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Abstract

The investigation of various oscillations is crucial for the stable operation of high
power electronic converter (PEC)-penetrated power systems. In order to tackle the
various oscillations, a precise system modeling would be important. The commonly-
used modeling-based methods include the damping torque analysis (DTA) and modal
analysis (MA). However, the large quantities of system components make the system
modeling nearly an impossible task. To date, the energy flow analysis (EFA) has been
applied in the stability analysis of power grids, which is based on the measurement
technology. Nevertheless, the existing research of EFA is still insufficient. Specifically,
the relationship between EFA and the modeling-based methods (i.e., DTA and MA) is
not essentially revealed. Moreover, EFA is mainly used for monitoring and analyzing
the oscillations of synchronous generator-dominated power grids, but has not been
extended and generalized to that of PEC-penetrated power systems.

In this thesis, firstly, the connection between DTA and EFA are systematically
examined and revealed for the better understanding of the oscillatory damping
mechanism of the electromechanical oscillation. Specifically, the concepts of the
aggregated damping torque coefficient and frequency-decomposed energy attenuation
coefficient are proposed and derived. On this basis, the frequency spectrum analysis of
the energy attenuation coefficient is employed to rigorously prove that the results of

DTA and EFA are essentially equivalent, which is valid for arbitrary models of



synchronous generators in multi-machine power systems.

Secondly, a novel EFA is proposed based on the signal reconstruction and
decomposition to quantitatively investigate the electromechanical oscillations in multi-
machine power systems. Specifically, the time-domain implementation (TDI) and
frequency-domain implementation (FDI) of the proposed EFA are designed. On this
basis, the consistency between the proposed EFA and MA is strictly proved, which is
applicable for arbitrary models of synchronous generators in the multi-machine
environment. Also, the application procedure of the proposed EFA in monitoring and
analyzing the electromechanical oscillations is given.

Thirdly, as a major part of the full converter-based wind generation (FCWG), the
potential dynamics of the permanent magnet synchronous generator (PMSG) can be
utilized to improve the oscillatory stability of the PEC-penetrated power grid with the
introduction of the auxiliary resonance controller (ARC) to the machine-side control of
FCWG. However, the machine-side oscillations (MSOs) of FCWG would also be
complicated. Thus, the proposed EFA is extended to the machine side of FCWG for
numerically investigating multiple types of MSOs of FCWG.

Finally, a generalized oscillation loop is structured based on the second-order
differential operations of a studied control loop of PEC. On this basis, a generalized
EFA is proposed for monitoring and analyzing of the various oscillations of PEC-
penetrated power grids. Taking the control loops of the grid-side converter (GSC) of
FCWG as an example, the application of the generalized oscillation loop and

generalized EFA is further discussed considering the potential modal resonance



between GSC oscillations (GSOs) and external grid oscillations (EGOs) to consolidate

the oscillatory stability of the PEC-penetrated power system.
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Chapter 1

Introduction

1.1 Background

Energy depletion and environmental problems boost the development of renewable
power generations [1], among which the wind and photovoltaic power generations are
the most representative. Unlike the conventional power generation, the power
electronic converter (PEC) is indispensable for the integration of the renewable power
generation to the power grid [2][3]. In addition, the development of new transmission
technologies, such as the flexible AC transmission system and high-voltage DC system,
also lead to the consequence that the conventional power equipment (e.g., synchronous
generators, transmission lines, transformers, series compensation equipment) has to
coexist with the large number of PECs [4][5]. The current status of the power grid with
multiple emerging technologies can be illustrated by Fig. 1.1. In some optimization-
related studies of the local distribution network, the external power grid is usually seen
as an ideal infinite power source (e.g., the research in [6] and [7]). However, the big
amount of PECs have brought complex non-linearity and dynamics to the power grid
[8][9]. Thus, the external power grid can no longer be regarded as the ideal infinite
power source, but the weak grid [10]. As an important aspect of power system dynamics,
the stability issue has been significantly impacted [11]. The aforementioned multiple

emerging technologies inevitably bring potential risks to the overall stability of power



systems, as well as the secure operation of power grids [12][13].

gk

Large-scale wind farms

Transmission system

b

Series compensated
transmission line

i

Flexible AC
transmission system

- e

High-voltage DC system

Large-scale photovoltaic
power plants

Small-scale
photovoltaic systems

Electric vehicles charging

Fig. 1.1 Current status of power grids with emerging technologies.

The oscillation is an inherent phenomenon in the large-scale or interconnected
system operation [14]. The oscillation events can be triggered by various factors such
as the sudden change in transmission line parameters, generator faults and load
fluctuations [15][16].

Since the PECs bring more complex dynamics in some frequency ranges, they have
a great potential to generate various types of interactions with the external grid and
bring the emerging oscillation issues [17]. On the other hand, with the number of PECs
becomes huge, it is more difficult to identify which device in the system is the main

source of the oscillation, which further complicates the oscillation investigation. In the



existing literature of oscillation issues, the sub-synchronous oscillation/resonance
(SSO/SSR) and the low-frequency oscillation (LFO) have attracted the major attention
of researchers.

An SSO/SSR incident caused by the interactions between the type-3 wind turbines
and the series compensation equipment happened in Texas in 2009, which has led to
the damage to system devices and motivated the research on the SSO/SSR issues caused
by the power electronics [18][19]. Shortly after this accident, the authors in [20] put
forward the dynamic model of the type-3 wind turbines for the SSO/SSR analysis. In
recent few years, more SSO/SSR phenomena have been observed in the power systems
with growing number of power electronics, such as the SSO/SSR occurring in Guyuan,
Hebei Province, China in 2011 [21], and the SSO/SSR among PEC-interfaced wind
generators in Hami, Xinjiang, China in 2015 [22][23]. These incidents have revealed a
pressing need to investigate the emerging SSO/SSR phenomena. At present, there are
some task forces in IEEE which focus on the SSO/SSR phenomena, such as the IEEE
wind SSO Task Force established in 2017 [24] and the IEEE PES Task Force on
Oscillation Source Location [25]. Some academic activities on SSO/SSR issues have
also been organized, such as the analysis of SSO/SSR issues of the wind integration
system at 2018 IEEE PES General Meeting [26]. According to the IEEE report, SSR
refers to the oscillation resulting from the interactions of the turbine-generator with
series compensation equipment, while SSO refers to the oscillation resulting from the
interactions of the turbine-generator with quick acting control devices [27]. However,

with the appearance of many new types of SSO/SSR, the conventional classification



may be no longer applicable. The authors in [28] make the attempts to refine the
classification of SSO/SSR based on the oscillation modes. Specifically, the SSO/SSR
is divided into three types according to [28]: (1) SSO/SSR caused by the torsional
vibration of rotating machines; (2) SSO/SSR caused by the electric resonance between
the capacitance and the inductance in the power grid, especially the reactive power
compensation and filtering devices; and (3) SSO/SSR caused by the interactions of the
various PECs with the external grid or other PECs. Ref. [29] reveals some
characteristics of the SSO/SSR caused by the type-3 and type-4 wind farms through
analyzing the real-life measurement data.

LFO initially originates from the small-signal stability issues of synchronous
generators in power grids, which is more common and conventional. Over the past years,
more LFO events have occurred in power grids all over the world: for example, the
LFO phenomena have been observed at different frequencies in Texas [30]; [31] reports
that one LFO incident happened in the south power grid of China in 2005; [32] presents
the LFO observation at 0.38 Hz in 2013 summer in the US. These incidents have also
aroused the interest of some researchers. In recent years, there have been some studies
on LFO, such as the research in [33]-[35]. Typically, the LFO can be classified into two
types: the intra-area LFO and the inter-area LFO [36], and the latter is of more general
concerns. The growing number of LFO incidents have set a high requirement for the
accuracy of the identification of LFO characteristics [37]. However, with the increasing
number of PECs being connected to the power grid, the LFO modes show more

complexities, such as the LFO induced by the variation of the wind power in [38], and



the LFO existing in the train-traction network in [39] and [40]. Generally, the LFO and
SSO/SSR have different frequency ranges of interests. The LFO can occur at the very
low frequency, even as low as 0.1 Hz [41], while the frequency range of the SSO/SSR

is normally higher than that of the LFO.

1.2 Literature Review

As the statement in Section 1.1, the emerging oscillation problems seriously
threaten the safe and stable operation of power grids. Therefore, the various oscillations
need to be investigated in the PEC-penetrated power system. In the existing literature,
the stability problem caused by the oscillation in power systems is usually known as
the oscillatory stability [42]-[46]. In this thesis, the oscillatory stability is adopted as
the academic terminology.

After an oscillation accident occurs, if the oscillating power lasts for a while and
then gradually decays, the oscillation is considered to be stable [47]. The investigation
of an oscillation involves two aspects, i.e., its frequency and damping performance. The
frequency of an oscillation can reflect its type and potential causes. The damping
performance of an oscillation characterizes its decaying rate, which is a quantitative
characterization to evaluate the oscillatory stability, and the better damping
performance indicates a shorter oscillation duration. For the power systems with weak
natural damping, the damping performance is normally enhanced by using the external
equipment [48]-[51], and the damping performance should be carefully investigated for

the installation planning and parameter setting.



At present, there are two commonly-used modeling-based methods for the damping
performance assessment, i.e., the damping torque analysis (DTA) and modal analysis
(MA).

DTA originates from the concept of the electric torque of synchronous generators
in the electromechanical oscillation. The generator rotor movement produces the torque
effect, which provides a clear physical explanation [52]. As a component of the electric
torque, the damping torque contributes to the damping of power oscillations [52]. At
present, DTA is a common method to examine the effect of excitation control on the
power system small-signal stability and gradually extended to the damping
performance assessment as well as the design of stabilizer controllers. DTA relies on
the mathematical model of the components [53]. The mathematical models of the
doubly-fed induction generator, fixed-speed induction generator and three transitional
wound rotor generators are established in [54] to realize the damping torque assessment.
A model reduction strategy of doubly-fed induction generators is mathematically
proposed in [55] to improve the efficiency of dynamic DTA. The dynamic
mathematical model of doubly-fed induction generators with least orders but acceptable
accuracy is established in [56] to investigate the damping torque from different dynamic
components of doubly-fed induction generators. DTA is proved to be equivalent to the
conventional eigenvalue analysis [57]. The damping torque coefficient is an important
index to represent the relationship between the damping torque and angular frequency.
Ref. [58]-[60] study the damping torque coefficient through the mathematical modeling

based on a linearized model. In a single-machine infinite-bus (SMIB) power system,



there is only one dominant oscillation mode and the damping torque coefficient can
directly characterize the damping performance of the whole power system. However,
the damping torque coefficients of multiple generators are presented in the matrix form
for multi-machine power systems [52]. The damping contribution of the whole power
system is distributed to the generators associated with the oscillation mode, which
makes the analysis more complex for multi-machine power systems. Therefore, there
is a lack of a useful concept for DTA that can characterize the integration effect of the
damping contribution from the whole power system, which should be applicable for
arbitrary types of synchronous generator models in multi-machine power systems.
The modal analysis (MA) is another commonly-used modeling-based method to
examine the oscillations [61][62]. MA usually requires the mathematical modeling of
the whole power system. The state-space modeling is widely adopted in MA, and the
advantage is that it can handle the nonlinear system modeling for the oscillatory
stability analysis. Refs. [63]-[67] adopt the state-space modeling approach to build the
state-space matrix and use the eigenvalues of the state-space matrix to assess the
oscillatory stability in power systems with the wind power integration, photovoltaic
power integration and new transmission technologies. Generally, MA focuses on the
oscillation modes or corresponding eigenvalues without paying much attention to the
physical mechanism of oscillations [68]. The eigenvalue is a fundamental and
conventional index for the studies of the oscillatory stability in the power grid [69][70].
The imaginary part of the eigenvalue represents the angular frequency of the oscillation,

and the real part of the eigenvalue can accurately indicate the relevant damping of the



oscillation [71]. Some recent work of MA is summarized as follows. The modal
sensitivity is derived as a new index in [72] to represent the impact of dynamic
interactions introduced by double-fed induction generators on the electromechanical
oscillations. The authors in [73] propose a modal superposition theory to classify the
modal interactions between wind power oscillations and electromechanical oscillations.
MA and DTA are the well-developed methods, but they have the certain difficulties
when applied in the large-scale power systems. Firstly, the large number of system
components leads to a high-dimension modeling [74], which has significantly raised
the modeling difficulty as well as the computational burden of computers and affected
the efficiency of oscillatory stability studies [75][76]. In addition, the components of
modern power grids are becoming increasingly diversified and time-varying, which
makes it difficult to obtain the accurate model and parameters of each component.

In view of the above restrictions of DTA and MA, it is urgent to develop an
alternative method to investigate the oscillations, which does not largely reply on the
precise and high-dimensional modeling. Apart from the modeling-based method, the
measurement-based method is an emerging way to assess the stability of modern power
systems [77][78].

The oscillation events are accompanied by the transmission and dissipation of the
oscillatory energy flow in the power network [79]. For a stable oscillation event, the
oscillatory energy flow is eventually dissipated by the generators as well as external
stabilizers if any. Based on this fact, the energy flow analysis (EFA) is developed and

able to provide a clear explanation on the physical mechanism of the electromechanical



oscillation. Hence, the EFA provides a clear description for the oscillation mechanism.
In recent years, the phasor measurement unit (PMU) and wide area measurement
system (WAMS) have been applied in the stability analysis of the power system
[80][81], which facilitates the measurement of the oscillatory energy flow at the
terminal of a local power generation and thus enabled a convenient EFA [82]. Therefore,
the measurement-based EFA gradually becomes popular to the oscillatory stability
analysis. Compared with DTA and MA, EFA is a type of method that mainly replies on
the measurement technology and shows apparent advantages: no complex high-
dimensional modeling process is required, especially for the large-scale power system.
The merits have attracted quite a few research efforts in developing EFA for the studies
of the oscillatory stability. The basic components of the oscillatory energy flow are
presented in [83] and the oscillatory energy flow is utilized to determine the location of
oscillation sources. The calculation of the oscillatory energy flow on the bus level is
given in [84], and then the oscillation source is determined according to the variation
tendency of the oscillatory energy flow at each generator. On the basis of [84], the
authors in [85] propose a scheme of the cut-set energy construction to make full use of
the measurement data. The authors in [86] divide the whole system into closed-contour
regions to locate the oscillation source on the region level considering the incomplete
measurement coverage. A two-level method is proposed in [87] for locating the
oscillation source from both the bus level and the control device level. The above-
mentioned work on the source location is a typical application of EFA, but the

investigation of the damping performance of oscillations is not included.



Thus, in order to make EFA more capable and valid, the researchers apply EFA to
conduct the numerical analysis for the oscillatory stability. Some of the latest work are
summarized as follows. The components of the oscillatory energy flow are analyzed
with more details in [88], which lays a foundation for the EFA-based numerical analysis
for oscillations. In order to quantitatively characterize the change of damping
contributions, the damping loss factor of the generator is defined and derived in [89]
and [90]. However, the limitation of [89] and [90] is that the feasibility analysis of the
defined concept is limited to the specified generator model. The dissipation of the
oscillatory energy flow is revealed to be connected with the damping torque of
generators in [91]-[93] to offer a capability of the qualitative analysis for the oscillatory
stability. The EFA-based work is further extended to the SSO/SSR with higher
frequencies in [94]. However, the limitation of [91]-[94] is that the dissipation of the
oscillatory energy flow is not further linked with the damping ratio (or eigenvalue) in
the multi-machine power system, which has restricted their capability in the
quantitative analysis. The rate of change of the dissipation of the oscillatory energy
flow is recommended in [95] and [96] to assess the damping performance of an
electromechanical oscillation. However, the proposed method in [95] employs a linear
fitting for the dissipation of the oscillatory energy flow, which may be inaccurate under
some operating conditions. The proposed method in [96] relies on the availability of
parameters of the power network, which is not quite a generalized approach. The
connection between EFA and MA as well as DTA is attempted to be revealed in [97]-

[100]. However, the strict proof is provided for the SMIB power system based on the
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certain model and parameters of the synchronous generator, which lacks a complete
validation for arbitrary models of synchronous generators. For the multi-machine
power system, the validation is obtained from the repeated simulations and curve-
fittings in [97], and the strict theoretical proof is not provided.

Therefore, there is no research seen so far to rigorously justify the consistency
between EFA and MA as well as DTA for the damping performance assessment. In
addition, the measurement at the terminal of a local generator involves multiple
oscillation modes with respect to different frequencies in the multi-machine power
system. Thus, the pre-processing of the measurements at the terminal of a local
generator should be conducted so that the damping contribution with respect to the
interested frequency can be screened. Considering the above discussion, the EFA-based
numerical analysis for the oscillatory stability should be further improved. Specifically,
there is a pressing need to rigorously prove the consistency between EFA and MA as
well as DTA for investigating the oscillations especially in multi-machine power
systems, and the expected conclusions should be applicable for the arbitrary models
and parameters of synchronous generators, as well as arbitrary topologies and
parameters of power networks.

As described in Section 1.1, the large number of PECs have brought the emerging
oscillation issues to the conventional power system. With the growing number of PECs
integrated into the power grid, the PECs have become an obvious source of complex
dynamics. Moreover, the emerging oscillation of PECs may even have the potential

resonance with the external grid oscillation (EGO), which can increase the harm of
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oscillation accidents. The instability of the PEC-penetrated power grid has been
frequently reported and drawn increasing attention recently from both academia and
industry [101]-[105]. The quantitative investigation of the damping and frequency
feature of various oscillations becomes particularly important in PEC-penetrated power
grids [106]. However, the above-mentioned EFA research does not involve the PECs,
which reduces the popularity and timeliness of the work. That is to say, the EFA-based
quantitative analysis is still limited to the oscillatory stability studies of the synchronous
generator-dominated power grid and needs to be generalized to that of the PEC-
dominated power system.

Among the different kinds of renewable generations, the wind power is a
predominant and typical one [107]. Like the conventional power generation, the stable
operation of the wind generation is of critical importance to the reliable power supply
to the external power grid [108]. The full converter-based wind generation (FCWG) is
a preferable option for the wind power integration [109]. Compared with the doubly
fed induction generator-based wind power generation, FCWG has a very different
nature in dynamics. The permanent magnet synchronous generator (PMSG) and
machine-side converter (MSC) of FCWG are decoupled by the DC-link from the
external power grid and become relatively independent [110][111]. However, the
intermittence and fluctuation of the wind speed can trigger the inherent machine-side
oscillation (MSO) of FCWG. The improper parameter settings of controllers can lead
to the poor damping performance of MSO [112]. The poorly damped MSO can have a

severe impact on the wind power supply to the external power grid. On the other hand,
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the dynamics in the rotor of PMSG can be effectively utilized to mitigate the modal
resonance between the FCWG system and weak grid and hence improve the oscillatory
stability by equipping with an auxiliary resonance controller (ARC) on the machine
side of FCWG [113]. However, the utilization of ARC can unfortunately introduce the
EGO to the originally dynamics-decoupled machine side of FCWG, and even cause the
modal resonance with the inherent MSO of FCWG, which would dramatically
complicate and aggravate the machine-side dynamics of FCWG.

Based on the facts above, investigating the damping feature of multiple MSOs of
FCWG becomes more important. Specifically, investigating the characteristics of
MSOs of FCWG can help wind farm operators understand the condition of wind
generation units to provide the reliable wind power supply and improve the oscillatory
stability of the PEC-penetrated power grid, which is helpful to further increase the
penetration of FCWG in the modern power systems. However, the MSO issue of
FCWG is often ignored by researchers. Thus, the machine-side dynamics of FCWG
with/without ARC should be comprehensively and quantitatively studied. It should be
noted that the MSOs mentioned in this thesis not only refer to the inherent MSOs of
FCWG, but also the EGOs introduced by ARC (i.e., the non-inherent MSOs of FCWG).
When ARC introduces the dynamics of the external grid to the MSC controls, the
machine-side dynamics of FCWG are no longer independent. Thus, the calculation of
relevant eigenvalues requires the dynamic modelling of the whole power systems. In
practice, it is difficult for wind farm operators to obtain the detailed models and accurate

parameters of all components in the external power systems. Even if the information of
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the full system model is available, the modelling and computational complexity can be
significantly raised for the oscillatory stability studies especially considering the large-
scale power system [114]. Hence, the above-mentioned points limit the application of
the mathematical modeling-based methods, and the EFA of conventional synchronous

generators urgently needs to be extended to PMSG to investigate MSOs of FCWG.

1.3 Primary Contributions

Considering all the points in Section 1.2, the primary contributions of this thesis are
listed as follows.

(1) The connection between DTA and EFA for qualitatively evaluating the damping
performance of electromechanical oscillations of multi-machine power systems is
revealed.

For DTA, in order to characterize the integration effect of the damping contribution
from the whole power system, a concept of the aggregated damping torque coefficient
is proposed and derived. It can be applied to arbitrary types of synchronous generator
models in multi-machine power systems. The aggregated damping torque coefficient
lays a foundation for identifying the theoretical connection between DTA and EFA.

For EFA, the pre-processing of measurements at the terminal of a local generator is
conducted in the time domain. Based on that, a concept of the frequency-decomposed
energy attenuation coefficient is newly defined to pick out the damping contribution
with respect to the interested frequency. Then, the connection between DTA and EFA

is strictly proven and the consistency of the aggregated damping torque coefficient and
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frequency-decomposed energy attenuation coefficient is revealed for the first time,
which is a general conclusion for arbitrary types of synchronous generator models in
both SMIB power system and multi-machine power system.

(2) A novel EFA is proposed based on the signal reconstruction and decomposition,
which can be implemented in two forms, i.e., the time-domain implementation (TDI)
and frequency-domain implementation (FDI). Compared with the research in (1), the
proposed EFA is strictly proved to be consistent with MA especially for the multi-
machine power systems, and the proof stays valid for arbitrary models of synchronous
generators as well as arbitrary types of power networks.

For TDI of the proposed EFA, the measurements at the terminal of a local generator
are reconstructed and then decomposed in the time domain based on the principle of
the Laplace analysis. After that, the mode-screened damping torque coefficient is
defined to extract the damping torque coefficient with respect to an electromechanical
oscillation mode from the perspective of a local generator. Then, FDI is derived to
transform the proposed EFA from the time domain to frequency domain using the
Parseval’s Theorem. The mode-screened damping torque coefficient with respect to the
interested oscillation mode from the perspective of FDI is consistent with that from TDI.

Then, the connection between the proposed EFA and MA in quantitatively
investigating the electromechanical oscillations is strictly proved in the multi-machine
power system for the first time. The proof is effective for arbitrary models of
synchronous generators as well as arbitrary types and parameters of power networks.

Moreover, the application procedure of the proposed EFA for quantitatively estimating
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the damping performance with respect to an electromechanical oscillation mode is
given.

(3) The proposed EFA in (2) is applied to quantitatively investigate the inherent and
non-inherent MSOs of FCWG (including the potential modal resonance among them)
for the first time.

Specifically, the proposed EFA in (2) is extended to the machine side of FCWG in
the time domain to extract the damping feature of interested MSOs of FCWG without
any modelling requirement. Then, the consistency between the extended EFA and MA
when studying MSOs of FCWG is proved and revealed, which is general for the
arbitrary control schemes of FCWG in the multi-machine environment. With the help
of the extended EFA, the damping feature of multiple types of MSOs in different
scenarios is quantitatively assessed for the first time.

(4) The proposed EFA in (2) is further applied to quantitatively investigate the
various oscillations of the PEC-penetrated power system (including the potential modal
resonance among them) for the first time.

Specifically, the generalized oscillation loop is structured based on the second-order
differential operations in the studied control loop of the PEC. On this basis, the
generalized EFA is proposed for monitoring and analyzing the various oscillations of
the PEC-penetrated power system. In other words, the proposed EFA in (2) is
generalized to any control loop of the PEC with the second-order differential operations.
Taking the grid-side converter (GSC) of FCWG as the example, the application of the

generalized oscillation loop and generalized EFA are further demonstrated and
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discussed for quantitatively investigating the GSC oscillation (GSO), which provides

the reference for the parameter setting and adjustment of GSC.

1.4 Thesis Layout

The rest of this thesis consists of five chapters, which is summarized as follows.

Chapter 2 studies the connection between DTA and EFA for qualitatively
evaluating the damping performance of electromechanical oscillations of multi-
machine power systems. Specifically, a DTA in the frequency domain is presented and
the aggregated damping torque coefficient is defined. Then, EFA is conducted based
on the pre-processing of measurements in the time domain and the frequency-
decomposed energy attenuation coefficient is defined. The frequency spectrum analysis
of the energy attenuation coefficient is conducted, which reveals the consistency
between DTA and EFA.

In Chapter 3, a novel EFA is proposed in multi-machine power systems and its
connection with MA is proved for quantitatively investigating the electromechanical
oscillations. Specifically, TDI of the proposed EFA is developed, and FDI of the
proposed EFA is conducted equivalently in the multi-machine power system. Then, the
connection between the proposed EFA and MA is strictly proved, and the application
procedure of the proposed EFA is given.

In Chapter 4, the proposed EFA in Chapter 3 is extended and applied for
quantitatively investigating the MSOs of FCWG systems. Specifically, the main

configuration and machine-side control loops of FCWG are briefly introduced. Then,
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the proposed EFA in Chapter 3 is extended to the machine side of FCWG in the time
domain, and the consistency between the extended EFA and MA is strictly revealed for
MSOs of FCWG in the frequency domain.

In Chapter 5, the generalized oscillation loop is structured in the control loop of the
PEC, and then the proposed EFA in Chapter 3 is further generalized to quantitatively
investigate the various oscillations of the PEC-penetrated power system. Then, the
generalized oscillation loop and generalized EFA are further derived and tested in the
control loops of GSC of FCWG for GSOs considering the potential resonance.

Finally, the conclusions and future work of the thesis are summarized and drawn in

Chapter 6.
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Chapter 2

The Connection between Damping Torgue Analysis
and Energy Flow Analysis in Evaluating Damping

Performance of Electromechanical Oscillations

2.1 Overview

The damping performance assessment of electromechanical oscillations of power
systems is crucial for the stable operation of power grids. In this chapter, the connection
between a modeling-based method (i.e., DTA) and a measurement-based method (i.e.,
EFA) are systematically examined and revealed for the better understanding of the
oscillatory damping mechanism. Firstly, a concept of the aggregated damping torque
coefficient is proposed and derived based on DTA of multi-machine power systems,
which can characterize the integration effect of the damping contribution from the
whole power system. Then, the pre-processing of measurements at the terminal of a
local generator is conducted for EFA, and a concept of the frequency-decomposed
energy attenuation coefficient is defined to characterize the damping contribution with
respect to the frequency of interest. On this basis, the frequency spectrum analysis of
the energy attenuation coefficient is employed to rigorously prove that the results of
DTA and EFA are essentially equivalent, which is valid for arbitrary types of
synchronous generator models in multi-machine power systems. Additionally, the

consistency between the aggregated damping torque coefficient and frequency-
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decomposed energy attenuation coefficient is further verified by the numerical
calculation in case studies. The relation between the proposed coefficients and the
eigenvalue (or damping ratio) is finally revealed, which consolidates the application of

the proposed concepts in the qualitative assessment of the damping performance.

2.2 Damping Torque Analysis in Frequency Domain

In this section, a DTA is conducted in the frequency domain via the mathematical
modeling. Compared with the Phillips-Heffron model-based analysis in [52], the
derivations presented in this section are order-independent for the synchronous
generator models and can effectively evaluate the integration effect of the damping
contribution from multi-machine power systems.

The swing equation of the i-th generator in a power system is expressed by

do, (t

=0 -
deoy(t) 1 B O-D (e (6) -
"o =7, (Pu®-R0O-D(00-1)

where t is the time variable; di(t) denotes the power angle of the i-th generator; wi(t)
denotes the angular frequency of the i-th generator; wo denotes the synchronous angular
frequency; Pe,i(t) denotes the electric power of the i-th generator; Pmi(t) denotes the
mechanical power of the i-th generator; Di denotes the natural damping of the i-th
generator; T;; denotes the inertia constant of the i-th generator; and d(9J is the
differential operator. It is noted that i can be omitted for an SMIB power system.

For DTA, some other equations should be further involved besides (2.1), e.g., the
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equations that characterize automatic voltage regulators (AVRS), power system
stabilizers (PSSs), etc. Define a vector Z(t) that includes the state variables of the
generator(s) except di(t) and wi(t). The dimension of Z(t) is (Zikzlni —2)x1, where n;j is
the order of the i-th generator model and k is the number of the generator(s). Then, the

linearized model of a power system can be derived as

[dAS (1) | .

dAdtt 0 a’[o) O Iras

;)ti() = A T A | A0 (22)
wz@) | |a, a, Ayl

dt i i

where A1, A23, Az, As2 and Ass are the block sub-matrices of the state matrix; Adi(t)
denotes the power angle deviation of the i-th generator; Awi(t) denotes the angular
frequency deviation of the i-th generator; AZ(t) denotes the deviation of the state
variables aggregated in Z(t); and O represents the 1><(Z:(:lni —2) vector in which the
elements are all 0. It is noted that the dimensions of Az, Asi, As2 and Ass are
1><(Z:‘:1ni -2), (Zikzlni ~2)x1, (Zikzlni —~2)x1 and (Zikzlni ~2) ><(Z:‘:lni

respectively.

-2),

The representation of (2.2) is transformed from the time domain to frequency

domain through the Fourier analysis, as given by (2.3).

pdro ()1 1% 2 0 rasch
Ao ()| =| Ay~ Ay [ Aay(f) 23)
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where f is the frequency variable; Adi(f), Awi(f) and AZ(f) denote the frequency-domain
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forms of Adi(t), Awi(t) and AZ(t) under the Fourier analysis, respectively.
Based on (2.1) and (2.3), the linearized representation of a multi-machine power

system can be derived as the form in Fig. 2.1 under the Fourier analysis.

Py (=
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Fig. 2.1. Linearized model of a multi-machine power system under the Fourier
analysis.

From Fig. 2.1, the relationships among the major variables are clearly revealed. Then,

(2.4)-(2.6) can be derived, respectively.

AP, (f)=-T,, (A6 (f)+AAZ(T)) (2.4)
Wy
A, () = 2t Ao, (f) (2.5)
_ Ay Ay o
AZ(f)_jznﬂ_ASgAéi(f)+j2nﬂ_A33A () (2.6)

where 1 is the (3 n—2)x(3 n —2) identity matrix and APe(f) is the electric
power deviation of the i-th generator in the frequency domain.

Substitute (2.5) and (2.6) into (2.4), and (2.7) can be derived step by step.
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The electric torque consists of two components: the damping torque and
synchronizing torque. According to the discussion in Chapter 1, the damping torque
contributes to the damping of power oscillations. The electric power is considered to be
approximately equal to the electric torque. According to the definition of the damping
torque, the real part of the ratio of APe;i(f) and Awi(f), i.e. Kaa,i(f) in (2.8) can be regarded
as the damping torque coefficient. Eq. (2.7) and (2.8) will play an important role in

revealing the connection between DTA and EFA in Section 2.4.

_ _ Ay Wy A
Kgai (F) = Re( Ty ((Am + Ay, j2rfl - A, j j2nf +(A23 jorfl - A, j]} (2.8)

where Re( 3 is the real part operator.

For an SMIB power system, (2.8) is actually the damping torque coefficient of this
single generator according to the conventional definition of the damping torque.

For a multi-machine power system, the damping torque coefficients of multiple
generators are usually presented in the matrix form. Eq. (2.8) essentially implies the
integration effect of the damping contribution from the whole power system but
projected to the i-th generator, which is different from the conventional definition of
the damping torque. Hence, a useful concept is given as Definition 2.1.

Definition 2.1. The aggregated damping torque coefficient of the i-th generator

with respect to the interested oscillation frequency fq is defined as Kaai(fa) by
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substituting fg into (2.8).
The physical explanation of this concept is that all the damping contribution from

the whole power system is aggregated and then reflected from a selected generator.

2.3 Energy Flow Analysis in Time Domain
As indicated in [98] and [99], the oscillatory energy flow from node a to node b can
be calculated by

W,, = [(P,d6, +Q,d(InU,))

J ab,s —i_AF)abyj 9 a,s +A9a)+j(Qab,s +AQab)d(|n(Ua,s +AUa)) (29)
= [P,.dAG, + [ AP,dAG, + [(Qy . +AQ,, )d(IN(U, , +AU,))

ab,s
where Wayp is the oscillatory energy flow from node a to node b; Pap is the active power
flow from node a to node b; Qab is the reactive power flow from node a to node b; Ua
and 6, are the amplitude and phase angle of the voltage of node a; the subscript (s in
(2.9) denotes the steady-state value of the corresponding variable; and the operator A( 9
in (2.9) denotes the deviation of the corresponding variable from its steady-state value.

Normally, the reactive power in (2.9) is ignored. Then, it is seen that the oscillatory

energy flow in (2.9) consists of two components, as listed in (2.10).

ab,s

W, = [ P, ,dAd,
) (2.10)
W = [ AP, dA,

where W is the oscillatory energy component with respect to Pabs; and W2 is the
oscillatory energy component with respect to APan. W, reflects the dissipation of the

oscillatory energy flow [98].
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The electric power of the generator is considered to be numerically equal to the
active power flow between the two nodes, and the phase angle of the node voltage is
approximately regarded as the power angle of the generator. On this basis, the
dissipation of the oscillatory energy flow of the i-th generator can be calculated by (2.11)

using the measurements at the terminal of a local generator.

W, = [ AR, (t)dAs, (t) (2.11)
where Wy, is the dissipation of the oscillatory energy flow of the i-th generator; and
APe|i(t) is the electric power deviation of the i-th generator.

The electric power is considered to be approximately equal to the electric torque.
Then, the dissipation of the oscillatory energy flow of the i-th generator can also be

represented as
W, ; = [ AT, (t)Ac, (t)clt (2.12)
where ATe,i(t) is the electric torque deviation of the i-th generator.
Generally, the electric torque can be divided into synchronizing torque and damping
torque [52], i.e., (2.13).
AT, ; (t) = K, Ao, (1) + K A6, () (2.13)
where Kg,i is the damping torque coefficient of the i-th generator; and Ks; is the
synchronizing torque coefficient of the i-th generator.

The integral of the product of power angle deviation and angular frequency

deviation is equal to zero, and then (2.14) can be further derived based on (2.11)-(2.13).

[ AP (©)dAG; (1) = o, [ Ky ;A0 ()t (2.14)
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The damping torque coefficient can be derived from (2.14), as given by

[ AR, 0das 1)
. a)OJ.OM(Awi (t))2 dt

d (2.15)

Kg,i can reflect the energy attenuation brought by the damping torque of the
generator, and hence we define the calculation result of (2.15) as the energy attenuation
coefficient Kge,i in this chapter. Using the measurements at the terminal of a local
generator, the energy attenuation coefficient of the i-th generator can be estimated by

) AR, A @)t
T (Aw @) dt

(2.16)

where Kge,i is the energy attenuation coefficient of the i-th generator based on EFA.

For an SMIB power system, the measurement at the terminal of the generator
involves only one oscillation mode. Eq. (2.16) can be directly used to estimate the
energy attenuation coefficient of this single generator.

For a multi-machine power system, the measurement at the terminal of a local
generator involves multiple oscillation modes. It is difficult to directly estimate the
energy attenuation coefficient using (2.16). Therefore, it is necessary to conduct the
pre-processing for the measurements at the terminal of a local generator in the time
domain. According to the Fourier analysis, the signal that satisfies the Dirichlet

condition can be decomposed into a series of sub-signals, as given by

p
g(t) = Z(;Aj cos(2nf t+a;) (2.17)
J=l

where g(t) denotes a signal in the time domain; p is the number of sub-signals
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decomposed from g(t); Aj denotes the amplitude of the j-th sub-signal; fj denotes the
frequency of the j-th sub-signal; and o;j denotes the phase angle of the j-th sub-signal.
The amplitude-frequency characteristic and phase-frequency characteristic of g(t)

can be obtained by (2.18)-(2.20).

G(f)=| g(t)e *"dt (2.18)
A,, =|G() (2.19)
a,, =arg(G(f)) (2.20)

where G(f) is the frequency-domain form of g(t) under the Fourier analysis; | 1 denotes
the magnitude of a complex number; arg(J denotes the phase angle of a complex
number; A1 denotes the p-dimensional vector that includes the amplitudes of sub-
signals at each frequency; and a1~ denotes the p-dimensional vector that includes the
phase angles of sub-signals at each frequency.

The amplitude Ad (AdE A1x) and phase angle ad (adE a1=p) at the interested
frequency fq can be observed from the amplitude-frequency characteristic and phase-
frequency characteristic of g(t), and then the decomposed sub-signal with respect to the

interested frequency fq is given as
gl (t) = A cos(2zf t+a) (2.21)
where g/a(7) is the decomposed sub-signal from g(t) with respect to fy.
Based on (2.18)-(2.21), the decomposition is conducted for the electric power

deviation and angular frequency deviation of the i-th generator, and the decomposed

sub-signals with respect to fq are substituted into (2.16) to characterize the damping
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contribution with respect to fq. Then, a concept is given as Definition 2.2.
Definition 2.2. The frequency-decomposed energy attenuation coefficient of the i-
th generator with respect to an interested frequency fq is defined as ije . by (2.22).

f r@ AI:)efid (Ao,  (t)dt
Kla =<0 '
de,i j+w<Aw, f, (t))2 dt
0 1

(2.22)

where K":fe,l. denotes the frequency-decomposed energy attenuation coefficient of the i-
th generator with respect to fq; Aii 4(¢) denotes the decomposed sub-signal from APe(t)
with respect to fq; and Aw{;j(t) denotes the decomposed sub-signal from Awi(t) with
respect to fq.

If we repeat the calculation in (2.22) with respect to multiple frequencies (e.g., fa,
fo, fc, fa ...), the set {deé‘,i Ko Kei Kaes } can be obtained. It is seen that the
frequency-decomposed energy attenuation coefficients calculated in the time domain
can be represented as a spectrum with respect to multiple frequencies, which will be
further analyzed in Section 2.4.

In the case studies of Section 2.5, the time-domain data of the electric power and
angular frequency can be obtained by the real-life measurements or solving differential
equations. In this chapter, the time-domain data of the electric power and angular
frequency is obtained by solving the differential equations based on synchronous
generator models. The power flow calculation is needed in the process of solving

differential equations.
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2.4 The Connection between Energy Flow Analysis and Damping Torque

Analysis

In this section, the frequency spectrum analysis of the energy attenuation coefficient
is conducted to demonstrate the consistency between EFA and DTA.

Using the Parseval’s Theorem, the integral of the product of two real signals in the
time domain can be conducted equivalently in the frequency domain, i.e., (2.23). It is

noted that g:(t)=0 and g»(t)=0 when t<0.

[T 0.9, ®dt = G,()G;(f)df =[G ()G, (f)df (2.23)
where gi(t) and go(t) are two signals in the time domain; Gi(f) and Gx(f) are the
frequency-domain forms of gi(t) and go(t) under the Fourier analysis; and (" is the
conjugate operator.

Let G1(f)=R1(f)+jX1(f) and G2(f)=R2(f)+jX2(f), and then (2.24) can be derived.

G,(f)G,(f)=(R(f)+JX,(f))(R,(f)—JX,(f))

: (2.24)
=R (F)R,(F)+ X, (F)X,(F)+(R(F)X,(f)=R(f)X,(f))
According to the Fourier analysis, (2.25) can be derived.
R(f)=["g,(t) cos(2aft)dt
X,(f)==[" g,(®)sin(2aft)dt
- (2.25)

R,(f)=]""g,(t)cos(2xft)dt

X,(f)=- L:” g, (t)sin(2zft)dt

It can be seen from (2.25) that R1(f) and R2(f) are the even functions with respect to
f, while X1(f) and Xz(f) are the odd functions with respect to f. On this basis, R1(f)Rz(f)

and Xu(f)Xz(f) are the even functions, while Ry(f)Xo(f) and Ro(f)X.(f) are the odd
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functions. Therefore, (2.23) can be further derived as (2.26).

[T 0.9, (dt= [ G,(1)G;(f)df
=2 " (RUADR(F)+ X, (£)X,(F))f (2.26)
=2[ "Re(G,(f)G; (1)) df

By applying (2.26), (2.16) can be derived as (2.27). Eq. (2.27) implies that EFA is

transformed from the time domain to frequency domain.

J.OMAPGJ (HAw, @)t jo*“’ Re(AP,, (A, (f)) df
[“(ao®yd [ Re(An (e ())df

(2.27)

Normally, for an oscillation mode with respect to the particular frequency fq, (2.27)

becomes (2.28).

[, AR} A dt [ Re(AR, (F,)A (f,)) df
[(a0k®)dt [ Re(A0m0)A0](,))df

(2.28)

It should be noted that APei(fa), Awi(f)) and Awi (fd) are all constant complex
numbers at the frequency fq, and hence the integral operator in (2.28) actually collapses.
In fact, the product of Awi(fs) and Awi (fd) is a real number. Considering the coefficient

proposed in (2.22), (2.29) can be obtained.

f, APe,i (f, )Awl* (f;) _ APe,i (fy)
Keei = Re[ Aw, (F,)Aw; (f,) ] - Re( A, (f,) ] (2.29)

The following Theorem 2.1 can be summarized by comparing (2.29) with (2.7) and
(2.8).
Theorem 2.1. For the i-th generator, the aggregated damping torque coefficient is

essentially equivalent to the frequency-decomposed energy attenuation coefficient with
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respect to the oscillation frequency fq, i.e.,

de:,i = Kai (fg) (2.30)

2.5 Case Studies

The consistency of the proposed coefficients reflecting the damping performance
calculated by (2.8), (2.22) and (2.29) is verified by the numerical calculation in both
the SMIB power system and multi-machine power system in this section. The 6th-order
model of synchronous generators [115] and the transfer functions of AVR and PSS are
given by (A.1) and Fig. A.1 in the Appendix A.1.

Matlab programming is employed to conduct the numerical calculations of Kaq,i(fa)

and de

de,i’

i.e., Step 1-Step 6.

Step 1: assume a set-up disturbance happens at the i-th generator in a power system,;

Step 2: the time-domain solutions of P.i(f) and wi(¢) of the i-th generator are
obtained by solving the differential equations; then, AP, (¢) and Awi(¢) are calculated
from P, (f) and wi(?);

Step 3: the amplitude-frequency characteristic of AP, (¢) is obtained through the
Fourier analysis, where the frequency of each dominant oscillation mode can be
observed; then, select an interested oscillation mode at the frequency fz;

Step 4: the modeling is conducted via (2.3); then, Ku.i(fs) is calculated by

substituting the block sub-matrices of the state matrix and /s into (2.8);
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Step 5: AP.i(f) and Aw(f) are decomposed as AP/;”fi(t) and Aw{d () by applying
(2.18)-(2.21) with respect to fz, and then (2.22) is applied to calculate K’:;’e’l. in the time
domain;

Step 6: Eq. (2.29) is applied to calculate K’Zj’e’[ in the frequency domain.

Finally, the numerical results from (2.8), (2.22) and (2.29) need to be compared to

verify the consistency of DTA and EFA.

2.5.1 Verification in a Single-machine Infinite-bus Power System

The line diagram of the SMIB power system is shown in Fig. 2.2.

~ | @ | ‘ External .
[1 [2 3 grid

Generator Transformer Line

Infinite bus

Fig. 2.2. Line diagram of an SMIB power system.

The parameters of this power system are given in the Appendix A.1. A step-up
disturbance happens to the mechanical power of the generator at 0.2 s, i.e., Pm=1.1Pmo,
and lasts for 0.1 s. There is no installation of PSS. The eigenvalue of the state matrix is
computed to be -0.1021+j7.9095.

The simulation results of APe(t) and its amplitude-frequency characteristic are
shown in Fig. 2.3. It is seen that there is only one dominant oscillation mode at around
1.26 Hz.

The plot of the angular frequency deviation Aw(¢) and its amplitude-frequency
characteristic are given by Fig. 2.4. It is seen that there is only one oscillation mode at

around 1.26 Hz, which is consistent with that in Fig. 2.3 (b).
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Fig. 2.3. AP¢(t) and its amplitude-frequency characteristic. (a) Plot of APe(t) in time
domain. (b) Amplitude-frequency characteristic of APe(t) in frequency domain.
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Fig. 2.4. Aw(t) and its amplitude-frequency characteristic. (a) Plot of Aw(t) in time
domain. (b) Amplitude-frequency characteristic of Aw(t) in frequency domain.

The aggregated damping torque coefficient and frequency-decomposed energy
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attenuation coefficient at 1.26 Hz are calculated by (2.8), (2.22) and (2.29), respectively.

The calculation results are shown in Table 2.1, which verifies the consistency.

Table 2.1 Calculation of proposed coefficients in an SMIB power system.

DTAby (28) EFAby(2.22) EFA by (2.29)

Calculation results 1.6221 1.6054 1.6308

Generally, the numerical calculation from DTA is considered to be accurate because
DTA is a modeling-based method. While the numerical calculation from EFA is
regarded as an estimation because EFA is a measurement-based method.

Eq. (2.8) is from DTA, (2.22) is from EFA in the time domain and (2.29) is from
EFA in the frequency domain. The computing time by (2.8), (2.22) and (2.29) in this
SMIB power system is 0.12 s, 0.14 s and 0.03 s, respectively. Compared with DTA (i.e.,
(2.8)), the error of (2.22)-based EFA is -1.03%, while the error of (2.29)-based EFA is

0.54%. It is seen that the error of EFA is within an acceptable range.

2.5.2 Verification in a 4-machine 2-area Power System

The 4-machine 2-area (4M2A) power system is used as an example in this sub-

section, which is illustrated by Fig. 2.5.

&
3 h @ generator
(Q) transformer
@ | load

Fig. 2.5. Line diagram of a 4M2A power system.
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The parameters of the generators, transmission lines and loads are presented in the
Appendix A.1, which is cited from [115] and [116]. The based capacity of this 4AM2A
power system is 100 MVA. A step-up disturbance occurs in the mechanical power of
the G1at 0.5, i.e., Pm1=1.05Pmo,1, and lasts for 0.05 s.

The four generators are all equipped with AVR and PSS with the same parameter
settings. Three scenarios are designed as follows:

Scenario 1.1: K4i=60.0, T4,i=0.055 s; Kpssi=8.0, T1,i=T3,i=5.0's, T2,i=T4,;=3.0's;

Scenario 1.2: K,i=70.0, T4,i=0.055 s; Kpssi=7.0, T1,i=T3,i=5.0's, T2,i=T4,;=3.0's;

Scenario 1.3: K;3,i=80.0, T4,i=0.055 s; Kpss,i=6.0, T1,i=T3i=5.0s, T2,i=T4,;=3.0s.

As for the neglecting of the reactive power in (2.9), the comparison of the oscillatory
energy flow with and without the consideration of the reactive power is conducted at

Gy in Scenario 1.1. The results are given in Fig. 2.6. It is seen that the influence of the

reactive power is very small, which can be ignored.

0.02r —With consideration of reactive power
—Without consideration of reactive power

o=

S

—_
T

Amplitude/p.u.
S

S

=

=
I

0% 10 20 30 40 50 60 70 80 90 100
Time/s

Fig. 2.6. Oscillatory energy flow with and without consideration of reactive power at
Gy in Scenario 1.1.

APe1(t) and the amplitude-frequency characteristics for three scenarios are

displayed in Fig. 2.7-2.9, respectively.
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Fig. 2.7. APe(t) and its amplitude-frequency characteristic in Scenario 1.1. (a). Plot
of APe1(t) in time domain. (b). Amplitude-frequency characteristic of APe,1(t) in
frequency domain.
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Fig. 2.8. APe1(t) and its amplitude-frequency characteristic in Scenario 1.2. (a) Plot of

APe1(t) in time domain. (b) Amplitude-frequency characteristic of APe1(t) in
frequency domain.
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Fig. 2.9. AP¢1(t) and its amplitude-frequency characteristic in Scenario 1.3. (a) Plot of
APe1(t) in time domain. (b) Amplitude-frequency characteristic of APe1(t) in
frequency domain.

It can be seen that there is an inter-area oscillation mode at around 0.53-0.54 Hz,
which is the focus of this case study. The eigenvalues of the inter-area oscillation mode
for the three scenarios are -0.0590+3.3618, -0.0541+]3.3608 and -0.0454+j3.3580. The
real part of the eigenvalue indicates the damping. By comparing the real parts of the
three eigenvalues, it can be found that the damping performance of Scenario 1.1 is
better.

The calculation results of the aggregated damping torque coefficient by (2.8) and
frequency-decomposed energy attenuation coefficient by (2.22) and (2.29) for the three

scenarios are demonstrated by Table 2.2, which shows the consistency.
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Table 2.2 Calculation of proposed coefficients in a 4AM2A power system.

DTAby (2.8) EFAby(222) EFA by (2.29)

Calculation in Scenario 1.1 4471 45.34 45.37
Calculation in Scenario 1.2 43.94 44.18 44.21
Calculation in Scenario 1.3 38.93 38.11 38.14

The difference between EFA and DTA mainly comes from the following aspects:
(1) the fast Fourier transform is applied to analyze the amplitude-frequency
characteristic of a signal in Matlab. Since the fast Fourier transform is discrete, the
frequency of an oscillation mode may fall between two adjacent spectral lines, which
brings a slight error to the displayed amplitude; (2) the reactive power is ignored in
(2.9), which leads to a slight error; and (3) the integral operation is obtained by
accumulating the rectangular areas within the time interval, which causes a slight error.
However, the results are generally within the acceptable range.

The damping performance assessment through different approaches is given by
Table 2.3, and their assessment results are consistent. It is noted that the number of %
indicates the degree of damping performance. It can be concluded from the case studies
that the proposed coefficients can be the new indicator for the qualitative assessment of
the damping performance, which can be obtained from either the time or frequency

domain.

Table 2.3 Comparison of qualitative assessment of damping performance through
multiple approaches.

Via eigenvalue Via DTA Via EFA
Assessment in Scenario 1.1 Yoo e Yoo ¥x ok
Assessment in Scenario 1.2 D@ *e Tk Pigd
Assessment in Scenario 1.3 e PAS AS
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In order to demonstrate the relationship between the eigenvalue (or damping ratio)
and the proposed frequency-decomposed energy attenuation coefficient (or aggregated
damping torque coefficient), Ka;i is randomly adjusted 1000 times between 40.0 and
80.0, and Kpss,i is randomly adjusted 1000 times between 4.0 and 8.0. Thus, 1000
simulation scenarios are established to obtain a dense scatter diagram, as shown by the
blue scatter points in Fig. 2.10 and 2.11. The fitting is represented by the red curves in

Fig. 2.10 and 2.11.
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Fig. 2.10. Relationship between frequency-decomposed energy attenuation coefficient
(or aggregated damping torque coefficient) and real part of eigenvalue.
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Fig. 2.11. Relationship between frequency-decomposed energy attenuation coefficient
(or aggregated damping torque coefficient) and damping ratio.

It can be revealed that there is an approximate linear relationship between the
frequency-decomposed energy attenuation coefficient (or aggregated damping torque
coefficient) and the damping ratio (or real part of the eigenvalue). In other words, the

frequency-decomposed energy attenuation coefficient (or aggregated damping torque
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coefficient) provides a new indicator to qualitatively assess the damping performance
of the whole system, which provides the important reference for the parameter setting
of external stabilizers.

The application of the proposed concepts to qualitatively investigate the
electromechanical oscillations of the multi-machine power system is suggested as
follows.

In order to qualitatively evaluate the damping performance based on the concept of
the aggregated damping torque coefficient, the mathematical models of all power
components should be available, and the state-space modelling of the whole power
system should be conducted. Then, (2.8) is applied to calculate the aggregated damping
torque coefficient.

The concept of the frequency-decomposed energy attenuation coefficient proposed
for EFA shows a clear advantage in the large-scale power system with a large number
of complex power components. The mathematical models of power components are
unnecessary to be known, and the high-dimensional modeling can be avoided. In order
to qualitatively evaluate the damping performance based on EFA, the measurements at
the terminal of a local generator should be monitored. After that, (2.22) or (2.29) can

be applied to calculate the frequency-decomposed energy attenuation coefficient.

2.6 Summary

The key findings of this chapter are summarized as follows: (1) through the case

studies in both the SMIB power system and 4M2A power system, the consistency of
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the aggregated damping torque coefficient and the frequency-decomposed energy
attenuation coefficient is numerically verified; and (2) the relationship between the
frequency-decomposed energy attenuation coefficient (or aggregated damping torque
coefficient) and the eigenvalue (or damping ratio) is numerically disclosed, which
further demonstrates the application of the proposed concepts in the qualitative

assessment of the system damping.
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Chapter 3

A Novel Energy Flow Analysis and Its Connection
with Modal Analysis for Investigating

Electromechanical Oscillations

3.1 Overview

In Chapter 2, the consistency between EFA and DTA is derived and discussed to
explain the oscillatory damping mechanism. The conclusion in Chapter 2 can be used
for the qualitative investigation of the electromechanical oscillation, but the related
quantitative analysis is limited. In this chapter, a novel EFA is proposed based on the
signal reconstruction and decomposition to quantitatively investigate the
electromechanical oscillations. In contrast to the research in Chapter 2, the connection
between the proposed EFA and MA can be quantitatively revealed for arbitrary models
of synchronous generators in multi-machine power systems. Firstly, TDI of the
proposed EFA is designed. Specifically, the measurements at the terminal of a local
generator are reconstructed through an exponential operator and then decomposed with
respect to an angular frequency. Then, the mode-screened damping torque coefficient
is defined to extract the damping feature with respect to an electromechanical
oscillation mode. After that, FDI is derived. Specifically, the Parseval’s Theorem is

applied to transform the proposed EFA from the time domain to frequency domain. On
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this basis, the consistency between the proposed EFA and MA is strictly proved, which
is applicable for arbitrary models of synchronous generators in multi-machine power
systems. Additionally, the application procedure of the proposed EFA in quantitatively
investigating electromechanical oscillations is given. Finally, the proposed EFA are

substantially demonstrated in multiple case studies.

3.2 Time-domain Implementation

In this section, TDI of the proposed EFA is developed based on the signal
reconstruction and decomposition to quantitatively extract the damping feature with
respect to an electromechanical oscillation mode in the multi-machine power system.
When an electromechanical oscillation event occurs, the damping effect of generators
as well as external stabilizers leads to the dissipation of the oscillatory energy flow.
According to [91], the oscillatory energy flow into the generator is divided into two
parts. One is related to the active power—frequency control loop, and the other is related
to the reactive power—voltage control loop. In fact, the change of the damping
contribution is essentially owing to the regulation of the active power by the relevant
controllers. Thus, the oscillatory energy flow related to the active power—frequency
control loop of the i-th generator is mainly analyzed.

According to the discussion in Chapter 2, the dissipation of the oscillatory energy
flow of the i-th generator can be calculated by (2.11) using the measurements at the
terminal of the local generator. Additionally, in the studies of the oscillatory stability,

the electric power deviation is considered approximately be equal to the electric torque
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deviation. In this view, the damping torque coefficient can be derived as (2.15).

For a power system with multiple generators, the measurements at the terminal of
a local generator are coupled with multiple electromechanical oscillation modes. Thus,
Kg,i obtained by (2.15) is actually associated with multiple oscillation modes, which
cannot be effectively used to quantitatively indicate the damping feature with respect
to an electromechanical oscillation mode.

In order to enable (2.15) to quantitatively characterize the damping feature with
respect to an electromechanical oscillation mode, the pre-processing of the
measurements in Chapter 2 should be improved. According to the Laplace analysis, the
concept of signal reconstruction and decomposition is discussed. The principle of the
Laplace analysis can be expressed by (3.1), which is the analysis of double-variables,

I.e., S=o+jw.

G(s)=] "ge*dt=["(g®e)eMdt (3.1)

where s is the Laplacian operator; o is the real part of s; w is the imaginary part of s;

G(s) is the frequency-domain form of g(t) under the Laplace analysis. The meanings of
other variables are the same as those in Chapter 2.

For a real signal, it should be noted that g(t)=0 when t<0. Then, it can be seen from

(3.1) that the Laplace analysis of g(t) can be regarded as the Fourier analysis of g(f)e™.

On this basis, the signal reconstruction is defined as

g(tle)=gt)e™ (32)
where g(z | o) is the reconstructed signal from g(t) by operator ™.
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In practice, the integral interval of (3.1) is O<t<t;, where t; is the signal length in the
time domain. When 6=0, e”’=1 and the Laplace analysis of g(t) becomes its Fourier
analysis. For an electromechanical oscillation mode A4=c4Hwqg associated with a local
generator, the amplitude-frequency and phase-frequency spectrum of the reconstructed
signal g(¢ | a4) can be obtained by (3.3)-(3.5). G(w | 64) is the Fourier analysis of g(¢ | 64)

or the Laplace analysis of g(t) with respect to o=04 and a set of angular frequencies

Wisq=[W1, W2, ... , Wg]. It noted that the angular frequency variable w is adopted in
Chapter 3.

G(w|a,) = jo“’ g(t|o,)e ™dt (3.3)

M,,, =|G(w]a,)| (3.4)

B.q =a19(G(w|a,)) (3.5)

where Aq is a pair of eigenvalues with respect to an electromechanical oscillation mode;
od 1S the real part of 14; wq is the imaginary part of Aq; g(¢ | 04) is g(¢ | o) with respect to
o=0d; G(w | aq) is the frequency-domain form of g(¢ | o4) under the Fourier analysis; g
is the number of decomposed sub-signals from g(z | 04); Wixq IS the g-dimensional vector
of angular frequencies of decomposed sub-signals from g(¢ | oa); Wq is the g-th element
iN Wixg; M1xq IS the g-dimensional vector of amplitudes of decomposed sub-signals from
g(t | 04); and B1q is the g-dimensional vector of phase angles of decomposed sub-signals
from g(¢ | o2). The meanings of other variables are the same as those in Chapter 2.

In the time domain, the reconstructed signal g(z | o4) is equivalent to the sum of a

series of sub-signals with the form of (3.6) with respect to o=04 and a set of angular
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frequencies Wisg=[W1, W2, ... , Wq].

g(tlad):Zq:MkCOS(Wkt+lBk) (3.6)

where wg is the angular frequency of the k-th decomposed sub-signal from g(z | o4); M«
is the amplitude of the k-th decomposed sub-signal from g(z | 04); and pk is the phase
angle of the k-th decomposed sub-signal from g(¢ | o4).

The amplitude Mg (MdEM1xq) and phase angle fd (Bd€P1~q) With respect to the
angular frequency wg (WaEW1xq) can be observed from the amplitude-frequency and
phase-frequency spectrum. It should be noted that wq indicates the imaginary part of Aq
rather than the d-th element in wixp. Mg is the amplitude of the decomposed sub-signal
with respect to w=wg, and fq is the phase angle of the decomposed sub-signal with
respect to w=wg. Then, the decomposed sub-signal from g(¢| 64) with respect to the

angular frequency wyq is given by

9" (t|o,) =M, cos(w,t+3,) (3.7)
where g"4(¢ | o4) is the decomposed sub-signal from g(¢ | o4) with respect to w=wj.
Based on the discussion above, let 6=c4 and (3.2) is applied to reconstruct APe,i(t)
and Awi(t) as APt | oa) and Aw (t | aq) with respect to oy, i.€., (3.8) and (3.9).
AR,; (tloy)= AR,; (t)e_adt (3.8)
Aw,(t]o,) = Aw, (t)e ™ (3.9)
where AP, (t|oq) is the reconstructed signal from APe;(t) by operator e“; and

Aw (t | oa) is the reconstructed signal from Awi(t) by operator e

Then, (3.3)-(3.5) and (3.7) are applied to decompose APt | o4) and Aw (¢ | o) t0
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be APZ;-’(t | 04) and Aa):vd(t | 04) with respect to wg. On this basis, a new concept Ki;’l IS
given in the Definition 3.1 below. Compared with the research in Chapter 2, the
damping feature with respect to Aq=oaH{wg IS quantitatively extracted from the
perspective of the i-th generator via (3.10).

Definition 3.1. The mode-screened damping torque coefficient with respect to the

electromechanical oscillation mode Aq is defined as

AR (t| og)Aay™ (t]oy)dt

[ (e t]0,)) ot

(3.10)

where AP, (t | 64) is the decomposed sub-signal from AP, (¢ | 1) with respect to w=w;

Aw;vd(t | oa) is the decomposed sub-signal from Aw (7 | 4) with respect to w=wq; and

Kf;’l. is the mode-screened damping torque coefficient of the i-th generator with respect

to Ag.

3.3 Frequency-domain Implementation

In this section, the proposed EFA in Section 3.2 is transformed from the time
domain to frequency domain (i.e., its FDI), which is later employed for essentially
revealing the connection between the proposed EFA and MA in the next section.

According to the discussion in Chapter 2, the integral of the product of two real
signals can be conducted equivalently in the frequency domain through the Parseval’s
Theorem. The equation of the Parseval’s Theorem with respect to the angular frequency

is represented by
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[ 8,00, ()t =2 [ 76, W)G; (wyaw
—0 27 9~

L (3.12)
== [ " Re(G,(W)G; () dw

where Gi(w) and G2(w) are the frequency-domain forms of gi(t) and go(t) under the
Fourier analysis with respect to the angular frequency. The meanings of other variables
are the same as those in Chapter 2.

It should be emphasized here that the frequency variable f is used in Chapter 2, and
the angular frequency variable w is used in Chapter 3. Thus, the equation of the
Parseval’s Theorem is slightly different from that in Chapter 2.

Based on (3.2), two real signals gi(t) and g2(t) are reconstructed as

0,(t]o4) =g, (t)e™™ (3.12)

9,(tlo,) =g, (t)e™ (3.13)
where gi( | o4) is the reconstructed signal from gi(t) by operator e¢; and ga(¢ | ga) is
the reconstructed signal from g(t) by operator e,

Substitute g1(¢| o) and g»(¢ | 04) into (3.11), and then (3.14) can be obtained.

[T a.(tlo)g,(t]o,)dt = % ["Re(G,(wlo,)G;(Wlay))dw  (3.14)

where G(w|oq) and G,(w | oq) are the frequency-domain forms of gi(¢| o) and
g2(t | o4) under the Fourier analysis.

The measurements APe;i(t) and Awi(t) monitored at the terminal of the i-th generator
are reconstructed based on (3.8) and (3.9). Then, (3.15) can be derived by applying

(3.14).
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[ AR tlo)Am tlo)dt [ Re(AP, (Wloy)Ad W] a,))dw
[T(aatlo)yd  [7Re(AmyWlo,)A0iW]a,))dw

(3.15)

where APei(w | o4) and Aw (w | 6q) are the frequency-domain forms of AP.(z | o4) and
Aw (t | o4) under the Fourier analysis.
For a specific electromechanical oscillation mode A4, (3.10) can be equivalently

derived as (3.16) based on (3.15).

AR (t] gy )Aw™ (t] o, )dt
J.om(Awin (tlog )) 2 dt
_ J.oﬂo Re(APe,i(Wd | o)A (W, Iad))dw

Lw Re(Aw, (W, | o4) A0y (W, | o)) dw

+o0
ol
Kd,i -

(3.16)

where APei(wy | 04) IS APedw|oa) with respect to w=wg; and Aw,(wy|oa) is
Aw (w | aq) with respect to w=wa.
Itis noted that APe,i(w, | 0a), Aw (wg | 0a) and Aw, (wy | oa) are the constant complex

numbers, and the product of Aw (w, | 6a) and Aw, (wq | 6a) is a real number. Therefore,

the integral operator in (3.16) collapses, i.e., (3.17).

i = Re[Aa,i(wd |0,)Aw] (W, w} _ Re(w ] (3.17)

Aw, (W, | o )Awi*(wd |oy) Aw, (W, [ay4)
The discussion in this section implies that the proposed EFA is transformed from
the time domain to frequency domain. TDI and FDI of the proposed EFA are essentially

equivalent. In other words, (3.10) and (3.17) are essentially consistent.
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3.4 The Connection between the Proposed Energy Flow Analysis and

Modal Analysis

In Section 3.2, a novel EFA is proposed based on the signal reconstruction and
decomposition in the time domain, i.e., its TDI. In Section 3.3, the proposed EFA is
converted from the time domain to frequency domain, i.e., its FDI. In this section, the
proposed EFA is proved to be consistent with MA in the frequency domain. The proposed
mode-screened damping torque coefficient is connected with the eigenvalue, which lays
a foundation for the application procedure of the proposed EFA in Section 3.5.

In order to represent the whole power system considering the arbitrary models of
synchronous generators, the linearization of a multi-machine power system is derived as

(3.18) through the Laplace analysis by adding the equations that characterize the AVRs,

PSSs, etc.
sag(s)] | © “’[0) 0 Iras(s)
SAw(S) [=| Ay - T_I Ay || Ao, (S) (3.18)
SAZ(s) o AZ(s)
A Ay Ay

where Adi(s), Awi(s) and AZ(s) are the frequency-domain forms of Adi(t), Awi(t) and
AZ(t) under the Laplace analysis. The meanings of other variables are the same as those
in Chapter 2.

Similar to the discussion in Chapter 2, AZ(s) includes the state variables of the i-th
generator excluding Adi(s) and Awi(s), as well as all the state variables of other generators.
Eq. (3.18) uses the i-th generator as an example, and the damping contribution of the

whole power system is aggregated to the selected generator (i.e., the i-th generator). The
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linearized representation of a multi-machine power system under the Laplace analysis
can be shown in Fig. 3.1, where APei(s) is the frequency-domain form of APe(t) under

the Laplace analysis.

AJ; (32

Ast |,
Sl - Agq

Fig. 3.1. Linearized representation of a multi-machine power system under the
Laplace analysis.

Similar to the derivation in Chapter 2, (3.19)-(3.21) can be obtained, respectively.

AS.(s) = % Aw.(s) (3.19)
80 (5) =< (A (9)+ A,AZ(S)) (3.20)
AZ(s) = ’_*3;3 A5 (s)+S|A3;\3 A,(9) (3.21)

Substitute (3.19) into (3.20), and (3.22) can be obtained.

( — Ay )Aw (s) = ApAZ(S) (3.22)

Substitute (3.19) into (3.21), and (3.23) can be obtained.

_ La’o Ay o
AZ(S)—(SI_ASS 5 + ABJA (s) (3.23)

Substitute (3.23) into (3.22), and (3.24) can be obtained.
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s=[&1+@3ﬁl%+[%ﬁ] (3.24)

Eq. (3.24) shares the same eigenvalue solutions with (3.18) as no information is

missing. According to Fig. 3.1, (3.25) can be derived.

AR, (5) =T, ; (AuAJ;(s) + AzAZ(S)) (3.25)
Eliminate Adi(s) and AZ(s) in (3.25) using (3.19) and (3.23), and then (3.26) can be

derived.

RO A N (2 A
TJ’iAwi(S)_(AzﬁAzs sI—A33j S +(A23 SI—ASJ (3.26)

For an electromechanical oscillation mode /g4, the variable s in (3.24) and (3.26) is

replaced by Aq. By substituting (3.26) into (3.24), (3.27) can be obtained.

AP, (44)
_TJ,iAwi (44)

= (3.27)
where APe;i(4d) is APei(s) with respect to s=Aq¢; and Awi(dd) is Awi(s) with respect to
S=/d.

In fact, APei(4d) and Awi(44) are actually APe,i(w, | aa) and Aw (w, | oa) based on the
discussion in Section 3.3. Substitute (3.27) into (3.17), and (3.28) can be obtained.

Kz =Re(-T,4) (3.28)

It can be seen from (3.28) that the proposed EFA is always equivalent to MA for the

arbitrary models of synchronous generators in the multi-machine power system, which

is summarized as a new Theorem 3.1 below, where A is the set of system eigenvalues

associated with the i-th generator of a multi-machine power system; / is an arbitrary
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pair of complex numbers; x is the real part of 4; y is the imaginary part of 4 (y£0); and
Kf,,,- is the mode-screened damping torque coefficient of the i-th generator with respect
to 4.

Theorem 3.1. A is the set of system eigenvalues associated with the i-th generator

of a multi-machine power system. Re(1)=- Ij—j holds if a pair of complex numbers A=x4jy
(v#0) € A.

The proposed Theorem 3.1 implies the consistency between the proposed EFA and
MA, which hence can provide a clear explanation on the quantitative analysis of the
electromechanical oscillation. Interestingly, the new concept proposed in Section 3.2
(i.e., eq. (3.10)) is connected with the real part of the eigenvalue without considering
the reactive power, which is one of the highlights and main findings of this chapter.
Compared with the work in the literature, the proposed Theorem 3.1 is a general
conclusion for arbitrary types and parameters of synchronous generators and power
networks in the multi-machine power system. Even if the structure and parameters of
the power network are unknown, the proposed Theorem 3.1 can be used to

quantitatively estimate the damping performance.

3.5 Application Procedure of the Proposed Energy Flow Analysis

In Section 3.4, it is proved that the proposed EFA and MA are consistent, and the
proposed mode-screened damping torque coefficient is connected with the eigenvalue,
which provides the potential for the application of the proposed EFA in quantitatively

estimating the damping performance of system oscillations.

53



For an unfamiliar power network or a complex system, the frequency of dominant
electromechanical oscillation modes can be directly and conveniently observed from
the Fourier analysis of the measurements at the terminal of a local generator. In other
words, the frequency of the interested electromechanical oscillation mode is not
required to be known by the system operators in advance. The variable y in the proposed
Theorem 3.1 can be directly replaced by the angular frequency of an interested
electromechanical oscillation mode. Then, the damping performance with respect to the
interested electromechanical oscillation mode can be quantitatively investigated by
searching the variable x to meet the requirement in the proposed Theorem 3.1.

According to the discussions in Section 3.2 and 3.3, the calculation of K;i with
respect to an arbitrary pair of complex numbers A=x34y (y#0) can be conducted by two
options below.

Option (1): Refer to the discussion in Section 3.2. APei(t) and Awi(t) are
reconstructed as AP.(¢|x) and Aw (¢|x) with respect to x. Then, APZ,i(Hx) and
Awf(z | x) are decomposed from AP.,i(z| x) and Aw (¢ | x) with respect to y. After that,
the decomposed sub-signals APﬁAMx) and Awly.(t|x) are substituted into (3.10) to
compute the value of K.

Option (2): Refer to the discussion in Section 3.3. APei(t) and Awi(t) are
reconstructed as AP.(t|x) and Aw (¢|x) with respect to x. Then, AP.(w|x)and
Aw (w | x) are obtained from the Fourier analysis of AP.i(z|x) and Aw (7 | x). After that,

AP.i(y|x) and Aw (v | x) with respect to y are substituted into (3.17) to compute the

value oijf,l..
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It should be noted that option (1) is in the time domain while option (2) is in the
frequency domain, and Kju can be calculated from either option.
Based on the discussion above, the real part of the eigenvalue can be estimated by

searching x, and the steps are illustrated in Fig. 3.2. The original x can be set as 0.

Select an interested angular
frequency, i.e., y

v

Set an original x

>

A
Let A=xHy

v

Calculate K“; through option (1) or (2)

Does Re(A)=-K4;/T;; hold?

Yes

Output the real part of the
related eigenvalue

— Update x

END

Fig. 3.2. Procedure flowchart of searching real part of eigenvalue.

3.6 Case Studies

The accuracy of the proposed EFA is verified in a 4M2A power system in
Subsection 3.6.1, and the application of the proposed EFA in quantitatively
investigating the electromechanical oscillations is demonstrated in a 16-machine 5-area
(16M5A) power system in Subsection 3.6.2. Finally, a case of a real large-scale power

system is further discussed in Subsection 3.6.3.
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3.6.1 Verification in a 4-machine 2-area Power System with a Single Measurement

Since the aim of this subsection is to verify the accuracy of the proposed EFA, an
interested eigenvalue of the 4M2A power system is selected to illustrate the calculation
of the mode-screened damping torque coefficient via both TDI and FDI of the proposed
EFA, which has been summarized in Section 3.5.

The line diagram of the 4M2A power system has been given by Fig. 2.5, which is
not repeated here. The base capacity of the 4AM2A power system is 100 MVA. The four
generators are all equipped with AVR and PSS, and the terminal of G; is set as the
single measurement location.

In order to verify the consistency between the proposed EFA and MA, the 6th-order
model is adopted for all four generators in this study, as given by (A.1) in the Appendix
A.l. It should be emphasized that the Definition 3.1 proposed in Section 3.2 and the
Theorem 3.1 proposed in Section 3.4 are not limited to the 6th-order model of the
synchronous generator. The parameters of generators are listed in the Appendix A.2. It
is assumed that a step-up disturbance occurs to Gy at 0.5 s and its mechanical power
becomes 1.05 times of the original value, lasting for 0.05 s.

Pe,1(t) and wa(t) at the terminal of G are recorded for 100 s. Then, the deviations of
Pe1(t) and wi(t) from the steady-state values are calculated, i.e., APe1(t) and Awa(t).
The amplitude-frequency characteristic of APe(t) is analyzed to identify the frequency
of dominant electromechanical oscillation modes. The plot of APe1(t) is given in Fig.

3.3 (a), and the amplitude-frequency characteristic of APe(t) is given in Fig. 3.3 (b).

56



x 10°

8
= = 6 Interested
% £ oscillation
[}
4= 4] mode
= £4 |
B Bl O
< <?
00920 40 60 80 100 D 05 1 15 2 25 3
Time/s Frequency/Hz
(a) (b)

Fig. 3.3. APe1(t) and its amplitude-frequency characteristic in a 4M2A power system.
(@). Plot of APe1(t) in time domain. (b). Amplitude-frequency characteristic of APe 1(t)
in frequency domain.

Fig. 3.3 (b) shows that Gi is majorly associated with two electromechanical
oscillation modes at around 0.54 Hz and 0.97 Hz. The oscillation mode at around 0.54
Hz is an inter-area oscillation mode, which is selected as the concerned one in this study.
Then, the eigenvalue with respect to 0.54 Hz is also calculated from the state matrix of
this 4AM2A power system, i.e., -0.082043.3977, for the verification purpose.

Since (3.24) is a key step to derive the connection between the proposed EFA and
MA in Section 3.4, the correctness of (3.24) is firstly verified in this 4M2A power
system. Substitute s=-0.082043.3977 into the right part of (3.24) and the result is -
0.082043.3977. It can be found that (3.24) holds when a pair of complex numbers is
equal to the related eigenvalue.

Let x=-0.0820 and y=3.3977. According to the discussion in Section 3.5, the mode-
screened damping torque coefficient with respect to A=x4y=-0.082043.3977 at G1 (i.e.,
Ki,,l) is calculated from (3.10) and (3.17), respectively.

After Kﬁ,,l is calculated, the consistency between Re(/) and -Kf,’l /T, is verified.

The results are listed in Table 3.1. It can be demonstrated that the numerical calculations
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from the proposed EFA show a high accuracy.

Table 3.1 Accuracy verification of the proposed EFA at G1 in a 4M2A power system.

Concerned Re() -Kj1/ Ty Kj1/ Ty
frequency (Kjq is from (3.10))  (Kj; is from (3.17))
0.54 Hz -0.0820 -0.0832 -0.0821

Apart from this, as one of the most important conclusions in this chapter, the
correctness of the proposed Theorem 3.1 is further verified in the 4M2A power system.
The arbitrary pair of complex numbers x3y is generated as A for the calculation of
-Kf}’l/TJ,l, which is repeated for 1000 times. The results are plotted in Fig. 3.4, where
the x-axis is the real part of the complex number (i.e., X), the y-axis is the imaginary
part of the complex number (i.e., y), and the z-axis is the result calculated from
-Kfi,l/TJ,l. The blue circles are the results from -Kj},,l/TJ,l by the arbitrary pairs of

complex numbers, and the red dot is the result from -Kj},,l/TJ,l by the related eigenvalue
(i.e., -0.082043.3977). The coordinate of the red dot is (-0.0820, 3.3977, -0.0821). It
is seen from the partially enlarged drawing that the x-coordinate is closest to the z-
coordinate for the red dot. In other words, only the red dot makes the transcendental
equation in the proposed Theorem 3.1 hold, which further demonstrates the correctness

of the proposed Theorem 3.1.
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Fig. 3.4. Verification of the proposed Theorem 3.1 in a 4M2A power system.

More discussions on the above results are highlighted as follows: (1) it is known
from Table 3.1 that the proposed EFA can be implemented in both the time and
frequency domain; (2) Eq. (3.24) is valid when the variable s is a related eigenvalue;
and (3) Fig. 3.4 reveals that the proposed Theorem 3.1 is valid only when a pair of

complex numbers x3y are the related eigenvalues of the multi-machine power system.

3.6.2 Application in a [6-machine 5-area Power System with Multiple

Measurements

The application of the proposed EFA with multiple measurements at different
generators is demonstrated in a 16M5A power system. The line diagram of the 16M5A
power system is illustrated in Fig. 3.5. The generators are all equipped with AVR but
no PSS. The base capacity of this 1L6M5A power system is 100 MVA. The parameters
of generators are listed in the Appendix A.2, which is cited from [117]. The terminals
of the 16 generators are the potential measurement locations. A step-up disturbance
happens to G; at 0.2 s and its mechanical power becomes 1.05 times of the original

value, lasting for 0.1 s.
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APe1(t) and its amplitude-frequency characteristic are given in Fig. 3.6. APe 10(t)
and its amplitude-frequency characteristic are given in Fig. 3.7. It can be observed from
Fig. 3.6 (b) that Gy is majorly associated with two electromechanical oscillation modes
at around 1.39 Hz and 1.44 Hz. Fig. 3.7 (b) further indicates that G is also associated
with the same two oscillation modes as G1. The damping performances with respect to

1.39 Hz and 1.44 Hz are hence further quantitatively investigated at both G1 and Gio,

respectively.

0.12

Fig. 3.5. Line diagram of a 16M5A power system.
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Fig. 3.6. AP¢1(t) and its amplitude-frequency characteristic in a L6M5A power

system. (a). Plot of AP (t) in time domain. (b). Amplitude-frequency characteristic of
APe1(t) in frequency domain.
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Fig. 3.7. APe10(t) and its amplitude-frequency characteristic in a 16M5A power
system. (a). Plot of APe,10(t) in time domain. (b). Amplitude-frequency characteristic
of APe 10(t) in frequency domain.

When the model of a multi-machine power system is of a high dimension, the
proposed EFA demonstrates a clear merit to quantitatively investigate the damping
performance of an interested electromechanical oscillation mode, since no complex
modelling process is required. As mentioned above, the frequency of dominant
electromechanical oscillation modes can be directly observed from the amplitude-
frequency characteristic of the measurements. Then, using the steps displayed in Fig.
3.2, the real parts of related eigenvalues are investigated by searching x at the two-
dimension plane of y=211.39=8.7336 and y=2rn<1.44=9.0478. The results are given
by Fig. 3.8.

It is noted that the horizontal axis of Fig. 3.8 represents the variable x in Fig. 3.2.
The task of Fig. 3.8 is to continuously update the value of x to find its value that makes
the equation in the proposed Theorem 3.1 hold. As mentioned in Section V, the original
x can be set as 0. The blue curve in Fig. 3.8 is the trajectory of numerical results by

continuously updating x from 0 to -0.1, and the crossover point with the red line is the

value of x that makes the transcendental equation in the proposed Theorem 3.1 hold.
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Fig. 3.8. Searching real parts of eigenvalues at G and G0 in a 16M5A power system.
(a). At Gy with respect to 1.39 Hz. (b). At G1 with respect to 1.44 Hz. (c). At Gio with
respect to 1.39 Hz. (d). At Gyo with respect to 1.44 Hz.

It should be emphasized here that the searching process of x can be actually stopped
at the crossover point of the blue curve and red line, while Fig. 3.8 displays a complete
process from 0 to -0.1 for a better understanding. For the electromechanical oscillation
mode of 1.39 Hz, the real part of the eigenvalue obtained by the proposed method in
Fig. 3.2is-0.0656 at G1 and -0.0682 at G1o. For the electromechanical oscillation mode
of 1.44 Hz, the real part of the eigenvalue obtained by the proposed method in Fig. 3.2
is -0.0582 at G; and -0.0586 at Gio. As a verification, the real eigenvalue of the

oscillation mode of 1.39 Hz is given as -0.066848.7220, and the real eigenvalue of the

oscillation mode of 1.44 Hz is given as -0.05859.0094. It can be concluded that the
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estimated real parts of the eigenvalues are roughly consistent at G1 and Gio. Therefore,
the investigation on the real part of the eigenvalue can be done at any generator involved
in the interested electromechanical oscillation mode. In addition, Fig. 3.8 also proves
that the different electromechanical oscillation modes with similar frequency can be
identified accurately via the proposed EFA.

Next, whether the real part of the eigenvalue with respect to an electromechanical
oscillation mode can be identified using the proposed procedure in Fig. 3.2 at those
generators that are not strongly associated with the mode is verified. The
electromechanical oscillation mode of 1.39 Hz is used as an example, and the results
are given by Table 3.2. G1 and Gyo are strongly associated with this oscillation mode,
while Gz and Gg are not strongly associated. It can be seen from Table 3.2 that the real
part of the eigenvalue with respect to this electromechanical oscillation mode can be

identified at Gs and Gg that are not strongly associated.

Table 3.2 Estimated real part of eigenvalue of electromechanical oscillation mode of
1.39 Hz by the proposed EFA at multiple generators in a 16M5A power system.

Concerned Estimated Estimated Estimated Estimated
frequency result at Gy result at Gio result at Gs result at Gg
1.39 Hz -0.0656 -0.0682 -0.0690 -0.0653

The damping ratios of multiple concerned electromechanical oscillation modes are
estimated to further verify the accuracy of the proposed procedure in Fig. 3.2. The
results are shown in Table 3.3. The acceptable range of the absolute error of the
damping ratio (%) can be set at #0.1% in practice. It can be seen from Table 3.3 that

the absolute error between the estimated damping ratio by the proposed EFA and the
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real damping ratio is within the range 30.02%. The proposed EFA demonstrates a
feasibility for quantitatively investigating the electromechanical oscillation at multiple

generators in a multi-machine power system.

Table 3.3 Comparison of estimated damping ratios by the proposed EFA with real
damping ratios in a 16M5A power system.

Concerned frequency Real damping ratio Estimated damping ratio

0.55 Hz 4.60 % 4.62 %
0.66 Hz 1.89 % 1.90 %
0.75 Hz 1.59 % 1.60 %
0.86 Hz 0.99 % 0.99 %
1.23 Hz 1.32 % 1.33%
1.39 Hz 0.77 % 0.75%
1.44 Hz 0.65 % 0.64 %

More discussions on the obtained results are highlighted as follows: (1) Fig. 3.8
illustrates that the real parts of eigenvalues of multiple electromechanical oscillation
modes with similar frequency can be accurately identified by the proposed EFA; (2)
Table 3.2 shows that the proposed EFA can be applied for quantitatively investigating
the damping feature of the electromechanical oscillation mode that is not strongly
associated with the measured generator; and (3) Table 3.3 illustrates that the error of

the estimated damping ratio is within the acceptable range.

3.6.3 A Case of a Real Large-scale Power System

In this subsection, a case is further discussed in a real large-scale power system with
multiple measurements. The configuration of this real provincial power grid at the East
China is given in Fig. 3.9 [118]. There are 53 generators and 1713 buses. The voltage
level of the transmission network is 500 kV and 220 kV. The abbreviations in Fig. 3.9

represent different regions of this power grid. It is assumed that the parameters and
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structures of the power network as well as generators are unknown.

Fig. 3.9. Configuration of a real large-scale power system in East China.

The application of the proposed EFA in estimating the damping performance with
respect to an electromechanical oscillation mode has been demonstrated in Subsection
3.6.2 in details, which would not be repeated here. In this subsection, two
electromechanical oscillation modes are investigated by the proposed procedure in

Section 3.5, and the results are given by Table 3.4.

Table 3.4 Validation of estimated damping ratios by the proposed EFA in a real large-
scale power system.

Concerned frequency Real damping ratio Estimated damping ratio
0.35 Hz 1.94 % 1.88 %
0.73 Hz 6.36 % 6.44 %

The above two electromechanical oscillation modes are two most concerned inter-

65



area oscillation modes identified by the provincial system operators. It can be seen from
Table 3.4 that the assessment error in this large-scale power system is larger than that
in the 16M5A power system, but still acceptable.

When the specific structures and parameters of the power network and generators
are unknown in a large-scale power system, MA becomes incapable. However, the
proposed EFA in this chapter can link with the eigenvalues for the arbitrary types and

parameters of generators and power networks.

3.7 Summary

Some key findings of this chapter are summarized as follows: (1) the mode-
screened damping torque coefficient can be calculated in both the time and frequency
domain based on the proposed EFA; (2) compared with the research in Chapter 2, the
proposed EFA is strictly proved to be equivalent to MA regardless of the specific model
of the generator in the multi-machine power system, and it is also interesting to see that
this equivalence does not consider the reactive power items of the oscillatory energy
flow; (3) the mode-screened damping torque coefficient with respect to an
electromechanical oscillation mode is proportional to the real part of the eigenvalue
with respect to this oscillation mode; (4) the damping performance of different
electromechanical oscillation modes with similar frequency can be identified accurately
by the proposed EFA; (5) the proposed EFA is proved to have a high accuracy for
quantitatively investigating the damping ratio; (6) the proposed EFA provides the

consistent results at multiple generators involved in the same electromechanical
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oscillation mode; and (7) the damping ratio can be accurately estimated at the

generators that are not strongly associated with the oscillation mode.
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Chapter 4

Application of Energy Flow Analysis in
Investigating Machine-side Oscillations of Full

Converter-based Wind Generation Systems

4.1 Overview

The MSOs of FCWG systems is the critical threat to the reliable wind power supply.
The introduction of ARC to the MSC controls of FCWG can effectively improve the
oscillatory stability of the PEC-penetrated power grid, but it would also complicate
MSOs of FCWG. Thus, it is of great significance to study the damping feature of MSOs
of FCWG. In Chapter 3, the quantitative investigation using EFA is limited to the
electromechanical oscillations of conventional synchronous generators. In this chapter,
the proposed EFA in Chapter 3 is extended and applied to quantitatively investigate
MSOs of FCWG. Firstly, the configuration and machine-side control loops of FCWG
are briefly introduced. Then, the proposed EFA is extended for quantitatively
evaluating the damping feature of MSOs of FCWG in the time domain. After that, the
consistency of the extended EFA with MA is proved and revealed, which is applicable
for arbitrary control schemes of FCWG. Finally, the extended EFA is applied in

numerically investigating multiple types of MSOs of FCWG in case studies.
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4.2 Configuration and Machine-side Control Loops of Full Converter-

based Wind Generation

The type configuration of FCWG is shown in Fig. 4.1. The main components of
FCWG are as follows [119]: (1) a PMSG; (2) the MSC and its controllers; (3) the DC-

link, the GSC and their controllers; and (4) the phase-locked loop (PLL), etc.

Transmission
Transformer line
MSC T GSC-ﬂWﬂ_@—F:MW\—; Grid |
T e
Multiple Filter
Controllers

Fig. 4.1. Configuration of FCWG.

The PMSG is commonly known as the type-4 wind turbine generator [120], which
is an emerging and promising technique in the wind power industry. Unlike the type-3
wind farm equipment, the PMSG and MSC are decoupled from the external grid by the
DC capacitor. That is to say, the PMSG and MSC have no direct interaction with the
external grid as the interaction is blocked by the DC capacitor [121][122].

Since this chapter focuses on MSO of FCWG, the machine-side control loops of
FCWG are demonstrated in Fig. 4.2, Ppm,i(S) is the mechanical power of the i-th PMSG;
Pwe,i(S) is the electric power of the i-th PMSG; Hyr.i is the inertia constant of the rotor
of the i-th PMSG; wpr,i(s) is the angular frequency of the stator of the i-th PMSG;
wprreti(S) 1S the reference angular frequency of the stator of the i-th PMSG; Kp.ut,i is the
integral time constant in the control loop of the wind turbine of the i-th PMSG; Kpp-wt,i

is the proportional time constant in the control loop of the wind turbine of the i-th PMSG;
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and xp-wt,i(S) 1S an intermediate variable in the control loop of the wind turbine of the i-
th PMSG. Generally, there are 3 control loops on the machine side of FCWG, i.e., the
wind turbine control loop, d-axis current control loop and g-axis current control loop.
Since the discussion on the extended EFA and its consistency with MA should be
general to any control schemes, the d-axis current control loop and g-axis current

control loop are represented in a general manner in Fig. 4.2.

- AC/DC
I ps,i L

P === -1
abc” |— | d-axis current!
ARC dg | control loop |
___________________ e e —
PWM
VKpp-Wt,i : l-——_—__-|
H o g-axis current L,
Kowti| + % | I control loop !
> S > | o T J
Xp-wt,i (S)I
I

Wind turbine control loop

Fig. 4.2. Machine-side control loops of FCWG.
In the case studies of this chapter, a typical scheme of d-axis current control loop
and g-axis current control loop is given in Fig. 4.3. The definition of variables in Fig.

4.3 can be found in [113], which are not repeated here.
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d-axis current control loop
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| N l— K . l R |

l Ipsqref,i—> B e Vpsqref,i
: S Xp—iq,i (S) —
Lo @3 (X g )

g-axis current control loop

Fig. 4.3. A typical control scheme of MSC.

When there is no ARC, the machine-side dynamics are directly connected at the DC
capacitor, which does not interact with the EGOs. That is to say, the inherent MSOs of
FCWG are all independent without ARC, and their characteristics are determined by
the machine-side structure as well as parameters of FCWG.

As discussed in Chapter 1, the rotor of PMSG can store energy and dynamics. If the
FCWG is equipped with an ARC, the potential dynamic of PMSG can be utilized to
improve the oscillatory stability of the PEC-penetrated power grid. On the other hand,
when an ARC is installed, the EGOs will be introduced to the machine side of FCWG,
which can complicate and aggravate MSOs of FCWG. Even the modal resonance
between the inherent MSO and EGO can appear. Thus, the wind farm operator must
pay more attention to them to ensure both the reliable wind power supply and the
oscillatory stability.

The mechanism of ARC is to introduce the disturbance of the external grid to the

MSC controls to adjust the power output of FCWG and further to suppress the
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instability. The transfer function of ARC is given in Fig. 4.4, where AParc-wti(S) IS the
output signal of ARC to the i-th PMSG; Tw is the time constant of the washout filter,
Kw is the proportional gain, T1, T2, Tz and T4 are the time constants of the lead-lag filers,
and A6pu,i(s) is the input signal of ARC (i.e., the PLL angle variation of the i-th FCWG
in the frequency domain). It can be seen that an ARC has four main parts: a washout
filter, a proportional gain, and two lead-lag filters. The washout filter eliminates the DC
component and select the signal with the appropriate frequency that is related to the
disturbance of the external grid. The proportional gain adjusts the input signal to a
proper magnitude. The two lead-lag filters adjust the compensation angle to a proper

one.

STy 1+5sT, 1+5T;
A8y (s — Ky S —» AParcowti (S
p||,|( )— 1+sT, W 1+ ST2 1+5T, ARC wt,.( )
Washout Proportional Lead-lag Lead-lag
filter gain filer filer

Fig. 4.4. Transfer function of ARC.

4.3 Extension of Energy Flow Analysis for Machine-side Oscillations of

Full Converter-based Wind Generation

The typical configuration and machine-side control loops of FCWG have been
given in Section 4.2. In this section, the proposed EFA in Chapter 3 is extended for
MSOs of FCWG to quantitatively extract the damping feature of the interested MSOs.

According to the definition in Chapter 2 and 3, the energy can be represented as the
integral of the product of torque and speed. Based on that, the dissipation of the

oscillatory energy flow of the i-th PMSG can be calculated by (4.1).
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Wi = [, AT, (DA, (D)t (4.1)

pe.i pri
where Wgp.i 1s the dissipation of the oscillatory energy flow of the i-th PMSG; Awp.i(f)
is the angular frequency deviation of the stator of the i-th PMSG; and AT () is the
electric torque imbalance of the i-th PMSG.

In this chapter, the electric torque imbalance of PMSG is defined and decomposed

as two components, i.e., (4.2).

ATpe,i (t)= Kpd,iAwpr,i (t)+ Kps,iAXp—wt,i (t) (4.2)
where Kpq,i is the equivalent damping torque coefficient of the i-th PMSG; Kosi is the
equivalent synchronizing torque coefficient of the i-th PMSG; and AXp-wti(t) is the
deviation of the intermediate variable in the control loop of the wind turbine of the i-th

PMSG in the time domain.

Substitute (4.2) into (4.1), and (4.3) can be further derived.

Wy, = [ Kog Aok Ot + [ 7K A% e (A0

pr,i

(t)dt

pr.i

= J‘O+°° Kpd‘iAa;2 (t)dt +% Kosi (Axf)—wt,i (0) _Axf)_wt,i (0)) (4.3)

pri
= [ Ky h02 (Ot
The electric torque imbalance is considered to be approximately equal to the electric
power deviation for the i-th PMSG. Thus, the equivalent damping torque coefficient of
the i-th PMSG can be derived as (4.4) with/without ARC. It is noted that AParc-wti(t)=0

in the following two conditions: (1) there is no ARC; or (2) ARC is installed but it does

not work since there is no disturbance on the external power grid.
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J‘m (pre,i () = APypc_uy, (t))Awpryi (t)dt
Kios == = (4.4)
[ 02 @)t

pr.i

where APwe,i(t) is the electric power deviation of the i-th PMSG in the time domain; and
AParc-wti(t) is the output signal of ARC to the i-th PMSG in the time domain.

For the machine side of FCWG, Kpq,i obtained by (4.4) is coupled with multiple
MSOs and some of them may be the non-inherent MSOs (i.e., EGOs) introduced by
ARC. That is to say, Kpg,i obtained by (4.4) cannot be effectively used to quantitatively
indicate the damping feature of the interested MSO.

For an interested MSO Am=om3wm, the amplitude and phase angle at wm can be
observed from the plot of the amplitude-frequency spectrum and phase-frequency
spectrum of the measurements of PMSG.

The pre-processing of measurements in Chapter 3 is applied to reconstruct AParc-
wti(t), APwe,i(t) and Awpr,i(t) as AParc-uti(t | om), APwe,i(t | om) and Awpr,i(t | om) with
respect to o=om. After that, AParcwti(t | om), APwe,i(t | om) and Acwpr.i(t | om) is further

decomposed as AP)ja..., (¢ | om), AP

we,i

(t| om) and Aw;v:’l.(t | ).
On this basis, the mode-screened damping torque coefficient of the i-th PMSG is

given in (4.5).

(AP (t] 0,0) — AP i (] 0,) ) A (¢ ] 6, )dlt
K;g’i:'[o G ARCM Ak (4.5)

[ (aatt(t]a,)) dt

where Kj}’;i is the mode-screened damping torque coefficient of the i-th PMSG with

respect to Am.
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4.4 Modal Analysis for Machine-side Oscillations of Full Converter-

based Wind Generation

In this section, MA is discussed for MSOs of FCWG. Awpr,i(t) and AXp-wii(t) are
chosen as the two focused state variables. The natural damping of PMSG is ignored.

According to Fig. 4.2, the focused equations of the i-th PMSG are given as (4.6) and (4.7).

CIAa)pr,i (t) _ 1

dt H,. (APARC—wt,i (t) - AR, (t)) (4.6)
d .
Axpd—:’t"(t) = Kp—Wt,iAa)pr,i (t) (47)

It is noted that AParc-wti(t)=0 in the following two conditions: (1) there is no ARC;
or (2) ARC is installed but it does not work since there is no disturbance on the external
power grid.

In order to represent the whole power system considering the arbitrary control
schemes of FCWG in the multi-machine environment, the linearization of the whole

power system is derived as (4.8).

SAXp—wt,i (s) 0 Kp—wt,i 0 AXp—wt,i (s)
SAa)pr,i (S) = A21 O AZS Aa)pr,i (S) (48)
SAZ(s) Ay Ay Agll AZ(S)

where AXp-uti(S) is the frequency-domain form of Axp-wti(t) under the Laplace analysis;
Awpr,i(S) is the frequency-domain form of Awyr,i(t) under the Laplace analysis. Similar
to Chapter 3, AZ(s) includes the state variables of the i-th FCWG excluding Awyr,i(s) and
AXp-wt,i(S), as well as all the state variables of other generating units. The meanings of

other variables are the same with those in Chapter 2 and 3, which are not repeated here.
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Based on (4.6)-(4.8), the linearized representation of the whole power system

considering the arbitrary control schemes of FCWG in the multi-machine environment

can be displayed in Fig. 4.5. It is noted here Fig. 4.5 is from the perspective of the
machine side of FCWG.

Ay |
+| APaRc-ut i (S) - APye;i (S)
Hp"vi . 1 ACOpr,i (S) _ Kp—wt,i AZp—w’(,i (S)
- S S
+
Y
32
A
23 sl - A33
A
+
AZ(s) -

Fig. 4.5. Linearized representation of an FCWG-integrated power system under the
Laplace analysis.

From Fig. 4.5, (4.9)-(4.11) can be obtained, respectively.

Koo
AXp—WI,i (S) = pTWLAwpr,i (S)

(4.9)
A0 (8) =2 (At 1, (9)+ AsAZ(S)) (4.10)
AZ(s)= slés—;%AX""W“ (s)+ S éaAss Aw,;(S) (4.11)
Substitute (4.9) into (4.10), and (4.12) can be obtained.
K —wt,i
(S Ay %]Awpr,i (s) = AsAZ(s) (4.12)

Substitute (4.9) into (4.11), and (4.13) can be obtained.
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_ ABl Kp—wt,i Asz
AZ(s)_[SI_Ass - +SI_A33jAa)pr’i(S) (4.13)

Substitute (4.13) into (4.12), and (4.14) can be obtained.

K
S (VORI S S

Eq. (4.13) is essentially equivalent to (4.8). According to Fig. 4.5, (4.15) can be also

derived.
AP 10 (8) = AP (8) = Hoyp s (AuAX, o (8)+ AAZ(S)) (4.15)

Eliminate AXp-wt,i(S) and AZ(s) in (4.15) using (4.9) and (4.13), and then (4.16) can

be derived.

APprc i (8) = AR, (S) A, VKo A,
Hipr iy (5) _(Aﬂ e sl - AaSj S —{Azs sl - Assj (419

By comparing (4.14) with (4.16), it can be seen that (4.17) can be obtained for an

MSO of FCWG.

_ APugc i () = AP (%)

;{m H pr,iAwpr,i (Am)

4.17)

where A is a pair of eigenvalues of an interested MSO of FCWG.

4.5 Consistency of Energy Flow Analysis with Modal Analysis for

Machine-side Oscillations of Full Converter-based Wind Generation

In this section, the extended EFA and MA will be proved to be consistent for MSO
of FCWG. Similarly, substitute AParc-wt,i(t | om), APwe,i(t | om) and Awpr,i(t | om) into the
Parseval’s Theorem, and then (4.18) and (4.19) can be obtained.
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.[o ( Puei(t105) = APuc ;i (t] oy, )) pr,('[|0' )dt
L (4.18)
:;J‘o Re(( Poei W[ 0) = APyge i (Wl 0, ))Awp,,(W|O'm))dW

1o 1 oo
jo Aa)ir’i(tlam)dt:; jo Re(Aw, ;W] o,)Aw, (W] 7,))dw (4.19)

pr.i

where AParc-wti(W | om), APwe,i(W | om) and Awpr,i(W | om) are the frequency-domain forms
of AParcwti(t | om), APwe,i(t | om) and Awpr,i(t | om) under the Fourier analysis.
Then, (4.20) can be derived by applying (4.18) and (4.19).
[ (AP (] 00) = APy i (t]00)) vy, (t] o, )l
["Acf,(t]o,)dt

:EwRe( Pei (W 070) = APy (W] oy, ))Aa)pr,(W|0m))dW
IO Re(Aw, (W] o, )Aw, (W|o,))dw

(4.20)

pr.i pr,i
For an MSO /1m:O'mﬁWm, Since APARC-\/\/tJ(Wm | O'm), pre,i(Wm | O'm), AC()pr'i(Wm | O'm)
and Ao pri(Wm | om) are the constant complex numbers, (4.5) is further equivalent to

(4.21) on the basis of (4.20).

K) _R [( Wel(W |0— ) APARC wt|(W |0 ))Awprl(wm|am)J

e W, [ 0,)A0p (W, [0,,)

prl prl

(4.21)

:Re[ Pt (W |0) APuge i W [ o7y )j

Aoy (W, [ 07,)

By comparing (4.5) with (4.17) and (4.21), it can be seen that the proposed coefficient

in (4.5) is always equivalent to the relevant eigenvalue, i.e., (4.22).

K/“m
H"" d (4.22)

pr.i

Re(4,)=-

Eq. (4.22) is general for the arbitrary types of control schemes of FCWG, which can

be applied for quantitatively investigating the interested MSOs of FCWG. Then, the
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application of (4.22) for estimating the eigenvalue of an interested MSO of FCWG is
given as the following steps. Only the pre-processing of measurements is needed, and
the complex modeling of the FCWG-integrated power system can be avoided.

Step 1: Collect the measurements AParc-wti(t), APwei(t) and Awpri(t) at the i-th
PMSG in a period.

Step 2: Conduct the analysis of the amplitude-frequency characteristic of APwe,i(t)
(or Awypr,i(t)), from which the angular frequency of dominant MSOs can be observed,
I.e., the imaginary parts of eigenvalues of dominant MSOs.

Step 3: Choose an interested MSO at the angular frequency wm and give om an initial
value as om=0.

Step 4: Calculate K;";;j.

Step 5: If abs (-K;"Z,I./Hpr,,- -am) is smaller than an acceptable error e, go to Step 7;
otherwise, go to Step 6.

Step 6: Update om as om=om=t and go to Step 4. It is noted that r/e should be smaller
than 101,

Step 7: Output the estimated eigenvalue of the interested MSO.

4.6 Case Studies

In this section, the extended EFA is firstly verified in an FCWG-integrated SMIB
power system. Then, the extended EFA is applied to quantitatively investigated the
damping feature of multiple types of MSOs of FCWG in an FCWG-integrated 4M2A

power system.
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4.6.1 Verification in a Single-machine Infinite-bus Power System with a Full

Converter-based Wind Generation

The correctness of (4.22) is firstly verified in an FCWG-integrated SMIB power
system. The line diagram of this FCWG-integrated SMIB power system is illustrated
in Fig. 4.6. There is an FCWG installed at bus 2 with no ARC. The base capacity of
this SMIB power system is 100 MVA. A step-up disturbance happens to PMSG at 0.2
s and its mechanical power becomes 1.1 times of the original value, which lasts for 0.1
s. There is no disturbance on the external grid. In this case study, PMSG and MSC are
actually decoupled from the external grid. The parameters of FCWG and conventional

synchronous generator are given in the Appendix A.3, which is cited from [113].

(@ e

External
Generator Transformer 3 Line | 4 grid

_ Z_@_ e

FCWG Infinite bus

Transformer

Fig. 4.6. Line diagram of an SMIB power system with an FCWG.

The plot of APye1(t) and its amplitude-frequency characteristic are given in Fig. 4.7.
Since the purpose of this case study is to verify the correctness of (4.22), the eigenvalue
of an interested MSO is directly given, i.e., Zm=-0.088343.0530. Then, the calculation
of -Iﬁgyi/Hp,’l is conducted, and the result is -0.0883 (i.e., -Ki’;j/Hp,,,l:-0.0883). It can

be seen that (4.22) is valid.
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Fig. 4.7. APwea(t) and its amplitude-frequency characteristic in an FCWG-integrated
SMIB power system. (a). Plot of APye,1(t) in time domain. (b). Amplitude-frequency
characteristic of APwe(t) in frequency domain.

The steps proposed at the end of Section 4.5 can be feasible, and the estimation of

the interested eigenvalue using the proposed steps will be carried out in the next

subsection.

4.6.2 Application in a 4-machine 2-area Power System with a Full Converter-based

Wind Generation
The line diagram of an FCWG-integrated 4M2A power system is given by Fig. 4.8.
There is an FCWG installed at bus 5 with the integration of an ARC. The base capacity
of this power system is 100 MVA. The parameters of FCWG and conventional

synchronous generators are given in the Appendix A.3, which is cited from [113].
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Fig. 4.8. Line diagram of a 4M2A power system with an FCWG.

(1) Scenario 4.1 (PMSG disturbance)

In Scenario 4.1, there is no disturbance on the external power grid, but a disturbance

occurs to the mechanical power of PMSG at 0.2 s and its value becomes 1.05 of the

original one, which lasts for 0.1 s.

The plot of APue(t) and its amplitude-frequency characteristic are given in Fig. 4.9.

It can be seen that there are two inherent MSOs excited at 0.41 Hz and 1.54 Hz, which

are selected as the interested ones.
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Fig. 4.9. APwe,1(t) and its amplitude-frequency characteristic in Scenario 4.1 in an

FCWG-integrated 4M2A power system. (a). Plot of APwe 1(t) in time domain. (b).
Amplitude-frequency characteristic of APwe1(t) in frequency domain.
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The imaginary parts of the interested eigenvalues are estimated as 2n>0.41j=2.5761]j
and 2n><1.54j=9.6761j. According to the mentioned Steps 1-7 at the end of Section 4.5,
the real parts of eigenvalues of the inherent MSOs at around 0.41 Hz and 1.54 Hz are

estimated. The results are listed in Table 4.1.

Table 4.1 Application of EFA for estimating eigenvalues of interested MSOs in
Scenario 4.1 of an FCWG-integrated 4M2A power system.

Interested frequency Real eigenvalue Estimated eigenvalue
0.41 Hz (inherent) -0.0761+2.5889j -0.0761+2.5761]
1.54 Hz (inherent) -0.099749.6595j -0.099849.6761]

It is noted that the real eigenvalues are calculated from the state matrix, which acts
as a comparison. It can be found that the numerical estimation from the proposed Steps
1-7 has a high accuracy.

Through the study in Scenario 4.1, it can be revealed that the machine-side
disturbances such as continuous wind fluctuations will only trigger the inherent MSOs,
and the non-inherent MSO will not be excited even if the ARC is installed. The damping
feature of the inherent MSOs of FCWG can be evaluated accurately by the extended
EFA in this chapter.

(2) Scenario 4.2 (external grid disturbance)

In Scenario 4.2, there is no disturbance on the machine side of FCWG originally. A
disturbance occurs to the mechanical power of G: (i.e., a conventional synchronous
generator in this 4AM2A power system) at 0.2 s and its value becomes 1.05 of the original

one, which lasts for 0.1 s.
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The plot of APwe,1(t) and its amplitude-frequency characteristic are given in Fig. 4.10,

and the plot of AParc-wt,1(t) and its amplitude-frequency characteristic are given in Fig.

4.11.
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Fig. 4.10. APwe1(t) and its amplitude-frequency characteristic in Scenario 4.2 in an
FCWG-integrated 4M2A power system. (a). Plot of APwe 1(t) in time domain. (b).
Amplitude-frequency characteristic of APwe(t) in frequency domain.
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Fig. 4.11. AParc-wt,1(t) and its amplitude-frequency characteristic in Scenario 4.2 in an
FCWG-integrated 4M2A power system. (a). Plot of AParc-wt1(t) in time domain. (b).
Amplitude-frequency characteristic of AParc-wt,1(t) in frequency domain.

It can be seen from Fig. 4.10 that there are three dominant MSQOs at 0.41 Hz, 0.53 Hz,
and 1.54 Hz monitored on the machine side of FCWG. It is known from Fig. 4.11 that
the non-inherent MSO of 0.53 Hz is actually the inter-area oscillation mode of the

external power grid that is introduced by ARC to the machine side of FCWG. While the
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MSOs of 0.41 Hz and 1.54 Hz are the inherent ones of FCWG that are excited by the
ARC.

The imaginary part of the eigenvalue of the non-inherent MSO is estimated as
21>0.53j=3.3301j. According to the mentioned Steps 1-7 at the end of Section 4.5, the
real parts of interested eigenvalues are estimated. The results are listed in Table 4.2. It
can be found that the numerical estimations from the proposed Steps 1-7 demonstrates

a high accuracy in Scenario 4.2.

Table 4.2 Application of EFA for estimating eigenvalues of interested MSOs in
Scenario 4.2 of an FCWG-integrated 4M2A power system.

Interested frequency Real eigenvalue Estimated eigenvalue

0.41 Hz (inherent) -0.076142.5889j -0.076042.5761j
0.53 Hz (non-inherent) -0.068243.3264j -0.068243.3301j

1.54 Hz (inherent) -0.099749.6595j -0.099849.6761]

Through the study in Scenario 4.2, it can be seen that the disturbance of the external
grid can be propagated to the machine side through ARC and excite the inherent MSQOs
of FCWG. The non-inherent MSO of FCWG can be only triggered by the disturbances
of the external grid and introduced by ARC to the machine side of FCWG. The damping
feature of both types of MSOs can be assessed by the extended EFA in this chapter.

(3) Scenario 4.3 (both PMSG and external grid disturbances)

In Scenario 4.3, a three-phase short-circuit fault occurs to the external power grid
at 0.2 s, which lasts for 0.1 s. Meanwhile, a continuous disturbance happens to the
mechanical power of PMSG.

The plot of APwe,1(t) and its amplitude-frequency characteristic are given in Fig. 4.12.
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It can be seen that the three-phase short-circuit fault of the external power grid can bring

a great risk to the machine side dynamics of FCWG through ARC.
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Fig. 4.12. APye(t) and its amplitude-frequency characteristic in Scenario 4.3 in an
FCWG-integrated 4M2A power system. (a). Plot of APwe 1(t) in time domain. (b).
Amplitude-frequency characteristic of APwe(t) in frequency domain.

The real parts of eigenvalues of the interested MSOs are estimated, and the results

are listed in Table 4.3, which still shows a high accurate.

Table 4.3 Application of EFA for estimating eigenvalues of interested MSOs in
Scenario 4.3 of an FCWG-integrated 4M2A power system.

Estimated eigenvalue

Interested frequency Real eigenvalue
0.41 Hz (inherent) -0.076142.5889j -0.076142.5761j
0.53 Hz (non-inherent) -0.068243.3264j -0.0681+3.3301j
1.54 Hz (inherent) -0.099749.6595j -0.099849.6761]

Through the study in Scenario 4.3, it can be indicated that the superposition of the
short-circuit fault of the external grid and the disturbance of PMSG can pose a great
threat to machine-side dynamics of FCWG. Both disturbances would contribute to the

amplitude of the inherent MSOs. The extended EFA still possesses a high accuracy in

this scenario.
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(4) Scenario 4.4 (modal resonance)

In Scenario 4.4, the settings of disturbances of the external grid and PMSG are same
with that in Scenario 4.3, but the setting of parameters of MSC is different from those
in Scenario 4.3. The frequency of the inherent MSO becomes closer to that of the non-
inherent MSO in this scenario.

The plot of APwe,1(t) and its amplitude-frequency characteristic are given in Fig. 4.13.

It can be seen that the amplitudes at 0.53 Hz and 0.58 Hz are much larger than the two in

Scenario 4.3.
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Fig. 4.13. APue(t) and its amplitude-frequency characteristic in Scenario 4.4 in an
FCWG-integrated 4M2A power system. (a). Plot of APwe 1(t) in time domain. (b).
Amplitude-frequency characteristic of APwe(t) in frequency domain.

There are three dominant MSOs at 0.53 Hz, 0.58 Hz and 1.48 Hz. Among them, the
MSO of 0.53 Hz is the non-inherent one introduced by ARC, and the MSOs of 0.58 Hz

and 1.48 Hz are the inherent ones. The real eigenvalues and estimated eigenvalues are

list in Table 4.4.
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Table 4.4 Application of EFA for estimating eigenvalues of interested MSOs in
Scenario 4.4 of an FCWG-integrated 4M2A power system.

Interested frequency Real eigenvalue Estimated eigenvalue
0.53 Hz (non-inherent) -0.075143.3227j -0.075243.3301j

0.58 Hz (inherent) -0.079943.6447j -0.079943.6442j

1.48 Hz (inherent) -0.0889:49.3138j -0.089049.2991j

Through the study in Scenario 4.4, it can be concluded that the improper parameter
settings of controllers can cause the modal resonance between the inherent and non-
inherent MSOs of FCWG. The extended EFA can accurately estimate the damping

feature of MSOs to reduce this potential risk.

4.7 Summary

The key findings of this chapter are listed as follows: (1) the inherent MSO of
FCWG can be excited by the disturbance of PMSG, while the non-inherent MSO would
not be excited by the disturbance of PMSG regardless of the installation of ARC. The
damping feature of inherent MSOs of FCWG can be investigated by the extended EFA
accurately and efficiently; (2) when ARC is used, the EGO excited by the disturbance
of the external grid can be introduced to the machine side of FCWG and becomes the
non-inherent MSO. The inherent MSOs of FCWG can also be excited by the
propagation of disturbances of the external grid through ARC. The extended EFA can
perform satisfactorily in obtaining the damping feature of both the inherent and non-
inherent MSO introduced by ARC; (3) the superposition of the short-circuit fault of the

external grid and the disturbance of PMSG can significantly deteriorate the machine-
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side dynamic performance of FCWG especially for inherent MSOs in terms of the
oscillatory amplitude, and the accuracy of the estimated damping feature of MSOs can
be also guaranteed under more severe disturbance condition; and (4) when the
frequency of the inherent MSO is closer to that of the non-inherent MSO introduced by
ARC, the severe modal resonance can be triggered on the machine side of FCWG, and

the accuracy of the extended EFA can be still ensured under this resonance condition.
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Chapter 5

Generalization of Energy Flow Analysis for
Investigating Various Oscillations in Power

Electronic Converter-penetrated Power Systems

5.1 Overview

In Chapter 3, the quantitative investigation of electromechanical oscillations of
conventional synchronous generators using EFA is proposed. In Chapter 4, the EFA is
extended to the machine side of FCWG to quantitatively investigate MSOs of FCWG.
The PECs have brought diversified dynamics to the modern power system, and the EFA
in Chapter 3 and 4 still shows the limitation to tackle the various oscillations in the
PEC-penetrated power system. Therefore, it is necessary to further widen the
application of EFA to investigate the oscillatory stability of PEC-penetrated power
systems. In this chapter, the generalized oscillation loop is structured based on the
second-order differential operations in a studied control loop of PEC. On this basis, the
proposed EFA in Chapter 3 is generalized for quantitatively investigating various
oscillations in the PEC-penetrated power system. Finally, taking the GSC of the FCWG
system as an example, the application of the generalized EFA is further discussed and
tested considering the potential modal resonance between the inherent GSO and non-
inherent GSO (i.e., EGO) to consolidate the oscillatory stability of the PEC-penetrated

power system.
90



5.2 Generalization of Oscillation Loop and Energy Flow Analysis in

Power Electronic Converter-penetrated Power Systems

The schematic of the PEC-penetrated power grid is shown in Fig. 5.1. In this section,
the electromechanical oscillation loop of the conventional synchronous generator is
generalized to PECs, and the proposed EFA in Chapter 3 is further generalized to
quantitatively investigate the various oscillations of the PEC-penetrated power grid, i.e.,

the generalized EFA.

Renewable Transmission
generations/ Transformer |

Neyv . PECSJWV\_’_@_\_:JVW\_E; Grid
transmission

technologies|

Fig. 5.1. Schematic of a PEC-penetrated power grid.

The feature of the electromechanical oscillation loop of the synchronous generator
is that it has the second-order differential operations for two state variables, i.e., the
power angle deviation and angular frequency deviation. With the help of this feature, a
generalized oscillation loop is structured.

Two state variables of the second-order differential operations are selected in the
studied control loop of PEC. In order to represent the whole power system considering
the arbitrary types and control schemes of PECs, the linearization of the whole power

system is derived as (5.1).

SASVl,i (s) Ar Ay Ag ASVl,i (s)
SAsz,i (s)|= Ay A, Ay Asz,i (s) (5.1)
SAZ(S) Ay Ay Al AZ(9)

where ASV1,i(s) and ASVi(s) are the first and second selected state variable of the
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studied control loop of the i-th PEC, respectively; A11, A1z, A1z, A21, Az, A2z, As1, A
and Aass are the block sub-matrices of the state matrix; and AZ(s) that includes the state
variables of the whole system except ASV1,i(s) and ASV2;i(s).

Then, (5.2)-(5.4) can be obtained, respectively.

A.Z A’l3
AV, (9= S5 88V, 9+ 5079 (5.2)
ASV, () = %ASVM () +S:L/§22AZ(5) 5.3)
A As,
AZ(s) = SI- A, ——— AV, (8) + —%— SI— A, ASV,;(s) (5.4)

According to (5.2)-(5.4), the construction of the generalized oscillation loop with
respect to a studied control loop of PEC is shown in Fig. 5.2, where F(s) is an equation

with respect to ASV2(s).

Aoy 1=
+
F(s) 1 | ASV,;(s) + 1 ASVii(s)
— . - AiZ — »
S S
o F +H * J
Ay | A
Pog °
i
Auz
AZ(S)

Fig. 5.2. Construction of a generalized oscillation loop with respect to a studied
control loop of PEC.

For the generalized oscillation loop of the i-th PEC in a system, the virtual torque
deviation provided by the external controllers of the generalized oscillation loop is

defined as follows
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AT, (8) = K4 ;ASV,; (8) + K, ;ASV; (s) (5.5)
where ATy,i(S) is the virtual torque deviation provided by the external controllers of the
generalized oscillation loop of the i-th PEC; Kvg,i and Kys; are the virtual damping and
synchronizing torque coefficients related to ATv,i(S).

It can be seen from Fig. 5.2 that ASV2,(s) acts as the virtual angular frequency in
the generalized oscillation loop. According to the definition of the energy, the

generalized oscillatory energy flow dissipation is defined as (5.6).

o= [ AT, (0ASV, (dt = [ 7K, (ASV,, (1)) dt (5.6)

where Wyq,i is the generalized oscillatory energy flow dissipation of the i-th PEC.
Thus, (5.7) can be further derived. F(t) is the time-domain form of F(s). The virtual
natural damping is reflected from Az, and the virtual non-natural damping is reflected

from Kuyd,i.

[ (F()— AASV, (1)~ A,ASV,, (1)) ASV, (bt
[ (asv,, (t))zdt
[ FmAsV,, ()t

[ (asv,, ) ot

vd,i

(5.7)

The methodology in Chapter 3 is generalized for the quantitative investigation of
the oscillatory stability of PEC-penetrated power systems.

Substitute (5.3) and (5.4) into (5.2), and then (5.8) can be derived.

AZ A13 ASZ
ASV, () = S~ Af Ay :3' ~ A psv, (s) (5.8)
S A11 sl — Az.s
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Substitute (5.2) and (5.3) into (5.4), and then (5.9) can be derived.

A12 + A13 Azz
_ A31 S_All S_A.L15|_A33 Asz
AZ(S) - Sl —A33 1_ A13 A31 + SI —A33 AS\/Z,i(s) (59)
S— A11 sl — A33

Substitute (5.8) and (5.9) into (5.3), and (5.10) can be obtained.

A, A A,

_ A31 S_Au S_AMSI_Ass Asz

S_(A21+A238|—A33j 1_ A13 A31 +A23$|—A33+A22 (510)
S_AnSI_Ass

Similarly, (5.11) can be also derived.

A, A Al
F(s) _ A, s—A, s—-A;sl-A, A,
ASVz,i(S)_[A21+A23S|_A33 1= P Ay —’_AZSSI—A%-FA22 (5.11)
S—A; sl=A

Substitute a pair of eigenvalues of an interested oscillation lg=og3wg observed in

the studied control loop of PEC, and (5.12) can be obtained.

M = j“g (5.12)
ASV,;(4,)

Convert (5.12) from the frequency domain to time domain by the Parseval’s
theorem, i.e., (5.13). Eq. (5.13) is the time-domain form of the generalized EFA-based

methodology.

_ [TF" t10,)ASV,? (t]a,)dt
[ (asvs% (t] ) dt

o (5.13)

where ASV;VZ;T(t | og) IS the reconstructed and decomposed signal from ASV2;(t); and

ASV2(t) is the time-domain form of ASV.,i(s). Specifically, ASV.,i(t) is multiplied by
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¢ %" and then is decomposed with respect to wy. £ 5(¢ | og) IS the reconstructed and

decomposed signal from F(t); and F(t) is the time-domain form of F(s). Specifically,

F(t) is multiplied by e and then is decomposed with respect to wg.

5.3 Application of Generalized Oscillation Loop and Energy Flow
Analysis for Grid-side Converter of Full Converter-based Wind

Generation

5.3.1 Control Loops of Grid-side Converter of Full Converter-based Wind

Generation

In this section, FCWG is taken as an example to demonstrate and explain the
application of the generalized oscillation loop and EFA for GSOs of FCWG.

The main components of FCWG have been discussed in Chapter 4, which are not
repeated here. Generally, PMSG and MSC do not respond to the dynamics of the
external power grid since they are decoupled from the external power grid by the DC-
link.

Since this chapter focuses on the GSOs of FCWG, the typical control loops of GSC
and PLL are introduced in Fig. 5.3 and 5.4, respectively. It can be seen that there are
mainly four control loops for GSC: DC capacitor voltage control loop, d-axis current

control loop, g-axis current control loop, and reactive power control loop.
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DC capacitor voltage control loop d-axis current control loop
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Fig. 5.3. The control configuration of GSC of FCWG.

i
Vape i (5)— abg qu,i(S)’_t Kipin Xpll,i(sz @ (S) I O (5)

dq S + +'JFT

Wopliref i

Fig.5.4. The control configuration of PLL of FCWG.

In Fig. 5.3, the meanings of major variables of the DC capacitor voltage control
loop of the i-th FCWG are as follows: Vpqc,i(s) is the DC voltage across the capacitor,
Xp4,i(S) IS an intermediate variable, Pin,i(s) is the active power input, Pouti(S) is the active
power output, Cp,i is the capacitance, Vpdco,iis the steady-state value of DC voltage, Kppa,i
is the proportional time constant, Kpis,i is the integral time constant. For reactive power,
d-axis and g-axis current control loops of the i-th FCWG, Ipcd,i(S) and lpeq,i(S) are the d-
axis and g-axis output currents of GSC, xps,i(S), Xpe,i(S) and Xxpz,i(s) are intermediate
variables, Kpps,i, Kpps,i and Kpp7,i are proportional time constants, Kpis,i, Kpis;i and Kpiv,i
are integral time constants; Vpcd,i(S) and Vpeq,i(S) are the d-axis and g-axis output voltages
of GSC, AVyy,i(s) and AVpq,i(S) are the d-axis and g-axis voltages at the point of common

coupling (PCC), respectively. In Fig. 5.4, the meanings of major variables of PLL of
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the i-th FCWG are as follows: Xpui(S) is an intermediate variable, Kppii is the
proportional time constant, Kipii,i is the integral time constant. For the above-mentioned
variables, prefix A can represent the deviation of the related variable, which will not be

repeated in Subsection 5.3.2 and 5.3.3.

5.3.2 Demonstration in DC Capacitor Voltage Control Loop

For the DC capacitor voltage control loop of GSC of the i-th FCWG, ASV1,(s) is
AXpa,i(S), and ASV2,i(s) is AVpdci(s). The related differential equations are shown as

follows

SAX 4 (s)= KoiaiAV e, () (5.14)

SV, (5) = o — (A1, (5) - APy () .15

p,i " pdcO,i

The output power from the DC-link can be represented as

AR, () :Vde,iAI ped i () +qu0,iA| peai (s)+1 pcdo,iAVpd,i (s)+1 pch,iAqu,i (s) (5.16)
where Ipcdo,i and Ipeqo,i are the steady-state values of d-axis and g-axis output currents of
GSC, respectively. Vpdo,i and Vpqo,i are the steady-state values of d-axis and g-axis
voltages at PCC, respectively.

Then, (5.15) can be further derived as

sC V . .AV

p,i " pdcO,i pdc,i

_Vpd O,iAXp4,i (S) _quO,iAI pcq.,i (S) —1 pch,iAVpd,i (S) —1 pch,iAqu,i (S)

(S) = AI:)in,i (S) -K \Y 'Avpdc,i (S)

pp4,i ¥ pd0,i

(5.17)

Thus, the generalized oscillation loop with respect to the DC capacitor voltage

control loop of GSC of the i-th FCWG is derived in Fig. 5.5.
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Fig. 5.5. Generalized oscillation loop with respect to DC capacitor voltage control
loop of GSC.

The virtual inertia constant Mqc,i, virtual natural damping coefficient Dqc,i, virtual
natural synchronizing coefficient Sqc,i in the DC capacitor voltage control loop can be

derived as

Mdc,i =C,V

p.i " pdcO,i

Dyci =K gpaiV (5.18)

pp4,i " pd0,i

Sdc,i :Kpi4,ivpd0,i

Thus, the pair of open-loop eigenvalues Aqcoi Of the inherent GSO of the DC

capacitor voltage control loop of the i-th FCWG are calculated as

_ _Ddc,i i\/ch,i _4Mdc,isdc,i

A = 5.19
dcO,i 2Mdcyi ( )

Substitute related variables into (5.13), the close-loop damping oaci of the
inherent/non-inherent GSO of the DC capacitor voltage control loop of the i-th FCWG

with respect to the oscillation angular frequency wqc,i is given by (5.20).

(AR ()~ AR (Lo )) AVt 0, )t

in,i out,i pdc, i
O-dc,i -

CoVio [, (AVa, (t] .,)) dit

p,i " pdcO,i pdc, i

(5.20)
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5.3.3 Demonstration in Phase Locked Loop

For the PLL, ASV1i(s) is AGpu,i(s), and ASV2,i(s) is AXpn,i(S). The related differential

equations are shown as follows

SA0 (S) =AX (S) + Kppll,iAqu,i (S) (521)

pll i pll i

SAX i (S) = Ky iAV . (8) (5.22)

Generally, AVpq,i(S) can be represented as (5.23).

Aqu,i (S) zVpccO,i (Aepcc,i (S) - A(gpll,i (S)) (523)
where Vycco,i 1s the steady-state value of the PCC voltage, and AGpc..i(s) is the deviation
of the PCC voltage angle.

Consequently, the generalized oscillation loop with respect to PLL of the i-th

FCWG is derived as Fig. 5.6.

-Kipn iV

AXp i (8)

pccO,i [

AB i (5)
-

KipII,inccO,i

Fig. 5.6. Generalized oscillation loop with respect to PLL.
The virtual inertia constant My, virtual damping coefficient Dy, Vvirtual

synchronizing coefficient Spii of PLL of the i-th FCWG can be derived as

M plli — 1
Do =Voecoi K o (5.24)
S ot =V peeoi Kipi

Thus, the pair of open-loop eigenvalues Apio,i Of the inherent GSO in PLL of the i-
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th FCWG are calculated as

}«p"m _ pII i —\/[;:;Il pII i pII i (525)

pll,i

Substitute the related variables into (5.13), the close-loop damping opu,i of the
inherent/non-inherent GSO in PLL of the i-th FCWG with respect to the oscillation

angular frequency wpii,i can be calculated from (5.26).

— Io Kipll AV e (tlo

pq.!

M (o) dt

YA (¢ | o

pll,i

)dt

pll i pll i

(5.26)

It is worth pointing out that the open-loop analysis has very limited influence on the
calculation of the oscillation frequency (i.e. the imaginary part of eigenvalue). Thus,
the simplification is suitable for the parameter setting of control loops of GSC to

prevent potential resonance with EGO.

5.4 Case Studies

The generalized EFA in Section 5.3 is verified in Subsections 5.4.1 through an
FCWG-integrated 4M2A power system. Then the application of the generalized
oscillation loop and generalized EFA to consolidate the oscillatory stability of the PEC-
penetrated power system is discussed in Subsection 5.4.2 through an FCWG-integrated

16M5A power system.
5.4.1 Verification in a 4-machine 2-area Power System with a Full Converter-based
Wind Generation

The line diagram of a 4M2A power system with an FCWG has been given by Fig.
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4.8, which is not repeated here. There is an FCWG installed at bus 5. The base capacity
of this power system is 100 MVVA. A disturbance occurs to the mechanical power of G:
at 0.2 s and its value becomes 1.05 of the original one, which lasts for 0.1 s. The major
parameters of control loops of GSC of FCWG are given in the Appendix A.5.

(1) Scenario 5.1

In this scenario, there is no resonance among each oscillation mode. Fig. 5.7 shows
the characteristics of AVpqc,i(t) in both time and frequency domains. It can be seen that
there are mainly two modes in the DC capacitor voltage control loop, in which 0.53 Hz
is the non-inherent GSO (i.e., the EGO) and 0.28 Hz is the inherent GSO of the DC
capacitor voltage control loop. Table 5.1 provides the verification of the quantitative

assessment of GSOs in the DC capacitor voltage control loop using the generalized

EFA.
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Fig. 5.7. AVpqc,i(t) and its amplitude-characteristic in Scenario 5.1 in an FCWG-
integrated 4M2A power system. (a). Plot of AVpqc,i(t) in time domain. (b) Amplitude-
frequency characteristic of AVpqc,i(t) in frequency domain.
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Table 5.1 Verification of EFA for estimating eigenvalues of interested GSOs in DC
capacitor voltage control loop in Scenario 5.1 of an FCWG-integrated 4M2A power

system.
Interested mode Real eigenvalue Estimated eigenvalue
(non-ighse?;el;'ff GSO0) -0.070743.3278j -0.070743.3301j
0.28 Hz _ _
(inherent GSO), -0.0266+1.7410j -0.02661.7593j

Fig. 5.8 shows the characteristics of AVpg,i(t) in both time and frequency domains.
It can be seen that there are mainly two modes in the PLL, in which 0.53 Hz is the non-
inherent GSO (i.e., the EGO) and 1.0 Hz is the inherent GSO of PLL. Table 5.2 provides

the verification of the quantitative assessment of GSOs in PLL using the generalized

EFA.
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Fig. 5.8. AVpqi(t) and its amplitude-characteristic in Scenario 5.1 in an FCWG-
integrated 4M2A power system. (a). Plot of AVpqi(t) in time domain. (b). Amplitude-
frequency characteristic of AVpq,i(t) in frequency domain.

Table 5.2 Verification of EFA for estimating eigenvalues of interested GSOs in PLL in
Scenario 5.1 of an FCWG-integrated 4M2A power system.

Interested mode Real eigenvalue Estimated eigenvalue
(non_igfjgf 650) -0.070743.3278; -0.070743.3301]
L.OHz -0.062646.2994j -0.062646.2832j

(inherent GSO)

Through this scenario, the following conclusions can be summarized: in the case of
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no resonance, both inherent and non-inherent GSOs can be observed in the related
control loop of GSC, and the generalized EFA showes a good accuracy.

(2) Scenario 5.2

In this scenario, there is a resonance between the non-inherent GSO (i.e., EGO) and
inherent GSO in the DC capacitor voltage control loop. Specifically, through adjusting
the integral time constant of the DC capacitor voltage control loop, the frequency of its
inherent GSO gradually approaches that of its non-inherent GSO.

When the frequency of the inherent GSO of the DC capacitor voltage control loop
approaches that of the non-inherent GSO, the resonance phenomenon can occur. Fig.
5.9 shows the characteristics of AVpqc,i(t) in both time and frequency domains in this
scenario. It can be seen that the oscillatory amplitude is obviously increased, that is to
say, the harm of the oscillation is greatly increased. Table 5.3 provides the verification

of the related quantitative assessment in this scenario.

-5 -
4 x 10 3 3 x 10
2 6
= 3
S S
L} O
< <
20 v 24
a =
g g
< <
-2 ¢ 2
4 ) 0 ™ |
0 20 40 60 80 100 0 0.5 1 1.5 2 2.5 3
Time/s Frequency/Hz
(a) (b)

Fig. 5.9. AVpqc,i(t) and its amplitude-characteristic in Scenario 5.2 in an FCWG-
integrated 4M2A power system. (a). Plot of AVpqc,i(t) in time domain. (b). Amplitude-
frequency characteristic of AVpqc,i(t) in frequency domain.
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Table 5.3 Verification of EFA for estimating eigenvalues of interested GSOs in DC
capacitor voltage control loop in Scenario 5.2 of an FCWG-integrated 4M2A power

system.
Interested mode Real eigenvalue Estimated eigenvalue
(non-ig-r\?egreHntZ GSO) -0.0857:43.3481] -0.0861+43.3301]
0.47 Hz _ _
(inherent GSO) -0.03602.9397] -0.03602.9531]

Through this scenario, the following conclusions can be summarized: when the
frequency of the inherent GSO approaches that of the non-inherent GSO from small to
large in the DC capacitor voltage control loop, the inherent GSO plays a positive role
for the damping of the non-inherent GSO. The generalized EFA shows a good accuracy.

(3) Scenario 5.3

On the basis of Scenario 5.2, through further adjusting the integral time constant of
the DC capacitor voltage control loop, the frequency of the inherent GSO becomes
slightly higher than that of the non-inherent GSO in the DC capacitor voltage control
loop, i.e., Scenario 5.3.

In this scenario, the inherent GSO still shows the resonance effect with the non-
inherent GSO in the DC capacitor voltage control loop. Fig. 5.10 shows the
characteristics of AVpqc,i(t) in both time and frequency domains in this scenario. Table

5.4 provides the verification of the related quantitative assessment in this scenario.
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Fig. 5.10. AVpqc,i(t) and its amplitude-characteristic in Scenario 5.3 in an FCWG-
integrated 4M2A power system. (a). Plot of AVpqc,i(t) in time domain. (b). Amplitude-
frequency characteristic of AVpqc,i(t) in frequency domain.

Table 5.4 Verification of EFA for estimating eigenvalues of interested GSOs in DC
capacitor voltage control loop in Scenario 5.3 of an FCWG-integrated 4M2A power

system.
Interested mode Real eigenvalue Estimated eigenvalue
(non-i(r)1'hSes;eHntZ GSO) -0.044943.2943] -0.04493.3301]
099 Mz 10.098143.7054; 10.098043.7071;

(inherent GSO)

Through this scenario, the following conclusions can be summarized: when the
frequency of the inherent GSO exceeds that of the non-inherent GSO in the DC
capacitor voltage control loop, the inherent GSO plays a negative role for the damping

of the non-inherent GSO. The generalized EFA still shows a good accuracy.

(4) Scenario 5.4

In this scenario, there is a resonance between the inherent and non-inherent GSOs
of PLL. Specifically, through adjusting the integral time constant of PLL, the oscillation
frequency of the inherent GSO of PLL gradually approaches to that of the non-inherent

GSO (i.e., EGO).
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Fig. 5.11 shows the characteristics of AVyq,i (t) in both time and frequency domains
in this scenario. It can be seen that the resonance can occur, and the harm of the

oscillation is obviously increased. Table 5.5 provides the verification of the related

quantitative assessment in this scenario.
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Fig. 5.11. AVyq,i(t) and its amplitude-characteristic in Scenario 5.4 in an FCWG-
integrated 4M2A power system. (a). Plot of AVpq,i(t) in time domain. (b). Amplitude-
frequency characteristic of AVpq,i(t) in frequency domain.

Table 5.5 Verification of EFA for estimating eigenvalues of interested GSOs in PLL in
Scenario 5.4 of an FCWG-integrated 4M2A power system.

Interested mode Real eigenvalue Estimated eigenvalue
(non-ighsegre?tz GSO) -0.085043.3312j -0.085243.3301j
0.48 Hz _ _
(inherent GSO) -0.054943.0111; -0.054843.0159j

Through this scenario, the following conclusions can be summarized: when there is
a resonance between the inherent and non-inherent GSOs in PLL, and the frequency of
the inherent GSO is slightly less than that of the non-inherent GSO, the inherent GSO

plays a positive role for the damping of the non-inherent GSO. The generalized EFA

can still show a good performance.

(5) Scenario 5.5
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On the basis of Scenario 5.4, by further adjusting the integral time constant of PLL,

the frequency of the inherent GSO becomes slightly higher than that of the non-inherent

GSO in PLL, i.e., Scenario 5.5.

In this scenario, the inherent GSO of PLL still shows the resonance effect with the
non-inherent GSO of PLL. Fig. 5.12 shows the characteristics of AVpq,i (t) in both time
and frequency domains. It can be seen that the harm of the oscillation is still severe.

Table 5.6 provides the verification of the related quantitative assessment in this scenario.
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Fig. 5.12. AVyq,i(t) and its amplitude-characteristic in Scenario 5.5 in an FCWG-
integrated 4M2A power system. (a). Plot of AVpq,i(t) in time domain. (b). Amplitude-
frequency characteristic of AVpq,i(t) in frequency domain.

Table 5.6 Verification of EFA for estimating eigenvalues of interested GSOs in PLL in
Scenario 5.5 of an FCWG-integrated 4M2A power system.

Interested mode Real eigenvalue Estimated eigenvalue
(non_igfe?;eHmz 650) -0.058743.3252 -0.058743.3301j
0.57 Hz -0.080943.6269 -0.081643 5814

(inherent GSO)

Through this scenario, the following conclusions can be summarized: when the

frequency of the inherent GSO of PLL slightly exceeds that of the non-inherent GSO
of PLL, the inherent GSO plays a negative role for the damping of the non-inherent
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GSO. The generalized EFA is still perfect for the quantitative assessment.
When there is the resonance between the inherent GSO and the non-inherent GSO,
the wind system operator should pay more attention to the oscillatory stability and

modify the control parameters to consolidate the stability if necessary.

5.4.2 Application in a 16-machine 5-area Power System with a Full Converter-

based Wind Generation

The line diagram of the 16M5A power system with an FCWG is illustrated in Fig.
5.13. The capacity of this FCWG is 1.0 MVA. The generators are all equipped with
AVR but no PSS. The base capacity of this 16M5A power system is 100 MVA. The
main parameters of control loops of GSC of FCWG are listed in the Appendix 5.4. A
step-up disturbance happens to Gy at 0.2 s and its mechanical power becomes 1.05 times

of the original value, lasting for 0.1 s.
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Fig. 5.13. Line diagram of a 16M5A power system with an FCWG.

It is assumed that the wind system operator is familiar with the frequencies of the
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main EGOs. As discussed in Section 5.3, the open-loop analysis has very limited
influence on the frequency (i.e. the imaginary part of the eigenvalue), which is suitable
for the parameter setting to adjust the frequency of the inherent GSO. Thus, the
resonance can be avoided by adjusting the integral time constant of the control loop of
GSC.

In the case that the resonance cannot be avoided due to some reasons, the analysis
of the virtual natural damping in Section 5.3 also provides the basis for the wind system
operator to adjust the virtual natural damping of the inherent GSO to consolidate the
stability.

Taking the PLL as an example, the real parts of eigenvalues and oscillation
frequencies of the inherent and non-inherent GSOs observed in PLL are recorded as the
case of no resonance in Table 5.7.

When the integral time constant of PLL changes from 43 to 12, there is an obvious
resonance between the inherent and non-inherent GSOs of PLL, and their real parts of
eigenvalues as well as oscillation frequencies are recorded as the case of with resonance
& no PLL adjustment in Table 5.7. It can be seen that the damping of the inherent GSO
of PLL decreases significantly compared with the case of no resonance. If the wind
system operator wants to increase the damping of the inherent GSO of PLL to its
original level, the wind system operator can adjust the proportional time constant of
PLL from 0.12 to 0.17 to increase the virtual natural damping of the inherent GSO of
PLL, and the results are recorded as the case of with resonance & PLL adjustment in

Table 5.7.
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Table 5.7 An example of application of generalized oscillation loop and EFA in PLL
of an FCWG-integrated 16M5A power system for consolidating the stability.

| q NO resonance With resonance & With resonance &
htereste no PLL adjustment PLL adjustment
mode - - -
Damping Frequency Damping Frequency Damping Frequency
'”gesrgnt 00597 101Hz -0.0370 052Hz  -0.0529  0.52 Hz
Non-

inherent  -0.1348 0.57 Hz -0.1581 0.57 Hz -0.1656 0.57 Hz
GSO

5.5 Summary

The key findings of this chapter are listed as follows: (1) when there is the resonance
between the inherent and non-inherent GSOs of the DC capacitor voltage control loop
or PLL, the inherent and non-inherent GSOs show the obvious modal influence between
each other; (2) the quantitative assessment of the damping of inherent and non-inherent
GSOs can be conducted with the help of the generalized EFA; and (3) with the help of
the generalized oscillation loop, the oscillatory stability is consolidated by improving
the virtual natural damping of the inherent GSO when the large-scale system model is

unknown.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

With the rapid development of various renewable power generations and emerging
transmission technologies, the increasing number of PECs have penetrated to the power
grid, which considerably complicates the dynamics and hence oscillations of the
conventional power system. In order to investigate the emerging oscillation problems
without the precise and high-dimensional modeling in the large-scale system, a
measurement-based method (i.e., EFA) is systematically studied. The conclusions of
this thesis are summarized as follows.

(1) DTA and EFA are derived to be essentially consistent. Specifically, the
aggregated damping torque coefficient is newly defined and derived for DTA to
characterize the integration effect of the damping contribution from the whole power
system. Then, the pre-processing of measurements at the terminal of a local generator
is conducted for EFA, and the frequency-decomposed energy attenuation coefficient is
defined to screen and determine the damping contribution with respect to the frequency
of interest. On this basis, the strict proof on the connection between DTA and EFA is
carried out in assessing the damping performance of electromechanical oscillations of
power systems, which is general for arbitrary models of synchronous generators in

multi-machine power systems.
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(2) A novel EFA is proposed with two implementation forms (i.e., TDI and FDI) to
quantitatively investigate the electromechanical oscillation. For TDI, the new concept
of the mode-screened damping torque coefficient with respect to an electromechanical
oscillation mode is defined. For FDI, the Parseval’s Theorem is applied to transform
the proposed EFA from the time domain to frequency domain. On this basis, the
connection between the proposed EFA and MA is essentially revealed in quantitatively
investigating the electromechanical oscillation of the multi-machine power systems.
The conclusion drawn is general to arbitrary models and parameters of synchronous
generators. Hence, the proposed EFA indicates a prospect for the quantitative
investigation of electromechanical oscillations in the large-scale multi-machine power
systems without models.

(3) The proposed EFA in (2) is extended for quantitatively investigating MSOs of
FCWG, and its consistency with MA is strictly revealed considering the arbitrary
control schemes of FCWG in the multi-machine environment. On this basis, the
extended EFA is applied to investigate the damping feature of multiple types of MSOs
of FCWG in different scenarios through the case studies.

(4) With the help of the second-order differential operations in the studied control
loop of PEC, a generalized oscillation loop is structured. Then, the proposed EFA in (2)
is further generalized to quantitatively investigate various oscillations in the PEC-
penetrated power systems. Taking the GSC of the FCWG system as an example, the
generalized oscillation loop and generalized EFA are further demonstrated to

investigate GSOs considering the potential resonance. The generalized oscillation loop
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and generalized EFA have the prospect to consolidate the oscillatory stability of the
large-scale PEC-penetrated power system when the system model is unknown.

The research in this thesis has the following practical values: (1) as any oscillation
problem is essentially reflected by the dissipation of the oscillatory energy flow, the
EFA can provide a clear physical understanding about the damping mechanism of
oscillation modes; (2) the assessment is a model-free design based on WAMS and data
analytics technique, which is suitable for the large-scale PEC-penetrated power system
with unknown or changing internal control; and (3) the monitoring and analyzing
technique only need the local information and hence is more efficient and reliable,
which can easily coordinate with damping control strategies to mitigate the oscillations
and align with the system development trend.

The social influence is summarized as follows: (1) the research in this thesis is
beneficial to both the stable power grid operation and sustainable development, which
is crucial to the modern society; and (2) this thesis can further increase the development

of renewable generations and new transmission technologies.

6.2 Future Work

This thesis has proposed a series of EFA theories to investigate the various
oscillations of PEC-penetrated power systems. To make the current work more
comprehensive, the following work can be conducted in the future.

(1) The proposed EFA theories can be applied to more types of renewable power

generation systems, such as the doubly fed induction generator-based wind farm and
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photovoltaic power generation system.

(2) The proposed EFA theories can be further tested in the new transmission
technologies-integrated power system to deal with more kinds of emerging oscillation
problems.

(3) The proposed EFA theories can be tested in the time sequential simulation. On
this basis, the planning and operation strategies can be proposed for the modern power
grid with the integration of renewable power generations and new transmission

technologies.
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Appendix

A.1 Models and Parameter Settings in Case Studies of Chapter 2

The 6th-order model of synchronous generators is given by (A.1). The transfer

functions of AVR and PSS of the i-th generator are shown in Fig. A.1.

do.
# =Wy (wi ®) —1)
dow. (t 1
8- 2 (R0 R0 -D (00 -1)
dE;x,i (t) 1
dt - leo,i (_Eq'i )+ Era (t))
dE‘fd,i ® 1 :
dt = f’i(_Efd,i (t) + Ka,i (Vtref Ji _Vt,i (t) + upss,i (t))) (Al)
v (@0-0+7, 40y
dt B T3,i
du, () Kot (1) + Ko T2 d\gt(t) — U, (1)
dt - Tl,i

where T’qo,i denotes the time constant of the field winding of the i-th generator; Eq,i(t)
denotes the g-axis excitation voltage of the i-th generator; Eq,i(t) denotes the excitation
voltage of the i-th generator; E'w,i(t) denotes the transient excitation voltage of the i-th
generator; Vii(t) denotes the output voltage of the i-th generator; Vit is the output
voltage reference of the i-th generator; upss,i(t) denotes the stabilizing signal of PSS of
the i-th generator; Ka,i is the gain of AVR of the i-th generator; Ta,i is the time constant
of AVR of the i-th generator; Yi(t) is the intermediate variable of the i-th generator;

Kpss,i 1S the proportional coefficient of PSS of the i-th generator; and T, T2, , T3, and
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T4, are the time constants of PSS of the i-th generator.

Vei Etdo,i
Kai Ewi +
Vtref,i + %L’ Efd,l
+127TfTa,i

(@)

K 1+ j277:fT4,i YI 1+ j277:fT2’i u pSS,i

Ao — B pss i [ 1+ j2afTy; g j2nfTy; g
(b)

Fig. A.1. Transfer functions of AVR and PSS of the i-th generator under the Fourier
analysis. (a) Transfer function of AVR. (b) Transfer function of PSS.

The parameters in the SMIB power system are listed as follows.

T;=8.0 s; D=0; w0=314.0 rad/s; T’40=5.0 s;

X¢=0.8 p.u.; X¢q=0.4 p.u.; X'4=0.05 p.u.; Pmo=0.6 p.u.;

Xi=0.3 p.u.; V1=V=1.05 p.u.; V.=1.0 p.u.; Virer=1.05 p.u.;

Ka=10.0; Ta=0.01 s; Kpss=0; T2=T4=0; and T1=T3=99909.
where Xq is the d-axis synchronous reactance; Xq is the g-axis synchronous reactance;
X'q is the d-axis transient reactance; V1 and V> are the voltage at nodes 1 and 2; Xt is the
reactance of the transmission line and transformer; Pmo is the initial mechanical power;
the meanings of other parameters have been given in (2.1) and (A.1).

The parameters in the 4M2A power system are listed as follows.

T31=T32=117.0's; T33=T34=111.15 s; D1=D2>=D3=D4=0;

®0,1=0,.2=w0,3=w0,4=314.0 rad/s; Pmo,1=8.67 p.u.;

Pmo,2=Pm0,3=Pmo,4=7.0 p.U.; Xd,1=Xd,2=X4,3=X4,4=0.2 p.u.;

Xq,1=Xg,2=Xq,3=Xq,4=0.1889 p.u.; X’q,1=X"4,2=X"43=X"44=0.0333 p.u.;
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T’401=T 90,2=T d0,3=1 '40,4=8.0 S; V1=V13=1.03 p.u.;

Vi2=Vt4=1.01 p.U.; Viref 1=Viref 3=1.03 p.U.; Virer,2=Virer4=1.01 p.u.;

X15=X36=X20=X48=0.0167 p.u.; X56=Xg9=0.025 p.u.;

X67=X78=0.055 p.U.; Ploads=9.67 p.u.; Qloads=1.00 p.u.;

P1oads=20.0 p.u.; Qioads=1.0 p.U.; Qc6=-2.0 p.u.; Qcs=-3.5 p.u.
where Xis, Xazs, X209, Xag, Xs6, Xgo, Xe7, and Xzg are the reactance of transmission lines
and transformers of this 4M2A power system; Pioads, Qioads, Ploads, and Qioads are the
active power and reactive power of loads in this 4M2A power system; and Qcs and Qcs

are the reactive power compensation at loads.

A.2 Parameter Settings in Case Studies of Chapter 3

The parameters of generators in the 4M2A power system are listed as follows.
T31=T32=117.0s; Ty3=T34=111.15 s; D1=D>=D3=D4=0;
Ka,1=Ka2=Ka3=K3,4=65.0; Ta,1=Ta2=Ta3=Ta4=0.1s;
Kpss,1=Kpss 2=Kpss 3=Kpss 4=8.5; T11=T12=T13=T14=5.5;
T21=T22=T23=T24=3.5s; T31=T32=T33=T134=5.5;

T41=T42=T43=T44=3.5S; Pm1=8.67 p.u.; Pm2=Pm3=Pm4=7.0 p.u.

The parameters of generators in the 16M5A power system are listed as follows.
T;1=42.0s; T;2=30.2s; T33=35.85; T34=28.6 s; T35=26.0 s;

T16=34.85; T37=26.4s; T38=24.3s; T39=34.5; T310=31.0s;

T311=28.2 S; T312=92.3 s; T3,13=496.0 s; T314=T3,15=300.0 s;

T316=450.0 s; D1~D16=0; Ka1~Ka,16=3.95, Ta1~Ta16=0.1S;
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Kpss,1~Kpss,16=0, T1,1~T1,16=9999 S; T2,1~T2,16=0 S;
T31~T316=9999 S; T4,1~T4,16=0 S; Pm1=2.5 p.u.; Pm2=5.45 p.u.;
Pm3=6.5 p.U.; Pm4=6.32 p.u.; Pm5=5.052 p.u.; Pme=7.0 p.u.;
Pm,7=5.6 p.U.; Pm8=5.4 p.u.; Pm9=8.0 p.u.; Pm,10=5.0 p.u.;
Pm,11=10.0 p.u.; Pm,12=13.5 p.u.; Pm13=36.1258 p.u.;

Pm,14=17.85 p.u.; Pm15=10.0 p.u.; Pm16=40.0 p.u.

A.3 Parameter Settings in Case Studies of Chapter 4

The parameters of PMSG in the SMIB power system are as follows.

Ppm,1=1.0 p.u.; Hpr,1=8.0'S; Xpd,1=0.2 p.u.; Xpq,1=0.2 p.u.; Xpr,1=0.02 p.u.
where Xpq,1 1S the d-axis reactance of the stator winding; Xpq,1 is the g-axis reactance of
the stator winding; and Xpr,1 is the filter reactance.

The parameters of MSC in the SMIB power system are as follows.

Kpp-wt,1=1.25; Kp-wt,1=70.0; Kpp-ig,1=0.08; Kp-ig,1=30.0;

Kpp-id,1=1.01; Kp-ig,1=10.0

The parameters of the conventional synchronous generator in the SMIB power
system are as follows. The meanings of variables can be found in the Appendix A.1,
which are not repeated here.

T;=8.0 s; D=0; w0=314.0 rad/s; T"¢=5.0 s; X4=0.8 p.u.; Xq=0.4 p.u.;

X’4=0.05 p.u.; Pmo=0.6 p.u.

The parameters of PMSG in the 4M2A power system are as follows.

Ppm,1=1.0 p.u.; Hpr,1=8.0'S; Xpd,1=0.2 p.u.; Xpq,1=0.2 p.u.; Xpr,1=0.02 p.u.

118



The parameters of MSC in Scenarios 4.1-4.3 of the 4M2A power system are as
follows.

Kpp-wt,1=1.05; Kp-wt1=50.0; Kpp-ig,1=0.07; Kp-ig,1=20.0; Kpp-id,1=0.04; Kp-ig,1=30.0

The parameters of MSC in Scenario 4.4 of the 4M2A power system are as follows.

Kpp-wt,1=1.05; Kp-wt1=92.0; Kpp-ig,1=0.07; Kp-ig,1=20.0; Kpp-id,1=0.04; Kp-ig,1=30.0

The parameters of ARC in the 4M2A power system are as follows:

T1=0.3 s; T2=0.03 s; T3=0.3 5; T4=0.03 s; Tw=0.05 S; Kw=0.8

The parameters of conventional synchronous generators in the 4AM2A power system
are as follows.

T31=T32=117.0s; Ty3=T34=111.15 s; D1=D>=D3=D4=0;

w0=314.0 rad/s; T’d0.1=T "d02=T"d03=T d0.4=8.0 S;

Xd,1=Xd,2=Xd,3=Xd,4=0.2 p.U.; Xq,1=Xq,2=Xq,3=Xq,4=0.1889 p.u.;

X'41=X"42=X"43=X"4,4=0.0333 p.u.; Pmo,1=6.0 p.u.;

Pmo,3=7.5 p.U.; Pmo,2=Pmo4=7.0 p.u.

A.4 Parameter Settings in Case Studies of Chapter 5

The parameters of GSC of FCWG in the 4M2A power system are listed as follows.
Kpps,1=0.5; Kpis,1=100; Kpps,1=1.0; Kpie,1=10.0; Kpp7,1=0.5; Kpiz,1=100.0;

Scenario 5.1: Kpps1=1.0; Kpia,1=90.0; Kppi,1=0.12; Kipn,1=39.27,;

Scenario 5.2: Kppsa1=1.0; Kpia,1=260.0; Kppi,1=0.12; Kip,1=39.27;

Scenario 5.3: Kppsa1=1.0; Kpia,1=400.0; Kppi1=0.12; Kip,1=39.27;

Scenario 5.4: Kpps,1=1.0; Kpis,1=90.0; Kppin,1=0.12; Kipn,1=9.0;
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Scenario 5.5: Kpps,1=1.0; Kpis,1=90.0; Kppi1=0.12; Kipn,1=13.0
The parameters of GSC of FCWG in the 16M5A power system are listed as follows.
Kpp4,1:0.5; Kpi4,1:20.0; Kpp5,1:0.2; Kpi5,1:80.0; Kpp6,1:3.1; Kpi6,1:10.0;

Kpp7,1=0.5; Kpiz,1=50.0; Kppi1,1=0.12; Kipi,1=43.0
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