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Abstract 
 
 
 
Traditional VSC control is of the “Grid Following Type” (GFL), where the turn-on pulses 

to the converter switches are determined based on fast synchronization with the external 

grid voltage phasor. GFL VSC have difficulty operating into very weak ac networks. In 

contrast, GFM controlled VSC maintains an internal voltage phasor and has the potential 

to maintain system stability under such challenging network conditions. One important 

aspect of VSM type control of a VSC is that it imparts an artificial inertia and damping 

behaviour to the VSC, which can have a significant impact on the VSMs ability to survive 

frequency events triggered by transient mismatch between generation and loads. This 

research investigates the disturbance ride through, stability and inertia support of using 

Virtual Synchronous machine (VSM) Grid-Forming (GFM) control on Voltage-Sourced 

Converters (VSC) High Voltage direct current (HVdc) transmission system. 

 

An adaptive fault ride through control mode is proposed for VSM to improve its post fault 

recovery transient and voltage phase angle jump ride through performance. The EMT 

simulation shows the disturbance ride through performance of VSM GFM with cascaded 

or switchable current control can be optimized by transiently changing the active power 

order and the damping coefficient in its power synchronization loop. 

 

Linearized models of the VSM with inertia and damping parameters are developed and 

validated using detailed EMT simulation for system small-signal stability analysis and 

controller parameter design under different system strengths. A current limiting feature is 

a necessity in any VSC due to the limited overcurrent ratings of the VSC’s power electronic 
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switches. However, eigenvalue analysis reveals that the VSM can experience instability 

when connected to strong ac networks with the inclusion of the in-line cascaded current 

limiting. However, with proper controller tuning, a single suitable gain parameter set can 

nevertheless be found to allow stable operation under both weak and strong system strength. 

 

An important contribution of this research is the development of a novel method for online 

estimation of system inertia in inverter-based resources (IBRs). A small voltage or current 

probing signal that is different from system frequency can be injected to a network to 

estimate the inertia from the GFM VSCs and synchronous machines. Since the injected 

signal is very small, the inertia of the GFM IBR can be conveniently measured during the 

steady-state operation without triggering other transient frequency support control. This 

can greatly improve the inertia measurement accuracy compared with the more 

conventional ROCOF observation method.  
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Chapter 1  
 

Introduction 
 
 
 
 

This chapter first presents the research background of the thesis. Different VSC control 

strategies including Grid-Following (GFL) and Grid-Forming (GFM) control are compared. 

Then the gap in existing research for HVdc transmission with GFM control is illustrated. 

Finally, the objectives and outline of the thesis are defined. 
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1.1 Background 
In the modern world, daily human life, industrial manufacturing, and technology 

development heavily rely on electric power. Electric power systems are also “evolving”. 

Traditional fossil fuel-based power generation such as coal power plants are quickly and 

dramatically being replaced by sustainable and renewable power generation such as hydro, 

wind and solar energy sources. More solar photovoltaic (PV) and battery energy storage 

systems (BESS) are being installed on the electricity customer’s side, the distribution 

systems, which usually consume electrical energy, can also generate power to the grid with 

such distributed energy resources (DERs). DERs are mainly inverter-based resources 

(IBRs) connected to the electrical grid via power electronics converters, also known as 

converter-interfaced generations (CIGs). In order to better utilize the DERs, efficient 

transmission methods such as HVdc transmission is seeing increasing use, adding more 

IBRs to the grid and likely will become the “backbone” of future power systems. Thus, 

robust control is required for HVdc and other IBRs as they play an essential part to improve 

future renewable power system reliability and stability. 

 

1.1.1 Grid-Following and Grid-Forming converter 
Today, traditional synchronous-machine-based power systems are quickly transferred into 

power electronics inverter-based power systems which include HVdc links, static var 

compensators (SVC/STATCOM), wind, solar photovoltaic (PV) and battery storage 

energy systems (BESS). For some power systems, the highest hourly penetration of 

renewable inverter-based resources(IBRs) has reached 95-100%[1][2][6].  

 

The increasing number of power electronics converters in the power system can bring new 

challenges to maintaining power system stability. Most power electronics converters 

currently in service rely on fast synchronization with the external grid. A phase-locked loop 

(PLL) is used to track the phase of the grid ac voltage and the converter switches are 

operated to produce a voltage of desired magnitude and phase offset relative to the tracked 

phase angle. In other words, this type of control “follows” the measured grid voltage, and 

is also referred to as Grid-Following(GFL) control[2][3][4][5]. Most power electronics 

converters in service today are GFL controlled. They include: 
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1) Current generation wind turbines, grid-connected PV 

2) Most BESS applications 

3) Current generation STATCOMs/SVCs 

4) LCC (Line-Commutated Converter)-HVdc transmission (uses thyristor switches 

that can be ordered to turn on but must rely on ac system voltage to reverse bias 

the valves for turnoff.) 

5) Most VSC-HVdc transmission 

However, GFL converters struggle to remain synchronized effectively during severe grid 

events, such as faults or sudden changes in load and/or generation, etc. For LCC-HVdc 

systems, the normal operation requires connecting a strong ac network; and for VSC-HVdc 

systems, the PLL gain greatly affects the operation, particularly in a weak grid condition 

[7]. Moreover, unlike synchronous generators that provide short circuit capacity, inertia 

and self-synchronization, GFL converters do not do so and make the systems appear to be 

even weaker. 

 

The grid forming converter (GFM) is becoming more popular and is seeing increased use. 

Unlike the GFL, which tracks or “follows” an existing bus voltage, the GFM generates or 

“forms” its own terminal voltage. For example, if a converter is required to supply power 

to a dead or islanded load, it may be given a sinusoidal three phase voltage reference and 

would then establish the terminal voltage. Other equipment in the network would then be 

synchronized to this generated voltage. This has been proposed in the past as a strategy for 

black starts in networks[8][9]. 

 

A special case of the GFM converter occurs when it is designed to mimic the behavior of 

a synchronous generator, wherein its active power is adjusted proportionally based on the 

phase difference between the virtual source's phase angle and the system angle. It can allow 

the converters to provide stability in the controls and maintain synchronized with the 

external grid during challenging network conditions[2][3][4][5]. So far, GFM is still an 

ongoing research topic. Some of the pioneer GFM-controlled VSC projects around the 

world are listed below[5]: 

• South Australia Dalrymple Substation Battery GFM project  
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• Hornsdale Power Reserve GFM BESS ROCOF function test 

• The California Imperial Irrigation District BESS project 

• Caribbean Island GFM BESS and renewable IBRs study  

• Great Britain 69MW Type-4 GFM wind turbine project 

• Hawaii GFM BESS with high penetration of renewable DERs study[1] 

• East Germany GFM STATCOMs development[10]  

• Spain Balearic Islands GFM MMC-HVdc link project[11] 

Based on the above real projects, GFM control is mainly used but not limited to the below 

VSC applications:  

1) BESS (most GFM applications) 

2) STATCOMs 

3) Type-4 wind turbine 

4) VSC-HVdc transmission 

Table 1-1 shows the comparison of the GFL and GFM converter. Compared with the GFL 

converter, the GFM converter shows advantages when operating with a weak ac grid and 

can have black start and island operation capability. Moreover, it has the potential to 

maintain stable operation when the penetration level of the power electronics converter in 

the grid is 100% [4]. As the harvesting of renewable energy heavily relies on power 

electronics converters, GFM becomes an essential technology for integrating more 

renewable energy resources into the grid and reaching the 2050 Net-Zero emissions [12] 

goal. 

 GFL GFM 

Grid strength 

requirement 

A stable external grid voltage 

is required.  

Can operate with a weak ac 

system, maintain internal 

voltage phasor 

Black start and island 

operation 

Not applicable Applicable 

Reliance on PLL Needs PLL or equivalent fast 

control for synchronization 

Intrinsically maintains 

synchronization by power 

control 
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Frequency support Can provides frequency 

regulation with extra control 

to rapidly inject energy 

Provides faster energy 

injection than GFL in the 

inertial timeframe 

Power electronics 

Converter Penetration 

level in the grid 

Not possible to maintain 

stable operation at l00% 

penetration of IBRs 

Can operate at 100% 

penetration of IBRs with 

some IBRs in GFM 

Table 1-1 Comparison of the GFL and GFM converter  

 

1.2 Gaps in existing research 
In Section 1.1.1, the basic concept of GFM and its comparison with GFL were presented. 

Different GFM control strategies have been proposed over the past two decades. They 

mainly include the following: 

1) Droop-Based GFM control [13][14][15][16]: GFM droop control is realized by 

active and reactive power droop control, it exhibits a linear relationship between 

frequency and voltage versus active and reactive power. 

2) Virtual Synchronous machine (VSM) [17][18][19][20][21]: VSM control 

emulates the behaviour of Synchronous machines. The VSM model complexity 

can vary from simplified swing dynamics to detailed electromechanical models. 

3) Virtual Oscillator Control[22][23]: Virtual Oscillator GFM control uses a 

voltage-controlled oscillator to produce a fixed frequency voltage. It can be used 

to connect the VSC to a dead load where there is no ac source. It can be 

embellished with Q-V and P-f droop characteristics if other machines are present. 

The key difference is it uses an oscillator circuit with the nominal ac grid 

frequency to generate the internal voltage phasor. However, it does not provide 

sufficient inertia support and the application can be limited [24]. 

 
Although there are differences between the above three GFM control strategies, literature 

[25][26] shows that operating performance of Droop-based GFM and a swing equation-

based VSM control is very similar. One aspect of VSM is that it provides the flexibility for 

the user to select an artificial inertia constant and damping constant which is quite different 

from that in a real synchronous machine. VSM control is very attractive because it imparts 
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the converter with the characteristic of a synchronous machine with which utility engineers 

have decades of experience. This thesis therefore concerns itself with VSM type of GFM.  

 

Despite there being some early GFM converter products from original equipment 

manufacturers (OEMs), GFM control concepts are still in continuing development. In order 

to take better advantage of the grid forming functionality, such GFM converters require a 

larger rated current and consequently have oversized IGBT switches [28] compared with 

GFLs. Also, the fault overcurrent of the basic GFM controlled VSC [17] could be as high 

as 6 to 7 pu, like that in a real synchronous machine. This could damage the IGBT valves 

of the VSC whose overcurrent capability is usually below 2 pu [27]. Thus, it is necessary 

that GFM control be augmented with an overcurrent limiting controller to ride through grid 

faults. Different overcurrent limiting controls have been proposed mainly including 

switchable current limiting control[29][30][31], cascade current control[32][33], and 

virtual impedance control[34][35][36]. However, the fault ride through performance of 

GFM [37] under various system strength can be different and requires further investigation. 

 

Another development of GFM is to investigate its stability margin with different grid 

strengths. Literature [38][39][40][41][42] has shown that GFM with overcurrent control 

can be unstable when connected to a strong ac grid even when it is stable in a weak ac grid. 

However, how the key control parameters such as inertia constant, damping coefficient and 

current controller gains affect the system stability under different system needs further 

investigation. Also, earlier research indicates that it may be necessary to use a different set 

of gains for strong (large SCR) and weak (low SCR) ac systems, which may be 

inconvenient when the SCR changes during operation. Thus, it is of great interest to find a 

single robust set of VSM control parameters which works well over the entire envisaged 

SCR range. 

 

So far, most of the GFM studies are focused on battery energy storage systems (BESS) in 

a DER network scenario as shown in the previous sections. There are some early GFM 

VSC-HVdc transmission studies [11][29][43][44]. However, the inertia support from the 

GFM VSC cannot be easily determined. Furthermore, manufacturers sometimes “black 
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box” the simulation models of their GFMs making it even more difficult to determine 

equivalent inertia. Thus, online measurement or simulation-based estimation of the 

equivalent inertia is of great interest today. The conventional method of inertia 

measurement in traditional networks is to apply a step change in power generation or 

consumption to create a frequency disturbance and observe the rate change of frequency 

(ROCOF) [45][46][47]. However, Due to the fast transient and activation of power-

frequency droop control of IBRs, it can be challenging to accurately measure the GFM’s 

inertia using ROCOF. Quantifying the inertia support from a GFM VSC remains unclear 

and requires further investigation. 

 
1.3 Thesis objectives  
Based on the research background and Gaps in existing research, the objectives of the thesis 

are: 

• Investigate Virtual Synchronous Machine (VSM) Grid-Forming (GFM) control 

disturbance ride-through performance control under different system strength. 

• Develop a small signal analytical model to study the proposed VSM controller stability 

margin with various ac system strength.   

• Develop a measurement method to estimate the inertia of GFM IBRs and investigate 

its frequency support performance connected to a low inertia IBR system. 

 
1.4 Thesis outline 
This Thesis is organized as: 

Chapter 1 illustrates the research background, gaps in the existing research on GFM VSCs, 

thesis objectives and outline. 

 

Chapter 2 presents the operation principle and traditional grid-following control of VSC-

HVdc transmission. A symmetrical monopole MMC HVdc transmission system with 

practical specifications is developed in the electromagnetic transients (EMT) simulation 

program PSCAD/EMTDC. 
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Chapter 3 investigates the dynamic behaviour of VSM and compares that with a 

synchronous machine and GFL VSC. The performance of two VSM overcurrent limiting 

control fault ride through capabilities are compared and evaluated by EMT simulation. An 

adaptive control mode on dynamically changing its power order and damping coefficient 

is proposed to improve VSM disturbance ride through capability connected to strong ac 

systems.  

 

Chapter 4 develops the linearized analytical model of VSM. The model is validated with 

EMT simulation. The control stability margin of VSM with and without a current limiting 

loop under various grid conditions are investigated. A suitable range of VSM key control 

parameters that is stable when connected to strong or weak system is proposed. 

 

Chapter 5 proposes a new inertia measurement method for IBRs system based on 

harmonic injection which allows inertia determination without applying a large power 

imbalance disturbance, as is done when using the conventional RoCoF estimation method. 

Using EMT simulation, the performance of the proposed inertia measurement method is 

first validated with the example of a synchronous machine with known inertia. It is then 

extended to analyze the inertia response of a network with a mix of other IBRs, VSMs and 

SMs. The thesis shows the proposed inertia measurement method is a convenient tool to 

quantify the inertia support from VSMs and total equivalent IBR system inertia. 

 

Chapter 6 summarizes the thesis, including the conclusion and future work.   
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Chapter 2  
 

Operating Principles & Grid-

following Control of a VSC-HVdc 

Transmission System 
 
 
 
This chapter describes operating principles and the traditional grid-following control 

strategy for a VSC-HVdc transmission system. An EMT model of a VSC-HVdc link with 

practical ratings and system parameters in the range of real systems of similar ratings is 

developed using the EMT simulator PSCAD/EMTDC. The VSC-HVdc EMT model 

developed in this chapter will be used as a platform for the study in the later chapters of 

the thesis. 
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2.1 VSC-HVdc converter topologies 
Mercury valves were used for early HVdc transmission converters [49][50]. The world’s 

first commercial HVdc link using Mercury valves was built between mainland Sweden and 

Gotland Island in 1954 and eventually expanded in capacity and upgraded to thyristor 

valves between 1970 and 1987. The main problem with mercury valves was the ark-back 

fault which can destroy the rectifier valves and cause other issues [51]. This problem had 

been solved with the development of thyristor valves in the 1960s. In 1972, the first 

application of the HVdc system using thyristor valves was built at Eel River, providing an 

asynchronous connection between Quebec and New Brunswick. 

 

The characteristic of the “on” and “off” state of thyristors is close to an ideal switch. In 

high voltage applications, thyristors are connected in series to share the high voltage and 

controlled as a single device. This arrangement is called a “thyristor valve”. When a 

positive voltage bias is applied between the gate and the cathode, the thyristor can be turned 

with the application of a small positive voltage (firing pulse) between the gate and cathode. 

However, a reverse line to line voltage across the anode and cathode of the off-going valve 

is required for it to reach the “off” state and commutate the current into the next valve in 

the conduction sequence which was given the “on” firing pulse. Therefore, HVdc 

converters using Thyristor valves are called Line-Commutated Converters (LCC). 

 

The primary limitation of LCC-HVdc is its requirement for a relatively stiff ac grid voltage 

i.e., a high Short-Circuit Ratio (SCR), to ensure successful commutation. However, this 

requirement may not always be met in the future grid, as the growing presence of renewable 

energy sources in the form of inverter-based resources (IBRs) can potentially reduce the 

equivalent Short-Circuit Ratio (SCR) of the connected ac system. With a weak ac system, 

the grid side voltage can easily fluctuate as the loading changes and could precipitate comm 

fail. A sudden active power change can also cause high temporary overvoltage (TOV) 

[52][53]. Also, the low-order harmonic resonance between a weak ac system and ac filters 

[54] can distort ac bus voltage. Additionally, the operation of an LCC Converter also 

demands a considerable supply of reactive power from the ac network. 
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Unlike the thyristor valves used in the LCC, which can only be controlled to turn on with 

a firing pulse, the Voltage Source Converter (VSC) uses self-commutating semiconductor 

switches such as Insulated Gate Bipolar Transistors (IGBTs). These switches can not only 

be turned on similar to a thyristor but also be ordered to turn off with a gate turnoff pulse. 

Hence, VSC-HVdc does not suffer from commutation failure, is flexible on power reversal, 

can provide reactive power support and can operate with weak ac grids. The first VSC-

HVdc transmission scheme, commercially called “HVDC Light” was first commissioned 

in Sweden by ABB in the late 1990s [8].  

 

For VSC-HVdc transmission, three topologies are mainly used: 2-level VSC, 3-level NPC 

(Neutral-Point Clamped) VSC and MMC (Modular Multilevel Converter). 

 

2.1.1  Two-level VSC 
Figure 2-1 shows the configuration of the IGBT modules in a 2-level VSC bridge, an anti-

parallel diode is connected to the IGBT for the reverse current path. For high voltage 

applications, several IGBTs may be connected in series constituting an IGBT valve. The 

same firing pulses are given inside each valve. There is a total of 6 IGBT valves for a two-

level VSC converter or inverter bridge. A bipolar sinusoidal PWM (SPWM) [55][95] 

shown in Figure 2-2 is usually used to generate firing pulses. In this approach, a sinusoidal 

modulating signal 𝑣𝑣𝑚𝑚 at fundamental frequency 𝑓𝑓𝑚𝑚 is compared with a triangular carrier 

signal 𝑣𝑣𝑐𝑐 at frequency 𝑓𝑓𝑐𝑐, and firing pulses are issued at the intersection of 𝑣𝑣𝑚𝑚 and 𝑣𝑣𝑐𝑐. More 

sophisticated modulation methods are also possible but not discussed here. The resulting 

VSC output is the bipolar PWM signal, whose harmonic spectrum contains a sinusoidal 

signal proportional to the modulating wave’s amplitude and in phase with it. Harmonic 

components are moved to easy-to-filter at higher frequencies clustered around 𝑓𝑓𝑐𝑐. In some 

high voltage level applications, the highest voltage rating switches are selected for two-

level VSC, requiring a large number of series devices in each valve. However, a major 

issue in this approach is the need for precise simultaneous firing pulses for the myriad of 

IGBT switches in the valve and the lossy snubber circuits for the switches to guarantee 

equal voltage sharing among the IGBTs [59].  
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Figure 2-1 two-level VSC bridge 

 
Figure 2-2 Bipolar PWM  

2.1.2 Three-level NPC-VSC 
Another approach for high-voltage applications is to use multilevel converters to reduce 

the number of series-connected switches. Figure 2-3 shows the configuration of the IGBT 

modules in a 3-level Neutral Point Clamped (NPC)-VSC bridge [58]. Here, the withstand 

voltage of each switching cell is half of the dc voltage. Moreover, NPC-VSC can reduce 

harmonics and lower switching loss compared with two-level VSC [61]. A unipolar SPWM 

[55] shown in Figure 2-4 is usually used to generate firing pulses. Compared with bipolar 

PWM, unipolar PWM and SVM have higher efficiency and lower THD (Total Harmonic 

Distortion). Sometimes Space Vector Modulation (SVM) [56][57] is also used. In SVM, 

the three-phase voltage waveform is represented by a rotating vector called the space vector. 

The magnitude and angle of the space vector represent the amplitude and phase angle of 

the voltage waveform, respectively. By manipulating the magnitude and angle of the space 

vector, the inverter output voltage can be controlled. However, the neutral-clamped diodes 

Vdc
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Vc

V(p.u.)
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can make the insulation and cooling design of the converter complicated. Therefore, 

higher-level NPC topologies are not considered for HVDC applications [62]. 

 
Figure 2-3 Three-level NPC bridge 

 
Figure 2-4 Unipolar PWM 

2.1.3 Modular Multilevel VSC 
The Multilevel converters approach can be further extended to the Modular Multilevel 

Converter (MMC) concept [63][64]. MMC with full-bridge submodules was used in the 

1990s for static var compensator (STATCOM) for reactive power compensation [65][66], 

but not for HVdc transmission until 2002, which used half-bridge sub-modules [64]. By 

stacking identical low voltage rating submodules in series connection, MMC can be scaled 

to high voltage rating applications, such as offshore and onshore HVdc transmissions as 

well as HVdc grids in future [67]. Compared with two-level VSC and three-level NPC-

NP
Vdc
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VSC, the most distinctive advantage of the MMC is that a very high voltage rating with 

excellent harmonic performance can be achieved at a low switching frequency, and thus, 

reducing the switching losses. Figure 2-5 shows an MMC bridge with a half-bridge 

submodule configuration. 

 

No matter what topology is used for VSC-HVdc transmission, the converter is controlled 

as a voltage source. This is different from the LCC-HVdc converter which usually has a 

large dc side inductance, and so acts in the short period as a current source. The VSC 

control system can regulate the magnitude, frequency and phase angle of the converter 

output ac voltage waveform and make it either “follow” the external ac grid or “form” the 

ac grid to behave like synchronous machines when necessary. This extra control freedom 

of VSC-HVdc is attractive for future power systems since it could offer solutions to 

maintain the system stability in challenging network conditions. 

 
Figure 2-5 An MMC bridge (with a half-bridge submodule configuration)  

 
2.2 Main circuit components of an MMC-HVdc system  
Different VSC topologies are briefly introduced in Section 2.1. The advantages, such as 

built-in redundancy, higher efficiency, and lower harmonics, make MMC technology 

dominant in most of the new VSC-HVdc applications these days. In this and the following 

sections, the discussion of VSC-HVdc transmission will be focused on MMC-VSC. 
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The MMC-HVdc converter has monopolar and bipolar configurations. The monopolar 

configuration includes the symmetrical monopole, asymmetrical monopole with a metallic 

return, and symmetrical monopole with a ground electrode return as shown in Figure 2-6. 

The majority of monopolar VSC-based HVDC systems to date utilize the symmetrical 

configuration [60]. The bipolar configuration includes bipolar with a ground return and 

bipolar with a metallic return as shown in Figure 2-6. The main advantage of bipolar 

configuration is to improve system reliability. In the event of a converter or cable failure 

at one pole, the system can still operate with 50% of the transmission capacity from the 

healthy pole. To simplify the discussion, a symmetrical monopole configuration shown in 

Figure 2-7 will be used for later studies in this thesis, although the conclusions will be 

generally applicable to the other configurations.  

 
Figure 2-6 MMC station configurations 

 
Figure 2-7 A symmetrical monopole MMC VSC-HVdc link 
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In the following sections, the circuit components of MMC viz., submodules, submodule 

capacitors and arm inductors are discussed. 

 

2.2.1  Submodule configuration 
The submodules of the MMC VSC-HVdc link shown in Figure 2-7 can be a half-bridge or 

full-bridge configuration (as shown in the inset). The half-bridge submodule has one two-

level phase leg in parallel with the dc capacitor, and the output is taken at the junction of 

the two IGBT switches. In contrast, the full-bridge submodule has two switch legs in 

parallel to the dc capacitor; the external terminals are as shown in the inset in Figure 2-7. 

The full-bridge configuration has more flexibility in control as the submodule voltage can 

not only be added (as is the case for the half bridge), but also subtracted from that of the 

other submodules. It can also withstand higher ac voltages due to two IGBTs always being 

in series. The reverse voltage can help to mitigate the short circuit current from pole faults 

[69]. However, the disadvantage is that the increased number of semiconductor switches 

also results in a larger power loss in the converter. Since the half-bridge submodule 

configuration is almost universally used in erstwhile MMC-HVdc transmission schemes 

[60] in this thesis we consider only MMCs with half-bridge submodules. 

 
Series connection of submodules forms submodule strings of each converter arm. For a 

string of N submodules, half-bridge submodules can have a total of N+1 voltage levels (N 

level and zero). Figure 2-8 shows the ac voltage reference and MMC output waveform for 

a 11-level half-bridge MMC. In high voltage applications, as the number of submodules 

can increase to hundreds to handle the high voltage, the MMC output voltage waveform 

has an extremely low harmonic content and can be considered to be sinusoidal. Thus, the 

ac filters which are mandatory for the LCC and 2 level-VSC are not necessary for the MMC. 

 
Figure 2-8 A 11-level Half-bridge MMC output ac voltage waveform 

 

Vac 
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2.2.2  Submodule capacitors 
Since the dc capacitors of MMC can be distributed in each submodule, the common dc 

capacitor is superfluous on the dc side. Moreover, the total energy stored in the MMC dc 

capacitors is larger, which gives extra freedom for the control system to offer auxiliary grid 

services such as dc fault fast recovery [68] or low-frequency power oscillation damping 

[70]. 

 

Typically, the submodule capacitance is chosen such that the total stored energy in all 

submodule capacitors of the converter 𝐸𝐸𝑀𝑀𝑀𝑀𝑀𝑀  divided by the converter’s rated MVA 𝑆𝑆𝑀𝑀𝑀𝑀𝑀𝑀 

is approximately 𝜏𝜏 =  30 𝑘𝑘𝑘𝑘/𝑀𝑀𝑀𝑀𝑀𝑀 to 40 𝑘𝑘𝑘𝑘/𝑀𝑀𝑀𝑀𝑀𝑀 (i.e., 30 ms to 40 ms) [79][80]. For a 

given value of 𝜏𝜏 the submodule capacitance 𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠 can be calculated by (2.1); where 𝑁𝑁 is the 

number of submodules in each converter arm (neglecting the redundant and faulted 

submodules), and 𝑣𝑣𝑑𝑑𝑑𝑑 is the total pole to pole dc voltage. 
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2.2.3 Arm inductors 
The arm inductors of an MMC are typically dry-type air-core reactors [81]. The main 

purpose of the arm inductance is to filter high-frequency harmonics and smoothen the 

circulating current in the MMC. The arm inductors also help to limit the fault current flows 

from the ac to the dc side when a dc fault happens, thus, protecting the anti-parallel diodes 

of submodules. A typical arm inductance value is usually 0.1 pu to 0.15 pu [60] based on 

the converter’s valve side voltage and MVA ratings. 

 

2.3 Control of the VSC-HVdc system 
The control of the VSC-HVdc in each converter station can be hierarchically divided into 

station dispatch controls, upper-level controls, and lower-level controls. At the station 

dispatch control level, the system operator issues the reference commands (e.g., 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟, 𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟, 

𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎) for the upper-level controls. The upper-level controller takes in the orders from the 

dispatch controller and generates the d and q-axis current orders, then issues the d and q-
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axis voltage references (𝑉𝑉𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 and 𝑉𝑉𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞) for each VSC pole. These are converted to the 

three-phase ac voltage references for the lower-level controller. Finally, the lower-level 

controls, which are specific to the valve topologies (2-level, 3-level VSC or MMC), 

generate the switching pulses to the IGBTs to achieve the ordered voltage. In the following 

sections, the details of upper-level controls and lower-level controls are discussed. 

 

2.3.1 Upper-level controls 
Depending on the type of connected ac system, the traditional VSC upper-level control can 

be customized for:  

1) islanded control with passive load or limited generation, 

2) non-islanded control, where the converter feeds a system with active 

synchronous generators or is connected to the wider ac grid.  

Islanded control is also used when the VSC-HVdc converters are connected to a weak ac 

system or for black starting the ac system. In these situations, the VSC converter can 

actively control the ac system frequency and voltage. Figure 2-9 shows a control diagram 

of the islanded control. A voltage-controlled oscillator (VCO) generates the 

synchronization angle 𝜃𝜃 from the frequency reference 𝜔𝜔𝑟𝑟𝑟𝑟𝑟𝑟, and a proportional integral (PI) 

controller regulates the ac voltage magnitude. Note that, when the VSC is connected to an 

ac system with some synchronous generation, an 𝜔𝜔 − 𝑃𝑃  droop 𝐷𝐷𝑝𝑝  can be added to 

coordinate the power sharing between the VSC and ac generation, where the frequency is 

linearly varied as a function of the power injected to the ac system. Islanded control is an 

early version of “grid-forming (GFM)” [75] but has its limitation when the synchronous 

generation in the ac system becomes comparatively large. In later chapters, Virtual 

synchronous machine (VSM) type grid-forming control is shown to be a solution to this 

problem. 
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Figure 2-9 islanded control diagram of VSC-HVdc (“early grid-forming”) 

Non-islanded control typically transfers a three-phase VSC system into dq frame through 

Park’s transformation [85]. A Phase-locked loop (PLL) [94] shown in Figure 2-10 is to 

obtain the synchronization angle 𝜃𝜃 from the ac system voltage for the transformation. Since 

the control relies on the PLL and “follows” the ac system voltage to synchronize to the 

connected ac system, it is also referred to as “grid-following (GFL) control” [2][3][4][5]. 

When connected to the weak ac system, it is challenging for the VSC to maintain 

synchronized in GFL control. The VSC may need to change from GFL control to GFM 

control for stable operation. 

 
Figure 2-10 Phase-Locked Loop (PLL) control diagram 

The VSC grid-following control diagram is shown in Figure 2-11. The control is decoupled 

into two loops in dq frame. In this thesis, the active power and dc voltage control are 

associated with the d-axis, while the ac voltage control and reactive control are associated 

with q axis. They generate the current reference 𝐼𝐼𝑑𝑑1_𝑟𝑟𝑟𝑟𝑟𝑟 and 𝐼𝐼𝑞𝑞1_𝑟𝑟𝑟𝑟𝑟𝑟 to the current controller. 

Inserting a current controller in tandem with the active power/dc voltage/reactive power/ac 

voltage controller allows one to limit the overcurrent by imposing maximum limits on the 

magnitudes of 𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 and 𝐼𝐼𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞. 
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2.3.1.1 Active power and dc voltage control 
For a point-to-point VSC-HVdc link, one converter station should control the dc link 

voltage, and the other controls the transmitted active power. The active power controller 

regulates the VSC active power output and dc link voltage via 𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑. Similarly, the dc 

voltage controller regulates the dc side voltage and also uses 𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 to increase or decrease 

the active power into the dc side to boost or buck the dc voltage. For a multi-terminal VSC-

HVdc grid, at least one converter station should take over the dc voltage control, while the 

other stations control the active power output at each station.  

 

2.3.1.2 Reactive power and ac voltage control 
Depending on the connected ac system’s requirement, the VSC station can be selected to 

regulate the reactive power or alternatively the ac voltage at the point of common coupling 

(PCC) bus. The reactive power (or, alternatively ac voltage) controller operates by 

controlling the VSC’s reactive current reference 𝐼𝐼𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞.  

 
Figure 2-11 Grid-following control diagram of VSC-HVdc (a) active power control (b) 

dc voltage control (c) reactive power control (d) ac voltage control 

 
2.3.1.3 Current control 

Figure 2-12 shows the current controller diagram. The main purpose of the current control 

is to limit the converter current output during the fault, and thus protection the IGBTs. The 
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current controller reference  𝐼𝐼𝑑𝑑1_𝑟𝑟𝑟𝑟𝑟𝑟  and 𝐼𝐼𝑞𝑞1_𝑟𝑟𝑟𝑟𝑟𝑟  generated from the controls in Section 

2.2.2.1.1 and 2.2.2.1.2 first go through a current limiter. If the intention is to regulate the 

maximum current magnitude 𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚 , 𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑_𝑚𝑚𝑚𝑚𝑚𝑚  and 𝐼𝐼𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞_𝑚𝑚𝑚𝑚𝑚𝑚  are chosen such that 

𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑_𝑚𝑚𝑚𝑚𝑚𝑚
2 + 𝐼𝐼𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞_𝑚𝑚𝑚𝑚𝑚𝑚

2 = 𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚2 . However, to ride through faults, priority can be given to 

either the active or reactive currents [82][83][84]. For example, if the maximum allowed 

current magnitude during the fault is 𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚, and the priority is given to active current on d-

axis, then, 
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dref dref
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If the priority is given to the reactive current on q-axis, then, 

 
_ max max _ min max

2 2 2 2
_ max max _ max _ min max _ max

,

,

qref qref

dref qref dref qref

I I I I

I I I I I I

= = −
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  (2.3) 

The current references 𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑  and 𝐼𝐼𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞  after (application of any maximum limits by the 

current limiting function) are passed to a decoupled current controller that generates the 

voltage orders 𝑣𝑣𝑐𝑐𝑐𝑐 and 𝑣𝑣𝑐𝑐𝑐𝑐 for the VSC so that the ordered currents are indeed achieved as 

shown in Figure 2-12. The terms 𝑣𝑣𝑡𝑡𝑡𝑡 and 𝑣𝑣𝑡𝑡𝑡𝑡 represent the d and q-axis voltages of the 

PCC, and 𝜔𝜔𝜔𝜔 is the reactance between converter valves to the PCC bus. Including the 𝑣𝑣𝑡𝑡𝑡𝑡 

and 𝑣𝑣𝑡𝑡𝑡𝑡 helps in improving the ac disturbance rejection capability for the converter [59]. 

The feedforward terms −𝜔𝜔𝜔𝜔𝑖𝑖𝑞𝑞 and 𝜔𝜔𝜔𝜔𝑖𝑖𝑑𝑑 help decouple the dynamics of 𝑖𝑖𝑞𝑞 and 𝑖𝑖𝑑𝑑 on d and 

q-axis controls, respectively, i.e., if a change in 𝑖𝑖𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 only results in a change in 𝑖𝑖𝑑𝑑 with no 

transient in 𝑖𝑖𝑞𝑞, and likewise for a change in 𝑖𝑖𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞.  

 
Figure 2-12 Current control diagram 
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2.3.2 Lower-level controls 
The lower-level controls of MMC include a firing pulse modulation controller and a 

Circulating Current Suppression Controller (CCSC). Although the discussion of GFL and 

GFM control in the later chapters of this thesis is mainly focused on the upper-level control 

strategy of MMC, the common lower-level controls in MMC will be briefly introduced 

here. 

2.3.2.1 Firing pulse generation 
To generate the firing pulse of the output voltage waveform, there are several modulation 

techniques which can be used. The commonly used method for the MMC is “Nearest Level 

Control (NLC)” [74][76][77]. Given a desired sinusoidal modulation signal 𝑣𝑣𝑚𝑚 which is 

from Upper-level controls, the aim of NLC is to generate a near-sinusoidal stepped 

waveform which is shown in Figure 2-8. In NLC, initially, the voltage amplitude 𝑣𝑣𝑠𝑠𝑠𝑠 for 

each desired level is pre-calculated based on the number of inserted submodules. Then, the 

reference voltage 𝑣𝑣𝑚𝑚  for modulation is discretized with the step that equals the pre-

calculated voltage amplitude 𝑣𝑣𝑠𝑠𝑠𝑠, so that the number of submodules required for switching 

is estimated. Finally, a sorting and balancing algorithm is applied to select the submodules 

given switching signals. This ensures the capacitor of each submodule has equal 

opportunities for charging or discharging and thus maintains the average voltage of each 

submodule’s capacitor. Other modulation techniques which have been proposed include 

Phase-Disposition Modulation (PD-PWM)[71], Phase-Shift Modulation (PS-PWM)[72], 

Space-Vector Modulation (SV-PWM)[8], and the improved Selective Harmonic 

Elimination method (SHE)[73][74]. However, as the number of levels increases in MMCs, 

PWM and SHE techniques become cumbersome [9].  

 

2.3.2.2 Circulating current suppression control (CCSC) 
If no special steps are taken, then, in addition to the dc component, the arm currents of the 

MMC can contain harmonics of even orders that do not enter the ac side, but circulate 

among the three bridge legs (each leg current is contributed equally from 2 arms, the upper 

and bottom arms) [60][9]. The presence of these even harmonics amplifies the current 

rating of the IGBT switches and contributes to additional power losses. The 2nd harmonic 
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is the dominant component in the arm current harmonics and needs to be eliminated. 

Adding a second-harmonic elimination controller is an economical way to do this in 

comparison with the alternative option of adding 2nd harmonic blocking filter. Figure 2-13 

shows the control diagram of such a “Circulating Current Suppression Controller (CCSC)”. 

𝐼𝐼𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 and 𝐼𝐼𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 are the three-phase current in the upper and bottom MMC arms. The 2nd 

harmonic current 𝑖𝑖𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧 can be obtained as: 

 
2

Uabc Babc
zabc

i ii +
=   (2.4) 

Then, 𝑖𝑖𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧 can be transferred to the dq frame as 𝑖𝑖𝑧𝑧𝑧𝑧 and 𝑖𝑖𝑧𝑧𝑧𝑧. A second harmonic controller 

acts on the error between these signals and their corresponding references 𝐼𝐼𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧 and 𝐼𝐼𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧.  

It generates, firstly the d and q components of the required ac voltage and finally, on 

conversion to phase quantities, the corresponding additions 𝑉𝑉𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧_𝑟𝑟𝑟𝑟𝑟𝑟 to the three-phase 

modulation voltage signals 𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎_𝑟𝑟𝑟𝑟𝑟𝑟  to yield the modulation signals 𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎_𝑟𝑟𝑟𝑟𝑟𝑟_𝑈𝑈  and 

𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎_𝑟𝑟𝑟𝑟𝑟𝑟_𝐵𝐵  for the upper and lower arms. This produces 2nd harmonic voltage components 

in each arm, which cancel the circulating 2nd harmonic current. However, due to equal 

injections in each arm, the second harmonic does not appear on the ac side voltage. The 

references 𝐼𝐼𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧 and 𝐼𝐼𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧 are set to zero, as total annihilation is the goal.  

 
Figure 2-13 CCSC diagram 

 
Figure 2-14 (a) The upper arm current in phase A (b) 𝑖𝑖𝑧𝑧𝑧𝑧 and 𝑖𝑖𝑧𝑧𝑧𝑧 

Ia 

Iz 
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Figure 2-14 shows the EMT simulation waveforms of (a) the upper arm current in phase A 

as well as (b) 𝑖𝑖𝑧𝑧𝑧𝑧  and 𝑖𝑖𝑧𝑧𝑧𝑧  components. When CCSC is enabled at 3 s, the arm current 

contains essentially only the dc and fundamental frequency components, and 𝑖𝑖𝑧𝑧𝑧𝑧 and 𝑖𝑖𝑧𝑧𝑧𝑧 

are controlled to zero, demonstrating the effectiveness of the CCSC.  

 
2.4 EMT simulation for MMC VSC-HVdc system 
In this section, the symmetrical monopole MMC-HVdc system shown in Figure 2-7 and 

with controls as in Figure 2-11 and Figure 2-13 is developed in PSCAD/EMTDC with 

parameters consistent with a realistic system. The transmission line structure and 

parameters are for an 806-A4-61 all aluminum alloy conductor (AAAC) configuration [78] 

shown in Figure 2-15. Other system control parameters and specifications are shown below 

in Table 2-1 and Table 2-2.  

PLL gain (𝐾𝐾𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,  𝐾𝐾𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖) (300, 200) 

Active power controller (𝐾𝐾𝑝𝑝𝑝𝑝,  𝐾𝐾𝑖𝑖𝑖𝑖) (0.5, 0.1) 

Dc voltage controller (𝐾𝐾𝑝𝑝𝑝𝑝𝑝𝑝,  𝐾𝐾𝑖𝑖𝑖𝑖𝑖𝑖) (10, 0.1) 

Ac voltage controller (𝐾𝐾𝑝𝑝𝑝𝑝𝑝𝑝,  𝐾𝐾𝑖𝑖𝑖𝑖𝑖𝑖) (1, 0.1) 

Inner current control (𝐾𝐾𝑝𝑝𝑝𝑝,  𝐾𝐾𝑖𝑖𝑖𝑖) (1, 0.01) 

CCSC controller (𝐾𝐾𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,  𝐾𝐾𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖) (0.8, 0.01) 

Table 2-1 MMC control parameters 

 

MMC pole configuration symmetrical monopole 

DC link voltage  +/- 250 kV 

Rated power  1000 MVA 

MMC submodule number in each arm 200 

Submodule capacitance 10.6 mF 

transformer winding voltage  230kV/250kV  

Transformer leakage reactance  0.18 pu 

Arm inductor 24 mH 

Transmission length  800km 
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Rated ac system voltage 230 kV, 60Hz 

Ac system strength (short circuit ratio) 2.5 

Table 2-2 MMC system specifications 

 

 
Figure 2-15 Transmission line configuration and parameters 

 
The rectifier side VSC station controls the dc link voltage and the inverter side VSC station 

controls the active power output at 900MW to the ac system. Both the rectifier and inverter 

stations operate in ac voltage control mode. In the EMT simulation, a solid three-phase to 

ground fault is applied first on the inverter ac bus at 5 s, then on the rectifier ac bus at 9 s. 

The duration of both fault contingencies is 0.083 s (5 cycles in a 60 Hz system). Figure 

2-16 shows the EMT simulation results of (a) measured active power at the rectifier and 

inverter ac bus, (b) measured reactive power at the rectifier and inverter ac bus, (c) pole to 

pole dc voltage, (d) ac voltage at rectifier and inverter as bus and (e) ac current flows from 

each VSC station to the ac system. For the fault current limiting, the maximum allowed 

current is 1.3 pu (4.6 kA) with priority on 𝑖𝑖𝑑𝑑, showing that current limiting is working 

properly. The system recovers to 80% power in 77 ms after the fault clears on the inverter 

ac bus. For the rectifier side ac fault, it recovers in 157 ms. This is because the terminal 

that controls the dc voltage is responsible for maintaining a stable dc voltage level across 

the dc link. In the event of an ac fault, the dc voltage can fluctuate, and the terminal needs 

to respond to stabilize the voltage level. The control strategy for this terminal will require 

a longer fault recovery time to ensure stable dc voltage recovery after the fault. 
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Figure 2-16 The MMC-HVdc link (a) active power (b) reactive power (c) dc voltage 

(d) ac voltage (e) ac current  

 
2.5 Summary 
This chapter discusses the operating principles and control of VSC-HVdc transmission 

systems. A symmetrical monopole MMC HVdc transmission system is developed in the 

EMT simulator PSCAD/EMTDC, whose basic structure will be used in future chapters. 

The developed HVdc systems can survive the solid three-phase to ground fault on each 

converter terminal with good dynamic performance, and thus the model is validated for the 

study in later chapters.  
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Chapter 3  
 

Virtual Synchronous Machine 

Grid-Forming Control on VSC 
 
 
 
This chapter presents the Virtual Synchronous Machine (VSM) Grid-Forming control 

strategy for the VSC-HVdc converter. Initially, the control strategy of VSM is introduced. 

Then, a test system is modelled on the EMT simulator PSCAD/EMTDC for implementing 

VSM control. The VSM dynamic response is compared with that of a synchronous machine 

and GFL converter. Next, two overcurrent limiting control methods of VSM, switchable 

and in-line cascaded current limiting control, are discussed. Their limitation when applied 

to a VSM connected to a strong ac system are revealed. Finally, an adaptive fault ride 

through method on VSM control is proposed to improve its disturbance ride through 

performance. 
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3.1 VSM control 
As mentioned previously in Chapter 1, Section 1.2, A VSM can control the converter so 

that its behaviour is akin to that of a synchronous generator which generates the ac voltage 

phase angle reference itself and adjusts its real power in proportion according to the (sine 

of the) phase angle difference between the virtual source and the ac network’s Thevenin 

equivalent source. Figure 3-1 shows the equivalence between a VSC converter station and 

a synchronous machine (SM). A prime mover whose speed is controlled by a governor is 

the mechanical input power source for the SM. In the same way, if a VSC is made to mimic 

the SM, its source of input power is the dc side rectifier or dc grid. The SM generates an 

internal voltage in proportion to its field current which is controlled by an excitation system. 

Its speed though nominally controlled by the governor, is transiently dependent on the 

accelerating power applied to its mechanical inertia. In the VSM, the control system 

mimics the electromechanical behaviour of the actual SM’s electromechanical dynamics. 

 
Figure 3-1 Equivalent between a VSM VSC station and Synchronous Machine 

Various VSM models [17][18][19][20][21] have been proposed to emulate the behaviour 

of the real synchronous machine with different levels of accuracy, however, higher order  

synchronous machine model emulation could bring more undamped control interactions 

between different VSM VSC and increase the difficulty of controller design [19]. In this 

project, the discussion of VSM will focus on simplified synchronous machine emulation. 

The swing equation of a synchronous machine is used to regulate the power from the 

converter as expressed by equation (3.1).  
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P PJ T T D Dθ θ θ
ω ω

= − − ∆ = − − ∆     (3.1) 

In equation(3.1), 𝜔𝜔 is the synchronous angular velocity, and 𝜃𝜃 is the synchronous phase 

angle. The mechanical power 𝑃𝑃𝑚𝑚 of the synchronous machine is equivalent to the power 

order reference of the converter, and the electrical torque electrical power 𝑃𝑃𝑒𝑒 is equivalent 

to the measurement of power at the PCC (point of common coupling). The mechanical 

torque 𝑇𝑇𝑚𝑚 and electrical torque 𝑇𝑇𝑒𝑒 are proportional to the corresponding mechanical and 

electrical powers, i.e., 𝑇𝑇𝑇𝑇 =  𝑃𝑃𝑚𝑚/𝜔𝜔, etc., but for a machine running close to synchronous 

speed as is the usual condition, 𝑃𝑃𝑚𝑚 ≈ 𝑇𝑇𝑚𝑚 and 𝑃𝑃𝑒𝑒 ≈ 𝑇𝑇𝑒𝑒 in per unit. 𝐽𝐽 is the inertia constant 

and 𝐷𝐷 is the damping coefficient. Note that, inertia and damping in a VSM are synthetic 

and can even be changed adaptively. This is different from a real synchronous machine 

where the inertia and damping are inherently due to the rotational mass, damper winding 

parameters, mechanical friction and windage loss; and can not therefore be arbitrarily 

selected. However, VSM does not have such a constraint and can offer extra control 

flexibility, including the possibility of adaptively changing these constants when in 

operation. More illustration of the dynamic response of different inertia and damping of 

VSM is shown by the EMT simulation in Section 3.2.1. 

 

Figure 3-2 shows the VSM control diagram. The power synchronization loop emulates the 

swing equation of a synchronous machine. It generates the ac voltage synchronization 

angle 𝜃𝜃 at the PCC. It must be stressed that there is another mechanical damping coefficient 

𝐷𝐷𝑚𝑚  which accounts for the mechanical rotational loss due to mechanical windage and 

friction. However, the effect of 𝐷𝐷𝑚𝑚  can be incorporated into the value of the damping 

coefficient 𝐷𝐷. 
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Figure 3-2 VSM control diagram 

The PCC ac voltage magnitude |𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎| is generated by the ac voltage controller or reactive 

power controller that is similar to the function of an AVR (automatic voltage regulator) in 

a synchronous machine. In ac voltage control mode, a reactive power droop control is 

introduced to regulate the reactive power through the droop coefficient 𝐷𝐷𝑢𝑢 by equation (3.2) 

 
u

VD
Q
∆

=   (3.2) 

The reactive power can also be directly regulated with a feedback control like the ac voltage 

controller. The ac voltage or the reactive power control loop generates the ac voltage 

reference magnitude |𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎|. Together with and synchronization angle 𝜃𝜃 which is generated 

from the power synchronization loop, the ac voltage reference 𝑒𝑒 is sent out to the lower-

level modulation control to generate the firing signals for the converter.  

 

It should be noted that the VSM has a tendency to have poor performance and even become 

unstable when connected a strong ac system. This can be attributed as due to the fact that 

the strong ac system has a much smaller ac side impedance, which can precipitate a large 

power and overcurrent transient even for a small phase angle difference between VSM and 

the ac system. However, as will be shown later in this thesis, careful tuning of the controller 

gains can achieve good performance when connected to both weak and strong systems. 
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3.1.1 Equivalence of VSM and Droop-based GFM control 
Droop-based GFM control is another popular GFM technique widely used for VSC 

[13][14][15][16][78]. Figure 3-3 shows the power synchronization control loop of Droop-

based GFM control. Here  𝜔𝜔𝑟𝑟𝑟𝑟𝑟𝑟 is the setpoint for the grid angular frequency. The active 

power and angular frequency are made to follow a droop characteristic shown in equation 

(3.3). 

 ref
p

ref mf

m
P P
ω ω−

=
−

  (3.3) 

 
Figure 3-3 Droop-based GFM control power synchronization loop 

As seen in the figure, the measured power 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 is low pass filtered before being used as 

a feedback signal 𝑃𝑃𝑚𝑚𝑚𝑚  to the controller. The low pass filter is essential to filter out 

measurement noise. References [25][26] also show that this filter has a positive role in 

maintaining stability. From Figure 3-3, 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 can be expressed by (3.4): 

 (1 )( )ref
meas m ref

p

P T s P
m

ω ω−
= + +   (3.4) 

Expanding the equation (3.4) can result in: 

 m ref refm
meas ref m ref

p p p

T s T sP P T P s
m m m
ω ω ωω −

= + + − +   (3.5) 

With 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟 and 𝜔𝜔𝑟𝑟𝑟𝑟𝑟𝑟 constant, the derivative terms in (3.5) become zero to give (3.6):  

 
1 ( )m

ref mf ref
p p

T s P P
m m

ω ω ω= − − −   (3.6) 

According to the VSM control diagram shown in Figure 3-2, the mechanism of the power 

synchronization loop of VSM can be represented by the equation (3.7) 

 ( )ref meas refJ s P P Dω ω ω= − − −   (3.7) 
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If the active power order 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟 and grid frequency 𝜔𝜔𝑟𝑟𝑟𝑟𝑟𝑟 setpoint is the same for VSM and 

Droop-based GFM control, an equivalence is established between the inertia 𝐽𝐽  and 

damping 𝐷𝐷 with Droop-based GFM control if: 

 
1,m

p p

TJ D
m m

= =   (3.8) 

Thus, the damping 𝐷𝐷 of the VSM is inversely related to the droop parameter 𝑚𝑚𝑝𝑝. The time 

constant 𝑇𝑇𝑚𝑚 of the low pass filter on active power measurement for Droop-based GFM 

control represents the inertia 𝐽𝐽 of the VSM. Due to the equivalence, for convenience, the 

GFM in the future discussion of this thesis represents a VSM if not specifically mentioned, 

but it is readily seen that it corresponds to a Droop-based GFM control with gain 𝑚𝑚𝑝𝑝 and 

time constant 𝑇𝑇𝑚𝑚, as 𝐽𝐽 and 𝐷𝐷 related by (3.8). 

 
3.2 EMT simulation Comparison of VSM with a synchronous 

machine or GFL converter 
A test system shown in Figure 3-4 is developed on the EMT simulator PSCAD/EMTDC 

to demonstrate the behaviour of VSM. In the test system, a symmetrical monopole MMC-

HVdc system is modelled with the specifications shown in Table 3-1. The rectifier side of 

the MMC-HVdc link is assumed to be connected to a strong ac grid and operated in GFL 

dc voltage control mode. Hence, in the following discussion, the dc link voltage is assumed 

to be constant. The inverter side of the MMC-HVdc link is connected to a weak ac grid 

and operated in VSM control mode to regulate the active power. The ac grid is represented 

by a Thevenin equivalent voltage source behind resistor 𝑅𝑅  and inductor 𝑋𝑋 . Selecting 

appropriate values for 𝑅𝑅 and 𝑋𝑋 allows any desired ac system strength, i.e., short circuit 

ratio (SCR). For this test case, the inverter side impedance is 264.5∠80𝑜𝑜Ω and the SCR of 

the ac grid at the inverter side is  

 
2 2/ 230 / 264.5 1

200
RkV gridSCMVA

inv
RMW RMW

V ZSSCR
P P

= = = =   (3.9) 
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Figure 3-4 test system setup 

MMC-HVDC pole configuration symmetrical monopole 

DC link voltage  +/- 120 kV 

Transmission length 250 km 

Rated power  200 MVA 

Submodule number 200 

Converter transformer winding voltage 230kV/116.7 kV 

Converter transformer reactance 0.18 pu 

MMC Converter equivalent arm reactance 0.055 pu 

Transformer windings configuration Yg (HV)/Delta (LV) 

Rated ac system voltage 230 kV, 60Hz 

Table 3-1 test system specifications 

 
3.2.1 Comparison of VSM and synchronous machine 
Based on the test system shown in Figure 3-4, an actual synchronous machine is connected 

to the same weak ac system (SCR=1) to be compared with VSM. The synchronous machine 

is rated at 200 MVA, which is the same as the nominal rating of the VSM. 

 

3.2.1.1 Power order step change 
Figure 3-5 shows the EMT simulation results of the synchronous machine active power 

response at the PCC to a mechanical torque order step change from 1 pu to 0.9 pu at 15s 

with different inertia 𝐽𝐽 (𝐽𝐽 = 1𝑠𝑠 and 5𝑠𝑠). It indicates that an increase in the synchronous 

machine inertia 𝐽𝐽 decreases the transient oscillation frequency and increases the settling 

time to the new steady state. 
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Figure 3-5 The synchronous machine active power response to the mechanical 

torque order step change with different inertia J. 

To check the dynamic response of VSM, first, the active power response of the 

synchronous machine to a step change in the mechanical torque order is compared with 

that of VSM. Figure 3-6(a) shows the EMT simulation results of the active power step 

response for the synchronous machine and VSM. They can have similar dynamic behaviour 

if VSM ( 𝐽𝐽 = 4𝑠𝑠,𝐷𝐷 = 4 𝑝𝑝𝑝𝑝) has the same inertia and close damping to the synchronous 

machine ( 𝐽𝐽 = 4𝑠𝑠,𝐷𝐷 ≈ 1𝑝𝑝𝑝𝑝). 

 
Figure 3-6 Comparison of the synchronous machine and VSM active power response 

to the mechanical torque or active power order step change. (a)VSM J=4, D=4 
(b)VSM J=0.5, D=25 

As mentioned previously in Section 3.1, the inertia and damping of VSM can vary from 

the typical values (i.e., 𝐽𝐽 = 1 ~20𝑠𝑠 [48]) in the synchronous machine. This allows VSM to 

select a wider range of inertia constant 𝐽𝐽  and damping coefficient 𝐷𝐷  than the actual 

synchronous machine does and achieve better control dynamic behaviour compared with 

the synchronous machine shown in Figure 3-6(b) when VSM uses 𝐽𝐽 = 0.5 𝑠𝑠,𝐷𝐷 = 25 𝑝𝑝𝑝𝑝. 
 

Next, a further comparison of VSM dynamic behaviour with different key control 

parameters is shown in the EMT simulation results in Figure 3-7. It shows the VSM 

response to the active power order step changes from 1.0 pu to 0.5 pu at 5 s, then to 0.75 

pu at 8 s, with different inertia 𝐽𝐽 and damping 𝐷𝐷. The results show VSM has a faster 

P 

P 
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dynamic response for smaller 𝐽𝐽, as seen by comparison the blue (𝐽𝐽 = 0.5 𝑠𝑠) and green (𝐽𝐽 =

5 𝑠𝑠) curves. Likewise, larger 𝐷𝐷 makes the step response more damped, as seen by the 

comparison of the blue (𝐷𝐷 = 25 𝑝𝑝𝑝𝑝) and orange (𝐷𝐷 = 100 𝑝𝑝𝑝𝑝) curves. It also indicates 

that when the ratio 𝐷𝐷/𝐽𝐽 remains the same (𝐷𝐷/𝐽𝐽 = 5), larger 𝐽𝐽 and 𝐷𝐷 combination have 

slower dynamic response but more damped, while smaller 𝐽𝐽 and 𝐷𝐷 combination have a 

faster dynamic response but more undamped, as seen by comparison the red (𝐽𝐽 = 1 𝑠𝑠,𝐷𝐷 =

5 𝑝𝑝𝑝𝑝) and green (𝐽𝐽 = 5 𝑠𝑠,𝐷𝐷 = 25 𝑝𝑝𝑝𝑝) curves.  

 
Figure 3-7 VSM response to the active power order step changes with different 

inertia J and damping D. (a) active Power response at inverter side PCC. (b)inverter 
side frequency response. (c) ac voltage angle response at inverter side PCC. 

 
3.2.1.2 Ac system frequency change 

Now let us see what happens to the real synchronous machine and VSM if the ac system 

frequency changes. Consider a real synchronous machine without a speed governor. 

Assume that the input mechanical torque is kept constant and the ac system frequency 

drops from 60 Hz to 59 Hz with a ROCOF of 2 Hz/s. Initially, there is a momentary increase 

in the output power of synchronous machine which is required to slow it down and 

resynchronize to the new system frequency of 59 Hz. The machine then achieves a virtual 

rotor speed of 2𝜋𝜋 ∙ 59 𝑟𝑟𝑟𝑟𝑟𝑟/𝑠𝑠, and consequently, the output power 𝑃𝑃𝑒𝑒 which is a product of 

torque and speed also decreases. Eventually, in the new steady state, the electrical torque 

𝑇𝑇𝑒𝑒 again will equal to the mechanical torque 𝑇𝑇𝑚𝑚, but both the mechanical power 𝑃𝑃𝑚𝑚 and the 
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electrical power 𝑃𝑃𝑒𝑒 will decrease, with the machine now running at the new synchronous 

speed corresponding to 59 Hz. This is because for a synchronous machine, the rotating 

magnetic field rotates at synchronous speed which is linked to the system frequency and 

thus the system frequency change is intrinsically tracked. The relation between output 

electrical power and electrical torque considering a small deviation (denoted by prefix ∆) 

from the initial values (denoted by subscript 0) can be expressed by 

 0 0 0( )( )e e e eP P T Tω ω+ ∆ = + ∆ + ∆   (3.10) 
The relationship between the perturbed values with higher-order terms neglected is given 

by 

 0 0e e eP T Tω ω∆ = ∆ + ∆   (3.11) 
In the new steady state, ∆𝑇𝑇 = 0. Therefore, in pu form, 

 epu puP ω∆ = ∆   (3.12) 
In this case, as the ac system frequency drops from 60 to 59Hz (i.e., 1.67 % drop) and the 

active power output change is given: 

 60 59 0.0167
60epu puP puω −

∆ = ∆ = =   (3.13) 

Thus, the active power output from the synchronous machine changes marginally by about 

1.67% equal to the 1.67% frequency drop in system frequency. 

 

In contrast, the simplified VSM control shown in Figure 3-2, reasonably simulates the 

synchronous machine’s swing equation dynamics, but does not automatically track the 

system frequency change. This is because frequency reference 𝜔𝜔𝑟𝑟𝑟𝑟𝑟𝑟 is fixed at 1pu, and 

when there is a change in the network frequency, there is a damping coefficient related 

change in the output power in the steady state. This is because in the steady state,  

 ( ) (1 )pu ref pu puP D Dω ω ω∆ = ⋅ − = ⋅ −   (3.14) 
Thus, if the system frequency drops to 59 Hz and the VSM damping coefficient 𝐷𝐷 = 10 𝑝𝑝𝑝𝑝, 

then this power deviation is ∆𝑃𝑃𝑝𝑝𝑝𝑝 = 0.167 𝑝𝑝𝑝𝑝 or 16.7% which is much larger than the 

change with a real synchronous machine.  
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Figure 3-8 VSM and synchronous machine response to system frequency ramp of -2 

Hz/s (a) response of synchronous speed (b) response of active Power output 

Figure 3-8 shows the EMT simulation of VSM and synchronous machine response to the 

grid frequency change. The SM has an inertia constant of 𝐽𝐽 = 0.5 𝑠𝑠 , and damping 

coefficient 𝐷𝐷 is 1pu. The VSM options of inertia and damping are (0.5, 25) and (0.5, 10). 

The ac system frequency is changed from 60 Hz to 59 Hz at 15 s with a rate of change of 

frequency (RoCoF) = -2 Hz/s. Figure 3-8 (a) shows the frequency of the VSM and the 

synchronous machine with the changing system frequency. Figure 3-8 (b) shows the active 

power output of the synchronous machine changes very marginally (1.67%). On the other 

hand, the power of the VSM changes more significantly from 0.5 pu to 0.667 pu (16.7%) 

when 𝐷𝐷 = 10 𝑝𝑝𝑝𝑝. For a larger damping coefficient 𝐷𝐷 = 25 𝑝𝑝𝑝𝑝, it is even larger change 

from 0.5 pu to 0.92 pu (42%).  

 

This active power output deviation can be detrimental to VSM. When the converter 

operates at rated power, the grid frequency drop can cause an increase in active power 

output and may overload the converter. However, this problem can be solved by tracking 

the grid frequency instead of giving a fixed reference 𝜔𝜔𝑟𝑟𝑟𝑟𝑟𝑟, such as using a PLL, or a low 

pass filtered synchronous speed feedback. Figure 3-9 shows the VSM power 

synchronization loop with grid frequency tracking. The grid frequency 𝜔𝜔𝑟𝑟𝑟𝑟𝑟𝑟 can be made 

equal 𝜔𝜔𝑓𝑓𝑓𝑓𝑓𝑓, which is obtained by low pass filtering the signal 𝜔𝜔 generated by the swing 

equation as in Figure 3-2 or from the tracked system frequency 𝜔𝜔𝑃𝑃𝑃𝑃𝑃𝑃 generated via a PLL. 

Note that, for VSM islanded applications or transient disturbance ride through, the VSM 

frequency reference would be fixed at 𝜔𝜔𝑟𝑟𝑟𝑟𝑟𝑟 = 1 𝑝𝑝𝑝𝑝. 
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Figure 3-9 Power synchronization loop with grid frequency reference from (a)PLL 

(𝑘𝑘𝑝𝑝 = 10, 𝑘𝑘𝑖𝑖 = 20) (b)Low pass filtered feedback (𝑇𝑇 = 0.1𝑠𝑠) 

Figure 3-10 shows the EMT simulation of VSM with grid frequency tracking and the 

synchronous machine response to the grid frequency changing with a RoCoF of -2 Hz/s. 

When the system frequency starts to drop from 60 Hz to 59 Hz at 15 s, there is no damping 

coefficient related active power output deviation in the new steady state for VSM if the 

grid frequency is tracked.  

 
Figure 3-10 VSM with grid frequency tracking and synchronous machine response to 
system frequency ramp of -2 Hz/s (a)response of synchronous speed. (b)response of 

active Power output. 

It should be mentioned that if the electrical torque 𝑇𝑇𝑒𝑒  (= 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝜔𝜔⁄  ) is used as the 

feedback signal there will be a slight difference from the response of the model which used 

electric power, as shown in Figure 3-11. The active power output will then be slightly 

different after the system frequency changes to a new value. For convenience in this thesis, 

the VSM is implemented with active power measurement 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 as the control feedback. 
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Figure 3-11 VSM active power response to the system frequency change with 

different control feedback (blue line: electrical torque, orange line: active power) 

 
3.2.2 Comparison of VSM and GFL converter operation 

 
3.2.2.1 Performance with a weak ac system 

Based on the test scenario shown in Figure 3-4, an EMT simulation is conducted to 

compare GFL and VSM converter operation when connected to a weak system (SCR=1). 

Figure 3-12 shows the EMT simulation results of the HVdc inverter response to the active 

power order step changes in both VSM and GFL control modes. The power order changes 

from 1pu to 0.5 pu at 5 s then changes from 0.5 pu to 0.75 pu at 8 s. Figure 3-12 shows (a) 

the inverter side measured power at PCC, (b) the measured frequency and (c) the voltage 

angle at the inverter PCC bus for the GFL and VSM mode operation. For VSM, the 

frequency is directly obtained from the swing equation in the power synchronization 

control loop, whereas for the GFL it is measured using a phase-locked loop (PLL). The 

PLL gains are optimized for the weak ac system as the SCR is 1 (𝑘𝑘𝑝𝑝 = 0.5, 𝑘𝑘𝑖𝑖 = 1). For 

such a weak ac system, if the inverter is operated in GFL control mode to control the active 

power, instability is observed when the power order changes; however, if the inverter is 

operated in VSM control mode, it can maintain stable operation, and its performance is 

greatly improved.  
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Figure 3-12 VSM (J=0.5s, D=20 pu) and GFL VSC response to the active power order 
step changes in a weak grid scenario (SCR=1). (a) measured Power at inverter side 
PCC. (b)inverter side ac system frequency. (c)measured ac voltage angle at inverter 

side PCC. 

 
3.2.2.2 Performance with a jump in the phase of the ac voltage 

Next, the SCR of the inverter side ac system is increased to 2.5 but other system 

specifications remain the same. This permits the GFL converter to maintain stable 

operation with a good dynamic response which was not possible with the weaker ac system.  

 
Figure 3-13 VSM and GFL VSC active power step change response 

An active power order step change from 1 pu to 0.9 pu in the simulation is applied at 𝑡𝑡 =

5 𝑠𝑠 for VSM and GFL scenarios. The VSM (𝐽𝐽 = 0.5 𝑠𝑠,𝐷𝐷 = 20 𝑝𝑝𝑝𝑝) demonstrates a slightly 

underdamped response with a settling time of 0.22 s to 90% of the order change compared 

with the GFL converter which has a well-damped response with a settling time of 0.12 s as 

in Figure 3-13. The VSM’s underdamped response could be accounted for by oscillations 

generated by its virtual inertia. 
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The VSM inertia behaviour can be also observed in a case where a sudden change to the 

phase angle of the ac voltage. In this test, a 30 degrees phase shift is applied to the Thevenin 

equivalent voltage source to emulate the ac voltage phase angle change close to the PCC 

bus, which could be precipitated by some grid events e.g., power flow change. The VSM 

responds to this phase angle change as dictated by the swing equation and the associated 

inertia inherent in the model, and hence gives a sluggish response. In contrast, the GFL 

synchronizes through a PLL (i.e., no inertia in the model) and shows a much faster response 

than the VSM as seen in Figure 3-14(a). The transient active power change of VSM is 

larger than that of the GFL converter since the active power output is directly linked to the 

phase angle according to the swing equation, which can be observed in Figure 3-14(b). 

 
Figure 3-14 GFM and GFL VSC (a)controlled PCC voltage phase and (b)active power 

response to the connected ac voltage source phase angle jump 

Another case that shows the inertia response from VSM is the system frequency change 

test. In this test, the ac system frequency drops from 60 Hz to 59 Hz at 5 s with ROCOF of 

-2 Hz/s shown in Figure 3-15(a). Figure 3-15(b) shows the active power output from VSM 

and GFL converter. The active power output from the GFL converter does not respond to 

this frequency change. The VSM, however, experiences a transient active power increase, 

showing that it is trying to add energy to the ac network to counteract the frequency ramp 

down. 
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Figure 3-15 VSM and GFL response to ac voltage frequency ramp of -2 Hz/s 

(a)response of Frequency output. (b)response of active Power output 

 
3.3 Overcurrent limiting on VSM 
As VSM in Figure 3-2 was made to emulate a real synchronous machine which has no 

inherent current limiting controller, it too is not equipped with such a controller. Figure 

3-16 shows the instantaneous current obtained by an EMT simulation of a solid three-phase 

to ground fault on VSM at its PCC bus. The fault starts at 5 s and lasts for 5 cycles (0.083 

s). The short circuit current is 6.5 pu which could damage the converter’s IGBT values 

whose overcurrent capability is usually limited to about 2 pu [27]. Although the converter 

could be designed to have a larger short circuit current capacity, it is unadvisable due to 

the increased cost. Thus, an overcurrent limiting control is required for VSM. Two current 

limiting control options will be discussed in the following sections. 

 
Figure 3-16 short circuit current from VSM without current limiting 

 
3.3.1  Switchable current limiting control 
In the switchable current limiting control, during overcurrent, VSM’s ac voltage control 

loop is switched out and replaced by a fast current control loop. When the current 

magnitude returns to normal, this current controller is switched out and the VSM ac voltage 

control resumes.  
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The control diagram of this current limiting method is shown in Figure 3-18. The VSM 

control for normal operation is shown on the left side of the figure, while the current 

limiting control is shown on the right side of the figure. The converter current magnitude 

is readily obtained from the d and q current components as: 

 
2 2

,dq mag d qi i i= +   (3.15) 
In the equation (3.15), 𝑖𝑖𝑑𝑑 and 𝑖𝑖𝑞𝑞 are current in d-q frame on the converter side, which can 

be acquired from the measured three-phase current and VSM control synchronization angle 

through Park’s transformation [85]. The control mode switch compares this current 

magnitude with the predetermined threshold current 𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚. If 𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑖𝑖𝑑𝑑𝑑𝑑,𝑚𝑚𝑚𝑚𝑚𝑚, then 𝑖𝑖𝑑𝑑 and 

𝑖𝑖𝑞𝑞 will be held at their values at that moment and the current limiter will be activated. The 

current limiter generates the d-q current reference 𝑖𝑖𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 and 𝑖𝑖𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞 for the current control 

loop, which can be expressed by: 
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Figure 3-17 Current limiter diagram 

This ensures that the reference current’s phase angle is maintained at 𝜑𝜑, but its magnitude 

is limited to 𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚 as shown in Figure 3-17. With this current reference, the current control 

loop shown in the black box in Figure 3-18 regulates the VSM output current by generating 

the required voltages 𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎  during the fault transient. Once the fault is cleared and the 

control mode switch detects 𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚 > 𝑖𝑖𝑑𝑑𝑑𝑑,𝑚𝑚𝑚𝑚𝑚𝑚 , the control will switch back to normal 

operation mode and the voltage magnitude reference will again come from the ac voltage 

and reactive power control loop.  
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Figure 3-18 VSM control with switchable current limiting control 

 
To test the performance of the switchable current limiting control, a 12-cycle (200 ms) long 

solid three-phase to ground fault is applied at the inverter side PCC bus of the test system 

shown in Figure 3-4 at t = 5 s. The VSM’s inertia constant and damping coefficient are 𝐽𝐽 =

0.5 𝑠𝑠 and 𝐷𝐷 = 20 𝑝𝑝𝑝𝑝. In general, the solid three-phase to ground fault should be cleared in 

about 5 cycles, but here the fault period is extended to 12 cycles to test the current limiting 

performance in some extreme cases such as protection failure. The overcurrent limit  𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚 

is set at 1.3 pu which is a sufficiently safe value for the VSC’s semiconductor components.  

 

First, the weak system case is simulated, with the VSM connected to an ac system of 

SCR=1.0. Figure 3-19 shows the EMT simulation results of (a) instantaneous current from 

VSM, (b) RMS current from VSM, (c) RMS voltage at the PCC bus, (d) active power and 

reactive power output from VSM and (e) switch control mode selection from VSM with 

switchable current limiting. During the fault, the current control loop is selected and the 

short circuit current from VSM is limited at 1.3 pu. After the fault, the control switches 

back to ac voltage control and the system recovers in normal operation (80% power) after 

a 140 ms transient. 
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Figure 3-19 VSM with switchable current limiting control for a solid three-phase to 

ground fault at PCC bus.(SCR=1) (a) Instantaneous current from VSM (b)RMS 
current (c)RMS ac voltage at PCC (d)active and reactive power output (e) control 

mode switch (1=current limiting, 0=normal) 

 
As can be seen in Figure 3-19(c) and Figure 3-19(d), although the current limiting control 

loop works well during the fault, there is an overvoltage (up to 1.4 pu) and reverse power 

transient (up to -0.8 pu) during post fault recovery period. This is due to that the voltage 

angle generated by the VSM power synchronization loop has a large variation during the 

fault. This can be observed in Figure 3-26(a) where it changes from 0 to -155 degrees. 

Since the voltage angle change goes beyond -90 degrees, the active power direction is 

changed transiently. 

 

Now we investigate what happens when the connected ac system becomes stronger. The 

performance of VSM switchable current limiting with connected ac systems ranging from 
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weak (SCR =1) to very strong (SCR=10) are shown in Figure 3-21. In Figure 3-21, (a) is 

the ac voltage at PCC, (b) is the active power output from the converter and (c) is the 

current control loop (CCL) switch signal (CCL=0 meaning current control is not active, 

CCL=1 means current control is activated.). Note for a strong ac system, e.g., SCR = 5 or 

10, the system fails to ride through the ac fault. This can be attributed as due to the fact that 

the strong ac system has a much smaller ac side impedance, which can precipitate a large 

power and overcurrent transient even for a small phase angle difference between VSM and 

the ac system’s Thevenin equivalent voltage source. This makes the switchable control 

loop accidentally switch in and out during the post fault period and causes system to 

become unstable. The solution to this problem will be discussed in Section 3.4. 

 
Figure 3-20 VSM with switchable current limiting control (SCR=1) (a)ac voltage 

angle at PCC and (b)synchronous speed measured from VSM power synchronization 
loop 

 
Figure 3-21 VSM with switchable current limiting control under different system 

strength (a) ac voltage at PCC (b)active and reactive power output (c) control mode 
switch (1=current limiting, 0=normal) 
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3.3.2 In-line cascaded current liming control 
The switchable current limiting technique discussed in the previous section switches the 

main voltage control function with a current controlling loop on detection of overcurrent. 

Even if the switching functions well, the control mode switch also needs a short period to 

react when a fault is detected. This may cause the overcurrent still to be present for the first 

or second cycle after fault inception, as can be observed in Figure 3-19 (a).  

 

An alternative approach which overcomes the above drawback is to embed the current 

limiting control in-line VSM voltage controller as shown in Figure 3-22. Since the current 

limiting loop is always in-line for normal as well as faulted operation, the approach does 

not require very fast fault detection and control mode switching. 

 

Compared with the basic VSM control shown in Figure 3-2, a cascaded current control 

loop in the d-q frame is added in-line with the ac voltage and reactive control loop to 

generate the ac voltage magnitude reference. The q-axis voltage reference 𝑉𝑉𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞  of the 

current control loop can be set to 0, while the d-axis voltage reference can be equal to the 

grid voltage reference (a droop control is added to the voltage reference to regulate the 

reactive power) in ac voltage control mode or generated from an outer reactive power 

control loop in reactive power control mode. The voltage control loops generate the current 

reference to the current limiter. Then, the current limiter (see Figure 3-17) generates the 

current references 𝑖𝑖𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 and 𝑖𝑖𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞  for the inner current control loops. Different limiting 

approaches are possible, such as circular limiting, where the magnitude �𝑖𝑖𝑑𝑑2 + 𝑖𝑖𝑞𝑞2 of the ac 

current is limited, but the phase angle tan−1(𝑖𝑖𝑑𝑑 𝑖𝑖𝑞𝑞⁄ )  retained shown in Figure 3-17. 

Alternatively, 𝑖𝑖𝑑𝑑 or 𝑖𝑖𝑞𝑞 priority control is often employed. In the thesis, the controller uses 

𝑖𝑖𝑑𝑑 priority which is often used in HVdc systems for better recovery from ac faults [86]. 

Finally, the inner current control loops generate the voltage magnitude reference for 

modulation. 
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Figure 3-22 VSM control with in-line cascaded current limiting control 

 
Figure 3-23 VSM with cascaded current limiting control (SCR=1) (a) Instantaneous 
current from VSM (b)RMS current from VSM (c)RMS ac voltage at PCC (d)active and 

reactive power output 

The same fault test in Section 3.3.1 is applied to VSM with in-line cascaded current limiting. 

When the connected ac system has an SCR=1, Figure 3-23 shows the EMT simulation 
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results of (a) instantaneous current from VSM, (b) RMS current from VSM, (c) RMS 

voltage at the PCC bus and (d) active power and reactive power output from VSM with in-

line cascaded current limiting. During the fault, the fault current is limited to 1.3 pu. The 

system recovers in normal operation (80% power) after a 130 ms transient. Although 

Comparing Figure 3-19 (a) with Figure 3-23 (a) demonstrates the advantage of the in-line 

current limiting method, solving the overcurrent problem at the beginning of the fault that 

the switchable current liming brings, the post-disturbance transient reversal of power 

direction is still noticeable (up to – 0.8 pu) in Figure 3-23 (c). 

 

The performance of VSM in-line cascaded current control with connected ac systems 

ranging from weak (SCR =1) to very strong (SCR=10) are shown in Figure 3-24. In Figure 

3-24, (a) is the RMS ac voltage at PCC and (b) is the active and reactive power output form 

the converter. Again, for the strong ac network, (e.g., SCR= 10), a loss of synchronism is 

observed. 

 
Figure 3-24 VSM with cascaded current limiting control under different system 

strength (a)RMS ac voltage at PCC (b)active and reactive power output 

3.4 Proposed adaptive fault ride through control on VSM 
The undesirable transient reverse power and overvoltage observed in Section 3.3.1 and 

3.3.2 can be avoided by limiting the voltage angle change to a small range. This can be 

achieved by limiting the change of the synchronous speed from the VSM power 

synchronization loop during the fault. 

 

During a solid three-phase to ground fault, the active power output from VSM is close to 

0. According to the swing equation, the synchronous speed will increase until 
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 0ref
dP D J
dt
ωω− ∆ = =   (3.17) 

Thus, decreasing the active power order 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟 and increasing the damping coefficient 𝐷𝐷 in 

the VSM can decrease the virtual synchronous speed change Δ𝜔𝜔 during the fault. If Δ𝜔𝜔 is 

small, the voltage angle change can be limited to a small range during the current limiting 

period. Then the large resynchronization transient of VSM in the post-fault period can be 

avoided.  

 

It should be noted that the virtual synchronous machine gives more flexibility than a real 

machine, because the VSM’s parameters can be changed at will and even dynamically. 

Thus, in this thesis, an adaptive fault ride through control mode shown in Figure 3-25 is 

proposed targeting cancelling the post-fault transient. When an overcurrent is sensed by 

the VSM, its power order 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟 is transiently decreased, and its damping coefficient 𝐷𝐷 is 

transiently increased. When the overcurrent diminishes, 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟 and 𝐷𝐷 are returned to their 

normal setting values. 

 
Figure 3-25 Proposed adaptive fault ride through control mode 

The proposed adaptive change method is tested on a VSM with in-line cascade current 

control. The active power order 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟 and damping coefficient 𝐷𝐷 transiently changes from 

1 pu to 0.5 pu and from 20 pu to 220 pu respectively when the ac current is over 1.3 pu. 

When the connected ac system SCR=1, Figure 3-26 compares the voltage angle and the 

synchronous speed for the case with adaptive control (orange) and without adaptive control 

(blue). Instead of a phase angle change in the range of [−140, 15] degrees, the phase 

change is much improved and confined to a smaller interval of [−20, 20] degrees. 
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Figure 3-26 Improved (a)ac voltage angle at PCC and (b)synchronous speed 

measured from VSM power synchronization loop, with proposed adaptive control 
method(orange). 

 
Figure 3-27 Adaptive fault ride through control on VSM with in-line cascaded current 
limiting control (SCR=1) (a) Instantaneous current from VSM (b)RMS current from 

VSM (c)RMS ac voltage at PCC (d)active and reactive power output (e)adaptive 
control switch signal (1=ON, 0=OFF) 

With the proposed adaptive fault ride through control, Figure 3-27 shows (a) instantaneous 

current from VSM, (b) RMS current from VSM, (c) RMS voltage at the PCC bus, (d) active 
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power and reactive power output and (e) the proposed adaptive control switch on signal 

(1=ON, 0=OFF) for VSM with in-line cascaded current limiting when the connected ac 

system SCR=1. Compared with the conventional cascaded current limiting results shown 

in Figure 3-23, there is no transient reverse power and overvoltage problem during post-

fault recovery as shown in Figure 3-27 (c) and (d). 

 

Figure 3-28 shows the EMT simulation results of (a) ac voltage at the PCC bus, (b) active 

power output and (c) adaptive control switched-on signal for SCRs ranging from 1 to 10. 

It is evident that the ac voltage and active power recovery are much smoother with the 

adaptive fault ride through control. 

 
Figure 3-28 Adaptive fault ride through control on VSM with in-line Cascaded current 

control (a) ac voltage at PCC (b) active power output and (c) adaptive control 
switched on signals. 

If adaptive fault ride through control is implemented with switchable current limiting, a 

similar improvement also accrues. The adaptive fault ride through control is activated when 

the current control loop is switched in. Figure 3-29 shows the results for SCRs ranging 

from 1 to 10, when the adaptive fault ride through control is used. Compared with the 

conventional switchable current limiting results shown in Figure 3-21, the proposed 

adaptive control method greatly improves the fault ride though performance of VSM with 

switchable current control connected to both weak and strong systems. 
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Figure 3-29 Adaptive fault ride through control on VSM with Switchable current 

control (a) ac voltage at PCC (b) active power output and (c) current control loop 
switch signal 

3.5 Propose adaptive control method on VSM voltage phase 

angle shift ride through 
In the previous section 3.2.2, the comparison of VSM and GFL response to the voltage 

phase angle shift has shown that the GFL shows fast-tracking behaviour, but VSM has a 

sluggish response with more oscillation and larger settling time. IEEE Standard 2800-2022 

[27] demands that any VSC should be able to ride through a phase change in ac voltage of 

+/- 25 degrees. 

 

Consider the same test system of Figure 3-4 used in the previous sections with SCR = 2.5. 

A phase angle shift is applied to the Thevenin equivalent voltage source to emulate the ac 

voltage phase angle change close to the PCC bus, which could be precipitated by some grid 

events e.g., power flow change. The phase of the ac source is reduced by 30 degrees at 𝑡𝑡 =

5 𝑠𝑠, and then increased back to 0 degree at 7 s. 

 

First, consider the case without the proposed adaptive control. and the in-line cascaded 

current control limiter set to 1.3 pu . In Figure 3-30, (a) is the voltage phase angle at PCC, 

(b) the ac current output and (c) the active power output from the converter. During the 
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phase angle jump, overcurrent occurs, and when the current limiting remains on for too 

long, the controller loses the ability to lock synchronization voltage angle 𝜃𝜃, VSM can lose 

synchronization and the system becomes unstable. In this case, the VSM inertia constant 𝐽𝐽 

is 5 s. The transient active power and ac current output change of VSM is large and the 

current limiting is activated starting at t = 5 s. The voltage angle loses synchronism and 

becomes unstable due to the current limiting shown in Figure 3-30 (a), (b) and (c).  

 
Figure 3-30 (without adaptive control) VSM (J=5 s) with cascaded current controls 

response to the connected ac voltage source phase jump. (a) ac voltage phase angle 
(b) ac current output and (c) active power output 

Since the proposed adaptive fault ride through control can limit the synchronization voltage 

angle change during the overcurrent transient, it can also improve the VSM phase angle 

ride through performance. The simulation results with the proposed adaptive control are 

shown in Figure 3-31. The system is able to ride through the disturbance successfully, 

unlike the case without adaptive control in Figure 3-30. The voltage angle is frozen when 

the adaptive control is switched on during the overcurrent limiting period. When the 

overcurrent limiting is over, the inertia behaviour of the VSM resumes, and thus not 

jeopardizing the GFM functionality during normal operation. Same qualitative conclusion 

can be drawn if current limiting is achieved by switchable current limiting control. 
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Figure 3-31 VSM (J=5 s) with cascaded current limiting and adaptive fault ride 

through controls response to the connected ac voltage source phase jump. (a) PCC 
voltage phase angle (b) ac current output (c) active power output and (d) adaptive 

fault ride through switched on signal 

3.6 Summary 
This chapter presents the VSM control for a VSC-HVdc link. A test system is developed 

on the EMT simulator PSCAD/EMTDC with VSM control on the HVdc inverter side. It 

shows that VSM control can have a similar inertia response as the synchronous machine 

and is supreme to GFL when connected to a weak ac system. However, VSM can introduce 

a damping coefficient related active power output deviation after system frequency changes, 

which actual synchronous machines do not. In comparison to a GFL converter, VSM can 

exhibit a slower response following a phase angle jump. The performance of two different 

VSM current limiting control strategies, switchable and in-line cascaded current control, 

are discussed. It shows that VSM with these two current limiting methods can fail to ride 

through the ac fault when the connected ac system is strong. Furthermore, due to the 

sluggish response of VSM, it can also fail to ride through when there is a sudden voltage 

phase angle shift. An adaptive control method dynamically changing the control gains is 

proposed in this thesis to improve both VSM ac fault and voltage phase angle ride through 

performance. 
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Chapter 4  
 

Small Signal Stability Analysis of 

VSM 

 
 
 
In this chapter, a linearized state-space VSM small-signal model is proposed and validated 

with the EMT model to investigate the control stability margin of VSM with and without 

a current limiting loop under various grid conditions and different ranges of control 

parameters. This analysis helps in the selection of VSM controller gains. 
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4.1 Equivalent circuit for the small-signal stability study 
In most cases, one of the converters of an HVdc link is controlled to regulate the voltage 

on the interconnecting dc link. Assume that the remote converter is tasked thus then the 

local converter can be regarded as being connected to a constant dc voltage. Assuming that 

this converter is operating as an inverter as a VSM, the equivalent circuit for such operation 

is shown in Figure 4-1. This equivalent circuit is used for the small-signal stability study. 

The VSM system shown in the blue box can be represented as a voltage source 𝑉𝑉𝑐𝑐∠𝛿𝛿 

connected to an equivalent reactance 𝑋𝑋  which is the sum of the transformer leakage 

reactance 𝑋𝑋𝑡𝑡 and the MMC arm reactance 𝑋𝑋𝑎𝑎𝑎𝑎𝑎𝑎: 

 t armX X X= +  (4.1) 
On the grid side, the point of common coupling (PCC) bus voltage is 𝑉𝑉𝑡𝑡∠𝜃𝜃. And the ac grid 

is represented by a Thevenin equivalent voltage source 𝑉𝑉𝑠𝑠∠𝜑𝜑  behind resistor 𝑅𝑅𝑠𝑠  and 

inductor 𝑋𝑋𝑠𝑠. Changing 𝑅𝑅𝑠𝑠 and 𝑋𝑋𝑠𝑠 allows one to change the system strength as well as the 

impedance 𝑋𝑋/𝑅𝑅 ratio. The current and power flow positive direction is defined from the 

converter to the ac grid. 

 
Figure 4-1 (a) VSM inverter arrangement and (b) small signal equivalent circuit  

For the convenience of analysis, the voltage and current variables in the 𝑎𝑎𝑎𝑎𝑎𝑎 domain shown 

in Figure 4-1 are transferred into variables in 𝑑𝑑𝑑𝑑 domain as in Figure 4-2  using the  Park’s 

transformation matrix presented in Appendix A.1. 

 
Figure 4-2 the Equivalent circuit in 𝑑𝑑𝑑𝑑 domain 
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4.2 State-space VSM model 
The mathematical description of the dynamical behaviour of the system described in 

Section 4.1 contains both differential equations and algebraic equations. They are called 

differential-algebraic equations (DAEs), also known as descriptor systems [87]. DAEs are 

much easier to formulate as compared to classical state equations, as they can be formulated 

without eliminating algebraic equations [88]. The mathematical framework, descriptor 

state-space equations can be written as 

 
Ex Ax Bu
y Cx

= +
=



 (4.2) 

In (4.2), 𝑥𝑥 presents the state, 𝑢𝑢 is the input, and 𝑦𝑦 is the output of the system, and the matrix 

𝐸𝐸 is generally singular and therefore non-invertible. Modern CAD tools such as Matlab 

allow to generate system eigenvalues of this system automatically using the matrix pencil 

(𝐴𝐴,𝐸𝐸)  [89]. The matrix pencil eigenvalue set contains essential eigenvalues of finite 

magnitude that impact system dynamics and some additional eigenvalues of infinite 

magnitude the number of which equals the number of algebraic equations [90]. The 

essential eigenvalues are exactly the same as that would be obtained from a classical state 

variable formulation of the same system.  

 

Based on the mathematical model described above, the system with a VSM can be 

linearized around the operating setpoint (e.g., 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟 = 1 𝑝𝑝𝑝𝑝,𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟 = 1 𝑝𝑝𝑝𝑝). The linearized 

stability analysis model for VSM with and without in-line cascaded current limiting control 

will be developed in the following sections. 

 

4.2.1 Linearized model of VSM 
The control diagram of VSM without current limiting control is shown in Figure 4-3. 

Initially, at an operating point 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟 = 1 𝑝𝑝𝑝𝑝,𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟 = 1 𝑝𝑝𝑝𝑝 , the power synchronization 

controller can be linearized as  

 0vsm
d

dt
θ ω ω∆
= ∆ ⋅  (4.3) 

 vsm
ref meas vsm

dJ P P D
dt
ω ω∆

= ∆ −∆ − ∆  (4.4) 
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Note that, 𝜔𝜔0 is the nominal angular velocity at 376.99 rad/s, and the unit of 𝜃𝜃 is rad. 

 
Figure 4-3 control diagram of VSM without in-line cascaded current control 

Then, the network dynamic from the converter terminal to the PCC bus in 𝑑𝑑𝑑𝑑 domain can 

be expressed by  

 
0

d
cd td q vsm vsm q

d iL v v Li L i
dt

ω ω
ω

∆
= ∆ −∆ − ∆ − ∆   (4.5) 

 
0

q
cq tq d vsm vsm d

d iL v v Li L i
dt

ω ω
ω

∆
= ∆ −∆ + ∆ + ∆   (4.6) 

In (4.5) and (4.6), 𝐿𝐿 is the inductance in pu from VSM terminal to PCC bus. As in Figure 

4-2, 𝑖𝑖𝑑𝑑 , 𝑖𝑖𝑞𝑞 is the current flow from the converter to the network, 𝑣𝑣𝑐𝑐𝑐𝑐 , 𝑣𝑣𝑐𝑐𝑐𝑐 is the voltage at 

the converter terminal, and 𝑣𝑣𝑡𝑡𝑡𝑡 , 𝑣𝑣𝑡𝑡𝑡𝑡 is the voltage at PCC bus. 

 

Similarly, the network dynamics from the PCC bus to the Thevenin equivalent voltage 

source in 𝑑𝑑𝑑𝑑 domain can be expressed by the following equations: 

 
0

s d
td sd s q vsm s vsm q s d

L d i v v L i L i R i
dt

ω ω
ω

∆
= ∆ −∆ − ∆ − ∆ − ∆   (4.7) 

 
0

qs
tq sq s d vsm s vsm d s q

d iL v v L i L i R i
dt

ω ω
ω

∆
= ∆ −∆ + ∆ + ∆ − ∆   (4.8) 
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In (4.7) and (4.8), 𝐿𝐿𝑠𝑠 and 𝑅𝑅𝑠𝑠 are the equivalent grid inductance and resistance from PCC 

bus to the Thevenin equivalent voltage source at 𝑉𝑉𝑠𝑠𝑠𝑠 ,𝑉𝑉𝑠𝑠𝑠𝑠. The derivation of equations (4.5) 

to (4.8) is presented in Appendix A.2. 

 

The voltage controller’s input error is fed to Proportional Integral (PI) controller. The 

output 𝑥𝑥1 of the PI’s integrator is a useful state variable to use, and hence the input error is 

more conveniently represented as a derivative 𝑑𝑑𝑥𝑥1 𝑑𝑑𝑑𝑑⁄ . Next, if the VSM ac voltage 

controller input error is 𝑑𝑑𝑥𝑥1 𝑑𝑑𝑑𝑑⁄  and the proportional and integral gains of the PI controller 

are 𝐾𝐾𝑝𝑝 and 𝐾𝐾𝑖𝑖, the controller can be linearized as 

  1
2 2 2 2

( )tqtd
ref td tq

td tq td tq

vvd x V v v
dt v v v v
∆

= ∆ − ∆ + ∆
+ +

  (4.9) 

 12 2 2 2
0 ( )tqtd

p ref td tq i cd

td tq td tq

vvK V v v K x v
v v v v

= ∆ − ∆ − ∆ + ∆ −∆
+ +

  (4.10) 

 0 cqv= ∆   (4.11) 

 
After that, the relationship between 𝑣𝑣𝑡𝑡𝑡𝑡 , 𝑣𝑣𝑡𝑡𝑡𝑡 , 𝑖𝑖𝑑𝑑 , 𝑖𝑖𝑞𝑞 and the measured active power 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 at 

PCC bus can be linearized as  

 0 td d td d tq q measv i v i v i P= ⋅∆ + ∆ ⋅ + ⋅∆ − ∆   (4.12) 

 
Finally, the relation between 𝜃𝜃 and 𝑣𝑣𝑠𝑠𝑠𝑠 , 𝑣𝑣𝑠𝑠𝑠𝑠 at ac voltage source can be linearized as  

 0 sin( )m sdV vϕ θ θ= − ∆ − ∆   (4.13) 

 0 cos( )m sqV vϕ θ θ= − ∆ − ∆   (4.14) 
The derivation of (4.13) and (4.14) is shown in Appendix A.2. 

 
Combining the equations from (4.3) to (4.14) in order can obtain the linearized model of 

GFM VSC without in-line cascaded current control in the linearized form 𝐸𝐸∆𝑥̇𝑥 = 𝐴𝐴∆𝑥𝑥 +

𝐵𝐵∆𝑢𝑢, where, 

 1[ , , , , , , , , , , , ]T
vsm d q cd cq td tq sd sq measx i i x v v v v v v Pθ ω∆ = ∆ ∆ ∆ ∆ ∆ ∆ ∆ ∆ ∆ ∆ ∆ ∆   (4.15) 
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 [ , ]T
ref refu P V∆ = ∆ ∆   (4.16) 

The 𝐸𝐸, 𝐴𝐴 and 𝐵𝐵 matrices are presented in Appendix B.1. 

 

4.2.2 Linearized model of VSM with in-line cascaded current limiting 

control 
Figure 4-4 shows the control diagram of VSM with in-line cascaded current control as 

described in section 3.3.2. Compared with the linearized model of VSM described in 

Section 4.2.1, the linearization process of the power synchronization controller and 

network dynamics remain the same for VSM with in-line cascaded current control. 

However, the linearization process of the ac voltage control loop is different when the 

cascaded current control loop is added. Note that in the linearized small signal model, the 

current control loop is assumed not to be limiting the current. If the current gets limited to 

a ceiling, the model is no longer valid. 

 
Figure 4-4 control diagram of VSM with in-line cascaded current control 

Define 𝑑𝑑𝑥𝑥1 𝑑𝑑𝑑𝑑⁄ ,𝑑𝑑𝑥𝑥2 𝑑𝑑𝑑𝑑⁄ ,𝑑𝑑𝑥𝑥3 𝑑𝑑𝑑𝑑⁄ , 𝑑𝑑𝑥𝑥4 𝑑𝑑𝑑𝑑⁄  as the cascaded PI controller input errors which 

is shown in Figure 4-4, the outer loop controller can be linearized as  
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 1
ref td

d x V v
dt
∆

= ∆ −∆   (4.17) 

 2
tq

d x v
dt
∆

= −∆   (4.18) 

 
10 ( )vp ref td vi drefK V v K x i= ∆ −∆ + ∆ −∆   (4.19) 

 
20 vp tq vi qrefK v K x i= − ∆ + ∆ −∆   (4.20) 

𝐾𝐾𝑣𝑣𝑣𝑣 and 𝐾𝐾𝑣𝑣𝑣𝑣 are the proportional and integral gains for the outer loop PI controller. 

 

Likewise, the inner loop controller can be linearized as 

 3
dref d

dx i i
dt

= ∆ −∆   (4.21) 

 4
qref q

dx i i
dt

= ∆ −∆   (4.22) 

 
3 00 ( )ip dref d ii q td cdK i i K x L i v vω= ∆ −∆ + ∆ − ∆ + ∆ −∆   (4.23) 

 
4 00 ( )ip qref q ii d tq cqK i i K x L i v vω= ∆ −∆ + ∆ + ∆ + ∆ −∆   (4.24) 

 
Then, Combining the equations (4.17), (4.18), (4.21), (4.22), (4.3) to (4.8), (4.19), (4.20), 

(4.23), (4.24), (4.13), (4.14) in order can obtain the linearized model of VSM with in-line 

cascaded current control in the linearized form 𝐸𝐸∆𝑥̇𝑥 = 𝐴𝐴∆𝑥𝑥 + 𝐵𝐵∆𝑢𝑢, where, 

 
1 2 3 4[ , , , , , , , ,

, , , , , , , , ]
vsm d q

T
cd cq td tq sd sq dref qref meas

x x x x x i i

v v v v v v i i P

θ ω∆ = ∆ ∆ ∆ ∆ ∆ ∆ ∆ ∆

∆ ∆ ∆ ∆ ∆ ∆ ∆ ∆ ∆
  (4.25) 

 [ , ]T
ref refu P V∆ = ∆ ∆   (4.26) 

The 𝐸𝐸, 𝐴𝐴 and 𝐵𝐵 matrices are presented in Appendix B.2. 
 
4.2.3 Model verification 
The time domain response of the linearized models of VSM developed without a current 

controller (Section 4.2.1) and with a in-line cascaded current controller (Section 4.2.2) can 

be obtained by numerically integrating the state equations. MATLAB is used for this 

purpose. To validate the linearized models, their precise time domain responses are 

compared with the time domain responses of the detailed models including all non-

linearities. EMT simulator PSCAD/EMTDC is used for conducting the detailed 

simulations. 
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First consider VSM without current limiting as in Section 4.1, assuming the dc link voltage 

is constant. the MMC HVdc system shown in Figure 3-4 is modelled in the EMT simulator 

and used to validate the linearized model. The system parameters are presented earlier in 

Table 3-1, and the control parameters are presented below in Table 4-1. The operating point 

is initially selected at 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟 = 1𝑝𝑝𝑝𝑝,𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟 = 1𝑝𝑝𝑝𝑝. Then, at 5 s of the simulation, 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟 changes 

from 1 pu to 0.9 pu. 

Inertia constant 5 s 

Damping coefficient  20 pu 

Ac voltage controller (𝐾𝐾𝑝𝑝,  𝐾𝐾𝑖𝑖) (0.1, 5) pu 

Table 4-1 VSM control parameters 

 
Figure 4-5 VSM active power output response to active power order step change 

from 1pu to 0.9pu for a weak system (SCR=1)  

 
Figure 4-6 VSM active power output response to active power order step change 

from 1pu to 0.9pu for a strong system (SCR=10) 
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Figure 4-5 and Figure 4-6 show that the linearized model of VSM matches with the EMT 

model well connecting to both strong and weak ac systems. Figure 4-5 shows linearized 

and EMT model of VSM active power output response to the power order step change from 

1 pu to 0.9 pu, the connected ac system is weak at SCR=1. Figure 4-6 shows the active 

power output responses when the connected ac system is strong at SCR=10. 

 

Next, the linearized small-signal model of VSM with in-line cascaded current limiting 

controller presented in Section 4.1.2 is also validated similarly. The control parameters are 

shown below in Table 4-2. 

Inertia constant 5 s 

Damping coefficient  20 pu 

Ac voltage controller (𝐾𝐾𝑣𝑣𝑣𝑣,  𝐾𝐾𝑣𝑣𝑣𝑣) (7, 10) pu 

Inner current controller (𝐾𝐾𝑖𝑖𝑖𝑖,  𝐾𝐾𝑖𝑖𝑖𝑖) (0.5, 100) pu 

Table 4-2 VSM with in-line cascaded current limiting control parameters 

 
Figure 4-7 VSM (with in-line cascaded current control) active power output response 
to active power order step change from 1pu to 0.9pu for a weak ac system SCR=1 

 
The linearized model of the VSM with in-line cascaded current control also matches well 

with the EMT model as shown in Figure 4-7 and Figure 4-8. However, it is interesting to 

see that the VSM controller is more undamped in strong grid conditions with the same 

control parameters. This is different from the GFL VSC applications that controls which 
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are stable in weak grids are likely to be stable in strong grids as well. As mentioned earlier 

in Section 3.1, the VSM acts as a voltage source, which makes it challenging to connect to 

a strong ac network that also behaves as a voltage source. Even a slight deviation in the 

VSM source's phase angle results in a significant current change, which contributes to 

reduced stability when operating within a strong system. However, when employing an in-

line cascaded current control, this problem becomes more serious as it introduces additional 

transfer function blocks in series, potentially resulting in a slower response. In the 

following sections, more details of the VSM control characteristics are shown by the 

eigenvalue analysis. 

 
Figure 4-8 VSM (with in-line cascaded current control) active power output response 
to active power order step change from 1pu to 0.9pu for a strong ac system SCR=10 

 

4.3 Impact of the ac system impedance on VSM stability 
The impact of the equivalent ac system impedance 𝑅𝑅𝑠𝑠 and 𝑋𝑋𝑠𝑠 shown in Figure 4-1 on VSM 

will be explained in Sections 4.3.1 and 4.3.2. For an impedance 𝑍𝑍𝑠𝑠 = |𝑅𝑅𝑠𝑠 + 𝑗𝑗𝑋𝑋𝑠𝑠|∠𝜎𝜎, the ac 

system strength is inversely proportional to the impedance magnitude |𝑅𝑅𝑠𝑠 + 𝑗𝑗𝑋𝑋𝑠𝑠| . A large 

impedance implies a low SCR and makes the system weak. The impedance angle 𝜎𝜎 can be 

represented by the X/R ratio 𝑅𝑅𝑋𝑋/𝑅𝑅, where 𝑅𝑅𝑋𝑋/𝑅𝑅 = tan𝜎𝜎. High impedance X/R ratio means 

large impedance angle.  
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4.3.1 System strength (system impedance magnitude)  
To check the impact of the system strength or the system impedance magnitude on VSM 

stability, the SCR is used as the system strength indicator. The system operating point is at 

𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟 = 1𝑝𝑝𝑝𝑝,𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟 = 1𝑝𝑝𝑝𝑝. The system impedance angle is selected at 80º (𝑅𝑅𝑋𝑋/𝑅𝑅 = 5.67). 

Other system and controller parameters remain the same as in section 4.2.2. Figure 4-9 

shows the eigenvalues locus of VSM without in-line cascaded current control when SCR 

changes from 1 to 10. Although some of the eigenvalues move towards the right half plane 

(RHP), the system maintains stability in a strong grid condition. However, the system 

becomes more undamped when the ac system becomes stronger, this can be observed by 

comparing the time domain responses in Figure 4-5 and Figure 4-6. 

 
Figure 4-9 eigenvalue locus of VSM when SCR changes from 1 to 10 

 
Figure 4-10 eigenvalue locus of an unstable VSM design with in-line cascaded 

current control when SCR>2.8 (J=5s, D=20 pu, Kvp=3, Kvi=10, Kip=0.5, Kii=100) 
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Next, the eigenvalue locus of VSM with in-line cascaded current control is also obtained 

as in Figure 4-10. When SCR changes from 1 to 10, some of the eigenvalues close to the 

origin cross into RHP as the SCR approaches 2.8. This implies that the system is only stable 

when connected to a weak grid. Thankfully, as shown in Figure 4-11, the controller can be 

retuned with gains that give stable operation at low SCR values. Compared with the VSM 

without the current control, the control parameters for VSM with in-line cascaded current 

controller must be more cautiously selected to avoid instability in a strong ac grid condition. 

 
Figure 4-11 eigenvalue locus of VSM with in-line cascaded current control when SCR 

changes from 1 to 10  

 
4.3.2 X/R ratio (grid impedance angle)  
This section investigates the stability of the system as a function of the ratio of the real and 

reactive parts of the ac system’s Thevenin impedance. Figure 4-12 and Figure 4-13 show 

the eigenvalue loci of VSM with and without the in-line cascaded current controller when 

the ac grid impedance angle changes from 0 to 90º(i.e., X/R ratio changes from 0 to ∞), 

with the ac system’s SCR magnitude retained at 1.5, and other system and controller 

parameters remain the same.  

 

The eigenvalue analysis shows both VSM with and without in-line cascaded current 

control maintain stability with the full range of impedance X/R ratio. However, when the 

system is almost completely resistive (𝑅𝑅𝑋𝑋/𝑅𝑅 = 0, or angle 𝜎𝜎 = 0𝑜𝑜) or almost completely 



 

– 68 – 
 

inductive (𝑅𝑅𝑋𝑋/𝑅𝑅 = ∞, or angle 𝜎𝜎 = 90𝑜𝑜), a critical pole is very close to the RHP, but never 

crosses over. In high SCR situations, the eigenvalue locus has an identical trend and is thus 

not repeated here. 

 

 
Figure 4-12 eigenvalue locus of VSM when grid impedance angle changes from 0 to 

90º (X/R changes from 0 to ∞) 

 
Figure 4-13 eigenvalue locus of VSM with in-line cascaded current control when grid 

impedance angle changes from 0 to 90º (X/R changes from 0 to ∞) 

 
4.4 Impact of control parameters on VSM stability 
In the previous section 4.3, the impact of the ac system impedance on VSM was 

investigated. This section will investigate the impact of controller parameters on the system 
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stability. In the study, if not mentioned specifically, the system operating point is at 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟 =

1 𝑝𝑝𝑝𝑝,𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟 = 1 𝑝𝑝𝑝𝑝. The ac system SCR is at 1 and the system impedance angle is 80º. The 

initial control parameters of VSM with and without current control are selected as in Table 

4-1 and Table 4-2. 

4.4.1 inertia constant 𝐽𝐽 
Figure 4-14 and Figure 4-15 show the eigenvalue locus when the inertia constant 𝐽𝐽 in 

Figure 4-3 and Figure 4-4 changes from 0 to 20 s. The plots are shown for VSM with and 

without the in-line cascaded current limiter. Some eigenvalues move closer to the origin 

for the case without in-line cascaded current control as 𝐽𝐽 becomes larger. The same trend 

happens for VSM with in-line cascaded current limiting. This implies that the inertia 

constant for VSM should not be made excessively large as this can lessen the system 

damping.  

 
Figure 4-14 eigenvalue locus of VSM when the virtual inertia constant J changes from 

0 to 20  
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Figure 4-15 eigenvalue locus of VSM with in-line cascaded current control when the 

virtual inertia constant J changes from 0 to 20 

4.4.2 Damping coefficient 𝐷𝐷 
Figure 4-16 and Figure 4-17 show the eigenvalue loci when the damping coefficient D of 

VSM changes from 0 to 200 pu for a weak system (SCR=1). From the figures, the 

eigenvalues associated with a small damping coefficient lie on the RHP for both VSM with 

and without in-line cascaded current control (D<3 in Figure 4-16 and D<2 in Figure 4-17). 

Thus, to avoid system instability, the damping coefficient D of VSM controller should not 

be too small. This is different from the case in a real synchronous machine in which the 

damping coefficient is usually smaller than 1 𝑝𝑝𝑝𝑝 [48]. 

 
Figure 4-16 eigenvalue locus of VSM when the damping coefficient D changes from 0 

to 200 for a weak system (SCR=1)  
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Figure 4-17 eigenvalue locus of VSM with in-line cascaded current control when the 

damping coefficient D changes from 0 to 200 for a weak system (SCR=1) 

Figure 4-18 and Figure 4-19 show the eigenvalue loci when the damping coefficient D 

changes from 0 to 200 pu for a strong system (SCR=10). The critical D required to keep 

the system stable must be at least 1 pu for VSM without current control as in Figure 4-18. 

Thus, increasing system strength will slightly decrease the critical D for VSM without 

current control. However, for VSM with current control, the critical D must be greater than 

9 pu as in Figure 4-19. Hence, a larger system strength requires a larger damping coefficient 

to remain stable compared with the case without current control. So, a VSM with current 

control should be designed with an appropriately large D (20-50 pu).  

 
Figure 4-18 eigenvalue locus of VSM when the damping coefficient D changes from 0 

to 200 for a strong system (SCR=10) 



 

– 72 – 
 

 
Figure 4-19 eigenvalue locus of VSM with in-line cascaded current control when the 

damping coefficient D changes from 0 to 200 for a strong system (SCR=10) 

4.4.3 Ac voltage controller gains 
This section investigates the impact of ac voltage controller gains of VSM with and without 

in-line cascaded current control on system stability.  

 

Figure 4-20 and Figure 4-21 show the eigenvalue loci of VSM without in-line cascaded 

current control for a weak system (SCR =1) with varying ac voltage controller gains 

varying over a wide range. The proportional gain 𝐾𝐾𝑝𝑝 changes from 0 to 10 in Figure 4-20 

and the integral gain 𝐾𝐾𝑖𝑖 changes from 0 to 100 in Figure 4-21. The system is stable for all 

gain values as no eigenvalue crosses to the RHP. 

 
Figure 4-20 eigenvalue locus of VSM with ac voltage controller proportional gain Kp 

ranges from 0 to 10 for a weak system (SCR=1) without Current Controller 
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Figure 4-21 eigenvalue locus of VSM with ac voltage controller integral gain Ki ranges 

from 0 to 10 for a weak system (SCR=1) without Current Controller 

The control diagram with the cascaded in-line current controller is shown in Figure 4-4. It 

has two loops. the outer loop is a voltage controller which generates the d and q-axis current 

references for the inner current control loop. 

 

when the connected ac system is weak (SCR=1), to avoid system instability, the outer loop 

proportional gain 𝐾𝐾𝑣𝑣𝑣𝑣 needs to be larger than 1.8 and the outer loop integral gain 𝐾𝐾𝑣𝑣𝑣𝑣 can 

be selected in a much wider range (0-100). This can be observed in the eigenvalue loci of 

Figure 4-22 and Figure 4-23. 

 
Figure 4-22 eigenvalue locus of VSM with ac voltage controller gain Kvp ranging from 

0 to 10 for a weak system (SCR=1) with Current Controller 



 

– 74 – 
 

 
Figure 4-23 eigenvalue locus of VSM with ac voltage controller gain Kvi ranging from 

0 to 100 for a weak system (SCR=1) with Current Controller 

However, with the cascaded current control, the ac voltage controller gains of VSM for the 

strong system (SCR = 10) should be tuned more carefully to avoid instability. Figure 4-24 

and Figure 4-25 show the eigenvalue loci of VSM for this condition as 𝐾𝐾𝑣𝑣𝑣𝑣 and 𝐾𝐾𝑣𝑣𝑣𝑣 change. 

𝐾𝐾𝑣𝑣𝑣𝑣 should be larger than 4 and 𝐾𝐾𝑣𝑣𝑣𝑣 should be smaller than 21 to avoid the RHP eigenvalues. 

Nevertheless, as shown by in Figure 4-11 derived in section 4.3.1 for 𝐾𝐾𝑣𝑣𝑣𝑣 = 7 and 𝐾𝐾𝑣𝑣𝑣𝑣 =

10, it is still possible to select appropriate 𝐾𝐾𝑣𝑣𝑣𝑣 and 𝐾𝐾𝑣𝑣𝑣𝑣 which will provide stable operation 

in the strong system and will still provide stable operation in the weak system. 

 
Figure 4-24 eigenvalue locus of VSM with ac voltage controller gain Kvp ranging from 

0 to 10 for a strong system (SCR=10) with Current Controller 
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Figure 4-25 eigenvalue locus of VSM with ac voltage controller gain Kvi ranging from 

0 to 100 for a strong system (SCR=10) with Current Controller 

 

4.4.4 Inner current controller gains 
Figure 4-26 and Figure 4-27 show the eigenvalue loci with changing inner current 

controller gains for VSM with in-line cascaded current control as shown in Figure 4-4 

when the converter connects to a weak ac system (SCR=1). The proportional gain 𝐾𝐾𝑖𝑖𝑖𝑖 

changes from 0 to 10 in Figure 4-26, and the integral gain 𝐾𝐾𝑖𝑖𝑖𝑖 changes from 0 to 1000 in 

Figure 4-27. Although some eigenvalues move closer the origin, they never cross over the 

RHP. Thus, the system is stable in the tested range of the inner current controller gains 𝐾𝐾𝑖𝑖𝑖𝑖 

and 𝐾𝐾𝑖𝑖𝑖𝑖. 

 
Figure 4-26 eigenvalue locus of VSM with the current controller proportional gain Kip 

ranging from 0 to 10 for a weak system (SCR=1) 
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Figure 4-27 eigenvalue locus of VSM with the current controller integral gain Kii 

changes from 0 to 1000 for a weak system (SCR=1) 

Figure 4-28 and Figure 4-29 show the situation for connecting to a strong system (SCR=10). 

The system also remains stable in the tested range of 𝐾𝐾𝑖𝑖𝑖𝑖 and 𝐾𝐾𝑖𝑖𝑖𝑖, as some of the eigenvalue 

move closer to the origin but never cross over the RHP. Hence, for both strong and weak 

systems, the inner current controller can have a wide range of controller gains and maintain 

system stability. 

 
Figure 4-28 eigenvalue locus of VSM with the current controller proportional gain Kip 

changes from 0 to 10 for a strong system (SCR=10) 



 

– 77 – 
 

 
Figure 4-29 eigenvalue locus of VSM with the current controller integral gain Kii 

changes from 0 to 1000 for a strong system (SCR=10) 

4.5 Suggested VSM control parameters 
It is beneficial to have one set of gains that gives stable performance over the range of 

expected SCRs, without having to adaptively change them if the SCR changes. Based on 

the eigenvalue studies in the previous sections of this chapter, the suggested VSM control 

parameters range are shown below in Table 4-3. They give stable performance for SCRs 

ranging from 1.0 to 10.0, but if a particular inertia is selected, then the other parameters 

may have to tuned within their range to get good damping.  

GFM control parameters Suggested values 

Inertia 𝐽𝐽 0.5 – 10 s 

Damping coefficient 𝐷𝐷  20 – 50 pu 

Voltage controller 𝐾𝐾𝑣𝑣𝑣𝑣 5 – 7 pu 

Voltage controller 𝐾𝐾𝑣𝑣𝑣𝑣 10 – 20 pu 

Current controller 𝐾𝐾𝑖𝑖𝑖𝑖 0.5 – 1 pu 

Current controller 𝐾𝐾𝑖𝑖𝑖𝑖 100 - 600 pu 

Table 4-3 Suggested VSM control parameters 

4.6 Summary 
This chapter developed linearized models of the VSM with and without in-line cascaded 

current control for system small-signal stability analysis. The proposed linearized model is 
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thoroughly validated using detailed EMT simulation, thereby unequivocally establishing 

its applicability. The eigenvalues analysis shows that the stability of VSM becomes poorer 

with a large inertia constant. Thus, the inertia constant for VSM should not be made 

excessively large. When the in-line cascaded current controller is present, the VSM is more 

stable for the weak system and can experience unstable operation with a stronger system 

strength. However, the excellent news is that a single suitable gain parameter set can 

nevertheless be found to allow stable operation when connected to weak as well as strong 

ac systems.  
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Chapter 5  
 

Inertia Measurement of an IBR 

System  
 
 
 
This chapter proposes a new method to measure the inertia from IBRs and discusses the 

frequency support provided to a low inertia ac system by VSM and GFL HVdc converters. 

First, a new probing frequency injection-based method is proposed to measure synchronous 

machine inertia. Then, the proposed new method is further tested on a VSM to quantify its 

inertia. Next, a low inertia IBR system is developed first to investigate the inertia 

contribution provided by a GFL and then to do the same for a VSM, so that the two 

contributions can be compared. Finally, the proposed probing frequency injection method 

is used on the IBR system with a mix of actual and virtual synchronous machines. 
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5.1 Synchronous machine inertia  
System inertia refers to the property of a power system that opposes changes in the rate of 

change of its rotational kinetic energy caused by a mismatch between the generation and 

consumption of active power. 

 

Inertia in a synchronous machine is related to the kinetic energy stored in the rotating mass. 

This stored energy can be used to help maintain the stability and frequency of the power 

system in the event of disturbances such as sudden changes in power generation or 

consumption. The higher the synchronous machine inertia, the more energy is stored in the 

rotating masses and the better the system can resist changes in power generation or 

consumption. In [48], the inertia constant 𝐻𝐻 (unit: second in per unit) is defined by 

 
2
0

2 base

stored energy at rated speed in MW s JH
MVA rating VA

ω⋅
= = ⋅   (5.1) 

In the preceding chapters of this thesis, the swing equation used the moment of inertia 𝐽𝐽. 

However, in this chapter, for the sake of consistency with the conventional definition, the 

measured or calculated inertia constant is represented by the per-unit quantity 𝐻𝐻 = 𝐽𝐽/2. 

 

In some cases, the mechanical structure and the kinetic energy stored in a synchronous 

machine are not always known. However, the inertia constant 𝐻𝐻 of a synchronous machine 

can also be measured from the system dynamics. Two methods are proposed in the 

following two sections. 

 

5.1.1 Proposed probing frequency injection method  
In a synchronous machine, the transfer function between electrical power deviation ∆𝑃𝑃(𝑠𝑠) 

and speed variation ∆Ω(𝑠𝑠) is 

 ( ) 1 1
( ) 2
s

P s Js D Hs D
∆Ω

= − = −
∆ + +

  (5.2) 

Thus, in the frequency domain, equation (5.2) can be rewritten as 

 
( )

2 ( ) 2
P DH

j
ω

ω ω ω
∆

= +
∆Ω

  (5.3) 
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Here,𝜔𝜔  is the frequency deviation from the fundamental frequency 𝜔𝜔0 . The damping 

coefficient 𝐷𝐷  for a synchronous machine is usually very small and so 𝐷𝐷
2𝑗𝑗𝑗𝑗

≈ 0 . Thus, 

equation (5.3) can be used to estimate the inertia constant 𝐻𝐻. A small voltage signal 𝑉𝑉ℎ or 

current signal 𝐼𝐼ℎ at a probing frequency 𝜔𝜔ℎ is injected at the terminal of the synchronous 

machine as shown in Figure 5-1. This results in the power deviation Δ𝑃𝑃(𝜔𝜔0 − 𝜔𝜔ℎ) and a 

speed deviation ΔΩ(𝜔𝜔0 − 𝜔𝜔ℎ) at frequency 𝜔𝜔 = 𝜔𝜔0 − 𝜔𝜔ℎ  and is then used to estimate 

𝐻𝐻 ≈ |Δ𝑃𝑃(𝜔𝜔)|
2𝜔𝜔|ΔΩ(𝜔𝜔)|. Since the purpose of the probing frequency injection is to get the power and 

system at a frequency 𝜔𝜔, either current or voltage injection can fulfil this task.  

 
Figure 5-1 Probing frequency injection (a) Voltage injection (b) Current injection 

To test this probing frequency injection method, a 100MVA synchronous machine with 

inertia constant 𝐻𝐻 = 3𝑠𝑠 connecting to a 10kV voltage source at a nominal frequency of 

𝑓𝑓0 = 𝜔𝜔0 2𝜋𝜋⁄ = 60𝐻𝐻𝐻𝐻 is simulated in PSCAD/EMTDC. A small voltage signal tuned at 

𝑓𝑓ℎ = 10𝐻𝐻𝐻𝐻 and 10% of the voltage source magnitude is injected as shown in Figure 5-1 

(a). Figure 5-2 shows the measured synchronous machine active power output 𝑃𝑃  and 

rotating speed 𝜔𝜔. After performing a Discrete Fourier Transform (DFT) on the measured 

power and frequency signals, frequency content of 𝑓𝑓0 − 𝑓𝑓ℎ = 50𝐻𝐻𝐻𝐻  is observed, with 

|Δ𝑃𝑃(𝜔𝜔)| = 2.4 𝑝𝑝𝑝𝑝  and |ΔΩ(𝜔𝜔)| = 0.00128 𝑝𝑝𝑝𝑝  as shown in Figure 5-3. According to 

equation (5.3), the inertia constant 𝐻𝐻 can be calculated by  

 
( ) 2.4 3

2 ( ) 2 (2 50) 0.00128
P

H s s
ω

ω ω π
∆

≈ = =
∆Ω ⋅ ⋅ ⋅ ⋅

  (5.4) 

This measurement completely agrees with the inertia 𝐻𝐻  of 3s of the machine, thereby 

validating the approach. A small current probing signal injection shown in Figure 5-1(b) 

also gives the same inertia constant of 3 s (not shown).  
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Compared with RoCoF observation method, the advantage of using this probing frequency 

injection method to measure inertia is that no load or generation change is required to check 

system RoCoF. The system inertia can be measured online at steady-state operation. 

 
Figure 5-2 measured (a) the synchronous machine active power output (b) 

synchronous machine rotating speed. 

 
Figure 5-3 DFT on (a) active power output of synchronous machine (b) synchronous 

machine rotating speed, the fundamental frequency of DFT at 50 Hz. 

The above method can be extended to measure the aggregated inertia response of a cluster 

of machines as well as the inertia of a system with IBRs.  

 
5.1.2 Proposed method compared with inertia estimation from RoCoF  
It is interesting to see whether the proposed inertia measurement method can be verified 

by checking whether an observation of RoCoF (Rate of Change of Frequency) gives the 

same result or not. Consider a system that the synchronous machine used in section 5.1.1 
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is connected to some loads. At some moment, part of the loads is tripped. According to the 

swing equation, the system active power change ∆𝑃𝑃 satisfies  

 2 dH P D
dt
ω ω∆
= −∆ − ∆   (5.5) 

Here, 𝑑𝑑∆𝜔𝜔
𝑑𝑑𝑑𝑑

 is the system RoCoF. The inertia constant 𝐻𝐻 can be calculated by 

 
2
P DH

RoCoF
ω∆ + ∆

=
⋅

  (5.6) 

Usually, in a synchronous machine, the damping coefficient 𝐷𝐷 is small and 𝐷𝐷Δ𝜔𝜔 ≈ 0, so 

the synchronous machine inertia constant 𝐻𝐻 can be estimated by 

 
2

PH
RoCoF
∆

=
⋅

  (5.7) 

The proposed inertia measurement method can be verified by equation (5.7), the 100 MVA 

synchronous machine with inertia constant 𝐻𝐻 = 3𝑠𝑠 connecting to 100MW resistive loads 

system is simulated in PSCAD/EMTDC. At 1s, 50MW of the loads are tripped out from 

the system. In Figure 5-4(c), the active power change in the system is -50MW (-0.5pu in a 

100MVA base). In Figure 5-4(b), at 1.4 s, RoCoF is approximately 0.075pu/s. Based on 

equation (5.7), the measured inertia constant 𝐻𝐻 by RoCoF is around 3.2s, which is close to 

the actual 𝐻𝐻 of 3.0 s. The probing frequency injection method proposed in section 5.1.1 on 

the other hand gives a more accurate estimate of 𝐻𝐻 = 3.0 𝑠𝑠. 

 
Figure 5-4 (a)System frequency (b) measured RoCoF (c) active power output from 

Synchronous machine. 
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5.2 Inertia response of a VSM  
In a power electronics converter-dominated power system, the traditional mechanical 

rotational inertia of generators may not be the sole source of system inertia. The inertia 

estimation method proposed in section 5.1.1 is further used in this section to see whether a 

VSM or other type of GFM VSC can offer equivalent inertia in the manner of a 

synchronous machine. This experimental method may be particularly useful if the GFM 

VSC control system is “black boxed” so that theoretical calculation of inertia is not possible. 

 

In section 3.2.1, it is shown that the inertia constant and damping coefficient in a VSM can 

be selected arbitrarily and is not constrained to the physical ranges available to a real 

machine. The damping coefficient 𝐷𝐷 for a VSM is often selected to be larger than that of a 

synchronous machine [48] to give improved stability. This fact was explained in Chapter 

4, section 4.4.2. For VSM inertia estimation, the impact of large 𝐷𝐷 should be considered in 

equation (5.3) and (5.6). 

 

5.2.1 VSM inertia measurement by the proposed probing frequency injection 

method 
Assume the dc side voltage of VSM is constant, which is not an unreasonable assumption, 

as many rectifier/inverter arrangements are controlled in this manner. The VSM test system 

is the same as that reported in section 3.2 and consists of an ac grid represented by a 

Thevenin equivalent voltage source behind resistor 𝑅𝑅𝑠𝑠 and inductor 𝑋𝑋𝑠𝑠 as shown in Figure 

5-5. The VSM’s virtual inertia constant 𝐻𝐻 is set at 0.5 s and damping coefficient 𝐷𝐷 is at 50 

pu, other system parameters remain the same as shown in Table 3-1. A probing current or 

voltage signal can be injected at PCC similar to the experiment on a synchronous machine 

shown in section 5.1.2. For this test case, a probing current 𝐼𝐼ℎ with 5% of rated current 

magnitude is injected at PCC. 
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Figure 5-5 GFM converter inertia test case using current signal injection method. 

As the damping coefficient 𝐷𝐷  for a VSM may be significantly larger than that of a 

synchronous machine, the impact of 𝐷𝐷  on the result should be considered when using 

equation (5.3) for inertia estimation. Figure 5-6 shows the theoretical calculation result of 

�𝐻𝐻 + 𝐷𝐷
2𝑗𝑗𝑗𝑗

� for a system with nominal frequency 𝑓𝑓0, injection probing frequency  𝑓𝑓ℎ = 𝑓𝑓0 −

Δ𝑓𝑓, when Δ𝑓𝑓 changes from 10 Hz to 59 Hz. As can be seen, when 𝐷𝐷 = 1, which is close 

to that of a real synchronous machine, �𝐻𝐻 + 𝐷𝐷
2𝑗𝑗𝑗𝑗

� ≈ 𝐻𝐻  at any Δ𝑓𝑓  range in the figure. 

However, when 𝐷𝐷  is large such as 𝐷𝐷 = 20  or 50 , which may be the case for GFM 

converter, the larger the 𝐷𝐷, the larger error between 𝐻𝐻 and its measurement of �𝐻𝐻 + 𝐷𝐷
2𝑗𝑗𝑗𝑗

�.  

 

Figure 5-6 theoretical calculation of �𝐻𝐻 + 𝐷𝐷
2𝑗𝑗𝑗𝑗

� for VSM 

The proposed experimental approach with injected frequency was applied to measure the 

inertia. Figure 5-7 shows the EMT simulation results for the case of 𝐷𝐷 = 20 and 𝐷𝐷 = 50. 

Overlaid on the measurement is the theoretical expectations from Figure 5-6, and the two 

match up well. In the simulation, the VSM inertia is measured at Δ𝑓𝑓 = 10, 20, 30, 40, 50 
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and 59 Hz. From the graphs its is noticed that if the injected frequency can be kept small 

(i.e., large Δ𝑓𝑓 of 50 Hz or more) the measured virtual inertia constant is much closer to the 

actual virtual inertia constant of 𝐻𝐻 = 0.5 𝑠𝑠.  

 

 
Figure 5-7 comparisons of the inertia measurement by EMT simulation and 

theoretically calculated �𝐻𝐻 + 𝐷𝐷
2𝑗𝑗𝑗𝑗

� 

The error caused by large 𝐷𝐷 on VSM inertia measurement can also be avoided with a 

second probing frequency injection on the same VSM at another different Δ𝑓𝑓. If the inertia 

measurement is 𝐻𝐻𝑚𝑚1  with ∆𝑓𝑓1 , and the inertia measurement is 𝐻𝐻𝑚𝑚2  with ∆𝑓𝑓2 . Then the 

actual VSM inertia 𝐻𝐻 can be calculated by 
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= − ∆ ∆ − ∆ ⇒ = ∆ −∆ = − ∆

  (5.8) 

Thus, the error of large damping coefficient 𝐷𝐷 on VSM inertia measurement is eliminated. 

Consider the case with 𝐷𝐷 = 50 in Figure 5-7, ∆𝑓𝑓1 = 10 𝐻𝐻𝐻𝐻, ∆𝑓𝑓2 = 20 𝐻𝐻𝐻𝐻, 𝐻𝐻𝑚𝑚1 = 0.638 𝑠𝑠, 

𝐻𝐻𝑚𝑚2 = 0.538 𝑠𝑠, then according to equation (5.8) the actual VSM inertia 𝐻𝐻 is 

 
2 2 2 2

2 2

0.638 10 0.538 20 0.5
10 20

H s s⋅ − ⋅
= =

−
  (5.9) 

which is the same as the actual virtual inertia set in the controls. 

 

5.2.2 VSM inertia verification by RoCoF  
To verify the VSM inertia by RoCoF, the GFM converter studied in section 5.2.1 is 

connected to some passive loads. The power consumption of Load 1 and 2 are 150 MW 

and 50 MW. A step change on load is applied in the system shown in Figure 5-8. The 
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converter active power reference is set at 150 MW and initially only Load 1 is connected. 

Then, Load 2 is connected to the system at 5 s.  

 
Figure 5-8 VSM inertia test case using RoCoF observation method.  

When Load 2 is connected, the total power consumption increases from 150 MW to 200 

MW. Since the converter active power reference is set at 150 MW, the power consumption 

is larger than the available power supply, and so the system frequency will start to drop. 

Figure 5-9(a) shows the EMT simulation result of transient system frequency change when 

the load increases. At 5.015s, the change of system frequency ∆𝜔𝜔 is -0.001 pu. In Figure 

5-9 (b) and (c), the system RoCoF 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 is -0.05 pu/s, and the active power output 𝑃𝑃 from 

VSM changes from 0.75 pu to 0.85 pu. According to equation (5.6), the inertia constant 𝐻𝐻 

of the VSM can be estimated by 

 
0.85 0.75 50 ( 0.001) 0.5

2 2 ( 0.05)
P DH s s

RoCoF
ω∆ + ∆ − + ⋅ −

= = =
⋅ ⋅ −

  (5.10) 

The equivalent inertia of VSM as measured using RoCoF is consistent with the inertia 

measurement by the proposed probing frequency injection method. This further shows that 

the proposed method is also applicable when there is no rotating inertia, just the virtual 

inertia of the VSM. However, due to the large damping coefficient of the VSM, the impact 

of the damping coefficient 𝐷𝐷 on the inertia measurement has to be considered. Generally, 

𝐷𝐷 is a control parameter of the VSM, but if the controller is “black boxed” or if we are 

measuring the aggregate virtual inertia of a number of VSMs, it may be difficult to know 

the value of 𝐷𝐷 which will lead to only an approximate estimate of 𝐻𝐻. It is worth mentioning 

that the in-line cascaded current control is enabled in this test. This implies that adding 

current limiting control to VSM does not affect the amount of inertia it offers to the system 

during normal operation. However, it may be a different situation if a current limit is hit. 
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Figure 5-9 VSM test case (a)system frequency (b) RoCoF (c)active power output 

5.3 Constructing a low inertia test system to investigate GFL 

inertia contribution 
5.3.1 Aggregated system inertia measurement by RoCoF 
To further study the frequency support from GFL and VSM in a low inertia system, a test 

low inertia system with GFL wind generation IBR, synchronous generator and load is 

developed in this section. The wind generation IBRs here are type-4 wind farms in GFL 

control. A GFL offshore type-4 wind turbine uses a VSC-HVdc link to transfer the power. 

The onshore inverter side controls the dc voltage, and the offshore rectifier side (sending 

end) controls the sending power.  

 

The test IBR system is shown in Figure 5-10. There are two wind IBRs in the system, the 

rated power of IBR1 and IBR2 are 50MW and 150MW respectively. The synchronous 

machine is rated at 200 MVA with inertia constant 𝐻𝐻𝑠𝑠𝑠𝑠 = 3 𝑠𝑠 and a sub-transient reactance 

of 0.18 pu. Load 1 and Load 2 are purely resistive and consume 300 MW and 100 MW of 

power respectively.  
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Figure 5-10 The test GFL Wind IBR system 

This test IBR system is simulated in PSCAD/EMTDC. Initially, the 300 MW Load 1 is 

connected and the active power outputs from the synchronous machine and wind IBRs are 

100 MW and 200 MW respectively. At 𝑡𝑡 = 4 𝑠𝑠, the 100 MW Load 2 is switched on to the 

system. If a governor is not present nor is there a power-frequency droop (𝑃𝑃𝑃𝑃) control on 

wind IBRs to regulate the power order the system frequency will start to drop due to the 

load-generation mismatch. Figure 5-11 shows (a) the system frequency and (b) the system 

RoCoF. The RoCoF is around -0.08 pu at 4.4 s. Note that the RoCoF is as measured by a 

derivative function and shows some ripple, although looking at the frequency plot, it should 

be 0 before t=4 s and -0.08 pu after 4.0 s.  

 
Figure 5-11 test IBR system (a) system frequency (b) measured RoCoF 

In the system, the total capacity is 400 MVA and the power change in the system is 100 

MW. According to RoCoF observation, the system inertia 𝐻𝐻𝑠𝑠𝑠𝑠𝑠𝑠 can be estimated as  

 
100 1.56

2 400 0.08sysH s s= =
⋅ ⋅ −

  (5.11) 
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5.3.2 GFL IBRs Inertia contribution 
If “n” synchronous machines are present, with individual inertia of 𝐻𝐻1⋯𝐻𝐻𝑛𝑛, and MVA 

ratings of 𝑀𝑀𝑀𝑀𝑀𝑀1⋯𝑀𝑀𝑀𝑀𝑀𝑀𝑛𝑛, then the total system inertia 𝐻𝐻𝑠𝑠𝑠𝑠𝑠𝑠 is: 

 

1 2
1 2

1

...

where, 

n
sys n

total total total
n

total i
i

MVAMVA MVAH H H H
MVA MVA MVA

MVA MVA
=

= + + +

=∑
  (5.12) 

For a system with aggregated IBRs of virtual inertia 𝐻𝐻𝐼𝐼𝐼𝐼𝐼𝐼 and 𝑀𝑀𝑀𝑀𝑀𝑀 = 𝑀𝑀𝑀𝑀𝑀𝑀𝐼𝐼𝐼𝐼𝐼𝐼, and an 

aggregated synchronous machines of inertia 𝐻𝐻𝑠𝑠𝑠𝑠  and 𝑀𝑀𝑀𝑀𝑀𝑀 = 𝑀𝑀𝑀𝑀𝑀𝑀𝑠𝑠𝑠𝑠 , using equation 

(5.12), the equivalent inertia of the total system is  

 sm IBR
sys sm IBR

total total

MVA MVAH H H
MVA MVA

= +   (5.13) 

Consider the IBR system shown in Figure 5-10, since the total system 𝑀𝑀𝑀𝑀𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡  is 

400 𝑀𝑀𝑀𝑀𝑀𝑀, the machine 𝑀𝑀𝑀𝑀𝑀𝑀𝑠𝑠𝑠𝑠 is 200 𝑀𝑀𝑀𝑀𝑀𝑀 and the GFL IBRs 𝑀𝑀𝑀𝑀𝑀𝑀𝐼𝐼𝐼𝐼𝐼𝐼 is 200 𝑀𝑀𝑀𝑀𝑀𝑀, the 

GFL IBR inertia constant is calculated as 

 
400 2001.56 3 0.12
200 200

total sm
IBR sys sm

IBR IBR

MVA MVAH H H s
MVA MVA

= − = ⋅ − ⋅ =   (5.14) 

This shows that the inertia contribution from the GFL controlled IBRs (without 𝑃𝑃𝑃𝑃 droop) 

is very limited at 0.12 s, which is very small (only about 7%) in comparison to the total 

inertia of 1.56 s. This shows that the grid following converter does not make any significant 

contribution to the system inertia. 

 

5.3.3 Aggregated GFL IBR system inertia measurement by probing 

frequency injection 
Next, the equivalent inertia is measured with the proposed probing frequency injection 

method. A current probing signal 𝐼𝐼ℎ with frequency 𝜔𝜔ℎ  is injected at the bus shown in 

Figure 5-12 which generates frequency content of 𝜔𝜔0 − 𝜔𝜔ℎ in speed and power, where 𝜔𝜔0 

is the fundamental frequency. The system power response ∆𝑃𝑃(𝜔𝜔0 − 𝜔𝜔ℎ) measured from 

the power flow going to Load 1 (as it is the only load, its power must be equal to the total 

supply). Since there is only one synchronous machine as the only source of inertia in this 
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system, the equivalent system frequency ∆Ω = (𝜔𝜔0 − 𝜔𝜔ℎ)  can be measured from the 

synchronous machine speed. The impact of the damping coefficient of the synchronous 

machine on the inertia measurement is small and thus is neglected. So, if the total MVA 

rating of the system is 𝑆𝑆𝑀𝑀𝑀𝑀𝑀𝑀, the equivalent system inertia is 

 0

0 0

( )
2( ) ( )

h
sys

h h MVA

PH
S

ω ω
ω ω ω ω

∆ −
=

− ∆Ω −
 (5.15) 

Note that in equation (5.15), ∆𝑃𝑃(𝜔𝜔0 − 𝜔𝜔ℎ) is in MW, ∆Ω(𝜔𝜔0 − 𝜔𝜔ℎ) is in pu, 𝜔𝜔0 − 𝜔𝜔ℎ is 

in rad/s. Figure 5-13 shows the simulation measurement result with a 10 Hz, 0.05A  current 

probing signal starting at 4.5 s. It takes around 1 s to settle to the final reading of the 

measured inertia constant of 1.5 s. This is consistent with the result from RoCoF 

observation. 

 
Figure 5-12 Inertia measurement on test system using probing frequency injection 

 
Figure 5-13 Measured synchronous machine inertia by probing frequency injection. 

In general, systems with less than 3-4 seconds of equivalent system inertia are considered 

to have low inertia and may be more susceptible to frequency disturbances [91][92][93]. 

So, the test system developed in this section is considered as a low inertia system. This test 

system will be further used for studying the frequency support from the GFM converter in 

the next section. 
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5.4 Comparison of frequency support from VSM and GFL VSC 

in the test low inertia system 
In this section, the low inertia system developed in section 5.3 is connected to (1) a VSM 

and (2) a GFL VSC to study their respective frequency support performances in such low 

inertia IBR system. As the comparison is on the inertia contribution, and not a primary or 

secondary response, the governor of the synchronous machine is disabled in this study. 

 

Figure 5-14 shows the system configuration. The low inertia test system is connected to a 

GFL or VSM MMC-HVdc link as the case may be. The MMC-HVdc system parameters 

are the same as shown in Table 2-2, Section 2.2.3. The local converter terminal is operated 

as an inverter and can be regarded as being connected to a constant dc voltage 𝑉𝑉𝑑𝑑𝑑𝑑 which 

is controlled by a remote converter. The HVdc converter is rated at 1000MVA, and the 

active power order is set at 500MW. In this example, Load 1 and Load 2 consume 800 MW 

and 100 MW respectively. The wind IBRs and synchronous machine settings remain the 

same as in section 5.3. 

 

 
(a) 
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(b) 

Figure 5-14 The low inertia IBR test system connected to a GFL or VSM MMC-HVdc 
(a)Inertia measured by ROCOF (b)Inertia measured by probing frequency injection. 

 
Scenario 1 GFL MMC without 𝑃𝑃𝑃𝑃 droop 

Scenario 2  GFL MMC with 𝑃𝑃𝑃𝑃 droop 

Scenario 3  VSM MMC without 𝑃𝑃𝑃𝑃 droop 

Scenario 4 VSM MMC with 𝑃𝑃𝑃𝑃 droop 

Table 5-1 GFL and VSM frequency support study scenarios  

In the simulation, Load 2 will be connected to the system at 4 s and the system power 

demand is larger than the power supply as shown in Figure 5-14 (a). This will cause a 

frequency drop and the system inertia is measured by ROCOF measurement. Later, as 

shown in Figure 5-14 (b), the system inertia is measured by the proposed probing frequency 

injection method in the steady state without applying generation-load mismatch frequency 

events. Depending on the different control strategies on the MMC, four scenarios are 

studied as shown in Table 5-1. In Scenarios 1 and 2, the local MMC is controlled in GFL. 

As in Scenarios 3 and 4, the local MMC is controlled in VSM. The impact of adding a 

power-frequency 𝑃𝑃𝑃𝑃 droop on the power order is also considered for GFL and VSM in 

Scenarios 2 and 4. 

 

5.4.1 GFL frequency support 
In Scenario 1, the MMC is controlled in GFL mode without 𝑃𝑃𝑃𝑃 droop. As was shown in 

Section 5.3.1, there is no inertia support from the GFL MMC. The synchronous machine 
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has an inertia of 𝐻𝐻𝑠𝑠𝑠𝑠 = 3 𝑠𝑠. According to (5.13), compared with the system in Section 5.3 

without MMC, the total system inertia in the system with GFL MMC will drop to 

 _
2003 0.43

400 1000
sm

sys GFL sm
total

MVAH H s s
MVA

= = ⋅ =
+

  (5.16) 

This can be verified by the RoCoF and power change ∆𝑃𝑃 in the system shown in Figure 

5-15. In Figure 5-15, (a) is the system frequency, (b) is RoCoF, (c) is the active power 

output from the MMC and (d) is the active power output from the synchronous machine. 

Note that, to minimize ripple and noise interference, a filter with time constant 𝑇𝑇𝑓𝑓 = 0.01 𝑠𝑠 

had to be included in the derivative operator required to calculate RoCoF. Ideally, the 

RoCoF should show a step change at t = 4 s, but the filter delay smooths out this response. 

At 4.2s, the system inertia calculated by RoCoF is 

 
_

' 100 /1400 0.45
2 2 ( 0.08)sys GFL

PH s
RoCoF
∆

= = =
⋅ ⋅ −

  (5.17) 

Since in Scenario 1, there is no 𝑃𝑃𝑃𝑃 droop for GFL to regulate its power order when the 

frequency drops, the system frequency keeps dropping and eventually the system becomes 

unstable at around 6.3 s as in Figure 5-15.  

 
Figure 5-15 Scenario 1 (a) system frequency (b) RoCoF (c) active Power output from 

MMC (d) active power output from SM 
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On the other hand, in Scenario 2, the GFL MMC has a 𝑃𝑃𝑃𝑃 droop shown in Figure 5-16. It 

follows the active power – frequency requirements in IEEE Standard 2800-2022 [27]. The 

standard advocates dividing the active power-frequency droop control into a primary 

frequency response (PFR) characteristic and a fast frequency response (FFR) characteristic 

marked in yellow and green in Figure 5-16. The PFR’s dead band 𝑑𝑑𝑑𝑑𝑃𝑃𝑃𝑃𝑃𝑃 is ±0.1𝐻𝐻𝐻𝐻, and 

the droop gain is 𝐷𝐷𝑃𝑃𝑃𝑃𝑃𝑃 = 0.033 𝑝𝑝𝑝𝑝/𝐻𝐻𝐻𝐻. If there is a frequency drop in the system, the 

active power output ∆𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 in pu from PFR is  

 ( )PFR PFR ref measure PFRP D f f db∆ = − −   (5.18) 
For FFR, the dead band 𝑑𝑑𝑑𝑑𝐹𝐹𝐹𝐹𝐹𝐹 is ±0.5𝐻𝐻𝐻𝐻, the droop gain 𝐷𝐷𝐹𝐹𝐹𝐹𝐹𝐹 = 0.167 𝑝𝑝𝑝𝑝/𝐻𝐻𝐻𝐻.  

 ( )FFR FFR ref measure FFRP D f f db∆ = − −   (5.19) 
The PFR and FFR are independent of each other but complement together to regulate the 

power output from the MMC during the frequency change events. If the maximum allowed 

active power output from MMC is 𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎, the power order 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟′  for MMC with 𝑃𝑃𝑃𝑃 droop is  

 { }' min ,ref avl ref PFR FFRP P P P P= + ∆ + ∆   (5.20) 

 

 
Figure 5-16 the active power – frequency droop control 
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Figure 5-17 Scenario 2 (orange curve) (a) system frequency (b) RoCoF (c) active 

Power output from MMC (d) active power output from SM 

Figure 5-17 shows the comparison between the cases without 𝑃𝑃𝑃𝑃 droop (Scenario 1 -blue) 

and with 𝑃𝑃𝑃𝑃 droop (Scenario 2- orange). The 100 MW Load 2 is switched on to the system 

at 4 s. As a result, the system frequency begins to drop, identical to the situation for scenario 

1 discussed earlier. However, turning on the droop characteristic at 4.05 s makes the MMC 

output extra power and prevent the system frequency from dropping below 59.1 Hz as can 

be seen in Figure 5-17 (a) and (c). This conveys that although adding 𝑃𝑃𝑃𝑃 droop does not 

per-se add inertia to the system, it nevertheless prevents the frequency from running down 

completely by re-establishing the generation-load balance, albeit at a different frequency.  

It is worth noting that due to the fast transient and activation of power-frequency droop 

control, it is challenging to accurately measure the system inertia by RoCoF observation 

for Scenario 2. This is similar to the case of a rotating machine, where adding a 𝑃𝑃𝑃𝑃 droop 

to the governor transfer function can reduce the RoCoF but is not actually increasing the 

rotational inertia. 
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Note that the proposed probing frequency injection method measures the system inertia 

during the steady state, and thus the 𝑃𝑃𝑃𝑃 droop does not activate and make an impact on the 

inertia measurement. This greatly improves the convenience and accuracy of the inertia 

measurement in such IBR systems. 

 

Similar to the case discussed in section 5.3, here the power response to the injection signal 

is obtained from the power going to Load 1, while the equivalent system frequency 

measurement is obtained from the synchronous machine’s rotating speed. Figure 5-18 

shows the system inertia measurement result for Scenarios 1 and 2. The injected 

measurement signal has 5% of the rated current magnitude at 10 Hz and starts to inject into 

the system at 4.5 s. The measured inertia result is 0.43 s which is exactly the value in (5.16).  

 
Figure 5-18 system inertia measurement for Scenarios 1 and 2 with the proposed 

probing frequency injection method 

 
5.4.2 VSM frequency support  
In Section 5.4.1, the frequency support from the GFL MMC to the IBR system was 

discussed. In this section, the performance of the frequency support with the MMC 

controlled as a VSM will be investigated. 

 
5.4.2.1 RoCoF observation for the system with VSM 

The VSM inertia constant 𝐻𝐻𝑉𝑉𝑉𝑉𝑉𝑉 is 2 s and the damping coefficient 𝐷𝐷 is 50 pu. According 

to (5.13), the calculated total system inertia 𝐻𝐻𝑠𝑠𝑠𝑠𝑠𝑠_𝐺𝐺𝐺𝐺𝐺𝐺 is  

 _
200 10003 2 1.86

1400 1400
sm VSM

sys GFM sm VSM
total total

MVA MVAH H H s s
MVA MVA

= + = ⋅ + ⋅ =   (5.21) 

To check the system inertia by RoCoF observation, loads in Figure 5-14 (a) are stepped up 

from 800 MW to 900 MW at 𝑡𝑡 = 4 𝑠𝑠. Figure 5-19 shows EMT simulation results for 

Scenario 3 (VSM without 𝑃𝑃𝑃𝑃 droop control, green) and Scenario 4 (VSM with 𝑃𝑃𝑃𝑃 droop 



 

– 98 – 
 

control, Red). Note that, for Scenario 4, the added 𝑃𝑃𝑃𝑃 droop has same parameters as with 

the GFL in Scenario 2.  

 

For the case without droop (i.e., Scenario 3), at 𝑡𝑡 = 6 𝑠𝑠, the measured RoCoF is around -

0.01 pu/s in Figure 5-19 (b), the active power change from the MMC is ∆𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀 = 90𝑀𝑀𝑀𝑀 

in Figure 5-19(c) and from the synchronous machine is ∆𝑃𝑃𝑆𝑆𝑆𝑆 = 8𝑀𝑀𝑀𝑀 in Figure 5-19(d). 

Since the damping Coefficient 𝐷𝐷 in VSM is very large, this impact cannot be neglected for 

the inertia estimation. In VSM, 𝐷𝐷∆𝜔𝜔 ≈ 0.05 𝑝𝑝𝑝𝑝 at 6 s. According to (5.6), the total system 

inertia measured by RoCoF is  

 
_

' ( ) 8 (90 0.05 1000) 1.71
2 2 ( 0.01) 1400sys GFM

SM VSMP P DH s
RoCoF

ω∆ + ∆ + ∆ + − ⋅
= = =

⋅ ⋅ − ⋅
  (5.22) 

This is within 8% of  the inertia value in (5.21). However, if 𝐷𝐷∆𝜔𝜔 in VSM is not considered, 

the measurement result is 3.5 s, which gives 88% error! In Section 5.5, it will be 

demonstrated that the probing frequency injection method offers higher accuracy in 

measuring inertia and does not necessitate knowledge of 𝐷𝐷∆𝜔𝜔 in VSM. 

 

Compared with the system inertia of the GFL MMC, which is only 0.43 s as shown in 

Section 5.4.1, the system inertia with the VSM MMC is significantly increased. This 

demonstrates the superior frequency support provided by VSM control. 
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Figure 5-19 Scenario 3 (green) and 4 (red) (a) system frequency (b) RoCoF (c) 

active Power output from MMC (d) active power output from SM 

 
Figure 5-20 compares the simulation results of the four scenarios. The system RoCoF with 

VSM scenarios (Scenario 3: without droop, green; Scenario 4: with droop, red) are much 

smaller than the scenarios with GFL (Scenario 1: without droop, blue; Scenario 2: with 

droop, orange) shown in Figure 5-20 (b). The active power output of the VSM changes 

instantly after the system power mismatch occurs, which is faster than the active power 

output change of GFL with frequency droop shown in Figure 5-20 (c). The superior 

frequency support performance of VSM is also reflected in the synchronous machine active 

power output shown in Figure 5-20 (d). The transient active power output from the 

synchronous machine is much less in VSM scenarios compared with GFL scenarios, which 

conveys that the IBR system with VSM relies less on synchronous machines to maintain 

stable. Table 5-2 summarizes the frequency support performance for the 4 scenarios in 

terms of the inherent inertia response and the capability to stabilize system frequency with 

auxiliary droop control.  
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Figure 5-20 Comparison of the 4 scenarios 

 

Control type Inherent Inertia response 
Frequency stabilization with 

droop 

GFL  
Negligible  

(Scenario 1) 

Is Possible  

(Scenario 2) 

VSM 

Similar to actual synchronous 

machines 

(Scenario 3) 

Is Possible  

(Scenario 4) 

Table 5-2 Comparison of frequency support performance of GFL and VSM 

 
5.5 Probing frequency injection inertia measurement for the 

system with multiple SMs and/or VSMs 
This section investigates how the composite inertia of an IBR system with actual and 

virtual synchronous machines can be estimated.  
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5.5.1 Individual inertia measurements of each device (SM or VSM) in a 

network 
Consider the system in Figure 5-14 (b) which has one synchronous machine and the local 

HVdc inverter is controlled as a VSM. The wind harvesting converters operate as GFLs 

and so are not part of the inertia contribution. In this section, we show how the inertia of 

each option (SM or VSM) can be individually determined. In the following section, we 

will show how the individual measurements can be combined to give the aggregate inertia 

of the system.  

 

In the previous section, the IBR system inertia with VSM is measured by RoCoF. However, 

according to (5.22), the inertia estimation requires one to know the value of 𝐷𝐷∆𝜔𝜔 in the 

VSM controller, which may be unavailable, especially when the control systems are “black 

boxed”. This renders the RoCoF inertia measurement to be inaccurate. As was mentioned 

in Section 5.4.1, the probing frequency injection method is better at measuring inertia. This 

is because, although the accuracy of the probing frequency injection measurement of VSM 

inertia is affected by a large damping coefficient 𝐷𝐷, the measured result is nevertheless 

close to the actual value if the injected frequency is kept small (i.e., 10 Hz or less) as was 

shown in Section 5.2.1. 

 

To demonstrate the proposed probing frequency injection method for this case, a current 

probing signal equal to 5% of the system rated current magnitude at 10Hz is injected at the 

Load 1 bus at 𝑡𝑡 = 4.5 𝑠𝑠 . Power changes ∆𝑃𝑃𝑠𝑠𝑠𝑠(𝜔𝜔)  for the synchronous machine and 

∆𝑃𝑃𝑣𝑣𝑣𝑣𝑣𝑣(𝜔𝜔) for the VSM are measured. Speed change ∆Ω𝑠𝑠𝑠𝑠(𝜔𝜔) for the SM is obtained from 

the shaft speed measurement and the virtual speed change ∆Ω𝑣𝑣𝑣𝑣𝑣𝑣(𝜔𝜔) for the VSM virtual 

speed change is obtained from the VSM controller. Figure 5-21 shows that the inertia 

measurement for the synchronous machine is 𝐻𝐻𝑠𝑠𝑠𝑠 = 3 𝑠𝑠  and for VSM is 𝐻𝐻𝑣𝑣𝑣𝑣𝑣𝑣 = 2 𝑠𝑠 , 

which is consistent with the actual value. 
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Figure 5-21 Measured individual SM and VSM 

The inertia of a synchronous machine is an intrinsic physical property determined by its 

rotating mass and cannot be changed once the machine is connected to the power system. 

However, the VSM has the ability of dynamically adjusting its virtual inertia during 

operation, allowing more control flexibility. It is interesting to check whether the proposed 

probing frequency injection-based inertia measurement can be used to check the change in 

apparent inertia. For the above case, at 𝑡𝑡 = 6 𝑠𝑠, if the virtual inertia constant of VSM 

changes from 2 s to 3 s, Figure 5-22 shows the measured inertia for VSM, the measurement 

tracks VSM’s inertia well. There is about 1 s settling time for the final reading to stabilize. 

 
Figure 5-22 measured VSM inertia when it changes 

 
5.5.2 Aggregated system inertia calculation with SMs and/or VSMs 
The aggregate inertia 𝐻𝐻𝑠𝑠𝑠𝑠𝑠𝑠 of the entire system of SMs and/or VSMs can be determined 

once the individual inertia of the SMs or VSMs is measured using the approach of the 

previous section. First consider the system in the previous example shown in Figure 5-14 

(b) in which the synchronous machine has an MVA rating of 𝑀𝑀𝑀𝑀𝑀𝑀sm and inertia constant 

of 𝐻𝐻sm, and the VSM has MVA rating of 𝑀𝑀𝑀𝑀𝑀𝑀𝑣𝑣𝑣𝑣𝑣𝑣 and inertia constant of 𝐻𝐻vsm. Then in 

the manner (5.13), the aggregated inertia of the composite system is calculated below: 

 
where, 

sm vsm
sys sm vsm

total total

total sm vsm

MVA MVAH H H
MVA MVA
MVA MVA MVA

= +

= +
  (5.23) 

Equation (5.23) can be extended to a system with 𝑛𝑛𝑠𝑠𝑠𝑠 synchronous machines and/or 𝑛𝑛𝑣𝑣𝑣𝑣𝑣𝑣 

VSMs: 
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1 1

1 1
where, 

sm vsm

i i j j

sm vsm

i j

n n

sm sm vsm vsm
i j

sys
total

n n

total sm vsm
i j

MVA H MVA H
H

MVA

MVA MVA MVA

= =

= =

+
=

= +

∑ ∑

∑ ∑

  (5.24) 

Figure 5-23 shows the calculated aggregate system inertia based on the individual inertia 

measurement results from Section 5.5.2. Initially, the system inertia is 1.86 s, then at 𝑡𝑡 = 6 

s, the apparent inertia of the VSM is ordered to change from 2 s to 3s, which dynamically 

increases the total system inertia from 1.86 s to 2.57 s.  

 
Figure 5-23 Calculated aggregated system inertia 

 
5.6 Summary 
This chapter proposes a new inertia measurement method for IBR systems based on 

probing frequency injection. The proposed method is first validated on a single 

synchronous machine and then on a VSM. It shows accurate measurement results for the 

synchronous machine case. However, for VSMs, which can have large virtual damping 

coefficients, the measurement can have errors. Nevertheless, this error can be made 

negligibly small if the frequency of the injected component is kept small (10Hz or less). 

Alternatively, it can be entirely eliminated by conducting two injected probing signals at 

different frequencies. The probing frequency injection method can conveniently measure 

the system inertia without the application of the generation-load mismatch frequency 

events and give more accurate results compared with RoCoF observation. 

 

The frequency support provided by an HVdc inverter was measured with the inverter 

controlled as a GFL and then as a VSM. The system inertia was measured by both RoCoF 

and probing frequency injection methods. It was determined that the GFL does not 

contribute significant inertia to the system, which is to be expected because the inverter is 
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controlled in constant power mode. On the other hand, by emulating an actual synchronous 

machine, the VSM can provide significant inertia to the system and greatly improve system 

ride through capability to frequency variation events.  
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Chapter 6  
 

Conclusions and Future Work 
 
 
 
This chapter presents concluding remarks for this Ph.D. thesis and discusses future work. 

 
6.1 Conclusions 

The main contributions of this thesis are: 

• The dynamic performance of the VSM developed in this thesis is compared with that 

of a synchronous machine and a GFL VSC. It is shown that the VSM can behave 

similarly to a synchronous machine. Moreover, the VSM can select a wider range of 

inertia constants and damping coefficients than the actual synchronous machine and 

achieve better control dynamic behavior. When compared with the GFL, the VSM 

shows better performance in maintaining stable operation when connected to a weak 

AC system. However, when connected to a stronger AC system, the GFL converter 

can maintain stable operation with a good dynamic response, while the VSM may 
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exhibit a slower response following a phase angle jump in comparison to a GFL 

converter. 

 
• The current limiting performance of two VSM current limiting methods, namely 

switchable current limiting and in-line cascaded current limiting, is compared using 

EMT simulation. The in-line cascaded current limit is permanently active, whereas the 

switchable current limiting loop is only switched on when an overcurrent is detected. 

The switchable current limiting method fails to limit the overcurrent during the 

immediate moments after fault inception due to the control mode switch needing a 

short period to react when a fault is detected. However, for in-line cascaded current 

limiting, since the current limiting loop is always in-line for normal as well as faulted 

operation, it does not require very fast fault detection and control mode switching, and 

thus the overcurrent is well limited over the entire fault transient. 

 
• Using EMT simulation, it was shown that the disturbance ride-through performance 

of the VSM with either switchable or in-line cascaded current limiting control can be 

significantly optimized by transiently changing the active power order and the 

damping coefficient in its power synchronization loop. This greatly improves the VSM 

converter's post-fault recovery, particularly when connected to strong AC systems, 

which was seen as a challenge for more classical GFM control methods. Additionally, 

the performance with weak AC systems was also improved. 

 
• The linearized models of VSM with and without in-line cascaded current control 

connected to a Thevenin equivalent ac voltage source are developed to investigate the 

VSM control stability margin under various ac system strength. They show that the 

VSM is more stable for the weak system when the in-line cascaded current limiting 

feature is added; and can experience unstable operation with a stronger system strength. 

One could envisage an adaptive controller where the parameters change with network 

conditions. However, detecting a network change in sufficient time and changing gains 

dynamically, could prove to be a problem. Thankfully a more robust solution is 
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possible, because a single suitable gain parameter set can be found to allow stable 

operation when connected to weak as well as strong ac systems.  

 
• A wider range of inertia constants and damping coefficients can be selected for the 

VSM than are present in an actual synchronous machine. An important discovery from 

eigenvalue analysis is that the damping coefficient of the VSM controller should be 

larger than that of an actual synchronous machine to avoid instability However, 

eigenvalue analysis shows that the stability of the VSM becomes poorer with a large 

inertia constant. Thus, the inertia constant for the VSM should not be excessively large 

for inertia contribution purposes. 

 
• A new method to measure the inertia of the IBR system based on probing frequency 

injection is proposed. The effectiveness of this method is examined using 

Electromagnetic Transient (EMT) simulation on a VSM model. However, the method 

produces inaccurate results when applied straightforwardly with a high damping 

coefficient of VSM. Nonetheless, this error can be minimized and overlooked by 

keeping the injected frequency component small (10 Hz or less) or eliminated by 

conducting two injected probing signals at different frequencies. 

 
• It is shown that GFL IBRs do not contribute significant inertia directly to the system, 

although they can still support frequency if an active power–frequency droop is 

included, just in the manner of a frequency droop added to the governor of a real 

synchronous machine. On the other hand, VSMs do add virtual inertia to the system 

and directly limit the rate of change of frequency (RoCoF).   

 
• In contrast to the RoCoF observation method, the proposed probing frequency 

injection method provides a more accurate and convenient way to measure inertia, 

especially for IBR systems. The RoCoF method can be influenced by the fast transient 

and activation of power-frequency droop control in IBRs, resulting in inaccurate 

measurements of system inertia. Additionally, the RoCoF method requires a small or 

known a-priori damping coefficient, which is derived from knowledge of the VSM's 
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control system. A large damping coefficient can introduce significant measurement 

errors if not taken into consideration. In contrast, the proposed probing frequency 

injection method can measure system inertia without applying a load-generation 

imbalance, i.e., it can be applied with the SM or VSM operating in the steady-state. 

 
6.2 Future Work 

Further investigations are summarized below:  

• In this thesis, the VSC or IBR is assumed to have a constant dc voltage bus. This is 

true if the HVdc remote converter is connected to a strong ac system and operates in 

GFL dc voltage control. However, it is possible that the remote converter could be 

connected to a very weak network. The analysis of such networks could be undertaken 

in the future.  

 
• The improvement of VSM disturbance ride through performance is achieved by 

dynamically changing the control parameters in this thesis. Other solutions to improve 

VSM disturbance ride through may be possible and requires further study. 

 
• The proposed probing frequency injection method in the thesis requires a precise 

measurement of synchronous speed or GFM virtual synchronous speed deviation ΔΩ 

at the injected probing signal frequency, which can be challenging to obtain in the field 

test. A measurement method to capture ΔΩ  for the field test requires further 

development. 
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Appedix A  
 

 

 
A.1 Park transformation 
The three-phase voltage or current vectors in 𝑎𝑎𝑎𝑎𝑎𝑎 domain can be transferred into a rotating 

𝑑𝑑𝑑𝑑 domain at angular velocity 𝜔𝜔 through park transformation as shown in Figure A-1. This 

can be expressed by  

 0dq T abcu K u= ⋅
 

 (A.1) 

 
Figure A-1 transformation from abc to dq domain 

Assuming the synchronization angle 𝜃𝜃 = 𝜔𝜔𝜔𝜔, and 𝑞𝑞 axis leads 𝑑𝑑 axis, then in (A.1) 



 

– 117 – 
 

 

2 2cos cos( ) cos( )
3 3

2 2 2sin sin( ) sin( )
3 3 3

1 1 1
2 2 2

TK

θ θ π θ π

θ θ π θ π

 − + 
 
 = − − − − + 
 
 
  

 (A.2) 

Note that, if 𝑞𝑞 axis lags 𝑑𝑑 axis, then 

 

2 2cos cos( ) cos( )
3 3

2 2 2sin sin( ) sin( )
3 3 3

1 1 1
2 2 2

TlagK

θ θ π θ π

θ θ π θ π

 − + 
 
 = − + 
 
 
  

 (A.3) 

The reverse transformation from 𝑑𝑑𝑑𝑑 domain to 𝑎𝑎𝑎𝑎𝑎𝑎 domain can be expressed by 

 1
0Tabc dqu K u−= ⋅

 

 (A.4) 

In (A.4),  

 1

cos sin 1
2 2cos( ) sin( ) 1
3 3
2 2cos( ) sin( ) 1
3 3

TK

θ θ

θ π θ π

θ π θ π

−

 
 −
 
 = − − −
 
 
 + − +
 

  (A.5) 

If 𝑞𝑞 axis lags 𝑑𝑑 axis, 

 1

cos sin 1
2 2cos( ) sin( ) 1
3 3
2 2cos( ) sin( ) 1
3 3

TlagK

θ θ

θ π θ π

θ π θ π

−

 
 
 
 = − −
 
 
 + +
 

  (A.6) 
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A.2 Linearization of the network dynamic equations  
 

Applying Kirchhoff’s Voltage Law (KVL) to the circuit shown in Figure 4-2. In 𝑎𝑎𝑎𝑎𝑎𝑎 

domain, the network dynamics from PCC bus to the Thevenin equivalent voltage source 

can be expressed by  

 0abc
sabc tabc s abc s

div v R i L
dt

− + + =   (A.7) 

𝑅𝑅𝑠𝑠  and 𝐿𝐿𝑠𝑠  are the equivalent inductance and resistance from PCC bus to the Thevenin 

equivalent voltage source. In the matrix form, (A.7) can be written as 

 
0 0 0 0

0 0 0 0 0
0 0 0 0

sa ta a as s

sb tb s b s b

s ssc tc c c

v v i iR L
dv v R i L i
dt

R Lv v i i

          
          − + + =          
                    

  (A.8) 

Applying Park transformation to (A.8), 

 1 1 1

0 0 0 0

0 0 0 0
( ) 0 0 0 0 ( )

0 0 0 0

td sd d ds s

Tlag tq sq s Tlag q s Tlag q

s st s

v v i iR L
dK v v R K i L K i
dt

R Lv v i i

− − −

          
          − = +          
                    

 (A.9) 

Multiply 𝐾𝐾𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 on both sides of the equation, 

 1

0 0 0 0

( )
td sd d d

tq sq s q Tlag s Tlag q

t s

v v i i
dv v R i K L K i
dt

v v i i

−

       
       − = + ⋅       
              

  (A.10) 

In (A.10), 

 1 1

0 0 0

( ) ( ) ( )
d d d

Tlag s Tlag q Tlag s Tlag q s q

i i i
d d dK L K i K L K i L i
dt dt dt

i i i

− −

     
     ⋅ = ⋅ +     
          

  (A.11) 

According to (A.3) and (A.6),  
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1

cos sin 1
2 2( ) cos( ) sin( ) 1
3 3
2 2cos( ) sin( ) 1
3 3

sin cos 0
2 2sin( ) cos( ) 0
3 3
2 2sin( ) cos( ) 0
3 3

Tlag
d dK
dt dt

θ θ

θ π θ π

θ π θ π

θ θ

ω θ π θ π

θ π θ π

−

 
 
 
 = − −
 
 
 + +
 

 
 −
 
 = − − −
 
 
 − + +
 

 (A.12) 

Substitute (A.12) into (A.11) and (A.10), (A.10) can be rearranged as  

 

0 0 0 0 0

0 1 0
1 0 0 0

0 0 0

td sd d d d

tq sq s q s q s q

t s

v v i i i
dv v R i L i L i
dt

v v i i i
ω

          
          − − − − − =          
                    

  (A.13) 

Thus, in a three-phase balanced system, 

 
d

s td sd s d s q

d
s tq sq s q s d

diL v v R i L i
dt
diL v v R i L i
dt

ω

ω

 = − − −

 = − − +


  (A.14) 

Similarly, if 𝐿𝐿 is the equivalent inductance from the converter terminal to the PCC bus, for 

the network dynamics from the converter terminal to PCC bus, 

 
d

cd td q

d
cq tq d

diL v v Li
dt
diL v v Li
dt

ω

ω

 = − −

 = − +


  (A.15) 

In pu unit, (A.14) and (A.15) can be linearized as  

 0

0

s d
td sd s q s q s d

qs
tq sq s d s d s q

L d i v v L i L i R i
dt

d iL v v L i L i R i
dt

ω ω
ω

ω ω
ω

∆ = ∆ −∆ − ∆ − ∆ − ∆

 ∆ = ∆ −∆ + ∆ + ∆ − ∆


  (A.16) 
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 0

0

d
cd td q q

q
cq tq d d

d iL v v Li L i
dt

d iL v v Li L i
dt

ω ω
ω

ω ω
ω

∆ = ∆ −∆ − ∆ − ∆

 ∆ = ∆ −∆ + ∆ + ∆


  (A.17) 

𝜔𝜔0 is the nominal angular velocity at 376.99 rad/s. 

 

Now, assuming the ac voltage angle at PCC bus is 𝜃𝜃, and the ac voltage angle at the 

Thevenin equivalent voltage source is 𝜑𝜑, the three-phase voltages at voltage source side 

are 

 

cos( )
2cos( )
3
2cos( )
3

sa m

sb m

sc m

v V t

v V t

v V t

ω ϕ θ

ω π ϕ θ

ω π ϕ θ

= + −

= − + −

= + + −

  (A.18) 

Also, if 𝑞𝑞  axis lags 𝑑𝑑  axis, 𝑣𝑣𝑠𝑠𝑠𝑠 , 𝑣𝑣𝑠𝑠𝑠𝑠  at the Thevenin equivalent voltage source can be 

expressed by 

 

2 2cos cos( ) cos( )
3 3

2 2 2sin sin( ) sin( )
3 3 3

1 1 1
2 2 2

2 2cos cos( ) cos( ) cos(3 3
2 2 2sin sin( ) sin( )
3 3 3

1 1 1
2 2 2

ta
sd

tb
sq

tc

m

t t t
v

v
t t t v

v
v

t t t V

t t t

ω ω π ω π

ω ω π ω π

ω ω π ω π ω

ω ω π ω π

 − + 
      = − +          

 
  

 − + 
 
 = − + 
 
 
  

)
2cos( )
3
2cos( )
3

cos( )
sin( )

m

m

m

m

t

V t

V t

V
V

ϕ θ

ω π ϕ θ

ω π ϕ θ

ϕ θ
ϕ θ

 
 + −
 
 − + −
 
 
 + + −
 

− 
=  − − 

  (A.19) 

Thus, (A.19) can be linearized as  

 
sin( )
cos( )

sd m

sq m

v V
v V

ϕ θ θ
ϕ θ θ

∆ = − ∆
∆ = − ∆

  (A.20) 
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Appedix B  
 
 
 
B.1 𝐸𝐸 , 𝐴𝐴  and 𝐵𝐵  matrix for linearized model of the VSM 

without in-line cascaded current control 

 

0

0

0

0

12 12

1

1

s

s

J
L

L

L

E L

ω

ω

ω

ω

×

 
 
 
 
 
 
 
 
 
 
 
 =
 
 
 
 
 
 
 
 
 
 
  

  (B.1) 

In (B.1), 𝐸𝐸1,1 = 1,𝐸𝐸2,2 = 𝐽𝐽,𝐸𝐸3,3 = 𝐸𝐸4,4 = 𝐿𝐿
𝜔𝜔0

,𝐸𝐸5,3 = 𝐸𝐸6,4 = 𝐿𝐿𝑠𝑠
𝜔𝜔0

,𝑀𝑀7,5 = 1. 
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2 2 2 2

1
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1 1
1 1

1 1

1

1
1

sin( ) 1
sin( ) 1

q vsm

d vsm

s q s s vsm

s d s vsm s

tqtd

td tq td tq

p td p tq
i

td tq td tq

td tq d q

m

m

D
Li L

Li L
L i R L

L i L R
vv
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K v K v
K

v v v v

v v i i
V
V

ω

ω
ω

ω
ω

ϕ θ
ϕ θ




























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


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
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− − −

−
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− −

− −= + +
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12 12
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



































 
 
 
 
 

 ×

  (B.2) 

In (B.2), 
𝐴𝐴1,2 = 𝜔𝜔0, 
𝐴𝐴2,12 = −1,𝐴𝐴2,2 = −𝐷𝐷, 

𝐴𝐴3,6 = 1,𝐴𝐴3,8 = −1,𝐴𝐴3,2 = −𝐿𝐿𝑖𝑖𝑞𝑞 ,𝐴𝐴3,4 = −𝐿𝐿𝜔𝜔𝑣𝑣𝑣𝑣𝑣𝑣, 

𝐴𝐴4,7 = 1,𝐴𝐴4,9 = −1,𝐴𝐴4,2 = 𝐿𝐿𝑖𝑖𝑑𝑑,𝐴𝐴4,3 = 𝐿𝐿𝜔𝜔𝑣𝑣𝑣𝑣𝑣𝑣, 

𝐴𝐴5,8 = 1,𝐴𝐴5,10 = −1,𝐴𝐴5,2 = −𝐿𝐿𝑠𝑠𝑖𝑖𝑞𝑞 ,𝐴𝐴5,4 = −𝐿𝐿𝑠𝑠𝜔𝜔𝑣𝑣𝑣𝑣𝑣𝑣,𝐴𝐴5,3 = −𝑅𝑅𝑠𝑠, 

𝐴𝐴6,9 = 1,𝐴𝐴6,11 = −1,𝐴𝐴6,2 = 𝐿𝐿𝑠𝑠𝑖𝑖𝑑𝑑,𝐴𝐴6,3 = 𝐿𝐿𝑠𝑠𝜔𝜔𝑣𝑣𝑣𝑣𝑣𝑣,𝐴𝐴6,4 = −𝑅𝑅𝑠𝑠, 

𝐴𝐴7,8 = − 𝑉𝑉𝑡𝑡𝑡𝑡

�𝑉𝑉𝑡𝑡𝑡𝑡
2 +𝑉𝑉𝑡𝑡𝑡𝑡2

,𝐴𝐴7,9 = − 𝑉𝑉𝑡𝑡𝑡𝑡

�𝑉𝑉𝑡𝑡𝑡𝑡
2 +𝑉𝑉𝑡𝑡𝑡𝑡2

, 

𝐴𝐴8,8 = −𝐾𝐾𝑝𝑝
𝑉𝑉𝑡𝑡𝑡𝑡

�𝑉𝑉𝑡𝑡𝑡𝑡
2 +𝑉𝑉𝑡𝑡𝑡𝑡2

,𝐴𝐴8,9 = −𝐾𝐾𝑝𝑝
𝑉𝑉𝑡𝑡𝑡𝑡

�𝑉𝑉𝑡𝑡𝑡𝑡
2 +𝑉𝑉𝑡𝑡𝑡𝑡2

,𝐴𝐴8,5 = 𝐾𝐾𝑖𝑖 ,𝐴𝐴8,6 = −1, 

𝐴𝐴9,7 = 1,𝐴𝐴9,2 = 𝐿𝐿𝑖𝑖𝑑𝑑 ,𝐴𝐴9,3 = 𝐿𝐿𝜔𝜔𝑣𝑣𝑣𝑣𝑣𝑣, 

𝐴𝐴10,3 = 𝑉𝑉𝑡𝑡𝑡𝑡,𝐴𝐴10,8 = 𝑖𝑖𝑑𝑑 ,𝐴𝐴10,4 = 𝑉𝑉𝑡𝑡𝑡𝑡 ,𝐴𝐴10,9 = 𝑖𝑖𝑞𝑞 ,𝐴𝐴10,12 = −1, 

𝐴𝐴11,1 = 𝑉𝑉𝑚𝑚 sin(𝜑𝜑 − 𝜃𝜃) ,𝐴𝐴11,10 = −1, 

𝐴𝐴12,1 = 𝑉𝑉𝑚𝑚 sin(𝜑𝜑 − 𝜃𝜃) ,𝐴𝐴12,11 = −1. 
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 (B.3) 

In (B.3), 𝐵𝐵2,1 = 1,𝐵𝐵7,2 = 1,𝐵𝐵8,2 = 𝐾𝐾𝑝𝑝. 
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B.2 𝐸𝐸, 𝐴𝐴 and 𝐵𝐵 matrix for linearized model of the VSM with 

in-line cascaded current control 
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  (B.4) 

In (B.4), 𝐸𝐸1,1 = 𝐸𝐸2,2 = 𝐸𝐸3,3 = 𝐸𝐸4,4 = 𝐸𝐸5,5 = 1,𝐸𝐸6,6 = 𝐽𝐽,𝐸𝐸7,7 = 𝐸𝐸8,8 = 𝐿𝐿
𝜔𝜔0

,𝐸𝐸9,7 = 𝐸𝐸10,8 = 𝐿𝐿𝑠𝑠
𝜔𝜔0

. 
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 (B.5) 

In (B.5),  
𝐴𝐴1,11 = −1, 
𝐴𝐴2,12 = −1, 
𝐴𝐴3,15 = 1,𝐴𝐴3,7 = −1, 
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𝐴𝐴4,16 = 1,𝐴𝐴4,8 = −1, 
𝐴𝐴5,6 = 𝜔𝜔𝑏𝑏 ,  
𝐴𝐴6,17 = −1,𝐴𝐴6,6 = −𝐷𝐷, 
𝐴𝐴7,9 = 1,𝐴𝐴7,11 = −1,𝐴𝐴7,6 = −𝐿𝐿𝑖𝑖𝑞𝑞 ,𝐴𝐴7,8 = −𝐿𝐿𝜔𝜔𝑣𝑣𝑣𝑣𝑣𝑣, 
𝐴𝐴8,10 = 1,𝐴𝐴8,12 = −1,𝐴𝐴8,6 = 𝐿𝐿𝑖𝑖𝑑𝑑,𝐴𝐴8,7 = 𝐿𝐿𝜔𝜔𝑣𝑣𝑣𝑣𝑣𝑣, 
𝐴𝐴9,11 = 1,𝐴𝐴9,13 = −1,𝐴𝐴9,6 = −𝐿𝐿𝑠𝑠𝑖𝑖𝑞𝑞 ,𝐴𝐴9,8 = −𝐿𝐿𝑠𝑠𝜔𝜔𝑣𝑣𝑣𝑣𝑣𝑣,𝐴𝐴9,7 = −𝑅𝑅𝑠𝑠, 
𝐴𝐴10,12 = 1,𝐴𝐴10,14 = −1,𝐴𝐴10,6 = 𝐿𝐿𝑠𝑠𝑖𝑖𝑑𝑑,𝐴𝐴10,7 = 𝐿𝐿𝑠𝑠𝜔𝜔𝑣𝑣𝑣𝑣𝑣𝑣,𝐴𝐴10,8 = −𝑅𝑅𝑠𝑠, 
𝐴𝐴11,11 = −𝐾𝐾𝑣𝑣𝑣𝑣,𝐴𝐴11,1 = 𝐾𝐾𝑣𝑣𝑣𝑣 ,𝐴𝐴11,15 = −1, 
𝐴𝐴12,12 = −𝐾𝐾𝑣𝑣𝑣𝑣,𝐴𝐴12,2 = 𝐾𝐾𝑣𝑣𝑣𝑣 ,𝐴𝐴12,16 = −1, 
𝐴𝐴13,15 = 𝐾𝐾𝑖𝑖𝑖𝑖,𝐴𝐴13,7 = −𝐾𝐾𝑖𝑖𝑖𝑖,𝐴𝐴13,3 = 𝐾𝐾𝑖𝑖𝑖𝑖 ,𝐴𝐴13,8 = −𝜔𝜔0𝐿𝐿,𝐴𝐴13,11 = 1,𝐴𝐴13,9 = −1, 
𝐴𝐴14,16 = 𝐾𝐾𝑖𝑖𝑖𝑖,𝐴𝐴14,8 = −𝐾𝐾𝑖𝑖𝑖𝑖,𝐴𝐴14,4 = 𝐾𝐾𝑖𝑖𝑖𝑖 ,𝐴𝐴14,7 = 𝜔𝜔0𝐿𝐿,𝐴𝐴14,12 = 1,𝐴𝐴14,10 = −1, 
𝐴𝐴15,7 = 𝑉𝑉𝑡𝑡𝑡𝑡,𝐴𝐴15,11 = 𝑖𝑖𝑑𝑑 ,𝐴𝐴15,8 = 𝑉𝑉𝑡𝑡𝑡𝑡 ,𝐴𝐴15,12 = 𝑖𝑖𝑞𝑞 ,𝐴𝐴15,17 = −1, 
𝐴𝐴16,5 = 𝑉𝑉𝑚𝑚 sin(𝜑𝜑 − 𝜃𝜃) ,𝐴𝐴16,13 = −1, 
𝐴𝐴17,5 = 𝑉𝑉𝑚𝑚 sin(𝜑𝜑 − 𝜃𝜃) ,𝐴𝐴17,14  = −1. 
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  (B.6) 

In (B.6), 𝐵𝐵1,2 = 1,𝐵𝐵6,1 = 1,𝐵𝐵11,2 = 𝐾𝐾𝑣𝑣𝑣𝑣. 
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