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Abstract 

Nowadays, power-electronic-based (PE-based) energy sources, such as wind turbines 

and photovoltaics (PV), are increasing in capacity in electrical grids. Increasing the 

penetration of PE-based energy sources in power systems changes the scope of 

stability, security, reliability, and protection assessment of conventional power 

systems. In modern power systems with a high penetration of PE-based energy 

sources, the stability issues may lead to outage in a part of the system or even to a 

blackout. Therefore, it is important to assess PE-based power systems stability 

challenges to prevent undesired system outages in the grid. 

In this project, it is tried to assess stability issues of modern power systems with the 

focus on the large-signal stability challenges. The project starts with stability analysis 

of grid-connected voltage source converters (VSCs), where different methods are used 

to assess the stability of the grid-connected VSC. An energy function-based method 

and an inertia-based method are used to analyze the stability of grid-tied VSC. 

Besides, it is tried to assess the large-signal stability of the phase-locked loop (PLL) 

as one of the most important control loops in most PE-based units.  

Stability assessment of large-scale power systems with PE-based energy sources is 

considered as the next step in this project. To do so, 4-machine Kundur and 23-

machine Nordic test systems are considered as the small-scale and the large-scale 

power systems, respectively. The large-signal stability assessment is done to 

demonstrate stability challenges of modern power systems with a high penetration of 

PE-based energy sources. Thereafter, the large-signal stability challenges of modern 

power systems is considered, where inertia-based assessment is used to analyze the 

transient stability of PE-based power systems. The last part of this project gives a 

solution to enhance the large-signal stability of modern power systems. Regarding the 

large-signal stability assessment of PE-based power systems, it is concluded that the 

distribution of PE-based energy sources affects the grid transient stability, and it can 

be assessed based on the grid inertial response. 
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Dansk resume 

Med en stigende andel af vedvarende energikilder som værende del af det moderne 

elnet ændres omfanget af stabilitet, sikkerhed, pålidelighed og beskyttelses 

evalueringen af det konventionelle elnet.  I det moderne elnet, hvor der indgår en stor 

andel effektelektronisk baseret energikilder kan stabilitetsproblemer lede til udfald af 

generationsenheder og endda mørklægning af systemet. Derfor er det vigtigt at 

evaluere stabilitets udfordringerne af det effektelektroniske baseret elnet for at undgå 

uønsket effekter. I dette projekt evalueres stabilitets udfordringerne i elnettet med stor 

fokus på modellering under større transiente forstyrrelser. Projektet indledes med 

stabilitets analyse af netforbundet spændingskilde konvertere, hvor forskellige 

metoder anvendes til at evaluere stabiliteten, der anvendes en metode baseret på en 

energi-funktion og en metode baseret på en inerti-funktion. Derudover evalueres 

stabiliteten ved større transiente forstyrrelser af fasesynkroniseringsenheden, som 

udgør en af de vigtigste kontrolsløjfer i et effektelektronisk baseret elnet.  

Stabilitets evaluering af stor-skala elnet som er baseret på vedvarende energikilder, 

som værende det næste skridt i projektet, hvor to respektive elnet med henholdsvis 4 

og 23 generationsenheder er taget i betragtning. Evalueringen af større transiente 

forstyrrelser udføres for at påpege stabilitets udfordringerne ved elnet med en stor 

andel af vedvarende energikilder. Efterfølgende er stabilitets udfordringerne under 

større transiente forstyrrelser betragtet, hvor inerti-baseret evalueringer anvendes til 

at analysere den transiente stabilitet.  Under projektets afsluttende del fremføres en 

løsning til at forbedre stabiliteten af det moderne elnet under større transiente 

forstyrrelser. Med henblik på evalueringen af det moderne elnets stabilitet under større 

transiente forstyrrelser, kan det konkluderes at fordelingen af vedvarende energikilder 

har en indflydelse på den transiente stabilitet, og som kan evalueres på baggrund af 

nettets inertielle respons. 
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Chapter 1.  

Introduction  

 

1.1. Background and Motivation 

During the last decades, the structure of power systems has been changed from 

conventional centralized systems with large-scale power generations to the modern 

distributed ones with many smaller scale distributed generations (DGs) systems; see 

Fig. 1.1  [1]. Most DGs are connected to the power systems by an inverter that makes 

them power-electronic-based (PE-based) units [2]. Nowadays, modern power systems 

with a high penetration of PE-based units, such as wind turbines and photovoltaics, 

are facing different challenges regarding their stability, reliability, security, 

protection, etc. [3]–[6]. 

The penetration of power PE-based energy sources, such as wind turbines and 

photovoltaics, are increasing dramatically in power system grids as shown in Fig. 1.2. 

By increasing the penetration level of PE-based units in power systems, different 

stability challenges, such as harmonics, small-signal stability, and large- signal 

stability, are changed [3], [7]. The main characteristics of the modern power systems 

that distinguish them from the conventional ones are the following: 

 
Fig. 1.1: Representation of a conventional power system (left). vs. a modern power 
electronic-based power system (right). 
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 Modern power systems with a high penetration of PE-based units introduce 

less inertial response in comparison with the conventional ones. This is due 

to the lack of physical inertial response from PE-based units, such as wind 

turbine and photovoltaics [7], [8]. 

 PE-based units are synchronized with the rest of the system by using a 

synchronization unit. This feature makes PE-based units distinguished from 

the conventional energy sources, which are mostly based on the synchronous 

generators (SGs). In SGs, the rotor’s speed is coupled with the system 

frequency considering a swing equation relationship. In PE-based units, the 

frequency is decoupled from the main grid, and a synchronization unit like 

the phase-locked loop (PLL) is needed to measure the system 

frequency/phase [9]. The frequency/phase measured by the PLL can be used 

for the PE-based unit’s control system. However, its performance has a 

strong impact on the stability of the system. 

 There are some limits for PE-based units operation, due to their sensitivity 

to over-current and their ability to deal with the fault ride-through (FRT) 

condition, e.g. in case of a short circuit in the grid. These limits lead to some 

circumstances that make stability assessment of PE-based power system 

different from the conventional one. 

With all this in mind, system operators are facing grid challenges, e.g. the frequency 

control under a high penetration of non-synchronous generation (NSG) [10]. 

Therefore, countries such as Ireland and U.K that have a relative small size and limited 

interconnection with other grids, have introduced new services demand in order to 

Fig. 1.2: Renewable energy generation in the world, 1965 to 2018 [11]. 
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meet relevant challenges e.g. limited high rate-of-change-of-frequency (ROCOF) 

(>0.5 Hz/s) [12]. For instance, a framework is designed to evaluate the system inertia 

trend to indicate the risk of too high ROCOF in U.K. for a future “Go Green” scenario 

[13]. 

Besides ROCOF, other frequency related challenges are introduced by the unbalance 

between loads and generation in systems with a high penetration of NSG, which are 

frequency response to large disturbances, voltage dip that leads to frequency dips, 

frequency regulation and coping with its fluctuations, as well as over-frequency 

generation shedding [10]. From a time-scale point of view, stability challenges 

introduced in power grids can be categorized as it is shown in Fig. 1.3, where the 

highlighted part indicates different stability challenges including both the small-signal 

and large-signal stability phenomenon, and it is of interest in this project. The time-

scale related to the PE-based units control ranges from a few microseconds to several 

milliseconds. Therefore, in can be said that the stability assessment of power-

electronic based power systems includes a wide range of time scale [14]. 

The topic of the small-signal stability assessment of PE-based power systems has been 

well-studied in the literature [15]–[17]. The first step in small-signal stability analysis, 

and generally in all stability studies, is to model the system in an appropriate way to 

enable small-signal stability analysis [18].  
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Fig. 1.3: Stability challenges and phenomenon in of power grids illustrated in terms of 

time scale [19]. 

In small-signal stability analysis, it is tried to linearize the power system equations. 

This makes the system model arranged in a way that it can be assessed by linear 

stability analysis techniques [20]. Regarding techniques for small-signal stability 

analysis, bode plot, eigenvalue analysis, and Nyquist criterion are straightforward to 

use and here most of the controllers are designed based on that. However, it might be 

a challenging issue to use the aforementioned techniques for a large-scale power 

system [21]. The small-signal stability may not be credible when the system is 

subjected to a large disturbance, due to the linearization techniques which are used, 

are not valid any more [22]. In order to analyze the stability of the PE-based power 

systems (and generally complex nonlinear systems), large-signal stability assessment 

techniques should be used [23]–[26].  

Large-signal stability of power systems is defined as the power system ability to 

maintain stable when it is subjected to a large disturbance [27]. In other words, when 

a large disturbance such as the generation trip or a three-phase fault happens in the 

system, different stability criteria should be studied, and if the system can maintain 

within its stability boundaries, then it can be said that the system is stable from a large-

signal stability point of view. Generally, there are three main categories of stability 

that should be checked for when a large disturbance happens in the system: rotor angle 

stability, frequency stability, and voltage stability. Mostly, each of the aforementioned 

stability categories is analyzed separately; however, large disturbances may cause two 

or three of stability challenges, instantly [28]. Most often, the large-signal stability is 
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related to transient stability. A large-signal stability time frame is usually 3 to 5 

seconds; however, it may be extended up to 10 to 20 seconds, e.g. for frequency 

stability assessment of the large-scale power systems.  

In order to assess the large-signal stability assessment methods of PE-based power 

systems (and generally complex nonlinear systems), the nonlinear terms are not 

linearized, which makes the assessment complicated. There are some concepts that 

are used regarding the large-signal stability analysis of PE-based power systems, such 

as the Lyapunov theory (energy function theory) and equal area criterion [29], [30]. 

The main challenge for large-signal stability assessment techniques that are based on 

the Lyapunov function is that there is no straightforward method to define the energy 

function of a system. Therefore, it is a challenge to define an appropriate Lyapunov 

function that indicates system stability boundaries [22]. 

In order to assess the large-signal stability of PE-based power systems, the first step 

is to model the system in an appropriate way (like in the small-signal stability 

assessment).  The modeling of the PE-based power system could be varied based on 

the focus of the study. For instance, if the main focus of the study is the stability of 

the PE-based unit, then the rest of the system can typically be modeled as a stiff 

voltage source or a simple voltage source and an impedance [31], [32]. On the other 

hand, if the main focus of the study is the stability of the power system rather than the 

PE-based unit, then a simple model for the PE-based unit might be used [33], [34]. 

However, a detailed model of the grid including all its components’ models introduces 

a more realistic behavior of the system. After modeling the system, the next step is to 

design controllers based on the stability assessment. However, it should be noticed 

that most often the small-signal stability assessment is used for tuning the controllers, 

even for large-signal stability case studies, e.g. in FRT case study [35], [36]. 

The large-signal stability assessment becomes more important as the penetration of 

non-synchronous generators (NSGs) are increasing in power systems. By increasing 

the penetration of NSGs, the main system becomes more vulnerable to large 

disturbances, due to NSGs’ lack of inertial response [37], [38]. In this way, the main 

grid’s ability to control the system frequency and bus voltage magnitude become less 

compared to the stiff grid. Grids with less ability to control the system variables, such 

as voltage magnitude of buses and the system frequency, are called weak grids [39]–

[41]. This definition of the weak grid is translated to “a voltage source connected to a 

large impedance” in grid-tied VSC stability assessment [40], or a large-scale power 

system with a low inertial response [42]. In some cases, the increase of NSG 

penetration in power systems may even lead to blackouts. 

In this project, the stability assessment methods of PE-based power systems are 

studied. What is mainly motivates the author to focus on this topic is that renewable 

energy sources (RESs) inevitably increase the penetration in power systems, and most 

of them are connected via a PE interface, called an inverter. The literature regarding 
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the modeling and stability assessment of such systems are mainly focusing on the 

small-signal stability. However, small-signal stability analysis is not accurate in case 

of a large-disturbance. Therefore, in this project, it is tried to introduce an insight 

regarding the large-signal stability analysis of modern power systems. 

1.2. Power System Stability 

Power system stability has been a challenging issue for electrical grids for many 

decades [27]. The stability assessment of power systems has been studied extensively 

in the literature. The stability of power systems is categorized into three main topics 

as discussed before: rotor angle stability, frequency stability, and voltage stability, as 

shown in Fig. 1.4. All of the three categories of the power systems stability are divided 

into some subcategories based on their causes (disturbance size) and their time scale 

[43].  

 

 

Fig. 1.4: Classical power system stability classification [27]. 
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event. For instance, the period for transient stability may be extended to 10-20 s for 

very large-scale power systems. 

In PE-based units, there is no physical rotational part that is synchronized with the 

rest of the grid. This makes the rotor angle stability out of scope for the PE-based 

units’ stability studies. On the other hand, PE-based units are coupled to the rest of 

the system from the frequency point of view, as it is utilizing an inverter. Most often, 

a PLL is used for the synchronization of a PE-based unit and the rest of the system. 

To study the frequency stability of the PE-based units, the impact of PLL on its 

stability should be considered as an important part. In this way, the frequency stability 

of PE-based power systems is different from the conventional one. For power systems 

with a high penetration of NSGs, the stability definition should be slightly different 

from its definition for the conventional one or should be an expanded version of it.  

A general guideline of PE-based power systems stability definition is discussed in 

[44]. Although this guideline is developed for Microgrids, its definition can be used 

for different PE-based power systems. It should be noticed that to apply such a 

guideline to large-scale power systems with a high penetration of NSGs, the relevant 

grid codes should be considered as well [45], [46]. As mentioned earlier, there is no 

rotational part in PE-based units. Therefore, only the voltage stability and the 

frequency stability are considered for PE-based units. However, the PE-based power 

systems will typically include both conventional and modern types of energy sources, 

which means that the conventional synchronous generators are still used as a part of 

the modern power systems. The new guideline for PE-based power systems stability 

introduced in [44], is shown in Fig. 1.5, where it can be seen in that PE-based power 

systems stability assessment is categorized more in details for  the conventional 

systems (due to the introduction of more stability phenomenon by PE-based units), 

yet conventional stability subcategories, such as voltage stability, frequency stability, 

and rotor angle stability (electric machine stability), are kept like in the former one 

(PE-based power systems stability assessment). The disturbance size (large and small 

disturbances) and the time frame of the event are still used for distinguishing the 

different kinds of instability issues for the PE-based power systems, as well as for the 

conventional power systems.  
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Fig. 1.5: Power electronic-based power systems stability classification [44]. 
 

It should also be noticed that in small-scale PE-based power systems, the systems 

variables (frequency and voltage) are strongly coupled [44]. The reason is that 

resistance to inductance ratio (R/X) is higher in small-scale power systems compared 

with the large-scale systems. This leads to a coupling between active and reactive 

power that are typically decoupled in the conventional power systems [47]. Therefore, 

an event that triggers the frequency instability may lead to the voltage instability as 

well. However, by increasing the scale of the system (by decreasing R/X ratio), e.g. 

in a large-scale power system such as in the Nordic-32 test system [48], the frequency 

stability and the voltage stability phenomenon can be distinguished easier than the 

small-scale ones [49]. 

Another issue regarding the PE-based power systems stability classification is the 

control stability category, as also shown in Fig. 1.5. This category is related to the 

control loops of the synchronous machines and NSGs, LCL filters (which are the 

output filter of the converters), and PLLs. Poor controller tuning, PLL bandwidth, 

system synchronization failure, harmonic instability, etc., may lead to system 

instability caused by the control system of NSGs (inverters), which is going to be 

discussed in the next paragraphs.  

1.3. Voltage Source Converters 

As it is mentioned before, one of the key components of PE-based power systems is 

voltage source converters (VSCs), which is used for RESs that are connected to the 

rest of the system via an interface, called the inverter. Although different control 

strategies are defined for VSCs, which will be discussed in Section 1.3.1, the main 
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application of the VSCs is to transfer the energy produced by the renewable source to 

the power system having an appropriate voltage level and frequency. A single-phase 

diagram of a grid-tied VSC is shown in Fig. 1.6. 𝑍𝑐 and 𝑍𝑔 are the VSC output filter 

and the grid impedance, respectively. The main grid is presented as an infinite bus, 

which is a stiff voltage source and grid impedance. Regarding the infinite bus used in 

the main grid, it is assumed that �⃗�𝑔 has a fixed magnitude and phase angle. PCC shown 

in Fig. 1.6 indicates the point of common coupling. In general, VSCs are used in two 

main modes: grid-tied mode and islanded mode [50]. The control systems of VSCs 

are designed and are tuned based on their applications and operation modes. 

 

VSCs are used in the islanded mode when there is a difficulty to be connected to the 

main grid or due to some special circumstances [51], [52]. An application of islanded 

mode of VSC could be a situation that a fault occurs in the system and a part of the 

grid needs to work in an isolated mode. In this case, a part of the system will be 

disconnected from the rest of the system, and then the separated part works 

independently. Also, islanded mode of VSCs can be used in shipboard power systems 

and also other autonomous systems [52]. However, most often, VSCs are operated in 

their grid-tied mode in PE-based power systems. 

1.3.1.  Classification of the Grid-Tied VSC 

Based on the specific application and the VSC’s configuration, there are four main 

control structures of grid-tied VSCs: grid-forming, grid-feeding, current-source-based 

grid-supporting, and voltage-source-based grid-supporting. The schematics of these 

four categories are shown in Fig. 1.7. In Fig. 1.7(a), 𝐸∗ and 𝜔∗ are the voltage 

magnitude and frequency references, respectively. By using 𝐸∗ and 𝜔∗, the reference 

voltage, 𝐯∗, will be generated. In Fig. 1.7(b), 𝑃∗ and 𝑄∗ are the active and reactive 

power references, respectively, which are used to generate the reference value for the 

current, 𝐢∗. In Fig. 1.7(c) and In Fig. 1.7(d), 𝐸∗, 𝜔∗, 𝑃∗, and 𝑄∗ are used to indicate the 

modified values for active (𝑃∗∗) and reactive (𝑄∗∗) power. 

 

Fig. 1.6: A single-phase diagram of a grid-tied voltage source converter (VSC). 
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1.3.1.1 Grid-Forming Power Converters 

The grid-forming power converters are designed and operated, so they represent a 

voltage source; see Fig. 1.7(a). The main application of the grid-forming power 

converters is to act like a synchronous machine. In this way, a grid-forming power 

converter introduces a voltage magnitude and frequency at its point of common 

coupling (PCC) with the rest of the grid. In the case of islanding mode for a part of 

the grid in which there are only PE-based energy sources, at least one grid-forming 

power converter is needed to form the system reference, so the other converters can 

be synchronized with the grid-forming power converter. A schematic block diagram 

of the grid-forming power converter is shown in Fig. 1.8. 

Two of the main applications of grid-forming power converters is for energy storage 

and uninterruptable power supplies (UPSs) [53]. What can be achieved from the grid-

forming power converters is also the ability to introduce inertial response [54]. 

The general from of the grid forming power converter is shown in Fig. 1.7(a), and the 

grid-forming power converter model shown in Fig. 1.8 is just a kind of grid-forming 

power converters. Any other control model for power converters that presents a 

voltage source with a magnitude and the phase angle can be named a grid forming 

power converter. In this regard, an interesting model implemented for the grid-

forming power converters is the virtual synchronous machine model (VSM) used for 

the inverter control [55]. In the VSM model, it is tried to mimic the behavior of the 

synchronous machine. The VSM control model of the VSC is to use it to control the 

voltage magnitude and angle at the PCC and bring an inertial response to the active 

power generation and consumption unbalance. The frequency of the VSC is coupled 

into the VSM control. Controlling the PCC voltage angle is the same as controlling 

the frequency. In this way, like in synchronous machines, if the system frequency 

drops, the VSC injects more active power to compensate for the active power 

consumption. This can be done by implementing the swing equation into the active 

power control loop of the VSC. It is worth mentioning that in VSM control method, 

there is no need to use a PLL to estimate the phase angle and the system frequency in 

normal condition. However, the PLL might be used when the current limitation is 

activated [56]. 
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Fig. 1.7: Block-diagrams of grid-tied VSCs. (a) grid-forming, (b) grid-feeding, (c) current-
source-based grid-supporting, and (d) voltage-source-based grid-supporting [57]. 
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Fig. 1.8: A schematic block diagram of the grid-forming power converter [57]. 

 

1.3.1.2 Grid-Feeding Power Converters 

In grid-feeding power control, the main goal is to inject the desired active and reactive 

power to the system. In this type of control, it is assumed that the PCC voltage 

magnitude and the system frequency are controlled by the grid side. This means that 

the only necessary controller in grid-feeding power converters is the current 

controller. However, other outer loop controllers such as active and reactive power 

controllers may be added to the control loop. In addition, a PLL is used to extract the 

PCC voltage angle and frequency in order to change the controller frame from abc to 

dq-frame and thereby keep the converter synchronized with the main grid. It should 

be mentioned that the controller can be designed in other coordinate systems, like the 

αβ-frame. A schematic block diagram of the grid-feeding power converter is shown 

in Fig. 1.9. 

 

Fig. 1.9: Schematic block diagram of the grid-feeding power converter [57]. 
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In grid-feeding power converters, it is assumed that the voltage and frequency of the 

PCC is controlled by the main grid side. The problem with the grid-feeding power 

converters is that when the number of grid-feeding power converters increases in the 

power system, the main system becomes weaker, and a weak grid is less able to 

control the system variables compared with a stiff grid. In this way, as the grid-feeding 

power converters control relies on the system stiffness, the VSC in grid-feeding 

control mode may become out of synchronization when it is connected to a weak grid 

[58]. 

1.3.1.3 Current-source-based grid-supporting 

This type of controller of the VSC is very similar to the grid-feeding power converter 

control. The main goal is to inject active and reactive power assuming that the main 

grid controls the PCC voltage magnitude, voltage phase, and the system frequency. 

The difference between the current-source-based grid-supporting and the grid-feeding 

power converter is the droop control introduced in the current-source-based grid 

supporting converters. This is shown in  Fig. 1.10. 

 

 Fig. 1.10: Schematic block diagram of the current-source-based grid-supporting power 
converter with additional droop control [57]. 
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In this way, voltage-source-based grid-supporting power converters act similar to a 

synchronous generator [55]. In this control scheme, the active and reactive power 

injected into the system is dependent on the PCC voltage, pccv , the grid side 

impedance, and the grid voltage [59]. In respect to the active and reactive power 

control, the idea of the droop control can be used in order to mimic the behavior of a 

synchronous generator. By using the droop control for the active and reactive power 

regulation, the active power delivered to the system decreases when the grid frequency 

increases, and also the reactive power decreases when the PCC voltage increases [57]. 

By increasing the penetration of PE-based energy sources in the power system, the 

frequency stability will be supported due to the inertial support of the voltage-source-

based grid-supporting power converters. 

 

Fig. 1.11: Schematic block diagram of the voltage-source-based grid-supporting power 
converter [57]. 

 

1.3.1.5 The use of different grid-tied VSC in power systems 
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It seems that the future of the power grids is dependent on how to control the PE-

based energy sources as the grid-forming power converter, and the increasing of the 

penetration of grid-feeding power converters may cause stability issues for the grid 

[53]. In this way, power converters should be able to support the system with damping 

power oscillations in addition to the voltage and frequency regulation [62]. Power 

converters should also be able to provide black-start services for the grid [57]. For 

this, a general guideline for using the NSGs in power systems is provided in [63]. 

1.3.2. Stability Challenges of the Grid-Tied VSC 

In this part, it is tried to discuss different stability challenges introduced by the grid-

tied VSC for the power systems. To do so, the impact of grid-tied VSC on the different 

systems stability categories and the grid-tied VSC stability challenges are discussed. 

1.3.2.1 Grid-tied VSC Stability: Small-signal stability challenges 

Considering the modeling of the grid-tied VSC, different stability challenges, such as 

the PWM delay impact, tuning the PLL, and the grid stiffness (stiff grid or weak grid), 

are contributions to some of the grid-tied VSC stability issues. In this part, the 

importance of different stability challenges introduced by the control system of the 

VSC with the grid-feeding control configuration is discussed. A more detailed 

discussion is done in Chapter 2. In order to do so, small-signal stability is an important 

issue. To assess the small-signal stability of the grid-tied VSC, an s-domain model of 

the controller and the system can be used. An example of the grid-feeding VSC model 

in the s-domain with a current and active power controller like shown in Fig. 1.12(a). 

Besides, the small-signal model of the PLL is shown in Fig. 1.12 (b). It should be 

noticed that the PCC voltage and the VSC output current are �⃗�𝑐 = 𝑣𝑑 + 𝑣𝑞𝑗 and 𝑖𝑐 =

𝑖𝑑 + 𝑖𝑞𝑗, respectively, while the reference values for the PCC voltage and the VSC 

output current are �⃗�𝑐
∗

= 𝑣𝑑
∗ + 𝑣𝑞

∗𝑗 and 𝑖𝑐
∗

= 𝑖𝑑
∗ + 𝑖𝑞

∗𝑗, respectively. 

In this model, the delay caused by the pulse-width modulation (PWM) is presented by 

its Padé approximation [64]. The PWM delay model equals 𝑒−𝑇𝑑𝑠, where 𝑇𝑑 is the 

time delay introduced by the switching; however, this is a non-linear term. To present 

the delay in the small-signal stability model, the Padé approximation of the delay is 

presented in the following to linearize the PWM delay model: 

 
1 0.5

1 0.5
dT s d

d

T s
e

T s

 



 (1.1) 

This is an example on how the non-linear terms are linearized for small-signal stability 

assessment. The Padé approximation introduces an appropriate approximation of the 

delay for the small-signal analysis. However, such linearization is not credible for the 

large-signal stability assessment. 
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In addition, the PLL is a non-linear feedback control unit and it has many variants in 

implementation. To use it for the small-signal stability assessment, the linearized 

format of the PLL can be used [9]. The Synchronous Rotation Frame-PLL (SRF-PLL) 

is often used for the synchronization and its small-signal model is a second-order 

transfer function, as given by:  

  
   
   

, ,

2
, ,

d p pll d i pll

PLL

d p pll d i pll

v K s v K
G s

s v K s v K




 
 (1.2) 

where 𝐾𝑝,𝑝𝑙𝑙 and 𝐾𝑖,𝑝𝑙𝑙 are the proportional and integral gains of the PI control used in 

Fig. 1.12. It should be noticed that the PLL’s response when the system is subjected 

to a large disturbance can be analyzed by different non-linear stability assessment 

methods [J3].  

In this case, the grid side model shown in Fig. 1.9 is not considered in the model 

presented in Fig. 1.12. In fact, it is assumed that the grid is a stiff voltage source with 

𝑍𝑔 = 0. This assumption is not always correct, due to the grid model may be presented 

as a voltage source and an impedance. It should be noticed that although this model 

does not present the exact behavior of the grid, the voltage source and the impedance 

brings a good approximation of it. 

Regarding the output current of the grid-feeding power converter, it is limited by the 

grid voltage and its impedance. The limitation of the output current of the grid-tied 

VSC based on the grid characteristic is given as follows [65]: 

 

 

g

c

g

v
i

Z
  (1.3) 

where |�⃗�𝑔| is the grid voltage magnitude and |𝑍𝑔|is the grid impedance magnitude. 

|𝑖𝑐| is the grid-tied VSC output current magnitude. The system stability margin can 

be detected by (1.3). The weaker grid has a larger value of |𝑍𝑔|. By increasing the grid 

impedance, the maximum VSC output current (|�⃗�𝑔| |𝑍𝑔|⁄ )  decreases, and for a certain 

output current reference, 𝑖𝑐
∗ , the grid-tied VSC may become unstable [65]. 

 



CHAPTER 1.  
INTRODUCTION 

35 

 

Fig. 1.12: Small-signal model of (a) the grid-feeding power converter including the current 
control and active power controllers and (b) the SRF-PLL [57]. Basic system is shown in 
Fig. 1.9. 

 

Apart from the grid impedance impact on the system stability, the VSC control system 
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be slower than the inner controller (such as the current controller). As a rule of thumb, 
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If the grid-tied VSC becomes unstable as discussed in Section 1.3.2, e.g. its current 
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translated into the loss of generation for the transmission systems operators (TSOs). 
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1.3.2.2 Grid-tied VSC Stability: Large-signal stability challenges 

The transient response of the grid-tied VSC when it is subjected to a large disturbance 

can be analyzed based on its large-signal model. At this point, it is very important to 

distinguish between a large disturbance and a small one. A large disturbance is 

considered as an event that its impact on nonlinear terms of the dynamic model of the 

system cannot be omitted. For instance, considering 𝑥 as a variable of a system 

𝑓(𝑥, 𝑡). If the change in x is small enough, e.g. ∆𝑥 = 0.1, then the change in a 

nonlinear term of 𝑥2 can be omitted, as ∆𝑥2 = 0.01 is considerably small. However, 

if the disturbance is large, e.g. ∆𝑥 = 2, then the change in 𝑥2 cannot be omitted from 

the dynamic model of 𝑓(𝑥, 𝑡), as ∆𝑥2 = 4 is considerably large. A three-phase fault 

and a line trip is considered as large disturbances in the power system analysis. 

As mentioned before, regarding the large-signal stability assessment of the grid-tied 

VSC considering its nonlinear characteristics, linear techniques such as Nyquist 

criterion and Bode plot analysis, cannot be used, due to these methods are useful for 

linear systems [68]. On the other hand, nonlinear stability assessment techniques, like 

the Lyapunov theory, provide a comprehensively good approach for the large-signal 

stability analysis of grid-tied VSCs [69]–[71]. Reference [69] is one of the first 

approaches that introduces the usage of the Lyapunov-based control method to 

guarantee the grid-tied VSCs large-signal stability, in which it is mentioned that linear 

techniques can only guarantee the system stability when it is subjected to a small 

perturbations from the operating points. In [70], a Lyapunov-based method is 

proposed to analyze the grid-tied VSC when it is subjected to a short-circuit fault, 

causing grid voltage dips. Considering the abovementioned discussion in mind, the 

Lyapunov-based methods are used in the stability assessment and control of the grid-

tied VSCs [69], [72]. In this way, Chapter 2 is dedicated to introduce a large-signal 

model of the grid-tied VSC and analyze it by using different nonlinear stability 

techniques. However, it should be mentioned that the topic of large-signal stability 

assessment of the grid-tied VSC is not limited to the stability analysis of the grid-tied 

VSC itself, but it is also related to its impact on the main grid stability. Two main 

impacts of a single grid-tied VSC on the grid stability are the system frequency 

stability and the grid voltage stability as discussed below. 

Grid-tied VSC Impact on the System Frequency Stability 

One of the main impacts of grid-tied VSC on the systems stability is the reduction of 

overall system inertia [42]. There are three frequency related criteria that are affected 

by increasing the NSG penetration in power systems: frequency nadir, the rate of 

change of frequency (ROCOF), and the steady-state frequency deviation, as shown in 

Fig. 1.13 [73]. The frequency nadir is the minimum value of the frequency reached 

after the system is subjected to a fault [28]. 

There is a specific range for the frequency deviation, ROCOF, and frequency nadir in 

every power system that is defined by grid codes [74]. By decreasing the system 
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inertia, the ROCOF, and the frequency nadir will increase. This may lead to some 

instabilities or even it may lead to the act of some protection systems, which 

eventually leads to a blackout or islanding of a part of the grid. 

 

Fig. 1.13: Frequency response to a disturbance in the power system. ROCOF: Rate-of-
change-of-frequency [7]. 

 

Grid-tied VSC Impact on the System Voltage Stability 
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at the PCC. This problem is called the voltage raise at the distribution system level 

[28], [75]. 

Another voltage stability problem caused by the increase of PE-based units in the 

system is the voltage drop. This happens when the reactive power required from the 

PE-based units cannot be supplied by them. Other voltage stability issues caused by 

the VSCs are voltage fluctuations and voltage control challenges, such as 

decentralized and centralized voltage control methods in the power grid [75]. 
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1.4.1. Stability Challenges of Modern Power Systems with High 
Penetration of PE-based Units- Historical Review 

By increasing the penetration of NSGs in power systems, it becomes a more 

challenging issue to maintain system stability when the system is subjected to a 

disturbance. Stability challenges for some power systems with a high penetration of 

NSGs can lead to blackouts and a list of outages is presented in [76]. Some examples 

of them are discussed as follows. 

An interesting case is the South Australia (SA) power grid [28]. A unique 

characteristic of SA power grid is that around 50% of the total demand in SA power 

grid is provided by NSGs, and synchronous generators provide less than 20% of the 

demand (the rest of the demand is provided by an interconnection system). Although 

the system runs in its stable mode for no-contingency condition (normal condition), 

some disturbances may cause stability issues, and may even lead the system into a 

blackout. For instance, on the 20th of September 2016, 52% of the wind generation 

was lost, due to a severe storm. The interconnection between SA and the rest of the 

Australian power system was not able to compensate for the lost generation. 

Therefore, the interconnection disconnected due to power flow overload. 

Consequently, the SA power grid collapsed and around 1.7 million people were 

affected with no power [76]. 

Different stability issues are needed to be discussed for this event. First, the buses 

where their stability are vulnerable to system fluctuations need to be identified by 

different system stability analysis methods. Then, different stability challenges, such 

as over-voltage issues after network separation, high ROCOF, under frequency load 

shedding (UFLS) malfunction due to high-frequency nadir, and frequency/voltage 

instability debate, need to be studied for the weak buses of the grid, and identify what 

the main causes of the instability are, which lead to the blackout. Based on the 

measured data during and after the event, it can be seen that the 20th of September 

2016 blackout in SA power grid was the outcome of not a single stability issue but all 

the early mentioned stability issues. It is worth mentioning that by an early recognition 

of the network separation, the event could have been prevented from a blackout. 

Another good example of the power system with high penetration of NSGs is 

considered in the Irish power system [77]. One of the interesting characteristics of the 

Irish power system is that it is a low inertia isolated electrical grid where its 

instantaneous NSG penetration can reach 100% of the power demand [78]. With this 

in mind, grid codes are defined for the Irish power system in the way that NSGs inject 

a certain reactive power during and after a fault [79]. Similar grid codes are also 

applied for other power systems with high a penetration of NSGs [80]. 

This unique characteristic of the Irish power system makes it vulnerable to system 

fluctuations. The uncertainty in its power generation, due to the probabilistic nature 
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of the wind energy and photovoltaics, requires energy storage to be used in order to 

prevent frequency instability in the system [61], [81]. Because of the relatively small 

size of the Irish power system, high ROCOF (>0.5 Hz/s) is one of the main concerns 

of the operators [12]. Using different fast frequency response (FFR) solutions, such 

as using the energy storage at buses that are more vulnerable to the system 

fluctuations, is introduced in order to deal with a high ROCOF value, inertia 

enhancement, and frequency response to large disturbances [61]. However, the weak 

points of the system, which are sensitive to the disturbances, should be determined in 

advance. 

1.4.2. PE-based Power Systems Stability Solutions 

There are different solutions for compensating the lack of inertial response caused by 

increasing the penetration of NSGs in the systems. One of the promising solutions is 

to add a flexible generation to ensure a reserve capacity. Because of the stochastic 

nature of the renewable energy sources (RESs), by increasing the penetration of PE-

based generations, electrical grids experience difficulties in how to define an 

appropriate reserve capacity [82]. To deal with this problem, a flexible reserve 

capacity concept is introduced by some researchers [82]–[84]. For instance, in [84], 

renewable energy sources, such as wind turbines, are used to participate in the markets 

by providing auxiliary services. However, to apply a flexible reserve capacity for 

electric grids, more financial support and dealing with a more complex calculation 

compared with the conventional reserve capacity calculation are needed. 

Another solution is to connect the system to other grids via stronger interconnections 

[85]–[87]. This solution has some advantages and disadvantages. The main advantage 

of this solution is that the inertial response of the system will increase by connecting 

two grids together [85]. However, it should be noticed that the system dynamic 

response is heavily dependent on the technology used for the interconnection. For 

instance, if the high voltage direct current (HVDC) transmission lines are used for the 

interconnection, then the controller impact on the low-frequency electro-mechanical 

oscillations may affect the system stability [87]. 

As discussed in Section 1.4.1, one of the main solutions for stability challenges of PE-

based power system is the usage of energy storage systems (ESS) [61], [88], [89], e.g. 

grid-scale ESS is introduced for frequency regulation service for power systems [88], 

[89]. In fact, ESS will introduce a new paradigm in frequency regulation services. 

Different grid-scale ESSs are flywheel, lithium-ion batteries, flow batteries, advanced 

lead-acid batteries, and super-capacitors. The power scale for the mentioned 

technologies are up to 50 MW and later even larger, and their time response are within 

few milliseconds [61]. Some challenges for ESS, such as the sizing, the placement of 

the ESS in the system, and the cost are also discussed in the literature [90]–[92].  
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Conventionally, there are three main frequency regulation services based on how fast 

the service is needed: primary frequency response (PFR), secondary frequency 

response (SFR), and the tertiary frequency response (TFR). In modern power systems 

with a low inertial response, a faster response for the generation/load balance is 

needed that is called fast frequency response (FFR). The FFR is what the ESS provides 

to the system. Although this service is known with different names, e.g. enhanced 

frequency response in the UK or fast frequency response of Ireland, they share the 

same mechanism. 

1.5. Project Objectives and Limitation 

1.5.1. Research Questions and Objectives 

Keeping in mind the main goal of having a stable power system with a high 

penetration of PE-based units, and inherently a more vulnerable grid to system 

fluctuations, the main objective of this Ph.D. project can be defined as analyzing the 

transient stability of PE-based power systems. As a result, the following fundamental 

research question is considered: 

• How to correctly assess the large-signal stability for PE-based power systems and 

its components? 

Thus, subsequent research questions can be derived: 

• By using the large-signal stability assessment techniques, how can a marginal 

point of stability for a grid-tied VSC, be determined? 

 

• Considering a power system with a high penetration of grid-tied VSC, how does 

the PE-based unit affect the large-signal stability of the grid? In case that the PE-

based units affect the grid stability, how can the marginal point of transient 

stability be determined? 

 

Based on the above raised questions, the following objectives can be set for this Ph.D. 

project: 

 

Development of the nonlinear-based method to analyze the grid-tied VSC large-

signal stability 

To address the large-signal stability assessment for grid-tied VSCs, an in-depth 

analysis of VSC’s components impact on the system stability will be carried out in 

this Ph.D. project. The expected outcome of this assessment is to introduce a large-

signal model of the grid-tied VSC based on its energy function. Moreover, the PLL 
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large-signal behavior, as one of the most common components that is used to 

synchronize the VSC with the grid, is also expected to be explored. 

Transient stability assessment of power systems with a high penetration of PE-

based units 

To address the concerns related to the large-signal stability of PE-based power system, 

a credible model of the grid that presents its transient behavior will be explored in this 

project. The main source of the instability for grids with a high penetration of PE-

based units, which is their low system inertia, will be analyzed, and based on that, the 

grid’s transient stability margin will be investigated. 

 

1.5.2. Project Limitations 

Several details affect the large-signal stability of whether grid-tied VSC or even the 

large-scale PE-based power systems. Regarding the grid-tied VSC stability, DC-link 

voltage control is not considered in this work; however, this may have impact on the 

system large-signal stability. Also, the grid model is assumed as a simplified voltage 

source with an impedance for the grid-tied VSC stability assessment. Moreover, this 

project is also focused on the grid-feeding power converters, while grid-forming 

power converters large-signal stability assessment is not considered.  

Regarding the large-signal stability of the large-scale PE-based power systems, only 

a simple grid-feeding power converters are considered as the NSG units. However, it 

should be noticed that the PE-based units could also include different types of NSGs, 

such as photovoltaics and PE-based energy storage systems. 

A very important feature used in NSGs control during a large disturbance, which is 

defined in grid codes, is their FRT capability. This is not considered specific in the 

analysis here; however, the modeling of such a control system can be done using the 

methods discussed in this project. 

1.6. Thesis Outline 

The outcome and results of the Ph.D. project is summarized in this Ph.D. thesis based 

on a collection of the papers published during the Ph.D. study. The document is 

structured into two main parts: Report and selected publications. The thesis structure 

is illustrated in Fig. 1.3, and providing a guideline for how the content in the Report 

is connected to the Publications. This Ph.D. thesis has four chapters. 
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Fig. 1.14: Thesis structure and related published papers of each part. 

 

In Chapter 1, the introduction of the Ph.D. project is presented, where the background 

of the research topic and the main objectives of the work are discussed. It starts with 

an introduction to the grid-tied VSC stability challenges. Then, it continues with the 

stability challenges of the PE-based power systems. Afterwards, the importance of the 

topic is discussed by introducing different stability challenges for some power 

systems, such as the South Australia power system and the Irish electric grid. 

In Chapter 2, the large-signal stability of one grid-tied VSC is discussed. In this part, 

first, the grid-tied VSC model is presented. Then, each part of the grid-tied VSC, like 

the current controller, the PWM switching delay, the PLL, and the grid stiffness 

impact of the system stability are discussed in details. 

In Chapter 3, the large-signal stability of PE-based power system is discussed. To 

study a large-scale power system with PE-based energy sources, PE-based unit is 

considered as simple as possible, and focus more on the stability of the whole system 

instead of a single unit. This enables a general guideline for assessing the stability and 

security of PE-based power systems and it is introduced. Also, a method to assess the 

large-signal stability of the PE-based power systems is presented. 

Modeling and control of large-signal stability in power electronic-based power systems
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Conclusions

Report Selected Publications
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In Chapter 4, a summary of the Ph.D. thesis is presented as well as futures trend of 

this work is discussed as well. 

1.7. List of Publications 

The research outcomes of the Ph.D. study have been disseminated in several forms of 

publications: Journal papers (Jx) and Conference papers (Cx), as listed below. Most 

of them are used in the Ph.D. thesis as previously listed. 

Publications in Refereed Journals 

 

Publications in Refereed Journals 

J1. B. Shakerighadi, E. Ebrahimzadeh, F. Blaabjerg, and C. L. Bak, ‘‘Large-

signal stability modeling for the grid-connected VSC based on the 

Lyapunov method,’’ in Energies, vol. 11, p. 1-16, Oct. 2018.  

J2. B. Shakerighadi, E. Ebrahimzadeh, M. G. Taul, F. Blaabjerg and C. L. 

Bak, "Modeling and Adaptive Design of the SRF-PLL: Nonlinear Time-

Varying Framework," in IEEE Access, vol. 8, pp. 28635-28645, 2020. 

J3. B. Shakerighadi, S. Peyghami, E. Ebrahimzadeh, M. G. Taul, F. 

Blaabjerg and C. L. Bak, " A New Guideline for Security Assessment of 

Power Systems with a High Penetration of Wind Turbines," in Appl. Sci., 

10, 3190, p. 1-16, 2020. 

Publications in Refereed Conferences 

C1. B. Shakerighadi, E. Ebrahimzadeh, F. Blaabjerg and C. L. Bak, 

"Lyapunov- and Eigenvalue-based Stability Assessment of the Grid-

connected Voltage Source Converter," 2018 IEEE International Power 

Electronics and Application Conference and Exposition (PEAC), 

Shenzhen, 2018, pp. 1-6. 

C2. B. Shakerighadi, E. Ebrahimzadeh, C. L. Bak and F. Blaabjerg, " Large 

Signal Stability Assessment of the Voltage Source Converter Connected 

to a Weak Grid," Proceedings of Cigre Symposium Aalborg 2019, 2019, 

pp. 1-12. 

C3. B. Shakerighadi, S. Peyghami, E. Ebrahimzadeh, F. Blaabjerg and C. L. 

Bak, "Security Analysis of Power Electronic-based Power Systems," 

IECON 2019 - 45th Annual Conference of the IEEE Industrial Electronics 

Society, Lisbon, Portugal, 2019, pp. 4933-4937. 

C4. B. Shakerighadi, E. Ebrahimzadeh, F. Blaabjerg and C. L. Bak, "Large 

Signal Stability Assessment of the Grid-Connected Converters based on 
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its Inertia," 2019 21st European Conference on Power Electronics and 

Applications (EPE '19 ECCE Europe), Genova, Italy, 2019, pp. 1-7. 

The below-mentioned journal publication also  published in the Ph.D. period but 

not considered/summarized in this Ph.D. thesis: 

 B. Shakerighadi, A. Anvari-Moghaddam, J. C. Vasquez, J. M. Guerrero, 

“Internet of Things for Modern Energy Systems: State-of-the-Art, 

Challenges, and Open Issues,” Energies, vol. 11, no. 5, p. 1252, May 

2018. 

 B. Shakerighadi, A. Anvari-Moghaddam, E. Ebrahimzadeh, F. 

Blaabjerg, and C. L. Bak, ‘‘A hierarchical game theoretical approach for 

energy management of electric vehicles and charging stations in smart 

grids,’’ IEEE Access, vol. 6, pp. 67223–67234, 2018. 
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Chapter 2.  

Large-Signal stability and Control of 

grid-tied voltage source converters 

2.1. Abstract 

In this chapter, the large-signal stability of a single grid-feeding power converter is 

studied. The first part is dedicated to the modeling of the grid-connected VSC. Then, 

a method is proposed that is based on the Lyapunov function to assess the large-signal 

stability. The impact of different control loops on the system stability in addition to 

the large-signal stability assessment of the PLL are also discussed in this chapter. 

2.2. Background and motivation 

Grid-tied VSCs are becoming an inevitable part of PE-based power systems. To assess 

the large-signal stability of a PE-based power system, first, the behavior of a single 

grid-tied VSC should be well studied. Based on the control model of the grid-tied 

VSC and its topology, different large-signal models have been presented previously 

to study its large-signal stability behavior [24], [54], [65], [93]; In all these references, 

the grid is modeled as a voltage source and an impedance. Although this simplified 

model (Thevenin equivalent model) does not provide the exact dynamic response of 

the grid, it presents an acceptable behavior of the grid. In [24], the grid-tied VSC is 

modeled as a current source, in which the current controller and the PLL dynamics 

are considered in the modelling. In [65], the same approach is presented, where the 

grid impact on the system stability is analyzed. In [94], the grid-tied VSC stability is 

analyzed by using a phase portrait criterion concept; where the model used for the 

grid-tied VSC is the same as presented in [65]. 

A grid-tied VSC in a wind turbine system is shown in Fig. 2.1, where the grid is 

modeled as a voltage source and an impedance. The DC-link voltage control system 

is eliminated from the system for the sake of simplicity and it is assumed that it 

remains to have a constant value during a large disturbance; however, its impact on 

the large-signal stability of the grid-tied VSC is an interesting topic to investigate. The 

model presented in Fig. 2.1 is the benchmark model that is used in this chapter, and 

also later in the next chapter for the stability assessment of power system with high 

penetration of NSGs. Before starting the large-signal stability assessment of the grid-

tied VSC, different nonlinear techniques to be used, such as phase portrait and the 

Lyapunov stability concepts, are discussed. After describing the nonlinear techniques, 

these methods are used to assess the large-signal stability of grid-tied VSCs. 
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Fig. 2.1: A schematic of a grid-tied wind turbine, where focus is put on the voltage source 
converter (DC/AC converter) [57]. 

 

2.3. Large-signal Stability Assessment Techniques 

PE-based power systems are inherently nonlinear systems that can be described by 

nonlinear differential equations. If the operating range of a control system is small, 

then it may be reasonable to approximate the differential equations by using 

linearization techniques. However, when the system is subjected to a large 

disturbance, then it makes sense to analyze the system by using nonlinear techniques. 

In this part, two basic nonlinear techniques, the Lyapunov function and the phase 

portrait concept, that are used to assess nonlinear systems are described [95]. 

2.3.1. Fundamentals of Lyapunov Theory 

The most useful approach to assess the stability of nonlinear control systems is known 

as the Lyapunov stability criteria [95]. Here, a simplified description of the Lyapunov 

theory is presented, as a detailed explanation of it is out of scope of this project. 

The dynamics of a nonlinear system can be presented by a set of nonlinear differential 

equations given as follows: 

 ( , , )tx f x u  (2.1) 

where f and x are a n×1 nonlinear vector function and the n×1 state vector, 

respectively. u presents the control input. An equilibrium state of the system, 𝐱∗, is 

defined as a state that if once 𝐱(𝑡) = 𝐱∗, then it remains to it for all future time, which 

means 𝐟(𝐱∗) = 0. Now, let us define the basic concepts of stability and instability: 
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Definition [95]: The equilibrium 𝐱 = 0 is stable if, for any 𝑅 > 0, there exists 𝑟 > 0, 

such that if ‖𝐱(0)‖ < 𝑟, then ‖𝐱(𝑡)‖ < 𝑅 for all 𝑡 ≥ 0. Otherwise, the equilibrium 

point is unstable. 

The abovementioned definition of the stability indicates that if an equilibrium point, 

x(0), is stable, then if the system state equals x(0) for all 𝑡 ≥ 0 the system state remains 

with a certain area (limited area). This leads to the definition of the Lyapunov 

function. Considering a stable physical system, S, the energy of S, including its 

potential and kinetic energies, is limited to a certain value, if the system is stable. 

Therefore, for a stable state of S, called x(0), the energy of the system will remain 

limited. Let us define the energy of S as V. If V is a positive value and its derivative 

with respect to the time is negative, then lim
𝑡→∞

𝑉 = 0, which means that the state of the 

system will remain inside a certain zone. In other words, if 𝑉(𝐱) > 0, �̇�(𝐱) < 0, and 

𝑉(𝐱) → ∞ as ‖𝐱‖ → ∞, then the equilibrium point at the origin is stable. For instance, 

considering the nonlinear mass-damper-spring system that its dynamic equation is: 

 
3

0 1 0mx bx x k x k x     

 
(2.2) 

where �̇�|�̇�| represents nonlinear damping, and (𝑘0𝑥 + 𝑘1𝑥3) is a nonlinear spring 

term. Considering V as the total mechanical energy of the system, which is the sum of 

its kinetic and potential energies defined as follows: 

    2 3 2 2 4
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xV x t mx k x k x dx mx k x k x       

 

(2.3) 

and �̇� as follows: 

 
      33

0 1, ,V x t mxx k x k x x x bx x b x        

 

(2.4) 

the Lyapunov function is always positive, and its derivative is always negative until 

�̇� = 0. Therefore, the system presented in (2.2) is a stable system. 

Now consider the system described by: 
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(2.5) 

By defining the Lyapunov function as follows: 
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    2 2
1 2

1
,

2
V x t x x   

 

(2.6) 

which is a positive definite function, its derivative is: 

 
    2 2 2 4

1 2 1 2, .V x t x x x x    

 

(2.7) 

The Lyapunov function and its derivative are always positive, which means that the 

system is not stable. 

The concept of the Lyapunov theory is valid for nonlinear and linear systems. For a 

linear system, �̇� = 𝐀𝐱 + 𝐁𝐮, if all eigenvalues of A are in the left-half of the complex 

plane, then the equilibrium is stable. This last sentence is another expression of the 

Lyapunov function. 

2.3.2. Phase Portrait concept 

The phase plane method is usually used for the stability analysis of second-order 

systems described by 
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(2.8) 

where x1 and x2 are the state variables of the system, f1 and f2 are nonlinear functions. 

This nonlinear stability analysis technique is of interest in this project, as some control 

loops can be modeled as a second-order nonlinear control system. As it is discussed 

later in Sections 2.4.3 and 2.5.3, the SRF-PLL is a nonlinear feedback control loop 

that can be modeled as a second-order system. In this way, the phase portrait concept 

is used to analyze the large-signal stability of such a system; see Section 2.5.3 [J2]. 

The state space that includes x1 and x2 indicates the phase plane. For a stable 

equilibrium point, �̇� = 0, 𝑓1(𝑥1, 𝑥2) = 𝑓1(𝑥1, 𝑥2) = 0. For a second-order system that 

is represented as �̈� + 𝑓(𝑥, �̇�) = 0, the dynamics can be presented as �̇�1 = 𝑥2 and �̇�2 =
−𝑓1(𝑥1, 𝑥2) with 𝑥1 = 𝑥 and 𝑥2 = �̇�. In this way, by constructing the phase plane 

trajectories it can be seen whether the system becomes stable or not. Different 

analytical methods, such as Lienard’s method and Pell’s method can be used to 

construct the phase plane trajectories [95]. 

2.4. Grid-tied VSC’s Component Modelling 

A grid-tied VSC includes different parts based on its control mode. Here, the grid-

feeding mode of the VSC is considered to study. However, the analysis presented in 

this section can be extended to other modes of the VSC like discussed in Chapter 1. 
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The control system of a grid-feeding power converter includes a current control loop, 

active and reactive power control loops and a SRF-PLL. Here, the current control 

loop, the delay caused by the PWM switching, and the SRF-PLL model are described 

and modeled.  

2.4.1. Current control loop 

The current control is the fastest controller used in a grid-feeding power converter 

control system. Following the VSC current, 𝑖𝑐, can be determined as follows: 

 g c T c T c
d

v v R i L i
dt

    

 

(2.9) 

where �⃗�𝑐 and �⃗�𝑔 are the converter output voltage and the grid voltage, respectively. 

𝑍𝑐 = 𝑅𝑐 + 𝑗𝐿𝑐 and 𝑍𝑔 = 𝑅𝑔 + 𝑗𝐿𝑔 are the converter output filter and the grid 

impedance, respectively. 𝐿𝑇 = 𝐿𝑐 + 𝐿𝑔 and 𝑅𝑇 = 𝑅𝑐 + 𝑅𝑔. Rewriting (2.9) in the dq-

frame that rotates with an angular speed ω is given as follows [66], [96]: 
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(2.10) 

where �⃗�𝑐 = (𝑣𝑐.𝑑 + 𝑗𝑣𝑐.𝑞)𝑒𝑗𝜔𝑡, �⃗�𝑔 = (𝑣𝑔.𝑑 + 𝑗𝑣𝑔.𝑞)𝑒𝑗𝜔𝑡, and 𝑖𝑔 = (𝑖𝑑 + 𝑗𝑖𝑞)𝑒𝑗𝜔𝑡. As 

it can be seen from (2.10), d and q terms of the voltage are coupled by terms of 

−𝜔𝐿𝑇𝑖𝑞 and +𝜔𝐿𝑇𝑖𝑑, which can be eliminated in the controller as shown in Fig. 2.2. 

In this controller, the grid is assumed to be a stiff voltage source and the VSC output 

filter, 𝑍𝑐, includes only an inductance. 
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Fig. 2.2: Grid-tied VSC current control in dq-axis including decoupling terms [57]. 

 

2.4.2. Delay caused by the PWM switching 

Although different approaches can be used for the modeling of the PWM switching 

delay, a simple method can be presented by the Padé approximation as follows [97]: 
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where 𝑇𝑑 indicates the time delay of digital control and PWM. 

2.4.3. SRF-PLL 

In order to synchronize the grid-tied VSC with the grid, a synchronization unit should 

be used. A standard synchronization unit that is widely used is the SRF-PLL. The 

SRF-PLL is a nonlinear feedback control that is used to estimate the voltage phase 

angle and frequency of the PCC, or �̂� , as we can see in block diagram shown in Fig. 

2.3 [9]. A standard form of the SRF-PLL is shown in Fig. 2.3, where Fig. 2.3(a) shows 

the schematic block-diagram of the SRF-PLL, where the input is the �⃗�(𝑡) =
2

3
[𝑒𝑗0𝑣𝑎(𝑡) + 𝑒𝑗

2𝜋

3 𝑣𝑏(𝑡) + 𝑒𝑗
4𝜋

3 𝑣𝑐(𝑡)], in which 𝑣𝑎(𝑡) = 𝑉𝑝𝑐𝑐 cos(𝜔𝑡 + 𝜑) 𝑣𝑏(𝑡) =

𝑉𝑝𝑐𝑐 cos (𝜔𝑡 + 𝜑 −
2𝜋

3
) , and 𝑣𝑐(𝑡) = 𝑉𝑝𝑐𝑐 cos (𝜔𝑡 + 𝜑 −

4𝜋

3
). Fig. 2.3(b) presents a 

nonlinear form of the SRF-PLL, while, Fig. 2.3(c) indicates its linear form. The 

linearization form is achieved by considering that sin(𝜃 − �̂�) ≈ 𝜃 − �̂� for small 

values of 𝜃 − �̂�. 
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The PLL is used to estimate the PCC grid voltage magnitude, frequency (ω), and the 

phase angle (θ) as follows: 

 
   

ˆ

ˆˆ ˆ ˆcospcct V t



     
(2.12) 

where �̂�(𝑡) is the estimated value of the input signal (here it is the voltage of the PCC). 

�̂�𝑝𝑐𝑐, �̂�, �̂�, and �̂� are the estimated values for the voltage magnitude, frequency, the 

initial phase, and the phase angle, respectively. 

 

Fig. 2.3: A schematic block-diagram of an SRF-PLL. (a) The complete model, (b) its 
nonlinear equivalent, (c) and its linear model [9]. 

 

2.5. Grid-tied VSC signal stability analysis 

In this part, the grid-tied VSC large-signal stability is assessed by using the techniques 

discussed in Section 2.3 and the models presented in Section 2.4. 

A schematic block-diagram of a grid-feeding power converter is shown in Fig. 2.4. 

This is the same model as presented in Fig. 2.1; however, the DC-link model is 

eliminated. This is because it is assumed that the DC-link voltage is constant and the 

grid side fluctuations do not have any effect on it. In a real-world condition, a DC-

link voltage control should be added to the control system. Therefore, it is expected 
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that the analysis presented here is slightly different from the behavior of grid-tied 

VSCs in real-world condition. 

It is also worth mentioning that the output signal of the PLL is �̂�; however, if it is 

needed to eliminate the impact of the PLL (for the sake of simplicity), it can be 

assumed that the PLL works ideally, which means that it can estimate the PCC voltage 

phase angle (θ) instantly, as shown in Fig. 1.9. 

The grid-feeding power converters have different control loops such as the current 

controller, power controller, and PLL to be synchronized to the grid, as discussed in 

Section 2.4. To present a large-signal stability model of a grid-feeding power 

converter, let start with the simplest form of the system, where only the current 

controller is considered. Here, it is assumed that the PLL works ideally and there is 

no delay caused by the PWM switching in the control loop. By considering the 

simplest form of a grid-feeding power converter, its schematic in the s-domain is 

shown in Fig. 2.5. However, it should be noticed that the PLL is considered as an 

instant phase estimator, which means that 𝜃 = �̂�. In addition, the active and reactive 

power control is not considered in the model shown in Fig. 2.5. It is worth mentioning 

that although the model presented in Fig. 2.5 is the small-signal model of the grid-tied 

VSC, it can assessed by large-signal stability assessment techniques, which is shown 

later in this chapter. 

Fig. 2.4: A schematic block-diagram of a grid-feeding power converter as shown in Fig. 1.9 
[57]. 
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Fig. 2.5: Small-signal model of (a) the grid-feeding power converter including the current 
control and active power controllers and (b) the SRF-PLL as shown in [57]. 

 

2.5.1. Lyapunov- and Eigenvalue-based Stability Assessment of the 
Grid-connected Voltage Source Converter 

The small-signal model of the grid-feeding power converter, as shown in Fig. 2.5, can 

be represented as follows: 
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where (𝑥1, 𝑥2) are the system state variables. 𝐾𝑝 and 𝐾𝑖are the proportional and 

integral gains of the current controller, respectively. 𝐿𝑓 (𝐿𝑐 as it is presented in Section 

2.4.1) is the filter inductance. For simplicity, the grid is considered as ideal, which 

means that its impedance is equal to zero (𝐿𝑔 = 0). For more simplicity, it can be 

assumed that the reactive power is set to zero, and just the controller for d-axis is 

discussed here. In order to assess the small-signal stability of the system, the real part 

of eigenvalues of the state space model should be in the left half plane of the s-plane 

(with real and imaginary axis). The eigenvalues of the system can be derived as 

follows: 
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(2.14) 

where 𝜆1,2 are the system eigenvalues. As it can be seen from the system eigenvalues, 

as long as 𝐾𝑝 and 𝐾𝑖are positive, both eigenvalues have a negative real part, which 

means that the system is working in its stable mode. It is worth mentioning that the 

small-signal model of the system represented here can also be used to tune the 

converter controllers [98]. To tune the parameters, the proportional and integral gains 

are typically selected so the closed-loop poles have the optimum damping factor of 

0.7, and the desired bandwidth, given as ω [99], [100]. Considering a system with an 

equivalent transfer function as: 

  
2 22 n n

as b
G s

s s 




 
 (2.15) 

where ζ is the damping factor of the system and 𝜔𝑛 is the natural frequency. 

Now, in order to assess the system stability by using a large-signal analysis technique, 

first, a Lyapunov function should be defined for the system. A second-order Lyapunov 

function, V(x,t), can be defined for a system based on its state-space variables, as 

follows: 

  , . .V t  T
x x P x  (2.16) 

where 𝐱 = (
𝑥1

𝑥2
) is the state-variable vector and 

T
x is its transpose. P is a positive 

definite matrix. V(x,t) is the Lyapunov function of the system. In this way, V has 

always a positive value. However, its derivative with respect to the time can be 

negative, as follows: 

    , . . . .V t


  T T
x x P x x Q x  (2.17) 

where 𝐐 = −(𝐀𝐓𝐏 + 𝐏𝐀). In case that Q is a positive definite matrix, then the 

derivative of the Lyapunov function is negative, which further means that the systems 

is stable [101]. 

In general, by defining a Lyapunov function for a system (V(x,t)), its derivative with 

respect to the time can be calculated (�̇�(𝐱, 𝑡)). If the Lyapunov function of the system 

and its derivative with respect to the time are positive definite and negative definite, 

respectively, then it can be concluded that the system is globally stable as also 

discussed in Section 2.3.1 [101], [102]. 
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For the abovementioned model of the grid-feeding power converter, the P matrix can 

be defined in its parametric form, as follows: 

 
11 12

21 22

s s

s s

 
  
 

P  (2.18) 

where  𝑠11, 𝑠12, 𝑠21, and 𝑠22 are real numbers that satisfy the following inequality for 

any non-zero real numbers of a and b: 

  2 2
11 12 21 22 0.a s ab s s b s     (2.19) 

In this way, P is a positive definite matrix, which leads to a positive value for V(x,t). 

Based on that, Q can be calculated as follows: 
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Q  (2.20) 

where Q is positive definite when 𝐾𝑝 and 𝐾𝑖 are positive. In that case, the system is 

stable. Considering a fixed integral gain and different proportional gains for the 

current controller the step responses are as shown in Fig. 2.6. For this simulation, the 

main grid is considered as an ideal one, which means that 𝑍𝑔 = 0. In addition, 𝐿𝑓 =

10 𝑚𝐻. The reactive power is set to zero, while the active power is set to 4 kW. 
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Fig. 2.6: Step response of the current control in time domain simulation (Matlab). Ki = 800, 
and KP increasing from 0.8 to 100 [C1]. 

 

However, it can be seen that by increasing 𝐾𝑝, the real part of eigenvalues become 

larger except one of them as shown in Fig. 2.7, where the all eigenvalues that their 

real become larger are indicated by the green arrow and the eigenvalue that its real 

part become smaller is indicated by the red arrow. This makes the system to behave 

like a first order transfer function. The system eigenvalues for different 𝐾𝑝 is shown 

in Fig. 2.7. 
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Fig. 2.7: Eigenvalues of the current control 𝑲𝒊 = 𝟖𝟎𝟎, and 𝑲𝒑  increasing from 0.8 to 100 

[C1]. 

 

Considering the system Lyapunov function and its derivative with respect to the time 

as discussed in (2.16) and (2.17), for all positive values of 𝐾𝑝 + 𝑅 and 𝐾𝑖, the system 

remains stable. This is schematically shown in Fig. 2.8. 

 

Fig. 2.8: Stability region for the current control of the grid connected VSC. 
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Up to here, only the current controller is considered in the grid-tied VSC control loop. 

Next, let us try to assess the grid stiffness impact on the large-signal system stability 

of the grid-tied VSC considering the active power control loop, which is also 

presented in [C2]. In addition, it is worth mentioning that the Lyapunov function that 

is defined in (2.16) is just a way of defining it. There are different ways of defining a 

Lyapunov function, and as long as it satisfies the stability conditions, it can be used 

for the stability assessment. In this way, the following Lyapunov function that is 

defined as follows, is used for the stability assessment. 

         2
2 max 2

1
, cos cos

2
refV M P P            (2.21) 

where M presents the moment of inertia for the VSC. It is worth mentioning that M is 

dependent on the configuration of the control system. Pmax and Pref  are the maximum 

and the reference active power of the VSC, respectively. 𝛿 and 𝛿2 are the PCC actual 

voltage angle and its post-fault value, respectively. Previously, the PCC voltage angle 

is mentioned as θ.  Pmax is defined as follows: 

 max .
c g

c g

v v
P

Z Z



 (2.22) 

The output active power of the VSC, Pe, can be determined as follows: 

 cos .e c cP v i   (2.23) 

 By monitoring the Lyapunov function defined in (2.21), the stability of the grid-tied 

VSC can be diagnosed. To test the credibility of the Lyapunov function in (2.21) three 

scenarios are defined as follows: Scenario 1: Stiff grid (𝑆𝐶𝑅 = 5.09 𝑝. 𝑢.), Scenario 

2: Weak grid (𝑆𝐶𝑅 = 2.54 𝑝. 𝑢.), and Scenario 3: Very weak grid (𝑆𝐶𝑅 = 1.36 𝑝. 𝑢.). 
The control system is as presented in Fig. 2.5, where the impact of the PLL is not 

considered in the control system and analysis. 

Scenario 1: Changing the reference for the active power 

In case that the active power reference is changed from 4 kW to 10 kW, where the 

grid is stiff, it will remain stable. However, here, the grid is not considered ideally 

stiff, where the grid impedance is 10 mH. The active power and the Lyapunov function 

of the system are shown in Fig. 2.9 and Fig. 2.10, respectively. 
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Fig. 2.9: Maximum transferable (𝑷𝒎𝒂𝒙), reference (𝑷𝒓𝒆𝒇), and output active power (𝑷𝒆) of 

the grid-connected VSC with a step change in the active power reference at t = 2 s [C2].  

 

 

Fig. 2.10: The energy function value of the grid-connected VSC when the active power 
reference is changed at t = 2 s [C2]. 
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Regarding the large-signal stability assessment based on the Lyapunov functions, it 

can be seen from Fig. 2.10 that the energy function has a positive value and its 

derivative with respect to the time is negative. This means that the system is stable. 

Scenario 2: Weak grid scenario 

In this scenario, the system configuration is changed to demonstrate the weak grid 

impact on the system stability. To do so, the grid impedance is considered having two 

parallel lines with 20 mH inductance. Then, it is assumed that one of the lines are 

disconnected. This means that the SCR becomes half of the initial value (from 5.09 

pu to almost 2.54 pu). Here, the grid with 2.54 is considered as a weak grid. It should 

be noticed that this definition for the weak grid could vary for different power systems. 

The active power and the energy function are shown in Fig. 2.11 and Fig. 2.12, 

respectively. 

 

Fig. 2.11: Maximum transferable (𝑷𝒎𝒂𝒙), reference (𝑷𝒓𝒆𝒇), and output active power (𝑷𝒆) 

of the grid-connected VSC when the grid impedance is changed in Lg from 10 mH to 20 
mH [C2]. 
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Fig. 2.12: The energy function value of the grid-connected VSC when 𝑳𝒈 is changed from 

10 mH to 20 mH [C2]. 

 

Although the grid is weak, the system remains stable for this case study. This can also 

be seen from Fig. 2.12, where the energy function and its derivative with respect to 

the time is positive and negative, respectively. The time-domain simulation results for 

the VSC output current and the PCC voltage magnitude are shown in Fig. 2.13. 
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Fig. 2.13: (a) Three-phase output current of the grid-tied VSC and (b) PCC three-phase 
voltage for Scenario 3, when the SCR of the grid changes from  5.09 pu to 2.54  pu. 

 

Scenario 3: Very weak grid scenario 

Here, the main grid SCR changes from 5.09 pu to 1.36 pu. The system cannot be run 

in this case, due to the fact that the output active power is larger than the maximum 

transferable active power, as shown in Fig. 2.14, where a mathematical model of the 

system is presented. Therefore, it does not show the instability, however, it can be 

seen that the output active power is larger than the maximum active power, which is 

not feasible in time-domain simulation. 
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Fig. 2.14: Maximum transferable (𝑷𝒎𝒂𝒙), reference (𝑷𝒓𝒆𝒇), and output active power (𝑷𝒆)of 

the grid-connected VSC with a step change in Lg from 10 mH to 50 mH [C2]. 

 

A time-domain simulation for this scenario is presented in Fig. 2.15, where the PCC 

voltage and the VSC output current for this scenario are shown. The grid impedance 

changes from 10 mH to 50 mH at 𝑡 = 2 𝑠, which makes the system unstable. 
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Fig. 2.15: (a) Three-phase output current of the grid-tied VSC and (b) PCC three-phase 
voltage for Scenario 3, when the SCR of the grid changes from  5.09 pu to 1.36 pu. 

 

Based on the Lyapunov function definition, its value stands constant. However, its 

derivative with respect to the time becomes zero at this point. This means that the 

system cannot recover to its base energy value in the case that the Lyapunov function 

increases. 

2.5.2. Large-Signal Stability Modeling for the Grid-Connected VSC 
Based on the Lyapunov Method 

Next, to make the assessment more realistic, the PWM switching delay is added to the 

system model. As it has been mentioned previously, the delay can be modeled by 

using the Padé approximation given as follows: 
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 (2.24) 

where Td is the time delay. The grid-tied VSC model that is used here is presented in 

Fig. 2.16. The PLL impact is still neglected, hence 𝜃 = �̂�. For simplicity, the reactive 

power is considered to be zero (𝑖𝑞
∗ = 0); however, the study can be generalized for the 

reactive power as well. 
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Fig. 2.16: Small-signal model of the grid-feeding power converter including the current 
control, active power controllers, and the PWM switching delay model. 

 

This makes the state-space model of the system as follows: 
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where x is the state variable vector, and A, B, and C are as follows: 
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The Lyapunov function and its derivative with respect to the time can be defined as 

follows: 
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where x is the state variables vector. In order to check the large-signal stability of the 

system by using the Lyapunov function, a parametric negative definite value is 

defined for the Lyapunov derivative with respect to the time, and it should be checked 
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whether the Lyapunov function value is positive definite or not. To do so, Q is defined 

as follows: 

 

2

2

2

a a a

a a a

a a a

 
 

  
  

Q  (2.28) 

where a is a positive real number. P is given as follows: 
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Considering 𝐐 = −(𝐀𝐓𝐏 + 𝐏𝐀) as mentioned in (2.27) and writing the state-space 

model based on P and Q, the following equations are obtained based on (2.26), (2.27), 

(2.28), and (2.29) : 
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 (2.30) 

By solving the above equations, P can be determined. Then, the Lyapunov function 

and its derivative with respect to the time can be determined. 

To validate the abovementioned study, the following simulation results are presented. 

For the grid-tied VSC, considering a fixed value for the integral gain of the current 

controller and increasing the proportional gain of the current controller, the system 

might become unstable. This is because of the delay in PWM switching. This also 

means that for a large value of the proportional gain, the P’s eigenvalues become 

negative. The eigenvalues for a negative value of proportional gain is expected to be 

negative. Although the negative gain for the controllers is not a realistic assumption, 

it is presented here to show the validity of the mathematical model.  
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The eigenvalues of P for different values of the proportional gain are shown in Fig. 

2.17 and Fig. 2.18. Although eigenvalues for the negative gains of KP are shown in 

Fig. 2.18, it is not further discussed, due to a negative gain for a controller is rarely 

used. 

 Other parameters of the system are presented as follows: 𝐿𝑓 = 10 𝑚𝐻, |�⃗�𝑔| = 400 𝑉 

(rms phase to phase voltage), 𝑓 = 50 𝐻𝑧, 𝑇𝑑 = 1.5𝑒 − 4 𝑠. 

 

Fig. 2.17: Eigenvalues of the P matrix for positive values of KP and Ki = 600 [J1]. 
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Fig. 2.18: Eigenvalues of the P matrix for negative values of of KP and Ki = 600 [J1]. 
 

The Lyapunov function for stable the case studies are shown in Fig. 2.19. 

 

Fig. 2.19: Lyapunov function of the grid-connected VSC considering different values of the 
KP and a step change in the reference current at t = 4 s [J1]. 
 

The output current for a step change in the current reference for the relevant case study 

is shown in Fig. 2.20. 
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Fig. 2.20: The VSC’s output current response to the step change in current reference from 
50 A to 75 A at t = 4 s with Kp = 40 [J1]. 
 

The Lyapunov function for an unstable case is shown in Fig. 2.21, while its time-

domain simulation is shown in Fig. 2.22. For this case, the current reference maintain 

50 A, while the KP is changed from 70 to 140 at 𝑡 = 2 𝑠. It can be seen from Fig. 2.17 

that for  that for KP more than 134, the system is unstable. The energy function is 

calculated by 𝑉 = 𝐱𝐱𝐓, where P considered to be 1. More simulation results are shown 

in [J1]. 
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Fig. 2.21: Lyapunov function of the system with Id.ref = 50 A and change in Kp from 80 to 
160 at t = 2 s [J1]. 

 

Fig. 2.22: The VSC’s output current for the unstable case study, which is related to a step 
change in KP value from 80 to 160 at 𝒕 = 𝟐 𝒔 [J1]. 
 

2.5.3. Modeling and Adaptive Design of the SRF-PLL: Nonlinear Time-
Varying Framework 

Next, to make the analysis more realistic and complete, the PLL large-signal stability 

assessment should be added to the analysis. The estimated phase angle can be 

calculated as follows using the PLL operation shown in Fig. 2.3(b): 
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To assess the large-signal stability of the SRF-PLL, a large disturbance in the input 

signal is considered. All variables ( �̂�𝑝𝑐𝑐, �̂�, �̂�, and �̂�) can be considered as the case 

studies. However, the SRF-PLL can be normalized to its input’s magnitude, so it will 

be insensitive to �̂�𝑝𝑐𝑐. On the other hand, �̂� and �̂� are dependent variables. Hence, 

only changes in �̂� and �̂� are considered in the case studies. A change in θ is considered 

as a phase jump, and change in ω is considered as the frequency deviation. 

Considering the phase jump as the input, the model can be rewritten as follows: 

    ˆ ˆ ˆ ˆcos sin .pcc p pcc iV K V K            
 

 (2.32) 

By defining  1
ˆx    and 2

ˆx   
  
 

, the model can be represented as follows: 

 
   

1 2

2 2 1 1cos sin .pcc p pcc i

x x

x V K x x V K x




     

 (2.33) 

However, if the frequency deviation is considered as a disturbance in the input, the 

model can be represented as follows: 

    ˆ ˆsinn p i pccK K V t t       
   (2.34) 

which leads to: 

   
 

 
   

ˆ ˆ ˆcos sin
ˆ .

ˆ ˆ ˆ1 cos 1 cos 1 cos

pcc p PCC i

pcc p pcc p pcc p

V K t t V K t t

V K t t t V K t t t V K t t t

       
 

     

    
    

         
  (2.35) 

The large-signal stability assessment of the PLL can be derived based on the 

aforementioned models. However, before getting to that point, it is worth to take a 

look at the phase portrait of the nonlinear model of the PLL as shown in Fig. 2.23. 
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Fig. 2.23: Phase portrait of a phase jump state trajectory of the nonlinear model of the 
PLL described in (2.33) for different initial values (Init.) of the phase jump [J2]. 

 

As it can be seen from Fig. 2.23, no matter where the initial value for the phase jump 

is, the state trajectories will always become stable in infinite time. However, for the 

frequency deviation in the input signal, the following limitations should be calculated. 

Considering (2.35), if the system becomes stable after the transient, then �̇̂� − �̇� = 0, 

which leads to the following equation: 

   
 

 
   

ˆ ˆ ˆcos sin
lim 0.

ˆ ˆ ˆ1 cos 1 cos 1 cos
 

PCC p PCC i

t PCC p PCC p PCC p

V K t t V K t t

V K t t t V K t t t V K t t t

       

     

    
   

      
 

 

  (2.36) 

Considering the stable mode for the PLL, the infinite value of t will be much larger 

than ω, �̂�, and their deviation. With this in mind, the second and third terms in (2.36) 

are zero. Then, (2.36) can be simplified as follows: 

 
   

 

ˆ ˆcos ˆ
lim lim 0.

ˆ1 cos

PCC p

t tPCC p

V K t t

tV K t t t

     

  

  
 

 
 (2.37) 

If the frequency deviation can be modeled as a first-order function, then the system 

will be stable. However, for the order more than one, a nonlinear stability analysis 

technique should be used to evaluate the system stability. 

To evaluate the global stability of the SRF-PLL control system shown in Fig. 2.3, a 

Lyapunov function can be used as follows: 

𝜔
−

𝜔
 (

H
z)

 

𝜃 − �̂� (rad) 
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21

ˆP
2

V     (2.38) 

Considering (2.35) and (2.38),the Lyapunov function derivative with respect to a time 

can be calculated as follows: 

 
     

 

ˆ ˆ ˆcos sin
ˆP

ˆ1 cos

pcc p pcc i

pcc p

V K t t V K t t
V

V K t t t

      
 

 

     
          

 (2.39) 

which leads to: 

    
 

    
 

 
 

2
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  (2.40) 

For the positive and negative value of , the following inequality can be obtained: 

 
 

 

ˆ
.

ˆ

pcc p

pcc i

V K
t

V K

  

 

 



 (2.41) 

By multiplying both sides of the inequality in (2.41) to |𝑉𝑝𝑐𝑐𝐾𝑖(𝜔 − �̂�)|, it can be 

rewritten as follows: 

    ˆ ˆ .pcc p cp i cK V K t V         (2.42) 

In this manner, for a conservative case, to satisfy the Lyapunov stability constraints, 

the following inequality should be satisfied: 

 ˆ .pcp cK V     (2.43) 

This means that if the inequality in (2.43) is satisfied, the system will remain stable. 

In this manner, a modified SRF-PLL is proposed in [J2], which is also shown in Fig. 

2.24, where 𝜆𝑓𝑐 is an adaptive gain (which is a real positive number). �̂� and �̂� are the 

estimated frequency and the estimated initial phase of the input signal. 𝜆𝑓𝑐 acts as a 

gain that damps the transient fluctuation of the estimated frequency, as it is later 

shown and discussed in Fig. 2.28 and Fig. 2.29. 

By applying the proposed adaptive SRF-PLL, the following inequality is satisfied, 

which leads to global stability: 

 

ˆ

1 .
p pccK V  




  (2.44) 

More results are presented in [J2]. It is worth mentioning that the adaptive gain shown 

in Fig. 2.24 will become smaller and smaller as the estimated phase angle gets closer 
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to its actual value. This means that the proposed adaptive SRF-PLL will act as a 

common SRF-PLL in the steady-state mode of the system. 

 

 

Fig. 2.24: Block diagram of the proposed adaptive SRF-PLL [J2]. 

 

The estimated frequency by the SRF-PLL, shown in Fig. 2.3, with different phase 

jumps are shown in Fig. 2.25. 

 

Fig. 2.25: Time domain simulations of the SRF-PLL subjected to different phase jumps for 
system shown in Fig. 2.3 [J2]. 
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Fig. 2.26: The SRF-PLL estimated frequency for different phase-jumps (experimental 
results). π/6 phase jump implement to the PLL and it is cleared after 200 ms [J2]. 
 

 

Fig. 2.27: The SRF-PLL estimated frequency for different phase-jumps (experimental 
results). 5π/6 phase jump implement to the PLL and it is cleared after 200 ms [J2]. 
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two different adaptive gain values. For this case study, the input frequency is changed 

from 50 Hz to 48.5 Hz within 0.01 s. In Fig. 2.29, the same conventional SRF-PLL 

and the adaptive SRF-PLL is tested for 30⁰ phase jump in the input. As it can be seen 

from Fig. 2.28 and Fig. 2.29, the input frequency estimation is improved by using the 

adaptive SRF-PLL in comparison with the conventional one. Values for 𝜆𝑓𝑐 are 

chosen randomly, however, this can be tuned for a specific case study. 

 

Fig. 2.28: Estimated frequency by the SRF-PLL for second-order input frequency 
deviation from t = 1 s to t = 1.01 s using the proposed adaptive tuning method with different 
damping factors [J2]. 
 

 

Fig. 2.29: Estimated frequency by the SRF-PLL for 30⁰ phase jump at t = 1 s using the 
proposed adaptive tuning method with different damping factors [J2]. 

 

2.6. Summary 

Grid-feeding power converters are becoming more popular in power systems, and this 
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with the main focus of this Ph.D. project, a large-signal model of the grid-tied VSC 

using the Lyapunov stability theory is presented. Furthermore, the SRF-PLL nonlinear 

model stability is analyzed by using the portrait phase concept and the Lyapunov 

theory. In addition, two nonlinear stability assessment techniques are discussed, as 

they are used for large-signal stability analysis of the nonlinear models.  
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Chapter 3.  

Large-Signal stability of Power-

electronic-based power systems 

3.1. Abstract 

In this Chapter, relevant topics regarding the security and the large-signal stability of 

large-scale the PE-based power systems are presented. The chapter starts with 

proposing a guideline for security assessment of modern power systems. Then, a 

discussion regarding the inertial response of a single grid-tied VSC is presented. 

Finally, a proposed method for the large-signal stability assessment of PE-based 

power systems is presented, where a method to aggregate inertia is presented. 

3.2. Background and motivation 

PE-based units play an important role in modern power systems stability, security, 

and reliability assessments [6], [53]. Increasing the penetration of PE-based energy 

sources, such as wind turbines and photovoltaics, introduces new challenges in 

stability and security of power system [76]. It is interesting to know how the maximum 

penetration of PE-based energy sources should be determined for a power system in 

order to make sure that system remains stable for a credible contingency [42]. Talking 

about a credible contingency, the assessment of large disturbances in PE-based power 

systems needs a more careful consideration and analysis to have a better 

understanding of the grid stability. The main goal of this chapter is to analyze how a 

large disturbance can affect a PE-based power system stability. A key point is the 

system inertial response, due to the increase the PE-based unit’s penetration, the 

system equivalent inertia will decrease as it is discussed later. 

3.3. Security Assessment of PE-based Power Systems 

As the scale of the power systems increases from a grid-tied VSC to a large-scale 

power system, the large-signal stability assessment needs to use a different approach. 

In respect to the single grid-tied VSC, a detailed control system model can be used to 

assess the stability; however, in large-scale power systems, the grid behavior is more 

important than the detailed model of the system. The reason is that using the detailed 

model of the large-scale power system is impractical, while, it might be of importance 
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for the system stability analysis. Besides, most often, the detailed model of the power 

systems, including all component details, is not available1. 

As mentioned previously, the stability challenges of modern power systems2 may lead 

to blackouts [28], [103], which is not only important from the stability point of view, 

but it is also a great deal for the system security. An overall schematic of the security 

assessment of power systems with a high penetration of PE-based units is shown in 

Fig. 3.1. 

The power systems security is defined as its ability to maintain its stability when it is 

subjected to a contingency [27]. Based on that, the modern power system security 

analysis can be categorized as shown in Fig. 3.2, where it is divided into three 

categories: static security, dynamic and transient security, and cyber security. In static 

security, static constraints of the system in its normal condition and when it is 

subjected to a contingency are checked. Regarding the dynamic and transient security, 

system oscillatory modes and transient stability during the normal and contingency 

conditions are checked. The cyber security assessment of modern power systems is 

related to its ability to remain stable when it is subjected to a cyber-attack like false 

data injection [97]. The first two security subcategories are studied here, and the 

cyber-security assessment is trended as out of the scope of this project but becomes 

more and more important. 

 

                                                           
1 Most often, renewable energy-related companies, such as wind turbine manufacturers, are not 

willing to share their product models with system operators (or anyone out of their companies), 

due to the market competition and technology. In this circumstance, although specific grid 

codes are required from wind turbine manufacturers, the system operators do not have the full 

model of the system, and they are analyzing the grid stability based on their knowledge of the 

system model that they have. Therefore, this makes the system operators to rely on the system 

variables that could be measured, like the bus voltages and the system frequency, rather than 

the detailed system models. 

2 Stability challenges of the power system are categorized into three main subcategories: rotor 

angle stability, frequency stability, and voltage stability. 
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Fig. 3.1: Overall schematic of the security assessment of power systems with a high 
penetration of PE-based units [J3]. 

 

 

 

Fig. 3.2: Power system security assessment categories including both static and dynamic 
analysis [J3]. 
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units on the system security is highlighted. The security assessment of PE-based 

power systems may be done in three steps: static security assessment, dynamic 

security assessment, and the transient security assessment. In the static security 

assessment, just like the security assessment of the conventional systems, the load 

flow of the system in its normal condition as well as N-1 contingency situation is 

derived to check the static security constrains. The static security constrains, for 

instance, include the line thermal constrains and their maximum transferrable active 

power. If the system passes all the static security checks, then the dynamic security 

constrains of the system should be checked. In this phase, first a small-signal model 

of the system in the normal operation and N-1 contingency conditions are used to 

further check the oscillatory modes of the system. If all oscillatory modes of the 

system are damped both locally and globally, then the system is dynamically secure. 

Next, the transient security of the system should be checked. At this stage, the 

transient stability of the system is subjected to a large (and small) disturbances and 

should be analyzed, and if the system provides sufficient response that meets the grid 

codes, then the system is called transient secure. This process is shown in Fig. 3.3 and 

Fig. 3.4, respectively. 
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Fig. 3.3: PE-based power system security assessment: Static security assessment [J3]. 
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Fig. 3.4: PE-based power system security assessment: (a) dynamic security assessment, (b) 
and transient security assessment [J3]. 
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disturbance on the grid-tied VSC. In this scenario, it is assumed that instead of the 

generator connected at bus 22, a wind turbine with the same power rating is 

substituted. The wind turbine is modeled as a grid-feeding power converter as 

discussed in 2.5. The voltage magnitude and phase angle at bus 22 are shown in Fig. 

3.6. As it can be seen from Fig. 3.6(b), a three-phase short circuit fault causes a 20⁰ 

phase angle change at bus 22. The PLL response for the aforementioned fault at line 

22-23 is shown in Fig. 3.7, where a 20⁰ phase angle deviation leads to a more than 3 

Hz frequency estimation error. If the protection system of the PE-based unit is 

sensitive to this frequency deviation, the unit may be disconnected from the system as 

a result of a false frequency estimation [67]. As it is mentioned before, this simulation 

is presented as an illustrative example. More details are discussed later in Scenario 1-

3. 

Table 3.1: IEEE 39-bus test system generator sizes. 

Generator Type 

Size 

 

Rating power 

[MVA] 

Active power 

[MW] 

Voltage magnitude 

at the output 

terminal [p.u.] 

G1 PV 10000 1000 1.03 

G2 Slack 630 0 0.982 

G3 PV 720 585 0.9831 

G4 PV 720 568 0.9972 

G5 PV 270 229 1.0123 

G6 PV 720 585 1.0493 

G7 PV 630 504 1.0635 

G8 PV 900 747 1.0278 

G9 PV 1000 830 1.0265 

G10 PV 1000 250 1.0475 
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Fig. 3.5: IEEE 39-bus test system used for security assessment, where a three-phase short 
circuit is indicated in the middle of line 22-23 [104]. 
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Fig. 3.6: Bus 22 (a) voltage phase angle, (b) and its voltage magnitude, for a three-phase 
fault happening at t = 100 ms, and cleared at t = 200 ms [C3]. 
 

 

Fig. 3.7: Frequency estimation of the PLL for 20⁰-phase-jump at t = 100 ms caused by a 
near three-phase fault, which is cleared at t = 200 ms [C3]. 
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Fig. 3.5. For these scenarios, the NSG is considered as a fully controlled wind turbine 

that has a current controller, active and reactive power controller, active power 

reduction for the over-frequency, and two PLLs as shown in Fig. 3.8. One PLL is used 

for estimating system phase angle that is used for the current controller and the other 

one (that is slower than the first PLL) is used for measuring the frequency for over-

frequency active power reduction. It should be mentioned that the over-frequency 

active power reduction will not be activated in Scenario 1 to 3 due to low over 

frequency. Accordingly, the wind turbine controller can be simplified as a current 

controller and active and reactive power controllers, which represents a grid-feeding 

power converter discussed in Chapter 2. The wind turbine controller parameters used 

here for the simulation are given in Table 3.2. There are also more specific details 

regarding the wind turbine controller that is used here, which is presented in [105]. It 

is also should be mentioned that the size of the wind turbine is considered as if it 

replaced with a synchronous generator, it produce the same rating power. To do so, 

for instance, to replace a 600 MVA synchronous generator, 240 wind turbines with 

2.5 MVA rating power that are connected in parallel, are used. In this way, the same 

steady-state behavior will be presented by changing the NSG penetration, however, a 

different dynamic response is introduced. 

 

Fig. 3.8: Wind turbine control block diagram used in the IEEE 39-bus test system for the security 
assessment of the grids with different level of NSG penetration. 
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Table 3.2: Wind turbine current controller and active and reactive power controllers parameters. 

Controller 

parameter 

value Description 

Kq 1 Gain reactive current controller [-] 

Tq 0.002 Integrator time constant reactive current controller [s] 

Kd 1 Gain active current controller [-] 

Td 0.002 Integrator time constant active current controller [s] 

Kp 0.5 Active power control gain [p.u.] 

Tp 0.002 Active power control time constant [s] 

Kq 0.5 Reactive power control gain [p.u.] 

Tq 0.02 Reactive power control time constant [s] 

imax 1 Current magnitude limit [p.u.] 

 

 

Scenario 1: Conventional power system 

In this scenario, it is assumed that all generators are based on conventional energy 

sources (synchronous generators). G2 is considered as the reference synchronous 

machine. A generation trip is studied for all case studies. Here, G5 is tripped at t = 50 

s and it is considered as the large disturbance. The voltage magnitude at Bus 6, 25, 

and 28 as well as the system frequency are shown in Fig. 3.9 and Fig. 3.10, 

respectively. Fig. 3.10 presents the frequency response of the system, where the 

synchronous generators’ governor response is shown in Fig. 3.10(a). It is worth 

mentioning that the governor response is slower than the inertial response of the 

synchronous generator [106]. 
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Fig. 3.9: Bus 6, 25, and 28 voltage magnitude response to G5 trip at t = 50 s for the 
conventional power system case study (Scenario 1) [J3]. 
 

 

Fig. 3.10: System frequency response to the G5 trip at t = 50 s (a) including the governor 
response, and (b) zoom in figure with the same time scale of Fig. 3.9 (Scenario 1) [J3]. 
 

As it can be seen from Fig. 3.10, the loss of generation causes imbalance between the 

load and generation that leads to drop in frequency. This means that rotor speed in the 

other generators drop right after the fault occur with respect to each generator’s inertia. 

However, this event converge to a new stable operating point. This large disturbance 

causes a fluctuation in voltage magnitude of grid nodes as shown in Fig. 3.9.  

(a) 

(b) 
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Scenario 2: PE-based power systems with a penetration level of 11.2% 

In this scenario, instead of G4, a wind farm with the same power rating is substituted. 

The NSG penetration is 11.2% for this case study. The NSG used here is the wind 

turbine, which model is presented in Fig. 2.1, and also discussed in [105], where active 

and reactive current controller proportional gains are 1 and its integrator time 

constants for active and reactive powers are 0.002. The voltage magnitudes at Bus 6, 

25, and 28 and system frequency are shown in Fig. 3.11 and Fig. 3.12 for the same 

event of that discussed in Scenario 1, respectively. 
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Fig. 3.11: Bus 6, 25, and 28 voltage magnitude response to generator 5 trip at t = 50 s for 
the PE-based power system case study (Scenario 2) [J3]. 
 

 

Fig. 3.12: The PE-based power system frequency response to the generator 5 trip at t = 50 
s for the PE-based power system Case study (a) including the governor response, and (b) 
zoom in figure with the same time scale of Fig. 3.11 (Scenario 2) [J3]. 
 

The equivalent inertia of the grid with 11.2% wind turbine penetration is less than the 

grid with 100% synchronous generators. A proposed method to determine the 

equivalent grid inertia is discussed later in this chapter; however, It can be seen that a 

system with a higher penetration of RES has a lower inertial response. This can be 

seen by comparing Fig. 3.10 and Fig. 3.12, as the frequency nadir is lower in the case 

(a) 

(b) 
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with a higher wind turbine penetration. The relatively low frequency nadir in Fig. 3.12 

leads to a higher voltage magnitude fluctuation shown in Fig. 3.11, in comparison 

with the voltage magnitude fluctuation shown in Fig. 3.9. The grid is still stable in 

this case study, while it faces more voltage and frequency fluctuations in comparison 

with the case study discussed in Scenario 1. 

 

Scenario 3: PE-based power systems with high penetration of wind power 

(43.6% penetration level) 

In this scenario, G3, G4, G6, G7, and G8 are substituted with wind farms with the 

same power rating. The NSG penetration is 43.6% for this case study. The voltage 

magnitude at Bus 6, 25, and 28 and system frequencies are shown in Fig. 3.13 and 

Fig. 3.14, respectively. 

 

Fig. 3.13: Bus 6, 25, and 28 voltage magnitude response to G5 trip at t = 50 s for the system 
with high penetration of wind turbine (43.6%) (Scenario 3). 

 

Fig. 3.14: The PE-based power system frequency response to the G5 trip at t = 50 s for the 
system with high penetration of wind turbine (43.6%) (Scenario 3) [J3]. 
 

As it can be seen from Fig. 3.13 and Fig. 3.14, the grid becomes unstable in this case 

study. The wind turbine penetration is relatively high (43.6%); however, the wind 

turbine penetration is not distributed in the grid at the same rate in all generation 

points. With the same penetration level of wind turbines in the grid for all generation 
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points (G1-10), a higher penetration of wind turbine can be achieved without 

becoming unstable, as discussed in the next part. 

Although the abovementioned analysis indicates stability challenges introduced by 

the increase of PE-based unit’s penetration in power system, a mathematical model 

that describes the transient stability of such a system is needed, which is proposed in 

Section 3.5. 

3.4. Semi-inertial response of the grid-feeding power converters 

Although it has been mentioned in the literature that the grid-feeding power converter 

does not provide any inertial response, in this section the large-signal stability of the 

grid-tied VSC is assessed based on its semi-inertial response [7], [C4]. It should be 

mentioned that this chapter is dedicated to the large-signal stability of large-scale 

power systems, while the inertial response of a single grid-tied VSC is assessed in this 

section. The analysis of inertial response of a single grid-tied VSC is prerequisite for 

the inertial response of large-scale PE-based power systems, as it is studied in the next 

section. 

Considering the grid-feeding power converter as it is shown in Fig. 2.4 and Fig. 2.5, 

the output active power and current can be given as follows: 
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where Id is the output current of the VSC in the d-axis. Considering the 

aforementioned equations, the output power  can be calculated as follows: 
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Based on the current control loop, the VSC current can be determined as follows: 
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Based on that, the derivative of the phase angle can be determined as follows: 
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Considering the following calculation for the second order derivative of the phase 

angle as: 
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dt dt dt d dt ddt
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it can be calculated as follows: 
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(3.6) 

By defining the following index based on the similar behavior of the synchronous 

generator’s swing equation, called semi-moment of inertia (SMOI), the system 

stability can be diagnosed: 
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(3.7) 

For positive values of SMoI, the system is stable, while if the index becomes negative, 

the system is unstable. The stability margin is reached when SMoI equals zero. 

Considering the grid-feeding model presented in Fig. 2.4 and Fig. 2.5 with the 

configuration presented in Table 3.3, three case studies are done to assess the proposed 

mathematical model.  

Table 3.3: System parameters of a grid-tied VSC [C4]. 

System parameter Value Explanation 

Lf-filter 10 mH 
An L-filter is considered at the output of the 

VSC to smooth the system output current. 

Lg 
0 mH-10 mH-

100 mH 

The 0 mH introduces the stiff grid, while 10 mH 

and 100 mH are used for the weak grid and very 

weak grid conditions, respectively. 
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Considering 𝑆𝑏𝑎𝑠𝑒 = 15 𝑘𝑉𝐴 and 𝑉𝑏𝑎𝑠𝑒 =

400 𝑉, the SCR for 0 mH, 10 mH, and 100 mH 

equal infinite, 4 p.u., and 0.4 p.u., respectively. 

Vg 
400 V (rms 

phase to phase) 

An ideal three-phase voltage source is used for 

assessing the inertial response. 

System frequency 50 Hz  

Ts 10-4 s The sampling frequency is 10 kHz. 

Smax 15 kVA Maximum apparent power (power level) 

 

Case study 1: Impact of increasing the VSC output power on the system stability and 

its relation to the SMoI index 

In this case study, the output power reference is changed from 4 kW to 14 kW, as 

shown in Fig. 3.15. As it can be seen from Fig. 3.16, the output power follows its 

reference. However, as the output power gets closer to the maximum transferrable 

active power, the SMoI index decreases, which means that the operating point is 

getting closer to its stability margin3. 

                                                           
3 The definition of the maximum transferrable active power is discussed in Section 2.5.1, 

specifically in (2.22). The same concept is used here as well. 
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Fig. 3.15: Maximum transferable (𝑷𝒎𝒂𝒙), reference (𝑷𝒓𝒆𝒇), and output active power (𝑷𝒆) 

of the grid-connected VSC with a step change in the active power reference at t = 2 s from 
4 kW to 14 kW [C4]. 
 

 

 

Fig. 3.16: The Semi-Moment of Inertia (SMoI) of the grid-connected VSC with a step 
change in active power reference at t = 2 s from 4 kW to 14 kW [C4]. 
 

Case study 2: Impact of the weak grid on the system stability and its relation to the 

SMoI index 
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Here, the impact of the grid impedance on the system stability and its relation with 

the SMoI index is studied. To do so, the grid impedance is doubled at 𝑡 = 2 𝑠, which 

leads to a decrease in maximum transferrable active power, as shown in Fig. 3.17.  

Like in Case study 1, the SMoI decreases as the operating point gets closer to the 

stability boundary, as shown in Fig. 3.18. 

 

Fig. 3.17: Maximum transferable (𝑷𝒎𝒂𝒙), reference (𝑷𝒓𝒆𝒇), and output active power (𝑷𝒆) 

of the grid-connected VSC with a step change in 𝒁𝒈 (making 𝒁𝒈 twice of its initial value) 

at t = 2 s and 3 s [C4]. 
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Fig. 3.18: The Semi-Moment of Inertia (SMoI) index of the grid-connected VSC with a step 
change in 𝒁𝒈 (making 𝒁𝒈 twice of its initial value) at t = 2 s and 3 s [C4]. 

 

Case study 3: analyzing the stability marginal point by using the SMoI index 

The marginal point of stability is when the SMoI index becomes zero. In this 

circumstance, the system introduces a negative semi-inertial response, which is 

physically unstable condition. To demonstrate this scenario, grid impedance is 

changes into a large value (eight times of the base value). Then, when the active power 

reference is larger than the maximum transferrable power, the system will become 

unstable. The active power reference, the output active power, and the maximum 

active power are shown in Fig. 3.19. The SMoI index is also shown in Fig. 3.20, where 

it can be seen that the index becomes negative for the period that the system works in 

its unstable mode. 
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Fig. 3.19: Maximum transferable (𝑷𝒎𝒂𝒙), reference (𝑷𝒓𝒆𝒇), and output active power (𝑷𝒆)  

of the grid-connected VSC with a large step change (eight times) in 𝒁𝒈 at t = 2 s and 3 s 

[C4]. 
 

 

 

Fig. 3.20: The Semi-Moment of Inertia (SMoI) index of the grid-connected VSC with a with 
a large step change (eight times) in 𝒁𝒈 at t = 2 s and 3 s [C4]. 
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It should be mentioned that the mathematical model is presented in Fig. 3.19 and Fig. 

3.20. The time-domain simulation results of this scenario derived in Matlab/Simulink 

is presented in Fig. 3.21, where the instability can be seen from the VSC three-phase 

current. 

 

Fig. 3.21: Time-domain simulation for the unstable case study (Case study 3). (a)VSC 

three-phase output current and (b) the PCC three-phase voltage. 

In conclusion of this part, it is shown that the grid-feeding power converter introduce 

a semi-inertial response to the system fluctuations, which can be determined by SMoI 

index. This inertial response is provided by the lag between the reference and actual 

active power of the VSC, due to the integral gain included in the active power control 

loop. 

3.5. Transient stability of power-electronic-based power systems 

In order to do transient stability analysis of large-scale PE-based power systems, the 

Lyapunov function theory and the equal area criterion can be used [59]. In this way, 

the same concept developed for the grid-tied synchronous generator can be extended 

to analyze the large-scale PE-based power system stability. Considering a grid-tied 

synchronous generator as shown in Fig. 3.22. 

(a) 

(b) 
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Fig. 3.22: A single-line diagram of the synchronous machine with impedance 𝑿𝒔 connected 
to the grid through a line with impedance 𝑿𝒈. 

 

The active power transferred to the grid is given as: 

 sin
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 (3.8) 

where 𝑃𝑒 is the transferred active power. Based on that, the swing equation can be 

derived as follows: 
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   (3.9) 

where 𝑃𝑚 is the mechanical power. 𝜔𝑚 and J are the rotational speed and moment of 

inertia, respectively.  By using the concept of equal area criterion, the transient 

stability of the grid-tied synchronous machine can be explained [22]. The inertia 

constant H [s] is furthermore defined as: 

 

2
0

2

mr

B B

JE
H

S S


   (3.10) 

Here, Er is the rotational energy in the machine [J], ωm0 is the nominal rotational speed 

of the machine [rad/s], and SB is the [MVA] rating of the machine. Based on (3.8), 

(3.9), and (3.10), the voltage angle between 𝑉𝑠 and 𝑉𝑔 can be determined as follows: 
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  (3.11) 

where 𝜔𝑒0 is the steady state value of the SG’s voltage angle velocity. In this way, by 

integrating (3.11) twice, 𝛿𝑠 can be determined at the critical clearing time4 as follows: 
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4 The critical clearing time is the largest duration for the fault that the system remain stable after 

clearing the fault [110]. 
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where 𝛿0 is the synchronous generator’s voltage angle before the fault. Based on 

(3.12), the critical clearing time can be calculated as follows: 

 
 
 

0

0

4
.

B cr
cr

e m e

S H
t

P P

 







 (3.13) 

For the aggregation of multiple synchronous machines, the model can be  developed 

as follows: 
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In transient stability analysis, the marginal stability is determined by the critical 

clearing time of the fault. The critical clearing time can be determined as follows: 
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where 
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   . To expand the theory to two grid areas A and B 

connected via a long transmission line, the following equation can be assumed for 

each of them: 
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where EA and EB are the total rotational energy for each area. Considering the voltage 

phase angle difference between two areas as δeAB= δeA-δeB, the following equation can 

be derived: 
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In steady-state, PmA0=PeA0=-PmB0=-PeB0. During a fault due to the interruption in a 

transmission line, a surplus of power is created in area A and a deficit of power in area 

B. PeA =PmA0 - ΔP, PeB =PmB0  + ΔP. Then, 
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Defining, 
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yields 

 

2
0

2
.

2

eAB e

eq base

d P

H Sdt

  
  (3.21) 

Integrating twice up to the critical clearing angle as discussed in (3.12): 
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Based on (3.22), the critical clearing time for the two-area system can thus be derived 

as 
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Note that Sbase can be chosen with an arbitrary value. A conclusion from (3.23) is the 

relationship between the critical clearing time and the system inertia constant is given 

as follows: 

 .cr eqt k H  (3.24) 

 Another simpler form of this equation is  
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in which the equivalent rotational energy is defined as: 
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An important conclusion from (3.20) and (3.26) is that if the inertia in one of the areas 

is low, then the equivalent inertia will be low consequently. This means that if 𝐸𝐴 is 
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much larger than 𝐸𝐵, then 𝐸𝑒𝑞 = 𝐸𝐵. In practice, if the NSG penetration is not 

distributed normally in the system, then a region with a high penetration of NSG 

determines the whole system inertial response. 

3.5.1. Simulation results 

In this part, two case studies on the Kundur two-area test system [59] and the Nordic 

23-machine test system [107] are presented to verify the theory discussed in Section 

3.5. 

3.5.1.1 Testbed 1: Kundur two-area test system  

The Kundur two-area test system is shown in Fig. 3.23 [59]. Some basic information 

regarding this test system can be found in Table 3.4, in which N is the abbreviation of 

Node, e.g. N5 indicates Node 5. The generators are equipped with automatic voltage 

regulators (AVR), power system stabilizers (PSS), and SGs 1 and 3 are also equipped 

with turbine governors. 

 

Fig. 3.23: Kundur two-area test system [59]. 

 

Table 3.4: Kundur two-area test system information. 

Line length N5-N6 25 km 

Line length N6-N7 10 km 

Line length N9-N10 10 km 

Line length N10-N11 25 km 

Line length N7-N9 220 km 

L7 (including shunt compensation) P=967 MW, Q=-100 MVA 

L7 (including shunt compensation) P=1767 MW, Q=-250 MVA 

G1 Sb=900 MVA, P=700 MW, Q=175 

MVA, Uset=1.03 p.u. 

G2 Sb=900 MVA, P=700 MW, Q=235 

MVA, Uset=1.01 p.u. 

G1

G2 G4

G3

Area 1 Area 2

1 5 6 7 8 9 10 11 3

4
L7 L92
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G3 (slack bus) Sb=900 MVA, P=720 MW, Q=160 

MVA, Uset=1.02 p.u. 

G4 Sb=900 MVA, P=700 MW, Q=202 

MVA, Uset=1.01 p.u. 

P7-9 400 MW (200 MW per line) 

 

To evaluate the inertia-based stability assessment method discussed in Section 3.5, 

which is determining the critical clearing time of a fault in the system, two case studies 

are developed in the Kundur test system in DigSILENT PowerFactory software: Case 

study 1, in which the NSG penetration is only increased in Area 1 in Fig. 3.23, and 

Case study 2, in which the NSG penetration is increased equally in both areas. The 

results of the critical clearing time based on the equivalent inertia is presented in Fig. 

3.24. A fault in node 7 is used for both case studies. In Fig. 3.24(a), the increase of 

the penetration only in Area 1 is considered, whereby increasing the NSG penetration, 

the equivalent inertia decreases as well as the critical clearing time. The actual critical 

clearing time in Fig. 3.24 is obtained by repeating the simulation and increasing the 

clearing time of the fault until the system becomes unstable. Almost the same behavior 

can be seen for the increase of NSG penetration in both areas normally, as shown in 

Fig. 3.24(b). The theory developed in Section 3.5 is compared with the simulation 

results as shown in Fig. 3.24(d). 
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Fig. 3.24: Critical clearing time results for a fault in node 7. (a) increasing the NSG 
penetration only in Area 1, (b) increasing the NSG penetration in both areas, (c) comparing 
the uniformed distribution of NSG penetration vs. the non-uniformed distribution of NSG 
penetration, and (d) estimation of the critical clearing time based on the proposed method. 

 

As it can be seen from Fig. 3.24(d), the proposed method is confirmed by the 

simulation results. However, it should be mentioned that there are some other 

nonlinear terms beyond the swing equation of synchronous machines, such as the 

dynamic response of the loads, which affect the results and cause the mismatch 

between the proposed method and the time-domain simulation results.  

3.5.1.2 Testbed 2: Nordic 23-machine test system  

The Nordic 23-machine test system is developed on DigSILENT PowerFactory for 

the time-domain stability assessment of large-scale power systems, which is shown in 

Fig. 3.25 [107].  

(a) (b) 

(c) (d) 
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Some details regarding the Nordic 23-machine test system are presented in Table 3.5 

and Table 3.6. AVR’s are modeled as SEXS (Simplified Excitation System IEEE acc. 

To PowerFactory library). AVR compensating system (droop) is set to Xc= 0.05 p.u. 

at all units. Hydro-Governors are positioned in North & External areas; the Governors 

in External have slightly different droop settings. 

Table 3.5: Detailed information of Nordic 23-machine test system’s synchronous 
generators. 

  
Synchronous Generator AVR - SEXS 

Hydro - 

Governor 

Name 

A
rea

 

Sgn Pgini H Uset Tb Ta K Te Tr Tw Tg 

MVA MW s pu s s pu s s s s 

sym_1012_1 

N
o

rth
 

800 400 3 1.13 20 4 50 0.1 5 1 0.2 

sym_1013_1 600 300 3 1.15 20 4 50 0.1 5 1 0.2 

sym_1014_1 700 550 3 1.16 20 4 50 0.1 5 1 0.2 

sym_1021_1 600 400 3 1.10 20 4 50 0.1 5 1 0.2 

sym_1022_1 250 200 3 1.07 20 4 50 0.1 5 1 0.2 

sym_2032_1 850 750 3 1.10 20 4 50 0.1 5 1 0.2 

sym_4011_1 1000 633 3 1.01 20 4 50 0.1 5 1 0.2 

sym_4012_1 800 500 3 1.01 20 4 50 0.1 5 1 0.2 

sym_4021_1 300 250 3 1.00 20 4 50 0.1 5 1 0.2 

sym_4031_1 350 310 3 1.01 20 4 50 0.1 5 1 0.2 

sym_1042_1 
C

en
tral 

400 360 6 1.00 50 5 120 0.1 
   

sym_1043_1 200 180 6 1.00 50 5 120 0.1 
   

sym_4041_1 300 0 2 1.00 20 4 50 0.1 
   

sym_4042_1 700 630 6 1.00 50 5 120 0.1 
   

sym_4047_1 600 540 6 1.02 50 5 120 0.1 No Governor 

sym_4047_2 600 540 6 1.02 50 5 120 0.1 modelled 

sym_4051_1 700 600 6 1.02 50 5 120 0.1 
   

sym_4051_2 700 400 6 1.02 50 5 120 0.1 
   

sym_4062_1 S
o

u
th

 

W
est 

600 530 6 1.00 50 5 120 0.1 
   

sym_4063_1 600 530 6 1.00 50 5 120 0.1 
   

sym_4063_2 600 530 6 1.00 50 5 120 0.1 
   

sym_4071_1 E
x

t

ern

al 

500 300 3 1.01 20 4 50 0.1 5 1 0.2 

sym_4072_1 4500 2000 3 1.01 20 4 50 0.1 5 1 0.2 
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Fig. 3.25: Nordic 23-machine test system to be used for transient stability analysis [107]. 

 

Table 3.6 shows line parameters of North-Central interconnection lines. 
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Table 3.6: Line characteristics of the North-Central interconnecting lines. 

    
R1 X1 

Lines   Ohm Ohm 

lne_4031_4041_1 Line 1 9.6 64 

lne_4031_4041_2  9.6 64 

lne_4021_4042_1 Line 2 16 96 

lne_4032_4042_1 Line 3 16 64 

lne_4032_4044_1   9.6 80 

 

The simulation results for a three-phase fault for 40% NSG penetration (NSG 

distributed over all areas) are shown in Fig. 3.26. 

Based on the theory derived in Section 3.5, the equivalent inertia of a two-area system 

can be expressed as 𝐻𝑒𝑞 =
𝐸𝐴1𝐸𝐴2 𝑆𝐵𝑡𝑜𝑡⁄

𝐸𝐴1+𝐸𝐴2
, where 𝐸𝐴1 and 𝐸𝐴2 are rotating energy in 

areas A1 and A2, where A1 indicated External and North regions and A2 indicated 

South-West and Central regions. 𝑆𝐵𝑡𝑜𝑡 is the base rating of the system (may be 

arbitrarily chosen, e. g. the total installed base of SGs in the grid). 

This expression can be applied in the prevailing grid structure. In consideration of the 

given network, an area split is most likely to happen between Northern- and Southern 

areas, due to the long lines interconnecting them. The rotating energies in these areas 

are equivalent to the sum of the inertia times the rating of the machines 𝐸𝐴1 =
∑ 𝐻𝐺𝑒𝑛 ∙ 𝑆𝐺𝑒𝑛 in North and External grid, and 𝐸𝐴2 = ∑ 𝐻𝐺𝑒𝑛 ∙ 𝑆𝐺𝑒𝑛 in the Center and 

South-West. 𝐻𝐺𝑒𝑛 is the machine inertia constant and 𝑆𝐺𝑒𝑛 is the machine rating 

power. 

The equivalent inertia variable will also be dependent on the fault location, assuming 

the grid is split at the fault. It is especially useful when grid areas are clearly separated 

by long transmission lines. 

As an example calculation for the area External at 100% SG: 

Sym_4071_1, SG_4071=500 MVA, H4071= 3 s 

Sym_4072_1, SG_4072=4500 MVA, H4072= 3 s 

𝐸𝐸𝑥𝑡 = 𝑆𝐺4071
∙ 𝐻4071 + 𝑆𝐺4072

∙ 𝐻4072 = 15 𝐺𝑊𝑠 
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Fig. 3.26: Grid with 40% NSG, distributed in all areas (a) synchronous generators’ rotor 
speed, (b) synchronous generators’ rotor angle, and (c) bus voltages. Fault on line between 
bus 4031 and bus 4041; tclear = 100ms. 

 

The rotating energies of the other grid areas are: 

𝐸𝑁𝑜𝑟𝑡ℎ = 18.75 𝐺𝑊𝑠, 𝐸𝐶𝑒𝑛𝑡𝑟𝑎𝑙 = 24 𝐺𝑊𝑠, 𝐸𝑆𝑜𝑢𝑡ℎ−𝑊 = 10.8 𝐺𝑊𝑠   

 

SBtot, which is an arbitrary parameter, is selected to 𝑆𝐵𝑡𝑜𝑡 = 10 𝐺𝑊. 

(a) 

(b) 

(c) 
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Therefore, the equivalent inertia constant of the grid with 100% SG considering faults 

on the long lines interconnecting North and Central is 

𝐻𝑒𝑞100%𝑆𝐺
=

(15+18,75)∙(24+10,8) 10⁄

15+18,75+24+10,8
= 1.71 𝑠  

The equivalent inertia of the grid is depending on the NSG distribution pattern chosen 

as shown in Fig. 3.27. As the rating of the machines in each area decreases, so does 

the rotating energy and consequently also the equivalent inertia. 

 

Fig. 3.27: Equivalent inertia of grid at distributed/aggregated NSG case(s). 

 

In contrast, a more straight forward approach is to sum up the rotating energy of the 

whole grid 𝐻𝑡𝑜𝑡 =
∑ 𝐻𝐺𝑒𝑛∙𝑆𝐺𝑒𝑛

𝑆𝐵𝑡𝑜𝑡
. 

The total inertia Htot of the grid in the same cases is plotted in Fig. 3.28. 

The critical clearing time characteristics for faults on Line 1 and Line 2 vs NSG 

penetration are plotted in Fig. 3.29. 

It can be observed that the equivalent inertia (Fig. 3.27) gives a better prediction for 

the critical clearing time than the values of the total inertia (Fig. 3.28). 

With an increase of NSG aggregated in Central & Southwest, there is a sudden drop 

in both the equivalent inertia and the critical clearing time characteristics. However, 

during aggregation in North & External (blue), the eq. inertia stays slightly above the 

values of the distributed case (dashed) until about 30% penetration. Similarly, the 

critical clearing time trend in Fig. 3.29 shows higher values for the aggregation in 

North & External (blue) until a sudden drop occurs, here between 40 and 50% NSG, 

which cannot be explained by the inertia-based theory developed here. This is because 
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there are other nonlinear terms in the system, such as loads dynamic response, that 

affect the transient stability. 

 

Fig. 3.28: Total inertia of grid at distributed/aggregated NSG case(s). 

 

 

The first order approximate relation between critical clearing time and Heq was given 

in (3.23) as 𝑇𝑐𝑐 = √
4𝑆𝐵𝑡𝑜𝑡𝐻𝑒𝑞(𝛿𝑐𝑐−𝛿0)

𝜔0∆𝑃
. This can be simplified and written as 𝑇𝑐𝑐 ≈ 𝑘 ∙

√𝐻𝑒𝑞 .  The critical clearing time found from the simulation study for the faults at Line 

1 (line between bus 4031 and bus 4041) and Line 2 (line between bus 4021 and bus 

4042) are plotted in Fig. 3.30 and Fig. 3.31. where, the theoretical prediction is also 

outlined. It is worth mentioning that the system cannot be run in a very low inertia 

mode (0.5s for the equivalent inertia as shown in Fig. 3.30 and Fig. 3.31). 

There are rather large differences between the basic theory and the simulation results. 

This is to be expected since a large number of factors influence the critical clearing 

time and the basic theory only accounts for a few of them. Both the theory and the 

simulation results show a monotonous increase in the critical clearing time with 

increasing Heq. However, while the theory predicts that the critical clearing time 

should be zero when the Heq is zero, the simulation results show that zero critical 

clearing time is reached for values well higher than zero inertia. This is counter-

intuitive and suggests that other not accounted factors such as the geographical size 

and form of the grid areas and the voltage control performance of the NSG and SG 

units may affect the critical clearing time strongly [108]. 
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Fig. 3.29: Line 1 (line between bus 4031 and bus 4041) and Line 2 (line between bus 4021 
and bus 4042) clearing times at increasing NSG penetration. 

 

 

Fig. 3.30: Line 1 (line between bus 4031 and bus 4041) actual critical clearing time and 
prediction vs. equivalent Inertia. 

 

Equiv. Inertia (s) 



PART I 
REPORT 

115 

 

Fig. 3.31: Line 2 (line between bus 4021 and bus 4042) actual critical clearing time and 
predictor vs. equivalent Inertia 

 

3.6. Summary 

In this chapter, the large-signal stability of large-scale PE-based power systems is 

studied. To do so, first, different stability challenges introduced by the increase in PE-

based unit’s penetration are discussed. Then, an inertial-based method is proposed to 

assess the transient stability of systems with a high penetration of NSGs. The proposed 

method is tested on the Kundur two-area and Nordic32 standard test systems. 

In addition, a discussion on the grid-tied VSC inertial response is presented, where it 

is shown that a grid-feeding VSC introduces a semi-inertial response to a fluctuation; 

however, its response is different to the well-known synchronous generator’s inertial 

response. Therefore, by increasing the PE-based unit’s penetration in power systems, 

it is expected to have lower equivalent and this is also discussed in this chapter. 

Related Publications 

J3. B. Shakerighadi, S. Peyghami, E. Ebrahimzadeh, M. G. Taul, F. Blaabjerg 
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Main contribution: 

In this paper, the work in presented in [C3] is extended in more details. The 

importance of the PE-based units’ stability on the PE-based power system 
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stability issues of some modern power systems are reviewed and their 

stability issues are discussed in details.  

C3. B. Shakerighadi, S. Peyghami, E. Ebrahimzadeh, F. Blaabjerg and C. L. 

Bak, "Security Analysis of Power Electronic-based Power Systems," IECON 

2019 - 45th Annual Conference of the IEEE Industrial Electronics Society, 

Lisbon, Portugal, 2019, pp. 4933-4937. 

Main contribution: 

In this paper, a new guideline for the PE-based power systems security 

assessment is introduced. A wrong frequency estimation by the PLL during 

the three-phase fault is discussed. In addition, different security challenges 

of the modern power system, which cannot fully be covered by the 

conventional security assessment of power system, is introduced and 

discussed. 

C4. B. Shakerighadi, E. Ebrahimzadeh, F. Blaabjerg and C. L. Bak, "Large 

Signal Stability Assessment of the Grid-Connected Converters based on its 

Inertia," 2019 21st European Conference on Power Electronics and 

Applications (EPE '19 ECCE Europe), Genova, Italy, 2019, pp. 1-7. 

Main contribution: 

In this paper, a nonlinear model of the grid-connected VSC based on its 

dynamic inertia is presented. In order to assess the large-signal stability of 

the system, the dynamic model of the equivalent synchronous machine 

(ESM) is monitored, and then based on the inertia of the ESM, the stability 

margin of the system is determined. 
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Chapter 4.  

Conclusion 

Based on the obtained results in the previous chapters, a summary of the Ph.D. project 

is presented in this chapter. Also, the main contributions of this work are discussed, 

as well as some new research directions are outlined for future work. 

4.1. Summary 

To understand the true stability behavior of PE-based power systems subjected to a 

large disturbance, a large-signal model of the system should be used for analysis. As 

modern power systems are nonlinear by their nature, they represents a nonlinear 

behavior when they are subjected to a large disturbance. Therefore, a large-signal 

model of the PE-based power system, following by a large-signal stability assessment, 

will give a clear understanding of the grid stability. 

In this work, the large-signal stability of PE-based power system is assessed. To do 

so, non-linear techniques are used to analyze the non-linear model of the system, 

which are mostly based on the concept of the Lyapunov function. However, other 

techniques, such as the equal area criterion and phase portrait stability criterion, are 

also used to assess the nonlinear models, which represent the behavior of the PE-based 

power systems. The analysis starts with a simple model of the PE-based power system, 

which is a grid-tied VSC, and it continues and expands to larger systems, more 

specifically the Nordic 23-machine and IEEE 39 bus test systems. It should be noticed 

that the analysis for the smaller systems, like the grid-tied VSC, include details about 

the control systems, while for large-scale power systems, the behavior of the whole 

system is prioritized compared to the behavior of each component in order to do the 

stability analysis. In such case, a reduced model of large-scale grids is of importance.  

The Thesis starts with an introduction of the power systems stability and its analysis 

in Chapter 1. Different grid-tied VSC types, such as the grid-feeding power 

converters, the grid-forming power converters, the grid-supporting voltage source 

converters, and the grid-supporting current source converters are discussed. Besides, 

the importance of the increase of NSGs in power systems and their impact on the 

systems stability are reviewed. Then, different analysis approaches in this PhD work 

are highlighted. 

In Chapter 2, the stability of grid-tied VSC is discussed. First, the stabilities of 

different VSC components are treated. This includes the large-signal stability 

assessment of the current control loop, the active power control loop, the delay impact 

caused by the PWM switching, and the PLL large signal stability dynamics. A second-
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order Lyapunov function is used to assess the large-signal stability of the grid-tied 

VSC with its simplest model, which includes only the current controller. In this way, 

as the system is assumed linear, the large-signal stability assessment leads to the same 

result of the analysis with linear stability techniques. Also, in this chapter, a parametric 

Lyapunov function is developed to demonstrate the large-signal stability assessment 

of the grid-tied VSC and thereby, the stability of the single VSC connected to the grid 

can be assessed. 

In Chapter 3, the main goal has been to assess the large-signal stability and security 

of more large-scale modern power systems. In this part, first, a new guideline for the 

security assessment of PE-based power systems is outlined. Then, a new method to 

assess the transient stability of large-scale power systems is proposed. In this chapter, 

the impact of increasing the penetration of PE-based energy sources on the grid 

stability is assessed. To do so, the main challenge is to model the system (or a part of 

the system) in its simplest form so that it represents its nonlinear behavior. The 

equivalent moment of inertia is the key in order to model the system behavior. 

Finally, in Chapter 4, as it is presented here, the conclusion and future trends of the 

work are discussed. 

4.2. Thesis contributions 

In this work, the large-signal stability analysis of modern power systems with power 

electronic converters has been the main goal. The main contributions of this PhD 

thesis are listed as follows: 

 Proposing a systematic use of a Lyapunov function for the grid-tied VSC. 

A systematic Lyapunov function is proposed for the large-signal stability assessment 

of the grid-tied VSC. In the proposed method, a step-by-step guideline to find an 

appropriate second-order Lyapunov function is presented, so the method can be 

expanded to other nonlinear systems for doing large-signal stability assessment. 

 Proposing a non-linear model for the PLL and analyzing its non-linear 

behavior. 

The PLL is a nonlinear feedback control that is used to estimate the phase angle of its 

input signal e.g. the grid voltage at PCC. Although the PLL’s behavior can be modeled 

by a linear equivalent model, the linear model of the PLL does not present the precise 

behavior of it when it is subjected to a large disturbance. For this reason, a large-signal 

stability assessment method for the PLL based on its nonlinear model is proposed. 

 Proposing a new guideline and method for the security assessment of the PE-

based power systems. 
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By increasing the penetration of PE-based energy sources, such as wind turbines and 

photovoltaics, the security assessment of modern power grids needs a revision. 

Different stability challenges caused by the PE-based units should be included in the 

security assessment. A new guideline for the security assessment of the PE-based 

power systems is proposed to cover all challenges introduced by the PE-based units 

and also from a power system stability point of view. 

 Proposing a new method to assess the large-signal stability of large-scale 

power systems. 

To assess the stability of large-scale power systems, one should consider the system-

level stability criteria. The transient stability of large-scale power systems is related 

to different stability concepts, such as voltage stability, rotor angle stability, and 

frequency stability. In this work, an equivalent inertia-based method is proposed to 

represent the system (or a part of the system) behavior regarding large disturbances, 

such as a three-phase fault in the power grid. 

4.3. Future Works 

Some future trends and continuation of this works are listed as follows: 

 Large-signal stability assessment of power system based on 100% NSG. 

As the number of PE-based units is increasing in power systems, at some point, 

the power system will become more PE-based oriented than the conventional 

ones. This brings new challenges, as these electrical grids run with very low 

inertia. Considering a power system that runs based on 100% NSG penetration, 

different challenges appear, such as the definition of a reference machine for the 

system synchronization, need to be introduced. A grid with 100% NSG 

penetration is already mentioned in the literature and is an ongoing challenge of 

nowadays modern grids, and how to operate such system is not clear [53], [109]. 

 Study the impact of offshore wind farms on the systems’ large-signal 

stability. 

Offshore wind farms are becoming the energy production of many power 

systems. Therefore, its impact on the power system stability is becoming an 

important issue. There is not much done regarding the modeling and stability 

assessment of offshore wind farms in the literature, especially seem from a large-

signal perspective, which can be applied to large-scale power system analysis. 

 Studying the impact of the protection system on the large-signal stability of 

the grid. 
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Conventional protection systems are well-designed for conventional power 

systems. For the modern distributed energy power systems, there has been a lot 

of efforts to design appropriate protection systems. However, their impact on the 

large-signal stability of the system is not well-studied. As the protection system 

behavior can change the grid topology, its impact on the grid’s large-signal 

stability is an important topic to investigate. 

 Aggregation of many units to do large-signal stability analysis 

Generally, different forms of the grid-tied VSCs are used in power systems. This 

makes the stability assessment of PE-based power systems a more challenging 

and time consuming issue. To analyze the large-signal stability of such a system, 

the aggregation of different VSC models should be considered instantly. 

 Reliability assessment of integrating different power converter structures, 

such as grid-feeding and grid-forming power converters 

Apart from the stability issues discussed in this project, the reliability of PE-based 

power systems that include different models and control systems of power 

converters is an interesting topic to investigate. Also how the mix should be 

between grid-forming and grid-feeding systems. 

 Model validation by using hardware in the loop 

It could be interesting to investigate validation methods of the models developed 

in this project by using hardware in the loop studies. For grid-tied VSC laboratory 

validation, a dSPACE and grid simulator can be used; however, for large-scale 

power systems, real-time digital simulator (RTDS) need to be used in order to 

fully map the behavior of such a complicated system. 
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