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Abstract 

The MMC-based HVDC systems provide excellent performance. As geomagnetic disturbances 

(GMD) can be catastrophic events for the power system including MMCs, this research is 

dedicated to investigating the GMD impacts on the MMC systems. A practical system is selected 

to provide the most realistic and reliable results. An analytical model is provided to determine the 

share of the MMC in the harmonics resulting from transformer saturation. Also, a mitigating 

control block is designed and proposed to eliminate major harmonics in the grid current in the 

case of GMD. It improves the power quality in the grid, and it reduces the risk of blackout in the 

system. A control approach is proposed for the reactive power compensation during GMD. It 

supports grid voltage stability. Simulation results are provided to validate the effectiveness of the 

proposed methods, which improve the grid power quality and reduce the risk of voltage collapse.  
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Chapter 1 

1.Introduction 

1.1 Motivation 

Due to climate change, renewable energy resources (RESs), including solar and wind power, 

are gaining more and more attention. In 2020, the installed capacity for wind and solar energy 

surpassed hydropower. At the end of 2021, the total capacity for the RESs reached 3000 GW, 

mainly comprising solar and wind power, as depicted in Figure 1-1 [1-3].  

 
Figure 1-1. Renewable power capacity growth [3]. 

 The RES plants are generally in remote areas, requiring a long transmission of power. Figure 

1-2 shows the drastic growth of offshore wind power generation for different countries. In 

addition to conventional AC transmission lines, high-voltage direct-current  (HVDC) based on 

current source converters (CSC) have been used for decades, and now they have reached the 
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voltage level of hundreds of kV and range up to 2200 km [4]. It has been proved that DC 

transmission offers more advantages than AC systems in the case of long ranges, bulk power 

transmission or submarine cables [5].  

 
Figure 1-2. Estimated cumulative offshore wind capacity by country [6]. 

Some disadvantages of line-commutated converters (LCCs) based HVDC systems are low 

controllability, the need for large filters, and the consumption of reactive power [1].  The 

development of semiconductor switches, including IGBTs, made the voltage source converter 

(VSC) HVDC transmission possible. Among the VSCs, the modular multi-level converter 

(MMC) is dominating the applications as it offers higher efficiency and stability and a lower level 

of output harmonics, which eliminates the need for bulky filters [7]. Figure 1-3 depicts the history 

of HVDC systems. 

 
Figure 1-3. The technological evolution of the HVDC systems [5] 
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One of the risks to the MMC operation is the solar storm. In the case of a geomagnetic 

disturbance (GMD), the earth’s magnetosphere is disturbed, and the earth’s magnetic field 

changes, as depicted in Figure 1-4. The conditions of GMD can last for a few days [8]. Due to this 

time-varying magnetic field, a voltage is induced in the circuit, including the transmission lines. 

Consequently, through the transformer ground connection, a current due to the GMD can flow. As 

the geomagnetically induced current(GIC) flows into the circuit, the power system faces a number 

of problems [9]. The impacts of the GMD threaten the normal operation of several key elements 

in the power system. In extreme cases, the GIC can cause a blackout in the system, as it occurred 

in 1989 in the Hydro-Québec power system [10]. This research aims to investigate the impacts of 

the GMD on the MMC-based HVDC system. 

 
Figure 1-4. Solar wind of charged particles toward earth [11]. 

1.1.1 Power System Resilience 

The resiliency of the power system is gaining importance increasingly as the effect of extreme 

weather condition is becoming more apparent [12, 13] . These conditions could have a low 

possibility but the impacts of such events could be huge on the power system [14, 15]. Also due to 

climate change, the frequency of these condition could increase in the future [16]. The definition 
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and tools for assessment of resiliency have been subject to a number of research projects [17-19]. 

The effect of harsh weather conditions on the power systems is assessed through the impacts of 

such events on the reliability of the power system components using special models [16, 20, 21]. 

A thorough investigation of reliability assessment of components in case of harsh weather can be 

found in [22-30]. 

In terms of power system resilience, this research provides analysis of the effects the GMD, which 

is a weather condition, on the MMC-HVDC systems for the first time and it provides solutions to 

support power system performance and resiliency. Using the approaches provided in this research 

improves the grid voltage stability and power system robustness and improves power system 

resiliency.  

The remainder of this report is organized into the following sections: 

Chapter 2 is dedicated to the literature review. It provides the background on the effects of GMD 

on the power system. GIC’s effects on different components of the power system are elaborated 

on in this chapter. Then, it provides a review of the HVDC transmission systems.  This chapter 

explains why the MMC is selected for the study, and it emphasizes the lack of appropriate 

research in this area.   

Chapter 3 explores the details of the study system. Different elements of the MMC station in 

terms of power components and control systems are examined. Various layers of the control 

system are reviewed in this chapter. The upper control layer, that is the system-wide control loop 

that controls the main outputs of the converter, is explained, and also the lower control level, 

which does the modulation, balancing the SMs voltages and mitigation of the circulation current, 

is reviewed in detail to provide a comprehensive understanding of the study system.    
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Chapter 4  is dedicated to the GMD impacts on the MMC system. It states that the resulting 

harmonics from the saturation of the transformer are distributed between the grid and the MMC. 

The reactive power demand of the saturated transformer is also discussed. An analytical model is 

provided in this chapter to determine the share of the MMC in these harmonics. This model 

considers the internal interactions of the MMC, and it also takes into account the operating point 

of the converter. Also, a mitigating control block is designed and proposed to eliminate the 

2nd,4th,5th,7th and 8th harmonics in the grid current in the case of GMD. This MCB improves the 

power quality in the grid, and it reduces the risk of blackouts in the system. Finally, a control 

approach is proposed for the reactive power compensation during GMD. This control approach 

injects reactive power from the MMC and supports the grid voltage stability. 

Chapter 5 includes the simulation results of the study system under GIC. The simulation results 

are done in the time domain using EMTP software. In this chapter, different levels of GIC are 

applied to the MMC, and the results are discussed. Also, it is demonstrated that in the presence of 

GIC, the grid permissible THD for the current and the voltage waveforms are violated. The results 

from the analytical model and simulations are compared. Lastly, simulation results are provided to 

prove the efficiency of the proposed control solutions. It is illustrated in this chapter that as the 

proposed control solutions are activated, the harmonics in the grid current reduce, which is critical 

for normal operation of the power system components, and the MMC provides reactive power to 

the saturated transformer instead of the grid. The latter means voltage support for the grid and 

mitigation of voltage collapse risk. 

Chapter 6 is the final section of the thesis devoted to the summary and conclusion of the 

research. It also provides suggestions and guidelines for future work. 
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Chapter 2 

2.Geomagnetic Disturbance and MMCs 

2.1 Geomagnetically Induced Current 

GMD arises from sun activities. Solar coronal holes and coronal mass ejections (CMEs) are the 

two main classes of events that cause solar magnetic disturbances toward the Earth. CMEs mean 

the flow of large amounts of charged particles toward the earth, and if they travel directly to the 

earth, GICs are created, as depicted in Figure 2-1 [31].  

 
Figure 2-1. Flow of magnetic storm toward earth's atmosphere. 

The CME has its currents and magnetic fields, which can change the earth’s magnetic field. 

The charged particles' movement in the conductive part of the atmosphere boosts the currents in 

the electrojets, which are large currents flowing at a distance to the earth's surface. The result of 

electrojets is an induced quasi-DC voltage in electrical circuits. Consequently, if an electrical path 
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is provided, the GIC will flow in the power system. GICs are considered quasi-DC currents since 

their frequency is usually in the range of 0.1 mHz to 0.1 Hz. GMD events can last between 24 to 

48 hours. The GIC path is composed of the transmission line, neutral points of the transformer 

and the ground shown in Figures 2-2 and 2-3 [9]. GIC effects are not limited to the power system, 

and they can also interfere with the operation of conducting networks, including pipelines and 

communication cables [32]. 

 
Figure 2-2. GIC path in the power system. 

 
Figure 2-3. GIC flow in the neutral connections of the power transformers [33]. 

 During this period, the GIC level is usually low to moderate, but there are sporadic high peaks 

in the GIC level [9]. These peaks in the GIC levels impose threats and concerns on the power 

systems, Figure 2-4 shows the profile for a GMD and associated peaks. The factors that affect the 

GMD severity involve: 

• geomagnetic latitude 
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• local ground resistivity 

• power system configuration along with capabilities of the critical equipment 

The first reported GMD effects on power systems occurred in 1940 [32]. Corporates in cities in 

North America reported disturbances in the power grid. Major and minor effects of GMD on 

power systems were reported in 1958 and 1972, respectively [8]. On March 13-14, 1989, one of 

the most Catastrophic GMD events in the century occurred. Several transformers were saturated 

due to high levels of GIC in the Hydro-Québec power system [10].  

 
Figure 2-4. Estimated GIC in a large power transformer in a 48-h period [9]. 

As the resulting harmonic from transformers saturation flew into the power system, the static 

VAR compensators were tripped by protecting devices. Due to the outage of the VAR 

compensators that improve the grid stability, a drastic voltage dip occurred in the power system, 

which was the beginning of the collapse of the power system that happened shortly later [32]. 

This led to a power outage for 6 million people [34], and the damage was estimated to cost around 

$6 billion [35]. The following mitigation measures cost $1.2 billion for this network [35]. 

Damage to two phases of a transformer bank of a nuclear plant was reported in the USA [36]. 

Also, two high-voltage transformers were damaged in the UK due to this storm [37]. The post-
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event report from NERC counted more than 200 major anomalies all over the continent due to this 

one storm [38]. 

2.2 GIC Impacts on Power System 

The impacts of the GIC are studied as the GIC effects on the grid components and subsystems, 

including [39]: 

• Power Transformers 
• Protection Systems 
• CT Saturation 
• Static VAR Compensators 
• Generators 
• HVDC Transmission Systems 

2.2.1 GIC Impacts on Power Transformers 

The major effect of the GIC on the power system occurs through the transformer of the 

transmission lines. If the transformer neutral is connected to the ground, a path is provided for the 

GIC to flow, and it is distributed among the three phases [39-42]. 

 
Figure 2-5. Transformer saturation due to GIC. 
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 When this quasi-DC current flows in the winding of the transformer, the transformer flux is 

shifted, as depicted in Figure 2-5. This unidirectional shift in the flux of the transformer makes the 

flux saturated in the half cycle, leading to an asymmetric magnetizing current shown in Figure 2-

6. Table 2-1 illustrates the relation between the GIC and the magnetizing current peak and RMS. 

The half-cycle saturation of the flux is the root of the problems [9]. It leads to harmonics 

generation, transformer heating and a drastic increase in transformer magnetizing current and, 

ultimately, reactive power consumption [41, 43-48].  

 
Figure 2-6. Magnetizing current waveform of the transformer exposed to GIC. 

Table 2-1. Relation between the GIC level and the peak current in the magnetizing branch [8]. 

IDC/phase(A) Peak magnetizing 

current(A) 

RMS magnetizing 

current (A) 

20 390 88 

33 570 118 

47 745 157 

The physical configuration of the transformer affects the magnitude of the DC shift in the flux. 

The order of vulnerability of the different types of transformers is as follows, and it must be noted 

that the single-phase transformers are most vulnerable to the GIC [40, 49-51]. 
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• shell-form (conventional) core – most susceptible 

• three-phase, seven-leg 

• three-phase, five-leg 

• three-phase, three-leg – least susceptible 

Different types of transformer configurations are depicted in Figure 2-7 [39].  

Single Phase

Three-phase shell-form

Three-phase five-leg

Three-phase seven-leg

Three-phase three-leg

 
Figure 2-7. Different types of three-phase transformer structures. 

Figure 2-8 demonstrates the effect of DC current in the winding of transformers with different 

core types. One transformer is single phase, and the second one is the three-phase, 3-leg structure. 

It is clear that for a given DC current, the single-phase transformer is more vulnerable than the 
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three-phase transformer as the magnetic resistance of the single phase is drastically less compared 

to the magnetic resistance for the DC field of the three-phase transformer.  

 
Figure 2-8. RMS of magnetizing current of two transformers exposed to DC current [8]. 

 
Figure 2-9. Resulting harmonics of two transformers exposed to DC current [52]. 

Half-cycle saturation due to GIC also creates a spectrum of harmonics, including odd and even 

ones in the magnetizing current of the transformer [52-54]. Figure 2-9 and Table 2-2, display the 

produced harmonics in the case of GIC for a simulation study and measured harmonics in an 

actual GMD event. The increased magnetizing current of the transformer, due to half-cycle 

saturation, leads to a higher core loss in the transformer, which heats up the core and the other 
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metallic parts [39, 55, 56]. In [45], it is illustrated the temperature rise due to GIC-caused heat 

could violate the relevant standards. The temperature rises due to the GIC level on a studied 

transformer is depicted in Figure 2-10. 

Table 2-2. Measured harmonics in the Hydro-Québec blackout [57]. 

Harmonic 
Order 

Voltage 
Waveform 

Current 
Waveform 

1 100 % 100% 

2 5.1% 145% 

3 3.4% 39% 

4 0.5% 90% 

5 0.9% 28% 

6 0.4% 8% 

7 0.2% 3% 

 
Figure 2-10. Calculated temperature rise of a single phase 250 MVA transformer exposed variant GIC 

levels [33]. 

The last important effect of the GIC on the power transformer is the increase in reactive power 

demand. One major resulting harmonic due to GIC impact on the transformer core is the first 

harmonic. This effect on the transformer reactive power consumption due to GIC has been studied 

in several studies [43, 48, 58]. This current lags the transformer voltage by 90 degrees, and it is a 
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purely inductive load on the grid [44]. As the GIC level increases, higher reactive power is 

demanded by the transformer, as depicted in Figure 2-11. 

 
Figure 2-11. Reactive power demand of a 500kV transformer exposed to GIC [44]. 

2.2.2 GIC Impacts on Protection Systems 

The presence of GIC can interfere with the operation of protective relays [59, 60]. It can cause 

malfunctions in the relays, including neutral overcurrent and overvoltage relays, phase 

overcurrent, Buchholz relays, and differential relays [61, 62]. If the peak or the average of 

waveforms are used for calculation, the resulting harmonic from GIC can lower the accuracy [63, 

64]. In differential relays, due to the use of a harmonic blocking scheme, undesired blocking can 

happen during the internal faults in the transformer [59, 60]. The protections of the capacitor 

banks are also prone to the GIC. The resulting harmonics from half-cycle saturation tend to flow 

into the capacitor banks as they have lower impedance due to capacitive characteristics [61]. 

Consequently, the overvoltage and overcurrent relays might trip in this situation [64, 65]. 

Furthermore, the resulting harmonic can also cause the unbalance protection system to trip [66]. 
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2.2.3 GIC Impacts on Static VAR Compensators 

Static VAR compensators (SVCs) are used to control the key buses voltages actively by 

varying the bus impedance, which results in improving the stability of the grid. The presence of a 

large level of second harmonic can cause problems in the control unit of SVCs since it results in 

an asymmetry in the reactor current [39]. This problem is created as the GIC flows in the reactor 

and causes saturation, and in general, the control system is not able to eliminate the effect of the 

second harmonic [66]. As the capacitor banks prove a lower path for the harmonics, the GIC can 

expose the capacitor banks to the following [8]: 

• Overcurrent 
• Overvoltage 
• Unbalance operation 
• Resonance 

Figure 2-12 displays the overvoltage problem in a capacitor bank due to the GIC level. 

 
Figure 2-12. Capacitor bank over voltage depending on the GIC level [8]. 

2.2.4 GIC Impacts on Generators 

Since the generators are usually neighbouring the step-up transformer and due to the delta-wye 

connection of the windings of this transformer, the GIC does not flow in the generators.  



16 
 

Nevertheless, the generator is affected by the increased reactive power demand and also resulting 

harmonics from core half-cycle saturation, especially the negative sequence currents, including 

second and fifth harmonics [39]. The field current is increased in the generator to meet the higher 

demand for reactive power, which results in thermal stress, and it may bring the generator to the 

limits [61, 67]. The main effect is due to the negative sequence current to which the generators are 

valuable. The flow of these currents creates heat in the generator’s windings and vibration [9, 66, 

68-70]. The protecting equipment, including the negative sequence relay, might also malfunction 

during the GIC [71]. 

2.2.5 GIC Impacts on HVDC Transmission Systems 

In this section, before reviewing the literature on the GIC impacts on HVDC systems, a brief 

introduction to the history of HVDC systems and the configurations and technologies is provided 

hereafter.  

Due to specific features of HVDC systems, they are considered as superior solutions in long-

distance high-volume power transmission, interconnections of different grids and submarine cable 

projects [72]. In a basic classification, HVDC systems are divided into two main configurations: 

• Line-Commutated Converters (LCCs) 

• Voltage Source Converters (VSCs) 

2.2.5.1 LCC-HVDC Systems 

LCCs use thyristors as the control valve in the converters. After the thyristor is on by applying 

the trigger pulse, it cannot be turned off, and the current must cross zero to have the switch off. 

The firing angle of thyristors is the relative time it receives the trigger pulse, and it determines 
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when the thyristor turns on. The LCC-HVDC system was first started in the 1970s [73], and most 

of the HVDC systems in the world now are based on LCCs [74]. Figure 2-13 depicts the structure 

of a typical LCC-HVDC system.  

 
Figure 2-13. Typical LCC-HVDC system. 

Each LCC-HVDC system includes the following: 

A) HVDC Converters 

The primary configuration for the converter is composed of 6 thyristors and is called a 6-pulse 

bridge. This unit converts AC to DC and the reverse, and it uses a transformer to exchange power 

to the grid [75]. Each converter could act either as a rectifier or inverter. To form a 12-pulse 

converter, two 6-pulse bridges must be in series on the DC side, and they must connect in parallel 

to the AC side. Two bridges are connected to the grid using a wye/wye transformer and a 

wye/delta transformer that provide a 30-degree phase shift needed for the operation. This 

configuration is the most common structure in the LCC/HVDC systems, which is depicted in 

Figure 2-14 [75, 76]. To obtain a 24-pulse converter, four 6-pulse bridges must work in series on 

the DC side and in parallel on the AC side. There must be a 15-degree phase shift in the input 

voltage of the bridges that is provided through the transformers as depicted in Figure 2-15 [75].  
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Figure 2-14. 12-pulse LCC configuration. 

 
Figure 2-15. 24-pulse LCC system. 

B) Filters 

Each converter station is equipped with harmonic filters. Since the operation of the converter 

creates harmonics on both the DC and AC sides, the use of DC and AC filers is mandatory. Three 

main filters are used in the converter station: 

• AC filter that is composed of passive components to provide a low impedance path for 

harmonics. 

• DC filter, which is similar to the AC filter. 

VDC

Vabc

VDCVabc
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• High-frequency filter that is used to prevent the interference of the produced harmonics 

with the communications that use the power conductors.  

C) Reactive Power Compensator 

The conventional way of dealing with the high demand for reactive power at the stations of the 

HVDC is to use switched capacitors or devices that can dynamically compensate for the reactive 

power, including SVCs, STATCOM and the neighbouring generator excitation control [73]. 

D) Smoothing Reactor 

To smooth the current and decrease the ripple on the DC side, this reactor is used. It also acts 

as a buffer between the DC side and the converter. This inductor prevents discontinuous current 

on the DC side in case of low power transfer, and it reduces the stress on the converter due to 

lightning on the DC lines [75].  

There are two main configurations for an LCC-HVDC system: monopolar and bipolar systems, 

as depicted in Figures 2-16 and 2-17. Monopolar links are mostly used in the long-distance 

transmission of power or extended submarine cable runs since they offer the lowest cost [5]. The 

bipolar configuration is composed of two monopolar systems, which is used to reach higher 

power capacity of higher system security [77, 78]. 

 
Figure 2-16. Monopolar LCC-HVDC 
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Figure 2-17. Bipolar LCC-HVDC 

2.2.5.2 VSC-HVDC Systems 

The first implementation of the VSC-HVDC system was done in Sweden in 1999. The 

operating voltage of the system was ±80 kV, and the power rating was 50 MW, and it was based 

on the two-level converters based on IGBTs [79]. The VSC-HVDC has been gaining momentum 

in a way that now the voltage rating of the station has reached ±800 kV and power rating up to 

5000 MW [80, 81]. VSC-HVDC has the following major merits compared to the LCC-based 

solutions [82]: 

• There is no need for reactive power compensators. Furthermore, it can support grid 

stability by providing reactive power compensation. 

• The reactive and active power are controlled independently. 

• Unlike the LCC-based systems, it can connect passive networks and the start-up problem 

is solved. 

• Generally, the VSC-based systems produce less harmonics, which need less filtering. 
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Due to these merits, most of the undergoing HVDC projects are based on VSCs [83]. There are 

three main classes for the VSCs in HVDC systems: 

• Two-level VSC 

• Three-level VSC 

• Modular multi-level converters (MMCs) 

2.2.5.2.1 Two-level VSC 

The two-level converter is the most common type of VSCs. This configuration includes 6 

IGBTs or MOSFETs that come with the antiparallel diodes as in Figure 2-18. This converter 

produces two voltage levels at the output with reference to the neutral point. Using the PWM 

 
 

Figure 2-18. Two-level VSC configuration. 

techniques, the arbitrary output voltage is created, as shown in Figure 2-19. To achieve higher 

voltage ratings, the switches can be connected in series. Several HVDC systems based on this 

topology were built in the 1990s by ABB with a switching frequency in the range of 1950 Hz [82, 

84]. The reference signals are compared with the carrier signals, and the gate pulses are produced 

for the switches. If the reference signal is greater than the carrier signal, the switch is on; 

otherwise, it is off [85]. Consequently, the output voltage includes a high level of harmonics that 

needs filtering. To remove the harmonic, an LCL filter is used. If the switching frequency is 

increased, the center frequency for the output harmonics also increases, which makes the filtering 
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easier, but it means higher power loss on the semiconductors. Typically, the switching frequency 

for this converter is between 1kHz to 2 kHz [86, 87]. 

 
Figure 2-19. PWM technique to generate sinusoidal voltage in the VSCs. 

 

2.2.5.2.2 Three-level VSC 

Three-level neutral-point-clamped (NPC) is depicted in Figure  2-20. This configuration was 

first presented in the 1980s [88, 89]. Since then, it has been widely used in medium power range 

applications [90, 91]. This topology provides three voltage levels at the output, including 0 level; 

this means higher quality for the output voltage and less harmonic emission compared to two-

level VSC [88]. ABB developed a three-level VCS-based HVDC system that used a harmonic 

elimination control technique with a switching frequency of 1260 Hz [92]. 

 
Figure 2-20. Three-level VSC structure. 
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A setback of this topology is the unbalanced distribution of power loss among the switches 

[93, 94]. To solve this problem, the three-level active NPC is introduced that replaces the diodes 

with switches [82, 95].  This topology has been used in several projects with a voltage rating of 

±150 kV and power in the range of hundreds of megawatts [96, 97]. 

2.2.5.2.3 Modular multi-level converter 

Modular multi-level converter (MMC) was first introduced in 2003 [98]. The first HVDC 

system based on this topology was put into service in 2010 in the USA [99]. This project operates 

with ±200 kV on the DC side and 115 kV and 230 kV on the AC sides, and it is capable of 

transferring power up to 400 MW [100]. The structure of the MMC can be seen in Figure 2-21. 

There are three legs in the MMC, and each leg is composed of an upper and a lower arm. There 

are several sub-modules (SMs) in each arm of the MMC. Depending on the gate signal of an SM, 

it puts a voltage level at its terminals.  

 
Figure 2-21. MMC configuration. 
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The efficiency of this converter is relatively high as it creates the least power loss and due to 

low-speed switching. Also, the need for an output filter for the harmonics is eliminated [101, 

102]. Furthermore, there is no concern for uneven voltage distribution among the switches as they 

only withstand the SMs voltage. Furthermore, the production of the gate signals is less complex 

[103]. Each SM can be implanted using a half-bridge(HB) or full-bridge(FB) topology, but a half-

bridge topology is preferred as it reduces the cost and power loss [104]. The structure of the HB is 

depicted in Figure 2-22.  

 
Figure 2-22. Half-bridge converter inside the SM. 

If the gate signal is one, the S1 is on, and the S2 is off, which means that the output voltage is 

equal to Vc, but if the gate signal is zero, the S1 is off, and S2 is on, and the output voltage of the 

SM is equal to zero. When the voltages of the SMs accumulate together, the arm voltage is 

produced, as in Figure 2-23. 

 
Figure 2-23. The output voltage of the MMC arm with respect to the reference voltage. 
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The MMC topology has the following merits over the other VSCs: 

• This topology is readily expandable for different applications by adjusting the number of 

SMs [105]. 

• The emission of harmonics at the output is negligible, and the output waveforms are close 

to sinusoidal [99, 106-108].  

• The switching frequency of the semiconductor is drastically reduced, which lowers the 

power loss [109-115]. 

• As the MMC capacitors are distributed among the SMs, and there is no bulk capacitor, 

they will not discharge during the DC faults [116]. This helps reduce the requirements for 

the DC breakers [116, 117]. 

For the VSC-based HVDC system, the following classification also is valid: 

- Symmetrical monopole  

- Asymmetrical monopole 

- Bipolar system 

2.2.5.2.4 Symmetrical monopole VSC 

The configuration of the symmetrical monopole VSC is depicted in Figure 2-24. In this system, 

both conductors operate at equal voltage magnitudes but with different polarities. This 

configuration can be grounded on the DC side or AC side using the grounding reactors to provide 

a reference point for the converter [118, 119]. In this configuration, with the high impedance 

grounding, in case of a DC pole to ground fault, the remaining pole will experience double its 

rated voltage [120, 121]. 
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Figure 2-24. VSC-based symmetrical monopole HVDC system [85]. 

2.2.5.2.5 Asymmetrical monopole VSC 

In an asymmetrical monopole configuration, one conductor operates at the nominal voltage of 

the converter while the other one is grounded, as depicted in Figure 2-25 [85]. Consequently, only 

one conductor needs insulation. It imposes DC voltage over the power transformer, which makes 

it more expensive, and also, in the DC faults, the fault current is greatly higher due to low 

impedance connection to the ground. Consequently, the application of this configuration is limited 

in the HVDC systems [119]. 

 
Figure 2-25. Asymmetrical monopole VSC-HVDC system. 

 

2.2.5.2.6 Bipolar HVDC system 

The bipolar configuration is a combination of two identical asymmetrical monopole systems. 

This configuration is shown in Figure 2-26 [85]. This system increases the reliability as in case of 
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failure in one unit; the system is able to continue the operation with half of the rated capacity 

[122].  

 
Figure 2-26. Bipolar HVDC system based on VSC technology [85]. 

2.2.6 GIC Impacts on HVDC Systems 

The impact of GIC on the LCC system is studied in [123], and an impedance model is 

presented for both the DC and AC sides. A model for harmonics arising from GIC and the firing 

angle of LCC is provided in [124]. Several blocking schemes are also introduced to prevent the 

flow of GIC in the transformer of the HVDC system [125, 126]. The two-level VCS system in a 

wind farm is studied in [127], and it is illustrated that the voltage and current distortion is beyond 

the permissible limits. Furthermore, a passive filter is designed to reduce the distortion at the 

terminals [127].  In [128], an average model is used, and the PLL configuration is improved to 

reduce the distortion of the transformer current in an MMC-based HVDC system.  

As the applications of the MMC based HVDC systems are growing, especially due to the 

expanding growth of renewable energies penetration in the grid and considering the lack of 

extensive studies on GIC impacts on these systems, this research aims to perform a 
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comprehensive study on the topic to model the exact impacts of the GIC on the MMC operation 

and determine critical situations. Furthermore, this study aims to provide solutions and 

approaches to mitigate the severe consequences of the GIC in the grid and improve grid stability 

using the capabilities of the MMC.  
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Chapter 3 

3.Study System 

3.1 Overall System 

This chapter provides an introduction to the study system. As stated in the previous section, 

due to the significant advantages of the MMC, the study system is based on this topology. The 

overall structure of the system is depicted in Figure 3-1 [129]. This system is based on a practical 

system that connects the France network to Spain [130, 131]. It has two 401-level MMCs. The 

MMCs are composed of identical SMs that are half-bridge converters. The structure of each 

MMC is shown in Figure 3-2. The SMs are based on IGBTs. As can be seen, the SMs are in series 

configuration, and there is an inductor in each arm. The purpose of the inductor is to reduce the 

fault current and also limit the circulating current in the legs [132]. The MMC transfers power to 

the grid using a step-up transformer that has a delta/wye configuration. The output of the 

Figure 3-1. The overall structure of the study system. 
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transformer is connected to the grid using a double-line transmission line in MMC1. At MMC2, 

the transformer connects to the grid directly. 

 
Figure 3-2. MMC converter station. 

The grounding device is used to provide a reference point for the MMC [119]. The pre-

insertion resistors are used during the start-up for a short time, and they are bypassed during 

normal operation. These resistors limit the inrush current created by the different capacitors in the 

converter [119]. Based on the status of the gate signal, each SMs provides a voltage at its 

terminals that is described in Figure 3-3 and Table 3-1 [119].  

 
Figure 3-3. The different states of the switches in the SM. 
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Table 3-1. The output voltage of the SM due to insertion command and the current polarity. 

SM State S1 S2 
Output voltage of the 

SM 

ISM>0 ISM<0 

Inserted ON OFF VC VC 

Bypass OFF ON 0 0 

Blocked OFF OFF VC 0 

 
The signal commands for the SMs are issued to provide a staircase output voltage. The output 

voltage of all the SMs added together provides 401 levels at the arm terminal. Due to the high 

number of SMs, there is no need to filter the output voltage, and the harmonic emission of MMC 

is acceptable, as demonstrated in Figure 3-4. 

 
Figure 3-4. Effect of the number of SMs on the output voltage waveform in the MMC. 

3.2 Control System 

The control system of the MMC is depicted in Figure 3-5. The local control system of the 

MMC is divided into two main functional levels: the upper level and the lower level. The upper-  
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level control receives commands from the superior controller, and it provides the reference signals 

for the lower controller. This level of control is independent of the VSC topology, and it is 

common among the configurations [133]. 

 
Figure 3-5. The overall control system of the MMC. 

3.2.1 Upper-Level Control Layer 

The upper-level controller receives the setpoints of P and Q, DC link voltage, and AC voltage 

(based on the rule) and provides the three-phase voltage references for the downstream controller. 

In the HVDC system, an MMC is responsible for regulating the active power, while the other is 

responsible for the DC link voltage control. The controller is implemented in a d-q frame rotating 

at synchronous speed. To acquire the equation for the control system, based on Figure 3-2, it can 

be written that: 

 
 

VGabc=VCabc+L 
diabc

dt
+R iabc  

 

3-1 
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Where L=LTr + LArm×0.5 in which the LTr and LArm are the transformer and arm inductances, 

respectively, R is the resistance of the system, VG abc is the grid voltage at the point of connection 

to the MMC and VC abc is the converter output voltage. Applying the Park's transformation in (3-4) 

to (3-1) results in: 

 
VGd=VCd+R id+L 

did
dt

-L ωiq 3-2 

 
VGq=VCq+R iq+L 

diq
dt

+L ωid 3-3 
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where the θ=ωt+θ0  and ω is the base a, thus base speed, thus, (3-2) and (3-3) can be rewritten: 

 
VCd=VGd- R id -L 

did
dt

+L ωiq 3-5 

 
VCq=VGq- R iq-L 

diq
dt

- L ωid 3-6 

Therefore, by substituting the PI controllers' outputs, there will be: 

 VCd=VGd-G(s)PI+L ωiq 3-7 

 VCq=VGq-G(s)PI- L ωid 3-8 

In which the G(s)PI is the PI controller that regulates the d-q currents as follows [134]: 

 
G(s)PI=(

ki

s
+kp) ×(id-q Ref

- id-q) 3-9 
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Where Ki and Kp are the controller's coefficients. The reference values for these controllers are 

set by the outer loop that regulates the active and reactive power, as shown in the following 

equations, assuming that the grid voltage is aligned on the d-axis and the voltage component on 

the q-axis is zero. 

 P=id × VGd  3-10 

 Q=- iq × VGd 3-11 

To acquire the references for the inner loops, the following equations must be used: 

 
id Ref=

1
VGd

 (
ki2
s

) ×(PRef - P) 
3-12 

 
iq Ref

=-
1

VGd

 (
ki2
s

) ×(QRef - Q) 
3-13 

DC-link voltage is controlled through the active power loop: 

 
C 

dVDC

dt
=id- IDC  

3-14 

 
id Ref=(kp2

+
ki3
s

) ×(VDC Ref - VDC) 
3-15 

As demonstrated, the upper-level controller interprets the reference P, Q and DC-link voltage 

to three-phase voltages that the MMC must follow. Figure 3-6 depicts this control layer.  When 

the reference currents in the d-q frame are determined, a limiter is used to ensure that the 

converter rating is not exceeded [135]. The current limiter scheme can be seen in Figure 3-7 

[133]. 
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Figure 3-6. Upper-level control layer of the MMC. 

 
Figure 3-7. Current limiter of the internal control loop. 

In this research, the voltages of the system and also the flux shifts by the GIC are considered to 

be symmetrical in the three phases. Hence, the control system is designed to operate in a balanced 

condition. However, if the voltages in the system are unbalanced due to factors such as 

asymmetry in power line transmission, operating in the weak grid, or using three phase 

transformers instead of three identical single-phase transformer, different types of controllers and 

control strategies must be used. Such controllers and control strategies can be found in [136-141]. 

3.2.2 Lower  Level Control Layer 

The lower-level control creates the demanded three-phase voltages at the output. In the VSC 

configuration, it is usually composed of the modulation unit, but in MMC, this layer has the 

following major units: 

• Modulation Unit 
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• Capacitor Voltage Balancing Unit 

• Circulating Current Controller 

3.2.2.1 Modulation Unit 
It has been shown that staircase modulation is more efficient for MMCs with the high number 

of SMs [142, 143]. The modulation is done using the nearest level control (NLC) technique. In 

the NLC, the amplitude of the required voltage is divided by the voltage of the SMs, assuming 

that all the SMs have the same voltage, and the number of the needed SMs is determined, which 

can be seen in Figure 3-8 [133]. 

 
Figure 3-8. Modulation unit in the MMC controller. 

3.2.2.2 Capacitor Voltage Balancing Unit 

This unit is responsible for stabilizing the capacitor voltage in the SMs. The lack of this 

controller will result in different voltages in the SMs, which degrades the MMC functionality 

[133].  This process is done using the capacitor balancing algorithm (CBA) [98]. The CBA 

receives the number of SMs that need to be inserted in each arm. The voltages of the SMs are 

measured in small time intervals, and they are sorted based on the voltage level. Then, according 

to the capacitor voltage level in the SM and the direction of the current in the arm, the required 
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number of SMs are inserted. The adjustment of the SMs capacitor based on the command and the 

current direction is depicted in Figure 3-9. The CBA logic is simplified in the Table 3-2 [133]. 

Table 3-2. CBA logic in the lower control layer. 

Command IArm is negative IArm is positive 

Insert SMs Insert SMs with higher voltage Insert SMs with the lower voltage 

Bypass SMs Bypass SMs with lower voltage Bypass SMs with higher voltage 

 
Figure 3-9. Capacitor voltage change in the SM due to current and gate signal.  

3.2.2.3 Circulating Current Controller 
To eliminate the circulating current in among the MMC legs, a controller is implemented in a 

d-q frame rotating at 2ω [101, 144]. The cause of the circulating current is the voltage differences 

in each leg, and they produce negative sequence currents, which leads to an increase in the power 

loss in the MMC [145-147]. The configuration of the circulating current controller is depicted in 

Figure 3-10 [101]. 
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Figure 3-10. The circulating current suppressing controller in the MMC. 

From Figure 3-10, it can be noted that this suppressing controller only senses the current that is 

common in both arms. The directions of currents in the arms are depicted in Figure 3-11. 

Equations 3-16 and 3-17 demonstrate the relationship between the circulating current, phase 

current and the currents in the arms. 

 
Figure 3-11. Current measurement in the MMC arms. 

SM1

SM2

SMn

SM1

SM2

SMn

Xarm

Rarm

Xarm

Rarm

VaIPhase

Idc

Upper 
arm

Lower 
arm

+VDC

- VDC

I Upper Arm

I Lower Arm



39 
 

 IPhase=IUpper Arm- ILower Arm 3-16 

 
ICirculating=

IUpper Arm+ ILower Arm

2
 3-17 

3.3 Transformer Magnetic Characteristics 

The last section of this chapter is about transformer modeling and its B-H characteristics. The 

power transformer in this converter is composed of three identical single-phase units. The single-

phase transformer is most vulnerable to the GIC, and it experiences the highest flux shift due to a 

DC current in comparison to the others. The transformer model is depicted in Figure 3-12. The 

ZPri and ZSec are the equivalent impedances for the primary and secondary sides, respectively. The 

ratio of the primary impedance to the secondary impedance is 9. The RFe represents the core 

losses, and it is 7.4 MΩ. The magnetizing branch is modelled using a non-linear Inductor that has 

its specific magnetic curve. 

 
Figure 3-12. The transformer equivalent circuit. 

This curve is depicted in Figure 3-13. In normal operating conditions, with the rated voltage 

applied to the transformer, the magnitude of the flux is around 1030 Wb, which corresponds to 

6.99 A of magnetizing current, which is shown in Figure 3-14. 
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Figure 3-13. Magnetizing curve of the converter unit transformer. 

 
Figure 3-14. Transformer flux and magnetizing current in normal operation. 

To summarize this chapter, Table 3-3 provides the study system characteristics in brief: 

Table 3-3. Study system characteristics. 

HVDC Type MMC-based symmetrical monopolar system 

Rated power 1000 MVA 

Grid side AC voltage 400 kV 

Grid SCC 10000 MVA 

MMC side AC voltage 320 kV 

Grounding resistor 7.7 kΩ 
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Grounding inductance 6500 H 

Frequency 50 Hz 

DC-link voltage ±320 kV 

Transformer reactance 0.18 pu 

Transformer resistance 0.001 pu 

MMC arm inductance 0.15 pu 

Number of SMs per arm 400 half-bridge modules 

SMs capacitor 13.0208 mF 

Active power controller KI 30 

Reactive power controller KI 30 

Settling Time of outer control 

loop 
100 mS 

Inner loop current controller KI 149.08 

Inner loop current controller KP 0.487 

Settling Time of inner control 

loop 
10 mS 

Inner loop current controller 
decoupling coefficient 

0.255 

Low pass filter cutoff frequency 

(Second order) 
2000 Hz 

Low pass filter cutoff frequency 

(First order) 
11 Hz 
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Chapter 4 

4.MMC Model and GIC Effects  

 

 
Figure 4-1. Magnetizing current of the saturated transformer due to GIC. 

As stated in Chapter 2, when the GIC flows in the transformer neutral, it causes half-cycle 

saturation, which leads to the generation of harmonics in the magnetizing current. Figure 4-1 

shows the magnetic current due to half-cycle saturation, and Figure 4-2 depicts the resulting 

harmonics in the magnetizing current of the transformer due to 200 A of GIC in the study system. 

This spectrum starts from the fundamental frequency that lags the fundamental voltage by 90 

degrees and includes both even and odd ones. These current harmonics are distributed between 

the grid and the MMC and distort the voltage and current waveforms. Consequently, a model is 

needed to investigate the contribution of the MMC and the grid in these harmonics. 

4.1 Current Harmonics Distribution 
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As depicted in Figure 4-2, the resulting harmonic spectrum from GIC starts from the 

fundamental frequency. This current lags the transformer voltage, and it is an inductive current. 

Therefore, the fundamental current is associated with the reactive power and creates a reactive 

load in the power system. The control strategy of the MMC determines how the MMC provides 

its share of the fundamental current harmonic. Since the MMC typically operates based on a 

constant P-Q or unity power factor, its reactive current component is constant.  Therefore, when 

 
Figure 4-2. Resulting harmonics from 200 A of GIC. 

GMD occurs, and the reactive power demand of the converter transformer increases; the grid 

provides all the demanded reactive power, which means that the total magnitude of the resulting 

fundamental current harmonic will flow into the grid. To investigate the flow of higher order 

harmonic, the MMC Thevenin’s equivalent must be acquired, which is elaborated on as follows. 

4.1.1 MMC Thevenin’s Equivalent 

The system equivalent is depicted in Figure 4-3. The MMC is modeled using a voltage source 

and an impedance for each harmonic. The equivalent voltage depends on modulation and the 

number of  MMC levels mostly [148]. Since this system has 400 SMs in each arm, the generated 

harmonics from MMC are negligible, which means that the Thevenin’s voltage can be neglected. 
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Therefore, only an impedance model is required to determine the harmonic currents in the sides of 

the transformer. 

 

Figure 4-3. Equivalent circuit of the system for harmonic analysis. 

4.1.1.1 MMC Impedance Model 

The overall control system of the MMC is depicted in Figure 4-4 [129]. The impedance model 

for MMC has been subject to several studies [149-153]. Since the focus is on frequencies higher 

than 100Hz, the outer control loops can be neglected as they have a limited effect on those 

frequencies [154]. As only the AC side impedance is important here, the internal variables, 

including the circulating current controller and capacitors balancing, could also be neglected 

[148]. 

 
Figure 4-4. MMC control system. 
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Also, according to [155], the PLL is effective mainly in low frequencies, and it can be 

disregarded here. Consequently, it can be simplified to the system depicted in Figure 4-5. 

 
Figure 4-5. Simplified transfer function of the MMC system. 

 Thus, the following equations can be obtained: 

 VGabc=VCabc+L
diabc

dt
+Riabc 4-1 

By applying the Park’s transformation, there will be: 

 
VGd=VCd+Rid+L

did
dt

-L ωiq 4-2 

 
VGq=VCq+Riq+L

diq
dt

+L ωid 4-3 

By neglecting the couplings at ±(fn+2f1) and ±(fp-2f1), the impedance for the positive and 

negative sequences will be [154]: 

 
Zp(s)=

Fconv (s) �FCC �s-j2πf1� - j Kd� FCF (s)+sL+R
1-Fconv (s) FFF (s)FVF (s)

 4-4 
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Zn (s) =

Fconv (s) �FCC �s+j2πf1�+ j Kd� FCF (s)+sL+R
1-Fconv (s) FFF (s)FVF (s)

 4-5 

where Zp (s) and Zn (s) are the positive and negative sequence impedance of the converter station, 

respectively, Kd is the decoupling term in the current controller, FCC(s) is the PI controller for the 

current loop, FCF(s) is the low-pass filter for the input voltage and FVF(s) and FFF(s) low pass 

filters that filter out high frequencies in the voltage signal.  FConv(s) is the equivalent transfer 

function for the MMC, which can be considered the total delay from the controller and 

modulation [148, 156]. 

 
FCC(s)=kp

i+
ki

i

s
 4-6 

 
FCF(s)=

ωi
2

s2+ζωi+ωi
2 4-7 

 
𝐹𝐹VF(s)=

ωv
2

s2+ζωv+ωv
2 4-8 

 𝐹𝐹FF (s)=
αF

αF+s
 4-9 

 Fconv (s)=e-s Tδ   4-10 

Which is estimated using the Taylor series into the following function:  

 
Fconv (s)=

1
 Tδ s+1 

 4-11 

To increase the accuracy of the model without complicating the impedance equation, a step 

forward can be taken. The internal interactions of the converter itself without the control loop to 

the harmonic is as [157]: 
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and for the odd harmonics flowing into the MMC, there is: 
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where : 

 
an=

m�2

4(n-1)ω
 sin (nωt+φn-2) 4-14 

 
bn=

2(n2-1)+n2m�2

2nω(n2-1)
 sin (nωt+φn) 4-15 

 
cn=

m�2

4ω(n+1)
 sin (nωt+φn+2) 4-16 

Only b1 is different and given by: 

 
b1=(

8+m�2

8ω
) î1 cos (ωt+φ1) 4-17 

and: 
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k=

3m�  îa1

4ω
 sin (2ωt+φa1)-

m�2idc

2ω
 sin (2ωt) 4-18 

in which n is the harmonic order, m� is the modulation index, C is the submodule capacitance, ω is 

the base angular speed, N is the number of submodules in the arm, idc is the DC current in the 

MMC leg, îa1 is the half of the peak value of the fundamental frequency and φa1 is the regarding 

phase angle, î1 is the half of the peak value of the fundamental frequency and φ1 represents the 

phase angle. In order to increase the accuracy of the impedance model, the diagonal terms are 

added to the impedance of the arm and the off-diagonal terms are neglected. Consequently, the 

relation between the current and the voltage in the MMC leg is: 

 

⎣
⎢
⎢
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⎢
⎢
⎡ Z2
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Z3
Int

Z4
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  Zn
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 4-19 

 
Zn

Int=-j 
N(n2-1)+n2m�2

2nω(n2-1)C
 4-20 

where the Zn
Int is the result of the internal controls of the MMC. This derived impedance can be 

added to (4-4) and (4-5) to account for internal interactions of the MMC. This impedance is 

capacitive, which reduces the overall MMC impedance, especially in low frequencies.  

Consequently, Eq. (4-4) and (4-5) can be rewritten: 

 
Zp(n)=

Fconv(n) [FCC(n-1) - j Kd] FCF(n)+(njω)L+Zn
Int+R

1-Fconv (n) FFF (n) FVF (n)
 4-21 
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Zn(n)=

Fconv(n) [FCC(n-1)+ j Kd] FCF(n)+(njω)L+Zn
Int+R

1-Fconv (n) FFF (n) FVF (n)
 4-22 

 
(a) 

 
(b) 

Figure 4-6. The positive and negative sequence impedances: (a) magnitude, (b) phase. 

Figure 4-6 shows the positive and negative sequence impedances for different frequencies. 

Using the derived MMC impedance, the harmonic distribution, in the case of GMD, between the 

MMC and grid can be formulated as follows: 

 
Immc
n =

Zgrid
n

Zmmc
n +Zgrid

n  I transformer
n  4-23 

Where I transformer
n  is the resulting nth order current harmonic from transformer half-cycle 

saturation, Immc
n  is the nth order current flowing to the MMC, Zgrid

n  and Zmmc
n  are the grid and MMC 
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impedance at the regarding g harmonic order. As these harmonics flow into the grid, they distort 

the voltage and current waveforms. This could very well lead to a violation of permissible THD 

values set by the standards. Waveform distortion is not the only effect of the current harmonics 

flow in the grid; as discussed in the literature, they can cause problems for the generators, SVCs, 

and protection systems as well. The next section is dedicated to mitigating the severe 

consequences of the GIC on the grid. 

4.2 Mitigating The GIC Effects on The Grid 

Two main effects of the GIC on the grid are the flow of current harmonics and the higher 

demand for reactive power. As the MMC control system provides a wide range of 

maneuverability, these results can be dealt with. Here, two means of reducing the GIC 

consequences on the grid are presented. First, eliminating the major harmonics in the grid current 

is presented, and then a control approach is provided to inject reactive power into the half-cycle 

saturated transformer from the MMC instead of the grid. 

4.2.1 Eliminating the Major Current Harmonics  

The spectrum of the harmonics that flow into the grid due to transformer half-cycle saturation 

starts from the main frequency, and the major harmonics are 2nd to 9th ones. The negative 

sequence currents cause rotor heating, mal-operation of protective relays, and loss of generation in 

the generators [123]. Also, the presence of these harmonics could lead to tripping of the protection 

devices of capacitor banks as they have a low impedance path. As the GIC happens, demand for 

reactive power increases and outage of the capacitor banks could be the start of voltage collapse 

in the grid. To reduce the grid current distortion and negative sequence, a mitigating control block 

(MCB) is proposed.  This MCB injects the demanded major current harmonics into the power 
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transformer in the case of GIC, which also reduces the gird distortion. Although this controller is 

only demonstrated for the second harmonic here, the same procedure is done for harmonics, 

including the 4th, 5th, 7th and 8th ones. This controller mitigates dominant negative sequence 

currents, which are especially problematic for the normal operation of the power system 

components. It must be noted that the internal current controller of the MMC discussed in (3.2.23) 

that eliminates the circulating current between the legs does not see this harmonic as it only 

affects the common current in the upper and lower arms. It must be noted that due to transformer 

winding, the 3rd, 6th, and other zero sequence current harmonics cannot be eliminated in grid 

current. To start, the (4-1) is rewritten for the second harmonic and the following park’s 

transformation is used.  

 

Tdq0=
2
3

⎣
⎢
⎢
⎢
⎢
⎡ cosθ2 cos (θ2-

2π
3

) cos (θ2+
2π
3

)

- sin θ2 - sin (θ2-
2π
3

) - sin (θ2+
2π
3

)

1
2

1
2

1
2 ⎦

⎥
⎥
⎥
⎥
⎤

 4-24 

This transformation is rotating at -2ω since the goal is to extract the voltage and current signals 

that are in the form of a negative sequence. This results in the following equations: 

 
VG d

     2h
=VC d

     2h
+L

d IG d
     2h

dt
+R IG d

     2h
-2ωLIG q

     2h
 

4-25 

 
VG q

     2h
=VC q

     2h
+L

d IG q
     2h

dt
+R IG q

     2h
+2ωLIG d

     2h
 

4-26 

Where VG d
     2h

, VG q
     2h

 VG d
     2h

, VG q
     2h

 and are the grid and converter d-q voltages of the second 

harmonic respectively, IG d
     2h

 and IG q
     2h

 are also grid d-q currents with double of the base frequency. 

To get the converter voltage in the d-q frame, the (4-25) and (4-26) need to be rewritten: 
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 VC d
     2h

=VG d
     2h

- L
d IG d

     2h

dt
- R IG d

     2h
+ 2ωLIG q

     2h
 4-27 

 VC  q
     2h

=VG q
     2h

 - L
d IG q

     2h

dt
- R IG q

     2h
- 2ωLIG d

     2h
 4-28 

Here, two PI controllers regulate the d-q currents at this harmonic with references equal to zero 

and two feed-forward signals: 2ωLIG q
     2h

and -2ωLIG d
     2h

are added to the outputs of the PI controllers 

to decouple the d-q currents. 

 VC d
     2h

=-G(s)PI+ 2ωLIG q
     2h

 4-29 

 VC  q
     2h

=-G(s)PI- 2ωLIG d
     2h

 4-30 

It must be noted that the second harmonic of the grid voltage is zero. The coefficients of the PI 

controllers are tuned using the modulus optimum as follows [158]: 

 G(s)PI=Kc �
1+Ti s

Ti s
� 4-31 

Where Ti =
L
R
 , Kc= Ti  R

2Ta
 and Ta is the equivalent delay for the MMC. To reduce the bandwidth for 

this controller as no fast dynamic is needed here, the crossover frequency is also reduced by a 

decade using an overall gain. The output of this controller is finally added to the main control 

system and is fed to the converter. To minimize the interference of this extra controller effect on 

the main control loop, which regulates the converter's active and reactive power, a second-order 

low pass filter at the output of the Park’s transformation is used with the natural frequency of 9 

(Hz) and damping ratio of 0.707. 

 
FFilter=

ωn
2

s2+2 ζωn
  s+ωn

2 4-32 
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Where ωn
  is the natural frequency and the ζ is the damping ratio. The frequency response of the low-

pass filter can be seen in Figure 4-7.  

 
(a) 

 
(b) 

Figure 4-7. Bode plot of the designed filter for MCB: (a) magnitude, (b) phase. 

Since the reference frame is rotating at  -2ω, the main output current will be transformed into triple 

frequency and as it passes through the filter, it is attenuated by 50 dB, and the same thing happens 

to the other harmonics.  As this controller is activated, the MMC will provide the second 

harmonic current needed for the saturated power transformer, which prevents the flow of this 

negative sequence current into the grid. It must be pointed out that this controller is activated only 

if GIC is flowing in the system. The second harmonics elimination section of the MCB is depicted 

in Figure 4-8. 
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Figure 4-8. Proposed MCB to eliminate the second harmonic in the grid current. 

4.2.2 Control Approach to Inject Reactive Power 

As the GIC flows in the neutral of the transformer, the transformer magnetizing current and, 

thus, reactive power loss drastically increases in all affected transformers. Therefore, the 

availability of sufficient reactive power sources is crucial to maintain the system voltage stability. 

The reactive power support in power systems is typically the role of shunt capacitor banks. 

However, during GMDs and high reactive power demands, the capacitor banks can be overloaded 

and tripped. In the widely presented control system of the MMC, the MMC operates in a constant 

P-Q mode. Consequently, the control system does not see an increase in the magnetizing current, 

and the grid is responsible for providing the transformer with escalated reactive power demand. 

This might be the start of the catastrophic events that lead to voltage collapse in the power grid. 

To avoid this problem, a control approach is proposed.  
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Figure 4-9. Proposed control approach to inject reactive power into the transformer during GMD. 

In this approach, the grid side measured voltage and current are used to calculate the reactive 

power and be compared with the reference values in the control loop. Therefore, during GIC, the 

control system compensates for the increased magnetizing current in the transformer, and the grid 

power factor remains unchanged. In other words, by applying the proposed solution, the reactive 

power is provided from the MMC instead of the grid. This helps the grid voltage stability as it 

reduces the reactive power demand on the grid side and keeps the system reactive power reserve 

available for the other transformers and parts of the network that can be affected by the GMD. 

This control approach is depicted in Figure 4-9. 
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Chapter 5 

5.Simulation Results 

This chapter provides the simulation results of the study system exposed to GIC at different 

levels. The GIC results from the induced voltage in the circuit that flows in the transmission line, 

the transformer windings, and the ground as the return path. To model this induced voltage, a DC 

voltage source is applied at the neutral of the converter transformer. The transmission and 

transformer resistances limit the GIC magnitude. The GIC triggering voltage source is applied at 

t=5 s to establish 200 A of GIC flow at the transformer neutral connection [159]. 

 
Figure 5-1. Flow of GIC in the neutral of the transformer. 

The flow of GIC in the transformer neutral is depicted in Figure 5-1. Since the transformer 

magnetizing branch is basically a big inductor, there is a relatively long time constant for the DC 

current to reach the final value; here, it takes 5.8s to have 200A of GIC flowing in the circuit. As 

the transformer goes into deeper saturation, this inductor reduces and the current change rate 

increases. Since the DC current increases, flux in the transformer is shifted up, as in Figure 5-2.  
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Figure 5-2. Transformer flux shift due to GIC. 

This clearly shows the half-cycle saturation in the transformer, which leads to a drastic 

increase in the magnetizing current. The magnetizing current of the transformer is depicted in 

Figure 5-3; in the negative half cycle, the current is in the expected range, but as the transformer 

saturates in the positive half period, there is a high peak in the current that gets to 320 A, this peak 

is directly related to the GIC level, as the DC current increases, the peak current also increases.  

 
Figure 5-3. Magnetizing current of the transformer exposed to 100 A of GIC. 

5.1 GIC level effect on the harmonic’s magnitude 

The current in the magnetizing branch of the half-cycle saturated transformer includes different 

harmonics that are depicted in Figure 5-4. As stated before, this spectrum starts from the main 

frequency of the system; it includes both odd and even harmonics. Also, the effect of the GIC 
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level on the magnitude of the harmonic can be seen. As the GIC level increases, the resulting 

harmonics will have higher magnitudes since the flux magnitude is increased. 

 
(a) 

 
(b) 

Figure 5-4. The resulting harmonics in the converter transformer magnetizing branch are due to the GIC 
of (a) 100 A, (b) 200 A. 

 

5.2 Effect of the MMC loading on the resulting harmonics 

To demonstrate the effect of the MMC loading on the resulting harmonics, a comparison is 
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harmonics magnitude is observed as the active power changes; in the second case, the active 

power is constant and the reactive power changes.  

 
(a) 

 
(b) 

Figure 5-5. Effect of loading on resulting harmonics. (a) change in active power, (b) reactive power. 

It can be seen that the change in the active power transferring from the MMC does not change 

the produced harmonics; this is expected as the active power is changed mainly through the phase 

angle according to (5-1). On the other hand, reactive power variation slightly changes the 

magnitude of the resulting harmonics as it changes the amplitude of the voltage across the 

magnetizing branch, which changes the flux magnitude, which can be seen in (5-2). 
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Q≃

 Vconv(Vgrid - Vconv)
X

 5-2 

5.3 GIC Effect on the Control System 

Due to the harmonics arising from the GMD, the ripple in the control variables increases. Vq 

and Vd, which are the grid voltage components in the d-q axis and are supposed to be constant 

values, show a high magnitude of ripple during GIC.  Figure 5-6 shows the waveform of the d-q 

voltages in the control system of the MMC. 

 
(a) 

 
(b) 

Figure 5-6. Voltage fluctuations in d-q due to GIC=200A: (a) Vd, 

(b) Vq . 
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Although two low-pass filters are used to remove the high-frequency ripple from these 

variables, during the GIC, the ripple in these quantities increases drastically. The Iq and Id that 

control the reactive and active power, respectively, are expected to be DC values in a steady state 

with very small variation, but due to GIC, they suffer from the same thing, and they start to 

oscillate as depicted in Figure 5-7. 

 
(a) 

 
(b) 

Figure 5-7. Fluctuation in d-q currents due to GIC=200A: (a) Id oscillation (Reference=0.5 pu), 

(b) Iq oscillation (Reference= 0.27 pu). 
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PLL output frequency normal operation and in case of GIC. As it appears, the output of the PLL 

is not affected by the GIC and PLL is able to continue to its operation with minimum error.  

 
Figure 5-8. PLL output frequency 

However, higher ripple in control parameters is not limited to the d-q components. During the 

GIC, the DC link current and voltage experience higher ripple in comparison to normal operation. 

As depicted in Figures 5-9 and 5-10, ripple slightly increases in the current and voltage of the 

link, which is mainly due to the third harmonic current that appears in the MMC legs. 

 
Figure 5-9. DC Link voltage (Id =0.5 pu) 
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flows, the added voltage in upper and lower arms that were equal, start to deviate depicted in 

Figure 5-11. This voltage increases in the lower arm but in the upper arm, it decreases. The reason 

for this difference is the flow of the second harmonic of the current into the MMC from the 

saturated transformer. 

 
Figure 5-10. DC Link current (Id =0.5 pu) 

 
Figure 5-11. Output of circulating current suppressing controller due to GIC. 

 

5.4 Transformer reactive power demand in presence of GIC 

The 1st harmonic, i.e., the fundamental frequency component arising from transformer 

saturation, lags the transformer voltage and thus it behaves like an inductive current. Therefore, 

3.1 3.12 3.14 3.16 3.18 3.2
Time(s)

750

760

770

780

790

800

D
C

 L
in

k 
C

ur
re

nt
 (A

)

During GIC
Before GIC

5 6 7 8 9 10 11 12
Time(s)

6000

7000

8000

9000

10000

11000

C
on

tro
l V

ol
ta

ge
(V

)

Lower Arm

Upper Arm



64 
 

the fundamental current is associated with the reactive power and represents the transformer as a 

reactive load in the power system. The control strategy of the MMC determines how the MMC 

provides its share of the fundamental harmonic current. Since the MMC typically operates based 

on a constant P-Q or unity power factor, its reactive current component is constant. Therefore, 

when the GMD occurs and the reactive power demand of the converter transformer increases, the 

grid provides all the augmented reactive power demand as depicted in Figure 5-12. 

 
Figure 5-12. Variation in the reactive power transfer of the transformer, grid and the MMC in presence 

of the GIC. 

 Figure 5-12 shows that as the GIC flows, the reactive power transfer of MMC remains 

constant and the grid is balancing the reactive power equation. The GIC level is also determining 

the reactive power demand of the transformer and as it increases, higher reactive power must be 

injected into the transformer. This is a very serious effect of the GIC since in the case of GIC, the 

capacitor banks or SVCs that provide reactive power could be out of service. Therefore, 

increasing reactive demand from the grid might endanger the voltage stability in the grid.  The 

effect of GIC level on the reactive power demand of the transformer is depicted in Figure 5-13. 

The time constant difference in different levels of GIC is due to the fact that as the transformer 

goes to higher saturation, the equivalent inductance decreases which means the time constant of 

2 4 6 8 10 12
Time(s)

0

50

100

150

200

R
ea

ct
iv

e 
Po

w
er

(M
V

A
R

)

Transformer VAR Demand
Grid VAR Contribution
MMC VAR Contribution



65 
 

R-L circuit, decreases. This explains why for higher levels of GIC, the circuit reaches the final 

value in a shorter time. 

 
Figure 5-13. Reactive power demand due to different levels of GIC. 
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Figure 5-14. The current harmonics on the grid side under 200A of GIC. 
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Figure 5-15. The current harmonics at the MMC terminals under 200A of GIC. 

It is worth noting that the delta connection of the transformer at the MMC side prevents the 

flow of the 3rd harmonic, and its multiplies harmonic currents. However, Figure 5-16 illustrates 

that these harmonics are present in the MMC arms. The reason for having these currents is that 

the multiplication of Nup(t) which is the number of inserted SMs in the arm, and SM's voltage 
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result in these circulating currents. 

 
Figure 5-16. The current harmonics in the MMC arm due to 200A of GIC. 
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GIC, these voltages are not equal anymore. The capacitors voltage in the upper arm increases 

during the GIC while the average voltage is constant, which is expected since the average voltage 

is affected by the DC link voltage and the number of the SMs. 

 
(a) 

 
(b) 

Figure 5-17. The SMs’ capacitors voltage :(a), before GIC, (b) during GIC (200A of GIC). 
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30% active power and no reactive power from the grid. In the second case for evaluating the 

model, the GIC level is increased to 200 (A) and the operating point is set to have 0.9 (pu) active 

and 0.3 (pu) reactive power in the MMC. The results of the analytical model and simulation 

results are compared in Figure 5-19.  

 
(a) 

 
(b) 

Figure 5-18. The MMC side current harmonics due to 100A of GIC (P=0.9 pu, Q=0.3). (a) magnitude, 
(b) phase. 
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frequencies, the effect of the equivalent capacitor diminishes, and the arm inductor becomes 

dominant. Despite the minor differences between the analytical model and the simulation results, 

which are mainly due to neglecting the internal control loops, including circulating current 

suppressing and outer control loops of active and reactive power to simplify the impedance 

model, the model accuracy is acceptable. It must be noted that due to the delta winding of the 

transformer at the MMC side, the zero sequence currents cannot flow into the MMC side, and 

inevitably, these harmonics are fed to the grid. 

 
(a) 

 
(b) 

Figure 5-19. The MMC side current harmonics due to 200A of GIC (P=0.3 pu, Q=0). (a) magnitude. (b) 
phase. 
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5.6 Voltage and Current Distortion Due to GIC 

The presence of the harmonics arising from transformer half-cycle saturation distorts the grid 

and MMC voltages, especially current waveforms. This effect can be seen in Figure 5-20 for the 

grid side and in Figure 5-21 for the MMC side waveforms. Since a higher portion of the 

harmonics flow into the grid rather than the MMC, the distortion in the grid parameter is more 

severe. From these figures, it can be seen that the distortion in the grid voltage is more noticeable 

than the MMC voltage waveform distortion. The effects of loading on the total harmonic 

distortion (THD) are also depicted in Figures 5-22 and 5-23. As the output power of the MMC 

decreases, the THD increases adversely. The reason for this effect is that the resulting harmonics 

from saturation during the GIC are almost independent of the MMC loading.  The standards 

provide maximum permissible limits for voltage and current harmonics to maintain the system 

power quality in an acceptable condition. Table 5-1 provides the permissible THD limits of the 

IEEE Std 519 [160]. It can be seen that THDs of the current and voltage violate the permissible 

standard limits under different loading conditions. The grid is subjected to more distortion as it 

provides a path with lower impedance for the current harmonics.  

 
Figure 5-20. Grid voltage waveform. 
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Figure 5-21. MMC voltage waveform. 

Table 5-1. Permissible standard limits for total harmonic distortion (THD) 

System Type Voltage THD Current THD 

Transmission Level 1.5 % 3.75 % 

 
(a) 

 
(b) 

Figure 5-22. Grid side distortion during 200 A of GIC: (a) Current THD, (b) Voltage THD. 
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Figure 5-25 states that even if the grid power exchange to the MMC is at the nominal capacity, 

during the 200 A of the GIC, the THD values are beyond the permissible values. The grid voltage 

THD violates the standard value regardless of the loading. Voltage and current distortion are less 

tolerable in high voltage transmission levels as it threatens the operation of the power system. For 

current waveforms, the situation is even worse; if the MMC is loaded with a quarter of the 

nominal capacity due to the same level of the GIC, THD in grid current reaches to 38 %, which is 

way beyond the value in Table 5-1. The magnitudes of the first 10 harmonics in the grid voltage 

and current are presented in Table 5-2. 

 
(a) 

 
(b) 

Figure 5-23. MMC side distortion during 200 A of GIC: (a) Current THD, (b) Voltage THD. 
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Even though THD values for the MMC are lower, they still are higher than accepted levels of 

distortion. In the worst for the current waveform, the THD for the MMC side reaches 11 %. It 

must be mentioned it is preferred to make the grid waveforms close to sinusoidal even if it costs 

distorting the MMC parameters. The first 10 harmonics are also presented for the MMC side in 

Table 5-3. Tables 5-2 and 5-3 show that harmonics tend to flow into the grid instead of the MMC, 

which results in deeper distortion in the grid voltage and current waveforms.  

Table 5-2. Magnitude of grid voltage and current harmonics in phase a for GIC=200A. 

Harmonic Order Voltage (pu) Current (A) 

1 99.38 1027 

2 0.0096 98.49 

3 0.0142 98 

4 0.0095 50.09 

5 0.0103 44.62 

6 0.0126 44.05 

7 0.0056 18.4 
8 0.0051 14.62 

9 0.0057 13.81 

10 0.0023 5.82 

 

Table 5-3. Magnitude of MMC voltage and current harmonics in phase a for GIC=200A. 

Harmonic Order Voltage (pu) Current (A) 

1 1.007 1293.53 

2 0.0087 33.63 

3 0.0002 0.017 

4 0.013 52.96 

5 0.0058 21.54 

6 0.0006 0.08 

7 0.0013 15.36 
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8 0.0028 7.93 
9 0.0005 0.17 
10 0.0004 4.48 

 

5.7 Mitigating Control Block Response 

The mitigating control block (MCB) is designed to eliminate the 2nd, 4th, 5th,7th and 8th 

harmonics in the grid current. These harmonics threaten the operation of power system 

components. The design goal is that as the MCB is used, these harmonics flow entirely into the 

MMC instead of the grid. To validate the MCB performance, it is activated at t= 12 s after the 

GIC has reached the final value of 200 A. As depicted in Figure 5-24, this controller successfully 

eliminates those harmonics in the Grid current, and it satisfies the design goals.  The waveform of 

the grid current is depicted in Figure 5-25; as the MCB is in the system, the distortion of the 

current reduces. 

 

Figure 5-24: Effect of the MCB activation on the magnitude of the targeted harmonics (GIC=200 A) 
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(a) 

 
(b) 

Figure 5-25. Grid current waveform due to 200 A of GIC: (a) P=0.9 pu , (b) P=0.3 pu.  
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proposed control block. It can be seen in Figure 5-26(a) and Figure 5-26(b) that the dynamic of 

the system is the same, and the settling time is 100 (ms) in both cases, which means that the 

operation of the MCB unit is not affecting the main control loop. The reason for similar for main 

control loop responses with and without the MCB is that the MCB has a very narrow bandwidth, 

which minimizes the interference of the two controllers. It must be noted that the internal current 

control loops of the MMC, which regulate the Id and Iq, are about seventy times faster than the 

added control block, and they have a settling time of 10(ms) and the responses depicted here are 

for the outer control loop which must be slower than inner ones. 

 
(a) 

 
(b) 

Figure 5-26.  MMC response to reference change, (a) active power reference, (b) reactive power 
reference. 
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5.7.1 MMC Derating in Presence of GIC Due to MCB 

In the case of a GMD, as the MCB is activated, the MMC will eliminate the major resulting 

harmonics from the grid side. This means that the MMC is used to absorb current harmonics. As 

these currents flow into the MMC arms and, eventually, the semiconductors, power loss increases 

in these components. Consequently, the MMC’s capacity for transferring active and reactive 

power is decreased. As depicted in Figure 5-27, at GIC level of 200 A, the capacity of MMC for 

reactive and active power is reduced to 85 %.  

 
Figure 5-27. MMC derating in case of GIC due to MCB. 
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that as the GIC flows in the system, the grid reactive power exchange does not change, whereas 

the MMC injects higher reactive power to the transformer, which accounts for the magnetizing 

current rise. This means that the proposed control scheme successfully reduces the risk of voltage 

collapse in the grid under GMD conditions. 

 

Figure 5-28. Effect of the proposed control scheme on the MMC and grid reactive power injection 
during 200 A of GIC. 
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Chapter 6 

6.Conclusion and Future Works 

6.1 Conclusion  

The VSC-HVDC transmission systems are gaining more and more attention as they offer 

higher performance for long distances and offshore power transfer. The MMC-based HVDC 

system provides excellent performance in terms of harmonic emissions, reliability, scalability and 

efficiency. This research presents a novel analysis of the performance of the MMC-based HVDC 

system in the event of a solar storm.  Chapter 1 provides the motivation for this research. It 

emphasizes that due to global attention to renewable energy sources, the application of MMC 

technology will be expanding. It states that GMD can be a catastrophic event for the power 

system, and this research is dedicated to investigating the GMD impacts on the MMC systems. 

Chapter 2 provides a literature review on the GMD effects on the power system. The effects of 

GMD on different power system components are explored, and it is pinpointed that the 

transformers are most vulnerable in the presence of the GIC. An introduction to the background of 

the HVDC systems, including LCC and VSC based systems, is provided in this chapter. After 

examining different topologies of LCCs and VSCs, it is clearly inferred that the MMC is the most 

promising configuration for the HVDC transmission systems due to its significant intrinsic merits. 
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Finally, it emphasizes the lack of research on the MMC-based HVDC configuration exposed to 

GMD. 

Chapter 3 explores the details of the study system. Different elements of the MMC station in 

terms of power components and control systems are examined. Various layers of the control 

system are reviewed in this chapter. The upper control layer, that is the system-wide control loop 

that controls the main outputs of the converter, is explained and the lower control level, which 

does the modulation, balancing the SMs voltages and mitigation of the circulation current, is 

reviewed in detail to provide a comprehensive understanding of the study system.    

Chapter 4 starts with the GMD impacts on the MMC system. It states that the resulting 

harmonics from the saturation of the transformer are distributed between the grid and the MMC. 

The reactive power demand of the saturated transformer is also discussed. An analytical model is 

provided in this chapter to determine the share of the MMC in these harmonics. This model 

considers the internal interactions of the MMC, and it also considers the operating point of the 

converter. Also, a mitigating control block is designed and proposed to eliminate the 2nd,4th, 5th,7th 

and 8th harmonics in the grid current in the case of GMD. This MCB improves the power quality 

in the grid, and it reduces the risk of blackouts in the system. Finally, a control approach is 

proposed for the reactive power compensation during GMD. This control approach injects 

reactive power from the MMC and supports the grid voltage stability. 

Chapter 5 is dedicated to the simulation results. In this chapter, the effect of the GIC level on 

the magnitude of the harmonic spectrum and the demanded reactive power by the transformer is 

illustrated. Also, the impact of the MMC operating point on the resulting harmonics from the 

transformer saturation is explored. It is illustrated that the THD of the current and voltage violated 

the permissible values in both the grid and MMC for different loading.  This chapter compares the 
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analytical results for the MMC current harmonics with the measured values for different GIC 

levels and various MMC operating points, and it proves the effectiveness of the provided 

analytical model. The MCB effect on the targeted harmonics is observed, and it proves the 

expected performance. Also, simulation results are presented to make sure the operation of the 

MCB does not interfere with the main control loop of the system.  The effect of the MCB on the 

MMC capacity is also discussed in this chapter, and appropriate derating is provided. Finally, the 

effectiveness of the proposed control approach for reactive power compensation is demonstrated 

using simulation results.  

The proposed control schemes support the gird in the following aspects: 

 The stability of the grid voltage is improved as the MMC injects reactive power into 

the saturated transformer instead of the grid. 

  As the major current harmonics are removed from the grid current, the risk of outage 

of power components, including capacitor banks, generators, and SVCs, is reduced. 

 Grid power quality is increased as the harmonics are removed. 

 The distortion of the grid current and voltage waveforms is reduced. 

  

6.2 Future Works 

As suggestions for future works, the following can be noted: 

• Research on how to reduce the distortion due to zero sequence currents in the grid. 

• Investigating the harmonic spectrum and other impacts of asymmetrical saturation in 

three phases due to a mismatch in the phase’s resistance. 
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• Effect of the line frequency-dependent model on the system behaviour in the case of 

GMD. 

• Improving the analytical impedance model by accounting for all the control loops, 

CBA, and circulating current controller. 

• Exploring any other effect of MCB on the main system. 
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