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Abstract 

The majority of the Distributed Energy Resources (DERs), i.e., Energy Storage Systems 

(ESSs) and Renewable Energy Systems (RESs), utilize inverters to convert the Direct Current 

(DC) power to the Alternating Current (AC) power needed by the majority of the consumers. 

Proliferation of the inverter-based DERs has caused significant changes in the operation of the 

modern electric power systems. Inverters lack the mechanical inertia that is inherent in the 

traditional power generators, i.e., rotating electrical machines. As a result, the emerging 

inverter-dominated power systems suffer from lower stability margins, excessive frequency 

deviations, and poor dynamic response to disturbances. This issue has adversely affected the 

integration of the highly advantageous inverter-based renewable energy systems in microgrids 

and active distribution systems. Appropriate inverter control can be used to emulate virtual 

inertia by imitating the behavior of traditional generation units. Based on this idea, the concept 

of virtual synchronous generator (VSG) has been proposed. 

VSGs suffer from the transient stability issues that affect the operation of the Synchronous 

Generators (SGs). They can become unstable due to prolonged faults. Unlike the SGs that can 

handle significant over-current stress, VSGs have limited overcurrent capacity. The studies 

conducted in this research indicate that the current limiting strategy of the VSG significantly 

impacts its transient stability. The impacts of different inverter current limiting strategies on 

the performance of the VSG are investigated and the one that leads to the largest transient 

stability margin is identified. In addition, the impact of the VSG damping factor on the critical 

clearing time is investigated and specific conditions to maintain transient stability are devised. 

Based on the results of these studies, an adaptive damping control scheme is proposed to 

enhance the transient stability of the VSG. 

The acceptable performance of the proposed control strategies is verified through 

numerous fault studies conducted on a realistic study system in the PSCAD/EMTDC software 

environment. The study results indicate that the proposed adaptive damping control strategy: 

(i) is simple and easy to implement, (ii) does not require communication between distributed 

energy resources, (iii) significantly improves the dynamic response of the VSG to disturbances 

and the VSG transient stability, and (iv) enables the VSG to ride through prolonged faults 

without becoming unstable. 

 

Keywords: Inertia emulation, virtual synchronous machine, transient stability, fault ride 

through, critical clearing time. 
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Summary for Lay Audience 

The penetration of renewable energy sources into power system has been rising in recent 

years. Proliferation of these technologies has caused significant changes in the design and 

operating principles of the modern electric power systems. Due to the physical characteristics 

of these resources and the fact that they are typically interfaced to the power grid by power 

electronics converters, i.e., inverters, their interaction with the grid is substantially different 

from those of the traditional power generation plants. While the rotating parts in the traditional 

power generators inherently provide inertia to the system, inverter-interfaced renewable energy 

systems lack the mechanical inertia. This lack of inertia can cause instability issues. This thesis 

identifies the best technical practices and develops innovative solutions to improve the stability 

of the modernized grid in presence of renewable energy sources. 
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Chapter 1  

1  Introduction 

1.1  Background 

Distributed Energy Resources (DERs) have been increasingly integrated in power 

systems [1]. The majority of these DERs are interfaced to the grid using Voltage Sourced 

Converters (VSCs) [2]. The large-scale utilization of the inverter-interfaced DERs leads to 

lack of inertia which brings considerable concerns about grid stability [1], [3]. 

The large inertia of the Synchronous Machine (SM) -based traditional power generation 

systems [4] is usually desired as it can slow down the dynamics and reduce the frequency 

deviations [2]. For the SGs, as there is mechanical-rotating mass, large physical inertia may 

be readily available to buffer the system dynamic responses. In contrast, for the grid-

connected converters without mechanical rotors, either additional devices should be 

adopted or the control should be retrofitted to provide (virtual) inertia, i.e., absorb, or 

compensate for the transient energy; otherwise, the system may collapse under severe 

disturbances [3]. To emulate inertia, energy storage units should be employed and properly 

regulated to release or absorb energy in the same way as the rotors of SGs do. To achieve 

so, several virtual inertia solutions have been introduced in the literature, which will be 

reviewed in the following.  

1) Virtual Synchronous Generator With ESS: An effective way of providing inertia 

support to the grid is to control the power electronic converters to mimic the 

behavior of SGs, i.e., release the stored energy to damp the disturbances when 

needed. The grid-connected power converters operating in this way are referred to 

as virtual synchronous machines (VSMs) or virtual synchronous generators (VSGs) 

[5]-[15]. In this case, the inertia can be emulated and also directly adjusted, which 

makes it possible and flexible to use the emulated (virtual) inertia to stabilize the 

entire system [16]-[20]. It should be noted that the virtual inertia of a VSG is limited 

by the ESS performance, e.g., batteries or supercapacitors [3], [21]. The drastic 
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development of ESS technologies is promoting the ESS as more viable and popular 

solutions for inertia support and primary frequency regulation in the future [3], [22]. 

2) Virtual Inertia From the DC-Link Capacitor: The lack of inertia can partially be 

compensated through proper control of the DERs [1]. Some attempts have been 

made to seek the balance between inertia emulation and control flexibility. Instead 

of completely modifying the control of grid-connected converters [3], the dc-link 

capacitor, as an energy storage device, can be utilized to provide virtual inertia [23], 

[24].This method can easily be implemented without increasing the system cost and 

complexity. Without additional ESS units, the virtual inertia can be emulated by 

charging and discharging the dc-link capacitor [23], [25]. Although the dc-link 

capacitor is generally unable to deal with large energy storage, it enables flexible 

frequency support from all power converters, especially in small-scale and 

relatively weak grids. To achieve the inertia emulation by the dc-link capacitor, the 

dc-link voltage control should be modified. When there is energy unbalance in the 

grid, the dc-link voltage will be regulated in a way to process the energy flow (i.e., 

emulating the inertia to stabilize the system). During this process, the energy 

unbalance is compensated, and the virtual inertia is generated by the dc-link 

capacitor. Clearly, the dc-link voltage control used to simulate the virtual inertia 

can be the conventional multiloop control with minor modifications [26], the dc-

link voltage-frequency droop control [2], or the self-synchronized dc-link voltage 

control [27]. 

3)  Inertia Emulating Control of Renewable Energies: In addition to the virtual inertia 

from ESSs or dc-link capacitors, inertia can be provided from renewable energy 

sources. For wind turbine systems, especially the DFIG systems, the virtual inertia 

can be provided by recoupling the rotor mass to the grid frequency [28]-[32]. More 

specifically, for the latter solution, the inertia can be generated by the rotating mass 

of the DFIG (i.e., control the rotor motion). In this case, a frequency response loop 

in the MPPT loop of the rotor-side converter should be introduced, and the active 

power reference can be adjusted following the grid frequency deviation [3], [28], 

[33]. As the DFIG is operating in the MPPT mode in steady state, the inertia from 
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the rotor motion can only deal with under-frequency conditions [34]. The inertia 

emulating is also applicable to PV systems, where the ESS or dc-link capacitor-

based inertia provision is also feasible [35]-[37]. In this case, the PV system keeps 

running in the MPPT mode and is barely affected by the frequency deviation, i.e., 

the PV system is operating as a constant current source without any grid support 

function. However, the output power of PV systems is fluctuating, and the frequent 

charging and discharging of energy storage devices (e.g., batteries and dc-link 

capacitors) are impractical and not economic-friendly. Thus, how to afford the 

virtual inertia by flexible PV output power control is of interest. 

VSGs suffer from some of the issues that affect the operation of the SG [13], [38], [39]. 

One of the most challenging issues is the transient stability of the VSG. In traditional power 

systems, the transient stability is the ability of the SGs to maintain their synchronism when 

subjected to faults [4]. Likewise, prolonged exposure to faults may cause instability and 

disconnection of VSGs [40], [41]. To maintain transient stability, a fault must be cleared 

before the SG power angle (VSG virtual power angle) exceed a specific limit. However, 

according to the fault ride through (FRT) requirements set by different grid codes [40], 

[42], the DERs, including those that are controlled as VSGs, may be required to remain 

connected to the grid for a time period after faults take place [38], [43], [44]. In specific 

applications such as microgrids, such DERs may be required (or at least are preferred) to 

continue to operate even beyond the FRT requirements [43]-[45]. Many attempts have been 

made to advance the VSG technology, typically considering the inertia and damping 

characteristics [12], [46], stability issues [47], [48], operational modes (islanded and grid-

connected) [49] and general control strategies [50]. However, the transient stability of the 

VSG has not been comprehensively investigated. 

1.2 Statement of the Problem 

As compared to the SGs that can supply large fault currents, inverters have significantly 

smaller current limits [44]. Therefore, the control system of the VSG should effectively 

limit the associated inverter current, which can be achieved using different strategies. 

Although the inverter current limit has been reported to impact the VSG transient stability 
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[27], [51]-[53], the existing literature has not investigated the effects of different current 

limiting strategies on the transient stability of the VSG.  

Another important parameter that affects the transient stability of the VSG is its 

damping factor [54]. For a physical SM, a small damping is often provided by the damper 

windings and also caused by friction [1], [4]. The versatile control system of the state-of-

the-art VSG technology enables implementing arbitrary amounts of virtual damping and 

inertia, as long as the DC-link has the capacity to provide or absorb the associated virtual 

kinetic energy. The effects of virtual damping on the transient stability of the VSG have 

not been investigated in detail. There is a need for clear and comprehensive guidelines 

regarding the choice of the VSG virtual damping factor that would ensure transient stability 

under the expected fault conditions. 

1.3 Literature Review 

If a converter becomes unstable after a large disturbance, it has to be disconnected from 

the grid [55]. With the increased penetration of DERs in power systems, it is becoming 

more and more crucial for the grid-forming converters to remain connected to and support 

the grid during and after faults [44]. Since the VSG does not utilize a PLL for grid 

synchronization, it suffers from transient stability issues, i.e., can become unstable after 

prolonged faults [40], [41]. Different aspects of the VSG transient stability have been 

investigated in [13], [27], [38], [39], [41], [44], [51]-[53], [56]-[62]. It has been reported 

that the transient stability of the VSG is affected by its current limit [27], [38], [41], [44], 

[51]-[53], [58]-[60]. Power electronic converters can only handle 20%–40% overcurrent 

stress and thus have to be protected against extreme events such as short circuits [44], [63]. 

However, the impacts of different inverter current limiting strategies on the VSG transient 

stability has not been comprehensively investigated in the existing technical literature. 

The impact of inverter current limiting is neglected in the VSG transient stability 

studies reported in [13], [39], [56], [57], [61], [64], [62]. The inverter current limiting can 

be achieved using virtual impedance (VI) [38], [41], [44], [58]-[60], [65], [66]. A large 

virtual impedance enables limiting the current transients, while maintaining the voltage 
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source nature of the inverter. However, a large virtual impedance may cause poor dynamic 

response to disturbances. 

A more versatile option is the dq reference frame-based multiloop control structure  

[27], [51]-[53] which uses an outer voltage control loop that provides the limited current 

references to an inner current control loop. In a VSG utilizing a multiloop control structure, 

the references of the outer voltage control loop, i.e., the voltage magnitude and angle 

references, are determined based on the virtual electromechanical model of the VSG [38]. 

This control structure enables effectively limiting the inverter currents while prioritizing 

the d-axis current, q-axis current, or the virtual power angle of the VSG [67]. Unlike the 

virtual impedance-based current limiting strategy, the multiloop control system effectively 

limits the VSG current independent of the virtual impedance value and also enables 

prioritizing the d-axis current, q-axis current, or the virtual power angle of the VSG in the 

current limiting state. Hence, the studies of this thesis are focused on the VSG utilizing a 

dq-framed based multiloop control which is also able to implement the virtual impedance 

[68]-[70]. 

In addition to the current limiting characteristic, which is discussed in Chapter 2, 

parameters such as the inertia, damping, and virtual reactance affect the VSG transient 

stability. Since the main goal of operating an inverter as a VSG is inertia emulation, the 

inertia is not a parameter that can be significantly changed. However, the other two 

parameters could be determined so as to enhance the VSG transient stability. The damping 

factor considerably affects the transient stability of the VSG [27], [39], [44], [51], [56], 

[59], [62]. The impacts of different damping values on the VSG transient stability has not 

been comprehensively investigated in the existing technical literature. Switching between 

low and high damping values using an adaptive algorithm has been proposed in [27]. This 

strategy requires a triggering algorithm that decides when the switching is needed and also 

does not provide desirable dynamic response (due to sudden variations of the Damping 

factor).  
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1.4 Thesis Objectives 

The main objectives of this research are (i) investigating the impacts of current limiting 

strategies on the VSG power output (� − �) characteristics, (ii) identifying the most 

suitable current limiting strategy for improved transient stability, (iii) investigating the 

impacts of the VSG parameters , i.e., virtual inertia, virtual damping, and virtual reactance, 

on its the transient stability, and (iv) developing an adaptive control strategy that improves 

the VSG transient stability through continuous adjustment of those parameters. 

1.5 Methodology 

In order to achieve the thesis objectives: 

• The studies are conducted using a realistic study system which is the benchmark Canadian 

rural distribution network [71]. The study system is developed using detailed models of its 

components. The VSG is represented by a switching-type inverter and the associated 

multiloop control systems. 

• To verify small signal stability and ensure desirable dynamic response of the VSG to 

disturbances, the appropriate values of the VSG parameters are determined based on 

eigenvalue analysis. 

• Off-line time-domain simulation studies are performed in the PSCAD-EMTDC software 

environment to investigate the transient response of the VSG to faults and disturbances. 

• Comprehensive theoretical and simulation studies are conducted to investigate the 

impacts of the inverter current limiting strategies as well as the virtual damping factor and 

the virtual reactance on the transient stability of the VSG. Numerous fault studies are 

conducted to evaluate the effects of different damping values on the critical clearing time 

of faults. 

• The results of these studies are used to identify the best current limiting strategy and also 

to develop and validate an advanced damping control strategy that improves the transient 
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stability of the VSG and increases the critical clearing time of faults in a system containing 

VSGs.  

• An adaptive damping control system for enhanced transient stability of the VSG is 

proposed and verified. 
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1.6 Study System 

The simulation studies in this research are conducted using a realistic study system that 

represents the 27.6 kV Canadian rural distribution network described in [71]. Figure 1.1 

shows the single-line diagram of the study system. The study system parameters are 

provided in Appendix A.  

 

 

Figure 1. 1:  Single-line diagram of the study system 

 



9 

 

1.7 Thesis Outline 

The next chapters of this thesis are organized as follows: 

 Chapter 2 gives an overview of the VSG control systems and investigates and compares 

the impacts of different current limiting strategies on the transient stability of the VSG. The 

most suitable current limiting strategy for improving transient stability is identified and, 

the impacts of the VSG parameters on its the transient stability will be investigated. 

 Chapter 3 presents the acceleration behavior of the VSG with different damping value, 

under fault disturbances, to evaluate the effects of different damping values on the critical 

clearing time of faults. In addition, an adaptive damping control system for enhanced 

transient stability of the VSG is proposed. 

 Chapter 4 summarizes the thesis contributions and provides concluding remarks. 
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Chapter 2  

2 VSG Control and Current Limiting Strategies 

2.1 Introduction 

This chapter provides a brief overview of the VSG control systems. To verify small 

signal stability and ensure desirable dynamic response of the VSG to disturbances, the 

appropriate values of the VSG parameters are determined based on eigenvalue analysis. 

Subsequently, different current limiting strategies are theoretically and numerically 

investigated in terms of their impacts on the transient stability of the VSG by calculating 

the critical clearing times of faults. Extensive simulation studies are carried out to verify 

the validity of the theoretical analysis and the effects of the current limiting strategies on 

transient stability of the VSG under various disturbances. 

 

2.2 VSG Control 

Figure 2.1 illustrates a typical three-phase VSG and a high-level view of the 

corresponding multiloop control structure. The VSG circuit typically consists of a DER, a 

voltage-sourced converter (VSC), a harmonic filter and an interface transformer. The VSG 

control system includes the voltage and current control loops,  the electromechanical model 

of a SG, i.e., the swing equation of (2.1), and the governor and AVR models, as shown in 

Figure 2.1(b) [14], [38], [51], [56], [59], [68], [72]-[74] and Figure 2.1(c) [41], [27], [51], 

[52], [75]-[77], respectively. The reference phase angle and magnitude of the VSG internal 

voltage phasor, i.e., θm and Eref, are determined by the electromechanical model of Figure 

2.1 (b) and the AVR of Figure 2.1 (c). 
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Figure 2. 1: VSG model (a) VSG circuit and the voltage and current control loops (b) 

Governor model (c)AVR model 

 
The virtual electromechanical model is represented by the following equations [68], [59]: 

�� − �� = ���  
��

��
+ ��(�� − ��)    (2.1) 

�� = ∫ �� ��     (2.2) 

��(�� − ��) + �� =  ����    (2.3) 
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The mechanical part of the machine is governed by (2.1) where J is the moment of inertia 

of all parts rotating with the rotor, Pm is the mechanical input power, Pe is the 

electromagnetic output power and Dp is the virtual damping factor. The damping factor Dp 

in the swing equation actually plays the role of the frequency droop control and hence it is 

called the frequency droop coefficient as well. The term kq serves the purpose of voltage 

droop control. 

As a result, a synchronverter is able to take part in the regulation of system frequency 

and voltage. It was shown in [78] that the commonly needed phase-locked loop can be 

removed so it is not shown in the controller. 

Mimicking a SG, the virtual moment of inertia � is: 

� =
�������

��
�      (2.4) 

where H is the machine inertia constant and Sbase is the base power of the machine.  

The VSG multiloop control system consists of a current limiter, as well as voltage and 

current control loops represented in the rotating reference frame that is locked on the VSG 

virtual rotor angle [68], [79]. The voltage and current control loops utilize proportional- 

integral (PI) controllers and feedforward decoupling terms. The virtual impedance is 

implemented in the outer voltage control loop which determines the current reference as 

follows [68]. The current reference can be calculated as (2.5). 

���
��

� = ���
��

� + �������     
���

����
������

� �
��

���∗

��
���∗�   (2.5) 

where �  =  �/��, which is the differential operator; �� and �� represent the virtual 

inductance and resistance, respectively which includes the total impedance from the VSG 

to the grid. The simplified representation of a grid-connected VSG is shown in Figure 2.3. 

In the frequency domain, (2.5) is transformed to: 

 

�
��

���∗
(�)

��
���∗

 (�)
� = �������     

���

����
������

�
��

������
�����

�    (2.6) 

which can be simplified as (2.7). 

�
��

���∗
(�)

��
���∗

 (�)
� =

�

(������)��(���)�   
�

(������)(�����) � ����������

(������)������� � ���(�����)
�   (2.7) 
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Figure 2. 2: Details of the VSG multiloop control system (a) abc to dq transformation (b) 

voltage control (c) current control 

Based on the Laplace final-value theorem, the current reference can be deduced from (2.7) 
as follows. 

�
��

���∗

��
���∗

 
� =

�

��
����

�   
�

��(�����) � ���������

��������� � ��(�����)
�   (2.8) 

Equation (2.8) represents the virtual impedance in the outer voltage control loop of Figure 
2.3 (b).  
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Figure 2. 3:  Equivalent model of a grid-connected VSG 

 

 

Figure 2. 4: Active power loop of the VSG 

 

Figure 2. 5: Small-signal model of the active power loop 

Figure 2.3 shows a simplified representation of the VSG connected to the grid, where E 

represents the internal voltage of VSG that is connected to the grid at the point of common 

coupling through virtual resistance and reactance. According to Figure 2.3, the VSG output 

power is expressed by (2.9) [72], [76], [80]. 

�� =
�

��
����

� �������� + ��(� − �����)�   (2.9) 

Since the virtual impedance is mainly inductive (�� ≫ ��), (2.9) can be written as (2.10). 

�� =
��

��
����     (2.10) 

2.3 Small-Signal Stability Analysis 

According to [6], [81], the coupling terms between the active power loop and the 

reactive power loop can be ignored. Therefore, the parameters of each loop can be designed 

independently, which greatly simplify the design procedure. The VSG active power loop 
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can be simply represented, as shown in Figure 2.4. Figure 2.5 shows the small-signal model 

of the active power loop [6], [77], [81]-[83]. Based on this model, the transfer function of 

the VSG is obtained as (2.11) and the poles can be calculated as (2.12). 

��

��
=

��

����������������
    (2. 11) 

��,� =
���±���

��
������

��

����
     (2.12) 

According to (2.11), the peak time tp, settling time ts, overshoot OS, and damping ratio � 

can be calculated as follows: 

�� =
�����

�
������

��
���

�
     (2.13) 

�� = 100 × �

�
���

�
������

��
���

�

 %    (2.14) 

 �� =
����

��
      (2.15) 

� =
��

�
�

��

�����
     (2.16) 

To investigates the impacts of damping, a derivative of tp with respect to Dp is taken. 

According to (2.17), 
���

���
> 0. 

���

���
=

�������

��
������

��
���

��
�

 > 0.   (2.17) 

Similarly, 
�(��)

��� 
 > 0 and 

���

���
< 0. Therefore, when the damping factor rises, the peak time 

increases, while the overshoot and settling time decrease. 

The equation (2.12) indicates that the poles are affected by Dp, and J and Xv. If the 

parameters are chosen improperly, the poles will be too close to the imaginary axis which 

will cause poor dynamic response and stability issues. Therefore, in order to study the 

effects of the VSG damping on the dynamic response of the VSG, e.g., the response time, 

overshoot, and settling time, the appropriate values of the VSG parameters need to be  
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determined based on eigenvalue analysis. 

The relationship between damping ratio �, and the OS is defined by (2.18) [4].  

� =
��� (��)

�������(��)
    (2.18) 

By substituting (2.4) into (2.16), the damping factor can be determined in terms of the main 

parameters of the VSG as follows. 

�� = 2��
����

��
    (2.19) 

For the VSG, the value of the inertia constant H is typically chosen from 1.5 s to 6 s 

similar to that of a conventional SG [84]. The most commonly used value is 4 s [7], [17], 

[38], [56], [85]-[90]. According to (2.18), to limit the OS to less than 10%, the damping 

ratio � should be larger than 0.59. By substituting these values in (2.19), the desirable range 

for the damping factor is obtained to be �� > 92 �. �.. 

A sensitivity analysis is conducted to investigate the effect of damping factor and 

inertia on the VSG dynamics and stability and to verify the above calculations. The VSG 

model parameters are given in Table 2.1. The eigenvalue analysis is conducted by fixing 

either H or Dp and changing the other parameter to investigate its effect on stability. 

Figures 2.6 shows the results of the eigenvalue analysis a of the VSG output power, for 

different values of damping factor (Dp) while � = 4 �. Figures 2.7 shows the results of 

the step response of the VSG output power with the same damping factors when the input 

mechanical power (Pm) increases from 0 to 1 p.u. 

Table 2. 1: VSG Parameters 

�0 2π×60 rad/s 
V 27.6 kV L-L 
Lf 6.4 µH 
Cf 1.2 mF 
Xv 
Rv 

0.5 p.u. 
0.01 p.u. 

Sbase 

Pm 

2 MVA 
2 MVA 

H 4 s 
Imax 

Dp 

kp, kq 

1.5 p.u. 
92 p.u. 

0, 0.05 p.u. 
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Figure 2. 6: Eigenvalues of the VSG for different values of Dp 

 

Figure 2. 7: Step response of the VSG output power Pe for different values of Dp 
 

As shown in Figure 2.6, by decreasing the damping factor the poles will be too close to the 

imaginary that is not desirable. As shown in Figure 2.7, by increasing the damping value, 

the overshoot and settling time will be decreased. Therefore, a larger damping factor (Dp) 

result in a better output active power dynamic performance with lower oscillations but 

slower response. For extremely large damping value (black curve), the system is 

overdamped, and the dynamics of the system are too slow. Therefore, a damping factor 

around 100 is desirable (the brown curve). To be exact, a damping factor of 92 p.u. results 

in 10% overshoot. Therefore, this value chosen as the damping factor. 
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Figure 2. 8: Eigenvalues of the VSG for different values of H. 

 

 

Figure 2. 9: Step response of the VSG output power Pe for different values of H 

 

To study the impacts of the inertia constant, the damping factor is assumed to be fixed 

at 92 p.u. Figures 2.8 shows the results of the eigenvalue analysis a of the VSG output 

power, for different values of inertia constant (H) and Figures 2.9 shows the results of the 

step response of the VSG output power with the same inertia constants when the input 

mechanical power (Pm) increases from 0 to 1 p.u. 

As shown in Figure 2.8, by increasing the inertia constant the poles will be too close to 

the imaginary axis which will cause poor dynamic response and stability issues. In addition, 

as shown in Figure 2.9, the overshoot and settling time will be increased by increasing the 
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inertia constant. An H value below 4 s leads to a more desirable dynamic response, that is, 

smaller overshoot and settling time. However, further reducing the inertia is 

counterproductive since the main goal of using a VSG is to emulate inertia. Therefore, 

these analysis shows that the inertia constant of 4s and damping factor of 92 p.u. (brown 

curve) provides desirable step response. 

The eigenvalue studies are used to design the VSG by choosing the appropriate values 

for its parameters from small-signal stability perspective. The eigenvalue analysis is not 

used to investigate the transient stability. The transient stability of the VSG will be 

investigated based on the numerical analysis in the next part. 

 

2.4 Current Limiting Strategies 

To avoid excessive current flowing through the converter, the magnitude of the current 

reference signals are limited by the current limiter [51], [27] [52][53]. The multiloop 

control strategy of Figure 2.2 aligns the d-axis of the dq reference frame with the virtual 

rotor angle � by setting the q-axis voltage reference �� at zero and the d-axis voltage 

reference �� equal to the VSG internal voltage magnitude ���� (as shown in Figure 2.10). 

As you can see in the Figure 2.10, the VSG current (I) is a vector on the Real-Imaginary 

plane. The components of this vector on the dq axis are called �� and ��. The magnitude of 

(I) should be limited by limiting �� and ��. 

When the inverter current is saturated (���� > ����), the VSG operates as a current 

source with ����
���

� = ����. Limiting the magnitude of the current reference vector ����
���

� 

can be achieved based on different strategies, namely the angle priority, d-axis priority and 

q-axis priority, as graphically illustrated in Figure 2.11. All three strategies ensure that the 

magnitude of the total current reference vector does not exceed the limit ����. Thus, when 

the inverter current hits the limit, the following relationship applies to the dq current 

components obtained based on each of the three priorities. 

����
���

� = ����
���

�
�

+ ���
���

�
�

= ����   (2.20) 
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Figure 2. 6: Phasor diagram of dq reference frame 

 

Regardless of the current limiting strategy, the VSG active power is calculated by 

�� = ���� + ����     (2.21) 

where the components of the grid voltage space vector in the dq reference frame are as 

follows. 

�� = �����, �� =  �����     (2.22) 

The current limiting strategies of Figure 2.11 have different impacts on the VSG output 

power determined by (2.21), because they lead to different values of �� and �� in the 

saturated mode. As a result, the VSG transient stability is affected by its current limiting 

strategy, as demonstrated in the following parts. 
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Figure 2. 7:  Current limiting strategies (a) Angle priority (b) d-axis priority (c) q-axis 
priority 
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2.4.1 Angle Priority 

Figure 2.11(a) shows the current limiting strategy that prioritizes the VSG current 

angle, which is shortly referred to as the angle priority. In this strategy, the dq components 

of the current reference vector ����
���

� are determined by (2.23) such that the inverter current 

magnitude does not exceed the maximum allowable level ���� and the current angle 

remains unchanged [44], [91]-[97]. The VSG output power when the angle priority is 

adopted can be calculated by (2.24). The Appendix B provides a detailed proof of this 

formula. Figure 2.12 shows how the angle priority current limiting strategy affects the � −

� characteristic of the VSG and its transient stability margins. Assuming that the VSG 

input power (virtual mechanical power ��) is constant and equal to 1 p.u., which represents 

the worst case scenario, the VSG has two equilibrium points A and B. Small perturbation 

analysis shows that A is a stable equilibrium while B is an unstable one. 

The difference between point A and B is the stability margin of the VSG. If a fault 

happens, the VSG starts to accelerate, and the operating point starts to move from point A 

towards B. If the fault has not been cleared fast enough and the angle reaches to point B, 

the systems became unstable. Thus, the point B is my critical clearing angle (���). The time 

that the VSG takes to go from point A to point B is the critical clearing time (CCT). 

���
���

� = min ����
���∗

�, ���
���∗

� ×
����

����
���∗

�
�

����
���∗

�
�
�  (2.23) 

�� = �

��

��
����                   , ����

���∗
� < ����

���� cos
�

�
             , �. �               

         (2.24) 
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Figure 2. 8:  Performance of the VSG utilizing the angle priority current limiting strategy 
(a) VSG power (b) VSG current (c) d-axis reference current (d) q-axis reference current 
(e) dq components of the grid voltages 
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2.4.2 d-axis Priority 

If priority is given to the d-axis current (Figure 2.11(b)), ��
���

  is limited to the maximum 

current capacity ����, and ��
���

  is limited such that the total current does not exceed the 

maximum current rating. If, during a large contingency, the magnitude of the dq-reference 

current lies outside the circle with radius ���� (black arrow), then the d-axis current is 

limited as (2.25). The maximum q-axis reference current is thus set as (2.26) and the output 

power is determined by (2.27) where ��
���

and ��
���

 have the same signs as those of ��
���∗

 and 

��
���∗

, respectively [27], [41], [51]-[53], [92], [98]-[101]. Figure 2.13 shows how the d-axis 

priority current limiting strategy affects the � − � characteristic of the VSG and its 

transient stability margins. Assuming that the VSG input power (virtual mechanical power 

��) is constant and equal to 1 p.u., which represents the worst case scenario, the VSG has 

two equilibrium points A and B. Small perturbation analysis shows that A is a stable 

equilibrium while B is an unstable one. 

���
���

� = min�����, ���
���∗

��      (2.25) 

���
���

� = min ��(����)� − ���
���

�
�

 , ���
���∗

��   (2.26) 

�� =

⎩
⎪
⎨

⎪
⎧

��

��
����                                       , ����

���∗
� < ����

��������� �������
���∗

�           , ���
���∗

� ≥ ����

���
���∗

���� + ������
� − ��

���∗�
����        , �. �.

  (2.27) 
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Figure 2. 9:  Performance of the VSG utilizing the d-axis priority current limiting strategy 
(a) VSG power (b) VSG current (c) d-axis reference current (d) q-axis reference current 
(e) dq components of the grid voltages 
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2.4.3 q-axis priority 

As shown in Figure 2.11(c), in this strategy  ��
���

  is limited to the maximum current 

capacity ����, and ��
���

  is limited such that the total current does not exceed the maximum 

rating. If, during a large disturbance, the current magnitude lies outside the circle with 

radius ����, the q-axis current is limited according to (2.28). The maximum d-axis 

reference current is thus determined by (2.29) and the output current in the saturated mode 

is determined by (2.30) where ��
���

and ��
���

 have the same signs as those of ��
���∗

 and ��
���∗

, 

respectively [92], [102]-[106]. Figure 2.14 shows how the q-axis priority current limiting 

strategy affects the � − � characteristic of the VSG and its transient stability margins. 

Assuming that the VSG input power (virtual mechanical power ��) is constant and equal 

to 1 p.u., which represents the worst case scenario, the VSG has two equilibrium points A 

and B. Small perturbation analysis shows that A is a stable equilibrium while B is an 

unstable one. 

���
���

� = min�����, ���
���∗

��    (2.28) 

���
���

� = min ��(����)� − ���
���

�
�

 , ���
���∗

�� 

                           
  (2.29) 

�� =

⎩
⎪
⎨

⎪
⎧

��

��
����                                      , ����

���∗
� < ����

���������                               , ��
���∗

≥ ����

������
� − ��

���∗�
���� +  ���

���∗
����    , O. W.

 (2.30) 

 

According to Figure 2.11(a), Figure 2.12(a), and Figure 2.13(a), Although the angle 

priority current limiting strategy improves the transient stability of the VSG compared to 

d-axis priority to a greater extent, the q-axis priority brings even more stability to the VSG. 

Moreover, as the angle margin between the equilibrium points A and B increases, the VSG 

transient stability improves. 
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Figure 2. 10: Performance of the VSG utilizing the q-axis priority current limiting strategy 
(a) VSG power (b) VSG current (c) d-axis reference current (d) q-axis reference current 
(e) dq components of the grid voltages 
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2.5 Performance Evaluation 

In this section, the current limiting strategies discussed in the previous parts are 

investigated and compared through detailed time-domain simulation studies in the PSCAD 

software. The VSG response to various disturbances is investigated and its transient 

stability under various fault scenarios is evaluated by analyzing the CCT. In addition, the 

impacts of virtual impedance on the transient stability is investigated.  

2.5.1 Validation of VSG Output Power in Saturation Mode 

In order to validate the analytical studies of the part 2.4, the VSG performance under 

various fault scenarios is investigated. To consider the effects of short circuit capacity on 

the transient stability of the VSG, the VSG is moved to different nodes in the study systems 

and the fault are applied to different locations. 

It is assumed that the VSG is connected to the Node N1 in the study system of Figure 

2.15, and a three-phase solid fault (F1 in Figure 2.15) takes place at the same location. To 

obtain the � − � characteristics, a small virtual damping is intentionally chosen for the 

VSG. Figure 2.16 compares the performance of the dq priority current limiting strategy on 

the transient stability of the VSG under the three-phase to ground fault (F1) in PSCAD 

with the theoretical results plotted using MATLAB. It can be observed that the simulation 

matches with theory. 
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Figure 2. 11:  Single-line diagram of the study system illustrating the fault locations. 
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Figure 2. 12:  Comparison of the VSG P- δ characteristics obtained based on theoretical 
analysis and time-domain simulation (a) angle priority (b) d-axis priority (c) q-axis priority 
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2.5.2 Comparison of Current Limiting Strategies 

Figures 2.17, 2.18 and 2.19 show the performance of the VSG under a solid three-phase 

to the ground fault (F1 in Figure 2.15) based on the angle priority, d-axis priority and q-

axis priority current limiting strategies, respectively. As shown in Figures 2.17, 2.18 and 

2.19, before the disturbance is applied at � =  0.5 �, the system is in steady-state, and the 

VSG is at the equilibrium � = 30° and � = 377 ���/�. The damping is chosen such that 

the VSG has overshoot no more than 10%, i.e., based on the results of the eigenvalue 

analysis in part 2.3. The fault resistance is assumed to be zero and the fault lasts for 350 

ms. The fault durations this study is considered to be significantly long. The fault clearing 

time in a practical distribution system is typically shorter. However, this long fault duration 

is used to represent the worst-case scenario. 

During the fault, since the output power of the VSG is zero, the VSG starts to accelerate 

which leads to increased � and �. Once the fault is cleared at � = 0.85 �, the obtained 

results show that the VSG utilizing the q-axis priority current limiting strategy remains 

stable and returns to its equilibrium (Figure 2.19), while the other two strategies start 

accelerating and becoming unstable (Figures 2.17 and 2.18).  

Figure 2.20 compares the � − � trajectory of the VSG after this fault scenario F1 under 

different current limiting strategies. As shown in Figure 2.20, once the fault is cleared, the 

� and � of the VSGs adopting the angle priority (black curve) and the d-axis priority (blue 

curve) keep increasing along the saturated virtual power angle curve and the VSG starts 

accelerating and cannot maintain synchronism with the grid, leading to the transient 

instability. After a current polarity reversal, they return to stable operation at a new 

equilibrium around � = 390° and � =  377 ���/�. However, the q-axis priority, after 

fault clearance, starts decelerating and returns to its previous equilibrium without any 

current polarity reversal.  
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Figure 2. 13: Performance of the VSG based on the angle priority (a) VSG terminal voltages (at 
27.6 kV-side of transformer) (b) VSG terminal currents (at 27.6 kV-side of transformer) (c) d-axis 
reference currents (d) q-axis reference currents (e) VSG angular speed (f) power angle 



33 

 

 

Figure 2. 14:  Performance of the VSG based on the d-axis priority (a) VSG terminal voltages (at 
27.6kV-side of transformer) (b) VSG terminal currents (at 27.6 kV-side of transformer) (c) d-axis 
reference currents (d) q-axis reference currents (e) VSG angular speed (f) power angle 
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Figure 2. 15: Performance of the q-axis priority (a) VSG terminal voltages (at 27.6kV-side of 
transformer) (b) VSG terminal currents (at 27.6 kV-side of transformer) (c) d-axis reference 
currents (d) q-axis reference currents (e) VSG angular speed (f) power angle 
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Figure 2. 16:  The operating point trajectory of VSG subjected to a three-phase fault at F1 
under different current limiting strategies 

The most severe fault (three-phase solid fault) is applied to different locations (Faults 

F1-F7 in Figure 2.15), and the VSG is assumed to be connected to different nodes (node 

N1, N5, N10, N13, N16, N17 in Figure 2.15). The current limiting strategies are compared 

based on their impacts on the obtained CCTs. The results are shown in Table 2.2. 

As shown in Table 2.2, 49 different scenarios are investigated. The first row of the 

Table 2.2 verifies the results illustrated in Figures 2.17-2.20 and indicates that the fault 

duration of 350 ms is less than the CCT of the q-axis priority current limiting strategy and 

more than those of the other two strategies. According to the results, the different current 

limiting strategies lead to different CCTs and the q-axis priority current limiting is the best 

strategy from the VSG transient stability perspective. In other words, if the q-axis reference 

priority is adopted, the protection systems have more time to clear the fault prior to VSG 

instability. 
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Table 2. 2  Comparison of the different current limiting strategies 

VSG location Fault location 
CCT (ms) 

d-axis priority q-axis priority angle priority 

N1 

F1 112.5 475 301 

F2 129.6 570 362.5 

F3 226 1260 815 

F4 - - - 

F5 - - - 

F6 - - - 

F7 - - - 

N5 

F1 112.98 474 301 

F2 112.96 473 298 

F3 187 940 610 

F4 477 - - 

F5 - - - 

F6 - - - 

F7 - - - 

N8 

F1 112.97 475 299 

F2 112.96 474 299 

F3 112.9 473 298 

F4 199 1325 810 

F5 307 2950 1690 

F6 312.5 2535 1440 

F7 440 4850 2450 

N10 

F1 118 471 296 

F2 117 471 293 

F3 115 465 293 

F4 115 465 290 

F5 160 660 422.5 

F6 160 645 415 

F7 193 770 505 

N16 

F1 120.5 470 295 

F2 121 470 293 

F3 121 470 293 

F4 121 467.5 288 

F5 121 462.5 285 

F6 168 625 415 

F7 201 778 510 

N17 

F1 120.5 477.5 299 

F2 120.5 477.5 299 

F3 120.5 475 297 

F4 120.5 475 295 

F5 165 675 430 

F6 118 450 292 

F7 151.5 605 385 

N13 

F1 124.5 479 301 

F2 120.5 479 299 

F3 120.5 760 298 

F4 120.5 474 296 

F5 167 675 435 

F6 132 510 315 

F7 121 465 290 
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Figure 2. 17:  Impacts of Xv on transient stability (a) angle priority (b) d-axis priority (c) q-

axis priority 
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2.5.3 The Effect of Virtual Impedance on Transient stability 

According to equation (2.12), the poles are affected by Dp, and J and Xv. The impacts of 

damping factor and moment of inertia have been investigated. The impacts of virtual 

reactance on transient stability is investigated in this part. Figure 2.21 illustrates the 

influence of virtual impedance on the VSG � − � characteristic under different current 

limiting strategies. The study results indicate that, for Xv values in typical range (from 0.1 

p.u. to 1 p.u.), regardless of the virtual reactance values, the q-axis current reference priority 

leads to more VSG transient stability margin as compared to the other two strategies. 

2.6 Conclusion 

In this chapter, the VSG control systems is introduced. To verify small signal stability and 

ensure desirable dynamic response of the VSG to disturbances, the appropriate values of 

the VSG parameters are determined based on eigenvalue analysis. Subsequently, different 

current limiting strategies theoretically and numerically investigated in terms of their 

impacts on the transient stability of the VSG after a large disturbance by calculating the 

CCT after a fault. An extensive simulation is carried out to verify the validity of theoretical 

analysis and the effectiveness of current limiting strategies on transient stability of the VSG 

under various disturbances. The study results indicate that: 

 Smaller H value leads to a more desirable dynamic response, i.e., smaller overshoot and 

settling time. However, reducing the inertia is counterproductive since the main goal of 

using a VSG is to emulate inertia. 

 Increasing damping factor causes the peak time increases, while the overshoot and 

settling time decrease. Therefore, a larger �� result in a better output active power dynamic 

performance with lower oscillations but slower response. 

 Although the angle priority improves the transient stability of the VSG compared to d-

axis priority to a greater extent, the q-axis priority brings even more stability to the VSG. 

 smaller virtual impedance increases the VSG critical clearing time and improves the 

transient stability of the system. 



39 

 

Chapter 3  

3 Impacts of Damping on the VSG Transient 
Stability 

3.1 Introduction 

In this chapter, a theoretical analysis is performed to compare the acceleration behavior 

of the VSG with negligible damping (similar to a SG), the VSG with small damping and 

the VSG with large damping, under fault disturbances, to evaluate the effects of different 

damping values on the critical clearing time of faults. In addition, detailed simulation 

studies are carried out to verify the validity of theoretical analysis. 

Subsequently, an adaptive damping control system for enhanced transient stability of 

the VSG is proposed and verified through numerous fault studies. The effectiveness of the 

proposed adaptive damping control system is verified through time-domain simulation 

studies conducted in the PSCAD software environment using a realistic study system. 

 

3.2 Theoretical Analysis 

In a synchronous generator connected to grid, when a fault happens, the power 

delivering capacity of the machine suddenly reduces. Thus, the input power is greater than 

output power. Since the SG has a negligible damping, this imbalance causes acceleration 

of the rotor and force it to run above synchronous speed and the � starts to rise. The power 

angle, � increases exponentially, as described by (3.1) [107]. 

�(�) =
�����

��
 �� + ��      (3.1) 

In a VSG, the virtual damping limits the increase in � and delays instability under fault 

condition. If the damping factor is large, the acceleration will be damped very fast, whereas 

if the damping factor is small, the VSG will accelerate with higher rate of change of 

frequency and the acceleration will be stopped slowly. Thus, the VSG remains stable  
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Figure 3. 1: Acceleration behavior of the VSG under a solid fault (a) VSG with negligible 
damping (b) VSG with small damping factor (c) VSG with large damping factor 

during the fault. Based on the above analysis, the effects of damping on the transient 

response during a solid three-phase fault is illustrated in Figure 3.1. 

As shown in Figure 3.1, in case of a fault at t0, a SG will undergo an infinite 

acceleration. Nevertheless, in VSG, because of the virtual damping, the acceleration will 

stop at t1. Moreover, the duration of acceleration has an inverse relation with the size of 
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damping. In other words, large damping factor leads to shorter amount of acceleration time 

and vice versa. 

 

3.3 Performance Evaluation 

To validate the abovementioned analysis, the acceleration behavior of SG and the VSG 

under different damping conditions are investigated in PSCAD. A three-phase-to-ground 

fault with zero resistance (the fault in Figure 3.2) takes place at the same location as VSG 

(node N1 in Figure 3.2). The detailed VSG parameters are shown in Table 2.1. As 

demonstrated in Chapter 2, the q-axis priority current limiting strategy improves the 

transient stability of the VSG more than the other two current limiting strategies. Therefore, 

this current limiting priority is utilized for the rest of this chapter. In this chapter, the small 

damping factor is the value determined using eigenvalue analysis in Chapter 2. 

Figure 3.3 illustrates the performance of the VSG with negligible damping (similar to 

a SG) under the aforementioned fault scenario. As shown in Figure 3.3, before the 

disturbance is applied, the VSG is in the steady-state, and the system is at the equilibrium 

� = 30° and � = 377 ���/�. A three-phase solid fault occurs at � =  0.5 � and the fault 

duration is 500 ms. The fault durations this study is considered to be significantly long. 

The fault clearing time in a practical distribution system is typically shorter. However, this 

long fault duration is used to represent the worst-case scenario. 

During the fault, since the output power of the VSG is zero, the VSG starts to accelerate 

which causes the � and � to increase. Once the fault is cleared at � = 1 �, since the damping 

factor of the VSG is negligible, the � and � keep increasing and the VSG never returns to 

stable operation.  

The � − � characteristics of the VSG is shown in Figure 3.4. As shown in Figure 3.4, 

once the fault is cleared, the � and � keep increasing and the VSG cannot maintain 

synchronism with the grid, leading to the transient instability. 
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Figure 3. 2:  Single-line diagram of the study system with the location of fault 
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Figure 3. 3: Performance of the VSG with negligible damping under a three-phase fault at node 
N1 (a) VSG terminal voltages at 27.6kV-side of transformer (b) VSG terminal currents at 27.6kV-
side of transformer (c) mechanical and electrical powers (d) acceleration and damping powers (e) 
VSG angular speed (f) power angle 
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Figure 3. 4:  Operating point (state transition) trajectory of the VSG with negligible 
damping, subjected to a three-phase fault 

 

Figure 3.5 illustrates the performance of the VSG with small damping factor under a 

three-phase fault at node N1. As shown in Figure 3.5, before the disturbance is applied at 

� =  0.5 �, the system is in steady-state, and the VSG is at the equilibrium � =

30° and � = 377 ���/�. The fault resistance is assumed to be zero and the fault lasts for 

500 ms.  

During the fault, since the output power of the VSG is zero, the VSG starts to accelerate 

which causes the � and � to increase. However, due to the virtual damping in the VSG, 

the acceleration stops in around 300 ms. Once the fault is cleared at � = 1 �, the obtained 

results show that the VSG starts to accelerate which leads to increase � and � and after 

current polarity reversal, the VSG reaches new equilibrium � = 390° and � = 377 ���/� 

and becomes stable. 
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Figure 3. 5:  Performance of the VSG with small damping under a three-phase fault at node N1 
(a) VSG terminal voltages at 27.6kV-side of transformer (b) VSG terminal currents at 27.6kV-side 
of transformer (c) mechanical and electrical powers (d) acceleration and damping powers (e) VSG 
angular speed (f) power angle 
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Figure 3. 6: Operating point (state transition) trajectory of the VSG with small damping, 
subjected to a three-phase fault  

 

Figure 3.6 shows the � − � trajectory of the VSG with small damping factor under 

aforementioned fault scenario. As shown in Figure 3.6, once the fault is cleared, the � and 

� keep increasing and the VSG cannot maintain synchronism with the grid, leading to the 

transient instability. After current polarity reversal, the VSG returns to the stable mode at 

a new equilibrium point around � = 390° and � =  377 ���/�. 

According to (3.2), to stop the VSG from acceleration during the fault and enable FRT 

according to the existing grid codes, the VSG acceleration power must be equal to zero. 

����

��
=

��������∆�

��
=

��

��
= 0    (3.2) 

During the fault the VSG output power Pe is equal to zero. Therefore, to prevent the VSG 

from becoming unstable, the damping factor must be: 
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�� ≥
��

∆�
     (3.3) 

The minimum damping factor value which keeps the VSG stable during and after the fault 

and bring it back to stable mode can be calculated as follows. According to (2.10), the �� 

can be calculated as: 

�� = sin��(
����

��
)    (3.4) 

The critical clearing angle (���) is equal 120° according to Figure 2. 21 and ∆� can be 

calculated by (3.5). 

∆� =  
(������)

��
    (3.5) 

By substitution (3.4) into (3.5), (3.3) becomes: 

�� ≥
����

���������(
���

��
)
    (3.6) 

The equation (3.6) in per-unit value can be written as:  

�� ≥
����

���������(
���

��
)
    (3.7) 

As an example, assume Pe = 1 p.u. and tc = 1 s. Then, �� = 30° and  ��� = 120°. 

Therefore, �� ≥ 240 p. u.. Figure 3.8 illustrates the performance of the VSG with large 

damping factor (�� = 240 p. u.) under a three-phase fault at node N1. As shown in Figure 

3.7, before the disturbance is applied at � =  0.5 �, the system is in steady-state, and the 

VSG is at the equilibrium � = 30° and � = 377 ���/�. The fault resistance is assumed 

to be zero and the fault lasts for 500 ms.  
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Figure 3. 7:  Performance of the VSG with large damping under a three-phase fault at node N1 (a) 
VSG terminal voltages at 27.6 kV-side of transformer (b) VSG terminal currents at 27.6 kV-side 
of transformer (c) mechanical and electrical powers (d) acceleration and damping powers (e) VSG 
angular speed (f) power angle 
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Figure 3. 8:  Operating point (state transition) trajectory of the VSG with large damping, 
subjected to a three-phase fault 

As shown in Figure 3.7, during the fault, since the output power of the VSG is zero, 

the VSG starts to accelerate which causes the � and � to increase. However, due to the 

large damping in VSG, the acceleration stops in around 100 ms. Once the fault is cleared 

at � = 1 �, the obtained results show that the VSG starts to decelerate and returns to its 

previous equilibrium.  

Figure 3.8 shows the � − � trajectory of the VSG with large damping factor under 

aforementioned fault scenario. As shown in Figure 3.8, once the fault is cleared, the � and 

� starts decreasing and the VSG starts decelerating and returns to its previous equilibrium 

and maintains synchronism with the grid. 

It is worth mentioning that the VSG with large damping factor will not only stop the 

acceleration during the fault, but also help the VSG to damp the acceleration after fault 

clearance and maintain the VSG synchronism with the grid. However, as demonstrated by 
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Figure 3. 9: adaptive damping characteristics 

 

the eigenvalue analysis in the Chapter 2, a large damping results in slower response, i.e., 

poor dynamic behavior, of the VSG. 

 

3.4 Proposed Adaptive Damping Strategy 

In order to take advantage of the stabilizing effects of the large damping factor during 

and after faults, and to keep the desirable dynamics of the VSG under smaller disturbances, 

a simple and yet highly effective adaptive damping strategy is proposed in this section. In 

this method, the damping factor is a function of delta, when � > 1 �. �. Under normal 

conditions, a small damping factor, i.e., the value determined using the eigenvalue analysis, 

is utilized. Once the virtual power angle delta exceeds a specific value �� (abnormal 

conditions), the damping factor automatically starts to increase, depending on the value of 

delta. However, if � < 1 �. �., there is no need for large damping and the adaptive damping 

is disabled. 

Figure 3.9 shows the variations of the proposed adaptive damping with respect to the 

VSG angle. The proposed scheme utilizes an adaptive damping (��) that depends on the 

VSG angle (�), as follows.  
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�� = �

������                                     ,               � < ��

������ +
�������������

�����
(� − ��)               ,   �� < � < ��

������                                     ,               � > ��

 (3.8) 

To validate the abovementioned strategy, the performance of the VSG using adaptive 

damping strategy is investigated under the fault scenario of Figure 3.2. A three-phase-to-

ground fault with zero resistance takes place at the same location as VSG (node N1 in 

Figure 3.2). To prevent unnecessary change of the damping under small disturbances, the 

lower input threshold is chosen as �� = 40°. The higher input threshold is chosen as �� =

60°. 

Figure 3.10 illustrates the performance of the VSG in this case study. As shown in 

Figure 3.10, before the disturbance is applied at � =  0.5 �, the system is in steady-state, 

and the VSG is at the equilibrium � = 30° and � = 377 ���/�. The fault duration is 500 

ms.  

During the fault, since the output power of the VSG is zero, the VSG starts to accelerate 

which causes the � and � to increase. However, due to the adaptive damping scheme in 

VSG, the acceleration stops in around 300 ms. Once the fault is cleared at � = 1 �, the 

obtained results show that the VSG starts to decelerate and return to its previous 

equilibrium. Compared to the large damping strategy (Figure 3.7), the VSG returns to the 

pre-fault equilibrium faster. 

Figure 3.11 shows the � − � trajectory of the VSG with adaptive damping under 

aforementioned fault scenario. As shown in Figure 3.11, once the fault is cleared, the � 

starts decreasing, whereas the � jumps to around 90° and then starts falling. Thus, the VSG 

starts decelerating and returns to its previous equilibrium point and maintains synchronism 

with the grid.  
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Figure 3. 10:  Performance of the VSG with adaptive damping factor under a three-phase fault (a) 
VSG terminal voltages (at 27.6kV-side of transformer) (b) VSG terminal currents (at 27.6kV-side 
of transformer) (c) mechanical and electrical powers (d) acceleration and damping powers (e) VSG 
angular speed (f) power angle 
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Figure 3. 11:  The operating point trajectory of VSG with adaptive damping subjected to a 
three-phase fault 

Figures 3.12 compares the operating point trajectory of VSG with different damping 

values, subjected to a three-phase fault. As shown in Figure 3.12, once the fault occurs, the 

VSG with no damping starts accelerating and never returns to the pre-fault equilibrium. 

However, once the fault is cleared, the other three strategies become stable.  

After fault clearance, the VSG with small damping, becomes temporarily unstable and 

eventually reaches a new equilibrium. Although both large damping and adaptive damping 

maintain stable operation once the fault is cleared and return to their previous equilibrium, 

the adaptive damping strategy caused the VSG to reach steady-state faster than the large 

damping strategy. Although it looks like that the adaptive damping strategy (black curve) 

is going through a longer path, it reaches the equilibrium faster because of the variations 

of the frequency which means that the frequency drops more, so it decelerates faster. 
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Figure 3. 12: Operating point trajectory of the VSG with different damping values 

 

3.5 Conclusion 

This chapters investigates the impacts of damping on the transient stability of the VSG. 

An adaptive damping strategy is proposed to improve the transient stability of the VSG 

and increase the CCT. The effectiveness of the proposed method is verified through time-

domain simulation studies in PSCAD using a realistic study system. The study results 

indicate that the proposed adaptive damping strategy enables the VSG to reach steady-state 

in a shorter time period after fault clearance, as compared with the VSG with fixed damping 

values. 
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Chapter 4  

4 Summary and Conclusions  

4.1  Summary 

The large-scale utilization of DERs causes a significant decrease of inertia which brings 

considerable concerns about grid stability. The main objective of this thesis is to develop a 

virtual inertia control scheme and damping strategy to improve transient stability and 

enable the VSG to ride through faults. 

Chapter 1 presents background information on the AC microgrid, the thesis objectives, 

literature review and the study system. In Chapter 2, the impacts of current limiting on the 

transient stability of the VSG is investigated. Chapter 3 investigates the impacts of damping 

on transient stability of VSG. An adaptive damping strategy is proposed that are 

automatically adjusted depending on the VSG angle. In Chapter 4, a summary of the thesis 

contributions and concluding remarks are provided. 

4.2 Conclusion 

The conclusions drawn from this thesis are aligned with the objectives of the research to 

develop an adaptive virtual inertia control scheme to improve the transient stability of the 

VSG and enable it to ride through faults in the inverter-dominated power systems. The 

conclusions are as follows: 

The different current limiting strategies have different impacts on the VSG output 

power because they lead to different values of �� and �� in the saturated mode. As a result, 

current limiting strategies affects the � − � characteristic of the VSG and its transient 

stability margins. The study results indicate that although the angle priority improves the 

transient stability of the VSG compared to d-axis priority to a greater extent, the q-axis 

priority brings even more stability to the VSG. The q-axis priority current limiting strategy: 

(i) is identified as the most suitable current limiting strategy for improved transient 

stability, (ii) effectively limits overcurrent stresses under large disturbances, (iii) increases 

the CCT of the VSG subjected to faults (iv) enables VSG to ride through faults. 
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In a VSG, the virtual damping limits the increase in rotor speed and delays instability 

under fault condition. If the damping factor is large, the acceleration will be damped very 

fast, whereas if the damping factor is small, the VSG will accelerate and the acceleration 

will be stopped slowly. Thus, the VSG remains stable. The duration of acceleration has an 

inverse relation with the damping. Although the small damping limits the rotor 

acceleration, the VSG can become temporarily unstable under large disturbances and 

eventually reaches a new equilibrium. Regardless of the fault duration, the VSG with large 

damping factor will not only stop the acceleration during the fault, but also help the VSG 

to limit the acceleration after fault clearance and maintain the VSG synchronism with the 

grid. Therefore, to take advantage of the stabilizing effects of the large damping factor 

during faults, and to keep the desirable dynamics of the VSG under smaller disturbances, 

a simple and yet highly effective adaptive damping strategy proposed. The proposed 

adaptive damping strategy: (i) enables the VSG to ride through prolonged faults without 

becoming unstable, (ii) effectively damps the VSG acceleration under large disturbances 

and enhances the transient stability of VSG, (iii) improves the VSG dynamic behavior 

through continuous adjustment of damping, (iv) enables the VSG to recover faster after 

large disturbances. 

The acceptable performance of the proposed adaptive damping control strategy is 

verified using numerous fault studies conducted on a realistic study system in the 

PSCAD/EMTDC software environment. 

 

4.3 Future Work 

The study results presented in this thesis provide a platform for future work on transient 

stability of the VSG using adaptive control. The expected future work that can complement 

this research includes hardware implementation of the proposed control and different 

current limiting strategies testing them in a real AC microgrid platform. Developing 

effective strategies for coordinated control of DERs in a AC microgrid is considered as 

future works. 
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Appendices A: Study System Parameters 

 

Table A. 1: Study system parameters 
Component Description 

Grid VLL-base = 27.6 kV, 60 Hz 
Sbase = 20 MVA, SSC = 885.33, X/R = 10 

Capacitor bank Q = 1.5 MVAR 

Transformers 

T1: 3.6 MVA, 6% impedance 
27.6 kV/8.31 kV, ΔY 

T2: 15 MVA, 7.3% impedance 
27.6 kV/27.6 kV, YY 

T3: 1 MVA, 4% impedance 
27.6 kV/8.31 kV, ΔY 

T4: 3.6 MVA, 5.65% impedance 
27.6 kV/8.31 kV, ΔY 

Overhead lines 

Spacing ID = STD-3PH-NBP [108] 
R1 = 0.172 Ω/km, R0 = 0.491 Ω/km 
X1 = 0.404 Ω/km, X0 = 1.354 Ω/km 

B1 = 4.171 uS/km, B0 = 1.759 uS/km 

 

 

Table A. 2: Overhead line length 
Line Length (m) Line Length (m) Line Length (m) 
L1 5700 L11 3330 L21 1550 
L2 1010 L12 1030 L22 2120 
L3 400 L13 3490 L23 1820 
L4 380 L14 1430 L24 2540 
L5 120 L15 190 L25 620 
L6 170 L16 1940 L26 3580 
L7 260 L17 2450 L27 770 
L8 140 L18 1630 L28 2080 
L9 940 L19 1200 L29 4510 

L10 300 L20 820 L30 4040 
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Table A. 3: Load specification 
Three Phase 

(kVA) 
Power 
Factor 

2364 0.95 
346 0.87 

3355 0.95 
256 0.75 
6.3 1 
265 0.95 
650 1 
50 0.95 
160 0.95 
205 1 
445 0.95 
10 0.95 
215 0.95 
85 0.95 
110 0.95 

2280 0.95 
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Appendices B: VSG Output Power Characteristics 

According to Figure 2.3, the VSG output current is calculated as (B.1).  
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According to Figure 2.10, the dq reference currents and voltages are calculated as (B.4) 

and (B.5), respectively. 
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By substituting equations (B.2) into (B.6), the VSG output power in unsaturated mode can 

be rewritten as (B.7). 
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Based on the different current limiting strategies, the saturated output power formulas are 

proven as follows: 

saturated output power in angle priority: As for simplicity, assume V=1 p.u., E=1 p.u. 

Therefore, (B.7) will be simplified to (B.8). 
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From the above equation, we can obtain the saturated mode active power output as (B.9). 

��� = ��� ×
����

����
� ����

�
   (B.9) 

By substituting equations (B.8) into (B.9), (B.9) can be rewritten as (B.10). 
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saturated output power in d-axis reference current priority: 

Based on the d-axis current magnitude, saturated output power is calculated by either 

(B.11) or (B.12). 
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saturated output power in q-axis reference current priority: 

Based on q-axis current magnitude, saturated output power is calculated by either (B.13) 

or (B.14). 
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