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ABSTRACT 
 

With massive integration of power electronic interfaced renewables including wind and solar 

power, one of the big challenges is the continuous reduction in power system inertia. In order 

to deal with this issue, virtual synchronous machine (VSM) control is proposed. Associated 

with such a solution, it is of great interest to know the impacts of VSM on power system 

stability, in particular, power system oscillations. Hence, the focus of this doctoral research 

work is to investigate the effects of VSM control on power system oscillations including sub-

synchronous oscillations (SSO), low-frequency oscillation (LFO) and forced power oscillation. 

The sub-synchronous oscillation (SSO) of wind farm with series compensated network has 

attracted increasing attention from researchers. Considering the potential risk of phase-locked 

loop (PLL) on system sub-synchronous stability, VSM control is implemented which can 

synchronise power converters to AC grid without PLL-related issues. The permanent magnetic 

synchronous generator (PMSG)-based wind farm with series-compensated network controlled 

by vector current control (VCC) and VSM are studied in the first section. The small signal 

stability and time-domain simulations are compared to show the superiority of VSM on system 

stability in the sub-synchronous frequency range.  

Then a coordinated supplementary damping control (SDC) design for multiple VSMs is 

proposed to enhance system damping performance. As VSM control emulates the dynamic 

behaviour of traditional synchronous generator (SG), it may introduce LFO similar to the 

interaction between multiple SGs. The supplementary channel is added to the reactive power 

loop of VSM to avoid undesired mechanical vibration when prime mover power comes from a 
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wind turbine. The design process is based on Prony method which is utilised to obtain system 

modes information. The decentralised sequential design, which can reduce the dependency on 

communication and the adverse interactions between auxiliary controllers, is implemented to 

make multiple VSMs to work cooperatively. 

Finally, the probability of electro-mechanical interactions between VSMs and other devices 

especially SGs in power system is higher because of the mentioned reason before. Besides, the 

renewable energy will suffer some sustained disturbances and thus is prone to exciting forced 

oscillation due to the resonance between natural LFO mode and external disturbances. 

Therefore, the impacts of VSM control on forced oscillation is investigated in the last section. 

The analytical results of infinite bus system with VSM and multi-machines system with VSM 

are explicitly conducted. 
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CHAPTER 1 INTRODUCTION 

1.1 Research Background 

1.1.1 The Development of Power Electronic Interfaced Devices 

To pursue sustainable development of ecological environment, the carbon neutrality has been 

promoted to achieve net-zero carbon dioxide (CO2) emission [1]. The greenhouse gases, 

especially CO2, are mainly produced by fossil fuel combustion. As illustrated in Figure 1-1 [2, 

3], there is a positive correlation between fossil fuel consumption and CO2 emission. The 

recorded global annual emission of CO2 reaches to nearly 33.5 gigatons (Gt) in 2019. And it is 

believed that the emission level is going to be tripled in 2040 if no positive actions are 

implemented [4]. Fortunately, most countries in the world, including the largest three 

contributors to CO2 emission as shown in Figure 1-2 [5], have committed to propose ambitious 

plans to facilitate the reduction of carbon footprints. UK has set a target to reduce  greenhouse 

gas emissions by 78% by 2035 (based on 1990 baseline) through emission reduction and 

removal technologies [6, 7]. 

Renewable energy is a promising alternative to achieve the de-carbonization objective. The 

penetration of green energy experiences a notable growth which can be attributed to the 

innovation of technologies and supportive policies from governments. Many countries 

worldwide have been making their utmost effort to increase the capacity of renewables in their 

energy structure [8]. UK has developed advanced wind generation technologies to utilise 

abundant wind sources and it has deployed the largest offshore wind farms in the world. The 
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proportion of electricity from offshore and onshore wind rises to 24% in 2020 [9]. Denmark 

has the highest penetration level of wind and solar power and 50% electricity is directly from 

these two renewable sources in 2019 [10]. In addition, a 100% renewable energy-driven 

community is built in Bornholm island of Denmark. This pilot project is a frontrunner to 

investigate the mechanisms and operation of such green transition. The global electricity  

 

Figure 1-1 Global fossil fuel consumption and CO2 emission [2, 3]. 
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Figure 1-2. Global CO2 emission share in 2019 [5]. 

 

Figure 1-3. Global power generation [11]. 
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generation is depicted in Figure 1-3. As observed in this figure, the share of power generation 

from renewables shows a continuous upward trend. It is also anticipated that solar and wind-

powered energy constitutes more than half in the middle of this century.  

Currently, most renewables are interfaced into power system based on power electronic devices. 

Two typical structures of wind generation, type 3 (doubly fed induction generator (DFIG)) and 

type 4 wind turbine generators (full size converter generator) are shown in Figure 1-4. The 

permanent magnetic synchronous generator (PMSG) and squirrel-cage induction generator 

(SCIG) are generally implemented for type 4 wind model [12, 13]. The stator of DFIG is 

directly connected to grid while the rotor is interfaced into network through a back-to-back 

(B2B) converter. The B2B converter physically decouples the turbine of type 4 wind generators 

and AC network. All the extracted power from wind is fed into system through the converter. 

Therefore, the requirement of converter capacity is usually larger than that of DFIG. Figure 1-

5 illustrates the topology of two-stage photovoltaic (PV) system. The output power from solar 

cells is maximised through a commonly used DC-DC converter and the PV inverter exports 

the power to grid. 
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Figure 1-4. Schematic diagram of wind generation [12, 14]. (a) Type 3. (b) Type 4.  

 

Figure 1-5 Schematic diagram of PV generation. 

Apart from the structure change in generation side, more power electronics are also introduced 

into transmission system. Due to the disadvantages of High Voltage Alternative Current 
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(HVAC) transmission technologies concerning the increasing power losses and reactive 

compensation under long-distance transmission condition [15], more and more High Voltage 

Direct Current (HVDC) projects have been carried out since the first commercial application 

in 1954. The total HVDC projects in operation and under construction/planning by 2020 are 

demonstrated in Figure 1-6. The advanced controllability of Voltage Source Converter (VSC) 

HVDC in terms of active and reactive power makes it more preferred than Line Commutated 

Converter (LCC) HVDC [16]. The VSC HVDC also shows it superiority for remote offshore 

wind power transfer as such large wind farms are always far away from main 

 

Figure 1-6. Summary of HVDC Projects in 2020 [17]. 

 

Figure 1-7. Schematic diagram of VSC HVDC. 
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grid and VSC HVDC can provide grid support [18, 19]. The typical topology of VSC HVDC 

is demonstrated in Figure 1-7 and it can be utilised to interconnect two asynchronous systems. 

Besides, the implementation of Flexible AC Transmission System (FACTS) is capable of 

strengthening network and increasing transferred power [20-22]. The development and 

evolution of HVDC technology also makes it viable to form a multi-terminal DC (MTDC) 

transmission grid. Some MTDC demonstration projects have been conducted in China [23, 24]. 

It is expected that massive loads like household and industrial devices will be interfaced to grid 

with power electronic converters in the future [25]. The incentive polices and cost reduction of 

electricity from renewables make transport sector less dependent on fossil fuel energy. Figure 

1-8 depicts the significant growth of electric vehicles (EVs) and new passengers are more likely 

to buy EVs in the long term as shown in Figure 1-9. These aggregated EVs can be considered 

as smart loads which can be charged or discharged through power converters. Besides, 

distributed generation (DG) like city renewables [26] and energy storage system  

 

Figure 1-8. Global electric vehicle stock [27]. 
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Figure 1-9. Global long-term passenger EV adoption [28]. 

(ESS) can be regarded as generalised flexible converter-based loads [29]. These non-

conventional loads introduce changes of structure and characteristics to electrical demand. 

Therefore, power grid is experiencing the transition to a power electronics dominated system 

from the perspectives of generation, transmission and load. However, the increasing 

permeability of power electronics will result in a decline of system inertia level. This leads to 

a weak grid caused by the phase-out of SGs [30, 31] and systems become more susceptible to 

disturbances. For traditional SG, the stored kinetic energy in rotor can afford reasonable inertia 

to resist frequency variations. The converter-interfaced units (wind and solar plants) are 

generally operated in a way that is independent on system frequency and they have limited 

contribution to system inertia [32-34]. Consequently, the inertia-less devices will degrade 

frequency stability and introduce large frequency excursions [35, 36]. Besides, the challenges 

on the rate of change of frequency (ROCOF) and frequency nadir under extreme conditions 

will activate protection systems more frequently which may result in load shedding and 
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generator trip [31, 35, 37]. The Australia system blackout in 2016 and recent UK system 

disruption event in August 2019 reveal that low inertia level may degrade system resilience to 

disturbances[33, 38]. To address these critical inadequate inertia issues, virtual synchronous 

machine (VSM) or virtual synchronous generator (VSG) [39, 40] control was proposed to equip 

converters with inertia provision capability by emulating the swing equation of traditional 

synchronous generator (SG). The architecture of a VSM controlled power electronic system is 

demonstrated in Figure 1-10. 

 

Figure 1-10. Power electronic dominated system with VSM control [41]. 

1.1.2 The Sub-synchronous Oscillation of Wind Farms in Series 

Compensated Network 
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The global initiative to create a low-carbon environment promotes substantial integration of 

renewable energy. The total worldwide installed capacity of wind generation reaches to 733.3 

GW in 2020 [42]. However, renewable generations especially large-scale wind farms or solar 

plants are usually located in remote areas and are far away from load centre. Therefore, 

renewables are weakly connected to main grid. The electricity from wind and solar resources 

in Three-North region of China needs to be transmitted to Southeast demand centre and the 

transmission length is even over 3000 km [43, 44]. The great potential of wind energy from 

sea facilitates the development of offshore wind farms and the distance to onshore main grid is 

expected to be longer because of more favourable wind conditions. The distance of North Sea 

offshore wind plants can reach to 200 km from shore [45]. 

The series compensation technology is widely implemented to transmission network to 

improve power transfer capability which is limited by weak grid [46]. However, there is a 

potential risk of sub-synchronous oscillation (SSO) caused by the interaction between wind 

farms and series compensated network [47-52]. It is found that converter controllers take main 

responsibilities for this sub-synchronous controller interaction (SSCI) phenomenon. The 

unexpected sub-synchronous resonance from phase-locked loop (PLL) may excite SSO and 

such adverse effect will deteriorate system stability [49-52]. 

Alternatively, the power converters can be also synchronised to grid based on regulating active 

power, (e.g., VSM control) rather than using PLL [53]. The typical control structures of these 

two methodologies are depicted in Figure 1-11. Comparing to DFIG-based wind farm, PMSG-

based wind farm is taking an increasingly share especially in larger offshore wind farms due to 

its superiority of on-grid performance and generation efficiency [54-57]. Therefore, the sub- 
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Figure 1-11. Schematic diagram of synchronization technologies. (a) Voltage-based 

synchronization - PLL. (b) Power-based synchronization - VSM. 

synchronous stability analysis of PMSG-based wind farm with these two synchronization 

technologies in series compensated network should be explored. 

1.1.3 The Low Frequency Oscillation in Power System 

Low-frequency oscillation (LFO) is one of the main concerns in power system especially for 

large inter-connected areas. This inherent phenomenon in traditional power system is caused 

by power imbalance between SGs. When the equilibrium between electrical torque and 

mechanical torque is disturbed, power systems will suffer a long-period oscillation without 

adequate damping. The local mode (1~2Hz) includes oscillatory devices in the same area while 

inter-area mode (0.1~1.0 Hz) is related to coherent generator groups in different areas. The 
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electro-mechanical oscillation can degrade system stability margin e.g., limiting power transfer 

capability of cross-reginal grids or leading to blackout events  [58-60].  

The increasing renewable generation which replaces rotational generators will reduce system 

inertia and thus pose challenges to LFOs (why not damping) [61]. It is found that high 

penetration of PV plants or wind farms has adverse impact on supressing electro-mechanical 

oscillatory modes [62, 63]. VSM control has been extensively studied for renewable energy to 

improve system inertia under external disturbances. However, new LFOs related to VSM will 

be inevitably introduced since VSM emulates the behaviour of SG. Therefore, the coordinated 

control of multiple VSMs to damp LFOs should be investigated. 

1.1.4 The Forced Oscillation in Power System 

The forced power oscillation has attracted increasing attention due to recorded occurrences in 

real power system and its severer perniciousness than traditional LFOs [64-68]. Different from 

natural LFOs which are mainly caused by inadequate system damping, the forced power 

oscillation can be excited when there is sustained external disturbance. And the oscillation 

magnitude is more prominent if disturbance frequency is in the proximity of natural mode [64, 

65, 69-71].  

Many external persistent perturbations can induce forced oscillation. The perturbation from 

hydro plant mechanical turbine can lead to an undesired forced power oscillation [71]. An 

forced oscillation phenomenon was also observed due to the malfunction of power system 

stabiliser (PSS) [72]. [73] indicates a serious forced oscillation event caused by interaction 

between a sustained disturbance from incorrect manipulation of steam extractor control and an 

inter-area mode. Apart from main forced oscillation sources from traditional generators, the 
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increasing integrated renewables also pose significant challenges on system operation in terms 

of forced oscillation. The wind shear and tower shadow effects lead to mechanical torque 

fluctuation [74-77] which brings negative effect to system stability and even introduces forced 

power oscillation. Additionally, the turbine vibration of floating wind farm can also be a 

potential power fluctuation source [78]. The periodic power variation caused by solar radiation 

and its effects on system forced oscillation are studied in [79]. 

Due to the inherited oscillation characteristics from SGs, the impacts of VSM-controlled 

converters on system forced oscillation should be studied. 

1.2 Research Aim, Objectives and Contributions 

1.2.1 Project Aim and Objectives 

Based on the literature review and research gaps identified in Chapter 2, the aim of this PhD 

thesis is focused on the analysis of VSM control strategy on power system stability, and the 

main research objectives of this doctoral thesis are to: 

• Develop a PMSG-based wind farm with VCC scheme and VSM control respectively in 

series compensated grid for SSO analysis. 

• Investigate and compare the sub-synchronous stability of PMSG-based wind farm with 

PLL-based and PLL-less methodologies, respectively. 

• Investigate the impacts of multiple VSMs on system LFOs. 

• Develop Prony based modelling approach for large scale power system. 

• Develop a coordinated supplementary damping control (SDC) for multiple VSMs to 

improve system damping performance. 
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• Develop mathematical model of forced oscillation in power system with VSM. 

• Investigate the impacts of VSM on forced oscillation characteristics and validate the 

analytical results. 

1.2.2 Technical Contributions of The Thesis 

The main contributions of this research work are summarised as follows: 

• The mathematical modelling of PMSG-based wind farm with series compensated 

transmission lines is developed in detail. The system performance with VCC and VSM 

control are compared by modal analysis and time-domain simulations. The eigenvalue 

locus and participation factor reveal that the SSO mode of PLL-based system is dominated 

by the interactions between PLL and series compensated network. On the contrary, VSM 

is not actively engaged in this mode. Therefore, the virtual inertia and damping from VSM 

can be flexibly designed without compromising the system sub-synchronous stability.  

• The decentralised sequential approach is proposed to make supplementary damping 

controllers of multiple VSMs to work cooperatively. It is revealed that VSMs participate 

in low-frequency modes significantly. The auxiliary damping is achieved by equipping 

VSM with virtual PSS (VPSS). The Prony method is utilised to extract system low-

frequency modes which facilitates the estimation of oscillatory pattern in large power 

systems. The undesired interactions between supplementary damping controllers can be 

reduced with sequential approach. The proposed control can improve system damping 

performance and it even can accommodate the application of high virtual inertia from 

VSM. 
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• The impacts of VSM on power system forced oscillation are thoroughly investigated with 

mathematical analysis and time-domain simulations. The mathematical analysis based on 

infinite bus system and multi-machine system is conducted to demonstrate how the 

characteristics of forced oscillation are affected by VSM. Increasing system damping or 

separating disturbance frequency and natural mode frequency can suppress oscillation 

magnitude. Comparing to VCC, VSM may exaggerate forced oscillation due to the 

resonance effect between natural LFO and external sustained disturbance. 

1.3 Thesis Outline 

Based on the introduction above, the outline of this thesis is described as follows.  

Chapter 2: A literature review concerning VSM control is presented in this chapter. The 

research focus related to VSM is reviewed in detail. 

Chapter 3: This chapter aims to conduct sub-synchronous stability analysis of PMSG-based 

wind farm in series-compensated network. The PMSG with VCC and VSM schemes are 

developed based on detailed modelling. The small signal analysis is carried out to analyse 

system stability under different conditions. The time-domain simulation is provided to validate 

relevant analysis. 

Chapter 4: The coordinated supplementary damping controller design of multiple VSMs is 

investigated in this chapter. The principles of decentralised sequential approach are explained 

first and then simulation results are presented to validate the effectiveness of proposed method.  
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Chapter 5: The focus of this chapter is analysing the impacts of VSM on power system forced 

oscillation. The mathematical analysis is conducted based on an infinite bus system and a multi-

machine system. In addition, simulation results are demonstrated to verify the analytical results. 

Chapter 6: This chapter concludes the doctoral research and indicates possible work that could 

be conducted in the future. 

The thesis structure and technical roadmap are presented in Figure 1-12. Chapter 1 and Chapter 

2 explain the motivations of this research and give a brief introduction about VSM-related 

issues. Then system oscillations with VSM are investigated in the sub-synchronous frequency 

range and electro-mechanical range which are presented in Chapter 3, Chapter 4 and Chapter 

5, respectively. Based on the research of Chapter 4, the resonance between natural LFO and 

sustained disturbance which is also called forced oscillation is explored in Chapter 5. 

 

Figure 1-12. Structure and roadmap of the thesis.  
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CHAPTER 2 LITERATURE REVIEW 

2.1 Virtual Synchronous Machine Control 

The necessary inertia and damping from mechanical rotor and amortissuer windings of 

traditional SG can guarantee the stable operation of power system. Different scenarios of 

emulating electro-mechanical and electromagnetic dynamics of SG have been discussed in [80]. 

The core of VSM control is incorporating the second-order rotor dynamics of SG into VSC 

active power control loop [39, 40, 81]. Although there is no physical rotational unit in 

converters, the imitation of swing equation can be achieved with the utilization of energy 

storage elements (e.g. rotor of generators [82, 83], energy storage system [84] and DC-link 

capacitor [85]). The equivalent emulation is demonstrated in Figure 2-1 and can be represented 

using following equation (The system quantities are given in per unit if not specified). 

 {
2𝐻

𝑑𝜔𝑣𝑖𝑟

𝑑𝑡
= 𝑃𝑚 − 𝑃𝑒 + 𝐾𝑑(𝜔𝑛 −𝜔)

𝑑𝛿𝑣𝑖𝑟

𝑑𝑡
= 𝜔𝑏𝜔𝑣𝑖𝑟

 (2-1) 

where 𝑃𝑚 and 𝑃𝑒 are the virtual prime mover power from DC side and converter output active 

power; 𝐻 and 𝐾𝑑 are the virtual inertia constant and virtual damping coefficient. The virtual 

inertia contributes to regulating the rate of change of frequency within acceptable range [86]. 

Virtual inertia constant 𝐻 represents the per-unit value of inertia [34, 37]. The typical values 

of 𝐻 are chosen in the same level with conventional SGs (0~10s) [83, 87]. 𝜔𝑏 and 𝜔𝑣𝑖𝑟 are the 

base frequency and generated virtual angular frequency; and 𝛿𝑣𝑖𝑟 is the virtual phase angle 

which is used for synchronous reference frame (SRF) transformation. It is claimed in [88] that 

the use of nominal frequency 𝜔𝑛 will lead to steady-state deviation if grid frequency changes. 
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Therefore, the detected frequency 𝜔𝑔  from PLL is fed into the active power loop as PLL-

related instability is not introduced with this alternation [85]. Instead of imitating the damping 

function based on swing equation, the virtual damping can be provided analogous to the 

dynamics of SG’s transient/sub-transient reactance [89]. 

 

Figure 2-1 Emulation of SG. 
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In this thesis, the virtual excitation control which can enhance system transient performance 

[90] is implemented for the reactive power loop and this can be represented as below, 

 𝐾
𝑑𝐸𝑚

𝑑𝑡
= 𝐷𝑞(𝑉𝑟𝑒𝑓 − 𝑉𝑡) + (𝑄𝑟𝑒𝑓 − 𝑄𝑒) (2-2) 

where 𝑉𝑟𝑒𝑓 , 𝑉𝑡 and 𝐸𝑚 are the voltage reference, terminal voltage and generated virtual voltage 

magnitude; 𝐷𝑞 and 𝐾 are the virtual droop coefficient and virtual excitation coefficient. 

Besides, the implementation of virtual impedance is to improve controller flexibility and 

enhance system performance. The VSM control with algebraic virtual impedance [91, 92] is 

shown in Figure 2-2. where 𝑖𝑑𝑞 is the measured system current, and the virtual impedance is 

equal to 𝑍𝑣 = (𝑅𝑣 + 𝑗𝜔𝐿𝑣). 

Apart from virtual impedance, the cascaded control structure [40] which considers the 

dynamics of LC filter is also applied to achieve fast voltage or current tracking. The control 

structure is depicted in Figure 2-3. If the dynamics of capacitors are not considered in the 

control loop, then the control structure is rearranged as illustrated in Figure 2-4. This scenario  

 

Figure 2-2. VSM control with algebraic virtual impedance. 
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Figure 2-3. VSM control with cascaded voltage-current loop. 

 

Figure 2-4. VSM control with cascaded current loop. 
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Figure 2-5 Synchroverter control strategy [94]. 
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required for existing converter control, the system frequency from PLL is required and the 

converter cannot work independently (e.g., the islanding mode). 

The VSM control has been extensively studied for power converters. For generation system, 

the VSM control equips DFIGs with frequency support capability to stabilise system when 

suffering frequency disturbances [82]. A method which combines multiple virtual inertia loop 

was proposed to improve the maximum power tracking of PMSG without compromising the 

inertial response under various wind speed [83]. The VSM control is applied to the DC/AC 

converter of PV generation and enables PV system to have grid-forming capability [98]. At 

transmission level, the secondary frequency regulation is incorporated into VSM and this 

control is implemented for a VSC HVDC system [99]. It is claimed in [100] that VSM control 

with adaptive droop for MTDC network can improve system inertia level and decrease 

frequency deviation. The VSM is also examined for a low frequency ac transmission (LFAC) 

system with modular multilevel matrix converters (M3C) [101]. As more power electronic 

loads are connected to grid, the implementation of VSM enables loads to actively participate 

in frequency regulation. The ‘plug and play’ feature makes loads more friendly and reliable to 

power system [80, 102-104].  

2.2 The Sub-Synchronous Stability of PMSG-Based Wind Farm  

Wind farms are normally geographically far away from consumer side, therefore, the power 

from wind generation needs to be transferred via long-distance transmission lines [54, 105]. 

However, unsatisfactory power transfer capability under this condition limits further expansion 

of wind farms. The construction of new transmission lines is an option to accommodate power 

transfer from increasing installations of wind farms. Nevertheless, the investment on new 
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infrastructure is non-economical scheme [106]. The alternative, fixed-series capacitor, is 

popularly applied in long transmission system to decrease the electrical distance and thus to 

increase power transfer capability [105].  

However, the interactions between wind farms and series compensated network may adversely 

affect system stability by introducing SSO. Generally, the frequency of SSO ranges from 5 to 

55Hz with a grid frequency of 60 Hz [107]. The traditional SSO can be classified into sub-

synchronous resonance (SSR), sub-synchronous torsional interaction (SSTI) and SSCI [106]. 

The wind farm-based SSCI is an emerging focus and the first real-world SSO event is observed 

in south Texas power grid where the DFIG-based wind farm is radially connected to a line with 

50% compensation level after a line fault. Similar oscillations are then reported in Buffalo 

Ridge area of Minesota and Guyuan power system of China [48, 108]. Since then, the SSO 

which potentially threats the reliable operation of wind farms has attracted increasing attention 

from researchers.  

The previous SSO accidents recorded are mainly from DFIG-based wind farm, however, this 

oscillation was also investigated for PMSG-based wind farm. It is claimed that the PMSG is 

immune to SSO with stiff grid  [50, 109] while the connected grid is not always strong enough. 

The PMSG-based wind farm in Xinjiang, China experiences a SSO event [54] and it is revealed 

that the passive characteristics of PMSG lead to such oscillation. The resonance effect from 

phase-locked loop (PLL) may excite SSO which will degrade system stability [49]. [50] 

investigated the sub-synchronous stability of PMSG in a series compensated network and it is 

found that grid-side controllers dominate the SSO mode. The interaction between weak grid 

mode which is affected by PLL and RLC transmission line mode will introduce unstable sub-
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synchronous power oscillation [51]. It was also implied that the synchronization loop based on 

PLL may impose stress on system stability in the sub-synchronous frequency range [52]. 

Since there is a potential risk of sub-synchronous instability caused by PLL’s dynamics, the 

alternative VSM control is introduced [39, 40]. Such PLL-less methodology can provide virtual 

inertia support to system whose inertia level is lowered by the integration of power-electronics 

interfaced devices. On the other hand, the VSM makes power converters to synchronise with 

AC grid by emulating the behaviour of SG without introducing instability caused by PLL. The 

power synchronization technique was proposed for VSC-HVDC in [46, 110] and it is reported 

that it has stronger voltage support and higher stability margin under weak grid condition. The 

dynamics of DC-link capacitor was utilised to achieve grid synchronization rather than using 

PLL [85, 96, 111]. Such synchronization technique is also implemented to DFIG- and PMSG-

based wind farms by utilizing the energy stored in rotors and the VSM controlled wind farm 

permits better performance even in weak grid [82, 83].  

There are multiple methods to analyse the SSO of wind farm. The sub-synchronous stability of 

converter-based devices under different conditions can be evaluated with small-signal analysis 

method. The system dynamics are described with explicit state-space model and then linearised 

at the equilibrium point of interest. The modal analysis including eigenvalue locus, 

participation factor and sensitivity analysis [112-114] can be utilised to accurately explore the 

factors which will affect system stability in the sub-synchronous frequency range [50, 105, 

115]. The impedance-based modelling in phasor domain or 𝑑𝑞 domain can also be utilised to 

analyse system stability from the perspective of the interaction between equivalent converter 

impedance and grid impedance. The system stability is evaluated based on Nyquist criterion or 

General Nyquist criterion [51, 116, 117] which provides an insight into the passive 
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characteristics of converter impedance [118, 119]. In addition, the sub-synchronous stability of 

wind farm can be assessed with complex torque method which has been widely used for 

analysing the stability of SG [120]. The equivalent negative damping contributed by the 

interaction of control loops in converters can destabilise power system [121-123]. 

Based on the literature review above, following research gaps and research opportunities are 

identified. 

• Due to the fact that undesired SSO may be induced by PLL, the sub-synchronous stability 

of PMSG-based wind farm with VSM will be a research topic of interest.  

• As few papers focus on comparing the sub-synchronous stability of PMSG with different 

control strategies, a detailed model for VSM-controlled wind farm in series compensated 

network is established and hence its performance can be compared with PLL-based 

system. 

• It will be useful to carry out modal analysis to provide comprehensive information and 

reveal the dominant factors responsible for system stability in the sub-synchronous 

frequency range. 

2.3 Low-Frequency Oscillation Related to VSM 

VSM control can provide frequency support for power system by emulating the inertial 

responses of SG. Notwithstanding, undesired power oscillation issues are also inherited. The 

power oscillation is prone to occurring during load transients between VSM and SG devices 

due to inertia difference [124]. It was reported in [125] that the system suffers from undamped 

low-frequency instability because of considerable grid resistance and the undesired coupling 
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between active power and reactive power. [126] explained the resonance instability among 

parallel operated SG and VSM in the vicinity of natural frequency and stated that it is caused 

by the combination of governor and inertia characteristics.  

However, most of existing studies are mainly focused on small systems [124-127]. On the other 

hand, LFO is one of the major concerns for large power systems [88] especially under bulk 

power transfer between weakly connected power grids. The oscillatory behaviour is more 

prominent when the capacity of VSM controlled devices, e.g. VSC-HVDC, is similar to SGs 

[88, 128]. Generally, there are several methods to suppress system power oscillations in the 

low-frequency range. Reducing the stress of critical tie-lines by limiting transferred power can 

effectively mitigate LFOs [129]. However, this uneconomical method leads to the under-

utilization of transmission paths [130]. The damping of LFOs contributed by aggregated loads 

was investigated in [129] while this technique requires significant participation and frequent 

controller reconfiguration from abundant loads at the instant of needs. The adjustment of VSM 

internal control parameters such as inertia and damping/droop coefficients are investigated in 

[125, 131] to improve system damping performance. However, it is also described that 

adjusting such parameters have limited impacts on system oscillation damping [132] and 

smaller inertia constant or larger damping coefficients can even degrade system behaviour [127, 

133, 134]. The virtual reactance was introduced to improve system damping performance [81], 

however, the virtual  reactance can lead to reactive power calculation error and the research 

works were demonstrated with limited simulation studies [134].  

In addition, some other methods were also proposed by employing additional stabilizing signal 

into controllers to improve system damping [133, 135-137]. The auxiliary damping can be 

provided via active power modulation or reactive power/voltage modulation. These schemes 
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have been extensively studied for renewables. [138] proposed a supplementary controller by 

regulating active power commands to provide additional damping. On the contrary, the 

supplementary signal is added to the reactive power reference to achieve LFOs damping [139]. 

A double-channel damping controller which combines the two supplementary algorithms 

above are added to the active power and reactive power control loops of DFIG’s rotor side 

converter to suppress LFOs [140]. Similarly, the application of SDC was also presented for 

VSMs. An improved damping control by modifying the voltage magnitude loop was introduced 

to VSM [133]. [136] proposed a strategy which implements the combination of power feedback 

signal and derivative of virtual frequency feedback signal into active power loop to enhance 

the damping of VSM. The implementation of identification-based hierarchical control was 

investigated in [135] and this supplementary signal was also added into the real power loop. 

However, considering the potential risk of introducing torsional oscillation when injecting 

supplementary signal into active power loop if the prime mover power of VSM comes from 

wind turbines [130, 141], the additional damping signal is applied to reactive loop in this thesis. 

As virtual excitation control is implemented, the supplementary signal is employed to voltage 

droop loop rather than directly regulating the internal voltage magnitude like [133]. Therefore, 

it equips the VSM with a VPSS. This PSS-based control can provide one more degree of 

freedom to enhance system damping performance and it is easy to be implemented in practice. 

The coordinated damping control for multiple VSMs is particularly useful to reduce the 

undesired coupling between them and also increase the damping of multiple dominant system 

oscillation modes [142-144]. Generally, the coordinated control can be categorised into a multi-

input-multi-output (MIMO) centralised control or a decentralised control [145] which usually 

decouples the system into multiple loops of single-input-single-output (SISO) one . Re-
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organizing a MIMO control problem into SISO control issue makes it more viable and 

attractive for practical power system. Besides, the centralised control is highly dependent on 

communication, therefore, it increases the system investment, system control complexity and 

decreases system reliability when there is a loss of communication [146]. The communication-

less decentralised coordination control with a local structure is therefore more preferable. The 

sequential approach is generally implemented to design controllers for a group of devices. A 

series of coordinated controllers for multiple FACTS devices are designed and studied with 

sequential strategy in [144].  Similarly, the sequential design method is utilised to ensure 

multiple damping controllers of VSMs to work cooperatively. 

Generally, there are two mainstream techniques, viz., eigenvalue-based approach and 

measurement-based method which can be implemented to obtain modal properties of power 

system [147]. The modal analysis is subject to system modelling details which is not practical 

for large power systems. Fortunately, with the application of phasor measurement unit (PMU), 

it is possible to timely record the dynamic behaviours of power system and sample data for 

further processing. The measurement-based approach identifies system modes by the 

approximate linear reconstruction of a system from sampled data. The Matrix Pencil method, 

Eigenvalue Realization Algorithm (ERA), Hilbert-Huang Transformation (HHT) and Prony 

method can be utilised to analyse system modes information from ring-down measurements 

[148-151]. 

The research gaps and challenges based on aforementioned literature review are identified as 

below: 

• Due to the potential massive application of VSMs and limited research work revealing the 
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impacts of multiple VSMs on system LFOs, the interactions between multiple VSMs and 

power systems will be of great interest. 

• Considering the complexity of modelling large-scale power system in detail, the 

measurement-based approach is developed to identify system characteristics, i.e., Prony 

method is implemented to equivalently model system with VSMs in the frequency range 

of interest. 

• In this situation, the coordinated design of SDCs for multiple VSMs becomes an important 

yet challenging research topic. To achieve the coordination, a decentralised sequential 

approach combined with Prony based modelling approach becomes attractive due to its 

merit of simple and feasible implementation vs centralised design and this will be 

investigated in this section. 

2.4 Forced Oscillation Related to VSM 

The forced oscillation is a resonance phenomenon between natural LFO modes of power grid 

and external periodic disturbance. This interaction between forced oscillation source and 

natural oscillatory modes in bulk power system will highly magnify the resonance [66] which 

may jeopardise system stability. A forced oscillation accident was recorded in power grid of 

southern China as shown in Figure 2-7. Based on the component analysis of real-world forced 

oscillation event, the frequency of forced oscillation is near the intrinsic LFO modes, ranging 

from 0.1~2 Hz. The damping ratio of forced oscillation near zero or even negative [64, 65]. 

The forced oscillation will persist continuously which even lasts more than one hour [152] 

unless the disturbance source is removed.  
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(a) 

 

(b) 

Figure 2-7 Recorded forced oscillation in China Southern Power Grid. (a) Oscillation from 

Luoping to TSQ. (b) Selected data of first oscillation [64]. 

The adverse effects from forced oscillation accidents which have been reviewed in [66] can 

lead to significant power loss, equipment damages or even system break-down. In order to 

reduce the risk of forced oscillation, necessary measures should be taken to lighten such stress. 

The most efficient method is accurately locating the oscillation source and removing it [152]. 

Some methods have been proposed which aim to identify the forced oscillation characteristics 

First oscillation event Second oscillation event
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and locate the perturbation source with PMU. The power spectrum density (PSD) can be 

utilised to estimate the sinusoidal characteristics of forced oscillation [152]. The oscillation 

mode angle which indicates the direction of power flow is adopted as an index to justify the 

source location [66]. A Bayesian approach was proposed to identify the location of forced 

oscillation  source and it was designed to address the noise of data and uncertainties of 

generators [153]. A comprehensive review summarises existing methods to locate the 

oscillation source in power system [154]. 

Considering the challenges to locate original forced oscillation  source in a timely manner [66], 

some remedial methods which can provide more time for source location  are researched to 

supress forced oscillation magnitude. The utilisation of extra energy from ESS was investigated 

to attenuate forced oscillation energy [66, 68, 155]. The dynamics of DC-link capacitor in 

PMSG and VSC-HVDC are directly incorporated into control systems to supress the amplitude 

of forced power oscillation without additional investment [77, 156]. However, the effectiveness 

of such method is not evident due to the limited size of DC capacitor. 

Based on the literature review above, it has been found that current studies of forced oscillation 

are mainly based on SGs and renewables with traditional VCC. Since VSM is prone to 

participating in LFO, the interaction between VSM and external sustained disturbance may 

cause serious resonance and excite forced oscillation. However, the impacts of VSM on forced 

oscillation are rarely studied and this leads to the research objective which aims to investigate 

the forced oscillation of power system with VSM.  

 



32 

 

CHAPTER 3 SUB-SYNCHRONOUS 

STABILITY ANALYSIS OF PMSG-

BASED WIND FARM IN SERIES 

COMPENSATED AC NETWORK 
 

3.1 Introduction 

This chapter investigates the sub-synchronous stability of PMSG-based wind farm in series 

compensated network using VSM and compares its control performance with that of PLL-

based VCC. The detailed mathematical model of PMSG-based wind farm with series 

compensated network is established in Section 3.2. The state-space model is developed in 

Section 3.3 and the impacts of compensation level and number of wind turbines are investigated 

via modal analysis. Relevant time-domain simulations are also carried out to validate the 

analytical results. The major findings are summarised in Section 3.4. 

3.2 Mathematical Model of PMSG-Based Wind Farm with Series 

Compensated Transmission Network 

The schematic diagram of studied system is illustrated in Figure 3-1. The total capacity of wind 

farm is 100MW (2.5MW×40) and its power is transferred into 220 𝑘𝑉AC system through a 

series compensated transmission line. An aggregated model is built to represent the whole wind 

farm [115].  
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Figure 3-1 Schematic diagram of PMSG-based wind farm. 

3.2.1 Modelling of Wind Turbine and Drive Train 

The wind energy is converted into electricity through a wind turbine system. The extracted 

mechanical power through wind turbine is presented as: 

 𝑃𝑚 = 𝐶𝑃(𝜆, 𝛽)
𝜌𝐴

2
𝑉𝑤
3 (3-1) 

where 𝐶𝑃(𝜆, 𝛽) is the utilization coefficient, 𝜆 is the speed ratio (𝜆 = 𝜔𝑟𝑅/𝑉𝑤), 𝜔𝑟 is the rotor 

speed, 𝑅 is the radius of blade, 𝛽 is the pitch angel (𝛽 = 0𝑜 if the wind speed is below rated 

value), 𝜌 is the air density, 𝐴 is the swept area of wind blade and 𝑉𝑤 is the wind speed. And 

𝐶𝑃(𝜆, 𝛽) can be further expressed as [157]: 

 {
𝐶𝑃(𝜆, 𝛽) = 𝑐1 (

𝑐2

𝜆𝑖
− 𝑐3𝛽 − 𝑐4) 𝑒

−
𝑐5
𝜆𝑖
 
+ 𝑐6𝜆

1

𝜆𝑖
=

1

𝜆+0.08𝛽
−

0.035

𝛽3+1

 (3-2) 
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where 𝑐1~𝑐6 are the characteristic coefficients and they are dependent on the wind turbine 

structure. The characteristics of 𝐶𝑃(𝜆, 𝛽) and 𝑃𝑚 (𝛽 = 0°) are depicted in Figure 3-2. 

 

(a) 

 

(b) 

Figure 3-2 Diagram of wind turbine characteristics. (a) 𝐶𝑃(𝜆, 𝛽). (b) 𝑃𝑚 (𝛽 = 0°). 
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Figure 3-3 Schematic diagram of wind turbine. 

The pitch angle control is given as: 

 𝑇𝑝𝑖𝑡𝑐ℎ
𝑑𝛽

𝑑𝑡
= 𝑘𝑝,𝑝𝑖𝑡𝑐ℎ(𝜔𝑟 − 𝜔𝑟

∗) − 𝛽 (3-3) 

where 𝑘𝑝,𝑝𝑖𝑡𝑐ℎ and 𝑇𝑝𝑖𝑡𝑐ℎ are pitch control coefficients, 𝜔𝑟
∗ is the reference. The model of wind 

turbine is illustrated in Figure 3-3.  

The wind turbine rotor is directly connected to generator and therefore the dynamics of drive 

train can be established as [158]: 

 2𝐻𝑔
𝑑𝜔𝑟

𝑑𝑡
= 𝑇𝑚 − 𝑇𝑒 (3-4) 

where 𝑇𝑚 and 𝑇𝑒 are the mechanical and electrical torque, 𝐻𝑔 is the inertia constant. 

3.2.2 Modelling of Generator 

The motor convention is adopted (The current flows from grid to machine) and generator is 

modelled in synchronous rotating 𝑑𝑞  reference frame. The equations are based on the 

following Park Transformation matrix [159].  
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 𝑻𝒂𝒃𝒄−𝒅𝒒 =
2

3

[
 
 
 
 

−
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3
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3
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2𝜋

3
) −𝑠𝑖𝑛 (𝜃 +

2𝜋

3
)

1

2

1

2

1

2 ]
 
 
 
 

 (3-5) 

If 𝑑-axis is aligned with rotor flux linkage, the equation of generator is developed as: 

 

{
 
 

 
 𝑉𝑠𝑑

𝑟 = 𝑅𝑠𝑖𝑠𝑑
𝑟 − 𝜔𝑟𝐿𝑠𝑞𝑖𝑠𝑞

𝑟 + 𝐿𝑠𝑑
𝑑𝑖𝑠𝑑

𝑟

𝑑𝑡

𝑉𝑠𝑞
𝑟 = 𝑅𝑠𝑖𝑠𝑞

𝑟 + 𝜔𝑟(𝐿𝑠𝑑𝑖𝑠𝑑
𝑟 + 𝜓𝑓) + 𝐿𝑠𝑞

𝑑𝑖𝑠𝑞
𝑟

𝑑𝑡

𝑇𝑒 = 𝜓𝑓𝑖𝑠𝑞
𝑟 + (𝐿𝑠𝑑 − 𝐿𝑠𝑞)𝑖𝑠𝑑

𝑟 𝑖𝑠𝑞
𝑟

 (3-6) 

where 𝑖𝑠𝑑
𝑟 , 𝑖𝑠𝑞

𝑟 , 𝑉𝑠𝑑
𝑟 , 𝑉𝑠𝑞

𝑟  are the 𝑑-axis and 𝑞-axis current and voltage of stator windings. 𝐿𝑠𝑑 and 

𝐿𝑠𝑞 are the stator inductance, 𝑅𝑠 is the stator resistance. 𝜓𝑓 is rotor flux linkage (this value is 

usually a constant). The equivalent circuit is shown in Figure 3-4. The superscript ‘𝑟’ represents 

variables which are in rotor-side 𝑑𝑞 reference frame. 

 

Figure 3-4 Equivalent circuit of generator. (a) 𝑑-axis. (b) 𝑞-axis. 
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3.2.3 Modelling of Back-to-Back Converter 

The B2B converter is assumed to be ideal and therefore the converter loss is not considered. 

The power balance equation of DC capacitor is established as: 

 

{
 

 𝐶𝑑𝑐𝑉𝑑𝑐
𝑑𝑉𝑑𝑐
𝑑𝑡

= 𝑃𝑔−𝑃𝑠
𝑃𝑠 = 𝑇𝑒𝜔𝑟

𝑃𝑔 = 𝑉𝑐𝑑
𝑔
𝑖𝑔𝑑
𝑔
+𝑉𝑐𝑞

𝑔 𝑖𝑔𝑞
𝑔

 (3-7) 

where 𝐶𝑑𝑐 is the DC capacitance, 𝑉𝑑𝑐 is the DC voltage of capacitor, 𝑃𝑔 and 𝑃𝑠 are the power 

from grid side converter (GSC) and rotor side converter (RSC), 𝑖𝑔𝑑
𝑔
, 𝑖𝑔𝑞
𝑔
, 𝑉𝑐𝑑

𝑔
, 𝑉𝑐𝑞

𝑔
 are the current 

and voltage at GSC. The superscript ‘𝑔 ’ represents variables which are in grid-side 𝑑𝑞 

reference frame. 

(1) Model of Rotor Side Converter 

According to generator equations, the block diagram of RSC controller is illustrated in Figure 

3-1. The RSC aims to maintain DC voltage balance due to its superiority in terms of fault ride 

through capability and torsional damping [160-162]. The d-axis current is controlled to zero 

and q-axis current is controlled by the dynamics of DC voltage. The controller equations are 

developed as: 

 
𝑑𝑥1

𝑑𝑡
= 𝑉𝑑𝑐 − 𝑉𝑑𝑐

∗  (3-8) 

 {
𝑖𝑠𝑑
∗ 𝑟 = 0

𝑖𝑠𝑞
∗ 𝑟 = (𝑘𝑝1 +

𝑘𝑖1

𝑠
) (𝑉𝑑𝑐 − 𝑉𝑑𝑐

∗ )
 (3-9) 

 {
𝑉𝑠𝑑
𝑟 = 𝑘𝑝2(𝑖𝑠𝑑

∗ 𝑟 − 𝑖𝑠𝑑
𝑟 ) + 𝑘𝑖2𝑥2 − 𝜔𝑟𝐿𝑠𝑞𝑖𝑠𝑞

𝑟

𝑉𝑠𝑞
𝑟 = 𝑘𝑝2(𝑖𝑠𝑞

∗ 𝑟 − 𝑖𝑠𝑞
𝑟 ) + 𝑘𝑖2𝑥3 + 𝜔𝑟𝐿𝑠𝑑𝑖𝑠𝑑

𝑟 + 𝜔𝑟𝜓𝑓
 (3-10) 
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where 𝑖𝑠𝑑
∗ 𝑟

, 𝑖𝑠𝑞
∗ 𝑟

 and 𝑉𝑑𝑐
∗  are the stator current references and DC voltage reference. 𝑘𝑝1, 𝑘𝑖1 

and 𝑘𝑝2, 𝑘𝑖2 are the PI controller parameters. 

(2) Model of Grid Side Converter (GSC) 

For GSC, the PLL-based VCC and PLL-less VSM schemes are introduced respectively. The 

control block diagram for both types of controllers is also presented in Figure 3-1. The GSC is 

responsible for achieving maximum power point tracking (MPPT) and controlling AC side 

voltage. 

If grid voltage oriented VCC is implemented to GSC, then the controller equations can be 

written as: 

 {

𝑑𝑥4

𝑑𝑡
= 𝑃∗ − 𝑃𝑒

𝑑𝑥5

𝑑𝑡
= 𝑉∗ − 𝑉𝑡

 (3-11) 

 {
𝑖𝑔𝑑
∗ 𝑔 = 𝑘𝑝3(𝑃

∗ − 𝑃𝑒) + 𝑘𝑖3𝑥4

𝑖𝑔𝑞
∗ 𝑔 = 𝑘𝑝4(𝑉

∗ − 𝑉𝑡) + 𝑘𝑖4𝑥5
 (3-12) 

 {

𝑑𝑥6

𝑑𝑡
= 𝑖𝑔𝑑

∗ 𝑔 − 𝑖𝑔𝑑
𝑔

𝑑𝑥7

𝑑𝑡
= 𝑖𝑔𝑞

∗ 𝑔 − 𝑖𝑔𝑞
𝑔

 (3-13) 

 {
𝑉𝑐𝑑
𝑔
= −𝑘𝑝5(𝑖𝑔𝑑

∗ 𝑔 − 𝑖𝑔𝑑
𝑔
) − 𝑘𝑖5𝑥6 + 𝜔𝑏𝐿𝑐𝑖𝑔𝑞

𝑔
+ 𝑉𝑡

𝑉𝑐𝑞
𝑔
= −𝑘𝑝5(𝑖𝑔𝑞

∗ 𝑔 − 𝑖𝑔𝑞
𝑔
) − 𝑘𝑖5𝑥7 − 𝜔𝑏𝐿𝑐𝑖𝑔𝑑

𝑔  (3-14) 

where 𝑃∗(𝑃∗ = 𝐾𝑜𝑝𝑡𝜔𝑟
3) and 𝑉∗ are the power reference and voltage reference, 𝐾𝑜𝑝𝑡is optimal 

coefficient for maximum power extraction, 𝑃𝑒  and 𝑉𝑡  are the power and voltage at point of 

common coupling (PCC), 𝑖𝑔𝑑
∗ 𝑔

 and 𝑖𝑔𝑞
∗ 𝑔

 are current reference from outer loop, 𝑖𝑔𝑑
𝑔

 and 𝑖𝑔𝑞
𝑔

 are 
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the grid side current, 𝑉𝑐𝑑
𝑔

 and 𝑉𝑐𝑞
𝑔

 are the converter voltage, 𝐿𝑐  is the grid side 

reactor, 𝑘𝑝3, 𝑘𝑖3, 𝑘𝑝4, 𝑘𝑖4 and 𝑘𝑝5, 𝑘𝑖5 are the PI controller parameters. 

As the synchronization of vector control is dependent on PLL, the control block of PLL [114] 

is presented in Figure 3-1 and its dynamics are derived as: 

 {

𝑑𝛾𝑃𝐿𝐿

𝑑𝑡
= 𝑉𝑝𝑐𝑐𝑞

𝑔

𝑑𝜃𝑃𝐿𝐿

𝑑𝑡
= 𝜔𝑏(𝑘𝑝,𝑃𝐿𝐿𝑉𝑝𝑐𝑐𝑞

𝑔
+ 𝑘𝑖,𝑃𝐿𝐿𝛾𝑃𝐿𝐿)

 (3-15) 

where 𝜔𝑃𝐿𝐿 and 𝜃𝑃𝐿𝐿 are the detected grid frequency and phase angle, 𝑘𝑝,𝑃𝐿𝐿 , 𝑘𝑖,𝑃𝐿𝐿 are the PI 

controller parameters of PLL. 

If GSC adopts VSM control, then the controller equation can be defined as (2-1) and (2-2). 

If algebraic virtual impedance is considered as well [91], the following equation can be 

obtained as: 

 {
𝑉𝑐𝑑
𝑔
= 𝐸𝑚𝑑

𝑔
− 𝑅𝑣𝑖𝑔𝑑

𝑔
+ 𝜔𝑣𝑖𝑟𝐿𝑣𝑖𝑔𝑞

𝑔

𝑉𝑐𝑞
𝑔
= 𝐸𝑚𝑞

𝑔
− 𝑅𝑣𝑖𝑔𝑞

𝑔
− 𝜔𝑣𝑖𝑟𝐿𝑣𝑖𝑔𝑑

𝑔  (3-16) 

As the controller equations are developed based on their local reference frame, it is necessary 

to transfer the variables into a unified reference frame. Figure 3-5 illustrates the relationship 

between two rotating 𝑑𝑞 reference frames. 
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Figure 3-5 Relationship between local and unified 𝑑𝑞 reference frame. 

 [
𝑓𝐷
𝑓𝑄
] = [

𝑐𝑜𝑠𝜑 −𝑠𝑖𝑛𝜑
𝑠𝑖𝑛𝜑 𝑐𝑜𝑠𝜑

] [
𝑓𝑑
𝑓𝑞
] (3-17) 

 [
𝑓𝑑
𝑓𝑞
] = [

𝑐𝑜𝑠𝜑 𝑠𝑖𝑛𝜑
−𝑠𝑖𝑛𝜑 𝑐𝑜𝑠𝜑

] [
𝑓𝐷
𝑓𝑄
] (3-18) 

where 𝜑 is the angle difference, 𝑓𝑑 , 𝑓𝑞 and 𝑓𝐷 , 𝑓𝑄 are the variables in local and unified reference 

frame, respectively. 

3.2.4 Modelling of Series-Compensated Network 

The dynamics of series compensated network are established as: 

 

{
  
 

  
 𝐿𝑔

𝑑𝑖𝑔𝐷

𝑑𝑡
= 𝜔𝑏(𝑉𝐵𝐷 − 𝑉𝑠𝑐𝐷 − 𝑉𝑝𝑐𝑐𝐷 ) − 𝜔𝑏𝑅𝑔𝑖𝑔𝐷 + 𝜔𝑏𝐿𝑔𝑖𝑔𝑄

𝐿𝑔
𝑑𝑖𝑔𝑄

𝑑𝑡
= 𝜔𝑏(𝑉𝐵𝑄 − 𝑉𝑠𝑐𝑄 − 𝑉𝑝𝑐𝑐𝑄 ) − 𝜔𝑏𝑅𝑔𝑖𝑔𝑄 − 𝜔𝑏𝐿𝑔𝑖𝑔𝐷

𝐶𝑔

𝜔𝑏

𝑑𝑉𝑠𝑐𝐷

𝑑𝑡
= 𝑖𝑔𝐷 + 𝐶𝑔𝑉𝑠𝑐𝑄

𝐶𝑔

𝜔𝑏

𝑑𝑉𝑠𝑐𝑄

𝑑𝑡
= 𝑖𝑔𝑄 − 𝐶𝑔𝑉𝑠𝑐𝐷

 (3-19) 

where 𝐿𝑔, 𝑅𝑔 and 𝐶𝑔 are the network inductance, resistance and fixed series capacitor. 𝑉𝐵𝐷 , 𝑉𝐵𝑄, 

𝑉𝑠𝑐𝐷 , 𝑉𝑠𝑐𝑄 and are 𝑉𝑝𝑐𝑐𝐷, 𝑉𝑝𝑐𝑐𝑄 the infinite bus voltage, capacitor voltage and PCC voltage. 

𝜑 
D 

Q 

d 

q 

𝜔1 

𝜔2 
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3.3 Small Signal Analysis and Simulations 

Linearizing previously described non-linear state-space equations at specified operating points, 

the small signal model of entire system can be presented as: 

 
𝑑∆𝒙

𝑑𝑡
= 𝑨∆𝒙 + 𝑩∆𝒖 (3-20) 

where 𝑨 and 𝑩 are the state matrix and input matrix. The state variables are defined as: 

∆𝒙𝑽𝑪𝑪 = [∆𝑖𝑠𝑑
𝑟 , ∆𝑖𝑠𝑞

𝑟 , ∆𝛽, ∆𝜔𝑟 , ∆𝑥1, ∆𝑥2, ∆𝑥3, ∆𝑉𝑑𝑐, ∆𝑥4, ∆𝑥5, 

∆𝑥6, ∆𝑥7, ∆𝑥𝑝𝑙𝑙, ∆𝜃𝑝𝑙𝑙 , ∆𝑖𝑔𝐷, ∆𝑖𝑔𝑄 , ∆𝑉𝑠𝑐𝐷, ∆𝑉𝑠𝑐𝑄]
𝑇 

or 

∆𝒙𝑽𝑺𝑴 = [∆𝑖𝑠𝑑
𝑟 , ∆𝑖𝑠𝑞

𝑟 , ∆𝛽, ∆𝜔𝑟 , ∆𝑥1, ∆𝑥2, ∆𝑥3, ∆𝑉𝑑𝑐 , ∆𝐸𝑚, ∆𝜔𝑣𝑖𝑟, 

∆𝜃𝑣𝑖𝑟 , ∆𝑖𝑔𝐷 , ∆𝑖𝑔𝑄, ∆𝑉𝑠𝑐𝐷, ∆𝑉𝑠𝑐𝑄]
𝑇 

 

The system stability can be evaluated by eigenvalues obtaining from small signal model. The 

participation factor  [159] is also utilised to indicate which states are highly involved in related 

modes. 

 𝑃𝑘,𝑖 = 𝜙𝑘𝑖𝜓𝑖𝑘 (3-21) 

where 𝜙𝑘𝑖 and 𝜓𝑖𝑘 are the elements of right eigenvector and left eigenvector. 

3.3.1 The Impacts of Compensation Level 

The eigenvalue locus of wind farm as depicted in Figure 3-1 (The system parameters are listed 

in Table A1-3 in the Appendix) with different compensation level (𝐶𝐿 =
𝑋𝐶𝑔

𝑋𝐿𝑔
) [163] varying 

from 10% to 75% is plotted in Figure 3-6. It can be seen from Figure 3-6 that increasing 

compensation level will weaken system sub-synchronous stability. As shown in Figure 3-6 (a) 

that the SSO mode of vector current controlled wind farm shifts to the right half plane (RHP) 

if compensation level increases to 32.5%, which brings sub-synchronous instability to system. 
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In contrast, the eigenvalues of VSM-controlled system stay in the left half plane (LHP) within 

varied compensation level, which means the system remains stable under this situation. 

 

(a) 

 

(b) 

Figure 3-6 Eigenvalue locus of system under compensation level variation. (a) VCC. (b) 

VSM. 
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TABLE 3-1 

EIGENVALUE ANALYSIS RESULTS OF VECTOR-CURRENT CONTROLLED PMSG 

   Modes        Eigenvalue Frequency 

(Hz) 

Damping 

ratio 

1 −65.2 ± 𝑗405.4 64.5 0.159 

𝟐 𝟏. 𝟕 ± 𝒋𝟐𝟐𝟖. 𝟑 𝟑𝟔. 𝟑 −𝟎.𝟎𝟎𝟕 

3 −4.3 + 𝑗20.7 3.3 0.204 

4 −1.1 ± 𝑗1.7 0.3 0.529 

5 −6.8 ± 𝑗0.05 0.008 1.000 

6 −10.2 ± 𝑗10.0 1.6 0.716 

 

TABLE 3-2 

EIGENVALUE ANALYSIS RESULTS OF VSM CONTROLLED PMSG  

Modes Eigenvalue Frequency 

(Hz) 

Damping ratio 

1 −9.3 ± 𝑗486.0 77.3 0.019 

𝟐 −𝟏𝟐. 𝟎 ± 𝒋𝟐𝟑𝟔. 𝟓 𝟑𝟕. 𝟔 𝟎. 𝟎𝟓𝟎 

3 −4.4 ± 𝑗20.8 3.3 0.206 

4 −2.4 + 𝑗2.2 0.3 0.749 

5 −1.0 ± 𝑗2.0 0.3 0.436 

6 −10.2 ± 𝑗10.0 1.6 0.716 

 

The detailed modes information of system with VCC in marginal condition (𝐶𝐿 = 32.5%) is 

presented in Table 3-1 and VSM controlled one with the same compensation level is shown in 

Table 3-2. The damping ratio of SSO mode (in bold) in PLL-based wind farm is negative which 

means the system becomes unstable especially suffering disturbances. The SSO mode 
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information in Table 3-2 implies that VSM-controlled system is stable although the damping 

ratio is not very strong. 

 

(a) 

 

(b) 

Figure 3-7 Participation factor of SSO mode. (a) VCC. (b) VSM. 

RLC LinesWind Farm

RLC LinesWind Farm
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In addition, the participation factor is calculated to identify the dominant contribution from 

system states for SSO and it is illustrated in Figure 3-7. The 𝑥-axis indicates two main parts of 

studied system – the wind farm and series compensated transmission line. The blue bar implies 

the level of involvement of each state in SSO.  It can be observed in Figure 3-7 (a) that the 

states of PLL (𝜃𝑃𝐿𝐿 and 𝛾𝑃𝐿𝐿) and RLC transmission lines (𝑖𝑔𝑄, 𝑉𝑠𝑐𝐷 and 𝑉𝑠𝑐𝑄) have noticeable 

participation factor values. Therefore, the SSO mode of wind farm with PLL-based control is 

significantly affected by PLL and series compensated transmission lines. On the contrary, as 

depicted in Figure 3-7 (b), the participation factor values of VSM controller states are 

negligible compared to that of transmission lines. Therefore, the SSO mode of VSM controlled 

system is dominated by RLC transmission lines and the states related to VSM are not actively 

engaged in this mode. 

The impacts of different parameters in virtual rotor and virtual excitation loops are further 

explored in Figure 3-8. It is obviously depicted that SSO mode is barely affected by the 

variation of these four parameters. Therefore, it can be inferred that the system sub-

synchronous stability can still be guaranteed when considering virtual inertia or virtual 

damping provision from VSM. 
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Figure 3-8 Eigenvalue locus of virtual rotor and virtual excitation parameters variation. 𝐻 

changing from 1s to 10s; 𝐾𝑑 changing from 10𝑝𝑢 to 50𝑝𝑢; 𝐾 changing from 5𝑝𝑢 to 50𝑝𝑢; 

𝐷𝑞 changing from 5𝑝𝑢 to 50𝑝𝑢. 
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(a) 

 

(b) 

Figure 3-9 Dynamic response. (a) VCC. (b) VSM. 
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The time-domain simulations are further conducted based on MATLAB/Simulink to validate 

aforementioned analysis. A step disturbance of compensation level in transmission line which 

changes from 30% to 32.5% is applied at 1s and the simulation results are demonstrated in 

Figure 3-9. It can be observed that the wind farm with VCC experiences a sustained oscillation 

with higher compensation level while the system stability is maintained with VSM control 

under the same disturbance. This implies that VSM controlled system can accommodate higher 

compensation level. 

The time-frequency analysis of active power in system with VCC is illustrated in Figure 3-10. 

The sub-synchronous component with frequency at 36 𝐻𝑧 is observed in active power and this 

matches the modal analysis results in Table 3-1. Therefore, the developed system model in this 

chapter reveals that there is a potential risk of unstable SSO in vector current controlled wind 

farm with higher compensation level. 

 

Figure 3-10 Time-frequency analysis of active power in vector current controlled system. 
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3.3.2 The Impacts of Number of Wind Turbines 

The number of wind turbines which are on-service can also affect system sub-synchronous 

stability [54]. In this situation, the compensation level of the system is 20%, the eigenvalue 

locus considering the varied number of on-line wind turbines is depicted in Figure 3-11. It 

demonstrates that increasing the number of on-service wind turbines makes the SSO mode to 

move towards right which indicates a negative relationship between SSO stability and the 

number of on-line wind turbines. The increasing number of wind turbines can be equally 

considered to weaken grid strength [54]. For system with VCC, the SSO mode becomes 

unstable when the number of on-line wind turbines are larger than 105 with compensation level 

20%. The VSM controlled system, by contrast, ensures reliable operation of wind farm without 

losing sub-synchronous stability.  

 

(a) 
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(b) 

Figure 3-11 Eigenvalue locus of system with varied on-line wind turbines. (a) VCC. (b) 

VSM. 

The time-domain simulation results are provided and they are illustrated in Figure 3-12. The 

number of on-service wind turbines changes from 100 to 105 at 1s. It is obviously revealed that 

the vector current controlled system will lose stability with larger number of wind turbines 

connecting to grid. Conversely, the system with VSM control remains stable with higher wind 

output power. The analysis results above indicate that VSM control can accommodate more 

wind energy integrated to power system. 
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(a) 

 

(b) 

Figure 3-12 Dynamic response. (a) VCC. (b) VSM. 
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3.3.3 Two Aggregated Wind Farms 

Since most wind power plant is equipped with vector control, to further investigate the impacts 

of VSM control on system sub-synchronous stability, the wind farm in Figure 3-1 is rearranged 

as two-aggregated system. The developed new system topology is demonstrated in Figure 3-

13. Two wind farms are connected to the same bus and each wind farm have a rated power of 

50 MW. The traditional VCC is implemented for wind farm 1 while wind farm 2 adopts 

aforementioned PLL-based and PLL-less control schemes  

 

Figure 3-13 Equivalent circuit of two aggregated wind farms. 

0.69/35 kV 
35/220 kV 

0.69/35 kV 

Grid
𝐿𝑔  𝑅𝑔  𝐶𝑔  

𝑉𝑝𝑐𝑐  
Wind Farm 1 

(2.5MWx20)

Wind Farm 2 

(2.5MWx20)



53 

 

 

Figure 3-14 Eigenvalues of two aggregated wind farms. 

 

Figure 3-15 Dynamic response.  
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(all vector current controlled system and hybrid controlled system) to test the impacts of VSM 

on system SSO. The parameters are the same with the system in Figure 3-1. 

The eigenvalues of aforementioned vector current controlled system and hybrid controlled 

system with 𝐶𝐿 equal to 32.5 % are illustrated in Figure 3-14.  It is clear that all the eigenvalues 

of system with hybrid control are in the LHP which means they are stable. However, there is 

an unstable SSO mode in all vector current controlled system which represents the system 

stability is deteriorated. The simulation results with the same disturbance as mentioned in 

Section 3.3.1 are depicted in Figure 3-15. It can be seen that the system with hybrid control 

keeps stable when suffering such disturbance. Therefore, it implies that VSM control positively 

contributes to stabilizing the system in the sub-synchronous frequency range. And it also 

indicates that system stability can be improved by partly modifying the conventional control 

of PMSG-based wind farms. 
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3.4 Summary 

This chapter has investigated the sub-synchronous stability of PMSG-based wind farm in series 

compensated AC network with VSM control. The wind farm with VCC is studied as well to 

compare system stability in the sub-synchronous frequency range. Modal analysis based on 

detailed small signal modelling is carried out to identify the SSO characteristics. For wind farm 

with VCC, the system is prone to suffering unstable SSO with higher compensation level and 

larger number of on-line wind turbines. The instability is caused by undesired interaction 

between PLL and RLC transmission lines. On the contrary, the VSM control is not actively 

participating in system SSO and this mode is lightly affected by VSM. Therefore, it can provide 

more flexibility to afford virtual inertia and damping services without compromising the sub-

synchronous stability of system. 
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CHAPTER 4 COORDINATED DAMPING 

CONTROL DESIGN FOR POWER 

SYSTEM WITH MULTIPLE VIRTUAL 

SYNCHRONOUS MACHINES BASED 

ON PRONY METHOD 
 

4.1 Introduction 

A coordinated supplementary damping controller design for multiple VSMs is proposed in this 

chapter. The VSM control with VPSS is developed in Section 4.2. Sections 4.3 discusses the 

methods to identify system modes and Prony analysis is further utilised for VSM controller 

design in following sections. Then the general description of decentralised sequential control 

scheme is provided in Section 4.4. The implementation of proposed control is based on a 

revised two-area systema and a modified 39-bus system. It starts by revealing that the system 

low-frequency oscillatory modes are affected by multiple VSMs. And various cases are studied 

to validate the effectiveness of designed controller. 

4.2 VSM Control with Supplementary Damping Controller 
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Figure 4-1 Diagram of converter with VSM control. 

The VSM control implemented in this chapter is shown in Figure 4-1. For active power loop 

of VSM control, it is slightly different from Figure 3-1 where the 𝑃 − 𝑓 droop is also included. 

The active power control is rewritten as: 

 2𝐻
𝑑𝜔𝑣𝑖𝑟

𝑑𝑡
= 𝑃𝑟𝑒𝑓 − 𝑃𝑒 + 𝐷𝑝(𝜔𝑛 − 𝜔𝑔) + 𝐾𝑑(𝜔𝑔 − 𝜔𝑣𝑖𝑟) (4-1) 

where 𝐷𝑝  is the active droop coefficient and 𝜔𝑔  is the detected frequency from PLL. The 

supplementary damping controller added to reactive power control is explained as following. 
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Referring to the structure of PSS in conventional SG, which is originally utilised to counteract 

the adverse effect of fast excitation control, the dynamic model of exciter with PSS is 

represented as [164]: 

 𝐸𝑚 = 𝐺𝑒𝑥(𝑠)(𝑉𝑟𝑒𝑓 − 𝑉𝑡 + 𝑢𝑠𝑢𝑝) (4-2) 

where 𝑢𝑠𝑢𝑝 is the supplementary signal and 𝐺𝑒𝑥(𝑠) is the virtual excitation transfer function. If 

𝑉𝑡  can track the reference value without static error, then an integration block should be 

included in 𝐺𝑒𝑥(𝑠). If 𝑉 − 𝑄 droop is considered as well, 

 𝑉𝑟𝑒𝑓 = 𝑉𝑛 + (𝑄𝑟𝑒𝑓 − 𝑄𝑒)/𝐷𝑞 (4-3) 

where 𝑉𝑛 is the nominal voltage. Combining (4-2) and (4-3) together, the following can be 

developed: 

 𝐸𝑚 =
𝐺𝑒𝑥(𝑠)(𝐷𝑞(𝑉𝑛−𝑉𝑡+𝑢𝑠𝑢𝑝)+(𝑄𝑟𝑒𝑓−𝑄𝑒))

𝐷𝑞
 (4-4) 

If 
𝐺𝑒𝑥(𝑠)

𝐷𝑞
=

1

𝐾𝑠
, (4-4) is rearranged as:  

 𝐾
𝑑𝐸𝑚

𝑑𝑡
= 𝐷𝑞(𝑉𝑛 − 𝑉𝑡 + 𝑢𝑠𝑢𝑝) + (𝑄𝑟𝑒𝑓 − 𝑄𝑒) (4-5) 

This explains how the supplementary control is implemented to VSM and it behaves like a 

VPSS. 

The inner current control loop is adopted to achieve fast current control. The virtual impedance 

which emulates the output impedance of SG generates current reference and then feeds into 

current loop [93]. 

 𝑖𝑎𝑏𝑐
∗ =

𝐸𝑚,𝑎𝑏𝑐−𝑉𝑡,𝑎𝑏𝑐

(𝐿𝑣𝑠+𝑅𝑣)
 (4-6) 

To secure the operation of converters, the current limitation [165] is also considered. 
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 {

|𝑖𝑑
∗ | = 𝑚𝑖𝑛 (𝐼𝑚𝑎𝑥, |𝑖𝑑

∗ |)

|𝑖𝑞
∗ | = 𝑚𝑖𝑛 (√𝐼𝑚𝑎𝑥

2 − 𝑖𝑑
∗ 2, |𝑖𝑞

∗ |)
 (4-7) 

4.3 Oscillation Mode Identification Methods 

A brief description of two mainstream methodologies, viz., the modal analysis and Prony 

method for system modes identification is presented in this section. 

4.3.1 Modal Analysis 

The modal analysis is subject to detailed system information and the modelling of system 

components is introduced respectively as below: 

(1) Synchronous Generator and Exciter 

The six-order model of SG and IEEE type-1 excitation system are modelled [166]. 

(2) Virtual Synchronous Machine  

The mathematical modelling of VSM control has been presented in Chapter 3 and Section 

4.2. Similarly, the transformation between local 𝑑𝑞-reference frame and unified system 

𝐷𝑄-reference frame should be considered. 

(3) Overall System 

Combining all the system differential equations above and power flow algebraic equations, 

the system oscillation modes can be identified with eigenvalue analysis based on linearised 

model. 

4.3.2 Prony Method 
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The aforementioned modal analysis is dependent on system modelling details and operating 

points, which may not be suitable for practical large-scale power systems. On the other hand, 

a measurement-based methodology, i.e., Prony analysis, which does not require detailed 

system information, is used in this chapter to estimate system modal features. Prony analysis 

reconstructs the signal with a set of complex exponential functions [167], 

 𝑦̂𝑛 = ∑ 𝑀𝑖𝑒
𝑗𝜃𝑖𝑒(𝛼𝑖+𝑗2𝜋𝑓𝑖)𝑇𝑠𝑛

𝑝
𝑖=1 = ∑ 𝐻𝑖𝑒

𝜆𝑖𝑡𝑝
𝑖=1  (4-8) 

where 𝑦̂n is the estimated signal of a data sequence 𝒚̂ = [𝑦̂0, 𝑦̂1… 𝑦̂N−1], 𝑝 is the order of the 

fitting model,  𝑀𝑖  is the magnitude of 𝑖𝑡ℎ  mode, 𝜃𝑖  is the phase angle, 𝛼𝑖  is the damping 

coefficient, 𝑓𝑖  is the frequency, 𝑇𝑠  is the time interval of sampling and 𝐻𝑖  is the 𝑖𝑡ℎ  output 

residue including the input signal (rather than the transfer function residue). 

Considering the system is represented in Laplace domain (𝑌(𝑠) = 𝐺(𝑠)𝑈(𝑠)), the transfer 

function can be represented in residue form as: 

 𝐺(𝑠) = ∑
𝑅𝑖

𝑠−𝜆𝑖

𝑝
𝑖=1  (4-9) 

The residue 𝐻𝑖 contains input signal information, which is not specified in (4-8). If input U(s) 

is given and it is assumed as a step signal, then the transfer function residue can be calculated 

as [149]: 

 {
𝑈(𝑠) = ∑ 𝑐𝑖

𝑒−𝑠𝐷𝑖−𝑒−𝑠𝐷𝑖+1

𝑠

𝑘
𝑖=0

𝑅𝑗 =
𝐻𝑗𝜆𝑗

∑ 𝑐𝑖𝑒
𝜆𝑗(𝐷𝑘−𝐷𝑖)𝑘

𝑖=0

  𝑗 = 1,2…𝑝
 (4-10) 

After applying a known input disturbance to power system and then performing Prony analysis 

using corresponding output, the transfer function residue can be obtained. The estimated 

system information from Prony method can be utilised to guide system controller design. 
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4.4 Decentralised Sequential Damping Controller Design 

As described before, the decentralized control is less dependent on communication compared 

to centralized control [146]. Besides, the coordinated sequential control can simplify the 

controller design process and reduce undesired interactions between controllers [142, 

144].Therefore, a decentralised coordinated sequential design approach for the system with 

multiple VSMs is presented in this part. The proposed scheme is based on identified system 

transfer function with Prony method. A general description is demonstrated in this section. 

In order to obtain the identified model, a probing signal is injected to VSM (e.g., a step voltage 

reference with small magnitude is applied to Q-part loop of VSM) as shown in Figure 4-2, the 

corresponding output related to power oscillation such as active power and virtual angular 

frequency, etc., is used to extract system oscillatory modes with Prony method. The obtained 

oscillatory pattern is then utilised to develop a reduced-order system. 

The structure of supplementary damping controller is depicted in Figure 4-1 where 𝑦 is the 

selected feedback signal from VSM. 𝐾𝑆𝐷𝐶 is the supplementary controller gain; 𝑇𝑤 is  
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Figure 4-2 Data sampling process. 

the time constant of wash-out block and typical values are 1~20s [159]; 𝑇1 and 𝑇2 are the time 

constants of lead-lag block. After obtaining system oscillation information, the residue method 

is utilised to calculate lead-lag block parameters. With the identified system transfer function 

𝐺(𝑠) and obtained SDC parameters, the gain 𝐾𝑆𝐷𝐶 can be determined with root-locus method. 

To coordinate damping controllers for multiple VSMs, the sequential approach depicted in 

Figure 4-3 is implemented. The power grid is first treated as a SISO system and the damping 

controller for first VSM is designed with preceding steps. After obtaining the damping 

controller for first VSM, a closed-loop system model including the designed controller is 

formed (as highlighted in Figure 4-3) and it is regarded as a new open-loop system for next 

VSM damping controller design. With such method, undesired adverse interactions among  

VSM

The rest part of 

power system

G(s) 
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Figure 4-3 Sequential design approach. 

different VSM units in damping controller design can be reduced and the design process of 

multiple damping controllers can be simplified as well. 

The complete controller design process can be summarised as following: 

(1) Step 1: Injecting a specified input disturbance to first VSM and extracting system 

oscillatory information with Prony method; 

(2) Step 2: Designing the damping controller with obtained system information and testing 

system performance. More specifically, the parameters of lead-lag block are obtained 

based on residue method and the stabilizing gain is determined with root-locus method; 

(3) Step 3: Repeating Step 1 and Step 2 to design damping controller for next VSM; 

(4) Step 4: Validating the effectiveness of designed controller after finishing the decentralised 

sequential damping controllers for multiple VSMs. 

Original System

Damping 
Controller for 

VSM 1

Input 1 Output 1

Damping 
Controller for 

VSM 2

Input 2 Output 2

Damping 
Controller for 

VSM n

Input n Output n
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4.5 Stability Analysis and Simulation Results 

In this section, a revised two-area system is first analysed with modal analysis which reveals 

the impacts of VSMs on system LFOs. Then Prony method is applied to extract system modes 

which are subsequently for SDC design. A decentralised sequential control method is proposed 

for the coordinated damping controller design of multiple VSMs. A more complex power 

system based on New-England 39-bus system is modelled as well to confirm the effectiveness 

of designed controller. The phasor-type model in MATLAB/Simulink are developed for 

conducting relevant simulations. 

4.5.1 Modal Analysis, Controller Design and Simulations of Two-Area 

System 

A modified case based on the two-area benchmark system [159] is developed to analyse the 

impacts of multiple VSMs on power system LFO modes. The schematic diagram of two-area  

 

Figure 4-4 Single line diagram of modified two-area system. 
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2
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system is demonstrated in Figure 4-4. The SGs in bus 2 and bus 4 are replaced with two VSMs 

respectively. The power balance of system is maintained by making power from VSMs to be 

equal to output power from original SGs. The PSSs of SG1 and SG2 are deactivated to facilitate 

a clear demonstration about the impacts of VSMs on LFOs. Most system parameters can be 

found in [159] and detailed parameters of VSM controller are listed in Table A-4 in the 

Appendix. 

(1) Electro-Mechanical Stability Analysis 

The modal analysis is first applied to two-area system to accurately obtain the characteristics 

of LFOs. The oscillatory patterns of LFO are shown in Table 4-1. It can be observed from 

Table 4-1 that there are three LFO modes of the modified two-area system. Theoretically, for 

traditional SGs, 𝑛 − 1 intrinsic LFO modes exist in system if there are n swing equations. In 

this case, two SGs and two VSMs are modelled in two-area system. Therefore, the inherent 

three LFO modes are caused by four rotor dynamic equations. It demonstrates that there are 

one inter-area mode and two local modes which is similar to that of original two-area 

benchmark system.  

TABLE 4-1 

EIGENVALUE ANALYSIS RESULTS OF REVISED TWO-AREA SYSTEM 

No. Frequency 

(Hz) 

Damping 

ratio 
Dominant states  

1 

2 

1.167 

1.137 

0.101 

0.116 

ωSG2, 𝜃𝑆𝐺2; 𝜔𝑉𝑆𝑀2, 𝜃𝑉𝑆𝑀2 

ωSG1, 𝜃𝑆𝐺1; 𝜔𝑉𝑆𝑀1, 𝜃𝑉𝑆𝑀1 

3 0.588 0.056 ωSG1, 𝜃𝑆𝐺1;ωSG2, 𝜃𝑆𝐺2; 

𝜔𝑉𝑆𝑀1, 𝜃𝑉𝑆𝑀1; 𝜔𝑉𝑆𝑀2, 𝜃𝑉𝑆𝑀2 

 



66 

 

 

Figure 4-5 Normalised participation factor of low-frequency modes. 

The normalised participation factor of three LFO modes is illustrated in Figure 4-5. The 

conjugate eigenvalues 𝜆1  and 𝜆2  are related to mode 1. The rotor states 

(𝜃𝑆𝐺2, 𝜔𝑆𝐺2, 𝜃𝑉𝑆𝑀2 𝑎𝑛𝑑 𝜔𝑉𝑆𝑀2) with high participation factor values indicate that they have the 

most contribution to this local oscillation. The rotor states (𝜃𝑆𝐺1, 𝜔𝑆𝐺1, 𝜃𝑉𝑆𝑀1 𝑎𝑛𝑑 𝜔𝑉𝑆𝑀1) of 

𝜆3 and 𝜆4 in area 1 reveal they are dominant in mode 2.  Similarly, the participation factor of 

𝜆5 to 𝜆6 shows that virtual swing equation states (𝜃𝑉𝑆𝑀 , 𝜔𝑉𝑆𝑀) have a considerable interaction 

with SG rotor states (𝜃𝑆𝐺 , 𝜔𝑆𝐺). 

The obtained mode shapes, which are based on right eigenvectors corresponding to rotor speeds, 

related to three LFO modes are presented in Figure 4-6. Figure 4-6 (a) demonstrates the mode 

shape of local mode 1 where SG2 oscillates against VSM2 in area 2. In addition, SG1 swings  
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Figure 4-6 Mode shapes. (a) Mode 1; (b) Mode 2; (c) Mode 3. 

against VSM1 in area 1 as shown in Figure 4-6 (b). For mode 3, it is obvious that the VSM and 

SG group in area 1 are oscillating against the other group in area 2.  

For conventional SGs, homogenous generators in the same area are determined based on 

geographical locations and different areas are usually linked with weak tie-lines [159]. Based 

on the analytical results, it can be inferred that the integration of VSMs into power grid has 

similar effects on system LFO modes like SGs. 

(2) Decentralised Sequential Supplementary Damping Controller for Multiple VSMs 

The strong interactions between VSMs and SGs in the low-frequency range promotes the 

investigation of oscillation damping improvement. In order to improve system damping 

performance, the aforementioned coordinated decentralised sequential damping control is 

implemented for two-area system. 

SG1 SG2 VSG1 VSG2

(a) (b) (c)

M1 M2
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The feedback signals for damping control which are related to power oscillations are 

considered to be potential candidates. In this chapter, the electrical power from VSM is selected 

as feedback input signal for auxiliary damping controller. The supplementary stabilizing signal 

is added to the virtual excitation loop because additional regulation in active power loop may 

introduce mechanical vibrations and shorten the lifespan of mechanical structures if they are 

applied to wind system [168]. Since the feedback signal is sampled from local signal, the 

consideration of time compensation caused by communication delay is ignored in this chapter. 

Before implementing Prony analysis, a step disturbance is injected to VSM1 to obtain the 

sampled data. A step change of 𝑉𝑛 with 0.05 𝑝𝑢 lasting 0.2s is applied to the Q-part of VSM1. 

The active power of VSM1, 𝑃𝑒,𝑉𝑆𝑀1, is chosen as the output signal, which will then be sampled 

for Prony analysis. As can be observed in Figure 4-7, the approximately reconstructed signal 

by Prony method in red fits the actual signal well. The estimated LFO information is given in 

 

Figure 4-7 Reconstructed signal. 
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Table 4-2. The first estimated two modes imply that VSM1 has a high participation in these 

oscillations and this is consistent with the eigenvalue analysis results in Table 4-1. However, 

the mode with frequency 1.167 Hz is not identified by Prony method since VSM1 is not 

participated in it. 

TABLE 4-2 

IDENTIFIED REDUCED-ORDER SYSTEM TRANSFER FUNCTION 

Mode Frequency 

(Hz) 

Damping 

ratio 
Eigenvalue  Residue (R∠ϕ) 

1 0.593 0.058 −0.217 ± j3.726 0.186∠2.95𝑜 

2 1.148 0.112 −0.813 ± 𝑗7.213 0.991∠−24.03o 

3 0 -- −0.00123 −0.0133∠180o 

4 0 -- −0.325 −0.119∠180o 

5 0 -- −0.974 0.854∠0o 

6 0 -- −1.551 0.342∠180o 

 

A reduced-order system transfer function (with 𝑉𝑛  as input and 𝑃𝑒,𝑉𝑆𝑀1  as output) can be 

developed based on the obtained information of eigenvalues and residues. The bode plot as 

depicted in Figure 4-8 shows that the reconstructed transfer function has a relatively good 

fitness of two-area system in the frequency range of interest. 
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Figure 4-8 Bode plot. 

 

Figure 4-9 Dynamic response. 
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The parameters of lead-lag block can be calculated with the identified residue information in 

Table 4-2. Although mode 2 with large residue is chosen for calculation, the damping of other 

modes will be increased if possible. With identified transfer function, the gain 𝐾𝑆𝐷𝐶 of SDC 

for VSM1 is determined using root-locus method. A step disturbance in 𝑉𝑛 of VSM1 is applied 

to test the designed controller for VSM1. The simulation in Figure 4-9 shows that the 

oscillation with SDC is damped out quickly. 

As there are two VSMs integrated into two-area system, the supplementary controller for each 

VSM should be designed in a coordinated manner if possible which aims to reduce the 

undesired interactions between auxiliary damping controllers. The decentralised sequential 

approach which has been presented in Section 4.4 is utilised to design multiple SDCs step by 

step, i.e., SDC1 for VSM1 and then SDC2 for VSM2. As the dynamics of SDC1 are already 

incorporated into Prony analysis before designing SDC2, the coordination of multiple SDCs is 

achieved. The controller parameters may be different with various design sequences while there 

is slight impact on overall system damping performance [144]. The  

comparison of system damping with different design sequences is illustrated in Figure 4-10. 

(SDC1SDC2 represents designing VSM1 first and then VSM2, SDC2SDC1 represents the 

reversed sequence). It shows that the designed controller can enhance the damping of LFO 

modes and overall system damping is almost the same with different design sequences. 
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Figure 4-10 System damping comparison. 

Considering the impacts of different virtual inertia and damping in the presence of designed 

controller, the eigenvalue locus of these two coefficients variation is demonstrated in Figure 4-

11. It can be observed that three modes are shifted towards left within the varied range (5~15s). 

This indicates that the designed scheme may accommodate the application of high virtual  

inertia of VSM required by system. When virtual damping 𝐾𝑑 increasing from 20𝑝𝑢 to 50𝑝𝑢, 

the two modes near imaginary axis are slightly affected. On the other hand, increasing 𝐾𝑑 

makes the mode with higher frequency to move towards left which means this mode becomes 

more stable. Therefore, it may be inferred that the robustness of designed controller can be 

guaranteed with a varied range of virtual inertia and damping coefficients. 



73 

 

 

(a) 

 

(b) 

Figure 4-11 Impact of different virtual inertia and damping with designed controller. (a) 𝐻 

changing from 5s to 15s. (b) 𝐾𝑑 changing from 20𝑝𝑢 to 50𝑝𝑢. 
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(3) Time-Domain Simulation 

The effectiveness of designed coordinated damping controllers is examined based on time-

domain simulations. Six cases with different system conditions are carried out on revised two-

area system.  The disturbances are organised as follows, 

Case 1: The impact of small variations: A step disturbance of voltage lasting 0.2s with 0.05𝑝𝑢 

magnitude is applied to the excitation control of SG1. 

Case 2: The impact of large disturbance. A three-phase-to-ground fault is excited on one of the 

transmission lines between two areas at 5s with a duration of 0.1s. And this disturbance is 

applied for Case 3, Case 5 and Case 6 as well. 

Case 3: The impact of heavily loaded tie-line. A 300MW load in area 1 is transferred to area 2 

which leads to the power flow through tie-line increasing from 413MW to 670MW. 

Case 4: The impact of continuously changing load. A 15MW load is added to bus 7 at 2s, 

following by 25MW load increase at 10s, a decrease of 10MW load at 20s and a further 20 

MW decrease at 30s. 

Case 5: The impact of electrical distance of tie-line. The distance of tie-line between two areas 

is set as 180km, 220km and 260km respectively. 

Case 6: The impact of penetration level of VSM. The SG1 in two-area system can be replaced 

with a new VSM to model a 3VSMs system. An all-VSMs system is developed if such 

replacement is also implemented for SG2. Therefore, the power from non-synchronous 

generators accounts for 50%, 75% and 100%. 
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The simulation results of Case 1 are illustrated in Figure 4-12. The system responses without 

the deigned scheme are plotted as well to show a clear comparison. It can be observed from 

Figure 4-12 that system damping is enhanced with the designed controller. The oscillation of 

tie-line power decays faster with the proposed coordinated controller. As shown in this figure, 

the active power oscillation of SG2 is also suppressed significantly. In addition, the observed 

oscillations in rotor speed and active power of VSM1 die down faster due to the improved 

damping from supplementary controller. 

 

 



76 

 

 

 

Figure 4-12 Two-area system responses under generator excitation disturbance. 
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Figure 4-13 Two-area system responses under fault disturbance. 
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The simulation results of Case 2 which considers a serious contingency three-phase-to-ground 

fault are illustrated in Figure 4-13. The three-phase-to-ground fault is much severer than single-

phase fault and it may lead to the trip of transmission lines. As shown in Figure 4-13, the 

oscillations suppression can be observed in the selected system signals. Therefore, the damping 

improvement from designed controllers under large disturbances can still be provided. 

To observe the functionality of designed supplementary controllers under heavily loaded tie-

line condition, the simulation results of Case 3 are presented in Figure 4-14. From this figure, 

it can be observed that the active power oscillations of four sources (SGs and VSMs) with 

designed scheme is suppressed quickly than that without designed control.  
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Figure 4-14 Two-area system simulation for heavily loaded tie-line. 
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Figure 4-15 Two-area system simulation for continuously changing load. 

The purpose of Case 4 is to test whether the damping contributions from coordinated 

controllers can be guaranteed for varying load conditions. As demonstrated in Figure 4-15, the 
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action power oscillations observed in SG and VSM are effectively suppressed with 

continuously changing load. 

 

(a) 

 

(b) 

(a) 

(b) 
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(c) 

Figure 4-16 Two-area system simulation for different electrical distance. (a) 180km. (b) 

220km. (c) 260km. 

The test to show the functions of designed damping controllers for different length of tie-line 

is illustrated in Figure 4-16. The active power from all devices is plotted on the same figure. 

From Figure 4-16, the alleviation of active power oscillation indicates the designed scheme can 

provide additional damping to system. The improved damping is achieved for these three 

scenarios which consider the variations of tie-line length.  

(c) 
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(a) 

 

(b) 

(a) 

(b) 
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(c) 

Figure 4-17 Two-area system simulation for different penetration level. (a) 50%. (b) 75%. (c) 

100%. 

Figure 4-17 demonstrates the simulation results of Case 6 considering different levels of non-

synchronous generation. For those situations with different penetration level, it is noticeable 

that not only the active power of SG, but also the real power from VSM achieve better damping 

performance with coordinated control. 

Based on the simulation results above, the satisfactory damping performance is guaranteed 

under various types of disturbances. Although the coordinated supplementary controllers are 

primarily designed on the basis of small signal analysis, the enhanced damping performance 

under large disturbances demonstrates that the designed controller can exhibit effectiveness 

and robustness against different system conditions.  

 

(c) 
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4.5.2 Test Results of 39-Bus System 

The feasibility and robustness of proposed method is further investigated in a more complex 

power system. A modified system based on New England 39-bus benchmark is developed as 

illustrated in Figure 4-18. In the modified system, three VSMs are installed at bus 31, bus 34 

and bus 38 respectively. The power from original SG2, SG5 and SG9 are replaced with three 

VSMs. The PSSs are activated for the remaining SGs except SG1.The VSM controller 

parameters are the same as before and detailed system parameters of other components can be 

found in [169]. The supplementary controller is first designed for VSM2 and followed by 

VSM5 and VSM9. The effectiveness and robustness of designed controller are examined under 

various disturbances and time-domain simulation results are presented as below. 

 

Figure 4-18 Modified New-England 39-bus system. 
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(1) Excitation Disturbance of Synchronous Generator 

The excitation disturbance induced in this part is applying a step-up disturbance with 0.05pu 

amplitude to the excitation voltage reference of SG10 for 0.2s. The active power of SG1, the 

power flow on Line 15-16, the rotor speed and active power of VSM9 are selected signals to 

observe system responses. The simulation results are presented in Figure 4-19. 

(2) Load Variation Disturbance 

In this case, the variation of active power loads is applied to test system performance. An 

additional 200 MW load is added at Bus 16. The same signals as part (1) are shown in Figure 

4-20 to observe the effects of designed controller. 

(3) Three-Phase-to-Ground Fault Disturbance  

A three-phase-to-ground fault is simulated for this case to model a severe disturbance. The 

fault with a duration of 0.1s is applied to bus 3 at 5s. The simulation results of the same selected 

signals in previous parts are demonstrated in Figure 4-21. 
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Figure 4-19 39-bus system responses under generator excitation disturbance. 
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Figure 4-20 39-bus system responses under load disturbance. 
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Figure 4-21 39-bus system responses under fault disturbance. 

From the simulation results in Figure 4-19 to Figure 4-21, it can be observed that the 

oscillations in active power and rotor speed of VSM9 can be effectively suppressed with 

designed controller. Meanwhile, the oscillation magnitude of power flow on line 15-16 is 

alleviated as well. The power oscillation of SG1 also confirms the damping support from 

supplementary controller. The proposed scheme exhibits its robustness against alterations of 

disturbance type. 
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4.6 Summary 

This chapter has discussed the impacts of multiple VSMs on power system LFOs. The scrutiny 

of system LFO modes via modal analysis reveals that VSMs are participating in LFO and have 

strong interactions with traditional SGs. Then a coordinated decentralised sequential approach 

is proposed for designing SDCs for multiple VSMs. The measurement-based Prony method 

facilitates modes identification for controller design and this feature makes it more flexible and 

applicable for practical power system. The robustness and effectiveness of designed controller 

is examined on modified two-area system and 39-bus system. The simulation results under 

various disturbances confirms the damping provision from coordinated supplementary 

controllers. 
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CHAPTER 5 ANALYSIS OF VIRTUAL 

SYNCHRONOUS MACHINE ON POWER 

SYSTEM FORCED OSCILLATION 
 

5.1 Introduction 

The forced oscillation has attracted increasing attention due to its serious resonance instability 

to power systems. In addition, the periodical fluctuation from renewables can also act as 

sources of forced oscillation. This chapter explores the impacts of VSM on power system 

forced oscillation. Section 5.2 analytically gives the detailed derivation of forced oscillation 

with VSM. Time-domain simulations and further discussions of test systems are presented in 

Section 5.3. Finally, major conclusions of this chapter are drawn in Section 5.4. 

5.2 Mathematical Derivation of Forced Oscillation with VSM  

In this section, the mathematical analysis to demonstrate the impacts of VSM on FO is 

explicitly presented. 

5.2.1 VSM Control 

The VSM control as depicted Figure 2-1 is implemented for mathematical analysis, detailed 

description has been given in previous chapters. The equation of VSM core block is rewritten 

as below for easy following: 

 {
2𝐻

𝑑𝜔𝑣𝑖𝑟

𝑑𝑡
= 𝑃𝑚 − 𝑃𝑒 − 𝐾𝑑(𝜔𝑣𝑖𝑟 − 𝜔𝑛)

𝑑𝛿𝑣𝑖𝑟

𝑑𝑡
= 𝜔𝑏𝜔𝑣𝑖𝑟

 (5-1) 
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Figure 5-1 Single VSC connected to infinite bus. 

The VSM inherits electro-mechanical power oscillation characteristics from SG. On the other 

hand, the increasing integration of renewables has become a potential forced oscillation source 

when suffering periodically disturbances [65, 68, 77, 79]. Therefore, there is a potential 

resonance risk when power electronic interfaced devices of renewables adopt VSM control. 

5.2.2 Forced Oscillation of Infinite Bus System with VSM 

The explanation of forced oscillation related to VSM control starts from a simple system as 

illustrated in Figure 5-1. The DC side power is assumed to be from PV plant or wind farm. By 

linearising swing equation (5-1), 

 {
2𝐻

𝑑∆𝜔𝑣𝑖𝑟

𝑑𝑡
= ∆𝑃𝑚 − ∆𝑃𝑒 − 𝐾𝑑(∆𝜔𝑣𝑖𝑟 − ∆𝜔𝑛)

𝑑∆𝛿𝑣𝑖𝑟

𝑑𝑡
= 𝜔𝑏∆𝜔𝑣𝑖𝑟

 (5-2) 

If transmission line is primarily inductive, the following equation can be obtained after 

substituting ∆𝑃𝑒 into (5-2). 

Grid

VSM Control

-

+

𝑉𝑑𝑐  

𝐿 

VSC Station

Wind farm

PV array

𝐸∠𝛿𝑣𝑖𝑟  𝑉∠0 
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Figure 5-2 Block diagram of linearised virtual swing equation. 

 
2𝐻

𝜔𝑏

𝑑2∆𝛿𝑣𝑖𝑟

𝑑𝑡2
+

𝐾𝑑

𝜔𝑏

𝑑∆𝛿𝑣𝑖𝑟

𝑑𝑡
+ 𝐾𝑠∆𝛿𝑣𝑖𝑟 = ∆𝑃𝑚 (5-3) 

where 𝐾𝑠 =
𝑉𝐸

𝑋𝐿
cos 𝛿0 and this is the virtual synchronous coefficient. The schematic diagram 

of small signal model is demonstrated in Figure 5-2. 

In general, the variations of 𝑃𝑚 is ignored and therefore it is treated as a constant. If a sustained 

disturbance exists in 𝑃𝑚, e.g., periodic wind speed fluctuation, then ∆𝑃𝑚 needs to be considered 

in the linearised equation. Assuming ∆𝑃𝑚 = 𝑑1 sin𝜔𝑙𝑡 + 𝑑2 sin𝜔𝑙𝑡, the solution of second-

order non-homogeneous linear differential equation can be obtained as: 

 

{
 
 
 

 
 
 
∆𝛿𝑣𝑖𝑟(𝑡) = ∆𝛿1(𝑡) + ∆𝛿2(𝑡)

∆𝛿1(𝑡) = 𝑒−
𝐾𝑑
4𝐻

𝑡(𝐶1 cos𝜔𝑑𝑡 + 𝐶2 sin𝜔𝑑𝑡)

(𝐾𝑑
2 − 8𝜔𝑏𝐾𝑠𝐻 < 0)

∆𝛿2(𝑡) =
𝑑1𝜔𝑏(𝐾𝑠𝜔𝑏−2𝐻𝜔𝑙

2)−𝑑2𝜔𝑏𝐾𝑑𝜔𝑙

(𝐾𝑠𝜔𝑏−2𝐻𝜔𝑙
2)

2
+𝐾𝑑

2𝜔𝑙
2

cos𝜔𝑙𝑡

                  +
𝑑2𝜔𝑏(𝐾𝑠𝜔𝑏−2𝐻𝜔𝑙

2)+𝑑1𝜔𝑏𝐾𝑑𝜔𝑙

(𝐾𝑠𝜔𝑏−2𝐻𝜔𝑙
2)

2
+𝐾𝑑

2𝜔𝑙
2

sin𝜔𝑙𝑡

 (5-4) 

where ∆𝛿1(𝑡) and ∆𝛿2(𝑡) are the ordinary solution and special solution. For ordinary solution 

∆𝛿1(𝑡), 𝜔𝑑 = √𝜔𝑏𝐾𝑠

2𝐻
−

𝐾𝑑
2

16𝐻2
 and constants 𝐶1, 𝐶2 are dependent on system initial conditions. 

∆𝑃𝑚  

𝐾𝑑  

∆𝜔𝑣𝑖𝑟  𝜔𝑏

𝑠
 ∆𝛿𝑣𝑖𝑟  1

2𝐻𝑠
 

-

+ -

𝐾𝑠 

∆𝑃𝑒  
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Generally, ∆𝛿1(𝑡) will die out because of the damping term  𝑒−
𝐾𝑑
4𝐻

𝑡
. Therefore, the special 

solution ∆𝛿2(𝑡) becomes the focus.  

If further assuming that 𝑑2 = 0 (or 𝑑1 = 0), then ∆𝛿2(𝑡) can be developed as: 

 

{
 
 

 
 ∆𝛿2(𝑡) =

𝑑1𝜔𝑏(𝐾𝑠𝜔𝑏−2𝐻𝜔𝑙
2)

(𝐾𝑠𝜔𝑏−2𝐻𝜔𝑙
2)

2
+𝐾𝑑

2𝜔𝑙
2
cos𝜔𝑙𝑡

              +
𝑑1𝜔𝑏𝐾𝑑𝜔𝑙

(𝐾𝑠𝜔𝑏−2𝐻𝜔𝑙
2)

2
+𝐾𝑑

2𝜔𝑙
2
sin𝜔𝑙𝑡

=
𝑑1𝜔𝑏

√(𝐾𝑠𝜔𝑏−2𝐻𝜔𝑙
2)

2
+𝐾𝑑

2𝜔𝑙
2
sin(𝜔𝑙𝑡 + 𝜙)

 (5-5) 

where 𝜙 = arctan
𝐾𝑠𝜔𝑏−2𝐻𝜔𝑝

2

𝐾𝑑𝜔𝑝
. Therefore, the maximal oscillation magnitude is: 

 |∆𝛿2(𝑡)|𝑚𝑎𝑥 =
𝑑1𝜔𝑏

𝐾𝑑√
𝜔𝑏𝐾𝑠
2𝐻

 (𝑤ℎ𝑒𝑛 𝜔𝑙 = √
𝐾𝑠𝜔𝑏

2𝐻
) (5-6) 

It can be observed that the oscillation magnitude is affected by disturbance frequency (𝜔𝑙), 

virtual damping coefficient 𝐾𝑑 and virtual inertia constant 𝐻. And their relationships can be 

clearly presented in Figure 5-3 and Figure 5-4. From Figure 5-3, it can be seen that the natural 

system frequency decreases with the increasing of virtual inertia constant 𝐻. However, larger 

𝐻 will amplify the maximal oscillation magnitude. Figure 5-4 demonstrates that the oscillation 

magnitude is suppressed with larger virtual damping coefficient 𝐾𝑑 while its impact on system 

natural frequency is not obvious. 
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Figure 5-3 Forced oscillation magnitude curve - Mag vs. H. 

 

Figure 5-4 Forced oscillation magnitude curve - Mag vs. 𝐾𝑑. 
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5.2.3 Forced Oscillation of Multi-Machine System with VSM 

For a multi-machine system with VSM, the small signal dynamics can be described as, 

 
𝑑∆𝒙(𝑡)

𝑑𝑡
= 𝑨∆𝒙(𝑡) + 𝑩∆𝒖(𝑡) (5-7) 

where 𝒙(𝒕) and 𝒖(𝒕) are the system state vector and external disturbances. If the system suffers 

disturbances with sinusoidal forms,  

 {
∆𝒖(𝑡) = [𝑢1(𝑡) 𝑢2(𝑡) … … 𝑢𝑚(𝑡)]

𝑇

= [𝑑1𝑠𝑖𝑛(𝜔1𝑡) 𝑑2𝑠𝑖𝑛(𝜔2𝑡) … … 𝑑𝑚𝑠𝑖𝑛(𝜔𝑚𝑡)]
𝑇 (5-8) 

Then the solution of differential equations is [170], 

 {
∆𝒙(𝑡) = ∆𝒙𝟏(𝑡) + ∆𝒙𝟐(𝑡)

= 𝑒𝑨𝑡∆𝒙(0) + ∫ 𝑒𝑨(𝑡−𝜏)𝑩𝑢(𝜏)𝑑𝜏
𝑡

0

 (5-9) 

It consists of two parts, the zero-state response (natural oscillation component) ∆𝒙𝟏(𝑡) and 

zero-input response (forced oscillation component) ∆𝒙𝟐(𝑡). The natural oscillation will damp 

out eventually and forced oscillation is the concern in this section. 

The observed system forced oscillation can be further simplified in terms of system modes 

information [65], 

 {

∆𝒚(𝒕) = 𝑪∆𝒙𝟐(𝑡) = ∆𝒚𝟏(𝑡) + ∆𝒚𝟐(𝑡)

= ∑ ∑ ∑ [𝑍𝑒−𝜁𝑟𝜔𝑛𝑟𝑡 sin(𝜔𝑑𝑟𝑡 + 𝛾𝑖𝑟 + 𝛼𝑟𝑙 − 𝜑)𝑚
𝑙=1

𝑞
𝑟=1

𝑛
𝑖=1

                                      −𝑍𝛽 sin(𝜔𝑙𝑡 + 𝛾𝑖𝑟 + 𝛼𝑟𝑙 − 𝜑)]

 (5-10) 

 

{
  
 

  
 𝑍 =

2𝑐𝑖|𝜙𝑖𝑟||𝜓𝑟𝑙|𝑑𝑙𝜔𝑙

√(𝜔𝑛𝑟
2 −𝜔𝑙

2)
2
+4𝜁𝑟

2𝜔𝑛𝑟
2 𝜔𝑙

2

𝜑 = tan−1(
𝜔𝑛𝑟
2 −𝜔𝑙

2

2𝜁𝑟𝜔𝑛𝑟
2 )

𝛽 = √1 + (
𝜔𝑛𝑟
2

𝜔𝑙
2 − 1) cos2(𝛾𝑖𝑟 + 𝛼𝑟𝑙 − 𝜑)

 (5-11) 
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where 𝑪 is the output matrix, and system mode information is represented as:  

 𝜆𝑟 = 𝜎𝑟 + 𝑗𝜔𝑑𝑟 = −𝜁𝑟𝜔𝑛𝑟 + 𝑗√1 − 𝜁𝑟2𝜔𝑛𝑟 (5-12) 

where 𝜆𝑟, 𝜁𝑟 and 𝜔𝑛𝑟 are the 𝑟th mode, damping ratio and undamped frequency, 𝜙𝑖𝑟 and 𝜓𝑟𝑙 

are the right and left eigenvector related to 𝑟th mode. The first term in the observed forced 

oscillation is identical to natural oscillation which will die out gradually. ∆𝒚𝟐(𝑡) is the main 

forced oscillation component. The defined maximal oscillation magnitude [65] can be obtained 

as: 

 𝑍𝑚𝑎𝑥 =
𝑐𝑖|𝜙𝑖𝑟||𝜓𝑟𝑙|𝑑𝑙

𝜁𝑟𝜔𝑛𝑟
 ( 𝜔𝑙 = 𝜔𝑛𝑟) (5-13) 

Figure 5-5 shows that the resonance effect is serious especially when disturbance frequency is 

close to natural mode frequency. Increasing damping ratio or shifting system frequency away 

from disturbance frequency can suppress the forced oscillation magnitude. 

 

Figure 5-5 forced oscillation magnitude curve of multi-machine system. 



99 

 

5.3 Case Studies 

Based on the aforementioned mathematical analysis, an infinite bus system and a modified 

two-area system is developed first. For infinite bus system, the impacts of VSM on forced 

oscillation characteristics are validated via time-domain simulations. Fast-Fourier-

Transformation (FFT) analysis is carried out to confirm the forced oscillation component. For 

two-area system, dynamic simulations are carried out to verify the results of modal analysis 

and eigenvalue locus reveals how the parameters of VSM influence forced oscillation. Further 

simulation studies are conducted in a modified 39-bus system with 3 VSCs to compare the 

impacts of VSM and VCC on FO. 

5.3.1 Single Converter Infinite Bus (SCIB) System 

The system topology is illustrated in Figure 5-1 and VSM controller parameters are listed in 

Table 5-1. The frequency response of developed system (∆𝛿𝑣𝑖𝑟 is the output and ∆𝑃𝑚 is the 

input) is depicted in Figure 5-6. There is a peak for magnitude-frequency plot which 

demonstrates the system natural oscillation frequency is 11.8 𝑟𝑎𝑑/𝑠. Therefore, the maximal 

forced oscillation magnitude caused by serious resonance is expected to be observed if the 

periodic disturbance frequency is close to system natural frequency. 

TABLE 5-1 

VSM CONTROLLER PARAMETERS 

𝐻 

𝐾𝑑 

5 s 

50 𝑝𝑢 

𝐾 

𝐷𝑞 

5 𝑝𝑢 

 10 𝑝𝑢 
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Figure 5-6 Frequency response of ∆𝛿𝑣𝑖𝑟/∆𝑃𝑚. 

To verify the analysis, a sinusoidal disturbance ∆𝑃𝑚 = 0.05 sin𝜔𝑙𝑡 is applied at the DC side 

of VSC station. Three values of 𝜔𝑙 (6.8 𝑟𝑎𝑑/𝑠, 11.8 𝑟𝑎𝑑/𝑠, 16.8 𝑟𝑎𝑑/𝑠) are considered to 

examine the impacts of disturbance frequency.  The simulations in Figure 5-7(a) shows that 

forced oscillation will be excited if there is a sustained disturbance. The smaller the difference 

between disturbance frequency and system natural frequency is, the larger the oscillation 

magnitude becomes. It can be observed that the forced oscillation magnitude is driven over 

three times larger than disturbance when disturbance frequency equals to the natural frequency. 

The FFT analysis result in Figure 5-7(b) confirms the forced oscillation component in active 

power. Therefore, the implementation of VSM introduces a potential risk of forced oscillation 

and such phenomenon should be concerned. 
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Figure 5-7 Electrical power oscillation. (a) Time-domain simulation. (b) FFT analysis. 

In order to explore the impacts of virtual rotor control parameters on forced oscillation, the 

variations of virtual inertia constant 𝐻 and virtual damping coefficient 𝐾𝑑 are investigated. The 

changes on system natural frequency (𝜔𝑛𝑟 ) caused by different 𝐻 and 𝐾𝑑  are presented in 

Table 5-2 and Table 5-3. The external sustained oscillation magnitude remains the same (0.05 

𝑝𝑢) while disturbance frequency matches 𝜔𝑛𝑟 to observe the maximal oscillation.  
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TABLE 5-2 

SYSTEM NATURAL FREQUENCY WITH DIFFERENT 𝐻 

No. 
𝐻 (s) 

𝜔𝑛𝑟(𝑟𝑎𝑑/𝑠) 

1 2.5 16.3 

2 

3 

5.0 

10 

11.8 

8.48 

 

 

TABLE 5-3 

SYSTEM NATURAL FREQUENCY WITH DIFFERENT 𝐾𝑑 

No. 
𝐾𝑑 (𝑝𝑢) 

𝜔𝑛𝑟(𝑟𝑎𝑑/𝑠) 

1 25 11.8 

2 

3 

50 

100 

11.8 

11.8 

 

Time-domain simulation results concerning the virtual parameters variation are illustrated in 

Figure 5-8 and Figure 5-9. From Figure 5-8 (a), it is obvious that system natural frequency is 

decreased because of the increasing virtual inertia constant. However, the maximal oscillation 

magnitude becomes larger with higher virtual inertia from VSM. The results are confirmed 

again by FFT analysis in Figure 5-8 (b). As shown in Figure 5-9, The system natural frequency 

𝜔𝑛𝑟remains the same with different virtual damping coefficient. It can also be observed that a 

larger 𝐾𝑑 is beneficial for reducing the magnitude of forced oscillation. Therefore, the higher 

inertia may exaggerate forced oscillation while larger damping can alleviate the oscillation. 
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Figure 5-8 Electrical power oscillation. (a) time-domain simulation. (b) FFT analysis. 
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Figure 5-9 Electrical power oscillation. (a) time-domain simulation. (b) FFT analysis. 

The virtual impedance is widely implemented for VSM controllers due to its contribution to 

system performance improvement and current limiting capability [85, 171]. The structure of 

VSM control with virtual impedance is the same with Chapter 3. The impact of virtual 

inductance on forced oscillation is illustrated in Figure 5-10. The frequency response of 

∆𝑃𝑚/∆𝑃𝑒  indicates that system natural frequency decreases with the increasing of virtual 

inductance. However, 
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Figure 5-10 System frequency response of different 𝐿𝑣. 

 

Figure 5-11 Electrical power oscillation of different 𝐿𝑣. 



106 

 

the peak is smaller with higher virtual inductance which means the oscillation magnitude 

becomes smaller as well. The simulation results in Figure 5-11 also confirm the effects of 

virtual impedance on system forced oscillation. 

5.3.2 Two-Area System with VSM 

A revised two-area system is first developed to investigate the impacts of VSM on multi-

machine system. The system topology is shown in Figure 5-12 where a VSM controlled VSC 

station is connecting to Bus 4 to replace original SG4 with equivalent active power. The 

parameters of VSM controller with virtual impedance has been listed in Table A-4 and other 

system parameters can be found in [159]  

 

Figure 5-12 Topology of revised two-area system. 

 

 

 

SG1 SG3

1

2

5 6 7 8 9 10 11 3

4

25 km 10 km
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10 km 25 km
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SG2 -

+

𝑉𝑑𝑐  
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TABLE 5-4 

EIGENVALUE ANALYSIS RESULTS OF REVISED TWO-AREA SYSTEM 

No. Frequency 

(Hz) 

Damping 

ratio 
Dominant states (PF)  

1 

 

2 

1.076 (Local) 

 

1.036(Local) 

0.100 

 

0.119 

𝜔𝑆𝐺1(0.821), 𝜃𝑆𝐺1(0.820); 

𝜔𝑆𝐺2(1.000), 𝜃𝑆𝐺2(0.999) 

𝜔𝑆𝐺3(1.000), 𝜃𝑆𝐺3(0.995); 

𝜔𝑉𝑆𝑀(0.737), 𝜃𝑉𝑆𝑀(0.756) 

3 0.629 (Inter-

area) 

0.095 𝜔𝑆𝐺1(0.785), 𝜃𝑆𝐺1(0.749); 

𝜔𝑆𝐺2(0.455), 𝜃𝑆𝐺2(0.435); 

𝜔𝑆𝐺3(0.768), 𝜃𝑆𝐺3(0.732); 

𝜔𝑉𝑆𝑀(0.848), 𝜃𝑉𝑆𝑀(1.000) 

 

The modal analysis is applied to modified two-area system and the obtained system modes 

information is presented in Table 5-4. Similarly, three LFO modes including two local modes 

and one inter-area mode are identified. The participation factor indicates VSM is highly 

participating in mode 2 and mode 3. This is mainly because that VSM is mimicking the 

characteristics of SG, therefore it will participate in relevant LFO. These system natural modes 

lay the foundation for following forced oscillation analysis. 

The VSM related modes (mode 2 and mode 3) are the focus of this chapter and they are selected 

to analyse the impacts of VSM on forced oscillation. If the disturbance from VSC with a 

frequency close to these two LFO modes, there will be a risk of exciting forced oscillation with 

large magnitude. For mode 2, the frequency of disturbance ∆𝑃𝑚 = 0.05 sin(2𝜋𝑓𝑙𝑡) is set as 

𝑓𝑙 = 1.036 𝐻𝑧. The disturbance is located at SG side or VSM side respectively. The simulation 

results are depicted in Figure 5-13. It can be seen that the oscillation magnitude of VSM and 
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SG3 are larger than that of SG1 and SG2. The resonance effect amplifies the oscillation which 

brings high stress to system. This can be attributed to the high participation of VSM and SG3 

in mode 2 while SG1 and SG2 are not involved. 

In addition, the periodic disturbance with mode 3 frequency is also investigated. The 

disturbance amplitude remains the same while frequency is changed to 0.629 𝐻𝑧. Since all 

devices are engaged in this inter-area mode, the disturbance source is considered to be 

 

Figure 5-13 Electrical power oscillation of mode 2. (a) Disturbance at SG side. (b) Disturbance 

at VSM side  
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Figure 5-14 Electrical power oscillation of mode 3. 

located at VSM side. The time-domain simulation results are presented in Figure 5-14. The 

serious forced oscillation in the active power of SGs and VSM where the magnitude of active 

power is amplified two or three times larger than forced oscillation source is observed. The 

oscillation magnitude of VSM is the highest and the oscillation in SG2 is the smallest. This is 

consistent with the participation factor results of mode 3 listed in Table 5-4. The higher 

participation factor implies a larger oscillation magnitude. 

Multiple measures have been introduced to reduce the magnitude of forced power oscillation 

[65] which will lighten the stress of power system and afford more time to locate the source of 

forced oscillation. As VSM controller parameters can be flexibly adjusted, the eigenvalue locus 

of different controller parameters variation is demonstrated in Figure 5-15.  

The eigenvalue locus of virtual inertia constant variation is given in Figure 5-15(a). It is 

obvious that mode 2 and mode 3 are affected by the variation of virtual inertia 𝐻 while mode 

1 exhibits no changes since VSM is not participated in this mode. With the increasing of virtual 
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inertia, the eigenvalues of mode 2 and mode 3 move towards RHP, indicating that larger virtual 

inertia constant will decrease the damping ratio of these two modes. At the meantime, the 
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Figure 5-15 Eigenvalue locus under variation of VSM parameters. (a) Virtual inertia coefficient 

changing from 3s to 10s. (b) Virtual damping coefficient changing from 20𝑝𝑢 to 80𝑝𝑢. (c) 

Virtual inductance changing from 0.1𝑝𝑢 to 1.0𝑝𝑢. 

modes frequency also experiences a decline. Besides, the damping ratio of mode 3 is the lowest 

and it is closer to imaginary axis. This represents mode 3 is the dominant one among three LFO 

modes.  

The eigenvalue locus of virtual damping coefficient which changes from 20𝑝𝑢 to 80𝑝𝑢 is 

illustrated in Figure 5-15(b). Mode 2 and mode 3 are pushed towards LHP with the increasing 

of damping coefficient which means that the damping ratio of these two modes increases with 

larger 𝐾𝑑 . Besides, the frequency of mode 3 almost remains the same and the frequency 

variation of mode 2 is also negligible. Similarly, the variation of virtual damping coefficient 

still has few effects on mode 1 due to the same reason. 

Since virtual impedance is incorporated into VSM control, the eigenvalue locus of virtual 

inductance 𝐿𝑣  is demonstrated in Figure 5-15(c). It illustrates that mode 2 and mode 3 are 

significantly affected by the variation of virtual inductance. The eigenvalues of mode 2 move 

towards right with the increasing of virtual inductance 𝐿𝑣 while the movement of mode 3 is in 

an opposite direction. Therefore, the choice of 𝐿𝑣 should be attentively considered. For this 

case,  𝐿𝑣 can be introduced to increase the damping ratio of mode 3 since damping ratio of 

mode 2 is satisfactory and its damping is lightly affected within the varied range. Furthermore, 

the frequency of mode 2 decreases with larger 𝐿𝑣 while frequency of mode 3 almost remains 

the same within the variation of 𝐿𝑣. 

The forced oscillation simulation results of modified two-area system with varied virtual inertia 

constant are presented in Figure 5-16 and Figure 5-17. For mode 2, only SG3 and VSM are 
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involved in this oscillation and FO can be observed as shown in Figure 5-16. The damping 

ratio increases with the decreasing of virtual inertia 𝐻. Besides, the variation of 𝐻 also changes 

natural mode frequency which means disturbance frequency is moved away from system 

frequency. Therefore, the oscillation magnitude becomes smaller under these combined effects. 

As all devices participate in mode 3, the electrical power of SG1 and VSM are presented in 

Figure 5-17. Similarly, both damping ratio and frequency increases with smaller 𝐻. Therefore, 

smaller virtual inertia constant from VSM is helpful for oscillation suppression while this may 

be conflicted with the situation if high inertia is required. 

 



113 

 

Figure 5-16 Electrical power oscillation of local mode (𝑓𝑙 = 𝑓𝑚𝑜𝑑𝑒2). (a) Active power of SG3. 

(b) Active power of VSM.  

 

Figure 5-17 Electrical power oscillation of inter-area mode (𝑓𝑙 = 𝑓𝑚𝑜𝑑𝑒3). (a) active power of 

SG1. (b) active power of VSM.  

The simulation results concerning the impacts of virtual damping 𝐾𝑑 are depicted in Figure 5-

18 and Figure 5-19. It can be observed that larger 𝐾𝑑  is conducive to alleviating forced 

oscillation magnitude. For both mode 2 and mode 3, the larger the virtual damping is, the 

smaller the oscillation magnitude is. 
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Figure 5-18 Electrical power oscillation of local mode (𝑓𝑙 = 𝑓𝑚𝑜𝑑𝑒2). (a) active power of SG3. 

(b) active power of VSM.  
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Figure 5-19 Electrical power oscillation of inter-area mode (𝑓𝑙 = 𝑓𝑚𝑜𝑑𝑒3). (a) active power of 

SG1. (b) active power of VSM.  

Figure 5-20 and Figure 5-21demonstrate the impacts of virtual inductance 𝐿𝑣  on forced 

oscillation. For mode 2, although the damping ratio decreases with the increasing of 𝐿𝑣, the 

frequency of mode 2 changes as well which means the disturbance frequency is far away from 

natural frequency. As depicted in Figure 5-20, the magnitude of forced oscillation decreases 

with larger virtual inductance, indicating that separating the natural frequency and disturbance 

frequency is a more effective measure to reduce forced oscillation amplitude. However, the 
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virtual inductance 𝐿𝑣  shows a different impact on mode 3. The damping ratio of mode 3 

increased with higher 𝐿𝑣 while the mode frequency almost remains the same. Consequently, 

the magnitude of forced oscillation is reduced. 

.  

Figure 5-20 Electrical power oscillation of local mode (𝑓𝑙 = 𝑓𝑚𝑜𝑑𝑒2). (a) active power of SG3. 

(b) active power of VSM.  
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Figure 5-21 Electrical power oscillation of inter-area mode (𝑓𝑙 = 𝑓𝑚𝑜𝑑𝑒3). (a) active power of 

SG1. (b) active power of VSM.  

5.3.3 Comparison of VSC with VCC and VSM 

The impacts of VSC with different control schemes on forced oscillation is examined in this 

section. the simulations of VSC station in Figure 5-12 with VCC (PV control) and VSM control 

are carried out (The PSSs of SG1 and SG3 are activated). The disturbance frequency is set to 

0.65 Hz (inter-area mode) with 0.05𝑝𝑢 magnitude. 
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Firstly, the disturbance source is located at SG1 side and simulations of converter active power 

are presented in Figure 5-22. It can be observed that the power oscillation magnitude of VSM 

controlled VSC is much larger than that of VSC with VCC. Therefore, the serious forced 

oscillation from SG may be propagated to the other areas of system through VSM controlled 

devices due to the interactions between VSM and SG (e.g., VSM controlled VSC-HVDC). 

In addition, the same disturbance is relocated at converter side, and simulations of SG1 active 

power are depicted in Figure 5-23. It is obvious that the magnitude of forced oscillation is 

larger if converter is equipped with VSM control which will exaggerate the instability issue 

under this disturbance frequency. 

.  

Figure 5-22 Electrical power oscillation of converter. 
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Figure 5-23 Electrical power oscillation of SG1. 

A modified 39 bus system [169] is also modelled to investigate the impacts of VSM on forced 

oscillation. The system topology is demonstrated in Figure 5-24. Three VSC stations replace 

original SGs at bus 31, bus 36 and bus 37 with the same active power. The VSC adopts VSM 

and VCC respectively. The disturbance frequency is set according to the inter-area mode 

frequencies in VSM-controlled system ( 𝑓1 = 0.633 𝐻𝑧 ) and system with VCC ( 𝑓2 =

0.916 𝐻𝑧). The disturbance magnitude is still 0.05 𝑝𝑢 and is located at SG1 side and VSC8 

side. The simulation results are illustrated in Figure 5-25 and Figure 5-26. 
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Figure 5-24 Topology of modified 39-bus system. 

When disturbance frequency is set to 0.633 𝐻𝑧, it can be observed from Figure 5-25 that the 

active power oscillation magnitudes of SG1 and VSC7 in VSM-controlled system are larger 

than that of system with VCC under both conditions where the forced oscillation source is at 

SG1 side and VSC7 side. The resonance effect exaggerates the oscillations as shown in Figure 

5-25 (a), (c) and (d). Besides, the VSM-controlled VSC responds to the oscillations in low-

frequency range and the active power oscillation magnitude is greater than vector-controlled 

system. Therefore, the forced oscillation is prone to being propagated to other devices through 

VSM-controlled units as described before.  
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Figure 5-25 Electrical power oscillation (𝑓𝑙 = 0.633 𝐻𝑧). (a)(b) Disturbance at SG side. 

(c)(d) Disturbance at converter side. 
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Figure 5-26 Electrical power oscillation (𝑓𝑙 = 0.916 𝐻𝑧). (a)(b) Disturbance at SG side. 

(c)(d) Disturbance at converter side. 
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If the disturbance frequency is changed to 0.916 𝐻𝑧 which is closer to the inter-area mode 

frequency of system with VCC the active power oscillation magnitude of SG1 is smaller in 

VSM-controlled system in both cases and these simulation results are depicted in Figure 5-26 

(a) and (c). However, the oscillation of active power inVSC7 is different from that of SG1. As 

observed in Figure 5-26 (b) and (d), the active power oscillation amplitude of VSM controlled 

system is still larger than the system with VCC due to the oscillation characteristics of VSM in 

low-frequency range.  

Therefore, based on the simulation results in Figure 5-25 and Figure 5-26, it can be inferred 

that the oscillation magnitude is more amplified if the disturbance frequency is in the proximity 

of system LFO modes. For VSM-controlled converter, the instability of forced oscillation can 

be exaggerated due to inherited power oscillation characteristics from SG. 
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5.4 Summary 

The impact of VSM control on power system forced oscillation have been analytically 

discussed in this chapter. It is demonstrated that VSM controlled converters may exaggerate 

forced oscillation due to the interaction between VSM and SG in the electro-mechanical range. 

The major findings are summarised as follows: 

• For the SCIB system, it has been shown that virtual damping and virtual inertia affect the 

forced oscillation characteristics. The increasing of virtual inertia magnifies forced 

oscillation magnitude and reduces system natural frequency. Larger damping coefficient 

is helpful for reducing oscillation magnitude while it has little influence on system natural 

frequency. It has also been shown that larger virtual inductance leads to the decrease of 

system natural frequency and it can reduce oscillation amplitude. 

• For a multi-machine system with VSM controlled devices, the adjustment of virtual 

controller parameters can affect the features of oscillation modes which VSM is 

participating in. Increasing mode damping or separating the frequency between 

disturbance and natural mode can reduce forced oscillation amplitude. And the latter seems 

to be a more effective measure. 

• Comparing to the units with VCC, the forced oscillation from SG can more easily 

propagate to other areas through VSM controlled devices. Besides, VSM control is more 

likely to exaggerate the system instability of other areas 
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CHAPTER 6 CONCLUSIONS AND 

FUTURE WORK 
 

6.1 Conclusions 

Due to the increasing development of renewable energy and wide application of power 

converters, the power system is transforming into a power electronics dominated structure. 

However, growing concerns over low inertia issues promote the exploration of VSM control 

which aims to enhance system resilience to disturbances. This thesis focuses on investigating 

the impacts of VSM on power system from the perspectives of sub-synchronous stability, LFO 

and forced oscillation. The main research work can be summarised as following: 

6.1.1 Sub-Synchronous Stability Analysis of PMSG-Based Wind Farm in 

Series Compensated Network 

Considering the fact that wind energy is distantly located at remote areas, the series 

compensation technology is implemented in transmission network to shorten the electrical 

distance, and therefore increasing power transfer capability. However, the potential sub-

synchronous instability is introduced at the mean time. The SSCI attracts increasing attention 

as this issue can endanger the safe operation of power system. Among these undesired 

interactions, PLL can adversely affect system stability in the sub-synchronous frequency range. 

Different from PLL-based VCC, the VSM can not only afford virtual inertia and damping 

provision, but also synchronise the power converters into AC grid without introducing PLL-

related sub-synchronous issues. Chapter 3 mainly discusses the sub-synchronous stability of 
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PMSG-based wind farm with PLL-based control and PLL-less control. The main conclusions 

of this chapter are summarised as below: 

⚫ The detailed mathematical modelling of PMSG-based wind with VSM control and 

VCC in series-compensate network has been established.  The modal analysis was 

conducted to identify the characteristics of SSO mode. A comprehensive information 

in terms of the mode frequency, damping ratio and dominant states of related modes 

were obtained to analyse the system sub-synchronous stability. 

⚫ Investigation of participation in SSO mode by vector current controlled wind turbine 

system and VSM controlled one were carried out to provide fundamental 

understanding of the control performance of these two different methods. For the 

studied systems, it was found that the SSO mode is affected significantly by PLL and 

series compensated transmission line if the wind farms adopt VCC. On the contrary, 

the VSM controlled wind farms are not actively engaged in the SSO. Therefore, the 

VSM control ensures the wind farms to accommodate higher compensation level and 

more wind renewables integrated to power system. 

⚫ Due to the inactive participation of VSM in SSO mode, the sub-synchronous stability 

can be guaranteed when considering virtual inertia and damping support. Currently, 

as most wind farms are employed with vector control, the system with hybrid control 

schemes where the VCC scheme and VSM control are implemented was investigated 

as well. From the studies, it was found that the SSO can be alleviated when a part of 

wind farm adopts VSM control. 
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6.1.2 Coordinated Damping Control Design for Power System with 

Multiple Virtual Synchronous Machines Based on Prony Method 

The VSM control is originally proposed to address low inertia issues caused by the phase-out 

of SGs. As rotor dynamics is incorporated into VSM control, the power oscillation 

characteristics which are analogous to SGs are inevitably inherited as well. The LFO is one of 

the major concerns in large inter-connected power systems. This problem should be attentively 

considered when VSM is applied to large wind farms, PV plants or VSC HVDC because of the 

undesired interactions between VSM controllers and SGs. Therefore, Chapter 4 proposed a 

decentralised sequential control for coordinating the supplementary damping controllers of 

multiple VSMs. The main conclusions of this chapter are summarised as below: 

⚫ A comprehensive small signal analysis has been conducted to investigate the impacts 

of multiple VSMs on system LFO based on two-area system. It was revealed that 

VSMs are involved in LFO modes (both local and inter-area modes) due to the 

inherited oscillation characteristics. The virtual phase angle and angular frequency 

(𝜃𝑣𝑖𝑟 and 𝜔𝑣𝑖𝑟) participate in related modes significantly. Therefore, the VSMs can 

affect the system LFO modes similar to traditional SGs. 

⚫ Considering the infeasibility of obtaining system LFO modes characteristics with 

modal analysis, Prony analysis was applied for multiple VSMs supplementary 

damping controller design. It was used to extract low-frequency modes information 

with approximately linearizing the system model based on sampled data. Such 

measurement-based analysis provides more feasible and flexible design approach for 

SDC. 
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⚫ A coordinated supplementary controller has been designed for the virtual exciter loop 

to provide additional damping to system. The decentralised sequential control 

technique was employed to coordinate the supplementary controller design for 

multiple VSMs. The effectiveness and robustness of designed controller were 

validated based on the simulation results in revised two-area and 39-bus system, it was 

demonstrated that the supplementary damping controllers are easy to implement and 

can suppress system LFOs effectively. 

6.1.3 Analysis of Virtual Synchronous Machine Control on Power System 

Forced Oscillation  

The forced oscillation has attracted increasing attention from researchers due to its serious 

resonance effect on power system. Such oscillation events have been recorded worldwide. 

Current research is mainly focused on forced oscillation source from SG. However, as 

mentioned above, the oscillatory characteristics of VSM makes this control scheme more likely 

to participate in LFO. The forced oscillation is prone to being excited when the frequency of 

sustained disturbance is in the proximity of system natural frequency. Therefore, Chapter 5 

aims to investigate the impacts of VSM on power system forced oscillation. The main 

conclusions of this chapter are outlined as following:  

⚫ The mathematical analyses of an infinite bus with VSM and multi-machine system 

with VSM have been carried out. The linearized swing equation of infinite bus system 

revealed that the VSM control inherits the LFO characteristic from SG and therefore 

introduces a higher resonance possibility between disturbance and the inherited LFO 

mode. The state-space model of multi-machine system with VSM laid the foundation 
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for analysing the forced oscillation features. Besides, the simulations were conducted 

according to the specified systems above including a more complex 39-bus system to 

validate relevant analytical results. 

⚫ Based on aforementioned comprehensive modelling, the impacts of VSM controller 

parameters on the characteristics of forced oscillation are quantitively analysed. For 

infinite bus system, it was revealed that large virtual inertia, small virtual damping 

coefficient and large virtual impedance can contribute to reducing the forced 

oscillation magnitude. As for multi-machine system, it was found that increasing 

system damping ratio or shifting disturbance frequency from natural LFO frequency 

can reduce the magnitude of forced oscillation. And the latter seems to be a more 

effective measure. 

⚫ Based on the simulations of multi-machine system with VSM, it was shown that 

comparing to VCC, VSM control would be prone to contributing to the propagation 

of forced oscillation. If the frequency of disturbance is near the frequency of LFO 

modes, VSM may even exaggerate the instability. 

6.2 Future Work 

It is foreseen that more stringent regulations will be enforced by grid operators to integrate 

renewables into power systems. The VSM control which can provide ancillary service has been 

implemented in some research projects in both UK and China [172, 173], and the National Grid 

of UK recently specified some technical requirement for VSM operation [174]. There are still 

many issues related to VSM need to be further investigated. The following is a list of possible 

future research: 
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⚫ The research in this thesis is mainly based on AC network. However, the DC grid has 

shown its advantages of cost-efficiency and power regulation for renewables 

integration. Therefore, it is worthwhile to investigate the impacts of VSM on Multi-

Terminal DC System (MTDC) in terms of LFO and forced oscillation.  

⚫ The current research mainly focuses on VSM control from the source side. However, 

the VSM control has also been widely implemented for transmission systems and load 

systems. The characteristics and operation mechanism of an all-VSM based system 

including the source, transmission and load should be further investigated. 

⚫ For a power electronic dominated system, the black-start capability from VSC like 

traditional SGs is also a concern. As VSM emulates the characteristic of SG to stabilise 

voltage and frequency, the rapid and reliable system restoration from blackouts by 

VSM should be explored. 
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APPENDIX 
 

TABLE A-1 

PARAMETERS OF SINGLE PMSG (VALUES IN PU IF NOT SPECIFIED) 

PSMG-based wind turbine 
Value 

Rated power 2.5 MW 

Rated voltage 0.69 kV 

DC-link capacitor 𝑉𝑑𝑐 1.5 kV 

DC-link capacitor 𝐶𝑑𝑐 110 mF 

Stator inductance 𝐿𝑠𝑑 , 𝐿𝑠𝑞 0.4896, 0.5396 

Stator resistance 𝑅𝑠 0.0179 

Rotor flux linkage 𝜓𝑓 1.0 

Converter inductance 𝐿𝑐 0.1980 

Converter resistance 𝑅𝑐 0.0079 

 

 

TABLE A-2 

PARAMETERS OF AC NETWORK (VALUES IN PU IF NOT SPECIFIED) 

Symbol 
Value 

Rated power  100 MVA 

Rated voltage 220 kV 

Line inductance 𝐿𝑔 0.4 

Line resistance 𝑅𝑔 0.07 

Compensation level 32.5% 
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TABLE A-3 

PARAMETERS OF CONTROLLERS (VALUES IN PU IF NOT SPECIFIED) 

RSC controller 
Value 

𝑘𝑝1, 𝑘𝑖1 2.0, 5.0 

𝑘𝑝2, 𝑘𝑖2 10, 100 

GSC controller (Vector 

current control) 

Value 

𝑘𝑝3, 𝑘𝑖3 0.25, 25 

𝑘𝑝4, 𝑘𝑖4 0.2, 20 

𝑘𝑝5, 𝑘𝑖5 0.4758, 3.2655 

GSC controller (VSM 

control) 

Value 

𝐻,𝐾𝑑 5, 50 

𝐾,𝐷𝑞 10, 5 

𝐿𝑣 , 𝑅𝑣 0.1, 0.01 

 

TABLE A-4 

PARAMETERS OF VSM CONTROLLER WITH VIRTUAL IMPEDANCE[90, 135] 

𝐻 

𝐾𝑑 

𝐿𝑣 

𝐷𝑝 

7 s 

35 𝑝𝑢 

0.3 𝑝𝑢 

20 𝑝𝑢 

𝐾 

𝐷𝑞 

𝑅𝑣 

5 𝑝𝑢 

 10 𝑝𝑢 

0.1 𝑝𝑢 

 

 


