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Abstract  

The availability of the renewable energy sources in remote onshore and offshore locations and the 

advancements of power electronics have given rise to the use of high voltage direct current 

(HVDC) transmission for bulk power transmission. HVDC technology is more economical than 

high voltage alternating current (HVAC) technology for power transmission over distances longer 

than 500 km. Moreover, HVDC systems can connect unsynchronized AC networks and provide a 

controlled transfer of active power. 

HVDC systems utilizing voltage source converter (VSC) technology are widely used for 

constructing multiterminal DC (MTDC) systems for connection of renewable energy sources to 

the grid and are a promising technology for future realization of large HVDC grids. VSCs based 

on the modular multilevel converter (MMC) technology provide higher power quality, reliability, 

and efficiency as compared to other multilevel converter topologies. Therefore, MMCs are 

prominent candidates for various HVDC applications such as MTDC grids, offshore wind farm 

systems, and static synchronous compensators (STATCOMs). 

In HVDC systems with more than one point-to-point DC link, faults occurring on one DC 

link affect all healthy converters, which are in close proximity to the faulted converter. The degree 

of the impact of this fault on healthy converters depends on the type of protection strategy used 

for DC fault clearance. The literature proposes several protection strategies based on AC circuit 

breakers (ACCBs), DC circuit breakers (DCCBs), fault blocking converters, and half-bridge 

MMCs (HB-MMCs) augmented with various configurations of thyristors to clear the DC fault. In 

this thesis, firstly, the impact of different protection strategies on the point of common coupling 
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(PCC) and the operation of healthy converters in a test system comprising of HB-MMCs is 

evaluated. Secondly, the faulted converter is operated in the STATCOM mode under different 

protection strategies, and its impacts on the PCC and the healthy converter are analyzed and 

compared. In this study, three protection strategies comprising of ACCBs, DCCBs, and HB-

MMCs augmented with three-phase full-wave thyristor bridges (Graetz bridges) are considered. 

Study results show that (i) the protection strategy using DCCBs enables the PCC voltage and 

active power of the healthy converter to reach their steady-state values faster than the other two 

protection strategies, (ii) the protection strategy using HB-MMCs augmented with Graetz bridges 

allows the PCC voltage and active power of the healthy converter to reach their steady-state values 

faster than the protection strategy using ACCBs, (iii) the protection strategy using DCCBs has the 

shortest fault clearance time than the other two protection strategies, (iv) the protection strategy 

using HB-MMCs augmented with Graetz bridges eliminates the fault current faster than the 

protection strategy using ACCBs, (v) the STATCOM mode of operation of the faulted converter 

restores the PCC voltage to its pre-fault value, whereas without the STATCOM mode, the steady-

state value of the PCC voltage is higher than its pre-fault value, and (vi) the STATCOM mode of 

operation of the faulted converter allows active power of the healthy converter to reach its steady-

state value faster than without the STATCOM mode, thereby increasing the reliability and security 

of the healthy link.  
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Chapter 1 Introduction 

1.1 Introduction 

The generation of electricity from renewables is growing at a fast pace. To cope with the concerns 

associated with depleting fossil fuel reserves and global warming, 90% of the electricity in Canada 

is expected to be generated from renewable energy sources by 2030 [1]. In 2005, Canada had 600 

MW of installed wind power capacity, which increased to 13,000 MW in 2019 [2]. In 2017, 52 GW 

of wind power and 95 GW of solar power were installed worldwide, taking the total installed 

capacity to 400 MW and 540 GW, respectively [3].  

The availability of the renewable energy sources in remote onshore and offshore locations 

and the advancements of power electronics have given rise to the use of high voltage direct current 

(HVDC) transmission for bulk power transmission [4]-[5]. HVDC technology is more economical 

than high voltage alternating current (HVAC) technology for power transmission over distances 

longer than 500 km [6]. Moreover, HVDC systems can connect unsynchronized AC networks and 

provide a controlled transfer of active power. In contrast, in HVAC systems, the transferred active 

power mainly depends on the angle difference between the two ends of the line [5]. 

The three main topologies for a HVDC system include point-to-point, back-to-back, and 

multiterminal connections [5]. In point-to-point HVDC transmission systems, two converter 

stations at distant locations are linked together by an overhead DC line, an underground or 

submarine DC cable, or a combination of these. In back-to-back HVDC systems, HVDC 

transmission line is not needed because the two converter stations are located at the same site. In 

multiterminal DC (MTDC) systems, more than two converter stations are connected through a DC 

network [6]. There are various advantages associated with MTDC systems as compared to point-

to-point HVDC systems [4]. MTDC topologies provide a cheaper means for power transfer as 

compared to several point‐to‐point HVDC links for connecting adjacent AC systems. Faults on a 

point‐to‐point HVDC link can lead to the entire system shut down. On the other hand, for a MTDC 

network, after the isolation of the faulted link, power can be transferred via power flow re-
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arrangement. Therefore, a MTDC system provides higher reliability as compared to point-to-point 

HVDC systems. Furthermore, due to the presence of multiple renewable energy sources on MTDC 

grids, the spinning reserve requirement for AC systems can be reduced. Moreover, in MTDC 

systems, power exchange and trading are possible among multiple AC networks, which will help 

to reduce the electricity price. 

There are two main types of HVDC converters as shown in Fig. 1.1: line commutated 

converters (LCCs) and voltage source converters (VSCs) [4]. LCCs use thyristors as switches and 

operate as a constant current source. VSCs use insulated gate bipolar transistors (IGBTs) as 

switches and operate as a constant DC voltage source [7]. One of the main advantages of VSCs 

over LCCs is that VSCs can be connected to weak grids such as offshore wind farms [7]. Moreover, 

VSC is the most appropriate technology for constructing multiterminal systems as it benefits from 

a constant DC voltage at all the terminals, making parallel connections easy to build and control 

[7]. Hence, VSC technology is a promising technology for DC grids [7]. 

AC source

a) LCC system b) VSC system

DC 

output 
DC 

output 

AC source
L

C

 

Fig. 1.1: HVDC systems 

VSCs based on the modular multilevel converter (MMC) technology provide higher power 

quality, reliability, efficiency, and cost-weight-volume reduction as compared to other multilevel 

converter topologies [8]-[10]. Therefore, MMCs are prominent candidates for various HVDC 

applications such as MTDC grids, offshore wind farm systems, and static synchronous 

compensators (STATCOMs) [8]-[10]. MMCs consist of a series connection of submodules (SMs) 

and are easily adaptable to high voltage levels by increasing the number of SMs [7], [10]. The 

larger the number of levels, the better the quality of the produced AC voltage waveform [11]. The 

number of SMs required for the design of MMCs depends on the system operating voltage, 

application, and rating of IGBT switching devices [12]. In conventional MMCs with half-bridge 

(HB) and full-bridge (FB) SMs, all SMs are identical with the same rated power, circuit topology, 

and are controlled by the same control and modulation schemes [10]. The HB-MMC has lower 
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conduction losses compared to the FB-MMC, as the latter has a larger number of IGBTs [13]. This 

thesis will focus on HB-MMCs. 

Fig. 1.2 shows a HB-MMC with 𝑛 SMs in each arm [11]. The inductor 𝐿𝑎𝑟𝑚 is added in each 

arm to limit arm current harmonics and fault currents. A HB-MMC with 𝑛 SMs per arm has a line-

to-neutral voltage waveform with (𝑛 + 1) levels [14].   

HBSM1

HBSM2

HBSMn

HBSM1

HBSM2

HBSMn

HBSM1

HBSM2

HBSMn

HBSM1

HBSM2

HBSMn

HBSM1

HBSM2

HBSMn

HBSM1

HBSM2

HBSMn

Larm Larm Larm

Larm Larm
Larm

VDC

HBSM

a) SM topology

T1

T2

C

b) HB-MMC

Lower 

arm

Upper 

arm

Phase 

leg

 

Fig. 1.2: HB-MMC 

Each HBSM can be controlled to output either +𝑉𝐶 (capacitor voltage) or 0 V. By closing 

the upper IGBT (𝑇1) and opening the lower IGBT (𝑇2), the capacitor is inserted into the circuit and 

the output voltage of the SM is equal to 𝑉𝐶. On the contrary, the output voltage of the SM becomes 

zero when the capacitor is bypassed by opening 𝑇1 and closing 𝑇2. The AC voltage is generated in 

small steps by inserting or bypassing SMs [11]. Each phase of the three-phase AC system is 

connected to the midpoint of each phase leg. 
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1.2 Protection of HVDC Systems Under DC Faults 

A HVDC system with MMCs requires fast DC fault clearance, fault isolation, and fault location 

identification due to fast transients and high rate of rise of the DC fault current [14]-[17]. Due to 

low impedance of the fault current path, the DC fault current increases sharply, even if the MMC 

is immediately blocked after the fault, and the DC voltage may collapse quickly [14], [18]. In 

HVDC systems where converters are close to each other, the DC fault on one link will influence 

the healthy links connected to the same point of common coupling (PCC) [19]. High fault current 

flowing from the AC side to the DC fault point will cause a temporary reduction in the voltage at 

PCC, which in turn will decrease the power transmitted through the healthy links [19]. Therefore, 

it is essential to interrupt the DC fault current quickly to prevent damages to the IGBTs in the 

MMCs and to minimize the effect on electrically close healthy converters, such that the system's 

reliability and security are maintained. This section discusses the four main protection strategies 

used to clear DC faults in HVDC systems.  

1.2.1  Protection with AC Circuit Breakers (ACCBs)  

To interrupt the DC fault current, the converters are blocked, and the ACCBs are tripped. The 

opening time for ACCBs is about 60-100 ms [20]. During this time, converters act as nonlinear 

inductive loads and consume a large amount of reactive power. This causes a reduction in voltage 

at the PCC [20]. As the ACCBs are located at the AC side of the converters, the tripping of the 

ACCBs will interrupt the power flow to healthy links connected to the faulted converter.  

This strategy is used in the existing point-to-point VSC-HVDC systems due to the lower cost 

of the CBs compared to the other alternative strategies. On the contrary, such a slow protection 

system that also lacks selectivity is not a feasible choice for a MTDC system with a large power 

transmission capacity [19], [21]. Moreover, the converters cannot operate in STATCOM mode 

during the fault current interruption. 
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1.2.2  Protection with DC Circuit Breakers (DCCBs)  

During a fault, only DCCBs on the faulted line will be opened. Hence, converters will continue to 

transfer power over healthy links [13]. During the fault clearance, converters may stay deblocked 

if the arm currents do not exceed the current limit of the IGBTs. Hence, the converters can operate 

as a STATCOM during the fault clearance process [13]. However, DCCBs are expensive, and their 

reliability is yet to be tested in real-world applications [22]. 

DCCBs can be classified into three main categories: mechanical CBs (MCBs), solid-

state CBs (SSCBs), and hybrid CBs (HCBs) [14], [23]-[25]. All DCCBs consist of a main 

switching element in the nominal path for building the voltage withstand capability, a commutation 

path to create the current zero, and an absorber path to dissipate the stored energy [26]. The main 

switching element in MCBs and SSCBs is a mechanical breaker and a semiconductor switch, 

respectively. A combination of semiconductor switches and mechanical disconnectors are used in 

HCB as the main switching element [26].  

There are two types of MCBs: passive and active, as shown in Fig. 1.3 [23]. The nominal 

current flows through a primary branch (nominal path), which consists of a low loss mechanical 

breaker [23]. The mechanical breaker is typically an AC air-blast CB or a sulphur hexafluoride 

(SF6) CB for the passive MCB or a vacuum CB for the active MCB [26]. The commutation path 

is a series resonance branch consisting of inductors and capacitors. When a fault is detected, the 

contacts of the breaker in the primary branch start to open, and an arc is established [26]. The arc 

voltage commutates the current to the resonant branch [26]. Then, the current oscillates in the 

primary and resonant branches at a natural frequency ꞷ𝑜 =
1

√𝐿𝑟𝑒𝑠𝐶𝑟𝑒𝑠
. The mechanical breaker 

interrupts the arc at a zero-crossing of the current in the primary branch. The current continues to 

flow through the resonant branch and charges the capacitor 𝐶𝑟𝑒𝑠 [24]. When the capacitor voltage 

exceeds the threshold voltage level of the surge arrester, the current is diverted to the surge arrester 

branch, where it reduces to zero [26]. Passive MCBs have longer interruption times, which is in 

the order of tens of milliseconds. To reduce the interruption times, active MCBs with pre-charged 

capacitor 𝐶𝑟𝑒𝑠 in the resonant branch are used, Fig. 1.3 (b). The fault current interruption time for 

active MCBs is 8-10 ms [23]. Although MCBs are cheaper than other types of DCCBs, they have 

a longer interruption time. 
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Surge Arrester

   CB1

Primary branch

CresLresS1

Resonant branch

S2

Surge Arrester

CB1

Primary branch

CresLresS1

Resonant branch

 

                    a)   Passive resonant MCB           b)  Active resonant MCB 

Fig. 1.3: Types of mechanical circuit breakers 

SSCBs consist of high-power semiconductor switches such as IGBTs and have no moving 

parts, as shown in Fig. 1.4 [23].  Therefore, they operate in a few microseconds. However, the on-

state resistance of the IGBTs results in heating and power losses during their operation [27]. Surge 

arresters are connected in parallel to the IGBTs to absorb the fault energy. 

Surge Arrester Surge Arrester Surge Arrester

 

Fig. 1.4: SSCB 

HCBs offer the benefits of MCBs and SSCBs including low conduction losses and fast fault 

current interruption. Low conduction losses during normal operation are achieved by using a series 

combination of few IGBTs, known as the load commutation switch (LCS), and an ultrafast 

mechanical disconnector (UFD), as shown in Fig. 1.5. The commutation path or the main breaker 

branch is mainly composed of fully-controlled semiconductor switches such as IGBTs. The 

presence of semiconductor switches ensures fast current breaking in the order of 2-3 ms to isolate 

the DC fault [13]. The HCB operation starts with turning off the LCS to commutate the current 

into the main breaker branch. When the current through LCS reaches zero, UFD will start to open 

to protect the LCS from high voltages. A fast UFD can open in 2 ms [28]. The IGBTs in the main 

breaker branch will remain on until the UFD is fully opened. After the IGBTs in the main breaker 

branch are turned off, the current is transferred into the surge arrester branch, where the surge 
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arresters absorb the fault energy. Once the current through the faulted link falls below the residual 

current limit, residual current breaker (RCB) opens and fully isolates the faulted link [29]. 

HCBs can provide unidirectional or bidirectional fault current breaking capability [29]. A 

unidirectional HCB conducts the normal current in both directions, but it can interrupt the fault 

current in only one direction. A unidirectional HCB is less complex and less expensive as 

compared to a bidirectional HCB [29]. However, the bidirectional breaking capability of DCCBs 

is required to provide back-up protection and bus-bar protection [29]. This thesis will focus on 

bidirectional HCBs (Fig 1.5), which will be referred to as DCCBs in the remainder of this thesis.  

Surge Arrester Surge Arrester

Main Breaker

LCS

UFDRCB

 

Fig. 1.5: Bidirectional HCB 

1.2.3  Using Fault Blocking Converters 

HBSMs do not provide DC fault blocking capability. When a fault occurs on the DC side, and 

IGBTs of the converter are blocked, the fault current continues to flow from the AC side to the 

fault point on the DC side through anti-parallel diodes of the converter [30]. Alternate SMs capable 

of blocking the AC system from feeding the fault can be used in HVDC systems to interrupt the 

DC fault current [30]. 

Some of the MMC topologies with DC fault-blocking capability are based on FBSMs, a 

combination of HBSMs and FBSMs, alternative-arm converter (AAC), and clamp double SMs 

(CDSM), shown in Figs. 1.6 and 1.7 [31]. In these topologies, a negative voltage is imposed across 

the antiparallel diodes of the converter. The diodes will be reverse-biased due to the negative 

voltage and consequently, the fault current will be interrupted [31]. Moreover, these topologies 

can operate in the STATCOM mode to support the AC grid during DC faults [31].  However, such 
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topologies suffer from large conduction losses and are more expensive as compared to HB-MMCs 

[12], [31]-[33]. The most common types of MMCs with fault blocking capability are: 

• FB-MMCs: FBSMs are controlled to output either +𝑉𝐶, −𝑉𝐶, or 0 V. FBSMs have twice 

as many IGBTs as HBSMs; therefore, the power losses in FBSMs are higher than HBSMs. 

During a DC fault, all IGBTs of the FBSM are blocked. Then the capacitors insert a reverse 

voltage in the fault current path to prevent the AC side contribution to the DC fault current, 

and to reduce the fault current to zero [34].  

• MMCs with CDSMs: The CDSM consists of two HBSMs connected in series through 

two diodes and one IGBT with its anti-parallel diode [30]. In the case of a DC fault, all the 

IGBTs are blocked, and the two capacitors in the CDSM will be in parallel providing an 

opposing voltage in the fault current path [30]. Therefore, the fault current will be forced 

to zero. With the same number of voltage levels, the power losses of CDSMs are higher 

than HBSMs and lower than FBSMs [30]. 

• Hybrid MMCs: The hybrid MMC utilizes a combination of HBSMs and FBSMs 

connected in series in each arm [35]. The ratio of the number of FBSMs to HBSMs is 

selected such that the capacitor voltage balance is maintained and the dc fault blocking 

capability is achieved [35].  Upon the occurrence of a DC fault, IGBTs in the hybrid MMC 

are blocked, and the hybrid MMC operates like a FBSM, and thus the fault current is 

reduced to zero [35]. 

• AACs: The AAC consists of a series combination of FBSMs and IGBTs (called the 

director switches) in each arm to achieve DC fault blocking capability. Due to the 

implementation of FBSMs, a negative voltage is generated by the arm during the fault, and 

therefore, the AC system contribution to the DC fault can be blocked [30]. 

FBSMHBSM Director 

switch
CDSM

  

Fig. 1.6: Building blocks of fault blocking converters 
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Fig. 1.7: Fault blocking converters 

The fault blocking converters are capable of producing bipolar voltages as opposed to 

HBSMs, which can only produce a positive or zero voltage. Furthermore, for the operation of the 

converters during DC faults as a STATCOM, the converter SMs should be able to generate bipolar 

voltages so that the converter can remain deblocked [31]. Therefore, unlike HBSMs, the fault 

blocking converters can be operated in the STATCOM mode during faults [31]. The fault blocking 

converters can be operated in the STATCOM mode by controlling the upper and lower arm SMs 

such that they conduct alternatively [31], [36]. When the phase current is positive, all of the SMs 

in the lower arm are blocked [36]. Due to the reverse voltage of SM capacitors in the blocked arm, 

the fault current decays rapidly [36]. Therefore, the AC current only flows through the upper arm. 

When the phase current is negative, the upper arm is blocked, while the lower arm conducts [36].  

Hence, the phase current in the conducting arms can be regulated to supply reactive power to the 

AC grid during the fault [36].  

1.2.4 Augmented Fault Blocking Converters Based on HBSMs 

In addition to the fault blocking converters described in the previous section, other converter 

topologies that combine HBSMs and thyristors are proposed to enable HB-MMCs to interrupt the 
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DC fault current without using ACCBs or DCCBs. While the fault blocking converters interrupt 

the fault current by applying a negative voltage across the antiparallel diodes, the augmented HB-

MMC topologies eliminate the AC infeed by providing a low impedance path, comprising of 

thyristors, in parallel to the antiparallel diodes of the HBSMs. The augmented HB-MMC 

topologies are cost-effective as compared to fault blocking converters and DCCBs [37]-[38]. The 

augmented topologies have lower conduction losses as compared to fault blocking converters [39]. 

Moreover, the augmented HB-MMCs can handle higher fault currents as thyristors have a higher 

surge current capacity than IGBTs or diodes [39].  

In [37], a pair of antiparallel thyristors is connected across the lower diode in each HBSM 

and turned on only during the fault, Fig. 1.8. The two thyristors are controlled by the same gate 

signal. After the detection of a fault, the HB-MMC is blocked, and the thyristors are turned on 

simultaneously. The thyristor has a lower on-state impedance than the diode; therefore, the 

majority of the fault current is conducted by the thyristor [39]-[40]. Consequently, six arms of the 

HB-MMC become six R-L branches after triggering the thyristors and the DC fault current 𝑖𝐷𝐶(𝑡) 

can be calculated by (1.1) 

 
𝑖𝐷𝐶(𝑡) = 𝐼0𝑒−

𝑡−𝑡0
𝜏 , 

(1.1) 

where 𝑡0 is the instant of triggering the thyristors, 𝐼0 = 𝑖𝐷𝐶(𝑡0) and, 𝜏 =
𝐿𝑒𝑞

𝑅𝑒𝑞
 is the time constant 

which depends upon the equivalent resistance 𝑅𝑒𝑞 and inductance 𝐿𝑒𝑞 of the fault current path. 

The equation for 𝑖𝐷𝐶(𝑡) shows that the fault current will decay to zero.  

 

Fig. 1.8: HBSM with anti-parallel thyristors 

In [41], all pairs of antiparallel thyristors are combined and connected across the AC side of 

the HB-MMC instead of being connected across each HBSM as done in [37]. As a result, this 
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topology is easier to implement than the topology of [37]. The topologies proposed in [37] and 

[41] do not allow the operation of the HB-MMC in the STATCOM mode because the HB-MMC 

is blocked during the entire fault clearance process. 

In [28] and [38], a three-phase full-wave thyristor bridge, called Graetz bridge, is connected 

in parallel to a HB-MMC converter shown in Fig. 1.9. In this topology, the DC output terminals 

of the Graetz bridge are connected to the DC terminals of the HB-MMC through a hybrid switch. 

The AC side of the Graetz bridge rectifier is connected to the AC side of the MMC [28]. A series 

combination of LCS and UFD forms the hybrid switch. A surge arrester is connected in parallel to 

the LCS to dissipate the energy stored in the arm inductors when the hybrid switch is opened.  

HBSM1
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HBSM2

HBSMn
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HBSMn

HBSM1

HBSM2
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Larm Larm Larm

Larm Larm
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switchx1

y1 y2

x2

VDC

Hybrid

switch  

Fig. 1.9: HB-MMC in parallel with the Graetz bridge 

The Graetz bridge is triggered only during the fault. Once the fault is detected, the HB-MMC 

is blocked, and the Graetz bridge is fired as a rectifier at a minimum firing angle. For a rectifier, 

the minimum firing angle is 2-5 degrees to ensure proper firing of the thyristors [42]. A positive 

DC voltage is generated at the output of the Graetz bridge, and the Graetz bridge begins to share 

the fault current with the HB-MMC. Then, a trip signal is sent to the LCS and UFD and the DC 
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side of the HB-MMC is disconnected from the DC side of the Graetz bridge. When the HB-MMC 

is fully isolated from the fault, it can be operated as a STATCOM to compensate for the voltage 

dip at the PCC. Once the hybrid switch is opened, the Graetz bridge is fired at an angle greater 

than 90 degrees to operate as an inverter [42]. The output voltage of the Graetz bridge becomes 

negative, and the fault energy is exported from the DC side into the AC side. Consequently, the 

fault current is reduced to zero. This fault clearing process is similar to the force retard operation 

of LCCs [28]. The Graetz bridge is blocked after the fault clearance.  

1.3 Research Objectives 

The protection strategies described in the previous section affect the healthy converters in  

proximity of the faulted converter in different ways. The extent of the impact of the faulted 

converters on the healthy converters mainly depends on the speed of the protection system and 

whether the protection strategy enables the faulted converters to be controlled to provide reactive 

power compensation during the fault clearance. The operation of a faulted converter as a 

STATCOM during the fault clearance provides voltage support to the PCC during DC faults and 

reduces the impact of the faulted converter on the operation of the healthy converters. 

Protection strategies based on ACCBs have the highest fault clearance time and do not allow 

the STATCOM operation of the faulted converter because the converter cannot be deblocked until 

the fault is cleared. The fast fault clearance time of protection strategies based on DCCBs may 

prevent the arm currents from reaching the IGBTs' current limits. Consequently, the converter may 

remain deblocked and operate as a STATCOM during the DC fault. The fault blocking converters 

apply a negative voltage across the antiparallel diodes and thereby reduce the fault current to zero 

without using ACCBs or DCCBs. The fault blocking converters can be operated as STATCOMs 

during the DC faults as they can remain deblocked. The augmented HB-MMCs with thyristors 

eliminate the freewheeling effect of the antiparallel diodes (after all IGBTs are blocked) by 

diverting the fault current to a low impedance path formed by the thyristors. The thyristor branch 

either transforms the six MMC arms into a source-free resistive-inductive circuit and the fault 

current freely decays to zero, or it forms a Graetz bridge and uses force retard principle to reduce 

the fault current to zero. The augmented HB-MMC with the Graetz bridge allows the faulted 

converter to operate in the STATCOM mode during fault clearance. 
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The impact of  DC faults on electrically close converters with protection strategies based on 

ACCBs and DCCBs has been studied in [16]. The impact of protection strategies involving fault 

blocking converters on the PCC voltage is studied in [15], [39], [43]. However,  [15], [39], [43] 

do not examine the impact of faulted converters on healthy converters. The impact of DC faults 

on the  PCC voltage and electrically close converters with protection strategies based on 

augmented HB-MMCs has not been studied in the literature. Moreover, the impact of the operation 

of the faulted converter as a STATCOM to minimize the interaction between healthy and faulty 

converters has not been studied in the literature.  

The objectives of this thesis are to (i) analyze the impact of the three protection strategies 

based on ACCBs, DCCBs, and augmented HB-MMCs with Graetz bridges on the PCC voltage 

and the operation of electrically close healthy converter to a faulted converter, and (ii) investigate 

the possibility of the STATCOM operation of faulted converter to minimize the DC fault impact 

on electrically close healthy converter.  

1.4 Methodology 

To achieve the thesis objectives, the following methodology is used: 

• Constructing a test system in PSCAD/EMTDC, in which two point-to-point VSC-HVDC 

systems are connected to the same AC system on the rectifier side. The test system has 

only HB-MMCs. 

• Analyzing and comparing the voltage at PCC and the active power of healthy converter 

close to the faulted converter when protection strategies based on ACCBs, DCCBs and 

augmented HB-MMCs with Graetz bridges are used. 

• Analyzing and comparing the DC fault current when protection strategies based on 

ACCBs, DCCBs and HB-MMCs augmented with Graetz bridges are used. 

• Analyzing and comparing the voltage at PCC and the active power of healthy converter 

when the faulted converter is operated as a STATCOM under protection strategies based 

on DCCBs and HB-MMCs augmented with Graetz bridges. 
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1.5 Thesis Outline 

The rest of this thesis is organized as follows: 

• Chapter 2 provides an overview of the modelling techniques and control of the HB-

MMCs. A brief description of the test system and the modelling of various components 

such as ACCBs, DCCBs and augmented HB-MMCs with Graetz bridges is also provided. 

• Chapter 3 investigates the impact of different protection strategies on the PCC voltage and 

the operation of healthy converter close to the faulted converter. The study is repeated for 

the case when the faulted converter is operated as a STATCOM. 

• Chapter 4 summarizes this thesis, presents conclusions and contributions of this research, 

and recommends future work directions. 
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Chapter 2 HVDC System Model 

This chapter provides a brief description of the model and control system of conventional HB-

MMCs, and the augmented HB-MMCs with Graetz bridges. The description of the test system and 

the models of ACCBs, DCCBs, and transmission lines are also provided. 

2.1 MMC Model 

MMCs are represented in electromagnetic transient (EMT) simulation software environments 

with different types of models based on the type of analysis and studies that they are required for 

[44]. The following are the three main types of models for representing MMCs in EMT simulation 

tools [45], [46]: 

1. Full detailed model: In this model, the nonlinear behaviour of IGBTs/diodes is modelled 

by nonlinear resistors. This model is suitable for studying SM faults [45]. 

2. Average value model: In this model, the AC side and DC side characteristics of the MMCs 

are modelled as controlled voltage and current sources, respectively. This model is suitable 

for the study of harmonics and AC and DC transients [45]. 

3. Thevenin equivalent model: In this model, series-connected SMs of MMCs are replaced 

by a Thevenin equivalent circuit. This model is suitable for the analysis of AC and DC 

faults outside the SMs [45]. 

The HB-MMC studied in the thesis is represented by using the Thevenin equivalent model. 

The output voltage 𝑉𝑆𝑀 of each SM in Fig. 2.1 is equal to the capacitor voltage 𝑉𝐶 when the IGBT 

𝑇1 is on (SM is inserted). When the SM is inserted, it allows the capacitor to charge or discharge. 

𝑉𝑆𝑀 is zero when the IGBT 𝑇2 is on (SM is bypassed) and the capacitor voltage remains constant 

[45]. When both IGBTs 𝑇1 and 𝑇2 are off (SM is blocked), the capacitor may charge through the 

diode of 𝑇1, but it cannot discharge [45] and 𝑉𝑆𝑀 depends upon the direction of the SM current 𝐼𝑆𝑀  

[47]. This mode is used for the energization of the converter and during faults to protect the IGBTs 

from overcurrent conditions [48]. 
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Fig. 2.1: The HBSM 

The Thevenin equivalent model of a HBSM is shown in Fig. 2.2. Resistances 𝑅1 and 

𝑅2 represent the conduction losses of the upper and lower IGBTs of each SM, respectively 

[45],[49]. The values of 𝑅1 and 𝑅2 depend upon the gating signals and direction of 𝐼𝑆𝑀  [45]. If a 

SM is inserted, then 𝑅1 = 𝑅𝑜𝑛 and 𝑅2 = 𝑅𝑜𝑓𝑓 [47]. If a SM is bypassed, then 𝑅1 = 𝑅𝑜𝑓𝑓 and 𝑅2 =

𝑅𝑜𝑛 [47]. If a SM is blocked provided that 𝐼𝑆𝑀 > 0 and 𝑉𝑆𝑀(𝑡 − ∆𝑇) >  𝑉𝑐(𝑡 − ∆𝑇), then 𝑅1 =

𝑅𝑜𝑛 and 𝑅2 = 𝑅𝑜𝑓𝑓 [47]. On the other hand, if a SM is blocked provided that 𝐼𝑆𝑀 < 0 and 

𝑉𝑆𝑀(𝑡 − ∆𝑇) <  0, then 𝑅1 = 𝑅𝑜𝑓𝑓 and 𝑅2 = 𝑅𝑜𝑛 [47]. Otherwise, if a SM is blocked and none of 

the aforementioned conditions for 𝑉𝑆𝑀(𝑡 − ∆𝑇) are satisfed, then 𝑅1 = 𝑅𝑜𝑓𝑓 and 𝑅2 = 𝑅𝑜𝑓𝑓 [47]. 

∆𝑇 is the integration time step, 𝑅𝑜𝑛 and 𝑅𝑜𝑓𝑓 are the on-state and off-state IGBT resistances, 

respectively. 

The voltage 𝑉𝑐(𝑡) across each SM capacitor, having capacitance 𝐶, is given by 

 𝑉𝑐(𝑡) =
1

𝐶
∫ 𝐼𝑐(𝑡) 𝑑𝑡

𝑡

0

, 
(2.1) 

 

(2.1) can be solved by using the trapezoidal integration method, in which each SM capacitor 

voltage is replaced by an equivalent voltage history source 𝑉𝑐𝑒𝑞 in series with a resistor 𝑅𝑐 =

∆𝑇
2𝐶⁄   as given by (2.2) [45], [49]. 

where, 

 𝑉𝑐(𝑡) = 𝑅𝑐. 𝐼𝑐(𝑡) + 𝑉𝑐𝑒𝑞(𝑡 − ∆𝑇), (2.2) 
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Each HBSM can be represented by a Thevenin equivalent circuit comprising of a Thevenin 

voltage source 𝑉𝑆𝑀𝑒𝑞(𝑡 − ∆𝑇) and a Thevenin equivalent resistance 𝑅𝑆𝑀𝑒𝑞 given by (2.4) and (2.5), 

respectively. 

 

Now, the output voltage 𝑉𝑆𝑀 of each HBSM is given by (2.6) 

As the 𝑛 SMs are connected in series in each arm, the arm can also be represented by a 

Thevenin equivalent circuit, as shown in Fig. 2.2, composed of the Thevenin voltage source 𝑉𝑒𝑞(𝑡) 

and Thevenin resistance 𝑅𝑒𝑞 given by 

 𝑉𝑎𝑟𝑚(𝑡) =  𝑅𝑒𝑞. 𝐼𝑎𝑟𝑚(𝑡) + 𝑉𝑒𝑞, (2.7) 

 𝑅𝑒𝑞 = ∑ 𝑅𝑆𝑀𝑒𝑞𝑖

𝑛
𝑖=1 , (2.8) 

where, 

 

 

 𝑉𝑐𝑒𝑞(𝑡 − ∆𝑇) =
∆𝑇

2𝐶
 𝐼𝑐 (𝑡 − ∆𝑇) + 𝑉𝑐(𝑡 − ∆𝑇), (2.3) 

 
 

𝑅𝑆𝑀𝑒𝑞 = 𝑅2  (1 −
𝑅2

(𝑅1+𝑅2+𝑅𝑐)
), 

 

(2.4) 

 

 𝑉𝑆𝑀𝑒𝑞(𝑡 − ∆𝑇) =
𝑅2

(𝑅1+𝑅2+𝑅𝑐)
 ×  𝑉𝑐𝑒𝑞(𝑡 − ∆𝑇),  (2.5)             

 𝑉𝑆𝑀(𝑡) = 𝑅𝑆𝑀𝑒𝑞 . 𝐼𝑆𝑀(𝑡) + 𝑉𝑆𝑀𝑒𝑞(𝑡 − ∆𝑇),   (2.6) 

 

 𝑉𝑒𝑞 =  ∑ 𝑉𝑆𝑀𝑒𝑞𝑖
(𝑡 − ∆𝑇)𝑛

𝑖=1 ,  (2.9) 

 𝐼𝑎𝑟𝑚(𝑡) = 𝐼𝑆𝑀(𝑡). (2.10) 
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Fig. 2.2: Thevenin equivalent model of an HB-MMC 

2.2 MMC Control System 

The vector control is widely used in the control of MMC-based HVDC systems [18]. In vector 

control, Park’s transformation is used to transform the three-phase system variables in the 

stationary-abc frame to system variables in the dq reference frame, which is rotating at system 

frequency. Using Park’s transformation, the time-varying signals become DC variables in the dq-

frame and can be controlled by using a proportional-integral (PI) regulator without any steady-

state error [18].  In the dq-frame, the d (direct) and q (quadrature) axes are perpendicular to each 

other.  The grid voltage 𝑉𝑎𝑏𝑐  is measured and its angle 𝜃 is used to transform the three-phase 

voltages and currents from the abc-frame to the dq-frame. A phase-locked loop (PLL) is designed 

such that the q-axis component of 𝑉𝑎𝑏𝑐 (𝑉𝑞) is regulated at zero in the steady-state and the d-axis 

component of 𝑉𝑎𝑏𝑐 (𝑉𝑑) is equal to the peak value of the phase voltage [50]. Setting 𝑉𝑞= 0 in (2.11) 

and (2.12) shows that the active power 𝑃 and reactive power Q on the AC side of the converter can 

be controlled independently by controlling 𝐼𝑑 and 𝐼𝑞, respectively. 
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 𝑃 = 1.5(𝑉𝑑𝐼𝑑 +  𝑉𝑞𝐼𝑞), (2.11) 

 𝑄 = 1.5(𝑉𝑞𝐼𝑑 − 𝑉𝑑𝐼𝑞). (2.12) 

The control system of the MMC consists of the upper-level and lower-level control systems, 

as shown in Fig. 2.3. 
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Fig. 2.3: MMC control system 
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2.2.1 Upper-Level Control System 

The upper-level controls are divided into two control blocks: outer control block and inner 

decoupled current control block. The outer control block consists of two control loops for 

controlling the active power ( or DC voltage) and reactive power (or AC voltage) as shown in Fig. 

2.4. These control loops generate the reference signals 𝐼𝑑,𝑟𝑒𝑓 and  𝐼𝑞,𝑟𝑒𝑓 for the inner current control 

loops [7].  
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VDC, ref

PI
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PI

Q

Q ref
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Iq 

Current 

limiter Id,ref
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Fig. 2.4: The outer control loop block 
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The measured grid currents are transformed into dq components, 𝐼𝑑  and 𝐼𝑞 , respectively. 𝐼𝑑 and 𝐼𝑞 

are regulated against current references, 𝐼𝑑,𝑟𝑒𝑓  and  𝐼𝑞,𝑟𝑒𝑓, respectively, via PI controllers in the 

inner decoupled current control blocks, as shown in Fig. 2.5. The PI controllers’ output is added 

to the grid voltage components 𝑉𝑑 and 𝑉𝑞 and the cross-decoupling voltage terms 𝜔𝐿𝐼𝑑 and 𝜔𝐿𝐼𝑞, 

where 𝐿 is the sum of converter and transformer leakage inductances. Finally, the inner decoupled 

current controller generates the reference d- and q-axes components of the AC voltage (𝑉𝑑,𝑟𝑒𝑓 and 

𝑉𝑞,𝑟𝑒𝑓). These voltages are transformed into the abc-frame as 𝑉𝑎𝑏𝑐,𝑟𝑒𝑓, and then sent to the lower-

level control system as reference AC voltage waveforms. 
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Fig. 2.5: The inner decoupled current control loop block 

2.2.2 Lower-Level Control system 

Unlike the upper-level control system, the lower-level control system is specific to the converter 

topology [45]. The lower-level control system is responsible for generating the gating pulses 

necessary to produce the reference AC voltage waveform, which is the output of the upper-level 

control system. The lower-level control system used for the HB-MMC of this thesis has three 

functions: (i) modulation, (ii) capacitor voltage balancing (CVB), and (iii) circulating current 

suppression control (CCSC).  
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The objective of the modulation is to determine the number of inserted SMs in both the upper 

and lower arms of the HB-MMC, 𝑛𝑢𝑝𝑝𝑒𝑟 and 𝑛𝑙𝑜𝑤𝑒𝑟, respectively. There are always 𝑛 SMs 

switched on at any time in one phase leg of the HB-MMC, where 𝑛 = (𝑛𝑢𝑝𝑝𝑒𝑟 + 𝑛𝑙𝑜𝑤𝑒𝑟) and 𝑛 is 

the number of SMs per arm. In this thesis, 𝑛 = 76. The common modulation schemes for HB-

MMCs are phase-disposition pulse width modulation (PD-PWM), phase-shift pulse width 

modulation (PS-PWM), and nearest level control (NLC) [45]. In this thesis, PS-PWM is used for 

the HB-MMC. In PS-PWM, there are 𝑛 triangular carrier signals, for each arm, with a frequency 

equal to the switching frequency of the SM, and adjacent triangular carrier waveforms are shifted 

in phase with a step of (
360𝑜

𝑛
) [51]. These triangular carrier signals are then compared with the 

reference AC voltage to determine the number of SMs to be inserted [51]. When the reference 

value is higher than the value of the carrier signal, the corresponding switching signal becomes 

“1,” and the SM is inserted. The switching signal becomes “0” when the reference value is lower 

than the value of the carrier signal, and the SM is bypassed [51].  

The required number of inserted SMs, determined by the PS-PWM modulation block, is sent 

to another control block for CVB. This block aims to balance the capacitor voltages of all the SMs 

and keep them equal during normal operation to ensure the stable operation of the HB-MMC under 

various operating conditions. The inputs to the CVB control block include 𝑛𝑢𝑝𝑝𝑒𝑟 and 𝑛𝑙𝑜𝑤𝑒𝑟, the 

direction of arm current, and the SM capacitor voltages, which are sorted in the descending order 

[52]. If the upper (lower) arm current is positive, then out of 𝑛 SMs of the corresponding 

arm, 𝑛𝑢𝑝𝑝𝑒𝑟 (𝑛𝑙𝑜𝑤𝑒𝑟) of the SMs with the lowest voltages are inserted to balance the capacitor 

voltages. Consequently, the corresponding SM capacitors are charged, and their voltages increase. 

If the upper (lower) arm current is negative, then out of 𝑛 SMs of the corresponding arm, 𝑛𝑢𝑝𝑝𝑒𝑟 

(𝑛𝑙𝑜𝑤𝑒𝑟) of the SMs with the highest voltages are inserted. Consequently, the corresponding SM 

capacitors are discharged, and their voltages decrease [52].  

The switching mismatches between the upper and lower arm SMs and the ripple in SM 

capacitors voltage create a voltage difference between the upper and lower arms of the phase legs 

[18], [23]. This voltage difference creates circulating currents which circulate within the three 

phase legs of the HB-MMC. They do not affect the AC or DC sides of the MMC but distort the 

arm currents, increase power losses of the MMC and increase the ratings of IGBTs of the SMs. 
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The circulating current consists of a negative sequence component at twice the system's 

fundamental frequency.  

In this thesis, a controller in the dq-frame rotating at twice the system frequency (2𝜔0𝑡) is 

employed to suppress the circulating current, as shown in Fig. 2.6 [45]. The measured current of 

upper and lower arms of each phase leg 𝑗, 𝐼𝑢𝑝_𝑗  and 𝐼𝑙𝑜𝑤_𝑗 , are added together. The resultant current 

signal  𝐼𝑧_𝑗  is the sum of the circulating current of the two arms and one-third of the converter DC 

current. 𝐼𝑧_𝑗  is transformed into the dq-frame. The reference dq currents  𝐼𝑧𝑑
∗  and 𝐼𝑧𝑞

∗  are set to zero, 

and the PI controllers are used to eliminate the error between the reference and measured currents. 

Hence, the circulating current is suppressed. The d- and q-axes current control loops are decoupled 

by adding the induced speed voltage terms to the current control loops. This generates the reference 

voltage commands 𝑈𝑧𝑑 and 𝑈𝑧𝑞, which are transformed back to the abc-frame. The voltage 𝑈𝑧_𝑗  in 

the abc-frame is added to the reference AC voltage before modulation. 

 

Fig. 2.6: Circulating current suppression control block 

2.3 Test System 

The test system comprises of two point-to-point HVDC transmission systems sharing a common 

AC system at one end, as shown in Fig. 2.7. The two transmission systems have symmetric 

monopole configurations. The length of each overhead DC transmission line is 400 km. All four 

converters are HB-MMCs. Converters 1 and 3 operate as rectifiers and regulate the active power 

flow through the transmission systems. Converters 2 and 4 work as inverters and control the DC 

bus voltage. All the converters operate in reactive power control mode. Each converter station has 
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an isolation transformer with solidly grounded Y connected winding on the AC grid side and ∆ 

connected winding on the converter side. The transformer also works as a smoothing reactor and 

limits the short-circuit current into the IGBTs of the converters [7]. A passive AC filter is also 

present on the AC side of the converters to reduce the higher-order voltage and current harmonics 

[7], [53]. Table 2.1 shows the system parameters. 
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Fig. 2.7: The test system 

Table 2.1: Parameters of the test system 

Specifications  

DC side voltage 500 kV 

DC side power 600 MW 

Converter rated power 1000 MW 

AC grid voltage 230 kV 

Transformer ratio 230:370 

2.3.1 Test System Model 

The AC system is represented by a Thevenin equivalent circuit as shown in Fig. 2.8. The Thevenin 

source voltage is adjusted to provide the required AC voltage on the converter side, and the 

Thevenin impedance is selected to provide the desired short circuit ratio (SCR) [53]. SCR= 2.5 for 

each of the three AC sources in the test system. 
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Fig. 2.8: The model of the AC system 

The transmission line is represented with a frequency-dependent travelling wave model. This 

modelling technique accurately represents the frequency dependency of the line parameters and 

this is the appropriate model for the study of faults. Hence, a precise simulation of faults is 

achieved [45]. The point-to-point HVDC systems have a symmetric monopole configuration. In a 

symmetric monopole configuration, the two DC terminals of the MMC are connected to the 

positive and negative poles, which operate at the same DC voltage, but with opposite polarity [48]. 

As the DC voltage is symmetrical, the transformer connection experiences no steady-state DC 

voltage stress [7]. 

2.3.2 Protection System Model 

Three protection strategies based on ACCBs, DCCBs, and augmented HB-MMCs with Graetz 

bridges will be investigated in this thesis. The modelling of each these component is as follows: 

• ACCB model: An ACCB is modelled as a simple switch. The closing and opening instants 

of the ACCB are controlled by using a timed breaker logic block. Non-linear arc 

characteristics are not considered in this breaker model. 

• DCCB model: The DCCB developed in [54] is implemented in this thesis, Fig.2.9. The 

main breaker branch of the DCCB is composed of a series combination of IGBTs with 

individual arrester banks dimensioned for full voltage and current breaking capability. The 

nominal current path consists of a series combination of LCS and UFD. The nominal 

current path has a lower current conducting capacity because it only carries the load 

current. With the detection of a DC fault, a deblocking signal is sent to the main breaker 

branch switches, and simultaneously blocking signals are sent to the LCS and UFD, 

respectively. So, the current starts flowing into the main breaker branch. The UFD is fully 

opened after a delay of 2 ms and at the same instant, the switches in the main breaker 
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branch are opened. Now, the fault current is commutated to the surge arrester branch, and 

a counter voltage is produced, which reduces the fault current to zero [54]. After the fault 

clearance, the RCB interrupts the residual current and isolates the faulty line from the 

HVDC grid to protect the surge arresters from thermal overload [7]. 

Surge Arrester Surge Arrester

Main Breaker

LCS

UFDRCB

 

Fig. 2.9: DCCB model 

• Augmented HB-MMC with a Graetz bridge model: The basic structure of a Graetz 

bridge is shown in Fig. 2.10. It consists of three single-phase legs, each with an upper and 

a lower thyristor. The average DC output voltage 𝑉𝑑, given by (2.13), is controlled by 

varying the firing angle (𝛼) of the thyristor, where 0 ≤ 𝛼 ≤ 90, degrees (rectifier operation) 

and 90 ≤ 𝛼 ≤ 180, degrees (inverter operation). To avoid commutation problems, 

maximum α is limited to around 160 degrees [42]. The DC output voltage has six pulses 

per cycle of the AC source; hence it is also referred to as a six-pulse bridge.     

 𝑉𝑑 = 1.35 × 𝑉𝑟𝑚𝑠
𝑠𝑒𝑐 × 𝑐𝑜𝑠𝛼, (2.13) 

where, 𝑉𝑟𝑚𝑠
𝑠𝑒𝑐 is the root-mean-square (RMS) phase-to-phase secondary voltage at the AC 

side of the Graetz bridge. 

Vd

Id

 

Fig. 2.10: Graetz bridge 
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The mid-point of each phase of the AC side of the Graetz bridge is connected to the mid-

point of each phase leg of the HB-MMC as shown in Fig. 2.11. The DC sides of the HB-

MMC and the Graetz bridge are connected via hybrid switches 𝑥1 − 𝑥2 and 𝑦1 − 𝑦2. These 

switches remain close during the normal operation. 
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Fig. 2.11: Augmented HB-MMC with a Graetz bridge 

The hybrid switch is similar to the load current carrying branch (nominal current path) of 

the DCCB. It is a series combination of LCS and UFD. A surge arrester is connected in 

parallel to the LCS for absorbing the energy of arm inductors when the LCS is opened. 

Unlike the DCCB, this hybrid switch does not require the main breaker branch. Hence, the 

hybrid switch is cheaper than a DCCB. When a DC fault is detected, the HB-MMC is 

blocked, and the Graetz bridge is fired at minimum 𝛼. The 𝛼 is chosen such that the DC 

voltage of the Graetz bridge is almost equal to the DC voltage of the blocked HB-MMC. 

Hence, the voltage drop across the hybrid switch is very small, and LCS can be built by 

using a few series connected IGBTs. When the Graetz bridge starts sharing the fault current 

with the HB-MMC, the LCS is turned off, and the UFD starts to open simultaneously. The 

UFD fully opens in 2 ms. After that, the energy in the arm inductors of the HB-MMC will 

be discharged to the DC side through the surge arresters. When the UFD is fully opened, 

the firing angle of the Graetz bridge is changed to 𝛼 > 90 degrees. As a result, the Graetz 
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bridge becomes an inverter and produces a negative DC output voltage. This negative DC 

voltage exports the fault energy from the DC side to the AC side and forces the fault current 

to become zero.  

Since, the HB-MMC is completely isolated from the fault once the energy in the arm 

inductors is completely dissipated and the UFD is fully opened, the HB-MMC can be 

deblocked to operate as a STATCOM to provide reactive power compensation to the AC 

side. Consequently, the impact of the DC fault on the healthy converters close to the faulted 

converter is reduced. The HB-MMC is operated in the STATCOM mode by switching the 

control mode from reactive power control to AC voltage control. 

2.4 Summary 

This chapter provides an overview of the modelling and control of the HB-MMC. A brief 

description of the system under study and its various components such as transformers, 

transmission lines, ACCBs, and DCCBs is also provided. The modelling and operation principles 

of the augmented HB-MMC are also discussed. 



29 

 

Chapter 3 Protection System Impact on 

Healthy Converters’ Operation 

A VSC-MTDC HVDC system provides a better alternative to a multiple point-to-point HVDC 

system for incorporating the growing renewable energy generation into the existing AC grid. A 

VSC-MTDC HVDC system allows for a reliable, secure, and economical power transfer by having 

multiple paths for power flow between the terminals of the AC grid [4],[7]. In a MTDC network 

with multiple converters, the converters may be located electrically close to each other in the 

network [20]. Also, due to the large integration of inverter-interfaced renewable energy sources 

into modern power systems, multiple converters may be located close to each other. The converters 

that are located at close proximity will interact and their operation will be affected by the other 

converters. As an example, the electrically close converters will be affected by a fault in a single 

DC link. For instance, in case of a pole-to-pole fault on a DC link, the AC source connected to this 

link feeds a large current into the DC side. As a result, the voltage at PCC is reduced, and the 

healthy converters attached to this PCC experience a reduced power flow until the fault is removed 

[20]. The sooner the fault is removed, the quicker the set-point value of power is regained in the 

healthy links. The type of protection scheme used on the faulted link, therefore, influences the 

interaction between healthy and faulted converters. The protection of the HVDC systems and 

reducing the interaction between HVDC systems with multiple converters and the AC grid during 

the DC fault is one of the challenges associated with the operation of mixed AC-DC systems [55]. 

Lightning or extreme weather conditions may induce faults in HVDC overhead lines [48]. 

The faults may be permanent or temporary [48]. The faults can be classified as pole-to-pole or 

pole-to-ground. Depending on the grounding of the system, pole-to-ground faults either produce 

low currents and high voltages or vice versa [56]. On the other hand, pole-to-pole faults result in 

high currents and low voltages irrespective of the type of system grounding [56]. In case of pole-

to-ground faults, only the faulty pole SM capacitors discharge into the fault while in pole-to-pole 

faults, all the SM capacitors discharge into the fault [57]. Thus, a DC pole-to-pole fault is the most 

severe fault for the MMC-HVDC systems [48].  
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In this chapter, a pole-to-pole permanent fault is applied to one of the DC links in the test 

system, which is described in section 2.3 of chapter 2. Three different protection strategies based 

on ACCBs, DCCBs, and augmented HB-MMCs with Graetz bridges are used for the fault 

clearance. The impact of these protection strategies on the interaction level between electrically 

close converters is evaluated by analyzing the waveforms of fault current, voltage, and power flow 

at the PCC.  

3.1 Case Studies 

A permanent pole-to-pole fault is applied in the middle of a 400 Km long DC line 1-2 in the test 

system, as shown in Fig. 3.1. Before the fault, the DC line 1-2 and line 3-4 operate at 500 kV and 

transfer 600 MW of power, which results in a nominal DC current of 1.2 kA. 𝐿𝐷𝐶 is the fault 

current limiting reactor and is considered to be 50 mH. The fault is applied at 𝑡=2 s, and the fault 

resistance is 50 Ω. The fault detection time is assumed to be 1 ms. The RMS line-to-line voltage 

at PCC1, current in the faulted DC line 1-2, and active power of converter 3 (healthy converter) 

are measured for each of the three protection strategies discussed earlier in this chapter.  

 

Fig. 3.1: The one-line diagram of the test system 

3.1.1 Case Study 1: HB-MMCs with ACCBs (Protection Strategy I) 

In the test system shown in Fig. 3.1, ACCBs are installed on the AC side of the converters. The 

operating sequence of protection strategy I is as follows:  

• The fault occurs in the middle of the DC line 1-2 at 𝑡 = 2 𝑠, 
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• The fault is detected at 𝑡 = 2.001 𝑠, and trip signals are sent to ACCB 1 and ACCB 2. 

• Converters 1 and 2 are blocked at 𝑡 = 2.0012 𝑠.  

•  ACCB 1 and ACCB 2 open at 𝑡 = 2.08 𝑠. 

As soon as the fault occurs, fault current increases sharply due to the discharge of SM 

capacitors into the fault. When the converters are blocked at 𝑡 = 2.0012 𝑠, the SM capacitors 

discharge is terminated. Then the AC systems 1 and 2 feed the faulted DC line 1-2 through the 

uncontrollable diode bridges, which are formed as a result of converters' blocking. Consequently, 

the DC fault current rises to a value of 2.85 kA at 𝑡 = 2.0062 𝑠, as shown in Fig. 3.2. The DC 

fault current reaches a steady-state value of 2.2 kA before ACCB 1 and ACCB 2 are fully opened. 

At 𝑡 = 2.08 𝑠, the ACCBs open, and the DC fault current gradually becomes zero. 

 

Fig. 3.2: Fault current under protection strategy I 

The large current in-feed through the uncontrollable diode bridge formed by converter 1, 

results in a large voltage dip at PCC1.  The voltage at PCC1 reaches a minimum value of 145.6 kV 

at 𝑡 = 2.022 𝑠, as shown in Fig. 3.3. For the duration in which the DC fault current is in the steady-

state phase (from 𝑡 = 2.04 𝑠 to 𝑡 = 2.08 𝑠 in Fig. 3.2), the PCC1 voltage also stays at 152 kV. The 

PCC1 voltage starts to recover its pre-fault value once the ACCBs fully open at 𝑡 = 2.08 𝑠 and 

obtains a steady-state value of 232 kV at 𝑡 = 2.13 𝑠. After the fault clearance, the power 

transmitted to converter 1 becomes zero. Thus, the post-fault steady-state value of PCC1 voltage 

becomes higher than its pre-fault value.  
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Fig. 3.3: Voltage at PCC1 under protection strategy I 

During the fault, the voltage at PCC1 falls and consequently, the active power transferred to 

converter 3 drops. As converter 3 is operating under constant power control, it draws more current 

from AC system1 to maintain the set-point value of the active power. Hence, the voltage at PCC1 

decreases even more, and the active power drawn by converter 3 reduces until 𝑡 = 2.08 𝑠, as 

shown in Fig. 3.4.  Following the DC fault clearance at 𝑡 = 2.09 𝑠, converter 3 restores the injected 

active power to the DC link at its pre-fault value, as shown in Fig. 3.4.  

 

Fig. 3.4: Active power of converter 3 under protection strategy I 
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3.1.2 Case Study 2: HB-MMCs with DCCBs (Protection Strategy II) 

Although protection strategies based on ACCBs are cheaper, they result in larger fault clearing 

time and lack selectivity. The use of DCCBs eliminates these limitations. Bidirectional hybrid 

DCCBs are installed at the two ends of the faulted DC line 1-2, as shown in Fig. 3.1. The operating 

sequence of protection strategy II is as follows: 

• The fault is applied to the middle of the DC line 1-2 at 𝑡 = 2 𝑠. 

• The fault is detected at 𝑡 = 2.001 𝑠. Following a delay of 200 µs, trip signals are sent to 

DCCB 1 and DCCB 2, and blocking signals are sent to converters 1 and 2. 

• Converters 1 and 2 are blocked at 𝑡 = 2.0012 𝑠. 

• The LCS is turned off, and the main breaker is turned on simultaneously at 𝑡 = 2.0012 𝑠. 

As a result, the DC fault current starts to commutate into the main breaker branch. 

• The UFD receives a trip signal at 𝑡 = 2.0012 𝑠 and fully opens at 𝑡 = 2.0032 𝑠. 

• The main breaker is turned off once the UFD is fully opened at 𝑡 = 2.0032 𝑠. 

• Following the opening of the main breaker, the DC fault current flows into the surge 

arrester branch.  

• The RCB opens at 𝑡 = 2.005 𝑠 once the fault current decays to zero. 

After the fault occurrence, the fault current rises sharply and reaches a peak of 2.56 kA at 

𝑡 = 2.0012 𝑠. At 𝑡 = 2.0012 𝑠, converters 1and 2 are blocked, hence the fault current decreases 

gradually as it comprises of only the AC infeed current. At 𝑡 = 2.0012 𝑠, LCS is opened and the 

current starts to commutate to the main breaker branch. Thus, the fault current again rises until the 

main breaker branch is opened.  At 𝑡 =  2.0032 𝑠, the main breaker branch is fully opened, and 

the fault current falls sharply. The fault current becomes zero at 𝑡 = 2.005 𝑠, as shown in Fig. 3.5. 
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Fig. 3.5: Fault current under protection strategy II 

Under protection strategy II, the PCC1 voltage is not affected severely as compared to that 

under protection strategy I. The reason is that the DCCBs quickly isolate the fault. The quick 

interruption of fault current leads to a lower peak value of the fault current, which accounts for a 

smaller dip in PCC1 voltage. The PCC1 voltage reaches 205.4 kV at 𝑡 = 2.003 𝑠, as shown in Fig. 

3.6. The rise of PCC1 voltage accompanies the reduction of fault current. Accordingly, the PCC1 

voltage achieves a steady-state value of 232 kV within 30 ms of the fault isolation.   

 

Fig. 3.6: Voltage at PCC1 under protection strategy II 

Under protection strategy II, the active power supplied to converter 3 closely follows the 

variations in the PCC1 voltage. The active power hits a minimum level of 582.5 MW at 𝑡 =

2.003 𝑠, as shown in Fig. 3.7. It is the same instant at which the PCC1 voltage approaches the 
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lowest value. After 𝑡 = 2.003 𝑠, the active power progressively rises and attains a peak value of 

626.88 MW at 𝑡 = 2.0122 𝑠. The active power of converter 3 is restored to its set-point value 

within 550 ms of the fault clearance.  

 

Fig. 3.7: Active power of converter 3 under protection strategy II 

3.1.3 Case Study 3: Augmented HB-MMCs with Graetz Bridges (Protection     

Strategy III) 

Although DCCBs are faster than ACCBs, DCCBs are more expensive and face a significant 

challenge in the interruption capacity because the total amount of energy dissipation in surge 

arresters of DCCBs could be large [58]. A modified converter configuration that combines a HB-

MMC and a Graetz bridge is proposed in [28] and [52] as a cost-effective solution for DC fault 

clearance. The Graetz bridge bypasses the converter during DC faults. At each converter station, 

a Graetz bridge is connected in parallel with the HB-MMC, as shown in Fig. 3.8. A hybrid switch 

separates the DC sides of the HB-MMC and the Graetz bridge. The hybrid switch is a series 

combination of LCS and UFD. The LCS is in parallel with a surge arrester to dissipate the residual 

energy of the arm reactors when the LCS is switched off. The Graetz bridge is only operated during 

the fault. 
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Fig. 3.8: The one-line diagram of the test system under protection strategy III 

At 𝑡 = 2.0012 𝑠, the HB-MMC converter and the Graetz bridge are blocked and unblocked, 

respectively. After the blocking of the HB-MMC, the converter acts like a three-phase diode 

rectifier. If the thyristors in the Graetz bridge are fired at a minimum firing angle [28], then the 

Graetz bridge will operate like a three-phase diode rectifier and will generate a positive DC 

voltage. Therefore, both the HB-MMC and the Graetz bridge will produce similar voltages and 

there will be a low voltage across the hybrid switch. Thus, the LCS can be formed from a few 

series connected IGBTs [28]. The minimum firing angle used in this simulation is 5 degrees [42]. 

5 degrees corresponds to 0.232 ms in a 60 Hz system. This implies that the first thyristor in the 

upper arm starts conducting 0.232 ms after receiving the unblocking signal. Moreover, there is a 

60 degrees firing delay between the thyristors in the upper arm and the thyristors in the lower arm. 

Hence, the second thyristor, which is in the lower arm and forms a return path for the current, starts 

conducting 3.1 ms after receiving the unblocking signal. As a result, the Graetz bridge will 

contribute to the fault current after 3.1 ms of being unblocked, which is at 𝑡 = 2.0043 𝑠. The LCS 

should not be opened before 𝑡 = 2.0043 𝑠 [28]; otherwise, the LCS should interrupt a larger 

current. Thus, in this simulation, a trip signal is sent to the LCS and UFD at 𝑡 = 2.006 𝑠. The 

fastest UFD can fully open in 2 ms after receiving the trip signal. The UFD is fully opened at 𝑡 =

2.008 𝑠. Once the UFD is fully opened, the HB-MMC is completely isolated from the faulted DC 

line, and it can be switched to the STATCOM mode. After the isolation of the HB-MMC from the 
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DC side, a firing angle greater than 90 degrees ( here, the firing angle is 140 degrees) is applied to 

the Graetz bridge so that it operates as an inverter. The negative DC voltage generated by the 

Graetz bridge acts as a back-emf and takes the fault energy away, thereby reducing the fault current 

to zero. Once the fault current is reduced to zero, the Graetz bridge is blocked. The operating 

sequence under protection strategy III is as follows: 

• The fault is applied to the middle of the DC line 1-2 at 2 s. 

• The fault is detected at 𝑡 = 2.001 𝑠. 

• Converters 1and 2 are blocked at 𝑡 = 2.0012 𝑠. 

• Graetz bridges 1 and 2 are turned on as rectifiers with a firing angle of 5 degrees at 𝑡 =

2.0012 𝑠. 

• LCS 1 and 2 receive trip signals and open at 𝑡 = 2.006 𝑠. 

• UFD 1 and 2 receive trip signals at 𝑡 = 2.006 𝑠 and fully open at 𝑡 = 2.008 𝑠. 

• Firing angles for Graetz bridges 1 and 2 are changed to 140 degrees at 𝑡 = 2.0082 𝑠. The 

firing angles remain at 140 degrees until the fault is cleared. 

• The fault is cleared at 𝑡 = 2.017 𝑠. 

• Graetz bridges 1and 2 are blocked at 𝑡 = 2.017 𝑠. 

Fig. 3.9 shows the waveform of DC fault current during the fault clearing process. The fault 

current contributed by the Graetz bridge increases gradually after being fired at 5 degrees. The 

fault current reaches a peak value of 3.03 kA. At 𝑡 = 2.0082 𝑠, the firing angle is changed to 140 

degrees, and therefore, the output voltage of the Graetz bridge gradually becomes negative and 

reaches a peak value of -290 kV at 𝑡 = 2.017 𝑠. In the meantime, the fault current decreases 

smoothly and becomes zero at 𝑡 = 2.017 𝑠. The output voltage of the Graetz bridge undergoes 

decaying oscillations and finally becomes zero at 𝑡 = 2.25 𝑠.  
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Fig. 3.9: Fault current under protection strategy III 

Fig. 3.10 shows fault current sharing between converter 1 and Graetz bridge 1. Before the 

opening of the hybrid switch, at 𝑡 = 2.005 𝑠, the fault current is 2.91 kA, where 1.07 kA is 

provided by the Graetz bridge 1. After the opening of the hybrid switch at 𝑡 = 2.006 𝑠, the current 

supplied by the blocked converter 1 decreases quickly to zero, and the current produced by the 

Graetz bridge rises sharply. As compared to converter 1, Graetz bridge 1 offers a low impedance 

path to the current due to the absence of arm reactors. When the UFD becomes fully open at 𝑡 =

2.008 𝑠, Converter 1 becomes isolated from the fault and the fault current is solely fed by the 

Graetz bridge 1. As shown in Fig. 3.10, the UFD is opened under zero current condition and 

therefore, it does not require an arc quenching medium. Thus, a fast-mechanical disconnector is 

used as a UFD.  

 

Fig. 3.10: Fault current contribution by converter 1 and Graetz bridge 1 
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The AC system 1 contributes to the fault current via Graetz bridge 1, hence the growing 

value of the fault current increases the loading on AC system 1. Consequently, there is a sharp 

decline in the voltage at PCC1, as shown in Fig. 3.11.  

 

Fig. 3.11: Voltage at PCC1 under protection strategy III 

The voltage at PCC1 reaches a minimum value of 175.8 kV at 𝑡 = 2.017 𝑠.  The reduction 

of PCC1 voltage, in turn, affects the active power flow to converter 3. Converter 3, being operated 

under constant power control mode, draws more current from the AC system 1. This results in 

further reduction of the voltage at PCC1. Consequently, the active power drawn by converter 3 is 

reduced gradually and reaches the lowest value of 553.1 MW at 𝑡 = 2.01 𝑠, as shown in Fig. 3.12.  

 

Fig. 3.12: Active power of converter 3 under protection strategy III 
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At 𝑡 = 2.017 𝑠, the fault current reduces to zero and the PCC1 voltage starts to rise. 

Consequently, the active power of converter 3 rises and returns to its pre-fault value. The PCC1 

voltage reaches a steady-state value of 232 kV within 60 ms of the fault inception. 

3.2  Comparison of the Three Protection Strategies 

In this section, the three protection strategies are compared against each other by evaluating the 

fault clearance time, peak values of the fault current, PCC voltage, and healthy converter’s active 

power. Fig. 3.13 shows the DC fault current produced under the three protection strategies. The 

highest peak of the fault current, which is 3.03 kA, corresponds to protection strategy III, while 

the lowest peak of the fault current is 2.56 kA (under protection strategy II). The peak of the fault 

current under protection strategies I and III is 11.42% and 18.63% more than that under protection 

strategy II, respectively. The largest fault clearance time, which is 93.3 ms, corresponds to 

protection strategy I. In contrast, the shortest fault clearance time is 5 ms which corresponds to 

protection strategy II. The fault clearance time under protection strategies I and III is 4.4% and 

0.57% higher than that under protection strategy II, respectively. Considering both the fault 

clearance time and the peak fault current, the protection strategy II outperforms the other two 

strategies. Although the protection strategy III has a higher peak fault current than protection 

strategy I, the former strategy allows the current to decay quickly to zero. As observed in section 

3.1, the faster the fault current decays to zero, the sooner the healthy converter restores its pre-

fault operation. 

Fig. 3.14 shows the active power of converter 3 under the three protection strategies. The 

highest settling time is 293 ms, which corresponds to protection strategy I, while the lowest settling 

time is 63 ms, which corresponds to protection strategy II. The settling time of active power under 

protection strategies I and III is 11.15% and 2.57% higher than that under protection strategy II, 

respectively.  
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Fig. 3.13: Fault current under the three protection strategies 

 

Fig. 3.14: Active power of converter 3 under the three protection strategies 

After the removal of fault in each of the three protection strategies, the active power 

gradually rises. Under protection strategy I, the highest peak of 651 MW is obtained before the 

active power is restored to its set-point value. On the other hand, the lowest peak of 626.88 MW 

is obtained under protection strategy II. The peak power under protection strategies I and III is 

3.85% and 0.91% higher than that under protection strategy II.  

Following an increase in the active power, the DC side current of converter 3 is increased 

temporarily. In case of a weak AC system, the DC current of healthy converter may exceed the 

pickup value of the converter's internal protection to prevent damages to the IGBTs. This may 

result in an undesirable blocking of the healthy converter. Hence, considering the peak value and 
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settling time of the active power of converter 3, the protection strategy II outperforms the other 

two strategies. Also, protection strategy III has a better performance than protection strategy I.  

Fig. 3.15 shows the voltage at PCC1 under the three protection strategies. The highest settling 

time, which is 103 ms, is obtained under protection strategy I, while the lowest settling time of 

25.5 ms is attained under protection strategy II. The settling time of PCC1 voltage under protection 

strategies I and III is 3.83% and 0.86 % higher than that under protection strategy II, respectively. 

After fault clearance, the steady-state value of PCC1 voltage is the same in the three protection 

strategies. 

 

Fig. 3.15: Voltage at PCC1 under the three protection strategies 

The lowest value of the PCC1 voltage, which is 145.6 kV, is obtained under protection 

strategy I, while the smallest voltage dip of 205.4 kV is obtained under protection strategy II. The 

voltage dip under protection strategies I and III is 29.11% and 14.4% more than that under 

protection strategy II, respectively. A larger voltage dip results in a larger current drawn by 

converter 3 from AC system 1 to maintain the active power at the pre-fault setpoint value. 

Considering the voltage dip and settling time of voltage at PCC1, the protection strategy II 

outperforms the other two strategies. Also, protection strategy III has a better performance than 

the protection strategy I.  

The DCCBs used in protection strategy II, consist of four essential components: LCS, UFD, 

the main breaker, and the surge arrester. On the other hand, the hybrid switch, which is utilized in 

protection strategy III, consists of LCS, UFD, and the surge arrester. The hybrid switch does not 
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need a main breaker branch because it is not required to break the fault current. It only needs to 

disconnect the HB-MMC from the Graetz bridge. The absence of the main breaker reduces the 

cost and footprint of the hybrid switch as compared to that of the DCCB.  

The main breaker of the DCCB receives a trip signal at 𝑡 = 2.0032 𝑠 to break a current of 

2.3 kA while the LCS of the hybrid switch receives a trip signal at 𝑡 = 2.006 𝑠 to interrupt a 

current of 1.3 kA, as shown in Fig. 3.16. The higher the value of breaking current, the higher 

should be the rated voltage of the surge arrester to attain a faster decay of the fault current [28], 

[55]. Also, the energy dissipated in the surge arresters of DCCBs is higher than the surge arresters 

of the hybrid switch. 

 

Fig. 3.16: Current through the hybrid switch and the DCCB 

However, the higher voltage rating of the surge arrester leads to a higher switching 

overvoltage in a DCCB compared to a hybrid switch [43], as shown in Fig. 3.17. In this simulation, 

360 kV and 240 kV are the rated voltages for the surge arrester of DCCB and hybrid switch, 

respectively. As shown in Fig. 3.17, the DCCB is subjected to an overvoltage of 660 kV, whereas, 

the hybrid switch experiences an overvoltage of 440 kV. Hence, the switches in the main breaker 

of the DCCB should have a higher blocking voltage than the switches in the hybrid switch. It can 

be concluded that the hybrid switch has lower power losses and is more economical than the 

DCCB. 
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Fig. 3.17: Voltage across the hybrid switch and the DCCB during fault clearance 

3.3 HB-MMCs Operation as a STATCOM During DC Faults 

A STATCOM is capable of generating or absorbing reactive power to support the PCC voltage. 

The voltage at PCC is affected by a fault on the DC link. The investigations in section 3.1 reveal 

that a reduction in the PCC voltage due to a DC fault reduces the active power flow to the healthy 

converter. If the faulted converter can operate as a STATCOM to provide reactive power support 

to the grid, it can improve the operation of the healthy converter during the fault. 

In this section, the HB-MMC connected to the faulted DC line is operated as a STATCOM 

after being isolated from the fault. The impact of the faulted converter operation as a STATCOM 

on the PCC and the healthy converter is evaluated by analyzing the waveforms of voltage at PCC 

and power flow of the healthy converter under protection strategies II and III. Protection strategy 

I is not considered in this analysis because this strategy does not allow the faulted converter to 

operate as a STATCOM during fault clearance as the converter is disconnected from the AC 

system.  

3.3.1 Case Study 1: STATCOM Mode I Strategy 

In this study, the operation of converter 1 as a STATCOM is investigated when the protection 

strategy II is used for fault clearance. The sequence of the events is as follows: 
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• The fault is applied to the middle of the DC line 1-2 at 𝑡 = 2 𝑠. 

• The fault is detected at 𝑡 = 2.001 𝑠. Following a delay of 200 µs, trip signals are sent to 

DCCB 1 and DCCB 2, and blocking signals are sent to converters 1and 2. 

• Converters 1 and 2 are blocked at 𝑡 = 2.0012 𝑠. 

• The LCS is turned off, and the main breaker is turned on simultaneously at 𝑡 = 2.0012 𝑠. 

As a result, the DC fault current starts to commutate into the main breaker branch. 

• The UFD receives a trip signal at 𝑡 = 2.0012 𝑠 and fully opens at 𝑡 = 2.0032 𝑠. 

• Following the opening of the main breaker, the DC fault current flows into the surge 

arrester branch.  

• The RCB opens at 𝑡 = 2.005 𝑠 when the fault current reaches zero and converters 1 and 2 

become fully isolated from the fault. 

• After a delay of 400 µs, at 𝑡 = 2.0054 𝑠, a deblocking signal is sent to converter 1. At the 

same instant, the operation mode of converter 1 is changed from active/reactive power 

control mode to active power/AC voltage control mode. The set-point of active power is 

changed to zero and the converter controls the AC voltage. 

Since converter 1 is operated as a STATCOM after the fault clearance, the fault current under 

protection strategy II and STATCOM mode I is identical as shown in Fig. 3.18. 

 

Fig. 3.18: Fault current under protection strategy II and STATCOM mode I strategy  
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Under the STATCOM mode I strategy, converter 1 absorbs a reactive power of 240 Mvar 

from AC system 1, and PCC1 voltage is restored to its pre-fault value of 211.6 kV within 500 ms 

of the fault occurrence, as shown in Fig. 3.19. The PCC1 voltage reaches a minimum value of  

205.5 kV at 𝑡 = 2.003 𝑠.  The PCC1 voltage reaches a peak value of 225.80 kV at 𝑡 = 2.07 𝑠. 

Under protection strategy II, the PCC1 voltage is not restored to its pre-fault value, Fig. 3.19.  

 

Fig. 3.19: PCC1 voltage under protection strategy II and STATCOM mode I strategy 

Under the STATCOM mode I strategy, the active power of converter 3 reaches its set-point 

value of 600 MW within 300 ms of the fault occurrence, while it is restored to its pre-fault value 

within 550 ms of the fault occurrence under protection strategy II, Fig. 3.20.  

 

Fig. 3.20: Active power of converter 3 under protection strategy II and STATCOM mode I 

strategy 
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3.3.2 Case Study 2: STATCOM Mode II Strategy 

In this section, the operation of converter 1 as a STATCOM is investigated when protection 

strategy III is used for fault clearance. The sequence of operations is summarized as follows: 

• The fault is applied to the middle of the DC line 1-2 at 𝑡 = 2 𝑠. 

• The fault is detected at 𝑡 = 2.001 𝑠. 

• Converters 1and 2 are blocked at 𝑡 = 2.0012 𝑠. 

• Graetz bridges 1 and 2 are turned on as rectifiers with a firing angle of 5 degrees at 𝑡 =

2.0012 𝑠. 

• LCS 1 and 2 receive the trip signals and open at 𝑡 = 2.006 𝑠. 

• UFD 1 and 2 receive the trip signals and fully open at 𝑡 = 2.008 𝑠.  

• Firing angles for Graetz bridges 1 and 2 are changed to 140 degrees at 𝑡 = 2.0082 𝑠. 

The firing angles remain at 140 degrees until the fault is cleared. 

• At 𝑡 = 2.0082 𝑠, a deblocking signal is sent to converter 1 and the operation mode of 

converter 1 is changed from active/reactive power control to active power/AC voltage 

control. The set-point of power is also changed to zero. 

• The fault is cleared at 𝑡 = 2.0172 𝑠. 

• Graetz bridges 1and 2 are turned off at 𝑡 = 2.0172 𝑠. 

Under the STATCOM mode II strategy, converter 1 absorbs a reactive power of 240 Mvar 

from AC system 1 and PCC1 voltage is restored to its pre-fault value of 211.6 kV within 500 ms 

of the fault occurrence, Fig. 3.21. PCC1 voltage reaches a minimum value of 196.7 kV at 𝑡 =

2.009 𝑠. However, under protection strategy III, the PCC1 voltage reaches a minimum value of 

175.8 kV at 𝑡 = 2.017 𝑠 and never regains its pre-fault value. Under the STATCOM mode II 

strategy, the active power of healthy converter 3 reaches a peak value of 655.47 MW at 𝑡 = 2.02 𝑠 

and reaches its set-point value of 600 MW within 400 ms of the fault occurrence, Fig. 3.22. Under 

protection strategy III, the active power of converter 3 reaches its pre-fault value after 550 ms of 

the fault occurrence, Fig. 3.22. 
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Fig. 3.21: PCC1 voltage under protection strategy III and STATCOM mode II strategy 

 

Fig. 3.22: Active power of converter 3 under protection strategy III and STATCOM mode II 

strategy 

Under the STATCOM mode II strategy, due to the increase in the PCC1 voltage, the peak 

value of fault current is 28.38 % higher than that obtained under protection strategy III, Figs. 3.23 

and 3.24. Despite a higher fault current under the STATCOM mode II strategy, the duration of 

fault clearance under both strategies is almost the same due to the higher negative peak voltage 

produced by Graetz bridge 1 under the STATCOM mode II strategy. 
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Fig. 3.23: Fault current under STATCOM mode II strategy 

 

Fig. 3.24: Graetz bridge’s output current under protection strategy III and STATCOM mode II  

strategy 

3.3.3 Comparison of STATCOM Mode I and II Strategies 

The PCC1 voltage during fault clearance under STATCOM mode I and II strategies is shown in 

Fig. 3.25. The PCC1 voltage experiences larger oscillations under STATCOM mode I. Moreover, 

the peak value of the fault current and active power under the STATCOM mode II strategy is 

significantly larger than the peak value under the STATCOM mode I strategy, Figs. 3.26 and 3.27. 

Furthermore, the active power of healthy converter 3 approaches its set-point value faster under 

the STATCOM mode I strategy, Fig. 3.27. 
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Fig. 3.25: PCC1 voltage under STATCOM mode I and II strategies 

 

Fig. 3.26: Fault current under STATCOM mode I and II strategies 

Fig. 3.27: Active power of converter 3 under STATCOM modes I and II strategies 
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3.4 Summary 

In this chapter, the impact of faulted converter on the performance of healthy converter under three 

protection strategies based on ACCBs, DCCBs and augmented HB-MMCs was analyzed. The 

STATCOM operation of a converter connected to a faulted DC line under different protection 

strategies was also studied in this chapter. The impact of STATCOM operation of the faulted 

converter, under different protection strategies, on the electrically close healthy converter and PCC 

was also investigated. The findings of the chapter are summarized in Table 3.1. 

Table 3.1: Comparison of different protection strategies and STATCOM mode strategies 

 
Protection 
strategy I 

Protection 
strategy II 

Protection 
strategy 

III 

STATCOM 
mode I 

 
STATCOM 

mode II 

Maximum DC fault current 2.85 kA 2.56 kA 3.03 kA 2.56 kA 
 

3.89 kA 

Fault clearance time 93.3 ms 5 ms 17 ms 5 ms 
 

17.2 ms 

Minimum PCC voltage 145.6 kV 205.4 kV 175.8 kV 205.5 kV 
 

196.7 kV 

PCC voltage post-fault 
steady-state value 

Higher 

than the 

pre-fault 

value 

Higher 

than the 

pre-fault 

value 

Higher 

than the 

pre-fault 

value 

Equal to 

the pre-

fault value 

 
Equal to 

the pre-

fault value 

 Active power settling time 
(healthy converter) 

293 ms 63 ms 64.62 ms 95 ms 

 

46 ms 

Cost and footprint of the 
DCCB 

Not 

applicable 
High 

Not 

applicable 

Not 

applicable 

 
Not 

applicable 

Cost and footprint of the 
hybrid switch 

Not 

applicable 

Not 

applicable 
Low 

Not 

applicable 

 
Not 

applicable 

Selectivity No Yes Yes Yes 
 

Yes 

Converter operation as a 
STATCOM during fault 

clearance 

Not 

possible 
Possible Possible Possible 

 

Possible 
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Chapter 4 Conclusion 

4.1 Conclusions 

In modern power systems, HVDC transmission systems are being transformed from point-to-point 

configurations towards the more economical and reliable multiterminal configurations. In the 

multiterminal configuration, converters are located electrically close to each other and an AC grid 

can have more than one converter connected to it. Furthermore, the large integration of inverter-

based renewable sources may result in converters that are located electrically close to each other 

and consequently interact with each other. Thus, in systems with multiple converters in close 

proximity, a fault occurring on one DC link will affect the healthy converters connected to the 

same PCC. The type of protection strategy used on the faulted link will influence the PCC voltage 

and hence the healthy converters connected to that PCC. However, if the converter connected to 

the faulted DC link can be operated as a STATCOM to support  PCC voltage, then the impact of 

the DC fault on the electrically close healthy converters is reduced. However, not all converters 

can be operated as a STATCOM. In general, the protection strategy selected for the HVDC system 

will significantly affect the level of impact of a faulty converter on the healthy converters. 

A large number of protection strategies based on ACCBs, DCCBs, fault blocking converters, 

and augmented HB-MMCs with thyristors are proposed in the literature for the protection of 

HVDC systems. ACCBs are widely used to protect the point-to-point HVDC systems because they 

provide the most economical solution for DC fault protection. However, the fault clearance time 

of ACCBs is the largest among all other protection strategies. Moreover, the faulted converter 

cannot be operated as a STATCOM during the fault clearance process if ACCBs are used for fault 

isolation. This is because the converters are blocked during the fault to protect the IGBTs against 

excessive overcurrent owing to a relatively higher fault clearance time of the ACCBs. Protection 

strategies using DCCBs are the fastest to clear the fault, but at the same time, they are expensive. 

Furthermore, the faulted converter can be operated in STATCOM mode because the converter 

may stay unblocked during the fault clearance as the quick operation of the DCCBs may prevent 

the arm current from exceeding its threshold value. Furthermore, after fault isolation, the faulty 
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converter will be fully isolated from the DC system and can reliably operate as a STATCOM. 

Protection strategies using fault blocking converters interrupt the DC fault current without using 

ACCBs or DCCBs. Furthermore, fault blocking converters can operate as a STATCOM during 

the fault clearance as the converter can remain unblocked. However, these converters have higher 

conduction losses and higher costs than HB-MMCs. There are several converter topologies based 

on HBSMs proposed in the literature that can be used to interrupt the fault current without the need 

for the operation of ACCBs or DCCBs. These converters are comprised of HBSMs and are 

augmented with thyristors. Studies show that with augmented HB-MMCs, DC faults can be cleared 

without using ACCBs or DCCBs. These augmented HB-MMCs can be formed by adding a pair 

of antiparallel thyristors to each HBSM, combining and connecting pairs of antiparallel thyristors 

on the AC side of HB-MMCs, or connecting Graetz bridges in parallel to HB-MMCs. 

Nevertheless, the STATCOM operation of the faulted converter is only possible in HB-MMCs 

augmented with Graetz bridges as the other thyristor-based configurations require the converter to 

remain blocked throughout the fault clearance process.  

This thesis focuses on HVDC systems with HB-MMCs, which have lower conduction losses 

and less expensive SMs, and considers three different protection strategies based on ACCBs 

(protection strategy I), DCCBs (protection strategy II), and augmented HB-MMCs with Graetz 

bridges (protection strategy III). This thesis investigates and compares the impact of protection 

strategies I, II, and III on the PCC voltage and the healthy converter, which is in close proximity 

to a converter feeding the faulted DC link. The waveforms for fault current, PCC voltage, and 

active power of the healthy converter are examined and compared. The study reveals that 

protection strategy II is the most suitable strategy as compared to strategies I and III because it 

produces the least impact on PCC voltage and active power of the healthy converter, and provides 

the fastest fault clearance. Similarly, protection strategy III affects the PCC voltage and active 

power of the healthy converter to a lesser extent and clears the fault faster than protection strategy 

I. Unlike, protection strategy I, protection strategy III provides selectivity. Hence, protection 

strategy III has an improved performance than protection strategy I. Furthermore, surge arresters 

in DCCBs of protection strategy II  are required to dissipate higher energy amounts than the surge 

arresters in the hybrid switches of protection strategy III. 

 This thesis also evaluates the impact of the discussed protection strategies on the PCC 
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voltage and the active power of the healthy converter when a converter connected to the faulted 

DC link is operated as a STATCOM after being isolated from the faulted link. The STATCOM 

mode of the converter is analyzed and compared under protection strategies II and III and has been 

referred to as STATCOM mode I and II strategies, respectively. It has been found that protection 

strategy III enables the converter to switch to the STATCOM mode before the clearance of fault. 

However, faster restoration of the active power of a healthy converter to its pre-fault set-point 

value is achieved in STATCOM mode I. Moreover, in STATCOM mode I and II strategies, the 

pre-fault value of PCC voltage is attained at the same time. Without the STATCOM mode of 

operation, the PCC voltage does not reach its pre-fault value and the power flow through the 

healthy link takes a longer time to reach the pre-fault value. 

4.2 Thesis Contributions 

The contributions of this thesis are summarized as follows: 

1. The performance of three different protection strategies is evaluated by comparing the fault 

clearance time.  

2. The comparison of the impact of the three protection strategies on the PCC voltage and the 

active power of electrically close healthy converter is conducted. 

3. Analysis and comparison of the support provided to the healthy converter when the 

converter connected to the faulted DC link acts as a STATCOM are conducted by 

modifying protection strategies II and III. 

4.3    Future Work 

A list of future works is as follows: 

1. To evaluate the impact of faulty converters on the operation of healthy converters in MTDC 

systems. 

2. To modify protection strategy III by connecting two Graetz bridges in series to form a 12-

pulse bridge, which generates a higher output voltage than a single Graetz bridge. Then, 
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the fault response under modified protection strategy III and the impact on healthy 

converters in close proximity to a converter feeding a faulted DC link will be investigated. 

3. To compare the impact of the restoration of the faulted link, under all the three protection 

strategies, on the healthy converters in close proximity. 
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