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Abstract 

Hybrid AC/DC grids have been of interest to scholars in recent years. A hybrid 

AC/DC grid can have higher efficiency and power quality by incorporating 

renewable base generations and power electronics of any kind into a system. 

Furthermore, the collection of power electronics in such a system can accommodate 

several ancillary services within the grid (e.g., unbalanced voltage, power quality, 

etc.). Line commutated converters (LCC) are a mature technology widely used in 

the grid due to their high power capacity and are usually known for adversely 

affecting the power quality. On the other hand, the fully controllable power 

electronics based on voltage source converters (VSC) are increasingly adopted 

because of their flexible control and better power quality. 

This work proposes the configuration of a parallel LCC-VSC interlinking 

converter (IC) to be used in hybrid AC/DC grids. The parallel LCC-VSC 

configuration takes advantage of the low cost of the LCC system as well as the 

bidirectional power flow capability of VSCs in a multi-terminal DC grid and offers 

an excellent option for lowering system costs while retaining high performance. 

Moreover, the LCC’s drawbacks, such as low power quality, reactive power 

consumption, and commutation failure, can be addressed using the parallel LCC-

VSC configuration with proper control and coordination. In this work, an example 

of the parallel LCC-VSC system can be considered as a capacity expansion of the 

initially unidirectional LCC interlinking converters due to system growth, which 

may also require reverse power flow functions. A second scenario is that this 
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parallel LCC-VSC system can be considered when the power flows in two 

directions are not equal. 

The unified control scheme is important for such a system considering various 

operational modes. Due to the LCC’s limitation in control and operation, it is 

essential to develop a compatible control scheme to achieve the desired function. 

Having considered the above two application scenarios, two unified control 

schemes are proposed in this work: 1) a control scheme for the expansion of the 

available LCC-based installations, and 2) a control scheme for new installations 

with parallel LCC-VSC interlinking units. As mentioned, the first control scheme 

is intended for expansion of the existing LCC units with parallel VSCs. The VSCs 

are controlled by a frequency-based droop equivalent control. In addition, the 

second control scheme implements an AC frequency-DC voltage-based droop 

equivalent control for new installations with unequal power flow in two directions. 

The expansion of the available installations is implemented by saving the LCC’s 

original V-I control graph. However, in new installations, the control scheme will 

be developed independently of the LCC’s conventional V-I graph by a constant 

supportive response from the VSCs. 

Power quality issues have been a serious concern with LCCs. Conventionally, 

passive components are used for harmonic and reactive power compensation. 

Therefore, in LCC-based installations with an intension of expansion by VSC-

based units such passive components will be preserved. However, in new 

installations, active harmonics compensation is recommended based on the 

extended flexibility of the control scheme and the interlinking unit. The proposed 
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compensation method is designed to operate under the low switching frequency of 

the interlinking VSCs without interfering in the main control scheme. In order to 

achieve the desired superior performance, the power system is modeled and 

stability studies are performed. Unbalanced voltage is an expected issue of the 

current power grid, which can adversely affect the performance of the system. 

Temporary or permanent loading conditions can contribute to unbalanced AC 

voltage leading to instability in the power system and LCC commutation failure. 

Such phenomena can be damaging for the power system and should be mitigated. 

In this thesis a compensation scheme is developed to mitigate the issue. 
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Chapter 1  

Hybrid AC/DC Grids 

In recent years, power grids have been increasingly studied for the 

augmentation of DC renewable generations, energy storage systems (ESS), and 

modern DC loads. Considering the existing century-long AC power grids and DC 

grid expansion, a hybrid AC/DC grid is expected to be an attractive solution for 

emerging power systems. Distributed generation (DG) as an alternative to 

concentrated generation has gained substantial attention in recent years. The 

worldwide increase in DGs raises the need for further studies regarding the system’s 

power quality, stability, and contingency plans [1], [2]. ESSs are one of the 

necessities for such a highly integrated renewable generation grid [3]. Power 

electronics also play a significant role in establishing the desired performance by 

constructing the necessary control and energy management for the growing power 

system. 

Higher controllability, higher efficiency, and lower cost are some of the 

highlights of an ideal conversion unit. These features may not be accessible in a 

single design but may be scattered among different configurations. Combining the 

conversion units (i.e., parallel or in a series) is a widely used technique to take 

advantage of different technologies and improve one in various terms such as 

transferred power capacity. Hybrid AC/DC grids are the prime example of such a 

system that aggregates several forms of power generation in a system and provides 

the opportunity for comprehensive ancillary services. However, the presence of 

such a variety of generation units, ESSs, and power electronics requires a more in-

depth study of the system (i.e., its modeling, design, and control) to address 

challenges and obstacles. 
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1.1 Introduction to Hybrid AC/DC Grid 

Expansion of power system in both AC and DC pose new challenges to the 

power grid. Coordinating conversion units and energy storage systems, as well as 

generation and demand with adequate stability and power quality, need a proper 

platform. 

The hybrid AC/DC grid builds an integrated platform for both the AC and DC 

system [4], as shown in Fig. 1.1, as a solution of the future power system integrating 

advantages of both grids [5]. A century-long well-established AC grid is linking to 

the newly developed DC grid. The DC transmission benefits are higher power 

transfer capacity, lower losses, facilitating the interconnection of energy sources 

such as wind and solar, and large modern DC loads to the grid. 

 

The power system expansion and governmental projections show that the 

renewable-based DC generation and modern DC loads are envisioned as equally 

dominant as AC grids centralized production [6], [7]. 

Local generation and consumption are more economical, reliable, and efficient, 

especially for electrification of off-grid, remote, or widely distributed communities. 

However, uncertainty and occasional randomness in renewable power generation 

can substantially affect the system's robustness in highly renewable energy 

AC Bus

DC Bus

Grid

EVData CenterWindBatterySolar

WindBattery

SolarDiesel 

Generator

Appliances

Interlinking 

Converters
+   

DC Grid

 
Fig. 1.1: Architecture of conventional hybrid AC/DC grid. 
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penetrated grids. In this regard, energy storage systems can serve as an auxiliary 

unit by offering an opportunity to determine the grid's stability for a short duration 

in case of a disturbance in a generation. Also, the hybrid AC/DC grid’s added 

integration can substantially increase power grid security. Such a system establishes 

a more stable and controlled environment for a distributed and inherently low 

inertia generation [8], [9]. 

1.2 Advantages and Challenges of the Hybrid AC/DC 

Grid 

The hybrid AC/DC grids, as discussed previously, contribute several advantages 

to the power system, such as lower power loss, higher power quality, and wide 

access to the ESSs. Accessibility to AC and DC power grids helps to remove some 

unnecessary conversions. As a result, in such a structure, the system's overall 

efficiency and reliability can be improved [10]. The significant number of power 

electronics in the hybrid AC/DC grid due to the nature of distributed generation 

creates an excellent opportunity to deploy various control schemes. Also, 

accordingly, introduce control system’s synergy challenges that need to be taken 

seriously. 

In order to achieve the aforementioned advantages, some of the hybrid AC/DC 

grid challenges need to be carefully addressed. It is expected that in future hybrid 

AC/DC grids, power quality can quickly become a series issue due to the increasing 

penetration of single-phase/unbalance loads, non-linear loads, and single-phase/ 

unbalance distributed generations. In general, the power quality issues in AC sub-

grids can be harmonics, voltage oscillation, and unbalances. Similarly, DC sub-

grids problems can be harmonics and voltage oscillation. Furthermore, system 

properties control in a hybrid AC/DC grid can be an additional obstacle that need 

to be dealt with. This is due to the fact that generation and consumption in such a 

system can be challenging and need constant observation and control to establish a 

smooth system properties control. 

The available mitigating techniques in AC and DC grids with some modifications 
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can be employed to deal with power quality issues in the hybrid AC/DC systems. 

At the same time, in some cases, new studies are required. Power fluctuation 

smoothening by ESS units has been proposed for several applications such as grids 

and ships [8], [11], [12], [13]. Similar techniques have been employed to improve 

the power quality and compensate for short term power generation fluctuation in 

the hybrid AC/DC grids. Furthermore, the installation of additional compensation 

units can mitigate the issue of power quality; however, this can increase the 

investment cost of the grid [6], [14], [15]. Despite the arguments above, power 

quality in hybrid AC/DC grids can be significantly improved compared to a 

conventional structure with some extra attention. 

VSCs and LCCs are two of the leading technologies that can be found in the 

power grid. Understanding the feature and controlling aspects of such units can 

substantially help to prompt the system's performance. 

1.3 Conventional LCC-based grids 

The LCCs are traditionally used in the DC grids with over 150 point-to-point 

installations worldwide due to the mature technology, lower cost, and efficient 

high-power transmission. Such converters are commonly used in submarine power 

transmission, long-distance power transmission, two AC grids interconnection with 

different frequencies, two unsynchronized AC grids interconnection, and 

controllable power exchange between two AC grids [16]. Thyristor-based 

converters are commonly used in high voltage applications due to their physical 

characteristics that can withstand excessive voltages. Therefore, high voltage DC 

(HVDC) and medium voltage DC (MVDC) applications are one of the areas in 

which LCC is dominantly being used [17], [18], [19], [20], [21]. It is proven that in 

DC transmission, the initial capital investment is higher than AC transmission due 

to converter costs. However, the benefits of the DC grid balance the capital 

investment at a certain distance. The breakeven distance for submarine cables is 40-

70 km and 600-800 km for overhead lines. The point-to-point installations are one 

of the most dominant structures for LCCs, shown in Fig. 1.2. 
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As can be seen, the point-to-point structure is consisting of rectification and 

inversion units on each front end. Several configurations for the converters are 

available. The 6-pulse design that includes a single conversion unit is the simplest 

form. The higher-order structure, such as 12-pulse and 24-pulse can also be used 

similarly, providing higher power quality. The LCCs are connected to the grid 

through tap changing transformers on the AC side. The transformers are designed 

to operate with high harmonic currents and also withstand the AC and DC voltage 

stress. The tap changing transformers will help the conversion units to optimize the 

voltage level and firing angle to minimize the reactive power consumption. On the 

DC side, the LCCs are connected to the DC line through large reactors. The size of 

reactors is determined considering DC fault response, commutation, and dynamics. 

The point of common couplings (PCCs) on both rectification and inversion sides 

are equipped with capacitance banks and harmonic filters. In addition to that the 

LCCs typically need reactive power of around 60% of the converter power rating. 

Due to the limited switching frequency, LCCs are likely to inject low order 

harmonics into the grid. In the case of a 12-pulse configuration, the harmonic orders 

11th, 13th, 23rd, and 25th will appear in the grid. Therefore, passive filters and 

capacitive banks are located on the AC side to compensate for power quality and 

supply the required reactive power. A large portion of the reactive power in such 

configurations is provided with filter banks, and capacitor banks will offer the 

remaining parts. Typically, the capacitor banks are equipped with mechanical 
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Fig. 1.2: A point-to-point 12-pulse LCC grid. 
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switches to adjust to the system's needs. 

The LCCs have limited controllability due to their restrictions in commutation. 

Consequently, the control scheme of such conversion units should adapt 

accordingly. The state of the system determines the LCC’s control scheme. The 

constant voltage and constant current controls are two of the main commonly used 

operation schemes. In the point-to-point configuration, to avoid any competition, 

one of the conversion units should be controlled with a constant voltage scheme, 

and the other unit should adopt the constant current. The conventional V-I control 

graph of the point to point LCC-based DC grid can be found in Fig. 1.3 [16]. As 

can be seen, control schemes of the rectifier unit are constant firing angle control, 

constant current control, and VDCOL. The inversion unit's control scheme includes 

constant current control, constant voltage control, VDCOL, and constant extinction 

angle control. The rectifier minimum firing angle is typically selected in a range as 

αmin = 2˚ to avoid triggering the valves when they are reverse biased. The 

rectification unit adopts the VDCOL scheme when the DC voltage has substantially 

disrupted due to a faulty AC grid. The process will help the system to recover faster 

and get out of the fault. 

 

The constant extinction angle (γ) control of the inversion unit should be 

adopted to avoid commutation failure. The minimum γ required for safe 

commutation with high-power thyristor-based valves is around 10˚–15˚. A similar 

explanation is applicable for the VDCOL mode of operation of the inversion unit 

IDC

VDC

Current Margin

VDC = Const.

IDC = Const.

IDC = Const. IDC = Const.
1 p.u.

1 p.u.

 
Fig. 1.3: Conventional V-I graph of the point-to-point LCC-based DC grid. 
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as rectification. As can be understood from the available control schemes for 

conversion units on both front ends, several precautionary measures are introduced 

to avoid commutation failure or help the system to get out of the fault as much as 

possible. 

Unlike the point-to-point configuration, the DC-grid-connected LCCs, such as 

in the multi-terminal DCs, as shown in Fig. 1.4, are limited to the unidirectional 

power flow which is inadequate for current power grid. LCC’s reactive power 

consumption and low power quality are other restricting factors for current grid 

standards. 

 

 

1.4 Conventional VSC-based Grids 

The VSCs are growing technology in power system due to advancements in 

power electronics and controls. The VSCs offer higher control flexibility, 

independent reactive power control, bidirectional current flow, and potentially 

smaller footprint. Furthermore, the VSCs are immune to commutation problems 

due to distortion or voltage drop. Lastly, VSCs have considerably higher power 

quality and also can be controlled for ancillary services such as mitigating grid 

distortions. 

The VSCs have been developed in numerous applications and designs. The 

Multi-terminal 

DC Network

t1

t2

t3

t4

t5

 
Fig. 1.4: General configuration of a multiterminal DC grid. 
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VSCs can be classified in different configurations such as two-level converter, 

three-level converter, modular multilevel converter (MMC), and hybrid VSC. The 

two-level converter (6-pulse bridge) consists of IGBT-based valves with inverse 

parallel diodes [22]. One of the drawbacks of such design would be a high switching 

loss that is basically due to IGBTs constant on/off process to achieve higher quality 

waveforms. The three-level converter has significantly higher power quality 

compared to the two-level structure. The DC capacitors are connected between 

valves to produce a higher number of voltage levels. In general, the neutral-point-

clamped (NPC) topology as one of the most used VSC can offer advantages such 

as low output harmonic distortion, less switching losses, high-voltage staircase-like 

waveform capabilities, and the ability to transfer power bidirectionally [23]. The 

MMC is generally designed based on the 6-pulse bridge configuration, but with 

submodules in a position of single switch valves as shown in Fig. 1.5. Based on 

their design, the submodules can accommodate four, for full-bridge, and two, for 

half-bridge, switches with a capacitor to store the energy. Furthermore, the number 

of submodules in each leg is a matter of design and power quality preference. Very 

high power-quality and very low power-loss are some of the advantages of MMCs. 

It is proven in [26] that IGCT-based MMC units demonstrate a lower amount of 

power loss compared to their IGBT-based counterparts. In some cases, it is shown 

that the power loss of the IGCT-based MMCs can be similar to the thyristor-based 

LCC. Eventually, the hybrid VSCs is one of the most complicated configurations 

where it combines two-level and MMC converters [28]. This combination's main 

objectives are to reduce power loss and maintain the MMC's high power quality 

while providing a compact design that can operate efficiently. However, voltage 

balancing can be challenging for MMCs based on their complicated structure [24], 

[25]. 
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In general, the VSCs have disadvantages like lower power capacity, higher 

cost, and higher operation loss than LCCs (the state-of-the-art MMCs can have 

similar efficiency as LCCs [26]). Based on the inherent limitations of the VSCs in 

riding through the DC faults and the LCCs in riding through the AC faults, a 

combined LCC-VSCs topology can unite these two technologies' merits. 

1.5 Proposed Parallel LCC/VSC 

VSCs and LCCs technologies appear to have several advantages and 

disadvantages. A combination of LCCs and VSCs in the form of a single unit can 

establish an opportunity to take advantage of both technologies. Therefore, the 

parallel LCC/VSCs is proposed to utilize both configurations' advantages and 

compensate for each other disadvantages with proper control. 

In summary, the VSCs’ advantages are controllability, higher power quality, 

and flexibility to operate in distorted and weak grids. LCCs have higher power 

capacity, efficiency, and lower cost [16], [27]. The combination of LCC-VSC has 

the potential to bring the best out of each technology and provide a promising 

solution with lower cost and improved performance for the desired system. 

An example of the parallel LCC-VSCs system can be considered as capacity 

expansion of initially unidirectional LCC interlinking converters, which may also 

require reverse power flow functions (e.g., adding loads and energy storage close 

to a wind farm [29], [30], [31]). A second application example of the LCC-VSCs 

system is for a new interlinking converter station where the power flows in two 

directions are not the same in design (e.g., remote islands or weak grids with storage 
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vnc

vpc
+

– 
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Fig. 1.5: General schematic of a half-bridge MMC. 
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units or distributed generation). Both scenarios (expanding the available LCC-

based unit with a parallel VSC, or a new LCC-VSC construction) can be an 

economically viable solution due to VSC’s higher power quality, future proof, and 

smaller footprint (i.e., lower land cost).  

The LCC power quality concerns, as explained, are conventionally 

compensated by mechanically switched passive components. The need for costly 

and time-consuming regular maintenance along with slow response time are the 

drawbacks of such a method. Furthermore, passive filters used to mask the 

harmonics in LCC based grids are also physically constrained by parasitic 

components causing loss and inefficiency in performance. The aging effect can 

impact the filter design's accuracy due to component values fluctuating over the 

time. It is worth mentioning that these passive filters and the reactive power 

compensating units can take up to 50 - 60% of the LCCs station. FACTS devices 

are a well-established alternative method for power quality improvements [32], 

[33]. However, due to cost constraints, this method is not widely used. The 

proposed structure lowers the cost by increasing the utilization of existing LCC-

based installations for a more extended time while the grid's power quality and 

system stability are enhanced. In [34], a series-connected VSC and a 12-pulse diode 

rectifier is proposed with an application in wind farms. It is claimed that the series 

integration of these two conversion units brings advantages such as cutting the 

production cost and reducing the power loss to the system while the quality of the 

exchanged power is kept within standards. 

The efficiency of LCCs is reported to be higher than most common VSCs. It 

has been mentioned in [35] and [38] that LCCs' power losses are around 0.7%-0.8% 

per converter, resulting in 1.4%-1.6% for a 12-pulse unit. Such a feature can be 

valuable for high power transmission. The global agreements regarding the 

establishment of super grids all around the world, such as north and south America, 

Europe, East Asia, etc. [39], [40], [41], [42], is promising news for such a proposed 

design. Due to the high power/voltage rating of the LCCs, the improved power 

quality and dynamic/response of the VSCs while the cost is kept low. 
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In summary, the parallel LCC-VSCs configuration, as shown in Fig. 1.6, can 

lower the production cost and system loss, while the transmitted power quality is 

preserved almost the same as the VSC-based system [34]. This structure can also 

enable a considerable reduction in the size of passive filters associated with the 

LCC unit due to the VSC’s harmonics and reactive power compensation capability. 

Supporting LCC during the transients in addition to the bi-directional power flow 

in the DC grids are other critical features of the proposed configuration. 

Several studies in the literature address the operation of LCCs and VSCs in a 

power grid [17], [36], [37]. However, these studies only include the independent 

operation of conversion units (i.e., LCCs and VSCs) on each front end of the power 

system without any direct interaction. Therefore, it is necessary to study the 

promising features of such parallel LCC/VSCs interlinking converters in great 

detail. The explained features and opportunities are accessible provided proper 

control and coordination is applied. 

 

 

 

1.6 Thesis Objective and Motivations 

The overall objective of this thesis is to propose a practical interlinking 

converter (IC) configuration for a hybrid AC/DC grid to successfully control the 

system properties and improve system stability and performance while keeping the 
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Fig. 1.6: The proposed parallel LCC-VSCs in a hybrid AC/DC grid. 
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cost low. Given the adverse effect of the system properties’ control loss (e.g., AC 

voltage/frequency and DC voltage), it is critical for ICs to maintain system stability 

in any condition while keeping the cost low. Therefore, this thesis introduces two 

scenarios for the configuration of the ICs in a hybrid AC/DC grid. The first scenario 

is an expansion plan for the available LCC-based installations with the intention of 

improving the IC’s power exchange capacity and the LCC’s commutation, adding 

bidirectional power flow, and supporting the LCC during the transients, especially 

during sudden changes to the power system. The second scenario introduces new 

installations with the proposed parallel LCC/VSC ICs in a hybrid AC/DC grid. In 

this condition, in addition to the objectives of the first scenario, the VS-ICs aim to 

improve the power exchange quality by removing the unintended harmonics and 

providing the LC-IC’s required reactive power. 

For the LCC’s expansion projects in the hybrid AC/DC grids, the focus of the 

study will be on the integration of the VS-IC and LC-IC units. In this regard, the 

control scheme of the system will be developed to support system properties with 

both types of interfacing units (IFC). With the available hybrid AC/DC grids 

researchers have focused on the control scheme of the ICs to maintain and improve 

power system performance in every operational state. However, based on available 

studies, the operation and control of VSC-based units has been the center of 

attention due to their unique features. This is despite the fact that LCCs are also 

widely used in power systems and accommodate a large portion of the energy 

conversion units. Therefore, the presence of LCC-based conversion units in the 

hybrid AC/DC grids is expected. Therefore, the control system should be improved 

to accommodate such a change to the power system. In the available LCC based 

installations, due to the nature of the thyristor-based valves, limitations such as slow 

response time, complex control system, unidirectional power flow in DC grids, and 

commutation failure are noticeable. The expansion and improvement of the LCC-

based power systems to achieve superior performance in a hybrid AC/DC grid has 

not been addressed previously by researchers. Therefore, in addition to the 

implementation of the proposed configuration, it is necessary to formulate a control 

system for the proposed grid, investigate system stability in a variety of power 
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system states, and design the control parameters. 

Furthermore, in a hybrid AC/DC grid in which the power exchange direction 

is considerably unsymmetrical, the parallel LCC/VSC installations can be utilized 

to lower the cost and reach a greater power exchange quality. The proposed 

configuration can be utilized to maximize the performance of the system by 

implementing the necessary controlling loops. However, due to the lack of research 

in this area, a thorough study of parallel LCC/VSCs in a hybrid AC/DC grid 

environment with the proposed control system is necessary. For such a 

configuration in a given scenario, in addition to the system properties’ control of 

the AC and DC sub-grids, other supplementary control schemes can be 

implemented to improve system stability, power quality, and control. Moreover, 

additional practical concerns regarding the implementation and maintenance cost 

are also critically important and should be addressed in the study. 

Designing the parallel VS-IC power capacity for the first and second scenarios 

is a multi-objective procedure. Such a problem should be addressed considering the 

equipment cost, cost of installations and maintenance, and the system's exchanged 

power requirement, such as universal control, harmonics compensation, reactive 

power compensation, unbalanced control, etc. It will be shown that the exchanged 

power by the unified control has a direct connection to the amount of support that 

sub-grids require to control the AC frequency and DC voltage during the fault. 

Furthermore, as known, the required reactive power to support the operation of the 

LCC has a high ratio compared to its exchanged active power (about 50-60% of the 

exchanged active power). The LCC’s reactive power compensation can take a 

considerable portion of the VS-IC power capacity if it is only desired to be provided 

by VSC. It will be explained that using a combination of active and passive reactive 

power compensation is a more realistic approach. However, the ratio between 

active and passive power compensation requires an in-depth calculation of the cost, 

including installation, land, maintenance, etc. and the desired performance 

assuming flexibility and control. Furthermore, ancillary services such as harmonics 

compensation and unbalanced voltage compensation required power are separately 
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calculated (around 10% and 0.1p.u. respectively). The provided studies will 

demonstrate that harmonics and unbalanced voltage compensation do not take a 

considerable amount of the transferred power capacity and can be entirely provided 

by VS-IC. 

Motivated by the above considerations, the following research tasks are carried 

out in this work: 

Task 1 

Develop parallel LCC/VSCs configuration in a hybrid AC/DC grid 

along with an augmented control strategy managing power grid 

properties in every operation states. 

Task 2 

Develop a control strategy for parallel LCC/VSCs configuration in new 

installations with unsymmetrical power delivery to improve 

performance, increase flexibility, and lower the cost. Develop a design 

procedure for the proposed power system in order to reach a stable 

operation and control. 

Task 3 
Develop supplementary control schemes to improve system stability 

and power quality. 

 

1.7 Thesis outline 

In chapter 2, the parallel LCC/VSCs configuration in a hybrid AC/DC grid is 

explained. Then voltage source and current source ICs are modelled in detail. The 

VS-IC’s power system model can be used in all power grid’s operation states. The 

LC-IC’s model is developed for every operation state of the system including 

normal and supported conditions. Two types of implementation scenarios are 

introduced for the proposed configuration, including expansion of available LCC-

based installations with VSCs and new installations based on parallel LCC/VSCs 

configuration in chapter 2 and 3, respectively. The application of both types of 

systems are explained. In order to take an advantage of the proposed configurations, 

different controlling systems are developed for each implementation scenarios. 
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Then a droop like control scheme is developed for the ICs based on the AC and DC 

sub-grid’s aggregated slack terminal’s droop functions. Therefore, the conventional 

(V-I) control graph of the LC-IC is improved to support droop like control in 

possible operation states. The operation states of the hybrid AC/DC grid are studied 

and suitable control schemes for both types of conversion technologies are 

introduced. In order to achieve a superior performance for the system, the power 

exchange formulations are developed for each state and stability analysis are 

conducted. The validity of the proposed configuration and respected control scheme 

is verified by real-time simulation. 

In chapter 4, initially, the harmonics profile of the LCC’s is introduced. The 

conventional mitigation procedures are briefly explained. Then, the proposed 

harmonic compensation technique is presented. The proposed configuration is 

developed for new installation with an intention of using VS-ICs to mitigate desired 

harmonic orders. The equivalent model of the proposed power system is developed, 

and respected stability analysis is conducted. The harmonics compensation 

intensity and VS-ICs required power exchange capacity is evaluated using available 

standards and system equivalent model. The proposed technique is validated by 

simulations and experiments. 

The performance of the proposed configuration and respected control system 

and implementation technique in an unbalanced grid is studied in chapter 5. 

Initially, the conventional control scheme regarding the operation of the LCC in an 

unbalanced grid is discussed. Then, a compensating control technique is introduced 

to by utilizing the VS-IC units. In order to achieve the maximum efficiency in 

performance the proposed power system is modelled, and stability analysis is 

conducted. Based on the proposed power system configuration, control scheme, and 

stability analysis, suitable controlling parameters are chosen, and power rating of 

the system is calculated. To validate the performance of the proposed system 

simulation results are provided. 

Finally, in chapter 6, the main conclusions and contributions of this thesis are 

presented. Also, suggestions for future works are provided. 
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Chapter 2  

Unified Control Scheme - Expansion of the 

Existing LCC-based Grid by Parallel 

LCC/VSCs Interlinking Converters 

A unified control scheme has been recently proposed for hybrid AC/DC grids 

which considers their variety in operation modes. Extending the unified control 

scheme to support the proposed parallel LCC/VSC configuration in a hybrid 

AC/DC grid can benefit the system in several areas, such as improved power quality 

and enhanced controllability. Moreover, the line commutated interlinking 

converter’s (LC-IC) response and commutation can be improved if properly 

supported by parallel VSCs. 

There are many studies on the control of converters in the hybrid AC/DC grid 

[43]-[53]. Some focus on the individual control of an AC or DC sub-grid [54]-[57], 

while others study the control scheme of both AC and DC sides with the operating 

principles of interlinking converters (ICs) [43]-[46], [50], [52], [53]. The power-

controlled method is one of the widely studied methods for the ICs control [43], 

[44], [46], [50]-[53], [58]. However, it is not a suitable solution for direct AC/DC 

voltage/frequency support. On the other hand, there are some studies on the 

combination of power-controlled, AC voltage/frequency-controlled, and DC 

voltage-controlled schemes with an automated mode changing procedure [47]-[49], 

[51]. These methods can experience oscillations and even instability during the 

transition from one control scheme to another. A unified control scheme, proposed 

recently, offers seamless operation under various operating conditions without the 

need for operation mode detection [45], [59]. Also, the performance of the ICs is 

further improved by adopting the virtual impedance concept in the control system, 

which helps to improve the power-sharing and power quality [60]-[62]. However, 
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studies in this area have been limited to the VSC-based ICs. For the parallel LCC-

VSC ICs, the variety of operation and control requirements presents great 

coordination and control challenges, which have not yet been studied. 

In this section, the proposed unified control scheme of a hybrid AC/DC grid 

with a parallel LCC-VSC interlinking converter will be studied. This unified control 

scheme is proposed for the scenario of an expansion project where an LCC was 

originally used and a VSC unit is added to increase power capacity and implement 

bidirectional power flow. Therefore, the LC-IC conventional V-I graph’s original 

structure is maintained while necessary improvements are applied to the AC and 

DC grid support function’s control. In this method, a droop equivalent control is 

inserted to replace a constant current control state, which is made possible by proper 

control of the parallel voltage source interlinking converters (VS-ICs). The VS-ICs 

bidirectional power flow also adds to the IC’s control flexibility to support the 

transients and DC sub-grid. In this control scheme, the LC-IC should follow the 

voltage dependent current order limiter (VDCOL) control for the DC support. The 

power-sharing and AC support will be conducted through a droop equivalent 

control. The constant extinction angle control should also be adopted to protect the 

valves from continuous commutation failure during an AC voltage drop.  

■ Control scheme for expansion of the existing LCC-based installations: 

• This control scheme is mostly suitable for an expansion project with an 

original single LCC interface, by adding a parallel VSC unit to enable higher 

capacity and bi-directional power flow. 

• The reactive power compensation and harmonic compensation filters for the 

LCC are already in place. 

• The LC-IC’s control is generally consistent with the traditional LCC control 

such as the VDCOL function in the DC support state, while the LC-IC needs a 

constant extinction angle control against AC voltage sag. 

• The LC-IC is controlled by a frequency-based droop in power-sharing and 

AC frequency support states. 
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• The VS-IC is controlled by a frequency-DC voltage droop in all states. 

• The parallel LCC-VSC configuration accommodates the original LCC 

system and control in such an expansion scenario, and therefore this control scheme 

requires certain operational mode detection (e.g., for LCC commutation control for 

different states). Also, the droop control is only for AC grid support as the DC 

voltage control mainly follows the traditional VDCOL function. 

 

2.1 Proposed Parallel LCC-VSC - Controlled by LCC-

based Installation’s Expansion Control Scheme 

A generic hybrid AC/DC system with proposed parallel LCC-VSC ICs is 

shown in Fig. 2.1. The proposed system consists of an AC sub-grid, a DC sub-grid, 

and parallel VS- and LC-ICs. The AC and DC sub-grids include an aggregated 

power terminal and an aggregated slack terminal. The slack terminals offer power 

balancing for the purpose of adjusting voltage/frequency in the AC sub-grid and 

voltage in the DC sub-grid under the droop-like characteristics. 

 

The aggregated power terminal is including load and generation units targeted 

for current and power injection/absorption. Renewable energy sources such as 
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Fig. 2.1: General layout of hybrid AC/DC grid with proposed parallel LCC-VSC interlinking 

converters. 
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large-scale wind farms can be an example of such a terminal. 

The slack terminal is taken as a terminal providing voltage/frequency support 

(or reference) for the DC and AC sub-grids. The slack terminal is not necessarily 

an infinite bus, and its stiffness is defined by droop characteristic. The slack 

terminal's stiffness determines the slope of the droop function (an infinite bus will 

have zero droop slopes). These features can be found in a more evident way in weak 

grids. On the other hand, the power terminals are not the voltage/frequency-

controlled terminals, and they are only targeted for current and power injection. 

Clearly, the power units can have different sizes and scales, one as big as a large 

generation unit such as wind farms. 

In this layout, PDC_s,pu and PAC_s,pu represent the per-unit values of AC and DC 

slack terminal power, respectively, with their positive direction toward IC units. 

Also, PDC_p,pu and PAC_p,pu are the per-unit values for power terminals in the DC and 

AC grids, respectively, with their positive direction toward ICs. The per-unit value 

of the transferred power by the VS-ICs is PIC_i,pu while the per-unit value of the 

transferred power by the LC-IC is PIC_LCC,pu with their positive direction toward AC 

sub-grid as shown in Fig. 2.1. For the sake of simplicity, only the AC lines’ 

transformers and the impact of line resistance on the voltage drop across the DC 

transmission line is taken into consideration. 

The proposed unified control scheme consists of a droop equivalent control for 

the LC-IC and VS-ICs. The operation principles of the proposed unified controls 

have a direct relationship with the sub-grids state. The AC and DC sub-grids can 

be controlled off-grid by the droop controls provided in (2.1). 

( )

( )

* *

AC ,pu AC ,pu AC ,pu AC_s,pu AC

* *

DC ,pu DC ,pu DC ,pu DC_s,pu DC

P P k

u U P P k

  = + −


= + −

 (2.1) 

where ωAC,pu, ωAC,pu
*, PAC,pu

*, and PAC_s,pu are the measured grid frequency, the 

reference frequency, and the reference and measured active powers out of the 

aggregated slack terminal on the AC grid, respectively. Also, uDC,pu, UDC,pu
*, 

PDC,pu
*, and PDC_s,pu are the measured DC voltage, the reference DC voltage, and 
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the reference and measured powers out of the aggregated slack terminal on the DC 

side. If PAC_B,pu and PDC_B,pu are the rated powers’ of the AC and DC sub-grids 

aggregated slack terminals, respectively, the power ratio between the AC and DC 

sub-grids can be defined as PAC_B,pu:PDC_B,pu = K:1. The power-sharing ratios among 

parallel IC units directly relate to their power ratings, determined through the droop 

coefficient factors. 

2.2 Modeling of VS-ICs 

The exchanged power of the VS-ICs is defined by (2.2), where i represent i-th 

VS-IC, and this control approach is similar for both proposed unified control 

schemes. The parallel LCC-VSC-based new installation's control scheme will be 

introduced in chapter 3. 

s_i AC_s ,pu DC_s ,puP P K P = − 
 

(2.2) 

Substituting (2.1) in (2.2), the difference between AC and DC sub-grids 

aggregated slack terminals power is defined as (2.3). 

( ) ( )* * * *

s_i AC ,pu AC AC ,pu AC ,pu DC ,pu DC DC ,pu DC ,puP P k K P k U u     = + − −  + −
     

(2.3) 

Reflecting the DC line loss's impact in (2.3), the power difference equation 

changes to (2.4). 

( ) ( )* * * *

s_i AC ,pu AC AC ,pu AC ,pu DC ,pu DC DC ,pu DC_i ,puP P k K P k U u     = + − −  + −
     

(2.4) 

The control scheme of the VS-ICs is depicted in Fig. 2.2. 

 

Initially, power difference will be calculated as in (2.4) and the active power 
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Fig. 2.2: VS-IC’s control overview. 
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reference value is acquired through regulator Gc_i(s). The IC’s measured active and 

reactive power will used in the following for active power–frequency (P-f) and 

reactive power–voltage (Q-V) droop controls as discussed in [63]-[65]. Finally, 

determined reference phase-angle and voltage-amplitude values will be tracked, 

adopting double-loop control [66] for consistent and improved dynamic. The VS-

ICs equivalent control signals can be calculated as in (2.5) and (2.6). 

( )
i ,pu

p_i set_i ,pu IC_i ,pu p_i i ,pu

ref _i ,pu set_i ,pu i ,pu

d
H P P K

dt




  


= − − 


 = + 

 (2.5) 

 

( )
i ,pu

q_i set_i ,pu IC_i ,pu q_i i ,pu

ref _i ,pu set_i ,pu i ,pu

d E
H Q Q K E

dt

E E E


= − − 


 = + 

 (2.6) 

The small-signal model of the (P-f) droop control is given in Fig. 2.3 [64],[67], 

[68]. 

 

In Fig. 2.3, Sep_I, is given in (2.7). 
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X


 
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 
 (2.7) 

The closed-loop transfer function of the VS-IC’s (P-f) droops control, as given 

in Fig. 2.3, is provided in (2.8). 

( )
( )

( )

2

22 2

n_i

p_i

i n_i n_i

G s
s s



  
=

+ +
 

(2.8) 

The dynamic of the VS-IC’s (P-f) droop can be designed considering ζi and ts_i 

[59] as given in (2.9). 
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Fig. 2.3: Line frequency small signal model of the VSC’s P-f droop. 
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73 5

2

p_i p_i

i s_i

i n_i p_iep_i B p_i

K H.
, t

KS H


 
= = =

 

(2.9) 

Using exchanged power signal (2.4) and the VS-IC’s (P-f) droop transfer 

function (2.8), the exchanged power by i-th VS-IC can be defined as follow: 

( )(
( ) ) ( ) ( )

* *

IC_i ,pu AC ,pu AC AC ,pu AC ,pu

* *

DC ,pu DC DC ,pu DC_i ,pu c_i p_i

P P k

K P k U u G s G s

  = + − −
 

  + −
   

(2.10) 

1

1

l_i

c_i i

d_i

s
G ( s )

s






+
=

+
 

(2.11) 

where Gc_i(s) in (2.11) is defined as a proportional gain and phase compensation 

transfer function. The proportional gain’s value, ηi, is the subject of the rated 

capacity of the i-th VS-IC. 

2.3 Modeling of the LC-IC 

The LC-IC control scheme will be developed using a conventional (V-I) graph 

of the point-to-point thyristor-based DC system, as depicted in Fig. 2.4, to improve 

the design procedure's simplicity. 

 

The conventional inverter side thyristor-based LCC’s (V-I) graph usually 

consists of four operation regions [69]. These operation regions are: constant 

current control, VDCOL, constant voltage control, and constant extinction angle 

control. The modeling procedure can be different for each scheme in some states. 
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Fig. 2.4: Point-to-point LCC-based DC system's conventional control method (example: rectifier 

current-controlled inverter voltage-controlled) and LC-IC’s proposed (f-P) droop control system. 
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Therefore, mutual and distinct modelings for each scheme are discussed separately. 

2.3.1 Modeling of LC-IC’s Proposed Control Scheme 

The small-signal model of LC-IC’s power control and constant extinction 

angle control will be commonly used for both proposed control schemes (control 

scheme for expansion of the existing LCC-based installations in this chapter and 

controls scheme for new installations with parallel LCC-VSCs interlinking units in 

the chapter 3). The power control loop is the LC-IC’s small-signal response models 

in the grid frequency. Also, the constant extinction angle control loop is the small-

signal model of LC-IC response to avoid continuous commutation failure in case 

of AC voltage drops. 

■ The small-signal model of the LC-IC power control 

By neglecting the losses and assuming balanced performance for the LC-IC, it 

can be expected that the exchanged active power on the AC and DC side are equal 

PDC_LCC = PAC_LCC. Therefore, the following equations can be defined, given in 

(2.12) and (2.13). 

( )3

DC ,pu DC_LCC ,pu DC_LCC ,pu

AC ,pu pu AC_LCC ,pu

P u I

P E I cos 

=


=

 (2.12) 

 

( )

( ) ( )( )

0

0

2

2

3 2 3

DC_LCC ,pu DC _LCC ,pu DC_LCC ,pu

L L,pu

DC ,pu

AC ,pu t

DC _LCC ,pu L L,pu DC_LCC ,pu AC ,pu t DC_LCC ,pu

u u cos u

E
I cos cos

L

u E , u L I



 



 

−

−

 = + 


 = −




=  =


 (2.13) 

The voltage lost as a result of overlap can be found in [69], [63]. Then a small-

signal model of the LC-IC in grid frequency can be derived as depicted in Fig. 2.5 

considering (2.13). The small-signal model of the LC-IC’s power control is 

standard for both control schemes.  
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In this model, CN1 and CN2 are as given in (2.14): 

( )

( )

1 0

2

3 2
0

3 2
0

N B L L ,pu

N B

C n E sin

C n cos







−


=





=


 (2.14) 

Based on Fig. 2.5, the small-signal model of the LC-IC’s power control can be 

calculated as given in (2.15). 

( )
( )

( ) ( ) ( )( )

1 1

_

_ _

2

_ _ 1 1sin 0 sin 0

p N i N

LCC D

LCC D Denom

LCC D Denom Lt Lt p N i N

K C s K C
G s

G s

G s L s R K C s K C 

− −
=




= + − −

 (2.15) 

■ The small-signal model of the LC-IC constant extinction angle control 

The constant extinction angle control is another control scheme adopted by 

LC-IC during the AC sub-grids voltage sag to prevent commutation failure. The 

control scheme will help the converter ride through the fault and minimize the 

possibility of continuous commutation failure. In this regard, the LC-ICs DC link 

voltage (2.13) should be rewritten as (2.16). 

( )_ , 0 _ , ,

0 _ , ,

, _ ,
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3 2
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


−

 = − 

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

 =
  

(2.16) 

Using (2.16) the LC-IC's small-signal model, operating in constant extinction 

angle control can be designed, as shown in Fig. 2.6. 
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Fig. 2.5: Line frequency small-signal model of the LC-IC power control. 
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The constants CE1, CE2, and C3 are defined as (2.17): 

( )
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
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=


 (2.17) 

Using Fig. 2.6 and (2.17), the LC-IC's small-signal transfer function, operating 

in constant extinction angle control mode, is calculated as given in (2.18). 
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 (2.18) 

The LC-IC’s constant extinction angle-controlled DC current is calculated as 

follows. 

( ) ( )
2

2

L L,pu

DC_LCC ,pu

AC ,pu t

E
I cos cos

L
  



−
=  − +    (2.19) 

Linearizing (2.19) using the Taylor expansion ( ) ( ) 2

0

cos( ) 1 2 !
n n

n

x n x


=

 = −
   and 

taking n = 1 and applying (2.18) to it, (2.20) can be calculated: 
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Fig. 2.6: Line frequency small-signal model of the LC-IC constant extinction angle control. 
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( )( )2
2

2
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L L,pu

DC _ LCC ,pu ref LCC _C

t

E
I G s

L
 



−
= +  (2.20) 

There are several techniques to measure or predict the value of γref [70]-[72], 

[73]. The details of these procedures are out of the scope of this work to study. The 

LC-IC’s transmitted power for constant extinction angle control is determined in 

(2.21). 

( )( )2
2

2
4

DC _ LCC ,pu L L,pu

IC _ LCC ,pu ref LCC _C

t

u E
P G s

L
 



−
=  +  (2.21) 

 

2.3.2 Modeling of LC-IC’s Droop Equivalent Control for the 

Proposed LCC-based Installation’s Expansion 

The constant current control mode repurposed to adopt droop equivalent 

control for the system's power-sharing and AC frequency support operation states. 

Provided in Fig. 2.4, the constant current control region of the conventional (V-I) 

graph can be modified to the (P-f) droop equivalent control. Then, the following 

control system, as shown in Fig. 2.7, can be defined. 

 

The LC-IC’s control function is shown in (2.22). 

( )LCC ,pu KLCC set_LCC ,pu LC IC ,pu

ref _LCC ,pu set_LCC ,pu LCC ,pu

P G

P P P

  − = −


= + 
 (2.22) 

The GKLCC is defined as 1/(KLCC+HLCCs). The inertia function prevents sudden 

changes in the power value that can affect commutation. Taking proposed droop 

equivalent control of the LC-IC’s for existing installations (2.22) and the small-

signal model of the LC-IC’s power control (2.15), the exchanged power by LC-IC 

can be defined, as given in (2.23). 

α
L

C
C

LCC Firing Angle Control

ΔPLCC,pu
ωset_LCC,pu

ωLC-IC,pu Pset_LCC,pu

(P-f) Droop Control

Pref_LCC,pu

GKLCC PB Controller

 
Fig. 2.7: LC-IC’s control overview for LCC-based installations expansion control scheme. 
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( )( ) ( )*

IC_LCC ,pu set_LCC ,pu AC ,pu AC ,pu KLCC LCC_DP P G s G s  = + −   (2.23) 

 

2.3.3 Modeling of LC-IC’s VDCOL Control for the 

Proposed LCC-based Installations Expansion 

LC-IC should adopt the VDCOL control scheme in case of a significant voltage 

drop on the DC sub-grid. Based on the VDCOL control principles, the DC current's 

value should be adjusted according to the DC voltage level. In this mode, the 

controller adopts a predetermined VDCOL function based on power system 

specifications. In this state, the control scheme uses the LC-IC’s power control loop 

to operate. The VDCOL function will be defined as (2.24): 

( ( )) ( )*

IC _ LCC ,pu set _ LCC ,pu DC ,pu DC _ LCC ,pu DLCC LCC _ DP P U u G s G s = − −    (2.24) 

where GDLCC(s) is defined to prevent the abrupt changes to the reference value. 

It is defined as GDLCC(s) = 1/(Kd+Kgs). The details around the VDCOL function 

and its design procedure can be found in [73] and [74]-[76]. 

 

2.4 Operation Modes and Stability Studies 

The power system's operation is divided into three main states: power-sharing, 

DC support, and AC support. 

The exchanged power by ICs in every operation state with both control 

schemes (LCC-based installations expansion control scheme in this chapter and 

new LCC-based installations in chapter 3) can be defined as (2.25). 

, _ , _ ,

1

N

IC pu IC LCC pu IC i pu

i

P P P
=

= +  (2.25) 

Locally measured DC voltage uDC_LCC,pu and uDC_i,pu for both LC- and VS-ICs 

will be substituted with DC sub-grids busbar voltage uDC,pu. Therefore, the DC 

transmission line voltage drop should be replaced in calculations as given (2.26). 
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+


= 
 +

 (2.26) 

The DC voltage in VS-ICs and LC-IC exchanged power based on the control 

schemes 1, (2.10) and (2.24), are altered in the form of (2.27) and (2.28), to 

represent DC voltage loss, respectively. 
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 (2.28) 

As discussed previously, the VS-IC control scheme uses droop control with 

inertia on its inner loop and phase compensation with a proportional gain for the 

outer loop [59]. The inner-loop droop function improves the system's dynamics and 

stability while giving droop equivalent features to the control scheme. The phase 

compensation function, Gc_i(s), specifies its respected VS-IC's rated capacity and 

improves the system's stability and dynamics. An inertia function is designed for 

the LC-IC control schemes to establish a droop equivalent control as well as 

improve the stability and dynamics of the system. The inertia of the LC-IC’s droop 

equivalent control is one of the parameters that should be designed carefully for 

better stability and dynamics. 

a. Power-sharing Operation 

In the power-sharing operation state, AC sub-grids voltage/frequency and DC 

sub-grids voltage are controlled by aggregated slack terminals on AC and DC sub-

grids while ICs share power based on proposed control schemes. 

The LC-IC and VS-ICs follow the control schemes provided in the previous 
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section in all operating states. The operation state of the system in the power-

sharing condition can be defined as follow: 
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( )
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 (2.29) 

The system's operation state is independent of the ICs control scheme and 

defined based on the power grid and aggregated slack terminals control. The 

exchanged power in the power-sharing state can be different for both proposed 

schemes. Therefore, each control scheme will be studied separately. 

■ IC’s exchanged power based on the LCC-based installations 

expansion control scheme in a power-sharing state 

The steady-state representation of transferred power for each group of the ICs 

following the LCC-based installations expansion control scheme is calculated in 

(2.30). 
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(2.30) 

 

■ IC’s exchanged power based on the LCC-based installation expansion 

control scheme in the power-sharing state 

The representation of the exchanged power by ICs assuming the parallel LCC-

VSC-based new installation's control scheme will be as (2.31)  
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 (2.31) 

The steady-state representation of the IC’s exchanged-power based on the 

parallel LCC-VSC-based new installation's control scheme can be found in (2.32). 
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 (2.32) 

b. AC sub-grid Support 

The aggregated slack terminal on the AC sub-grid has lost control over the AC 

sub-grids’ voltage and frequency. However, the DC sub-grid operation is intact. In 

this condition and under the proposed unified control principles, the ICs should 

maintain the voltage level and frequency of the AC sub-grid within the desired 

range.  

In this condition, the operation state can be defined as given in (2.33). The 

operation state is valid for both proposed control schemes (LCC-based installations 

expansion control scheme in this chapter and new parallel LCC-VSCs-based 

installations control scheme in chapter 3). 
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 (2.33) 

 

■ IC’s AC sub-grid frequency support based on the LCC-based 

installations expansion control scheme 

The proposed LCC-based installations expansion control scheme is designed 

to regulate the AC sub-grid frequency and voltage level. In this state, the transition 

from power-sharing operation to AC support will be without mode detection. The 

frequency’s reference value can be defined as a function of proposed frequency-

based droop equivalent control, given in (2.34): 
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 (2.34) 

By applying the operation state of the system in this condition (2.33) to the 

IC’s exchanged power function, the following equations can be computed: 
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 (2.35) 

The stability of the system in this condition is subject to the stability of GIC_i(s), 

GLCC_D(s), and GtLCC(s). Considering that the stability of these functions is 

guaranteed, then the stability of the (2.35) can be confirmed. The steady-state value 

of frequency and exchanged power by LC-IC and VS-ICs can be calculated as given 

in (2.36). 
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■ IC’s AC sub-grid voltage support 

In the case of voltage sag in the AC sub-grid, as explained previously, 

continuous commutation failure is likely for the LC-IC. To avoid such an outcome, 



 

34 

 

the supporting role of the VS-ICs and the LC-IC's constant extinction angle control 

scheme should be under effect. The LC-IC's commutation failure can be seen as a 

DC short circuit on the LCCs' DC end. Although such an incident is predictable for 

the LCCs, and circuit components are designed to withstand such conditions, the 

impact of continuous commutation failure can affect the DC sub-grid voltage, and 

also it can be damaging for a particular type of parallel VS-ICs technologies. The 

conventional multilevel inverters and MMC VSCs are commonly used in the 

current power grid that can undertake some devastating impacts due to short circuit. 

Therefore, it is important to limit such incidents in the power system. The system's 

operation state is also intact and is similar to the AC sub-grid support as given in 

(2.33). Also, VS-IC’s control system maintains its scheme as before, which will 

also help the system get out the fault faster. 

The control system will take constant extinction angle control for LC-IC in 

both proposed schemes in such a condition to limit or stop commutation failure. In 

this method, the LCC valves' firing angles are determined to impose the safest 

extinction angles while limiting the reactive power consumption to the lowest 

possible amount. The reference frequency signal in this circumstance will change 

to (2.37) due to a change in LC-IC’s control system. 
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 (2.37) 

Using the LC-IC’s constant extinction angle controlled exchanged power 

function (2.21), the overall transferred power by the ICs are recalculated as given 

in (2.38). 
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The ICs will continue to work in this mode of operation until the AC voltage 

on the AC sub-grid recovers to its standard range. The output power of the LC-IC, 

as stated, in this condition is controlled by a constant extinction angle control loop. 

Thus, its impact on frequency is subject to the AC system voltage level than its 

frequency. The stability of the system in this mode is a subject of the stability of 

GLCC_C in PIC_LCC,pu, and GIC_i in PIC,pu. The stability of these two transfer functions 

is guaranteed. Then, it can be concluded that the stability of the (2.38) is also 

guaranteed. 

Steady-state representation of the system in this condition is provided in (2.39). 
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c. DC sub-grid Support 

In this mode, the DC sub-grid loses its control over DC voltage. ICs can support 

the DC voltage by injecting the required power from the AC sub-grid to the DC 

sub-grid or decreasing the value of the exchanged power from the DC sub-grid to 

the AC sub-grid. In this condition, the system’s operation state can be discussed as: 
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In (2.40) C represents the equivalent capacitance of the DC sub-grid. The LC-

IC’s control in this state will be different for each proposed scheme. The LCC-

based installations expansion control scheme, as explained previously, will use the 

VDCOL function to support the grid against DC voltage control loss. 

■ IC’s DC sub-grid voltage support based on the LCC-based 

installations expansion control scheme 

By detecting the DC voltage drop on the DC sub-grid, the LC-IC will adopt the 

VDCOL control. The VS-ICs will either decrease transferred power from DC to 

AC sub-grid or reverse the exchanged power from AC to DC sub-grid all by 

changing Pset_i,pu. 

The ICs exchanged power in this operation mode is calculated as in (2.41). As 

can be seen in (2.41), PIC_LCC,pu, is a function of the VDCOL graph, in which the 

exchanged power by LC-IC alters by a change in DC voltage. 
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 (2.41) 

The steady-state value of the DC voltage on the DC sub-grid terminal and 

exchanged power by LC- and VS-ICs are given in (2.42) using (2.41). 
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(2.42) 

In the proposed unified control scheme, the VDCOL function can be designed 

to follow specific pattern based on the LCCs' grid’s features as depicted in Fig. 2.8. 

The details around the design of the VDCOL function can be found in [86]. 

 

 

■ IC’s DC sub-grid voltage support based on the parallel LCC-VSC-

based new installation's control scheme 

In the proposed parallel LCC-VSC-based new installation's control scheme, 

t

IDC

1.0

Imin

VDCOLA

B

C

D

Region with highest 

probability of 

commutation failure.

 
Fig. 2.8: The respond function of VDCOL control scheme. 
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the ICs will be more integrated to support the DC sub-grid voltage. Considering the 

system's operation state as given in (43) and the control scheme of the ICs, the 

exchanged power will be computed as given in (2.43). 
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Using (2.43), the DC voltage dynamic can be calculated as (2.44). 
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 (2.44) 

Using (2.43) and (2.44), the steady-state value of the DC sub-grid voltage and 

ICs transmitted power are calculated as (2.45). 

The provided equation shows that both the LC-IC and VS-ICs contribute to the 

regulation of voltage, which can be affected by controlling factors, as explained 

previously. 
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 (2.45) 

2.5 Real-time Simulation Results 

Real-time simulation is performed by Opal-RT (OP5600) as provided in Fig. 

2.9 with 25μs sampling frequency to verify the proposed LCC-based installations 

expansion control scheme. In this test, the hybrid AC/DC grid is used, as depicted 

in Fig. 2.1. The provided grid is modeled into five zones, engaging 5 CPU cores. 

The grid parameters are selected as provided in Table 2.1 for the LCC-based 

installations expansion control scheme. The test examines the accuracy of 

controlling parameters design and proposed procedure. Also, it includes examining 

the system response and control schemes by forcing the system's state from power-

sharing to AC or DC sub-grid support in both techniques. 

 
 

Fig. 2.9: Opal-RT real-time simulator. 
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■ Real-time simulation test for the LCC-based installations 

expansion control scheme 

The real-time simulation for the LCC-based installations expansion control 

scheme starts with AC sub-grid support test. The AC and DC power terminals' 

values are -1 MW (-1 p.u.) and 0.4 MW (0.4 p.u.) while the system is in a power-

sharing state. The transmitted power by ICs in this state is 0.25 (p.u.) and 0.198 

(pu) for LC-IC and VS-IC, respectively, as shown in Fig. 2.10. The DC voltage and 

AC frequency also will adapt to the condition by changing to 1.01 (p.u.) and 0.998 

(p.u.), respectively. At 20s, the AC slack terminal loses control over AC sub-grid 

frequency. The ICs take control of the AC sub-grids frequency by adjusting it to 

0.993 (p.u.). In the meantime, the DC sub-grids voltage changes to 1.005 (p.u.). 

 

TABLE 2.1: GRID PARAMETERS FOR THE LCC-BASED INSTALLATIONS EXPANSION CONTROL SCHEME 

TEST 

System Parameter Value 

DC Sub-grid 

Rated DC voltage 14 kV 

DC filter capacitance 10 mH, 0.25 Ω 

Switching frequency 5 kHz 

kDC 71.4286 

AC Sub-grid 

Rated AC voltage 4.7 kV (peak) 

Switching frequency 5 kHz 

Slack terminal filter (LC) 1.9 mH/100 µF 

Power terminal filter (L) 10 mH 

kAC 119.0476 

IC 

VS-IC 
Switching frequency 5 kHz 

Filter (LC) 0.4 mH/100 µF 

LC-IC 

Filter DC (L) 25 mH 

Filter AC (C) 100 kVAR 

Transformer (n1/n2) 1/1 

 

The control system implemented these values by transmitting 0.55 (p.u.) and 
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0.44 (p.u.) through LC-IC and VS-IC units. The aggregated power terminals in AC 

and DC sub-grids adopt -1.5 (p.u.) and -0.25 (p.u.) as injected/absorbed power at 

the 30s of the simulation. The control system reacts to the changes by adjusting the 

transmitted power by LC-IC and VS-IC units to 0.98 (p.u.) and 0.51 (p.u.), 

respectively. At t = 40s, the aggregated AC slack terminal takes control of the AC 

sub-grid, and therefore, the transmitted power by LC-IC and VS-IC change to 0.47 

(p.u.) and 0.1 (p.u.), respectively. The DC sub-grid voltage and AC sub-grid 

frequency are shown in Fig. 2.10(c), (d). 
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The effectiveness of the AC sub-grid protection against voltage sag is shown 

in Fig. 2.11. In this test, the AC voltage sag happens at 25s and 35s of the 

simulation. As can be seen in Fig. 2.11(e), the control system of the LC-IC reacts 

to the voltage changes by adopting constant extinction angle control to protect the 

LC-IC unit from continuous commutation failure. Other than this particular 

measure, the control system works identical to the last test and successfully rides 

through the fault. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 2.10: Power-sharing to AC sub-grid support test by the LCC-based installations expansion 

control scheme. a) LC-IC active power (p.u.), b) VS-IC active power (p.u.), c) DC voltage (p.u.), 

and d) Frequency (p.u.). 
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The effectiveness of the DC sub-grid support is tested too. The system starts 

with -1 (pu) and 0.4 (pu) for aggregated power terminals on the AC and DC sub-

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Fig. 2.11: Power-sharing to AC sub-grid support with AC voltage sag test by the LCC-based 

installations expansion control scheme. a) LC-IC active power (p.u.), b) VS-IC active power 

(p.u.), c) DC voltage (p.u.), and d) Frequency (p.u.). 
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grids in power-sharing operation. In this condition, the LC-IC and VS-IC 

exchanged power are 0.25 (p.u.) and 0.198 (p.u.), respectively, as shown in Fig. 

2.12. The DC aggregated slack terminal loses control of the DC sub-grids voltage 

at the 20s. As expected, the LC-IC will adopt VDCOL control while the VS-IC uses 

the same control scheme as before to support the DC sub-grids voltage. Therefore, 

LC-IC and VS-IC alters' transmitted power to 0.39 (p.u.) and 0.0005 (p.u.), 

respectively. At the 30s of the simulation, the aggregated power terminals on the 

AC and DC sub-grids change injected/absorbed power to -1.5 (p.u.) and -0.25 

(p.u.), respectively. The ICs adapt to the changes by taking minimum acceptable 

exchanged power for LC-IC and a compensating value for VS-IC. The aggregated 

DC slack terminal takes control of the DC voltage on the DC sub-grid at 40s. As a 

result, the ICs have exchanged powers as 0.47 (p.u.) and 0.1 (p.u.) for LC-IC and 

VS-IC, respectively. The AC sub-grids frequency and DC sub-grids voltage can be 

seen in Fig. 2.12. The DC voltage and AC frequency are also shown in Fig. 2.12(c), 

(d), respectively. 
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Changing the controlling parameters to push the control system into an 

unstable region is also tested. The test proceeds with power-sharing to DC sub-grid 

support operation, shown in Fig. 2.13. The controlling parameters in (0.5) are 

selected following Fig. 0.4 unstable regions. The aggregated AC and DC power 

terminals follow similar values as given in the previous tests. At 20s, the aggregated 

slack terminal on the DC sub-grid loses control over DC voltage. In this condition, 

as expected, the ICs should take control of the system. As anticipated, the system 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 2.12: Power-sharing to DC sub-grid support test by the LCC-based installations expansion 

control scheme. a) LC-IC active power (p.u.), b) VS-IC active power (p.u.), c) DC voltage (p.u.), 

and d) Frequency (p.u.). 
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becomes unstable, moving from power-sharing condition to DC sub-grid support. 

Therefore it is expected for the system to lose its control over the DC voltage. 

 

 

2.6 Experimental Results 

In order to further examine and verify the performance of the proposed system, 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 2.13: Power-sharing to DC sub-grid support with unstable controlling parameters test by the 

LCC-based installations expansion control scheme. a) LC-IC active power (p.u.), b) VS-IC active 

power (p.u.), c) DC voltage (p.u.), and d) Frequency (p.u.). 
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a scale-down experimental test is conducted. The hybrid AC/DC grid is simplified 

to the structure as depicted in Fig. 2.14. The circuit parameters are selected as it is 

given in Table 2.2. 

 

A DC source with a series resistance RDroop is used to mimic droop 

characteristics for the DC grid. RLoad 1 and RLoad 2 are also representing the DC loads. 

RLoad 2 is switchable to practice load changing and its impact on the system. A 

programable AC source is used to represent the AC grid. A 4.2 Ω resistance is 

positioned in parallel with AC source as a load. A VSC and two current source 

converters (CSCs) are used as VS-IC and a 12-pulse LC-IC. The CSCs are 

connected to the AC grid through delta/wye/delta transformers and controlled to 

mimic a 12-pulse LCC in operation. 

TABLE 2.2: EXPERIMENT CIRCUIT PARAMETERS. 

DC source voltage level 120 V 

AC source voltage level 30 V(rms) 

Voltage source switching frequency 5 kHz 

AC Load 4.2 Ω 

Voltage source converter filters 5 mH/80 μF 

Current source converter filters 140 μF/ 1.2 Ω 

AC line parameters 500 μH/0.2 Ω 

RLoad 1/RLoad 2 145 Ω/44 Ω 

Transformer delta/wye/delta, 1:1:1 

In this test, the AC grid frequency and DC voltages base are set on 60 Hz and 

120 V, and any changes in the measurements of these value’s during the tests should 

be added/subtracted to their origin. The experimental setup is shown in Fig. 2.15. 
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Fig. 2.14: Experimental test circuit layout. 
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The performance of the system is tested in two conditions. The first is testing 

the system performance in normal and AC frequency support operation states. The 

system starts with a normal operation state while all of the circuit elements are 

within the desired range. Then, as shown in Fig. 2.16, the AC grid faces an AC 

frequency drop from 60 Hz to 59.9 Hz. Eventually, the AC frequency increases 

back to 60 Hz. The SCR’s exchanged power changed from around 100 W to 135 

W and back to 100 W due to changes in AC frequency level. Similarly, the VSC’s 

exchanged power changes from 40 W to around 60W and back to 40 W. The DC 

voltage level will be impacted due to increased exchanged power value, dropping 

from 111 V to 107 V and back to 111 V. 

The second experiment tests system performance in normal and DC support 

states. The system starts with a normal operation state while all of the circuit 

elements are within the desired range. To test the system's DC support state, the DC 

load is changed from 145 Ω to 33.7 Ω and then back to 145 Ω resulting in a shift 

DC voltage level, as shown in Fig. 2.17. In this process, the DC voltage is changed 

from around 111 V to 104 V and then back to 111 V resulting in VSC’s exchanged 

power to be equal to 45 W, -32 W, and then back to 45 W, respectively. VSC 

supports the DC grid during the DC voltage drop by exchanging power from AC to 

DC grid. As it can be seen, the AC grid frequency is equal to 60 Hz in all test 

conditions. Similarly, as expected, the SCR’s exchanged power doesn’t deviate due 

to the structure of the control scheme. 

 

VSC

CSC

DC Source

Transformer

Resistive Load

AC Source

Filters MicroLab 

Box 1202

 
Fig. 2.15: Experimental setup. 
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2.7 Conclusion 

This chapter reviewed the proposed unified control scheme for parallel LCC-VSC 

interlinking converters in a hybrid AC/DC grid. In the proposed control strategy, 

the VSCs merge the droop functions of the DC and the AC sub-grids into the united 

control scheme. Also, the LCC uses droop equivalent control, derived from its V-I 

graph, which enables it to operate with the VSC’s droop control. In this thesis, the 

performance of the proposed control scheme was studied under different 

operational modes (normal, AC sub-grid support, and DC sub-grid support) by 

detailed mathematical modeling and real-time simulations. The study verified that 

the proposed control scheme accurately shares power between the AC and DC sub-

grids during normal operation and supports the AC sub-grid’s voltage/frequency 

and the DC sub-grid’s voltage in the AC and DC sub-grids’ support control modes, 

respectively. Moreover, the proposed control system provides the required reactive 

DC Voltage

20 V/div, 

Base 120 V

SCR Power

100 W/div

VSC Power

100 W/div

Grid Frequency

0.1 Hz/div, 

Base 60 Hz

 
Fig. 2.16: Normal and frequency support operations states experimental results. 

DC Voltage

20 V/div, 

Base 120 V

SCR Power

100 W/div

VSC Power

100 W/div

Grid Frequency

0.1 Hz/div, 

Base 60 Hz

 
Fig. 2.17: Normal and DC support operations states experimental results. 
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power, improves the transmitted power quality, and prevents the continuous 

commutation failure of the LC-IC. Also, the mathematical and simulation studies 

verified that the bidirectional power flow, an essential requirement for hybrid 

AC/DC grids, was realized with the parallel LCC-VSC interlinking converter. 
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Chapter 3  

Unified Control Scheme - Parallel 

LCC-VSC-based New Installation 

In Chapter 2, the author proposed that parallel LCC-VSC interlinking 

converters (ICs) operated as a single terminal in a hybrid AC/DC grid and aimed 

for expansion of the already available LCC-based installations. Therefore, the 

conventional structure of the LCC installations, such as passive filters, VDCOL 

control, and mode detection in some of the operation states are maintained. In this 

chapter, the general features of such a system based on unified control and basic 

operational states have been developed. An attempt has been made to make the 

LCC unit fit to the droop control of the parallel VSCs. The equivalent droop control 

of the LCC, in Chapter 2, has been designed based on the frequency of the AC sub-

grid versus injected active power, while the droop control of the VSC 

accommodates the DC voltage and AC frequency versus injected/absorbed active 

power. As is shown, the implementation of the AC frequency into the conventional 

control scheme of the LCC showed good compatibility. However, in the LCC-based 

installations expansion control scheme, as was shown in Chapter 2, the operation 

mode detection is required. 

This work studies a parallel integration of LCC-VSC ICs in hybrid AC/DC 

grids with an enhanced control scheme. Unlike the studies provided in Chapter 2, 

this work is intended for a system considering both LCC and VSC in the design 

stage. The control system of the ICs includes AC voltage/frequency control, DC 

voltage regulations, smooth operation modes’ transients, and stability in normal and 

fault conditions. For this purpose, the conventional (V-I) graph-based control 

scheme of the LCC is altered to fully support the droop equivalent control, so it is 

very compatible with parallel droop-controlled VSCs. The constant extinction angle 

control is essential to protect the unit against the AC voltage drop and, 

consequently, commutation failure. In order to limit the need for mode detection 
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and to improve the accuracy of the power-sharing, the propositions of both the AC 

and DC sub-grids are considered in the LCC’s control scheme design. The proposed 

control for the LCC can improve the system’s response and remove unnecessary 

transients. More importantly, the system’s performance under the AC and DC 

sides’ faults is studied, and a proper control scheme is designed to improve the 

stability and power quality of the grid. The designed control system of the ICs can 

support the AC voltage/frequency and the DC voltage level in different operational 

conditions within the desired range, independent of the state of the system. 

3.1 The Hybrid AC/DC Grid with Proposed Parallel 

LCC-VSC-based New Installation's Control Scheme 

The generic hybrid AC/DC system with proposed parallel LCC-VSC ICs will 

be also used for the parallel LCC-VSC-based new installation's control scheme, as 

shown in Fig. 2.1. Similar description regarding the aggregated slack and power 

terminals on both AC and DC sub-grids can be used for the parallel LCC-VSC-

based new installation's control scheme. Also, the general structure of the power 

grid for the proposed parallel LCC-VSC-based new installation's control scheme is 

similar to the LCC-based installations expansion control scheme, the application 

and operation scenario is vastly different. 

As it is stated before, the conventional LCCs has commutation failure issue 

and limited controllability. Linking the LCC-based inverter with parallel VSC units 

in a new installation is a promising approach. The proposed configuration improves 

the commutation by helping the system during the transients and providing 

extensive controllability for circuit properties in all conditions while keeping the 

cost low. The LCC’s advantages, such as being a mature technology, lower 

equipment cost, and efficient high-power transmission [16], [27] establishes a low-

cost interlinking unit while the power quality is kept high. The variety of operation 

states for such hybrid AC/DC grids require a unified control scheme that can 

address system needs in all possible conditions while avoiding or mitigating fault 

impacts in both AC and DC sides. Also, the proposed configuration will increase 
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power exchange capacity and add a power reversal capability to the conversion unit 

while the cost is kept low. The power reversal is needed for ES units in the DC sub-

grid of the hybrid AC/DC grid. Furthermore, this parallel LCC-VSC system can 

also be an effective choice when the power flow levels in two directions are not the 

same in design. Therefore, a great application of the LCC-VSCs system is for a new 

interlinking converter station where the power flows in two directions are not the 

same in design (e.g., remote islands or weak grids with storage units or local 

distributed generation). The combination of LCC-VSC has the potential to bring 

the best out of each technology and provide a promising solution with good power 

quality, efficiency, and lower cost for such a system.  

Similar to the power grid in the LCC-based installation expansion control 

scheme, the aggregated slack terminals on the AC and DC sub-grids are droop 

controlled. The control functions are defined as provided in (2.1). The power ratio 

between the AC and DC sub-grids can be defined as PAC_B,pu:PDC_B,pu = K:1. Fig. 

3.1 is a proper representation of the proposed configuration in a intended operation 

environment. 

 

3.2 Modeling of VS-ICs and LC-IC 

In the parallel LCC-VSC-based new installation's control scheme as well as 

LCC-based installations expansion control scheme, the exchanged power by the 

VS-IC will be defined by (2.2). Also, taking into account the AC and DC sub-grid’s 

 
Fig. 3.1: General layout of hybrid AC/DC grid with the proposed parallel LCC-VSC-based new 

installation's related environment. 
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droop controls, the power difference equation will be defined as given in (2.4). 

Therefore using (2.4), the VS-IC's control scheme as shown in Fig. 2.2, and small-

signal model of the (P-f) droop control as given in Fig. 2.3 the exchange power by 

i-th VS-ICs can be defined as (2.10) and (2.11). 

Unlike the VS-ICs, the operation states of the LC-IC can be different between 

LCC-based installations expansion control scheme and parallel LCC-VSC-based 

new installation’s control scheme in some cases. Also, some of operating states are 

similar for the LC-IC in parallel LCC-VSC-based new installation's control scheme 

as LCC-based installations expansion control scheme. The power control and 

constant extinction angle control are the same for both control schemes. 

Based on the LC-IC's small signal model as shown in Fig. 2.5, its power control 

can be defined as it is given in (2.15). Similarly, based on the small-signal model 

of the LC-IC's constant extinction angle control, Fig. 2.6, the LC-IC’s transmitted 

power in this control scheme will be as it is determined in (2.18). Using (2.18), the 

exchanged power equation during the constant extinction angle control can also be 

found as given in (2.21). 

3.2.1 Modeling of LC-IC’s Droop Equivalent Control for the 

Proposed Parallel LCC-VSC-based New Installation's Control 

Scheme 

The LC-IC in the parallel LCC-VSC-based new installation's control scheme 

uses a droop equivalent control based on AC frequency and DC voltage, the same 

as the VS-ICs control scheme shown in (3.1). 

( ) ( )* * * *

LCC AC ,pu AC AC ,pu AC ,pu DC ,pu DC DC ,pu DC_i ,puP P k K P k U u     = + − −  + −
     

(3.1) 

The LC-IC’s exchanged active power can be defined as it is given in (3.2), 

using Fig. 3.2 and a small-signal model of the LC-IC power control (2.15). 

( )(
( ) ) ( ) ( )

* *

_ , , , ,

* *

, , , _ _

IC LC pu AC pu AC AC pu AC pu

DC pu DC DC pu DC pu LC K LC D

P P k

K P k U u G s G s

  = + − −
 

  + −


 (3.2) 

In (3.2), the LCC’s inertia transfer function, GLC_K(s), is assumed to be equal 
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to 𝐺𝐿𝐶_𝐾 = 1 𝐾𝑝_𝑙 +𝐻𝑝_𝑙𝑆⁄ . The GLC_D(s) represents a small-signal model of the LC-

IC’s power control as given in (2.15). As it is shown in (3.2), the terminals' DC 

voltage of the LC-IC is already included in the parallel LCC-VSC-based new 

installation's control scheme’s exchanged power following the same procedure 

introduced for the LCC-based installations expansion control scheme in (2.26). 

  

3.3 Operation Modes and Stability Studies of Parallel 

LCC-VSC-based New Installation's Control Scheme 

The operation of the power system under parallel LCC-VSC-based new 

installation's control scheme is divided into three main states: power-sharing, DC 

support, and AC support. 

The exchanged power by ICs in every operation state with both control 

schemes can be defined as (2.25), similar to the LCC-based installations expansion 

control scheme. The aggregated exchanged power includes the combination of both 

LC- and VS-ICs exchanged power equations representing the IC’s system as a 

whole. The VS-IC’s inertia and phase compensation functions operate the same for 

the parallel LCC-VSC-based new installation's control scheme as LCC-based 

installations expansion control scheme and similar explanations as it is given in 

section 2.4 is valid for parallel LCC-VSC-based new installation's control scheme. 

Similarly, the inertia function for LC-IC in the parallel LCC-VSC-based new 

installation's control scheme is valid just like LCC-based installations expansion 

control scheme as explained in section 2.4. 

3.3.1 Power-sharing Operation 

In the power-sharing operation state, AC sub-grids voltage/frequency and DC 

Controller

LCC Firing Angle ControlLC-IC Power Control

ΔPs_i

Eq. (3.1) PB

1

p _ l p _ lK H S+

 
Fig. 3.2: The proposed control scheme of the LC-IC for improved unified control. 
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sub-grids voltage are controlled by aggregated slack terminals on AC and DC sub-

grids while ICs share power based on proposed control schemes 2. 

The LC-IC and VS-ICs follow the control schemes provided in the previous 

section in all operating states. The operation state of the system in the power-

sharing condition can be defined as given in (2.29). 

As stated before, the system's operation state is independent of the ICs control 

scheme and defined based on the power grid and aggregated slack terminals control. 

The exchanged power in the power-sharing state can be defined for parallel LCC-

VSC-based new installation's control scheme as it is provided in the following. 

( )

( ) ( )
( )

( ) ( ) ( )

, _ , _ ,

_1

1 1

IC

IC pu DC P pu AC P pu

IC

N

IC NLCC IC ii

G s
P K P P

K G s

G s G s G s
=


 =   −  + +


= + 

 (3.3) 

The steady-state representation of the IC’s exchanged-power based on the 

parallel LCC-VSC-based new installation's control scheme can be found in (3.4). 

( )
( ) ( )

( )

( ) ( )
( )

( ) ( )
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_ , _ , _ ,

_

_ , _ , _ ,
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1 1 0
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p l

IC LC pu DC P pu AC P pu

IC

N

IC p l i DC i pu ii

Kk R
P KP P

K G

K
P KP P

K G

G K Kk R

 

 
=

 +
=  −

+ +

 =  −

+ +



 = + +
 

 (3.4) 

Considering the steady-state representation of the exchanged power by ICs in 

a normal operation state (3.4), the ratio of the exchanged power can be calculated. 

Therefore, based on the given calculations, the power sharing between ICs in 

normal operation mode can be defined below (3.5). 

( )1

1

i DC i ,pu iIC _i ,pu

IC _ LC ,pu p _l

Kk RP

P K

 +
=  (3.5) 

The stability study of the system in this operating condition can be performed 

considering (3.3). The pole placements of the transfer function considering a variety 

of controlling parameters are performed. It can be learned from Fig. 3.3, when τl_i 

and τd_i are equal to 0 and 0.01, respectively, pole-placements have the highest shift 
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by changing the variables compared to other options. Also, it is expected that the 

system shows a faster but oscillatory response by increasing the value of ηi from 

0.1 to 4. This is based on the presence of a pair of conjugate poles getting closer to 

the imaginary axis and the pole on the real axis distancing from the imaginary axis, 

as shown in Fig. 3.3. Comparing the two other testing conditions, τl_i = 0, τd_i = 0.5 

and τl_i = 0.1, τd_i = 0.5, the choice with higher τl_i shows better performance. This 

is due to the pair of conjugate poles located farther from the real axis than the other 

option. According to the results, it is expected that the τl_i = 0.1 and τd_i = 0.5 

performing better for normal operation state (i.e., better settling time, lower 

overshoot, and oscillations). Based on the system's overall response in this state, it 

can be concluded that the higher values for ηi result in a better response. However, 

the value of the ηi cannot be exceedingly high without proper compensation. 
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(b) 

Fig. 3.3: Normal operation condition poles-placement analysis. a) overall poles-placement, b) 

impact of individual tests. 
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3.3.2 AC Sub-grid Support 

The aggregated slack terminal on the AC sub-grid has lost control over the AC 

sub-grids’ voltage and frequency. However, the DC sub-grid operation is intact. In 

this condition and under the proposed unified control principles, the ICs should 

maintain the voltage level and frequency of the AC sub-grid within the desired 

range. In this condition, the operation state can be defined as given in (2.33). 

The exchanged power by ICs under the parallel LCC-VSC-based new 

installation's control scheme can be defined by applying the current condition’s 

operation state (2.33) to the LC-IC’s and VS-IC’s exchanged power functions (3.2) 

and (2.27), respectively. The small-signal model of the IC’s exchanged power can 

be defined as provided in (3.6). 

( ) ) ( )(
( ) ) ( )(

( )
( )

* *
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* *
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
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 (3.6) 

Based on (3.7), the steady-state value of transferred power by ICs and the AC 

sub-grid frequency can be calculated. 
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 (3.7) 

In case of an excessive voltage sag on AC sub-grid, continuous commutation 

failure is highly possible for the system. In this condition as explained previously, 

in order for the LC-IC to avoid continuous commutation failure, the constant 

extinction angle control should be adapted. The VS-ICs also should play a 
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supporting role by providing the system with required reactive power and trying to 

stabilize the AC voltage. In this method, the LCC valves' firing angles are 

determined to impose the safest extinction angles while limiting the reactive power 

consumption to the lowest possible amount. The reference signal of the LC-IC will 

change to (2.37) as provided before. Using the LC-IC’s constant extinction angle 

controlled exchanged power function (2.21), the overall transferred power by the 

ICs are recalculated as given in (2.38). The ICs will continue to work in this mode 

of operation until the AC voltage on the AC sub-grid recovers to its standard range. 

The output power of the LC-IC, as stated, in this condition is controlled by a 

constant extinction angle control loop. Thus, its impact on frequency is subject to 

the AC system voltage level than its frequency. The stability of the system in this 

mode is a subject of the stability of GLCC_C in PIC_LCC,pu, and GIC_i in PIC,pu. The 

stability of these two transfer functions is guaranteed. Then, it can be concluded 

that the stability of the (2.38) is also guaranteed. Steady-state representation of the 

system in this condition is provided in (2.39). 

The VS-ICs based on their topology can be affected differently. As studied in 

[87], the conventional half-bridge MMC and 2- or 3-level VSCs can face severe 

consequences in case of commutation failure, shown in Fig. 3.4. As depicted in Fig. 

3.4, the DC short circuit, resulting from continuous commutation failure, can lead 

to current circulation, damaging the semiconductors in some cases or disturbing the 

voltage balance in others with severe outcomes. The MMC units with mixed 

submodules (half-bridge and full-bridge) and compensating control plans are 

proposed in [87], [88] to mitigate these issues while the cost of the unit is kept 

lower. The complication of control due to the AC voltage disturbance confirms that 

the primary task is to ensure the LC-IC recovers from commutation failure or avoid 

it. 



 

60 

 

 

 

3.3.3 DC Sub-grid Support 

In this mode, the DC sub-grid loses its control over DC voltage. ICs can support 

the DC voltage by injecting the required power from the AC sub-grid to the DC 

sub-grid or decreasing the value of the exchanged power from the DC sub-grid to 

the AC sub-grid. In this condition, the system’s operation state can be discussed as 

given in (2.40). 

In the proposed parallel LCC-VSC-based new installation's control scheme, 

the ICs control will be more integrated to support the DC sub-grid voltage. 

Considering the system's operation state as given in (2.40) and the control scheme 

of the ICs, the exchanged power will be computed as given in (3.8). 

 ( )  ( )

 ( )  ( )

* *

_ , _ , , , , , _

* *

_ , _ , , , , ,
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
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
 = +




 (3.8) 

Using (3.8), the DC voltage dynamic can be calculated as (3.9). 

 

Fig. 3.4: Simplified equivalent circuit of an LCC paralleled with half-bridge MMC during the fault 

demonstrating circulating current. 
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 (3.9) 

Using (3.8) and (3.9), the steady-state value of the DC sub-grid voltage and 

ICs transmitted power are calculated as (3.10). 

The provided equation shows that both the LC-IC and VS-ICs contribute to the 

regulation of voltage, which can be affected by controlling factors, as explained 

previously. 
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 (3.10) 

The power-sharing in this condition can also be calculated using (3.10). The 

power-sharing will be as it is provided in (3.5). The capacity of the parallel VS-ICs 

can be calculated by understanding the required negative exchanged power based 

on the system needs. 

The stability of the system under the DC sub-grid fault condition is subject to 

the stability of the GD0(s) and GD1(s). Therefore, GD1(s) will be tested to evaluate 

system stability based on the changes in the controlling parameters as shown in Fig. 

3.5. Taking the τl_i and τd_i equal to 0 and 0.01, respectively, results in a slower but 
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less oscillatory response. Changing the values of the τl_i and τd_i to 0 and 0.5 and 

increasing the ηi results in oscillatory and, on some occasions, unstable responses. 

Eventually, τl_i and τd_i to 0.1 and 0.5, overall, can produce desired reasonable, 

especially in lower values of ηi. The impact of the LCC’s transfer function dynamic 

on the pole positioning is also provided considering τl_i, τd_i, and ηi equal to 0.1, 0.2, 

and 2, respectively, and changing the Hp_l from 0.001 to 0.5. The impact of the Hp_l 

on pole positioning shows stable response in all conditions. However, the selecting 

a proper value for Hp_l system response and LCC’s limited dynamic should be 

considered. 

 

 

3.4 Real-time Simulation Results 

The performance of the proposed control system for the parallel LCC-VSCs 

ICs in a hybrid AC/DC grid will be evaluated in this section. Different operation 
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Fig. 3.5: DC fault operation condition poles-placement analysis. a) overall poles-placement, b) 

impact of individual tests. 
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conditions are tested to verify the effectiveness of the proposed circuit structure and 

the control scheme. The proposed system will be tested for both normal and under 

fault states using a realtime simulator using the power system as shown in Fig. 3.6. 

The model of the realtime simulator used in this study is OP5600, and the grid is 

modelled in 5 zones. The value of K for the tests is assumed to be 1. The system 

parameters and controlling parameters in accordance with stability studies can be 

found in Table 3.1. 

 

■ The real-time Simulation Test for the Parallel LCC-VSC-

based New Installation's Control Scheme 

A similar approach like the LCC-based installations expansion control scheme 

will be taken for the parallel LCC-VSC-based new installation's control scheme to 

verify the performance of the proposed controls parallel LCC-VSC-based new 

installation's control scheme. In this test, the system parameters are selected as 

given in Table 3.1. 

For the power-sharing state the simulation starts by taking the PAC_p,pu = -1.5 

MW(-1.5 p.u.) and PDC_p,pu = 2.5 MW(2.5 p.u.). The exchanged power values by 

LC-IC and VS-IC will be approximately equal to 1.36 p.u. and 0.29 p.u., 

respectively, as shown in Fig. 3.7. At the t = 20s, the aggregated power terminals' 

value in AC and DC sub-grids change to -1 p.u. and 2 p.u., respectively. 

 

 

 

Fig. 3.6: The layout of the tested grid. 
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TABLE 3.1: GRID PARAMETERS FOR THE PARALLEL LCC-VSC-BASED NEW INSTALLATION'S 

CONTROL SCHEME TEST. 

System Parameter Value 

DC Sub-grid 

Rated DC voltage 14kV 

DC filter capacitance 12mH, 0.25Ω 

Switching frequency 5kHz 

AC Sub-grid 

Rated AC voltage 4.7kV (peak) 

Switching frequency 5kHz 

Slack terminal filter (LC) 3mH/100µF 

Power terminal filter (L) 5mH 

IC 

VS-IC 
Switching frequency 5kHz 

Filter (LC) 5mH/100µF 

LC-IC 

Filter DC (L) 25mH 

Filter AC (C) 100kVAR 

Transformer (n1/n2) 1/1 

The control system responds to the changes by altering the transmitted power 

values to 1.02 p.u. and 0.22 p.u. for LC-IC and VS-IC, respectively. 

 

In the following, the system’s operation under the AC sub-grid voltage and 

frequency control lost will be performed. The AC sub-grid supported test is 

performed with similar values for aggregated power terminals in two variants. In 

the first test effectiveness of the proposed structure on frequency control will be 

examined, as shown in Fig. 3.8. For the second test, in addition to control loss over 

frequency, the AC sub-grid will face voltage sag on the specific points of 

simulation, as shown in Fig. 3.9. In the frequency support state, the transmitted 

power by LC-IC and VS-IC will be equal to 1.2 p.u. and 0.27 p.u. for the first 

interval and 0.82 p.u. and 0.18 p.u. for the second interval, as shown in Fig. 3.8(a). 

The ICs regulate the AC sub-grid frequency within the desired range, as shown in 

 
Fig. 3.7: Transmitted power by LC-IC and VS-IC in power-sharing operation test by the parallel 

LCC-VSC-based new installation's control scheme. 
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Fig. 3.8(b). The frequency is adjusted to 1.015 p.u. for the first interval and 1.018 

p.u. for the second interval. 

 

The exchanged power by ICs and AC sub-grid frequency is shown in Fig. 

3.9(a), (b). As can be seen, the exchanged power by ICs and frequency has the same 

values as the condition without voltage sag. However, as can be seen in Fig. 3.9(c), 

the LC-IC’s firing angle is changed to constant extinction angle control in the 15s 

and 25s of the simulation during the AC sub-grid voltage sag. The impact of this 

control measure is also clear in IC’s exchanged power and AC sub-grid frequency. 

 
(a) 

 
(b) 

Fig. 3.8: AC sub-grid frequency support test by the parallel LCC-VSC-based new installation's 

control scheme. a) LC-IC and VS-IC transmitted power. b) AC sub-grid frequency. 
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Taking this measure prevents continuous commutation failure. That helped the 

system to recover to its original point of operation quickly. 

The DC sub-grid supported control is aimed to adjust the DC voltage level to 

the desired level in the absence of the aggregated slack terminal using ICs. The 

aggregated power terminals on both AC and DC sub-grids take the same values as 

previous tests. In the first interval, LC-IC and VS-IC's exchanged power is equal to 

2.05 p.u. and 0.45 p.u., respectively, as shown in Fig. 3.10(a). For the second 

interval, LC-IC and VS-IC change the exchanged power to 1.64 p.u. and 0.36 p.u., 

respectively. The value of the DC voltage on the DC sub-grid equals 1.06 p.u. for 

the first and 1.05 p.u. for the second interval, as shown in Fig. 3.10(b). 

 
(a) 

 
(b) 

 
(c) 

Fig. 3.9: AC sub-grid under fault state with voltage sag test results in improved unified control 

technique. a) LC-IC and VS-IC transmitted power. b) AC sub-grid frequency. c) Firing angle. 
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The effectiveness of the proposed structure in exchanging a negative power is 

shown in Fig. 3.11. In the first interval, the aggregated power terminals values on 

the DC and AC sub-grids are as 2.5 p.u. and -1.5 p.u. Consequently, the LC-IC and 

VS-IC adopt 2.05 p.u. and 0.45 p.u. as transmitted power, respectively. Also, 

similar to the previous test for the first interval, the value of the DC voltage on the 

DC sub-grid will be equal to 1.06 p.u. However, in the second interval, the 

aggregated power terminals' value changes to -1 p.u. and 0.5 p.u. for the DC and 

AC sub-grids, respectively. Therefore, the ICs respond to the applied changes by 

adopting 0.13 p.u. for LC-IC and -1.13 p.u. for the VS-IC, as shown in Fig. 3.11(a). 

 
(a) 

 
(b) 

Fig. 3.10: DC sub-grid under fault state test results in improved unified control technique. a) LC-

IC and VS-IC transmitted power. b) DC sub-grid voltage level. 
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In this condition, due to the physical limitation of the LC-IC in transmitting a 

negative power, its corresponding value should drop to a minimum possible 

amount. The volume of the DC voltage on the DC sub-grid in the second interval 

also can be found in Fig. 3.11(b), which is equal to 0.97 p.u. 

The reactive power consumption/injection of the ICs are tested, as shown in 

Fig. 3.12. The aggregated power terminals are tuned as PAC_p,pu = -1.5 p.u. and 

PDC_p,pu = 2.5 p.u. The grid is assumed to be operating in the power-sharing 

operation state. The exchanged active power is expected to be equal to the values 

as is shown in Fig. 3.7. The LC-IC is expected to consume reactive power while the 

VS-IC should provide the required reactive power following the parallel LCC-

VSC-based new installation's control scheme. The LC-IC's consumed reactive 

power and injected reactive power of the VS-IC can be found in Fig. 3.12. As it can 

be seen, the LC-IC’s required reactive power is mostly provided by VS-IC. A 

passive reactance is designed to deliver 0.136 Mvar along with parallel VS-IC. In 

the first interval, t = 10 - 20s, the LC-IC consumes 0.6 Mvar, and VS-IC provides 

0.47Mvar to keep PCC voltage within the desired range. The LC-IC’s reactive 

power consumption changes to 0.45 Mvar due to a lower amount of injected active 

power in the second interval t = 20 - 30s. Therefore, expectedly, the VS-IC’s 

 
(a) 

 
(b) 

Fig. 3.11: DC sub-grid under fault state with negative transmitted power test results in improved 

unified control technique. a) LC-IC and VS-IC transmitted power. b) DC sub-grid voltage level. 
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injected reactive power will change to 0.3 Mvar to keep up with the system changes. 

 

As can be seen, the VS-IC was able to actively support the LC-IC with required 

reactive power in all the operations states and avoid the commutation failure despite 

the changes in the exchanged active power. 

 

3.5 Conclusion 

This chapter reviewed the proposed unified control scheme for the paralleled 

VSC and LCC configuration in a hybrid AC/DC grid in a form of new installation. 

The proposed structure and control scheme provides the opportunity for the system 

to operate under various operational conditions (normal and under fault) with stable 

and smooth transients. The performance of the proposed control scheme for the 

parallel LCC-VSC configuration has been verified by several tests under different 

operational conditions. The proposed structure and control scheme have been 

designed to maintain the DC voltage of the DC sub-grid and the AC 

voltage/frequency of the AC sub-grid within the desired ranges. The adoption of 

the proposed droop equivalent control for the LCCs not only improved their 

performance significantly but saved costs by allowing the system to adopt the 

parallel LCC-VSC configuration. The normal operational test result shows an 

effective response to the aggregated power terminal changes based on the 

adjustments to the exchanged power. The AC sub-grid fault operation condition 

with and without AC voltage sag showed that, despite the changes to the aggregated 

power terminal, the AC frequency is kept within the 1 pu range by proper control 

 
Fig. 3.12: Injected and consumed reactive power by LC-IC and VS-IC in power-sharing operation 

condition, respectively, in parallel LCC-VSC-based new installation's control scheme. 
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of the ICs. Similarly, the DC voltage is controlled by ICs and kept within the 1 pu 

range in the DC sub-grid fault conditions despite changes in aggregated power 

terminals. The parallel LCC-VSC configuration has removed LCC’s control 

limitations to a great extent and improved its fault response as provided in the AC 

sub-grid fault test with AC voltage sag. This is achieved by minimizing the 

continuous commutation failure as a primary limiting factor of the LCC’s operation. 

It can be concluded that the real-time simulation results for the proposed system 

satisfy the system's desires with minimal or non-commutation failure. 
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Chapter 4  

Harmonics Mitigation Technique for 

Parallel LCC-VSCs Interlinking 

Converters 

The power quality of LCCs is a well-known burden on power system. The 

proposed control scheme will guarantee a superior performance for the system and 

refrain from interrupting harmonics mitigation. The proposed configuration, as 

explained previously, grants the power system several advantages if properly 

controlled. The VSCs in the proposed structure can be actively used to address some 

of the LCC’s drawbacks, namely, reactive power consumption, limited dynamic 

response, and low power quality. The reactive power consumption and limited 

dynamic response are successfully addressed in previous sections. However, the 

issue of the LCC’s low power quality still needs to be addressed. Conventionally 

passive components are used to mitigate power distortions in such units. Therefore, 

according to previous discussions about existing LCC-based installations, the use 

of an expansion control scheme is recommended. However, the active harmonic 

compensation can be crucial for the parallel LCC-VSC-based new installation's 

control scheme, since the active compensation is essential for new installations with 

limited passive compensation units. 

The ancillary services of the VSC-based power grids are widely available. 

There are several works addressing harmonics compensation and power quality 

improvement techniques in VSC-based hybrid AC/DC grids [77],[79],[80]. The 

virtual impedance control technique is one of the effective methods available for 

harmonic compensation in VSC-based systems [78],[81],[82], [83]. In this method, 

the VSCs are controlled to make a low impedance path for the harmonics on the 

desired frequency. The intensity of the compensation can be adjusted based on the 

power capacity of the units. As mentioned previously, the parallel LCC-VSC 
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configuration is designed to be used in a hybrid AC/DC grid to establish a stage to 

benefit both technologies' advantages. The power quality and stability improvement 

techniques of the parallel LCC/VSC is one of the proposed configuration 

advantages which has not been investigated in the literature. 

Therefore, it is essential to study the proposed IC configuration for such 

services in more detail in the hybrid AC/DC grids. As explained, the interaction 

between ICs is more accessible in the proposed parallel LCC-VSC-based new 

installation's control scheme. This simply makes it more feasible for VS-ICs to 

adapt several supplementary control services without affecting the system’s 

properties control. Thus, such techniques make it easier for the proposed parallel 

LCC-VSC-based new installation's control scheme to be used in new installations 

with minimum passive compensating units. In this regard, the design aspects of the 

harmonic compensation for the parallel LCC-VSC-based new installation's control 

scheme need to be studied (e.g., the extent of the harmonics compensation and 

system stability).  

In this chapter, a compensating technique is developed for VS-ICs to mitigate 

the LC-ICs harmonics issue based on the virtual impedance control scheme. In 

order to improve the performance of such a compensating scheme, low switching 

frequency features of the VS-ICs in a medium to high power hybrid AC/DC grid is 

taken into consideration, and appropriate solutions are offered.  

4.1 Proposed Compensating Scheme of the VS-ICs 

a) The proposed Compensating Technique 

The proposed parallel LCC-VSCs configuration can facilitate system 

performance in several areas. In addition to active power and bidirectional power 

transfer in DC grids, the reactive power and harmonics compensation are some of 

the features to be named. The reactive power compensation can be achieved based 

on the proposed unified control scheme and its controlling properties. However, the 

harmonic compensation technique is applicable as a complementary control 
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scheme. The proposed compensating technique can be applied to the system 

independent of the main control loop. 

The VS-ICs can impact the PCC’s voltage quality by deploying a virtual 

impedance control scheme. In this regard, the proposed technique can determine 

the rejection or damping of the PCC harmonics with a correct feedforward function 

design. The harmonic rejection technique improves the VS-ICs’ output voltage 

quality. However, the damping technique intends to compensate for the voltage 

harmonics at the PCC to enhance grid performance. The compensation function is 

applied to the PCC voltage feedforward by extracting the desired harmonics order 

[62]. The control scheme of the VS-ICs is shown in Fig. 4.1. 

 

In the proposed technique, as described in [62], the voltage harmonics are 

feedforwarded directly to the modulation references with a sufficient design of the 

Gp (compensation gain). The power grid as shown in Fig. 1.3, can be represented 

with an equivalent model as depicted in Fig. 4.2. In this design, the LC-IC is 

assumed to appear as a load for VS-ICs. Therefore, the LC-IC and nonlinear load 

are modeled as a harmonic current source parallel with an impedance that accounts 

for load in fundamental frequency. The grid also can be modeled as a voltage source 

and an impedance in series. 

m

VC_i,pu

ILf_i,pu Current Feedback

Voltage Feedback

Harmonic Compensation/Rejection

Io_i,pu

ILf_i,pu
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Current Control Loop
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0

2

2

I cut
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

 
+
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Fig. 4.1: The proposed VS-ICs double loop control with virtual impedance harmonic 

compensation/rejection feedforward. 
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b) Equivalent Model of the System 

Using the system's equivalent model as shown in Fig. 4.2 and the proposed 

compensation/rejection technique, the VS-IC’s output terminal harmonic voltage 

can be represented as in (4.1), assuming an averaged linear model for the inverter. 

( ) ( )_ _ _inv i h p PCC hV s G V s= −   (4.1) 

where Vinv_i_h, Gp, and VPCC_h are inverter output harmonic voltage, feedforward 

gain, and PCC’s harmonic voltage. 

Based on the Norton equivalent circuit theory, the equivalent impedance and 

current of the VS-ICs can be found as given in (4.2) and (4.3). 

( )
( ) ( )

( ) ( )
_ , _ ,

_ ,

_ , _ ,

L i pu C i pu

eq i pu

L i pu C i pu

Z s Z s
Z s

Z s Z s
=

+
 (4.2) 

( )
( )

( ) ( )
( )_ _

_ , _ ,

_ , _ ,

C i pu

eq i pu inv i pu

L i pu C i pu

Z s
I s V s

Z s Z s
=  (4.3) 

ZL_i_pu(s) and ZC_i_pu(s) are inverter filter inductance and inverter filter 

capacitance. 

Considering (4.4) in accordance with Fig. 4.2, the equivalent harmonic 

impedance ZV of the VS-IC (4.5) can be obtained, substituting (4.2) and (4.3) in 

(4.4). 
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Fig. 4.2: Equivalent model of the system. 
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( )
( )

( )
( )_ ,

_ _ , _ _ ,

_ ,

PCC h pu

eq i h pu o i h pu

eq i pu

V s
I s I s

Z s
= +  (4.4) 

( )
( ) ( )

( ) ( )
_ , _ , _ ,

,

_ _ , _ , _ , 1

PCC h pu L i pu C i pu

V pu

o i h pu L i pu C i pu p

V Z s Z s
Z s

I Z s Z s G
= − =

 + + 

 (4.5) 

As can be understood from (4.5), the value of the Gp can change ZV,pu(s) to 

compensate or reject the desired harmonic order on the PCC. 

In the complete model, the Norton equivalent model of the system can be 

represented, as it is shown in Fig. 4.3. In this layout, VS-ICs are denoted as parallel 

compensation units. The required compensation signal can be shared between VS-

ICs to reach the desired impedance with more stability. 

 

As explained previously in the proposed structure, the power-sharing capacity 

of the VS-ICs is limited to their rated capacity η1 : … : ηi = SVS-IC_1 : … : SVS-IC_i. 

Where SVS-IC_i shows the rated capacity of the i-th VS-IC. A similar approach can 

be taken to design a proper virtual impedance control. Based on this design, VS-

ICs with higher power transferring capacity can provide a lower impedance path 

for the desired harmonic order. Therefore, the impedance model of the targeted 

harmonic order can be depicted as Fig. 4.4. 
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Fig. 4.3: Equivalent model of the system in the presence of parallel VS-ICs. 
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In this model Zeq_h,pu represents the equivalent impedance of all parallel VS-

ICs on the desired frequency order as it is obtained in (4.6). 

_ , _ _ , _ _ ,| ... |eq h pu eq i h pu eq j h puZ Z Z=  (4.6) 

4.2 Modeling and Design of the Virtual Impedance 

In order to achieve a stable and effective performance for harmonic 

compensation/rejection, the proposed virtual impedance control scheme should be 

modeled in detail. 

The control system of the VS-IC uses double-loop control, as depicted in Fig. 

4.1. To extract the desired harmonic orders, the function Gpb(s) is used. 

( )
( )

( )2 2

/

/

h

bp

h h

Q s
G s

s Q s



 
=

+ +
 (4.7) 

Where Q represents as quality factor and ωh is the desired harmonic frequency. 

Also, the proportional resonance controller is selected as (4.8) [66]. 

( )
2 2

0

2

2

I cut
PR p

cut

k s
G s k

s s



 
= +

+ +
 (4.8) 

The value of the compensation gain, Gp, should be carefully selected since, in 

addition to the harmonic compensation strength of the VS-ICs, the system's stability 

can also be affected. In this work, the Gp will be chosen to create a low impedance 

path on the desired harmonic order to compensate for the PCC voltage. The PCC 

harmonic rejection also can be achieved by proper design of the Gp value, which is 

not an objective of this work. 
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Fig. 4.4: Equivalent impedance model of the system in the presence of parallel VS-ICs. 
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VS-ICs output voltage with respect to a reference voltage in the presence of 

the harmonic compensation/rejection feedforward is given in (4.9). 

( )
( ) ( )

( )

( ) ( ) ( ) ( ) ( ) ( )

( )

_ , _

_ , _

_ _ _ _ _ _

1 1

_ , _ _ , _ , 1

C i pu PR i delay c

V

ref i pu V Den

V Den i pb i p i delay PR i delay c i

delay C i pu c i L i pu C i pu

V G s G s k
G s

V G s

G s G s G s G s G s G s k

G s Z k Z Z− −


= =




 = + +

 + +

 (4.9) 

Here Gdelay(s) represent switching and computation delay time. The details of 

the delay function can be found in [62]. 

As can be understood from (4.9), the control system's stability can be affected 

by harmonic compensation feedforward. Therefore, a system stability study should 

be performed along with the proper design of the compensation gain. 

The equivalent impedance seen on the PCC of each VS-IC is also calculated. 

The transfer function between VC_i,pu, and Io_i,pu will be defined as ZV. As can be 

learned from (4.10), several controlling parameters can affect the equivalent 

impedance of the VS-ICs. However, computing the ZV, the objective is to reach the 

desired impedance for the target harmonics order by designing the Gp(s). 

( )

( ) ( ) ( ) ( ) ( )

( )

_ , _ ,

_ , _

_ _ _ _ _

1 1

_ , _ _ , _ , 1

C i pu c delay L i pu
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o i pu ZV Den

ZV Den pb i p i delay PR i delay c i

delay C i pu c i L i pu C i pu

V k G s Z
Z

I G

G G s G s G s G s G s k

G s Z k Z Z− −

 +
− = =



 = + +

 + +

 (4.10) 

The frequency response of a VS-IC’s equivalent impedance can be obtained 

using (4.10), taking VC_i,pu as the input and Io_i as an output. The bode graph of the 

system impedance seen by the load is depicted in Fig. 4.5, representing several 

harmonic orders in different impedance magnitudes. 
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The frequency response pictures the harmonic compensations for a typical 12-

pulse LCCs harmonic orders such as 11th, 13th, 23rd, and 25th. The bode graph shows 

that by sufficient selection of feedforward gain for the desired harmonic order, the 

compensation/rejection can be achieved. 

In order to examine the stability of the system in the presence of the harmonic 

compensation/rejection feedforward, (4.9) is taken into consideration. In this 

regard, the virtual impedance feedforward is set to compensate/reject the 13th 

harmonic order. Furthermore, the effect of the virtual impedance gain in different 

quantities is also incorporated into the test procedure. 

 

The pole positioning is tested by considering the virtual impedance norm as 1, 

5, and 25 and the angle as 0 to 2π, as shown in Fig. 4.6. As shown in Fig. 26, the 

norm and angle can significantly impact the system's stability proposition. 

|ZV| = 1 |ZV| = 5

|ZV| = 25

|ZV| = No Compensation

 
Fig. 4.5: Bode plot of system impedance from load point of view, compensation for 11th, 13th, 23rd 

and, 25th harmonics. 
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Fig. 4.6: Pole-placements of the control function in several virtual impedance values. 
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Increasing the norm's value results in a smaller radius for circular scatter of poles 

by changing the angle of ZV from 0 to 2π. The lower values for the norm that equally 

represent the higher harmonic compensation quality of the proposed control system 

show that a set of right half plane poles can be detected in several settings based on 

the compensation angle. However, as it can be seen by changing the virtual 

impedance angle to certain values, it is possible to achieve stability. Therefore, 

similar to the norm, this component proves to plays an essential role in designing 

feedforward gain. The norms with higher magnitude show greater stability in a 

broader range of angles. However, higher norm values may not satisfy the desired 

compensation effect due to less attenuation factor. 

Assuming the norm as small as |ZV| = 2, the poles scatter in the bigger circle as 

the angle changes from 0 to 2π. In this condition, the P1 and P4 sets of poles are the 

ones with the most appearance in the unstable region. P2 and P3 also appear in the 

unstable region but within a smaller range. The pole sets P5, P6, and P7 all appear 

on the stable side independent of the feedforward gain and its angular limit. The 

pole positioning shows that for the norm equal to 2, the system displays stable 

performance when the virtual impedance angle is between 10π/9 to 2π. As depicted 

in Fig. 4.6, the changes to the norm value from 2 to 5 and 25 puts all poles in the 

left-hand plane independent of their angle. However, as it is stated previously, the 

higher norms cutback the compensation quality of the control system. Based on the 

provided explanation, it can be concluded that a slight increase in the virtual 

impedance norm can considerably boost the stability margin of the system while 

providing reasonable compensation. 

4.3 Peak Power Capacity of the Parallel VS-IC 

The current quality of LCCs can be found significantly inferior by the available 

standards [84]. The produced harmonics can significantly impact grid voltage 

quality resulting in loss and instability in the system. In this matter, VS-IC can 

substantially rectify the grid's voltage quality considering a proper compensation 

technique and availability of the power capacity. 
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In the proposed control schemes, the AC and DC sub-grid’s properties 

determine the power reference in such a hybrid AC/DC grid as it is given in Fig. 

2.1. The proposed harmonic compensation and reactive-power support can add to 

the expected power capacity of the VS-ICs. Therefore, to determine a stable and 

consistent performance the power rating of the VSCs should be well determined 

[81]. In this regard, in addition to the VS-IC's main control’s expected active and 

reactive power limits, their harmonic compensation capacity should also be 

considered. 

At full power, the AC current for a 12-pulse LCC, as shown in Fig. 1.2 

connected through a wye-delta and wye-wye to the AC grid, can be expressed as 

follow: 

_ _

2 3 1 1
2 sin sin11 sin13 ...

11 13
IC LCC DC LCCI I t t t  



 
= − + − 

 
 (4.11) 

where IIC_LCC and IDC_LCC represent the current on the LCC’s AC and DC sides. It 

can be learned from (4.11) that the harmonic order’s magnitude can be reported 

based on the fundamental harmonic as given in (4.12). 

1
n

I
I

n
=  (4.12) 

In is the magnitude of the nth harmonic current, and I1 is the magnitude of the 

fundamental current, which is also proportional to the DC power. The first 

harmonic magnitude based on the DC current for a 12-pulse converter can be 

defined 
1 _

2 6
DC LCCI I


= . The curve for LCC current in an ideal situation is depicted 

in Fig. 4.7(a). In the non-ideal circumstance, the impact of the commutation 

reactance results in an overlap angle that will round off the square edges of the 

current waves resulting in a reduction of the magnitude of harmonic components 

Fig. 4.7(b). 
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Therefore, the ratio between the ideal current and the current with commutation 

reactance impact is provided in (4.13). 

( )
( )

2 2 2 cos(2 )

cos cos( )
sin( 1) / 2 / ( 1)

sin( 1) / 2 / ( 1)

ov
H K HKi

i
H n n

K n n

 

  



+ − +
=

− +
= + +

= − −

 
(4.13) 

where μ, α, n, iov, and i are overlap angle, firing angle, current magnitude with 

overlap angle, and current magnitude without overlap angle. 

Traditionally, as depicted in Fig. 2.1, passive filters are used to remove 

harmonics. In the 12-pulse structure, the passive filter harmonics are expected to be 

formed, as shown in the following Fig. 4.8 [16]. As it can be seen in Fig. 4.8, the 

11th and 13th harmonic orders are directly targeted, and higher harmonic orders are 

mitigated using a high pass filter. 

 

Due to the structure and characteristics of the LCCs, it is possible for the grid to 

deal with non-characteristic harmonic orders. In such an environment, the source 

of non-characteristic harmonics on the AC side is: 

1) Unbalanced AC system fundamental voltage. 
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Fig. 4.7: Curve of the LCC’s alternating current. (a) Ideal, (b) with commutation reactance effect. 
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Fig. 4.8: Conventional passive filter units. 
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2) Commutation reactance unbalance between 6-pulse bridges in a 12-pulse or 

higher configuration. 

3) Commutation reactance unbalance between phases within a 6-pulse bridge. 

4) Firing angle jitter within a 12-pulse group. 

These kinds of harmonics are possible to be present in the system, but their 

randomness and the fact that they are project dependent can postpone their studies 

to the lunch stage. 

As mentioned in the IEEE Std 519-2014 standard [84] the harmonics orders 

11th, 13th, 23rd, and 25th current ratio compared to the rated current should not 

exceed 2%, 2%, 0.6%, and 0.6%, as shown in Fig. 4.9. Therefore, the virtual 

impedance limitations for each harmonics order based on the [84] can be defined 

as it is given in (4.14). The produced harmonics can significantly impact grid 

voltage quality resulting in loss and instability in the system. In this matter, VS-IC 

can significantly rectify the grid's voltage quality considering a proper 

compensation technique and availability of the power capacity. 

 

Therefore, it can be concluded that compensation of LCC’s harmonics is 

necessary for all orders. 
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Using (4.10), (4.11), and (4.14) and assuming that VS-ICs are compensating 
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Fig. 4.9: The percentage of the 12-pulse LCC harmonics to fundamental and IEEE standard for 

injected harmonics limits. 
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for all LC-IC’s harmonic orders, the apparent compensating power of the VS-IC’s 

can be defined as follow based on [89]: 

2 2 2 2

N I V HS D D S= + +  (4.15) 

DI, DV, and SH are current distortion power, voltage distortion power, and 

harmonic’s apparent power. As depicted in Fig. 4.5 and according to (4.15), lower 

virtual impedance for compensating the LCC harmonics will require a higher 

amount of compensating power. 

Furthermore, the VS-ICs reactive power compensation based-on the unified 

control scheme also needs to be considered designing the VS-ICs. In general, the 

reactive power consumption in LC-IC can take up to 50 to 60% of the supplied 

active power at the rated load [85]. The approximated consumed reactive power 

based on LCC’s DC exchanged power can be defined as shown in (4.16). 

2

_

_

1 0.5
1

cos

com d LCC

LCC d LCC

x P
Q P



+ 
= − 

 
 (4.16) 

Pd_LCC, xcom, and cosγ are LCC’s supplied power on the DC side, commutation 

reactance, and extinction angle. The required reactive power based on the 

exchanged active power is shown in Fig. 4.10. As it can be seen, the LCC unit 

consumes 0.58 pu reactive power while exchanging 1 pu active power. 
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Assuming an active compensation for a 12-pulse LCC unit, the required power 

can be defined as it is given in (4.17). 

2 2 2 2 2

11 13 23 25

2

11 11 11

2

13 13 13

...

3

3

Comp th th rd th

th th V th

th th V th

S S S S S

S I Z

S I Z

= + + + +

=

=
 (4.17) 

Therefore, considering (4.16), (4.17), and the proposed unified control 

exchanged active power, the rating of the VS-IC units can be defined as follow: 
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 (4.18) 

In order to facilitate the understanding of rated power capacity for VS-ICs an 

example is given. This example assumes that the VS-IC unit conducts harmonic 

and reactive power compensation. Taking a 1pu power exchange for the LCC unit, 

the required reactive power will be around 0.58pu. Also, it is assumed that the 

exchanged power rating of the VS-IC based on the unified control is half of the LC-

IC unit, PIC_1 = 0.5pu.  
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Fig. 4.10: Reactive power required according to variation of active power [85]. 
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The line impedance is taken as given in the Simulink model (R = 0.01273 Ω/km 

and L = 0.93337e-3 H/km). The line impedance for each harmonic order in a 20km 

line can be calculated as follow: 
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 (4.19) 

Therefore using (4.14) and (4.19), the virtual impedance limits can be 

calculated, as given in the following. 
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Taking the maximum permissible norm for virtual impedances the harmonic 

compensation current for 11th,13th, 23rd, and 25th are 0.0579pu, 0.0490pu, 0.0277pu, 

and 0.0255pu. Similarly, the VS-IC’s apparent power can be calculated as 0.76pu. 

The harmonics and reactive power compensation can take a considerable 

amount of VS-IC’s rated capacity. In this regard, the reactive power compensation 

takes the majority of the rated capacity compared to the harmonics compensation. 

Replacing all passive compensating units with the equivalent active-controlled VS-

ICs seems to be an unviable option due to the cost concern. Therefore, harmonics 

compensation can be addressed by VS-ICs due to their lower power requirement, 

and reactive power compensation can be tackled with effective utilization of 

passive components along VS-ICs support to balance the cost with performance. 

4.4 Simulation Results 

In order to check for the effectiveness of the proposed control scheme, the 

simulation and experimental tests are conducted using the simplified structure of 

the proposed system, as depicted in Fig. 4.11. The simulation is conducted 

considering an AC-grid connected to parallel 12-pulse LC- and VS-ICs through an 
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impedance, representing the transmission line. In addition to the proposed high 

power quality exchanging feature of the proposed structure, its potential to provide 

a high-power quality for a sensitive load is evaluated using an experimental test. 

The ICs are intended to provide the required high-quality power for a load, directly 

connected to the ICs at the PCC. 

 

The circuit components are selected as it is given in Table 4.1. The DC sub-

grid's aggregated slack and power terminals are replaced with a DC source in both 

experimental and simulation tests. 

Table 4.1: The tested grid's parameters. 

System Parameter Value 

DC Sub-grid DC voltage 150V 

AC Sub-grid 

Load (Experiment) 6 Ω and 5 Ω 

Line Impedance (Simulation) 0.25 Ω + 0.5 mH 

AC phase voltage (Simulation) 30 v 

AC frequency (Simulation) 60 Hz and 59.9 Hz 

IC 

VS-IC 
Switching frequency 5kHz 

Filter (LC) 5mH/80µF 

LC-IC 

Filter DC (L) 0.5mH 

Filter AC (C) 80µF 

Transformer (n1/n2) 1/1 

Also controlling parameters can be found in Table 4.2. 
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Fig. 4.11: Simulation and experimental tests circuit structure. 
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Table 4.2: Control system’s controlling parameters for simulation and experiment. 

Parameter Value  Parameter Value 

kP 12  a 0.1 

kI 300  kc 0.3 

ωcut 8  kP_l 0.5 

ω0 2×60π  Hp_l 0.02 

TL 12580    

The test is conducted with and without compensation to illustrate the impact of 

the proposed scheme on power quality. Due to the fact that the proposed 

compensation technique is applied to the control system in the very inner loop, its 

impact on the outer unified control loop can be neglected. Therefore, the test does 

not try to cover the performance of the unified control scheme and solely focuses 

on LCC’s harmonics compensation. 

 

 
(a) 

 
(b) 
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Initially, a simulation is conducted taking the circuit structure as it is given in 

Fig. 4.11 and circuit components as provided in Table 4.1. In order to check for the 

impact of system properties changes on harmonics compensation performance, the 

AC frequency is dropped by 0.1 Hz at the second 3 of the simulation, dividing the 

simulation into two intervals. As it can be seen in the simulation results, shown in 

Fig. 4.12 and Fig. 4.13, the ICs injected active power is increased due to supportive 

features of the proposed unified control. The simulation results for the condition in 

which the harmonics compensation control is not applied are provided in Fig. 4.12. 

As shown in Fig. 4.12, in both first and second intervals, the grid’s injected current 

THD exceeds the grid standard [84]. In addition to that, the harmonics orders 11th, 

13th, 23rd, and 25th current ratio exceeds the standard limits with their value equal 

to 5%, 3.7%, 0.7%, and 0.6%. Therefore, based on the available simulation results, 

the harmonics orders 11th, 13th, 23rd, and 25th should be compensated. 
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(d) 

Fig. 4.12: Uncompensated simulation results. (a) Grid current. (b) LCC current. (c) Grid current 

THD in first interval. (d) Grid current THD in second interval. 
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The simulation results for the condition in which the harmonics compensation 

is implemented to the control system are provided in Fig. 4.13. Considering the 

transmission line impedance and based on the (4.14) the values for the virtual 

impedances should be considered lower than 0.58 Ω, 0.86 Ω, 0.69 Ω, and 0.8 Ω for 

11th, 13th, 23rd, and 25th harmonics orders, respectively. In this condition, the value 

of the virtual impedance for each of the 11th, 13th, 23rd, and 25th harmonics orders 

are designed as 0.4 Ω, 0.6 Ω, 0.66 Ω, and 0.61 Ω, respectively, into VS-IC’s control 

scheme considering system stability as depicted in Fig. 4.6. The frequency is 

dropped 0.1 Hz at the second 3 of the simulation to portrait the impact of the 
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Fundamental (60Hz) = 22.32 , THD= 1.90%
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(d) 

Fig. 4.13: Compensated simulation results. (a) Grid current. (b) LCC current. (c) Grid current 

THD in first interval. (d) Grid current THD in second interval. 
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harmonics compensation in case of a change in system element. As it can be seen 

in the first interval, the injected current by ICs to the grid has a THD of around 

1.75%. The harmonics orders 11th, 13th, 23rd, and 25th current ratio is also dropped 

to 1%, 1%, 0.2%, and 0.15% below the grid requirements. 

Similarly, as can be seen in Fig. 4.13, in the second interval, the grid current’s 

THD is equal to 1.90%. Therefore, the individual harmonic orders 11th, 13th, 23rd, 

and 25th have their current ratio equal to 1.1%, 0.9%, 0.2%, and 0.16%. Therefore, 

it can be concluded that in both test conditions, the harmonics orders and current 

ratios are kept within the standard requirements. The required power for 

compensating for the LC-IC’s harmonics order, SN, is calculated to be equal to 

around 187 VA for the simulated system, which is comparably smaller compared 

to the injected power. Such a control scheme can be easily implemented into the 

VS-ICs in the proposed configuration without a need for outstanding capacity 

expansion. 

In order to high the effectiveness of the proposed control scheme, the 

simulation results with and without compensation are provided in a single run as 

given in Fig. 4.14(a), (b). Fig. 4.14(a) shows the grid current when the AC 

frequency is set to 60 Hz, and Fig. 4.14(b) shows the results for the condition in 

which the grid frequency is dropped by 0.1 Hz. The compensating signal is removed 

in second 2 of the simulation to show the effectiveness of the proposed scheme. As 

it can be seen in both power exchange conditions the compensated signal has very 

low THDs, similar to the provided results before, equal to 1.74% and 1.91% in two 

loading conditions. 
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4.5 Experimental Results 

The experimental test is conducted considering the circuit is given in Fig. 4.11 

and the components as provided in Table 4.1. The interlinking converter is achieved 

by connecting a 2-level VSC and a 12-pulse LCC in parallel. The control method 

is conducted on the MicroLabBox 1202 controller. The analog to digital conversion 

(ADC) and PWM pulse emission is realized on the embedded programmable FPGA 

(Xilinx Kintex-7 XC7K325T). The performance of the 12-LCC is imitated using 

two fully controlled current source converters. The experimental setup and 

controller unit are shown in Fig. 4.15. 
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Fig. 4.14: Simulation results for grid current with and without compensation. (a) Grid frequency 

60 Hz. (b) Grid frequency is dropped 0.1 Hz. 
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Fig. 4.16 shows the experimental results for the condition in which the 

harmonics compensation is not applied. The results include load current, load 

voltage, and LC-IC current. In this test, the load is assumed to be sensitive to the 

voltage quality. Therefore, the control system will compensate for the load’s 

voltage quality by analyzing it for harmonic orders and compensating for the out-

of-the-range values. Similar to before, in this test, the load current represents the 

combination of the LC-IC, and VS-IC exchanged power. In the test process, AC 

load is changed from 6 Ω to 5 Ω, showing the compensating capability of the 

proposed technique. 

As it is given in Fig. 4.16, in both loading conditions, the total harmonic 

distortion (THD) of the current is around 5.23% and 5.01% for the first and second 

loading conditions, respectively. Also, as it can be seen, the individual harmonic 

orders, 11th, 13th, and 23rd, are experiencing a high amount of distortion in load 

voltage and current as shown in Fig. 4.17 and Fig. 4.18, respectively. 
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DC Source

Transformer

Resistive Load

AC Source

Filters MicroLab 
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Fig. 4.15: The experimental setup. 
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Therefore, compensating for such harmonics orders to improve the voltage 

quality to the desired range is anticipated as provided in available standards. In this 

regard, the harmonic compensation is applied to the LC-IC current’s harmonics 

orders by VS-IC, improving the load current's overall quality and expected load 

voltage. Therefore, the harmonics compensation will target the 11th, 13th, and 23rd 

harmonic orders. The experimental results for the test condition with harmonic 

compensation control are shown in Fig. 4.19. A compensating signal, based on a 

virtual impedance of a 1.2∠150˚, 2∠24˚, and 1.7∠-103˚ for 11th, 13th, and 23rd 

harmonic orders, are applied to the VS-IC control system. According to the 

measurements, the 25th harmonic order is appeared to be low enough and harmonic 

compensation is not required. The THD of the injected current to the load and the 

value of the individual harmonic orders after harmonics compensation as well as 

THD of the load voltage and individual harmonic orders, can be found in Fig. 4.20 

and Fig. 4.21, respectively. The available measurements show that the desired 

harmonics compensation and system stability are achieved using the proposed 

control scheme with THD less than 2.5% for both load voltage and current in first 

and second loading conditions. 
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Fig. 4.16: Experimental results for the condition without compensation. 
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Fundamental (60Hz) = 64.2 , THD= 5.12%
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Fig. 4.17: Load voltage THD without harmonics compensation. (a) First loading condition. (b) 

Second loading condition. 
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Fundamental (60Hz) = 7.752 , THD= 5.01%
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(b) 

Fig. 4.18: Load current THD without harmonics compensation. (a) First loading condition. (b) 

Second loading condition. 
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As it can be seen in Fig. 4.20, the load voltage’s ratio of the 11th harmonic order 

with respect to the main harmonic order is dropped from 4.6% in the first loading 

condition and 4.3% in the second loading condition to around 1.1% for both first 

and second loading conditions. Similarly, the 13th harmonics order ratio drops from 

1.8% in the first and second loading conditions to 1% and 1.1%, respectively. The 

23rd harmonic order ratio compared to the main harmonic order drops from around 

0.75% and 0.71% in first and second loading conditions, respectively, to around 

0.3%. Similarly, the load current’s THD and individual harmonics order’s ratios, as 

shown in Fig. 4.21, is dropped considerable resulting in improved voltage quality. 
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Fig. 4.19: Experimental results for the condition with harmonics compensation. 
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Fundamental (60Hz) = 64.19 , THD= 2.42%

5 10 15 20 25

Harmonic order

0

0.5

1

1.5

M
ag

 (
%

 o
f 

F
u

n
d
am

en
ta

l)

 
(b) 

Fig. 4.20: Load Voltage THD with harmonics compensation. (a) First loading condition. (b) 

Second loading condition. 



 

96 

 

As explained previously, the required power of the harmonics compensating 

signal can be calculated using (4.15). Taking LC-IC’s exchanged power and circuit 

parameters as it is given in Table 1, the SN is calculated to be equal to 4.8 VA and 

7.2 VA in first and second loading conditions, respectively. Also, the provided 

reactive power by VS-IC for the parallel LC-IC is around 12 var, which is equal to 

the subtraction of the LC-IC’s required reactive power from the amount provided 

by the passive filter. As it can be understood, the required harmonics compensating 

power is considerably smaller than the LC-IC’s required reactive power. Therefore, 

both passive and active reactive power compensation and active harmonic 

compensation by parallel VS-ICs can be recommended as the most viable approach. 

In this regard, the power quality can be kept within the desired range while the 

expenses are saved. 

 

So, in summary, the value of the selected virtual impedance in various 

harmonics orders and resulting compensation values are provided in Table 4.3. The 

provided results show the worst of the two loading conditions for better 

representation. 
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Fundamental (60Hz) = 7.74 , THD= 2.08%
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(b) 

Fig. 4.21: Load current THD with harmonics compensation. (a) First loading condition. (b) 

Second loading condition. 
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Table 4.3: Virtual impedance and compensation value of the simulation and experiment. 

Harmonic 
Virtual impedance 

Harmonic percentage 

(Sim. – Exp.) 

Simulation Experiment Before After 

11th 0.4Ω 1.2Ω 5% - 4.3% 1% - 1.1% 

13th 0.6Ω 2Ω 3.7% - 1.8% 1% - 1% 

23rd 0.66Ω 1.7Ω 0.7% - 0.71% 0.2% - 0.3% 

25th 0.61Ω - 0.6% - … 0.15% - … 

 

4.6 Conclusion 

A compensating technique for the proposed parallel LCC-VSC interlinking 

converter, rectifying the LCC unit's power quality issues is proposed in this chapter. 

In this method, the compensating signal is directly injected into the reference signal 

bypassing the main control system's limitations. The proposed technique's effect on 

system stability is studied by modelling the system considering the compensating 

feedforward. The parallel VSC’s peak current capacity is calculated considering the 

system’s harmonics and reactive power requirements. The provided experimental 

and simulation results prove the effectiveness of the harmonics' compensation in 

several operating scenarios. Also, it could be seen that reactive power compensation 

can be considerably larger than the required harmonic compensation if not managed 

properly. It is concluded that a combination of both active and passive reactive 

power compensation along with an active harmonic compensation can be taken as 

a proper method to achieve the desired power quality while saving expenses. 
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Chapter 5  

Unbalanced PCC Voltage 

Compensation with Parallel LCC/VSC 

Interlinking Converters 

According to LCC’s limitations, several circumstances in a grid can lead to its 

commutation failure and system stability loss, namely a sudden AC voltage drop 

(more than 5%), excessive harmonics, a DC voltage drop, etc. Furthermore, as 

stated in [90], commutation failures are mostly due to AC system fault voltage 

disturbances, and it is known that such voltage disturbances cannot be completely 

avoided. In this regard, the magnitude of the fault, its corresponding voltage drop, 

and its phase shift can dictate the severity of the incident. Therefore, AC voltage 

unbalance can account for an LCC’s commutation failure and system instability in 

the power system. 

Voltage unbalance is a common phenomenon in power systems. Several works 

in the literature address voltage unbalance issues by proposing various 

compensating techniques. Mainly, the PCC’s voltage is analyzed to extract the 

negative and positive sequences component [91]–[97]. Then, the PCC voltage’s 

negative sequence component is used to calculate the required compensating signal 

as it is given in [96]. The strength of the designated conversion unit’s compensating 

signal should be implemented considering the system’s stability and power 

capacity. 

Also, the CF mitigation methods for the LCCs have been studied for decades 

in several publications [90], [98], [99]–[108]. The mitigation methods attempt to 

address the issue using improved control [90], [98], [99]–[106] or by implementing 

some changes to the structure of the conversion unit [107], [108]. The control-based 

methods improve the system's performance by reducing the possibility of 

commutation failure. Recalculation of extinction angle based on the system’s 
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condition [100]–[104] as well as improved switching cycles [99], [102], [105], 

[106] are two of the common approaches. . Furthermore, in addition to the modified 

control, changes to the circuit’s configuration can improve the performance of the 

LCC unit in this matter. For example, a common approach is implementing 

capacitor banks in series with LCC valves to improve the LCC’s commutation. 

However, such modifications in the LCC unit are costly, complicate the control, 

and add to the maintenance cost. However, as mentioned in [90], despite the 

implementation of mitigation techniques, commutation failure is unavoidable in 

most cases. This is because an improved extinction angle adds to the reactive power 

consumption of the conversion unit, resulting in a further AC voltage drop that can 

escalate the AC grid’s faulty situation. 

Thus, this chapter conducted the unbalanced compensation of the PCC AC 

voltage in a hybrid AC/DC grid with LC- and VS-ICs. The control freedom 

provided by VSC can significantly improve the performance of the parallel LCC 

unit by mitigating the adverse effects of the PCC faults. Therefore, in this chapter, 

a voltage unbalance compensating scheme is implemented into the control system 

of the parallel LCC-VSC interfacing units to prevent continuous commutation 

failure in a hybrid AC/DC grid. The control system is modelled to compensate for 

the voltage unbalance and adequately improve system stability. Therefore, a 

stability analysis is also provided in the manuscript. Furthermore, the peak current 

capacity of the compensating unit is calculated to comply with the power transfer 

capacity of the unit while power quality is improved. In the end, the real-time 

simulation results are provided to verify the effectiveness of the proposed system. 

 

5.1 LC-IC’s Control Scheme Under Unbalanced 

Condition 

As explained in section I, several methods and algorithms are proposed in the 

literature to mitigate the commutation failure issue of the LCC in the power system. 

The commutation failure in the LCCs is mainly due to the voltage dip, voltage 
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phase-angle shift, and DC current increase. As it is shown in Fig. 5.1(a), the 

commutation voltage drop will affect the commutation. Since the overlap area 

should stay the same, the end of the commutation will be extended by the drop of 

the voltage, resulting in a short extinction angle. Furthermore, voltage backward 

phase shift can impact commutation, as it is depicted in Fig. 5.1(b). The increase in 

the DC current can also impact the commutation, as shown in Fig. 5.1(c), by 

increasing the overlap area and shrinking the extension angle. 

 

Among the available publications, firing-angle-based controls are widely 

accepted to deal with CF effectively. Equidistance pulse control [99] is one of the 
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Fig. 5.1: Reduction of commutation region due to, (a) commutation voltage reduction, (b) 

commutation voltage backward phase shift, and (c) DC current increase. 
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available techniques in the literature. In this technique, the pulse spacing is 

independent of AC line voltage and can be used to eliminate abnormalities. Pulse 

frequency control (PFC) and pulse phase control (PPC) are two of the methods 

following this phase-locked looped (PLL)-based technique. Furthermore, 

extinction angle control is one of the commonly used methods to deal with 

commutation failure due to voltage drop, see Fig. 1.3. [101] proposed an extinction 

angle control-based technique that embraces a power system equivalent Thevenin 

model as a base to calculate proper extinction angle to avoid CF. The power system 

equivalent model, as shown in Fig. 5.2, from the inverter bus point of view is 

depicted in Fig. 5.3. ZF is taken as a fault impedance while the grid and conversion 

unit’s voltage sources are set to zero. Zu and Zl are upper sides and line impedances, 

while x represents the fault location from inverter bus. Using the Thevenin system 

equivalent model and conducting the necessary calculations as given in [101], the 

required angle deduction for a safe commutation can be calculated as Δα. 
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Fig. 5.2: LCC’s inverter unit circuit layout. 
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Fig. 5.3: Thevenin equivalent model of the LCC seen from inverter bus. 
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where γmin, Et, Vb, Zt, ϕb, and αi are the minimum extinction angle to avoid 

commutation failure, Thevenin equivalent voltage, voltage measurements, 

Thevenin equivalent impedance, phase angle, and valves firing angle. Based on 

(5.1), a decrease of Zt will increase Δα resulting in a higher extinction angle and, as 

a result, higher reactive power consumption. In general, the reactive power 

consumption of the LCC’s can take up to 50 to 60% of the supplied active power 

at the rated load. The value of the reactive power consumption can be approximated 

by (5.2). Based on (5.2), higher values for the extinction angle increase the reactive 

power consumption [109].  

2

_

_

1 0.5
1

cos

com d LCC

LCC d LCC

x P
Q P



+ 
= − 

 
 (5.2) 

where Pd_LCC, xcom, and cosγ are LCC’s supplied power on the DC side, 

commutation reactance, and extinction angle. It can be concluded that despite the 

fact that extinction angle control can significantly improve the performance of the 

LCC’s under fault conditions. However, reactive power consumption can be a 

greater concern for a grid under a fault, especially in a situation when the grid is 

weak. Therefore, in some cases, to prevent the system from becoming excessively 

unstable, disconnection of the LCC unit is recommended. 

As pointed out, in most cases, despite with the implementation of improved 

mitigation techniques for LCCs operation, the CF is unavoidable. Therefore, 

employing an alternate method to compensate for the unbalanced voltage alongside 

LCC mitigating techniques should be considered to improve the system stability. 

The details regarding the control of the LCC unit in such a structure and different 

operation states can be found in [110]. 
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5.2 VSC Control Under Unbalanced Condition 

The control structure of the VS-ICs in the proposed system is depicted in Fig. 

5.4. The block diagram of the VS-IC’s positive sequence control system without 

unbalanced compensation is depicted in Fig. 5.4. The VS-IC will use double-loop 

control to track reference value. GPR(s) and Gdelay(s) represent the proportional 

resonance (PR) controller and switching and computation delay time in the form of 

a function. The PR controller and delay function details can be found in [111], 

[112]. Also, similar to the LC-IC unit, the VS-IC’s droop-based control details can 

be found in [110]. 

 

 

 

Based on the proposed structure, the parallel voltage source interlinking 

converters (VS-ICs) can be used to compensate for PCC voltage oscillations to help 

LC-IC avoid commutation failure. The VUC control scheme is used as provided in 

[96] to rectify the PCC voltage unbalanced issue. The VUC control aims to 

normalize the negative-sequence components of the PCC voltage. The VUC 

method establishes a droop control to compensate for the voltage’s negatives-

sequence using local voltage measurements and negative sequence reactive power, 

𝑄−, as an index to evaluate the severity of the fault. The block diagram of the 

control scheme is depicted in Fig. 5.6. 
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Fig. 5.4: VS-IC’s control structure. 
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Fig. 5.5: The proposed VS-ICs double loop control. 
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The value of the 𝑄− is calculated using (4.1). 

( ) ( )
2 2

, ,rms o oQ u i i 

− − −= +  (5.3) 

where 𝑢𝑟𝑚𝑠 , and 𝑖𝑜,𝛼
−  and 𝑖𝑜,𝛽

−  are the rms value of the rated voltage, and 

negative sequence component of the output current. The low pass filters will be 

used to remove the unwanted oscillations from the measurements and prevent the 

sudden changes to the reference values. The negative-sequence reactive power 𝑄−, 

is multiplied by negative-sequence voltage droop gain Kn and then by output 

voltage’s instantaneous negative-sequence to create a reference signal. Based on 

the provided control scheme, the negative-sequence voltage droop gain can be 

defined as it is given in (5.4). 

 max .
n

o

VUC
K

Q u− −


=  (5.4) 

Based on the available study’s conclusion, the effectiveness of the 

compensating performance will increase with higher values for Kn [92]. In section 

III, it will be shown that the value of the Kn can change system stability. Therefore, 

proper design of the negative sequence compensating signal’s droop gain is crucial. 

5.3 System Modelling and Stability Analysis Under 

Unbalanced Condition 

In order to check for the effectiveness of the control system in such an 

environment system modeling and stability analysis will be conducted. The stability 

analysis, in addition to checking for the feasibility of the proposed control system, 

determines negative-sequence voltage droop gain maximum impact range. The 

control scheme of the VS-IC without negative sequence compensation is depicted 
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Fig. 5.6: Block diagram of a typical VUC controller. 
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in Fig. 4.1. Based on Fig. 4.1, the following equation can be found, as it is stated in 

[109]: 

( )_ , _ _ , _ _ ,C i pu V i ref i pu V i o i puV G s V Z I= −  (5.5) 

where GV_i(s) and ZV_i(s) are the control system closed-loop transfer function and 

output impedance, respectively. GV_i(s) and ZV_i(s) are defined as (5.6). 

( )
( ) ( ) ( )

( )

( )

( )

( ) ( ) ( ) ( ) ( )
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V i
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V i

Den i

Den i PR i L delay c i delay C i pu c i L i pu C i pu

G s G s G s k
G s

G s

k G s Z
Z

G s

G s G s G s G s k G s Z k Z Z− −


=


 +

=



 = + + +

 (5.6) 

As shown in Fig. 5.5, the GL(s) lead function is used as defined in (5.7) to 

improve system stability. The details regarding the design procedure for the lead 

function can be found in [110]. 

( )
1

1

L
L

L

aT s
G s

T s

+
=

+
 (5.7) 

Based on the line and controlling parameters provided in Table 5.1, the 

positive- and negative-sequence Bode diagrams of the GV_i(s) and ZV_i(s) are 

depicted in Fig. 5.7 and Fig. 5.8. 

Table 5.1: The VS-IC parameters and control. 

System Parameter Value 

VS-IC 

Kc 0.9 

Kp 10 

Ki 250 

ωcut 8 

tDelay 0.1μs 

Filter (LC) 5mH/80µF 

Load ZL 66Ω/0.17H 

As shown in Fig. 5.7, the magnitude of the GV(s) is the same for positive and 

negative sequences. Also, as expected, the phase angles of the positive and negative 

sequence are opposite. The magnitude and phase angle of the ZV(s) are also equal 

and in opposite direction, respectively, as expected, as shown in Fig. 5.8. 
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Considering, Fig. 5.4 and Fig. 5.6, the controlling block diagrams of the VS-

ICs, the following equation can be defined [113]. 

. .o nVUC Q u K− −= −  (5.8) 

where 𝑢𝑜
− represents the phasor of the output voltage. Taking the output impedance 

of the VS-IC into consideration, as shown in Fig. 5.8, 𝑄− can be calculated as it is 

given in (5.9) [94].  

 

 

 

 

( ) ( )
2

3. . .v oQ X I LPF s− −=  (5.9) 

By substituting (5.9) into (5.8) and linearizing the resulting equation, the small-

signal representation can be calculated as it is given in (5.10). 
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Fig. 5.7: Bode diagrams of positive-sequence and negative-sequence closed-loop transfer 

functions. 
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Fig. 5.8: Bode diagrams of positive-sequence and negative-sequence impedance. 
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( ) ( )
2

ˆˆ3. . . 6. . . . . .o v o o v o o nVUC u X I u X I I K LPF s− − − − − = − +
  

 (5.10) 

Using the symmetrical components theory, the system can be represented as it 

is given in Fig. 5.9 [94], [114]. As explained in [94], [114], a single-phase load is 

connected between two phases to calculate positive- and negative-sequence current 

in this model. 

 

where ZL(s) and Zl(s) are the load and transmission line impedance, also, U* is 

the rms value of the phase voltage. 

Therefore, the voltage imbalance compensation implementation in the control 

system results in the following small-signal equation. 

( )ˆ ˆ.o CL oV G s I− −=  (5.11) 

where  

( )
( ) ( ) ( )

( ) ( ) ( )

( ) ( )

( ) ( ) ( )

2

2 2

*

2 * 2 *

6. . . . . . .

3. . . . . 3. . . . .

V o V n o L

CL

L V V n L V V n

G s Z s X U K LPF s Z s Z s
G s

Z s G s X U K LPF s Z s G s X U K LPF s

− − −

− −
= −

+ +
 (5.12) 

By increasing the value of Kn, as it is stated in [113], the compensation effect 

will increase. However, Kn‘s impact on control system stability should be taken into 

consideration. Therefore, the value of the Kn, as depicted in Fig. 5.10, is changed 

from 0.0000001 to 0.00001. As can be seen, the control system tends to become 

unstable increasing Kn beyond 0.000003. 
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Fig. 5.9: The equivalent system circuit for calculation of 𝐼𝑜
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Fig. 5.10: Poles of GCL for different Kn values. 
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According to [115], voltage unbalanced in the grid should be kept below 2% 

for normal operating conditions. Taking the maximum permitted voltage oscillation 

and Kn values as 2% and 0.0000022, the 𝑚𝑎𝑥{𝑄−. 𝑢𝑜
−} can be calculated as it is 

given in (5.13). 

 max . 9091o oQ u u− − =
 

(5.13) 

 

5.4 Power Rating Studies 

In addition to the control system stability, the power capacity of the VS-IC 

should be properly calculated. As expected, the power transfer capacity of the VS-

IC should include both active and reactive powers’ positive- and negative sequence 

components. 

( ) ( ). . . . . .

VS ICVS IC VS IC

VS IC o o o o o o o o o o o o o o

pP P

p u i u u i i u i u i u i u i
+ −

−− −

+ − + − + + − − + − − +

−

   
   = = + + = + + +
   

  

 (5.14) 

 

( ) ( ). . . . . .

VS ICVS IC VS IC

VS IV o o o o o o o o o o o o o o

qQ Q

q u i u u i i u i u i u i u i
+ −

−− −

+ − + − + + − − + − − +

− ⊥ ⊥ ⊥ ⊥ ⊥ ⊥ ⊥

   
   = = + + = + + +
   

  

 (5.15) 

where 𝑢𝑜
+, 𝑢𝑜

−, 𝑖𝑜
+, and 𝑖𝑜

− are positive and negative sequence components of 

the PCC voltage and VS-IC’s output current. Similarly, 𝑃𝑉𝑆−𝐼𝐶
+ , 𝑃𝑉𝑆−𝐼𝐶

− , 𝑄𝑉𝑆−𝐼𝐶
+ , and 

𝑄𝑉𝑆−𝐼𝐶
−  are the positive and negative sequence of the VS-IC’s average active and 

reactive power. Also, 𝑝𝑉𝑆−𝐼𝐶  and �̃�𝑉𝑆−𝐼𝐶  are oscillatory terms of instantaneous 

active and reactive power. 

In order to reach a proper design for the exchanged power capacity, the 

aforementioned components should be defined. As it has been mentioned in [117] 

and based on the upper explanations, positive sequence voltage and current, 𝑢𝑜
+ and 

𝑖𝑜
+, can be calculated using VS-IC’s droop-based unified control schemes as it is 

depicted in Fig. 5.11. 
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where (5.16) is designed based on the AC and DC sub-grids droop equivalent 

control schemes. Additional information on the performance of Error! Reference s

ource not found.’s control scheme can be found in [117]. 

( ) ( )
* ** *

s_i AC ,pu AC AC ,pu AC ,pu DC ,pu DC DC ,pu DC_i ,puP P k K P k U u + + +    = + − −  + −
   

 (5.16) 

Knowing the exact value of the load and by following the provided design 

procedure the required power capacity can be determined. The value of the 𝑣𝑐
− 

according to the VUC control scheme can be calculated using (5.8). In order to 

determine the value of the 𝑖𝐷𝐺
−  it is assumed that a three-phase unbalanced load (ZL1, 

ZL2, ZL3) is connected to PCC in a star connection. As it is given in [115], the 

negative sequence current can be defined (Note that (5.17) is a generic 

representation of a three-phase load and can be extended to single-phase, etc. 

loads): 

( )2

1 2 3

1 3 2 3 1 2 1 1 3

L L L

Load

L L L L L L L L

U Z Z Z
i

Z Z Z Z Z Z Z Z Z Z Z Z

 
−

− + + −

+ +
=

+ + + + +
 (5.17) 

where U is the voltage of the PCC under balanced conditions. Also, Z+ and Z− 

are positive and negative sequence impedances seen from the PCC, as it is depicted 

in Fig. 5.12. 

|| ,  ||Grid VS IC Grid VS ICZ Z Z Z Z Z+ + + − − −

− −= =  (5.18) 

 

Based on the presented control scheme on top, the negative sequence virtual 

impedance can be created to absorb the voltage oscillations and compensate for the 

PCC voltage. Therefore, the negative sequence active and reactive power 
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Fig. 5.11: VS-IC’s droop-based unified control scheme. 
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Fig. 5.12: Negative sequence model of the VS-IC. 
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components based on the designed procedure can be calculated as provided in 

(5.19). 

. . .

. . .

Grid
VS IC o o o Load

VS IC Grid

Grid
VS IC o o o Load

VS IC Grid

Z
P u i u i

Z Z

Z
Q u i u i

Z Z

−
− − − − −

− − −

−

−
− − − − −

− ⊥ ⊥ − −

−


= =

+

 = =
 +

 (5.19) 

However, in the condition in which the exact value of the load is not available 

negative sequence droop function can be used to determine the required 

compensation power. Based on the fact that any sudden voltage drops greater than 

5% can result in a commutation failure. Also, as pointed out, based on the available 

grid codes, the voltage unbalanced in the power system is required to be less than 

2% in the normal operating condition of the system. Therefore, for example, to 

calculate the required compensation power, a 20% voltage unbalance is taken for 

the system. The value of the 𝑄𝑉𝑆−𝐼𝐶
−  can be calculated using (5.13) considering the 

2% voltage oscillation limit, Kn as 0.0000022, and 20% voltage drop, resulting in 

0.0455 MVAR. Based on (5.14) and (5.15), the value of the 𝑃𝐷𝐺
−  can be calculated 

as 0.0455 MW. Taking the base value as 1 MVA, the required compensation power 

to reduce the PCC voltage oscillation from 20% to 2% in this example system will 

be approximated to 0.1 p.u. Similarly, by taking the line-to-line fault impedance 

equal to 331∠-84.5 a 20% voltage drop can be expected. Therefore, using (5.17), 

(5.18), and (5.19) the required compensation power can be calculated as 1 MVA. It 

can be seen than in an equal loading and system conditions an equal compensating 

signal can be expected to reach a desired performance. 

It is worth mentioning that, if a proper compensation is not achieved. The 

operation of the LC-IC should be limited due to the significant possibility of the 

continuous commutation failure, which can be a major damaging factor for the 

system stability and the exchanged power. 
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5.5 Real-time Simulation Results 

In order to check for the effectiveness of the proposed control scheme in the 

proposed configuration, a real-time simulation test is conducted. The test is 

conducted using a simplified circuit configuration of the system as it is given in 

Fig. 2.1, with a single LC-IC and VS-IC working in parallel. The circuit 

components for the test are provided in Table 5.2. 

 

Table 5.2: The tested grid's parameters. 

System Parameter Value 

DC Sub-grid DC voltage 14 kV 

AC Sub-grid 

Line Impedance 0.25 Ω + 0.5 mH 

AC phase voltage (Simulation) 4.7 kv 

AC frequency (Simulation) 60 Hz 

IC 

VS-IC 
Switching frequency 5 kHz 

Filter (LC) 5 mH/80µF 

LC-IC 

Filter DC (L) 50 mH 

Filter AC (C) 80 µF 

Transformer (n1/n2) 1/1 

The proposed control scheme is tested by applying a 12% voltage oscillation 

to the grid voltage at 30 to 40 s of the simulation as shown in Fig. 5.13(b). As 

expected, and as it is depicted in Fig. 5.13(a), the PCC voltage oscillations will 

result in the LC-IC’s commutation failure. Such behavior can result in overall 

system instability as a result of propagated oscillations and disturbed power 

transfer. 
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In the next step a compensating signal is applied to PCC voltage taking Kn as s 

0.0000022. As depicted in Fig. 5.14(a), (b) the PCC voltage oscillations is removed 

and LC-IC commutation is facing no failure during this interval as a result. In order 

to show the compensation signal impact on the PCC voltage a zoomed in 

demonstration is provided in Fig. 5.15. In the applied unbalanced interval 30 to 40 

s, the compensating signal is added to the control system at 35 s of the real-time 

simulation leaving the PCC voltage first interval (30 to 35 s) unbalanced and the 

second interval (35 to 40 s) with balanced PCC voltage. The zoomed in real-time 

simulation result shows that following the proposed system a successful voltage 

compensation is achieved by removing the voltage oscillations. As a result, 

successful smooth commutation is expected for the LC-IC unit.
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Fig. 5.13: Real-time simulation results without VUC control. (a) LCC current. (b) PCC Voltage. 
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Furthermore, in order to check for the controlling signal effect on the stability 

of the system the value of the Kn is selected to a value out of the provided stable 

area. As can be seen in Fig. 5.16(a), (b), the unstable control system for VS-IC can 

result in an overall system instability and essentially commutation failure for the 

LC-IC. 
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Fig. 5.14: Real-time simulation results with VUC control. (a) LCC current. (b) PCC Voltage. 
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Fig. 5.15: Real-time simulation results for PCC voltage with and without compensation. 
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5.6 Conclusion 

The proposed parallel LCC/VSCs and their limitations and advantages are 

briefly explained in this chapter. The VUC control scheme and its structure are 

extensively explained. As given, the negative sequence reactive power is used as a 

droop index to compensate for the voltage oscillations creating a proper droop 

equivalent control. The value of the aforementioned compensation coefficient can 

impact the voltage quality as well as control system stability. Therefore, a stability 

study is conducted to evaluate a proper compensating coefficient while maintaining 

system stability. The required calculations for estimating the power rating of the 

conversion unit are also provided. It is shown that the strength of the virtual 

impedance can estimate the strength of the compensation unit. Finally, the real-time 

simulation results are provided. As shown, the negative sequence components of 

the PCC voltage are significantly reduced. The proposed compensation algorithm 

successfully helps the LC-IC avoid continuous commutation failure, proving the 

proposed system's performance. 
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Fig. 5.16: Real-time simulation results for unstable controlling condition. (a) LC-IC current. (b) 

PCC voltage. 



 

115 

 

Chapter 6  

Conclusion and Future plans 

6.1 Thesis Conclusions and Contributions 

The main objective of this thesis is to propose an alternative expansion 

approach to the interlinking converters in a hybrid AC/DC grid, integrating LCC 

and VSCs to take advantage of the benefits of both technologies. Accordingly, in 

order to accomplish this objective, respected control schemes are proposed 

supporting the system in every operational state. Thus, the conclusions and 

contributions of this research are as follows: 

▪ To take advantage of both VS and LC conversion units, an integrated 

configuration is proposed for implementation in a hybrid AC/DC grid. The 

integrated unit’s power transfer capacity is higher, the system is far more 

controllable, and the price is kept low. The proposed configuration is intended 

to be implemented in two scenarios. The first scenario is an expansion of the 

available LCC-based installations with parallel VS-ICs as discussed in Chapter 

2. For the most part, in the first scenario the general structure of the LC-IC is 

maintained, including passive filtering and compensating elements. Therefore, 

it can be expected that the control system will retain its general form with some 

changes and improvements in applicable areas. The proposed configuration for 

ICs was able to control the hybrid AC/DC grid’s properties in every operating 

condition for both implementation scenarios. The unique structure of the 

proposed parallel LCC-VSC interlinking units in the hybrid AC/DC grid 

enabled the LC-IC to adopt droop equivalent control by manipulating its 

conventional (V-I) graph control. In the expansion of the existing LCC-based 

installations, as provided in Chapter 2, the LCC’s droop equivalent control 

supports the AC sub-grid frequency in normal and AC sub-grid support 

operating states. However, in the case of a significant sudden voltage drop on 
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the AC sub-grid, constant extinction angle control should be adapted by the 

LCC to prevent continuous commutation failure. In the case of a DC voltage 

fault on the DC sub-grid, the LC-IC unit should adopt VDCOL control to more 

easily assist the system to avert the fault. 

▪ The second scenario, which takes an advantageous of the proposed parallel 

configuration, is for new installations in which the bidirectional power delivery 

is not equal in both directions as that described in Chapter 3. The unified 

control scheme for the parallel LCC-VSC-based new installation, as is given 

in Chapter 3, argues that the LC-IC’s droop equivalent control can be further 

improved to accommodate the AC sub-grid frequency as well as the DC 

voltage as its droop equivalent control’s objective. Similarly, due to the 

physical limitations of the LCCs in operation and control, in the case of a 

sudden voltage drop in the AC side, it is necessary for the LC-IC to adopt 

extinction angle control as a precautionary plan. In this regard, a unified control 

scheme is proposed for the IC’s control in both scenarios. The unified control 

scheme enables the conversion units to manage the various operating states of 

the hybrid AC/DC grid. Such a control scheme is proposed to put the hybrid 

AC/DC grid’s system properties into an augmented control system. The 

proposed droop equivalent controls for LC- and VS-ICs include grid properties 

such as AC sub-grid frequency, and DC sub-grid voltage as their function’s 

objectives, respectively. The LC-IC and VS-IC control systems are modeled 

and their respective control schemes in each operational state are provided. A 

stability analysis is conducted to select the best controlling parameters for both 

scenarios. Realtime and experimental evaluations are conducted. The results 

validate the performance of the proposed techniques. 

▪ Harmonics has proved to be a critical problem for LCCs due to the low 

switching frequency nature of such a conversion unit. As discussed, in 

expanding the existing LCC-based installations, the conventional structure of 

the LCC units is in place. Accordingly, passive elements will be used to filter 

out harmonics. However, as discussed in Chapter 4, for the parallel LCC-VSC-
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based new installation the parallel VS-IC units will be used to remove 

harmonics. In this regard, as provided in Chapter 4, the LCC’s harmonic orders 

will be extracted, and a compensating signal will be used to attenuate the 

oscillations. In order to reach the desired performance, the implemented virtual 

impedance is modeled, and stability analysis is conducted. Based on the 

stability analysis, it is clear that both the norm and angle of the harmonics 

compensating signals can impact the stability of the system. Eventually, to 

properly calculate the power ratio of the parallel VS-IC, the required 

compensating signal is calculated. 

▪ In the current power system, the distribution of load and generation can lead to 

an unbalanced voltage on the PCC. Also, a sudden change to the system, such 

as a fault, can lead to volage balance loss on the PCC. The impact of such 

phenomena on the performance of the parallel LCC-VSC in a hybrid AC/DC 

grid is studied in Chapter 5 and precautionary methods are proposed. The LCCs 

conventionally use extinction angle control to prevent commutation failure in 

the case of an unbalanced voltage on the PCC. Based on the exceptional 

features of the proposed configuration, VS-ICs are used to compensate for the 

voltage oscillations, attenuating the unbalanced voltage’s impact on the LC-

IC’s performance. In this regard, a VUC technique is implemented in the 

proposed system. The negative sequence voltage and negative sequence 

reactive power is used as an index to calculate the required compensating 

signal. In order to reach the desired performance a droop equivalent control is 

used to produce the required compensating signal based on the system’s 

condition. Therefore, the VS-IC’s control scheme is modeled in detail and a 

stability analysis is conducted. Based on the system’s model and stability 

analysis and by properly selecting the droop coefficient the desired 

performance for the droop equivalent control is achieved. Essentially, real-time 

simulation results are provided to verify the effectiveness of the proposed 

technique. 
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6.2 Suggestions for Future Works 

The suggestions for extending this research are as follows: 

• Developing an expansion plan for the future hybrid AC/DC grid from the 

perspective of the VSC unit’s structure, taking medium/high voltage and power 

as an objective. Different voltage source converters can react differently to the 

changes to the power system, such as DC voltage loss or AC voltage/frequency 

loss. Such a study requires a reevaluation of the system's unified control scheme 

concerning supporting the sub-grids during every operating condition. In 

addition to that, ancillary services can be affected due to the changes to the VS-

IC’s control and response. 

• Study the LCC’s low-frequency DC voltage oscillations' impact on the system's 

behaviour and attempts to compensate for it. The LCC terminal’s DC voltage 

and the DC current contain oscillations as a result of low-frequency 

rectification. These oscillations can impact the exchanged power quality and 

even introduce additional harmonics orders to the system that need to be 

resolved separately. 

• Study the impact of the meshed grid on the proposed configuration, considering 

control and various VSC configurations. Unlike the generic hybrid AC/DC 

network, the meshed configuration can face complications in terms of control 

and stability. Therefore, properly supporting the system during the AC or DC 

fault and providing the system with necessary support are the topics that need 

to be studied. Furthermore, system modelling and ancillary services for better 

performance and higher stabilities are the other terms that need to be considered. 
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Appendix 

The design procedure for the LCC-based installations expansion control 

scheme is provided in this section. The operation states are studied in detail, and 

proper controlling parameters are acquired accordingly. The parallel LCC-VSC-

based new installation's control scheme's parameters design will follow a similar 

procedure as the LCC-based expansion installations control scheme; however, to 

avoid repetitive practice, its details are not provided. 

6.3 Parameters Design Based on a Power-sharing 

Operation State 

Initially, for better clarification, the operation of a single LC-IC in such a 

hybrid AC/DC grid is studied. Taking GtLCC(s) as GKLCC(s)GLCC_D(s), the exchanged 

power by LC-IC operating individually is calculated as: 
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For simplification purposes (0.1) is rewritten as follow: 

( ) ( )( )*

, 1, _ , 2, , _ ,LCC pu LCC set LCC pu LCC AC pu AC P puP G s P G s P P =  +  +   (0.2) 

To check for the control system's stability while only an LC-IC is operating as 

an IC, the pole placements are provided in the form of Fig. 0.1 and Fig. 0.2. The 

results show the pole-placement of the G1,LCC and G2,LCC. 
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As shown in Fig. 33, keeping HLCC = 0.05 and changing KLCC from 0.02 to 

0.035, the G1,LCC pole-placements does not change considerably. Accordingly, the 

impact on the dynamic of the system also will be limited. By keeping KLCC = 0.025 

and changing the value of the HLCC from 0.00001 to 0.05, the pole on the real axis 

moves toward the imaginary axis, and a pair of conjugate poles moves farther from 

the imaginary axis and less noticeably closer to the real axis. It can be seen that the 

inertia coefficient affects the pole-placements more than KLCC, which will 

accordingly impact the settling time and the overshoot value show in Fig. 0.1. 

 

Similar studies are applied to the G2,LCC to check for its stability. Observing 

pole-placements of G2,LCC, shown in Fig. 0.2, it can be seen that poles behave almost 

similar to the changes like G1,LCC’s. It can be learnt from pole-placements of G1, LCC 

 
Fig. 0.1: Stability study of LC-IC’s G1, LCC function, changing KLCC’s and HLCC’s values and their 

impact on poles placement. 

 
Fig. 0.2: Stability study of LC-IC’s G2, LCC function, changing KLCC’s and HLCC’s values and their 

impact on poles placement. 
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and G2,LCC that HLCC has a higher impact on LC-IC’s dynamic and stability 

compared to the KLCC. It is essential to consider the sheer importance of the droop 

equivalent control and power-sharing, designing the KLCC. 

For the combined LC-IC and VS-ICs performance, the control system's 

stability in this operation mode is tested using the IC’s linearized exchanged power 

transfer function (0.3). 
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(0.3) is simplified into (0.4): 
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(0.3) imply the impact of LC-IC and VS-ICs function on the dynamic and 

stability of the control system. The system's stability will be studied by changing 

the Gc_i(s)’s proportional gain ηi and its’ lead and delay times, τl_i and τd_i, 

respectively. The impact of LC-IC’s inertia HLCC on the pole-placements, along 

with additional variables, are shown in Fig. 0.3. The damping value and setting time 

of the VS-IC’s exchanged-power function are chosen as ζi = 0.74 and ts_i = 0.0175s, 

respectively. 
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The pole-placements of the G3,IC1(s) is shown in Fig. 0.3. The test gives a 

reasonable view of the controlling parameter’s impact on the system. It can be 

learned from Fig. 0.3, when τl_i and τd_i are equal to 0 and 0.01, respectively, pole-

placements have the highest shift by changing the variables compared to other 

options. Also, it is expected that the system shows a faster but oscillatory response 

by increasing the value of ηi from 0.1 to 4. This is an expected circumstance that is 

based on the presence of a pair of conjugate poles getting closer to the imaginary 

axis and the pole on the real axis distancing from the imaginary axis, as shown in 

Fig. 0.3. Comparing the two other testing conditions, τl_i = 0, τd_i = 0.5 and τl_i = 

0.1, τd_i = 0.5, the particular choice with higher τl_i shows better performance. This 

is due to the pair of conjugate poles, λ3, away from the imaginary axis, compared 

 
(a) 

 
(b) 

Fig. 0.3: Impact of Gc_i(s) on PIC(s) poles-placement of the function G3, IC1(s). a) Overall poles 

placement. b) Impact of individual changes. 
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to the other options. Adopting the variables as τl_i = 0.1, τd_i = 0.5 and increasing 

the value of HLCC from 0.0001 to 0.05, the system shows better performance for the 

lower values of the HLCC. This is due to a pole's position on the real axis farther 

from the imaginary axis and a pair of conjugate poles, λ2, limited relocation from 

the imaginary axis. Following the results, it is expected that the τl_i = 0.1 and τd_i = 

0.5 with sufficient value for HLCC to perform better for this state of operation (i.e., 

better settling time, lower overshoot, and oscillations). The system response to the 

practiced variables of the HLCC and the entire dynamic of the G3,IC1(s) show that 

lower values for HLCC has a faster response. 

Similar studies are also feasible for the G1,IC1(s), G2,IC1(s), and G4,IC1(s). 

However, due to the lack of space, it is not provided here. 

Observing the system's overall behavior in this state shows that the higher 

values for ηi result in a better response. However, the value of the ηi cannot be 

considered exceedingly high without proper compensation. Also, the system 

response is significantly better for the smaller values of the HLCC. 

It can be learned from the studies that controlling parameters have a serious 

projection on the dynamic and stability of the system.  

6.4 Parameters Design Based on DC Sub-grid Support 

Operation State 

The steady-state representation of DC voltage can be calculated using (2.40) 

and (2.41) as shown in the following: 
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The stability of the control system in this mode of operation is subject to the 

stability of the GD0(s), GD1(s), GD2(s), and GD3(s). However, to save space and base 

on the fact that these transfer functions share several similarities in their 

formulation, only the stability of the GD3(s) will be shown here. GD3(s) include 

controlling parameters for both LC-IC and VS-IC. Fig. 0.4 shows pole-placements 

of the GD3(s). 

 
 

(a) 
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Similar to the power-sharing operation condition, the damping and setting time 

for VS-IC assumed to be ζi = 0.74 and ts_i = 0.0175s. Also, LC-IC uses a similar 

control function as in a power-sharing operation known as GLCC_D(s) (2.15). To test 

the effect of Gc_i(s) and GDLCC(s) on the performance of the control system in this 

mode of operation, the values of τl_i, τd_i, and Kg is changed as it is given in Fig. 

0.4(a) while the Kd is kept on 0.002. In three of the tests, the value of the Kg is 

assumed to be equal to 0.02, while τl_i, τd_i, and ηi are changed. Similarly, in the next 

try, the values of τl_i, τd_i, and ηi are kept constant on 0.1, 0.5, and 2, respectively, 

while Kg changed from 0.0001 to 0.05. Selecting τl_i = 0, τd_i = 0.01, and Kg = 0.02 

for GD3(s) and increasing the value of the ηi as it can be seen in Fig. 0.4(a), (b), the 

system becomes unstable. In addition to that, even in the stable region, a pair of 

conjugate poles get closer to the imaginary axis by increasing the value of ηi 

resulting in an oscillatory performance for the system. For the state when τl_i = 0, 

τd_i = 0.5, and Kg = 0.02 the control system is unstable for almost all the ηi values. 

The condition with τl_i = 0.1, τd_i = 0.5, and Kg = 0.02 is another operation point that 

the control system is tested in. In this condition, the poles are in stable areas 

regardless of ηi’s value. For the smaller value of ηi, a pair of conjugate poles, λ2, are 

closer to the imaginary axis that will result in limited oscillatory performance. By 

increasing the value of ηi, a pair of conjugate poles, λ2, moves away from the 

imaginary axis, which will improve the response of the control system. To better 

understand the effect of control system parameters on system stability, the variables 

 
(b) 

Fig. 0.4: Impact of Gc_i(s) and GDLCC(s) on the poles placement of the GD3(s). a) Overall poles 

placement. b) Impact of individual changes. 
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are selected as τl_i = 0.1, τd_i = 0.5, ηi = 2 and Kg is changed from 0.0001 to 0.05. 

The closed-loop control system’s pole-placements, as can be seen in Fig. 0.4(a), 

(b), shows unstable performance for low inertia values. Increasing the LC-IC’s 

inertia coefficient Kg, a pair of conjugate poles moves from the right-hand plane to 

the stable region. 

As it has been mentioned, by increasing the LC-IC’s inertia coefficient, Kg, the 

stability of the control system will increase. Furthermore, a reasonable decrease in 

the VS-IC’s delay time τd_i, improves the dynamic considerably. 

6.5 Finalizing the Control Parameters 

Reviewing the stability design regarding power-sharing operation, it can be 

seen that τl_i = 0.1, τd_i = 0.2, and ηi = 2 for the VS-IC control loop and taking HLCC 

= 0.001 result in reliable dynamic and stable performance. Clearly, based on the 

provided pole-placements in Fig. 0.3, the system shows stable performance in a 

wide range of control parameters. However, as it is shown, the aforementioned 

controlling parameters contribute to the improved dynamic. The stability of the 

system in DC sub-grid support is tested for several sets of control parameters, as 

shown in Fig. 0.4. It can be learnt that taking τl_i = 0.1, τd_i = 0.2, and ηi = 2 puts the 

system in the widest safe stable spectrum. However, as can be seen, the value of the 

Kg has a significant impact on the stability of the system in this region. Based on 

the positioning of the poles, it can be learned that system is more stable for higher 

values of the Kg. Therefore, taking Kg = 0.02, the system operates in a stable region 

while showing adequate dynamic as given in Fig. 0.4. The system's expected 

dynamic response in Fig. 0.4 shows that lowering the value of the τd_i to 0.2 

improved system performance. 

It can be concluded that the AC sub-grid support does not need different 

controlling parameters compared to power-sharing operation. Moreover, the 

power-sharing and DC sub-grid support modes share similar control parameters for 

VS-ICs. On the other hand, LC-IC’s physical limit enforces the system to switch 

between power-sharing and DC sub-grid support states. Incorporating the 
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controlling parameters for VS-ICs in power-sharing and DC sub-grid support states, 

it can be concluded that τl_i = 0.1, τd_i = 0.2, and ηi = 2 is a fitting choice for all the 

states. Whereas LC-IC uses a separate controlling function for power-sharing and 

DC sub-grid support states (but with the same inner loop controller) that leads to 

independent controlling parameters as provided previously. 

 

6.6 Exchanged Power Capacity Design 

So, in summary the IC’s exchanged power system level control can be depicted 

as it is given in Fig. 0.5. 

 

In order to achieve superior performance for the proposed system, a correct 

estimation of the IC’s power ratio can be effective. As stated previously, the VS-

ICs are added to the already existing LCC-based installation in order to expand the 

power exchange capacity, add reverse power flow capability, and potentially reduce 

the reactive power and harmonics compensation filter sizes of LCC. Based on 

different considerations, the power capacity of the VSC can be calculated and also 

the power ratio between LC-IC and VS-IC can also be achieved. The required 

capacity for expansion of the system’s exchange power and reverse power flow 

requirement is system-level requirements and very application dependent. These 

values can be obtained based on specific project requirements. As it is given in [85], 
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Fig. 0.5: ICs overall system level power exchange control. 
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the LCCs consumed reactive power is around 50 to 60% of the supplied active 

power at the rated load. Based on [118], around 30% of the consumed reactive 

power can be mitigated by harmonics filters. Capacitor banks can compensate for 

the remaining reactive power. In an expansion and retrofit project with the existing 

LCC system, since the equipment regarding the reactive power compensation is 

already installed, using the VS-IC for all of the required reactive power 

compensation may not be economically practical. Therefore, providing support for 

reactive power compensation during the transients to limit its negative impact on 

the system seems to be a reasonable task. Such purpose typically requires a certain 

percentage of LCC active power from the VSC, which is project-dependent due to 

the impracticability of random step changes. As an example, the filter step change 

for the Cheju-Haenam transmission line project (HVDC) is around 10% assuming 

a voltage step switching limited to 5%. Also, the power capacity required for the 

harmonic compensation is less than 10% of the LC-IC’s overall exchanged power. 

Furthermore, the required power to compensate for LC-IC’s harmonics is around 

10% of the exchanged active power by LC-IC. Similar to the reactive power 

compensation, the harmonics compensation can be provided by passive filters, 

which are already available as part of the existing LCC configuration. However, the 

deviation of the passive component from their actual value due to the degradation 

can impact passive filters compensation quality. This issue can be easily mitigated 

using parallel units with proper harmonics compensation control. 

Based on the aforementioned discussions, a combination of passive and active 

techniques for reactive power compensation is suitable for the proposed system. 

The combined capacity requirement of reactive power and harmonic compensation 

(assuming a full harmonics compensation by parallel VS-IC) can be in the rage of 

20% of the LCC’s active power. Note that evaluating the exact ratio requires an in-

depth cost study that is out of the scope of this work. Further combined with the 

exchange power requirements of the IC discussed earlier, the VS-IC capacity can 

be properly determined. 

 


