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Abstract 

In recent years, oscillation instability contingencies happen more and more 

frequently with the increasing penetration of wind power generations. One 

important reason leading to oscillation instability is the modal resonance between 

wind power generation and the external power system. The integration of full 

converter-based wind power generation (FCWG, e.g., permanent magnet 

synchronous generator (PMSG)) not only introduces FCWG oscillation modes 

(FOMs) but also might excite severe resonances with electromechanical 

oscillation modes (EOMs) of the power system. 

To dig the essential resonance mechanism, a two-open-loop-subsystem 

dynamic model is firstly established to investigate the modal interactions between 

the FCWG and the external power system. The two-open-loop-subsystem model 

divides the entire power system into two subsystems:  the subsystem of FCWG, 

and  the subsystem of the external power system. On this basis, a modal shift 

evaluation (MSE) method by using bilateral damping torque analysis (BDTA) is 

proposed to accurately quantify the interaction effect of FOMs and EOMs on each 

other and effectively explain their complex interaction process. Then two 

important concepts, i.e., modal shift sensitivity (MSS) with respect to various 

FCWG controller parameters and resonance excitation index (REI) according to a 

per-unit open-loop modal distance indicating the intensity of modal interactions, 

are derived to dig the essential modal resonance mechanisms. 

Meanwhile, to further clarify the modal resonance and facilitate the 

understanding of the modal interactions between FCWG and the external power 

system, a novel modal superposition theory is proposed to classify the modal 

interactions between FOMs and EOMs in the complex plane for the first time. The 

potential of suppressing modal resonance with proper modal coordination strategy 
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is exploited. With flexibly modified FOMs, FCWG has the potential to actuate 

conducive dynamic interactions with EOMs of the external power system. The 

modal coupling mechanism is graphically visualized to investigate the dynamic 

interactions, and the eigenvalue shift index is proposed to quantify the dynamic 

interaction impact on critical EOM. Based on different manifestos in the modal 

coupling mechanism and eigenvalue shift index, a novel modal coordination 

optimization strategy to improve the dynamic interactions between the FCWG and 

the external power system is proposed within the existing control frame. The 

optimized dynamic interactions (i.e., modal counteraction) can significantly 

enhance the oscillation stability of the power system, the effectiveness of which is 

verified by both modal analysis and time domain simulations. 

Nonetheless, the off-line modal coordination optimization strategy is highly 

model-dependent, which relies on the system model with the full details to 

facilitate the resonance analysis and identify the related oscillation modes. On the 

one hand, the very accurate modeling of a full power system might be either 

technically or commercially unavailable, especially for large-scale power systems. 

On the other hand, even if the system model is available, the operating conditions 

may vary a lot in practice, and hence the optimal solution based on the modal 

coordination optimization cannot always guarantee optimal performance. 

Consequently, to overcome the above obstacles, with the aid of PMU measurement, 

a novel on-line modal coordination strategy is proposed as an attractive alternative 

to alleviate modal resonance. 

Furthermore, FCWG, though normally considered to be decoupled from the 

external power system can be actuated as an inertia source to suppress modal 

resonance in wind power generation penetrated power systems by installing 

auxiliary resonance controllers (ARCs). Three possible options for ARC 

installation are first identified based on some derivations of the conventional 

control model of FCWG. The damping support mechanism of ARC is revealed, a 

suitable and generic configuration structure of ARC is then established, and 
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optimal parameter tuning is conducted on the basis of this ARC configuration. The 

three ARC alternatives are equipped to contribute to damping by utilizing the 

potential energy and dynamics hidden in different inertia source components (i.e., 

the wind turbine rotor and DC capacitor, respectively) of FCWG. Both modal 

analysis and simulation results validate the effectiveness of the three proposed 

ARCs in suppressing modal resonance and improving system oscillation stability. 

Most importantly, extensive comparison investigations are carried out to fully 

evaluate the pros and cons of the three ARCs and thus provide constructive 

application guidance for system operators and wind farm owners. 
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Chapter I 

Introduction 

1.1  Background 

Massive industrial activities have caused severe air pollution, climate, and 

energy security problems which hamper the sustainability of human society. 

Decarbonization in the energy industry has become a consensus and drawn 

significant attention. Transforming the current energy infrastructure to 100% clean 

and renewable energy domination is an unstoppable trend and has received 

extensive support worldwide. Fig.1. 1 sketches a roadmap of the future energy 

composition in 2050, in which the wind power holds the largest share. 

 

Fig.1. 1 A roadmap to 100% renewable energy [1] . 

As one of the fastest-growing renewable energy, wind generation capacity has 

increased at an unapproachable speed and scale, which jumped from 7.5GW in 

1997 to 623 GW by 2019, according to the latest data of International Renewable 

Energy Agency (IRENA). The growth of wind energy during the last decade is 
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delineated in Fig.1. 2. 

 

Fig.1. 2  Trend of wind installed capacity worldwide (IRENA) [2]. 

To meet the ever-increasing demand for large-scale integration of wind power 

generation, many efforts have been devoted to developing generic models for wind 

generation systems [3]. Consequently, four major types of wind turbines are 

devised: 1) Type 1: Fix-speed induction wind turbine generators (FSIGs); 2) Type 

2: Variable-slip wind turbine generators; 3) Type 3: Doubly fed induction wind 

turbine generators (DFIGs); and 4) Type 4: Full converter wind turbine generators 

employing permanent magnet synchronous generator [4]. Due to the technology 

development, especially the evolvement of power electronics both technically and 

economically, full converter-based wind power generation (FCWG, i.e. Type 4 

system) gradually gains prevalence and may dominate the future wind market. 

1.2  Literature Review 

The integration of wind generation has introduced many operational and 

control challenges that affect the reliable and stable operation of the power systems. 
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This section provides a brief overview on the impact of wind generation and 

focuses on the power system oscillation stability issues related to wind generation. 

Thus, Subsection 1.2.1 outlines the major challenges introduced by the integration 

of wind generation systems. Subsection 1.2.2 discusses the state of the art of 

oscillation stability issues with respect to various wind generation systems, and 

Subsection 1.2.3 reviews resonance-related oscillation stability issues caused by 

wind generation. 

1.2.1  Major Challenges 

Despite being clean and environmental friendly, the unique characteristics of 

wind energy systems have also brought various challenges for the power systems, 

as summarized in Table 1. 1. 

Table 1. 1  Major Challenges of Wind Generation Integration 

Event Major Challenges  

Wind Generation 

Integration 

Wind power prediction [5] 

Reactive power/ voltage support [6] 

Frequency impact [7] 

Harmonics/ power quality issues [8, 9] 

Oscillation stability issues [10] 

Grid resilience and reliability [11] 

Protection challenges [12] 

Low voltage ride through capability [13] 

Planning challenges [14] 

Transmission, communication, and security issues [15] 

Electricity market challenges [16] 

Socio-economic and environmental challenges [17] 

All challenges referred in Table 1. 1 should be properly tackled in future power 

systems, and remarkable progress has already been achieved in both academia and 



4 

industry, whereas there are still many research gaps worth further investigation. 

To narrow the research scope, the focus of this thesis has endeavored to the 

oscillation stability issues regarding the integration of wind generation. 

1.2.2  Oscillation Stability Issues 

The impact of the integration of wind generation on power system oscillation 

stability has been investigated for over ten years and most research efforts so far 

such as [10, 18-35] are devoted to the induction generator based wind generation 

technology (e.g., FSIG and DFIG) due to its dominant market position. On early 

stage, quite a few case-by-case studies could neither give a general conclusion nor 

reveal the influence mechanism of wind power induction generator on the system 

existing electromechanical oscillation mode. A two-step method using damping 

torque analysis is proposed in [36] and [37] to essentially analyze the damping 

mechanism of grid-connected DFIGs to power system oscillation stability, which 

is a considerable improvement in this field.  

Full converter-based wind power generation (FCWG, e.g. permanent magnet 

synchronous generator (PMSG)) has drawn increasing attention from the wind 

utilization industry recently and become a highly promising technique to convert 

wind energy owing to the significant reduction of voltage source converter (VSC) 

cost. FCWG has a fundamental difference in structure from the conventional 

synchronous generator (SG), FSIG, and DFIG and thus the general conclusions of 

previous research could not be applied to this type of wind generation. Some 

preliminary case studies have been published to assess the impact of its integration 

on oscillation stability [38-43]. Examination of [38] has drawn the conclusion that 

FCWG does not participate in the system existing oscillation mode but after 

installing the energy storage system both wind generation and energy storage 

affect the system oscillation mode. Similar findings have been presented in [39] 

that the capacitor change of FCWG does not affect the modal characteristics of 

inter-area oscillation and the very low participation factors of wind generator 
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imply that wind generator does not interact with system modes. Additional control 

needs to be introduced to FCWG to damp the power system oscillation [40, 41].  

However, it is concluded by [42] that the impact of FCWG changes when 

different schemes of reactive power/voltage control are used and the dynamic 

characteristic of the wind generation is fundamentally changed by the 

supplemental voltage/frequency control. Ref. [44] and [43] indicate that the 

integration of FCWG affects power system oscillation stability detrimentally.  

It can be seen that the publications of relevant research are still limited in this 

field and most work presented are the results of case studies of different operating 

scenarios and controller dynamics based on modal analysis and time domain 

simulation[37, 45-47]. The key issue with impact mechanism has not been 

systematically investigated and there is no clear theoretical work to clearly 

describe the relationship between the FCWG and system oscillations. As a result, 

there are no consistent conclusions about how the integration of FCWG on 

conventional power system oscillation stability. Some state that the conventional 

power system would benefit from the growing penetration level of this type of 

wind power generation while some clearly indicate that the grid-connected FCWG 

has a negative effect on power system oscillation stability. Some others also 

express their reservations towards this potential change. 

When an instantaneous imbalance of active power takes place in the power 

system due to system disturbance, the torque equilibrium of the synchronous 

generator rotor is lost and hence rotor starts to accelerate or decelerate straight 

away. The process of acceleration or deceleration actually comes with the 

absorption or release of rotor kinetic energy, which leads to the decrease or 

increase of injection power from the generator to grid. The series of generator 

reactions above to the system disturbance is usually defined as generator inertia 

response, which results in a post-disturbance transition period when the system 

recovers to a stable operating status, i.e., electromechanical transient process of 

power system. Therefore, power system oscillation stability is strongly related to 
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generator inertia response. 

Different from DFIG and FSIG, the wind turbine of FCWG is completely 

decoupled from the power network by AC-DC-AC VSC and thus cannot be 

directly involved in the electromechanical transient of power system [48]. FCWG 

can be treated as a VSC power source in the oscillation stability analysis. FCWG 

may introduce a quasi-inertia to system during electromechanical transient just like 

SG power source does but with different characteristics. The integration of FCWG 

by either installing wind sources to a new node or replacing the conventional SG 

from an old node essentially changes the system inertia profile, which in turn 

influences the oscillation stability. 

The existing mechanism analysis of oscillation stability is damping torque 

analysis (DTA), which is based on the concept of damping torque contribution to 

the rotor motion of synchronous generators and thereby can provide a clear and 

accurate physical explanation on the damping mechanism of power system [49]. 

The DTA method is designed for accommodating the controller dynamics such as 

excitation control system [50], power system stabilizer (PSS) [51-53] and flexible 

AC transmission systems (FACTS) based stabilizer [54-57] and it cannot clearly 

address the integration of FCWG since it is quite distinguished from these 

conventional power devices. Therefore, there is no proper theoretical method 

available to study the damping mechanism of FCWG to date. 

Therefore, this thesis aims to develop a breakthrough theoretical approach for 

the impact mechanism of FCWG on power system oscillation stability, especially 

the mechanism of modal resonance, in which the oscillation stability may be 

severely jeopardized and under threat. Some deep findings about the mechanism 

are expected from this thesis to complement the existing research and provide 

useful guidance to power system planners and operators when dealing with FCWG 

as well as other converter connected renewable sources such as photovoltaic (PV) 

and energy storage. 
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1.2.3  Resonance-Related Stability Issues 

The high penetration of wind power generation makes modern power systems 

more complex and fragile [44, 58-61]. A series of resonance-related incidents have 

been revealed [62-69]. On July 1, 2015, sub-synchronous resonance (SSR) took 

place in Xinjiang Province of China and led to the malfunction of protection and 

a huge power loss of 1280MW. On 9th August 2019 in the U.K., SSR occurred in 

Hornsea One wind farm and led to the serious shutdowns of wind turbines (with 

standard settings from the manufacturer), and the wind farm owner Orsted then 

updated the relevant control system to ensure its stability [70].  

Although various control schemes have been applied in the wind power 

generation to improve the dynamic performance of the wind power generators [71-

75], the dynamic interactions with power systems are much more complex to deal 

with. The resonance/oscillation events induced by wind power generation occur 

frequently and could result in a severe economic loss. 

To address the dynamic impact of wind power generation and enhance the 

power system oscillation stability, quite a few studies are conducted. The impact 

of the FCWG integration on power system stability can be assessed from two 

aspects, i.e., the power flow changes and the dynamic interactions. Ref. [42] 

performs modal analysis to evaluate the overall impact, whilst Ref. [76] 

investigates the impact of variable speed wind generators on small-signal stability 

by using damping torque analysis (DTA), which is an important contribution in 

understanding the overall impact. Ref. [77] studies the small-signal stability of the 

FCWG in a sample system with lightly damped inter-area modes. It is concluded 

that the local and the park-level voltage controllers have the largest impact on the 

dominant inter-area mode. A stationary αβ-frame impedance model is developed 

in [78] to predict the stability impact of the phase-locked loop (PLL) and coupling 

effect. An inclusive investigation of PI controller tuning is carried out in [79] so 

as to enhance the small-signal stability. As declared in [80], during the grid faults 
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with FCWG, the poorly damped mode may become unstable due to the interaction 

between PLL and alternating current control. The mechanism of the system 

instability conducted in [81] uses the ‘positive feedback effect’ between the 

electrical subsystem and the control subsystem to explain the dynamic process of 

instability brought by power converters.  

The focus of these literature above is to examine the negative impact of FCWG 

integration on the power system dynamics mainly, whereas the more severe 

resonance caused by the modal interaction between the FCWG and the main grid 

has not been fully investigated. An arresting phenomenon of strong modal 

resonance is introduced in [82] when two oscillatory modes are close in the 

frequency spectrum, and conclusions have been drawn that strong interaction may 

degrade the small-signal stability. Ref. [83] demonstrates the strong resonance 

may lead to the oscillation instability and the related eigenvalues change their size 

and direction when strong resonance happens. A general theory of interaction of 

eigenvalues is proposed in [84], where the strong and weak interactions are 

identified with their geometric interpretation on the complex plane. Ref. [69] 

investigates the dynamic interactions brought by grid-connected PMSG and 

indicates that a modal resonance may introduce a negative impact on oscillation 

stability. The PLL-induced modal resonance is further investigated in [47, 85], 

finding that the dynamic impact of PLL may influence the dynamic performance 

of FCWG itself as well as the power system oscillation modes. However, the 

general modal interaction process between the FCWG and the power system 

electromechanical oscillation modes (EOMs) towards the strong resonance stage 

has not been thoroughly investigated in a quantitative manner, and hence their 

resonance mechanisms have not been fully revealed. One important aspect that 

leads to oscillation instability is an open-loop modal resonance phenomenon that 

exasperates the oscillation modes of the external power system [86, 87]. Under 

strong modal resonance, the oscillation mode of the external power system may be 

forced to move towards the right half of the complex plane; that is to say FCWG 
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integration may worsen system damping when modal resonance occurs. 

In traditional power systems, if the system damping is not sufficient, the 

conventional synchronous generators (CSGs) can be equipped with damping 

controllers (e.g. PSS) to provide damping support for the power system [88]. 

However, with the high penetration of wind power generation, especially the 

replacement of CSGs with wind power, such functions are not available 

considering the completely different physical structure of FCWG. On the one hand, 

the inertia-less characteristic of FCWG has been widely recognized, mainly 

because of the AC-DC-AC configuration that decouples the wind turbines from 

the external power system [73]. System operators rarely consider the utilization of 

the potential energy and dynamics hidden in FCWG inertia sources (e.g., rotor 

inertia of wind turbines). On the other hand, since the excitation system in FCWG 

differs from that of CSGs, conventional damping controllers are no longer 

applicable. To achieve better dynamic performance as well as maximize the 

capture of wind power, wind farm owners normally adopt conservative control 

strategies instead of providing damping support for the external power system. As 

a result, FCWG may be viewed as a favorable renewable energy but its 

contribution to power system oscillation stability is normally considered to be 

weak or even negative. 

Maintaining and enhancing the oscillation stability with renewable energy 

power generation has become a major concern in recent years. Extensive designs 

and control strategies have been proposed to improve the situation. To emulate the 

inertia dynamics of CSGs, [89] introduces an inertial control on DFIG-based wind 

turbines, and the variable inertia and damping coefficients can be obtained to damp 

electromechanical oscillation. In [72], two control structures for PMSGs are 

analyzed, with the speed control scheme concluded to be best suited for 

implementation to stabilize the wind power generation system and increase the 

system efficiency. Ref. [90] investigates the aggregated inertia dynamics from a 

wind farm; by delaying the frequency signal to the inertia controller of each turbine, 
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the inertia dynamics can be achieved by coordinating the inertia dynamics of 

individual turbines. In [91], a robust super-twisting sliding mode control for a 

variable speed wind turbine is devised to attain the optimal aerodynamic torque 

and improve the dynamic performance of the wind energy conversion system. In 

[92], advanced control strategies for PMSGs are proposed to utilize the DC-link 

capacitor energy and the wind turbine rotor kinetic energy. Ref. [93] analyzes the 

resonance mechanism between FCWG and the external power system, and 

explores the potential of enhancing oscillation stability via modal interaction 

optimization. In [94], a novel modal superposition theory is proposed to further 

elaborate the modal interactions and an optimal modal coordination strategy is 

employed to improve the power system oscillation stability. Virtual synchronous 

technologies have also been developed to provide damping control for power 

systems with renewable energy [95-110]. 

However, most literature only investigates the potential to improve dynamic 

performance as well as enhance stability by amending the control strategies. The 

dynamic interactions between FCWG and the external power system have not been 

a primary concern, and the damping support from FCWG has not been thoroughly 

investigated. Therefore, this thesis will carefully consider the negative impact of 

modal resonance between FCWG and the external power system, and propose 

novel coordination strategies to ameliorate the modal interactions so as to enhance 

the oscillation stability of the power system. Moreover, auxiliary damping control 

methods are also extensively explored and provide constructive application 

suggestions for both farm owners and system operators.  

1.3  Incentives of Thesis 

For the sustainable development of society and economics, it can be foreseen 

that renewable power generation will account for a large proportion of future 

global power generation. Wind energy, as a typical renewable primary energy, is 
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more favorable given its lower cost and more reliable technologies compared with 

other renewable energy sources [111]. Although solar energy is also gaining 

attention in the renewable energy sector, however, in the foreseeable future wind 

energy will still dominate especially for large-scale grid connections [112]. 

Worldwide, the continuous promotion of wind energy by the policy and agreement 

from many governments (e.g., Paris Agreement) has resulted in the fast growth of 

wind generation in the past decade. On the other hand, as the abundant wind 

resource is often located far away from the load center, the secure and reliable 

transmission of bulk wind power becomes very essential and vital. The high 

penetration of wind power generation has posed potential threats to power system 

oscillation stability, loss of which could lead to severe blackouts and enormous 

losses (e.g., US & Canada Northeast Blackout in 2003 [113] and India Blackout 

in 2012 [114], London Blackout in 2019 [70] etc.). Therefore, to investigate the 

oscillation stability issues of modern power system characterized by large-scale 

integration of wind power generation is an urgent need for the implementation of 

global energy sustainable development strategy.  

To impact the power system oscillation stability, FCWG, on one hand, changes 

the system power flow profile by injecting power into the grid as the conventional 

generator does; on the other hand, it introduces some ‘quasi’ inertia to the system 

and interacts with the external power system. Such interaction from FCWG is 

fundamentally different from SG and thus FCWG has a different 

electromechanical transient. The existing mechanism analysis of power system 

oscillation stability mainly focuses on the impact of the dynamics of controller or 

stabilizer, which is external equipment attached to inertia sources and contributes 

damping torque to electromechanical oscillation loop of inertia sources. There is 

no theoretical methodology or systematic research so far to address the dynamic 

interactions between FCWG and grids. Therefore, it is of great theoretical as well 

as engineering need to carefully examine the influence of dynamic interaction on 

power system oscillation stability and thus explain how the integration of FCWG 
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affects stability margin. The work aligns with the research development tendency 

and has broad application prospects. 

According to physical nature, the existence of SG inertia is the essential cause 

of power angle oscillations. The electromechanical transient featured by power 

angle oscillations is actually the active power interaction between the power 

system and generator rotor as a kinetic energy storage system. Hence, the inertia 

response from rotor mechanical motion essentially determines the convergence of 

power angle dynamic oscillation. Due to different impact mechanisms between 

controller dynamics and inertia sources, the existing analytical methods or 

numerical simulations cannot essentially investigate the issues with FCWG 

integration. So, what is the proper method to assess the overall impact of FCWG 

integration? What is the difference between the quasi inertia from FCWG and SG 

inertia? What is the general modal resonance mechanism of FCWG on oscillation 

stability? How to eliminate potential adverse modal resonances? There are no clear 

answers to all these scientific questions and no systematic publications seen yet. 

This thesis will provide significant theoretical guidance and technical support to 

system operators for the secure planning and operation of FCWG. The theoretical 

method and findings of thesis can also be extended to various VSC based systems 

including PV, energy storage system (ESS), High-Voltage Direct Current (HVDC) 

and Plug-in Electric Vehicle (PEV), all of which are key elements of future smart 

grid. 

To answer the key scientific questions raised above, five research objectives 

have been set up in this thesis as follows:  

1)  The detailed mathematical model of FCWG and the general method to 

assess the overall impact of FCWG on power system oscillation stability; 

2)  A novel modal superposition theory to explain the modal interactions 

between FCWG and the external power system; A method to clarify the modal 

resonance mechanism both qualitatively and quantitively; 
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3)  A modal coordination optimization strategy to improve the dynamic 

interactions between FCWG and the external power system so as to enhance the 

power system oscillation stability; 

4)  An on-line adaptive modal coordination strategy to mitigate the potential 

modal resonance, which could overcome the obstacle of model unavailability and 

adapt to operating condition changes; 

5)  Appropriate auxiliary resonance controller designs for FCWG as 

supplementary alternatives for the modal resonance mitigation and oscillation 

stability enhancement; Practical application suggestions and guidance for system 

operators and wind farm owners. 

1.4  Primary Contributions 

The integration of FCWG not only introduces FCWG oscillation modes but 

also might excite severe modal resonance with the power system. This thesis aims 

at uncovering the essential resonance mechanism and proposing three novel 

solutions (i.e. two coordination strategies and one auxiliary control method) for 

modal resonance mitigation. 

1) The detailed mathematical model of FCWG and the external power system 

are introduced and derived. On this basis, a two-open-loop-subsystem dynamic 

model is developed, which divides the entire closed-loop power system into two 

open-loop subsystems, so that the dynamic impact of one subsystem on the other 

can be examined from either side; 

2) A modal shift evaluation (MSE) method based on bilateral damping torque 

analysis (BDTA) is proposed to investigate the interaction effect of FCWG 

oscillation modes (FOMs) and EOMs on each other and explain their complex 

interaction process, in which the linearization model for studying the modal impact 

on FOMs from the external power system is proposed for the first time;  

3) The modal shift sensitivity (MSS) is defined to examine the relationship 
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between the FCWG controller parameters and the closed-loop modal shifts, and 

the accurate MSS can be used for modal coordination optimization. The resonance 

excitation index (REI) is also proposed to imply the intensity of modal interactions 

and plays as a valuable tool in modal coordination optimization; 

4) The modal superposition theory is proposed to categorize and analyze all 

the possible dynamic interactions between FCWG and the external power system. 

Three categories of modal coupling are extensively elaborated and visualized in 

the complex plane, which provides a theoretical foundation for damping 

enhancement with proper modal coordination; The modal coupling mechanism is 

conducted thoroughly to explore the modal interactions between FOM and EOM 

considering the relative locations; 

5) Modal interaction, though as an unwanted phenomenon due to FCWG 

integration, is utilized to improve the oscillation stability of the closed-loop power 

system for the first time. The modal interaction optimization is achieved by 

properly tuning the FCWG controller parameters and hence the open-loop FOM 

location. Based on the modal superposition theory and eigenvalue shift index, an 

optimization methodology to optimize the dynamic interactions is proposed to 

achieve modal counteractions and enhance oscillation stability. 

6) With the aid of PMU measurement, a novel on-line adaptive coordination 

strategy is proposed to improve the modal interactions in different timescales 

between FCWG and the power system in a model-free and on-line manner, which 

can procure satisfactory coordination even if the detailed model of the power 

system is unavailable. 

7) Three feasible options to install auxiliary resonance controllers (ARCs) are 

identified by exploring the potential energy and dynamics of inertia source 

components (i.e., wind turbine rotor and DC capacitor) in FCWG, and the damping 

support mechanism of the different ARCs is also revealed; A suitable and universal 

configuration of ARCs is employed, and optimal parameter tuning of this 

configuration is conducted. The effectiveness of the proposed ARCs is examined 
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and validated with modal analysis and time domain simulations; 

8) Comprehensive evaluation and extensive comparison on the advantages, 

disadvantages, and hence suggested application conditions of the proposed ARCs 

are carried out. On this basis, application guidance is provided to system operators 

and wind farm owners. 

1.5  Thesis Layout 

The overall organization of this thesis is illustrated in Fig.1. 3. 

The rest of this thesis consists of six chapters. Chapter II first presents a 

conventional control configuration of FCWG and the related linearized 

mathematical model is derived. Second, the power flow impact and dynamic 

interaction impact of FCWG is then investigated by damping torque analysis and 

residue analysis. Chapter III proposes a novel modal superposition theory which 

systematically classifies all the possibilities of modal interactions. On this basis, 

the resonance mechanism is further investigated with a modal shift evaluation 

methodology. 

Chapter IV exploits a modal coordination optimization strategy to mitigate 

modal resonance and improve the oscillation stability of the power system. To 

overcome model unavailability, Chapter V develops an on-line adaptive modal 

coordination strategy. Chapter VI elaborates the design and comparison of three 

feasible options of auxiliary resonance controllers for FCWG, and suggested 

application conditions and application guidance are also provided for system 

operators and wind farm owners. Finally, the conclusions of the thesis are 

discussed in Chapter VII with suggestions for future work. 
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The Modeling and 

Linearization of FCWG 

(Chapter II)

A conventional control configuration of FCWG is modelled and linearized; 

The connection with a multimachine power system is also established to 

derive a closed-loop system model

Damping Torque analysis and Residue Analysis are employed to assess 

both the power flow impact and the dynamic interaction impact of FCWG

Conclusion and Suggestions for Further Research (Chapter VII)

Introduction (Chapter I)

Modal Superposition Theory 

and Resonance Mechanism 

Investigation (Chapter III)

The Modal superposition theory is proposed to classify the all the 

possibilities of modal interactions between FCWG and the external power 

system.

The resonance mechanisms between the main grid and FCWG and how the 

two resonance-related oscillation modes affect each other are revealed. 

Modal Coordination 

Optimization Strategy 

for Resonance 

Mitigation (Chapter IV)

Three categories of modal coupling are visualized in the 

complex plane and the modal coupling mechanism is 

investigated to support that modal counteraction can 

significantly suppress resonance.

A modal coordination optimization strategy is proposed 

to induce modal counteraction with the resonance-

related mode of the external power system.

Design and Comparison 

of Auxiliary Resonance 

Controllers for 

Resonance Mitigation 

(Chapter VI)

Three feasible options to install auxiliary resonance 

controllers for FCWG are identified. The appropriate 

configuration and parameter tuning are carefully 

designed to provide significant damping support.

Comprehensive evaluation and extensive comparison 

are carried out, and hence suggested application 

conditions and application guidance are provided to 

system operators and wind farm owners

Resonance Mitigation 

Solutions

(Chapter IV~VI)

On-line Modal 

Coordination Strategy 

for Resonance 

Mitigation (Chapter V)

A mode  identification  technique (i.e.   stochastic 

subspace  identification) is introduced to identify the 

critical oscillation mode for modal coordination.

An on-line modal coordination is designed to employ 

on-line parameter tuning with due controller to suppress 

the potential modal resonance in a model-free manner.

 
Fig.1. 3  Illustration of overall organizational structure of the thesis. 
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Chapter II 

FCWG and the Mathematical Model 

2.1  Introduction 

With innovation and application of power electronics technology, full 

converter-based wind power generation (FCWG) becomes a preferable option for 

wind generation integration. Compared with the conventional induction generator-

based wind power generation (e.g., fix-speed induction generator and doubly-fed 

induction generator), FCWG has a very different mechanism in affecting the 

power system oscillation stability. As the wind generator is decoupled by the 

voltage source converter (VSC) from the grid, the converter instead of the 

generator participates in the interaction with conventional synchronous generators 

(SGs) during the electromechanical transient. 

To assess the impact of FCWG integration, a detailed mathematical model of 

FCWG will be discussed in this chapter and served as a theoretical foundation for 

the upcoming chapters. 

2.2  Typical Configuration of FCWG 

An FCWG connected to a power system is shown in Fig.2. 1. There are four 

main components in FCWG: 1) The permanent magnet synchronous generator 

(PMSG) [75]; 2) The machine side converter (MSC) and the associated control 

system; 3) The DC-link, the grid side converter (GSC), grid-connected filter and 

the associated control system; 4) The synchronous reference frame phase-locked 

loop (SRF-PLL) which keeps the synchronization with the power system. 
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Fig.2. 1  Configuration of an FCWG connected to the power system. 

2.3  Linearization of FCWG 

Linearization equations of all FCWG components are derived in this section. 

2.3.1  Linearization of PMSG 

1) Generator model 

The PMSG can be represented by the following equations: 
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where psdv  and psqv  are the direct and quadrature axis voltage of stator winding, 

psR is the stator winding resistance, psdi  and psqi  are the direct and quadrature axis 

current of the stator winding, b  is the base angular speed in rad/s, pdX and pqX  

are the direct and quadrature axis reactance of stator winding, pm  is the flux 

linkage produced by the permanent magnet. pr  is the stator electrical angular 

speed, defined by: = =pr p m mn   , where =1pn  is the number of pole pairs of 

PMSG and m  is the mechanical (rotor) angular speed. 
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Linearizing Eq.(2.1), 
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Substitute the linearization equation of Eq.(2.2) into Eq.(2.3), 
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The active power and reactive power are given by 
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Linearizing the first equation of (2.5), 
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2) Motion equation of the wind turbine rotor 

pr

pr pm pe

d
H T T

dt


= −                                            (2.7) 

where pmT  is the mechanical torque of the wind turbine, peT is the electrical torque 

of PMSG, prH is the inertia constant of the rotor. 

=pe psq psd psd psqT i i −                                                (2.8) 

Linearizing Eq.(2.7) and neglecting the variation of the mechanical torque, 

=
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pr pm pe pe

d
H T T T

dt


=  − −                           (2.9) 



20 

Substitute Eq.(2.8) in Eq.(2.7), 
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Write Eq.(2.4) and Eq.(2.10) together in the form of state-space 

representation, 
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The active power derivation can be expressed as 
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2.3.2  Linearization of MSC 

A standard MSC configuration is shown in Fig.2. 2. 
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Fig.2. 2  Standard control configuration of MSC 

From Fig.2. 2, the mathematic equations are derived as  
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          (2.13) 

Ignoring the transient of PWM in MSC, 
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                                                         (2.14)  

Linearizing Eq.(2.13) and Eq.(2.14) 
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From Eq.(2.12), Eq.(2.16), and Eq.(2.17), 
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d
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From Eq.(2.16), Eq.(2.18), and Eq.(2.19), 

1 1 1 1 2 1

1 2

d

dt
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p p p p3 p p p
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  = +     

p

p p p3 p p

p2

X
c d c d c

X
                          (2.21) 

From Eq.(2.20), it is concluded that the PMSG system (i.e. PMSG and MSC) 

is a closed-loop system. Its dynamics only related to its own state variables, do not 

interact with the external power system. The wind turbine does not respond to the 

system dynamics since it is decoupled from the power system unless additional 

control is introduced. 
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2.3.3  Linearization of DC-link and GSC 

Equation of the DC-link voltage is 

pdc

p pdc ps pc

dV
C V P P

dt
= −                                     (2.22) 

where pC  is the capacitance, pdcV  is DC voltage across the capacitor, pcP is active 

power output; and 

= =pc pcd pcd pcq pcq pd pcd pq pcqP V I V I V I V I+ +                          (2.23) 

where pcdI  and pcqI  are the direct and quadrature axis output current of GSC, 

respectively. pcdV  and pcqV  are the direct and quadrature axis output voltage of 

GSC, respectively. pdV  and pqV  are the direct and quadrature axis voltage at the 

point of common coupling (PCC), respectively. 

The line voltage equations across the filter reactance pfX  in Fig.2. 1 is 

expressed as  

0
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Fig.2. 3  Standard control configuration of GSC 
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A standard GSC configuration is shown in Fig.2. 3, and the mathematic 

equations are derived as 

4

4

4 4
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             (2.25) 

where pdcrefV  is the reference of the DC voltage controller; prefQ  is the reference 

of reactive power controller; pQ  is the reactive power output of GSC 

=p pq pcd pd pcqQ V I V I−                                 (2.26) 

Linearizing Eq.(2.25), 
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 (2.27) 

Linearizing Eq.(2.22), Eq.(2.23), and Eq.(2.24), 
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0
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From Eq.(2.28), Eq.(2.29), and Eq.(2.30), 
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(2.31) 

Linearizing Eq.(2.26), 

0 0 0 0=p pq pcd pd pcq pcq pd pcd pqQ V I V I I V I V  −  −  +          (2.32) 

Substitute Eq.(2.32) into the 4th and 8th equations of Eq.(2.27), 
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Ignoring the transient of pulse width modulation (PWM) of the GSC, 
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From Eq.(2.31) and Eq.(2.33), 
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Substitute Eq.(2.32) into other equations of Eq.(2.27), 
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From Eq.(2.35) and Eq.(2.36), 
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From Eq.(2.20), Eq.(2.21), and Eq.(2.37), 
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Hence, the linearization equations for the first three components of FCWG (i.e. 

PMSG, MSC, and GSC) can be expressed as 

d

dt


 =  + 


 =  + 

p p p p p

p p p p p
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I C X D V

                             (2.38) 

where =
T

      p p1 p2 p3 p4X X X X X , =
T

pd pqV V    pV ,

=
T

pcd pcqI I    pI ,  
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2.3.4  Linearization of PLL 

The structure of the synchronous reference frame phase-locked loop (SRF-

PLL) is shown in Fig.2. 4. 
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Fig.2. 4  A typical structure of an SRF-PLL 

From the block diagram of SRF-PLL, 
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Linearizing Eq.(2.39), 
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From Eq.(2.38) and Eq.(2.40), the linearization equations of the entire FCWG 

are derived as 

d

dt


 =  + 


 =  + 

pp pp pp pp p

p pp pp pp p
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pp pC C , 

= = (2,2)zerospp pD D . 

2.3.5  Coordinate System Transformation 

The relationship between the d-q coordinate system of the FCWG and the 

common x-y coordinate system is depicted in Fig.2. 5. 

 
Fig.2. 5  The FCWG d-q coordinate and common x-y coordinate. 

At a steady state, the FCWG output perfectly tracks the voltage at PCC, i.e. 
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From the d-q coordinate system to the x-y coordinate system, the 
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Linearizing Eq.(2.42), 

0 0 0

0 0 0

0

cos sin
= +

sin cos

=

pd pll pll x q

pll

pq pll pll y d

x

g vg

y

V V V

V V V

V
T R

V

 


 

        
        −  −      

 
+  

 
ppX

         (2.43) 

where 
0

0

0 0 0 0 0 0 0 0 0 0 0 0 0 0
=

0 0 0 0 0 0 0 0 0 0 0 0 0 0

pq

vg

pd

V
R

V

 
 

− 
  

and the transformation matrix from =
T

pcd pcqI I  pI  to =
T

x yI I  I  is 

cos sin
=

sin cos

pcd pll pll x

pcq pll pll y

I I

I I

 

 

     
     

−     
                                  (2.44) 

Linearizing Eq.(2.44), 
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From Eq.(2.41), Eq.(2.43), and Eq.(2.45), the linearization equations of FCWG 

in the x-y coordinate system are expressed as 
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Hence, the transfer function of FCWG is obtained as 

1= ( ) ( )sI H s− −  = gp gp gpI C A B V V                        (2.47) 
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2.3.6  Linearization of Closed-loop Power System with FCWG 

The state-space model for N synchronous generators in the external power 

system can be expressed as 

g g g g g

g g g g g

d
X A X B V

dt

I C X D V


 =  + 


 =  + 

                                    (2.48) 

where ∆Xg=[∆Xg1
T … ∆XgN

T ]T , ∆Ig=[∆Ig1
T … ∆IgN

T ]T , ∆Vg=[∆Vg1
T … ∆VgN

T ]T , 

Ag= diag[Ag1 … AgN] , Bg= diag[Bg1 …  BgN] , Cg= diag[Cg1 …  CgN] , 

Dg= diag[Dg1 …  DgN] , ∆Xgj
T , j = 1,2, … N  denotes the vector of all the state 

variables of the jth SG. diag[] denotes either a diagonal matrix or a block diagonal 

matrix. 

The network equation is  
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I Y Y Y V Y V

I Y Y Y V V

      
      
      
            

                (2.49) 

where 𝐼g, 𝑉g is the SG terminal current injection and bus voltage at the connecting 

point; 𝐼, 𝑉 is the output current and PCC voltage from FCWG, which is modeled 

as a current source; 𝐼N, 𝑉N is the current injection and voltage at other buses in the 

network; 𝑌 is the admittance matrix of the multi-machine power system, where 

power loads are regarded as constant impedances. 

Linearizing Eq.(2.49), 
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The network equation can be further rewritten as 

=
=
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where 
1=( )ggN gg gn nn ngY Y Y Y Y−− , 

1=gwN gw gn nn nwY Y Y Y Y−− , 
1=( )wgN wg wn nn ngY Y Y Y Y−− ,

1=( )wwN ww wn nn nwY Y Y Y Y−− . 
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Hence, the open-loop power system can be expressed as 

I

d
I

dt
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where 
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From Eq.(2.46) and Eq.(2.52), 
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The closed-loop interconnected model of the entire power system is obtained 

as 
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2.4  Damping Torque Analysis and Residue Analysis 

2.4.1  DTA Model 

The state-space model of the external power system Eq.(2.52) is firstly 

rearranged as 

I

d
I

dt

V d I

 =  + 

 =  + 

gnew gnew gnew gnew

gnew gnew

X A X B

C X

                      (2.54) 

where the FCWG acts as a controller, which injects I  to interact with the power 

system, V is the feedback signal for the FCWG ‘controller’; and 



33 

0

=

I 
 
 
  

gnew 21 22 23

31 32 33

0 0

A A A A

A A A

, =

 
 


 
  

gnew

Δδ

X Δ

Δz

 , =

 
 
 
  

gnew I2

I3

0

B b

b

, 

=   gnew g1 g2 g3C C C C  

From Eq.(2.54), the transfer function of the open-loop power system is derived 

as 
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Eq.(2.54) can also be written as 
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              (2.56) 

Hence, the transfer function ( )G s  can be obtained as 
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                              (2.57) 

From Eq.(2.54), the closed-loop interconnected model is depicted in Fig.2. 6. 
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Fig.2. 6  Closed-loop interconnected model of multimachine power system 

with FCWG. 

From the first equation of Eq.(2.54), 

0
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I
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        (2.58) 

The forward path of the electric torque contribution to the electromechanical 

loops of the SGs from the current variation I  of FCWG can be obtained as 
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                          (2.59) 

From Eq.(2.46) and Eq.(2.59), the electric torque contribution from the FCWG 

is derived as 

w
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Thus, the electric torque provided by the FCWG to the kth SG in the power 

system is 

wk
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  (2.61) 

From the second equation of Eq.(2.54), 
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                             (2.62) 

If i  is the ith critical oscillation mode of the power system, the relationship 

between V  and k  can be derived [76]. 

ik kV   =                                                     (2.63) 

Let =is j  = +  in the above equations,  
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Hence, at the complex oscillation frequency =i j  + , the electric torque 

provided by the FCWG to the kth SG can be derived as 
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(2.65) 

The sensitivity of i  with respect to the electric torque coefficient of the kth 

SG is computed to be 

= i
ik ik ik

wk

S w v
T


=


                                       (2.66) 



36 

where ikw  is the element of i  the associated left eigenvector iw  corresponding 

to k . 

Thus, the variation of the ith eigenvalue i  caused by the integration of FCWG 

can be assessed by employing ikS ,  

1

m

i ik wk

k

S TC
=

 =                                       (2.67) 

2.4.2  Residue Analysis Model 

From Eq.(2.54) and Eq.(2.62) 
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                  (2.68) 

If i  , 
T

iw , iv is the ith eigenvalue and associated left and right eigenvector of 

state matrix gnewA  in Eq.(2.68). Substitute =is j  = +  in the second 

equation of Eq.(2.68), 

=

=
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Namely, 
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                              (2.70) 

where VxIxib  measures the controllability of xI  to the mode i , referred as the 

modal controllability and VxIxic  measures the observability of the mode i  by the 

signal xV . similarly,  VxIyib , VxIyic , VyIxib , VyIxic , VyIyib , VyIyic  represent the different 

controllability and observability of different signals according to the subscripts, 

respectively. 

Therefore, the residues can be obtained, 
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The variation of the ith eigenvalue i  caused by the integration of FCWG 

dynamics can be 

11 12 21 22( ) ( ) ( ) ( )i VxIxi i VxIyi i VyIxi i VyIyi iR h R h R h R h     = + + +      (2.72) 

2.5  Case Study 

2.5.1  Modal Analysis of Open-loop FCWG 

Modal analysis is carried out on the open-loop FCWG model. The typical 

oscillation modes are identified by employing participation factors with associated 

state variables, as demonstrated in Fig.2. 1. 

Parameters of wind turbine: 

𝑅𝑝𝑠 = 0; 𝜓𝑝𝑑 = 0.2 ; 𝜓𝑝𝑞 = 0.2;  𝑋𝑝𝑓 = 0.02;  𝐻𝑝𝑟 = 8;  𝜓𝑝𝑚 = 1  

DC capacitor: 𝐶𝑝 = 30 

PI controllers and PLL controllers: 

𝐾𝑝𝑝1 = 5; 𝐾𝑝𝑖1 = 20; 𝐾𝑝𝑝2 = 1; 𝐾𝑝𝑖2 = 100; 𝐾𝑝𝑝3 = 1; 𝐾𝑝𝑖3 = 100; 

𝐾𝑝𝑝4 = 2; 𝐾𝑝𝑖4 = 20; 𝐾𝑝𝑝5 = 0.5; 𝐾𝑝𝑖5 = 100; 𝐾𝑝𝑝6 = 1; 𝐾𝑝𝑖6 = 10; 

𝐾𝑝𝑝7 = 0.5; 𝐾𝑝𝑖7 = 100; 𝐾𝑝𝑝𝑙𝑙=4.4; 𝐾𝑖𝑝𝑙𝑙=39.27 

Reference value of steady state: 

𝑄𝑝𝑟𝑒𝑓 = 0; 𝐼𝑝𝑠𝑑𝑟𝑒𝑓 = 0; 𝜔𝑝𝑟𝑟𝑒𝑓 = 0.8; 𝑉𝑝𝑑𝑐𝑟𝑒𝑓 = 1.0; 𝜔0 = 1.0 

Operating condition: 

𝑃 = 0.4 ; 𝑄 = 0.0; 𝑉𝑝𝑐𝑐 = 1.0 

The parameters of FCWG controllers play a significant role in determining the 

wind turbine modes and other control modes. By relocating the modes with respect 

to the parameters of FCWG controllers, the controller parameter sensitivity can be 

calculated, which could provide guidance for the parameter tuning process. 
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Table.2. 1  Open-loop Modes of FCWG 

Mode type Eigenvalues  
Frequenc

y (Hz) 

Damping 

ratio 

Associated 

variables 

Wind turbine 

mode 
-2.5000 + 22.2205i 3.5365 0.1118 𝛥𝜓𝑝𝑠𝑑 𝛥𝑥𝑝3 

Wind turbine 

mode 
-2.1846 + 22.2055i 3.5341 0.0979 𝛥𝜓𝑝𝑠𝑞 𝛥𝑥𝑝2 

Wind turbine 

mode 
-0.3154 + 1.5528i 0.2471 0.1990 𝛥𝜔𝑝𝑟  𝛥𝑥𝑝1 

d-axis current 

control mode 
-12.4730 + 69.6261i 11.0813 0.1763 𝛥𝐼𝑝𝑐𝑑  𝛥𝑥𝑝5 

q-axis current 

control mode 
-22.4212 + 97.3898i 15.5001 0.2244 𝛥𝐼𝑝𝑐𝑞   𝛥𝑥𝑝7 

DC voltage 

control mode 
-0.0371 + 0.8123i 0.1293 0.0456 𝛥𝑉𝑝𝑑𝑐  𝛥𝑥𝑝4 

Reactive power 

control mode 
-4.9684 0.0000 1.0000 𝛥𝑥𝑝6 

PLL mode -0.6352 + 4.8594i 0.7734 0.1296 𝛥𝑥𝑝𝑙𝑙   𝛥𝜃𝑝𝑙𝑙 

 

2.5.2  FCWG-SMIB System 

A single machine infinite bus (SMIB) system with an FCWG wind farm is 

shown in Fig.2. 7. The SG represents a conventional synchronous generator with 

typical parameters. Typical values for the inertia constant of synchronous 

generator are between 2 to 10 s depending on the type of machine [87]. The infinite 

bus is regarded as the slack bus Vb modeled as an equivalent bulk SG representing 

the external power system, and its inertia constant is set to be very large (or infinite 

ideally). 

Infinite Bus

Vb

SG

Vg

LoadPMSG

I V jXf

Vdc

E  

MSC GSC

FCWG

Inf SG

 

Fig.2. 7  FCWG-SMIB system 

The impact of FCWG integration on power system oscillation stability is in 

two folds. The first fold is the power flow change, which could change the system 
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operating point, and thus affect the oscillation stability. The second is the dynamic 

interaction with other dynamic components (e.g., SGs) in the power system. 

1)  Power Flow Impact  

Scenario A: Constant Power Model 

In Scenario A, the FCWG is modeled as a constant power source (i.e. 𝛥𝐼 = 0), 

which only injects power and does not interact with the SMIB system. 

The active power output of SG is 40MW. The output of constant power source 

Pw changes from 0MW to 50MW with a step of 10MW, representing different 

wind penetration levels. Modal analyses are implemented, and the results are 

demonstrated in Table.2. 2, in which λEOM  denotes the eigenvalue of the 

electromechanical oscillation mode (EOM), ΔλPF denotes the eigenvalue shift on 

EOM due to the power flow impact of FCWG, f  represents the oscillation 

frequency of EOM, ξ represents the damping ratio of EOM, and ELCR represents 

electromechanical loop correlation ratio. 

Table.2. 2  Eigenvalues of SMIB with Different Power Flow Injections 

Pw 

(MW) 
𝜆𝐸𝑂𝑀 𝛥𝜆𝑃𝐹 𝑓 (Hz) 𝜉 ELCR 

0 -0.0448+4.8596i 0.0000 +0.0000i 0.77 0.0092 112.27 

10 -0.0433+4.8241i 0.0016 -0.0355i 0.77 0.0090 107.47 

20 -0.0409+4.7678i 0.0039 -0.0917i 0.76 0.0086 100.80 

30 -0.0375+4.6801i 0.0073 -0.1795i 0.74 0.0080 92.11 

40 -0.0323+4.5350i 0.0126 -0.3246i 0.72 0.0071 80.75 

50 -0.0224+4.2367i 0.0225 -0.6229i 0.67 0.0053 63.93 

From Table.2. 2, the power flow change on the oscillation stability can be 

measured by 𝛥𝜆𝑃𝐹. The constant power injection acts as a constant admittance, 

which modifies the network equation. Hence, it will affect critical 

electromechanical mode. Since the FCWG dynamics is not introduced, no 

significant damping (either beneficial or detrimental) is imposed, and the damping 

ratio of EOM hardly varies. However, when the wind power increases, the ELCR 
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of EOM drops, which indicates that the power injection of FCWG does influence 

the EOM. 

2) Dynamic Interaction Impact  

Scenario B: Detailed FCWG Model 

In Scenario B, a detailed 15th order of FCWG discussed in Section 2.3 is used, 

which not only provides power injections but also induces dynamic interactions 

(ΔI ≠ 0) with the SMIB system. Modal analyses are carried out, and the results are 

exhibited in Table.2. 3. 

Table.2. 3  Eigenvalues of SMIB with Different FCWG Injections 

Pw 

(MW) 
𝜆𝐸𝑂𝑀 𝛥𝜆𝐹𝐶𝑊𝐺 𝑓 (Hz) 𝜉 ELCR 

0 -0.0448+4.8596i 0.0000 +0.0000i 0.77 0.0092 112.27 

10 -0.0381+4.8047i 0.0068 - 0.0549i 0.76 0.0079 66.31 

20 -0.0299+4.7306i 0.0150 - 0.1289i 0.75 0.0063 46.11 

30 -0.0195+4.6263i 0.0253 - 0.2333i 0.74 0.0042 34.05 

40 -0.0052+4.4663i 0.0396 - 0.3933i 0.78 0.0012 25.38 

50 0.0189+ 4.1598i 0.0637 - 0.6997i 0.66 -0.0045 17.79 

Table.2. 4  Influence of FCWG on EOM 

Pw(MW) 𝛥𝜆𝐹𝐶𝑊𝐺 𝛥𝜆𝑃𝐹 𝛥𝜆𝐷𝑦𝑛𝑎𝑚𝑖𝑐𝑠  Δ𝜆𝐷𝑇𝐴 𝛥𝜆𝑅𝐴 

0 
0.0000 

+0.0000i 

0.0000 

+0.0000i 

0.0000 

+0.0000i 

0.0000 

+0.0000i 

0.0000 

+0.0000i 

10 
0.0068 

-0.0549i 

0.0016  

-0.0355i 

0.0052 

-0.0194i 

0.0052 

-0.0195i 

0.0052 

-0.0195i 

20 
0.0150 

-0.1289i 

0.0039 

-0.0917i 

0.0111  

-0.0372i 

0.0110 

-0.0374i 

0.0110 

-0.0374i 

30 
0.0253 

-0.2333i 

0.0073 

-0.1795i 

0.0180  

-0.0538i 

0.0180 

-0.0542i 

0.0180 

-0.0542i 

40 
0.0396 

-0.3933i 

0.0126 

-0.3246i 

0.0270  

-0.0687i 

0.0272 

-0.0696i 

0.0272 

-0.0696i 

50 
0.0637 

-0.6997i 

0.0225 

-0.6229i 

0.0412  

-0.0768i 

0.0425 

-0.0783i 

0.0425 

-0.0783i 

In Scenario B, the detailed FCWG is employed, which introduces both power 

flow and dynamic interactions. The total influences on system oscillation stability 

can be measured by ΔλFCWG . Hence, the dynamic interaction impact can be 

obtained by ΔλDynamics=ΔλFCWG-ΔλPF. 
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To further investigate the dynamic interaction on eigenvalue shift of EOM, 

damping torque analysis and residue analysis are conducted to calculate ΔλDynamics, 

as shown in Table.2. 4, where ΔλDTA.and ΔλRA represent the dynamic interaction 

impact on EOM obtained by damping torque analysis and residue analysis, 

respectively. From the 3rd ~ 5th columns, the dynamic interaction on eigenvalue 

shifts by using three different methods are quite similar, which implies that both 

damping torque analysis and residue analysis are feasible in assessing the dynamic 

interaction impact. 

From Table.2. 4, real(ΔλDynamics) > 0 . Thus, the FCWG dynamics has a 

detrimental effect on the damping of this test system, and 𝛥𝜆𝐷𝑦𝑛𝑎𝑚𝑖𝑐𝑠 increases 

when the power injection rises. The power injection level may work as an amplifier 

to magnify this negative impact. One possible explanation is that, under 

conventional control strategy, FCWG is designed to capture more wind power, and 

it mainly focuses on its own dynamic performance instead of responding positively 

to the variation of the external system. 

It is also found that imag(ΔλDynamics) < 0 , which means the integration of 

FCWG affects the oscillation frequency of the critical mode. When FCWG 

responses to the oscillation mode, a quasi-inertia is introduced into the system, 

which may add to the total equivalent inertia. Such quasi-inertia is quite limited or 

even can be ignored owing to the conventional control strategy which only focuses 

on FCWG dynamics. 

3) Simulation validations on small disturbance and large disturbance 

To further verify the modal analysis results, time domain simulations are 

performed in both Scenarios. 

a) Small disturbance 

A small disturbance occurs in the FCWG-SMIB system. At t = 0.2s, the 

mechanical output active power mP  of SG increases by 5%, and drops to the 
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original value after 100ms. Both Scenario A and Scenario B are considered with 

different wind power penetration levels. 

From Fig.2. 8 ~ Fig.2. 11, the difference between the red curve and the blue 

curve is due to the dynamics of FCWG. In small disturbance cases, the dynamics 

of FCWG aggravates the oscillation. Since real(ΔλDynamics) > 0 , the system 

damping is reduced by the FCWG dynamics. If the SMIB system does not have 

sufficient damping, an oscillation instability contingency may occur (as shown in 

the Pw=50MW case). 

b) Large disturbance 

At t = 0.2s, a three-phase to earth short circuit occurs at Bus 𝑉𝐠 , and 

subsequently clears after 100ms. From Fig.2. 12 ~ Fig.2. 15, both the power flow 

impact and dynamic interaction impact are in accordance with the modal analyses 

in Table.2. 4. 
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Fig.2. 8  Rotor angle of SG under small disturbance with FCWG injections. 
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Fig.2. 9  Rotor speed of SG under small disturbance with FCWG injections. 
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Fig.2. 10  Voltage of SG under small disturbance with FCWG injections 
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Fig.2. 11 Active power of SG under small disturbance with FCWG injections 
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Fig.2. 12  Power angle of SG under 3-phase fault with FCWG injections 
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Fig.2. 13  Rotor speed of SG under 3-phase fault with FCWG injections 
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Fig.2. 14 Terminal voltage of SG under 3-phase fault with FCWG injections 



50 

 
Fig.2. 15  Active power of SG under 3-phase fault with FCWG injections 
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2.6  Summary 

In this chapter, the conventional control configuration of FCWG is introduced, 

and the linearized mathematical model together with the external power system is 

formulated. Then through damping torque analysis and residue analysis, the 

overall impact of FCWG integration can be assessed in two aspects: 1) the power 

flow impact and 2) the dynamic interaction impact. 
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Chapter III 

Modal Superposition Theory and Resonance Mechanism 

Investigation 

3.1  Introduction 

Based on the mathematical model derived in Chapter II, the modal interactions 

between FCWG and the external power system are discussed in this chapter. 

Firstly, a modal superposition theory is proposed to classify all the possibilities of 

modal interactions. Through carefully arrange the mathematical model, a two-

open-loop-subsystem model is further elaborated. On this basis, a modal shift 

evaluation (MSE) method by using bilateral damping torque analysis (BDTA) is 

proposed to accurately quantify the interaction effect of FOMs and EOMs on each 

other and effectively explain their complex interaction process. Then two 

important concepts, i.e., modal shift sensitivity (MSS) with respect to various 

FCWG controller parameters and resonance excitation index (REI) according to a 

per-unit open-loop modal distance indicating the intensity of modal interactions, 

are derived to dig the essential modal resonance mechanisms. 

3.2  Modal Superposition Theory 

The integration of FCWG introduces new FCWG oscillation modes (FOMs) 

to the external power system. The FOMs may interact with the open-loop 

electromechanical modes (EOMs) of the external power system. The dynamic 

modal interaction process can be designated as a modal superposition. 

 

 



53 

3.2.1  Modal Superposition Classification 

All the classifications of modal superposition between FCWG and the external 

power system and the impact on system damping are summarized in Fig.3. 1. 

Modal Superposition

Modal Decoupling

(DC coupling)

Modal Coupling

(AC coupling)

No Modal Interaction

Modal 

Counteraction

Modal 

Resonance

Modal Weak 

Interaction

Damping 

Reduction

Slight Damping 

Variation

Damping 

Improvement

Modal Strong 

Interaction

Only add new FOMs

No Damping Variation

 

Fig.3. 1  Classification of modal superposition. 

1）  Modal Decoupling (DC coupling) 

The integration of FCWG not only provides power injections but also induces 

dynamic interactions with the external power system. Due to the full-scale 

converters and corresponding control strategy, not all the FOMs participate in the 

modal interactions. Some of the FOMs (e.g. the oscillation modes related to 

FCWG wind turbine and machine side converter (MSC)) are connected at the point 

of DC coupling (i.e. the DC capacitor) and thus decoupled from the external power 

system. This kind of modal superposition is called modal decoupling, which only 

introduces new modes to the entire power system and does not interact with the 

original modes of the external power system. 
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Therefore, the new oscillation modes are all independent FOMs, and their 

characteristics are determined by its physical parameters and operating points, 

while the original modes of the external power system remain the same. As a result, 

the damping of critical EOM is not affected. 

2）Modal Coupling (AC Coupling) 

The rest of FCWG is usually connected to the external power system via the 

point of AC coupling (i.e. PCC), and the associated control system at the grid side 

converter (GSC) normally responses to the PCC voltage variation from the 

external power system. Therefore, the FOMs that relate to DC link, GSC, and 

phase-locked loop (PLL) will interact with the EOMs of the external power system. 

This type of modal interaction is named as modal coupling. Based on the coupling 

strength and characteristics, they can be classified into three main categories of 

modal coupling. 

First, based on the coupling strength, the modal coupling can be divided into 

weak interaction and strong interaction. If the modal coupling is strong enough to 

influence the critical EOM considerably, such as reduces the damping ratio 

noticeably or even leads to negative damping ratio and instability, it is defined as 

modal strong interaction. Otherwise, it is called modal weak interaction 

(Yellow). Normally, the dynamic interactions between FCWG and the external 

power system are very weak. The FOMs are mainly determined by the physical 

parameters and related control strategies that are commonly designed to focus on 

its own dynamic performance. Therefore, the impact of FCWG is to generate a 

weak interaction that superposes on the critical EOM and sometimes can be 

negligible. 

The strong interactions between FCWG and the external power system may be 

detrimental or beneficial. If the strong modal interactions deteriorate the damping 

ratio of the critical EOM and threat oscillation stability, it is called modal 

resonance (Red). Under modal resonance, the newly introduced FOM resonates 
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with the original EOM, and EOM tends to move towards the right half complex 

plane, which magnifies the electromechanical oscillation and jeopardizes the 

oscillation stability. On the contrary, if the interaction between FOM and EOM 

has a positive effect on the damping ratio of EOM, it is called modal 

counteraction (Green). In this case, one of the FOMs significantly interacts with 

the critical EOM and pulls the EOM towards the left of the complex plane. As a 

result, the system damping is improved as well as the oscillation stability. 

The modal superposition between FOM and EOM can conspicuously influence 

the oscillation stability once modal strong interaction is induced. In normal weak 

interaction conditions, the FOMs usually have different oscillation frequencies 

from that of the critical EOM, which are well damped due to its well-tuned control 

parameters. However, under some circumstance, if the oscillation frequency of 

FOM is close to the frequency of EOM, the strong modal interactions (modal 

resonance or modal counteraction) may much likely happen, which result in either 

considerable damping reduction or improvement. Therefore, appropriate modal 

coordination between FOM and EOM should be paid attention to circumventing 

modal resonance and achieving modal counteraction. 

3.2.2  Modal Coupling Classification Visualization 

In practice, if the damping ratio of critical EOM is larger than 5%, the power 

system is identified to be a strong system that has enough damping margin to 

ensure oscillation stability. However, if the damping ratio of critical EOM is less 

than 5% or even 3%, the system is identified to be weak [115]. Under such 

circumstances, the dynamic interactions from FCWG may become eminent or 

even crucial for oscillation stability. In this chapter, the core concern is to assess 

the dynamic interactions between FCWG and a weak power system and propose a 

modal coordination strategy to enhance oscillation stability. 

For a weak power system, the open-loop critical EOM usually locates at the 

right of 5% damping ratio line and almost stays at the same place or nearby in most 
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operating points, whereas the open-loop FOM can be flexibly relocated within an 

acceptable range. The modal couplings also vary with different locations between 

open-loop FOM and open-loop EOM. Fig.3. 2 illustrates the modal coupling 

classification visualization between FCWG and the external power system for a 

fixed open-loop critical EOM and a varying open-loop FOM. If the open-loop 

FOM locates in the yellow area, the modal interactions are quite weak, and do not 

impose a significant impact on oscillation stability and can be neglected in most 

cases. If the open-loop FOM locates in the green area, strong modal counteraction 

may happen that pulls the critical EOM towards the left and meliorates the system 

damping. 

Critical 

EOM

Real Axis

Imag 

Axis

Modal Weak Interaction

5% damping 

ratio line

Modal Counteraction

Modal 

Resonance

 
Fig.3. 2  Diagram of modal coupling classification based on a fixed open-loop 

critical EOM. 

If the open-loop FOM locates in the red area, strong modal resonance may 

happen that resists and pushes the critical EOM towards the right of the complex 

plane or even leads to instability. 
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Fig.3. 3  Eigenvalue shifts of critical EOM and FOM under different categories of modal coupling. 
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For the entire closed-loop system, the eigenvalues related to open-loop FOM 

and open-loop EOM shift in the complex plane due to modal interactions as 

reflected in Fig.3. 3(a) depicts the typical eigenvalue movements of critical EOM 

and FOM under weak interaction, while Fig.3. 3(b) and Fig.3. 3(c) demonstrate 

that of modal counteraction and modal resonance under strong interactions 

respectively.  

This visualization method could be extended to the multi-dimension problem 

as it is based on linearization techniques and numerical calculations. The major 

advantage and motivation of the proposed area classification visualization (as 

demonstrated in Fig. 3.2 and Fig. 3.3) is that it can give a clear insight on 

identifying different types of modal interaction. Specifically, the boundaries 

among different modal interaction types are easy to distinguish. For a multi-

dimension case (to demonstrate the boundaries of different modal interactions), 

boundaries may be more complex to plot, which actually conflicts the original 

motivation of this visualization. The visualization results obtained might not 

provide an intuitional explanation. Hence, it is recommended to decompose the 

multi-dimension modal interaction to multiple two-dimension modal interaction 

in the visualization. 

3.3  Two-Open-Loop-Subsystem Model 

The physical structure of an FCWG connected to a multi-machine power system 

is shown in Fig.3. 4. 

Blade

PMSG

Ipcc
Vpcc 

jXf

Vdc

PCC
E  

MSC GSC

A multi-machine 

power system

FCWG
 

Fig.3. 4  Configuration of an FCWG connected to a multi-machine power 

system. 
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To study the interactions between the FCWG and grid, a two-open-loop-

subsystem dynamic model is proposed. With power flow profiles at the point of 

common coupling (PCC), two open-loop subsystems can be divided at PCC and 

derived with state-space equations. Therefore, the open-loop modes of each 

subsystem can be examined separately. 

3.3.1  Open-Loop Subsystem Model of FCWG 

There are four main components in the subsystem with respect to the FCWG: 

1) The PMSG; 2) The machine side converter (MSC) and the associated control 

system; 3) The DC-link, the grid side converter (GSC), and the associated control 

system; 4) The synchronous reference frame phase-locked loop (SRF-PLL) which 

maintains the synchronization with the power system. Details of typical controller 

parameters and linearization of each component are given in chapter II. 

The linearization equations of the open-loop FCWG subsystem can be 

expressed as 

=

d

dt


 =  + 


  + 

pp gp pp gp

gp pp gp

X A X B V

I C X D V

                               (3.1) 

where Δ𝑿𝒑𝒑  is the vector of state variables of the FCWG including 

PLL. ΔV=[ΔVx ΔVy]𝑇  is the voltage variation of PCC and ΔI=[ΔIx ΔIy]𝑇  is 

current injection variation from FCWG at PCC under the common x-y coordinate 

system. Agp , Bgp ,Cgp , Dgp denote the state space matrix of the FCWG subsystem.  

It is worth noting that Dgp = 0 since d-axis and q-axis components of ΔI are 

chosen as state variables, hence ΔI can be expressed by ΔX𝒑𝒑 without ΔV, which 

simplifies the formation of the closed-loop system state matrix. 

From Eq.(3.1), the transfer function of the FCWG subsystem is obtained as 

1( )= ( )s s −  = −gp gp gpH I / V C I A B                          (3.2) 
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3.3.2  Open-Loop Subsystem Model of External Power System 

The state-space model for N synchronous generators (SGs) in the external 

power system can be written as 

=
d

dt


  + 


 =  + 

g g g g g

g g g g g

X A X B V

I C X D V

                                    (3.3) 

where ∆Xg denotes the vector of all the state variables of the N SGs. ∆𝑰g and ∆Vg 

are the SG terminal current injection variation and bus voltage variation at the 

connecting point. Ag , Bg ,Cg , Dg denote the state space matrix of the N SGs. 

The linearization of the network equation is 

= =
ggN gwNg g g

wgN wwN

Y YI V V
Y

Y YI V V

        
      

        
                      (3.4) 

where Y is the admittance matrix of the multi-machine power system with only the 

generator nodes. 

From Eq.(3.3) and Eq.(3.4), the open-loop state-space equations of the external 

power system can be expressed as 

Δ

Δ I

d
I

dt

V d I


= + 


 = + 

Δ g gT g gT

gT g

X A X B

C X

                                    (3.5) 

where AgT=Ag+Bg(YggN-YgwNYwwN
 -1 YwgN-Dg)

-1
Cg, 

BgT = -Bg(YggN-YgwNYwwN
 -1 YwgN-Dg)-1YgwNYwwN

 -1 , 

CgT = -YwwN
 -1 YwgN(YggN-YgwNYwwN

 -1 YwgN-Dg)-1Cg,  

dI = YwwN
 -1 +YwwN

 -1 YwgN(YggN-YgwNYwwN
 -1 YwgN-Dg)-1YgwNYwwN

 -1 . 

The transfer function of the external power system is based on the state space 

matrix derived above, and hence it is very straightforward to obtain based on 

system linearization regardless of the system scale. Hence, From Eq.(3.5), the 

open-loop transfer function of the external power system is obtained as 

1( )= / =[ ( ) ]IG s V I sI d−  − +gT gT gTC A B                     (3.6) 
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3.3.3  Closed-Loop Model of Entire Power System 

The closed-loop model of the entire power system can be derived by 

integrating two open-loop subsystems and shown in Fig.3. 5. 

By dividing the entire system into two subsystems, the damping impact and 

mechanism of one subsystem on the other can be derived and analyzed, which is 

the essential cause of bilateral modal interactions/shifts between two subsystems 

and cannot be revealed by a complete closed-loop system. 
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Fig.3. 5  The connection of two open-loop subsystems. 

3.4  Modal Shift Evaluation Methodology 

Based on Section 3.3, the closed-loop power system is formed by two open-

loop subsystems. Each subsystem has a group of open-loop modes, i.e. the open-

loop oscillation modes of FCWG (FOMs), and the open-loop electromechanical 

oscillation modes (EOMs) of the external power system. The interactions between 

FOMs and EOMs cause the closed-loop modal shifts, which is carefully 

investigated in this section. 

3.4.1  Bilateral Damping Torque Analysis 

To investigate the bilateral modal interactions between EOMs and FOMs, a 
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bilateral damping torque analysis (BDTA) is proposed. 
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2Vb

External Power System
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Fig.3. 6  Linearized model for contribution from the external power system to 

FCWG mode. 

On one hand, when the subsystem of FCWG is investigated, the external power 

system can be regarded as a voltage source that responses to the current variation 

of FCWG. On the other hand, when the external power system is the main analysis 

focus, the subsystem of FCWG is regarded as a current source [116], which 

provides the grid supporting function for the power system and responses to the 

variation of PCC voltage. In other words, the entire system can be divided into two 

interactive subsystems. When one subsystem is studied, the other subsystem can 

be regarded as a controller with all the modes integrated into a two-by-two transfer 

function matrix (as shown in Fig.3. 6), and vice versa. The detailed procedures are 

presented as follows: 

First, we investigate the modal interaction from the external power system to 

the subsystem of FCWG. By replacing the representation of the upper subsystem 
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in Fig.3. 5 with its detailed transfer function G(s), a linearized model to quantify 

the contribution from the external power system to FOM shifts is derived and 

shown in Fig.3. 6. The FCWG mode mentioned in the diagram can refer to any 

FCWG mode like DC voltage control mode, PLL mode, etc., which will be 

analyzed in the case study. 

To perform BDTA, Eq.(3.1) is rearranged as 

11 12 1

21 22 2

1 2=

pk p p pk V

p p p p V

pk

p p

p

x A A x bd
V

z A A z bdt

x
I c c

z

        
= +                

 
      

                      (3.7) 

where Δxpk is the kth state variable vector of ΔXpp, and Δzp is the rest of state 

variables in ΔXpp. 

As illustrated in Fig.3. 6, the external power system is regarded as a two-input 

two-output controller, and thus its impact on the closed-loop FCWG mode can be 

assessed by damping torque analysis. The forward path from the external power 

system to FCWG is 

1

1 12 22 2( ) ( )
p

p V p p V

T
F s b A sI A b

V

−


= =


+ -                  (3.8) 

where ΔTp is a quasi-damping torque which contributes the oscillation mode with 

respect to Δxpk. 

Assume λpi=-σpi+jωpi as the ith oscillation mode of FCWG, then ΔI should be 

equal to ppik kx   [76].  

Hence, the relationship between ΔTp and Δxpk can be obtained 

= ( ) ( ) ( )p p p k pkiT F s G s xs                                    (3.9) 

Let s=λpi in the above equation, the damping torque provided by the external 

power system to the kth mode of FCWG can be  

= ( ) ( ) ( )pi pip p pik pi pkT F xG                             (3.10) 

The sensitivity of λpi with respect to the damping torque coefficient of the kth 
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mode of FCWG, which refers to the relativity of Δxpk to λpi, can be computed to 

be  

=
pi

pik pik pik

p

S w v
T


=


                                       (3.11) 

where wpik and vpik are the elements in λpi associated left eigenvector wpi  and 

right eigenvector vpi corresponding to Δxpk. 

Thus, the variation of the ith eigenvalue λpi in FCWG caused by the dynamics 

of the external power system can be assessed by employing Spik [117, 118], 

pik( ) ( )γ ( )pipi pik pi piS    = pF G                        (3.12) 

Second, we also apply BDTA on the external power system. The 

rearrangement of state equations (3.5) is expressed as 

Δ Δ

Δ Δ

Δ Δ

Δ

Δ

Δ

I

d
I

dt

V d I

       
       

= + 
       
              

 
   = +    
  

0

21 22 23 I2

31 32 33 I3

g1 g2 g3

δ 0 ω I 0 δ 0

ω A A A ω b

z A A A z b

δ

C C C ω

z

               (3.13) 

Similar to Fig.3. 6, by replacing the representation of the FCWG subsystem in 

Fig.3. 5 with its detailed transfer function H(s), a linearized model to quantify the 

contribution from the FCWG subsystem to EOM shifts is derived and shown in 

Fig.3. 7. 

The forward path from FCWG to the external power system is 

-1= ( ) = + ( )s sI2 23 33 I3

ΔT
F b A I - A b

ΔI
                  (3.14) 

Assume λi=-σi+jωi as the ith EOM of the external power system, then ΔV 

should be equal to kik   [76]. 



65 

1

22( )I A −−s


2bI



1

33( )I A −−s 

21A

z

VI

0I

s

31A

32A

23A

11 12

21 22

( ) ( )
( )=

( ) ( )
H

 
 
 

h s h s
s

h s h s 

3Cg

2Cg

1Cg

Id

3bI

FCWG

Power system Electromechanical Oscillation Mode

T

 

Fig.3. 7  Linearized model for contribution from FCWG to power system 

EOM. 

Hence, the relationship between damping torque ΔT and Δωk can be obtained 

= ( ) ( ) ( )ik ks s s  T F H                                (3.15) 

Let s = λi in the above equation, the damping torque provided by FCWG to 

the Δωk (angular speed variation of kth SG) in the external power system can be  

= ( ) ( ) ( )i i ik i k    T F H                             (3.16) 

The sensitivity of λi with respect to the damping torque coefficient of the kth 

SG in the external power system can be computed to be 

= i
ik ik ikS w v


=

T
                                     (3.17) 

where wik and vik are the elements in λi associated left eigenvector wi  and right 

eigenvector vi corresponding to Δωk. 

Therefore, the variation of the ith eigenvalue λi in the external power system 

caused by the dynamics of FCWG can be assessed by employing  Sik,  
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1

( ) ( ) ( )i ik ik

n

i i i

k

S    
=

 = F H                           (3.18) 

From Eq.(3.12) and Eq.(3.18), the closed-loop modal shifts are closely related 

to the transfer function G(s) and H(s). Since λpi is one of the poles in H(s), and λi 

is one of the poles in G(s), if λpi ≈ λi, i.e. one of the FOMs is close to one of the 

EOMs, then both G(λi) and H(λpi) would be very large, hence Δλpi and Δλi may 

also be large, which indicates large modal shifts may happen in the closed-loop 

system. The dynamic interaction process between two subsystems is thus 

evaluated by Eq.(3.12) and Eq.(3.18), which provides a quantitative understanding 

of the modal interaction process and sets up a foundation for the modal shift 

evaluation (MSE) method. 

Also, the analytical relationship in Eq.(3.12) and Eq.(3.18) can facilitate the 

optimization process, narrow the optimization search range and improve the 

optimization efficiency, which cannot be achieved by other parameter tuning 

methods such as root locus and Nyquist criteria. 

3.4.2  Modal Shift Sensitivity 

The modal shift sensitivity (MSS) is an index to measure the impact of modal 

interaction on closed-loop modal shifts with respect to the parameters of the 

controllers in FCWG, it can be defined as: 

MSS = ( ) ( ) ( ) /i ii i iS p
p

  





= 


F Tf                      (3.19) 

where Δλ is the closed-loop modal shift, Δp is the controller parameter variation 

in FCWG. Tf denotes the transfer function of the subsystem, i.e, G(s) or H(s). 

MSS is an indicator to show how the control parameters contribute to the 

closed-loop modal shifts. It provides physical insights into how FOMs interact 

with EOMs. MSS gives accurate information on which parameter or controller is 

the key that can be used for optimization. From Eq.(3,19), MSS reveals which part 

of the damping contribution (e.g. ( ) ( ) ( )i ii i iS   F Tf ) changes with the 

parameter and how it changes. Meanwhile, MSS is also influenced by the forward 
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path function F (s) which may vary under various operating conditions (e.g. power 

injection levels, different control strategies). Therefore, MSS plays an important 

role in deepening the understanding of resonance mechanism, which will be 

further examined in the case study. When operating point varies, the linearized 

mathematical model should be updated, and MSS needs to be re-calculated. For a 

new operating point, the largest MSSs also alter, and thus a different FCWG 

Controller can be selected for parameter tuning so as to improve the modal 

interaction between FCWG and external power system. Therefore, this method can 

be applied in different operating points. 

3.4.3  Resonance Excitation Index 

From the analysis above, the FCWG integration introduces modal interactions 

with EOMs of the power system. To quantify the intensity of the modal 

interactions, the resonance excitation index (REI) is proposed and defined as: 

REI
CEOM CFOMClosed

open EOM FOM

d

d

 

 

−
= =

 −
                           (3.20) 

where ΔdClosed=|λCEOM - λCFOM|  is the Euclidian distance between closed-loop 

EOM and FOM in the complex plane, and Δdopen=|λEOM - λFOM| is the Euclidian 

distance between open-loop EOM and FOM in the complex plane. 

If REI > 1, the modal interaction is repulsive, which indicates weak resonance 

stability. The larger the REI is, the stronger the repulsion effect is. As a matter of 

convenience, when REI > 2, the repulsive interaction is identified to be ‘strong’ 

for modal resonance, which leads to large modal shifts of EOM and FOM in 

mutually repulsive directions. When modal resonance happens, the damping of 

one mode becomes better and that of the other becomes worse as shown in Fig.3. 

8(a), and thus the overall dynamic performance becomes worse [47]. 
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Fig.3. 8.  Potential movements of modal interactions. 

If REI ≈ 1, the oscillation modal shifts are very small, which implies the modal 

interactions are quite weak as shown in Fig.3. 8 (b), i.e. weak interaction.  

If REI < 1, the closed-loop modes tend to move towards each other in an 

attractive manner, which indicates strong resonance stability. The smaller the REI 

is, the stronger the attraction effect is. In this attraction effect, one mode becomes 

better and the other becomes worse as shown in Fig.3. 8 (c), whereas the overall 

dynamic performance is improved. 

Therefore, REI can assess the intensity of modal interactions and acts as an 

inequality constraint in modal coordination optimization so as to mitigate the 

potential negative effect on power system resonance stability. 

3.5  Case Study 

3.5.1  The Example Power System 

Fig.3. 9 presents the configuration of a modified IEEE 39 bus New England 

power system integrated with an FCWG wind farm connected at Bus 22 with 

PFCWG=1.5p.u. The detailed 15th order FCWG with SRF-PLL dynamics is used 

and adopts the reactive power control with a constant power factor (0.95). The 

simplified third-order model of the synchronous generators (SGs) and a first-order 

of the automatic voltage regulator (AVR) are adopted. The parameters of the 

example system and typical controller parameters of FCWG refer to the Appendix. 
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Fig.3. 9.  Configuration of New England power system integrated with an 

FCWG-based wind farm. 

The open-loop EOMs are calculated when the FCWG dynamics are excluded 

and FCWG is modeled as a constant current source. With the power flow profile 

at Bus 22, the open-loop modes of FCWG are calculated in Table 3. 1. 

Table 3. 1  The Open-loop Modes of FCWG 

Mode 𝜆𝑝𝑖 
Freq. 

(Hz) 

Dampin

g ratio 

Associated 

variables 
Related controller 

FOM1 
-2.5000 

+22.2205i 
3.54 0.1118 𝛥𝜓𝑝𝑠𝑑 𝛥𝑥𝑝3 

MSC d-axis current 

controller 

FOM2 
-2.1846 

+22.2055i 
3.53 0.0979 𝛥𝜓𝑝𝑠𝑞 𝛥𝑥𝑝2 

MSC q-axis current 

controller 

FOM3 
-0.3154 

+1.5528i 
0.25 0.1990 𝛥𝜔𝑝𝑟  𝛥𝑥𝑝1 

MSC rotor speed 

controller 

FOM4 
-12.4712 

+69.6210i 
11.10 0.1764 𝛥𝐼𝑝𝑐𝑑  𝛥𝑥𝑝5 

GSC d-axis current 

controller 

FOM5 
-22.6548 

+97.8699i 
15.59 0.2255 𝛥𝐼𝑝𝑐𝑞  𝛥𝑥𝑝7 

GSC q-axis current 

controller 

FOM6 
-0.0370 

+0.8208i 
0.13 0.0451 𝛥𝑉𝑝𝑑𝑐  𝛥𝑥𝑝4 

GSC DC voltage 

controller 

FOM7 -5.0198 0.00 1.0000 𝛥𝑥𝑝6 
GSC reactive power 

controller 

FOM8 
-2.2290 

+5.9008i 
0.94 0.3534 

𝛥𝑥𝑝𝑙𝑙 

𝛥𝜃𝑝𝑙𝑙 

PLL 

controller 
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3.5.2  Validation of Modal Shift Evaluation Method 

FCWG is denoted as a subsystem and the rest of the New England power 

system is regarded as the other subsystem. BDTA is employed on FCWG, and 

FOM shifts are assessed as shown in Table 3. 2. Then BDTA is also performed on 

the external power system. EOM shifts therefore can be predicted as shown in 

Table 3. 3. There are 9 EOMs in the power system, and only 3 typical EOMs are 

listed to save space. From Table 3. 2 and Table 3. 3, the predicted closed-loop 

modes and the real closed-loop modes are almost equal. This proves the 

effectiveness of the proposed evaluation method.  

In Table 3. 2, Δλpi=0,i=1,2,3 , it supports the fact that the wind turbine modes 

(FOM1~FOM3) are decoupled from the power system by converters, which has 

been concluded in lots of literature. 

In Table 3. 3, Δ𝜆𝐸𝑂𝑀3 = 0, it proves that FCWG can only interact with the 

local mode of the same area and the inter-area mode, cannot impact other local 

modes. 

Table 3. 2  Closed-loop Modal Shift Evaluation on FOMS 

Mode 𝜆𝑝𝑖 Δ𝜆𝑝𝑖 Predicted �̂�𝑝𝑖 Real �̂�𝑝𝑖 

FOM1 
-2.5000 

+22.2205i 

0.0000 

+0.0000i 

-2.5000 

+22.2205i 

-2.5000 

+22.2205i 

FOM2 
-2.1846 

+22.2055i 

0.0000 

+0.0000i 

-2.1846 

+22.2055i 

-2.1846 

+22.2055i 

FOM3 
-0.3154 

+1.5528i 

0.0000 

+0.0000i 

-0.3154 

+1.5528i 

-0.3154 

+1.5528i 

FOM4 
-12.4712 

+69.6210i 

0.0001 

+0.0001i 

-12.4711 

+69.6211i 

-12.4713 

+69.6210i  

FOM5 
-22.6548 

+97.8699i 

0.0152 

-0.0192i 

-22.6396 

+97.8507i 

-22.6235 

+97.8222i 

FOM6 
-0.0370 

+0.8208i 

0.0009 

-0.0003i 

-0.0362 

+0.8205i 

-0.0365 

+0.8205i 

FOM7 -5.0198 0.0500 -4.9799 -4.9709 

FOM8 
-2.2290 

+5.9008i 

0.0091 

+0.0199i 

-2.2199 

+5.9207i 

-2.2132+ 

5.9111i  
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Table 3. 3  Closed-Loop Modal Shift Evaluation on EOMs 

Mode 𝜆𝑖 Δ𝜆𝑖 Predicted �̂�𝑖 Real �̂�𝑖 

EOM1 
-0.1795 

+ 3.1464i 

0.0570 

-0.0645i 

-0.1225 

+3.0818i 

-0.1210 

+3.0773i 

EOM2 
-1.4768 

+ 4.8566i 

-0.0321 

+0.0317i 

-1.5088 

+4.8883i 

-1.5165 

+4.8974i 

EOM3 
-0.1888 

+ 5.2954i 

-0.0011 

-0.0103i 

-0.1899 

+5.2851i 

-0.1897 

+5.2816i 

It is worth pointing out that the two resonance-related modes are the main 

concern and they are not necessarily the dominant or critical modes of either 

system in common sense. Other FOMs (FOM4~FOM8) also interact with the 

external power system. However in normal cases, these interactions are quite weak 

or even can be ignored (i.e., the eigenvalue shifts are quite small). But if the 

controller parameters are not properly tuned, FOM4~FOM8 may induce strong 

interactions with other EOMs of the external power system and hence influence 

oscillation stability. 

3.5.3  Investigation of Modal Interaction Process 

As shown in Table 3. 1, the FOMs are closely related to its corresponding 

controller parameters. Here the PLL controller is selected as an example to 

demonstrate the modal interaction between FOM8 and EOM1. 

By changing the proportional parameter Kppll, FOM8 moves horizontally as 

shown in Fig.3. 10. The open-loop EOM1 stays at a constant point, while the 

FOM8 (the dark blue curve) moves from the right to the left. Hence, the two 

closed-loop oscillation modes can be calculated and classified to be closed-loop 

FOM8 (CFOM8, the light blue curve) and the closed-loop EOM1 (CEOM1, the 

magenta curve). 
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Fig.3. 10.  Horizontal moving FOM8 in modal interaction with EOM1. 

 

Fig.3. 11.  Vertical moving FOM8 in modal interaction with EOM1. 

From the eigenvalue locus in Fig.3. 10, while the FOM8 moves from the right 

and approaches towards EOM1, CEOM1 moves around EOM1. When FOM8 is 

close to EOM1, the CEOM1 and CFOM8 exchanges the moving path to avoid 

moving too far from the open-loop modes. As FOM8 moves away from EOM1, 

the closed-loop modal shifts decrease indicating that the modal interactions 

become weak. Hence, it can be concluded that the position of FOM8 influences 

the position of CEOM1, especially when it is close to EOM1. The impact may be 

detrimental or beneficial for the system damping depending on its position. 

By changing the integral parameter Kipll, FOM8 moves vertically as shown in 
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Fig.3. 11. There is also a path exchange between CEOM1 and CFOM8 to keep 

CEOM1 moves near EOM1. When the distance between FOM8 and EOM1 

becomes large, the closed-loop modal shifts are very small, which indicates the 

modal interactions become weak. However, when the two open-loop modes are 

close, the strong modal interactions lead to a significant resonance, which makes 

a large modal shift from EOM1. 

The horizontal approaching and vertical approaching movements demonstrate 

the modal interactions between FOM8 and EOM1. There are also other 

approaching directions that can be examined, which are not studied here due to the 

limit of space. Again, the strong modal resonance happens when the open-loop 

modes are close, which illustrates the modal interaction process between FCWG 

and the external power system. 

3.5.4  Sensitivity Analysis based on MSS 

Since the inter-area mode λEOM1 is the main concern of the power system, the 

MSS with EOM1 and FOMs are calculated in Table 3. 4. 

From the MSS in the third column, the impact from FCWG parameters to 

EOM1 can be measured, and MSS in the fourth column reflects the impact from 

FCWG parameters to the newly introduced FOMs. Based on the numerical values 

shown in Table 3. 4, the GSC DC voltage controller, GSC reactive power 

controller, and the PLL controller are identified to have stronger interactions than 

other controllers. 

From the perspective of system operators, the EOMs are the main concern. The 

impact of FCWG controller parameters on EOMs is examined for demonstration 

purposes here and surely the sensitivity analysis can be conducted in the opposite 

direction based on the BDTA. According to Eq.(3.19), the MSS with respect to 

EOMs is proportional to the transfer function H(s) of the FCWG subsystem. It is 

to be noted that the oscillation frequency range of EOMs is usually 0.2Hz ~ 2.0Hz 
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(i.e. 1.26rad/s ~ 12.57rad/s). Since H(s) is a two-by-two transfer function matrix, 

two singular values response curves within this range can be drawn in Fig.3. 12. 

Under weak interaction condition, the singular values of H(s) are quite flat, 

whereas if FCWG controller parameters change to certain values (as denoted by 

purple curve), there is a peak resonance at ω=3.15rad/s in one response curve that 

indicates strong resonance may also happen in modal interactions at such 

frequency (e.g. EOM1). 

Table 3. 4  Modal Shift Sensitivity with respect to FCWG Controller Parameters 

FCWG 

controllers 
Parameter MSS on EOM1 MSS on FOMs 

MSC rotor 

speed controller 

Kpp1 -2.1572e-15 - 4.2178e-15i -0.0640 - 0.0137i 

Kpi1 -3.3598e-15 - 2.7263e-15i -0.0002 + 0.0378i 

MSC d-axis 

current 

controller 

Kpp2 -5.3710e-16 + 3.3712e-15i -2.3511 - 0.3862i 

Kpi2 4.5201e-16 + 2.0317e-15i -0.0001 + 0.1725i 

MSC q-axis 

current 

controller 

Kpp3 -2.7362e-15 + 2.0168e-15i -2.6314 - 0.4321i 

Kpi3 -7.3128e-15 + 8.1569e-16i 0.0000 + 0.1322i 

GSC DC 

voltage 

controller 

Kpp4 -7.4219e-05 + 5.3209e-05i -0.0172 - 0.0008i 

Kpi4 -1.3274e-05 - 3.1726e-05i -0.0001 + 0.0218i 

GSC d-axis 

current 

controller 

Kpp5 2.1963e-08 - 4.2317e-08i -28.3612 - 8.6347i 

Kpi5 2.1058e-08 + 6.8542e-09i -0.0000 + 0.4211i 

GSC reactive 

power 

controller 

Kpp6 -3.1027e-04 +5.4217e-05i 1.2387 + 0.2721i 

Kpi6 -2.9657e-05 - 8.1527e-05i -0.4862+0.0002i 

GSC q-axis 

current 

controller 

Kpp7 3.9521e-08 - 4.1275e-08i -53.1274-23.4162i 

Kpi7 2.0174e-08+2.1066e-08i 0.0001 + 0.4821i 

PLL controller 
Kppll -8.6954e-05 + 4.3522e-05i -0.5073 - 0.2122i 

Kipll -2.0185e-05 - 2.6733e-05i 0.0005 + 0.0921i 

Hence, MSS provides a clear insight into how FCWG controller parameters 

contribute to the closed-loop modal shifts, and thus a deep understanding of 

resonance mechanism can be acquired. The analysis results can also effectively 

guide modal coordination optimization by FOM tuning in the next chapter. 
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Singular Values Response H(jω)

jω (rad/s)
 

Fig.3. 12.  Singular values response of H(s) 

3.6  Summary 

The impact of the FCWG integration on power system oscillation stability has 

been investigated in this chapter. By dividing the whole system into two 

subsystems, the modal interaction can be studied separately by regarding one 

subsystem as a two-input two-output controller while studying the other one. The 

bilateral damping torque analysis is employed to evaluate the closed-loop modal 

shifts with respect to different EOMs and FOMs. The modal shift sensitivity and 

resonance excitation index illuminate physical insights into the impact on 

resonance modes with physical controllers and the intensity of modal interactions. 

Hence, a more specific parameter tuning can be implemented in related controllers 

to optimize the dynamic performance. 

Based on the proposed modal superposition theory, modal interactions do not 

necessarily deteriorate the system resonance stability. The impact can be evaluated 

with the proposed MSE method to determine whether measures should be taken to 

avoid the detrimental modal resonance. The modal interactions can be utilized to 
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improve the resonance EOM with acceptable FOM, which indicates extra damping 

of EOM can be achieved with the proper tuning of FCWG controller parameters 

without auxiliary devices installed. Such important findings have provided a 

theoretical foundation for modal resonance mitigation in the next two chapters. 
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Chapter IV 

Modal Coordination Optimization Strategy for 

Resonance Mitigation 

4.1  Introduction 

The modal interactions between FCWG and the external power system have 

been elaborated in Chapter III. The potential of modal resonance mitigation with 

a modal coordination optimization strategy is explored in this chapter. The modal 

coupling classification mechanism is firstly revealed to provide a profound theory 

foundation. On this basis, a novel optimal modal coordination strategy is proposed 

to achieve beneficial modal counteractions and enhance the oscillation stability of 

the power system. 

4.2  Modal Coupling Classification Mechanism 

To further dig the modal coupling classification in Chapter III, a small test 

system is established as shown in Fig.4. 1. The critical open-loop EOM can be 

calculated from the generator transfer function G(s), while the open-loop FOM is 

solved from the controller transfer function H(s). 

0

2

ω

Ms + Ds+ K

H

2

H H H

P

M s + D s+ K


m

P +

− Generator - G(s)

Controller - H(s)

Pc

 
Fig.4. 1  The configuration of the sample system. 
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OEλ = -0.1257+6.2832i 

(    f =1.ζ = 2% 0Hz)

OEλ Eigenvalue of open-loop EOM

ζ Damping ratio of open-loop EOM

f Oscillation frequency of open-loop EOM

 
Fig.4. 2.  Area classification considering different damping ratios of open-loop 

EOM. 

Open-loop EOM

Optimal open-loop FOM

Open-loop EOM

Optimal open-loop FOM

Open-loop EOM

Optimal open-loop FOM

OE
λ = -0.0377+1.2566i

f =(ζ 0.= 3%   2Hz) 

Open-loop EOM

Optimal open-loop FOM

OEλ = -0.1509+5.0265i

f =(ζ 0.= 3%   8Hz) 

Open-loop EOM

Optimal open-loop FOM

OEλ = -0.0943+3.1416i 

(ζ = 3%   f = 0.5Hz)

OEλ = -0.1886+6.2832i 

(ζ = 3%   f =1.0Hz)

OEλ Eigenvalue of open-loop EOM

ζ Damping ratio of open-loop EOM

f Oscillation frequency of open-loop EOM

 
Fig.4. 3.  Area classification considering different oscillation frequencies of 

open-loop EOM. 
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For a fixed open-loop EOM, the upper left half complex plane can be 

classified into different areas with respect to the location of open-loop FOM while 

considering different modal interactions, as illustrated in Fig.4. 2 and Fig.4. 3. To 

perform the area classification, we enumerate the most possible area in the left half 

complex plane. Since there are infinite locations in the selected area, we set up a 

rule to examine 50,000 locations of FOM (area search range: real part range: 0 ~ -

5, step length: 0.01, imaginary part range: 0 ~ 10, step length: 0.1) for each 

subfigure. For every FOM location, closed-loop eigenvalue analysis is 

implemented, and its impact on closed-loop EOM damping is analyzed. Based on 

the damping performance with respect to different modal coupling conditions, the 

FOM location is colored. 

As demonstrated in Fig.4. 2 and Fig.4. 3, the yellow area denotes the modal 

weak interactions, the green area implies the modal counteractions, while the blue, 

red and black areas reflect the modal resonances (ordinary modal resonance, strong 

resonance and instability, respectively). For a fixed open-loop EOM, the location 

of FOM influences the overall oscillation stability. A magenta point of FOM 

indicates the optimal location of FOM so that the entire closed-loop system has the 

largest damping ratio. Based on the analyses above, several findings are concluded 

as follows: 

1) For a specific system, the integration of the controller introduces new modes 

(e.g. FOM) that may interact with the original mode (i.e. the open-loop EOM). 

With different locations of open-loop EOM, the area classifications of open-

loop FOM also vary in the complex plane. 

2) Improper locations of open-loop FOM may induce modal resonance that 

exasperates the system damping or even leads to instability (e.g. red and black 

areas). 

3) For a fixed oscillation frequency open-loop EOM, the smaller the damping 

ratio is, the larger the green area is (Fig.4. 2), which indicates that modal 

counteractions are easier to be achieved and more effective in a weak system. 
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The damping improvement in a strong system is quite limited. 

4) For a fixed damping ratio open-loop EOM, the lower the oscillation frequency 

is, the larger the green area is (Fig.4. 3), which implies that the EOMs are more 

sensitive in the modal interactions, and modal counteractions are more 

promising in depressing EOMs. 

5) The optimal open-loop FOM usually has almost the same frequency as the 

open-loop EOM and locates at the left but not very far away, which is an 

important characteristic in narrowing the search range of optimal control 

parameters. 

4.3  FCWG Controller for External Power System 

In Fig.4. 4, the FCWG acts as a current source Ipcc = Ipcc0 + ΔIpcc , which 

provides the grid supporting function [119] for the power system and responses to 

the variation of PCC voltage Vpcc = Vpcc0 + ΔVpcc , where the subscript ‘0’ 

denotes the steady-state value of the corresponding variable and ‘Δ’ denotes the 

variation of the corresponding variable at some equilibrium operating points. 

Under steady state, the feedback signal ΔVpcc = 0  and output ΔIpcc = 0 , the 

FCWG wind farm acts as a constant power source with a constant current injection 

Ipcc0 , which only influences the power flow. However, once disturbances happen 

in the power system, voltage fluctuations at PCC will be introduced into FCWG 

and its associated control systems will respond to the external power system in the 

form of current variation. Hence, the FCWG can influence the dynamic 

performance of the power system and in some degree act as a sort of controller 

from the point of view of the external power system. 

To study the dynamic interactions from FCWG, a linearized model is shown in 

Fig.4. 4, where the FCWG is mathematically modeled as a controller of the 

external power system, which denotes as the ‘FCWG controller’ as a matter of 

convenience in the rest of this chapter. The voltage variation ΔVpcc=[ΔVx ΔVy]𝑇 
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at the point of common coupling (PCC) acts as the feedback signal and the output 

is the current variation injection ΔIpcc=[ΔIx ΔIy]𝑇 that influences the dynamic 

performance of the external power system. According to the power flow 

information at PCC, the transfer functions of both the external power system and 

the FCWG controller can be derived as G(s) and H(s) in (3.2) and (3.6), 

respectively. The formation of the transfer functions can be obtained from the state 

space matrices derived above. 

pcc
V

pcc
I

s s −− +1( )= ( )
gp gp gp gp

H C I A B D

s s −− +1( )= ( )
gT gT gT I

G C I A B d

External  Power System

FCWG controller


pcc

I
0

pcc
I


pcc

V−
0pcc

V

 

Fig.4. 4  Mathematical model of an FCWG controller connected to the external 

power system. 

Due to the AC-DC-AC configuration, FCWG is decoupled from the external 

power system and does not normally respond to the dynamics change of the main 

grid. Moreover, the wind farm owners normally adopt conservative control 

strategies which mainly focus on the improvement of the dynamic performance of 

the wind turbines themselves rather than respond actively to the disturbances of 

the external power system. Therefore, the dynamic interactions between FCWG 

and the external power system are usually weak and even negative (e.g. modal 

resonance conditions).  

However, through properly tuning the controllers of the grid side converter 

(GSC), considerable dynamic interactions with the external power system are 

achievable for the benefit of oscillation stability. With a careful investigation on 

the oscillation characteristic of the external power system, it is feasible to control 

the participation of FCWG in EOMs to improve the dynamic interactions and thus 
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oscillation stability. As a result, the positive contributions from FCWG towards 

the external power system can be obtained. 

4.4  Eigenvalue Shift Index and Optimal Modal Coordination 

Strategy 

In this section, assessments on the impact of the FCWG controller are 

presented. An eigenvalue shift index is proposed to investigate the dynamic 

interaction impact on the critical EOM in a quantitative manner and provide a clear 

understanding of how FCWG influences the oscillation stability of the external 

power system. On this basis, the modal coordination optimization is proposed to 

realize modal counteraction between FOM and critical EOM and enhance the 

damping of the external power system. 

4.4.1  Eigenvalue Shift Index 

Assume λi=-σi+jωi and vi, i=1,2,…M as the ith eigenvalue and associated right 

eigenvectors of the state matrix AgT of the external power system. Denote λi=-

σi+jωi as the eigenvalue of the ith oscillation mode of the external power system 

excluding the dynamic interactions of the FCWG controller (i.e. 

ΔIpcc=[ΔIx ΔIy]𝑇 = 𝟎) , and �̂�i=-�̂�i+j�̂�i is the eigenvalue of the ith oscillation 

mode including the dynamic interactions of FCWG controller (i.e. 

ΔIpcc=[ΔIx ΔIy]𝑇 ≠ 𝟎 ). Both λi  and �̂�i  can be obtained through eigenvalue 

analyses on the open-loop system and closed-loop system respectively. Therefore, 

the impact of dynamic interactions of the FCWG controller can be mathematically 

defined by the eigenvalue shift index (ESI) by the equation: ESI=Δλi=�̂�i − λi. 

The real part of ESI (denoted as Re(ESI)) is related to the damping of the power 

system. If Re(ESI)<0, it means the dynamic interactions introduce extra damping, 

and hence the integration of the FCWG controller is beneficial for the power 

system oscillation stability. On the other hand, if Re(ESI)>0, it means the dynamic 
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interactions deteriorate the system damping, and hence the integration of the 

FCWG controller is detrimental for the power system oscillation stability. 

The modal counteractions can benefit the damping of the external power 

system. To realize modal counteractions, the proper modal coordination on the 

FCWG controller is needed. To deeply dig this potential to enhance the oscillation 

stability, damping torque analysis is employed to quantify the impact 

mathematically. 

The rearrangement of the state-space matrix AgT , BgT ,CgT , dI of the external 

power system can be performed as 

Δ Δ

Δ Δ

Δ Δ

Δ

Δ

Δ

I

d
I

dt

V d I
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   = +    
  

0
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31 32 33 I3

pcc g1 g2 g3 pcc

δ 0 ω I 0 δ 0

ω A A A ω b

z A A A z b

δ

C C C ω

z

                 (4.1) 

A detailed diagram to quantify the contribution from the FCWG controller to 

EOM eigenvalue shifts is shown in the detailed diagram is shown in Fig.4. 5. It is 

worth mentioning that if we further rearrange the structure of Eq.(4.1), other 

oscillation modes (e.g. sub/super-synchronous oscillation modes) can also be 

evaluated. 

The forward path (as highlighted in blue) from the FCWG controller to the 

electromechanical oscillation loop of the external power system is [117]  

-1= ( ) = + ( )s sI2 23 33 I3

pcc

ΔT
F b A I - A b

ΔI
                  (4.2) 

By employing damping torque analysis in [120], the eigenvalue shift of ith 

eigenvalue λi (i
th EOM) of the external power system caused by the integration of 

the FCWG controller can be calculated as  

1

( ) ( ) ( )i ik ik

n

i i i

k

S    
=

 = F H                                 (4.3) 

where Sik is the sensitivity of λi with respect to the damping torque coefficient of 
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the kth SG in the external power system, H is the transfer function of the FCWG 

controller, 𝛾ik is the relationship between ΔVpcc and Δωk. 
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Fig.4. 5.  Contribution from FCWG controller to the EOM of the external 

power system. 

From Eq.(4.3), it can be seen that the eigenvalue shift of the EOM of the 

external power system is closely related to the transfer function H (s)  of the 

FCWG controller. Since H (s)  is mainly determined by the parameters of the 

FCWG and its associated control system, if λi is close to the FOMs, H (λi) may 

become very large that leads to considerable ESI. With proper tuning and 

optimization of the FCWG controller, it is possible to obtain an eigenvalue shift 

which has a negative real part, which turns out to move the eigenvalue of the EOM 

towards the left in the complex plane. The objective of FCWG controller parameter 

tuning is to realize modal coordination with the critical EOM so that the modal 

counteractions happen and improve the system damping. 
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4.4.2  Modal Coordination Optimization 

From the discussion above, the bilateral interactions between FOMs and EOMs 

can be examined by BDTA, and the relationship with respect to FCWG controller 

parameters can be quantified by MSS. 

To utilize the modal interactions between FOMs and EOMs, a FOM tuning 

method is proposed to improve the overall dynamic performance of the closed-

loop system. There are five major steps in FOM tuning: 

(1) Identify the EOM; 

(2) Identify the FOMs and their related controllers; 

(3) Calculate MSS, determine which FOM and related controller parameters 

need to be tuned; 

(4) Based on Step (2) & (3), tune the parameters of controllers according to 

the related controller and associated FOM; 

(5) Use time-domain simulations to verify the effectiveness of FOM tuning. 

To obtain the feasible parameters of FCWG controllers, the optimization 

problem can be defined as 

Maximize ( ) =min{ ( ), ( )}

, , 1,...,

REI( ) 1

i CFOM i CEOM i

l i h

i

F p p p

subject to p p p l i h m

p

 

  =



                (4.4) 

where p
i
 are the parameters of FCWG controllers to be tuned, p

l
 and p

h
 are the low 

boundaries and high boundaries of p
i
, ξCFOM(p

i
) and ξCEOM(p

i
) are the damping 

ratios of the closed-loop oscillation modes, and REI (p
i
)  is the resonance 

excitation index, which ensures the attraction effect in modal interactions.  

Since the objective function Eq.(4.4) is not explicit, and the range of the 

controller parameters can be defined, it is a constrained optimization problem. A 

traditional particle swarm optimization (PSO) algorithm is implemented to 

optimize the FCWG controller parameters. 

The technique of the proposed methodology is illustrated in Fig.4. 6, and the 
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modal coordination optimization procedure is illustrated in Fig.4. 7. 

Two-open-loop subsystem Model

Resonance Excitation Index

FOM tuning

Modal Interaction Optimization

BDTA

Modal Shift Sensitivity

Modal Shift Evaluation

 

Fig.4. 6  Technical process of modal coordination optimization strategy. 

To ensure the robustness of the proposed optimization strategy, the 

optimization is conducted in the worst case scenario, not only for the worst 

damping conditions of the external power system (e.g. heavy load condition) but 

also for the worst dynamic interactions from FCWG (i.e. the highest power 

injection from FCWG and the modal resonance conditions that possess the worst 

dynamic interactions). With this optimization strategy, the optimized parameters 

can fully guarantee their robustness when operating condition changes, which has 

been verified by the following case studies. 
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Fig.4. 7.  Flowchart of parameter tuning in the FCWG controller. 

The offline optimization strategy is to improve the modal interaction between 

wind generation and the external power system via parameter tuning. The results 

solved by Eq. (4.4) are based on a specific operating condition (i.e., worst damping 

condition with strong resonance). Therefore, the offline optimization strategy is 

conservative. This strategy aims to meliorate the modal resonance conditions as 

this primary goal. Although the optimized results may not always be optimal when 

operating point alters, it will not induce any negative impact on power system 

stability, and in most cases, it will guarantee a beneficial impact. This is because, 

when modal resonance is eliminated, the modal interactions between FCWG and 

external power system will be transformed to weak interaction or modal 

counteraction cases, which either impose very limited impact or bring beneficial 

effects on system damping. 



88 

It can be also noted that the proposed optimization strategy relies on the 

availability of the entire system model. However, when the system model is 

completely or partially unavailable, the modal coordination strategy can still be 

implemented by using a measurement-based technique (e.g., using PMU to 

measure typical EOMs), which will be explored in the next chapter. The important 

findings based on modal superposition theory are still valid. 

4.5  Case Study 

The example power system presented in Fig.3. 9 is to study the dynamic 

interactions between FCWG and the external power system. The New England 

power system is integrated with an FCWG wind farm connected at Bus 22. In the 

example system, the simplified third-order model of the synchronous generators 

(SGs) and a first-order of the automatic voltage regulator (AVR) are adopted [88]. 

No PSS is installed on any SG. The FCWG wind farm is modeled as an FCWG 

connected to the power system through full converters, the detailed 15th-order 

model of FCWG is used. 

4.5.1  Open-loop Power System 

To examine the original EOMs of the external power system, the active power 

injection of the FCWG is first set to be zero (i.e. Pw=0 p.u.). Then, the nine low 

frequency EOMs in the open-loop New England power system are identified by 

modal analysis, ranging from 0.4Hz ~ 1.3Hz, as shown in Table 4. 1. 

By analyzing the participation factors (PFs) with related SGs in each EOM, the 

local modes and inter-area modes are easily classified [88]. The critical mode is 

usually the inter-area mode with the lowest oscillation frequency (e.g., 0.4971Hz 

in Table 4.1) that dominates the oscillation stability, in which almost all the SGs 

participate. 
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Table 4. 1  The Typical EOMs of the New England Power System 

Eigenvalue 

of EOM 

Freq. (Hz) ELCR*1 Associated SGs 

-0.1537 + 3.1235i 0.4971 10.16 1,2,3,4,5,6,7,8,9,10*2 

-1.5016 + 4.8621i 0.7738 14.38 3,4,5,6,7,9 

-0.1886 + 5.2913i 0.8421 18.14 2,3,6,7,9 

-0.3245 + 5.9365i 0.9448 31.03 2,3,6,7 

-0.5277 + 6.2109i 0.9885 84.21 1,3,6,7,8,9 

-0.2641 + 6.6454i 1.0576 46.29 2,3 

-0.5344 + 7.6212i 1.2129 25.92 4,5,6,7,8 

-0.4056 + 7.6556i 1.2184 32.04 4,6,7 

-0.4478 + 7.7884i 1.2396 35.21 1,4,8 

*1: ELCR means electromechanical loop correlation ratio which classifies the 

EOMs from other oscillation modes; *2: The number in bold (e.g.10) in the last 

column means the tenth SG possesses the largest participation factor. 

4.5.2  Modal Analysis of Modal Couplings 

With typical controller parameters in FCWG, the modal interaction between 

FCWG and the external power system is identified to be weak interaction 

conditions above. 

By performing the proposed optimization methodology shown in Fig.4. 7, the 

controller parameters of FCWG are optimized and optimal modal coordination is 

achieved. The worst case with a low damping ratio of 2.31% under modal weak 

interaction conditions (i.e. Pw=3.5p.u. with original typical controller parameters) 

is chosen as the base to conduct modal coordination optimization. After 

optimization, it is designated as the optimized interaction condition (i.e. modal 

counteraction) in this case study. 

To demonstrate all the modal coupling conditions between FCWG and the 

external power system, the strong modal resonance (e.g. the open-loop modal 

resonance (OLMR) in [121]) is also employed for comparison and gives a deeper 

insight on the impact of modal interactions. This is designated as strong 

resonance condition (i.e. modal resonance).  

As it is known that the operating points of the FCWG and the external power 
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system may vary and have important impacts on oscillation stability. Therefore, to 

carefully examine three categories of modal coupling, different operating points, 

i.e. active power injection ranges from 0p.u. to 3.5p.u., are considered and 

compared through modal analysis. The closed-loop oscillation modes of associated 

FOM and critical EOM with different operating points are calculated and shown 

in Table 4. 2. 

With the increase of active power injections from FCWG, with the normal 

weak interaction condition, the dynamic interactions have limited impact on 

critical EOM, the main impact from FCWG is the power flow changes that possess 

variation on the power flow structure of the power system, which is also confirmed 

in [69]. As demonstrated by the blue line in Fig.4. 8, the dynamics of FCWG 

worsen the damping ratio to a moderate degree. However, if strong resonance is 

involved (as demonstrated by the black line), the damping ratio of critical EOM 

decreases quickly and leads to instability. 

By implementing modal coordination optimization, the dynamic interactions 

between the FCWG and the external power system can be reversed, i.e. the 

damping ratio of critical EOM can be raised with increasing active power injection 

of the FCWG (as denoted by the magenta line) and the eigenvalue loci in Fig.4. 8 

also implies the critical EOM tends to move towards left, and the oscillation 

stability has been enhanced. 
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Table 4. 2  Modal Analyses Comparison of Three Interaction Categories under 

Different Wind Power Injections 

Active power 

of FCWG 

(p.u.) 

Interaction 

Categories 

Modal 

Weak 

Interaction 

Modal 

Counteraction 

via Optimized 

Interaction 

Modal 

Resonance 

with 

OLMR 

Pw=0.0 

Critical EOM 

(Damping 

Ratio) 

-0.1537 

+3.1235i 

(4.91%) 

-0.1537 

+3.1235i 

(4.91%) 

-0.1537 

+3.1235i 

(4.91%) 

FOM 

(Damping 

Ratio) 

-2.2274 

+5.8990i 

(35.32%) 

-0.4166 

+2.5617i 

(16.05%) 

-0.1215 

+3.2270i 

(3.76%) 

PF of FCWG 0.00% 0.00% 0.00% 

Pw=0.5 

Critical EOM 

(Damping 

Ratio) 

-0.1434 

+3.1084i 

(4.61%) 

-0.1620 

+3.1313i 

(5.17%) 

-0.0853 

+3.0614i 

(2.79%) 

FOM 

(Damping 

Ratio) 

-2.2132 + 

5.9111i 

(35.06%) 

-0.4051 + 

2.5662i 

(15.59%) 

-0.1932 + 

3.2782i 

(5.88%) 

PF of FCWG 0.23% 3.05% 30.58% 

Pw=1.5 

Critical EOM 

(Damping 

Ratio) 

-0.1210 

+3.0773i 

(3.93%) 

-0.2074 

+3.0759i 

(6.73%) 

-0.0344 

+2.9740i 

(1.16%) 

FOM 

(Damping 

Ratio) 

-2.1836 + 

5.9364i 

(34.52%) 

-0.3775 + 

2.5762i 

(14.50%) 

-0.2504 + 

3.3434i 

(7.47%) 

PF of FCWG 0.71% 9.71% 35.60% 

Pw=2.5 

Critical EOM 

(Damping 

Ratio) 

-0.0964 

+3.0446i 

(3.16%) 

-0.2528 

+3.0433i 

(8.28%) 

-0.0000 

+2.9060i 

(0.00%) 

FOM 

(Damping 

Ratio) 

-2.1529 + 

5.9635i 

(33.96%) 

-0.3412 + 

2.5857i 

(13.08%) 

-0.2904 + 

3.3884i 

(8.54%) 

PF of FCWG 1.19% 17.11% 36.45% 

Pw=3.5 

Critical EOM 

(Damping 

Ratio) 

-0.0695 

+3.0101i 

(2.31%) 

-0.3086 

+3.0150i 

(10.18%) 

0.0288 

+2.8454i 

(-1.01%) 

FOM 

(Damping 

Ratio) 

-2.1215 

+ 5.9926i 

(33.37%) 

-0.2938 

+ 2.5898i 

(11.27%) 

-0.3239 

+ 3.4248i 

(9.42%) 

PF of FCWG 1.67% 24.89% 36.39% 
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Fig.4. 8.  The impact on critical EOM with increasing active power injection of FCWG. 
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The closed-loop power system is a multi-input-multi-output (MIMO) system, 

the singular value response of the power system is illustrated in Fig.4. 9 to assess 

the frequency domain response. It can be performed by Matlab coding [122]. As 

the low frequency domain is our main concern, to make a clear sight, only 0.2Hz 

~2.0 Hz (1.26rad/s ~12.57rad/s) is drawn in Fig.4. 9 with the FCWG power 

injection Pw=1.5p.u. 
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Fig.4. 9.  Singular value response of the closed-loop power system when the 

active power injection of FCWG Pw=1.5p.u. 

Strong resonance condition has the highest peak at the frequency 2.97rad/s 

with 0.882dB while in the optimized interaction condition, the critical oscillation 

peak at the frequency 3.07rad/s is the lowest with -10.1dB that indicates the critical 

EOM is well damped. This is also perfectly matched with the modal analysis 

results in Table II. At the same time, it can be found that other local EOMs can 

also be compared (as displayed by the red dotted circle), and the optimized 

interaction condition also has lower peaks in other EOMs in a rough estimation. 

This finding indirectly proves that optimized interactions do not deteriorate other 
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EOMs of the external power system. 

The FCWG participation level in critical EOM is also examined in Fig.4. 10. 

It is noteworthy that the power injection may play as a quasi-amplifier that 

magnifies the dynamic interactions although it is not strictly linear, as shown in 

Fig.4. 10(a) and Fig.4. 10(b). 

(a) (b) (c)
 

Fig.4. 10.  Comparison of the FCWG participation in critical EOM under 

different modal couplings. 

Under normal weak interaction conditions, the participation factor of FCWG 

grows with the increasing active power injection but remains at a very low level 

(PF<0.018). With optimized interaction, the participation factor of FCWG 

increases with a considerable degree (PF=0.25 when Pw=3.5), which significantly 

influences the critical EOM. For the strong resonance condition, the participation 

factors are much higher, and the critical EOM is almost dominated by the FCWG 

controller. Hence, its impact on the oscillation stability is huge and may lead to a 

remarkable decrease in damping and even leads to instability (as also shown in 

Fig.4. 8). 

4.5.3  Optimization Effectiveness Analysis 

The penetration level of wind power generation also influences the intensity of 

modal interactions. With more wind power injected into the power system, the 

impact of FCWG on the external power system also grows (negative impact for 
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strong resonance and positive for optimized FOM tuning). A damping power index 

(DPI) is proposed to measure the damping enhancement after modal coordination 

optimization with respect to different wind power penetration levels, which is 

defined as: DPI = (ζ
CEOM1

− ζ
EOM1

)/𝑃, where ζ
CEOM1

 and ζ
EOM1

 are the damping 

ratios of CEOM1 and EOM1, and P represents the power injection from FCWG. 

From the definition, if DPI>0, the power injection benefits system damping, 

otherwise degrades system damping. Comparison of DPI with different power 

injections and optimized parameters is shown in Table 4. 3. 

Table 4. 3  Damping Impact under Different Wind Power Penetration Levels 

Type P (p.u.) 0.0 0.5 1.5 2.5 3.5 

Weak 

interaction 
CEOM1 

-0.1537 

+3.1235i 

-0.1434 

+3.1084i 

-0.1210 

+3.0773i 

-0.0964 

+3.0446i 

-0.0695 

+3.0101i 

DPI NA -0.6% -0.65% -0.70% -0.74% 

Strong 

resonance 
CEOM1 

-0.1537 

+3.1235i 

-0.0853 

+3.0614i 

-0.0344 

+2.9740i 

-0.0000 

+2.9060i 

0.0288 

+2.8454i 

DPI NA -4.24% -2.50% -1.96% -1.69% 

Optimized 

FOM tuning 
CEOM1 

-0.1537 

+3.1235i 

-0.1620 

+3.1313i 

-0.2074 

+3.0759i 

-0.2528 

+3.0433i 

-0.3086 

+3.0150i 

DPI NA 0.52% 1.21% 1.35% 1.29% 

It can be demonstrated that for optimized FOM tuning conditions, under 

different penetration levels, the DPI is positive, and increases from 0.52% to 

1.29%, which means the higher power injection, the higher DPI and the larger 

damping of the closed-loop power system. On the contrary, for strong resonance 

conditions, the DPI stays at a big negative value with the increasing power 

injection, which indicates that strong resonance significantly exasperates the 

power system stability. Especially, the entire system becomes unstable when 

P=3.5. For the weak interaction condition, the DPI is a smaller negative value that 

indicates the weak interaction also degrades system damping but in a relatively 

slighter manner. Above all, the optimized modal interactions work effectively 

when operating condition varies, which validates the effectiveness of the modal 

coordination optimization. 
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4.5.4  Time Domain Simulation Verification 

Since the optimized interaction is usually based on the extreme case (usually 

low damping operating conditions), the optimized interaction of FCWG can 

possess a positive mitigation effect on the oscillation stability when the operating 

condition varies. 

To further confirm the effectiveness of optimization, the dynamic 

performances of the test system under small disturbance and large disturbance 

conditions are examined via time domain simulations respectively. 

1)  Small Disturbance Response 

The simulation condition is set to be: at t=0.2s, a 5% step increase of 

mechanical power reference occurs at SG1 and subsequently drops to original 

after 100ms. Three categories of dynamic interactions with different power 

injections (Pw increases from 1.5 p.u. ~ 3.5 p.u.) are investigated. Due to the 

limitation of space, only the terminal bus voltage and active power output of SG10 

and FCWG are compared, as shown in Fig.4. 11 ~ Fig.4. 13. 

2) Large Disturbance Response 

The simulation condition is set to be: at t=0.2s, a three-phase to earth short 

circuit occurs at Bus 1 and subsequently clears after 100ms. Three categories of 

dynamic interactions with different power injections (Pw increases from 1.5p.u. ~ 

3.5p.u.) are investigated. The terminal bus voltage and active power output of 

SG10 and FCWG are compared, as shown in Fig.4. 14~ Fig.4. 16. 
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Fig.4. 11.  Small disturbance dynamics comparison: Pw=1.5p.u. 

 
Fig.4. 12.  Small disturbance dynamics comparison: Pw=2.5p.u. 
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Fig.4. 13.  Small disturbance dynamics comparison: Pw=3.5p.u. 

 
Fig.4. 14.  Large disturbance dynamics comparison: Pw=1.5p.u. 
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Fig.4. 15.  Large disturbance dynamics comparison: Pw=2.5p.u. 

 

Fig.4. 16.  Large disturbance dynamics comparison: Pw=3.5p.u. 



100 

3) Discussion on Time Domain Simulations 

If the wind power penetration level is low, i.e. the active power output is low, 

the impact of FCWG on the oscillation stability is limited. Whereas if the wind 

power penetration level increases, the impact on the external power system 

becomes eminent, oscillation becomes drastic especially when strong resonance 

happens. 

It is also worth mentioning that, with optimized interactions, the critical EOM 

can be effectively damped. With more wind power injection of FCWG into the 

power system, the ability to damp the EOMs also becomes stronger, which means 

with properly optimized interaction, the integration of FCWG can effectively 

mitigate the EOMs, the positive mitigation can be amplified by the increasing wind 

power injection. 

Simulation results in both small disturbance and large disturbance have 

supported that the optimized interactions work effectively especially in weak 

damping conditions and can significantly maximize the damping ratio of the 

critical EOM. 

4.5.5  The Replacement of SG with FCWG 

To test the adaptability of the proposed modal coordination strategy, an SG is 

replaced by FCWG in another different test system (viz., two-area power system), 

as illustrated in Fig.4. 17. 

In the modified two-area power system, a third-order model of the SGs and a 

simple first-order model of the AVR are used with no power system stabilizers 

(PSS) equipped. The loads at Bus 7 and Bus 9 are modeled as constant impedances. 

The detailed model and parameters of the power system are given in [88]. The 

detailed 15th-order FCWG is used to replace SG1 with the same power output. 

FCWG adopts the reactive power control with a constant power factor. The power 

load flow change is balance by G3 at slack Bus 3. Typical parameters of FCWG 



101 

are listed in the Appendix. 
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Fig.4. 17.  Configuration of modified two-area power system integrated with 

an FCWG wind farm.  

The same analysis process is implemented in this two-area system. Due to 

space limit, only the modal analyses and time domain simulation results are briefly 

discussed. 

With typical control parameters, the critical EOM is calculated to be -0.1218 

+ 3.7919i (damping ratio=3.21%) via modal analysis. If the parameters are not 

properly tuned, for example, the strong resonance happens, and then critical EOM 

is forced to move to -0.0099 + 3.6500i with a very low damping ratio of 0.27%. 

However, after performing the optimal modal coordination, the critical EOM is 

relocated to -0.2985 + 3.6371i with a high damping ratio of 8.18%. 

The small disturbance condition is set to be: at t=0.2s, a 5% step increase of 

mechanical power reference occurs at SG2 and subsequently drops to original 

after 100ms. The large disturbance condition is set to be: at t=0.2s, a three-phase 

to earth short circuit occurs at Bus 2 and subsequently clears after 100ms. Due 

to the limitation of space, only the terminal bus voltage and active power output 

of SG3 and FCWG are compared as shown in Fig.4. 18 and Fig.4. 19. 

The same findings can be concluded. Improper tuning of controller parameters 

in FCWG may induce a negative impact on the oscillation stability. With optimal 

modal coordination strategy, it is possible to impose beneficial dynamic 

interactions. As a result, the system damping is greatly enhanced as well as the 

oscillation stability. 
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Fig.4. 18.  Small disturbance dynamics comparison in two-area system. 

 
Fig.4. 19.  Large disturbance dynamics comparison in two-area system. 
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4.6  Summary 

A modal coordination optimization strategy to mitigate modal resonance and 

enhance oscillation stability in FCWG penetrated power systems has been 

proposed in this chapter. The proposed strategy is to relocate FOM to induce modal 

counteraction with the critical EOM of the external power system. Satisfactory 

damping performance is attained after optimization with different operating points. 

Time domain simulation results also validate the superior damping effect and 

effectiveness of the optimized modal interaction over the normal weak interaction 

with typical controller parameters in FCWG. 
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Chapter V 

On-line Modal Coordination Strategy for Resonance 

Mitigation 

5.1  Introduction 

As stated in Chapter IV, the offline optimization strategy is effective in 

suppressing modal resonance. However, this strategy has its weaknesses, such as 

highly model-dependent nature, less adaptability. 

To overcome above obstacles, in this chapter, a novel on-line modal 

coordination strategy is proposed to achieve appropriate modal coordination in a 

model-free manner. Firstly, the dynamic interaction mechanism is examined to 

quantify the modal interaction impact, which provides theoretical foundation of 

how FCWG controller parameter tuning contributes to modal coordination. With 

phasor measurement unit (PMU) equipped in the power system, the essential 

oscillation information (e.g., the critical mode that relates to modal resonance) is 

acquired without detailed modeling of the power system. According to the 

frequency range of critical mode, the proper controller in FCWG is selected for 

parameter tuning. On this basis, an on-line coordination strategy is employed by 

adjusting relevant controller parameters to accommodate corresponding changes 

of system operating conditions and thus mitigate the potential risk of modal 

resonance. 

5.2  On-line Modal Coordination Strategy  

With PMUs installed, the critical mode of the power system can be proactively 

predicted and identified on-line. Then proper parameter tuning in FCWG can be 

performed to achieve modal coordination that adapts to the operating condition in 
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practice. In this section, we propose the on-line modal coordination strategy and 

elaborate how on-line parameter tuning mitigates the potential resonance and 

hence improves the oscillation stability. 

5.2.1  Background 

Power electronic converters play a crucial role in the integration of renewable 

energy resources, such as wind power, photovoltaic. The mature technology 

evolution and cost reduction in power electronics further make the power 

electronic converter interfaced system (PECIS) a preferential choice in the 

renewable energy conversion system [75, 112, 123, 124]. Nonetheless, complex 

and frequent dynamic interactions between PECIS and the power system have 

been observed and posed a critical threat to the power system oscillation stability 

[125]-[128]. As a promising PECIS, FCWG may induce modal resonance with the 

external power system under some circumstances, e.g., the improper controller 

parameters in grid side converter (GSC) may induce harmful coupling/resonance 

between the converter and power system. Such emerging resonance incidents have 

already been detected and investigated, and thus drawn great attention in the 

related research area [47, 69, 93].  

Mitigating such modal resonance becomes the responsibility of wind 

generation for two reasons: 1) it may be directly induced by the integration of wind 

generation owing to improper parameter settings, 2) it not only jeopardizes the 

damping of the power system but also affects the dynamic performance of wind 

generation which may incur economic loss or wind farm asset damage. Therefore, 

once modal resonance between wind generation and the power system is 

discovered, wind farms should take necessary measures to avoid such a negative 

influence. System operators may also consider adding new rules to the grid code 

for the integration of wind generation. 

To overcome the above-mentioned negative impact of wind power generation, 

there are generally two categories of solutions: 1) Additional control methods that 
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impose advanced control strategies or install auxiliary controllers to improve the 

dynamic performance of FCWG; 2) Coordination methods that coordinate the 

dynamic interactions between FCWG and the power system to directly eliminate 

modal resonance via parameter tuning. 

As for the additional control methods, a variety of advanced control strategies 

are implemented to improve the dynamic performance of wind power generation 

and minimize its detrimental impact. Ref. [129] introduces a virtual inertia control 

scheme to provide a fast inertial response and increase the system damping 

capability during transient events. In [92], two novel control strategies considering 

the utilization of DC-link capacitor energy and the wind turbine rotor kinetic 

energy are presented to stabilize system frequency and support the grid. In [130], 

the damping contribution of FCWG with respect to different operating conditions 

and its dependence on selected feedback signals are examined, then a residue-

based additional control is proposed to suppress the power oscillations. Ref. [131] 

proposes a possible solution to enhance the damping of dc-link dynamics by 

regulating the proportional coefficient of current controller that cascaded with the 

DC-link voltage controller. Although these additional control methods are 

effective in ameliorating dynamic performance of wind generation and can 

somehow mitigate the negative impact, they require the installation of additional 

controllers, which are not cost effective and direct solutions. 

Several coordination methods focus on digging the essential mechanism of 

modal interactions and propose alternatives to deal with resonance issues as well. 

In [93], the modal resonance mechanism is revealed and a modal interaction 

optimization strategy is proposed to suppress the resonance between FCWG and 

the external power system. Ref. [69] uncovers how open-loop modal resonance 

may induce the inter-area low frequency electromechanical power oscillations in 

the power system and develops preventive countermeasures of mitigating the inter-

area power oscillations by avoiding the formation of open-loop modal resonance. 

In [94], the modal resonance mechanism is further elaborated by the modal 
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superposition theory, and then a modal coordination strategy is conducted to damp 

the modal resonance. These studies have essentially revealed the mechanism of 

modal resonance and proposed alternative ways for resonance mitigation. 

However, the corresponding strategies are usually highly model-dependent, which 

relies on the system model with the full details to facilitate the resonance analysis 

and identify the related oscillation modes. On the one hand, the very accurate 

modeling of a full power system might be either technically or commercially 

unavailable, especially for large-scale power systems. On the other hand, even if 

the system model is available, the operating conditions may vary a lot in practice, 

and hence the optimal solution based on off-line modal coordination cannot always 

guarantee optimal performance. Consequently, to overcome the above obstacles, 

on-line modal coordination is particularly attractive as an alternative to alleviate 

modal resonance, which has not yet been realized. 

5.2.2  Merits of On-line Coordination Strategy 

With the aid of PMU measurement, a novel on-line adaptive coordination 

strategy is proposed in this chapter to optimize the modal interactions in different 

timescales between FCWG and the power system, which can procure satisfactory 

coordination even if the detailed model of the power system is unavailable. The 

main merits of the proposed strategy compared with other methods are 

summarized as follows: 1) No need to change the control configuration of FCWG 

or install extra controllers, which is easy to handle and does not add any burden to 

system/wind farm operators; 2) No need to acquire the detailed model of the power 

system, which makes the strategy more tractable and applicable; 3) With on-line 

parameter tuning in different FCWG controllers, it is possible to accommodate 

modal resonance with different oscillation frequencies (e.g., low frequency 

oscillation (LFO) and sub/super-synchronous oscillation (SSO)); 4) With PMU 

measurement, the proposed strategy can respond more proactively to operating 

condition changes, achieve better modal coordination through timely on-line 
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tuning, and thus is adaptive to different operating conditions and system 

uncertainties. 

Accordingly, the proposed strategy can deal with the oscillation in two cases: 

1) resonance-related oscillations; 2) other oscillations in which wind generation 

has sufficient participation and controllability. The first case should be partially 

attributed to wind generation as such oscillations are induced by the modal 

resonance between wind generation and the power system. Hence, appropriate 

measures of modal coordination should be taken, and parameter tuning is 

considered for wind generation integration as it is normally difficult to move the 

system oscillation mode. While for the second case, wind generation does not 

necessarily need to provide oscillation suppression function as such oscillations 

are not excited by wind generation and it may trade-off dynamic performance or 

lead to economic loss of wind farm owners. In this case, incentive measures may 

be needed to encourage wind farms to damp system oscillations for the benefit of 

system operation. 

5.2.3  Identify Critical Mode with Identification Algorithm 

By fitting a sum of exponential terms of data (e.g. PMU measurements), it is 

possible to fetch the oscillation information with mode identification techniques, 

such as stochastic subspace identification (SSI) [132] and Prony analysis [133]. 

When a perturbation occurs in the power system, the oscillation dynamics usually 

respond in one or several superposition of oscillation modes (e.g. LFO mode or 

SSO mode). In this section, SSI is applied here as an example of the PMU 

measurement data processing. 

The model of the power system can be expressed as 

1=k k k

k k k

x Ax w

y Cx v

+ +

= +
                                                       (5.1) 
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where 𝐴  denotes the system matrix, 𝐶  is the output matrix, 𝑤𝑘  and 𝑣𝑘 are 

unrelated noise, 𝑥𝑘 denotes state variable, 𝑦𝑘 is PMU measured variable (e.g. bus 

voltage), and the subscript 𝑘 represents a specific time/step. 

First, the Hankel matrix is established as 
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where 𝑦𝑖  is the measured data from Eq.(5.1), 𝑦𝑝  represents the past subspace 

matrix, and 𝑦𝑓 is the future subspace matrix. 

From the Hankel matrix, the Toeplize matrix is derived as 
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Perform singular decomposition with 𝑇1/𝑖, 
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With decomposition in 1/ iT , the system matrix 𝐴 can be obtained as 

1/2 1/2

1 1 1 1

TA S U V S− −=                                            (5.5) 

Employ modal analysis on system matrix 𝐴 , and the eigenvalues of the 

oscillation modes can be acquired. In general, the critical mode identification can 

be briefly summarized in three steps:  

1) Measure PMU data on critical points in the power system; 

2) Project the measured data to eliminate the noise; 

3) Calculate system matrix via SSI and identify the critical mode. 

5.2.4  On-line Modal Coordination Strategy 

As stated in Chapter IV, the modal interactions can be characterized by ESI, 
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which provides both qualitative and quantitative assessments on the oscillation 

stability considering the integration of FCWG. If the model of the power system 

is easy to access, then an off-line modal coordination strategy can be performed 

between FCWG and the power system, as proposed in [94], otherwise not. 

Meanwhile, the operating conditions may vary significantly in the practical power 

system. This in turn makes the optimal parameters obtained by the off-line modal 

coordination optimization strategy unable to track the new operating status and 

provide timely reaction. To solve the problem above, an on-line modal 

coordination strategy is proposed. 

With the aid of PMU measurement and data process techniques, the critical 

oscillation information can be easily estimated. Based on the dynamic interaction 

mechanism, if we tune the controller parameters of FCWG, the eigenvalue of 

critical mode shifts accordingly, and hence FOM is changed to accomplish the 

modal coordination. Since it is on-line modal coordination, to avoid the frequent 

tuning in FCWG controller parameters, an eigenvalue shift threshold σT is set to 

determine whether the FCWG needs to be coordinated in corresponding operating 

conditions. Under steady state condition or no significant changes in operating 

condition, the eigenvalue shift of critical mode hardly moves, viz Re(𝛥𝜆𝑐𝑇) ≈ 0, 

and thus there is no need to tune FCWG controllers. Otherwise, if there is a large 

disturbance or considerable operating condition variation, for example, significant 

increase or reduction in wind power generation, the critical mode may be greatly 

affected owing to unexpected modal resonance. In such cases, if Re(𝛥𝜆𝑐𝑇) ≥ 𝜎𝑇 

(e.g. σT = 0.05), FOM should be relocated to achieve better modal coordination 

with the external power system. 

The controllers in GSC are more active in interacting with the external power 

system [123] and thus can be utilized for modal coordination. As a part of the GSC 

primary control, PLL is of great importance for both internal control of wind 

generation and its synchronization with the external power system. Parameter 

tuning in PLL may lead to a complicated trade-off and thus should be conducted 
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very carefully. However, the idea of applying PLL as an adaptive control resort is 

actually quite common [134],[135]. On the one hand, PLL-induced modal 

resonance has drawn big attention [47]. In such cases, PLL is the root cause for 

modal resonance and has to be tuned; on the other hand, the dynamics of PLL has 

a wider frequency range than other individual GSC primary control and hence can 

be employed to damp multiple system oscillations. Moreover, the parameter 

setting of PLL by manufacturers mainly focuses on the performance of wind 

generation itself, and it rarely considers the possibility of the unintended complex 

interactions with the external power system. This results in critical stability risks 

for the integration of wind generation. 

It should be noted that other GSC primary controllers with respect to active 

power and reactive power control as well as their supplementary modulation are 

also alternatives to realize modal coordination with the external power system and 

suppress low frequency electromechanical oscillations as indicated in [69]. Since 

the critical mode may vary from LFO to SSO, a proper controller selection for 

parameter tuning should be considered. The dynamics of the DC voltage controller 

and the current controller are in the timescale of 100ms and 10ms respectively 

[123, 136], and thus can be used to coordinate with the critical mode in the SSO 

frequency range, while the PLL controller is quite flexible with multiple 

frequencies [47]. 

The objective function for FCWG controller parameter tuning and 

coordination can be defined as  

 Re( )=Re( - )
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ˆ
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l i h
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where p
i
 are the parameters of the selected controller for tuning, �̂�𝑐𝑝𝑟𝑒 and �̂�𝑐𝑛𝑒𝑤 

represent the eigenvalues of critical mode identified before or after controller 

parameters change during the tuning process, p
l
 and p

h
 are parameter constraints, 

Δ𝜆𝑐𝑇 is the eigenvalue shift due to operating condition change (e.g., a significant 
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power increase in FCWG output, or power load variation), 𝜎𝑇  is a damping 

threshold to determine whether parameter tuning is worth conducting. 

The procedure of on-line modal coordination is briefly illustrated in Fig.5. 1. 
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Fig.5. 1  On-line parameter tuning and coordination strategy. 

The parameter tuning in FCWG aims at mitigating the potential modal 

resonance with the external power system. In any step of the parameter tuning, if 

the damping of critical mode is improved, it indicates current parameters are the 

better solution than that of previous parameters, and should be updated, otherwise 

the previous parameters remain unchanged. Meanwhile, over tuning is avoided by 
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setting the eigenvalue shift threshold as a criterion to start the parameter tuning 

process. 

5.3  Case Study  

A modified 10-machine 39-bus New England power system is integrated with 

an FCWG-based wind farm which connects at Bus 22, as illustrated in Fig.3. 9.  

5.3.1  Modal Resonance and Critical Mode 

The dynamic interactions between FCWG and external power system may 

have three different conditions [94]: 1) Weak Interaction, which has little impact 

on system damping especially at a low wind penetration level; 2) Modal 

Resonance, which pushes the critical mode towards the right and deteriorates the 

system damping significantly and even leads to instability at a high wind 

penetration level peculiarly; and 3) Modal counteraction, which tends to shift the 

critical mode in an attractive manner and enhances the system damping actively 

particularly when wind penetration level rises. 

To give a better demonstration, the dynamic interaction is set to be the worst 

case (i.e. modal resonance condition). The open-loop system is firstly examined 

by setting the output of FCWG to be zero. According to modal analysis, the critical 

mode is identified to be λc=-0.1537+3.1235i, in which most SGs are involved. If 

FCWG is integrated and the parameters are not properly tuned, the modal 

resonance might happen. In other words, the FOM would interact with critical 

mode detrimentally, and deteriorate the damping of critical mode and thus system 

oscillation stability. 

5.3.2  Critical Mode Identification 

The oscillation data can be obtained with time domain simulations or measured 

with PMUs. One notable aspect of critical mode identification is the proper 
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selection of PMU installation sites. It is easier and more accurate to identify the 

critical mode based on the data from critical points with significant observability 

(e.g. power tie-lines, critical SG which may possess a potentially significant 

influence on stability). In this case, the bus voltage data of SG10 used for SSI is 

measured with the PMU at Bus 39. To test the effectiveness of SSI, different wind 

power injections (e.g. Pw varies from 0.0p.u. to 3.5p.u.) are considered to emulate 

various operating conditions. The perturbation condition is set as: a three-phase 

short circuit fault occurs at Bus 2 at 0.2s and is cleared after 100ms. The sample 

time is 10ms, and a total of 15s voltage data (5s~20s, 1500 points) are collected 

and used for SSI. The results of SSI on the critical mode are listed in Table 5. 1. 

Table 5. 1  Critical Mode Identification 

From Table 5. 1, the critical mode identified by SSI is quite close to the real 

critical mode calculated via modal analysis. This makes the on-line modal 

coordination possible, and there is no need to establish a full detailed system model. 

Based on the location of the identified critical mode, the possible modal 

counteraction area in [94] can be circled out, and through properly relocating the 

oscillation mode of FCWG, modal coordination between FCWG and the external 

power system is achieved. 

The SSI fitting with the PMU data is compared in Fig.5. 2. It is easy to find 

that the curves are matched well. This proves that SSI is effective in identifying 

the critical mode of the external power system. 

Active power of 

FCWG (p.u.) 

Critical mode identified 

by SSI 

Real Critical mode by 

modal analysis 

Pw=0.0 -0.1537 + 3.1273i -0.1537 + 3.1235i 

Pw=0.5 -0.0953 + 3.0493i -0.0853 + 3.0614i 

Pw=1.5 -0.0418 + 2.9695i -0.0344 + 2.9740i 

Pw=2.5 -0.0044 + 2.9004i -0.0000 + 2.9060i 

Pw=3.5 0.0250 + 2.8352i 0.0288 + 2.8454i 
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(a)  Pw=0.5p.u. (b)  Pw=1.5p.u.

(c)  Pw=2.5p.u. (d)  Pw=3.5p.u.  

Fig.5. 2  SSI fitting with PMU data. 

5.3.3  Modal Interaction Investigation 

With the increasing power penetration of FCWG, the modal interactions 

between FCWG and the external power system may become significant, or even 

leads to the instability of the entire power system if strong modal resonance 

happens [93]. To eliminate the detrimental modal resonance, either proper modal 

coordination should be implemented, or additional damping controllers should be 

equipped. The modal coordination optimization strategy in chapter VI is proposed 

to employ the off-line parameter tuning. Meanwhile, the on-line parameter tuning 

in this chapter is carried out. The off-line parameter tuning is based on the worst 

case (i.e. the strongest modal resonance conditions that deteriorate the system 

damping remarkably). The on-line parameter tuning strategy is also performed. 

Four active power penetration levels (viz, Pw=0.5p.u., 1.5p.u., 2.5p.u., 3.5p.u.) are 

investigated. The main advantages of on-line parameter tuning over off-line 
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parameter tuning are 1) better adaptation when wind penetration level changes, 

with flexible parameters in FCWG, the modal interactions can be more beneficial; 

and 2) no requirement on detailed modeling of the external power system, and thus 

does not subject to the size and dimension of power system. In practical power 

system, the key power tie line or SGs are usually well-known by system operators, 

and hence can be available. In this case, the PMU is installed on Bus 39, which 

can measure the perturbation data related to the critical mode, such as the voltage 

of SG10. By examining the detection signal, the critical mode is identified, and the 

area of possible FOM to induce appropriate modal interactions can be circled out 

and therefore provide guidance on on-line parameter tuning. 

Both the off-line and on-line modal coordination strategies are performed and 

the modal analyses on the critical mode are shown in Table 5. 2. Although the on-

line modal coordination does not need details of the system model and eigenvalue 

information, to have a better comparison, the modal analysis is also demonstrated 

here. 

The modal interactions between FCWG and the external power system are very 

important. If no modal coordination is employed, strong modal resonance may 

deteriorate the system damping and threaten the oscillation stability (as noted by 

the black line shown in Fig.5. 3. In the base case with no modal coordination 

strategy employed, the increasing wind power penetration of FCWG aggravates 

system damping and pushes the entire system to the unstable area. With two modal 

coordination strategies implemented, the detrimental modal resonance is 

eliminated and replaced with a conducive modal counteraction, which enhances 

the system damping and guarantees the oscillation stability. 
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Table 5. 2  Modal Analyses Comparison of Modal Coordination 

Active 

power of 

FCWG 

(p.u.) 

Interaction 

Categories 

No Modal 

Coordination 

Base Case 

Off-line 

Modal 

Coordination 

On-line 

Modal 

Coordination 

Pw=0.0 

Critical mode 

(Damping 

Ratio) 

-0.1537 

+3.1235i 

(4.91%) 

-0.1537 

+3.1235i 

(4.91%) 

-0.1537 

+3.1235i 

(4.91%) 

PF of FCWG 0 0 0 

Pw=0.5 

Critical mode 

(Damping 

Ratio) 

-0.0853 

+3.0614i 

(2.79%) 

-0.1620 

+3.1313i 

(5.17%) 

-0.2156 

+3.0996i 

(6.94%) 

PF of FCWG 30.58% 3.05% 28.23% 

Pw=1.5 

Critical mode 

(Damping 

Ratio) 

-0.0344 

+2.9740i 

(1.16%) 

-0.2074 

+3.0759i 

(6.73%) 

-0.2545 

+3.0589i 

(8.29%) 

PF of FCWG 35.60% 9.71% 29.46% 

Pw=2.5 

Critical mode 

(Damping 

Ratio) 

-0.0000 

+2.9060i 

(0.00%) 

-0.2528 

+3.0433i 

(8.28%) 

-0.2765 

+2.9985i 

(9.18%) 

PF of FCWG 36.45% 17.11% 33.54% 

Pw=3.5 

Critical mode 

(Damping 

Ratio) 

0.0288 

+2.8454i 

(-1.01%) 

-0.3086 

+3.0150i 

(10.18%) 

-0.3086 

+3.0150i 

(10.18%) 

PF of FCWG 36.39% 33.13% 33.13% 

It is noteworthy that the on-line modal coordination strategy possesses a better 

overall damping performance, especially in low wind power penetration 

conditions, comparing with the off-line modal coordination strategy. This is 

because the on-line modal coordination strategy can flexibly detect the external 

variations and change the controller parameters timely. Whereas with the off-line 

modal coordination strategy, FCWG is with fixed controller parameters based on 

the optimization in a specific operating condition and cannot adapt to the change 

of operating conditions. It is also important to highlight that the on-line modal 

coordination strategy is not designed to outperform off-line modal coordination. 

Instead it aims at realizing appropriate modal coordination when the full detailed 

model of external power system is unavailable, and in this situation, the off-line 

coordination is not capable to implement.  

Further investigations into the participation factor of FCWG in critical mode 
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are compared in  Fig.5. 4. In the base case, the FCWG has a very large participation 

factor and significantly influences the critical mode due to the occurrence of modal 

resonance, which in turn dramatically degrades the system damping. With the 

fixed optimal parameters in FCWG obtained by the off-line modal coordination 

strategy in a specific condition (e.g. the worst operating condition), the 

participation factor turns to be nearly linear with the wind power injection level. 

This indicates that large wind power injection contributes better damping 

enhancement, while the low wind power penetration has a limited contribution. 

However, with the on-line modal coordination strategy, the participation level of 

FCWG can not only stay at a relatively high level (around 30%) to affect the 

critical mode, but also in the manner of modal counteraction that induces beneficial 

interactions. Therefore, the on-line modal coordination strategy is more adaptive 

and can achieve pronounced damping enhancement with respect to various 

operating conditions. 

To have a thorough comparison between the two modal coordination strategies, 

a low penetration level is carefully examined here (viz, Pw=0.5p.u.). With the off-

line modal coordination strategy employed, FCWG only has a 3.05% participation 

level, while with the on-line modal coordination strategy, FCWG can have a high 

of 28.23% participation level. Resonance excitation index (REI) [93] is an index 

to quantify the characteristic and intensity of modal interaction, which is defined 

as (REI = |Closed-loop critical mode - Closed-loop FOM| / |Open-loop critical 

mode - Open-loop FOM|). By calculating REI, the type of modal interaction can 

be identified. For example, if REI >1, the modal interaction between FCWG and 

the external power system is modal resonance and thus should be tackled 

meticulously. The corresponding oscillation modes are listed in Fig.5. 4.  

The eigenvalue shifts of open-loop critical mode and closed-loop critical mode 

with respect to different modal coordination strategies are exhibited in Fig.5. 5. 
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Fig.5. 3  The impact on critical mode with different modal coordination 

strategies considering increasing active power injection of FCWG. 

(a) (b) (c)
 

Fig.5. 4  Comparison of the FCWG participation in critical mode with 

different modal coordination strategies. 
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Fig.5. 5  Eigenvalue Shift Comparison with different modal coordination 

strategies (Pw=0.5p.u.). 

Table 5. 3  Modal Interactions between FCWG and External Power System 

with Different Modal Coordination Strategies (Pw=0.5p.u.) 

Type 
No Modal 

Coordination 

Off-line Modal 

Coordination 

On-line Modal 

Coordination 

Open-loop critical 

mode 
-0.1620 +3.1313i -0.1620 +3.1313i -0.1620 +3.1313i 

Closed-loop 

critical mode 

(Damping ratio) 

-0.0853 +3.0614i 

(2.79%) 

-0.1701 +3.1081i 

(5.46%) 

-0.2156 +3.0996i 

(6.94%) 

Open-loop FOM -0.1216 +3.2282i -0.4169 +2.5626i -0.3034 +2.9262i 

Closed-loop FOM -0.1932 +3.2782i  -0.4051 +2.5662i -0.2456 +2.9383i 

REI 2.3704 0.9477 0.6587 

PF of SG10 31.17% 39.87% 22.02% 

PF of FCWG 30.58% 3.05% 28.23% 

In the base case shown in Fig.5. 5(a), REI (=2.3074) is much larger than 1, 

indicating that strong modal resonance occurs and exasperates the system damping 

(viz, pushing the critical mode to the right side). With off-line modal coordination 

strategy, REI (=0.9477) is significant reduced to less than 1 (but quite close), 

implying that modal resonance is eliminated and slight modal counteractions 

happen between the two interacted modes (critical mode and FOM), as exhibited 

in Fig.5. 5(b). Likewise, as for the on-line modal coordination strategy illustrated 

in Fig.5. 5(c), REI (=0.6587) is much less than 1, manifesting that prominent 

modal counteraction executes a significant shift in the critical mode towards the 

left side. Not only is the modal resonance circumvented, but also the system 
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damping is improved conspicuously. 

As also confirmed in Fig.5. 3, the magenta line (on-line modal coordination) 

is on the upper of the blue line (off-line modal coordination) in most cases. This 

indicates that the on-line modal coordination strategy is more effective in 

suppressing modal resonance and improving system damping considering the 

variation of operating conditions. 

5.3.4  Impact of PMU Measurement Error 

Compared with off-line modal coordination, the on-line modal coordination 

relies on real time data measured by PMU. The accuracy of PMU data acquisition 

is discussed in this subsection. 

Owing to the development of technology, the PMU measurement has improved 

much in data accuracy, and the maximum error of voltage magnitude and current 

magnitude can be very small (within 1%) [137]. In this section, to account for the 

uncertainties in data acquisition and its impact on the critical mode identification, 

it is assumed that the identified critical mode has a 5% maximum error, which is 

large enough to cover the influence of measurement error. The impact on damping 

ratio of critical mode with respect to three different scenarios are compared in 

Table 5. 4, in which Scenario A is the base case without modal coordination, while 

Scenario C and Scenario B are cases of employing on-line modal coordination 

strategy with/without considering the measurement error of PMU. 

Table 5. 4  Impact of PMU Measurement Error on Damping Ratio 

Active power of FCWG (p.u.) Scenario A Scenario B Scenario C 

Pw=0.5 2.79% 6.94% 6.32% 

Pw=1.5 1.16% 8.29% 6.93% 

Pw=2.5 0.00% 9.18% 8.50% 

Pw=3.5 -1.01% 9.67% 8.79% 

From Table 5. 4, it is obvious that even after considering 5% maximum error 

of PMU measurement (i.e. Scenario C), the on-line modal coordination strategy is 
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still very effective in improving the damping ratio of critical mode, in spite of a 

little drop in contrast with scenario B. 

5.3.5  Time Domain Simulation Verification 

Modal analyses above have demonstrated the superiority of the on-line modal 

coordination strategy over the off-line modal coordination strategy. To further 

validate the effectiveness, the time domain simulations are performed under 

different contingencies. The simulation condition is set as follows: a three-phase 

short circuit fault occurs at Bus 2 at 0.2s and is cleared after 100ms. The transient 

response of typical variables is compared with/without the on-line modal 

coordination strategy, as shown in Fig.5. 6 ~ Fig.5. 8.  

 

Fig.5. 6  Transient response comparison (Pw=0.5p.u.). 
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Fig.5. 7  Transient response comparison (Pw=1.5p.u.) 

 
Fig.5. 8  Transient response comparison (Pw=2.5p.u.) 
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With a higher wind power penetration level, the modal resonance becomes 

more pronounced (as delineated by the black lines). Take the Pw=2.5p.u. case as 

an example, strong modal resonance almost drives the entire power system into 

instability. Hence, modal resonance does jeopardize the oscillation stability and 

limit the capability of wind power penetration. However, this phenomenon can be 

effectively prevented with the on-line modal coordination between FCWG and the 

external power system, as depicted by the magenta lines. Therefore, the on-line 

modal coordination strategy can straightforwardly constrain the modal resonance 

between FCWG and the external power system, although the detailed model of the 

external power system is not obtainable. 

5.4  Summary 

This chapter proposes an on-line modal coordination strategy, which can 

adaptively relocate the oscillation mode of FCWG and thus eliminate modal 

resonance. Once the operating condition changes, the dynamic interaction between 

FCWG and the external power system may vary accordingly and excite potential 

modal resonance. With PMU measurement, the resonance-related critical mode 

can be estimated by mode identification algorithms, and then the suitable FCWG 

controller is chosen for on-line parameter tuning. Modal analysis and time domain 

simulations have verified the effectiveness and robustness of the proposed on-line 

modal coordination strategy. 
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Chapter VI 

Design and Comparison of Auxiliary Resonance 

Controllers for Resonance Mitigation 

6.1  Introduction 

As stated in Chapter IV and Chapter V, the modal coordination strategies can 

significantly suppress the modal resonance and improve the oscillation stability. 

To provide another alternative, this chapter not only carefully considers the 

negative impact of modal resonance between FCWG and the external power 

system, but also deliberately designs a generic auxiliary resonance controller 

(ARC) for FCWG. Three options of ARC installation are devised for FCWG to 

suppress modal resonance and enhance the oscillation stability of the entire system: 

1) Wind turbine auxiliary resonance controller (WT-ARC) installs on the wind 

turbine rotor; 2) DC-link auxiliary resonance controller (DC-ARC) equips on the 

DC capacitor voltage controller; and 3) PLL auxiliary resonance controller (PLL-

ARC) setups on the PLL. 

6.2  Identification of ARC Installation Options  

The traditional PSSs used in CSGs are unsuitable to provide damping support 

for FCWG. To emulate the same function, possible options of ARCs for FCWG 

are proposed and designed in this chapter. By mining the potential inertia dynamics 

in FCWG, suitable options for ARC installation can be discovered, which are 

denoted with red dotted squares and arrows in Fig.6. 1 and Fig.6. 2. 
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Fig.6. 1  Physical configuration of an FCWG connected to the power system (with WT-ARC and DC-ARC). 
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Fig.6. 2  Block diagram of SRF-PLL (with PLL-ARC) [61]. 
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6.2.1  Wind Turbine Auxiliary Resonance Controller (WT-ARC) 

First, on the MSC side, the wind turbine rotor can store kinetic energy, and 

hence can be regarded as an inertia source of FCWG. However, owing to the AC-

DC-AC configuration, it is normally decoupled from the external power system, 

and that is why FCWG is usually considered to be inertia-less. If the wind turbine 

is equipped with an ARC, the rotor inertia can be utilized to respond to the 

disturbance variations, and in this way, FCWG can participate in the oscillation 

contingency and provide damping support. The rotor inertia can be involved when 

equipped with ARC (as noted in Fig.6. 1 (a)), expressed as 

1
( )pr pm we WT ADC

pr

d
P P u

dt J
 − =  − +                         (6.1) 

where 𝛥𝜔𝑝𝑟 is the rotor speed variation of the wind turbine, 𝐽𝑝𝑟 is the equivalent 

inertia constant of the wind turbine, 𝛥𝑃𝑝𝑚 is the mechanical power variation, 𝛥𝑃𝑤𝑒 

is the electrical power output variation, and 𝛥𝑢𝑊𝑇−𝐴𝐷𝐶 is the output of the WT-

ARC. 

From Eq.(6.1), the rotor inertia source of the wind turbine can be utilized by 

introducing external signal 𝛥𝑢𝑊𝑇−𝐴𝐷𝐶, which contains oscillation information of 

the external power system. If the ARC is properly tuned, then an appropriate 

reaction can be actuated in the wind turbine and provide effective damping support. 

Because the first option for ARC installation is the wind turbine, the ARC installed 

is denoted as WT-ARC. 

6.2.2  DC-link Auxiliary Resonance Controller (DC-ARC) 

Second, if we consider the DC-link, the capacitor is a chemical inertia source 

component that can be charged and discharged if auxiliary control is implemented. 

Therefore, the DC capacitor can also be considered an inertia source. By making 

appropriate use of the energy stored in the DC capacitor, damping support can be 

implemented. The capacitor inertia is mainly defined by the capacity and voltage 
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of the DC capacitor. If an ARC is installed on the DC capacitor, extra damping 

torque can also be introduced to participate in the oscillation mode. The DC 

capacitor inertia can be involved with the ARC equipped to provide damping 

support (as shown in Fig.6. 1 (b)), expressed as 

0

1
( )pdc in we DC ADC

p pdc

d
V P P u

dt C V
− =  − +                   (6.2) 

where 𝛥𝑉𝑝𝑑𝑐  is the voltage variation of the DC-link, 𝐶𝑝𝑉𝑝𝑑𝑐0  is the equivalent 

inertia constant of the DC capacitor, 𝛥𝑃𝑖𝑛 is the input power variation from the 

MSC, 𝛥𝑃𝑤𝑒 is the electrical power output variation, and 𝛥𝑢𝐷𝐶−𝐴𝐷𝐶 is the output of 

the DC-ARC.  

From Eq.(6.2), the DC capacitor as an inertia source can be utilized by 

introducing external signal 𝛥𝑢𝐷𝐶−𝐴𝐷𝐶, which contains the oscillation information 

of the external power system. If the ARC is properly tuned, the DC capacitor can 

be employed to provide effective damping support. Hence, the second option for 

ARC installation is the DC-link, and the ARC installed is denoted as DC-ARC. 

6.2.3  PLL Auxiliary Resonance Controller (PLL-ARC) 

The phase tracking of SRF-PLL between the d-q coordinate system and the 

common x-y coordinate system is shown in Fig.6. 3. 

Compared with CSG, the state variables of PLL are similar to the rotor speed 

and rotor angle of CSG. For example, in CSG, the rotor angle manifests its 

rotational location in the network, and the rotor speed is closely related to the 

system frequency. Similarly, the PLL angle indicates the rotational location of 

FCWG, and the differential of the PLL angle also reflects the point of common 

coupling (PCC) frequency. In conventional power systems, the rotor angle and 

rotor speed of CSG are the main participators in electromechanical oscillation 

modes (EOMs) [88]. For FCWG, if proper coordination is involved, the PLL state 

variables may also participate in the critical oscillation mode of the entire power 

system. 
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Fig.6. 3.  Phase tracking of PLL between the d-q coordinate system and 

common x-y coordinate system. 

The main function of PLL is to synchronize FCWG with the external power 

system. Hence, PLL plays an important role in communicating with the external 

power system, such as coordinating the power injection to participate in the power 

oscillations. The power oscillation is an energy oscillation process in which energy 

flows from energy-peak sources to energy-valley sources until the original or a 

new equilibrium is reached.  

PLL releases its angle signal to other parts (e.g., GSC) and guides the 

synchronization of FCWG, and thus its output is crucial for the overall 

performance of FCWG. Therefore, PLL has the potential to indirectly regulate the 

power injection of FCWG and change the role played by FCWG in the entire 

system (energy-peak source or energy-valley source). Instead of passively 

following the power angle (i.e., PCC angle in the x-y coordinate system) 

determined by the external power system, PLL can proactively adjust its dynamics 

when equipped with ARC (as presented in Fig.6. 2), expressed as 

( )( )
ipll

pll ppll pd PLL ADC

Kd
K V u

dt s
 − = +  +                       (6.3) 

where 𝛥𝜃𝑝𝑙𝑙 is the angle variation of PLL, 𝐾𝑝𝑝𝑙𝑙 +
𝐾𝑖𝑝𝑙𝑙

𝑠
 is the proportional integral 

(PI) control transfer function of PLL, 𝛥𝑉𝑝𝑑 is the d-axis PCC voltage variation, 

and 𝛥𝑢𝑃𝐿𝐿−𝐴𝐷𝐶 is the output of the PLL-ARC.  
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By introducing 𝛥𝑢𝑃𝐿𝐿−𝐴𝐷𝐶, the PLL angle can actively perceive and predict the 

disturbance of the external power system, and hence in turn influence the FCWG 

active power output. Through proper coordination with the external power system 

(i.e., regulating the relative PLL angle in the common x-y coordinate system via 

PLL-ARC), FCWG is capable of suppressing power oscillations. The ARC 

installed on PLL is denoted as PLL-ARC. 

6.3  Design of Auxiliary Resonance Controllers 

The potential damping contribution from FCWG inertia source components is 

derived to facilitate understanding of the damping support mechanism. The well-

known Heffron-Phillips model [138] for CSG is employed in the following. 

6.3.1  Damping Support Mechanism 

For a CSG, the Heffron-Phillips model in the single machine infinite bus (SMIB) 

is illustrated in Fig.6. 4. The upper part shows how the rotor motion participates in 

the EOM, while the lower part demonstrates how PSS and the excitation system 

influence the EOM. 
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Fig.6. 4.  Heffron-Phillips model of the SMIB [138]. 

The rotor inertia source of CSG is utilized as follows: 

1 1
( + + + )= ( + )m S D EX Se De

d
T K K T K K

dt M M
     =          (6.4) 

where ∆𝜔 is the angular speed variation, ∆𝛿 is the rotor angle variation, 𝑀 is the 

rotor inertia constant, 𝛥𝑇𝑚 is the mechanical torque variation, 𝐾𝑆 and 𝐾𝐷 are the 

synchronizing coefficient and damping coefficient without excitation system and 

PSS, respectively, 𝛥𝑇𝐸𝑋 is the extra torque variation from the excitation system 

together with the PSS, and  𝐾𝑆𝑒  and 𝐾𝐷𝑒  are the equivalent synchronizing 

coefficient and equivalent damping coefficient, respectively, considering the 

impact of the PSS. 

For a CSG, once a PSS is installed in the excitation system, 𝛥𝑇𝐸𝑋  can be 

adjusted to superpose considerable damping torque on the inertia source (i.e., 

changing 𝐾𝐷𝑒). With proper parameter tuning and coordination by the PSS, 𝛥𝑇𝐸𝑋 

is tuned and thus a large positive damping coefficient 𝐾𝐷𝑒 is guaranteed, which 

indicates significant damping support. 

To sum up, two factors are essential for CSGs to provide effective damping 
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support: 1) a physical inertia source (i.e., CSG rotor) to inject or absorb energy 

into/from the grid; and 2) properly designed inertial dynamics via external 

controllers (e.g., PSS) to actively involve the inertia source in the power 

oscillations to impose positive damping. Similarly, because the potential inertia 

dynamics are already derived, proper tuning of the ARCs installed can allow 

FCWG to also provide considerable damping contributions to the external power 

system. 

6.3.2  ARC Configuration 

To actively respond to the disturbance variations of the external power system, 

a detailed configuration of the ARC is designed as 

31

2 4

11
=

1 1 1

w
ADC w PLL

w

T s T sT s
u K

T s T s T s


++
 

+ + +
                        (6.5) 

where 𝛥𝑢𝐴𝐷𝐶 is the output of the ARC (i.e., 𝑢𝑊𝑇−𝐴𝐷𝐶, 𝛥𝑢𝐷𝐶−𝐴𝐷𝐶, or 𝛥𝑢𝑃𝐿𝐿−𝐴𝐷𝐶), 

𝑇𝑊 is the time constant of washout filter, 𝐾𝑊 is the proportional gain, 𝑇1, 𝑇2, 𝑇3, 

𝑇4 are the parameters of the lead-lag filers, and ∆𝜃𝑝𝑙𝑙 is the PLL angle variation 

(input signal for ARC), which reflects the disturbance variations of the external 

power system. 

The ARC has three main parts, i.e., the washout filter, the proportional gain, and 

two lead-lag filters. The washout filter can eliminate the DC component and select 

the signal with appropriate frequency, which is closely related to the disturbance 

variations of the external power system. The proportional gain can amplify the 

input signal to a proper magnitude. Two lead-lag filters can adjust the 

compensation angle to ensure extra positive damping torque. Such a configuration 

is appropriate for introducing the variation signal of the external power system to 

FCWG.  
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6.3.3  Parameter Tuning in ARC 

The parameters of ARC have key importance on the performance in damping 

support, and thus should be carefully tuned. To achieve optimal control objectives 

as well as satisfy the requirements of industry application, constraints on the six 

parameters of the ARC in (6.5) can be set as 

min max min max

min max min max

1 1 1 2 2 2

min max min max

3 3 3 4 4 4

, ,

, ,

, .

W W W W W WT T T K K K

T T T T T T

T T T T T T

   

   

   

                          (6.6) 

The installation of ARC is to damp the modal resonance and improve oscillation 

stability, and hence there are two objectives in the parameter optimization: 1) to 

prevent detrimental strong modal resonance and attain beneficial modal 

interactions (e.g. modal counteractions) [94]; and 2) to minimize the real part of 

the eigenvalue and maximize the damping ratio of the critical mode. Therefore, 

the ARC parameter tuning is a multi-objective multi-parameter optimization 

problem (MMOP), which can be defined as 

1

2

( ) ( )
Minmize

( ) re ( ( ))

Eq.(6.6)

i i

i CM i

F p REI p

F p p

subject to



=


=                                 (6.7) 

where p
i
 (i=1,2...,6)  denotes the six parameters (𝑇𝑊 ,  𝐾𝑊 ,  𝑇1 , 𝑇2 , 𝑇3 , and 𝑇4 ) 

defined for the ARC, 𝑟𝑒(𝜆𝐶𝑀) represents the real part of the eigenvalue of the 

critical mode of the external power system. REI represents the resonance 

excitation index indicating the characteristic and degree of modal interactions 

between FCWG and the external power system, which is defined in [93]. 

In Eq.(6.7), the first objective function 𝐹1 ensures that when conditions vary, 

with the tuned parameters, the modal interactions between FCWG and the external 

power system ameliorate the oscillation stability or at least does not impair the 

oscillation stability to an unacceptable extent (e.g. instability), while the second 

objective function 𝐹2 guarantees the effectiveness of damping enhancement with 

the ARC in specific operating conditions. 
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To solve this MMOP, a multi-objective particle swarm optimization (MOPSO) 

algorithm [139] is employed. The power system is normally nonlinear and 

nonconvex and thus there is a chance that the optimal solution may fall into a local 

optimum, which is a common weakness of particle swarm optimization algorithm. 

Whereas, in this chapter, even in the local optimum solution, the modal resonance 

can be mitigated at least, compared with that of no ARC equipped in FCWG. 

Therefore, the installation of the ARC with adequate parameter tuning is 

conducive for the oscillation stability. The ARC parameter tuning process is 

briefly described as follows: 

1) Determine the option for ARC installation and initialize the FCWG 

parameters and ARC parameter constraints; 

2) Set a group of initial parameters for ARC in the defined range by hand and 

the initial iteration count (CI=0) and maximum iteration count CM; 

3) Establish the linearization model of the entire power system and obtain the 

closed-loop state-space matrix; 

4) Identify the critical mode and calculate its eigenvalue 𝜆𝐶𝑂𝑀 and calculate the 

REI that indicates the modal interactions; 

5) Change the ARC parameters based on the MOPSO algorithm, CI=CI+1, and 

reiterate steps 3) and 4) until both minimums in (7) are reached or until CI = 

CM; and 

6) Exit the algorithm and store the results. 

The significant differences between the conventional auxiliary damping 

controller (ADC) and proposed ARC in this chapter are: 1) different physical 

objectives: the ADC is mainly designed to suppress oscillations while the ARC 

focuses on circumventing the detrimental modal resonance and sets the damping 

enhancement as the second objective; and 2) different design indexes: the ADC 

can be directly designed by setting a goal of a damping index, while the ARC 

design is based on two indexes (i.e., the resonance excitation index and damping 
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index) that first consider the effectiveness of suppressing modal resonance and 

then include the damping objective. 

6.4  Case Study 

To validate the effectiveness of the proposed ARCs, an FCWG-integrated 

modified IEEE 39-bus power system is used as a test system for investigation, as 

illustrated in Fig.3. 9. Since the proposed ARC and parameter optimization can be 

applied to the wind farm with arbitrary location, in this chapter an FCWG-based 

wind farm is connected at Bus 22 as suggested in [61]. In this system, a simplified 

third-order model of CSGs and a first-order model of the automatic voltage 

regulator (AVR) are adopted [88]. No PSS is installed on any CSG. The FCWG-

based wind farm is modeled as an FCWG connected to the power system through 

full converters. All the parameters of the sample power system and FCWG refer 

to the Appendix. To emulate a weak damping power system, the damping constant 

of 10 CSGs are modified to be [100;30;30;20;80;20;20;20;35;200]. 

The time domain simulation runs for 20 s. A three-phase short circuit fault 

occurs at Bus 2 at 0.2s and is cleared after 100ms. Four cases are studied regarding 

the application of different ARCs in FCWG: 1) Case A: No ARC is installed (base 

case); 2) Case B: WT-ARC is installed; 3) Case C: DC-ARC is installed; 2) Case 

D: PLL-ARC is installed. All the other operating conditions and parameters are set 

as the same. The initial settings of ARC parameter tuning are given 

below:𝑇𝑊=0.10, 𝐾𝑊=10, 𝑇1=0.30, 𝑇2=0.03, 𝑇3=0.30, 𝑇4=0.03. 

The constraints for the six parameters are: 

0.01 ≤ 𝑇𝑊 ≤ 10.0, 0.10 ≤ 𝐾𝑊 ≤100, 0.01 ≤ 𝑇1 ≤ 3.00, 

0.01 ≤ 𝑇2 ≤ 3.00, 0.01 ≤ 𝑇3 ≤ 3.00, 0.01 ≤ 𝑇4 ≤ 3.00. 

6.4.1  Modal Resonance Conditions with No ARC Installed 

To fully assess the impact of FCWG, different penetration levels are evaluated, 
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i.e., the active power input of FCWG (Pew) varies from 0.0 to 3.5 p.u. (0%~100% 

power capacity). Due to space limitation, only four power conditions (Pew=0.0p.u., 

1.5p.u., 2.5p.u., 3.5p.u.) are reported here. Through analyzing the damping ratio 

of the EOMs, an inter-area EOM (viz, EOM1) with the lowest oscillation 

frequency and worst damping ratio 𝜉, is identified to be the critical mode [88]. 

Table 6. 1 shows the modal analysis results of the modal interactions between the 

critical mode and the most interactive FOM considering different power injection 

levels of FCWG. To clearly demonstrate the modal interactions, both the open-

loop EOM and closed-loop FOM are listed. The REI is also calculated to clarify 

the characteristics of the modal interactions (modal resonance (REI>1), weak 

interaction (REI≈1), or modal counteraction (REI<1)). The 10th CSG (viz, CSG10) 

is identified to be the critical CSG that affects EOM1, and thus its participation 

factor (PF) in EOM1 is also shown. The interactions between other FOMs and 

EOMs are not listed and discussed as no significant modal interactions happen and 

hardly affect the oscillation stability, and hence are omitted. 

Table 6. 1  Modal Interactions Between FCWG and Critical Mode of IEEE-39-

bus System with No ARC 

Pew (p.u.) 0.0 1.5 2.5 3.5 

Open-loop 

Critical Mode 

 -0.0636 

+3.0541i 

-0.0733 

+3.0672i  

-0.0797 

+3.0742i 

-0.0859 

+3.0797i 

Close-loop 

Critical Mode 

 -0.0636 

+3.0541i 

-0.0276 

+2.9921i  

-0.0006 

+2.9470i 

0.0286 

+2.8984i 

𝜉(%) 2.08% 0.92% 0.02% -0.99% 

Most 

Interactive 

FOM 

PLL Mode PLL Mode PLL Mode PLL Mode 

Open-loop 

FOM 

-1.3364 

+2.9398i 

-1.3353 

+2.9388i 

-1.3340 

+2.9377i 

-1.3323 

+2.9361i 

Closed-loop 

FOM 

-1.3364 

+2.9398i 

-1.3833 

+2.9432i 

-1.4170 

+2.9424i 

-1.4531 

+2.9389i 

REI 1.0000 1.0694 1.1226 1.1815 

PF of FOM 0.0000 0.0220 0.0361 0.0498 

PF of CSG10 0.4550 0.4590 0.4613 0.4632 

With an increase in FCWG output, the damping ratio 𝜉  of the closed-loop 
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EOM1 drops from 2.08% (Pew = 0.0p.u.) to −0.99% (Pew = 3.5p.u.), which 

indicates the entire power system becomes unstable. By analyzing the oscillation 

modes of FCWG (FOMs), it is found that one of the FOMs, viz, FOM8 (the PLL 

mode) has a similar oscillation frequency as EOM1 and interacts with each other 

in a repulsive manner (REI>1, modal resonance). 

The modal resonance process between FOM8 and EOM1 is demonstrated in 

Fig.6. 5. In Fig.6. 5(a), the arrows denote the eigenvalue shifts from open-loop 

FOM8 to closed-loop FOM8, and the eigenvalue shifts from open-loop EOM1 to 

closed-loop EOM1 are also marked by arrows in Fig.6. 5(b). 

The impact of FCWG integration mainly consists of two parts: 1) power flow 

impact (which can be modeled as a constant power source), and 2) dynamic 

interaction impact (viz, the modal interactions between FCWG and the external 

power system). If we only look at the four locations of open-loop EOM1 with 

respect to different power injection levels in Fig.6. 5(b)., it is found that when the 

active power injection of FCWG increases, EOM1 moves towards the left side 

slightly, which implies the impact of FCWG power flow is beneficial for system 

damping. However, due to the modal resonance between FOM8 and EOM1, both 

closed-loop modes move against each other and results in severe damping 

degradation of EOM1. It is noteworthy that the dynamic interaction impact (modal 

resonance) is much larger than power flow impact in Case A. Since the damping 

margin of the external power system is limited (𝜉 =2.08%), the modal resonance 

gradually worsens the system damping with increasing active power injection of 

FCWG and eventually leads to instability. 

The dynamic responses of voltage and active power of CSG10 (as shown in 

Fig.6. 6) are in accordance with eigenvalue analyses. Higher power injection from 

FCWG in modal resonance conditions results in worse damping and alarming 

degradation of oscillation stability. Therefore, such modal resonance conditions 

should be avoided or mitigated. To eliminate the resonance and improve the 

oscillation stability, we aim to equip ARCs to improve the modal interactions 
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between FCWG and the external power system. 

FOM8 EOM1

5% damping ratio line

(a) (b)

(c)
 

Fig.6. 5  Modal interactions between FOM and EOM with increasing 

penetration of wind power in Case A. 

Active power of CSG10 CSG10 Voltage

 

Fig.6. 6  Large disturbance response of CSG10 with different levels of wind 

power penetration in Case A. 

6.4.2  Mitigating Modal Resonance with WT-ARC 

In Case B, the WT-ARC is used and the optimized parameters solved by 

proposed MOPSO are: 𝑇𝑊 =0.079, 𝐾𝑊 =8.135, 𝑇1 =1.358, 𝑇2 =0.143, 𝑇3 =2.327, 

𝑇4=0.212. 
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Modal analysis is employed, and thus the modal interactions between FOM 

and EOM considering different power injections are listed in Table 6. 2.  

Table 6. 2  Modal Interactions Between FCWG and Critical Mode of IEEE-39-

bus System with WT-ARC 

Pew (p.u.) 0.0 1.5 2.5 3.5 

Open-loop 

Critical Mode 

-0.0636 

+3.0541i 

-0.0733 

+3.0672i 

-0.0797 

+3.0742i 

-0.0859 

+3.0797i 

Closed-loop 

Critical Mode 

-0.0784 

+2.9844i 

-0.1377 

+2.9229i 

-0.1791 

+2.8809i 

-0.2209 

+2.8359i 

𝝃(%) 2.63% 4.70% 6.20% 7.77% 

Most 

Interactive 

FOM 

Wind 

Turbine 

Rotor Mode 

Wind 

Turbine 

Rotor Mode 

Wind 

Turbine 

Rotor Mode 

Wind 

Turbine 

Rotor Mode 

Open-loop 

FOM 

-1.3364 

+2.9398i 

-1.3353 

+2.9388i 

-1.3340 

+2.9377i 

-1.3323 

+2.9361i 

Closed-loop 

FOM 

-1.3080 

+2.9870i 

-1.2757 

+3.0099i 

-1.2463 

+3.0292i 

-1.2094 

+3.0520i 

REI 0.9621 0.8997 0.8540  0.8065 

PF of FOM 0.1091 0.2083 0.2796 0.3424 

PF of CSG10 0.4373 0.3895 0.3499 0.3138 

With WT-ARC installed, FCWG participates in EOM1 actively or even 

becomes the dominant inertia source (when Pew=3.5p.u.) after analyzing the PFs. 

With ever-increasing wind power penetration, the FCWG participation in EOM1 

rises remarkably and FCWG even exceeds CSG10 and becomes the dominant 

inertia source when Pew=3.5p.u. The damping ratio 𝜉 is raised from −0.99% to a 

high of 7.77% owing to the modal counteractions (REI<1) between FOM3 (the 

most interactive FOM, viz, the wind turbine rotor mode) and EOM1, as 

presented by the eigenvalue shifts in Fig.6. 7.  

It is worth mentioning that, when no ARC is installed (Case A), the FOM3 is 

decoupled from the external power system and does not interact with any EOMs. 

However, with WT-ARC equipped, FOM3 is identified to interact with EOM1 

most actively. This indicates that not only is the kinetic energy stored in the wind 

turbine rotor inertia utilized in responding to the external power system, but also 

the considerable modal interactions with EOM1 can be achieved in the form of 
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modal counteractions and hence improve the system damping and oscillation 

stability. With modal counteractions between FOM3 and EOM1, better damping 

performance will be achieved with more power injected into the power system, as 

also demonstrated by the time domain simulations shown in Fig.6. 8. 

FOM3 EOM1

5% damping ratio line

(a) (b)

(c)
 

Fig.6. 7  Modal interactions between FOM and EOM increasing penetration of 

wind power in Case B. 

Active power of CSG10 CSG10 Voltage

 

Fig.6. 8  Large disturbance response of CSG10 with different levels of wind 

power penetration in Case B. 
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6.4.3  Mitigating Modal Resonance with DC-ARC 

In Case C, the DC-ARC is used and the optimized parameters obtained by the 

proposed MOPSO are: 𝑇𝑊 =0.076, 𝐾𝑊 =8.757, 𝑇1 =2.034, 𝑇2 =0.276 𝑇3 =0.302, 

𝑇4=1.976. 

Modal analysis is employed, and the results are listed in Table 6. 3. The FOM6 

(viz, the DC capacitor mode) is the most active FOM interacting with EOM1. 

Table 6. 3  Modal Interactions Between FCWG and Critical Mode of IEEE-39-

bus System with DC-ARC 

Pew (p.u.) 0.0 1.5 2.5 3.5 

Open-loop 

Critical Mode 

-0.0636 

+3.0541i 

-0.0733 

+3.0672i 

-0.0797 

+3.0742i 

-0.0859 

+3.0797i 

Closed-loop 

Critical Mode 

-0.2306 

+2.9468i 

-0.1970 

+2.8899i 

-0.1715 

+2.8518i 

-0.1434 

+2.8125i 

𝝃(%) 7.80% 6.80% 6.00% 5.09% 

Most 

Interactive 

FOM 

DC Capacitor 

Mode 

DC Capacitor 

Mode 

DC 

Capacitor 

Mode 

DC 

Capacitor 

Mode 

Open-loop 

FOM 

-1.3364 

+2.9398i 

-1.3353 

+2.9388i 

-1.3340 

+2.9377i 

-1.3323 

+2.9361i 

Closed-loop 

FOM 

-1.2070 + 

3.1520i 

-1.2635 + 

3.1782i 

-1.3008 + 

3.1931i 

-1.3379 

+3.2063i 

REI 0.7807 0.8709 0.9351  1.0026 

PF of FOM 0.1616 0.1616 0.1603 0.1581 

PF of CSG10 0.4048 0.4169 0.4245 0.4321 

With DC-ARC installed, FCWG becomes an important inertia source 

participating in EOM1 along with CSG10. As the modal interaction process shown 

in Fig.6. 9, EOM1 always stands at the left side of 5% damping ratio line, which 

implies the DC-ARC is also quite satisfactory in damping EOM1. EOM1 moves 

towards the left side, indicating the modal interactions in Case C are also in the 

form of modal counteraction. 

The locations of closed-loop EOM1 with different power injection levels do 

not vary too much. The highest power injection does not possess the best damping 

performance, and the lower power injection contributes better damping 

enhancement. This interesting finding indicates that DC-ARC is relatively stable 
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in terms of suppressing EOM1 when power injection changes, as confirmed by the 

hardly changed PF of FOM6. Even in the worst condition (Pew = 3.5p.u.), the 

oscillation stability is guaranteed with a sufficient damping margin (5.09%). 

Namely, in other conditions (e.g. Pew< 3.5p.u.), EOM1 are even better suppressed, 

as exhibited in Fig.6. 10. 

FOM6 EOM1

5% damping ratio line

(a) (b)

(c)
 

Fig.6. 9  Modal interactions between FOM and EOM with increasing 

penetration of wind power in Case C. 

Active power of CSG10 CSG10 Voltage

 
Fig.6. 10  Large disturbance response of CSG10 with different levels of wind 

power penetration in Case C. 
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6.4.4  Mitigating Modal Resonance with PLL-ARC 

In Case D, the PLL-ARC is used and the optimized parameters calculated by 

proposed MOPSO in the PLL-ARC are: 𝑇𝑊 =0.023, 𝐾𝑊 =7.213, 𝑇1 =1.73, 

𝑇2=0.201 𝑇3=1.528, 𝑇4=0.194. 

The modal interactions considering different power injections of FCWG are 

listed in Table 6. 4. 

Table 6. 4  Modal Interactions Between FCWG and Critical Mode of IEEE-39-

bus System with PLL-ARC 

Pew (p.u.) 0.0 1.5 2.5 3.5 

Open-loop 

Critical Mode 

-0.0636 

+3.0541i 

-0.0733 

+3.0672i 

-0.0797 

+3.0742i 

-0.0859 

+3.0797i 

Closed-loop 

Critical Mode 

-0.0636 

+3.0541i   

-0.0975 

+2.9923i 

-0.1243 

+2.9427i 

-0.1569 

+0.8854i 

𝝃(%) 2.08% 3.26% 4.22% 5.43% 

Most 

Interactive 

FOM 

PLL Mode PLL Mode PLL Mode PLL Mode 

Open-loop 

FOM 

-0.2769 

+2.3263i 

-0.2772 + 

2.3246i 

-0.2775 + 

2.3226i 

-0.2779 + 

2.3200i 

Closed-loop 

FOM 

-0.2769 

+2.3263i 

-0.2659 

+2.3369i 

-0.2545 

+2.3458i 

-0.2376 

+2.3569i 

REI 1.0000  0.8787 0.7860  0.6823 

PF of FOM 0.0000 0.1019 0.1710 0.2407 

PF of CSG10 0.4550 0.4013 0.3644 0.3260 

With PLL-ARC installed, the FOM8 is relocated and thus interacts with EOM1 

in an attractive manner that results in improving EOM1 (i.e. moving towards the 

left side), as illustrated in Fig.6. 11. The modal resonance between FOM8 and 

EOM1 (in Case A) turns into a beneficial modal interaction (viz, modal 

counteraction, REI<1). With a 100% active power injection of FCWG, a high 

damping ratio of 5.43% of EOM1 is ensured, as also shown by the time domain 

simulations in Fig.6. 12; this result is quite similar to that of Case B. 
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FOM8
EOM1

5% damping ratio line

(a)
(b)

(c)
 

Fig.6. 11  Modal interactions between FOM and EOM with increasing 

penetration of wind power in Case D. 

Active power of CSG10 CSG10 Voltage

 

Fig.6. 12  Large disturbance response of CSG10 with different levels of wind 

power penetration in Case D. 

6.5  ARC Comparison and Application Guidance 

As confirmed in Section 6.4, three ARCs can be applied to FCWG to mitigate 

modal resonance with the external power system. Although satisfactory damping 

enhancement performance can be achieved by any of these ARCs, the detailed 
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modal interactions with the external power system need to be further clarified to 

provide guidance for system operators as well as deepen the application of these 

ARCs. Therefore, a comparison study of the three ARCs is implemented. To 

evaluate the differences with respect to the three ARCs, the operating conditions 

are set to be the same (i.e., the active power injection of FCWG is set to be 

Pew=3.5 p.u. and all other parameters as well as the external system are the same). 

The dynamic performance of FCWG and the external power system are compared. 

6.5.1  Comparison of Impact on External Power System 

To evaluate the damping support performance of the proposed ARCs, the 

results of modal analysis in Table 6. 1 ~ Table 6. 4 are compared. With any of 

three ARCs installed, FCWG can contribute sufficient damping to the external 

power system (i.e., the damping ratio of the critical mode is raised from -0.99% 

to more than 5%). This indicates FCWG equipped with ARC can effectively 

suppress modal resonance and enhance the oscillation stability. 

Among the three, WT-ARC achieves the best damping performance 

(𝜉𝐶𝑂𝑀 =7.77%). This is possible because WT-ARC can directly introduce the 

variation signal of the external power system to the wind turbine, and the large 

rotor inertia source can be effectively used as a quick prime mover to directly damp 

the power oscillations. DC-ARC regulates the DC voltage to properly charge and 

discharge the capacitor, and thus responds to the external variations. It also has 

satisfactory damping performance (𝜉𝐶𝑂𝑀=5.09%). PLL-ARC detects the external 

variations and proactively regulates the synchronizing signal of PLL from an 

overall perspective. Together with PLL, the ARC acts as a flag-bearer to 

coordinate the power flow between the FCWG and the external power system and 

achieves notable damping performance ( 𝜉𝐶𝑂𝑀 =5.43%). The time domain 

simulations shown in Fig.6. 13 are consistent with the above results. 
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Fig.6. 13  Comparison of system large disturbance response considering 

different ARC options (Pew=3.5 p.u.). 

6.5.2  Comparison of Impact on FCWG 

On the other hand, the installation of ARCs can also have negative impacts on 

the performance of FCWG and hence this should be carefully examined and 

evaluated. The influences on FCWG outputs (i.e., PCC voltage and active power 

variation) with respect to these ARCs are compared in Fig.6. 14. 

 

Fig.6. 14  Comparison of FCWG outputs considering different ARC options 

(Pew=3.5 p.u.). 

With any of these ARCs installed, the PCC voltage stability is guaranteed. 

Although WT-ARC provides the best damping support for the external power 

system, it also suffers the worst active power variations compared to the other two 
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options. This is because the large wind turbine rotor responds to the external power 

variations in a direct and timely fashion, and hence leads to a higher overshoot. 

DC-ARC has less severe active power variations subjected to the limited inertial 

energy of the DC capacitor. PLL-ARC is important for maintaining the active 

power of FCWG because it can allocate the power output from an overall 

perspective. By coordinating the power output considering the external variations, 

FCWG can support the damping of the external power system with little sacrifice 

on its own dynamic performance. 

Apart from the FCWG outputs, the influences on the inertia source components 

(i.e., wind turbine and DC capacitor) should also be investigated. The wind turbine 

rotor speed and DC-link voltage are illustrated in Fig.6. 15. WT-ARC utilizes the 

energy of the wind turbine rotor as an inertia source, and hence it needs to adjust 

the rotor speed to actively respond to external variations. As a result, the maximum 

power point tracking (MPPT) control strategy is influenced, and a loss of wind 

power harvest occurs. In contrast, neither DC-ARC nor PLL-ARC would disturb 

the wind turbine speed and hence not affect harvesting performance.  

WT-ARC

No ARC DC-ARC

PLL-ARC

 

Fig.6. 15  Comparison of FCWG internal variables considering different ARC 

options (Pew=3.5 p.u.). 

Both WT-ARC and DC-ARC affect the DC-link voltage. DC-ARC suffers the 

worst voltage fluctuations because it directly responds to the external variations. 

WT-ARC also causes considerable DC voltage variations because of the series 
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connection of FCWG configuration. PLL-ARC maintains the best performance in 

terms of stabilizing DC-link voltage, which is attributed to its capability to 

reschedule the FCWG output as a whole inertia source. 

6.5.3  General Assessment of Different ARCs 

The two inertia source components, i.e., the wind turbine rotor and DC 

capacitor, can provide damping dynamics and participate in the external critical 

mode if proper ARCs are installed. Under a conventional control strategy, FCWG 

is designed to focus on its own dynamic performance and can unlikely emulate an 

inertia source such as the CSG. When equipped with an ARC, FCWG can flexibly 

release or absorb energy to mitigate the power oscillations in the external power 

system, which is usually performed by a CSG equipped with a PSS. 

Nonetheless, the physical structure of FCWG is significantly different from a 

CSG, not to mention the corresponding control strategies. The ARCs installed also 

have their own limitations, such as loss of wind energy capture and reduction of 

capacitor lifespan. 

To fully evaluate the performance of these ARCs both externally and internally, 

four key criteria are selected for comparison: 1) ‘Resonance suppression’ 

represents the ARC impact on the modal resonance suppression for external power 

systems; 2) ‘FCWG power output steadiness’ denotes the active power consistence 

of FCWG; 3) ‘Rotor speed steadiness’ reflects the ARC impact on the wind turbine 

rotor (the kinetic inertia source); and 4) ‘DC-link voltage steadiness’ shows the 

ARC influence on the DC capacitor (the chemical inertia source). 

Three levels to evaluate the effectiveness of ARCs are proposed: ‘★★★’, ‘★

★’, and ‘★’represent the best, middle, and worst performance for a specific 

criterion. Table 6. 5 provides a brief assessment of the general performance of the 

ARCs. 

It is concluded that PLL-ARC has the most satisfactory performance with the 

minimal overall cost on the dynamics of FCWG, and hence is rated as a 10-star 
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ARC. Despite the strongest suppression effect on modal resonance, WT-ARC 

sacrifices the wind power harvest, and thus is rated as a 7-star ARC. DC-ARC also 

achieves considerable damping enhancement at the cost of larger variations in DC-

link voltage, and thus is rated as a 9-star ARC. 

Table 6. 5  General Assessment of ARCs 

Assessment criteria WT-ARC DC-ARC PLL-ARC 

Resonance suppression ★★★ ★★ ★ 

FCWG power output 

steadiness 
★ ★★ ★★★ 

Wind turbine rotor speed 

steadiness 
★ ★★★ ★★★ 

DC-link voltage 

 steadiness 
★★ ★ ★★★ 

Overall performance 
★★★★★

★★ 

★★★★★ 

★★★★ 

★★★★★ 

★★★★★ 

6.5.4  Application Suggestions for ARC Selection 

The advantages and disadvantages of three ARCs are first discussed based on 

the extensive comparisons above to provide effective guidance for the secure and 

reliable operation of both grid and wind farms. The main pros and cons of the 

ARCs are listed in Table 6. 6, and their application conditions are also suggested 

for reference. 
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Table 6. 6  Comparison of ARCs 

ARC Advantages Disadvantages 
Suggested Application 

Conditions 

WT-

ARC 

Introduces inertial energy 

and dynamics of wind 

turbine rotor to the power 

system; Provides high energy 

compensation; Effective in 

damping modal resonance.  

Less wind power 

harvest; Potential 

MSC oscillation 

mode introduced. 

High wind penetration; 

System requirement for 

inertia support, e.g., to 

enhance transient and 

frequency stability. 

DC-

ARC 

Introduces inertial energy 

and dynamics of DC-link 

capacitor to the power 

system; Fast response by 

directly regulating DC 

voltage; Maintains optimal 

wind harvest. 

Capacitor 

lifespan reduction 

due to frequent 

DC voltage 

fluctuations. 

Not very high wind 

penetration; 

Comparatively large DC 

capacitor; Applicable to 

higher frequency 

resonance with a short 

period. 

PLL-

ARC 

Extracts and allocates FCWG 

inertial energy and dynamics 

based on overall 

coordination; Minimizes cost 

of FCWG dynamics 

including optimal wind 

harvest.  

Compromises on 

PLL transient 

tracking 

performance. 

High wind penetration; 

Limited capacity/ 

capability for each 

individual inertia source 

components in FCWG; 

DC capacitor lifespan 

optimization. 

6.6  Summary 

This chapter proposes three ARCs for FCWG. The appropriate configuration 

of the ARC is carefully designed, which establishes a path to provide significant 

damping support. ARC parameter tuning is also implemented to facilitate industry 

applications. Optimal ARC parameters can be adjusted by the MOPSO algorithm 

to improve the modal interactions between the power system and wind power 

generation. 

With ARC installation, the detrimental modal resonance between FCWG and 

the external power system has been transformed to the beneficial modal 

counteraction, which validates the effectiveness of the proposed ARCs in 

suppressing modal resonance and reinforcing oscillation stability. The comparison 

study elaborates different performances of the three ARCs and gives a general 

assessment for ARC selection. In addition, application suggestions are 

recommended for the benefit of system operators and wind farm owners. 
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Chapter VII 

Conclusions and Future Works 

7.1  Conclusions 

The high penetration of wind power generation makes modern power systems 

more complex and vulnerable. A series of resonance-related incidents have been 

revealed and led to severe consequences. Therefore, the integration of FCWG with 

respect to power system oscillation stability has drawn considerable attention. 

To reduce the adverse impact of modal resonance of FCWG integration and 

enhance the power system oscillation stability, this thesis covers the complete 

picture of the FCWG integration from almost all the aspects related to 

mathematical modeling, resonance mechanism investigation, modal coordination 

strategies, and auxiliary resonance controller design, etc. The primary conclusions 

and contributions of this thesis are summarized as follows. 

1. A novel two-open-loop-subsystem model and modal interaction 

theories for resonance mechanism investigation. 

1) Based on a detailed mathematical model of FCWG and the external power 

system, a two-open-loop-subsystem dynamic model is constructed by dividing the 

entire system into two open-loop subsystems, so that the dynamic impact of one 

subsystem on the other can be examined from either side; 

2) By employing bilateral damping torque analysis, a modal shift evaluation  

method is devised to investigate the interaction effect of FCWG oscillation modes 

(FOMs) and EOMs on each other and explain their complex interaction process;  

3) Two useful tools for the understanding of modal resonance are defined:  

The modal shift sensitivity (MSS) is defined to examine the relationship between 

the FCWG controller parameters and the closed-loop modal shifts; The 

resonance excitation index (REI) is also proposed to imply the intensity of modal 
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interactions and quantify the impact of modal resonance; 

4) The modal superposition theory is proposed to categorize and analyze all 

the possible dynamic interactions between FCWG and the external power system. 

Three categories of modal coupling are extensively elaborated and visualized in 

the complex plane, which provides a theoretical foundation for damping 

enhancement with proper modal coordination; The modal coupling mechanism is 

conducted through to explore the modal interactions between FOM and EOM 

considering their relative locations. 

2. Three novel solutions for modal resonance mitigation 

1) Off-line modal coordination optimization strategy: Based on the modal 

superposition theory, a novel modal coordination optimization strategy is proposed 

to utilize the modal interaction to improve the resonance stability of the closed-

loop power system for the first time. The modal coordination optimization is to 

achieve modal counteraction and enhance oscillation stability by properly 

relocating the open-loop FOM via tuning the FCWG controller parameters. 

2) On-line adaptive modal coordination strategy: A novel on-line adaptive 

coordination strategy is proposed to improve the modal interactions in different 

timescales between FCWG and the power system in a model-free and on-line 

manner, which can procure satisfactory coordination even if the detailed model of 

the power system is unavailable. 

3) Auxiliary control method: Three feasible options to install ARC are 

identified by exploring the potential energy and dynamics of inertia source 

components (i.e., wind turbine rotor and DC capacitor) in FCWG, and the damping 

support mechanism of the different ARCs is also revealed; A suitable and universal 

configuration of ARCs is designed, and optimal parameter tuning of this 

configuration is conducted. In addition, comprehensive evaluation and extensive 

comparison on the advantages, disadvantages, and suggested application 

conditions of the proposed ARCs are carried out, which provides instrumental 

guidance to system operators and wind farm owners. 
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7.2  Future Works 

This thesis has proposed several innovative theories to investigate and explain 

the impact of FCWG integration on power system oscillation stability. To make 

the current work more comprehensive, the following topics should be investigated 

in the future. 

(1) As increasing renewable energy sources participate in power system 

generation, the proposed theory should be extended to study the integration 

of other renewable energy sources. For example, the microgrid usually 

consists of various types of renewable energy sources, their interactions with 

the main power system have not been thoroughly examined, and hence is a 

meaningful research topic worth further investigation. 

(2) With the integration of renewable energy sources, more and more resonance-

related incidents happen, ranging from low frequency to sub/super-

synchronous frequency. To illuminate all the oscillation issues and to locate 

the resonance-related components in power sources accurately and 

efficiently, a generic analytical model is worth developing which could 

provide a quick detection of unintended contingencies and identify the root 

cause that induces them. 

(3) Regarding the inevitably increased use of converter interfaced generation in 

future power systems, advanced control strategies to ameliorate modal 

interactions between power electronic converter-based sources and external 

power system are particularly attractive as alternatives. Specially, a 

comprehensive control scheme that includes the prevalent virtual inertia 

control would be a timely and interesting topic to procure a more stable and 

reliable solution for renewable energy integration. 
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Appendix 

Data of the modified IEEE 39 bus New England Power System integrated 

with an FCWG 

 

Table A. 1  Line data 

Branch 

No 

From 

bus 
To bus R X B 

Transformer 

ratio 

1 1 2 0.0035 0.0411 0.6987 1 

2 1 39 0.0010 0.0250 0.7500 1 

3 2 3 0.0013 0.0151 0.2572 1 

4 2 25 0.007 0.0086 0.1460 1 

5 3 4 0.0013 0.0213 0.2214 1 

6 3 18 0.0011 0.0133 0.2138 1 

7 4 5 0.0008 0.0128 0.1342 1 

8 4 14 0.0008 0.0129 0.1382 1 

9 5 6 0.0002 0.0026 0.0434 1 

10 5 8 0.0008 0.0112 0.1476 1 

11 6 7 0.0006 0.0092 0.1130 1 

12 6 11 0.0007 0.0082 0.1389 1 

13 7 8 0.0004 0.0046 0.078 1 

14 8 9 0.0023 0.0363 0.3804 1 

15 9 39 0.001 0.025 1.2 1 

16 10 11 0.0004 0.0043 0.0729 1 

17 10 13 0.0004 0.0043 0.0729 1 

18 13 14 0.0009 0.0101 0.1723 1 

19 14 15 0.0018 0.0217 0.366 1 

20 15 16 0.0009 0.0094 0.171 1 

21 16 17 0.0007 0.0089 0.1342 1 

22 16 19 0.0016 0.0195 0.304 1 

23 16 21 0.0008 0.0135 0.2548 1 

24 16 24 0.0003 0.0059 0.068 1 

25 17 18 0.0007 0.0082 0.1319 1 

26 17 27 0.0013 0.0173 0.3216 1 

27 21 22 0.0008 0.014 0.2565 1 

28 22 23 0.0006 0.0096 0.1846 1 

29 23 24 0.0022 0.035 0.361 1 

30 25 26 0.0032 0.0323 0.513 1 

31 26 27 0.0014 0.0147 0.2396 1 

32 26 28 0.0043 0.0474 0.7802 1 
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33 26 29 0.0057 0.0625 1.029 1 

34 28 29 0.0014 0.0151 0.249 1 

35 12 11 0.0016 0.0435 0 1.006 

36 12 13 0.0016 0.0435 0 1.006 

37 2 30 0 0.0181 0 1.025 

38 6 31 0 0.025 0 1.07 

39 10 32 0 0.02 0 1.07 

 

Table A. 2 Machine data 

Generator 

No dX   
'

dX  qX  
'

0dT  JT  D aT  aK  

SG1 0.1 0.031 0.069 10.2 84 100 0.1 10 

SG2 0.295 0.0647 0.282 6.56 60.6 20 0.1 10 

SG3 0.2495 0.0531 0.237 5.7 71.6 20 0.1 10 

SG4 0.262 0.0436 0.258 5.69 57.2 20 0.1 10 

SG5 0.67 0.132 0.62 5.4 52 200 0.1 10 

SG6 0.254 0.05 0.241 7.3 52.8 20 0.1 10 

SG7 0.295 0.049 0.292 5.66 69.6 20 0.1 10 

SG8 0.29 0.057 0.28 6.7 48.6 20 0.1 10 

SG9 0.2106 0.057 0.205 4.79 69 20 0.1 10 

SG10 0.2 0.006 0.019 7 1000 100 0.1 10 

 

Table A. 3  Bus data 

Bus 

no. 

Bus 

voltage 

Volta

ge 

angle 

Active 

power 

generatio

n 

Reactive 

power 

generatio

n 

Active 

power 

consump

tion 

Reactive 

power 

consump

tion 

Bus 

type 

1 1.048 -9.43 0 0 0 0 3 

2 1.0505 -6.89 0 0 0 0 3 

3 1.0341 -9.73 0 0 3.22 0.024 3 

4 1.0116 -10.53 0 0 5 1.84 3 

5 1.0165 -9.38 0 0 0 0 3 

6 1.0172 -8.68 0 0 0 0 3 

7 1.0067 -10.84 0 0 2.338 0.84 3 

8 1.0057 -11.34 0 0 5.22 1.76 3 

9 1.0322 -11.15 0 0 0 0 3 

10 1.0235 -6.31 0 0 0 0 3 

11 1.0201 -7.12 0 0 0 0 3 

12 1.0072 -7.14 0 0 0.075 0.88 3 

13 1.0207 -7.02 0 0 0 0 3 

14 1.0181 -8.66 0 0 0 0 3 

15 1.0194 -9.06 0 0 3.2 1.53 3 

16 1.0346 -7.66 0 0 3.29 0.32 3 

17 1.0365 -8.65 0 0 0 0 3 

18 1.0343 -9.49 0 0 1.58 0.3 3 

19 1.0509 -3.04 0 0 0 0 3 

20 0.9914 -4.45 0 0 6.28 1.03 3 
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21 1.0337 -5.26 0 0 2.74 1.15 3 

22 1.0509 -0.82 0 0 0 0 3 

23 1.0459 -1.02 0 0 2.475 0.846 3 

24 1.0399 -7.54 0 0 3.086 -0.92 3 

25 1.0587 -5.51 0 0 2.24 0.472 3 

26 1.0536 -6.77 0 0 1.39 0.17 3 

27 1.0399 -8.78 0 0 2.81 0.755 3 

28 1.0509 -3.27 0 0 2.06 0.276 3 

29 1.0505 -0.51 0 0 2.835 0.269 3 

30 1.0475 1 2.5 1.3621 0 0 2 

31 1.04 0 5.7293 1.7036 0.092 0.046 1 

32 0.9831 1.63 6.5 1.759 0 0 2 

33 0.9972 2.18 6.32 1.0335 0 0 2 

34 1.0123 0.74 5.08 1.64 0 0 2 

35 1.0493 4.14 6.5 2.0884 0 0 2 

36 1.0635 6.83 5.6 0.9688 0 0 2 

37 1.0278 1.26 5.4 -0.0444 0.0 0 2 

38 1.0265 6.55 8.3 0.1939 0 0 2 

39 1.03 0 10 0.6846 11.04 2.5 2 

 

Table A. 4  Basic data of FCWG 

psR   pdX  pqX  pfX  pC  JprT  pm  

0 0.2 0.2 0.02 30 8 1 

 

Table A. 5  PI gains of MSC, GSC and PLL controllers 

Kpp1  Kpp2  Kpp3  Kpp4  Kpp5  Kpp6  Kpp7  Kppll 

5 2 1 2 0.5 1 0.5 4.4 

Kpi1 Kpi2 Kpi3 Kpi4 Kpi5 Kpi6 Kpi7 Kipll 

20 200 100 20 100 10 100 39.27 
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