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Abstract 

As the call to action on global warming is rising yearly, the integration of renewable and clean 

energy resources in the energy sector is gaining high interest. In grid-tied converter 

applications, power system stability becomes very sensitive in weak grid conditions. Due to the 

penetration level of the integration of renewable energy resources and the rapid increase of 

converters in power grid systems, preserving the overall system stability becomes a vital 

objective. In such demanding applications, controlling the voltage of interlinking DC-link 

capacitance is crucial to preserving system stability. Furthermore, the DC-link capacitor is a 

critical component because it determines the stability and dynamic performance in such 

systems. This critical element might face uncertainty due to loading/and unloading on the DC-

side or changing in ambient temperature but not limited to these factors. Therefore, this thesis 

aims to develop a comprehensive analysis to investigate the dynamic interactions between the 

DC-link capacitance uncertainty and different grid strength conditions in inversion and 

rectification modes of operation. This study considers the influence of controller bandwidths, 

grid-angle variations, and AC-side faults under the dynamics of DC-link capacitance. In 

addition, the impacts of grid-side parameters that maintain the system stability in weak-grid 

conditions have been investigated. This thesis addresses the interaction dynamics by linearizing 

the nonlinear grid-connected voltage source converter (VSC) system around a certain 

equilibrium point. To capture the stability of the system dynamics, a small-signal state-space 

model is derived from the linearized model. To validate the analysis results, the small-signal 

was verified with the time-domain model under a MATLAB/Simulink environment. The results 

demonstrate that, at a stiff grid condition, the influence of the DC-link capacitance variations 

did not significantly affect system stability in inversion and rectification modes as it did in weak 

grid conditions. Furthermore, at weak grid conditions, increasing the DC-link capacitance and 

controller bandwidths enhanced system stability in the inversion mode and degraded stability 

in the rectification mode, except when increasing the bandwidth of the AC-voltage controller. 

Regarding the effect of the grid-angle variations at short circuit ratio (SCR) < 3, increasing the 

grid angle and decreasing the DC-link capacitance leads to worse stability conditions in the 

inversion mode and vice-versa for the rectification mode. In terms of fault assessment, the 

settling time increased when the DC-link capacitance decreased after the fault was cleared in 
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inversion mode at SCR < 3. At the same level of SCR, the system becomes less capable of 

overriding the fault when the DC-link capacitance increases in rectification mode. Regarding 

the grid impedance and AC-line inductance filter, grid inductance is not the only factor 

influencing system stability; the grid resistance also had an effect. In addition, the results 

revealed that a slight variation in AC-line inductance can significantly affect system stability, 

especially at a very weak grid condition. In conclusion, the effect of the DC-link capacitance 

uncertainty on system stability is higher in the rectification mode than in the inversion mode, 

in weak grid conditions. In addition, the selection of the DC-link capacitance depends not only 

on the ripple percentage in the DC-bus voltage but also on the grid strength level, which can 

affect system stability. 
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Chapter 1 

Introduction  

1.1 Background and Motivations 

In modern civilization life, energy is considered an integral part of comfort. Among several 

form of energy, electricity is the most often used in a modern life. Therefore, the electricity is 

representing one of the most essential elements in our life, which almost no basic facilities such as 

universities, hospitals and industries can operate without the existence of electricity. Thus, 

researchers and industries are working in energy sector development relentlessly to meet the 

electricity global growth demand that became a life priority. Although generate the electricity by 

a conventional way can meet the accumulated growth demand but it has a significant impact on 

environment [1].  

 Due to global environmental and economic challenges in the energy sector, the concept of 

distributed generation (DG) has been emerged and gaining more interest [2]. Shifting the energy 

production from remote areas into residential areas is one of the characteristics that make 

renewable resources more attractive compared with conventional ones. The advancement of power 

electronics converter technology plays a pivotal role in facilitating the integration of renewable 

resources into the utility-grid [3]-[5]. As a result, the new capacity installed of distributed energy 

resources (DERs) has increased by approximately 90% from 2001 to 2019 as shown in Fig. 1.1 

[6]. This figure clearly shows the rapid deployment of renewable energy compared with 

conventional energy resources over years. Several type of power electronics converters are 

presented in the literature, where the type and power rating of applications usually determines the 

suitable selection of converter. Currently, the Voltage Source Converter (VSC) is dominated the 

markets due to several merits like high efficiency, high reliability and cost effective which makes 

it more attractive [7]. The other remarkable reasons for this rapid deployment are devoted to 

microgrids [8],[9]. Microgrids are an efficacious method for integrating sources such as 

photovoltaics, wind, and energy storage systems (ESS) with modern electric loads such as 

computers and telecom systems. In addition, they can be installed in the middle of the city rather 

than in remote areas [10]. Among several types of microgrids, the propagation of DC microgrids 

is rapidly increasing as they have several benefits over other microgrids. Complicated control 
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strategies, bulky transformer utilization, and less efficient short-circuit protection in AC 

microgrids make the DC microgrids more favorable [11]. Furthermore, the majority of modern 

applications, including DERs, electric vehicles, motors, and computers, are inherently DC type-

based, which means no additional converters are needed. Indeed, the key elements to deliver and 

receive active and reactive power in microgrids are converters.  

Predominantly, power electronics applications require a DC-link stage for interconnection 

between the DC and AC sides. The importance of DC-link capacitance is considered in improving 

the density of energy system and diminish some physical challenges like filtering converter 

switching ripples [12]. The DC-link capacitor is a critical component in power converters 

applications, as it determines the stability and dynamic performance [13]. Hence, a slight deviation 

in the DC-link capacitance range might lead to a power imbalance in the system caused by DC-

bus voltage variation [14]. Furthermore, this deviation could induce dynamic stability issues.  

In AC systems, the stiffness of the grid is determined by its impedance at the Point of Common 

Coupling (PCC). The system is defined as weak if the AC system impedance is higher than the 

converter input DC power. In other words, to determine the stiffness level of the AC grid, a Short 

Circuit Ratio (SCR) of the grid is used as a quantifying measure [15]. The SCR can be defined as 

a ratio of the AC-grid short circuit capacity to the generated power at the DC-link. Therefore, the 

power grid is categorized as stiff when SCR > 3 and weak when 2 ≤ SCR ≤ 3 [16]. It is worth 

mentioning that the long distance of connections between the DERs and utility grid is the main 

reason for causing the weak grid condition [17]. It is well known that the system stability becomes 

very sensitive in weak grid conditions. 

As the penetration level of integration of renewable energy resources and converters increases 

rapidly in power grid systems, preserving the overall system stability becomes a vital objective. In 

grid-connected power electronics applications, controlling the voltage of interlinking DC-link 

capacitance is crucial to preserve system stability. Furthermore, the DC-link capacitor itself is a 

critical component, as it determines the stability and dynamic performance in such systems as well. 

Therefore, careful attention should be paid to regulating the DC-bus, especially in a weak grid 

condition. For this reason, the main focus of this work is developing a comprehensive analysis to 

investigate the dynamic interactions between the DC-link capacitance uncertainty and different 

grid strength conditions. It has to be mentioned that the source of the uncertainty in the DC-link 

capacitance could be occurred due to several reasons such as variable loading/sources conditions 



 

3 

 

in the DC-side or changing the ambient temperature. This study can be also highly beneficial for 

both: a) industries that are dealing with film DC-link capacitance instead of electrolytic 

capacitance, and b) DC-microgrids encountering uncertainty in the DC-link capacitance for 

various reasons as mentioned earlier. 

 

Figure 1.1 Growth of renewable energy resources generating capacity  

1.2 Research Objectives 

This research aims to conduct a comprehensive modeling and analysis of the dynamic 

interactions of the VSC connected grid under inversion and rectification modes. The key objectives 

of this thesis can be epitomized as follows: 

1. Designing a grid-connected VSC system with controllers in detail and implementing the 

system in a MATLAB/SIMULINK environment. Further, developing an accurate state-

space small-signal model for the grid-connected VSC in different operating modes. 

2. Conducting a thorough stability analysis of VSC connected to weak and very weak grid 

using linear analysis tools such as eigenvalues, participation factors, and bode-plots. 

1.3 Thesis Contributions 

The contributions of this work can be summarized as follows: 

• Studying the interaction dynamics among different grid strengths and the uncertainty in a 

DC-link capacitance that could occur due to the variable loading/sources conditions in 
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different operating modes, to show that the sizing of the DC-link capacitor of VSCs at 

weak grid conditions is very critical and might induce severe instabilities. 

• Investigating the interaction dynamics of grid angle, AC-side fault and controllers’ 

bandwidth, with the dynamics of the DC-link capacitance uncertainty under weak grid 

conditions in inversion and rectification modes. 

• Exploring the limitations of AC filter and grid impedance parameters on the stability of the 

weak grid-connected converter system in inversion and rectification modes. 

1.4 Thesis Layout 

The reminder of the thesis is organized as follows: 

Chapter 2 introduces conventional power system limitations and the advancement of power 

electronics technology. A review of the VSC in terms of principles, operations, and essential 

control strategies is shown. Furthermore, this chapter includes a comparison of the system structure 

and operation of the VSC and the CSC. A literature review of a dynamic interaction analysis for 

the VSC connected to different grid strength conditions is reported. 

Chapter 3 presents the methodology used for analyzing the grid-connected VSC system under 

different conditions. In this chapter, a description of the studied system is provided. Moreover, the 

structural diagram of the studied system with its nominal parameters is also presented. This chapter 

includes a detailed discussion of the essential controllers’ design that is applied in this study. In 

order to conduct the analysis, a large signal model for the grid-connected VSC is provided. From 

this model, a complete detailed state-space small-signal model that represents all the dynamics of 

the system is derived. Lastly, this chapter includes a validation of the small-signal model against 

the simulation model under different grid strength conditions in both inversion and rectification 

modes. 

Chapter 4 provides the analysis and evaluation results of the dynamic stability interactions 

between the DC-link capacitance and the grid in different strength conditions. Furthermore, the 

stability analysis also considers the impact of controllers’ gains, grid angle variations, fault and 

grid filters in accordance with the dynamics of DC-link capacitance that are presented. 

Chapter 5 consists of the summary and conclusion of the thesis, as well as suggestions for future 

work related to this framework. 
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Chapter 2 

Background and Literature Review 

2.1 Introduction  

This chapter presents the literature review and explains some methods, principles and 

semiconductor technology that are used in this research. The limitations of conventional power 

generation, such as gas and oil, are discussed in this chapter to justify the importance of using 

renewable energy. Recently, the rapid growth in renewable energy has been mostly due to the 

contributions of power electronics technology, the advancement of which will be discussed in this 

chapter. The principles and operations of VSC are also presented, as well as a comparison between 

VSC and Current Source Converters (CSC). Finally, the most recent related work is reported in 

this chapter in order to point out the limitations that are covered by this work. 

2.2 Limitations of the Conventional Power System 

The conventional power system refers to power that is generated by fossil fuels such as oil, 

coal, or natural gas. These energy sources have been used for well over a century and have several 

advantages such as cost-effectiveness, well-established infrastructure, and widespread use. Despite 

these advantages, there are several drawbacks that necessitate consideration [18]. The main 

concerns of this type of energy source are related to environmental and operational issues. 

Regarding the environmental issue, burning oil, coal or gas to generate electricity is the main 

reason for the increasing levels of carbon dioxide (a potent greenhouse gas) and sulphur dioxide 

in the atmosphere that contribute to global warming and acid rain, some statistics can found in 

[19], [20]. Several studies show that continuing to rely on these resources will eventually threaten 

the environment [2]. In terms of operational concern, several factors reduce the reliability of the 

conventional power system, including unidirectional power flow and centralized power generation 

as shown in Fig. 2.1; any failure in this radial cascaded system could lead to major power outages. 

For example, in 1996, two major power outages occurred in North America affecting millions of 

consumers because of damage to a single cable [21], [22]. Additionally, the overall stability of 

such systems is greatly affected by variations in voltage and frequency that could be caused by 

load changes. Conventional power stations are normally centralized (installed in remote areas), 

which increase the power losses, due to their bulk sizes and generated pollution [23]. 
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Currently, the energy industry is striving to alleviate and mitigate the drawbacks of 

conventional power systems while attempting to meet growth in both global energy demand and 

environmental issues. Integrating renewable energy sources, such as solar and wind, within the 

utility grid is one promising solution that could meet these objectives. The integration of these 

renewable energy resources introduces new operational concepts known as microgrids and smart 

grids [10]. The decentralized characteristics of these new operational concepts greatly increase the 

reliability of the network, unlike the centralization of conventional power systems.  

Power generation station 

Step-Up 

transformer

High voltage Long transmission lines

Step-Down 

transformer

Distribution transmission lines
Consumers 

Direction of Power flow 
 

Figure 2.1 Network of conventional power grid structure  

2.3 Advancement of Power-Electronic Switches 

The advent of power electronics plays a significant role in ensuring the rapid deployment of 

renewable energy resources. The advancement of switch and converter topologies of power 

electronics technology represents a pivotal shift in facilitating the integration of renewable 

resources such as photovoltaic cells and wind energy with the utility [4], [5] this technology has 

become the gold standard for most of the leading industrialized countries. Recently, high-speed 

converter switches and real-time computer controllers have emerged as the two main factors that 

contribute to the deployment of power electronics technology [24]. Nevertheless, the future of the 

electrical grid market will be dominated by power electronics devices [25].  

In general, modern power electronic converters consist of two main components. Firstly, power 

semiconductor switches and auxiliary components (i.e., passive components) that can be 

represented as action executor parts, and secondly, control systems that contain microelectronic 

control chips that induce and deliver the commands to the executor [26], [27]. The switches are an 

indispensable part of any power electronic converter and improving these switches can lead to 

improvements in the efficiency and size of the power systems [28]. The switches, generally, are 
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classified into two types: electronic (or semiconductors) and mechanical [29]. Most of the power 

electronic converter applications use electronic semiconductor switches rather than mechanical 

ones. This is due to the semiconductor switches being characterized by long lifetimes and high-

speed repetitive switching [30]. Different power electronic semiconductor switches have been 

introduced in the literature. The most commonly power electronic switches used in medium and 

high-power applications are Integrated Gate Commutated Thyristor (IGCT) and Insulated Gate 

Bipolar Transistor (IGBT) [31],[32], which consider in this work. Table 2.1 presents a comparison 

between both switches based on their key characteristics.  

Table 2.1: Comparison of the characteristics of IGBT and IGCT semiconductor switches [33]-[36]  

 1 It can also be used in high-voltage applications, but it is most commonly applied in low and medium voltage 

applications 

As this research is concerned with studying dynamic stability, further details and features of 

these semiconductor switches have been omitted, more information can be found in [37], [38]. 

Furthermore, extensive and ongoing research is being conducted on improving the characteristics 

of semiconductor switches to increase their efficiency.  

2.3.1 Power Converters and Power Electronic Converters’ Applications 

Power converters generally consist of several semiconductor switches that are connected in a 

certain manner to achieve the desired function, such as boosting voltage, through injecting the 

gating signal generated from control units. Predominantly, the merits of power converters, such as 

current flow capability, are determined by the characteristics of semiconductor devices as 

mentioned earlier. One of the main functions of power converters is facilitating energy exchange 

Elements of comparison\Device  IGBT  IGCT  

Invented 1980s by Baliga 1990s by ABB 

Semiconductor Switches Family Transistor Thyristor 

Applications 
 1Low to medium 

voltage (VSCs) 

Medium to high voltage 

(CSCs) 

Voltage Ratings 3.3 kV 4.5 kV 

Current Ratings 1.2 kA 3.1 kA 

Gate Drive Power Losses Low Low 

Cost ($) Low to medium  Low  

Active Clamping Circuit Needed  Not needed  

Limiter for Short Circuit Current Needed   Not needed  

Safety Against Short Circuit  Lower  Higher 
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between systems [3]. In other words, the power converters in power systems are considered to be 

a bridge for exchanging energy. As power converters are used in many modern power system 

applications, these converters are classified into four types based on the forms of energy 

transformation that determine by the host electric system interfaced [39] :1) AC to DC (Rectifier), 

2) DC to AC (Inverter), 3) DC to DC and 4) AC to AC. Furthermore, the converters can be 

classified based on the commutation process into, a) line-commutated converters or b) force-

commutated converters [40], [41]. In line-commutated converters (LCC), the commutation process 

is done by relying on voltage reversal polarity. The converter switches are not capable of a 

switching off process. This converter type is often favoured to use in high-power applications. 

Force-commutated converters are more popular due to having converter switches that are capable 

of fully controlling the process of switching on and off. Additionally, some other advantages 

mentioned in [42] make the force-commutated converters more favourable and attractive for 

industrial requirements.  

The definition of power converters in the previous section is confined to semiconductor 

switches. However, in power converters systems applications, systems consist of one or more 

power converters and control units in order to gain the desired functions. Power electronics 

converters are inevitable in most energy systems and renewable energy applications. Thus, power 

electronics contribute greatly to improving the applications that are used in the market nowadays, 

such as FACTS, STATCOM, back-to-back HVDCs, grid-connected DC/AC converter systems 

and systems that interface renewable energy resources to the utility grid. Furthermore, the role of 

power converters also extends to facilitating the growth of smart grids and microgrids that could 

mark a revolutionary change in today’s energy sector. As the concept of microgrids has rapidly 

gained traction, as well as greatly contributing to spreading and expanding green energy resources, 

it is worth giving a brief introduction as to how this concept operates. 

Based on ABB, microgrids can be defined as an electrical network containing distributed 

resources (i.e., photovoltaic, wind), electrical energy storage systems, and loads that can be worked 

when connected or completely disconnected from the main utility grid [43]. This means that power 

plants can now also be installed closer to populated areas, which can increase their efficiency, 

reliability, stability and flexibility. By applying this concept, consumers can have access to two 

types of power sources: one from distributed resources and one from a regular utility network. In 

case any disturbances occur in one of these sources, the other one can cover without interruption 
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[44], [45]. Microgrids can be categorized into different types such as AC, DC, and hybrids 

microgrids. Currently, the propagation of DC microgrids is rapidly increasing owing to several 

advantages that they have over other types. Complicated control strategies, bulky transformer 

utilization and less efficient short circuit protection in AC microgrids make the DC microgrids 

more favorable [11], [46], [47] Furthermore, most of the more widespread modern applications, 

such as DERs, electric vehicles, motors, and computers, are inherently DC, meaning that no 

additional converters are needed.  

In power converters applications, it should be pointed out that the functions of the power 

converters can facilitate the exchange of power and can also enhance power quality and stability 

as well as maximize the power transfer capability and efficiency. Among several power electronics 

converters, VSCs are most widely used in industries, so more details about VSCs are provided in 

the next section. 

2.4 Voltage Source Converter (VSC) 

A concept and operation of VSC, and comparison between VSC and CSC converters are 

presented in this subsection. Further, the control strategies of VSC will be presented as wee. One 

should mention that the limited applications of the CSCs mean that VSCs predominate in the 

markets [48], [49]. Based on this fact, this work only considers the VSC, with CSCs being beyond 

the scope of this thesis. However, more details of CSCs can be found in [50]- [52]. 

2.4.1 Concept and Operation  

Concept: The main semiconductor switch cell of a VSC is IGBT connected with an anti-parallel 

diode, which is considered a bipolar and bidirectional switch and is shown in Fig. A.2.1 in 

Appendix. Additionally, this switch cell is categorized as a force-commutated switch, which makes 

it more attractive compared with line-commutated converters. The general concept of VSC 

configuration is derived from the idea of a combination of DC-DC boost and buck converters. As 

clarified in [42], [53], combining both DC-DC converters forms the basic configuration of the half-

bridge VSC, which can deliver power in two directions (bidirectional power flow) as shown in 

Fig. 2.2. In VSCs, the DC-side is considered a constant voltage source, so it can exchange power 

between subsystems by changing the polarities of the DC-side current; this represent the basic 

concept of VSC. 
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Operation: Based on the switching operation, VSC can be categorized into three types [54]: a) 

pulse width modulation (PWM), b) square wave, and c) voltage cancellation converters. As the 

first type is the commonly used, the other types will not be discussed. In this work, a three-phase 

two-level VSC has been considered, but for the sake of simplicity the operation of two-level VSC 

is explained in a half-bridge, single phase depicted in Fig. 2.2. It is called two-level due to the 

switched voltage in AC-side changes between two values only which are +𝑉𝑑𝑐/2 and -𝑉𝑑𝑐/2. 

Further, it is worth mentioning that the VSC can be extended to multilevel converter through 

adding more semiconductor switches and/or connecting more legs, then form them in a certain 

topology. The principle and mechanism of sinusoidal PWM (a type of PWM) is presented in Fig. 

A.2.2, which shows that the switching pattern is developed based on a comparison of the 

modulating signal (reference signal) with a carrier signal (periodic triangular signal).  

-
+

-
+

𝑍𝑓  

𝑉𝑔  

𝑉𝑑𝑐/2 𝑇1 𝐷1 

𝑉𝑑𝑐/2 

𝐶𝑑𝑐1
 

𝐶𝑑𝑐2
 

0

1

0

1

𝑇2 
𝐷2 

𝑉𝑑𝑐  

 

Figure 2.2 Diagram of bidirectional, single phase, one-leg, two-level voltage source converter (VSC).  

 

It is worth mentioning that the VSC works based on the command received by PWM, which is 

responsible for controlling the frequency and magnitude of the output AC voltage through varying 

the pattern of modulation. The operation of VSC for transferring power is clearly illustrated in 

Table 2.2. In each case the type of power transfer, state of switch and conducting element are 

presented. From the four cases showed in the table, it can be noted that the VSC can works in the 

four quadrants which are leading and lagging power factor rectifier and leading and lagging power 

factor inverter. 
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Table 2.2: Concept of power transfer in single-phase one-leg VSC based systems 

Half-bridge VSC Waveforms Status 

-
+

-
+

0

𝑍𝑓  

𝑉𝑔  

𝑉𝑑𝑐 /2 

𝑉𝑑𝑐 /2 

𝑇1𝑜𝑛
 

𝑇2 

𝐷1 

𝐷2 

𝑖+𝑜  

+ 

− 

− 

 

𝑉𝑑𝑐/2 

𝑉𝑑𝑐/2 − 

𝑣 

𝑡 

𝑇1  

 

Power transfer DC to AC (inversion) 

State of switch 𝑇1 ➔ on  , 𝑇2 ➔ off   

𝑖+𝑜  

𝑖−𝑜  

𝑖 

𝑡 
𝑇1  

 

State of diodes 𝐷1 ➔ off  , 𝐷2 ➔ off   

Conducting element 𝑇1 

-
+

-
+

0

𝑍𝑓  

𝑉𝑔  

𝑉𝑑𝑐 /2 

𝑇2 

𝐷1𝑜𝑛
 

𝐷2 

𝑖−𝑜  

𝑇1𝑜𝑛
 

+ 

− 

𝑉𝑑𝑐 /2 − 

 

𝑉𝑑𝑐/2 

𝑉𝑑𝑐/2 − 

𝑣 

𝑡 

𝑇1  

 

Power transfer AC to DC (rectification) 

Position of switch 𝑇1 ➔ on  , 𝑇2 ➔ off   

𝑡 
𝐷1  

𝑖+𝑜  

𝑖−𝑜  

𝑖 

 

State of diodes 𝐷1 ➔ off 

Conducting element 𝐷1 

 

-
+

-
+

0

𝑍𝑓  

𝑉𝑔  

𝑉𝑑𝑐 /2 
𝑇1 𝐷1 

𝐷2 𝑇2𝑜𝑛
 

+ 

− 

𝑉𝑑𝑐 /2 − 

𝑖−𝑜  

 

𝑉𝑑𝑐/2 

𝑉𝑑𝑐/2 

𝑣 

− 

𝑇2  

 

Power transfer DC to AC (inversion) 

State of switch 𝑇1 ➔ off  , 𝑇2 ➔ on   

𝑡 

𝑖+𝑜  

𝑖−𝑜  

𝑖 

𝑇2  

 

State of diodes 𝐷1 ➔ off  , 𝐷2 ➔ off   

Conducting element 

 

𝑇2 

 

-
+

-
+

0

𝑍𝑓  

𝑉𝑔  

𝑉𝑑𝑐 /2 
𝑇1 

𝑇2𝑜𝑛
 

𝐷1 

𝐷2𝑜𝑛
 

𝑖+𝑜  

+ 

− 

𝑉𝑑𝑐 /2 − 

 

𝑉𝑑𝑐/2 

𝑉𝑑𝑐/2 

𝑣 

− 

𝑇2  

 

Power transfer AC to DC (rectification) 

State of switch 𝑇1 ➔ off  , 𝑇2 ➔ on   

𝑖+𝑜  

𝑖−𝑜  

𝑖 

𝐷2  
𝑡 

 

State of diodes 𝐷2 ➔ off 

Conducting element 𝐷2 

 

2.4.2 Control Strategies  

As mentioned, the power converters consist of semiconductor switches and control units. This 

subsection clarifies the control strategies for VSC. Fine controlling the active and reactive power 

flow has a pivotal role in stabilizing the operation of any power system [55]. However, different 
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control strategies have been proposed in the literature to exchange active and reactive power with 

an AC system through VSC technology. Vector control technique is the most widely used for such 

systems compared with direct power control (DPC) technique. Two main drawbacks make the 

former technique more favorable than the latter. First, the DPC control does not have an inner 

current controller by which the coupling between active and reactive power increases and does not 

depend on the PWM modulator strategy [56]-[58]. Second, the switching frequency varies depend 

on the operating conditions of the system, such as the power and controller bandwidth. It is also 

difficult to evaluate the power loss of the VSC as well as designing the AC filters as the broadband 

harmonic varies broadly that makes it difficult to be determined [59]. This drawback leads to large 

AC filters such as bulk inductances having to be used, which means high power losses and high 

costs, in order to avoid high harmonics entering and damaging the system. For this reason, the 

vector control technique is considered in this work.  

The principle of vector control is the conversion of the AC three-phase (ABC frame) into a 

space phasor vector, which is rotated in a complex plane as seen in Fig 2.3. This space phasor 

vector contains the information necessary for a three-phase frame, namely amplitude, frequency, 

and phase-angle. For the sake of facilitating control design and analysis, it is preferable to map the 

transformed space vector by using real and imaginary orthogonal vectors, which are considered to 

be two-dimensional frames [60]-[62]. The literature shows that these two-dimensional frames can 

be classified into stationary and rotating reference frames known as alpha-beta (𝛼𝛽) and direct-

quadrature (𝑑𝑞) frames, respectively. 

                                                                          

Figure 2.3 Representation of three-phase components into two orthogonal components 

 

In order to convert the three-phase quantities into stationary and rotating reference frames, the 

well-known Clark and Park mathematical transformations are needed, as clear in Appendix 

(A.2.1)-(A.2.3). Further, Fig. A.2.3 shows the representation of three-phase into two components 

in axes form.  

𝑎𝑏𝑐-frame to space vector signal (𝑥𝑎𝑏𝑐
→ (𝑡)) 
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For control purposes, it is preferable to track DC components by using simple control like (PI) 

rather than variable components that need a more complicated control like  proportional resonant 

(PR) [63]. The rotating reference frame, as a result, is broadly used in VSC applications [27], [64].  

It is worth mentioning that there are two types of vector control, which are vector voltage 

control and vector current control. The latter is the commonly used and will be discussed in the 

next subsection, while the former is predominantly applied in high-power applications.  

2.4.2.1 Vector Current Control (Current mode control) 

Vector current control is the most widely used control for several VSC applications such as the 

grid-tied VSCs application. Unlike the voltage control mode, this control technique controls active 

and reactive power based on line-current phase-angles and amplitude due to the existence of the 

inner current controller, which will be discussed in the next chapter. This control strategy was 

characterized by previous controls by having an inner current controller. This provided several 

advantages, including protection against overcurrent, precise decoupling, and the controlling of 

active and reactive power and higher dynamic performance [65]. Due to these merits of inner 

current mode control, it is considered in this framework. 

The first step to apply the vector current control is applying the frame transformation to the AC 

three-phase signals. Among the frame transformation methods mentioned earlier, the 𝑑𝑞 frame 

representation is taken into account. In the 𝑑𝑞 frame, however, the way to communicate the 

converter with an integrated system (i.e. utility grid) is using some synchronization control 

techniques that are obligatory in weak grid and can be neglected in stiff grid [66], [67]. A great 

deal of research has been conducted in the area of synchronization control, but phase locked loop 

control (PLL) has become the dominant control technique due to its simplicity [68]. As this 

research is focused on weak grid condition, details of the PLL control are presented below. 

- Phase Locked Loop (PLL) 

Unlike other types of converter, such as a DC-DC converter, grid-connected converter systems 

need to synchronize with the utility grid [69]. Therefore, different synchronization techniques, 

such as the synchronous reference frame phase locked loop control (PLL) and power 

synchronization control, have been introduced in the literature [70]-[72]. PLL, rather than other 

types, is the most common strategy used as mentioned [73]. To clarify the concept of the PLL 

technique, the converter control is virtually represented by two 𝑑𝑞𝑠 frames. These frames can then 
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be divided into grid and controller (VSC) reference frames as shown in Fig. 2.4. As the main goal 

of the vector control is controlling active and reactive power separately, the q component measured 

from PCC should be set to zero. To do so, the PLL has to accurately determining the position of 

the angular frequency and angle of the utility grid voltage through classical feedback control. The 

PI controller can be used as a compensator for the PLL feedback control; more details are provided 

in chapter 3. 

To represent the functionality of the PLL control, Fig. 2.4 shows the representation of 𝑑𝑞 frames 

in two case scenarios, which are stiff and weak grid conditions. In a steady-state condition, the 

synchronization angle δ between the two frames is approximately equal to zero, where both frames 

are aligned together as shown in Fig. 2.4 (a). Thus, the PLL control in this case can be neglected 

as it has no action to do. In contrast, under transient and/or weak grid conditions, both frames are 

no longer aligned, as shown in Fig. 2.4 (b). The angle δ begins to oscillate until it resynchronizes 

successfully with the grid, whereby the system reaches a steady state again. Therefore, the 

synchronous PLL is an inevitable part of the 𝑑𝑞 vector control, especially in a weak grid condition.  

                                

(a)                                                                                            (b) 

 

Figure 2.4 Grid and converter 𝑑𝑞 frames of vector current control. a) stiff grid, b) weak grid  

 

2.4.3 Comparison between VSC and CSC 

      Although the CSC is not considered in this work, Table 2.3 presents a comparison between 

VSC and CSC to clarify the key differences between them. The comparison has been conducted 

based on the latest semiconductor switch development of these converters, so the LCC switch is 

not considered. The duality of the VSC and CSC can be clearly depicted from the table below. 
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Table 2.3: Comparison between VSC and CSC power converters in terms of their features [15], [74]-[78]  

Item VSC CSC 

Semiconductor switching 

device 

Asymmetrical with anti-parallel 

diode like IGBT 

Thyristor (LCC) or 

Symmetrical like IGCT 

Dc-side energy storage 
Electrolytic or film DC-capacitor 

(𝐶𝑑𝑐) 
Bulk DC choke (𝐿𝑑𝑐) 

Power losses in dc-side 

filters 

Low-power losses reach 

approximately 0.5% 

High power losses are 

between 2 and 4% 

Grid filter Inductance 𝐿𝑓 Capacitance 𝐶𝑓 

Footprint  Compact  Large  

Converter structure Relatively complex Simple 

Reliability Lower Higher 

Applicability 

High DC-link voltage (Vdc  ≥
2 Vgrid) is required to avoid over-

modulation when connecting to the 

grid 

More flexibility when 

connecting to the grid  

Harmonics Medium  High  

Unity power factor Yes  No  

Switching losses and 

(dv/dt) 

High (might break the insulation) Low 

Overcurrent or short 

circuit protection 

Difficult with IGCT, but effective 

with (IGBT) 

More Effective and reliable 

Dynamic performance High Low 

Common PWM technique 
Space vector, Carrier-based, SHE, 

and hysteresis (delta modulation) 

Space vector, carrier-based, 

SHE 

Dc voltage and current 

Vdc is determined by the voltage 

source 

Idc is dictated by the 

magnitude of the required 

AC-side  

Applications 
 1Efficient in low and medium 

voltage applications 

More efficient in high-

voltage applications 

Direction of power flow 
Determined by changing DC-current 

polarities  

Determined by changing DC 

voltage polarities  

 1 Multilevel topologies of VSC are required in high-power applications, whereas 2-level VSC is suitable for medium and low 

voltage applications 
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2.5 Related Work 

As the DERs experience rapid expansion, maintaining the overall system stability is vital. 

Therefore, this research investigates grid-connected VSC dynamic stability under different case 

scenarios and operation modes. Furthermore, this study is devoted to studying the dynamic 

interactions between DC-link capacitance uncertainty and utility grid strength. As the best of the 

authors’ knowledge, this type of dynamic interaction stability analysis study has not been 

rigorously reported in literature. It is noteworthy to mention that variations in the DC-link 

capacitance is an actual case that could occur due to variable loading and/or source conditions or 

changing the ambient temperature. These variations might significantly influence the DC-link 

voltage dynamic stability, causing stability issues [79]-[81]. 

Some research has been carried out on the study of the dynamic interactions between grid-

connected VSCs. Reference [82] presents a stability analysis of VSC connected to a weak grid. 

Also, a sensitivity analysis of AC system parameters and controllers’ gains have been studied in 

accordance with the weak-grid condition. In this reference, all the analysis has been done in 

inversion mode, but the rectifications have not been addressed. Furthermore, the DC-side terminal 

is considered to be a fixed DC voltage source, so the dynamics of the DC-link capacitor and DC-

link voltage controller were not included in this study. Most importantly, the effect of DC-link 

capacitance was out of the scope. The efforts in references [83], [84] are devoted to studying the 

impact of the control loops interactions on the stability performance of VSCs that are connected 

to weak and very weak grids. In [83], the concept of damping and restoring components is 

proposed for analyzing the control loop interactions. However, the effect of the AC voltage 

controller (reactive power controller) on the DC-link voltage controller has been addressed under 

different SCR levels. It has also been proven that the stability of the DC-link voltage control is 

affected by AC voltage control. In [84], the analysis was conducted using the state-space, small-

signal model to assess the system’s stability by considering several effects such as the operating 

point and controllers’ gains. In this study, the analyses mainly address the impact of PLL control 

on DC-link voltage control under different SCR levels. The analyses clearly show the dynamic 

interactions between both controllers. Besides which, it has been revealed that when the bandwidth 

of the PLL controller is almost identical to the bandwidth of the DC-link voltage controller, the 

system’s stability worsens. In both of the studies, the analysis was conducted in inversion mode 
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while the rectification mode was not included. These studies also considered the effect of DC-link 

voltage control and other controls on the system stability, whereas the impact of DC-link 

capacitance on system stability has not been reported under weak grid conditions. In [79], [85] the 

effect of the DC-side parameters’ variation on the dynamic stability of the grid-connected VSC 

system was studied. In the former reference, the analysis applied to a utility-scale PV system that 

was connected to a utility grid. Front-end converters (boost DC/DC) and grid side inverters, 

including their controllers, have been applied in order to harvest the maximum PV power for 

delivering active/reactive power to the grid. This study contributes by investigating the effect of 

the DC-link and front-end converter parameters on the dynamic stability of the power system. It 

has also been revealed that the dynamic stability of the power system is affected by the DC-side. 

Also, the most influential element that affects the dynamic stability of the power system in the DC-

side is the DC-link capacitance. The analysis did not consider the rectification mode, and the 

weakness of the utility grid was not investigated. The contribution of the latter study is the 

proposition of a non-linear controller for enhancing the stability of the system against the 

variations in the DC-side parameters (i.e. 𝐿𝑑𝑐 , 𝐶𝑑𝑐). The effect of variations in the DC-link 

capacitance on system stability has been addressed in both studies but with a stiff grid. 

Nevertheless, the effect with weak and weak grid conditions has not been evaluated. In the latter 

study the effect of the DC-link capacitance variations was only investigated under the rectification 

mode. Both studies confirmed that increasing the value of the DC-link capacitance negatively 

affected the damping of the system and vice versa. Moreover, the impact of controllers’ bandwidth 

and the grid side parameters on the system stability has also not been reported. In [86], a 

feedforward compensation was proposed in order to overcome the side-effects of reducing DC-

link capacitance such as increasing the THD in the grid current. This paper focused on applications 

that used a converter-based diode bridge front-end, which means that the targeted applications are 

only DC-type (i.e. an Electrolyzer). Nonetheless, the bidirectional VSC is beyond the scope of this 

study, and the effect of the DC-link capacitance is only considered in one mode, the rectification 

mode. The effect of the AC-side was disregarded, and the effect of the DC-link capacitance with 

a weak grid was also not achieved. An extensive modelling and analysis work using a very weak, 

grid-connected VSC was implemented in [87]. This study aimed to overcome the limitations of 

the converter power injection in a very weak grid condition using robust controls technique. The 

interaction stability analysis, however, was not the aim of this study. 
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Another analysis of permanent magnet generator (PMG) and doubly-fed electric machine 

(DFIG) for wind application connected to a weak grid through three-phase back-to-back VSC was 

conducted in [88] and [89], respectively. The contribution of reference [88] is controlling the DC-

link voltage via the Permanent magnet generator (PMG) converter side instead of the grid 

converter side, while [89] proposed a new approach for modelling the grid-connected Doubly-fed 

electric machine (DFIG) system for the sake of stability analysis. Also, the active and reactive 

power controls are controlled through the rotor side converter rather than the grid converter side. 

However, the interaction dynamics between the DC-link capacitance uncertainty, utility grid and 

AC-side parameters on system stability has not been reported in both studies. For this purpose, a 

comprehensive dynamic stability analysis is conducted to investigate and evaluate the stability of 

the system under uncertainty in the DC-link capacitance along with very weak grid in inversion 

and rectification modes. 

2.6 Summary  

This chapter has revealed the importance of shifting from conventional power systems, that 

increase global warming, to renewable energy resources. The limitations of the conventional 

power system have been discussed by mentioning the advantages and disadvantages of such 

systems. With renewable energy systems, the revolution of power electronics converter technology 

is the key element behind the huge growth of these resources. The advancement of power 

electronics converters was therefore discussed in detail. This chapter has also shown that a 

converter is formed from one or more semiconductor switches. This implies that semiconductor 

switches are important and improving these switches will lead to improvements in the converters’ 

performance and efficiency. The different types and characteristics of semiconductor switches 

were presented along with a comparison of the most two advanced switches: IGBT and IGCT. 

Among several power electronics converters, VSCs are currently dominant in the market due to 

several competitive features mentioned earlier. The concept, operation, and control strategies of 

VSC are presented in detail, with a comparison between VSC and CSC based on their key features 

also being shown. Lastly, a literature review of the dynamic stability study of grid-connected VSC 

system in term of studying the dynamic interactions between DC-link capacitance uncertainty and 

utility grid strength in different modes was reported.  
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Chapter 3 

Small-Signal Modeling of Grid-connected VSC Under Different 

Operational Modes 

 
3.1 Introduction 

This chapter introduces the mathematical model of the VSC connected to a grid for the purpose 

of analysis. The concept of linearization is briefly discussed, and the studied system is presented 

with clear explanation. Furthermore, the parameters and values of each component are shown in 

this section. This section includes a detailed description of the general design method that was 

applied for the controllers. The mathematical large-signal model for the grid-connected VSC is 

presented. From this model, the linearized state-space model is derived. To validate the analytical 

results, verification of the small-signal model against the large-signal model is reported under 

different critical case scenarios. 

3.2 Linear Analysis Method for Dynamic Interaction Studies 

The majority of existing power systems, such as power converters applications, are nonlinear 

which make them difficult to analyze [90]. Using the nonlinear model in simulation can provide 

limited information, including the response of the system to disturbances, but cannot provide 

information about the system’s inherent dynamic stability and the effect of parameter [91], [92]. 

Therefore, linearizing a nonlinear system around a certain equilibrium point is a simple and 

optimum method for studying and analyzing the inherent dynamic characteristics of power 

systems. This method also assists in designing the power systems and the controllers for such 

systems. To apply this method to any nonlinear system equation, it is assumed that there is a 

perturbation and an average value as shown in (3.1). As is clear from Fig. 3.1, the perturbation 

quantity is considerably small compared with the DC quantity. 

〈𝑥(𝑡)〉 = �̅�⏟
𝐷𝑐

+ ∆𝑥(𝑡)⏟  
𝐴𝑐

 

       �̅� >> ∆𝑥(𝑡)   (3.1) 
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Therefore, any two multiplied nonlinear time-variant quantities (or high-order terms) result in a 

very small negligible quantity. Thus, these quantities are then transformed into a linear equation. 

This linearization method called Taylor series expansion [93], [94]. It is worth mentioning that a 

linear model is only valid for small perturbations around a certain equilibrium point. In the case of 

large perturbations, the system might enter the nonlinear region and the derived linear model is no 

longer validated to use. This linear model is, therefore, called small-signal linearization model. As 

the core of this work is to capture the dynamic characteristics of a grid-connected VSC, the small-

signal linearization method was applied. 

 

𝑥 
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equilibrium point

Nonlinear response 

(slope)

 

Figure 3.1 Linearization concept for nonlinear system.   
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3.3 System Description  

Figure 3.2 illustrates the bidirectional grid-connected VSC system that was considered in this 

study. The block diagrams below the system are related to the following: controllers, direct-

quadrature (𝑑𝑞) transformation, and pulse width modulation (PWM). In this system, it is assumed 

that the DC-side consists of several loads and generators connected to the DC-bus, which can be 

assumed to be a DC microgrid.  
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Figure 3.2  Bidirectional grid-connected VSC interfacing controlled DC-current source. 

 

Δ𝑍𝑠𝑦𝑠(𝑆) =
𝑉𝑑𝑐
𝐼𝑑𝑐
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For the sake of simplicity, these assumed sources and generators are represented by a controlled 

DC-current source. The red highlighted parts of this diagram refer to DC-link capacitance and grid 

impedance, which were the main focuses of this study.  

𝐶𝑑𝑐𝑒𝑞 refers to the equivalent DC-link capacitance;𝑉𝑡, 𝑉𝑜, and 𝑉𝑔 are AC-side converter output 

terminal voltage, voltage at PCC, and grid voltage, respectively; 𝐿𝑓 and 𝑅𝑓 are inductance filter 

and reactor internal resistance, respectively; and 𝐿𝑔 and 𝑅𝑔 represent the grid impedance that 

determines the strength of the grid. The parameters of the system are illustrated in Table 3.1. 

Table 3.1: Parameters of the System [27] : 

Parameters Values 

Rated power of the system (𝑃𝑠) 2.5 MW 

Switching frequency (𝑓𝑠𝑤) 1680 Hz 

Utility grid line-to-line (L-L) rms voltage (𝑉𝑔𝑎𝑏𝑐) 480 V 

AC filter inductance (𝐿𝑓) and resistance (𝑅𝑓) 200 𝜇𝐻 ,  3.26 𝑚𝛺 

Equivalent DC-link capacitance (𝐶𝑑𝑐𝑒𝑞) 9625 𝜇𝐹 

DC-link voltage (𝑉𝑑𝑐) 1750 V 

Grid impedance ratio (𝑋𝑔/𝑅𝑔)  10 

 

3.4 Controllers’ Design 

Most of the grid-connected power converters use a classical vector control approach [17]. As 

previously mentioned, the principle of vector control is converting the AC three phase into two 

orthogonal vectors to facilitate the controller operation. A classical vector control approach for a 

power converter usually consists of two control levels: upper-level control (outer loop) and lower-

level control (inner loop). The role of the outer loop controller is to control the active and reactive 

power and regulate the DC-link and PCC voltages. The output current from the outer loop 

controller in 𝑑𝑞 components is processed by the inner loop controller through the grid coupling 

filter and then generates the modulation signals for the VSC through PWM as shown in Fig. 3.2. 
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In the following section, the design approach for AC-current, DC-link voltage, AC-bus voltage, 

and PLL controllers of the VSC is discussed in detail.  

3.4.1  AC-Current Controller (Inner-Loop) 

This type of controller is mainly implemented based on vector current control type. The main 

role of the current controller is controlling the current flow in the AC inductance filter by using a 

proportional and integral controller (PI). The decoupling terms illustrated in Fig. 3.3 (red signals) 

permit the current controller to independently regulate the 𝑑𝑞-axis, which is considered the 

distinctive feature of vector control. In Fig. 3.3, the mathematical expression of the current 

controller loop can be given in a vector representation as follows: 

 𝐕𝐭
𝐜̅̅ ̅ = (�̅�𝐟  

∗
− 𝐈�̅�

𝒄

 
) 𝐾𝑖(𝑠) 𝑗𝜔 𝐿𝑓 𝐈�̅�

𝒄

  
+ �̅�𝒄𝒐      

(3.2) 

where 𝐾𝑖(𝑠) = (𝐾𝑝𝑖 +
𝐾𝑖𝑖

𝑠
), 𝐾𝑝𝑖 and 𝐾𝑖𝑖 are the proportional and the integral gains, respectively. 

The superscripts “ * ”, “ c ” denote the reference values of the targeted signal and the converter 

reference frame, respectively. The open- and closed-loop transfer functions of the current 

controller can be derived from Fig. 3.3 as follows: 

 
𝑖(𝑠) = (𝐾𝑝𝑖 +

𝐾𝑖𝑖
𝑠
) (

1

𝐿𝑓 𝑆 + 𝑅𝑓
) 

(3.3) 

 
𝐺𝑝𝑖(𝑠) =

𝐼𝑑
𝐼𝑑
∗ =

𝐾𝑝𝑖 𝑆 + 𝐾𝑖𝑖

𝐿𝑓 𝑆2 + (𝑅𝑓 + 𝐾𝑝𝑖) 𝑆 + 𝐾𝑖𝑖
 

(3.4) 

Using a pole-zero cancellation property in (3.4) by choosing  
𝑅𝑓

𝐿𝑓
=

𝐾𝑖𝑖

𝐾𝑝𝑖
 , the closed-loop transfer 

function can be re-written as: 

 𝐺𝑝𝑖(𝑠) =
𝐼𝑑

𝐼𝑑
∗ =

1

𝜏𝑖 𝑆+1
 , where 𝜏𝑖 =

𝐿𝑓

𝐾𝑝𝑖
                       (3.5) 

For the purpose of controller design, a high bandwidth must be considered for a fast tracking 

current control [95]. As a general rule of thumb, the bandwidth of the current controller (Bwcc) 

must be less than the switching frequency (𝑓𝑠𝑤). Therefore, it is recommended to select a Bwcc that 

is 0.1–0.2 times the 𝑓𝑠𝑤 of the VSC. The gains of the current controller, therefore, can be obtained 
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from (3.5) by using the following expressions, through a process called the internal model method 

[96], [97]:  

 𝐾𝑝𝑖 = 𝜔𝑏 𝐿𝑓 (3.6) 

                 𝐾𝑖𝑖 = 𝜔𝑏 𝑅𝑓  ,  𝜔𝑏 =
1

𝜏𝑖
 (3.7) 

In this project, the Bwcc was selected to be =0.1*2𝜋𝑓𝑠𝑤 =336𝜋 rad/sec as illustrated in Fig. 3.4. 

Using (3.6) and (3.7), the gains 𝐾𝑝𝑖 and 𝐾𝑖𝑖 are found to be 0.2 and 3.26 /S, respectively. 

 

Figure 3.3  Current controller schematic for the grid-connected VSC. 

 

Figure 3.4 Frequency response (bode-plot) of open- and closed-loop transfer function for the AC-current 

controller. 
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3.4.2  DC-link Voltage Controller (Outer-Loop) 

The main role of this controller is obtaining the desired range of active power and amplitude of 

the DC-link voltage. As is shown in Fig. 3.2, the input and output of the DC-link voltage controller 

are references of the DC-link voltage (𝑉𝑑𝑐
∗ ) and the 𝑑 − 𝑎𝑥𝑖𝑠 current (𝐼𝑑

∗), respectively. The error 

between the reference values and actual values of the DC-link voltage controller is processed by 

the PI controller, which in turn generates the 𝐼𝑑
∗ . Referring to Fig. 3.5, the dynamics of the DC-link 

voltage controller equation can be described in a vector form as: 

 
𝑅𝑒𝑎𝑙{�̅�𝐟 

∗
} =

2

3𝑉𝑜𝑑
[(𝑉𝑑𝑐

2 − 𝑉𝑑𝑐
2 ∗) 𝐾𝑣(𝑠)] 

(3.8) 

Where 𝐾𝑣𝑑𝑐(𝑠) = (𝐾𝑝𝑣𝑑𝑐 +
𝐾𝑖𝑣𝑑𝑐
𝑠
), 𝐾𝑝𝑣𝑑𝑐  and 𝐾𝑖𝑣𝑑𝑐 are proportional and integral gains, 

respectively. 

The open- and closed-loop transfer functions of the DC-link voltage controller can be derived from 

Fig. 3.5 as follows: 

 𝑙𝑣𝑑𝑐(𝑠) = (𝐾𝑝𝑣𝑑𝑐 +
𝐾𝑖𝑣𝑑𝑐
𝑆
) (

2

3∗𝑉𝑜
) (

1

𝜏𝑖 𝑆+1
) (1.5𝑉𝑑) (

2

𝐶𝑑𝑐 𝑆
) (3.9) 

 
𝐺𝑣𝑑𝑐(𝑠) =

𝑉𝑑𝑐
∗

𝑉𝑑𝑐
=

𝑙𝑣𝑑𝑐(𝑠)

1 + 𝑙𝑣𝑑𝑐(𝑠)
 

(3.10) 

For the sake of controller design, the bandwidth of the DC-link voltage controller (Bwdc) must be 

adequately slower than that of the inner controller to avoid any dynamic interference between the 

controllers. Therefore, the gain crossover frequency of the voltage controller (𝜔𝑐) should be 

selected between 0.15 to 0.3 of the bandwidth of the inner current control loop [27]. In this study, 

the Bwdc was chosen to be = 0.2*2𝜋𝑓𝑠𝑤 = 70𝜋 rad/sec as illustrated in Fig. 3.6. The controller 

gains 𝐾𝑝𝑑𝑐 =0.875 and  𝐾𝑖𝑑𝑐 =50/S have been designed based on the symmetrical optimum 

technique [98].  
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Figure 3.5  Closed-loop block diagram of the VSC DC-link voltage controller. 

 

Figure 3.6 Frequency response (bode-plot) of open- and closed-loop transfer function for the DC-link 

voltage controller. 

3.4.3  Phase-Locked Loop (PLL) 

A PLL is implemented to synchronize the angle of the VSC with the AC grid and generate the 

𝑑𝑞-components of the measurements that applied in other controller loops as shown in Fig. 3.7. It 

can be also depicted from the aforementioned figure that the 𝑞 −component of the PCC is set to 

zero by the PI controller. In the steady state conditions, the synchronization angle 𝜃 between the 

grid and converter reference frames is equal to zero, as both frames are aligned together. Under 

transient conditions, both frames are no longer aligned, and the angle 𝜃 begins to oscillate until a 
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resynchronization is successfully achieved [99], [100].  To account for the PLL dynamics in this 

work, all measured signals denoted by the superscript “c” are transformed to the grid reference 

frame “ 𝑔” by using the general frame transformation equations as follows (3.11)-(3.13): 

 𝑥𝑔 = 𝑥𝑐𝑒𝑗𝜃 (3.11) 

 [
∆𝑥𝑑

𝑐

∆𝑥𝑞
𝑐] = [

𝑐𝑜𝑠 (𝜃0 ) 𝑠𝑖𝑛(𝜃0 ) (−𝑥𝑑0
𝑔
𝑠𝑖𝑛(𝜃0 ) + 𝑥𝑞0

𝑔
𝑐𝑜𝑠(𝜃0 ))

−𝑠𝑖𝑛(𝜃0 ) 𝑐𝑜𝑠(𝜃0 ) (−𝑥𝑑0
𝑔
𝑐𝑜𝑠(𝜃0 ) − 𝑥𝑞0

𝑔
𝑠𝑖𝑛(𝜃0 ))

] [

∆𝑥𝑑
𝑔

∆𝑥𝑞
𝑔

∆𝜃 

] (3.12) 

 [
∆𝑥𝑑

𝑔

∆𝑥𝑞
𝑔] = [

𝑐𝑜𝑠 (𝜃0 ) −𝑠𝑖𝑛(𝜃0 ) (−𝑥𝑑0
𝑐 𝑠𝑖𝑛(𝜃0 ) − 𝑥𝑞0

𝑐 𝑐𝑜𝑠(𝜃0 ))

𝑠𝑖𝑛(𝜃0 ) 𝑐𝑜𝑠(𝜃0 ) (𝑥𝑑0
𝑐 𝑐𝑜𝑠(𝜃0 ) − 𝑥𝑞0

𝑐 𝑠𝑖𝑛(𝜃0 ))
] [

∆𝑥𝑑
𝑐

∆𝑥𝑞
𝑐

∆𝜃 

] (3.13) 

It is worth mentioning that the frame of all signals of the system must be unified, either for the 

grid or the converter reference frame. Referring to Fig. 3.7, the mathematical model of the PLL 

controller is provided by (3.14) and (3.15) in a vector form: 

 𝜔𝑝𝑙𝑙 = 𝐾𝑃𝐿𝐿(𝑆) Im{�̅�𝒐
 𝒄
} (3.14) 

 𝑑𝜃

𝑑𝑡
= ( 𝜔𝑔

° +𝜔𝑝𝑙𝑙) 
(3.15) 

Where 𝐾𝑃𝐿𝐿(𝑆) = (𝐾𝑝𝑝𝑙𝑙 +
𝐾𝑖𝑝𝑙𝑙

𝑠
), 𝐾𝑝𝑝𝑙𝑙  and 𝐾𝑖𝑝𝑙𝑙 are the proportional and integral gains of the PLL, 

respectively; 𝜔𝑔
°  and 𝜔𝑝𝑙𝑙 are nominal values of the grid angular synchronous frequency and PLL 

instantaneous angular frequency, respectively; and the superscript “o” denotes the operating point 

of the variable. The open- and closed-loop transfer functions of the PLL can be derived from Fig. 

3.7 as follows: 

 
𝑙𝑝𝑙𝑙(𝑠)=(

1

𝑆
) (𝐾𝑝𝑝𝑙𝑙 +

𝐾𝑖𝑝𝑙𝑙

𝑠
) 𝑉𝑜𝑞

𝑐  
(3.16) 

 
                                                             𝐺𝑝𝑝𝑙𝑙(𝑠) =

𝑙𝑝𝑙𝑙
(𝑠)

1+ 𝑙𝑝𝑙𝑙
(𝑠)

                                                     
(3.17) 

As the PLL controller is a critical part in vector control and all the controllers relay on it as shown 

in Fig. 3.2, the 𝜔𝑝𝑙𝑙 must be limited between certain amounts to avoid large deviations. Based on 

[69], [101] the bandwidth of the PLL (BwPLL) is recommended to sit within the range of the outer-
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loop controller, which adequately smaller than inner controller’s bandwidth. Therefore, designing 

the BwPLL at 65𝜋 rad/sec, as illustrated in Fig. 3.8, can be achieved by setting the gains to 𝐾𝑝𝑝𝑙𝑙= 

180 and 𝐾𝑖𝑝𝑙𝑙= 3200/S [27]. 

 

Figure 3.7 PLL schematic for the grid-connected VSC. 

 

Figure 3.8 Frequency response (bode-plot) of open- and closed-loop transfer function for the PLL 

controller. 

3.4.4  AC-Voltage Controller (Outer-Loop) 

The main function of this controller is obtaining the desired range of reactive power and 

amplitude of the PCC voltage. The input and output of the AC-bus voltage controller are references 

of the AC-bus voltage (𝑉𝑜𝑑
∗ ) and the 𝑞 − 𝑎𝑥𝑖𝑠 current (𝐼𝑞

∗), respectively, as shown in Fig. 3.9. The 

error between the reference values and actual values of the AC-bus voltage controller is processed 
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by the PI controller, which in turn generates the 𝐼𝑞
∗. Referring to Fig. 3.9, the dynamics of the AC-

bus voltage controller equation can be represented in a vector form as (3.18): 

 
Im{�̅�𝐟 

∗
} =

−2

3𝑉 𝑜^
[(𝑉𝑜𝑑

∗ −  Real{�̅�𝒐
 𝒄
} ) 𝐾𝑣𝑎𝑐(𝑠)] 

(3.18) 

Where 𝐾𝑣𝑎𝑐(𝑠) = (𝐾𝑝𝑣𝑎𝑐 +
𝐾𝑖𝑣𝑎𝑐
𝑠
), 𝐾𝑝𝑣𝑎𝑐  and 𝐾𝑖𝑣𝑎𝑐  are proportional and integral gains, 

respectively. The open- and closed-loop transfer functions of the AC-bus voltage controller can be 

derived from Fig. 3.9 as follows: 

 𝑙𝑣𝑎𝑐(𝑠) = (𝐾𝑝𝑣𝑎𝑐 +
𝐾𝑖𝑣𝑎𝑐
𝑆
) (

−2

3∗𝑉𝑜
) (

1

𝜏𝑖 𝑆+1
) (𝜔𝑜𝐿𝑔) 

(3.19) 

 
𝐺𝑣𝑑𝑐(𝑠) =

𝑉𝑑𝑐
∗

𝑉𝑑𝑐
=

𝑙𝑣𝑎𝑐(𝑠)

1 + 𝑙𝑣𝑎𝑐(𝑠)
 

(3.20) 

The design criteria for this controller is similar to that of the DC-link voltage controller. Therefore, 

the AC-bus voltage controller bandwidth (Bwac) was selected at 0.15∗ Bwcc =55𝜋 rad/sec as 

shown in Fig. 3.10. This can be achieved by setting the controller gains 𝑎𝑠 𝐾𝑝𝑖 = 1 and  𝐾𝑖𝑖 =

1.1e6/S. As this project was devoted to weak grid condition, the controller gains were designed 

at high grid impedance (𝑍𝑔𝑟𝑖𝑑).  

 

Figure 3.9 Closed-loop block diagram of the VSC AC-bus voltage controller. 
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Figure 3.10 Frequency response (bode-plot) of open- and closed-loop transfer function for the AC-bus 

voltage controller. 

3.5 Mathematical Modeling  

Normally, modeling technique can be categorized into state-space models and impedance 

models. Both methods are used for the same purpose, which is analyzing the dynamic stability of 

the targeted systems. In this work, the state-space model method was chosen to analyze the 

dynamic interactions of the system shown in Fig. 3.2.  

3.5.1 Large-Signal Model 

Figure 3.2 represents the circuit diagram of the DC-AC bidirectional grid-connected VSC 

system. The details of the complete large-signal model are presented in this section. 

3.5.1.1 Power Circuit Model 

a) AC-side dynamics 

As is clear from the system diagram in Fig. 3.2, the dynamics of power circuits are modeled by 

(3.21) - (3.23). To simplify the analysis, the model of the AC-side was considered in the 𝑑𝑞 

synchronous reference frame. 
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 𝑉𝑡𝑑 − 𝑉𝑜𝑑 = 𝐼𝑑(𝑅𝑓 + 𝑝𝐿𝑓) − 𝜔𝐿𝑓𝐼𝑞 (3.21) 

 𝑉𝑡𝑞 − 𝑉𝑜𝑞 = 𝐼𝑞(𝑅𝑓 + 𝑝𝐿𝑓) + 𝜔𝐿𝑓𝐼𝑑 (3.22) 

                                       𝑉𝑜𝑑 − 𝑉𝑔𝑑 = 𝐼𝑔𝑑(𝑅𝑔 + 𝑝𝐿𝑔) − 𝜔𝐿𝑔𝐼𝑔𝑞 (3.23) 

    𝑉𝑜𝑞 − 𝑉𝑔𝑞 = 𝐼𝑔𝑞(𝑅𝑔 + 𝑝𝐿𝑔) + 𝜔𝐿𝑔𝐼𝑔𝑑 (3.24) 

𝑉𝑡𝑑, 𝑉𝑡𝑞, 𝐼𝑑, and 𝐼𝑞 are the 𝑑𝑞- axis converter’s terminal output currents and voltages, PCC voltage, 

and grid voltage, respectively; 𝑉𝑜𝑑 , 𝑉𝑜𝑞, 𝐼𝑔𝑑 and 𝐼𝑔𝑞 are 𝑑𝑞- axis voltages and injected currents at 

the point of common coupling; 𝑝 denotes the time-derivative operator. The mathematical 

representation of instantaneous active (𝑃𝑝𝑐𝑐) and reactive (𝑄𝑝𝑐𝑐) power delivered to the PCC can 

be modeled in the 𝑑𝑞 synchronous reference frame by (3.25) and (3.26):  

 𝑃𝑝𝑐𝑐 = 1.5(𝐼𝑑𝑉𝑜𝑑 + 𝐼𝑞𝑉𝑜𝑞)  (3.25) 

 𝑄𝑝𝑐𝑐 = 1.5(𝐼𝑞𝑉𝑜𝑑 − 𝐼𝑑𝑉𝑜𝑞) (3.26) 

b) DC-side dynamics  

In this study, the converter was assumed to be lossless, which means it is a highly efficient 

power electronic converter. Considering this assumption, the power injected to the inverter 

terminal from the DC-link bus is equal to the power delivered from the inverter. However, the 

power balance equation of DC-AC is:   

 𝑉𝑑𝑐𝐼𝑖𝑛 = 1.5(𝐼𝑑𝑉𝑡𝑑 + 𝐼𝑞𝑉𝑡𝑞)                                                                                                                                (3.27) 

The dynamic of the DC-side is represented by the DC-link capacitance: 

 𝐶𝑑𝑐𝑒𝑞 𝑝𝑉𝑑𝑐 = 𝐼𝑑𝑐 − 𝐼𝑖𝑛     (3.28) 

where 𝐼𝑑𝑐 is the injected current to the DC-link bus coming from the virtual DC-microgrid that is 

represented by a controlled current source, 𝐼𝑖𝑛 is the current delivered from the DC-link bus to the 

converter; and 𝑉𝑑𝑐 is the voltage across DC-link capacitance. Rewriting (3.27) in terms of power, 

the power balance on the DC-link bus is given by (3.29): 

 1

2
𝐶𝑑𝑐𝑒𝑞𝑝𝑉𝑑𝑐

2
⏟        

𝑃𝑐𝑎𝑝

= 𝑉𝑑𝑐𝐼𝑑𝑐⏟  
𝑃𝑑𝑐

− 1.5(𝐼𝑑𝑉𝑡𝑑 + 𝐼𝑞𝑉𝑡𝑞)⏟            
𝑃𝑐𝑜𝑛𝑣

                                                                                                 (3.29) 
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where  𝑃𝑐𝑎𝑝, 𝑃𝑑𝑐 , 𝑎𝑛𝑑 𝑃𝑐𝑜𝑛𝑣  are the power across the DC-link bus, the exogenous power that comes 

from virtual DC microgrid, and the converter power delivered to the AC-side terminal, 

respectively; and the term (
1

2
𝐶𝑑𝑐𝑒𝑞𝑝𝑉𝑑𝑐

2 ) represents the rate of DC-link capacitor energy change.  

3.5.1.2 Controllers’ Model  

In the previous subsection, the mathematical power circuit model in Fig. 3.2 was presented. In 

order to represent all the dynamics of the system, the controllers of the system are also modeled. 

Therefore, the mathematical representation of DC-link voltage, AC-bus voltage, AC-current, and 

PLL controllers is governed by (3.30) -(3.34), respectively: 

 
𝐼𝑑
∗ =

2

3𝑉𝑜𝑑
[(𝑉𝑑𝑐

2 − 𝑉𝑑𝑐
2 ∗ ) 𝐾𝑣𝑑𝑐(𝑠)] 

(3.30) 

 
𝐼𝑞
∗ =

−2

3𝑉𝑜
[(𝑉𝑜𝑑

∗ − 𝑉𝑜𝑑
𝑐 ) 𝐾𝑣𝑎𝑐(𝑠)] 

(3.31) 

 𝑉𝑡𝑑
𝑐 = (𝐼𝑑

∗ − 𝐼𝑑
𝑐)𝐾𝑖𝑑(𝑠) − 𝜔 𝐿𝑓𝐼𝑞

𝑐 + 𝑉𝑜𝑑
𝑐  (3.32) 

 𝑉𝑡𝑞
𝑐 = (𝐼𝑞

∗ − 𝐼𝑞
𝑐)𝐾𝑖𝑞(𝑠) + 𝜔 𝐿𝑓𝐼𝑑

𝑐 + 𝑉𝑜𝑞
𝑐  (3.33) 

 ∆𝜔 = 𝐾𝑝𝑙𝑙(𝑠)𝑉𝑜𝑞
𝑐  

                                                      𝑝𝜃 = ∆𝜔  

(3.34) 

3.5.2  Small-Signal Model 

In this section, the small-signal modeling of the entire system is derived. Applying the small-

signal linearization, which is described in section 3.2, to (3.21) -(3.24) and (3.29) -(3.34), results 

in the following equations: 

 𝐿𝑓𝑆∆𝐼𝑑
𝑔
= 𝑅𝑓∆𝐼𝑑

𝑔
− 𝜔𝐿𝑓∆𝐼𝑞

𝑔
−∆𝑉𝑡𝑑 + ∆𝑉𝑜𝑑

𝑔
  (3.20) ̀    

 𝐿𝑓𝑆∆𝐼𝑞
𝑔
= 𝑅𝑓∆𝐼𝑞

𝑔
+ 𝜔𝐿𝑓∆𝐼𝑑

𝑔
− ∆𝑉𝑡𝑞

𝑔
+ ∆𝑉𝑜𝑞

𝑔    (3.21) ̀                                

 𝐿𝑔𝑆∆𝐼𝑔𝑑
𝑔
= 𝑅𝑔∆𝐼𝑔𝑑

𝑔
− 𝜔𝐿𝑔∆𝐼𝑔𝑞

𝑔
− ∆𝑉𝑜𝑑

𝑔
+ ∆𝑉𝑔𝑑

𝑔    (3.22) ̀  

 𝐿𝑔𝑆∆𝐼𝑔𝑞
𝑔
= 𝑅𝑔∆𝐼𝑔𝑞

𝑔
+ 𝜔𝐿𝑔∆𝐼𝑔𝑑

𝑔
− ∆𝑉𝑜𝑞

𝑔
+ ∆𝑉𝑔𝑞

𝑔                                                                                                  (3.23) ̀  
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  (𝑉𝑜𝑑𝑐
 
𝐶𝑑𝑐𝑒𝑞𝑆∆𝑉𝑑𝑐

 ) = 𝑉𝑜𝑑𝑐
 
 ∆𝐼𝑑𝑐 + 𝐼𝑑𝑐

𝑜  ∆𝑉𝑑𝑐
  − 1.5(𝐼𝑑

𝑜∆𝑉𝑡𝑑 + 𝑉𝑡𝑑
𝑜 ∆𝐼𝑑 + 𝐼𝑞

𝑜∆𝑉𝑡𝑞𝑉𝑡𝑞
𝑜 ∆𝐼𝑞)    (3.35) 

 ∆𝐼𝑑
∗ =

2

3𝑉𝑜𝑑
𝑜 [(2𝑉𝑑𝑐

𝑜 ∆𝑉𝑑𝑐
 − 2𝑉𝑑𝑐

𝑜∗∆𝑉𝑑𝑐
∗  ) 𝐾𝑝𝑣𝑑𝑐

+ ∆𝜑𝑣𝑑𝑐]     
(3.36) 

 𝑆∆𝜑𝑑𝑐 = (2𝑉𝑑𝑐
𝑜 ∆𝑉𝑑𝑐

 − 2𝑉𝑑𝑐
𝑜∗∆𝑉𝑑𝑐

∗  ) 𝐾𝑖𝑣𝑑𝑐
   (3.36) ̀     

 ∆𝐼𝑑
∗ =

−2

3𝑉𝑜
𝑜 [(∆𝑉𝑜𝑑

∗ − ∆𝑉𝑜𝑑
𝑐 ) 𝐾𝑝𝑣𝑎𝑐

+ ∆𝜑𝑣𝑎𝑐]     
(3.37) 

 𝑆∆𝜑𝑎𝑐 = (∆𝑉𝑜𝑑
∗ − ∆𝑉𝑜𝑑

𝑐  ) 𝐾𝑖𝑎𝑐     (3.37) ̀     

 ∆𝑉𝑡𝑑
𝑐 = (∆𝐼𝑑

∗ − ∆𝐼𝑑
𝑐)𝐾𝑝𝑖𝑑

+ ∆𝜑𝑖𝑑 − 𝜔 𝐿𝑓∆𝐼𝑞
𝑐 + ∆𝑉𝑜𝑑

𝑐  (3.38) 

 𝑆∆𝜑𝑖𝑑 = (∆𝐼𝑑
∗ − ∆𝐼𝑑

𝑐 ) 𝐾𝑖𝑖𝑑                                                                                                                           (3.38)̀  

 ∆𝑉𝑡𝑞
𝑐 = (∆𝐼𝑞

∗ − ∆𝐼𝑞
𝑐)𝐾𝑝𝑖𝑞 + ∆𝜑𝑖𝑞 + 𝜔 𝐿𝑓∆𝐼𝑑

𝑐 + ∆𝑉𝑜𝑞
𝑐    (3.39) 

 𝑆∆𝜑𝑖𝑑 = (∆𝐼𝑞
∗ − ∆𝐼𝑞

𝑐 ) 𝐾𝑖𝑖𝑞                                                                                                                                                                                                                            (3.39)̀  

 ∆𝜔 = 𝐾𝑝𝑝𝑙𝑙∆𝑉𝑜𝑞
𝑐  + ∆𝜑𝑝𝑙𝑙                                                                                                                      (3.40) 

 𝑆∆𝜃𝑃𝐿𝐿 = ∆𝜔   ;  𝑆∆𝜑𝑝𝑙𝑙 = 𝐾𝑖𝑝𝑙𝑙 ∆𝑉𝑜𝑞
𝑐                                                                                                                               (3.40)̀  

This represents the complete small-signal equations for the grid-connected VSC system. In order 

to study the dynamic stability of the grid-connected VSC system, the small-signal linearization 

equations are expressed in a state-space form as follows: 

 ∆�̇� = 𝑨 ∆𝒙 + 𝑩∆𝒖                     

                                                     ∆𝒚 = 𝑪 ∆𝒙 + 𝑫∆𝒖                                                         

(3.41) 

In the following, all the above equations are re-written in the form of matrices. The equations 

from (3.21) – (3.29) are represented by a power circuit model, while the rest of the equations are 

represented by a controller model. As this work focused on a very weak grid condition, the detailed 

frame transformation model was considered instead of the simplified model. 
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3.5.2.1 Matrix form Representation of Power Circuit Model 

[
 
 
 
 
 
 
∆𝑉𝑑𝑐̇

∆𝐼𝑑
�̇�

∆𝐼𝑞
�̇�

∆𝐼𝑔𝑑
�̇�

∆𝐼𝑔𝑞
�̇�
]
 
 
 
 
 
 

=

[
 
 
 
 
 
 
 
 
 
𝐼𝑖𝑛
°

𝐶𝑑𝑐𝑉𝑑𝑐
°

−3𝑉𝑑
°

2𝐶𝑑𝑐𝑉𝑑𝑐
°   

−3𝑉𝑞
°

2𝐶𝑑𝑐𝑉𝑑𝑐
° 0 0

0 −(
𝑅𝑓+𝑅𝐿

𝐿𝑓
) 𝜔°

𝑅𝑓

𝐿𝑓
0

0 −𝜔° −(
𝑅𝑓+𝑅𝐿

𝐿𝑓
) 0

𝑅𝑓

𝐿𝑓

0
𝑅𝐿

𝐿𝑔
0 −(

𝑅𝐿+𝑅𝑔

𝐿𝑔
) 𝜔°

0 0
𝑅𝐿

𝐿𝑔
−𝜔° −(

𝑅𝐿+𝑅𝑔

𝐿𝑔
)
]
 
 
 
 
 
 
 
 
 

⏟                                    
Α𝑝𝑐

[
 
 
 
 
 
∆𝑉𝑑𝑐
∆𝐼𝑑

𝑔

∆𝐼𝑞
𝑔

∆𝐼𝑔𝑑
𝑔

∆𝐼𝑔𝑞
𝑔
]
 
 
 
 
 

 

+ 

[
 
 
 
 
 
 
 
−3𝐼𝑑

°

2𝐶𝑑𝑐𝑉𝑑𝑐
°

−3𝐼𝑞
°

2𝐶𝑑𝑐𝑉𝑑𝑐
°

1

𝐿𝑓𝑔
0

0
1

𝐿𝑓𝑔

0 0
0 0 ]

 
 
 
 
 
 
 

⏟          
Β𝑝𝑐1

[
∆𝑉𝑑

𝑔

∆𝑉𝑞
𝑔]+

[
 
 
 
 
 
 
0 0
0 0
0 0
−1

𝐿𝑓𝑔
0

0
−1

𝐿𝑓𝑔]
 
 
 
 
 
 

⏟      
Β𝑝𝑐2

[
∆𝑉𝑔𝑑

𝑔

∆𝑉𝑔𝑞
𝑔 ] + 

[
 
 
 
 
 
1

𝐶𝑑𝑐

0
0
0
0 ]
 
 
 
 
 

⏟
Β𝑝𝑐3

[∆𝐼𝑑𝑐]     (3.42) 

 
[
∆𝑉𝑜𝑑

𝑔

∆𝑉𝑜𝑞
𝑔 ] = [

𝑅𝐿 0
0 𝑅𝐿

]
⏟      

𝑉𝑜1

[
∆𝐼𝑑

𝑔

∆𝐼𝑞
𝑔]+ [

−𝑅𝐿 0
0 −𝑅𝐿

]
⏟        

𝑉𝑜2

[
∆𝐼𝑔𝑑

𝑔

∆𝐼𝑔𝑞
𝑔 ] 

  (3.43) 

3.5.2.2 Matrix form Representation of Controller Model 

- AC and DC Voltage Controllers 

 
[
∆𝜑𝑑𝑐̇

∆𝜑𝑎𝑐̇
]= [

2𝑉𝑑𝑐𝐾𝑖𝑣
0

]
⏟      

𝐵𝑣1

[∆𝑉𝑑𝑐]+[
0

−𝐾𝑖𝑎𝑐
]

⏟    
𝐵𝑣2

[∆𝑉𝑜𝑑
𝑐 ]+[

−2𝑉𝑑𝑐𝐾𝑖𝑣
0

]
⏟      

𝐵𝑣3

[∆𝑉𝑑𝑐
∗ ]+[

0
𝐾𝑖𝑎𝑐

]
⏟  
𝐵𝑣4

[∆𝑉𝑜𝑑
∗ ] 

(3.44) 

 

[
∆𝐼𝑑
∗

∆𝐼𝑞
∗]=[

1 0

0
−2

3(480√
2

3
)
]

⏟        
𝐶𝑣1

[
∆𝜑𝑑𝑐
∆𝜑𝑎𝑐

]+[
2𝑉𝑑𝑐𝐾𝑝𝑣
0

]
⏟      

𝐷𝑣1

[∆𝑉𝑑𝑐]+[

0
2𝐾𝑝𝑎𝑐

3(480√
2

3
)

]

⏟      
𝐷𝑣2

[∆𝑉𝑜𝑑
𝑐 ]+

[
−2𝑉𝑑𝑐𝐾𝑝𝑣

0
]

⏟      
𝐷𝑣3

[∆𝑉𝑑𝑐
∗ ]+ [

0
−2𝐾𝑝𝑎𝑐

3(480√
2

3
)

]

⏟      
𝐷𝑣4

[∆𝑉𝑜𝑑
∗ ] 

 

 

 

 

 (3.45) 
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- AC Current Controller  

 
[
∆𝜑𝑖𝑑
∆𝜑𝑖𝑞̇

̇
] = [

𝐾𝑖𝑖 0
0 0

]
⏟    
Β𝑐𝑐1

[
∆𝐼𝑑
∗

∆𝐼𝑞
∗]+[

−𝐾𝑖𝑖 0
0 −𝐾𝑖𝑖

]
⏟        

Β𝑐𝑐2

[
∆𝐼𝑑
𝑐

∆𝐼𝑞
𝑐] 

(3.46) 

 
[
∆𝑉𝑑

𝑐

∆𝑉𝑞
𝑐] = [

1 0
0 1

]
⏟  
𝐶𝑐𝑐1

[
∆𝜑𝑖𝑑
∆𝜑𝑖𝑞

] +[
−𝐾𝑝𝑖 −𝜔°𝐿𝑓

𝜔°𝐿𝑓 −𝐾𝑝𝑖
]

⏟          
𝐷𝑐𝑐1

[
∆𝐼𝑑
𝑐

∆𝐼𝑞
𝑐] + [

𝐾𝑝𝑖 0

0 0
]

⏟      
𝐷𝑐𝑐2

[
∆𝐼𝑑
∗

∆𝐼𝑞
∗]+[

1 0
0 1

]
⏟  
𝐷𝑐𝑐3

[
∆𝑉𝑜𝑑

𝑐

∆𝑉𝑜𝑞
𝑐 ]  

(3.47) 

- SRF-PLL 

 
[
∆𝜃𝑃𝐿𝐿
∆𝜑𝑝𝑙𝑙̇

̇
]

⏟    
∆𝑥𝑙𝑙

= [
0 1
0 0

]
⏟  
𝐴𝑝𝑙𝑙

[
∆𝜃𝑃𝐿𝐿
∆𝜑𝑝𝑙𝑙

] + [
0 𝐾𝑝𝑝𝑙𝑙
0 𝐾𝑖𝑝𝑙𝑙

]
⏟      

𝐵𝑙𝑙

[
∆𝑉𝑜𝑑

𝑐

∆𝑉𝑜𝑞
𝑐 ]  

(3.48) 

 
  [∆𝜔] = [0     1]⏟    

𝐶𝑙𝑙

[
∆𝜃𝑃𝐿𝐿
∆𝜑𝑝𝑙𝑙

] + [0    𝐾𝑝𝑝𝑙𝑙]⏟      
𝐷𝑙𝑙

[
∆𝑉𝑜𝑑

𝑐

∆𝑉𝑜𝑞
𝑐 ]  

(3.49) 

- Frame Transformation 

 

[
∆𝑣𝑜𝑑

𝑐

∆𝑣𝑜𝑑
𝑐 ] = [

𝑐𝑜𝑠𝜃𝑟0 𝑠𝑖𝑛𝜃𝑟0 
−𝑠𝑖𝑛𝜃𝑟0 𝑐𝑜𝑠𝜃𝑟0 ⏟            

𝑇𝑣𝑜1

] [
∆𝑣𝑜𝑑

𝑔

∆𝑣𝑜𝑑
𝑔 ] +

[
 
 
 
(−𝑣𝑜𝑑

0 𝑠𝑖𝑛𝜃𝑟0 + 𝑣𝑜𝑞
0 𝑐𝑜𝑠𝜃𝑟0 )

(−𝑣𝑜𝑑
0 𝑐𝑜𝑠𝜃𝑟0 − 𝑣𝑜𝑞

0 𝑠𝑖𝑛𝜃𝑟0 )⏟                  
𝑇𝑣𝑜2 ]

 
 
 

 ∆𝜃𝑃𝐿𝐿 

(3.50) 

 

[
∆𝑣𝑑

𝑐

∆𝑣𝑑
𝑐] = [

𝑐𝑜𝑠𝜃𝑟0 𝑠𝑖𝑛𝜃𝑟0 
−𝑠𝑖𝑛𝜃𝑟0 𝑐𝑜𝑠𝜃𝑟0 

]
⏟            

𝑇𝑣1

[
∆𝑣𝑑

𝑔

∆𝑣𝑑
𝑔] + 

[
 
 
 
(−𝑣𝑑

0𝑠𝑖𝑛𝜃𝑟0 + 𝑣𝑞
0𝑐𝑜𝑠𝜃𝑟0 )

(−𝑣𝑑
0𝑐𝑜𝑠𝜃𝑟0 − 𝑣𝑞

0𝑠𝑖𝑛𝜃𝑟0 )⏟                
𝑇𝑣2 ]

 
 
 

 ∆𝜃𝑃𝐿𝐿 

(3.51) 

 

[
∆𝑖𝑑
𝑐

∆𝑖𝑑
𝑐] = [

𝑐𝑜𝑠𝜃𝑟0 𝑠𝑖𝑛𝜃𝑟0 
−𝑠𝑖𝑛𝜃𝑟0 𝑐𝑜𝑠𝜃𝑟0 ⏟            

𝑇𝑖1

] [
∆𝑖𝑑
𝑔

∆𝑖𝑑
𝑔] + 

[
 
 
 
(−𝑖𝑑

0𝑠𝑖𝑛𝜃𝑟0 + 𝑖𝑞
0𝑐𝑜𝑠𝜃𝑟0 )

(−𝑖𝑑
0𝑐𝑜𝑠𝜃𝑟0 − 𝑖𝑞

0𝑠𝑖𝑛𝜃𝑟0 )⏟                
𝑇𝑖2 ]

 
 
 

 ∆𝜃𝑃𝐿𝐿 

 

(3.52) 

For the sake of simplicity, the small-signal power circuit model was consolidated and can be 

written as: 

𝐴𝑃𝑜𝑤𝑒𝑟−𝑐𝑘𝑡=[𝐴𝑝𝑐]5×5 , 𝐵𝑝𝑜𝑤𝑒𝑟−𝑐𝑘𝑡=[𝛣𝑝𝑐3 𝛣𝑝𝑐2 𝛣𝑝𝑐1]5×5 , 𝐶𝑝𝑜𝑤𝑒𝑟−𝑐𝑘𝑡=[02×1 𝑉𝑜1 𝑉𝑜2]2×5  
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This consolidation has also been done for small-signal controller models and is shown as: 

𝐴𝐶𝑜𝑛𝑡=[

02×2 02×2 [𝐵𝑣2𝑇𝑣𝑜2  02×1]2×2 
𝐵𝑐𝑐1𝐶𝑣1 02×2 𝐵𝑐𝑐2𝑇𝑖2 + [𝐵𝑐𝑐2𝐷𝑣2𝑇𝑣𝑜2  02×1]2×2 
02×2 02×2 𝐴𝑝𝑙𝑙 + [𝐵𝑙𝑙𝑇𝑣𝑜2  02×1]2×2  

]

6×6

 , 

𝐵𝐶𝑜𝑛𝑡=

[
 
 
 
(

𝐵𝑣1
𝐵𝑐𝑐1𝐷𝑣1
02×1

)

⏟      
𝐵𝐶𝑜𝑛𝑡1

(

[𝐵𝑣2 02×1]𝑇𝑣𝑜1
[𝐵𝑐𝑐1𝐷𝑣2 02×1]𝑇𝑣𝑜1

𝐵𝑙𝑙𝑇𝑣𝑜1

)

⏟              
𝐵𝐶𝑜𝑛𝑡2

(
𝐵𝑣3

𝐵𝑐𝑐1𝐷𝑣3
02×1

)

⏟      
𝐵𝐶𝑜𝑛𝑡3

(
𝐵𝑣4

𝐵𝑐𝑐1𝐷𝑣4
02×1

)

⏟      
𝐵𝐶𝑜𝑛𝑡4

(
02×2
𝐵𝑐𝑐2𝑇𝑖1
02×2

)

⏟      
𝐵𝐶𝑜𝑛𝑡5 ]

 
 
 

 

 

𝐶𝐶𝑜𝑛𝑡=[
𝑇𝑣1
−1𝐷𝑐𝑐2𝐶𝑣1⏟      
𝐶𝑐𝑜𝑛𝑡1

𝑇𝑣1
−1𝐶𝑐𝑐1⏟    
𝐶𝑐𝑜𝑛𝑡2

(𝑇𝑣1
−1(𝐷𝑐𝑐1𝑇𝑖2 − 𝑇𝑣2 + [𝐷𝑐𝑐2𝐷𝑣2  02×1]2×2 + 𝐷𝑐𝑐3))𝑇𝑣𝑜2⏟                                  

𝐶𝑐𝑜𝑛𝑡3 
]
2×6

 

𝐷𝐶𝑜𝑛𝑡=

[
𝑇𝑣1
−1𝐷𝑐𝑐2𝐷𝑣1⏟      
𝐷𝑐𝑜𝑛𝑡1

(𝑇𝑣1
−1([𝐷𝑐𝑐2𝐷𝑣2  02×1]2×2 + 𝐷𝑐𝑐3))𝑇𝑣𝑜1⏟                        

𝐷𝑐𝑜𝑛𝑡2

𝑇𝑣1
−1𝐷𝑐𝑐2𝐷𝑣3⏟      
𝐷𝑐𝑜𝑛𝑡3

𝑇𝑣1
−1𝐷𝑐𝑐2𝐷𝑣4⏟      
𝐷𝑐𝑜𝑛𝑡4

𝑇𝑣1
−1𝐷𝑐𝑐1𝑇𝑖1⏟      
𝐷𝑐𝑜𝑛𝑡5 

]
2×6

 

where, 

𝐴𝐶𝑜𝑛𝑡 = 𝐵𝐶𝑜𝑛𝑡 = [∆𝜑𝑑𝑐 ∆𝜑𝑎𝑐 ∆𝜑𝑖𝑑 ∆𝜑𝑖𝑞 ∆𝜃𝑝𝑙𝑙 ∆𝜑𝑝𝑙𝑙]𝑇 

𝐶𝐶𝑜𝑛𝑡 = 𝐷𝐶𝑜𝑛𝑡 = [∆𝑉𝑑𝑐 ∆𝑉𝑜𝑑𝑞
𝑔

∆𝑉𝑑𝑐
∗ ∆𝑉𝑜𝑑

∗ ∆𝐼𝑑𝑞
𝑔
]
𝑇
 

Combining both power circuit and controller models together and conducting algebraic 

manipulation as in Appendix A.3.1, the final small-signal state-space model of the grid-connected 

VSC system in a grid frame is as follows (3.53): 

 𝐴𝑆𝑦𝑠−𝑡𝑜𝑡 =

[
𝛢𝑝𝑐 + 𝛣𝑝𝑐1[𝐷𝑐𝑜𝑛𝑡1 𝐷𝑐𝑜𝑛𝑡5

− 𝐷𝑐𝑜𝑛𝑡2
− ]2×5 𝛣𝑝𝑐1[𝐶𝑐𝑜𝑛𝑡1  𝐶𝑐𝑜𝑛𝑡2

   𝐶𝑐𝑜𝑛𝑡3
 ]2×6 

[𝐵𝑐𝑜𝑛𝑡1 𝐵𝑐𝑜𝑛𝑡5
− 𝐵𝑐𝑜𝑛𝑡2

− ]6×5 𝛢𝑐𝑜𝑛𝑡 
]
11×11

   

 

 
𝐵𝑆𝑦𝑠−𝑡𝑜𝑡 = [

𝛣𝑝𝑐3 𝛣𝑝𝑐2 𝐷𝑐𝑜𝑛𝑡3 𝐷𝑐𝑜𝑛𝑡4
06×1 06×2 𝐵𝑐𝑜𝑛𝑡3 𝐵𝑐𝑜𝑛𝑡4 

]
11×5

            
(3.53) 

                                                                 where, 



 

37 

 

 [𝐴𝑆𝑦𝑠]= [∆𝑉𝑑𝑐 ∆𝐼𝑑
𝑔

∆𝐼𝑞
𝑔

∆𝐼𝑔𝑑
𝑔

∆𝐼𝑔𝑞
𝑔

∆𝜑𝑑𝑐 ∆𝜑𝑎𝑐 ∆𝜑𝑖𝑑 ∆𝜑𝑖𝑞 ∆𝜃𝑝𝑙𝑙 ∆𝜑𝑝𝑙𝑙]
𝑇
 

𝐵𝑆𝑦𝑠−𝑡𝑜𝑡 = [∆𝐼𝑑𝑐 ∆𝑉𝑔𝑑𝑞
𝑔

∆𝑉𝑑𝑐
∗ ∆𝑉𝑜𝑑

∗ ]
𝑇
  

Capturing all the dynamics of the system in Fig 3.2, can be presented by 𝐴𝑆𝑦𝑠. It also can be 

founded by the input impedance (∆ 𝑍𝑠𝑦𝑠 = ∆𝑉𝑑𝑐/ ∆𝐼𝑑𝑐 ) after applying the transformation from 

state space to impedance model, shown in Appendix A.3.2. [102], in the final small-signal model 

of the system (3.53).  

3.5.3 Verification of Small-Signal Model Against Large-Signal Model 

To validate the analytical results, the proposed linearized model must be verified. For this 

reason, a detailed time-domain model of the grid-connected VSC was simulated in a 

MATLAB/Simulink environment. The state-space small-signal model in (3.53) was examined 

under different critical operating points, and then the response of the small-signal model was 

compared to the constructed nonlinear time-domain model. The verification between the two 

models was completed under two different case scenarios in inversion and rectification modes. 

The first case was at SCR=10 and the second case was at SCR=2. In both cases, the active power 

injected from the DC side was set to 1 pu and PCC voltage was regulated at 1 pu. For accurate 

verification, both models were examined under the same parameters and deliberately induced 

disturbances. Verifying both models by checking only one signal response is not a certified 

method. Therefore, verification was completed for two different signals to ensure that all the 

responses from both models were compatible. These two signals included DC-link voltage and 

PLL angular frequency (𝜔𝑝𝑙𝑙). In verification case I, both models were verified under 𝑃𝑖𝑛= ±1 pu 

and SCR=10 in inversion and rectification mode. For the sake of verification, a deliberate 5% 

disturbance in DC-side input active power was applied at t = 2 s. In Figs. (3.11 and 3.12), it can 

be clearly noted that the nonlinear time-domain model (blue signal) and linear small-signal model 

(red signal) have the same responses for the three different signals in inversion and rectification 

modes, respectively. In order to examine the robustness of the linearized small-signal model, both 

models were verified under critical conditions, meaning at a very weak grid condition, as will be 

shown in verification case II. The verification steps for the second case were similar to the previous 

case, except the SCR changed from 10 to 2 for the purpose of adjusting the grid strength. An 

accurate compatibility between both models in inversion and rectification modes is clearly 
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illustrated in Figs. (3.11 and 3.12). As a result, the developed linearized small-signal model is 

certified and ready to use for analysis.    

3.5.3.1 Case I: At SCR ≥ 10  

 
                                                                                (a) 

 
                                                                                (b) 

Figure 3.11 Verification of the small-signal model against the time-domain model at 𝑃𝑖𝑛= ±1 pu a) response 

of DC-link voltage in inversion mode, b) response of DC-link voltage in rectification mode 
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3.5.3.2 Case II: At SCR ≤ 2 

 
        (a) 

 
                                                               (b)  

Figure 3.12 Verification of the small-signal model against the time-domain model at Pin=± 1 pu a) response 

of PLL angular frequency (ωpll) in inversion mode, b) response of PLL angular frequency (ωpll) in 

rectification mode. 
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3.6 Summary  

This chapter presented a detailed diagram of the studied system, which was a grid-connected 

voltage source converter with controllers. Moreover, the parameters of each component of the 

system were reported, and the methodology of linearization was clarified. This method has been 

applied to the studied system to analyze the dynamic interactions. The controllers of the system 

have been discussed in detail. The four main controllers used in this study were: AC-current, DC-

link voltage, AC-bus voltage, and PLL controllers. These controllers have been used for the VSC 

to control the active and reactive power separately in both directions while maintaining the system 

stability. It is worth mentioning that all the controllers have been applied under the classical vector 

control approach. The design criteria for each controller of the VSC has also been illustrated. The 

dynamics of the system have been represented mathematically for the purpose of analysis. Firstly, 

this chapter reported the nonlinear mathematical model. Then the small-signal model that 

represents the dynamics of the system was derived from the nonlinear model and presented. In 

order to validate the derived small-signal model, a detailed time-domain model of the grid-

connected VSC was constructed and simulated in a MATLAB/Simulink environment. Different 

critical case scenarios were applied to test the validity and reliability of the model. The presented 

validation figures clearly show a close match between the two models. Therefore, the mathematical 

approach was validated and is ready to be implemented for analysis, as will be discussed in the 

next chapter.   
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Chapter 4 

Analysis and Evaluation Results 

4.1 Introduction 

Using the linearization model derived from the state-space small-signal model in the preceding 

chapter, this chapter provides a stability interaction analysis of how VSC stability depends on grid 

connectivity. The analysis is focused on studying the impact of a weak and very weak grid on the 

VSC when the DC-link capacitance is subjected to variation. Furthermore, the impact of line filter 

inductance, grid impedance is also examined by using linear tools such as eigenvalue analysis. All 

of the results in this chapter are produced using the system parameters’ initial values as shown in 

Table 3.1. For this analysis, the value of the SCR is deliberately chosen as the critical stability 

condition in each operation mode to maximize the accuracy of the analysis. The analysis in this 

chapter comprises five main case studies: 1) the effect of DC-link capacitance uncertainty on 

different grid strength conditions, 2) the effect of DC-link capacitance uncertainty on the 

controllers’ bandwidth, 3) the effect of DC-link capacitance uncertainty on grid-angle variations, 

4) fault analysis and 5) The impacts of parameters 𝐿𝑔 , 𝑅𝑔 and 𝐿𝑓 on the dynamic stability of grid-

connected VSC.  

4.2 The Effect of DC-link Capacitance Uncertainty on Different Grid 

Strength Conditions 

4.2.1 Inversion Mode 

This case scenario study when input active power is equal 1 pu and SCR changes from 3 to 

1.1, and the equivalent DC-link capacitance changes from 0.6 to 1 pu. From the eigenvalue loci 

plotted in Fig 4.1, the system stability trend is changed when the grid strength becomes very weak. 

Each SCR value is marked by a different symbol shape to clearly show the associated eigenvalue 

migration. When SCR < 2, the modes 𝜆6,7 rapidly migrate to the right side which means that the 

system stability is greatly degraded. The influence that drives modes 𝜆6,7 toward the right belongs 

to the state of the AC-voltage controller (𝛥𝜑𝑎𝑐).  

Different system stability behaviors are shown in Fig 4.1, depending on the equivalent DC-link 

capacitance and SCR. When the grid is strong, reducing the DC-link capacitance moves the poles 
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toward the left side of the dashed line, which enhances system stability. This result is confirmed 

with analysis conducted in [85]. Conversely, as the grid weakens, reducing DC-link capacitance 

significantly degrades system stability. At SCR<1.15 the system stability degraded to the most 

when decreasing the 𝐶𝑑𝑐𝑒𝑞. It is worth mentioning that, under weak grid conditions, the system 

can be destabilized even if the reduction of 𝐶𝑑𝑐𝑒𝑞 varied by 10% or less.  

 

Figure 4.1 Eigenvalues of the grid-connected VSC system with varying SCR and DC-link capacitance. 

 

These findings can be more deeply understood via a 3D visualization. Figure 4.2 represents the 

relation between DC-link capacitance, SCR and damping factor. The z-axis represents the DC-link 

capacitance and damping factor. The DC-link capacitance varies between 0.6 and 1 pu. for each 

value of SCR (bars close to the z-axis). It can be noted that, as SCR changes from 1.5 to 1.2, the 

damping factors decrease when 𝐶𝑑𝑐𝑒𝑞 increases. When SCR < 1.2, the system stability degrades 

when 𝐶𝑑𝑐𝑒𝑞 decreases (dashed bars). The system tends to be marginally stable at SCR=1.11 and 

𝐶𝑑𝑐𝑒𝑞= 0.6 pu. (orange dashed bar).  

Figures (4.3 and 4.4) show the time-domain and small-signal models at SCR=1.5 and 1.11, and 

𝐶𝑑𝑐𝑒𝑞= 0.6 and 1 pu., respectively. It can be observed from Fig. 4.3 that increasing the DC-link 

capacitance leads to increased settling time at SCR= 1.5. On the other hand, decreasing the DC-
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link capacitance at SCR=1.11 leads to significantly increased settling time, which implies to 

degrading system stability.        

 

 

Figure 4.2 Relation between DC-link capacitance, SCR and damping factor of the grid-connected VSC 

system in inversion mode 

 

4.2.2 Rectification Mode 

In this subsection, the same stability study of the preceded subsection will be addressed but in 

rectification mode. The analysis has been done with the SCR varied from 2.5 to 1.42, and the 

equivalent DC-link capacitance changed from 0.35 to 1.15 pu. The SCR range is chosen between 

2.5 and 1.42 to examine the effect of the DC-link capacitance uncertainty under challenging grid  

condition. Further, it has been found that, under stiff grid conditions, the effect of DC-link 

capacitance uncertainty is minimal on system stability as shown in Fig. A.4.1. The locus of 

eigenvalues plots in Figs. (4.5 and 4.6) illustrate the stability of the grid-connected VSC system 

under different ranges of SCR and 𝐶𝑑𝑐𝑒𝑞. Figure 4.5 shows that system stability is not highly 
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 Figure 4.3 Time-domain model of the grid-connected VSC system at SCR=1.5, 𝐶𝑑𝑐𝑒𝑞= 0.6 and 1 pu. 

 

Figure 4.4 Time-domain model of the grid-connected VSC system at SCR=1.11,  𝐶𝑑𝑐𝑒𝑞= 0.6 and 1 pu. 

 

affected when the DC-link capacitance varies from 0.35 to1.65 pu. at SCR=2.5, which is similar 

to the previous operational mode at SCR > 1.2. The most important observation here is that 
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decreasing the DC-link capacitance shifts the eigenvalues to the left side, which indicates increase 

in the damping factor. This result has been also confirmed for SCR ≥ 2.5. On the other hand, Fig. 

4.6 (a) and (b) illustrate that, when SCR ≤ 1.42, variations in the DC-link capacitance clearly affect 

system stability in a very weak grid. From these plots, the eigenvalues show that system stability 

is confined to a certain range for DC-link capacitance variations.  

From participation factor analysis, it is shown that, when the DC-link capacitance increases (i.e. 

𝐶𝑑𝑐𝑒𝑞=1.5), the influence that drives mode 𝜆6,7 toward the right belongs to the state of the DC-

link voltage controller (𝛥𝜑𝑑𝑐). Whereas, when the DC-link capacitance decreases (i.e. 𝐶𝑑𝑐𝑒𝑞=0.35 

pu), the influence that drives mode 𝜆4,5 toward the right side is related to the state of the DC-link 

voltage (𝛥𝑉𝑑𝑐). Although in Fig. 4.6(b) at 𝐶𝑑𝑐𝑒𝑞=0.35 pu. the poles (𝜆6,7) are located on the left 

hand side (red dashed circle), poles (𝜆4,5) of the same DC-link capacitance value are located on 

right hand side as shown in Fig. 4.6(a).  

 

Figure 4.5 Eigenvalues of the grid-connected VSC system at SCR= 2.5 with varying DC-link capacitance 

between 0.35 and 1.65 pu. 

Similar to the 3D plot in Fig. 4.2, Fig. 4.7 represents the relation between DC-link capacitance, 

SCR and damping factor in rectification mode. The DC-link capacitance varies among 0.5, 1 and 

1.5 pu. at each SCR value (bars close to the z-axis). 
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               (a) 

 

  (b) 

Figure 4.6 Eigenvalues of the grid-connected VSC system. a) At SCR= 1.42 with varying DC-link 

capacitance between 0.35 and 1.15 pu., b) Zoomed plot   

Unstable in modes 𝜆4,5   

Zoomed in the next plot 
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From the plot, it can be noted that for lower SCR values, the damping factors generally decrease 

when 𝐶𝑑𝑐𝑒𝑞 increases. When the grid becomes very weak (SCR < 2), the DC-link capacitance on 

system stability has a stronger effect as the damping factor is significantly decreasing. At SCR=1.5, 

system stability becomes very weak when 𝐶𝑑𝑐𝑒𝑞=1.5 pu. (yellow dashed bar). 

Figures (4.8 and 4.9) show the time-domain and small-signal models at SCR= 4 and 1.5, and 

𝐶𝑑𝑐𝑒𝑞= 0.5 and 1.5 pu., respectively. In both figures, increasing DC-link capacitance leads to 

increases in settling time and oscillations die-off period.  

 

Figure 4.7 Relation between DC-link capacitance, SCR and damping factor of the grid-connected VSC 

system in rectification mode 
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Figure 4.8 Time-domain model of the grid-connected VSC system at SCR=4, 𝐶𝑑𝑐𝑒𝑞= 0.5 and 1.5 pu. 

 

Figure 4.9 Time-domain model of the grid-connected VSC system at SCR=1.5, 𝐶𝑑𝑐𝑒𝑞= 0.5 and 1.5 pu. 
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Figure 4.10 combines the results of inversion and rectification modes to clearly present the impact 

of the DC-link capacitance, SCR and damping factor on the stability of the grid-connected VSC 

system. Further, the key results of this section can be concluded as in the following table:  

 

Table 4.1 Key outcomes from investigating the effect of 𝐶𝑑𝑐𝑒𝑞 in accordance with different grid 

strength conditions 

Inversion Rectification 

 

• At SCR ≥1.2 the effect of DC-link 

capacitance uncertainty on system 

stability is not significant. Further, 

increasing the DC-link capacitance value 

leads to decreasing the damping factor. 

•  At SCR < 1.2, the system stability 

enhances as the DC-link capacitance 

increases.   

 

• The system stability performance has 

same trend even at very weak-grid 

condition in term of DC-link capacitance 

variations, unlike the inversion mode.  

• At SCR ≥2, the reduction of damping 

factor percentage with increasing the DC-

link capacitance is almost having same 

pattern.  

• At SCR < 2, the damping factor is steeply 

decreased when the DC-link capacitance 

increases. In addition, the system stability 

is confined to a certain range for DC-link 

capacitance variations. 
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        Inversion                                                                Rectification  

 

 

 

 

 

 

 

 

 

 

 

 

     

(a)                                                                                                                                  (b) 

Figure 4.10 Relation between DC-link capacitance, SCR and damping factor of the grid-connected VSC system. a) Inversion mode, b) Rectification 

mode 
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4.3 The Impact of DC-link Capacitance Uncertainty on Controller 

Bandwidth 

4.3.1 Effect of DC-link Capacitance and SCR on DC-Bus Voltage Controller 

Bandwidth 

4.3.1.1 Inversion Mode 

This subsection addresses the effects of DC-link capacitance uncertainty and DC-link voltage 

controller on the system stability. Figures 4.11 and 4.12 show an eigenvalue analysis of the system 

when the bandwidth of the DC-link voltage controller (𝐵𝑊𝑑𝑐) and DC-link capacitance value are 

varied. Commonly, the bandwidth of DC-link voltage controller is chosen to be one-fifth of the 

current controller bandwidth (𝐵𝑊𝑐𝑐), as mentioned in chapter 3. In both figures, however, the 

default case is 𝐵𝑊𝑑𝑐 =0.2 𝐵𝑊𝑐𝑐. Two conditions have been studied to carefully investigate the 

effect of both components when the system is stable (i.e., SCR=1.5) and critically stable 

(SCR=1.11). In this analysis, the study is conducted by varying 𝐵𝑊𝑑𝑐 from 0.1 to 0.5 of 𝐵𝑊𝑐𝑐 and 

varying 𝐶𝑑𝑐𝑒𝑞 at each bandwidth value. Figure 4.11 shows that, at SCR=1.5, the system remains 

stable over all the changes in bandwidth and DC-link capacitance values. It is clear that the 

decreasing 𝐵𝑊𝑑𝑐  and increasing 𝐶𝑑𝑐𝑒𝑞  degrades the system stability. As is clear in the figure, 

when 𝐶𝑑𝑐𝑒𝑞 =0.5 pu. and the DC-link capacitance bandwidth changes between 0.1 and 0.5 𝐵𝑊𝑐𝑐, 

the damping ratio increases from 0.25 to 0.42 as shown in Table 4.2. The damping ratio, therefore, 

increases by almost 60%. When SCR is reduced 1.11, system stability degrades with decreases in 

DC-link capacitance and DC-link voltage controller bandwidth, as shown Fig. 4.12. The effect of 

𝐶𝑑𝑐𝑒𝑞 in this case is the opposite of when SCR=1.5. in this case, modes ( λ6,7) are the dominant 

and the influencing states related ∆𝜑𝑎𝑐 and ∆𝑉𝑑𝑐 as illustrated in Table 4.3. A time-domain 

simulation was confirmed these findings as clear in Fig. 4.13. Further, this result confirms the 

findings in the previous section. From both figures, it can be noted that, when the grid become 

very weak or critically stable, the stability behaviour changes as 𝐶𝑑𝑐𝑒𝑞 changes. At the key point, 

when SCR decreases to low ranges, increasing the DC-link voltage controller bandwidth and 

decreasing the DC-link capacitance restore a system stability behaviour similar to that associated 

with higher SCR, which increases system stability. This trend can be surmised by looking at the 

case of 𝐵𝑊𝑑𝑐 =0.5 𝐵𝑊𝑐𝑐 and 𝐵𝑊𝑑𝑐 =0.2 𝐵𝑊𝑐𝑐 in both figures. The former case shows a similar 

stability pattern while the latter shows the opposite.  
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Figure 4.11 Root-locus of grid-connected VSC system at 𝑃𝑑𝑐 = 1 𝑝𝑢 and SCR=1.5. 

 

Figure 4.12 Root-locus of grid-connected VSC system at 𝑃𝑑𝑐 = 1 𝑝𝑢 and SCR=1.11 

 

(a)                                                                                    (b) 

Figure 4.13 Time-domain of grid-connected VSC system at 𝑃𝑑𝑐 = 1 𝑝𝑢, and SCR: a) SCR=1.5, b) 

SCR=1.11 
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Table 4.2 Damping factors corresponding to 𝝀𝟔,𝟕, present the effect of DC-link capacitance and SCR on 

DC-bus voltage controller bandwidth in inversion mode 

 SCR=1.5 

𝑪𝒅𝒄𝒆𝒒 (𝒑𝒖)\ 𝑩𝑾𝒅𝒄(𝒓𝒂𝒅/𝒔𝒆𝒄) 0.1 𝐵𝑊𝑐𝑐 0.2 𝐵𝑊𝑐𝑐 0.5 𝐵𝑊𝑐𝑐 

0.5 0.2556 0.3326 0.4207 

 𝟏 1 0.3069 0.3208 0.4190 

 Damping Factor (𝜁) 

SCR=1.11 

𝑪𝒅𝒄𝒆𝒒 (𝒑𝒖)\ 𝑩𝑾𝒅𝒄(𝒓𝒂𝒅/𝒔𝒆𝒄) 0.1 𝐵𝑊𝑐𝑐 0.2 𝐵𝑊𝑐𝑐 0.5 𝐵𝑊𝑐𝑐 

0.5 Unstable 0.0013 0.0811 

1 0.0112 0.0304 0.0895 

 Damping Factor (𝜁) 

 1 The red color shows the damping factor of the nominal values of 𝐶𝑑𝑐𝑒𝑞 and 𝐵𝑊𝑐𝑐  

Table 4.3 Participation factors corresponding to 𝜆6,7, present the effect of DC-link capacitance and SCR 

on DC-bus voltage controller bandwidth in inversion mode 

SCR=1.11, 𝐁𝐖𝐝𝐜 = 𝟎. 𝟏 𝐁𝐖𝐜𝐜  

DC-link capacitance value (PU) 𝐶𝑑𝑐𝑒𝑞=0.5  𝐶𝑑𝑐𝑒𝑞=1  

Mode and Eigenvalue λ6,7= 8.3± 94.6i λ6,7= -0.862 ± 77.1i 

Participation factors 
∆𝜑𝑎𝑐 = 0.47, ∆𝜃𝑃𝐿𝐿 =

0.275, ∆𝑉𝑑𝑐=0.274 

∆𝜑𝑎𝑐 = 0.41, ∆𝑉𝑑𝑐=0.397, 

∆𝜃𝑃𝐿𝐿=0.25,  ∆𝜑𝑑𝑐=0.14 

Dominant response mode AC voltage controller AC voltage controller 

SCR=1.11, 𝐁𝐖𝐝𝐜 = 𝟎. 𝟐 𝐁𝐖𝐜𝐜 

DC-link capacitance value (PU) 𝐶𝑑𝑐𝑒𝑞=0.5  𝐶𝑑𝑐𝑒𝑞=1  

Mode and Eigenvalue λ6,7= -0.157± 117.1i λ6,7= -3.07 ± 100.4i 

Participation factors 
∆𝜑𝑎𝑐 = 0.5, ∆𝜃𝑃𝐿𝐿 =

0.31, ∆𝑉𝑑𝑐=0.18   

∆𝜑𝑎𝑐 = 0.43, ∆𝑉𝑑𝑐=0.28, 

∆𝜃𝑃𝐿𝐿=0.27,  ∆𝜑𝑑𝑐=0.14 

Dominant response mode AC voltage controller AC voltage controller 

 

4.3.1.2 Rectification Mode 

Figure 4.14 shows that, in the rectification mode, system stability can be reduced when the 

controller bandwidth and DC-link capacitance are subjected to variations not only in a very weak 

grid but also in stiff and weak grids. At SCR=3, system stability is lost when 𝐵𝑊𝑑𝑐 > 0.2 𝐵𝑊𝑐𝑐 as 

shown in Fig 4.14. When SCR=1.45, Fig 4.15 shows that, and the bandwidth of the DC-link voltage 

controller decreases, system stability is slightly affected by changes in 𝐶𝑑𝑐𝑒𝑞. For instance, 

when 𝐵𝑊𝑑𝑐 < 0.2 𝐵𝑊𝑐𝑐, modes (𝜆4,5) move slowly toward the left but the damping ratio decreases 
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slightly from 0.85 to 0.82 when 𝐶𝑑𝑐𝑒𝑞 changes from 1 to 0.5 pu., respectively as shown in Table 

4.4. It is worth mentioning that, as indicated by the root locus in both figures, the dominant modes 

that determine system stability are 𝜆4,5. Participation factor analysis shows that the highest 

influencing state for theses modes is related to ∆𝑉𝑑𝑐 as shown in Table 4.5. On the other hand, 

when the bandwidth of the voltage controller increases, the system becomes very sensitive to any 

variation in DC-link capacitance. At 𝐵𝑊𝑑𝑐 ≥ 0.2 𝐵𝑊𝑐𝑐 as shown in Fig. 4.15, the eigenvalues 

rapidly migrate to the right-side when the DC-link capacitance decreases. For instance, at 𝐵𝑊𝑑𝑐 = 

0.2 𝐵𝑊𝑐𝑐 and as 𝐶𝑑𝑐𝑒𝑞 changes from 1 to 0.5 pu, the damping ratio decreases dramatically from 

0.87 to 0.214. Figure. 4.17 illustrates the time-domain simulation that agreed with these findings. 

 
Figure 4.14 Root-locus of grid-connected VSC system at 𝑃𝑑𝑐 = −1 𝑝𝑢 and 𝑆𝐶𝑅 = 3. 

 
Figure 4.15 Root-locus of grid-connected VSC system at 𝑃𝑑𝑐 = −1 𝑝𝑢 and 𝑆𝐶𝑅 = 1.45 
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           (a) 

 
                                                                               (b) 
Figure 4.16 Root-locus of grid-connected VSC system at 𝑃𝑑𝑐 = ±1 𝑝𝑢 ; (a) SCR=1.11 (Inversion), (b) 

SCR=1.45 (Rectification) 

It can be concluded that increasing and decreasing the bandwidth 𝐵𝑊𝑑𝑐 affects the system stability 

in both rectification mode and inversion mode. Figures 4.16 (a) and (b) show that, if the system is 

chosen to work at 𝐵𝑊𝑑𝑐 = 0.1 𝐵𝑊𝑐𝑐 and 𝐶𝑑𝑐𝑒𝑞 = 0.5 pu then the system is totally stable in the 

rectification mode but unstable in the inversion mode. Due to this duality, both modes must be 

considered when designing the DC-link voltage controller to maintain system stability especially 

in a very weak-grid condition and variation in the DC-link capacitance. 

Worst damping factor (unstable) 

Best damping factor (stable) 
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Table 4.4 Damping factors corresponding to 𝝀𝟒,𝟓, present the effect of DC-link capacitance and SCR on 

DC-bus voltage controller bandwidth in rectification mode 

SCR=3 

𝑪𝒅𝒄𝒆𝒒 (𝒑𝒖. )\ 𝑩𝑾𝒅𝒄(𝒓𝒂𝒅/𝒔𝒆𝒄) 0.1 𝐵𝑊𝑐𝑐 0.2 𝐵𝑊𝑐𝑐 0.5 𝐵𝑊𝑐𝑐 

0.5 0.9300 0.4713 Unstable  

1 0.9630 0.7719 0.1588 

1.5 0.9837 0.5411 0.5681 

 Damping Factor (𝜁) 

SCR=1.45 

𝑪𝒅𝒄𝒆𝒒 (𝒑𝒖. )\ 𝑩𝑾𝒅𝒄(𝒓𝒂𝒅/𝒔𝒆𝒄) 0.1 𝐵𝑊𝑐𝑐 0.2 𝐵𝑊𝑐𝑐 0.5 𝐵𝑊𝑐𝑐 

0.5 0.8249 0.2149 Unstable 

1 0.8518 0.8689 Unstable 

1.5 0.8594 𝜆6,7 Unstable  0.3542 

 Damping Factor (𝜁) 

 

Table 4.5 Participation factors corresponding to 𝜆6,7 and 𝜆4,5, present the effect of DC-link capacitance and 

SCR on DC-bus voltage controller bandwidth in rectification mode 

SCR=3, 𝐁𝐖𝐝𝐜 = 𝟎.𝟓 𝐁𝐖𝐜𝐜  

DC-link capacitance value (PU) 𝐶𝑑𝑐𝑒𝑞=0.5  𝐶𝑑𝑐𝑒𝑞=1  

Mode and Eigenvalue 
λ6,7= -74.33± 28i λ6,7= -78.23 ± 35.7i 

λ4,5= 317 ± 646i λ4,5= -76.2 ± 473.85i 

Participation factors 

∆𝜑𝑎𝑐 = 0.95, ∆𝜃𝑃𝐿𝐿 =

0.63, ∆𝜑𝑑𝑐=0.32 

∆𝜑𝑎𝑐 = 0.7, ∆𝜃𝑃𝐿𝐿 =

0.6  ∆𝑉𝑑𝑐=0.23, ∆𝜑𝑑𝑐 =0.2 

∆𝑉𝑑𝑐=1.1, ∆𝐼𝑑=0.83 ∆𝑉𝑑𝑐=1.12,  ∆𝐼𝑑=0.9 

Dominant response mode 
AC voltage controller AC voltage controller 

DC-ink voltage  DC-ink voltage  

SCR=1.45, 𝐁𝐖𝐝𝐜 = 𝟎. 𝟓 𝐁𝐖𝐜𝐜  

DC-link capacitance value (PU) 𝐶𝑑𝑐𝑒𝑞=0.5  𝐶𝑑𝑐𝑒𝑞=1  

Mode and Eigenvalue 

λ6,7= -46.3± 101.45i λ6,7= -31.7 ± 114.4i 

λ4= 1057  
λ4,5= 101.44 ± 331i 

λ5= 257.7 

Participation factors 

∆𝜃𝑃𝐿𝐿 = 0.52, ∆𝜑𝑎𝑐 = 0.46 
 ∆𝜃𝑃𝐿𝐿 = 0.57, ∆𝜑𝑎𝑐 =

0.48, ∆𝑉𝑑𝑐=0.45, ∆𝜑𝑑𝑐  =0.3 

∆𝑉𝑑𝑐=2.4, ∆𝐼𝑔𝑑=1.2 
∆𝑉𝑑𝑐=1.7,  ∆𝐼𝑑=0.92, ∆𝜑𝑑𝑐 =0.4 

∆𝑉𝑑𝑐=1.22,  ∆𝐼𝑔𝑑=0.9, ∆𝜑𝑑𝑐 =0.5 

Dominant response mode 

AC voltage controller AC voltage controller 

DC-ink voltage  
DC-ink voltage  

DC-ink voltage  
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Figure 4.17 Time-domain of grid-connected VSC system at 𝑃𝑑𝑐 = −1 𝑝𝑢 and SCR: a) SCR=3, b) SCR= 

1.45 

4.3.2 Effect of DC-Link Capacitance and SCR on SRF-PLL Bandwidth 

4.3.2.1 Inversion Mode 

 Figures. 4.18 (a) and (b) show that system stability is not highly affected by PLL bandwidth 

(𝐵𝑊𝑃𝐿𝐿 ) and DC-link capacitance variations in the inversion mode at SCR=1.5. Figure 4.18 (b) 

illustrates that the damping ratio is slightly affected when 𝐶𝑑𝑐𝑒𝑞 and 𝐵𝑊𝑃𝐿𝐿 are subjected to 

change, as clear in modes 𝜆6,7. The damping ratio is changed by only 10% to 15% when 𝐶𝑑𝑐𝑒𝑞 

and/or 𝐵𝑊𝑃𝐿𝐿 varies, as can be observed from Table 4.6. 

 
                   (a) 
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         (b) 

Figure 4.18 Root-locus of grid-connected VSC system. a) at 𝑃𝑑𝑐 = 1 𝑝𝑢 and SCR=1.5, b) Zoomed plot. 

In Figs. 4.19 (a) and (b), it can be observed that system stability is highly affected by variations in 

DC-link capacitance and PLL bandwidth when the system becomes weaker (SCR decreasing from 

1.5 to 1.11). From Fig. 4.19 (a), it can be seen that mode ( 𝜆5) does not affect system stability as 

much as the dominant modes 𝜆6,7. The states responsible for controlling  𝜆6,7 are related to ∆𝜑𝑎𝑐 

and ∆𝜃𝑝𝑙𝑙 as shown in Table 4.7. Figure 4.19 (b) shows a lower-stability performance at 𝐵𝑊𝑃𝐿𝐿= 

200 rad/sec, in contrast to the greater stability at 𝐵𝑊𝑃𝐿𝐿= 100 and 400 (rad/sec). These results 

agree with the analysis in [84], which studies the interactions between controllers’ loops 

analytically on system stability. This work shows that, when the bandwidth of PLL approaches the 

bandwidth of the DC-link voltage controller, the system stability worsens. The plot used to 

demonstrate this situation in this reference can be found in Appendix A.4.2. This work also shows 

how the stability is enhanced when the PLL bandwidth is chosen to be faster or slower than the 

DC-link voltage controller bandwidth. Therefore, the worst-stability performance is observed at 

𝐵𝑊𝑃𝐿𝐿= 200 rad/sec due to its closeness to the bandwidth of the DC-link voltage controller. It can 

be noted from Fig. 4.19 (b) that system stability is enhanced by increasing the DC-link capacitance 

at 𝐵𝑊𝑃𝐿𝐿= 200 and 400 rad/sec. Increasing the DC-link capacitance, therefore, can contribute to 
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enhancing the system stability if the PLL bandwidth is set close to that of the DC-link controller. 

Conversely, at 𝐵𝑊𝑃𝐿𝐿= 100 rad/sec, increasing the DC-link capacitance leads to an eigenvalue 

shift toward the left half-plane, as is clear in Fig. 4.19 (b) (circles). A time-domain simulation 

clearly reflected these results as illustrated in Fig. 4.20.  

Table 4.6 Damping factors corresponding to 𝝀𝟔,𝟕, present The effect of DC-link capacitance and SCR on 

SRF-PLL Bandwidth in inversion mode 

SCR=1.5 

𝑪𝒅𝒄𝒆𝒒 (𝒑𝒖)\ 𝑩𝑾𝒑𝒍𝒍(𝒓𝒂𝒅/𝒔𝒆𝒄) 100 200 400 

0.5 0.4077 0.3329 0.3854 

1 0.3494 0.3210 0.3825 

1.5 0.3118 0.3151 0.3813 

 Damping Factor (𝜁) 

SCR=1.11 

𝑪𝒅𝒄𝒆𝒒 (𝒑𝒖)\ 𝑩𝑾𝒑𝒍𝒍(𝒓𝒂𝒅/𝒔𝒆𝒄) 100 200 400 

0.5 0.0938 0.0013 0.0543 

1 0.0711 0.0304 0.1103 

1.5 0.0575 0.0531 0.1482 

 Damping Factor (𝜁) 

 

Table 4.7 Participation factors corresponding to 𝜆6,7, present The effect of DC-link capacitance and 

SCR on SRF-PLL Bandwidth in inversion mode 

SCR =1.11, 𝐁𝐖𝐩𝐥𝐥 = 𝟐𝟎𝟎 𝐫𝐚𝐝/𝐬𝐞𝐜  

DC-link capacitance value 

(PU) 
𝐶𝑑𝑐𝑒𝑞=0.5  𝐶𝑑𝑐𝑒𝑞=1.5  

Mode and Eigenvalue λ6,7= -0.16± 117.1i λ6,7= -4.72 ± 88.8i 

Participation factors 
∆𝜑𝑎𝑐 =0.5,

∆𝜃𝑃𝐿𝐿 =0.31, ∆𝑉𝑑𝑐=0.18   

∆𝜑𝑎𝑐 =0.38, ∆𝑉𝑑𝑐=0.34, 

∆𝜃𝑃𝐿𝐿=0.25,  ∆𝜑𝑑𝑐=0.17 

Dominant response mode AC voltage controller AC voltage controller 

SCR =1.11, 𝐁𝐖𝐩𝐥𝐥 = 𝟏𝟎𝟎 𝐫𝐚𝐝/𝐬𝐞𝐜  

DC-link capacitance value 

(PU) 
𝐶𝑑𝑐𝑒𝑞=0.5  𝐶𝑑𝑐𝑒𝑞=1.5  

Mode and Eigenvalue λ6,7= -8.6± 91.3i λ6,7= -4.1 ± 71.8i 

Participation factors 
∆𝜑𝑎𝑐 = 0.47,

∆𝜃𝑃𝐿𝐿 =0.35, ∆𝑉𝑑𝑐=0.16 

∆𝜑𝑎𝑐 =0.33, ∆𝑉𝑑𝑐=0.3, 

∆𝜃𝑃𝐿𝐿=0.3,  ∆𝜑𝑑𝑐=0.2 

Dominant response mode AC voltage controller AC voltage controller 
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                                                                           (a) 

 
                                                                           (b) 
Figure 4.19 Root-locus of grid-connected VSC system. a) at 𝑃𝑑𝑐 = 1 𝑝𝑢 and 𝑆𝐶𝑅 = 1.11, b) Zoomed plot. 

 

(a)                                                                                 (b) 

Figure 4.20 Time-domain of grid-connected VSC system at 𝑃𝑑𝑐 = 1 𝑝𝑢 and SCR: a) SCR=1.5, b) SCR=1.11 
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4.3.2.2 Rectification Mode 

From Fig 4.21, at SCR=1.45, it can be noted that the effect of PLL bandwidth and DC-link 

capacitance variations on system stability is more severe than in inversion mode at case scenario 

of SCR=1.11. The case scenario at SCR=3 has almost the same result as when SCR=1.5 in inversion 

mode, in terms of stability condition. Hence, the root-locus plot of this case is omitted. Table 4.8 

shows the damping factor of this case. In the rectification mode, system stability is significantly 

affected by 𝐵𝑊𝑃𝐿𝐿 and DC-link capacitance at a very weak-grid (SCR=1.45). From Fig 4.21, it is 

clear that mode (𝜆7 ) is the dominant one that is greatly related to state ∆𝜑𝑑𝑐 as illustrated in Table 

4.9. It is noteworthy that, in this mode, increasing 𝐵𝑊𝑃𝐿𝐿 and 𝐶𝑑𝑐𝑒𝑞 destroys the system stability. 

At 𝐵𝑊𝑃𝐿𝐿 = 400 (rad/sec), for example, the stability is restored when decreasing the DC-link 

capacitance from 1 to 0.5 pu. The adverse effect of setting 𝐵𝑊𝑃𝐿𝐿 close to 𝐵𝑊𝑑𝑐 does not appear 

in this mode as it does in inversion mode. Regarding the system stability condition, it can also be 

observed from the figure that the sensitivity of the DC-link capacitance increases as 𝐵𝑊𝑃𝐿𝐿 

increases. For instance, at 𝐵𝑊𝑃𝐿𝐿 = 200 (rad/sec), the damping ratio (𝜁) decreases from 0.24 to 

0.062 when 𝐶𝑑𝑐𝑒𝑞 increases from 0.5 to 1 pu., respectively; whereas the stability is lost when 

𝐶𝑑𝑐𝑒𝑞 increases from 1 to 0.5 pu at 𝐵𝑊𝑃𝐿𝐿 = 400 (rad/sec) as verified by the time-domain 

simulation in Fig.4.22.  

 

Figure 4.21 Root-locus of grid-connected VSC system at 𝑃𝑑𝑐 = −1 𝑝𝑢 and SCR=1.45 
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Table 4.8 Damping factors corresponding to 𝝀𝟕, present the effect of DC-link capacitance and SCR on 

SRF-PLL bandwidth in rectification mode  

SCR=3 

𝑪𝒅𝒄𝒆𝒒 (𝒑𝒖)\ 𝑩𝑾𝒑𝒍𝒍(𝒓𝒂𝒅/𝒔𝒆𝒄) 100 200 400 

0.5 0.8068 0.8802 0.9518 

1 0.8034 0.7719 0.7488 

1.5 0.6539 0.5407 0.5337 

 Damping Factor (𝜁) 

SCR=1.45 

𝑪𝒅𝒄𝒆𝒒 (𝒑𝒖)\ 𝑩𝑾𝒑𝒍𝒍(𝒓𝒂𝒅/𝒔𝒆𝒄) 100 200 400 

0.5 0.3416 0.2371 0.1345 

1 0.1923 0.0621 Unstable 

1.5 0.0805 Unstable Unstable 

 Damping Factor (𝜁) 

 

 

Table 4.9 Participation factors corresponding to 𝜆6,7, present The effect of DC-link capacitance and SCR 

on SRF-PLL bandwidth in rectification mode 

SCR =1.45 , 𝐁𝐖𝐩𝐥𝐥 = 𝟐𝟎𝟎 𝐫𝐚𝐝/𝐬𝐞𝐜  

DC-link capacitance value (PU) 𝐶𝑑𝑐𝑒𝑞=0.5  
𝐶𝑑𝑐𝑒𝑞=1.5  

Mode and Eigenvalue λ6,7= -21.1± 86.4i λ7,8= 0.338± 67.4i 

Participation factors ∆𝜑𝑎𝑐 = 0.47, ∆𝜃𝑃𝐿𝐿 =

0.46, ∆𝜑𝑑𝑐=0.43 

∆𝜑𝑑𝑐 = 0.43, ∆𝑉𝑑𝑐=0.39, 

∆𝜑𝑎𝑐=0.3, ∆𝜃𝑃𝐿𝐿=0.22  

Dominant response mode AC voltage controller DC-link voltage controller 

SCR =1.45 , 𝑪𝒅𝒄𝒆𝒒=1 pu 

 Bandwidth of PLL in (rad/sec) 𝐵𝑊𝑝𝑙𝑙=200  
𝐵𝑊𝑝𝑙𝑙=400  

Mode and Eigenvalue λ6,7= -4.83± 77.5i λ6,7= 0.73 ± 94i 

Participation factors ∆𝜑𝑑𝑐 = 0.45, , ∆𝑉𝑑𝑐=0.38, 

∆𝜑𝑎𝑐=0.36 , ∆𝜃𝑃𝐿𝐿=0.3  

∆𝜑𝑑𝑐 = 0.47, , ∆𝑉𝑑𝑐=0.46, 

∆𝜑𝑎𝑐=0.42 , ∆𝜃𝑃𝐿𝐿=0.16  

Dominant response mode DC-link voltage controller DC-link  voltage controller 
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(a)                                                                                  (b) 

Figure 4.22 Time-domain of grid-connected VSC system at 𝑃𝑑𝑐 = −1 𝑝𝑢 and SCR: a) SCR=3, b) 

SCR=1.45 

4.3.3 Effect of DC-link Capacitance and SCR on AC Voltage Controller 

4.3.3.1 Inversion Mode 

Figures 4.23 and 4.24 show system stability through eigenvalues when the DC-link capacitance 

and AC voltage controller bandwidth are subjected to change under weak grid conditions. At 

SCR=1.5 in Fig 4.23, it is clear that increasing the bandwidth of the AC voltage controller drives 

the eigenvalues to the left half-plan through modes (𝜆6,7 ), which enhances stability. Changing 

𝐵𝑊𝑎𝑐 from 100 to 400 rad/sec leads to increase the damping ratio by approximately more than 

50% as shown in Table 4.10. Conversely, changing the DC-link capacitance from 0.5 to 1.5 pu at 

each bandwidth setting does not greatly affect the system stability and the effect of DC-link 

capacitance becomes higher at lower 𝐵𝑊𝑎𝑐. As shown in Table 4.10, when 𝐶𝑑𝑐𝑒𝑞 changes from 

1.5 to 0.5 pu at 𝐵𝑊𝑎𝑐 values of 100, 200, and 400 rad/sec, the damping ratio increases by around 

17%, 6%, and 2.5%, respectively. In Fig 4.24, system stability is highly affected by changes 𝐶𝑑𝑐𝑒𝑞 

and 𝐵𝑊𝑎𝑐 at SCR=1.11.  
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Figure 4.23 Root-locus of grid-connected VSC system at 𝑃𝑑𝑐 = 1 𝑝𝑢 and SCR=1.5 

 

Figure 4.24 Root-locus of grid-connected VSC system at 𝑃𝑑𝑐 = 1 𝑝𝑢 and 𝑆𝐶𝑅 = 1.11 

As shown in Fig 4.23, decreasing 𝐵𝑊𝑎𝑐 degrades the system stability. However, it is expected that 

the system could enter the unstable region at a lower 𝐵𝑊𝑎𝑐 when the SCR reduces to 1.11. As is 

clear from the Fig 4.24, at 𝐵𝑊𝑎𝑐 100 rad/sec (circles) the system is unstable, and almost marginally 

stable at 𝐵𝑊𝑎𝑐 200 rad/sec (stars). In this case, the state ∆𝜑𝑎𝑐 is the most influencing state that 

affect the stability of the system as shown in the participation factor analysis in Table 4.11.  

Increasing 𝐵𝑊𝑎𝑐 can contribute strongly to enhancing system stability against very low SCR and 
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uncertainty in the DC-link capacitance. As illustrated in Fig 4.10 (a), increasing 𝐶𝑑𝑐𝑒𝑞 at very low 

SCR enhances system stability; this stability behaviour is also reflected when 𝐵𝑊𝑎𝑐 = 100 and 200 

rad/sec as shown in Fig 4.24. These results were verified with the time-domain simulation as 

shown in Fig. 4.25. 

Table 4.10 Damping factors corresponding to 𝝀𝟔,𝟕, present the effect of DC-link capacitance and SCR on 

AC Voltage Controller in inversion mode 

SCR=1.5 

𝑪𝒅𝒄𝒆𝒒 (𝒑𝒖)\ 𝑩𝑾𝒂𝒄(𝒓𝒂𝒅/𝒔𝒆𝒄) 100 200 400 

0.5 0.2811 0.3329 0.4453 

1 0.2506 0.3210 0.4385 

1.5 0.2310 0.3151 0.4341 

 Damping Factor (𝜁) 

SCR=1.11 

𝑪𝒅𝒄𝒆𝒒 (𝒑𝒖)\ 𝑩𝑾𝒂𝒄(𝒓𝒂𝒅/𝒔𝒆𝒄) 100 200 400 

0.5 Unstable 0.0013 0.2031 

1 Unstable 0.0304 0.2154 

1.5 Unstable 0.0531 0.2245 

 Damping Factor (𝜁) 

 

Table 4.11 Participation factors corresponding to 𝜆6,7, present the effect of DC-link capacitance and SCR 

on AC Voltage Controller in inversion mode 

SCR=1.11, 𝑪𝒅𝒄𝒆𝒒=0.5 pu   

Bandwidth of AC-voltage control in (rad/sec) 𝐵𝑊𝑝𝑙𝑙=200  
𝐵𝑊𝑝𝑙𝑙=400  

Mode and Eigenvalue λ6,7= -0.16± 117.1i λ6,7= -29.8 ± 143i 

Participation factors 
∆𝜑𝑎𝑐 = 0.5, ∆𝜃𝑃𝐿𝐿 =

0.31, ∆𝑉𝑑𝑐=0.18   

∆𝜑𝑎𝑐 = 0.52, , ∆𝜃𝑃𝐿𝐿=0.35 , 

∆𝑉𝑑𝑐=0.27   

Dominant response mode AC voltage controller AC voltage controller 
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Figure 4.25 Time-domain of grid-connected VSC system at 𝑃𝑑𝑐 = 1 𝑝𝑢 and SCR: a) SCR=1.5, b) 

SCR=1.11 

4.3.3.2 Rectification Mode 

Increasing the AC voltage controller bandwidth in rectification mode degrades the system 

stability as shown in Fig 4.26. Further, at SCR=3 decreasing 𝐵𝑊𝑎𝑐 from 400 to 200 rad/sec 

enhances the system stability by approximately 14%, which does not greatly influence system 

stability. Decreasing 𝐶𝑑𝑐𝑒𝑞 from 1.5 to 0.5 pu upgrades system stability by around 62% over all 

ranges of 𝐵𝑊𝑎𝑐. Because it is difficult to see the effects of 𝐶𝑑𝑐𝑒𝑞 and 𝐵𝑊𝑎𝑐 from the eigenvalues 

in Fig 4.26, the damping factor is given in Table 4.12.  

Table 4.12 Damping factors corresponding to 𝝀𝟕,𝟖, the effect of DC-link capacitance and SCR on AC 

Voltage Controller in rectification mode 

SCR=3 

𝑪𝒅𝒄𝒆𝒒 (𝒑𝒖)\ 𝑩𝑾𝒂𝒄(𝒓𝒂𝒅/𝒔𝒆𝒄) 100 200 400 

0.5 0.9779 0.8802 0.8571 

1 0.8831 0.7719 0.6919 

1.5 0.6018 0.5407 0.5207 

 Damping Factor (𝜁) 

SCR=1.45 

𝑪𝒅𝒄𝒆𝒒 (𝒑𝒖)\ 𝑩𝑾𝒂𝒄(𝒓𝒂𝒅/𝒔𝒆𝒄) 100 200 400 

0.5 0.1016 0.2371 0.39882 

1 Unstable 0.0621 0.16314 

1.5 Unstable Unstable 0.083465 

 Damping Factor (𝜁) 
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When the grid becomes very weak, both DC-link capacitance and AC voltage controller bandwidth 

strongly influence system stability. At SCR=3 in Fig 4.26, decreasing 𝐵𝑊𝑎𝑐 brings about better 

stability over all values of 𝐶𝑑𝑐𝑒𝑞. Conversely, at SCR=1.45, decreasing 𝐵𝑊𝑎𝑐 brings system 

stability to a worse condition as shown in Fig 4.27. Moreover, it can be surmised from this figure 

that the 𝐶𝑑𝑐𝑒𝑞 can contribute greatly to stabilizing the system. From Fig 4.27, it can be observed 

that the best stability performance can be achieved at 𝐶𝑑𝑐𝑒𝑞=0.5 pu over all bandwidths. Whereas 

the worst the stability performance at 𝐵𝑊𝑎𝑐 = 100 rad/sec. At SCR= 1.45 and 𝐵𝑊𝑎𝑐 = 100 rad/sec, 

the system stability is highly affected by the states ∆𝜑𝑎𝑐 and ∆𝜑𝑑𝑐 as clear in Table 4.13. In Table 

4.12, the damping factor illustrates the effect of 𝐶𝑑𝑐𝑒𝑞 and 𝐵𝑊𝑎𝑐. Increasing 𝐵𝑊𝑎𝑐 from 100 to 

400 rad/sec and decreasing 𝐶𝑑𝑐𝑒𝑞 from 1.5 to 0.5 pu increases the damping ratio by more than 

100%. The presented analytical results have been verified with the time-domain simulation shows 

in Fig. 4.28.  

Table 4.13 Participation factors corresponding to 𝜆7,8, present The effect of DC-link capacitance and SCR 

on AC Voltage Controller in rectification mode 

SCR=1.45, 𝑩𝑾𝒑𝒍𝒍 = 𝟏𝟎𝟎 𝒓𝒂𝒅/𝒔𝒆𝒄  

DC-link capacitance value (PU) 𝐶𝑑𝑐𝑒𝑞=0.5  
𝐶𝑑𝑐𝑒𝑞=1 

Mode and Eigenvalue λ7,8= -6.7± 86.4i λ7,8= 1.37± 60.17i 

Participation factors ∆𝜑𝑎𝑐 = 0.47, ∆𝜑𝑑𝑐=0.4 ∆𝜃𝑃𝐿𝐿 = 0.33,  
∆𝜑𝑑𝑐 = 0.42, ∆𝜑𝑎𝑐=0.4 

∆𝑉𝑑𝑐=0.3, ∆𝜃𝑃𝐿𝐿=0.24 

Dominant response mode AC voltage controller DC-link voltage controller 

 

Figure 4.26 Root-locus of the grid-connected VSC system at 𝑃𝑑𝑐 = −1 𝑝𝑢 and 𝑆𝐶𝑅 = 3 
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Figure 4.27 Root-locus of the grid-connected VSC system at 𝑃𝑑𝑐 = −1 𝑝𝑢 and SCR=1.45 

 

 

Figure 4.28 Time-domain of grid-connected VSC system at 𝑃𝑑𝑐 = −1 𝑝𝑢 and SCR: a) SCR=3, b) SCR=1.45 
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4.3.4 Analysis Results Summary of The Impact of DC-Link Capacitance 

Uncertainty on Different Controllers’ Bandwidth 

Table 4.14 Stability performance of the system can be concluded as following: 

 Stability 

BW and Cdceq  situation BW and Cdceq\ Mode 
Inversion 

(SCR=1.11) 

Rectification 

(SCR=1.45) 

IN
C

R
E

A
S

IN
G

 

𝐶𝑑𝑐𝑒𝑞 

DC-link controller Enhanced Degraded 

PLL controller Enhanced Degraded 

AC controller Enhanced Degraded 

   

𝐵𝑊𝑑𝑐 DC-link controller Enhanced Degraded 

𝐵𝑊𝑃𝐿𝐿
 1 PLL controller Enhanced Degraded 

𝐵𝑊𝑎𝑐 AC controller Enhanced Enhanced 

 1 Except at very low 𝐵𝑊𝑃𝐿𝐿  (i.e. 100 rad/s) this effect is reversed    

4.4 The Effect of DC-link Capacitance Uncertainty on Grid-Angle 

Variations 

In this section, the effect of the DC-link capacitance uncertainty with grid impedance angle 

variations is addressed at different SCR levels. The grid angle varies by varying the X/R ratio. At 

the nominal condition, X/R = 10, the grid angle (𝜃𝑔) is 83°. In this analysis, however, the grid angle 

changed from 79o to 87o. In the inversion and rectification modes, at SCR = 3, the effect of the 

DC-link capacitance uncertainty slightly affects the dynamic stability of the system when the grid 

angle increases or decreases, as illustrated in Figs. 4.29 and 4.32. 

In inversion mode, the worst damping factor, 𝜁= 0.0079, is reported at 𝜃𝑔=87(X/R = 20) and 

𝐶𝑑𝑐𝑒𝑞 = 0.5 pu, as listed in Table 4.15. Figure 4.30 presents two different modes affected by 

varying the grid angle and DC-link capacitance, which are 𝜆4,5 and 𝜆6,7. Because modes 𝜆6,7 are 

closer to the origin, they most likely consider dominant modes. Table 4.16 indicates that these 

modes are highly influenced by the state of the AC-voltage controller (∆𝜑𝑎𝑐) and PLL angle (∆𝑝𝑙𝑙). 

These results were verified by the time-domain simulation as demonstrated in Fig. 4.31. 
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Table 4.15 Damping factors corresponding to 𝝀𝟔,𝟕, present the effect of DC-link capacitance and grid angle 

variations in inversion mode 

SCR=3 

𝑪𝒅𝒄𝒆𝒒 (𝒑𝒖. )\ 𝒈
°

 79 83 87 

0.5 0.75026𝝀6,7 0.74289𝝀6,7 0.7409𝝀6,7 

1 0.66508𝝀6,7 0.64957𝝀6,7 0.64306𝝀6,7 

1.5 0.60072𝝀6,7 0.58281𝝀6,7 0.57495𝝀6,7 

 Damping Factor (𝜁) 

SCR=1.15 

𝑪𝒅𝒄𝒆𝒒 (𝒑𝒖. )\ 𝒈
°
 79 83 87 

0.5 
0.10869𝝀6,7 

0.80828𝝀4,5 

0.042146𝝀6,7 

0.77226𝝀4,5 

0.00799𝝀6,7 

0.74969𝝀4,5 

1 
0.136𝝀6,7 

0.78813 𝝀4,5         

0.06652𝝀6,7 

0.75174𝝀4,5 

0.031198𝝀6,7 

0.73034𝝀4,5 

1.5 
0.15266𝝀6,7 

0.77812𝝀4,5 

0.080925𝝀6,7 

0.74165𝝀4,5 

0.044517𝝀6,7 

0.72084𝝀4,5 

 Damping Factor (𝜁) 

 

Table 4.16 Participation factors corresponding to 𝜆6,7 and λ4,5, present the effect of DC-link capacitance and 

grid angle variations in inversion mode  

SCR=3, X/R=20 (𝜃𝑔=87) 

DC-link capacitance value (PU) 𝐶𝑑𝑐𝑒𝑞=1.5  

Mode and Eigenvalue λ6,7= -42.9± 61i 

Participation factors ∆𝑉𝑑𝑐=0.41, ∆𝜑𝑑𝑐 = 0.4 

Dominant response mode 
DC-ink voltage 

DC-ink voltage controller 

SCR=1.15, X/R=20 (𝜃𝑔=87) 

DC-link capacitance value (PU) 𝐶𝑑𝑐𝑒𝑞=0.5  

Mode and Eigenvalue λ6,7= -1 ± 116i   λ4,5= -326 ± 288i    

Participation factors ∆𝜑𝑎𝑐 = 0.47, ∆𝑝𝑙𝑙=0.3   ∆𝑝𝑙𝑙=0.7, ∆𝑖𝑔𝑞=0.6     

Dominant response mode 
AC- voltage controller PLL angle 

PLL angle  Grid current (𝑞-component) 
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Figure 4.29 Root-locus of the grid-connected VSC system at 𝑃𝑑𝑐 = 1 𝑝𝑢, SCR=3 and 𝜃𝑔 varies from 79° to 

87°. 

 

 

            

𝜽𝒈 = 𝟕𝟗
° 

𝜽𝒈 = 𝟖𝟕
° 

𝜽𝒈 = 𝟖𝟕
° 𝜽𝒈 = 𝟕𝟗

° 𝜽𝒈 = 𝟖𝟕
° 𝜽𝒈 = 𝟕𝟗

° 
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           (Zoom in modes 𝜆6,7) 

Figure 4.30 Root-locus of the grid-connected VSC system at 𝑃𝑑𝑐 = 1 𝑝𝑢, SCR=1.15 and 𝜃𝑔 varies from 79° 

to 87°. 

 

Figure 4.31 Time-domain of grid-connected VSC system at 𝑃𝑑𝑐 = 1 𝑝𝑢, SCR=1.15 and 𝜃𝑔= 87° (X/R=20). 

In rectification mode, when SCR decreases from 3 to 1.7, the system stability is highly affected 

by the grid angle and DC-link capacitance variations. Table 4.17 and Fig. 4.33 reveal that 

decreasing the grid angle and increasing the DC-link capacitance lead to the worst stability 

condition. From Table 4.17, the damping factor decreases from 0.3338 to 0.0287 when 𝐶𝑑𝑐𝑒𝑞 

𝜽𝒈 = 𝟕𝟗
° 𝜽𝒈 = 𝟖𝟕

° 
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varies from 0.5 to 1.5 pu. Modes 𝜆7,8 are the dominant modes that drive the poles toward the right-

hand side when the DC-link capacitance increases, as illustrated in Fig. 4.33. The influencing state 

of modes 𝜆7,8 are highly related to the DC-link voltage controller state (∆𝜑𝑑𝑐) as listed in Table 

4.18. This finding has been confirmed by the time-domain simulation in Fig. 4.34. 

Table 4.17 Damping factors corresponding to 𝝀𝟓,𝟔 and 𝝀𝟕,𝟖, present the effect of DC-link capacitance and 

grid angle variations in rectification mode at SCR=3 and SCR=1.7, respectively. 

SCR=3 

𝑪𝒅𝒄𝒆𝒒 (𝒑𝒖. )\ 𝜽𝒈
°  79 83 87 

0.5 0.8694 0.88018 0.88383 

1 0.71581 0.77196 0.79043 

1.5 0.48959 0.54065 0.56377 

 Damping Factor (𝜁) 

SCR=1.7 

𝑪𝒅𝒄𝒆𝒒 (𝒑𝒖. )\ 𝜽𝒈
°  79 83 87 

0.5 0.3338 0.29014  0.28956  

1 0.1156 0.32035  0.38289  

1.5 0.0287 0.21339  0.27227 

 Damping Factor (𝜁) 

 

Table 4.18 Participation factors corresponding to 𝜆7,8, present the effect of DC-link capacitance and grid 

angle variations in rectification mode 

SCR=1.7, X/R=20 (𝜃𝑔=87) 

DC-link capacitance value (PU) 𝐶𝑑𝑐𝑒𝑞=1.5  

Mode and Eigenvalue λ7,8= -20.391 ± 72.064i 

Participation factors ∆𝑉𝑑𝑐=0.46,  ∆𝜑𝑑𝑐 = 0.45 

Dominant response mode 
DC-ink voltage 

DC-ink voltage controller 

SCR=1.7, X/R=5 (𝜃𝑔 = 79) 

DC-link capacitance value (PU) 𝐶𝑑𝑐𝑒𝑞=1.5  

Mode and Eigenvalue λ7,8= -1.97 ± 68.5i 

Participation factors ∆𝜑𝑑𝑐 =0.48, ∆𝑉𝑑𝑐=0.41 

Dominant response mode 
DC-ink voltage controller 

DC-ink voltage  
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Figure 4.32 Root-locus of the grid-connected VSC system at 𝑃𝑑𝑐 = −1 𝑝𝑢, SCR=3 and 𝜃𝑔 varies from 79° 

to 87°. 

 

 

         (a) 

𝜽𝒈 = 𝟕𝟗
° 

𝜽𝒈 = 𝟖𝟕
° 

𝜽𝒈 = 𝟕𝟗
° 𝜽𝒈 = 𝟖𝟕

° 
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               (Zoom in modes 𝜆7,8) 

Figure 4.33 Root-locus of the grid-connected VSC system at 𝑃𝑑𝑐 = −1 𝑝𝑢, SCR=1.7 and 𝜃𝑔 varies from 

79° to 87°. 

 

 

Figure 4.34 Time-domain of grid-connected VSC system at 𝑃𝑑𝑐 = −1 𝑝𝑢, SCR=1.7 and 𝜃𝑔= 79° (X/R=5). 

 

 

𝜽𝒈 = 𝟖𝟕
° 

𝜽𝒈 = 𝟕𝟗
° 
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4.5 Fault analysis  

4.5.1 Fault Assessment of the Interactions between DC-link Capacitance Uncertainty 

and SCR 

The performance of the grid-connected VSC system is examined under fault conditions that 

could occur in the AC-sides at PCC. Several case scenarios have been conducted to assess the 

effect of the DC-link capacitance uncertainty along with the weak grid on the system dynamics 

under faulty conditions. Only significant results are presented in this section. Figures 4.35 and 4.36 

illustrate the DC-link voltage response to a single line-to-ground (L-G) fault on the AC-side in 

inversion and rectification modes, respectively. In Fig. 4.35 (a) and (b), the fault starts at time 

t = 1.5 and 2 s and clears at t = 2.5 and 3.5 s, respectively. In Fig. 4.35(a), during the fault, the 

magnitude of the DC-link voltage changes by approximately 3% when the DC-link capacitance 

varies from 1.5 to 0.5 pu and returns to the steady-state value, 1750 V, after the fault is cleared in 

0.125 s. The effect of the DC-link capacitance uncertainty, however, is minimum in this case. 

However, at SCR = 1.15, the effect of the DC-link capacitance uncertainty is clearly noted when 

the fault is cleared, as illustrated in Fig. 4.35(b). Decreasing the DC-link capacitance leads to 

increase the magnitude during the fault and increase the oscillations and settling time after clearing 

the fault of the DC-link voltage. 

In rectification mode, the magnitude of the DC-link voltage significantly increases during the 

fault compared with the inversion mode when the DC-link capacitance decreases, as depicted in 

Fig. 4.36. In Fig. 4.36(a), the magnitude of the DC-link voltage increased by almost 16% when the 

DC-link capacitance changed from 1.5 to 0.5 pu through the duration of the fault. In this case, the 

settling time after the fault clears slightly improves when the value of the DC-link capacitance 

decreases. In Fig. 4.36 (b), when the SCR decreases from 3 to 2.5, the effect of the DC-link 

capacitance uncertainty is tangible. At t = 2 s, the system cannot override the fault at 𝐶𝑑𝑐𝑒𝑞 = 1 

and 1.5 pu. Reducing the DC-link capacitance to 0.5 pu allows the system to withstand the fault 

without significantly increasing the settling time after clearing the fault, as in the case of the 

inversion mode. The oscillations in the DC-link voltage contain a second harmonic ripple at the 

double of the AC-grid frequency (120 Hz). The reason for the second harmonic is the condition of 

unbalanced power transfer between both sides, AC and DC, at the time of the fault occurs. In both 
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cases, the system succeeds in recovering to its normal stable operation after the fault is cleared, 

which maintains the fault ride-through characteristic. 

 

           (a) 

 

        (b) 

Figure 4.35 DC-link voltage response to L-G ac-grid fault at 𝑃𝑑𝑐 = 1 𝑝𝑢., and SCR : a) SCR=3,  b) 

SCR=1.15. 
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     (a) 

 

        (b) 

Figure 4.36 DC-link voltage response to L-G ac-grid fault at 𝑃𝑑𝑐 = −1 𝑝𝑢., and SCR : a) SCR=3,  b) 

SCR=2.5 

4.5.2 Fault Assessment of the Interactions Between DC-link Capacitance Uncertainty 

and Controller Bandwidth  

In rectification mode, the system is less tolerant of the fault occurring on the AC-side at low SCR 

levels compared to the inversion mode, as shown earlier. In Fig. 4.36(b), when BWdc =  0.2 BWcc, 

the system can override the fault only at 𝐶𝑑𝑐𝑒𝑞= 0.5 pu. Reducing the DC-link voltage control 
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bandwidth to 𝐵𝑊𝑑𝑐 =  0.1 𝐵𝑊𝑐𝑐 increases the ability of the system to override the fault over 

several values of the DC-link capacitance, as presented in Fig. 4.37. The increase in the bandwidth 

of the DC-link voltage control to 0.5 BWcc did not allow the system to override the fault for all 

proposed DC-link capacitance values. 

 

Figure 4.37 DC-link voltage response to L-G ac-grid fault at 𝑃𝑑𝑐 = −1 𝑝𝑢, SCR=2.5 and BWdc = 0.1 BWcc 
in rectification mode. 

In cases of changing the bandwidth of the AC-voltage and PLL controls, the amplitude 

oscillations during the fault are almost the same under different DC-link capacitance values, as 

illustrated in Figs. 4.38 and 4.39. In Fig. 4.38, when the AC-voltage control bandwidth decreases, 

the system is less vulnerable to override the fault, as demonstrated at 𝐵𝑊𝑎𝑐= 100 rad/sec. Figures 

4.39 and 4.40 indicate that increasing the bandwidth of the PLL and DC-link capacitance degrades 

the system stability during the fault. Figure 4.40 reveals that the system can override the fault at 

both 𝐶𝑑𝑐𝑒𝑞= 0.5 and 1 pu, when decreasing the bandwidth of PLL from 200 to 100 rad/sec. 
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Figure 4.38 DC-link voltage response to L-G ac-grid fault at Pdc = −1 pu., SCR=2.5 and 𝐶𝑑𝑐𝑒𝑞= 0.5 pu., 

in rectification mode. 

 

Figure 4.39 DC-link voltage response to L-G ac-grid fault at Pdc = −1 pu., SCR=2.5 and 𝐶𝑑𝑐𝑒𝑞= 0.5 pu., 

in rectification mode. 
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Figure 4.40 DC-link voltage response to L-G ac-grid fault at Pdc = −1 pu., SCR=2.5 and 𝐶𝑑𝑐𝑒𝑞= 1 pu., in 

rectification mode. 

In the inversion mode, the effect of changing the controller bandwidth is considered in the worst-

case scenario, which is at a very weak grid when 𝐶𝑑𝑐𝑒𝑞= 0.5 pu. Figures 4.41 to 4.43 present the 

influence of changing the control bandwidth when a single L-G fault occurs from t = 2.25 to 3.5 s. 

From these figures, increasing the controller bandwidth reduces the oscillation amplitude during 

the fault and settling time after clearing the fault. Except in Fig. 4.43, the post-fault recovery time 

increases when the bandwidth of the PLL control becomes closer to the DC-link voltage control 

bandwidth, as mentioned earlier. In Fig. 4.41, the recovery time decreases from 0.8 to 0.25 s after 

the fault clears when the DC-link voltage control bandwidth increases from 0.2 𝐵𝑊𝑐𝑐 to 0.5 𝐵𝑊𝑐𝑐, 

respectively. In Figs. 4.42 and 4.43, the recovery time when the fault clears decreases from 0.8 to 

0.12 s and from 0.73 to 0.35 s when the bandwidth of the AC-voltage and PLL control increases 

from 200 to 400 rad/s, respectively. 
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Figure 4.41 DC-link voltage response to L-G ac-grid fault at Pdc = 1 pu., SCR=1.15 and 𝐶𝑑𝑐𝑒𝑞= 0.5 pu., 

in inversion mode. 

 

Figure 4.42 DC-link voltage response to L-G ac-grid fault at Pdc = 1 pu., SCR=1.15 and 𝐶𝑑𝑐𝑒𝑞= 0.5 pu., 

in inversion mode. 
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Figure 4.43 DC-link voltage response to L-G ac-grid fault at Pdc = 1 pu., SCR=1.15 and 𝐶𝑑𝑐𝑒𝑞= 0.5 pu., 

in inversion mode. 

4.6 The Impacts of Parameters 𝑳𝒈 , 𝑹𝒈 and 𝑳𝒇 on The Dynamic Stability 

of Grid-Connected VSC  

As the main goal of this research work is studying the dynamic stability of VSC connected to 

weak and very weak grids, it is important to address the effects of AC-side filters and grid 

impedance on the overall stability. In this section, each parameter will be examined to find ranges 

that maintain system stability under weak grid conditions.  

4.6.1  The Limitations of Grid Impedance Parameters that Maintain the System 

Stability 

4.6.1.1 Inversion Mode 

a) The limitations of grid inductance 

Figures 4.44 and 4.45 show the impact of 𝑋𝑔/𝑅𝑔 (grid impedance ratio) and grid inductance on 

grid-connected VSC system stability. The default 𝑋𝑔/𝑅𝑔 ratio used in the analysis is 10. This ratio, 

however, will be gradually changed to illustrate its effect on the system stability. In this analysis, 

the grid impedance ratio is varied by changing the value of grid inductance according to 

(𝑋𝑔/𝑅𝑔 =
𝜔𝐿𝑔

𝑅𝑔
). Therefore, increasing the value of grid inductance from 120 µH to 310 µH shifts 
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𝑋𝑔/𝑅𝑔 from 5.5 to 14 when 𝑅𝑔 =0.0084 Ω. The results plotted in this figure show that increases 

in 𝑋𝑔/𝑅𝑔 ratio push the poles toward the right-hand side. This is confirmed by looking at dominant 

modes (𝜆6,7) that highly affected by increases in 𝑋𝑔/𝑅𝑔. By examining these modes, the stability 

range of the system can be confined to 𝑋𝑔/𝑅𝑔 ≤ 10.5. Conversely, modes (𝜆4,5 , 𝜆7,8) are not highly 

affected by varying the grid impedance ratio except that, when this ratio rises to 14, these poles 

leap to the unstable region.   

 
                                                                                (a) 

 
        (b) 

Figure 4.44 Root-locus of grid-connected VSC system at 𝑃𝑑𝑐 = 1 pu. and 𝑆𝐶𝑅 = 1.11; a) 𝐿𝑔changes from 

120 µH to 310 µH, b) Zoomed plot. 
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Figure 4.45 shows the minimum value of grid inductance that stabilizes the system at a worse case 

condition, viz. SCR=1. In this case, the system parameters are the default settings given in Table 

3.1. The value of the grid inductance varies from 220 µH to 244.5 µH when 𝑅𝑔= 9.2 mΩ. From 

the figure, it is clear that the system will remain stable when  𝐿𝑔 < 225 𝜇H. The cases of SCR=1 

has been verified by time-domain simulation as shown in Fig. 4.46. 

 

Figure 4.45 Root-locus of grid-connected VSC system at 𝑃𝑑𝑐 = 1 pu. and 𝑆𝐶𝑅 = 1 

 

Figure 4.46 Time-domain of grid-connected VSC system at 𝑃𝑑𝑐 = 1 𝑝𝑢 and SCR=1 
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b) The limitations of grid resistance  

In the previous case, the effect of the grid impedance ratio on system stability was studied in 

terms of grid inductance. Here, a similar case will be studied but in terms of grid resistance. In this 

analysis, the grid impedance ratio is varied by changing the grid resistance according to the same 

equation. As a result, increasing the grid resistance 𝑅𝑔 from 4.1 mΩ to 15 mΩ changes 𝑋𝑔/𝑅𝑔 

from 20 to 5.5 when 𝐿𝑔 = 220 𝜇H. Figure 4.25 shows that decreasing 𝑋𝑔/𝑅𝑔 pushes the poles 

toward the stable region. This is confirmed by looking at dominant modes (𝜆6,7) highly affected 

by increases and decreases in 𝑋𝑔/𝑅𝑔 as seen in Fig. 4.47 (b). From this figure, the minimum range 

that maintain the system stability can be identified as 𝑋𝑔/𝑅𝑔 ≤ 12.5. Also, it can be clearly seen 

that modes (𝜆4,5 , 𝜆8) are not strongly affecting the system stability by varying the grid impedance 

ratio, unlike the previous case.  

The effect of grid resistance that stabilize the system at worse case condition (SCR=1) is 

presented in Fig. 4.48. In this figure, the minimum value of grid resistance is analytically showed. 

All the parameters of the system are set to the default setting as seen in Table 3.1. The value of 

𝑅𝑔 varies from 9.2 mΩ to 50 mΩ when 𝐿𝑔= 244.46 µH. As mention earlier, at the very weak grid 

condition the system enters the unstable region. Figure 4.48 illustrates that, at this critical 

condition, system stability can be achieved by increasing 𝑅𝑔. Therefore, it has been analytically 

proven that the system will remain stable when  𝑅𝑔 ≥  25 mΩ and 𝑋𝑔/𝑅𝑔 ≤ 3.7 as seen in the figure 

below. This case has been verified by the time-domain simulation as shown in Fig. 4.49. 

 

          (a) 
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          (b) 

Figure 4.47 Root-locus of grid-connected VSC system at 𝑃𝑑𝑐 = 1 pu. and 𝑆𝐶𝑅 = 1.11; a) 𝑋𝑔/𝑅𝑔 changes 

from 5.5 to 20 b) Zoomed plot.  

 

Figure 4.48 Root-locus of grid-connected VSC system at 𝑃𝑑𝑐 = 1 pu and 𝑆𝐶𝑅 = 1 
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Figure 4.49 Time-domain of grid-connected VSC system at 𝑃𝑑𝑐 = 1 𝑝𝑢 and SCR=1 

4.6.1.2 Rectification Mode 

a) The limitations of grid inductance  

Figure 4.50 shows the impact of the 𝑋𝑔/𝑅𝑔 ratio and grid inductance on grid-connected VSC 

system stability in rectification mode. The default 𝑋𝑔/𝑅𝑔 ratio used in the analysis is 10. This ratio, 

however, will be gradually changed to illustrate its effect on system stability. In this analysis, 

𝑋𝑔/𝑅𝑔 ratio is varied by changing the grid inductance according to (𝑋𝑔/𝑅𝑔 =
𝜔𝐿𝑔

𝑅𝑔
). Therefore, 

increasing 𝐿𝑔 from 120 µH to 210 µH raises 𝑋𝑔/𝑅𝑔 from 7 to 13 when 𝑅𝑔 = 6.2 mΩ. The results 

in this figure show that decreasing 𝑋𝑔/𝑅𝑔 pushes the poles toward the left-hand side. This finding 

can be confirmed by looking at dominant modes (𝜆6,7) that are highly affected by increases in 

𝑋𝑔/𝑅𝑔. From these modes, the stability range of the system can be identified as 𝑋𝑔/𝑅𝑔 ≤ 10.7. 

Conversely, modes (𝜆4,5 , 𝜆7,8) are not highly affected by varying 𝑋𝑔/𝑅𝑔 except that, when this 

ratio goes up to 12 and 13, these poles leap to the unstable region.   
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Figure 4.50 Root-locus of the grid-connected VSC system when at 𝑃𝑑𝑐 = −1 𝑝𝑢 and 𝑆𝐶𝑅 = 1.45. 

Figures 4.51 show the minimum value of grid inductance that stabilizes the system at the worse-

case condition, which is SCR=1. In this case, the parameters of the system are set to the default. 

The value of 𝐿𝑔varies from 100 µH to 180 µH when 𝑅𝑔= 9.2 mΩ. From Fig. 4.51 (b), it is clear 

that the system will remain stable when  𝐿𝑔 <  160 𝜇H as also verified by the time-domain 

simulation shows in Fig. 4.52.  

 

           (a) 
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       (b) 
Figure 4.51 Root-locus of grid-connected VSC system. a) 𝐿𝑔changes from 100 µH to 180 µH, b) Zoomed 

plot. 

 

Figure 4.52 Time-domain of grid-connected VSC system at 𝑃𝑑𝑐 = −1 𝑝𝑢 and 𝑆𝐶𝑅 = 1 

b) The limitations of grid resistance  

In the previous case, the effect of 𝑋𝑔/𝑅𝑔 on system stability was studied in terms of grid 

inductance. Here, a similar case will be studied but in terms of grid resistance. In this analysis, 

𝑋𝑔/𝑅𝑔 ratio varies by changing the grid resistance based on the aforementioned equation. Thus, 

increasing 𝑅𝑔 from 4.1 mΩ to 10 mΩ decreases 𝑋𝑔/𝑅𝑔 from 16 to 6.5 when 𝐿𝑔 = 168 𝜇H. Figure 
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4.53 show that decreasing 𝑋𝑔/𝑅𝑔 ratio adversely affects system stability. This is confirmed by 

looking at the dominant modes (𝜆6,7) that are affected by increases and decreases in 𝑋𝑔/𝑅𝑔 as seen 

in Fig. 4.53 (b). From this figure, the minimum range that maintains system stability can be 

identified as 𝑋𝑔/𝑅𝑔 ≤ 8. It can be clearly noted that modes (𝜆4,5 , 𝜆8) are not greatly impacting the 

stability of the system by varying the 𝑋𝑔/𝑅𝑔 ratio, which is similar to what happens in inversion 

mode. Although, decreasing the grid resistance enhances the system stability in the rectification 

mode, but it could not stabilize the system at SCR=1 as in inversion mode.  

 
     (a) 

 

   (b) 

Figure 4.53 Root-locus of grid-connected VSC system. a) 𝑅𝑔changes from 4 mΩ to 10 mΩ, b) Zoomed 

plot. 
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4.6.2  The Limitations of AC-side Filter Parameters that Maintain the System 

Stability 

4.6.2.1 Inversion Mode  

In the previous section, the effect of grid resistance and inductance was examined. However, 

it is also important to study the effect of the AC-side inductance filter on the overall system 

stability as will be presented in this section. In this analysis, all the parameters are set as shown in 

Table 3.1, except that the value AC-side inductance filter is varied to study its impact on system 

stability. Figures 4.54 and 4.55 show the eigenvalues of the system when 𝐿𝑓 is varied over a certain 

range at SCR = 1.5 and 1.11, respectively that has been used in aforementioned analysis. At the 

former case, it can be noted that when 𝐿𝑓 changes from 0.85 to 1.1 pu system stability is slightly 

affected. As clear in Fig. 4.54, at 𝐿𝑓 = 0.85 pu. the damping ratio 𝜁=0.28 while, at 𝐿𝑓 = 1.1 pu., the 

damping ratio 𝜁=0.34. System stability, therefore, is slightly enhanced when 𝐿𝑓 increases.  

When SCR reduces to 1.11, system stability becomes very sensitive to variations in the AC-side 

inductance filter, as seen in Fig. 4.55. In this case, decreasing 𝐿𝑓 by 15% is enough to make the 

system unstable (yellow diamond). From this figure, it can be noted that the minimum range of 

AC-side inductance filter that ensures system stability is  𝐿𝑓 ≥  0.9 pu. This result was agreed with 

the time-domain simulation shown in Fig. 4.56.  

 

Figure 4.54 Root-locus of grid-connected VSC system at Pdc = 1 pu., SCR=1.5. 
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Figure 4.55 Root-locus of grid-connected VSC system at Pdc = 1 pu.  ,  𝑆𝐶𝑅 = 1.11. 

 

 

Figure 4.56 Time-domain of grid-connected VSC system at 𝑃𝑑𝑐 = 1 𝑝𝑢 and 𝑆𝐶𝑅 = 1.11 
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4.6.2.2 Rectification Mode 

Figures 4.57 and 4.58 show the eigenvalues of the system when 𝐿𝑓 is subjected to change from 

0.9 to 1.15 pu. at SCR = 3 and 1.45, respectively. From the plots, it is clear that increasing and/or 

decreasing the ac inductance filter by approximately ±10 % highly affects the system stability in 

a very weak grid condition (i.e. SCR=1.45), and lightly in weak and strong grid conditions. To 

achieve a reliable stability for the system in a very weak grid condition, the ac inductance limit 

shall be chosen as 𝐿𝑓 ≤1.12 pu. This limit of ac inductance has also been proofed by the time-

domain simulation presented in Fig. 4.59. It is worth mentioning that, at SCR=1.45, the poles of 

the system move toward the right-hand side faster than at SCR=3 in the rectification mode. 

 

 

Figure 4.57 Root-locus of grid-connected VSC system at Pdc = −1 pu. ,  𝑆𝐶𝑅 = 3. 
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Figure 4.58 Root-locus of grid-connected VSC system at Pdc = −1 pu. ,  𝑆𝐶𝑅 =1.45 

 

 

Figure 4.59 Time-domain of grid-connected VSC system at 𝑃𝑑𝑐 = −1 𝑝𝑢 and 𝑆𝐶𝑅 = 1.45 
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4.7 Summary 

Several stability analyses of grid-connected VSC system have been considered in this chapter. 

The first analysis is aimed to observe the dynamic interactions between DC-link capacitance 

uncertainty and grid strength. In inversion mode, it has been proven that increasing the DC-link 

capacitance not always enhances the system stability. It also has been shown that increasing the 

DC-link capacitance at very low ranges of SCR enhances the system stability, unlike high level of 

SCR. In rectification mode, increasing the DC-link capacitance degrades the system stability even 

at a very low SCR level. In this mode, the stability of the system is confined to a certain limit of 

𝐶𝑑𝑐𝑒𝑞variations. The second analysis is investigated the impact of DC-link capacitance 

uncertainty on controllers’ bandwidth, which are DC-bus voltage, SRF-PLL and AC voltage 

controllers’ bandwidth. For a DC-bus voltage controller, in inversion mode, decreasing the 𝐵𝑊𝑑𝑐 

and 𝐶𝑑𝑐𝑒𝑞 slightly degrades the system stability at high to low SCR levels. Whereas this effect 

greatly degraded the system stability at a very low SCR level. The opposite results have been 

observed in the rectification mode. For a SRF-PLL voltage controller, it has been reported that 

worst-stability performance is observed at 𝐵𝑊𝑃𝐿𝐿= 200 rad/sec due to its closeness to the 

bandwidth of the DC-link voltage controller in inversion mode, unlike rectification mode. In this 

case, it has shown that increasing the DC-link capacitance, therefore, can contribute to enhancing 

the system stability. In rectification mode, it is observed that the sensitivity of the DC-link 

capacitance increases as 𝐵𝑊𝑃𝐿𝐿 increases. For an AC-bus voltage controller, increasing 𝐵𝑊𝑎𝑐 can 

contribute strongly to enhancing system stability against very low SCR and uncertainty in the DC-

link capacitance in inversion mode. In rectification mode, both DC-link capacitance and AC 

voltage controller bandwidth strongly influence system stability at very low SCR. Furthermore, 

the 𝐶𝑑𝑐𝑒𝑞 can contribute greatly to stabilizing the system. It can be concluded that the effect of 

controllers’ bandwidth under stiff-grid conditions are minimal, whereas dynamics interactions are 

increased in a very weak-grid condition. The objective of third analysis is study the interactions 

between grid angle and DC-link capacitance variations in a very weak-grid condition. It has been 

found that at SCR ≥ 3, the effect of the DC-link capacitance uncertainty slightly affects the dynamic 

stability of the system when the grid angle increases or decreases in both modes. In a very weak-

grid condition, it has been shown that increasing the grid angle and decreasing the DC-link 

capacitance leads to worst stability condition in inversion mode and vise-versa for rectification 
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mode. The fourth analysis is fault assessment in case of uncertainty in the DC-link capacitance. It 

shown that at SCR ≥ 3, the system can override the fault in both modes of operations. At SCR < 3, 

the settling-time increases when the DC-link capacitance decreases after the fault is cleared in 

inversion mode. At the same SCR the system become less capable to override the fault when the 

DC-link capacitance increases in rectification mode. Last analysis is studying the impacts of grid 

impedance and AC inductance filter on the dynamic stability of grid-connected VSC. It has been 

proven that grid inductance is not the only factor influencing system stability; grid resistance and 

impedance ratio also affect the stability. The minimum value of 𝐿𝑔 and 𝑅𝑔 represented by 𝑋𝑔/𝑅𝑔 

that maintain the system stability has been founded at very low SCR for both mode of operations. 

Further, the effect of these parameters has been investigated under worst-case condition, SCR=1. 

It has been found that the system can be re-stabilized when decreasing 𝐿𝑔 or increasing 𝑅𝑔 to 

certain values in inversion mode. The same thing for rectification mode but changing 𝑅𝑔 is not 

capable to stabilize the system. Regarding the effect of AC inductance filter, slight variations can 

significantly affect system stability especially at weak grid conditions. It has been founded that, 

decreasing 𝐿𝑓 by 15% is enough to make the system unstable in inversion mode. In rectification 

mode, increasing and/or decreasing the 𝐿𝑓 by approximately ±10 % greatly affects the system 

stability. 
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Chapter 5 

Summary and Future Work 

5.1 Conclusion  

This research was facilitated to develop a comprehensive analysis of a VSC connected to weak 

grid conditions. As the DC-link capacitance is an inevitable component in most converter systems, 

the evaluation in this thesis focused on how the interaction between the equivalent DC-link 

capacitance uncertainty and the grid strength affect the system stability. 

Chapter 2 provided an overview of the advancement of power electronics technology. Further, 

principles and operation of the VSC were presented in detail. A comparison between the VSC and 

the CSC was also shown. As the main focus of this research was the VSC, this chapter illustrated 

the control type that was adopted in this work. A thorough literature review on the stability analysis 

of the VSC connected to weak and very weak grids was reported.  

Chapter 3 clearly showed and explained the structure of the studied system and the 

methodology that was applied. It was demonstrated that the DC-side in the grid-connected VSC 

system was set as a controlled current source, which was represented as a virtual DC microgrid. 

The DC-link capacitance, therefore, might face uncertainty due to loading/and unloading on the 

DC-side or changing in ambient temperature. Furthermore, this chapter presented the parameter 

values of each component and began a brief discussion of the concept of linearization. The general 

design method for the main four types of controllers used in the study was depicted in detail. The 

mathematical large-signal model for the grid-connected VSC was given. From this model, the 

linearized state-space model was derived and presented in detail. To validate the analytical results, 

a report of the verification of the small-signal model against the MATLAB/Simulink model under 

different critical case scenarios was included.  

Chapter 4 presented the comprehensive stability analysis for the grid-connected VSC system, 

using the linearization model that was derived in Chapter 3. Further, chapter 4 showed the 

framework of this thesis, which was to study the impact of a weak and very weak grid on a VSC 

with uncertainty in the DC-link capacitance. The evaluation was not only confined to studying the 

effect of DC-link capacitance, but also involved investigating the effect of the inductance line filter 

and grid impedance when subjected to variations. Eigenvalue analysis was used to investigate the 
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stability of the system. The analysis in this chapter was categorized into five sections: the effect of 

DC-link capacitance uncertainty on different grid strength conditions, the impact of DC-link 

capacitance uncertainty on the controllers’ bandwidth, the effect of DC-link capacitance 

uncertainty on grid-angle variations, fault assessment, and the limitations of parameters 𝐿𝑓, 𝐿𝑔, 

and 𝑅𝑔 that maintain the system’s stability. In the first section, it was shown that, at a stiff grid 

condition (i.e. SCR ≥ 3), the impact of the DC-link capacitance variations did not significantly 

affect the system stability in inversion and rectification modes as it did at weak grid conditions. At 

stiff and weak grid conditions, in the inversion mode, the system stability slightly degraded as the 

DC-link capacitance value increases. Conversely, at a very weak grid condition, the system 

stability was enhanced as the DC-link capacitance increased. In the rectification mode, the stability 

of the system degraded when the DC-link capacitance increased at stiff and weak grid conditions. 

Whereas, at a very weak grid condition, the system stability highly degraded when the DC-link 

capacitance increased. In the second section, it was revealed that the effect of the controllers’ 

bandwidth on a stiff grid was minimum, whereas dynamics interactions increased remarkably 

when the grid condition was very weak. At SCR < 3, increasing the DC-link capacitance and 

controllers’ bandwidth enhanced the system stability in the inversion mode and degraded stability 

in rectification mode, except when increasing the bandwidth of the AC voltage controller. In the 

third section, it has been studied the interactions between grid angle and DC-link capacitance 

variations in a weak-grid conditions. It has been found that at SCR ≥ 3, the effect of the DC-link 

capacitance uncertainty slightly affects the dynamic stability of the system when the grid angle 

increases or decreases in both modes. In a very weak-grid condition, it has been shown that 

increasing the grid angle and decreasing the DC-link capacitance leads to worst stability condition 

in inversion mode and vise-versa for rectification mode. In the fourth section, a fault assessment 

in case of uncertainty in the DC-link capacitance has been conducted. It shown that at SCR=3, the 

system can override the fault in both modes of operations. At SCR < 3, the settling-time increases 

when the DC-link capacitance decreases after the fault is cleared in inversion mode. At the same 

SCR the system become less capable to override the fault when the DC-link capacitance increases 

in rectification mode. In the last section, it was demonstrated that grid inductance is not the only 

factor influencing the system stability, as grid resistance also has an effect. Moreover, the results 

showed that a slight variation in the AC line inductance can significantly affect the stability of the 

system, especially at weak grid conditions.  
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Finally, the impact of the DC-link capacitance uncertainty on the system stability is higher in 

rectification than in inversion mode in a weak-grid condition. Moreover, the selection of the DC-

link capacitance depended not only on the ripple percentage in the DC-bus voltage, but also on the 

grid strength level, which can affect the system stability. This is especially true in a very weak 

grid. 

5.2 Future Work  

Based on the comprehensive analysis that was considered in this work, further studies can touch 

on the following areas:  

- Solutions that can immunize the effect of the DC-link capacitance and grid uncertainties 

and increase the stability of the system need to be investigated. This could include active 

damping technique, among others. 

- In this analysis, it was shown that there are interactions between controllers’ loops affect 

the stability of the system. Therefore, further research should identify how minimizing 

these interactions can improve system stability. 

- This research analyzed how the interaction between the equivalent DC-link capacitance 

uncertainty and the grid strength affected the system stability. Consequently, conducting 

the same type of analysis while considering the equivalent DC-link inductance might also 

be necessary to be addressed in future studies. 
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Appendix A.2 
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Figure A.2.1 IGBT with antiparallel deiod (switching cell) of VSC. 
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Figure A.2.2 a) Mechanism of PWM to generate gating signals for switches 𝑇1 and 𝑇2, b) high frequency carrier 

signal and low frequency modulating signal, c) short periods of both signals captured from (b), d & e) 

switching pattern of switches 𝑇1 and 𝑇2 
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𝑐𝑜𝑠 𝜃(𝑡) 𝑐𝑜𝑠 [𝜃(𝑡) − 120] 𝑐𝑜𝑠 [𝜃(𝑡) − 240]

𝑠𝑖𝑛 𝜃(𝑡) 𝑠𝑖𝑛 [𝜃(𝑡) − 120] 𝑠𝑖𝑛 [𝜃(𝑡) − 240]
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                                             (a)                                           

                                                     (b)                   

Figure A.2.3 Three-phase components represented by two reference frames: a) stationary frame (𝛼𝛽), and 

b) synchronous reference frame. 

Figure A.2.3 (a) shows the stationary reference frame representation that results in AC voltage 

variable quantities due to the converted space vector (𝑥 ⃗𝑎𝑏𝑐(𝑡)) rotating over fixed frames (𝑥𝛽(𝑡) 

and 𝑥𝛼(𝑡)); whereas Fig A.2.3 (b) shows the rotating reference frame that results in constant 

quantities (DC components) due to the frames (𝑥𝑑(𝑡) and 𝑥𝑞(𝑡)) rotating relatively at the same 

speed as the space vector, making the projected vector seem constant. This can be achieved through 

accurate synchronization with angle (𝜃(𝑡)) as clarify in Fig. A.2.3 (b).  

 𝑥𝑎𝑏𝑐
→ (𝑡) = 𝑥𝛼(𝑡) + 𝑗𝑥𝛽(𝑡) 

𝑥𝛼(𝑡) + 𝑗𝑥𝛽(𝑡)= (𝑥𝛼(𝑡) + 𝑗𝑥𝛽(𝑡)) 𝑒
𝑗𝜃(𝑡) 
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Appendix A.3 

A.3.1) Compensating for 𝑉𝑜𝑑𝑞
𝑔

 in controller model by 𝑉𝑜1∆𝐼𝑑𝑞
𝑔
+ 𝑉𝑜2∆𝐼𝑔𝑑𝑞

𝑔
 in power circuit model, 

the new 𝐵𝐶𝑜𝑛𝑡
  and 𝐷𝐶𝑜𝑛𝑡

  is giving as following: 

𝐵𝐶𝑜𝑛𝑡
− =

[
 
 
 
(

𝐵𝑣1
𝐵𝑐𝑐1𝐷𝑣1
02×1

)

⏟      
𝐵𝐶𝑜𝑛𝑡1

(

([𝐵𝑣2 02×1]𝑇𝑣𝑜1)𝑉𝑜2
([𝐵𝑐𝑐1𝐷𝑣2 02×1]𝑇𝑣𝑜1)𝑉𝑜2

𝐵𝑙𝑙𝑇𝑣𝑜1𝑉𝑜2

)

⏟                  
𝐵𝐶𝑜𝑛𝑡2
−

(
𝐵𝑣3

𝐵𝑐𝑐1𝐷𝑣3
02×1

)

⏟      
𝐵𝐶𝑜𝑛𝑡3

(
𝐵𝑣4

𝐵𝑐𝑐1𝐷𝑣4
02×1

)

⏟      
𝐵𝐶𝑜𝑛𝑡4

(

([𝐵𝑣2 02×1]𝑇𝑣𝑜1)𝑉𝑜1
𝐵𝑐𝑐2𝑇𝑖1 + ([𝐵𝑐𝑐1𝐷𝑣2 02×1]𝑇𝑣𝑜1)𝑉𝑜1

𝐵𝑙𝑙𝑇𝑣𝑜1𝑉𝑜1

)

⏟                        
𝐵𝐶𝑜𝑛𝑡5
− ]

 
 
 

 

𝐷𝐶𝑜𝑛𝑡
− =

[
𝑇𝑣1
−1𝐷𝑐𝑐2𝐷𝑣1⏟        
𝐷𝑐𝑜𝑛𝑡1

𝑇𝑣1
−1(([𝐷𝑐𝑐2𝐷𝑣2  02×1]2×2 + 𝐷𝑐𝑐3)𝑇𝑣𝑜2)𝑉𝑜2)⏟                            

𝐷𝑐𝑜𝑛𝑡2
−

𝑇𝑣1
−1𝐷𝑐𝑐2𝐷𝑣3⏟        
𝐷𝑐𝑜𝑛𝑡3

𝑇𝑣1
−1𝐷𝑐𝑐2𝐷𝑣4⏟        
𝐷𝑐𝑜𝑛𝑡4

𝑇𝑣1
−1((𝐷𝑐𝑐1𝑇𝑖1[𝐷𝑐𝑐2𝐷𝑣2  02×1]2×2 + 𝐷𝑐𝑐3)𝑇𝑣𝑜1)𝑉𝑜1)⏟                                

𝐷𝑐𝑜𝑛𝑡5
−

 
]
2×6

 

 

A.3.2) Mathematical transformation from state-space model to impedance model: 

Based on the general form of state-space model: 

∆�̇� = 𝑨 ∆𝒙 + 𝑩∆  

∆𝒚 = 𝑪 ∆𝒙 + 𝑫∆𝒖 

Taking Laplace transforms (ℒ {f}) of the above equations and conducting algebraic manipulation, 

the general formula for converting state-space model to transfer function is as follows:  

𝑌(𝑠)

𝑈(𝑠)
= [𝑪(𝑠𝑰𝒏 − 𝑨)

−1𝑩+ 𝑫] 
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Appendix A.4 

A.4.1) The Effect of DC-link Capacitance Uncertainty on Different Grid Strength Conditions 

 

Figure A.4.1 Eigenvalues of the grid-connected VSC system at SCR= 10 with varying DC-link capacitance 

between 0.35 and 1.65 pu in rectification mode. 

A.4.2) Plot that Shows the Interactions Dynamics Between 𝐵𝑊𝑐𝑐 and 𝜑𝑑𝑐 in The Study that has 

been Conducted in [84]. 

 

Figure A.4.2 “Fig. 11. Stability analysis of dc-link voltage control with varying PLL bandwidths”. 

In [84] the dc-link voltage control is set to 10 Hz. It is clear from Fig. A.4.2 when the bandwidth 

of PLL close to 10 Hz the system stability reaches to the worse case. 


