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English summary 

Voltage-source converters (VSCs) have been widely used with power generation, 

transmission, distribution and consumption. The full power controllability of VSCs 

enables to modernize the electric power grid with more flexibility, yet it also poses 

new challenges to the stable operation of power systems. 

In the low-voltage distribution network, VSCs with capacitors centralized in the DC-

link, e.g., two-/three-level VSCs, are commonly used. In contrast, modular multilevel 

converters (MMCs) with capacitors distributed in each submodule, are typically 

adopted in the high-voltage transmission grid. Differing from two-/three-level VSCs, 

whose small-signal stability has been extensively investigated in the literature, less 

research works can be found on the small-signal stability of MMCs. The internal 

dynamics of the MMC, i.e., capacitor voltage variations of submodules, tends to affect 

its external ac dynamics and leads to the frequency-coupling behavior, which not only 

complicates its small-signal model, but also brings in new challenges for the stability 

analysis and the controller design of the MMC system.  

To cope with these issues, a systematic modeling framework of the MMC is developed 

in this PhD project based on the harmonic state space modeling theory and complex 

space vectors, which is capable of capturing the frequency-coupling dynamics of the 

MMC. The small-signal models for MMCs with grid-forming (GFM) control and 

grid-following (GFL) control are developed, based on which, the differences and 

similarities between the models of MMCs and two-/three-level VSCs are highlighted, 

and root causes of different instability phenomena of MMCs are revealed. Lastly, 

perspectives on control methods and design recommendations for stabilizing MMCs 

in different operating scenarios are given.  

Besides the small-signal stability, the transient stability of grid-connected VSCs, i.e., 

the synchronization stability under large disturbances, is also addressed in this thesis. 

The transient stability analysis is more challenging, due to the necessity of considering 

the large-signal nonlinear dynamics of synchronization loops, e.g., the active power 

loop (APL) for GFM-VSCs and the phase-locked loop (PLL) for GFL-VSCs. To 

tackle these challenges, the phase portrait is employed for a design-oriented analysis 

on the transient stability of GFM- and GFL-VSCs, with which, the main cause for the 

loss of synchronization of VSCs under large disturbances is identified. Further, it is 

found that the transient stability of VSCs can be guaranteed by using the first-order 

synchronization loop, i.e., the first-order APL for GFM-VSCs or the first-order PLL 

for GFL-VSCs, provided that the equilibrium points exist after disturbances. When 

there are no equilibrium points during the faults, the VSC with the first-order 

synchronization loop can still be re-synchronized with the power grid, even if the fault 

clearing time is beyond the critical clearing time, which reduces the risk of system 

collapse caused by the delayed fault clearance.
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Dansk resume 

Frekvensomformere opereret som spændingskilder (VSC'er) er brugt i vid 

udstrækning til vedvarende energiproduktion, energieffektiv energioverførsel, 

distribution og forbrug. Den fleksible styrbarhed af VSC'er gør det muligt at 

modernisere det elektriske elnet med mere fleksibilitet, men det medfører også nye 

udfordringer i forbindelse med at sikre en stabil drift af fremtidens elsystemer. 

I modsætning til to-niveau VSC'er, hvis småsignals stabilitet er omfattende undersøgt 

i eksisterende litteratur, er der foretaget minimal forskning vedrørende småsignals 

stabilitet af modulære multilevel-konvertere (MMC'er). MMC'ers unikke interne 

dynamik (kondensatorspændingsvariationer og styrring af cirkulerende strømme) har 

en tendens til at påvirke dens eksterne vekselstrømsdynamik og medføre en 

frekvensafhængig koblingsopførsel, som ikke kun komplicerer dens 

småsignalsmodel, men også medfører nye udfordringer for stabilitetsanalyse og 

regulatordesign. 

For at imødekomme disse problemstillinger har dette ph.d-projekt udviklet en 

systematisk modelleringsramme for MMC’er baseret på den harmoniske state-space 

modelleringsteori og den dynamiske repræsentation af komplekse vektorer, som er i 

stand til at beskrive MMC'ers frekvensafhængige koblingsdynamik. 

Småsignalsmodeller af MMC'er, der fungerer i ø-drift samt net-tilsluttede tilstande, er 

også udviklet. Baseret på disse, er forskelle og ligheder mellem modellerne af 

MMC'erne og to-niveau VSC'erne fremhævet, og grundårsagerne til forskellige 

ustabiliteter af MMC'er er beskrevet. Til sidst gives der en perspektivering vedrørende 

kontrolmetoder og designanbefalinger til stabilisering af MMC'er i forskellige 

driftsscenarier. 

Sammenlignet med småsignals stabilitetsundersøgelser er analysen af den transiente 

stabilitet (stor-signalsstabilitet) af VSC'er mere udfordrende på grund af 

nødvendigheden af at medtage de ikke-lineære dynamikker i synkroniseringssløjfer, 

dvs. regulering af aktiv effekt (APL) for net-skabende VSC'er, samt 

fasesynkroniseringsregulering (PLL) for net-følgende VSC'er. For at imødekomme 

disse udfordringer tager dette ph.d.-projekt faseportretter i brug for at karakterisere 

den transiente stabilitet af net-skabende og net-følgende VSC'er. Her er det den ikke-

lineære synkroniseringsdynamik der er identificeret som hovedårsag til ustabilitet, 

ved store forstyrrelser i nettet. Det er dog vist, at den transiente stabilitet af VSC'erne 

kan forbedres ved at bruge en første ordens synkroniseringssløjfe, dvs. en første 

ordens APL til net-skabende VSC'er eller en første ordens PLL til net-følgende 

VSC'er. Ved brug af dette kan den transiente stabilitet af VSC'er garanteres, forudsat 

at der findes ligevægtspunkterne efter forstyrrelserne. Desuden medfører dette også, 

at det er muligt for VSC'er at synkronisere med elnettet, selvom fejlrydningstiden er 
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længere end den kritiske aktueringsstid. Alt dette reducerer risikoen for at el-nettet 

bryder sammen. 
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Chapter 1. Introduction  

1.1. Background and Challenge 

Power system stability has been identified as one of the key challenges for the secure 

and reliable operation of the system [1]-[2]. The research on different stability issues 

regard synchronous generators (SGs) dominated power system has lasted for centuries 

and abundant research results are readily available [1]-[2]. Yet, today’s modern power 

system is evolving with the increasing replacement of SGs with power electronic 

converters [3]. Differing from SGs, the dynamic behavior of power electronic 

converters is highly affected by the control algorithms. The converter-grid interactions 

have led to a number of stability related incidents ranging from the harmonic stability 

to the loss of synchronization (LOS), which are not foreseen by the traditional power 

system stability analysis [4]-[7]. Hence, it is of vital importance to reinvestigate the 

stability of the modern power system by fully considering the dynamics of power 

electronic converters [8]-[9].  
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Figure 1.1. Typical control architectures of VSCs. (a) GFL-VSCs. (b) GFM-VSCs.  

Fig. 1.1 shows two basic control architectures of voltage-source converters (VSCs), 

i.e., grid-following (GFL) VSCs and grid-forming (GFM) VSCs. The GFL-VSC is 

controlled as a current source while the GFM-VSC is controlled as a voltage source 

[10]-[11]. Hence, GFM-VSCs can be operated in both the stand-alone and the grid-

connection mode [10], while GFL-VSCs can only be operated in the grid-connection 

mode [11]. For the grid-connected operation, GFM-VSCs are synchronized with the 

power grid by means of the active power loop (APL) [10], while the phase-locked 

loop (PLL) is adopted for GFL-VSCs for the grid synchronization [11]. Regardless of 

the used control schemes, the dynamics of VSCs is highly nonlinear [8], which 

challenges the system modeling and stability analysis. The nonlinear models of VSCs 

can be linearized around their operating points for the small-signal stability studies 

[8]. In contrast, for the transient stability studies that focus on the synchronization 

stability of VSCs under large disturbances, the nonlinear model of VSCs should be 

used [12]-[13]. 

1.1.1. Small-Signal Stability 

In the low-voltage distribution network, the VSCs with capacitors centralized in the 

DC-link, e.g., two-/three-level VSCs, are commonly used for the integration of 

renewable energy resources like the solar and wind power plant [11]. In contrast, 

modular multilevel converters (MMCs) with capacitors distributed in each submodule 

are typically adopted in the high-voltage transmission grid, such as the high-voltage 

direct current (HVDC) power systems [14]. The small-signal modeling and stability 

analysis of two-/three-level VSCs have been extensively addressed in the literature 

[15]-[18]. In contrast, less research attention has been paid to the small-signal stability 

of MMCs. Differing from two-/three-level VSCs with centralized DC-link capacitors, 

whose capacitor voltage ripples are negligible due to the cancellation of oscillating 

powers within three phases [11], the capacitor voltage ripples of MMCs are more 



CHAPTER 1. INTRODUCTION 

3 

O

Vdc/2

Vdc/2

iu

il iac=iu-il

vu

vl

vcu1

vcuN

vcl1

vclN

C

C

C

C

Larm Rarm

Larm Rarm

vac

icu1

vc

icl1

icir=
(iu+il)

2

Control 

signals

PLL

iacref Power 

Control

iac

Circulating Current 

Suppression Control

icir

AC Current 

Control

P, Q

θPLL

Pref

Qref

P Q

icirref

Internal 

Dynamics
External Dynamics Control Dynamics

vac

icuN

iclN

 

(a) 

Arm voltages (vu, vl) dynamics 

Arm currents (iu, il) dynamics 

Inserting and bypassing 

submodulesCharging and 

discharging 

submodules 

capacitors by icu, icl

Capacitor voltages (vcu, vcl) dynamics 

Internal Dynamics

External Dynamics

AC currents (iac) 

dynamics 

Circulating currents 

(icir) dynamics 

AC Current 

Control

Power Control

PLL

Control Dynamics

Circulating Current 

Suppression Control

 

(b) 

Figure 1.2. Dynamic couplings of the MMC. (a) System diagram of the GFL-MMC. (b) Illustration of the 

coupling between the internal, external dynamics of the power stage and the control dynamics of the MMC.  

significant, due to the necessity of buffering the single-phase oscillating power [14]. 

Therefore, the capacitor voltage variation, i.e., the internal dynamics of the MMC, 

would affect its arm voltages and currents (external ac-dynamics) through inserting 

and bypassing of submodules, and these external dynamics will in turn affect the 

current charging and discharging the submodule capacitors [19], as shown in Fig. 1.2. 

Such interactions lead to a strong coupling between the internal and external dynamics 

of the power stage of the MMC [19]. More complicated dynamics of the MMC is 

further introduced by its control loops. As illustrated in Fig. 1.2, the arm current of 

the MMC can be decomposed into the ac current (iac) and the circulating current (icir), 

whose dynamics are affected by the corresponding control loops. Hence, the control 
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dynamics of the MMC is coupled with the internal and external dynamics of its power 

stage, which brings in significant challenges to the small-signal modeling and stability 

analysis of MMCs [20]. 

 

1.1.2. Transient Stability 

Comparing with small-signal stability studies, the transient stability analysis of VSCs 

has not yet drawn too much attention. However, the real incidents on the LOS of wind 

and photovoltaic power plants during the fault have been increasingly reported [21]-

[23]. A field measurement example is given in Fig. 1.3, which illustrates the tripping 

of Hornsea offshore wind farm during the fault [23]. Hence, not only the small-signal 

stability, but also the transient stability of VSCs should be guaranteed for the secure 

and reliable operation of the power system.  

The nonlinear dynamic responses of VSCs under large disturbances need to be 

characterized for transient stability studies. Due to the difficulty in obtaining 

analytical solutions of nonlinear systems, the electromagnetic transient (EMT) 

simulations are widely used for the transient stability analysis [12]-[13]. Yet, the EMT 

simulation results are merely numerical studies based on specific system parameters 

and operating scenarios, which provide little insight into a general design guideline of 

VSC control system for ensuring the transient stability.  

 

2% AC voltage step change

Output reactive power of the windfarm

 

(a) 
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Figure 1.3. Field measurement waveform of responses of Hornsea offshore windfarm under disturbances. 

(a) Stable operation after the small-signal disturbance. (b) Unstable operation during the fault. Source: [23]. 

 

1.2. State of the Art 

1.2.1. Small-Signal Modeling and Stability Analysis of MMCs 

In some early works, the impacts of internal dynamics are neglected, and the small-

signal model of the power stage of two-/three-level VSCs is directly adopted for that 

of MMCs [24]-[25]. Yet, this simplification has been proven as inadequate in [26], 

where the significantly different power stage dynamics between MMCs and two-

/three-level VSCs have been revealed. By combing the model of control loops with 

that of the power stage, the closed-loop small-signal models of GFL- and GFM-

MMCs have been developed [27]-[30], in which the frequency-coupling dynamics is 

characterized by using the multiple-input-multiple-output (MIMO) impedance matrix 

(IM). Yet, [27]-[29] focus on modeling the MMC only, whereas the stability analysis 

has not been performed. In [30], the stability study of the MMC connecting to the 

wind farm is carried out by considering the centered-diagonal element in the IM only, 

whereas non-zero frequency-coupling terms are ignored, which may lead to inaccurate 

stability predictions. The systematic stability analysis of MMCs that considering the 

frequency-coupling terms has not yet been thoroughly investigated in literatures, 

which also brings in challenges of formulating controller design guidelines for 

stabilizing the MMC system under different operating scenarios. 

The internal dynamics of the MMC not only lead to the frequency-coupling nature of 

its power stage, but also brings in the 2nd-order harmonic circulating current [31]. The 

circulating current suppression control (CCSC) is thus adopted to suppress the 2nd-

order harmonic circulating current [31]. The existing design guidelines for the CCSC 
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mainly consider its steady-state harmonic suppression capability, whereas its impact 

on system stability (as illustrated in Fig. 1.2 (b)) have been overlooked [31]-[32]. As 

a result, the zero-sequence circulating current (ZSCC) control is deemed as 

unnecessary in classical CCSCs, due to the absence of zero-sequence harmonics in 

the circulating current under the normal operation of MMCs [32]. Yet, recent studies 

show that the resonances might occur in the DC-link of the MMC without the ZSCC 

control [33]-[35]. Nevertheless, the work in [33]-[35] assume a strong ac grid without 

the grid impedance, and the stability impact of the ZSCC control when the MMC 

connecting to the weak ac grid is not addressed. 

1.2.2. Transient Stability Analysis of VSCs 

The VSCs might or might not have equilibrium points under large disturbances [36]. 

The LOS of VSCs is inevitable if there is no equilibrium point, but it may also take 

place even when there are equilibrium points. The transient stability of VSCs with 

equilibrium points are determined by their synchronization dynamics. Differing from 

SGs that can naturally synchronize with the power grid through its power-angle swing 

dynamics [1], the synchronization dynamics of VSCs are found to be dependent on 

their synchronization control loops, i.e., the APL for GFM-VSCs and the PLL for 

GFL-VSCs [10]-[11].  

For GFM-VSCs, the simplest case is yielded when the VSC is controlled to mimic the 

dynamics of the SG, e.g., virtual synchronous generator (VSG) control [37]-[38]. In 

that case, the well-established methodology for analyzing the transient stability of 

SGs, e.g., equal area criterion (EAC), can be directly adopted [39]. Yet, there are other 

active power control alternatives for GFM-VSCs, e.g., the power synchronization 

control (PSC) [40]-[44] and the basic droop control [45], in which their APLs exhibit 

the first-order dynamics, and thus are different from the second-order swing dynamics 

of SGs. The design-oriented transient stability analysis of VSCs with the first-order 

APL has been hitherto unaddressed in literatures and thus worth investigating.  

The PLL of the GFL-VSC features second-order synchronization dynamics, and 

hence, is identified to have the similar transient stability issue as SGs [36]. Meanwhile, 

there are stringent grid codes specifying the fault current injection profile of GFL-

VSCs [46]. Existing solutions in literatures, e.g., freezing the PLL [47] or changing 

the active/reactive current profile during the fault [48]-[51], do enhance the transient 

stability of GFL-VSCs, but on the other hand pose new risks of violating the grid 

code. Therefore, the solution which can guarantee the transient stability of GFL-VSCs 

without violating the grid code is still demanded. 
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1.3. Project Objectives and Limitations 

1.3.1. Project Objectives 

To fill the void in the state of the art research, the objectives of this PhD project are 

defined as follows: 

 Design-oriented small-signal stability analysis of the stand-alone operated 

MMC with GFM control 

This PhD project will develop the accurate small-signal model of the stand-

alone operated MMC with GFM control, based on which, the impact of the 

ac voltage regulator on the IM of the MMC will be quantified, and a 

systematic stability analysis of the MMC considering its frequency coupling 

terms will also be performed. Finally, a design guideline of the ac voltage 

regulator to stabilize the MMC system will be given.  

 Stability impact of the ZSCC control for the GFL-MMC under the weak ac 

grid 

The dynamic comparison of the GFL-MMC with and without the ZSCC 

control will be carried out in this PhD project, based on which, the stability 

impact of the ZSCC control will be revealed. Moreover, a parameter tuning 

guideline for the ZSCC controller to stabilize the MMC under the weak grid 

condition will also be given.  

 Design-oriented transient stability analysis of GFM-VSCs with the PSC 

Taking the PSC as an example, the phase portrait is adopted in this PhD 

project to characterize the transient stability of VSCs with the first-order 

power angle control, and its superior transient stability performance over 

SGs with the second-order swing dynamics will also be highlighted. 

 Design-oriented transient stability analysis of GFL-VSCs with the PLL 

The transient stability impact of the PLL on GFL-VSCs will be characterized 

in this PhD project. Moreover, the improved PLL scheme will also be 

proposed, which is able to guarantee the transient stability of GFL-VSCs 

without violating the grid code. 

1.3.2. Project Limitations 

This PhD project performs a design-oriented small-signal stability analysis of MMCs 

and transient stability analysis of VSCs. However, there are some limitations in this 

PhD project: 
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 Following the common practice in literatures [26]-[30], the arm-averaged 

model of the MMC is adopted in the PhD project as the basis for the small-

signal modeling and stability analysis. However, the dynamic impact of the 

capacitor voltage balancing control and the switching action of the MMC 

cannot be reflected in the arm-averaged model [19]. Therefore, the developed 

small-signal model is only valid in the frequency range lower than the control 

frequency of the MMC (e.g. 10 kHz [7]). While the unstable operation of the 

MMC with the oscillation frequency close or higher than its control 

frequency is rarely reported in practice, it is still of interest from theoretical 

perspective to derive the accurate model of the MMC by considering all the 

control dynamics. 

 The inner loops (voltage and current loops) are neglected when analyzing the 

transient stability of GFM- and GFL-VSCs, due to the generally decoupled 

timescale between outer loops (the power control loops and the PLL) and 

inner loops [18], [52]. Yet, this assumption does not hold for the high-power 

VSCs, in which the bandwidths of inner loops are constrained by the low 

switching frequency, and might not be sufficiently decoupled from that of 

outer loops [53]. Therefore, both inner and outer loops should be considered 

for analyzing the transient stability of high-power VSCs. 

 Only the alternating-voltage control (AVC) is considered when analyzing the 

transient stability of the PSC-VSC, with which the magnitude of the terminal 

voltage can be controlled as a constant value [40]. Yet, there are other control 

alternatives, e.g., the constant reactive power control [40] or the Q-V droop 

control [45], with which the terminal voltage magnitude of the VSC is 

changed during the transient disturbances, and hence, the transient stability 

performance would be different. This issue has been partly addressed in our 

following work in [54], but more complete investigation is still needed. 

 

1.4. Thesis Structure 

Fig. 1.4 shows the structure of the PhD thesis. Chapter 1 introduces the background 

and motivation of the PhD project, after which its objectives and limitations are also 

discussed. The small-signal models of the GFM- and GFL-MMC are developed in 

Chapter 2 and Chapter 3, respectively, based on which, the dynamic impacts of the ac 

voltage control and the ZSCC control are characterized, and the controller design 

guidelines for stabilizing the MMC under different operating scenarios are also 

addressed. Chapter 4 analyzes the transient stability of the PSC-VSC, in which the 

dynamic impact of the first-order power-angle control is characterized by using the 

phase portrait. The same methodology is adopted to analyze the transient stability 

impact of the PLL in Chapter 5, and the improved PLL scheme is proposed to enhance 

the transient stability of the VSC. Chapter 6 concludes the findings of the PhD project. 
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Figure 1.4. Thesis structure.  

 

1.5. List of Publications 

The relationship between the chapter number and published papers is given by Table 

1.1. 

 

Table 1.1. Relationship between the Chapter Number and Published Papers 

Chapter No. Related Publications 

2 J1, C1 

3 J2 

4 J3, C2 

5 J4, C3, C4 
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Chapter 2. Modeling and Stability 

Analysis of the Stand-alone Operated 

MMC with GFM Control 

The content of this chapter is based on J1 and C1.  

2.1. Background 

With the increased penetration of modular multilevel converters (MMCs) in the 

electric power grids, dynamic interactions between MMCs, weak ac power grids and 

industrial loads are becoming more apparent. A number of incidents regard the 

resonance of MMC systems have recently been reported [4], [7]. Typically, the MMC 

can be operated either in the stand-alone mode or the grid-connected mode [55]. The 

stability of the stand-alone operated MMC with GFM control is the focus of this 

chapter, while the stability of the grid-connected MMC with GFL control will be 

addressed in Chapter 3. 

As the precondition of the stability study, it is of vital importance to develop an 

accurate small-signal model of the MMC. Differing from two-/three-level voltage 

source converters (VSCs), whose small-signal model is already mature [15]-[18], the 

small-signal model of the MMC is much more complex due to its unique internal 

control dynamics, i.e., capacitor voltage variations [19]. The internal dynamics of the 

MMC will lead to the frequency coupling behavior at the ac terminal, which should 

be characterized by the multiple-input-multiple-output (MIMO) impedance matrix 

(IM) [26]-[30]. Although the small-signal modeling of the MMC has already been 

addressed in [26]-[30], the controller parametric impact on the IM of the MMC has 

not been explicitly revealed. Moreover, while the stability analysis has been carried 

out in [30], the impacts of frequency coupling terms of the IM of the MMC are 

ignored, which lead to inaccurate stability prediction. Therefore, how to design the 

voltage regulator to stabilize the stand-alone operated MMC system is still an open 

question.  

To tackle this challenge, our work in [J1] presents the design-oriented small-signal 

stability analysis of the stand-alone operated MMC with GFM control, in which the 

impedance shaping effect of the voltage regulator is clearly revealed. The generalized 

Nyquist stability criterion (GNSC) is utilized to analyze the stability of the MMC with 

passive loads, based on which, the root cause of the sub-synchronous oscillation 

(SSO) is located, and the voltage controller design guideline for stabilizing the MMC 

system is also given. The main content of [J1] is summarized as follows. 
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2.2. Harmonic State Space Basics 

The harmonic state space (HSS) method is adopted for developing the small-signal 

model of the MMC, and its modeling procedure is summarized as follows [56]: 

By linearizing the nonlinear time-periodic (NTP) system, its linear time-periodic 

(LTP) small-signal representation can be obtained [56], which can be generally 

expressed as:  

 
       

         

ˆ
ˆ ˆ

ˆ ˆ ˆ

dx t
A t x t B t u t

dt

y t C t x t D t u t

 

 

. (2.1) 

where  x̂ t ,  û t and  ŷ t  are the small-signal representation of state, input and 

output variables, respectively. A(t), B(t), C(t) and D(t) are time-periodic matrices, and 

their Fourier expansions are given by: 
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where ω0 is the fundamental frequency, Ah, Bh, Ch and Dh are the corresponding hth 

Fourier coefficients of A(t), B(t), C(t) and D(t), respectively. Substituting (2.2) into 

(2.1), the s-domain representation of (2.1) can be expressed as [56]:  
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N is expressed as 

 0 0 0 0diag ... ... ... ...jh j j jh     N I I I I I . (2.6) 

where I is the identity matrix, Г represents the Toeplitz matrix, which is defined as 

(using Г[A] as the example) 
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Γ . (2.7) 

It is known from (2.7) that the elements of Ahss, Bhss, Chss and Dhss are time-invariant 

Fourier coefficients given by (2.2), and thus, (2.3) provides the linear time-invariant 

(LTI) representation of the LTP system, which facilitates the stability analysis by 

using the linear control theory. The dimensions of Ahss, Bhss, Chss and Dhss are infinite 

in theory, but practically these matrices can be truncated by considering the major 

harmonic components [56].  

 

2.3. Modeling of the MMC 

Fig. 2.1 shows the single-line diagram of the GFM-MMC connecting to the inductive 

load, and the arm averaged model of its power stage is given in Fig. 2.2 [19]. Larm, 

Lload, Rarm and Rload represent the inductance and resistance of the arm filter of the 

MMC and the passive load, respectively. Since the synchronization is not necessary 

for the stand-alone operated MMC, the power control loops are not used. Hence, only 

the ac voltage control and the circulating current suppression control (CCSC) are 

adopted for the GFM-MMC operated in the stand-alone mode [55]. Table 2.1 provides 

the definition of the variables used in the following analysis.  
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Figure 2.1. Circuit diagram of the voltage-controlled MMC powering the inductive load. Source: [J1]. 
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Figure 2.2. Arm averaged model of the MMC. Source: [J1]. 
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Table 2.1. Definition of Variables.  
SYMBOL DESCRIPTION 

vu, vl Arm voltages for the upper and lower arms  

iu, il Arm currents for the upper and lower arms 

vcuΣ, vclΣ Sum of submodule capacitor voltages for the upper and lower arms 

mu, ml Control signals for the upper and lower arms 

vac, iac Output ac voltage and current, iac= iu-il  

icir Circulating current, icir=(iu+il)/2 

vcΣ, vcΔ Sum and difference of the capacitor voltages of the upper and lower arms, vcΣ= 

vcuΣ+vclΣ, vcΔ= vcuΣ-vclΣ 

mac Control signal generated from the ac voltage control loop, mac= (ml ‒ mu)/2 

mdc Control signal generated from the CCSC, mdc= mu + ml 

 

2.3.1. Modeling of the Power Stage 

Based on Kirchhoff’s law and Ohm’s law, the NTP representation of the MMC can 

be formulated by means of differential equations, which are detailed in [J1]. Then, 

linearization is performed to obtain the small-signal LTP model of the MMC, which 

is given by: 

       ˆ ˆ ˆx t = A t x t +B(t)u t . (2.8) 

where 
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Then, the HSS model of the MMC is derived by following the procedure in 2.2, and 

is given by  

ˆ ˆ ˆs  hss hssx A x + B u . (2.12) 
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where Ahss and Bhss are defined in (2.5).  

 

2.3.2. Modeling of the Control Loops 
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Figure 2.3. Block diagram of the CCSC. Source: [J1]. 
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Figure 2.4.  Block diagram of the ac voltage control loop. Source: [J1]. 

 

Fig. 2.3 and 2.4 show the block diagrams of the CCSC and the ac voltage control, 

respectively. Considering ˆ 0cirrefi  and ˆ 0acrefv  , ˆ
acm  and ˆ

dcm can be expressed as 

       0 0 0 0
ˆ ˆ

ac vd delay acm s jh G s jh G s jh v s jh         . 
(2.15) 

       0 0 0 0
ˆˆ

dc ic delay cirm s jh G s jh G s jh i s jh        . (2.16) 

where Gdelay(s) represents the time delay in the control loop. Gic(s) and Gvd(s) are the 

circulating current regulator and the ac voltage regulator, respectively. The 

proportional resonant (PR) regulators with the resonant frequencies fixed at 2ω0 and 

ω0 are used for Gic(s) and Gvd(s), respectively, which are expressed as 
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K s
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. 

(2.17) 

 
2 2

0

2

2
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vd Pvd

i

K s
G s K

s s



 
 

 
 

(2.18) 

 

2.4. Impedance Calculation 

Eq. (2.12) can be rewritten as 

 ˆ ˆ ˆ
-1

hss hss tfhssx = sI - A B u = H u . (2.19) 

Focusing on the relationship between  0
ˆ
aci s jh and  0

ˆ
acv s jh , the admittance 

matrix is the submatrix of Htfhss, which is given by 
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ac MMC ac

MMC
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0 0 1 2 0

1 0 0 1 0

2 0 1 0 0

Z s j Z s Z s j

Z s j Z s Z s j

Z s j Z s Z s j

 

 

 

 



 
 

 
 
   
 

  
 
 

-1

MMC MMCZ = Y

. (2.21) 

The frequency coupling dynamics of the power stage of the MMC can be clearly 

observed from (2.20) and (2.21), which are dictated by the off-diagonal elements of 

the matrices. In the following, the centered-diagonal element of the IM, i.e., Z0(s), is 

defined as centered-diagonal impedance, while the off-diagonal elements are defined 

as frequency-coupled impedances. 

2.4.1. AC-side Open-loop Impedance 

Only the CCSC is considered when deriving the ac-side open-loop IM of the MMC, 

and thus, ZMMC can be calculated by substituting  0
ˆ 0acm s jh   and (2.16) into 

(2.19).  

Fig. 2.5 shows the Bode diagram of the centered-diagonal impedance Zopen0(s). It can 

be seen that the measurement results given by cross marks “x” match closely with the 

theoretical analysis, which verifies the correctness of the mathematical modeling. 

Moreover, the calculated Zopen0(s) considering up to fundamental frequency (h=1) is 

similar to that considering up to 2nd harmonics (h=2). It is because the 2nd harmonic 

in the circulating current is effectively suppressed by the CCSC, and thus, it can be 

neglected during the modeling procedure.  
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(sLarm+Rarm)/2 Zopen0(s) (h=1) Zopen0(s) (h=2) Simulation results

Capacitive 

behavior 

introduced 

by the 

internal 

dynamics

Series and 

parallel 

resonance

f (Hz)  

Figure 2.5.  Impedance plot of Z0(s) with open-loop control. Source: [J1]. 

It is worth mentioning that without considering the internal dynamics of the MMC, 

its open-loop impedance is merely the filter inductance, i.e., (sLarm+Rarm)/2 [C1], [J1]. 

Yet, it can be clearly observed from Fig 2.5 that the internal dynamics of the MMC 

leads to the capacitive behavior of Zopen0(s) in the low-frequency range, which is 

significantly different from the inductive behavior of the filter impedance. On the 

other hand, the high-frequency (> 200 Hz) impact of the internal dynamics is 

negligible, as dictated by the close match between the filter impedance and Zopen0(s) 

in the high-frequency range. This can be understood from the filtering characteristic 

of the capacitor, which leads to the smaller high-frequency capacitor voltage ripple 

and the reduced high-frequency dynamic impact. 

f (Hz)

Zopen0(s) Zopen 2(s+jω0) Zopen2(s  jω0) 

Simulation results of 

Zopen 2(s+jω0) 

Simulation results of 

Zopen2(s jω0) 

 

Figure 2.6.  Bode diagram of the centered-diagonal and frequency-coupled impedances of the MMC with 

the open-loop control. Source: [J1]. 
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For the frequency-coupled impedances, it turns out that Zopen1(s−jω0) = Zopen1(s) = 

Zopen−1(s) = Zopen−1(s+ jω0)=0 [J1], while the Bode diagrams of Zopen2(s−jω0) and 

Zopen−2(s+jω0) are given in Fig. 2.6. It can be seen that the magnitudes of Zopen2(s−jω0) 

and Zopen−2(s+jω0) are much lower than that of Zopen0(s) in the high-frequency range (> 

200 Hz), and thus, their impacts on the high-frequency dynamics of the MMC can 

also be neglected.  

 

2.4.2. AC-side Closed-loop Impedance 

Both the ac voltage control loop and the CCSC are considered for deriving the ac-side 

closed-loop IM of the MMC. Therefore, ZMMC can be calculated by substituting (2.15) 

and (2.16) into (2.19).  

It is demonstrated in [J1] that the dynamic impact of Gvd(s) on the centered-diagonal 

impedance of the MMC is same as that of the two-/three-level VSC, which is: 

 
 

   
0

0
1

open

close

dc vd delay

Z s
Z s

V G s G s



. 

(2.22) 

This conclusion provides insight for the design of Gvd(s). On the other hand, the impact 

of Gvd(s) on the frequency-coupled impedances is much more complex, which is 

detailed in [J1].  

1+ VdcGvd(s)Gdelay(s)

f (Hz)     

Zclose0(s) Simulation results of Zclose0(s)Zopen0(s)

f (Hz)  

(a)                                                                          (b) 

Figure 2.7.  (a) Bode diagram of 1+ VdcGvd(s)Gdelay(s). (b) Bode diagram of Zopen0(s) and Zclose0(s). Source: 

[J1]. 
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Zclose0(s) Zclose 2(s+jω0) Zclose2(s  jω0) 

f (Hz)

Simulation results of 

Zclose 2(s+jω0) 

Simulation results of 

Zclose2(s jω0) 

 
Figure 2.8.  Bode diagram of the centered-diagonal and frequency-coupled impedances of the MMC with 

closed-loop control. Source: [J1]. 

Fig. 2.7 shows the Bode diagrams of 1+ VdcGvd(s)Gdelay(s), Zopen0(s) and Zclose0(s), 

respectively. It can be seen that Zclose0(s) is inversely proportional to 1+ 

VdcGvd(s)Gdelay(s), as dictated by (2.22).  

Fig. 2.8 shows the Bode diagram of the frequency-coupled impedances of the closed-

loop controlled MMC. Similar to the open-loop controlled MMC, these frequency-

coupled impedances should be considered in the low-frequency stability analysis, but 

can be neglected in the high-frequency stability analysis.  

 

2.5. Stability Criterion 

As the frequency-coupled impedances have significant impacts on the low-frequency 

dynamics of the MMC, the GNSC should be used for the low-frequency stability study 

[57]. The stability of the unloaded MMC should be guaranteed before analyzing its 

interaction with the load [58]. Therefore, there are no right-half-plane (RHP) poles in 

ZMMC [58]. In that case, the interconnected system given in Fig. 2.1 will be stable if 

and only if the eigen-loci of the return-ratio matrix ZMMCYload do not encircle the 

critical point (−1+j0) [57]. 

The eigenvalues of ZMMCYload is calculated as 

 det 0  MMC LoadI Z Y . 
(2.23) 

Only the passive linear load is considered in this work, and thus, Yload is expressed as 
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     0 0diag load load loadY s j Y s Y s j     loadY . (2.24) 

Substituting (2.24) into (2.23), three eigenvalues are expressed as 

   1 0 loadZ s Y s  . 
(2.25) 

   2 a s b s   . 
(2.26) 

   3 a s b s   . 
(2.27) 

where 

 
       0 0 0 0 0 0

2

Load LoadZ s j Y s j Z s j Y s j
a s

       
 . (2.28) 

 

       

   
   

   

2

0 0 0 0 0 0

0 0 0 0

0 0

2 0 2 0

4

2

Load Load

Load Load

Z s j Y s j Z s j Y s j

Z s j Z s j
Y s j Y s j

Z s j Z s j
b s

   

 
 

 

       

  
    

    
 . 

(2.29) 

It is known from (2.25) that one eigenvalue is equal to the impedance ratio between 

the centered-diagonal impedance of the MMC and the load impedance. Therefore, the 

stability analysis can be carried out by first checking whether this impedance ratio 

satisfies the single-input-single-output (SISO) Nyquist stability criterion. If not, the 

system is unstable and it is unnecessary to check other two eigenvalues, which avoids 

the complex eigenvalue calculation based on (2.23). Fig. 2.9 shows the overall flow 

chart for the stability analysis, which is simpler and more straightforward compared 

with calculating eigenvalues directly.  
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Start

Use Nyquist stability 

criterion to assess the 

SISO impedance ratio 

Stable ?

Yes

Check other 

eigenvalues

Stable ?

Yes

The system is unstable
No

No

The system is stable
 

Figure 2.9.  Flow chart of the stability assessment of the MMC interacts with the linear system. Source: 

[J1]. 

 

2.6. Case Studies 

In this part, case studies are carried out for the GFM-MMC with PR voltage regulator 

powering the inductive load. Following the procedure given in Fig. 2.9, the impedance 

ratio Zclose0(s)Yload(s) is first checked. The used controller parameters are KPvd=5∙10−7, 

KRvd=7.5∙10−4, ωi=π, and the main circuit parameters are given in Table 2.2.  

Table 2.2. Main Circuit Parameters of the MMC. Source: [J1]  

SYMBOL DESCRIPTION VALUE 

Vgrms RMS value of grid voltage (line to line) 100 kV 

fg Grid frequency 50 Hz 

Po Rated output power 100 MW 

Vdc DC side voltage ±100 kV 

Larm Arm inductance 45 mH 

Rarm Arm resistance 0.15 Ω  

Csm Capacitance of the submodule 3.3 mF 

N Number of the submodule each arm 100 

Lload Load inductance 318 mH 
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Figure 2.10.  Bode diagram of the MMC with PR regulator. (a) Bode diagram of 1+ VdcGvd(s)Gdelay(s). (b) 

Bode diagram of Zopen0(s), Zclose0(s) and ZLoad(s). Source: [J1]. 
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Figure 2.11.  Simulation result of the MMC powering the inductive load with  PR regulator. Source: [J1]. 

Fig. 2.10 shows the Bode diagram of 1+ VdcGvd(s)Gdelay(s), Zopen0(s), Zclose0(s) and 

ZLoad(s), respectively. It can be seen that Zclose0(s) exhibits a capacitance + negative 

resistance in the low-frequency range, due to the capacitive behavior of Zopen0(s) and 

the phase leading effect of the PR regulator [J1], which leads to the phase difference 

between Zclose0(s) and ZLoad(s) to be higher than 180º at their magnitude intersection 

point. Therefore, the system is unstable and the check of other two eigenvalues is 

unnecessary, as verified by the time-domain simulation given by Fig. 2.11. 

In order to guarantee the system stability, Gvd(s) should be re-designed either to reduce 

the magnitude of Zclose0(s) to avoid the magnitude intersection with ZLoad(s), or to boost 

the phase of Zclose0(s) to minimize its phase difference with ZLoad(s) at their magnitude 
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intersection point. The prior method is adopted in this work. As Gvd(s) appears at the 

denominator of (2.22), the magnitude of Zclose0(s) can be reduced by increasing the 

gain of Gvd(s). This can be achieved by adding an integrator to the original PR 

regulator, which leads to a PIR regulator, i.e., 

 
2 2

0

2

2

ivd Rvd i
vd Pvd

i

K K s
G s K

s s s



 
  

 
. (2.30) 

Fig. 2.12 shows the Bode diagram of 1+ VdcGvd(s)Gdelay(s), Zopen0(s), Zclose0(s) and 

ZLoad(s) with the PIR regulator, respectively. It can be seen that the magnitude 

intersection of Zclose0(s) and ZLoad(s) is avoided, and thus the SISO Nyquist stability 

criterion is met. In this case, other eigenvalues should also be checked to assess the 

system stability, as shown in Fig. 2.13. It can be seen that there are no eigen-loci 

encircling the critical point (−1+j0), indicating the stable operation of the system. This 

theoretical finding is further justified by time-domain simulation results given in Fig. 

2.14. 

More detailed discussions and case studies can be found in [J1]. 

1+ VdcGvd(s)Gdelay(s)

f (Hz) f (Hz)

Zclose0(s)Zopen0(s) ZLoad(s)

Magnitude is reduced 
by the PIR regulator

 

(a)                                                                (b) 

Figure 2.12.  Bode diagram of the MMC with the PIR regulator. (a) Bode diagram of 1+ VdcGvd(s)Gdelay(s). 

(b) Bode diagram of Zopen0(s), Zclose0(s) and ZLoad(s). Source: [J1]. 
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λ1 λ2 λ3

 

Figure 2.13.  Nyquist diagram of eigen-loci of ZMMCYload with the PIR regulator. Source: [J1] 
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Figure 2.14.  Simulation result of the MMC powering the inductive load with the PIR regulator. Source: 

[J1] 

 

2.7. Summary 

This chapter develops the small-signal model of the MMC with open-loop control and 

voltage-mode control, in which the impact of internal dynamics on the IM of the 

MMC is quantified. Stability analysis for the MMC with inductive loads are carried 

out based on the GNSC, and the major findings are:  

 One eigenvalue of the return-ratio matrix is equal to impedance ratio between 

the centered-diagonal impedance of the MMC and the load impedance, and 

thus, this impedance ratio can be checked first by using the SISO Nyquist 

stability criterion. 
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 The MMC with the PR regulator introduces a capacitive plus negative 

damping behavior of Zclose0(s) in the low-frequency range, which is the root 

cause to destabilize the MMC when connecting to the inductive load. 

 The PIR regulator is used to stabilize the system. 

All the theoretical findings are verified by time-domain simulations. 
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Chapter 3. Modeling and Stability 

Analysis of the GFL-MMC 

The content of this chapter is based on J2.  

3.1. Background 

The circulating current suppression control (CCSC) is one of the basic control loops 

of the MMC [31], which is initially developed to suppress the 2nd-order harmonic in 

the circulating current. Detailed analysis have proven that this 2nd-order harmonic 

circulating current is the negative sequence component under the balanced power grid, 

whereas there is no zero-sequence circulating current (ZSCC) harmonics [32]. 

Therefore, the ZSCC control is deemed as unnecessary from the harmonic suppression 

perspective. Hence, there is no dedicated ZSCC control in the classical CCSC [31]. 

Yet, recent studies have found out that the ZSCC control has a significant impact on 

the stability of the MMC system. In [33]-[35], it is revealed that without the ZSCC 

control, the oscillation in the DC-link of the MMC can be easily triggered when it is 

connected with resonant DC cables. Nevertheless, a strong ac grid without grid 

impedance is assumed in these studies [33]-[35]. Hence, the stability impact of the 

ZSCC control when the MMC connects to the weak ac grid is still not clear. 

To tackle this challenge, our work in [J2] develops the complete small-signal model 

of the GFL-MMC. Differing from the real-vector based model in [26]-[30]. The model 

in [J2] is represented by complex vectors, in which the ZSCC control dynamics can 

be directly captured. The ac-side single-input-single-output (SISO) equivalent 

impedance of the MMC is derived, based on which, the stability of the MMC 

with/without the ZSCC control is compared. Time-domain simulations are given to 

verify the theoretical analysis. The main content of [J2] is summarized as follows. 

3.2. Modeling of the MMC 

Fig. 3.1(a) shows the circuit diagram of the grid-connected MMC, while its arm-

averaged model is given in Fig. 3.1 (b). All variables used in this chapter are defined 

in Table 2.1.  
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Figure 3.1.  Single-phase diagram of the three-phase-three-wire grid-connected MMC. (a) Detailed circuit 

model. (b) Arm averaged model. Source: [J2]. 

 

3.2.1. Modeling of the Power Stage 

Following the same procedure given by Section 2.3.1, the linear time periodic (LTP) 

small-signal model of the power stage of the MMC can be derived, which is given by 
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       ˆ ˆ ˆ
abc abc abc abc abcx t = A t x t +B (t)u t . (3.1) 

where 

         

         

ˆ ˆˆ ˆ ˆ,  ,  ,  

ˆ ˆ ˆ ˆ ˆ,  ,  ,  

T

acabc cirabc c abc c abc

T

acabc dcabc acabc dcabc

i t i t v t v t

m t m t v t v t

 
   

   

abc

abc

x t

u t

. (3.2) 

and Aabc(t) and Babc(t) are given by (A.1) and (A.2) in [J2]. 

It is noted that (3.1) is represented by real vectors (abc three phase variables), and thus 

the ZSCC is not directly reflected in this model. In order to capture the ZSCC control 

impact, (3.1) can be equivalently transformed to the complex-vector representation by 

using the following transformation matrix, i.e., 

 1 2 1 2 1 2 1 2diag ,  ,  ,  TT TT TT TTP . (3.3) 

where 

1 1 2

0 0

a

b

c

x x x

x T x TT x

x x x

 

 







     
     

      
         

. (3.4) 

1 2

2 1 1

3 3 3
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3 3
1       0

3 3
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3 3 3
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T j T

 
  

  
  

     
   
   

 
 

. 
(3.5) 

which leads to 

       

       

ˆ ˆ ˆ

ˆ ˆ ˆ

       

      

-1 -1 -1

αβ+-0 abc αβ+-0 abc αβ+-0

-1 -1

αβ+-0 abc αβ+-0 abc αβ+-0

P x t = A t P x t + B (t) P u t

x t = PA t P x t + PB (t)P u t
. (3.6) 
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Then, following the procedure described in Section 2.2, the frequency-domain 

representation of (3.6) can be derived by using the harmonic state space (HSS) 

method, which is given by 

ˆ ˆ ˆs αβ+-0 hssαβ+-0 αβ+-0 hssαβ+-0 αβ+-0x A x + B u . 
(3.7) 

 

 

 

 

-0 0

1

-0 0

0

-0 0

1

-0 0

ˆ

ˆ
ˆ

ˆ
ˆ ˆˆ ,   

ˆ
ˆ

ˆ

ˆ

h

ac

cir

h

c

c

h

X

i s jh
X

i s jh
X X

v s jh
X

v s jh

X

























 

 

 
 
 

  
  

         
      

 
  

αβ+-0x . (3.8) 

 

 

 

 

-0 0

1

-0 0

0

-0 0

1

-0 0

ˆ

ˆ
ˆ

ˆ
ˆ ˆˆ ,   

ˆ
ˆ

ˆ

ˆ

h

ac

dc

h

ac

dc

h

U

m s jh
U

m s jh
U U

v s jh
U

v s jh

U





























 
 
 

   
            
    

 
 
  

αβ+-0u . (3.9) 

    
-1

hssαβ+-0 abcA Γ PA t P N . (3.10) 

   
-1

hssαβ+-0 abcB Γ PB (t)P . (3.11) 

 

3.2.2. Modeling of the Control loop 
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Figure 3.2.  Single-phase diagram of the grid-connected MMC with GFL control. Source: [J2]. 

Fig. 3.2 shows the system diagram of the grid-connected MMC with GFL control. 

The dynamics of control loops can be generally expressed as 

ˆ ˆ ˆ
αβ+-0 x αβ+-0 v αβ+-0m = G x + G v . 

(3.12) 

where 

   

1 0 1
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ˆ ˆ ˆ ˆ ˆˆ ... ...
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h h
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h ac dc

V V V V V

V v s jh v s jh  

 

 

 
 

    

αβ+-0v
. (3.14) 

Gx and Gv are determined by control loops, and will be derived in the following. 

Substituting (3.12) into (3.7), the small-signal model of the MMC can be generally 

expressed as: 
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Figure 3.3.  Block diagram of the classical CCSC without the ZSCC control. Source: [J2] 
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Figure 3.4.  Block diagram of the CCSC with the ZSCC control. Source: [J2] 
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mhssαβ+-0 v vhssαβ+-0 αβ+-0

sx = A B G x

+ B G B v
. (3.15) 

where Bmhssαβ+-0 and Bvhssαβ+-0 are submatrices of Bhssαβ+-0 in (3.11). 

Fig. 3.3 shows the commonly used CCSC without the ZSCC control [59], where 

Gdelay(s) represents the time delay in the CCSC and Gic(s) is the circulating current 

regulator. The dynamics of the classical CCSC can be expressed as 
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and its complex-valued representation is given by 
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Fig .3.4 shows the CCSC with the ZSCC control [34]-[35], where GAD(s) is the active 

damping controller, which is expressed as: 
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. (3.18) 

Based on Fig .3.4, the dynamics of the CCSC with the ZSCC control can be expressed 

as 
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The complex-vector representation of (3.19) is given by 
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Figs. 3.5 and 3.6 show the block diagram of the active/reactive power loops and the 

ac current loop, respectively, and their dynamics are expressed as: 
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It is known from Fig. 3.5 and 3.6 that the active/reactive power control loops and the 

ac current loop are implemented in the dq frame whose orientation is determined by 

the phase-locked loop (PLL), which is defined as the controller-dq frame [16]. In 

order to capture the synchronization dynamics of the PLL, the model should be finally 

transformed to the system-dq frame whose orientation is determined by the grid phase 

angle [16]. The transformation of state variables from the controller-dq frame ( ˆc

dqx 

and ˆc

dqx  ) to the system-dq frame ( ˆs

dqx  and ˆs

dqx  ) is given by [16].  
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Gp(s)

Pe

idref

Qref

Power 

Calculation

vacd
c

vacq
c

iacd
c

iacq
c Qe

GLPFp(s)

GLPFq(s)

Gq(s)
iqref

 

Figure 3.5.  Block diagram of the active and reactive power loop. Source: [J2]. 
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Figure 3.6.  Block diagram of the ac current control loop. Source: [J2]. 
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. (3.23) 

where GPLL is the transfer function of the PLL [J2]. The superscript s represents the 

variables in the system-dq frame, while the superscript c denotes the variables in the 

controller-dq frame [J2].  

In [J2], a step-by-step modeling procedure of control loops of the GFL-MMC is given, 

which is summarized in Fig. 3.7, following which, control loops represented by real 

vectors in the controller-dq frame, i.e., (3.21) and (3.22), can be equivalently 

transformed to the complex-vector representation in the system-αβ frame, which is 

given by 
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where Hx and Hv are given by (C.1) and (C.2) in [J2]. 
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2. Transfer the model to the complex vector representation in the controller dq frame  0
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Figure 3.7.  Step-by-step modeling procedure of control loops of the GFL-MMC. Source: [J2] 
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The closed-loop model of the GFL-MMC with/without the ZSCC control can be 

obtained by substituting (3.17), (3.20) and (3.24) into (3.15).  

 

3.3. Stability Impact of the ZSCC Control 

The admittance (impedance) matrix of the MMC, which characterizes the relationship 

between  0
ˆ

acv s jh   and  0
ˆ
aci s jh   , can be derived from (3.15), which is 

given by  
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. 
(3.26) 

The frequency coupling terms in (3.25) and (3.26) should be considered during the 

stability analysis, instead of using the Generalized Nyquist Stability Criterion 

(GNSC), a more intuitive criterion is used in [J2] by analyzing the closed-loop SISO 

equivalent impedance ratio, which is detailed as follows. 

Considering the three-phase balanced grid whose impedance matrix is diagonal, i.e., 

     0 0diag 2 2g g gZ s j Z s Z s j     
    gZ . 

(3.27) 
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Figure 3.8.  Closed-loop representation of the MMC-grid system. (a) Small-signal equivalent circuit. (b) 

Block diagram with cross couplings. Source: [J2]. 

 

Fig. 3.8 (a) shows the closed-loop equivalent circuit of the MMC-grid system, 

whereas its block diagram is given in Fig. 3.8 (b), based on which, the closed-loop 

SISO equivalent impedance of the MMC can be derived, which is given by: 
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     1/MMCeq total gZ s Y s Z s   . 
(3.28) 

where 
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-1

close MMC g MMCY = I + Y Z Y . (3.30) 

Based on (3.28), the closed-loop SISO representation of Fig. 3.8 (b) is derived, as 

illustrated in Fig. 3.9. It is clear that the system stability can be assessed by checking 

the loop gain Zgαβ+(s)/ZMMCeq(s). Moreover, ZMMCeq(s) is derived considering the 

frequency-coupled impedances and the grid impedance, which is different from the 

centered-diagonal element [Z0pp(s)] in (3.26). 

1/ZMMCeq(s)

Zgαβ+(s)

vgαβ+(s) iacαβ+(s) vacαβ+(s) 

 
 

Figure 3.9.  SISO equivalent block diagram of the MMC system. Source: [J2]. 

 

Table 3.1. Main Circuit Parameters of the MMC. Source: [J2] 

SYMBOL DESCRIPTION VALUE 

Vgrms RMS value of grid voltage (line to line) 100 kV 

fg Grid frequency 50 Hz 

Po Rated output power 100 MW 

Vdc DC side voltage ±100 kV 

Larm Arm inductance 45 mH 

Rarm Arm resistance 0.15 Ω  

Csm Capacitance of the submodule 3.3 mF 

N Number of the submodule each arm 100 
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Table 3.2. Controller Parameters of the MMC. Source: [J2] 

 SYMBOL VALUE 

Active Power 

Loop 

Kpp 8.2∙10−6 /V 

Kpi 1.3∙10−4 /(V∙s) 

ωp 10π rad/s 

Reactive 

Power Loop 

Kqp 8.2∙10−6 /V 

Kqi 2.6∙10−4 /(V∙s) 

ωq 10π rad/s 

PLL 
KpPLL 2.6∙10−3 rad/(s∙V) 

KiPLL 0.29 rad/(s2∙V) 

AC Current 

Loop 

KPid 6.3∙10−4 Ω 

Kiid 0.32 Ω/s 

Circulating 

Current Loop 

Kpic 9.4∙10−4 Ω 

KRic 2.8∙10−3 Ω/S 

ωAD 10π rad/s 

Control Delay Td 200 µs 

 

Fig. 3.10 shows the comparison between Z0pp(s) and ZMMCeq(s). The main circuit and 

controller parameters of the MMC are given in Table 3.1 and 3.2, respectively. The 

significant difference in the magnitude and phase angle of Z0pp(s) and ZMMCeq(s) in the 

low-frequency range can be clearly observed in the zoom-in figures, which indicates 

that using Z0pp(s) only in the stability analysis will lead to the inaccurate stability 

predictions. 
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Figure 3.10.  Bode diagrams of Z0pp(s) and ZMMCeq(s). (a) Without the ZSCC control. (b) With the ZSCC 

control (RAD=2×10-2 pu). Source: [J2]. 

Fig. 3.11 shows the Bode diagram of ZMMCeq(s) and Zg(s) (0.5 pu inductance) 

with/without the ZSCC control, it can be seen from Fig. 3.11 (a) that the additional 

resonant peak in ZMMCeq(s) is yielded due to the absence of the ZSCC control, which 

leads to the phase difference at the magnitude intersection point to be 189º > 180º, 

and thus, the system is unstable. In contrast, this resonant peak can be effectively 

damped by using the ZSCC control and the system is stabilized, as shown in Fig. 3.11  
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Figure 3.11.  Bode diagram of ZMMCeq(s) and Zg(s). (a) Without the ZSCC control. (b) With the ZSCC control 

(RAD=2×10-2 pu). Source: [J2] 

(b). The detailed parameters tuning guideline for stabilizing the MMC system under 

the weak grid condition can be found in [J2]. 

 

3.4. Case Studies 

In order to verify the theoretical analysis, time-domain simulations are carried out by 

adopting the parameters given in Table 3.1 and 3.2. Fig. 3.12 shows the simulation 

results of the MMC with/without the ZSCC control under the stiff grid where Zg(s)=0. 

It can be seen that the MMC can be operated stably in both cases, where the 2nd-order 

harmonic in the circulating current can also be effectively suppressed. 
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Fig. 3.13 shows the simulation results of the MMC with/without the ZSCC control 

under the weak grid where Zg(s)=0.5 pu. It can be seen that the MMC might become 

unstable if the ZSCC control is not used, as shown in Fig. 3.13 (a), where the zero 

sequence oscillation in the circulating current can be clearly observed. In contrast, the 

system can be stabilized by using the ZSCC control, as shown in Fig. 3.13 (b). The 

simulation results given in Fig. 3.13 corroborate the theoretical study in Fig. 3.11. 
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Figure 3.12.  Time-domain simulation results of the MMC connecting to the strong ac grid [Zg(s)=0]. (a) 

Without the ZSCC control, stable. (b) With the ZSCC control and RAD=2×10-2 pu, stable. Source: [J2] 
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Figure 3.13.  Time-domain simulation results of the MMC connecting to the weak ac grid [Zg(s)=0.5 pu]. 

(a) Without the ZSCC control, unstable. (b) With the ZSCC control and RAD=2×10-2 pu, stable. Source: [J2]. 

 

3.5. Summary 

This chapter develops the complex-vector based small-signal model of the GFL-

MMC, based on which, the closed-loop SISO ac equivalent impedance of the MMC 

with/without the ZSCC control is thoroughly compared. It is revealed that the 

additional resonant peak is yielded in this equivalent impedance of the MMC due to 
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the absence of the ZSCC control, which may destabilize the MMC under the weak ac 

grid. This conclusion reveals the necessity of using the ZSCC control for the stable 

operation of the MMC. All the theoretical findings are corroborated by time-domain 

simulations. 
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Chapter 4. Transient Stability of GFM-

VSCs with Power Synchronization 

Control  

The content of this chapter is based on J3 and C2.  

4.1. Background 

The ever increasing integration of voltage-source converters (VSCs) into the power 

system poses new challenges to its stability [3]. Although GFL-VSCs are still 

dominated in the field application, it can hardly be stabilized under the very weak grid 

whose short circuit ratio (SCR) approaches 1.3, owing to the negative damping 

introduced by the phase-locked loop (PLL) [60]. To deal with this issue, the concept 

of the GFM-VSC, which utilizes the active power loop (APL), rather than the PLL for 

the grid synchronization, has been proposed [10]. 

The power synchronization control (PSC) is one of the typical control architectures of 

GFM-VSCs [40]. The PSC-VSC can be operated stably under the ultra-weak grid 

where the SCR approaches 1 [43], and thus, it has been wildly used [41]-[42]. 

In [40]-[44], the small-signal stability of the PSC-VSC has been thoroughly 

investigated, and its superior small-signal dynamics over the GFL-VSC has been 

clearly identified. In contrast, less attention has been attracted on the transient stability 

(synchronization stability under large disturbances) of the PSC-VSC. Although the 

transient stability analysis of the synchronous generator (SG) is a mature topic, the 

research results cannot be directly borrowed due to the different dynamics between 

the PSC-VSC and the SG. The APL of the PSC-VSC is the first-order control loop 

[40], while the power angle swing equation of the SG exhibits the second-order 

dynamics [1]. 

To fill this void, a systematic transient stability analysis of the PSC-VSC is performed 

in our work [J3]. In order to avoid the difficulty of solving the nonlinear differential 

equations, the phase portrait is utilized to provide a graphical solution for the 

trajectory of the PSC-VSC after disturbances. It is revealed that the PSC-VSC has a 

superior transient performance over the SG, thanks to its first-order power angle 

control. All the findings are finally corroborated by experimental tests. The main 

content of [J3] is summarized as follows. 
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4.2. Transient Stability Basics of the SG 

SG

1E 

0gV 

Infinite bus
PCCV 

Xg1

Xg2

Xf

G
XT

Xgnd

S3 S4

S1 S2

 

Figure 4.1.  The SG connecting to the infinite bus. Source: [J3]. 

In order to facilitate the transient stability study of the PSC-VSC, two typical transient 

stability problems are identified in this part by reviewing the basic transient stability 

characteristic of the SG. 

Fig. 4.1 shows the circuit diagram of the SG connecting to the power grid, the swing 

equation and the output power of the SG can be expressed as [1] 

m e nP P D J     . (4.1) 

3
sin

2

PCC g

e

g

V V
P

X
 . 

(4.2) 

where Pm, Pe, J and D are the input mechanical power, output electrical power, inertia, 

and damping coefficient of the SG, respectively. VPCC and Vg are magnitudes of the 

voltage at the point of common coupling (PCC) and the grid voltage, respectively. Xg 

represents the equivalent grid impedance. δ is the power angle, which is defined as 

the angle difference between the PCC voltage and the grid voltage.  

Based on (4.2), the Pe-δ curves before disturbances can be plotted as dashed lines in 

Fig. 4.2 (a) and (b). The SG initially operates at the stable equilibrium point (SEP) a 

where Pm = Pe . 
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(a)                                                                               (b) 

Figure 4.2. Pe-δ curves. (a) Type-I transient stability problem: with equilibrium points after the transient 

disturbance, dashed line: before disturbance, solid line: after disturbance. (b) Type-II transient stability 

problem: without equilibrium points during the transient disturbance, dashed line: pre-fault, dashed dotted 

line: during fault, solid line: post-fault. Source: [J3]. 

Based on the existence of equilibrium points after disturbances, the transient stability 

problems are categorized as Type-I (with equilibrium points) and Type-II (without 

equilibrium points), and the corresponding Pe-δ curves after disturbances are 

illustrated as the solid line in Fig. 4.2 (a) and the dashed dotted line in Fig. 4.2 (b), 

respectively. For the Type-II transient stability problem, the system can only be 

stabilized after the equilibrium points are restored by the fault clearance [1], as the 

solid line shown in Fig. 4.2 (b). The largest fault clearing angle and time (FCA and 

FCT) which prevent the transient instability of the system are known as the critical 

clearing angle (CCA) and the critical clearing time (CCT) [1]. 

It is known from (4.1) that the rotor of the SG will accelerate whenever Pm > Pe, and 

decelerate whenever Pm < Pe. Therefore, the sufficient and necessary condition for the 

transient stability of the SG is no crossing of the unstable equilibrium point (UEP) e 

in Fig 4.2, otherwise the SG will keep accelerating after the UEP e because of Pm > 

Pe, and the loss of synchronization (LOS) is inevitable.  

4.3. Transient Stability Analysis of the PSC-VSC 

Fig. 4.3 shows the circuit and control diagram of the PSC-VSC, the PCC voltage vPCC 

is regulated by the inner voltage control loop to accurately track its reference value 

vPCCref. Vmref denotes the magnitude of vPCCref, which is fixed as 1.0 p.u. when the PSC-

VSC is operated in the alternating-voltage control (AVC) mode [40]. θref represents 

the phase angle of vPCCref and is generated by the PSC, which is given by: 

  0ref i ref eK P P t    . (4.3) 
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Figure 4.3.  Circuit and Control diagram of the PSC-VSC under the normal operation, where its output 

current is within the current limit. Source: [J3]. 

where Pref and Pe are the active power reference and the output active power for the 

PSC-VSC, respectively. The expression of Pe is given by (4.2). ω0 represents the grid 

frequency and Ki is the integral gain of the PSC. 

It is worth noting that the dynamics of the inner voltage control loop is usually 

designed 10 times faster than that of outer power control loops which dominate the 

transient stability of the PSC-VSC [18],[52], and thus, vPCC=vPCCref can be assumed 

during the transient stability analysis [39]. Moreover, only the transient disturbances 

that do not provoke current limit control of the PSC-VSC is considered in this chapter. 

The transient stability of the PSC-VSC when it is switched to the current limit control 

will be detailed in next chapter.  

Considering the grid phase θg=ω0t, the power angle δ can be calculated as 

   0 0ref g i ref e i ref eK P P t t K P P             . (4.4) 

Substituting (4.2) into (4.4) and considering the assumption of VPCC=Vmref, which 

yields 

3 3
sin sin

2 2

PCC g mref g

i ref i ref

g g

V V V V
K P K P

X X
  

   
      

   
   

. (4.5) 

Different from the second-order swing equation of the SG, the first-order dynamics 

of the PSC-VSC can be clearly observed in (4.5). The first-order PSC will bring in 

significantly different transient stability characteristic compared to that of the SG, 

which will be detailed in the next part.  
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4.3.1. Type-I Transient Stability 

Table 4.1. Parameters for the Transient Disturbance Test. Source: [J3]. 

Parameters

Pref

Vg

1000 MW (1 p.u.)

220 kV/50 Hz (1 p.u.)

0.035 H (0.075 p.u.)Lf

Lg1

Lg2 0.39 H (0.85 p.u.)

0.39 H (0.85 p.u.)

LT 0.01 H (0.02 p.u.)

Lg1

Lg2

0.07 H (0.15 p.u.)

LT 0.37 H (0.8 p.u.)

Lgnd

Test case I Test case II

0.37 H (0.8 p.u.)

0.23 H (0.5 p.u.)

Ki 9.3·10-9 (0.01 p.u.)  

 

The sudden disconnection of the transmission line 2 (Xg2 in Fig. 4.3.) is considered in 

the Type-I transient stability study, and there are equilibrium points after the 

disturbance. The parameters given in test case I of Table 4.1 are adopted in the 

analysis.  

After the transient disturbances, the system is stable if the power angle δ is converged 

to the new stable equilibrium point (SEP), and is unstable if δ is diverged. Yet, the 

nonlinearity of (4.5) complicates the analytical solution of δ(t). To tackle this 

challenge, the phase portrait is adopted to provide a graphical solution in a more 

intuitive manner [61]. 

Based on (4.5) and parameters of Table 4.1, the phase portraits (   curves) of the 

PSC-VSC before and after disturbances can be directly plotted, which are given as the 

dashed and solid lines in Fig. 4.4. The line with arrow in Fig. 4.4 indicates the 

trajectory of δ after the disturbance, i.e., the operating point of the PSC-VSC moves 

from the point a to the point b at the instance of the disturbance occurs, after which δ 

keeps increasing (due to 0  ) until the system reaches the new SEP c. Because of 

0  at the SEP c, the PSC-VSC will stay at the SEP and will not cross over. Thanks 

to the first-order power angle control of the PSC-VSC, the dynamic response of δ is 

overdamped, which is significantly different from the oscillatory response of the SG 

that is determined by the second-order swing equation. The overdamped response of 

the PSC-VSC guarantees its convergence to the new SEP provided the equilibrium 

points exist after the disturbance, and thus, the Type-I transient stability problem is 

avoided. 
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Figure 4.4.  Phase portraits of the PSC-VSC before (dashed line) and after (solid line) the transient 

disturbance for the Type-I transient stability problem. Source: [J3]. 

4.3.2. Type-II Transient Stability 

The three-phase to ground high impedance fault on Xg2 is considered in the Type-II 

transient stability study, and the system does not have equilibrium points after the 

disturbance. The fault is then cleared by disconnecting Xg2. The parameters given in 

the test case II of Table 4.1 are adopted in the analysis.  

Fig. 4.5. shows the phase portrait of the PSC-VSC with different FCAs, where the 

dashed, dash dotted, and solid lines represent the phase portrait pre-, during-, and post-

fault, respectively. It is known from Fig. 4.5 (a) that the convergence of the system to 

the new SEP c can be guaranteed as long as FCA ≤ δu (the corresponding power angle 

of the UEP). Therefore, δu is defined as the CCA for the PSC-VSC, and it can be 

calculated as: 

2
CCA arcsin

3

ref g

u

mref g

P X

V V
    . 

(4.6) 

It is clear from (4.6) that the CCA is only related to the post-fault system parameters 

and is not affected by the fault condition, which makes the design of the protective 

relay much easier. 
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Figure 4.5.  Phase portraits of the PSC-VSC before (dashed line), during (dashed dotted line) and post (solid 

line) the fault. (a) FCA< δu. (b) FCA> δu. Source: [J3]. 

Substituting (4.6) into (4.5), the corresponding CCT can be calculated, which is 

expressed as: 

 

 

 

 

2 2 2

0

2 2 2

tan / 2 /2
arctan

1 /

tan / 2 /2
         arctan

1 /

CCA b a
CCT

a b b a

b a

a b b a



 


 
   

 


 
   

. (4.7) 

where δ0 is the power angle of the new SEP. a and b are expressed as 
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3
      

2

mref g

i ref i

g

V V
a K P b K

X
  . 

(4.8) 

Besides the fixed CCA, the PSC-VSC has another promising feature of the re-

synchronization capability. Different from the SG, the PSC-VSC will not totally lose 

the synchronization with the power grid even if the FCA > CCA. Instead, it can still 

converge to the SEP after around one cycle of oscillation, as indicated by the solid 

line with arrows in Fig. 4.5 (b). This re-synchronization capability of the PSC-VSC 

could prevent the system collapse due to the delayed fault clearance. 

Table 4.2 compares the transient stability characteristic of the PSC-VSC and the SG, 

from which the superior transient performance of the PSC-VSC over the SG can be 

observed. 

 

4.4. Case Studies 

The experimental tests are carried out in this part to verify the theoretical analysis. 

Table 4.3 illustrates the parameters used in the experimental test, whose per unit 

values are same as that used in the theoretical analysis. The overall experimental setup 

is illustrated in Fig. 4.6. 

 

Table 4.2. Transient stability of the PSC-VSC and the SG. Source: [J3]. 

 

 

 

Operating scenarios during 

the transient disturbance 

Transient stability of the PSC-

VSC 
Transient stability of the SG 

With equilibrium points No transient stability problem. Risk of the transient instability [1] 

No 

equilibrium 

points 

Do not trigger 

the current 

limitation. 

 Fixed CCA and CCT  

 Able to re-synchronize with the 

power grid even if FCT>CCT  CCA and CCT are dependent 
on fault conditions [1]. 

 LOS if FCT > CCT [1]. Trigger the 

current 

limitation. 

 Switch to the vector current 

control [40], and the transient 

stability is mainly determined 
by the PLL [49]-[51]. 
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Table 4.3. Parameters for the Experimental Test. Source: [J3]. 

Parameters

Pref

Vg

1 kW (1 p.u.)

50 V/50 Hz (1 p.u.)

1.5 mH (0.075 p.u.)Lf

Lg1

Lg2 21 mH (0.85 p.u.)

21 mH (0.85 p.u.)

LT 0.5 mH (0.02 p.u.)

Lg1

Lg2

3 mH (0.15 p.u.)

LT 19 mH (0.8 p.u.)

Lgnd

Test case I Test case II

19 mH (0.8 p.u.)

12 mH (0.5 p.u.)

Ki 9.3·10-3 (0.01 p.u.)  

 

 

 

Figure 4.6.  Configuration of the experimental setup. Source: [J3]. 

Fig. 4.7 shows the experimental result of the PSC-VSC under the disturbance of the 

sudden disconnection of Xg2 (Type-I transient stability problem). Obviously, the 

dynamic response of δ is overdamped, which indicates that the PSC-VSC smoothly 

converge to the new SEP without any overshoot. Therefore, the PSC-VSC does not 

have the Type-I transient stability problem.  
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Figure 4.7. Experimental results of the dynamic response of the PSC-VSC after the transient disturbance, 

where parameters of the test case I listed in Table 4.3 are used. Source: [J3]. 

Fig. 4.8 shows the experimental results of the PSC-VSC under the three-phase to 

ground high-impedance fault on Xg2 (Type-II transient stability problem). The fault is 

then cleared by disconnecting Xg2. Based on the parameters in Table 4.3 and (4.7), the 

CCT can be calculated as 0.58 s. 

Three different scenarios are considered in the experimental tests: 1) the fault is not 

cleared. 2) the fault is cleared with the FCT=0.7s >CCT. 3) the fault is cleared with 

FCT=0.5s < CCT. Since there is no equilibrium point during the fault, the LOS is 

inevitable if there is no fault clearance, as shown in Fig. 4.8 (a). Yet, different from 

the SG, the PSC-VSC is still capable of re-synchronizing with the power grid after 

around one cycle of oscillation, even if FCT>CCT, as shown in Fig. 4.8 (b). Of course, 

the PSC-VSC can always be stabilized if FCT<CCT, as shown in Fig. 4.8 (c). The 

experimental results in Fig. 4.8 agree well with the theoretical analysis. 

Po: [1 kW/div]

δ: [π/div]

iga: [20A/div]

vpcca: [250V/div]

 [1 s/div]

fault
 

(a)  
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Figure 4.8. Experimental results of dynamic responses of the PSC-VSC after the transient disturbance, 

where parameters of the test case II listed in Table 4.3 are used. (a) Fault is not cleared. (b) Fault is cleared 

with FCT= 0.7s > CCT. (c) Fault is cleared with FCT=0.5s < CCT. Source: [J3]. 

 

4.5. Summary 

This chapter performs a systematic analysis on the transient stability of the PSC-VSC. 

The first-order power angle control brings in superior transient stability dynamics of 

the PSC-VSC over the traditional SG, which are: 

 No Type-I transient stability problem.  

 Fixed CCA (CCT) for the Type-II transient stability problem.  
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 Re-synchronization capability even if FCT>CCT.  

These superior features of the PSC-VSC could significantly enhance the reliability of 

the power system. 
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Chapter 5. Transient Stability of GFL-

VSCs with Phase-locked Loop 

The content of this chapter is based on J4, C3 and C4.  

5.1. Background 

Nowadays, most of voltage source converters (VSCs) are using the GFL control, 

where the phase-locked loop (PLL) is adopted for the grid synchronization [11]. 

Although the concept of the GFM-VSC has been proposed and attracted much 

attention recently [10], it often needs to be switched to the GFL control during the 

fault for the overcurrent limitation [40]. Therefore, the stable operation of GFL-VSCs 

is of vital importance for the reliability and security of the power system. 

The small-signal stability of GFL-VSCs has been extensively investigated in 

literatures [15]-[18], where the negative damping and frequency coupling dynamics 

introduced by the PLL have been clearly identified. Yet, less research attention has 

been attracted on the transient stability (synchronization stability under large 

disturbances) of GFL-VSCs. The real incidents of the unintentional tripping of wind 

and photovoltaic power plants during the fault have been recently reported [21]-[23], 

which reveals that GFL-VSCs that operate stably in the steady-state might be 

destabilized during grid faults (or other large disturbances). Therefore, the transient 

stability study of GFL-VSCs is urgently demanded. 

In [62], it is reported that the PLL cannot synchronize with the power grid if the VSC 

does not have equilibrium point during the fault. Yet, the loss of synchronization 

(LOS) might still occur even if there are equilibrium points during the fault, due to 

the nonlinear dynamics of the PLL [47]-[51]. The straightforward solution to tackle 

this challenge is to freeze the PLL during the fault [47]. However, the VSC cannot 

detect the grid phase if the PLL is frozen, which not only affects the correct fault 

current injection specified by the grid code [46], but also jeopardizes the system 

dynamics during the fault recovery. 

In our work in [J4], a design-oriented transient stability analysis of GFL-VSCs is 

performed. The transient stability impact of the PLL is thoroughly discussed, and the 

adaptive-PLL is proposed to guarantee the transient stability and the phase tracking 

accuracy of the GFL-VSC during the fault. The effectiveness of the proposed method 

is corroborated by experimental tests. The main content of [J4] is summarized as 

follows. 
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5.2. Mathematical Model of GFL-VSCs  
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Figure 5.1. A single-line diagram of a GFL-VSC during the normal and fault ride-through operations. The 

current reference selection is switched to 1 during the normal operation and is switched to 2 during the fault 

ride through. Source: [J4]. 

Fig. 5.1 shows the circuit and control diagram of the GFL-VSC. Vgcp, θgcp, VPCC and 

θPCC are the magnitudes and phase angles of the grid voltage and the PCC voltage, 

respectively. The VSC is synchronized with the power grid by means of the PLL, 

where its output phase angle is denoted as θPLL. The inner current loop is used to 

control id and iq to track Idref and Iqref, respectively. During the normal operation, Idref 

is generated by the DC-link voltage loop, while Iqref is decided by the reactive power 

loop [11]. During the grid fault, Iqref is specified by the grid code, while Idref is modified 

accordingly to avoid the overcurrent of the VSC [46], as illustrated in Fig. 5.1.  

Since the bandwidth of the inner current loop is usually much higher than that of the 

PLL, its dynamics can be neglected during the transient stability analysis [63]. 

Therefore, the VSC shown in Fig. 5.1 can be simplified as the controlled current 

source, as shown in Fig. 5.2, where φ denotes the phase difference between vPCC and 

ig. Ig is the amplitude of the grid current and θline is the line impedance angle. 

PCC

PLL
θPLL

Vgcp θgcpVPCC θPCC

Zline θline

Ig (θPLL+φ )

 
Figure 5.2.  The simplified converter-grid system for the transient stability analysis. Source: [J4]. 
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Figure 5.3.  Block diagram of the SRF-PLL. Source: [J4]. 

Fig. 5.3 illustrates the wildly used synchronous reference frame PLL (SRF-PLL) [11], 

based on which, its dynamic equation can be expressed as 

 PLL gn p i PCCqK K v     
  . (5.1) 

where ωgn is the nominal grid frequency. Kp and Ki are the proportional and integral 

gains of the PI regulator of the SRF-PLL, respectively. vPCCq represents the q-axis 

component of the PCC voltage.  

It is known from Fig. 5.2 that vPCC is the sum of the voltage across the line impedance 

and the grid voltage. This relationship also holds for their q-axis components, i.e., 

 
PCCq zq gcpqv v v  . 

(5.2) 

Considering Zline=Rline+jXline, vzq and vgcpq can be expressed as 

zq d line q linev I X I R  . 
(5.3) 

singcpq gcpv V   . 
(5.4) 

where δ= θPLL- θgcp. 

Substituting (5.2)-(5.4) into (5.1) and considering θgcp=∫ωgndt, which yields 

  sinp i d line q line gcpK K I X I R V      . (5.5) 

Eq. (5.5) characterizes the second-order nonlinear dynamics of the SRF-PLL 

considering the VSC-grid interactions, based on which, its equivalent diagram can be 

drawn, as shown in Fig. 5.4. 
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Figure 5.4. The equivalent diagram of the SRF-PLL considering the effect of the line impedance. Source: 

[J4]. 

In the steady-state, the grid synchronization is realized by controlling vPCCq=0 [11], 

i.e., 

sin 0d line q line gcpI X I R V    . 
(5.6) 

Apparently, the precondition of the system stability is the existence of the solution of 

(5.6), which requires  

d line q line gcpI X I R V  . (5.7) 

The LOS is inevitable if there are no equilibrium points during grid faults, i.e., (5.7) 

is not met. It is known from (5.7) that the loss of equilibrium points is more likely to 

occur under severe grid voltage sags with large grid impedance. Yet, the risk of the 

LOS persists even if there are equilibrium points during the fault [47]-[51], which will 

be detailed in the next part. 

 

5.3. Design-oriented Transient Stability Analysis 

5.3.1. Two Equilibrium Points during Faults 

Fig. 5.5 shows the voltage-angle curves (Vgcpsinδ) of the VSC with two equilibrium 

points during the fault. The VSC is usually operated with the unity power factor 

(Id=Imax, Iq=0, which leads to IdXline+IqRline = ImaxXline) during the normal operation, and 

will be switched to the full reactive current injection (Id = 0, Iq = ‒Imax, which leads to 

IdXline + IqRline = ‒ImaxRline) during severe faults, as specified by grid codes [46]. 
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Figure 5.5. Voltage-angle curves of the GFL-VSC when ‒ImaxRline >‒Vgcpfault. Source: [J4]. 

The VSC is initially operated at the stable equilibrium point (SEP) a, where ImaxXline 

= Vgcpsinδ0, and then it moves to the point b when the fault occurs. The output 

frequency of the PLL decreases from the point b to point c due to ‒ImaxRline < 

Vgcpfaultsinδ0 (i.e., vPCCq < 0), and then increases from the point c to point e due to ‒

ImaxRline > Vgcpfaultsinδ (i.e., vPCCq > 0). The stable operation of the VSC requires the 

output frequency of the PLL to recover to the grid frequency before the unstable 

equilibrium point (UEP) e, otherwise the output frequency of the PLL turns to 

decrease after the UEP e and the LOS is inevitable. 

The dynamics of the PLL is characterized by its controller parameters, i.e., the 

damping ratio (ζ) and the setting time (ts) [11], which are given by  

2

p gn

i

K V

K
  . (5.8) 

9.2
s

gn p

t
V K

 . 
(5.9) 

where Vgn is the nominal grid voltage. Eq. (5.5) can be rewritten by applying 

derivation on both sides of the equation, which leads to 

  sin
1

cos
      

1

i

d gn line q line gcp

p d line

p gcp

p d line

K
I L I R V

K I L

K V

K I L

   




    
 

 


. (5.10) 

Substituting (5.8) and (5.9) into (5.10), the phase portraits of the VSC with different  
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Figure 5.6. Phase portraits of the VSC when Vgcp drops from 1 p.u. to 0.6 p.u. (a) ζ=0.3, ts=0.05s (unstable), 

0.2s (stable), 0.5s (stable). (b) ts=0.2s, ζ=0.1 (unstable), 0.3 (stable), 0.8 (stable). Source: [J4]. 

ζ and ts can be plotted, as shown in Fig. 5.6. The stable and unstable operation of the 

system are dictated by the convergence (solid and dashed lines) and divergence 

(dashed-dotted lines) of the phase portraits, respectively. Based on Fig 5.6, two 

important conclusions can be drawn: 

i) The transient stability of the VSC is deteriorated by the reduced ts of the PLL, as 

shown in Fig. 5.6 (a). Considering the relationship  line n lineX L   , Fig. 5.4 

can be transformed as Fig. 5.7 with the additional positive-feedback loop. This 

positive-feedback dynamics is enhanced by the reduced ts, i.e., larger Kp, which 

further jeopardizes the transient stability of the VSC. However, when the VSC 

is operated with the pure reactive current injection (Id=0) or the grid impedance 

is resistive (Lline=0), the ts has no impact on the transient stability of the VSC 

[J4], [C4].  

ii) The transient stability of the VSC can be enhanced by the increased ζ of the PLL, 

as shown in Fig. 5.6 (b). Since the increased ζ helps to dampen the phase 

overshoot of the PLL, the risk of the VSC from crossing over the UEP e during 

grid faults is reduced [J4], [C4]. Similar conclusions can also be found in SGs, 

where the better transient stability performance can be obtained with large 

damping term [1].  



CHAPTER 5. TRANSIENT STABILITY OF GFL-VSCS WITH PHASE-LOCKED LOOP 

65 

Kp+Ki/s Vgcpsinδ
IdωnLline+IqRline 1

s

δ vPCCq

IdLline

Positive feedback loop

ΔωPLL 

 

Figure 5.7. Equivalent transformation of the block diagram of the SRF-PLL considering the effect of the 

frequency-dependent line reactance. Source: [J4]. 

 

5.3.2. Single Equilibrium Point during Faults 

Fig. 5.8 shows the voltage-angle curves (Vgcpsinδ) of the VSC with single equilibrium 

point f during the fault. In that case, the VSC can only be stabilized if the PLL has the 

overdamped response, i.e., 0   at the point f. 

Eq. (5.5) can be rewritten as 

  

  max 1 2

sin

 sin

p i d line q line gcp

p i line gcpfault

K K I X I R V

K K I R V

 

  

    

      
. (5.11) 

where 

 1 max sinp line gcpfaultK I R V    . (5.12) 

 2 max sini line gcpfaultK I R V    . (5.13) 

It is known from Fig. 5.8 that ‒ImaxRline = ‒Vgcpfault, and thus, 
1 0   holds at the point 

f. However, it can also be observed that ‒ImaxRline - Vgcpfaultsinδ < 0 before the operating 

point of the VSC reaches the point f, which makes  2 max sin 0line gcpfaultI R V    
at the point f. Therefore, 0  is inevitable at the point f due to the integral term of 

the PI regulator of the PLL, which leads to the LOS of the VSC. 
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Figure 5.8.  Voltage-angle curves of the GFL-VSC when vzq= ‒ImaxRline  = ‒Vgcpfault. Source: [J4]. 

 

5.4. Adaptive PLL 

As pointed out in 5.3.2, the integral term of the PI regulator of the PLL is the root 

cause of the LOS of the VSC, without which,
1 0    always holds at the SEP, and 

thus, the transient stability of the VSC can be guaranteed. 

By disabling the integral term of the PI regulator of the PLL (Ki = 0), the first-order 

PLL is yielded. While the first-order PLL brings in better transient stability 

performance, it cannot accurately track the grid phase angle under the grid frequency 

drifts [64]. The adaptive-PLL is thus proposed to fully utilize the benefit of the SRF-

PLL and the first-order PLL, i.e., the VSC is operated with the SRF-PLL in the steady-

state, and only switches to the first-order PLL during the transient dynamic process. 

By doing so, both the robust transient stability dynamics and the accurate grid phase 

tracking performance can be guaranteed. 

abc
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vPCCabc
vPCCd

vPCCq
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s
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θPLL ωPLL
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s
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Figure 5.9.  Adaptive-PLL for the transient stability enhancement. (a) Control block diagram. (b) Mode 

switching logic. Source: [J4]. 

Fig. 5.9 (a) shows the block diagram of the adaptive-PLL, while its mode switching 

logic is detailed in Fig. 5.9 (b). The crucial part for implementing the adaptive PLL is 

the correct identification of the steady-state and the transient state. It is noted that 

vPCCq (∆ωPLL) is almost constant during the steady-state but has an abrupt change 

during the transient. Therefore, the switching criterion is implemented based on the 

rate of change of frequency (ROCOF) detected by the PLL, i.e., 

PLL1

0 PLL2

0,            ROCOF

,         ROCOF

PLL

i

PLL

i i

d
K

dt

d
K K

dt





 

 

. (5.14) 

where Ki0 is the designed integral gain of PI regulator of the PLL. |dωPLL/dt| is obtained 

by differentiating the absolute value of the output frequency of the PLL, and the low-

pass filter (LPF) is used after the differentiation for filtering out the noise. The 

obtained |dωPLL/dt| is then compared with two threshold values ROCOFPLL1 and 

ROCOFPLL2 to determine the operation mode of the PLL, as shown in Fig. 5.9 (b). The 

selection of ROCOFPLL1 and ROCOFPLL2  has been detailed in [J4]. In the 

experimental test, ROCOFPLL1 = 5 Hz/s, ROCOFPLL2 = 0.5 Hz/s are adopted. 

Fig. 5.10 illustrates the phase portraits of the VSC with different designed PLLs 

during grid faults. The parameters are given in Table 5.1 and Table 5.2. It is known 

from Table 5.1 that the LOS is inevitable if the post-fault voltage is lower than 

ImaxRline=0.1 pu, due to the absence of equilibrium points. 

Fig. 5.10 (a) shows phase portraits of the VSC with 0.14 pu post-fault voltage, where 

two equilibrium points exist during the fault. It can be seen that the VSC is unstable 

when using the SRF-PLL with ζ =0.5. Yet, it can be stabilized by increasing ζ to 1.5 

or using the adaptive PLL. However, in the case that the post-fault voltage drops to 
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0.1 pu where only one equilibrium point exists, the VSC can only be stabilized with 

the adaptive PLL, as illustrated in Fig. 5.10 (b).  
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Figure 5.10. Phase portraits of the VSC with different designed PLLs when Vgcp drops. (a) Vgcp drops to 

0.14 p.u. (b) Vgcp drops to 0.10 p.u. Source: [J4]. 

 

Table 5.1. Main Circuit Parameters. Source: [J4] 

SYMBOL DESCRIPTION VALUE (P.U.) 

Vgcprms RMS value of the GCP voltage  33 kV (1 p.u.) 

P Power rating of the VSC 1 MW (1 p.u.) 

fg Grid frequency  50 Hz (1 p.u.) 

Lf Inductance of the output filter  0.096 p.u. 

Lline Line inductance 0.28 p.u. 

Rline Line resistance 0.1 p.u.  
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Table 5.2. Controller Parameters of the PLL. Source: [J4] 

SYMBOL CASE I CASE II CASE III 

PLL structure SRF-PLL SRF-PLL Adaptive-PLL 

ζ 0.5 1.5 1.5 

ts 0.1s 0.1s 0.1s 

 

5.5. Experimental Results 

The experimental test results are given in this part to verify the theoretical analysis. 

Table 5.3 illustrates the parameters used in the experimental test, whose per unit 

values are same as that used in the theoretical analysis. The configuration of the 

experimental setup is given in Fig. 5.11. 

 

Table 5.3. Main Circuit Parameters used in Experiments. Source: [J4] 

SYMBOL DESCRIPTION VALUE (P.U.) 

Vgcprms RMS value of the GCP voltage  110 V (1 p.u.) 

P Power rating of the VSC 3.6 kW (1 p.u.) 

fg Grid frequency  50 Hz (1 p.u.) 

Lf Inductance of the output filter  0.096 p.u. 

Lline Line inductance 0.28 p.u. 

Rline Line resistance 0.1 p.u.  
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Figure 5.11. Configuration of the experimental setup. Source: [J4]. 
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(c) 

Figure 5.12. Experimental results of the VSC with different designed PLLs during the symmetrical fault, 

where Vgcp drops to 0.14 p.u. (a) Case I: SRF-PLL with ζ=0.5, unstable. (b) Case II: SRF-PLL with ζ=1.5, 

stable. (c) Case III: Adaptive PLL, stable. Source: [J4]. 



CHAPTER 5. TRANSIENT STABILITY OF GFL-VSCS WITH PHASE-LOCKED LOOP 

71 

vgcpa: [100 V/div]

Ki: [Ki0 /div]

iq: [20 A/div]

ΔfPLL: [5 Hz/div]
[400 ms/div]

LOS

Large frequency 
swing

        

vgcpa: [100 V/div]

Ki: [Ki0 /div]

iq: [20 A/div]

ΔfPLL: [5 Hz/div]
[400 ms/div]

LOS

 

(a)                                                                        (b) 
vgcpa: [100 V/div]

Ki: [Ki0 /div]

iq: [20 A/div]

ΔfPLL: [5 Hz/div]
[400 ms/div]

Ki: [Ki0 /div]

iq: [20 A/div]

ΔfPLL: [5 Hz/div]
[20 ms/div]

vgcpa: [100 V/div]

Ki automatically 
switches to zero

Zoom in

 

(c) 

Figure 5.13. Experimental results of the VSC with different designed PLLs during the symmetrical fault, 

where Vgcp drops to 0.10 p.u. (a) Case I: SRF-PLL with ζ=0.5, unstable. (b) Case II: SRF-PLL with ζ=1.5, 

unstable. (c) Case III: Adaptive PLL, stable. Source: [J4]. 

Fig. 5.12 shows the test results of the VSC with different designed PLLs when grid 

voltage drops to 0.14 pu. As illustrated in Fig. 5. 12 (a), the LOS occurs when the 

VSC is operated with the SRF-PLL (ζ =0.5) during the fault. In contrast, the VSC can 

operate stably by using the SRF-PLL with the increased ζ (ζ =1.5) or using the 

adaptive-PLL, as shown in Figs. 5.12 (b) and (c). It should be emphasized that the 

adaptive-PLL only switches to the first-order PLL during the dynamic process of fault 

occurrence/recovery, and it will be switched back to the SRF-PLL when the post-fault 

voltage reaches to the steady-state, as shown in the zoom-in figure of Fig. 5.12 (c). 

The experimental test results in Fig. 5.12 corroborate the theoretical analysis results 

given in Fig. 5.10 (a). 

Fig. 5.13 illustrates the test results of the VSC with different designed PLLs when grid 

voltage drops to 0.10 pu. As there is single equilibrium point during the fault. The 

VSC can only operate stably with the adaptive-PLL, as shown in Fig. 5.13 (c). The 

experimental test results in Fig. 5.13 corroborate the theoretical analysis results given 

in Fig. 5.10 (b).  
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More experimental test results can be found in [J4]. 

 

5.6. Summary 

This chapter analyzes the transient stability of GFL-VSCs with the PLL. It is revealed 

that nonlinear voltage-angle dynamics of the PLL may lead to the LOS of the VSC, 

even if there are equilibrium points during the fault. Moreover, only the first-order 

PLL can stabilize the VSC during the fault with only one equilibrium point. The 

adaptive-PLL, which switches between the SRF-PLL and the first-order PLL based 

on operating conditions, is thus proposed to guarantee the transient stability and phase 

tracking accuracy of the VSC during the fault. The effectiveness of the proposed 

method is verified by experimental tests. 
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Chapter 6. Conclusion and Future Work 

6.1. Conclusions 

This PhD project performs the design-oriented small-signal stability analysis of 

MMCs as well as the transient stability analysis of VSCs, the main findings of the 

PhD project are listed as follows: 

 The internal dynamics of the MMC is proven to have a significant impact on its 

IM in the low-frequency range, which leads to the capacitive centered-diagonal 

impedance as well as the non-negligible frequency-coupled impedances. The 

negative damping behavior is further introduced in the centered-diagonal 

impedance of the MMC when the PR voltage regulator is used, which is the root 

cause of the low-frequency oscillation of the MMC system with the inductive 

load. To tackle this challenge, the PIR regulator is used in this PhD project to 

stabilize the MMC system. 

 In order to facilitate analyzing the stability impact of the ZSCC control, the 

complex-valued small-signal model of the MMC is derived in this PhD project, 

based on which, the closed-loop SISO ac equivalent impedance of the MMC 

with/without the ZSCC control is thoroughly compared. The additional resonant 

peaks are found out in this ac equivalent impedance of the MMC when the ZSCC 

control is not used, which might interact with the grid impedance and destabilize 

the MMC. Therefore, the ZSCC control is needed for the stable operation of the 

MMC system. 

 This PhD project reveals that the first-order power angle control can bring in 

significant benefits on the transient stability of GFM-VSCs, which not only 

prevents the VSC from the Type-I transient stability problem, but also enables 

the VSC to re-synchronize with the power grid even if FCT>CCT. 

 This PhD project reveals that only the first-order PLL can stabilize the GFL-VSC 

during grid faults with only one equilibrium point. In order to avoid the drawback 

of the steady-state phase tracking error of the first-order PLL, the adaptive-PLL 

that switches between the SRF-PLL and the first-order PLL based on operating 

conditions, is thus proposed. Theoretical analysis and experimental tests 

demonstrate that the proposed adaptive-PLL can guarantee both the transient 

stability and the phase tracking accuracy of the VSC during grid faults. 
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6.2. Future work 

There are still some open questions left unaddressed in this PhD project, which are 

worth to be investigated in the future.  

 The dynamic impacts of the capacitor voltage balancing control and the switching 

action of the MMC are ignored in this PhD project, which should be considered 

in the future research to develop a more accurate model of the MMC. 

 This PhD project only focuses on analyzing the ac-side dynamics of the MMC, 

while its dc-side dynamics is not considered. The dc-side dynamics of the MMC 

is crucial for analyzing the stability of the multi-terminal MMC-HVDC system, 

in which the dc-links of each MMC station are inter-connected with each other. 

Therefore, the dc-side dynamics of the MMC is worth investigating in the future 

research. 

 In this PhD project, only the transient stability impact of the APL is considered 

for GFM-VSCs while only the transient stability impact of the PLL is considered 

for GFL-VSCs. The transient stability impacts of all other control loops (reactive 

power control loop, DC voltage control loop, AC voltage control loop, inner 

voltage/current control loop) should be considered in the future research.  

 In this PhD project, the transient stability studies are carried out under a single 

VSC infinite bus scenario. The future study should focus on more practical 

system with multiple generation units, including SGs and VSCs with different 

control schemes. 
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