the current con-
troller). As Z.is the core of the impedance in the elements (Z;; and Zo9), this
approach facilitates effective reshaping of the overall impedance despite the pres-
ence of the outer control loops.

The compensator output signal is added at the summing point before the cur-
rent control loop. The advantage of using this injection point is that the high

bandwidth of the inner current control loop facilitates fast injection of the active
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Figure 4.12: Output impedance of current controller(Z..), with and without active
impedance control.

damping signal, which shapes the converter impedance. The modified transfer
functions of the current controller and internal-impedance with the proposed ac-

tive impedance controller can be expressed as

L Cec(s) et [1— H(s)+ B(S)Ccc(s)]v
! (L(s) + Cee(s)) [L(s) 4+ Cee(s)] 7

(4.8)
where E(2Cwes)

WS
Bl = (o5 250w + o)

The new impedance expression is given by

(4.9)

s(s+wpp)(s* + 2sCwe + w?) — swys + 2skCw.(kps + ki) (s +wyr))

ZNew —
e s(s2 + 25Cwe + w?)(s +wys)(Ls? + kps + k;))

(4.10)
The selection of the compensator B(s) depends on the dynamics needed to reshape
the output impedance in the presence of the outer loops. Basically, the compen-
sation should operate only in transient conditions without affecting the tracking
performance as demonstrated in (4.8). The compensator B(s) is chosen such that
the negative resistance that appears in the low -frequency region can be either
minimized or eliminated. To meet these design objectives, B(s) can be designed
as a band-pass filter, which yields a zero-dc-gain and facilitates the shaping of the
incremental output impedance around a center frequency. The following guidelines

can be used to design the compensator:

e The effective frequency range of the compensation is only to compensate
. . . . Wffki
the area where the negative resistance exist i.e., w, < 4/ (s cxn ey (cut-off
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frequency of the negative resistance. ). As a band-pass filter gives the maxi-
mum compensation (and here maximum positive resistance) around its centre
frequency, w,,(between its upper and lower cutoff frequencies), therefore, in
order to maximize the effect of the compensation,the selection of w,., should

be limited to cut-off frequency of the negative resistance. (i.e., 0 < w, < wy,).
It is found that the optimal location is w, = w,, = 4/ % .

e The design parameters for the compensation are also limited by additional
burden added to the disturbance rejection capability of the converter. Com-
pensation with high centre frequency yields a better disturbance rejection
capability. Further, the gain of the compensator should be limited to a small
vaule, as a higher gain tends to increase and make the converter current more
sensitive to the grid disturbance, and negatively impact the disturbance re-
jection capability performance. Therefore, selecting the gain is a trade-off
between the needed damping level and the impact on the converter dynamics
dynamic. Therefore, in order to minimize the impact of proposed damping,

the mid-band gain need to chosen as small as possible.

By following the above design limitations and guidelines, the parameters of B(s)
are chosen as (=1, w.=0.2 p.u.and k.=1 to increase the positive resistance. By
using the modified expressions of internal impedance in , the overall impedance
and the electrical damping of the system can be obtained.

Figure 4.13| shows the frequency response of the internal impedance Z.. with
and without active compensation at different values of w.. As this figure reveals,
the output impedance becomes positive in the entire sub-synchronous range. Fig-
ure shows the corresponding overall system damping profile along with the re-
sistive parts of the output impedances elements 711, Z9 and Z.. with and without
active compensation. Figure 4.14| reveals also that the internal output resistance
(R..) becomes positive in the entire sub-synchronous range, according to the profile
of Z11 and Zsy (the complete impedance elements with outer loops and PLL) are
improved. For R;;, adding the active damping increases the positive region of the
output impedance and brings the positive resistance at lower frequency as it ap-
pears at f=0.5 p.u. instead of at f=0.73 p.u. in the uncompensated case. Similarly
for Rso, the positive resistance appears at f=0.65 p.u. as compared to f=0.9p.u.
in the uncompensated case.With this improvement the electrical damping is ob-
tained and shown in the bottom of the figure. The effectiveness of the proposed
active impedance control scheme was tested under different output power levels

of the VSC (i.e., from no-load to full-load conditions). The resulting electrical
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Figure 4.13: Output impedance of current controller (Z..), with and without active
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Figure 4.15: Electrical damping at different active power levels with the proposed
active-impedance control method.

damping curves are depicted in Figure which reveals that irrespective of the
active power levels, the proposed scheme is able to maintain a positive damping
at all the torsional modes and, hence, guarantee the system stability. In addition,
the impact of the proposed active impedance control on the current-control per-
formance was evaluated to ensure an effective tracking and disturbance rejection
performance when the compensator is used. Figure |4.16| shows the current track-
ing response due to a unit-step reference command with and without the proposed
active impedance controller. As the dc-gain of the active compensator is zero, the
active compensator does not affect the tracking performance. Figure reveals
the impact of the proposed controller on the disturbance rejection performance
when the grid voltage is subjected to a step voltage swell of (0.3 p.u.) at ¢t=0.1
s. It shows the current response with and without the proposed active impedance
controller, respectively. During grid-voltage transients, the compensator dynamics
yields a transient component that is added to the reference current to shape the
VSC output impedance; the transient component is directly reflected to the current
response. However, the transient component vanishes swiftly without a significant
overload. It should be noted that the effect of the active-impedance compensator
is limited to the current control performance as the compensator does not affect

the outer loops dynamics.

4.3 Active Compensation Scheme No.3 (PLL-Based
Active Damping Controller)

By investigating the characteristics of the impedance matrix, it is found that the

PLL dynamics significantly contributes to the negative resistance behavior of the
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VSC at sub-synchronous frequencies, especially at the high output power levels of
the VSC. Thus, an improvement in the PLL dynamics can lead to an improvement
in the overall impedance and hence, in the electrical damping. Accordingly, the
output impedance can be actively reshaped by modifying the PLL control loop
dynamics by using an active damping controller within the PLL structure and
bandwidth . The purpose of the active damping controller is to minimize the
effect of the PLL in the high-frequency rang of the sub-synchronous range while
maintaining the desirable tracking characteristics of the PLL. These objectives
can be met by introducing a notch filter within the PLL dynamics to reshape the
loop gain and improve the the converter impedance within the sub-synchronous
frequency range. Figure [4.18| illustrates the small-signal model of the PLL loop
with the proposed active compensation. Using Figure [4.18 the modified closed-
loop PLL dynamics can be given by

new CPLL(S)
prr(s) = €l0) 5 ) (4.11)
(S + [m] + UgOpLL(S>
where G(s) is a notch filter given by
(2¢w.s)
G(s) = k. ) 4.12
) = R (T 25w, 1 o) (4.12)
The PLL dynamics affects the Yoy element, which is expressed as
Yoz (8) = Yee (8) (1 = Gppp(s)) — P°GBLL(s). (4.13)

It is clear that the worst case scenario occur under a loaded condition, where under

rated power
= Y2 (5) = yee (s) (1 = Gppp(s)) — GELLls). (4.14)

The basic target of the added compensator is to achieve Re{Y ,, (s)} > 0, however,
this condition cannot be satisfied by compensation. Instead, the design parame-
ters of G(s) can be tuned to reduce the contribution of the PLL to the quadratic
impedance channel and to minimize the negative resistance of Ya. AS the modi-
fication is implemented within the PLL, the centre frequency should be lower than
that the bandwidth of the PLL. The selection of the parameters is also limited by
the bandwidth and response of PLL. As the loop modification should not violate
the system response. Accordingly, the following parameters are used: (=0.707,
w,=0.055 p.u. and k=1.0

Using the resultant impedance expression with the modified PLL dynamics,

Figure shows the electrical damping along with the real-part of Zsy (Ras),
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Figure 4.19: Electrical damping and Rss profiles at P=1.0 p.u. with and with-
out proposed PLL-based active damping controller. (solid line: uncompensated),
(dotted line: compensated)
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Figure 4.20: Step response of PLL; conventional (solid) and proposed (dotted).

as the PLL dynamics appears mainly in this channel, for both the conventional
PLL and the compensated one. It is evident that the proposed PLL-based active
damping controller stabilizes the system and making a positive electrical damping
at all the torsional modes. The proposed compensator reshapes the PLL gain
in order to shape the electrical damping in the high-frequency region of the sub-
synchronous frequency range. The influence of the added compensator on the
tracking performance of the PLL under a step response in the grid angle is shown
in Figure Due to the reduction in the open-loop gain induced by the added
active compensator, the overshoot in the tracking response is reduced and the
convergence speed is reduced. However, the PLL dynamics is still fast enough
to provide perfect converter synchronization. As well, the damping profile at the
high-frequency range is highly improved. It should be noted that the effect of the
PLL-based active damping controller is localized to the PLL performance as the
compensator does not directly affect the outer loops dynamics. Compared to the
active impedance controller (scheme No.2), the PLL compensator has more ability

to reshape Ry and better damping improvement at the high-frequency range.

4.4 Active Compensation Scheme No.4 (Combi-
nation of schemes No. 2 and No.3)

In this scheme, the active-impedance controller (scheme #2) and the PLIL-based
active damping controllers (scheme#3) are combined. As it has been previously
demonstrated , the active impedance controller improves both Ri; and Rss, whereas
the PLL active-impedance compensation improves only Rgs. Therefore, combin-
ing both active damping controllers will highly improve the damping and provide

a two-degree-of-freedom active damping controller. Figure [4.21] shows the im-
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provement in the output impedance profile under the proposed active damping
schemes for no-load and full-load conditions, respectively. These figures clearly
show that combining the two schemes yields a better performance in both no-load
and full-load cases. The corresponding damping profiles are shown in Figure
for the no-load and full-load, respectively. It is evident that the proposed active
damping successfully improves the electrical damping and eventually stabilizes all
the torsional modes. Figure shows the robustness of the combined scheme
against variation in the active power operation point. An excellent improvement
is achieved as the proposed combined compensator makes the output impedance
almost independent of the active-power operating point. This result significantly
contributes to the robustness of the stability margins at different operating points
of the VSC.

4.4.1 Time-Domain Simulation

A detailed time-domain model of the studied system in Figure 3.2 is implemented
under the PSCAD/EMTDC® environment to verify the theoretical analysis and
effectiveness of the proposed active mitigation schemes. The mechanical torque
between mass 4 and mass 5 is monitored and is shown in the following results to
demonstrate the effect of the VSC on sub-synchronous torsional oscillations. A
transient disturbance (a three-phase fault) occurs at t=8.0 s for 10 ms to excite
the system dynamics. Figure [4.24] shows the torque response when the VSC is
not connected (the base-case). The system is stable, and the torsional mode is
damped. The torque response when the uncompensated VSC is connected (with
control scheme 1) is shown in Figure [1.25|(a). It is clear that the oscillation is
building up as a result of adding the VSC to the system (due to its negative
resistance), which introduces negative damping at the torsional frequencies. The
corresponding converter output current in this case is shown in Figure M(b),
where the converter becomes unstable because it is driven by the system instability.

Figure and show the time-domain response (the mechanical torque
between mass 4 and 5, T45, and for the converter current) for a VSC with the
proposed active-impedance controller (scheme 2) and the combined PLL and ac-
tive impedance controllers (scheme 3), respectively. It is clearly shown that the
proposed active compensation techniques enhance the damping profile and damp

sub-synchronous oscillations.
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Figure 4.21: Real-part of impedance elements with the proposed damping tech-
niques: (a) full-load condition (P= 1.0 p.u.), (b) no-load condition (P= 0). (solid
line: uncompensated), (dashed line: compensated with internal impedance method

), (dotted line: compensated with PLL method), (dotted-dashed line: compensated
with the combination).
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Figure 4.22: Electrical damping with the proposed damping techniques : (a) full-
load condition (P= 1.0 p.u.), (b) no-load condition (P= 0). (solid line: uncom-
pensated), (dotted line: compensated with internal impedance method ), (dased
line: compensated with PLL method), (dotted-dashed line: compensated with the
combination).
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Figure 4.23: Electrical damping with the proposed damping scheme no. 4: (solid
line: P= 1.0 p.u.), (dotted line: P= 0).
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Figure 4.24: Time-domain simulation results- system without VSC connected.
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Figure 4.25: Time-domain simulation results with uncompensated VSC system
connected: (a) Mechanical torque T45, (b) Converter current waveforms.
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Figure 4.26: Time-domain simulation results with active impedance compensation
VSC system connected. (a) Mechan 1 torque,T45 (b) Converter current wave-
form

Figure 4.27: Time-domain simulation results with combined compensation scheme
-VSC connected. (a) Mechanical torque,T45 (b) Converter current waveform.
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Figure 4.28: Circuit diagram of system under the experimental test.

Figure 4.29: Picture of experimental setup and test components.

4.5 Experimental Results

An experimental test is performed to verify the effectiveness of the proposed active
damping techniques in mitigating possible sub-synchronous interactions between
a VSC and a power network. Figure illustrates the circuit diagram used in
the experimental step. A Semikron® -Semistack intelligent power module, which
includes gate drives, six insulated-gate bipolar transistors (IGBTs), and protec-
tion circuit was used as a VSC connected to a 120 V (with auto-transformer),
60Hz grid via an inductor filter L;=1.2 mH. A weak grid was emulated by con-
necting a 2.4mH series inductor between the grid and PCC. A parallel LC circuit
was connected at the PCC with (L=60 mH and C=250F) to emulate a torsional
frequency mode in the power network. With these parameters, a low-frequency
resonant mode at 41 Hz (0.68 p.u. on 60 Hz base-frequency) was obtained. Fig-
ure shows the hardware set-up. The dc-link capacitor is Cy.=2040 F. The

VSC-side inductor currents were measured by HASS-50-S current sensors, and the
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ac/dc voltage signals were measured by LEM-V-25-400 voltage sensors. The VSC
control scheme, dg orientation and the PWM generation were implemented on the
dSPACE1104 control card supported with a TMS320F240-DSP coprocessor struc-
ture for PWM generation. The dSPACE1104 interfacing board was equipped with
eight digital-to-analogue channels (DAC) and eight analogue-to-digital channels
(ADC) to interface the measured signals to/from the control system. The software
code was generated by the Real-Time-WorkShop under a Matlab/Simulink envi-
ronment. Several experimental tests were conducted. The key obtained results are
discussed in the following.

Figure 4.30| shows the experimental results when the VSC operates under the
Vdc and UPF control scheme and without an active damping control. Figure
shows the d-axis PCC voltage (V,), converter current (i4), and dc-link voltage
after activating the converter at t;=2s. This experimental test was performed when
the VSC was unloaded. As Figure reveals, it is clear that the VSC induces
negative electrical damping, which yields to unstable sub-synchronous interactions
between the VSC and power network, when the network is disturbed by activating
the controlled VSC at t=2 s. The oscillations build up over a long period (18
s), which is the natural result of the low-frequency instability associated with sub-
synchronous frequencies. The converter voltage and current responses are unstable
with increasing magnitudes, as predicted by the theoretical analysis. The converter
instability is reflected to the dc-link voltage, which shows high ripple content even
at a low d-axis current. The dc-link voltage is not building up due to the large
size of the dc-link capacitor of the Semistack VSC module.

Figure and show the experimental results for the VSC with the pro-
posed active compensation scheme. Figures depict the experimental results of the
d-axis PCC voltage (Vd), converter d-axis current, id, and dc-link voltage after
activating the converter, at t=2 s for unloaded and full-load conditions; respec-
tively. It is evident that the active damping compensation stabilizes the system by
introducing positive electrical damping. In both the no-load and load conditions,
converter current and the control voltage are highly damped. The stable perfor-
mance of the converter current is reflected to the dc-link voltage, which shows
stable performance with reduced ripple-content as compared to the uncompen-
sated case. The proposed active damping controllers yield a robust performance

at different output power levels of the VSC.
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Figure 4.30: Experimental results for unloaded VSC without active damping com-
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4.6 Summary

Several active damping techniques have been proposed in this chapter to reshape
the output impedance of a VSC. Different injection points in: the inner loop,
dc-voltage outer loop, and PLL loop are highlighted and investigated. An experi-
mental validation shows the effectiveness of the active damping impedance based

controller.
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Chapter 5

Utilization of Output Impedance
of VSCs for Sub-synchronous
Resonance Damping ﬁ

A novel and simple technique to damp sub-synchronous interactions (torsional os-
cillation and electrical resonance) in a series-compensated system with a multi-
mass synchronous generator, via a nearby VSC system, is proposed in this chapter.
The proposed technique is based on reshaping the output impedance of VSC' system.
The impact of the VSC system on the electrical damping of a series-compensated

system 1s also discussed.

5.1 Background

The results reported in the previous chapter revealed that the VSC (through its
output admittance) has a significant impact on the damping of a nearby multi-mass
synchronous generator. It was also shown that the output impedance/admittance
can be reshaped to eliminate the negative impact induced by the VSC [69]. Using
this reshaping technique, but with additional modifications, this chapter proposes a
damping technique to mitigate sub-synchronous resonance in a series-compensated
line. The technique is based on reshaping the virtual output admittance of the
interfacing VSC-based system by using cascaded compensators that guarantee a
positive damping in the vicinity of the torsional modes. The proposed impedance
reshaping approach is generalized in the sense that it accounts for the negative
resistance behaviour of the VSC system itself, interactions with electrical circuit

(electrical resonance) and interactions with torsional modes. Time-domain sim-

4The key results in this Chapter are submitted for possible publication in IEEE Transaction on
Power Systems.
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Figure 5.1: System under study — [EEE SBM with VSC-interfaced system.

ulation results are presented to validate the theoretical analysis and show the
effectiveness of the proposed approach. The IEEE second benchmark (SBM) for
sub-synchronous resonance (SSR) studies is adopted to demonstrate the effective-

ness of the proposed damping technique.

5.2 IEEE SBM Sub-Synchronous Resonance Anal-
yses

In this section, the sub-synchronous interaction analyses are presented for the base
case IEEE SBM system and with added VSC system.

5.2.1 Analysis of IEEE Second Benchmark - Base case

Figure [5.1| shows the system studied in this Chapter which is based on the IEEE
SBM for SSR studies [70] with an added VSC-based system. The synchronous
generator has multi-mass turbines with three torsional modes: Mode#1: 24.65Hz
(0.41 p.u.), Mode#2: 32.39 Hz (0.54 p.u.) and Mode#3: 51.1 Hz (0.852 p.u.).
Torsional resonance interaction appears when the electrical natural frequencies
and mechanical system natural frequencies are complementary. Figure shows
the electrical damping profile for the base-case of the IEEE SBM system (without
a VSC) when the compensation level varies from 10-90% (the compensation level
is defined as (X 11/ X¢)).The curves are obtained when the synchronous machine
is unloaded and fully loaded. The stars on the plots represent the mechanical
torsional modes of the SBM system. The results reveal that the damping profile
under the loaded condition is highly degraded compared with the no-load case.
This reduction needs to be considered when designing sub-synchronous resonance
damping (SSRD) controllers (considered as the worst case). The further investi-

gations, using the scanning analysis, showed that the maximum negative damping
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Figure 5.2: Electrical damping profile of the IEEE SBM. (solid: P=1.0 p.u.), (dot-
ted: P=0).

peaks close to the mechanical torsional modes are associated with the compen-
sation percentage at C'= 3%, 30% and 55% for mode#1, mode#2 and mode#3

respectively. Normally, an SSRD is designed around these negative peaks.

5.2.2 Analysis of IEEE Second Benchmark with Full-Scale
VSC system

Figure|5.3|shows the VSC configuration under study. The control modes are the dc-
link voltage control and unity power-factor (UPF) control, which as common VSC
control mode. The contribution of the VSC is dictated by the grid-side converter
dynamics, whereas the remote-converter side has minimal interaction with the grid,

and its interaction appears in the form of the power level supplied to the grid.
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Figure 5.3: Dynamic and control model of the studied VSC system: (AC side, DC
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The contribution of the VSC is manifested in the total system impedance seen
by the generator terminal, (which interprets the equivalent impedance reflected
to the generator). The equivalent circuit of the studied system is shown in (see
Figure , where the VSC-system is modeled by its equivalent impedance circuit.
By utilizing the resulting dynamic impedance equations (from Chapter 2), the
output admittance matrix can be expressed as
Ai_yse | Yii(s) Yia(s)

Y1 (s) Yo (s)
For the adopted control topology in this chapter, (see Figure , the off-diagonal

elements are zeros; therefore, Yis(s) = Yoi(s) =0, and the diagonal elements

Yyse () ] , Zvsc (s) = Yyso(s) (5.1)

Avg_ysc

Yi11(s) and Yao(s) are expressed as

) = L T+ )+ (Rt sy ) s + gl
v [P PRV () + ()2 6)] Ca5) o ()
( L + =
s+ Wee (Ug) (SC + Odcfcc(s)) (Ug)
(5.2)
Vi () = = P°Cec(s) Cprr(s) — svg® (1 — FF (s)) — Cpri(s) PPRL(s) (5.3)

vg® (s + vg°Cpr (5)) (Cec (s) + RL(s)) ’
where the variables and symbols are defined in Chapter 2. From Figure [5.4]
the equivalent impedance seen by the machine terminal is given by

Zysc(8) Zy(s) ., (s) = Z11(8) Z12(s)

20O = T Ot el 240 B T 26 2]

+ Zgys (s). (5.4)
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Figure 5.4: System representation with equivalent model of VSC-based system.

5.3 VSC Interaction with a Series-Compensated
System

Figures[5.5 and show the frequency response of the admittance elements profile
(the internal admittance formed by the current controller, Y., and the complete
admittance Y1 and Yy,). Figures[5.7] and [5.8| show the electrical damping profile
with a 55% compensation level for the base-case and when a VSC is connected to
the system. These results show that the added VSC-based system has almost no
effect on the damping profile. However, there is a slight decrease when the VSC
is fully loaded, as shown in Figure , due to the increase in the negative con-
ductance of the VSC under the loaded condition. The key observation from these
results is that integrating the VSC-based system into such a series-compensated
system has no significant impact on the damping profile and that the impact of

the series capacitor has the dominant effect.

5.4 Analysis and Design of the Proposed SSRD
Technique

Figure illustrates the proposed SSR damping (SSRD) control scheme. The pro-
posed technique is basically the same as that proposed in Chapter 4, and is based
on using the grid voltage in a second feed-forward controller, with an additional
modification using the cascaded transfer functions, which magnify the overall pos-
itive admittance and ensure a positive damping at the assigned torsional modes.

The modified transfer functions of the current controller and the output-impedance
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with the proposed SSRD controller can be expressed by

(S e (BHOABOCE, gy,

I +06) L(s) +C(s)]
fee yew—1/zNew
where
B(s)=DBi(s) + Ba(s) + -+ Bz (s),
and

2Ckcw S
$2 + 25Cw,, + w2,

B, (s) =

The compensator B(s) should be designed to operate only in transient condi-
tions and chosen to maximize the positive admittance that appears in the sub-
synchronous region, particularly in the vicinity of the torsional modes. To meet
these requirements, the compensator, B(s), can be designed as either a band-pass
compensator (BPC) or a high-pass compensator(HPC) or a mixed compensator,

which yields a zero-dc-gain and facilitates the shaping of the output admittance
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around a center frequency. However, BPC provides better and flexible compensa-
tion characteristics. By using the modified output impedance of the VSC (block
E(s) will have the new impedance ZY¢*), the new damping profile can be ob-
tained. The compensator is designed to be a two-parallel band-pass compensators
(BPC). One compensator, Bi(s), is tuned to increase the positive resistance at
lower frequency range, such that the damping in the vicinity of lower torsional
modes became positive (i.e., improving the lower frequency range), whereas the
second compensator, By(s), is tuned at higher frequency to maintain a positive
damping at higher frequency torsional modes. Accordingly, the compensators are
designed with the following parameters: (B1(s): wa=0.21p.u., k=40, and Ba(s):
we2=0.95 p.u., k.o=>5) Figures and compare the admittance profile with
and without the proposed compensation. It is clear that the proposed technique
has improved and reshaped the admittance profile to the point where positive con-
ductance is obtained. For Y1(s), the compensator magnifies the magnitude of the
positive conductance compared to the case with no compensator. The shaded area
represents the positive conductance region. The compensators’ impact on Y (s)
is also obvious. The added compensator makes the positive conductance appear
very early (without compensator negative conductance appearing in the entire sub-
synchronous range, whereas with a compensator, positive conductance is obtained
for f>0.45 p.u.). These results are obtained when the VSC is fully loaded as a
worst case scenario. Showing this improvement, Figure |5.12| represents the corre-
sponding damping profile (with a 55% series compensation level) for the base-case
and for the compensated VSC. The circles on the plot represent the mechanical

torsional modes of the SBM system. This figure reveals that the proposed SSRD
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is able to stabilize the torsional modes by creating positive electrical damping at
their frequency modes. (This result is due to the positive conductance added by
the compensator).

The modified SSR compensator was tested under other compensation levels.
Figure shows the damping profile with different series compensation levels:
3%, 30% and 90%. The obtained results verify that the proposed approach suc-

cessfully improves the damping profile at the torsional modes.

5.5 Impact of the Proposed Technique on VSC
Dynamics

According to the control system requirements, a modified control system should
not impact the tracking or violate the disturbance rejection capability of the con-
trolled system. Therefore, the impact of the proposed damping controller on the
current-control performance is evaluated to ensure an effective tracking and distur-
bance rejection performance when the compensator is used. Figure [5.14]shows the
current tracking response for a unit-step reference command with and without the
proposed controller. It is clear that the dc-gain of the active compensator is zero,

and the active compensator does not affect the tracking performance (as previously
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Figure 5.15: Disturbance rejection (dashed: base case) (dotted: compensated).

proved in (5.5 ). Figure m presents the impact of the proposed controller on
the disturbance rejection performance. This figure shows the current response due
to (0.1 p.u.) step disturbances in the grid voltage with and without the proposed
active impedance controller. It is observed that the proposed approach does not
violate the disturbance rejection capability of the VSC as the converter rejects the
disturbance quickly (within 50 ms). During grid-voltage transients, the compen-
sator dynamics yield a transient component that is added to the reference current
to shape the converter output admittance; the transient component is directly
reflected to the current response. However, if the compensator parameters are
designed appropriately, the transient component will swiftly vanish without signif-
icant converter overload. It should be noted that the effect of the proposed SSRD

compensator is limited to the current control performance as the compensator does

not influence the outer loops dynamics.
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5.6 Time-Domain Simulation Results

A detailed time-domain model of the studied system is implemented in PSCAD /EMTDC®
package to verify the theoretical damping analysis. A transient disturbance (a
three-phase fault) occurred at t=2.0 s. Figure shows the torque responses
for the base-case with a 55% compensation level. This compensation level inter-
acts with the torsional mode#1 and creates an unstable condition. The series-
compensated line induces negative damping that destabilizes the torsional mode
(the oscillatory response is building up). Figure shows the torque responses
when the proposed SSRD is implemented, revealing that the proposed active damp-
ing controller successfully injects positive damping in the torsional mode, and yields
damped responses. The time-domain results are in agreement with the analytical
analysis. Figures [5.18] and show the VSC PCC voltage, dc-link volt-
age, and output power, respectively, revealing that the additional transients in the

converter variables are within the converter capability and vanish quickly.

5.7 Summery

A new technique to damp SSR in a series-compensated line system based on re-
shaping the output admittance of the grid-side converter of a nearby VSC-based
system has been proposed in this chapter. The robustness of the proposed SSRD

controller has been verified under different series compensation levels. The impact
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of the added compensator on the converter performance is also discussed. The
effectiveness of the active compensation is proved by theoretical analysis and time-
domain simulation results by using the IEEE SBM. It should be noted that the
proposed SSRD is within the inner loop dynamics and does not impact other loops
dynamic. The impact of integrating a VSC-based system into such a system has
been also investigated and pointed out in this chapter. It has been found that the
VSC with de-link voltage control and unity power-factor control had no significant
impact on the electrical damping of a series-compensated line, and the impact of

the series capacitor is the dominant.
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Chapter 6

VSC Output Impedance under
Power Synchronization Control P

In the previous chapters, the output impedance of a VSC system is developed and
analyzed under the standard vector current control (VCC) strategy. In this chapter,
the analysis of the output impedance of a VSC system under power synchronization
control (PSC) topology is presented. The impact of the passivity of the impedance
on the sub-synchronous damping profile of electrically-nearby synchronous genera-
tors is then characterized. The impact of the control modes and control parameter
1s identified and addressed. The results reveal that under this control strategy, the
VSC does not exhibit negative damping; in contrast, it has a positive impact, com-
pared to that of the commonly used vector current control, which has the potential
to degrade the system damping. Time-domain simulation results are presented to

validate the key results obtained from the theoretical analyses.

6.1 Background

The vector current control is the state-of-the-art controller of the power electronics
and voltage-sourced converter systems due to its merits over the conventional di-
rect power control [39]. Under the vector current control strategy, as demonstrated
in this thesis, a VSC-based system can degrade the overall system damping, due to
manifestation of the negative resistance in the sub-synchronous frequency ranges.
Among the control loops, the phase-locked loop (PLL) makes a significant contri-
bution to the negative damping. Even though the vector control is a dominant
control system, it has further limitations when the VSC is connected to a weak

grid [39]-[41]. The main factor is the unstable operation of the PLL in a weak grid.

5This work is submitted for possible publication in IFEFE Transaction on Power Systems.
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Figure 6.1: VSC-based power synchronization control system.

Because of this limitation, a new control system has been recently proposed in
[41]. The concept is based on the conventional synchronous generator power-angle
controller; and is named “power synchronization control”. However, the output
impedance of the VSC-based system under this control, the impedance’s impact
on electrical damping and interactions studies with a nearby synchronous gener-
ator are not discussed in the literature. Accordingly, in this chapter, the output
impedance of a power synchronization VSC-based system is derived and analyzed.
Further, the impact of the control modes, control parameters, and output power
levels on the output impedance and electrical damping profile are investigated
and characterized. The obtained impedance model is then used to study possible

interactions with a nearby synchronous generator.

6.2 Impedance Derivation with Power Synchro-
nization Controller

Figure shows a generic schematic and control diagram for a power synchroniza-
tion control VSC-based system. The fundamental control is based on active power
synchronization, where the synchronization angle of the converter is obtained from
the difference between the measured and desired active power signals. The follow-
ing subsection derives and analyses the expressions of the output impedance of the

VSC under this control system.
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6.2.1 Grid Dynamic Model

The grid dynamic equations in a dg-rotating reference-frame are given as

di

Ved = Vga + Ld_td + Rig — wsLiy, (6.1)
di . .
Veqg = Vgq + Ld_tq + Rig + wsLig, (6.2)

where Veq, Vg, Vga, Vgq  are the direct and quadrature voltage components at the
converter terminal and the grid terminal (at the point of common coupling (PCC)),
respectively; iq and ¢, are the direct and quadrature current components; & and
L are the resistance and inductance of the filter and step-up transformer; and wy
is the grid angular frequency. The converter terminal voltage can be expressed in

exponential form by

ve = V,e?% = V.cos (0,) +j Vesin (6.), (6.3)
Ved Veq

where V. and 6. are the converter voltage magnitude and load angle. By using

(6.3), (6.1) and (6.2])) can be rewritten as

i

L% = Vecos (0.) — vgqa — Rig + wsLig, (6.4)
di, . |

LE = Vesin (6.) — vy — Rig — wsLig. (6.5)

In the power synchronization control scheme, V. and 6. are the control variables
regulated by the controller to achieve the desired reference signals, (i.e., the mag-

nitude of the ac-voltage at PCC and the active power).

6.2.2 Control Dynamic Model

The power synchronization control, as a new control method for VSC-based sys-
tems, is different from the conventional vector-current control, in its basic operation
. The control system consists of two inner loops. The first one is the active power
synchronization controller loop, which is the heart of the control system (similar
to the inner current controller loop for vector-current control), and actually serves
two purposes: in addition to performing the synchronization task (which is done by
the PLL in vector-current control), it also controls the active power. The second
loop is the ac-voltage controller loop, which controls the ac-voltage at the PCC. In
some applications, other (outer) loops might be used, such as the dc-link voltage
controller and reactive power loops. The arrangements of these controllers depend
on the application of the VSC.
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Figure 6.3: Energy balance on the dc-link.

6.2.3 Power Synchroniounztion and DC Voltage Loops

Figure depicts the active power control block diagram. This loop is based on
the power difference between the measured active power and the required active
power set value. The difference is then processed by a controller (C pgy); the output
of the controller is the angle (6.) used to regulate the converter power (changing
the angle, which fundamentally changes the modulation pattern to regulate the
converter output active power). Then the angle is added to the grid frequency

to provide synchronization signal to the converter. The power synchronization is
decribed by
0. = Cps, (P — P)) (6.6)

and
wt = wyt + 6. (6.7)

The linearization of gives the change in the load angle needed to obtain the
required active power as

AO, = —CpsAP,. (6.8)

The grid power equation in the dg-frame and its small-signal version are given as
Py = Vgdlgd + Vgqlgq, (6.9)

AP, = Avgaig + Aiguy + Avggig + Avggig. (6.10)

The input power reference signal to the power synchronization loop can be obtained
either directly from a constant reference power or through the dc-link voltage

controller, as illustrated in Figure[6.2] In the case of direct power control, only one
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inner loop is used in the VSC control system: the power synchroniztion loop to
regulate the power. This configuration exists, for example, at the rectifier station of
a HVDC system, whereas other inverter station has a dc-link voltage controller, and
at the generator-side converter in wind turbines application. For a dc-link voltage
controller, the reference power signal is obtained through the energy balance over
the dc-link. The energy in the capacitor is the difference between the input and
the output power to/from the dec-link terminals as depicted in Figure . With a

lossless converter (i.e., Py=P,, ), the energy in the capacitor can be described by

d 2
0500 _ p _ p
dt

where P, is the grid-side power, and P, is the input (source)-side power.
Equation (6.11)) shows that the dc-link voltage can be used to control the grid

power, therefore, the reference power signal is obtained as follows:

C c(s re 2
PTGf = dT() <<Udcf> - U?lc) ’ (612>

where Cy.(s) is the dc-link voltage PI-controller.

(6.11)

g*

With vgif = v9,, the linearized equations of the active power loop are obtained

as
AP = —Cy5,Av,,. (6.13)

Substituting (6.13]) in yields
Ab. = Cpgr (—CyevgAv,, — AP). (6.14)

With P;,, = P°, the small-signal of (6.11)) is
$CV4eoAVge = —AP,. (6.15)

6.2.4 Voltage/VAr Control Loops

The block diagram of the ac-voltage control is shown in Figure (a). Basically,
the controller regulates the magnitude of the converter terminal voltage in order
to maintain the PCC voltage at a desired set point. The voltage control law is
described by

Ve=AV +uy, (6.16)

where V, is the converter terminal voltage; AV represents the additional voltage
difference; vy is the initial PCC grid voltage , which is typically set to 1.0 p.u. ;

and AV is obtained from the voltage control law

AV = Cy(s) (v;ef — |vg]) (6.17)
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Figure 6.4: Control modes : (a) AC voltage control block diagram, (b) Reactive
power control.

where (Cy(s) ) is the ac voltage controller. With v}*/ = ¢, the small-signal
dynamics of (6.17)) is
AV = —C,(s)A |y, . (6.18)

Another possible control in the VSC system is the reactive power control. The
voltage control law is then modified to that shown in Figure 6.4(b), with an addi-

tional term added to the ac voltage controller block
AV = Cu(s) (v = [vg]) + Ca(s) (@™ = Q) , (6.19)

where Cg(s) is the reactive power controller.
The linearization of (6.19)) yields

AV = —C,(s)A |vy| — Co(s)AQ. (6.20)

6.2.5 Augmented System and Control Dynamics

The power synchronization loop (PSL) is a key connection, and the synchronization
channel between the converter-domain and the grid-domain. In the small-signal
sense, the PSL relates the grid dg-frame to the converter dg-frame. This process,
typically in the voltage-vector current controller, is obtained by the phas-locked
loop (PLL). Figure 6.5 depicts the signal flow under this control method.

The reference input signal to the converter is expressed as follows:

A fejec, (6.21)

c.dq c.dq_re
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Figure 6.5: Signal flow of the power synchronization control system in the dg-
references frame.

where the superscript “c” donates the converter frame. In modern high-power
VSCs, the operation of the PWM is in the range of a few kHz. With such switching
frequencies, the output converter current can quickly track its reference, and the

output signal of the converter is equal to its input reference as described by
‘/c dg = Uzecg; = vc dq refe 9 (622)

If the active power and the ac voltage loops are only considered, substitute ((6.16])

in yields
Vea = vy, cos (0.) = (AV + vg)cos (6.) } (6.23)

Veg =05 _sin(0,) = (AV +v7)sin (0,)

Aref
Now, by substituting (/6.23) in the grid dynamic equations (6.4 and 6.5) and lin-
earizing the equations around a stable operation point, yields
LdAid = AVcos (0c) — vgAbesin (0.,) — Avgg — RAG + w, LA, (6.24)
Lqu AVsin (0e,) +vgA0ccos (0c,) — Avgy — RAGy — woLAig | ’

AVand Af,. are the control variables regulated by the control system to achieve the
desired reference signal, i.e., the output of the control dynamics . By substituting
the obtained expression of AV and A#,. from the control equations and
in , taking the Laplace transformation, and rearranging the equation, yields

Aig(sL+ R) — w,LAl, = —C,A|vg| cos (0e) —
Aig (sL 4+ R) + woLAig = —C,A |v,]sin (0,,) +

[ CPSLAP ] sin (‘950) — Avgd
[ CPSLAP ] COS (9c0> — Al)gd
(6.25)

In the steady-state condition, the g-component of the grid bus is equal the zero,

°
9
v°
!]

and the d-component is equal to the voltage magnitude, so A |v,| &= Avgyg; then,
by substituting the small- signal equation of the active power, AP, in (6.10]), the

following expressions are obtained:

AlAvgd = AQAqu—FAgAid + A4Aiq (6 26)
BlAqu = BQAUgd + BgA’id + B4Aiq '

97

b



where

Ay = [=Cyc0s (0c) +Cpsivgig sin (0c,) — 1]
Ay = [—C’pSngigsin (0co)]

Az = [sL+ R— Cpspvgvggsin (6,)]

Ay = [—w,L — CpsLvgvg, sin (0co)]

By = [-Cpspvgigcos (0eo) — 1]

By, = [[C’Usin (0co) + cos (0co) Crsrvyig }

By = [w,L+ Cpsrvgvg cos (0c)]

By = [sL+ R+ Cpspvgvg, cos (0c)] -

The resulting equations above are interesting because they have only the grid
voltages and grid current as variables. By eliminating the coupling term associated

with the voltages, the impedance can be formed and expressed as follows:

I R L B

where the impedance elements are given as follows :

Zi (s) =

N
S

+
=

Zlg (S) =

£
|
&

Zgl (S) =

55
+ |
GG

ZQQ (S) =

~— |~ — | ~— ~— | ~— ~— | ~—

&
_|_
&
S e e S S

s
|
&

The impedance analysis and control design are presented in the following sections.

6.3 Control Loops and Control Design

This section discusses the control loop configurations and closed loop system design
for PSL.
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Figure 6.6: Power synchronization closed-loop system.

6.3.1 Power Synchronization Contol Design

Figure shows the closed-loop power synchronization block diagram, where
Gpsi(s) represents the system transfer function between the converter angle, and
the output power and Cpgr(s) is the controller. The derivation of the transfer
function Gpgr(s) can be obtained as follows [41]. The grid equations in can

be linearized as

(6.28)

L3 = —V,sin (00) Af — RAiq + w, LA, }

Lditiq = _‘/O COs (eco) A(90 - RA'lq - WOLA’id.

From (6.28]) , the transfer functions between the grid currents and the converter

voltage angle are

. wolve cos(0co)—(sL+R)v, sin(feo)
Al = S R L) Af. (6.29)
Ai — wWo Lo sin(fco)+(sL+R)v, cos(bco) A6 : :

q (sL+R)?+(woL)? ¢

The variation in the grid voltage as a function of the grid current can be also
obtained as

Avgg = sLA1, — woLw,Aty } (6.30)

Avg, = sLAiq — wWoLw,Aig
By substituting the resulting equations of the small-signal currents and voltages
into the power equation, a transfer function that relates the change in the power

due to the change in the converter angle is obtained as

0182 + oS + c3

AP, =G s)Af. and G s) = ,
s = Grsils) P = 2sRL 1 R+ (o)

(6.31)

where

L

¢ = —(vgvgcos (0e0) — v2?)
wO
R

cg = —(vjvgcos (Oco) — %)
Wo

c3 = wolugvicos (0e,) — Rugvesin (Oc,) -
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Figure 6.7: Frequency response of open loop system, Gpgr(s). (solid: without
damping, dashed: with damping).

The closed-loop dynamics, as shown in Figure 6.6, is then obtained as

P CPSL (S) GPSL(S)
F = g - ’ ‘ 2
psL(s) Pt 14 Cpsi (s) Gpsi(s) 0

The system and the control dynamics in the power-synchronization strategy have
unique characteristics compared to those of the conventional vector controller.
Several aspects should be taken into account under this control topology. The fre-
quency response of G pgy(s) shows that the system has a peak at the grid frequency;
to adopt this controller, this peak needs to be damped to avoid any possible inter-
action and instability around the grid frequency. A preferable method to overcome
this problem is to use an active damping technique. For this purpose, a high-pass
filter with parameters (k =0.37 p.u. and w=60 rad/s) is used. Figure shows
the frequency response of Gpgr(s) with and without active damping, revealing
that the system becomes well-damped. As well, the dynamics of the open-loop
system (Gpgr(s)) under power synchronization have zeros at the right-half plane
(RHP). In terms of control, a system with RHP zeros is called a “non-minimum-
phase” system. Under this condition and as the loop gain increases, the poles
move toward zeros, (i.e., with a high gain, the poles migrate to the RHP), and
thus the system because unstable. As a result, feedback control systems have a
limited gain margin, and this characteristic implies a limitation on the bandwidth
of a closed-loop system. According to the control theory, a rule of thumb is that

4

the bandwidth of the closed-loop “non-minimum-phase “ system must be less than

one-half of the RHP zero’s location. The location of the RHP zero of (Gpgp(s))
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Figure 6.8: Frequency response of closed loop system, Fpgy(s).

damping, dashed: with damping).

w[p.u]

Power Synchro.| p

0.5Cs

Inner loop

0.5Cs|"

(solid: without

Figure 6.9: DC-link voltage closed-loop control system.

can be determined by [41]

cos 0,
Zyg & Fwor | ————— .
1.2 w 1 —cosd,

(6.33)

Equation (6.33]) reveals that the location of the zeros highly depends on the con-
verter voltage angle. For a light load, the zeros move far away towards the right,

allowing a higher bandwidth, however, for a heavy load, which is actually the lim-

itation of the system, the location of the zeros approaches the fundamental grid
frequency (Z; 2 ~ fw,). These results limits the system bandwidth to be less than
half of the grid angular frequency ( i.e., 188 rad/sec). By considering this limita-
tion in control design, Figure shows the frequency response of the closed-loop
system under an integral controller (with gain a k=90 rad/s, which yields 100

rad/s closed-loop bandwidth).
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Figure 6.10: Block diagram of the ac voltage control dynamics.

6.3.2 DC Control Loop Design

The closed-loop dynamics of the dc-link voltage control system is depicted in Fig-
ure [6.9) The PI-controller is chosen to regulate the de-link voltage. As an outer
loop, the dynamics of the inner closed loop system (Fpgr(s)) is much faster than
those of the outer dc-link voltage control loop, so it is reasonable to assume that
Fpgy, is unity within the bandwidth of the outer loop. Then, the closed-loop

transfer function of the dc-link voltage control loop can be simplified by

2
ref
(Udc > sk, +k;
G , — — Pdc ldc ) 634
ac(s) (va)? 0.552C + sky, + ki, (6.34)

Compared to the common second-order transfer function, the control gain can be

] 2 _ Kidc — Kpdc
designed as w;, = =% and 2(w,, = 554

caded control operation, the bandwidth of the dc-link voltage controller loop is cho-

. To facilitate a reliable and robust cas-

sen to be four times slower than that of the inner loop (i.e., BW pc = BWpgr/4 ).
With w,, = 25 rad/s, and with ¢ = 1, the gains are obtained as k,, = 0.02 p.u
and k;,, = 0.007 p.u.

6.3.3 AC Voltage Control Loop

In the ac voltage control loop, the magnitude of the converter terminal voltage is
regulated to maintain the PCC voltage at a certain value. The transfer function
between the converter voltage and PCC voltage is obtained as [71]

_ LLV?s* + RLV?s +wlLLy

Fy (s) = 6.35
v = e asRL B2t (woL)? (6.35)

Figure [6.10] shows a block diagram of the closed loop system, where the closed

loop system is given by

Vg C, (8) Fy (s
Cvls)= ope! Tl CSU zs) ngzs)' (6.36)
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Figure 6.11: Output impedance of VSC: (solid: full load), (dotted: light-load (0.1
pu)) (a) le, (b) Z127 (C) Z21, (d) ZQQ .

The bandwidth of the ac voltage controller is chosen to be 88 rad/s. The controller
is selected to be an integral controller with a gain of k;_,=130 rad/s, which gives
an 88 rad/s bandwidth.

6.4 Analysis of Output Impedance

This section analyzes the properties of the output impedance and the effect of dif-
ferent control loops on output impedance shaping. Figure [6.11] shows the output
impedance of a VSC system as a function of the sub-synchronous frequency (as
it is the frequency of interest in this thesis) for two loading conditions: full load
and light load (10%). The plots reveal that the impedance element has variable
trend (positive and negative resistance). Z;; has a positive resistance in most of
the frequency range under a full load condition, but only slight negative resistance

appears at the high frequency range. For the higher frequency range (f>0.5 p.u.),
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Figure 6.12: System under the study —VSC system connected to the IEEE-FBM.

both impedance profiles merge, and the impact of the loading condition vanishes.
Similarly, Z15 shows a positive resistance in the entire frequency range, and the
value of the resistance slightly increase with the loading condition. However, the
impact of the loading condition disappears for frequencies higher range. In con-
trast, Zo; shows an opposite profile. Negative resistance appears across the entire
frequency range with almost constant values. A light load gives less negative re-
sistance. A negative resistance in Z,5 occurs in the entire sub synchronous range,
while slight positive resistance at the lower frequency range.However, like the load-
ing impact for the other impedance elements, the impact of loading fades for higher
frequencies. It is now understood that the impact of the loading condition appears
mainly at the lower frequency range. However, it is also observed that at a higher
frequency range (f>0.5 p.u.) impedance elements reach values equal and opposite
to those of the other impedance elements. This result indicates that the positive
resistance is reduced at higher frequencies, but the overall impedance seems to

have non-negative resistance .

6.5 VSC Dynamics and Grid Interaction

To study the interaction of a VSC with a nearby SG under the power synchroniza-
tion control topology, the IEEE first benchmark (FBM), with a zero compensation
level, is adopted. The schematic diagram of the studied system is shown in Fig-
ure [6.12

6.5.1 Impedance and System Damping Analysis

Figure compares the electrical damping for the base-case (without VSC) and
with a VSC connected under three loading conditions, namely: light-load, half-
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Figure 6.13: Electrical damping.(solid: base-case, dotted: with loaded (90%) VSC,
dashed -dotted: half loaded VSC) (dashed: with lightly (10%) loaded VSC) with
PSGZO.l p.u.

load, and full-loaded. The corresponding real part of the output impedance of
VSC are depicted in Figure This figure reveals that the impact of VSC
highly depends on the operation power (i.e., active power level). Under light
load operation VSC improves the system damping in the entire sub-synchronous
range. As the loading level increases, VSC negatively impact the damping at
very high frequency range, for half-load condition the negative impact occur only
after frequency ( f>0.9 p.u.), and under full-load operating condition, the negative
impact become more obvious and appears at frequency (f>0.78 p.u.). The real-
part of the impedance elements reveals that the VSC exhibit less negative resistance
with light-load (see RojandRgsprofile) this realization explains the improvement in
the damping profile impedance at low-and med-frequency range. The less impact
at a higher frequency is attributed to the lower bandwidth of the PSL.

The power synchronization loop, from the VSC side regulates the active power
based on the angle (the injection power corresponds to the change in angle); and
from the power system perspective, this process adds some sort of damping (i.e.,
similar to adding mechanical damping to the system as the grid views the power-
synchronization controlled-VSC as a virtual synchronous machine with controlled

damping characteristics).

6.5.2 Sensitivity Studies

The impact of the control modes and control system bandwidths on the output

impedance are investigated and characterized in the subsection.

A) Impact of Power Synchronization Control System Bandwidth
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Figure 6.14: Real-part of impedance elements. (solid: base-case), (dotted: with
loadedVSC (90%) ), (dashed -dotted: half loaded VSC) (dashed: with lightly
loaded VSC (10%) ) with Pgs=0.1 p.u.
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Figure 6.15: Effect of power synchronization control bandwidth on Electrical
damping (solid: 30 rad/s., dotted: 100 rad/s., dashed; 188 rad/s.)
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Figure 6.16: Effect of power synchronization control bandwidth on real-part of
impedances; (solid: 30 rad/s., dotted: 100 rad/s., dashed; 188 rad/s.)

Figure [6.15] shows the impact of the bandwidth of the power synchronization
loop on the damping profile and corresponding real-parts are shown in Figure[6.16|
The plots reveal that increase the bandwidth has two opposite impact on the
resistance. The results reveal that the damping improves with inreases in the
bandwidth at higher frequncy range (f>0.5 p.u.), and slight decreases at lower
frequncy range (f<0.5 p.u.). The source of the degrading at low frequnay range
is attributed to the increase in netgaive resisatnce appearence especially ( in Roo
element) .The slight improvemnt in the damping at higher frequncy range due
to added extra postive resistance especially at (Rg; element). This results is in
agreement with the real-part profile. As the bandwidth increases, the impact of
the PSL is prolonged, and more improvemnt is obtained in the impedance and
damping profiles. Same tends is observed either when VSC is lightly load or full
loaded.

B) Impact of AC Voltage Bandwidth

Figure [6.17demonstrates the impact of the ac voltage bandwidth on the electrical
damping. This figure reveals that increasing the bandwidth has a positive impact
on the damping profile. The impact of the ac voltage loop magnifies at a low
frequency range. As it is observed with higher bandwidth a positive damping is

obtained in the majority of the sub-synchronous range.

C) Effect of Operational Control Mode
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Figure 6.17: Effect of AC voltage bandwidth on Electrical damping; (solid: 30
rad/s., dotted: 100 rad/s., dashed; 188 rad/s.)
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Figure 6.18: Effect of the control mode on electrical damping (solid: with PSL,
dashed: with dc controller).
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Figure 6.19: Effect of the control structure on impedance (solid: with PSL, dashed:
with de-link controller).
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The grid-side converter of a VSC control system, which is usually referred to as
the control mode of the VSC, can be operated in either the power control mode or
the dc-link voltage control mode. Figure [6.18| shows the electrical damping under
these configurations; it is clear that, compared with the PSL, adding the dc loop
tends to introduce a negative damping at the lower frequency ranges (apparently
within its bandwidth), and a slight positive damping in the middle frequency
ranges. This reduction due to the high manifestation of negative resistance as
depicted in Figure [6.19] Including a dc loop with lower bandwidth maintains the
constant-power behaviour within its bandwidth, whereas for the frequencies larger
than the bandwidth; the output power is not tightly-regulated leading to non-
constant-power control . The control dynamic and performance are decided mainly
by the slowest control loop, i.e., the dc loop. With a lower bandwidth, the control
can maintain only slow dc-link voltage regulation and, hence, maintains constant
power for the frequencies within its bandwidth. For the frequencies above its
bandwidth, the output power is no longer kept constant(and the PSC loop become
the dominate control loop). The significant impact occurs within the bandwidth of
the de-link voltage closed loop system, and both damping curve merge after (f>0.5
p.u.) (i.e., beyond the dc-loop bandwidth). It should be noted that, based on the
studied system, the negative damping appears at a very low frequency range below
6.0Hz (see the figure below), which might not be a practical and common area of
torsional modes in synchronous generators. Therefore, under this new control

topology, the dc-control oop has no significant impact of the electrical damping.

6.5.3 Time-Domain Simulation

A detailed time-domain model of the studied system in Figure [6.12]is implemented
in PSCAD/EMTDC® package to verify the results obtained from the theoretical
impedance and damping analyses. The mechanical torques between masses 1&2,
masses 2&3, and between the exciter and generator were monitored and are shown
in the following results. A transient disturbance (a three-phase fault) occurs at
t=2.0 s for 10 ms. Figure compares the torque responses for both cases with
and without the VSC system. It is obvious that when the VSC is connected, the
system 1is clearly stable and that the torsional modes are damped. The obtained
simulations are in agreement with the linear theoretical analysis. Figure 6.21 shows
a zoom-in window, revealing that with a VSC—connected, a small damping occurs.

This result matches those from the theory.
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Figure 6.20: Time-domain simulation- with power synchronization control VSC
connected. (solid: with VSC-PSC), (dotted: the base case (without VSC-PSC).

(a) full time window, (b) Zoom window.
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6.6 Comparison Between Vector Current Con-
trol and Power Synchronization Control

The outcome from this study reveals that VSC system under power synchronization
control (PSC) either for only active power control or de-voltage control has a non-
negative impact of the system damping. (Under dc-voltage control the negative
damping occurs at a very low frequency where practically no torsional modes exist
in that range.). However, a VSC system under vector current control (VCC) has
the potential to degrade the system damping,as demonstrated in the preceding
chapters. This section provides a comparison between these two control systems.
For sake of performance comparison, the parameters are unified and the damping
profile under the same system parameters and operating condition is obtained.
Also as the bandwidths of the PSC cannot be increased, due to system dynamics
limitation; therefore, the bandwidths of VCC loops are changed.

Figure[6.21| compares the damping profiles for the PSC and VCC. The solid line
represents the obtained damping curve under the PSC with 0.5 p.u. and 0.125 p.u.
bandwidth for inner and outer loops, respectively. For the VSC with VCC, the
curves are shown under the following cases: casel: the bandwidths of the VCC are
6.67 p.u. and 0.67 p.u. for inner and outer loops (outer loops are : dc-, ac-voltage
and PLL), respectively, case2: the bandwidths of VCC is reduced to 0.5 p.u. and
0.05 p.u. for inner and outer loops, respectively ( i.e., bandwidth of the inner loop
in the VCC are equal to that in the PSC in this case), and case3 the bandwidths
of the VCC are 6.67 p.u. and 0.125 p.u. for inner and outer loops, respectively.
(i.e., lowering only the outer loops to be equal to these in the PSC).

For casel (dotted line), the VSC degrades the damping in entire sub-synchronous
range. By reducing the bandwidths case2, the negative damping range is alleviated
as a positive damping in med- and high-frequency range is obtained. However, in
the case where both the PSC and VCC have the same bandwidth, the PSC show
superiority as the negative damping region is minimized. By keeping faster inner
loop in the VCC and lowering only the outer loops case3, the damping is im-
proved at higher frequency ranges (f>0.6 p.u.), but it is remarkably degraded at
low frequencies ranges. Therefore, under case2 and case3where the PSC and VCC
have comparable bandwidths, the VCC has the potential to degrade the damping
whilst the PSC does not. However, the fast operation merit of the VCC with low
bandwidth will be violated. Overall, the PSC is better than the conventional VCC.
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Figure 6.21: Electrical damping profiles (solid: VSC with PSC), (dashed: VSC
with VCC casel), (dotted: VSC with VCC case2), (dashed-dotted: VSC with
VCC cased).(a) Zoom-out window, (b) Zoom-in window.
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6.7 Summary

The output impedance of a VSC under the newly developed power synchronization
control has been analyzed and presented in this chapter. Under this control, the
overall equivalent output impedance of the VSC exhibits non-negative resistance;
hence, the VSC has no negative impact on the sub-synchronous damping of a
nearby synchronous generator. On the contrary, it adds damping to the system,
especially in the mid-frequency range, due to the inherent damping behaviour of the
PSL operation. The sensitivity of the impedance and the damping to the control
elements and modes are pointed out. The loop gain has a linear relationship with
the damping. Under only the PSL loop, it has been found that the system is
stable and apparently has no need for the active compensation method; however,
with the dc-link voltage controller, negative resistance appears at low frequencies,
instability might be possible at the lower frequencies, so a remedial action with
active compensation might be needed to prevent instability. However, it should be
noted that, based on the studied system, the negative damping appears at a very
low frequency range, in this range might not be a practical and common area of
torsional modes in synchronous generators. Therefore, the overall conclusion VSC
under power synchronization control and dc-voltage control has no potential for

degrade the system damping.
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Chapter 7

Analysis and Reshaping of the
Output Impedance of DFIG ﬁ

This chapter investigates the output impedance profile of the doubly fed-induction
generator (DFIG). A detailed output impedance model of a DFIG system is de-
veloped and used to study the sub-synchronous interactions between a DFIG and
an electrically nearby SG. The impacts of the rotor speed (wind speed), grid-side

converter (GSC) and rotor-side converter (RSC) are characterized.

7.1 System Modeling and Impedance Derivation

Figure [7.1] shows the schematic diagram of a DFIG-based system. The system
consists of wound-rotor induction machine and back-to-back voltage source con-
verters: grid-side converter (GSC) and rotor-side converter (RSC). The stator is
directly connected to the grid, whilst the rotor circuit is fed from a back-to-back
voltage source converter via slip rings. Usually the rotor circuit is supported by
the crow-bar, which serves as an over-current protection for the rotor circuit (by
shorting the rotor circuit) under grid faults. The control objective of the RSC is to
regulate the stator active and reactive powers, whilst the control objective of the
GSC is to maintain a constant dc-link voltage that allows a bidirectional power
flow through the converter enabling a DFIG to operate at a wide range of speeds
in response to changing wind speed. The latter can also be used to control the
grid reactive power or to regulate the voltage at the point of common coupling
(PCC). The vector control technique is usually used to provide independent active
and reactive power control in a DFIG [74].

A DFIG has two common operational modes that depend on the generator

6This work is submitted for possible publication in IFEFE Transaction on Power Systems.
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Figure 7.1: Schematic diagram of a doubly fed-induction generator.

Figure 7.2: Operational modes of a DFIG (a) Super-synchronous (b) Sub-
synchronous.

speed (i.e., wind speed); namely, sub-synchronous mode and super-synchronous
mode. The former occurs when the generator speed is less than the grid frequency
and the latter occurs when the generator speed is higher than the grid frequency.
Figure illustrates the power directions for the operational modes of a DFIG.
In both modes, the DFIG delivers power to the grid through the stator. In super-
synchronous mode, the rotor consumes power from the grid, whereas in super-
synchronous mode, the rotor delivers power to the grid through the VSC.

Figure shows the dynamic model for the current-controlled DFIG VSC—
based system under study. This figure presents the stator and rotor circuits with
their inner loop current controllers. The purpose of this section is to 1) develop an
impedance model of the DFIG that includes and refects the machine circuits (stator
and rotor) and the control system dynamics, and 2) incorporates the resulting
output impedance in the electrical damping to study the impact of the DFIG on
the system damping.
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Figure 7.3: Schematic diagram of a DFIG dynamic model with current controllers.

7.1.1 Dynamics of the Grid-Side Converter

The controller of the grid-side converter is similar to that of a full-scale VSC,
whose impedance dynamics were previously discussed and derived in Chapter 2.
The control topology of the grid-side converter in this chapter is the dc-link voltage
controller and unity power factor control, which is a common control topology for
DFIGs. Under this control topology, the off-diagonal elements are zero Yi(s)
=Y1(s) =0 and the diagonal elements Y; and Y,y are expressed in (7.2)) and

3):

Y11 () 0
Yasc (s) = [ 0 Yals) ] (7.1)

2

Yii(s) =

Ls® + (wirL + ky) 8% + (R+ wypky + ki) s + wppk;
Wee [po — P°fee(s)H () + (v ) (s )] Cac(s) o 1(s) (7.2)
2 + 2 )
e (09)" (5C + Cuefee(s)) (v2)

9

— P°C.(s)Cprr (s) — svg® (1 — FF (s)) — Cprr(s) P°RL(s)
vg° (s + vg°Cppy (5)) (Cec (s) + RL(s)) ’

where different variables and symbols are defined in Chapter 2.

Yoz (s) =

(7.3)

7.1.2 DFIG Machine Modeling and Rotor-Side Converter
Dynamics

A) Machine and Inner Controller Loop Dynamics

The differential equations of the stator and rotor windings for an induction

machine in the dg-reference-frame rotating at angular speed w, are described by
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7).

d?sdq

_>

Vsdg = Rs 1 saq + 7 +jwsasdq> (7.4)
?sdq = Ls?sdq + Lm7rdq, (7.5)

Dty = R 1 vag + d_f;;“dq +(w, — ) Bra (7.6)
?rdq = Lr7rdq + Lm_i>sdq, (7.7)

Ls = Lls + LM and L,« = Llr + LM,

and “s” subscripts signify the rotor and stator variables; Lg, L,

[APoe}]

where “r
and L,, are the stator, rotor, and magnetization inductances, respectively; R, and
R, are the stator and rotor resistances, w, is the rotor speed, and w; is the grid
angular frequency.

By substituting ((7.5)) in (7.4]) and (7.7)) in (7.6) and taking the Laplace trans-

formation, the above equations can be simplified into matrix form as

V, = G114y + Galog, (7.8)

V.= G'(3]7‘dq + G4]sdqa (79)

where

G — [ R+sL, —wL,

b wsLy R+ sL,
_ [ SLm _jwsLm

G = | jwsLm  SLy, }

G. — [ R, + sL, —(w, —wy) L,
5 | (W, —wp) L, R, + sL,

G _ [ SLm _(CUS - wT)Lm
1 | (W, —wp) L, sL,, ’

Further, from the above equations, the stator voltage and the rotor current can

be expressed by the stator current and rotor voltage as

1 Gy
Lgg = —V, — =47 1
rdq GSV;" G3 sdq (7 0)
Go GGy
S:_ r - ]s . ']'1
Vo= GV + (6= ZE Ly (7.11)

Under the vector current control, the rotor

regulated by modulating the rotor voltage (V,.).
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Figure 7.4: DFIG impedance circuit.

converter and with the fast operation of modern pulse-width-modulated VSCs, the
output converter voltage can track its reference value very quickly and accurately

(i.e., v,= v"¢), this yields
Vim0 = Cr(s) (120 = Loay), (7.12)
where C7.(s) is the RSC proportional-integral (PI) current controller. By substi-

tuting (10 in (12)

(7.13)

Now by substituting the resulting expression of the rotor voltage in ([7.11]) can

be expressed as

G2Ccc
G3 + Ccc

G2G4 + C1ccCYY4(;’2
Gs ' Gs[Gs+Col]

Z

V, = { ] irel + [Gl - Ladg, (7.14)

s
DFIG

where Z}, ;¢ is the output impedance seen from the stator terminal, which repre-
sents the stator, rotor circuits, and the RSC as depicted in Figure [7.4]

The obtained expression reveals that the stator, rotor and rotor-side converter
can be modeled as a Thevenin equivalent circuit. The impedance expression can

be further extended into impedance matrix elements as

berals) = | ZEiole)  Zbafiele) ] (7.15)
Zprice(s) Zpria(s)

For simplicity, the resulting dg-impedance (dc impedance) elements in can

also be represented in the phasor domain (ac impedance). The equivalent ac

impedance can be obtained from the dc impedance matrix by replacing (s) by
(s-jws) [10]
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Figure 7.5: Block diagram of DFIG current controlled-based.

ZBF’L}g(]w) = 0. 5[21%_1#@ (Jw — jws) + ZDFIG (Jw — jws)

| (7.16)
J(ZDFIG (Jw — jws) + ZDFIG(JW jws))]-

Using the above equations, Figure shows the block diagram of a current-
controlled DFIG model.
The equivalent AC impedance of DFIG, in a space vector, including the stator,

and rotor with its controller can be written as [24]

X (X +]w 2 (R + Zsc)

G X+ <]X + (R, +ZRSC))

Zhi1e (jw) = Re+ X, + (7.17)

Jw Jew,
B) Owuter Loop Controllers and Dynamics

The vector control technique is usually used to control a DFIG system. With this
technique, the reference-frame needs to be aligned with a flux linkage in order to
control the rotor currents. In one of the common control alignments, the rotor
currents are controlled by using a synchronously rotating dg-frame aligned with
the stator flux [75]. The d-axis of the rotating reference frame is oriented to the
stator flux. In steady-state and by neglecting the small voltage drop in the stator
resistance, by orientating the direct-axis with the stator flux, the voltage aligns
with the quadrature axis (i.e., v, = 0), and the active and reactive power of the

stator then can be expressed by

Py = v3i%,, (7.18a)
Qs = Vgylsq- (7.18b)

119



As the controller objective is to modulate the rotor current in order to regulate
the stator active and reactive power, the above equation can be expressed in terms
of the rotor currents as

Ly, o .

PS = L—USqZTq, (719&)
2
U: Lm S -8
QS = % — L_Usqz'rd‘ (719b)

It is understood that the active power can be controlled by regulating the quadrature-
current component, and the reactive power can be controlled by regulating the
direct-current component. In this chapter, the active power controller strategy
and the zero reactive power exchange with a grid (i.e., Iy .;=0) are adopted. The
g-axis component of the reference current is generated by processing the error be-
tween the reference power (which is normally obtained from a lookup table relating
the generator speed to the power) and the grid power [65]. Accordingly, the g-axis
reference current generation dynamic is governed by

i:gf =C,(s) (0L —ps), Cp(8) = kpp+ kpi/s. (7.20)

With pre/ = p°, the small-signal version of (7.20)) is

Al = —C, (s) Ap, . (7.21)

The small-signal dynamics of the stator active power is obtained as

AP, = Avi s+ A vl (7.22)

5q“sq—o sq“sq—o"

Substituting (7.22)) in (7.21)) yields

Al = —C, (s) {Av + A s L (7.23)

"
5q“sq—o sq 7 sq—o
The resulting equations can be expressed in a matrix form as

A = CLAVE + CoALL, (7.24)

—1
Airet = [Az’:flf Az:gf] JAVE = [AvaAvg] Tt ATy = [Aipging]
C; and C5 are defined as

0 0
¢ = {O —Cy(s)i } and Cs = {0 —C, (s)v?

sq—o
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Figure 7.6: Overall equivalent impedance model of DFIG.
The previously obtained equation in ([7.14]) can also be expressed, for simplicity, as

A sqd = [A] Ai:ef +[B] AV (7.25)

where B represents the internal impedance formed by the machine and the RSC

inner current controller. Substituting the developed equation for the reference

current ([7.24)) in (7.25)) yields

Aird = C1AV, + CoAi,

A sqd = [A] ClA sqd [A] C Al sqd + [B] Aqud
A sqd - [A] ClA sqd [A] O Al sqd + [B] A[;qd
ave, = AC 18] 7.26
sqd [ [ ]C] sqd- ( : )
——
ZJ%FIG

The impedance matrix in ((7.26)) needs to be incorporated with the grid-side
impedance, in , to form a complete impedance model of the DFIG. Now the
overall DFIG impedance model; which is a combination of a GSC and a stator,
rotor and RSC is depicted in Figure with

GSC S
ZDFIG ZDFIG

GS s
Z55%¢ + Zpric

(7.27)

ZDFIG

7.2 Impedance Analysis and Electrical Damping

In this section, the developed impedance expression is investigated and the impact
of the DFIG impedances on the electrical damping and system stability is studied.

The stability of the system is guaranteed if a positive damping at the torsional
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Figure 7.7: System under the study. IEEE SBM with added DFIG.

modes is maintained. Figure shows the system under study. This system
uses the data of IEEE SBM [70] with an added DFIG VSC-based system. The
synchronous generator has multi-mass turbines with three torsional modes.

The analysis is conducted for an uncompensated system (as a general power sys-
tem configuration) to identify the impact of the DFIG and its equivalent impedance
on the system damping. By examining the resulting impedance, two key aspects
that actively impact the impedance profile can be identified: the rotor speed and

the controllers’ dynamics.

7.2.1 Base-Case Analysis (DFIG Machine) and Machine
Operational Modes

In this section, the controllers are disabled, and only the machine dynamic and its
impedance are considered. Figures , and show the phasor (AC) output
impedance, dg-output impedance and the corresponding electrical damping pro-
files with and without adding the DFIG under different rotor speeds (0.35, 0.5,
0.95 and 1.05 p.u.), respectively. The results in the figure reveal that the DFIG
different resistance realization a positive resistance at lower frequency ranges then
become negative closer to the operation rotor speed and become positive after
that rotor speed. This appearance is refected on the damping profile, where the
improvement at the lower frequency is attributed to the positive impedance at the
lower frequency, while the reduction in the damping is due to the negative resis-
tance manifestation before the operational rotor speed. The maximum negative
resistance is manifested in the significant reduction in the damping profile. Gener-
ally, the impact of the DFIG on the damping vanishes as the rotor speed increases.
The impact of the rotor speed is refected in the damping with its complement
(ws-w;), the worst-case damping scenario occurs at the lower rotor speeds, as the
complement is refected in the high-frequency range on the damping profile.

The figures also demonstrate the impact of the operational mode of DFIG in the
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Figure 7.10: Electrical damping (solid: base-case-no DFIG), (dotted: 0.35 p.u.),
(dashed: 0.50 p.u.), (circled: 0.95 p.u.), (dashed-dotted: 1.05 p.u.).

damping profile. Comparing the damping profile at 0.95 p.u. and 1.05 p.u. rotor
speeds, the former represents a sub-synchronous mode and the latter represents
super-synchronous mode. The figure reveals that under super-synchronous mode
DFIG has a positive impact of the damping profile, while in sub-synchronous mode
a reduction in the damping occur in the frequency range just before the operating
rotor speed, however, this impact is disappeared at higher rotor speeds ( w,>
0.8 p.u.). Comparing between +5% around the synchronous speed, there is no
significant impact of the operational mode on the damping profile in this case.
The general conclusion from these results is that, the impact of rotor speed on
the impedance profile, hence damping profile becomes negligible with higher rotor

speeds.

7.2.2 Impact of Inner Controller of RSC and GSC Con-
verters

Figures and depict the impedance profile of the DFIG and the damping
profile when the converters (GSC and RSC) are activated. The first impact of
the controller eliminates the peak on the impedance profile created by the rotor
speed. The second impact is that the negative resistance is increased by adding the
converter. By adding the RSC, the range of the negative resistance is prolonged and
the positive impedance appears at (f >0.75 p.u.), whereas without the controllers,
the negative impedance only appears at (0.35 p.u > f >0.75 p.u.). This appearance

refects on the damping profiles, the damping is reduced at low frequency range
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Figure 7.11: Impedance profile (solid: DFIG without controller) (dotted: DFIG
with only RSC controller) (dashed: DFIG with RSC and GSC controller). At
w,=0.75 p.u.),

and improved at higher frequency range. However, including the GSC improves
the damping as the impedance become more positive with the inclusion of GSC.
In terms of the converter effects, the RSC reduces the positive damping, whereas
including the GSC enhances the damping. Moreover, as the damping plot reveals,
the GSC helps to stabilize the torsional mode no. 2. Generally speaking, the

impact of the controller is dominant over the rotor speed impact.

7.2.3 Impact of Inner Loop Controller Gains

The previous results indicate that the active impedance (the portion of impedance
of the DFIG formed by the controllers) has a significant impact on the overall
equivalent impedance of the DFIG. The key component in the active impedance is
the controller gains. The investigation here reveals that the integral gain does not
have much impact, therefore, the sensitivity of the impedance to the proportional
gain is studied and shown in this subsection. Figure[7.13]shows the damping profile
under the variation of RSC proportional gains (10%, 50% and 100% of the original
value). The impact of the RSC magnifies and appears at the low frequency range.
As the gain increases, the phase angle of the impedance increases. As shown in
Figure for the low gain, high improvements are achieved as the phase of the
impedance is reduced (to less than 90°) at the lower frequency range. This result
explains the improvement of the electrical damping at the lower and mid-frequency
ranges.

Similarly, Figure [7.15| shows the impact of the proportional gain of the GSC
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Figure 7.12: Impact of GSC and RSC controllers on electrical damping; (solid:
DFIG without controller) (dotted: DFIG with only RSC controller) (dashed:
DFIG with RSC and GSC controller).
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Figure 7.13: Impact of RSC proportional gain on Electrical damping. (solid: the
original gain) (dotted: 50% of the original gain) (dashed: 10% of the original gain)
(Original k,=1.26).
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Figure 7.14: Impact of RSC proportional gain on DFIG impedance. (solid: the
original gain) (dotted: 50% of the original gain) (dashed: 10% of the original gain).
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Figure 7.15: Impact of GSC proportional gain on electrical damping. (solid: the
original gain) (dotted: 50% of the original gain) (dashed: 10% of the original gain).
Original k,=1.0.

127



0

< N\
3 6 / N 4
e
) / N
E 4 / N
5 s
= 2 ~ < -
— — e
— . .
18
3. .. T — — i
S \. ] -~ -
ﬁ 90+ \
g g :
T ok Positive impedance
45
-1 0
10 Frequency (p.u.) 10
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converter. It is obvious that the proportional gain has a significant impact on the
damping profile. To a certain limit, %, has two opposite effects as it decreases:
an improvement in the damping profile at the higher frequency (f >0.5 p.u.) is
achieved, and a degradation occurs at the lower frequency (f>0.5 p.u.). This effect
is attributed to the change in the admittance profile, as depicted in Figure [7.16}
where, with a lower k,, the negative conductance region is prolonged, and the
positive conductance appears after the frequency (f>0.5 p.u.). With the higher
gain values ( k,=1.0), the positive conductance appears early at (f>0.2 p.u.).
However, significant positive conductance is obtained after (f>0.5 p.u.) with lower
gain. This result explains the improvement in the damping profile at the mid- and
high-frequency ranges.

For the sake of the comparison between the impacts of the RSC and GSC gains,
in both controllers, lower gains are preferred to minimize the negative resistance;
however, reducing the gain of the GSC improves the damping at the mid- and
higher- frequency ranges, whereas reducing the gain in the RSC improves the
damping at the lower-frequency ranges. The main contribution of the GSC tends
to reduce the negative resistance associated with that introduced by the RSC
controller. Also, the GSC brings the overall phase angle of the DFIG impedance
within (-90° and 90°), yielding a positive resistance. However, it should be noted
that modifying the control parameters might deteriorate the basic control functions

and control performances.
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Figure 7.17: Electrical damping.(solid: with only inner loop),(dotted: Z;; , dashed:
222).

7.2.4 Impact of Outer Loop Controllers

Figure shows the real part of output impedance of the GSC with the inclusion
of an outer loop under zero power exchange throughout the converter. Including
the outer loop enlarges the negative resistance range, mainly due to the involvement
of PLL and dc-link controllers. A large part of Z95 becomes negative, whereas 7,
has negative resistance in the mid-range. Generally, and as it is early found in full
scale VSC system, compared with the inner loop, the outer loop has a negative
impact on the impedance profile, and an expected reduction in the damping profile
occurs.

Including the outer loop makes the impedance dependent on the output power
through the converter. This subsection investigates the impedance profile under
the loading condition. In a DFIG system, the GSC is a partial converter, and
typically +30% of the total power can flow through the converter. Figures and
show the impact of the loading level on the impedance elements of the GSC.
The results reveal that the loading level has significantly changed the impedance
profile in terms of the phase and the magnitude. In the super-synchronous mode,
Z11 is improved, as the negative resistance of Zi; is minimized, but the sub-
synchronous mode enlarges the range of the negative resistance of Z;;due to tight-
regulation of the dc-link. Generally, the positive impedance is proportional to the
loading conditions.

However, the opposite results are obtained for Z,,; where the impedance is

improved in the sub-synchronous mode and degraded in the super-synchronous
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(dotted: P=-0.3 p.u.), (dashed: P=0.3 p.u.), (dotted-dashed: zero power).
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130



De [p.u]
(@)

1 1 1 1
0 0.2 0.4 0.6 0.8 1
Frequency [p.u]

Figure 7.20: Impact of operation mode of DFIG on electrical dampin. (Solid:
without outer loop), (dotted: P=-0.3 p.u.) (dashed: P=0.3 p.u.), (dash-dotted:
ZEro power).

mode. This opposite impact attributed to the contribution of PLL to ¢-channel
impedance element. Figure shows, under this contrary impact, the damping
profile under the three loading conditions (+30%, 0, -30%). Overall, the DFIG
operation mode has no significant impact on the damping profile. However, the
sub-synchronous mode gives slightly lower damping at the mid-frequency ranges.

Figure shows the damping profile including the outer loop of the RSC,
revealing that the RSC has slight impact on the damping profile. RSC under a

loaded condition exhibits better damping characteristics.

7.2.5 Overall Impedance and Damping

Figure compares the damping profile for three cases: DFIG without controller,
a DFIG with only an inner loop, and a DFIG with all loops (inner and outer loops).
As discussed previously, with only the inner loop, the DFIG has a positive impact
due to its positive impedance in the low- and mid-frequency ranges (f<0.7 p.u.)
and a negative impact at the higher frequency ranges. Including the outer loop
of either the GSC or the RSC reduces the damping. The GSC tends to improve
the damping whereas the RSC tends to reduce the damping due to the negative
resistance. Including the outer loop of either the GSC or the RSC reduces the

damping due to the constant-power control and PLL dynamics
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Figure 7.21: Impact of outer loop of RSC on electrical damping (Solid: without
outer loop) (dotted: zero power), (dashed: P=0.5 p.u.).
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Figure 7.22: Overall impact of DFIG on electrical damping (Solid: DFIG without
controller) (dashed: DFIG with inner loops) (dotted: DFIG with all loops).
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Figure 7.23: Proposed active damping compensation scheme.

7.3 Proposed Active Damping Compensation

The results from the linear damping analysis reveal that adding the DFIG reduces
the system damping due to negative resistance appearance especially at mid- and
high-frequency range. Under this scenario, active damping technique would be
necessary to enable a stable and reliable integration of a DFIG into a power sys-
tem. The damping compensator could be implemented within the GSC or RSC
control system; the latter seems has some limitation as it involves the machine and
rotor dynamics and might impact the basic maximum power tracking operation of
machine. Alternatively, the GSC offers better flexibility and realization as it inter-
acts directly with the grid. For this purpose, the active impedance compensations,
developed for full-scale VSC in Chapter 4, can be used here to reshape the overall
output impedance of DFIG. Figure shows the GSC with the proposed active
damping. Using the developed guidelines previously, the compensator (B(s)) is
designed to operate only in transient conditions and it is chosen to maximize the
positive admittance that appears in the sub-synchronous region, particularly in
the vicinity of the torsional modes.

The modified transfer functions of current controller and the GSC output-

impedance with proposed damping controller can be expressed by

1= & jref [1—H(s)— B(s)C(s)] .
\{L(S) +C(S)} +{ T (s)tC(s)] } 9 (7.28)

N~
N
fcc ch ew

S

where

2Ckw,s
s2 + 28w, + w?’

B(s) =

The modified admittance expressed is obtained as:
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Figure 7.24: Output admittance with proposed active damping. (solid: compen-
sated), (dotted: uncompensated).
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yew = (7.29)
The compensator is designed to eliminate the negative resistance and attain a pos-
itive resistance, hence positive damping in the entire sub-synchronous frequency
range. To achieve this goal the compensator is designed to be band-pass filter
with the following parameters (k.=30 and w.= 0.8 p.u.). Figure compares
between the admittances of the GSC with and without the proposed damping
compensation. It is clear that the proposed technique has improved and reshaped
the admittance profiles; good improvement for Ys, is achievedas it becomes pos-
itive after ( f>0.75 p.u.), and maintains a positive admittance in Yj; element is
the entire sub-synchronous range. Further, the proposed damping magnifies the
admittance magnitude, and overall a positive conductance is obtained. Figure
compares the damping profile for the worst case (higher negative damping). As
it is clearly shown, the proposed damping is able to improve the damping profile
and maintain a positive damping around the torsional modes of the synchronous

machine.
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Figure 7.25: Electrical damping: (solid: compensated), (dotted: uncompensated),
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7.4 Time-Domain Simulation Results

A detailed time-domain model of the studied system in Figure 7.1 is implemented
in PSCAD/ EMTDC® package to verify the results obtained from the theoretical
impedance and damping analysis. The mechanical torques between masses 1&2,
masses 2&3, and between the exciter and generator are monitored and are shown
in the following results. A transient disturbance (a three- phase fault) occurs at
t=3.0 s for 10 ms. Figure [7.26| shows the torque response when the VSC is not
connected. The system is stable and the torsional modes are damped. The torque
response when the DFIG is connected is shown in Figure which reveals that
an oscillatory response is building up as a result of adding the DFIG to the system,
because this addition introduces negative resistance (negative damping) damping
at the torsional frequencies. Figure [7.28| shows the time-domain response with
the proposed active compensation, revealing that it enhances the damping pro-
file and damps sub-synchronous oscillations due to the added positive resistance.
Comparing between the base case (without DFIG) and DFIG with compensation,
the torques response, especially the torque of (LP-Gen), in the latter are more

damped. This result matches the results from the linear analysis.

7.5 Summary

The impact of a DFIG VSC-based on sub-synchronous damping and interactions
has been analyzed in this chapter. A detailed output impedance model of a DFIG
is developed that considered the machine, GSC, and RSC inner and outer controller

loops, and used to study sub-synchronous interactions between a DFIG-VSC and
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an electrically nearby synchronous generator. The impedance profile and electri-
cal damping is examined under different rotor speeds and controller gains. It is
concluded that the impact of the controller dominates over the impact of the ro-
tor speed. The inner controller of the RSC tends to contribute negatively to the
impedance as it enlarges the range of the negative resistance, whereas including the
GSC helps to alleviate the range of the negative resistance. Amongst the controller
loops; the outer loop is the most dominant contributor to the impedance profile.
To facilitate effective DFIG integration into power systems with sub-synchronous
interactions concerns, a simple active damping compensation, based on the local
measurements of the grid voltage at PCC, has been proposed to eliminate the

negative impact resulting from adding DFIG to grid.
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Chapter 8

Concluding Remarks and Future
Work

8.1 Thesis Conclusions

Integrating voltage source converter (VSC) system into power systems has the
potential to degrade the system damping and create a stability challenge. This
thesis has addressed this challenge by focusing on the sub-synchronous interaction
stability and electrical damping. The key element for the dynamics assessment
of VSCs is the incremental output impedance. This thesis has presented compre-
hensive impedance derivations, analyses, and assessments, and proposed simple
and effective mitigation techniques to eliminate the negative impact of VSCs sys-
tem. Two common VSCs configurations, full-scale and partial-scale (doubly-fed
induction generator (DFIG)) have been considered in this thesis. The impedance
profiles of full-scale VSCs system were also discussed under two different control
topologies: vector control and power synchronization control.

In Chapter 2 , a detailed derivation of the output impedance of full-scale VSCs
was developed. The derivations considered all the grid-side control loops such as
the inner current control, phase-locked loop, and outer loops (direct and quadrature
channels) under all possible control modes and structures.

In Chapter 3, the profile of the output impedance, and hence, also of the
electrical damping, was examined under various control elements and functions.
The impact of the control structure, the control modes, and the output power
levels on the impedance and sub-synchronous electrical damping was investigated
and characterized. Furthermore, the impact of the switching frequency as well
as the bandwidth of the control loops was discussed. The following are the key
findings:
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. If only the inner current control loop is considered, the VSC output impedance
becomes independent of the power level of a VSC. The addition of outer
loops yields nonlinear system dynamics that depend on the operating point
and also makes the impedance matrix elements more coupled. Generally
speaking, including the outer loops increases the area of the negative con-

ductance/resistance region.

. The PLL is one of the main contributors to the negative resistance. The
impact of the PLL appears mainly in the quadrature component of the
impedance (i.e., Z33). The impact of the PLL depends on the operating
point of the converter. Under the inversion mode (in which VSC delivers
power) negative resistance is manifested in all the sub-synchronous ranges.
However, in the rectification mode, the PLL tends to contribute positively

to the impedance profile.

. Both Active power and DC-link voltage controls tend to increase the area of
the negative resistance region due to tightly-regulated power control concept,
however, active power control has less impact and has the potential to im-
prove the impedance profile at the low- frequency range. However, the differ-
ence between the controllers appear mainly at low frequencies ( f<0.6 p.u.),
whereas both controllers almost have the same effect at the high-frequency

range ( f<0.6 p.u.)

. The impact of increasing the switching frequency is manifested in increasing
the overall closed-loop system bandwidths. This factor has two opposite ef-
fects; the increase of the bandwidth of the d-channel improves the impedance
shape and electrical damping, whereas increasing the bandwidth of the PLL
increase the negative resistance in ¢-channel and further degrades the elec-
trical damping. However, the overall impact seemed to improve the system

damping.

. Faster current control (i.e., higher bandwidth) has a positive impact on Z1;
in the low-frequency ranges and a negative impact in the high-frequency
range, and also has a negative impact on Z95. Generally, a higher bandwidth
improves the overall impedance. Therefore, a higher current bandwidth is
recommended to maximize the positive impedance and minimize the negative

interaction at the sub-synchronous frequencies.

. Reshaping the incremental output impedance by modifying the converter
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controller parameters is limited by the control performance and bandwidth
requirements. Instead, this thesis proposed several active damping tech-
niques to minimize the negative resistance by using supplementary con-
trollers, which yields a second degree-of-freedom to reshape the converter
impedance, with a minimum effect on the closed-loop control performances

(the tracking and disturbance rejection).

In Chapter 4, three simple and robust active reshaping techniques were pre-
sented. The capability of conventional control system of VSCs showed limited
boundary and effectiveness to shape its output impedance. Instead, reshaping
techniques are proposed by supplementary damping controllers .The reshaping
techniques were realized by modifying the dynamics of the PLL, generating the
stabilizing active impedance via the inner current control, and modifying the dy-
namics of the outer dc-link voltage control loops. The proposed active mitigation
methods showed an excellent performance in reshaping the VSC impedance and
achieving positive impedance and inducing positive electrical damping, which is
necessary to avoid possible sub-synchronous interactions between the VSC system
and the power network. Further, the proposed compensators showed a robust con-
trol performance at different output power levels of the VSC without significant
impact on the converter control performance. With the proposed techniques, the
VSC positively contributes to the damping behaviour in sub-synchronous frequency
range. The effects of the proposed techniques on the tracking and disturbance capa-
bility of the converter were also pointed out. The theoretical analysis, simulation,
and experimental results verified the effectiveness of the proposed techniques.

A novel sub-synchronous torsional damping technique for a series-compensated
system with a multi-mass synchronous generator was proposed in Chapter 5. The
proposed technique was based on reshaping the impedance of the interfacing VSC-
based system to obtain a positive damping in the vicinity of the torsional modes.

In Chapter 6, the output impedance of a VSC system under the newly de-
veloped “power synchronization” control (PSC) was analyzed and presented. It
was observed that under this control, the overall output impedance of the VSC
had non-negative resistance; hence, the VSC system had no negative impact on
the sub-synchronous damping and grid interactions. On the contrary, and com-
pared with the vector current control, the output impedance added damping to
the system under PSC . Different aspects were addressed. The key finding is that;
the loop gain has a linear relationship with the damping. Under only the power

synchronization loop (active power control mode), it was found that the system
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was stable and apparently had no need for active compensation; however, when
the dc-link voltage controller was used, negative resistance appeared at the lower
frequencies; hence, instability at the lower frequency is possible if the SG has a
torsional mode lies in the negative resistance region. A remedial action with active
compensation might be needed to prevent this instability.

In Chapter 8, the impact of a DFIG VSC-based system on sub-synchronous
damping interactions was analyzed and presented. A detailed output impedance
model of a DFIG was developed. This model considered the machine, grid-side-
converter (GSC), and rotor-side converter (RSC) with the inner and outer con-
troller loops; then it was used to study the sub-synchronous interactions between
a DFIG and an electrically nearby synchronous generator. Several aspects were
considered. The results revealed that the impact of the controller on the impedance
profile dominated over the impact of the rotor speed. The inner controller loop of
the RSC tended to enlarge the range of the negative resistance; however, consider-
ing the inner control loop of the GSC helped to alleviate the range of the negative
resistance. Among the controller loops, the outer loop was the most dominant con-
tributor to the impedance profile. In contrast to the inner loop impact, the GSC
outer loop (the de-link voltage control) had a negative impact on the impedance,
whereas outer loop of the RSC tended to reduce the area of the negative resistance.
To facilitate the integration of DFIGs into power systems, a simple active damping
compensation based on the local measurement of the grid voltage at the point of
common coupling was proposed to eliminate the negative impact resulting from
adding the DFIG to the grid.

8.2 Suggestions for Future Work

The research work performed and presented in this thesis can be extended in the

following directions:

e VSC-systems can be modeled, implemented and controlled by either rotat-
ing dg-frame or stationary af-frame. The former is the most commonly used
technique due to the effectiveness of the control systems implemented in this
frame, and to historical reasons, where power system dynamics are tradition-
ally modeled and analyzed in the dg-frame. One advantage of the af-frame
control over the dg-frame control is that the phase-locked loop (PLL) is not
required for frame transformations. This feature reduces the controller bur-

den. Future work could be conducted to study the impedance profile of
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VSCs with controllers implemented in the af-frame, and to investigate the

grid interaction compared with that of the dg-frame control model.

The focus of the thesis was on the real-part of the output impedance of a VSC
(as an index for damping), with the developed detailed output impedance
(which considered the inner and outer loops, and different control modes);
future work could be conducted to identify and study other stability aspects
of VSC-grid interactions such as VSCs stability in hybrid (ac/dc) systems,

and interactions of VSCs with weak grids.

With the developed detailed output impedance models, future researches
could study and characterize the sub-synchronous resonance phenomena that
might occur due to the application of series compensated line for long trans-
mission line with a remote and offshore wind turbines ( full-scale and DFIG)

(as a wind resource normally located away and series compensated is used).

Many studies have shown the potential for the application of PWM current
source converters (CSCs) to renewable resources (i.e., variable speed wind
turbines). The output impedance of CSCs could be derived and analyzed,
and a comparative study with a VSC could be performed.
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Appendix A

Derivation of Electrical damping

(a) d-channel (b) q-channel

Figure A.1: dg-model of synchronous machine in rotor reference frame.

Figure 1A depicts the electrical equivalent circuit of a salient pole synchronous
generator in dg-rotor reference frame. In this model, field winding and three
damper windings are considered. The general state space model of a synchronous

machine in the rotor reference frame is described as follows [12]:

i= L' [(R+w,N)Ai+ {a1vf + v,}] (A1)

T, = 1] [i] (A.2)
where

R = dla’g (RdaRDny7Rq7RG7RQ)7 Vs = |: Vg Vg ]T7is = |: id Z.q ]T7

-Zd- -Ud- -ido- -1- -0 0-
ip Up 0 0 00
1 = Zf , U= Uf ,Z'O: Z.fo , a1 = O , o = L 0 )
iq Vg lgo 0 01
e (el 0 0 00
_iQ_ _'UQ_ | 0 i _O_ _0 0_
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[ Ly — Lq —LAQ —LAQ i
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Linearization of (A.1) and (A.2) yields
Ai= L (R+w,N)Ai — L} (R + Aw,N) — L™} (Av, — Abu,,)

AT, = [Ti] [A]

) cos A —sin Af )
Ay = [ sin A@ cos Af } [a2] [A]

The above equations can be re-arranged in a matrix form

Ai = [z4] [ N } + (2] Aw, + [23] Avs,

Ady = 4] [ N ]}

AT, = [xs) { ﬁé } :

(A.6)

(A7)

(A.8)

(A.9)
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Figure A.2: Electrical damping state-space model.
~L~INg,
71
s — { L™a, } , (A.11)
0
zy= [Ty 0], (A.12)
x5 = [ a3 af i,]. (A.13)

Now, the matrix elements in Figure 13(b) can be obtained as follows:
A =Xy (SI—Xl) X9, B =X5 (SI—Xl) X9

D :X4(SI—X1>X3, C :X5(SI—X1)X3
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Appendix B

IEEE first benchmark system
data

IEEE First Benchmark System Data[l§]:
e Based value MVA =892.4 and freq= 377 rad/sec.

e Network parameters (pu) : Xy = 0.14, R = 0.02, X, = 0.5, X, =
0.06

e Generator parameters ( p.u): 892.4 MVA and 24 kV, ry =0.005, rp =
rg = .025,7‘Q = Ty :0025, Lmd = 166, Lq = 158, Lls = 0.13,Lﬂ =
0.062, Lp; = 0.055, Lg = 0.326, Lg; = 0.095

o Multi-Mass Turbine-Generator

Table B.1: IEEE FBM Inertia Constants (p.u.)

Turbine Inertia Constants (pu)
HP Turbine [H] 0.0929
IP Turbine [Hs)] 0.1556
LPA Turbine [H;] 0.8587
LPB Turbine [H,] 0.8842
Generator Turbine [Hj] 0.8685
Exciter Turbine [Hg| 0.0342

e Damping Constants (pu): D; = Dy = D3 = Dy = D; = 0.005;
D12 == D23 = D34 = 0.005 and D45 = 0.005
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Appendix C

IEEE second benchmark system
data

IEEE Second Benchmark System Data [10] and [70]:

e Based value MVA =100 and freq= 377 rad/sec.

e Network parameters (pu) :

Table C.1: Network parameters (p.u.)

X7 0.020
Rr 0.002
R, 0.0074
X1 0.0800
R, 0.0067
X1o 0.0739
Rays 0.0014
Xops 0.03

e Generator and mechanical system data can be found in[10] and [70].
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Appendix D

System data

Table and show the adopted system data and key parameters in chapter
6 and 7, respectively.

Table D.1: VSC parameters

Parameters Value
VSC- rated MVA (based) 300 MVA
DC link voltage 100 kV
Phase reactor inductance 0.15 p.u.
Phase reactor resistance 0.015 p.u.
DC link capacitance 0.3 p.u.
Switching Frequency 1980 Hz

Table D.2: DFIG Data (p.u)

Rated 100 MVA
MVA

Parameters | Value

Ls 0.09231
Lm 3.95279
Lr 0.09955
Rs 0.0048
Rr 0.00549
Lg 0.3
DClink C | 1.0
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